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ABSTRACT 
 

 The electrical properties of five different donor – bridge – acceptor large-area monolayer 

molecular junctions show current rectification. Langmuir-Blodgett deposition onto thermally 

evaporated gold yielded four out of the five monolayers. The fifth system was as a monolayer 

formed by self-assembly onto template-stripped gold. Of the four Langmuir-Blodgett films 

studied, three had perylene bisimide as the common acceptor with the donors, pyrene, ferrocene, 

and tetramethyl-p-phenylenediamine. The fourth Langmuir-Blodgett film is an iron complex. The 

large extinction coefficient of the three perylene monolayer films make them visible on the water 

surface. They are also visible on all three substrates used for characterization. The self-assembled 

monolayer is a dimethoxybenzene donor bridged to a benzoquinone acceptor. X-ray photoelectron 

spectroscopy, atomic force microscopy, and ultra-violet – visible spectroscopy were the primary 

tools for surface characterization. The electrical characterization of the monolayer films showed a 

few things. Primarily the electrical work showed that large-area junctions give better results when 

a feedback current established contact. The perylene-based monolayers had similar current-voltage 

behavior, showing a Janus effect of the current enhancement. At low bias (V < ±1.5 V) more 

current passes at positive bias than at negative bias but switches to more current passing at negative 

bias than at positive bias at higher voltage (V > ±2.0 V). The largest bias that provided stable 

molecular junctions was 2.5 V. The rectification ratio increases with increasing donor strength. An 

additional feature is that the increasing donor strength leads to the formation of a charged state in 

the molecular junction. This charged state inhibits tunneling and all other mechanisms, resembling 

a coulomb blockade. The metal complex measured for electrical properties was only stable up to 
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1.0 V, but all of the molecular junctions have similar current-voltage behavior rectifying at positive 

bias. 
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CHAPTER 1 

INTRODUCTION 

 A. Brief history of semiconductors 

Electronics technology continues to grow through advances in electronic materials and 

device fabrication that enable precisely controlled charge transport. In 1905, the first electronic 

device, John Fleming’s radio/vacuum tube, controlled charge transport through electronic (thermo-

ionic conduction in vacuum) and mechanical (unique geometrical electrode design) means that 

allowed current to flow in one direction.1 Vacuum diodes (Figure 1.1 A) and triodes (Figure 1.1 

B) were the predecessors of  modern-day diodes and transistors, respectively.2 A heated thin 

cathode rod thermionically injected electrons into a vacuum, and a large surface area concentric 

cylindrical anode efficiently funneled the electrons out of vacuum. Reversing the bias switched 

the cathode and anode, so that now the cold concentric cylindrical cathode injected a few electrons 

into vacuum and the low surface area thin anode rod extracted only a few of the injected electrons, 

making the current (I) flow asymmetric in a range of potential bias/voltage (V) between ±10.0 to 

±100.0 V.  

The resultant I asymmetry over a specific range is called rectification. Devices rectifying 

the I flow are called diodes when I ≤ 1.0 A, but rectifiers when I > 1.0 A according to a single 

unreferenced source.3 Researchers in the field have interchanged the names between rectifier and 

diode of similar devices that showed asymmetric IV behavior. The addition of a third electrode 

applied an external bias and mediated the number of electrons flowing from cathode to anode, 
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providing power amplification and switching. In 1940 at Bell Telephone Laboratories Russell Ohl 

found that a silicon slab had rectifying properties, sparking the solid-state control of charge  

transport in inorganic semiconductors.4 The initial semiconductor devices (pn junctions, Figure 

1.2) rectified current and used a gate to control the amount of current that could pass, making the 

transistor.  

At zero bias, intrinsic semiconductors have chemical potentials (µ) that fall precisely in the 

middle of the valence and conduction bands, providing no excess charge carriers. The valence and 

conduction bands correspond to the range of ionization potentials (Ip) and electron affinities (EAA) 

of the electrons in the semiconductor. Semiconductors become more conductive when the energy 

of the elemental intrinsic µ moves closer to the band energies (conduction or valence). Doping an 

intrinsic semiconductor, such as silicon, by inserting electron-rich elements like phosphorus lowers 

the energy difference between the conduction band and the chemical potential, making more 

electrons available at room temperature to act as free charge carriers to increase charge transport. 

Figure 1.1 - (A) Schematic of a vacuum tube, showing an extremely sharp heated cathode that can
inject electrons into the device that are easily captured by the large surface area anode. (B)
Schematic of a vacuum tube triode the vacuum analog of the transistor: it incorporates a grid that
acts as a gate controlling the number of ejected electrons that can pass. 
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Conversely, doping intrinsic silicon with electron-poor elements, like boron, lowers the energy 

difference between the valence band and the chemical potential, generating excess holes as charge 

carriers. Establishing a chemical and electronic equilibrium between electron-rich and electron-

poor semiconductors limits charge transport by charge-carrier diffusion-assisted formation of a 

charge-carrier-free neutral (“depletion”) region (Figure 1.2).5 Under forward/positive bias, the 

depletion region shrinks, because increasing drift current cancels the effect of the diffusion current, 

until charge-carriers in the valence and conduction bands have similar energy; conversely, under 

reverse/negative bias the diffusion and drift work cooperatively, expanding the depletion region, 

further separating the charge carrier energies in the two materials.6 

Figure 1.2 - The red block is a silicon semiconductor doped with group V non-metal phosphorus. 
Bringing these two types of semiconductors together leads to spontaneous charge transfer, forming 
a charge neutral region (green). 
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These simple concepts begat the transistor in 1948; this most useful electronic component 

performs specialized electronic functions through highly controlled charge transport.7 Gated 

diodes generate the electronic functions of switching and amplification by using an external 

electric field or a third electrode to control the valence and conduction levels, allowing for 

precision control of charge carrier concentration. Because of the switching and amplification 

capabilities, transistors are the heart of integrated circuits.8 The exponential growth of the number 

of transistors per unit area in a microprocessor, following Moore’s “Law”, continues at an 

exponential rate, due to the technological progress made over the last 50 years in inorganic 

semiconductor physics.9-10 State-of-the-art-devices have 6 billion transistors on a microprocessor.  

Industrial fabrication of integrated circuits uses a top-down approach (lithography) that 

produces some components of electronic devices at molecular length scales.11-12 Industry now 

demonstrates 14.0 nm “half-pitch technology”.13 Associated with the difficulties of finding new 

techniques to make smaller devices are the effects of increased heating and leakage through 

quantum-mechanical charge-transport mechanisms, when device component sizes fall below 10 

nm. In metal-oxide-semiconductor field-effect transistors (MOSFET), the SiO2 insulator thickness 

controls the efficiency of the devices, as thin films (<3.0 nm) are less efficient, due to tunneling 

current leaking to the drain, wasting energy when the device is not in use.14 Eventually, solid-state 

semiconductor physics will have to use individual molecules to make components (inorganic or 

organic).15 A decreased number of atoms in the device change the continuous bands into discrete 

molecular energy levels with an energy gap between the bands.16 

Before this can occur, the geometry of the molecules within the device must have precise 

orientation. Single-molecule measurements are extremely noisy, because of the lack of control of 

molecules in a junction. To be competitive, molecular electronic (ME) components must provide 
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functions similar to, or better than, inorganic components. The electronics industry will continue 

to grow and evolve through control of charge transport by top-down techniques; however, 

undoubtedly the next frontier will rely on bottom-up approaches that allow more control of 

interface energetics.  

Single molecules as the functional materials in devices allow a bottom-up approach to 

building devices.17-18 In 1974, Aviram and Ratner (AR) proposed that certain molecules, Figure 

1.3, with two spatially and electronically separated molecular energy levels, would be one-

molecule rectifiers.19 Reduction and oxidation of the two ends of such a molecule occur when the 

Figure 1.3 - Two molecules proposed as rectifiers by Aviram and Ratner.19 The molecule on the 
top has the weak electrophores trimethoxybenzene and a benzoquinone decoupled through a
methylene bridge. The molecule below contains the strong electrophores
tetracyanoquinodimethane (TCNQ) and tetrathiafulvalene (TTF). 
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molecular energy levels come into electronic resonance with the Fermi level (FL) of the adjacent 

metal electrodes. One of the metal electrodes oxidizes the donor electrophore, and the other metal 

electrode reduces the acceptor electrophore at electronic resonance between the pairs. Both metal-

electrophore pairs must be in resonance for the process to start. The rate-limiting step in charge 

transport is then the intramolecular charge transfer between the oxidized and reduced ends, which 

brings the molecule back to the neutral state. Each electrophore has a pair of molecular energy 

levels: (1) the lowest unoccupied molecular orbital (LUMO) (-2 to -5 eV) with an energy related 

to the electron affinity (EA) if the electrophore accepts electrons. (2)The highest occupied 

molecular orbital (HOMO) (-5 to -8 eV) with an energy related to the ionization potential (Ip) if 

the electrophore donates electrons. Acceptors (A) have an electroactive LUMO level, and donors 

(D) have an electroactive HOMO, while ambipolar chromophores have both LUMO and HOMO 

electroactive.20  

Donor-Acceptor molecules either begin in a neutral ground-state (D – A) and are then 

excited electrochemically to the zwitterion (D+ – A-) or conversely, start as the ground-state 

zwitterion (D+ – A-), and then relax back to the neutral (D – A) through redox chemistry with the 

nearest electrode.19, 21 A strong electric field can also modify the charge state of the molecules 

within the junction between neutral and zwitterionic in addition to the electrochemical redox 

reactions.22-24 Good rectification properties across a single molecule or monolayer film between 

metal electrodes, a molecular junction (MJ), require that both electron transfer processes work in 

tandem and not against each other, in analogy to the relationship between drift and diffusion in 

semiconductors. Enhancement occurs in the forward bias when electrons flow from 

cathode→A→D→anode in the junction (Figure 1.4) AR modeled the IV behavior of the bottom 

molecule in Figure 1.3, using classical calculations, and showed that  the current saturates directly 
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after the enhancement that occurs at ~+0.3V.19 Presently all charge transport calculations rely on 

non-equilibrium Green’s function (NEGF), which uses quantum mechanics to simulate the 

current-voltage (IV) behavior. AR noted that other mechanisms are also likely to occur, because 

of the complexity of the interface interactions between substrates, contacts, and D – A energy 

levels. The donor’s LUMO energy cannot come into resonance with the metal and charge transfer 

into a filled donor level is prohibited at reverse bias. The inability of the redox reactions to occur 

at reverse bias make only the much less conducting non-resonant tunneling between the electrodes 

possible. Different mechanisms of charge transport in each bias cause the rectification. For the 

TTF-TCNQ molecule shown in Figure 1.3 (bottom) and sandwiched between metal electrodes, 

the HOMO and LUMO levels are D (EAA=-5.0 eV) and A (Ip=-5.3 eV): these values are much 

lower than those in the gas phase.25 Between two metal electrodes, an ordered monolayer of such 

Figure 1.4 - Aviram-Ratner mechanism of charge transport with no applied bias, with a positive 
applied bias, and with a negative applied bias. The transport occurs because there is a simultaneous
redox process (1) followed by a relaxation (2). This can only happen at positive bias.  
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molecules conducts through several possible mechanisms, depending on the applied V. When 

molecules can form zwitterions at a specific bias, two sequential tunneling events occur. In general, 

a system “cathode-A-D-anode” will rectify in a direction opposite to a “cathode-A--D+-anode” 

system. For the neutral molecule, reduction into the acceptor is favorable at resonance, while for 

the zwitterion, reduction into the negatively charged acceptor is unfavorable.  Unfortunately, all 

published experimental results to date show that charge transport enhancement occurs in the 

opposite direction, where the field-induced ionization is the first step: this is the anti-AR 

mechanism.17, 26 Either electrochemical reactions (AR) (Figure 1.4) or electric-field-induced 

excitations (anti-AR) (Figure 1.5) control the mechanism of charge transport. Electrochemical 

redox reactions initiate the AR mechanism (Figure. 1.4): electron transfer from the HOMO to the 

nearest metal oxidizes the HOMO, while an electron moving from its nearest metal into LUMO 

Figure 1.5 - Anti-Aviram-Ratner mechanism of charge transport with no applied bias, with a
positive applied bias, and with a negative applied bias. The transport occurs because there is a field-
induced ionization (1) followed by redox reactions at the electrodes (2).  
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reduces the LUMO, generating the zwitterionic state at resonance. Then, decay back to ground 

state by photon emission is the rate-limiting step. When the molecule is stable in the neutral state 

under applied bias, the conduction will be AR. For this same system at reverse bias, if the neutral 

state is stable, field-induced ionization does not occur, and no channels are available (Figure 1.4). 

However, if the initial field-induced ionization makes the zwitterion stable, the charge transport 

will proceed via the anti-AR mechanism (Figure 1.5).  

The electronic properties of bulk inorganic semiconductors and single organic molecules 

involve the band gap for valence and conduction bands in inorganic solids, and the HOMO-LUMO 

gap in organic molecules. The HOMO-LUMO energy levels in organic solids are similar to the 

valence and conduction bands in inorganic solids. Van der Waals forces dominate intermolecular 

interactions in a non-ionic organic solid. Covalent and ionic forces dominate interatomic 

interactions in inorganic solids such as silicon or germanium and the corresponding oxides. These 

strong intermolecular interactions allow extensive charge separation in inorganic semiconductors 

between electrons and the corresponding ion. Charge transfer occurs through diffusion and drift-

dependent transport in inorganic semiconductors. Charges in organic semiconductors remain 

localized on individual molecules, and charge transport must occur by charge hopping from 

molecule to molecule. Organic semiconductors contain no free charge carriers, making charge 

mobility slow because of the hopping requirement, 10-6 to 1 cm2/V·s, compared to fast, 10 to 104 

cm2/V·s, free charge-carrier band conduction in inorganic semiconductors.27  

Hush thoroughly reviewed the early history of charge-transfer experiments conducted 

primarily by Mulliken and Szent-Györgyi.28 These findings spurred the push into organic 

electronics, and led to the proposal of molecule-based electronics by AR. In molecular electronics 

quantum, tunneling events through a potential barrier is how charge transports across nm. 
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Sequential tunneling and non-resonant tunneling are examples of these two mechanisms. The 

processes are incoherent and coherent, respectively; there is also a resonant tunneling 

mechanism.29-30 Energy levels capable of resonance have charge transport enhanced through 

sequential or coherent resonant tunneling. Charge transport occurs through coherent non-resonant 

tunneling outside of resonance conditions.  

B. Incipient research into molecular electronics 

This next section of this chapter reviews experiments on large-area molecular junctions. 

Discussed first are the initial ME experimental results of charge transport through 

“metal|insulator|metal” molecular junctions (MJ) of long-chain alkyls29, 31-55 sandwiched between 

gold electrodes. Next is a review of experimental results of the main two large-area junction test-

beds of the top contact on molecular rectifiers.56-59 Then there is a discussion of the energetic 

properties found experimentally and theoretically for the organic semiconductors used in this 

study, followed by a brief explanation of absorption-induced changes in the HOMO-LUMO 

energy levels in a complete molecular junction. A primary objective of the experiments is 

measuring extremely stable IV behavior across single MJs over a large number of sweeps. The 

second objective is sweeping of molecular junctions outside of the usual range of ± 1.0 V used 

elsewhere, to look for properties in a wider bias range.  

Three years before the AR proposal, conductivity experiments by two-point probe methods 

studied insulating long alkyl chain MJs.60-62 The HOMO (-8 to -10eV) and LUMO (0 to -2 eV) 

levels of long-chain alkyl molecules did not come close to the metal electrode chemical potentials 

in the bias range probed; therefore, no charge injection into the junction occurred. Tunneling is 

now the only available charge transport mechanism. Mann and Kuhn experimented on thick films 

of carboxylate-end-group fatty acid molecular junctions chemisorbed to Al and then topped with 
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Al, Ag, Hg, and Au.60 Polymeropoulos conducted similar studies.61-62 These studies concluded that 

the Al2O3 layer on the Al top contact played a critical role in the conduction across the MJ. The 

complex band structure of Al2O3 varies with the crystal face and the crystal face dictates the 

electrical properties.63 Twenty years after these initial studies, self-assembled alkane thiols on 

silver and gold became the most popular test-bed; the IV behavior in these systems is non-ohmic 

and symmetric.64 Temperature-dependent measurements in these systems confirm incoherent non-

resonant tunneling as the dominant charge-transport mechanism.51 These molecules insulate 

against charge transport. They are the molecular analogs of resistors; however, the IV curves do 

not follow Ohm’s Law.65  

The long-chain alkyl experiments showed that direct evaporation of most metals atop the 

molecules either penetrated through or damaged the MJs66, resulting in peculiar IV behavior.67 Soft 

liquid metal and organic polymer contacts, indirect thermalized metal contacts, and scanning probe 

microscopy (SPM) contacts supplanted direct metal evaporation in MJ assemblies. The 

examination of complex molecules in large-area MJs now uses either liquid metal contacts or 

indirect metal evaporated contacts. Whitesides and coworkers started using gallium indium 

eutectic (EGaIn) to contact monolayers directly.68 Prior to EGaIn assemblies, the group used Hg 

drops to form bilayer MJs.69-70 These studies showed a direct relationship between substrate 

roughness and variance in IV behavior. Smoother substrates have consistent contact areas of charge 

transport.71 They then switched from the top-contact Hg electrodes to EGaIn electrodes because 

of toxicity and ease in forming stable monolayer MJs rapidly in ambient conditions.72-73 EGaIn 

has been the primary conducting probe for most large-area molecular junctions through either 

direct contact74-79, or contact to a metal layer that sandwiches the monolayer.80-81  
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Charge-transport enhancement occurs through ballistic transport, coherent non-resonant 

tunneling (super-exchange), or incoherent tunneling mechanisms.30 Ballistic transport is scatter-

free transport.82 Coherent tunneling conserves the electron phase, because there are no inelastic 

scattering events in the junction. Thus, charge traverses the junction faster than any atomic 

transitions, making the process elastic and energy-conserved. Incoherent tunneling does not 

conserve phase, because inelastic scattering events force charge to reside in the junction on the 

time scale of vibration modes. The process is inelastic, and the energy changes.  

Kornilovitch and others proposed a single donor or acceptor electrophore charge-transport 

mechanism, where differences in coupling to the electrodes (because of the asymmetric spatial 

placement of the electrophore in the MJ) causes rectification. Kornilovitch presented the case in 

which conduction across an alkylated benzene molecule went through an energetically accessible 

LUMO in a hopping mechanism at one bias polarity. At the opposite polarity there are no 

molecular levels available, so charge must tunnel through the molecule.83-84 In their junction the 

benzene is closer to the left electrode and provides a shorter tunneling distance when the electrode 

is biased into electrochemical resonance with the LUMO level, allowing resonant or hopping 

transport.  

Experimental data at a single temperature could be fit equally well by theoretical models 

of either coherent resonant transport or sequential tunneling85, while temperature-dependent 

experiments could distinguish between the two mechanisms.86 Temperature-independent 

enhancement is due to an asymmetric current generated by a strong coherent resonant tunneling at 

one bias, and a weak coherent non-resonant tunneling at the opposite bias. Temperature-dependent 

enhancement is due to incoherent sequential tunneling of injected charges at one bias, and coherent 

non-resonant tunneling at the opposite bias.87  
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Double-barrier inorganic resonant tunneling diode (RTD) devices, just as the molecular 

device, rely on quantum tunneling mechanisms for transport.88 Much of the research into these 

mechanisms of transport has been applied to RTD devices, the inorganic counterparts to molecular 

rectifiers, because both are two-level double-potential-well systems. RTD devices use 2 to 3 nm 

of inorganic semiconductor in a sandwich, to create a situation in which either coherent or 

incoherent tunneling through the barriers dominate the charge transport. RTD devices show 

negative differential resistance at forward bias (that persists only in the first few sweeps), which 

is a crucial feature of the devices used for characterization, but no negative differential resistance 

occurs at reverse bias.89-90  

Whitesides and co-workers studied molecular rectifiers designed with a single 

asymmetrically placed electrophore. The first rectifier they found was an alkylferrocenyl 

asymmetrically placed in a MJ.74 They found that at ± 1.0 V the device rectified in the positive 

bias with a rectification ratio (RR) of 150. It was shown that the devices have large hysteresis and 

normally an offset, shifting the minimum current (Imin) from V = 0 to V ≠ 0.91 Capacitive charging 

of the ferrocene was responsible for this Voffset. Temperature-dependent measurements on this 

system showed that the enhancement was thermally activated: evidence of sequential 

tunneling/hopping75 and not a case of temperature-independent asymmetric resonant - non-

resonant tunneling.85 Replacing ferrocene by biferrocene increased the RR to 500.92 In the same 

study, they showed that symmetric placement of the ferrocene made the IV behavior symmetric. 

The conduction through the ferrocene systems occurs through the HOMO orbital.  

In another set of experiments, Whitesides and others determined the extent in which van 

der Waals interactions controlled the leakage current, which significantly influences RR. Increased 

van der Waals interactions, stemming from increased vertical alignment, inhibited the tunneling 
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transmission responsible for the leakage current.78 The group then studied the effect of changing 

the orientation of the ferrocene molecule within the junction. Two of the arrangements showed 

rectification in opposite directions of the same magnitude, and the third arrangement (which was 

symmetric) gave symmetric behavior.93 Recently the group used optimization of monolayer 

thickness for maximum inhibition of non-resonant tunneling, coinciding with maximum 

enhancement of hopping. RR values as high as 1000 at ±1.0 V were found in such a system.94 

Ferrocene’s HOMO participated in reversible redox chemistry, mediating the hopping conduction. 

Rectification was found in a MJ with asymmetrically placed 2,2'-bipyridyl, which mediated charge 

transport through an accessible LUMO orbital.95 RR was also shown to be highly dependent on 

the surface roughness.96 Simeone found that all of the prior estimates of contact areas were two to 

four orders of magnitude too large, resulting in current density estimates too large by the same 

amount.97 Purer thiols give the most stable IV behavior.79 Over larger bias sweeps, gallium is 

electroactive and reacts with H2O, causing the gallium oxide layer to thicken. 

Prior to forming a short circuit from ohmic contact between bulk EGaIn and gold, 

supramolecular junctions allow oxide thickening at high bias (>2.0 V), leading to the formation of 

a Schottky barrier from non-ohmic rectifying contact between thick n-type oxide and gold.98 The 

trends indicative of Schottky barrier formation were current increase at negative bias and current 

decrease at positive bias over hundreds to thousands of consecutive sweeps.99 These junctions 

reached RR of five orders of magnitude. The thickness of the depletion/space-charge region 

increased with consecutive sweeping of the junction. When the molecular junction is only 1 to 5 

nm thick, it cannot prevent short circuits at high bias, while 7 nm thick junctions do not have this 

problem100-101. V-induced electromigration of bulk EGaIn through the surface oxide and the 

monolayer to make contact with gold provides one mechanism of short circuits. Alternatively, 
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perhaps V-induced electromigration of stalagmites of gold penetrate the monolayer and the surface 

oxide making contact with the bulk EGaIn. Like aluminum, bulk EGaIn is metallic, while the 

surface oxide is a semiconductor.  

Gold was problematic as a top contact when directly evaporated onto monolayers. It does 

not form uniform 2D films, tends to electro-migrate, and evaporates at a high temperature (1400 

°C) which is not compatible with fragile monolayers.102 Cahen and coworkers have studied the 

effects of direct and indirect evaporation of metal top contacts on MJ.103 The experiments showed 

that palladium forms 2D films which do not tend to congregate at monolayer defects, while gold 

forms films with a 3D island structure that tend to nucleate at defect sites, inhibiting MJ 

formation.104 They showed that indirect evaporation of cold gold did not damage monolayers, and 

the cooler gold atoms do not prefer to grow out of defect sites. In contrast, direct evaporation 

damages the monolayer tremendously, leading to unstable junctions of a mixed monolayer-metal 

mess.105  

Kim and coworkers had the patience to study 13,440 direct gold-deposited MJs, achieving 

156 successful MJ from the set of C8-, C12-, and C16-alkanethiols (1.4% success rate).106 

Alternatively, Sambles pioneered in 2000 the indirect cold metal deposition technique; however, 

only a single report in the literature details some of the technique.107 Both groups used electron 

beam and thermal evaporation to form rough bottom electrodes. Cold-gold top electrodes with 

rough bottom electrodes has been used successfully in the Metzger laboratory since 2001.72, 108  

Previous success in the Metzger lab used the cold gold technique to find the initial large-

area rectifying molecular junctions between symmetric electrodes.108 Since then other members of 

the group found 10 additional rectifiers.109-112 All of the rectifiers had long-chain alkyl “tails” to 

stabilize hydrophobic interactions, allowing the formation of stable Pockels-Langmuir (PL) 
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monolayer films capable of transfer as Langmuir-Blodgett (LB) films. The best rectifiers in this 

set were stable with RR of 50.Initially, an extremely low figure of merit of RR = 2 quantified 

rectification. Alkanethiol MJs can have RR values between 2 and 3. The acceptable figure of merit 

for rectification should be RR >10. Honciuc ensured that the properties of the junctions were 

molecular by identifying incoherent transport through inelastic tunneling electron spectroscopy 

(IETS).113  

Besides the two aforementioned groups, molecular rectification in large-area MJs has a 

small amount of experimental results.114-117 A huge void exists in systematic studies of MJs with 

complex electrophores. Atomic force microscopy (AFM) 118-120 has been a useful technique for the 

study of microscopic assemblies of molecules. Frisbie et al. recently studied a donor-acceptor 

rectifying monolayer by conducting tip AFM (C-AFM).121 Mechanically controlled break 

junctions (MCBJ) pioneered single-molecule conductance measurements, starting with long-chain 

rod-like alkanethiols and small aromatic systems.122-126 The MCBJ technique also provided proof 

of single-molecule rectification.127-128 The RR in these systems have never made it past 10. Many 

research groups use scanning tunneling microscopy (STM) to study single molecules through the 

two techniques of scanning break junctions (SBJ), an improvement on MCBJ design, and scanning 

tunneling spectroscopy (STS). Both of these techniques use a rapid IV sweep of the MJ.  

Tao et al. invented the SBJ technique, in which statistically significant conductance 

plateaus are obtained from measuring thousands of individual single molecule MJs formed 

between a gold substrate and an atomically sharp gold tip129. SBJ measurements of the target 

molecules are made in dilute solution at room temperature in air or in dry-box conditions. There 

are no experimental measurements of solid state SBJ. Cryogenic temperatures and decreasing the 

drift between the tip and the sample extend the lifetime of these fragile mechanical junctions.130 
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Studies of electronic properties of complex molecular systems are few because of the need of two 

anchoring groups capable of chemisorption.131-133 Because of the many possible orientations 

responsible for the conductance of the single-molecule junction, the overall properties of the single 

molecules are derived from the conductance statistics of thousands of individually formed MJ.134-

135 A conductance plateau identifies the presence of a molecule in the junction. The measurement 

and analysis must be statistical for both the conductance plateaus and the IV traces, because each 

junction has a unique geometry and only persists for a few seconds.136  

Initially this test-bed did not find any good diodes.137 Capozzi et al. found rectification in 

symmetric molecules bathed in polar solvents with a very asymmetric electrode configuration.138 

The molecule promotes polarization of the solvent in the electric field, making it highly negative 

at the cathode and highly positive at the anode. This charge gradient in the solvent made the 

rectification possible. This system has the highest single molecule rectification; however, it is an 

intrinsic property of the environment and not the molecule alone.  

Ashwell et al. have used scanning tunneling spectroscopy experiments, in which an STM 

tip hovers above molecules. However, there is no internal control by chemisorption at both 

interfaces, like in the SBJ measurement. It is never certain how the tip and the molecule are 

interacting in these scanning tunneling spectroscopy (STS) junctions. Donor-acceptor systems 

similar to those studied by Metzger et al. show RR of 10 – 160 in studies by Ashwell et al..139-146 

Ashwell also studied supramolecular monolayer salt assemblies that achieved RR in the range of 

2500-3000 due to Schottky barrier formation between cation-electrode, anion-electrode, or cation-

anion interface equilibration.147-148 Changing the tip-sample distance in these measurements lead 

to different IV behavior across the same molecular system.149 This is because the tip does not come 

into intimate contact with the molecules. It sits slightly above the molecule, and charge must tunnel 
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through a few angstroms of space. The SBJ technique, on the other hand does, have intimate 

contact with single molecules.  

C. It is all in the energetics 

 Semiconductor physics uses energetic models to describe charge transport at interfaces. 

Interface interactions dominate charge transport across MJs. To understand the energetics of the 

system we examine how contact provides charge-transfer until attainment of equilibrium. Bringing 

two metals together provides the simplest description of how charge transfer controls the formation 

of the equilibrium energy structure upon contact. The ionization potential and the electron affinity 

of a metal coincides with its chemical potential. Electrons flow freely in metals. In semiconductor 

physics the term Fermi level (FL) is used in place of chemical potential, and the FL energy is the 

work-function of the material.150 The work-function is the energy difference between the Fermi 

level and the vacuum level (energy of the free electron). When dissimilar metals are connected, 

the chemical potentials must realign to attain equilibrium. To reach this equilibrium, the low work-

function metal (-1.0 to -4.0 eV) transfers charge to the high work-function metal (-4.0 to -7.0 eV). 

That process brings the FL of the low and high work-function metals together, forcing 

misalignment of the vacuum levels. The misalignment creates a small internal potential. Alignment 

of the FL provides highly conductive ohmic conduction through barrier-free charge transport 

between the metals. The FLs of pristine metals vary greatly from the FL of metals allowed to see 

ambient conditions for an hour. The FL can shift by as much as ±1 eV depending on the molecular 

dipole of the adsorbed species.151-152 For example, adsorption of physisorbed species (ambient 

contamination) lowers the FL of gold from 5.2 eV to 4.5 eV through the push-back mechanism153. 

Processes occurring at interfaces between different bulk materials control electronic 

properties of inorganic and organic semiconductor devices. Semiconductor devices have properties 



 

19 
 

due to either homo or hetero-metallic junctions. Directly below carbon in the periodic table, silicon 

is the primary semiconductor metalloid. Doping silicon with group-III element creates free holes, 

making them available as charge carriers, making a p-type material. Doping silicon with a group-

V element creates free electrons as charge carriers, making an n-type material. All materials have 

an intrinsic chemical potential (µ). Metals are conductors because their intrinsic µ is at the same 

energy as both the ionization potential (Ip) and the electron affinity (EA). There is an energy 

difference between the intrinsic chemical potential, the ionization potential, and the electron 

affinity in semiconductors. Insulators have a very large difference between the Ip and EA and the 

intrinsic µ. This means that only charge carriers of specified energy can flow through the material. 

N-type materials have a conduction band closer to the chemical potential than the valence band, 

with the opposite being true for p-type materials. For homo-metalloid pn semiconductor interfaces 

the chemical potentials are the same, but the valence and conductions bands are asymmetric across 

the interface.  

Contact of n-type and p-type semiconductors forces charge transfer across the interface to 

re-establish equilibrium through diffusion. The equilibrium energy structure formed has a neutral 

region (depletion layer) between the n- and p-type materials that has a material dependent thickness 

that is between a few nm and a few µm. Bias-induced changes in this region control the rectifying 

behavior of pn diodes through charge carrier drift. Inorganic semiconductors conduct charge 

through majority and minority carriers, while in organic semiconductors there are no available 

intrinsic free charge carriers to conduct charge. Instead, injection of charge from the electrode 

creates a charged species called a polaron. Hopping of polarons from molecule to molecule acts to 

carry charge.  
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Bringing metals and semiconductors into contact creates the same charge-neutral region as 

explained for semiconductor interfaces. This space-charge formation makes a Schottky barrier, 

because of the depletion of the majority carrier out of the semiconductor. Accumulation of charge 

carriers at the interface leads to ohmic contacts. Differences in the chemical potentials of the metal 

and semiconductor determine if the contact will form a Schottky barrier or an ohmic contact. This 

barrier is associated with the Fermi level pinning effect.154-156 This is caused by the interfacial 

states of the metal that mediate charge transfer.157 The energy of the interfacial states are either 

higher or lower in energy than the bulk material. The pinning effect causes Schottky barriers to 

have similar energies. Schottky barrier height formation at metal-semiconductor interfaces still 

puzzles the scientific community, but is commonly explained by forbidden interfacial energy 

states. One can decrease the barrier width by extreme doping of the semiconductor: this creates a 

quasi-ohmic contact, because now charge can move through the barrier by quantum-mechanical 

tunneling.  

A molecular Schottky diode forms when there are asymmetric injection barriers, caused by 

interfacial dipoles that formed after chemisorption and charge transfer from the anchoring group 

to the metal. Mismatched anchoring groups are not enough to cause strong rectification, coupling 

of the anchoring group with the electrophore causes the strong rectification. A good molecular 

Schottky-diode should have a LUMO-pinning chemisorbing end-group such as nitrile will work 

in tandem when directly bonded to an acceptor chromophore. The opposite is true for HOMO 

pinning with end-groups such as thiol bonded to a donor chromophore.158 Ratner et al. showed that 

symmetric molecules with asymmetric anchors could act as donor-acceptor rectifying systems.  

Molecular electronics is a subset of the larger field of organic electronics. 27, 159 Organic 

electronics uses organic components as either bulk crystal, amorphous solids or polymers to 
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control charge transport across a junction. The understanding of the previous physics in association 

with organic semiconductors made practical the organic light-emitting diode160-162, organic field-

effect transistors163-165, and organic photovoltaic133 systems. Many examples of thick-film organic 

semiconductors showing rectifying properties exist in the literature.166-174 Schottky barrier 

formation controls the electronic behavior in these systems. Different devices are compared using 

the parameters extracted from model fits of the experimental IV behavior to the Richardson 

equation. It was found that drift and diffusion are a reasonable charge transport mechanism in some 

of the systems. 

D. Organic semiconductors in this study 

Organic molecules can be either electron donors or acceptors, depending on the energy 

difference between the metal Fermi level (FL) and the relevant molecular orbitals. An organic 

molecule is used to either transport holes through an accessible HOMO, or transport electrons 

through an accessible LUMO in many organic semiconductor devices.175 When both hole and 

electron injection occurs simultaneously to act as charge carriers, the material is ambipolar.176 In 

most semiconductor materials, a single level dominates, because the barriers of injection between 

the two charge carriers are asymmetric. If gold with a FL of -5.2 eV is the electrode metal used 

and the molecules have a LUMO energy of -4.2 eV and a HOMO energy of -6.2 eV, with the same 

coupling strength, the charge transport should be ambipolar. Manipulations in mismatches in the 

MO levels control charge transport, and yield specific electronic functions. Electron-transporting 

organic molecules are rare, because the energy difference between the conducting level and the 

metal FL leads to non-ohmic contact in many cases, or the conducting level is too reactive in 

ambient conditions.177 (low-lying LUMO levels are easily reduced in the presence of atmospheric 

oxygen) Transport across these materials relies on hopping from molecule to molecule.178 The 
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mechanisms present in bulk organic semiconductor devices are different from mechanisms of a 

1D ensemble of molecules. The charge likely only goes between electrodes through a single 

molecule. The thermoelectric properties of MJ unambiguously determine whether the charge 

carrier is an electron or a hole.179 Different  anchoring group can control which charge carrier 

dominates the transport.180  

At The University of Mississippi Rajesh Kota synthesized the first set of molecules studied, 

which have perylene-3, 4, 9, 10-tetracarboxylic bisimide (PBI) as the common acceptor, attached 

through alkyl linkers to pyrene (Py), Py-PBI (Fig 1.6 A), ferrocene (Fc), Fc-PBI (Figure 1.6 B), 

and p-tetramethylphenylenediamine (TMPDA), TMPDA-PBI (Figure 1.6 C)181, all donors of 

different strength. PBI is an n-type semiconductor (electron acceptor), due to the small energy 

difference between the metal Fermi level (FL) and the LUMO.182-183 Depending on the exact 

Figure 1.6 - A-C are molecules synthesized by Rajesh Kota of Dr. Mattern’s group that have
perylene bisimide (PBI) as the acceptor and the donor changes from (A) pyrene (Py), (B) ferrocene 
(Fc), (C) tetramethylphenyldiamine (TMPDA), (D) A molecule synthesized by Joseph Meany of
Dr. Woski’s group that has a quinone attached directly to a dimethoxybenzene. (HBQ); (E) A
molecule synthesized by Lanka Wickramasinghe of Dr. Verani’s group.  
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molecular structure, PBI has ambipolar properties if the metal FL - HOMO level and the FL - 

LUMO difference are both within the accessible bias window.184-186 All of the donors have HOMO 

levels that are close in energy to metals with high potential FLs e.g. gold. Metzger reviewed 

experimental and theoretical gas-phase ionization energies associated with the HOMO energy 

level and electron affinities associated with the LUMO energy of the organic semiconductor 

materials.17, 59 Intermolecular binding energies reduce the energy difference between the HOMO 

and LUMO as the distance between molecules decreases. PBI dyes aggregate through π-π stacking, 

adjusting the gas-phase energetics when the molecules are in the condensed solid form.187 Strong 

intermolecular forces enhance high-quality LB monolayer formation.  

Table 1.1 - Literature value of the ionization energies (HOMO) and electron affinities (LUMO) 
of the electrophores in this study. 

Electrophore Donor or Acceptor Ionization energy 

(eV) (HOMO)  

Electron Affinity 

(eV) (LUMO) 

Perylene Bisimide PBI A 6.0 – 6.4 188-190 3.8 – 4.2 188-190 

Pyrene Py D 5.33191 1.53191 

Ferrocene Fc D 4.13192 1.33192 

Tetramethyl-p-

phenylenediamine TMPDA 

D 6.78151, 168 

6.36153,170 

6.10193 

4.46 

4.04 

3.78 

Benzoquinone BQ A 8.00 – 10.00a  1.8 – 2.0194 

Dimethoxybenzene DMB D 7.50 – 7.90a N/A 

 

For Py-PBI the LUMO of the molecule has most of its amplitude localized on the PBI and 

the HOMO has its amplitude mostly localized on Py. Py is a p-type organic semiconductor. The 
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electronic structure of Py can be modified through substituents to have both electrophores active 

in charge transport.195 Like PBI, Py also likes to aggregate through π-π stacking.196 Fc is a redox-

active electrophore commonly used in electrochemistry.197 It has fast reversible electron transfer, 

and is highly stable in its neutral form at ambient conditions. TMPDA is a strong reducing organic 

semiconductor. Table 1.1 shows literature values of the gas-phase ionization energies and electron 

affinities.  

Wickramasinghe et al. at Wayne State University found rectification in a five-coordinate 

iron (III) molecule (Figure 1.6 E).198-199 The experiments that follow for this molecule set out to 

verify the findings of Verani et al. in a different test-bed. In this molecule, D and A parts are in the 

same plane in an organometallic complex. The phenylene diamine-metal interaction is 

predominantly LUMO in character, while the phenyl/phenolate moiety acts as the HOMO. The 

rectification in these types of molecules likely occurs through hopping through the SOMO of the 

partially filled Fe-centered orbitals in only one direction.200 The HOMO-LUMO energies of this 

molecule are not present in the literature. The next student in the Metzger group will experiment 

on three closely related organometallic structures sent from the Verani group.  

Our third system, dicyanohemibiquinone (HBQ), inspired by the synthesis of Love et al., 

is one of the shortest D-A systems to rectify current to date.201 (Figure 1.6 D) The molecule was 

synthesized by Joseph Meany of Dr. Woski’s research group at The University of Alabama. 

Electronic conjugation between D and A was broken by a large torsion angle between rings instead 

of the typical long alkyl spacer.202-203 This molecule was the only one in the study formed through 

self-assembly and on template-stripped gold (TSG).204-205 

The aforementioned energetics of the molecules were determined experimentally in the gas 

phase or through computation. Ultraviolet and inverse photoelectron spectroscopies can provide 
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the valence-state information of the absorbed monolayer before the addition of a top contact, 

however the complete MJ energetics are not accessible through these methods. The estimated 

energies are used as a reference point, but the descriptions of the junctions will rely on electrical 

experiments. The electrical characterization of MJ is intellectually similar to cyclic voltammetry 

in the fact that increases in current occur at resonances with molecular levels.  

E. The equilibrium issue, theoretical basics and mechanisms  

The energies measured through gas-phase, solid-phase, cyclic voltammetry, UV-Vis 

spectroscopies and quantum mechanical calculations differ from the true energy structure of 

monolayer films.25, 206 Kelvin probe and ultraviolet x-ray spectroscopy (UPS) provide energy 

structures of bare substrates before any molecular adsorption.207-208 Then, after deposition of a 

monolayer onto the surface, it is relatively easy to find the HOMO level (using UPS) and the 

LUMO (using inverse photoemission spectroscopy (IPES)).209-210 Experiments used to find the 

LUMO are still an emerging science. The nature of the bonding (physisorbed or chemisorbed) 

affects the equilibrium energy structure.153 Device fabrication plays a crucial role in the interface 

energetics as well. It is experimentally difficult to measure the energetics of completely formed 

MJs: there are only two reports by McCreery et al.. 211-212 Moderately thick (40-50 nm) top contacts 

are, alas, not optically transparent. Quantification of the energy structures of EGaIn top molecular 

junctions is currently not possible experimentally. The equilibrium energetics were not 

experimentally determined for any of the molecular systems studied. All of the analytical models 

for the IV behavior must rely on estimated energies.  

Charge transport across a molecular junction proceeds by quantum tunneling. Tunneling is 

either ballistic (no scattering), or elastic and inelastic.30 Simulations of the charge transport 

properties across molecular junction begin with the Landauer equation.213 Each charge transport 
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mechanism uses a different transmission function to simulate the charge transport across a MJ.214-

215 The Simmons model builds a transmission function using the Wentzel-Kramers-Brillouin 

(WKB) approximation to the Schrödinger equation.216 The expression can be reduced to a simple 

form, giving the Simmons equation frequently used as the model of tunneling across insulating 

molecular wires at low bias.217 The Fowler-Nordheim expression describes charge transport at 

higher biases. The charge transport in this case does not represent a true physical change from 

direct tunneling to field emission in the MJ. The minimum reflects the voltage where the 

differential conductance becomes twice the nominal conductance of tunneling.218-221 Metzger et 

al. have dabbled in equations similar to the Newns-Anderson108 equation early on, in the study of 

rectifiers; however, these models lost steam in the literature, and are just recently being 

reintroduced.221-223 Most of the other transmission approximations require full quantum 

mechanical treatment to model experimental data. Building valid transmission functions for the 

molecular junction controls the quality of the results obtained. Non-equilibrium Green’s functions 

(NEGF) generate transmission functions for systems outside of equilibrium, as well as incoherent 

highly interacting tunneling MJs. The literature contains many simulations of molecular rectifiers 

using these quantum-mechanical NEGF techniques.158, 214-215, 224-227  

Many physical mechanisms have been proposed as the cause of rectification across MJs. 

Asymmetric rectification (A-Rec) mechanisms occur in two types.214 Physical coupling of the 

molecule with the metal can be either by strong chemisorption or by weak physisorption, leading 

to strong and weak coupling, respectively.228 A small rectifying effect may also occur by using the 

same metal as both of the electrical contacts, but the molecular end groups are different between 

one side and the other of the molecule. Alternatively, using a molecule in which both molecular 

end groups are the same between two metals with different coupling properties leads to slight 
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rectification.224, 228-229 The asymmetric coupling allows one polarity to have current flow, while 

the other polarity traps charge, inhibiting current flow.230 These weak rectification mechanisms 

occur across insulators, and are easily explained by differences in contact resistances.231 

The second type of asymmetric rectification uses the asymmetric placement of a single 

electrophore within the gap, that is capable of resonant coupling with the metal electrode. The 

enhancement of current through coupling of a molecular orbital (MO) to an electrode provides 

much greater rectification than the asymmetric provided by mere differences in the physical 

coupling. As mentioned, different end-groups either enhance or inhibit MO coupling.232 Coupling 

determines the extent and direction of charge redistribution at equilibrium. The two forms of A-

Rec either work in tandem, or work against each other. Charge-transfer-controlled energy barriers, 

formed by induced dipoles at the metal-molecule interface through end group - metal or MO - 

metal charge transfer, will have energy structures similar to non-ohmic metal-semiconductor 

contacts. Molecular Schottky barriers have extremely small barrier width (less than 1.0 nm) but 

large barrier heights. Charge-transport properties arise from bias-induced changes in this tiny 

depletion range that affect tunneling transmission. Rectifying IV behavior, controlled by contact 

dipole formation at either interface or both interfaces that make a thin depletion region, is termed 

Schottky rectification (S-Rec). Contact dipoles, due to bonding strength and electronic dipoles, 

due to electronic coupling, differentiate between A-Rec and S-Rec, respectively.  

The third mechanism is unimolecular rectification (U-Rec) and requires an energy structure 

of Aviram-Ratner type molecules. Under potential bias D and A come into resonance with the 

electrodes at a specific potential in a single bias polarity. This situation provides strong electronic 

coupling between the electrodes and the energy levels, making electron injection and ejection 

transparent. Intramolecular charge transfer is the rate-limiting step for conduction in these systems. 
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Rectifiers that have IV properties due to redox interactions with the junction are termed 

unimolecular rectifiers. Experimentally it is difficult, if not impossible, to discern which 

mechanism causes rectification in each junction. A-Rec and S-Rec occur through similar types of 

processes however distinct, whereas systems built for U-Rec could easily have properties 

stemming from a single electrophore acting as an A-Rec, or barrier differences at the contacts to 

make S-Rec properties responsible for rectification. U-Rec molecular systems were the target of 

these molecules. The true charge transport is likely a summation of these mechanisms.  

F. Outline 

This dissertation proceeds as follows: Chapter 2 will provide experimental details for each 

technique used. To make the bottom substrate electrode, we used thermal evaporation and template 

stripping from an atomically smooth template substrate of polished silicon. For the organic 

monolayer, physisorption (Langmuir-Blodgett deposition) and chemisorption (self-assembly of 

film from solution) were the deposition techniques chosen. The two assembly methods have 

different mechanisms of formation, as well as different extents of coupling to the metal electrode. 

We conducted spectroscopic characterization of monolayer films deposited on quartz, silicon, and 

gold substrates. The spectroscopic techniques used to characterize the monolayers on the various 

surfaces were UV-Vis, ellipsometry, and x-ray photoelectron spectroscopy (XPS). Atomic force 

microscopy (AFM) showed the topography of the monolayer films, and helped to estimate the film 

thicknesses at defect sites. The nature of the top contacts in ME studies is investigated by electrical 

conductivity. Making contact using feedback of the current of the initial contact is coined the 

“initial contact current” (ICC) throughout. Using a feedback approach to establish contact helps to 

establish consistent contacts in an automated fashion. Chapter 3 focuses on the spectroscopic 

characterization of the cold-gold film using UV-Vis and ellipsometry. Cold-gold pads atop a set 
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of alkanethiols checked the validity of cold-gold method to form non-shorting contacts at a much 

higher rate than directly evaporated gold using the ICC approach to make contact. These electrical 

measurements are then compared with results obtained in the literature from directly thermally 

evaporated gold and EGaIn top-contact MJ experiments.71, 106 Chapter 4 provides and compares 

the experimental results for three PBI molecules synthesized by Rajesh Kota of Dr. Mattern’s lab 

at The University of Mississippi. Experimental results for Py-PBI233 have been published, as have 

the Fc-PBI and TMPDA-PBI results. Chapter 5 shows the electrical measurements of the AR-type 

molecule HBQ synthesized by Joseph Meany of the Woski group, the molecule was studied in 

slow scanning here at the University of Alabama. This molecule also showed good stability in the 

rapid sweeps performed by Professor C. A. Nijhuis et al. at The University of Singapore in the 

same direct EGaIn contact test-bed. Chapter 6 provides experimental results from an iron(III) 

species that shows rectification through a single SOMO level on the metal center (published).234 

Chapter 7 will present conclusions and suggest future work.  
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CHAPTER 2  

EXPERIMENTAL TECHNIQUES 

A. Building the molecular junction 

These experiments measured the IV behavior of highly stable two-point probe molecular 

junctions in a large potential bias window. Varying the metals contacting the monolayer changes 

the electrical properties drastically. Thus, the energetics of the electrodes is a part of the molecular 

system. The bottom electrode of our molecular junctions consists of either thermally evaporated 

gold over chromium (adhesion layer) over silicon, or template-stripped gold (TSG).235 The 

roughness of the thermally evaporated substrates (2.0 nm rms) is four times greater than that of 

the template-stripped substrates (0.5 nm rms).120 The variation in roughness of the surfaces has a 

huge effect on the variance and stability of two-point probe electrical measurements in both C-

AFM and large-area junctions.70 The Fermi level of gold varies between 4.8 eV and 5.5 eV, 

depending on the crystal face and the cleanliness of the surface (for clean, single-crystal gold (111) 

the value is -5.2 eV).  

Adsorption of a molecule onto the bottom electrode is the next step in building the 

molecular junction. When a molecule contacts the gold electrode, the chemical potentials of both 

the molecule and the gold realign to reach thermodynamic equilibrium.236 Polar molecules either 

increase or decrease the work function of the gold during establishment of a new equilibrium after 

contact.237-238 Adsorption to the substrate perturbs the energy structures of the molecules, 

decreasing the HOMO and LUMO gap.25, 206 Local charge transfer between the electrode and the 

molecule establishes and maintains equilibrium. End groups capable of chemisorption help align 
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the molecules MO with the metal FL, and induces pinning of the two energy levels. Thiols (-SH) 

align the HOMO with the gold FL, while nitriles (C≡N) align the LUMO with gold FL; shown in 

DFT simulations reported by Van Dyck and Ratner.158 Strong chemisorption and weak 

physisorption do not necessarily correlate with strong energetic coupling and weak energetic 

coupling to the HOMO or LUMO levels: these are different concepts.232  

The top electrode completes the MJ and is very important to MJ stability, yet, receives 

insufficient attention in the literature. Two methods were used to make the top contact. MJs with 

the same metal for both electrodes were made by adding a cold-gold top contact atop the 

monolayer. EGaIn drop makes soft contact to the cold-gold pad making electrical contact. When 

the cold-gold electrode is less than 40.0 nm thick, the gold atoms form into individual segregated 

nano-islands. C-AFM experiments confirm that thermally evaporated gold (TEG) films that 

formed nano-island structures were horizontally electrically insulating when the film thickness 

was less than 40 nm.239 They conduct as bulk gold vertically, because islands larger than a few nm 

are crystalline. For an asymmetric design, EGaIn was used to make direct contact to the 

monolayer.240 Cold-gold electrode backed by EGaIn provided successful MJs, but not always: this 

method of MJ formation proved more difficult than using direct EGaIn contact. Unusual IV 

behavior occurs in the first one or two sweeps after making initial electrical contact to the MJ, 

presumably because the junction attains electrical stability only gradually. Consequently, we can 

only measure the properties of the complete molecular junction after these “equilibrium voltage 

sweeps”. Since gold easily undergoes electromigration, the first sweeps may cause gradual 

reconstruction of the electrode(s), causing unusual IV behavior.241 
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B. Bottom substrates and bottom electrode 

Gold electrodes were made using two methods: thermal evaporation and template 

stripping.120 Thermally evaporated gold (TEG) electrode formation was started by putting a silicon 

wafer into the chamber of the Edwards A306 thermal evaporator and evacuating the bell jar to 1 x 

10-6 Torr. A quartz crystal microbalance (QCM) monitored the thickness of the deposited metals. 

Gold and silicon do not have a strong interaction, so a layer of chromium between silicon and gold 

is necessary for adhesion. Deposition of 10 – 15 nm of chromium followed by 100 – 150 nm of 

gold formed the bottom electrode. During the gold evaporation, the pressure in the bell jar 

increased until it reached equilibrium at 5 x 10-5 Torr. Freshly prepared TEG substrates provide 

the short-lived hydrophilic gold substrate required to make Z-type LB monolayers on the first 

upstroke from the LB trough. Template-stripped gold (TSG) substrates are ideal substrates for self-

assembled monolayers. The weak interaction between gold and silicon makes ultra-flat metal films 

possible through template stripping. After the deposition of gold onto silicon, an adhesive either 

an epoxy (EpoTek ® 377) or an optical adhesive was added to the gold then topped with a clean 

piece of silicon. The adhesive required curing at 150°C for at least twelve hours. Individual TSG 

surfaces were stripped from the silicon surface with a razor directly before use.242-243  

C. Molecule adsorption – Langmuir-Blodgett or self-assembly 

Pockels and Langmuir showed that amphiphilic molecules spread as a 2D gas on the 

surface of water (18.3 MΩ water). Compression of the 2D gas phase to denser liquid and solid 

phases leads to a Pockels-Langmuir monolayer (PLM). Langmuir and Blodgett then deposited 

PLM and multilayer films on solid substrates. Langmuir-Blodgett (LB) deposition requires 

insoluble amphiphilic molecules capable of forming ordered structures on water surfaces at 

equilibrium or after physical compression. The chemistry and physics associated with monolayer 



 

33 
 

formation is complex.244-245 PLM formation depends on a multitude of variables.246-248 Many 

different monolayer phases of the same molecules can be transferred, depending on the deposition 

conditions. The electrical properties of the material may also depend on which phase is being 

measured.  

There are two ways we monitored molecules forming into monolayers. The first method 

was to put a certain amount of a molecule onto the water surface, and then compress the monolayer 

to increasingly smaller area per molecule at constant temperature.249-250 The physical changes upon 

compression should move the film from a loosely packed system to a tightly packed system. This 

revealed the surface pressure versus molecular area relationship of the molecules interacting with 

the surface water at a particular set of conditions. Surface pressure is the change in surface tension 

generated by increased interaction between the PLM and the surface water. Characterization of the 

quality of PLM required measurement of surface pressure – molecular area isotherms (SPMAI). 

The SPMAI shows how the change in the area available per molecule affects the change in surface 

tension of water. Reversibility in the SPMAI of compression-expansion cycles shows the range of 

surface pressures and molecular areas where the monolayer is elastic. Hysteresis in the SPMAI 

indicated some irreversible compression-expansion dynamics. It required five to ten compression-

expansion cycles (each going to smaller molecular areas) to find the molecular area and surface-

pressure at the onset of hysteresis. Buildup of 3-D molecular structures was one cause of hysteresis. 

A second explanation of the hysteresis was spontaneous coalescence of the molecules into a 2-D 

monolayer or 3-D clusters bonded by dispersion forces: these irreversible supramolecular 

interactions keep large portions of the monolayer film intact upon expansion, instead of allowing 

the molecules to return to a gas-like phase. These physical effects are consequences of the 

monolayer being in a metastable state after a threshold surface pressure. It was shown early on that 
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the speed of compression was an essential variable that can be related to the strain in the 

monolayer.251-252 To the extent possible, monolayers were not compressed into the metastable 

phases.  

The second way to test the properties of the monolayers was to examine the equilibrium 

spreading pressure (ESP).253 ESP is the surface pressure generated by the monolayer film formed 

when a saturated amount of the molecule has been put on the mechanically available surface.254 

This saturation is evident by either a floating lens (extra molecules over the monolayer plus any 

associated solvent that does not evaporate), noticeable 3D aggregation, or even the formation of a 

visible crystal of the molecules. At this point, the liquid-expanded, liquid-compressed, and liquid-

crystalline phases are all in equilibrium with one another. No compression is necessary for 

deposition of monolayers at ESP. Changing the polarity of the molecules will change the SPMAI 

and the ESP. The ability to interact with the water surface through hydrogen bonding has the 

greatest effect on which type of molecules can form Pockels-Langmuir films. Snow showed that 

changing the termination from a methyl group to a halogen affected both the SPMAI and the 

ESP.253 All the monolayers transferred in these experiments were Z-type, in which the hydrophilic 

head group transfers to a hydrophilic substrate on the upstroke (pulling the substrate from the water 

phase vertically through the horizontal monolayer). The substrate speed should be slow enough, 

as to not entrain any residual water during the transfer and yet fast enough, so that the monolayer 

can stick to the substrate in a uniform fashion.  

The second method of absorption was self-assembly from a solution of a molecule onto 

TSG.205, 255-256 This chemistry has been most associated with gold-sulfur chemisorption; however, 

new interactions are often introduced into the literature.257 In this dissertation, we used self-

assembly of thiols (in order to qualify the cold gold test-bed to known standards) and with dinitrile 
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end groups for HBQ. AFM was used to find the time to achieve full monolayer coverage.258 It was 

shown that the absorption – desorption kinetics of the solution-based self-assembly method made 

inferior films, compared to the in-situ films formed through the Langmuir-Blodgett technique.259 

The quality of the film is crucial to achieving stable electrical contacts, where most of the current 

flows through the molecules and not defects in the MJ.260 High-quality MJs are inherently more 

resistive than low-quality MJs. The IV behavior of a MJ is the only way to establish the quality of 

the junction. 

D. Top contacts – EGaIn backed cold gold or direct EGaIn contact 

As mentioned earlier, the top contact is either EGaIn (direct contact to the film) or a cold-

gold pad (directly contacting the film, and backed by EGaIn). An issue with EGaIn contacts is the 

thickening of the oxide layer, forming an n-type semiconductor-gold Schottky barrier98, as 

explained earlier. Any IV behavior different from this can be attributed to the MJ. Current feedback 

during manual approach of biased EGaIn to the surface established contact exactly like STM. To 

maximize the possibility of successful junctions, current feedback at contact in the range of 0.01 

to 1.0 nA with a bias of 0.1 mV established contact. This current set-point for each junction is the 

initial contact current (ICC). One would like to know the effective cross-sectional area of the top 

electrode. The native oxide on the EGaIn reduces the effective metal contact area drastically: the 

geometrical contact area is usually 4 to 8 orders of magnitude larger than the actual effective 

metallic contact area.97  

A bulk metal top electrode should conduct through the entire geometrical contact area, 

which would be the size of the metal film, normally 1 mm2 for our mask. The question of full 

electrification comes into question, because it is known that thin metal films form films through 

different growth mechanisms. These growth mechanisms were established between 1920 and 
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1940. There was no access to the original papers however, the mechanism are cited discussing thin 

film growth abundantly in the literature. The mechanisms are Volmer-Weber (VW),261 Frank-van 

der Merwe (FM) 104, and Stanski-Krastanov262. These mechanisms rely on the energy differences 

between the atom-atom interactions and the atom-substrate interactions. This dissertation provides 

the first detailed characterization of the films formed through the cold-gold technique.  

E. UV-Vis and ellipsometry 

Highly colored PBI provided critical insight into PL film formation and LB deposition. 

The pink PBI monolayers were visible at the air-water interface and when deposited onto quartz, 

the monolayer tints the gold surface, providing good contrast against the bare gold.263 Monolayers 

readily transfer to both sides of the quartz slides at the same conditions as the other substrates, 

tinting the entire slide pink. PBI has an extinction coefficient of 80,000 – 120,000, allowing the 

monolayer to be detectable by eye.264 UV-Vis absorption identified molecular optical gaps. 

Absorption changes between the solution and the monolayer come from the increased 

intermolecular interactions and the anisotropy of the organized films.265 For PBI the shift between 

the maximum intensity between the solution and monolayer adsorption, as well as the ratio 

between the two main peaks in the monolayer spectrum, confirmed aggregation of the monolayer 

through PBI stacking.266-268 All of the molecules in the study, besides the alkanethiols, provided 

absorption spectra. The absorption spectra were measured using a Cary 50 Spectrometer in the 

transmission mode. All the quartz slides were background-corrected before measurement. A home-

made holder held the quartz slides upright in the UV-Vis chamber.  

A variable-angle spectroscopic ellipsometer (VASE-250, J. A. Woollam) optically probed 

the different thin samples, both metal and monolayer. Samples were vertically mounted and 

scanned in the spectral range of minimum absorption at three or more different angles. Modeling 
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the change in polarization through the ellipsometric parameters amplitude, Psi (Ψ), and phase, 

Delta (Δ), of plane-polarized light through a thin film over a wide range of wavelengths at varying 

angles yield the thickness and optical constants of the material. The parameters characterize the 

change in polarization state by the relation.269	 

tan	 ∗ 	   

Here ρ is the ratio of reflectivity of p-polarized light to that of s-polarized light. Changes in Δ are 

very sensitive to the thickness of the species on the substrate, as its effect on the polarization is 

exponential.270 Ellipsometry easily provided fits of the thickness and optical contacts for thick 

films and ultra-thin gold films, down to 6 nm.271-272 Organic monolayer films proved difficult to 

fit, because of the skill required to choose the correct basic model (e.g. Cauchy, Tauc-Lorentz), 

add void layers to model roughness, and provide an additional component to model for the 

expected anisotropy of the thin films.273-276 Monolayers on silicon provided the closest match 

between experimental and theoretical molecular lengths. However even these systems gave poor 

fits, likely because of the lack of an important layer (anisotropy, roughness) in the fit. Confidence 

in the fits for most of the experimental data for monolayers on gold remained too low to report 

much of the measurements performed. J. A. Woollam technical support could not find a model to 

fit the experimental data of these monolayers. Because the specialist could not find a unique model 

for much of the experimental data, there was increased skepticism about the quality of monolayer 

fits on TEG or TSG substrates. Complex absorption of the donor-acceptor films leads to complex 

optical constants in which the extinction coefficient should resemble the absorption. The 

ellipsometry estimations are normally an aside in the literature on complex systems.277  

 

 



 

38 
 

F. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS)/electron spectroscopy for chemical analysis 

(ESCA) characterization provided elemental analysis of monolayers on gold surfaces. A Kratos 

165 hemispherical XPS spectrometer was used to measure the binding energies of elements present 

on the surface. The Kratos fitting, along with XPSpeak41 fitting software, modeled the 

experimental data to explain the complex spectrum. X-rays of 1486.6 eV from a mono-aluminum 

source irradiated the sample, ejecting electrons at specific kinetic energies from the elemental core 

levels, probing the binding energy. By the photoelectric effect, the difference between the incident 

photon energy and the kinetic energy of emitted electrons corresponds to the binding energy of the 

element.278 Shifts in binding energies allow identification of oxidation states of elements in the 

sample. Elements with positive oxidation states have higher binding energy, and elements with 

negative oxidation states have lower binding energy than the binding energy of neutral elements. 

Hydrogen- and halogen-bonding intermolecular interactions change the elemental binding 

energies.279-280  

Only elements with more than 2% atomic concentration are above the detection limit of 

the experiment. Emitted photoelectrons only travel a maximum of 3 inelastic mean free paths 

(IMFP) through a material, making the measurements surface-sensitive.281 Effective attenuation 

lengths (EAL) are elemental IMFP, when corrected for elastic scattering.282-284 Comparing relative 

intensities of two or more elements present at low but similar concentrations in the drop-coated 

bulk vs. the absorbed monolayer can identify the spatial orientation of the elements within the 

monolayer. Elements furthest from the substrate have a larger signal than elements closer to the 

substrate. A change in end-group binding energy can show chemisorption. A shift of the sulfur 

binding energy from 164 eV to the binding energy of thiolate on gold at 162 eV is indicative of 
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gold-sulfur chemisorbed interactions.285 Other techniques probe thickness in XPS by angle-

resolved experiments and argon-ion etching, used to find attenuation of the pure gold signal by the 

monolayer286-287. Etching is not necessary, if the multi-peak approach already estimates the 

thickness.288  

Optimization of XPS data acquisition procedures was time-consuming. Survey spectra of 

monolayers were measured over a binding energy range of 0 to 1100 eV in 1.0 eV steps at pass 

energy 160 eV, allowing 0.3 s per point, then averaging at least 5 scans. High-resolution spectra 

of each element are obtained over the binding energy range that allows 2 eV of background on 

each side of the complete signal in 0.1 eV steps at a pass energy of 20 eV, allowing 0.5 s per point, 

then averaging at least 25 scans (some elements may require 100 or more scans). The signal-to-

noise ratio increases with the square of scans averaged (S/N=√ ).  

In the PBI systems comparing the nitrogen and sulfur intensities in bulk and monolayer 

samples determined the orientation of the monolayer280. The binding energies of the two elements 

are present in the literature for many different materials289-291. Spatial relationship between cyano 

groups at one end and a bromine at the other end, as well as the chemical shift of each defined the 

orientation of the HBQ monolayer. Interesting binding energy shifts of different terminal 

heteroatoms imply different intermolecular arrangements of bulk and monolayer292, similar to 

shifts associated with going from hydrogen bonding to non-hydrogen-bonded interactions279.  

G. Scanning probe microscopies  

Binnig and Rohrer at IBM invented STM in 1982 and four years later Binnig, Quate, and 

Gerber invented AFM.293-294 These two techniques can image atomically thin surface features and 

even single atoms. STM measures conductive samples by biasing the sample at a pre-set fixed 

bias, while lowering an atomically sharp tip toward the surface, stopping when the current reaches 
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a pre-defined set-point current indicative of electron tunneling between tip and surface. The STM 

tip never directly touches the sample. Contact-mode AFM makes physical contact to a surface, 

with the atomic force measured by the change in deflection of a laser on the tip of a cantilever.. 

AFM measures samples in tapping and contact mode. Both STM and AFM use three orthogonal 

piezo electric scanners (x, y, and z-piezo) that allow for the precise control of the length of the 

crystals in the nm range by applying a bias across the crystals/tubes. Contact-mode height images 

link z-piezo adjustments to height differences, while rastering the x and y-piezo crystals and 

keeping the cantilever deflection at zero. Contact-mode deflection images keep the z-piezo at 

constant height, while rastering the x and y-piezo crystals at the same time, following the laser 

deflection associated with the sample roughness. Many research groups have used AFM to image 

novel monolayer structures.295 Cracks, voids, and plowing of the monolayer from the surface 

analysis estimates monolayer thickness.296-298 AFM discerns the quality of monolayer under 

different processing conditions.299 STM too gives reliable images of vertically aligned atomic 

structures with monolayers when they are highly ordered.300 STM probes the local density of states 

of the MOs in the molecule. Changes in molecular ordering have tremendous changes on the 

images shown by different films.301 An ordered density of states is required to give ordered 

films.300, 302 Asymmetric density of states gives images that look completely different at opposite 

bias polarities, whereas materials with symmetric density of states look the same at both 

polarities.303  

Our measurements for both AFM and STM use a multimode-8 system with the Bruker 

Nanoscope V software. Acquisition of all measurements occurred at ambient conditions in an 

acoustic box. The J-type scanner equipped on our system is not ideal for horizontally atomically 

resolved images. The vertical resolution on the AFM was the only means to determine monolayer 
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quality. The system makes contact by monitoring the deflection of a laser beam at the tip of a 

silicon probe extending from a silicon cantilever. The deflection on the system is normally set to 

a negative value, with the set-point deflection set to zero, so that contact to the sample raises the 

negative deflection to zero when contact occurs. Using the force curves built into the software 

helps to minimize the contact force on the delicate monolayers. When the contact force is too large, 

the monolayer images smear, because the tip interacts much too strongly through van der Waals 

interactions and/or digs into the monolayer. The integral gain is set as high as possible without 

oscillation in the image to acquire height-mode images. Most images require hours of optimization 

before image acquisition. STM did not provide high-resolution images under 100 nm. It was 

extremely difficult to get a good image of the HOPG calibration standard at resolution below 25 

nm (likely because of the use of the J-type Z scanner instead of the higher resolution A-type Z 

scanner). Both techniques have a scanning tunneling spectroscopy (STS) mode used commonly to 

study the IV behavior of microscopic and single molecule MJs.  

H. Two-point probe Keithley measurements 

Measuring IV characteristics is the primary component of this dissertation. The hypothesis 

is that the energy levels within the chosen molecules would lead to rectifying IV behavior. Most 

daunting to the experiments was making electrical contact to MJs that would not fail. There were 

two ways to acquire and analyze data of MJs, namely a statistically valid analysis of average 

behavior, or a detailed repetitive run on a single MJ. The statistical analysis uses a large number 

of molecular junctions (~ 25) with 30 complete sweeps for each junction. A detailed repetitive run 

studies how the IV behavior evolves over time. A statistical method was used to determine the 

success of cold-gold MJs. Complex MJs used the single highly stable junction paradigm, as we 

did not want to wash out unique features of the IV behavior through averaging. Nijhuis et al. 
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performed statistical measurements on HBQ. An STM-like approach helped determine contact 

across the MJs. We found that current set-points/initial contact currents (ICC) between 0.01 to 1.0 

nA from a tip biased a 0.1 mV increased the number of stable contacts. ICC below 0.01 nA often 

resulted in open circuits from the probe breaking contact with the molecular junction. ICC above 

1.0 nA often resulted in short circuits from the metallic EGaIn breaking through the oxide and MJ 

making direct contact with the bottom gold electrode. Positive bias makes electrons flow from the 

substrate (cathode) to the EGaIn tip (anode); electron flow reverses at negative bias. We confirmed 

the initial stability of the molecular junctions by monitoring a bias sweep from 0.0 V out to a pre-

chosen maximum positive bias. For instance, if we wanted to study junctions in the ±2.0 V range, 

a first sweep from 0.0 V to +2.0 V must remain stable and not fail. Stability of the junctions is 

somewhat bias-dependent: (MJs fail at positive bias more often than at negative bias). At positive 

bias, current-induced short circuits were favored. Yuan et al. found that changes the bias sweeps 

from ±1.0 V to ±1.2 V increased the amount of junctions that failed by short circuits by 20%, from 

90% success rate to 70% success.94 The success rate for those types of MJ in the ±2.0 V window 

would be very low. Simeone et al. used the “wrinkling” of the EGaIn to determine when contact 

occurs; this required a skilled user to make any measurements.97 The ICC method takes that skill 

out of making contact.  

A Keithley 236A collected data for IV analysis of the molecular junctions. Labview 

interfaces a PC with the Keithley and automates the sweeping the molecular junctions. We used a 

scan rate of 10 mV/s, making each scan take between three minutes (±1.0 V) and fifteen (±2.5 V) 

minutes. Phenomena of rectification, negative differential resistance and/or capacitance depend on 

scan rates.304-306 Statistical analysis of experimental results requires an enormous number of 

voltage sweeps, necessitating fast sweep rates. Fifty sweeps in a 2.5 V range at 10 mV/s take over 
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twelve hours to finish. Results of stable cold-gold junctions looked very similar to results of direct 

EGaIn contact, with I in the same range in both systems for MJs. 

Unlike inorganic semiconductors and bulk organic semiconductors, no unique set of 

equations describe the IV behavior of complex MJs to enable comparison. Transformation of the 

raw IV data to semi-log and log-log plots helps to identify changes in transport mechanisms. The 

results of the cold gold experiments fit the Simmons equations.216 The equation was not useful in 

fitting the complex behavior of the other MJs in this study. When the IV behavior fits the FN, the 

slope of the FN equation can be used to extract effective masses, and barrier heights. 
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CHAPTER 3 

COLD-GOLD CHARACTERIZATION 

A. UV-Vis, ellipsometry, and AFM measurements 

There are advantages and disadvantages of using a metal top electrode for MJs. Indirect 

thermalized evaporation is the most practical method for adding top contacts. Top contacts are the 

most important component of MJs, because it is the layer that causes the most failures.102 There 

has been no spectroscopic characterization of cold-gold films presented in the literature. Ultra-thin 

gold films formed on surfaces through direct evaporation have received attention in the 

literature.307-310 Those measurements show that metals form films through growth mechanisms that 

depend on atomic diffusion rates and the metal-substrate, metal-metal, interatomic forces. The 

three growth mechanisms are Frank – van der Merwe, Volmer-Weber, and Stranski-Krastanov: 311 

Frank – van der Merwe 2D continuous films dominate when gold wets the substrate well, e.g. 

mica. Volmer-Weber small island formation dominates on substrates that gold does not wet well, 

e.g. silicon. The Stranski-Krastanov mechanism is a mixture of the other two, in which 3D 

structures form after an initial uniform 2D layer, because of slow diffusion. The mechanisms 

depend on the relationship between the surface chemical potentials of gold and substrate. Changing 

the deposition environment changes the chemical potentials of each material, leading to a change 

in deposition mechanism. Different growth mechanisms lead to films with different spectroscopic 

properties. 

The mass of the gold evaporated versus the measured film thickness determined the 

efficiency of the deposition. These experiments compare the film thicknesses formed from 1.0 g 
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and 2.0 g deposition of gold under the same conditions. After deposition, measurement by 

ellipsometry gave estimated thicknesses of the films. Thin gold films have UV-Vis absorbance 

features related to the size of the nano-particles that make the film. A constant size of the gold 

nano-particles should follow the Beer-Lambert law (growing linearly with film thickness) if light 

scattering is not a dominant mechanism. AFM reveals the film topography on the nm scale.  

Cold-gold depositions starts with adding a 

specified amount of gold into a tungsten boat, then 

clamping down the gold-filled boat to high voltage 

electrodes in a high vacuum chamber. The 

substrates are mounted on the cold finger, pointing 

the surfaces away from the source, as shown in 

Figure. 3.1. A diffusion pump evacuates the 

chamber to a pressure of 1 x 10-7 Torr. Thirty 

minutes after reaching this minimum pressure, the 

chamber is backfilled with argon to a pressure of 4 

x 10-4 Torr to thermalize the gold vapor to room 

temperature (when depositing gold onto organic 

molecules, thermalizing the gold vapor decreases 

the hot atom destruction of the monolayer). Adding liquid nitrogen to the cold finger thirty minutes 

later lowers the temperature of the substrate. Deposition of the metal begins thirty minutes after 

addition of the liquid nitrogen. A quartz crystal microbalance inside the chamber monitors the 

amount of gold passing the sample. The tungsten boat is Joule heated from a high voltage supply, 

providing temperatures high enough to evaporate gold. Each gram of gold took approximately one 

Figure 3.1 - Schematic of the cold-gold
evaporation setup. 
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and a half hours for complete evaporation. Deposition of 2.0 g takes three hours, but the internal 

temperature of the chamber rises to several hundred degrees Celsius. After an hour, the chamber 

returns to room temperature: at this time the chamber is vented to remove the sample. 

Figure 3.2 shows the UV-Vis absorption data of 1.0 g (blue) versus 2.0 g (red) films. The 

absorption shows the plasmonic character of the gold thin films on a quartz surface. This indicates 

that the film formation proceeds through agglomeration of individual gold nanoparticles to attain 

a bulk structure over time. Thin gold films do not form through the Frank – van der Merwe 

mechanism, because at these experimental conditions, the chemical potentials of the gold and 

quartz are not ideal for continuous film formation. The plasmonic peak of the gold depends on the 

Figure 3.2 - UV-Vis spectra of the ultra-thin gold films on quartz, depositing 1.0 g gold (blue
spectrum) and 2.0 g gold (red spectrum).  
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size, microstructure, and shape of the gold. The bathochromic shift and increased bandwidth seen 

in comparing the 1.0 g film and the 2.0 g films are presumably due to the larger aspect ratio of the 

2.0 g film.312-313 Spherical nano-particles 20 nm in diameter have a single peak at 525 nm and as 

the diameter increases to 400 nm, the absorption peak broadens and the peak is at 700 nm.314-315 

AFM images in the next section show that the structure of the film is irregular islands; our AFM 

results along with these absorption results are similar to results reported by Sun et al..316 The 

physical shape of the gold may be the determining factor in where the maximum occurs.317 The 

shape of the absorption of our films has the same shape as the nano-triangles reported by Tian et 

al. The wavelength maximum can also be dominated by small separation between nano-islands.318 

It is difficult to say with certainty which factor has the greatest effect on the absorption. The slight 

decrease in the interparticle distance may cause the red shift. The maximum intensity absorption 

(λmax) ratio of the two films is approximately two. If the gold films follow the Beer-Lambert law, 

then the 2.0 g film should be twice as thick as the 1.0 g film. The 1.0 g film seems to show a small 

peak at 440.5 nm that could be a very weak transverse plasmon absorption.319  

Ellipsometry analysis of the films on gold (shown in Figures 3.3 A-D) determine the 

optical constants (n and k) and thickness of the film by modeling the change in Ψ and Δ of plane-

polarized light passing through the sample using the Fresnel equations. The measurements were 

taken at three different angles (65°, blue; 70°, red; 75°, green) over the wavelength range between 

350 and 800 nm. The model fits (dashed lines) in Figures 3.3 A-B of the 1.0 g film converge closer 

to the experimental values than the fits shown in Figure 3.3 C-D. The Δ fits are not bad, but the 

fits to Ψ are poor. As mentioned, Δ is sensitive to changes in thickness. The poor fits to Ψ stem 

from increased roughness of the film, which effects the optical constants and decreases the 

uniformity of the thickness. The increased absorption of the thicker film also complicates the Ψ 



 

48 
 

fits. The thicknesses determined for the films are 7.8 nm and 17.1 nm. As the UV-Vis predicted, 

the measured thickness of the 2.0 g film is roughly twice that of the 1.0 g film. This means that the 

film deposition efficiency is 8.0-10.0 nm deposited per g of gold evaporated.  

The AFM height images shown in Figures 3.4 A-G show the film topography. Figures 3.4 

A-D show images of the 8.0 nm film at increasingly smaller scales. Figure 3.4 A shows the widest 

scan and looks like a starry night. The stars in the image are nano structures of gold. Figure 3.4 B 

shows a uniform distribution of gold structures, with diameters between 60-200 nm and heights 

Figure 3.3 - Ellipsometry experimental amplitude and phase data for gold films on silicon (solid
lines) and model fits (dashed lines) at three different angles.  
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between 10-20 nm. The smallest image size shows that the underlying gold film is composed of 

individual nano-islands (Figure 3.4 D). The 17.0 nm film image shows that the density of the 

nanostructures increases. The next image shows that the structure has begun aggregating, making 

structures that have diameters of µm. The heights of these structures vary between 30-60 nm. The 

larger structures are not as stable, so they move under the tip force, smearing the image in the 

smallest scan range (Figure 3.4 G). Gold films do not form on silicon substrate in a completely 

wetting Frank-van der Merwe mechanism under cold-gold deposition conditions. The initial island 

structured film forms through the Volmer-Weber mechanism, and then the gold pillars grow 

Figure 3.4 - AFM images of the 8 nm gold film at different scan sizes (A) 10 µm, (B) 5 µm, (C)
1 µm and (D) 500 nm. The 17.0 nm film at three different spot sizes (E) 10 µm, (F) 5 µm, (G) 1
µm. 
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through the Stranski-Krastanov mechanism at nucleation sites on the underlying Volmer-Weber 

film.  

B. Electrical measurements of bare thin gold films and of alkanethiol monolayers 

Two-point probe longitudinal electrical measurements on films on quartz and on silicon 

compared the effect of the substrate on electrical behavior: the distance between the two electrodes 

in each case was between 2 and 3 cm. If the film has good contact and bulk properties on the 

substrate, the film should have low resistance and exhibit ohmic conduction. Figures 3.5 A-F 

show the IV behavior of the 1.0 g and 2.0 g gold films on quartz (±1.0 V) and on silicon (±1.0 V 

and ±2.0 V). Figure 3.5 A gives the IV behavior of the one-gram film on quartz. The conduction 

is ohmic, with a resistance > 50.0 GΩ. Figure 3.5 B shows that the 2.0 g film is less resistive by 

three orders of magnitude, presumably because of increased percolation between the larger islands. 

Connection of the gold islands controls horizontal conductivity across the films, however 

perpendicularly the gold islands should conduct with bulk properties (not shown here). It is clear 

that the electronic properties of the silicon substrate influence the IV behavior of the film Figures 

3.5 C-F. The 1.0 g film behaves like a p-type semiconductor (Figures 3.5 C-D) whereas the 2.0 g 

film behaves like an n-type semiconductor (Figures 3.5 E-F).  

The path of least resistance of charge transport most likely occurs through the silicon 

energy bands, and depends on the size of the islands and the distance between them. The 1.0 g 

gold film has IV behavior that suggests charge conduction through the silicon valence band, while 

the 2.0 g film behavior suggests charge conduction through the silicon conduction band. 

Conduction through the valence band of the silicon seems to trap charge, leading to increased 

resistance with each consecutive sweep (Figure 3.5 C). Interesting transport behavior occurs at 

plasmon semiconductor interfaces through the plasmon’s ability of hot electron injection.320-321 At 
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larger biases, repeated sweeps changed the IV behavior from non-ohmic towards nearly ohmic 

behavior in four sweeps (Figure 3.5 D). The 2.0 g behavior does not have this issue, presumably 

because the conduction band does not trap charges (Figures 3.5 E-F): the current increases with 

consecutive sweeps (increased hot electron density). Electronic coupling between the gold 

plasmon islands and the semiconductor control the IV behavior. In the absence of electronic 

coupling, a large ohmic resistance is due to hopping directly from island to island. When charge 

transport occurs through plasmon-semiconductor interface coupling, more current can pass than 

by the hopping mechanism. In the literature, the threshold thickness for horizontal bulk-like gold 

conduction is substrate-dependent, and varies from 8.0 nm on mica (strong adhesion forms a 

continuous film)310 and to greater than 30.0 nm on silicon (poor adhesion, no wetting).239 The small 

percolation lengths within the amorphous nano-island structure breaks up the electron sea, and 

leads to plasmon-dominated behavior.322 In this work, the plasmonic nature of the ultra-thin gold 

films forms both rectifying and ohmic interfaces on silicon.  

Clearly, the horizontal electrical conduction properties depend on the properties of the 

ultra-thin film. How gold deposits on top of a monolayer affects the contact area of conduction 

through the MJs. The film should be thicker than 35 nm as top contact to ensure bulk gold 

properties. The best method to deposit gold onto a monolayer is by two separate depositions of 2.0 

g of gold. This prevents the chamber from getting too hot. Studying the gold layer after deposition 

atop the monolayer would be useful, to identify how many highly conductive defects are in the MJ 

structure323. AFM does not discern features of the monolayer versus those of gold.  
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Figure 3.5 - The top two graphs show the IV behavior of the 8.0 nm “1.0 g” (left) and 17.0 nm “2.0 
g” (right) gold films on quartz (resistance measured in the plane of the film). The middle panel
shows IV behavior of the 8.0 nm film swept between ±1.0 V (left) and ±2.0 V (right) on silicon.
The bottom panel shows IV behavior of the 17.0 nm film swept between ±1.0 V (left) and ±2.0 V
(right) on silicon.  
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The next section reports the electrical measurements of chemisorbed alkanethiol MJs 

between TSG bottom electrode and a cold-gold top electrode: the standard method used to identify 

the validity of a test-bed. The alkanethiols used in these experiments were n-C10H21SH (C10), n-

C14H29SH (C14), and n-C18H33SH (C18). A self-assembled monolayer (SAM) of each molecule is 

absorbed to TSG substrates by placing a striped gold substrate into a 1.0 mM solution of each 

molecule in ethanol for twenty-four hours. The samples come out of the solution appearing dry, as 

expected. (Bare TSG substrate soaked in pure ethanol entrains the ethanol when taken out of the 

solution and makes the substrate appear wet) The SAMs were left to dry in a desiccator for a day 

before adding the top contact. 

 As discussed above, two separate depositions of 2.0 g gold should form a gold film roughly 

40.0 nm thick on the monolayer. I let the chamber return slowly to room temperature between the 

two depositions. The Joule heating of the tungsten boat raises the temperature inside the 

evaporation chamber to oven-like conditions when the evaporation lasts over two hours. The heat 

inside the chamber can potentially damage the monolayer: two depositions is a preventative 

measure. Gold pads formed from two consecutive depositions have metallic luster, because the 

Fermi sea of electrons is established (gold pads below 30 nm thick look black atop the 

monolayer).81 The next section presents the experimental data of these MJs. 
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Figure 3.6 - Four of the seven MJs of C10 reproducible characteristics. 
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Figure 3.7 - Four MJs of C14 with reproducible characteristics. 
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Figure 3.8 - Four MJs of C18 with reproducible characteristics. 
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Figures 3.6-3.8 show the IV behavior of four stable junctions of C10 (Figure 3.6), C14 

(Figure 3.7), and C18 (Figure 3.8). The contacting technique adopted in our lab of monitoring the 

initial contact current (ICC) provides a standard method for making non-shorting contacts. 

Whitesides and others have defined initial contact by watching the EGaIn and touching the tip with 

its reflection until visual conformation of contact by “wrinkling” of the EGaIn probe.97 This 

contact method gives measurements that have large variance in IV behavior and require a statistical 

analysis of all the junctions.324-325 Manually achieving an ICC in the range of 0.01 to 1.0 nA evokes 

the greatest virtue of the experimental chemist, patience. Automation through a piezoelectric drive 

coupled to the current feedback loop would allow a precise control of the ICC. The success rates 

were 7/24 (29%) for C10, 4/11 (36%) for C14, and 4/5 (80%) for C18; these success rates were 

much better than 1.2% success rate achieved with direct evaporation of hot gold onto the alkyl 

thiols,106 but much worse than 90 to 95% success rate claimed for direct EGaIn contact.71 Starting 

with an ICC give all researchers the ability to obtain indistinguishable results in this laboratory. 

The measurements have extremely low deviation for independent contacts over a set of thirty 

sweeps, as well as a low deviation between different junctions. Small changes in contact area 

account for contact-to-contact deviations.  

Three users probed C10, two probed C14, and the most experienced user (this writer) 

probed C18 alone. The characterization of a junction as “successful” or “working” means that the 

MJ does not short-circuit or open-circuit when sweeping in the ±1.0 V range. In order to 

characterize a junction as “stable”, the IV behavior from sweep to sweep must be reproducible over 

thirty-to-fifty sweeps. These alkanethiol cold gold padded MJs gave stable measurements that have 

smooth data with very low fluctuation between data points. Out of the seven successful C10 MJs, 

four were stable molecular junctions. Of the four successful C14 MJs, three were stable Figure 
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3.7 C shows an unstable junction. All four C18 MJs were stable. The C10 contacts data sets can 

be broken into two pairs. One pair has current in the range of ±0.2 μA and the other pair ranges 

between ± 2.0 and 6.0 μA. It is likely that the contact area differs in the two sets by one order of 

magnitude. The data in all of the MJs show a statistically significant hysteresis, in which the current 

in the forward sweeps (negative to positive bias) is slightly larger than the current in the reverse 

sweeps (positive to negative bias). The C14 data in Figure 3.7 show all four junctions successfully 

swept between ±1.0 V. The fourth junction had low currents, presumably from poor initial contact, 

leading to large parasitic resistance: this was an unstable junction. The first two junctions, Figures 

3.7 A and B, show multiple conducting states. All the initial scans start in the high-conductivity 

state and proceed to the low-conductivity state, never the reverse. This implied that the initial 

contact was not at thermodynamic equilibrium. The second junction shown in Figure 3.7 B 

underwent 100 sweeps. In these sweeps, three conducting states occurred in the MJ. The first two 

MJs studied (C10 and C14) have a lower success than the last MJ (C18) because less experienced 

researchers made most of these measurements. Eighty percent of the C18 junctions shown in 

Figure 3.8 were working. The non-ohmic symmetric IV behavior implies that tunneling is the 

dominant mechanism of charge transport. In some of the junctions, there is a slight asymmetry at 

the positive bias. This slight asymmetry occurs because of the difference in the chemisorbed 

contact at the TSG interface and the physisorbed contact at the cold-gold interface.230 

Figure 3.9 A shows the transformation of the all of the raw IV data of Figures 3.6-3.8 to 

single Log I vs. V plots. The variance shown is for one standard deviation above and below the 

mean curve of >240 points at each voltage. The average curve for C10 remains significantly 

different from C14, while C14 and C18 are closer to each other. Before discussing Figure 3.9 B, 

we should remind ourselves of the difficulty associated with converting raw current into current 



 

59 
 

density: one wants to know the effective contact area of the MJ. Additionally, substrate roughness 

can lower the effective contact area. Thus, values for current density may vary by 4 to 8 orders of 

magnitude. Most reports on EGaIn test-beds converted raw-current to current densities using the 

geometrical contact area of the EGaIn probe. Using geometrical areas was shown to give a large 

overestimate in effective contact area.97 Figure 3.9 A shows that the C18 currents are lower than 

the C14 currents, which in turn are lower than the C10 currents: this trend is consistent with an 

exponential decrease in current due to increased chain length.  

Figure 3.9 B shows the Log I vs. V data of the most stable junctions in each set (Figure 

3.6 B for C10, Figure 3.7 C for C14, and Figure 3.8 D for C18). It is likely that C10 and C14 

have very similar contact area, and this C18 junction has between one to two orders of magnitude 

larger contact area in this set of stable junctions. Figure 3.9 C shows the data from Figure 3.9 A 

after normalization of each MJ by adjusting each to assume a constant contact area, that made each 

independent junction have the same magnitude of current density as the C10 values in the 

Figure 3.9 - (A) Averages of all the data (Log I vs. V) from each of the three alkanethiols, (B) Raw data 
from the best MJ in each set. (C) Current densities generated by assuming constant electrical contact area. 
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literature.71 Adjustment of C14 and C18 raw IV to current density used similar contact areas as the 

C10. This approach is not statistically valid, but it shows that the data for all of the alkane thiols 

have the same shape and only the magnitude of the current changes. The systematic changes in 

single stable junctions over time can come from a multitude of reasons: (1) the increasing electron-

phonon interactions causes the molecules to heat in the MJ; (2) the molecules in the MJ are aligning 

in the electromagnetic field, gradually annealing out thin-area defects; (3) the electromagnetic field 

may modify the coupling over time, changing the energy barrier to charge transport in a manner 

that causes the current to decrease; (4) contact-to-contact variance primarily stems from the 

different sizes of the effective contact areas.  

To quantify quantum mechanical tunneling across an insulating barrier, parameters can be 

extracted from fits to the Simmons equation216:  

where e is the elementary charge, m is the mass of an electron, ħ is Planck’s reduced constant, d is 

the distance between electrodes, V is the applied bias, ΦB is the barrier height, and α is a parameter 

that provides adjustment for barrier shape and effective mass of the charge carrier. The 

experimental data were fit to extract a single barrier height and two alpha values (one for each bias 

polarity) to account for the slight asymmetry in the IV data. Figure 3.8 shows the fit results.  
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The trend in both ΦB (Figure 3.10 A) and α (Figure 3.10 B) agree with the trends reported 

by Kim et al. (but the ΦB reported here are larger overall, while the α are smaller).106 In the Figure, 

the open symbols are for sweeps in the forward bias and the filled symbols are for the reverse bias. 

The legend is the same for both A and B. The one C14 junction that was working but not stable 

did not fit the Simmons equation. Kim et al. values of α do not fall below 0.4 for any length, 

whereas alpha values (Figure 3.10 B) found here fall below 0.4. When using direct EGaIn contact 

(no gold), Jiang et al. found that the fitting parameters might scale with an “effective” contact area: 

however, thin-area defects within the organic monolayer tend to dominate charge transport as the 

geometrical contact area increases.71 Our fit parameters are not directly comparable, because the 

EGaIn-monolayer interface is different from the cold-gold-monolayer interface. Jiang et al. only 

provided fits for the C18 MJ. Compared to our fits shown in Figure 3.10 A, the ΦB reported by 

Jiang et al. are lower by about 1.0 eV, and had α values four times larger.71 There was a linear 

Figure 3.10 - Fits of the experimental data to the Simmons equation (Left) the ΦB have a direct dependence 
on the number of carbons; however, most of the data sets have large variance. The slope is between 0.15
and 0.25 eV/C. (Right) The α values have an indirect dependence on the number of carbons.  
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increase in ΦB between forward and reverse sweeps as the number of carbons increased. ΦB in 

forward sweeps were lower than the barrier heights in the reverse sweeps in individual junctions.  

C. Conclusions 

The conditions of the cold gold deposition cause the formation of gold nano-pillars. These 

experiments found that the cold gold method was extremely inefficient, depositing only 10 nm of 

gold for every gram of gold evaporated. There may be a more efficient method to use the cold-

gold technique, but there was not enough gold in the laboratory to optimize the technique. 

Optimizing the technique would require at least 100 g of gold. Along with optimization of the 

cold-gold deposition process, high-quality monolayer formation is the other limiting factor for the 

cold-gold technique to be successful. The cold-gold conditions hamper the diffusion of gold atom 

through defects, however a highly defect-ridden monolayer will result in short circuits. For most 

monolayers discussed in the following chapters, the cold-gold deposition tended to result in 

electrical short circuits. This is evidence that the monolayers still had too many defects over the 

contact area.  

Alkyl thiols pack well by self-assembly for 1.0 mM solutions of a thiol in ethanol. These 

experiments verify that cold gold was successful as a top contact for the alkanethiol monolayers. 

It took less than twenty contacts to find stable, successful MJs. The success rate of cold-gold 

evaporated contacts was by far more efficient than the same type of MJ formed by directly 

evaporated gold, which required thousands of contacts to find a very small percentage of stable, 

successful MJs. Using the ICC was the factor that allowed for increased success in our 

measurements. Without using this feedback method, the initial contact may have too much force, 

resulting in a short circuit upon sweeping the MJ. This feedback method will also standardize 

contact between different laboratories.  
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Direct contact with EGaIn as a test-bed has become prominent because of its ease of use 

and the higher percentage of non-shorting MJs. The literature on large-area junction molecular 

rectifiers in the past 8 years uses EGaIn ubiquitously as either as the electrode, or as a way to make 

contact with the cold-gold electrode. EGaIn direct contact works on both defective monolayers 

and well-packed monolayers.  
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CHAPTER 4  

CHARACTERIZATION OF PY-, FC-, AND TMPDA-PBI MONOLAYERS  

A. Pockels-Langmuir film characterization and Langmuir-Blodgett transfer 

This chapter will discuss efforts to measure rectification in three compounds synthesized 

by Dr. Rajesh Kota at the University of Mississippi under the direction of Prof. Daniell Mattern.181 

The three compounds are D-σ-A type, that can potentially conduct through the AR mechanism. 

Perylene bisimide (PBI) was the common acceptor (A). Pyrene (Py), ferrocene (Fc) and 

tetramethyl-p-phenylenediamine (TMPDA) are donors (D), which have increasing donating 

strength (Py<Fc<TMPDA), bridged to PBI making three A-σ-D molecular rectifiers. All three 

molecules have long-chain (C10) thioester linkages located on the A side to promote PL film 

formation, then physisorption onto thermally evaporated gold, then modest chemisorption over 

time. The molecular area of the total molecule depends on the size and shape of the D, because 

PBI, being planar, has a small molecular area. PL film studies show that the donor end controls 

the film formation. The electrical measurements will show the effect of changing the D strength.  

Initial tests of the three different PBI monolayers on ultra-pure water (with resistivity of 

18.3 MΩ/cm) identified that each has different properties on the water surface. These three 

monolayers are pink in color and visible on the water surface (because of the strong absorption of 

the PBI chromophore).263 The color of the monolayers provided empirical observation of the 

monolayer formation. Surface-pressure – molecular-area isotherms (SPMAI) monitored 

monolayer formation.  
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PLM formation on the water surface and the absorption of atoms or molecules on solid 

surfaces are very similar, because differences in intermolecular forces control the film formation. 

The competition is between intermolecular forces that tend to form compact films or adsorbates 

(cohesion) versus the attractions between the solid substrate and the molecules or atoms 

(adhesion). In the traditional model of PL monolayers, compression of long alkyl chain carboxylic 

acids with the mechanical barriers causes the phase to shift from a 2D gas to 2D crystalline films 

as the molecular area decreases, because of the increased hydrophobic van der Waals interactions.  

Monolayer formation on the water surface is similar to metal adsorption onto silicon 

substrates. It has been shown that molecules with strong intermolecular van der Waals or other 

interactions between each other, comparable to the interactions with the spreading solvent (in this 

case d-chloroform), made 3D aggregates of the molecule on the water surface instantaneously, as 

the solvent evaporated from the water surface.326 Lowering the concentration of the molecules in 

the spreading solution allows the molecules to spread out independently, facilitating the formation 

of monolayers when compressed.327 Highly separated molecules do not affect the surface tension 

of water. This phase of the molecules on water, because of the very weak interactions between the 

molecules, is similar to a 2D gas phase. Compression of the gas phase by the mechanical barriers 

leads to increased intermolecular interaction, resulting in a 2D PL film. Molecules that have weak 

intermolecular forces, irrespective of the solution concentration, allow complete spreading of the 

molecules on the water surface, giving ample space between molecules, so that their mutual 

interaction resembles a gas, in which each molecule does not have a nearest neighbor. Because the 

end groups are polar, the molecules do not move freely like a gas on the water surface. They are 

bound to the water molecules. In the gas phase, there may be 200 or more water molecules per 

monolayer molecule (depending on solution concentration, size of the trough, and molecular area 



 

66 
 

of the monolayer molecules). Reducing the available area changes this ratio of water molecules to 

monolayer molecules, until a point in which the ratio begins to affect the water surface tension. 

Reducing the available space too far sometimes over-compresses the monolayer, forcing it to 

buckle, making 3D structures. Other monolayers do not show collapse, because they slide over 

each, other leaving the underlying monolayer-water interactions intact, instead of buckling, which 

would break those interactions.  

Figure 4.1 A shows the SPMAI of Py-PBI at different concentrations, and different initial 

monolayer island size. Figure 4.1 B shows an isobaric molecular area versus time graph at the 

transfer pressure of 18.0 mN/m.233 Concentration of the deposition solution and how many 

monolayer islands form on the water surface control the shape of the SPMAI. Dilute solutions (0.1 

mg/mL) (Figure 4.1 A, purple) or precise addition of 1.0 mg/mL of the monolayer in a few spots 

Figure 4.1 - (A) SPMAI of Py-PBI monolayers compressed on a water surface. Compressed
monolayer films from a few isolated non-touching monolayer islands (purple and green), or an
expanded monolayer consisting of many small isolated monolayer islands (black and red). (B)
Isobaric relaxation of a monolayer. 
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(Figure 4.1 A, green) gives films that have similar molecular area “lift-off” in the SPMAI and has 

coverage on the water similar to Figure 4.2 B. The SPMAI of these films are compressed. Py-PBI 

does not wet the surface completely when the concentration is 1.0 mg/mL (black and red), so drops 

in many spots make many islands (Figure 4.2 A) that make the SPMAI look expanded. The strong 

π-π interactions of the PBI-PBI190 and Py-Py328 leads to instantaneous formation of 2D monolayer 

islands even before compression, when dropped from 1.0 mg/mL solution. Reducing the available 

trough area with the mechanical barriers brought the islands into closer contact with each other, 

yet the islands do not coalesce at the mutual edges. The island shapes are preserved, and a 

macroscopic single-domain 2D film never forms over the entire enclosed area at the surface 

pressure used for deposition.  

Figure 4.2 - (A) shows how addition of the monolayer can lead to the formation of many small
monolayer islands. (B) Larger films form from spreading solution in a few spots, minimizing the 
monolayer perimeter/area ratio making the SPMAI appear expanded.  
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Figure 4.1 B shows that the molecular area relaxes at an isobaric pressure of 18.0 mN/m 

from 72.0 Å2/molecule to 55.0 Å2/molecule over 30 minutes. This method of reaching molecular 

area equilibrium has two outcomes: either the monolayer packs into a stable 2D film, or else the 

monolayer in a metastable state aggregates into 3D structures over time to relieve strain (the 

monolayers start to climb on one another). The graph shows that the system reaches equilibrium 

of the 2D film at 18.0 mN/m and 55 Å2/molecule. This value of 55 Å2/molecule for the molecular 

area is a slight overestimate in Figure 4.1 B (the true molecular area may be 5 to 10 % smaller). 

This is because the 2D films do not fill the entire trough, as mentioned above. 

Molecules with strong adhesion to the water surface, like long-chain carboxylic acids, will 

give more accurate values of the molecular area, because after compression they completely cover 

the water surface area between the mechanical barriers as a 2D crystalline film.329 At the time of 

Figure 4.3 - SPMAI of Fc-PBI showing a highly elastic PL film upon compression to surface
pressures of 30.0 mN/m. These is only a slight hysteresis in the sky blue curve, showing the 
requirement of large surface-pressure to cause irreversible attractions.  
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the Langmuir-Blodgett (LB) transfer, a monolayer of Py-PBI compressed to 18.0 mN/m and then 

held at that pressure until the establishment of a constant molecular area shown in Figure 4.2 B, 

after establishment of equilibrium, transfers as a monolayer on TEG substrates. NIMA software 

controls the hardware that pulls the substrate up through the monolayer at a constant rate, 

transferring the film through the initial hydrophilic – hydrophilic interactions of the monolayer 

and the surface. The monolayer islands do not lose their shape in LB transfer from the water surface 

to the metal substrate. Monolayer islands a few cm2 across are transferred intact. 

Figure 4.3 is the SPMAI of Fc-PBI. Compared to the Py-PBI molecule discussed above, 

the intermolecular forces in Fc-PBI are lower, leading to more wetting and a better adsorption on 

the water surface. The Fc-PBI molecules do not aggregate into islands: instead, they form a 2D 

gas at initial dilution. The surface-pressure begins to increase (Figure 4.3) at a molecular area 

Figure 4.4 - SPMAI of TMPDA-PBI through compression-expansion cycles of constantly 
increasing surface-pressure.  
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close to those of the compressed Py-PBI monolayers (Figure 4.1 A, green and purple). The 

monolayer is completely reversible up to a surface pressure of 40.0 mN/m. At 40.0 mN/m, the first 

signs of some irreversibility is seen through the slight hysteresis in the curve (blue). Apparently 

the bulkiness of the Fc donor inhibits the mutual approach of neighboring PBIs, compared to the 

Py donor case. The Fc prevents the instantaneous aggregation of the molecules at deposition from 

the solvent. However, if one monitors the molecular-area over time at a constant surface pressure 

of 30.0 mN/m, the molecular-area decreases continually, indicating that Fc-PBI gradually changes 

from a 2D film to a 3D solid. To get the best 2D LB film possible, transfer of the PL film to the 

substrate as an LB film occurred immediately at reaching a surface-pressure of 30.0 mN/m. 

Figure 4.4 shows the SPMAIs of TMPDA-PBI over eight compression-expansion cycles 

to different surface pressures. Compression-expansion SPMAI that overlap completely do not 

show any hysteresis and are completely elastic films. This monolayer when compressed to 

relatively lower surface pressures (Figure 4.4 top row), shows “reverse hysteresis”, in which the 

surface pressure is higher in the expansion (2) than it was in the compression (1). This positive 

shift in the phase occurs probably because the molecules are repelling each other, forcing them to 

occupy larger molecular areas. A negative shift in the phase is “normal hysteresis”, which starts 

between 5.0 and 8.0 mN/m. (Figure 4.4 bottom row). Here the compression (1) has much larger 

surface pressures than the expansion (2). This indicates that, above those surface pressures, the 

monolayer begins to coalesce and remains intact upon expansion. Monolayers of this molecule 

have character intermediate between Py-PBI and Fc-PBI. Along with SPMAI, equilibrium-

spreading pressure (ESP) of the monolayer characterized its PL formation on a water surface 

without compression (Figure. 4.5). The ESP determines the surface pressure of the monolayer 

film added to the water surface until saturation of the molecule on the water surface. There are a 
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few different ways to identify saturation of the monolayers on the water surface. This molecule 

leaves a red floating lens that does not spread. It just remains on the surface. The surface pressure 

reaches a maximum, and then relaxes to the ESP. Figure 4.5 shows that the ESP was between 4.0 

and 5.0 mN/m. This value is slightly lower than the onset of hysteresis discussed above (between 

5.0 and 8.0 mN/m). To stay away from metastable monolayers, associated with compression past 

the ESP, the group decided that deposition of a saturated film over that of a compressed film, 

ensuring the transfer of a PLM at equilibrium, was an ideal option for this film. 

All these pink films on yellow gold surfaces were distinguishable from the bare surface.  

Changing the donor controls the packing ability of the monolayers. From the SPMAI 

discussed above it can be stated that the Py-PBI molecules have large intermolecular interactions 

Figure 4.5 - The equilibrium spreading pressure of TMPDA-PBI is 4.0 to 5.0 mN/m. 



 

72 
 

and can form a monolayer film without compression. Fc-PBI films have the smallest 

intermolecular interactions, and the SPMAI remain completely elastic/reversible to a high surface 

pressure of 40.0 mN/m. TMPDA-PBI molecules initially have small intermolecular interactions, 

but compression can be used to get 2D monolayer aggregation. Protocol in the measurement of 

monolayer films should establish the ESP of the monolayer films at different conditions before 

conducting SPMAI of the films.  

B. Electrical characterizations 

For the Py-PBI MJs slowly ramping the MJ at low positive bias after establishment of the 

ICC made it possible to get MJs with reproducible IV behavior. Py-PBI was one of the molecules 

that could form stable MJs with a cold-gold top contact without forming short circuits. Fc-PBI 

could only achieve successful MJ with EGaIn direct contact: the cold-gold contacts failed by short 

circuits. Ramping of the Fc-PBI MJ was not required to establish a successful MJ instead, a single 

sweep out to the sweep range identified success. TMPDA-PBI used EGaIn top contacts and was 

studied in the same fashion as Fc-PBI (cold gold was not attempted). Confirmation of the stability 

and reproducibility of the MJs required hours of sweeping single MJs. The sweep rate for these 

measurements was 10 mV/s. Choosing the slow sweep rates inhibited the collection of thousands 

of sweeps however, they also reduced the capacitive effects. The capability of a MJ to survive 

repetitive sweeping in a specific bias window without failure is “successful” by these standards; 

additionally, a MJ is “stable” if the repetitive sweeps of the MJ have similar electrical behavior. 

Using these sweep rates and hours of sweeping, the properties of single MJs over time determined 

if the MJ have static or dynamic properties. The cycling of the electrical behavior is necessary for 

stable devices.  
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Early experiments showed that MJs were more stable when swept to negative bias. MJs 

survived sweeps from 0.0 to -1.0 V frequently, however 0.0 to +1.0 V gave short circuits for most 

of the contacts. It was critical to find stability into sweeps at positive bias. This led to the first 

criterion of success of a MJ as not failing when swept from 0.0 to +1.0 V or higher.  

For Py-PBI, after achieving initial contact, the MJ was ramped in small increments up to 

the desired sweeping voltage window. The first sweep went from 0.0 to 0.6 V, then again from 0.0 

to 0.6 V, 0.0 to 0.8 V and so on until reaching 1.0 V. After ramping up to 1.0 V, the MJ underwent 

repetitive sweeping in a ±1.0 V window shown in Figure 4.6 (top, left). Without such ramping 

steps, all the junctions failed through short circuits. The driving force to short-circuit remains 

unknown. It could be field-induced electromigration330 or field-induced Casimir force 

compression.331 After this set of sweeps at 1.0 V, junction ramping continued to 1.5 V, then 2.0 V, 

and lastly 2.5 V, with at least three full sweeps at each bias. The ramping method was effective, 

although; it took upwards of six hours to reach the ±2.0 V sweeps. A large amount of experimental 

data of Py-PBI validated this experimental procedure.  

Fc-PBI MJ electrical properties in only the low-bias (±1.0 V) and high-bias (±2.5 V) ranges 

showed the same Janus effect as Py-PBI. The MJs remained stable after initial contact from 0.0 V 

out to either ±1.0 or +2.5 V. The Fc-PBI IV behavior shows a built-in voltage when sweeping the 

V from negative bias to positive bias (forward sweep). The presence of the built-in voltage is absent 

in the reverse sweeps. TMPDA-PBI had electrical testing conducted in the single-ramp manner 

only. The first sweep curves show a negative differential resistance behavior, similar to resonant 

tunneling diodes. TMPDA-PBI MJs had currents that were essentially zero, and the resistances 

were larger than 1.0 TΩ below ±1.0 V, as will be discussed below. Consequently, the only voltage 

range for the TMPDA-PBI was ±2.5 V.  
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MJs that have similar characteristics over repeated sweeps for many hours are MJs we 

considered stable. This again is different from “successful”, which is more a case of if the junctions 

fails or not regardless of the quality of the behavior. Stability is identified by the reproducibility in 

a set of IV sweeps on the same MJ. In some of the literature researchers take the average of 20 – 

30 sweeps for 20-25 successful junctions, and use that to get statistically “meaningful” results from  

data that normally varies by several orders of magnitude.68 The noise in the experimental data 

increases with increased chain length across a series of alkanethiols with the same linkers. In the 

large-area MJ community, statistical measurements are becoming the standard, due to the ability 

to statistically distinguish between MJ-dominated and defect-dominated charge-transport.324 Most 

of these statistical analyses have focused on the properties of a single V in the device (+0.5). Thuo 

et al. recently stressed the importance of checking the quality of IV data point by point, to get a 

true picture of the quality of the MJ.325 The statistical representation of results does not show the 

dynamic nature of each MJ formed on a sweep-by-sweep basis. Reproducible IV behavior over 

repeated sweeps shows that a high quality MJ was formed. In macroscopic or microscopic 

semiconductor physics single IV curves can be relied upon, because the devices are stable.166, 173 

The trade-off to get large data sets is the rate at which the measurements are acquired. The 

measurements presented here were conducted to find the dynamic properties of individual devices.  

Figures 4.6-4.8 shows representative data from a stable MJ of a cold-gold – thermally 

evaporated gold sandwich of Py-PBI, while sweeping the bias from positive to negative. Figure 

4.6 shows 1.0 V, Figure 4.7 shows 1.5 V and Figure 4.8 shows 2.0 V sweep ranges. The first non-

shorting MJ with reproducible behavior was contact #42. The first 41 attempts at contact showed 

that contact defined by an ICC and slowly ramping the voltage to the desired range leads to MJ 

with reproducible characteristics. This first contact led to the realization that molecular junctions 
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of this kind were stable to upwards of 2.0 V. Five of the next twelve junctions contacted were 

stable; four of those experimental data sets are shown in Figures 4.9 – 4.14. These junctions 

remained stable in the ±2.5 V sweep range. Converting the raw IV data to some different graphical 

forms help in the elucidation of the charge transport mechanisms. Figure 4.6 (top left) shows the 

ramp plot, (top right) IV plot, (middle left) Log I –V, (middle right) (|I(+V)/I(-V)| vs. V (rectification 

ratio in forward bias), (bottom left) Ln |I/V2| vs. 1/V (Fowler-Nordheim plot)332, (bottom right) 

dI/dV “G” vs. V (differential conductance); these four are the most frequently reported data 

manipulations.  

IV plots give the basic current-voltage behavior across a device. Because the current 

normally varies by a few orders of magnitude in most electrical systems, the current in log form 

to gives a better picture of the overall electrical properties. Log I versus V plots show changes in 

mechanisms not evident in the IV plots.174 The magnitude of the slope in these plots shows how 

ideal the diode relative to other diodes. There is no consensus in the literature about the meaning 

of different slopes in the behavior of MJ charge transport. The most common explanations use 

space-charge-limited transport and trap-assisted transport (ideas taken from inorganic electronics). 

The FN plot shows the voltage at which the maximum of resistance occurs. The rectification ratio 

plots show the asymmetry of the current at negative bias versus the current at positive bias. Trends 

in the asymmetry show the stability of the current at each bias. The positive rectification ratio is a 

plot of asymmetry of the positive-bias current versus the negative-bias current at each voltage. The 

negative rectification ratio plots the asymmetry of the negative-bias current versus the positive-

bias current at each voltage. Differential conductance plots help establish the local density of states, 

and show the onset of a conducting channel with enhanced conduction over non-resonant 

tunneling.333 These onsets are in principle where the HOMO and LUMO energies are located.  
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There are also Log I vs. Log V, (G) |V2/I| vs. V (Peak voltage spectroscopy), and (H) V/I 

vs. V (resistance) plots, used to help identify changes in mechanisms. It is common to use the 

changes in slope in the Log I – Log V curves to identify the voltage in which transitions in transport 

mechanisms occur.172, 334-335 Linear regions in Log I – Log V speak to a power-law dependence of 

the measured data. A slope of 1.0 means that the measured data is following linear behavior.334-335 

A slope of 2 means that the mechanism of charge transport is space-charge-limited. Slopes greater 

than 2 have a have a trap-assisted mechanism.172 This terminology is frequent in the semiconductor 

literature.173 Frisbie et al. used these plots to describe charge transport across long conjugate 

molecular wires. They conclude that slope of 1 is field-driven ohmic transport, a slope of 2 is 

space-charge-limited transport, and a slope greater than 2 is due to field emission. We see sharp 

transitions with linear slopes that show a possible power-law dependence over the small bias range 

in many of our data sets. The PVS and the resistance plots show essentially the same peak as in 

the FN plots.220-221 The maximum in the PVS and in the resistance plots is just the point, in which 

the current shifts from the initial ohmic region, just as the minimum in the FN plots.  

Many researchers convert their IV data into JV data where J is the current density, but this 

is only possible if the cross-sectional area of the probe that provides effective electrical contact is 

precisely known. All of the data presented here are raw experimental IV data.  
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Figure 4.6 - Py-PBI Pad #42 at ±1.0 V; top row: (left) Ramping cycles, (right) IV of reverse 
bias sweeps; middle row: (left) Log I versus V, (right) rectification ratio versus V; bottom 
row: (left) Fowler Nordheim plots, (right) differential conductance plot. 
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Figure 4.7 - Py-PBI Pad #42 at ±1.5 V; top row: (left) IV of reverse bias sweeps, (right) Log
I versus V; middle row: (left) rectification ratio versus V, (right) Fowler Nordheim plot; bottom 
row: (left) differential conductance plot, (right) resistance plot. 
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Figure 4.8 - Py-PBI Pad #42 at ±2.0 V; top row: (left) IV of reverse bias sweeps, (right) Log
I versus V; middle row: (left) rectification ratio versus V, (right) Fowler Nordheim plot; 
bottom row: (left) differential conductance plot, (right) resistance plot. 
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Figure 4.11- Same MJ as Figure 4.10 but in the positive to negative bias sweeps. 

Figure 4.9 - Py-PBI Pad #45 at ±1.0 V; top row: (left) IV of reverse bias sweeps, (right) Log
I versus V; middle row: (left) rectification ratio versus V, (right) Fowler Nordheim plot; 
bottom row: (left) differential conductance plot, (right) resistance plot. 
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Figure 4.10 - Py-PBI Pad #45 at ±1.5 V; top row: (left) IV of reverse bias sweeps, (right) Log
I versus V; middle row: (left) rectification ratio versus V, (right) Fowler Nordheim plot; bottom 
row: (left) differential conductance plot, (right) resistance plot. 
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Figure 4.11 - Py-PBI Pad #45 at ±2.0 V; top row: (left) IV of reverse bias sweeps, (right) Log
I versus V; middle row: (left) rectification ratio versus V, (right) Fowler Nordheim plot; 
bottom row: (left) differential conductance plot, (right) resistance plot. 
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Figure 4.12 - Py-PBI Pad #45 at ±2.5 V; top row: (left) IV of reverse bias sweeps, (right) Log
I versus V; middle row: (left) rectification ratio versus V, (right) Fowler Nordheim plot; 
bottom row: (left) differential conductance plot, (right) resistance plot. 
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Figure 4.13 - Py-PBI Pad #48 at ±2.5 V; Log I versus V of a full sweep in black and in red. The 
solid lines without circles are forward sweeps, and the solid lines with the circles are reverse
sweeps. 
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Figure 4.14 - Py-PBI Pad #52 at ±2.5 V and a 50 mV/s sweep rate; Top row: (left) IV of reverse bias 
sweeps, (right) Log I versus V; bottom row (left) rectification ratio versus V, (right) bottom: (left) 
differential conductance plots. 
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Figure 4.15 - Py-PBI Pad #54 swept between ±1.0 V and ±2.5 V at 0.5 V intervals, back 
and forth, twice.  
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Figure 4.6 shows the ramp and the ±1.0 V sweeps of contact #42. The IV behavior of a MJ 

of Py-PBI at 1.0 V is rectifying, as shown in (top right). The nonlinear increase in current turns on 

slightly above ~+0.5 V. The Log I vs. V plot (middle left) of the same data shows a change in 

mechanism around ~+0.7 V. The rectification ratio (RR) (middle right) for these 1.0 V data has 

enhancement of current at positive polarity. The RR started at 12 and rose to 18 in just eight 

sweeps. The Fowler-Nordheim (FN) (bottom left) plots show a transition voltage at ~+0.6 V. The 

differential conductance plots (bottom right) also leads to the conclusion that a conducting channel 

starts to enhance transmission at ~+0.4 V. The Py-PBI MJs became more resistive with repeated 

sweeps: three possible explanations come to mind: (1) field-induced alignment of the monolayer 

could provide an increased tunneling distance; (2) trapped charge within the molecular junction 

could lead to quantum interference that inhibits the tunneling current; (3) annealing of thin-area 

defects could also lead to increased resistance. 

Figure 4.7 shows the ±1.5 V sweeps of contact #42. In this case, the enhancement is 

dropping rapidly with increasing sweeps. The IV plots (top left) show curves with greater diode-

like behavior then the ±1.0 V sweeps. The change in the slope in the Log I vs. V plot (top right) at 

~0.6 V shows a distinct change in the exponential character of the current versus the voltage. This 

suggests that the mechanism changes from non-resonant tunneling to a more conducting 

mechanism. The RR plot (middle left) shows that it starts at 60 and drops to 10 in 2 hours of 

measurement. The RR, as a function of the applied bias, has a maximum at the current in which 

the negative bias starts to conduct exponentially. The FN plot (middle right) shows a long transition 

with a defined slope that, when modeled against the FN equation, provides an effective mass and 

a barrier height. The differential conductance (bottom left) has the same turn-on as the ±1.0 V 

sweeps. The resistance plot (bottom right) shows that the resistance increases with each sweep. 
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Figure 4.8 shows the ±2.0 V sweeps of contact #42. The IV behavior (top left) now shows 

that the negative bias current now exceeds the positive bias current, reversing the RR: this is the 

Janus effect.233 Log I vs. V shows (top right) that at V<1.5 V the slope of Log I versus V increases, 

but the four sweeps overlap each other. Here only the current in the positive bias decreases with 

increasing sweeps, which led to an increased RR at negative bias (middle right). The FN plot 

(middle left) shows the transition at ~+0.7 V at positive bias and ~-1.1 V at negative bias. From 

the differential conductance plots (bottom left) it is clear that the turn-on at positive bias shifts to 

slightly higher bias from 0.7 V to 1.1 V in the larger field, while the turn-on for the negative bias 

starts at -1.5 V. The overall resistance plots (bottom right) of this MJ at large bias is an order of 

magnitude lower than that of the low-bias sweeps. This could be because the large bias freed the 

traps through electrochemistry or field-induced processes. In semiconductor physics, the values of 

the slopes in the IV behavior are associated with the mechanisms of charge transport.167 MJs 

smaller than 5.0 nm thick have bias-dependent changes in tunneling mechanisms that control the 

charge transport. Unfortunately, I was too hasty and did not sweep this MJ in the ±2.5 V range. 

Figure 4.9 – Figure 4.12 of Pad #45 at ±1.0 V, ±1.5 V, ±2.0 V, and ±2.5 V. This contact 

showed the same Janus effect. Expanding the sweep range allowed for full probing of the LUMO 

conducting channel. In Figures 4.9 – 4.11 only three sweeps in a single sweeping direction 

(reverse) are shown, in an effort to get to the ±2.5 V sweeps shown in Figure 4.12 without 

sweeping the MJ for five to six hours before getting to this high voltage range. The magnitude of 

the current for these first two contacts was essentially the same. This suggests that the effective 

electrical contact area was similar. The Log I versus V plot in Figure 4.10 (top right) shows a 

distinct transition at +0.7 V. This is very close to the value of the first junction. In all of the data 

sets, the negative bias current decreases in each successive sweep, however; the value that it 
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decreases by is much less than the value at positive bias. This causes the RR to decrease in each 

sweep for the behavior below ±2.5 V. At 2.5 V, shown in Figure 4.12 (middle left), the RR 

increases in each sweep because of the same effect. The positive bias current loses magnitude more 

rapidly than the negative bias current. This increases the asymmetry between the two bias 

polarities. In order for the current at negative bias to surpass the current at positive bias, it must 

have a much greater super-linear behavior.  

Another feature of these MJs shown in Pad#48 was the sweep direction dependence of the 

IV behavior. Figure 4.13 shows the characteristic hysteresis associated with forward (no circles) 

and reverse sweeps (circles). The sweeps in the same direction have similar shapes. Figure 4.14 

shows the IV of Pad#52 swept at the fast rate of 50 mV/s in the ±2.5 V range. Compared to the rest 

of the data collected at the slower rate, it is clear that increasing the sweep rate causes a non-zero 

Voffset at both positive and negative bias. This finding was the reason for studying all of the MJs at 

swept rates of 10 mV/s. Figure 4.15 shows Pad#54, measured back and forth between ±1.0 V and 

±2.5 V, and the IV behavior followed the same trends in each bias reversibly. The current decreased 

drastically in each cycle.  

Fc-PBI behaved differently than Py-PBI, and only underwent electrical characterization in 

the low (±1.0 V) and high (±2.5 V) bias regimes. Each of these junctions remained stable for at 

least twelve consecutive hours of sweeping. We attempted electrical characterization on the same 

Fc-PBI LB film, using both a cold-gold top contact backed by EGaIn, and direct EGaIn contact 

for comparison. Alas, all the cold-gold junctions resulted in short circuits. Success with direct 

EGaIn contact at ±1.0 V gave the rectifying IV behavior in Figures 4.16 – 4.18  of three stable 

contacts of Fc-PBI MJs. There is different IV behavior in reverse sweeps (left columns), from +1.0 

V to -1.0 V, and forward sweeps (right columns), from -1.0 V to +1.0 V.  The potential energy 
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profile across the MJ that the charge must tunnel through depends on the direction the applied bias 

is moving. All of the sweeps in the same direction have the same shape. The current decreases 

gradually with each sweep, as was the case for the Py-PBI MJ. The first sweep in Figure 4.17 and 

Figure 4.18 in the Log I versus V plot shows the “forming” sweep that has a much larger current 

than the following sweeps: it is symmetrical, sigmoidal and characteristic of some direct tunneling 

process.  
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Figure 4.16 – Fc-PBI Contact#4 at ±1.0 V; reverse sweeps (left column), forward sweeps
(right column). IV behavior (top row), Log I versus V (middle row), RR versus V (bottom
row). 
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Figure 4.17 - Fc-PBI Contact#5 at ±1.0 V; reverse sweeps (left column), forward sweeps
(right column). IV behavior (top row), Log I versus V (middle row), RR versus V (bottom 
row). 
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Figure 4.18 - Fc-PBI Contact#8 at ±1.0 V; reverse sweeps (left column), forward sweeps
(right column). IV behavior (top row), Log I versus V (middle row), RR versus V (bottom 
row). 
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Whitesides and others have reported these forming sweeps for mercury and EGaIn 

contacts. We see that the conduction pathway followed by the first sweep turns off after the first 

sweep. Some explanations are: a low dielectric constant impurity evaporates during that first 

sweep, this explanation has been presented elsewhere, however their junctions became more 

conductive after evaporation of the solvent instead of more resistive.70 Or, the energy barriers of 

the MJ are not formed at contact, and require that first sweep to initiate the irreversible transfer 

that locks in the energy structure of the MJ.336 Because of the IV behavior that resembles direct 

tunneling in the first sweep of a measurement, the initial current flows between EGaIn and gold. 

The electric field is required to cause the coupling between molecule and electrode that forms the 

MJ. Thus, at initial contact, there is little or no electronic coupling between the electrodes and the 

MOs of the molecule. The large electric fields applied in the first sweep induce charge transfer 

between the molecule and the electrodes, increasing the electronic coupling and providing an 

irreversible MJ that has a new charge-transport pathway with lower conduction, because charge 

must proceed through the coupled MOs.337 The monolayer acts as a dielectric tunnel barrier in the 

Schottky-Mott limit before the monolayers MOs couple to the electrodes, whereas after electronic 

coupling it is an MJ with rectifying properties. These different potential energy profiles formed 

upon coupling interfere with the charge-transport pathways.338 

In all the data from the 1.0 V Fc-PBI MJs in Figures 4.16 – 4.18 the slight increase in the 

slope of the Log I vs. V graphs above +0.5 V, due to an enhanced charge transport mechanism, 

causes the rectification. The negative-bias portion of these sweeps is smoother than the positive-

bias portion in both sweep directions. There is no clear turn-off in the reverse sweeps. The IV 

behavior suggests a shorter tunneling pathway at positive bias than at negative bias. The RR of 

contact #4 falls between 60 and 600, contact #5 between 15 and 45, and contact #8 between 100 
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and 200. In all of the MJs, the RR decreases with increasing sweeps because, like for the Py-PBI, 

in each consecutive sweep the current at positive bias loses magnitude more rapidly than the 

current at negative bias. Reverse sweeps in the three MJs do not have a Voffset. The forward sweeps 

of contact #4 has a relatively large Voffset of -0.4 V. The other two contacts only have a modest 

offset of less than -0.05 V. The offset is into the negative bias in both cases. The first sweep of the 

junction that showed large Voffset was one of the few, in which the return trip after sweeping into 

negative bias remained stable. The first sweep likely sets the initial energetics of the MJ. A 

different potential profile can occur for the same MJ, depending on whether it witnesses a strong 

positive or negative field directly after initial contact. A negative field may create a charged state 

that the positive field does not generate. The coupling of the end groups may depend on the field 

strength and direction of the field.  

Figures 4.19 and 4.20 show the experimental data of two MJs of Fc-PBI between ±2.5 V. 

The offset was present, and nearly 1.0 V in the higher-voltage experiments. The plotted currents 

at small bias in either direction are close to the detection limits of the Keithley 236A Source 

Measure Unit (1.0 pA): negligibly small currents from discharging flow between +Voffset and –

Voffset.  
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Figure 4.19 - Fc-PBI Contact #1 at ±2.5 V; reverse sweeps (left column), forward sweeps
(right column). IV behavior (top row), Log I versus V (middle row), RR versus V (bottom 
row). 
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Figure 4.20 - Fc-PBI Contact #4 at ±2.5 V; reverse sweeps (left column), forward sweeps 
(right column). IV behavior (top row), Log I versus V (middle row), RR versus V (bottom 
row). 
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The MJ becomes more resistive in both sweep directions, as the sweep number increases. 

The current at positive bias decreases more rapidly than current at negative bias, leading to an 

increasing RR with sweep number. Forward sweeps have a surprisingly large Voffset that starts at -

0.4 V for the first sweep and ends at -0.8 V. For sweeps up to ±1.0 V this Voffset is small, even 

though the bias limits exceed -0.4 to -0.8 V.  

To emphasize, we see a Voffset for forward sweeps, but not for reverse sweeps, and we 

learned from Py-PBI that fast sweeps have a Voffset but slow sweeps do not. This obviously means 

that the Voffset is a time-dependent transient effect. Since we do not see a full-blown Coulomb 

blockade339 (as discussed below for TMPDA-PBI), therefore we must conclude that for Fc-PBI 

this Voffset is due to itinerant local oxidations of Fc to Fc+ in the monolayer. Fc oxidizes, adding an 

electron to the surface of Au going to Fc+ in reverse bias (charging) while the charge at the Au 

surface reduces Fc+ to Fc in the forward bias (discharging). The presence of the Fc+ - “Au- 

surface” in the junction inhibits quantum tunneling at low bias.  

The charged state of Py, induced by increased sweep rates must relax within the timescale 

of the measurements, if charging was occurring in the MJ. Because the Fc junction was always 

swept slowly, the non-zero Voffset seen for Fc junction is not a dynamic effect. Fc is a stronger 

electron donor, because of its smaller ionization potential, compared to Py. Therefore, under 

reverse bias Fc can be oxidized. This D+ state is stable in the junction, and relaxes slowly. Forward 

sweeps probe this charged state, and the value of the Voffset equals the electric field induced by the 

charged state. Once the forward sweep crosses into the positive bias, the Fc is reduced back to the 

neutral state.  

The RR data in both contacts have two distinct curves. The first shape of the dependence 

of RR on bias in the first ten sweeps has a plateau, meaning the RR was independent of bias for a 



 

99 
 

large portion of bias. There is a bias dependence of the RR consistently for the last six sweeps. 

The rectification ratios increase from 2 to a maximum RR of 35 at 2.5 V. The consistency in the 

shape of the asymmetry highlights the stability of the MJ. An additional stable contact measured 

at 2.5 V confirms the results. 

The RR reverses (Janus effect) for both Py- and Fc-PBI, but they have relatively small 

rectification ratios (between 30 and 150). A DFT calculation of Py-PBI showed a HOMO-1 at -

6.38 eV (mostly localized on PBI) a HOMO at -5.51 eV (most localized on Py) and a LUMO at -

3.93 eV (mostly localized on PBI). The resultant donor and affinity levels do lie within the bias 

windows available in our experiments. The previous explanation of the Janus effect for Py-PBI 

was resonance from the LUMO alone at forward bias and field-induced excitation from the HOMO 

on Py to the LUMO on PBI at high reverse bias (Anti-AR). The possibility that the HOMO-1 and 

LUMO of PBI are the only important transport channels and that the Py donor is uninvolved in 

charge transport also presents an alternative mechanism of charge transport. Again, this would 

suggest that the only role of Fc was formation of a charged state in the MJ and inhibiting tight 

packing of the molecules within the monolayer.340 Coupling between the Fc and EGaIn is likely 

strong, because they are intimately connected. The coupling of the Fc with the bottom electrode is 

weak, because of the larger distance.  
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Figure 4.21 - TMPDA-PBI at ±2.5 V; Contact 2 (left column), Contact 3 (right column);
reverse (blue) and forward sweeps (red); IV behavior (top row), Log I versus V (middle row), 
RR versus V (bottom row). 
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The experimental data of TMPDA-PBI in Figures 4.21 present statistics of two MJs in a 

±2.5 V window. The data show the average of fifty 8-minute sweeps in each sweep direction. Both 

the IV behavior and the Log I versus V shows very low variance at negative bias for both contacts, 

however; the first contact (left) shows a greater hysteresis. There is a statistically significant 

hysteresis from -1.7 to -2.0 V. The positive bias does not have statistically significant difference 

in either case. Between +1.0 V and -1.0 V, for one contact, and +0.7 V and -0.7 V, for the other, 

there is no current flow through our instrument (0.1 pA detection limit). This is the first example 

in our laboratory of a Coulomb blockade in a monolayer system.339 TMPDA is a one of the 

strongest organic donors known, and can oxidize twice, emptying its HOMO level. To repeat, a 

full sweep of 500 points required nearly nine minutes. The only plausible explanation is that the 

oxidized state of TMPDA is so stable, that it lasts within the timescale of the experiment, and can 

only pass charge after exceeding the blockade voltage window of the trapped charge. These are 

the best RR found in the set of PBI-containing molecules. Comparing the results for TMPDA-PBI 

with Fc-PBI and Py-PBI showed that changing the D allowed for capacitive charging in the MJ. 

The weak D pyrene did not favor cation formation, unless the sweep rates were increased. The 

moderate D ferrocene favored the formation of a moderate-lived cation that charged and 

discharged in the timescale of the experiments. The strong D TMPDA favored the formation of 

long-lived cations, which charged but did not discharge, in the timescale of the experiment. It is 

also clear from the results that the barriers to charge transport increase as the number of sweeps 

increases. This implies that the MJs are not at equilibrium. Chemical degradation of some of the 

molecules in the MJ, or reorienting of the molecules in the large electric fields, are other reasonable 

explanations for the decreasing current. However, these MJ’s would have irregular IV behavior 

instead of reproducible shapes. It is most likely that the MOs move away from the metal FL in 
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each sweep, creating a slightly higher barrier for charge transport for each sweep in the tunneling 

regime, and a slightly higher bias is needed to reach resonance in the higher-bias regime.341  

Figure 4.22 shows the energy diagram of the PBI molecules according to onsets in IV 

behavior being associated with resonance enhancement of charge transport through conducting 

MOs. As mentioned, the gold FL varies from 4.8 to 5.4 when molecules are absorbed to the 

surface.237 We did not conduct any spectroscopy measurements that would provide the true energy 

of the gold FL underneath the monolayer, nor the gold on top, nor the EGaIn. The turn-on bias to 

set the MOs in the diagrams relative to a FL of zero. Knowing the true FL would provide the true 

Figure 4.22 - The schematic shows some of the possible mechanisms for Py-PBI according to (A 
and B) the two-level conduction and (C and D) the one-level conduction. (A) AR mechanism 
HOMO and LUMO resonance at +0.8 V (B) anti-AR field-induced resonance at -1.4 V. An 
additional possibility is ambipolar charge transport through PBI. (C) Conduction through the PBI
HOMO that reaches resonance at +0.8 V, (D) Conduction through the PBI-LUMO that comes into 
resonance around -1.4 V.  
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energy of the conducting MO’s. Figure 4.22 shows both the AR mechanisms and the asymmetric 

mechanisms through only the PBI. In the AR case, it is necessary that the HOMO mostly localized 

on pyrene MO acts in tandem with the LUMO mostly localized on PBI. The requirement of the 

bias to be larger than 0.4 V to start enhancement means both MOs were within 0.4 V of the metal 

FLs. Ellenbogen and Love proposed a mechanism in which both MOs of the same type (LUMO-

LUMO or HOMO-HOMO) work in tandem to provide enhancement.65 

Only Py-PBI received theoretical calculations by density functional theory (DFT) 

methods.233 Energy and geometry minimizations were performed using the semi-empirical 

molecular orbital (SEMO) theory, with the PM6 parameters.342 Followed by time-dependent 

density functional theory343-344 (TDDFT) calculations on the first 20 excited states, at the 

B3LYP345-346level with the DZVP2 basis set347 in both the gas phase and with CHCl3 (self-

consistent reaction field (SCRF)348 with COSMO parameters349), to compare the 3 main closely 

spaced optical transitions. CHCl3 was chosen to model a moderately polar organic solvent regime, 

and is the solvent used (but deuterated) to generate the LB film. All calculations were done with 

Gaussian09.350 Figure 4.23 shows the calculated wavefunction amplitudes of the three MOs that 

have energies capable of coming into resonance with the metal Fermi levels. The calculations show 

that the HOMO is mostly localized on the Py with an energy of 5.51 eV. The LUMO is mostly 

localized on the PBI with an energy of 3.93 eV. The HOMO-1 is also a relevant MO, and is mostly 

localized on the PBI with an energy of 6.24 eV. From these calculations, an absorption at 786 nm 

is expected for the HOMO-LUMO transition. This transition will likely be weak. The HOMO-1-

LUMO, which is the PBI absorption alone, is expected at 538 nm. This transition should be 

relatively strong.  
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Figure 4.23 - Calculated wavefunction amplitudes for the HOMO (top) (5.51 eV), the 
LUMO (3.93 eV) (middle) and the HOMO-1 (6.24 eV) (bottom) of Py-PBI.231 
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C. UV-Vis of the PBI molecules on quartz 

Comparison of the solution versus the monolayer absorption spectrum of Py-PBI is shown 

in Figure 4.24 A. The solution spectrum has three well-defined peaks that are the S0-S0, S0-S1, 

and S0-S2 transitions between the ground state and different vibronic levels of the first excited 

state (Figure 4.24 A, black).265, 351 The spectrum corresponds to single-molecule transitions, 

indicating that no aggregation of the Py-PBI occurred in 1.0 µM solutions.190, 264 The monolayer 

film has two characteristics associated with PBI aggregation. There is a slight bathochromic shift 

in the λmax of the transitions and a broadening of the absorption spectrum.352 The bathochromic 

shifts and broadening occur through coupling of the H-aggregated PBI.189 The S0-S1 absorption 

becomes larger than the S0-S0 in the monolayer films. The monolayer films have similar 

absorption spectra (Figure 4.24 B). The ratio of the intensity of the absorption of the S0-S1(A01) 

and S0-S0(A00) correspond to a molar ratio between monomer and aggregate structures.267 The 

tightest packed monolayer has the highest concentration of PBI, leading to increased intensity, if 

the molar absorptivity were constant for each molecule. The monolayers films are anisotropic. The 

transition dipole runs along the vertical axis of the PBI, which should lead to a dependence of the 

absorption intensity on the film orientation. None of the spectroscopy performed provided packing 

details of the monolayers. Fc and Py have small molar absorptivity that makes their contribution 

in monolayer films absorption fall below the detection limit of the Cary spectrometer. TMPDA 

contributes a broad low-energy shoulder to the spectrum.  
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Ellipsometry estimates the thickness of this Py-PBI monolayer to be 3.7 ± 0.1 nm, Fc-PBI 

to be 3.5 ± 0.3 nm, and TMPDA to be 3.6 ±0.3. Differences in surface coverage likely cause the 

variation in estimated thicknesses of the monolayers. The results depend on film density as well 

as the thickness. Figure 4.25 contains the modeled optical constants for Py-PBI. The shape of the 

extinction coefficient (k) resembles the shape of the UV-Vis absorption spectrum. The angle that 

each molecule tilts on the surface may vary for the three different monolayers, leading to 

differences in absorption intensities. The data found for monolayers on silicon provided better fits 

then the data of the monolayers on TSG substrates. The absorption of the monolayers with complex 

absorption spectra coupled with the effects of gold’s roughness made getting a good fit to the data 

difficult.  

Figure 4.24 - (A) A UV-Vis comparison of Py-PBI (1) in 1.0 µM solution (black) and as a 
monolayer on quartz (red) absorbance x4.5. (B) Comparison of three monolayer films. Py-PBI 
(1) Fc-PBI (2) absorbance x3.2 and TMPDA-PBI (3) absorbance x1.7. 
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D. XPS on Py-PBI and Fc-PBI 

Figure 4.26 provides XPS results for Py-PBI as a drop-coat (A) and monolayer (B) on 

TSG substrates. Figure 4.27 provides XPS results for Fc-PBI. The XPS was not operational during 

the time we had TMPDA-PBI on gold substrates, so there are no XPS data. We assume that the 

XPS is similar to these two monolayers. The drop-coat films were formed by dropping the solution 

on a substrate and letting it dry. This process was repeated until the surfaces were saturated with 

the molecules (at least 5 drops). Figure 4.26 shows that the bulk N and S signals are nearly the 

same, as expected because there are two atoms of each in each molecule of Py-PBI. The atomic 

percentage is lower than the expected 2.7 % because adventitious carbon and oxygen contribute to 

those signals.353-355 The elemental concentration in the monolayer shows the N concentration is 

fifty percent larger than the S concentration. The gold substrate attenuates the S signal, because S 

is closer to the substrate than the N. The monolayer shows that the S consists of elements with 

binding energies that were ninety percent thioester and ten percent thiolate, indicating some 

Figure 4.25 – Ellipsometry fits to the optical constants (n and k) of Py-PBI on gold.  
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chemisorption with the gold in the majority physisorbed LB films. Surprisingly, we found that the 

bulk data showed two peaks for N in the bulk and only a single peak in the monolayer. The two N 

peaks of the PBI should shift slightly from each other in both bulk and monolayer. We have found 

no published reports for the XPS of PBI monolayers.  

Figure 4.26 – XPS of Py-PBI on TEG; (A) O1s, (B) N1s, (C) C1s, (D) S2p; drop-coat bulk layer 
(black), monolayer (pink). 
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Figures 4.27 A-D show that the N and S concentration for the drop-coated Fc-PBI film is 

also nearly 1 to 1. In the monolayer, the N signal is three times larger than the S signal. This is 

because the molecules in Fc-PBI do not pack as well as the molecules in Py-PBI. The S signal 

appears to be a thiolate with two separate peaks; however, the measured data do not provide a 

distinct high-resolution spectrum. The monolayer data suggest that the molecules are vertically 

absorbed, with the long axis of the PBI perpendicular to the gold substrate (the N and S signals 

would be equal for a PBI lying parallel to the surface).  
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Figure 4.27 - XPS of Fc-PBI on TEG; (A) O1s, (B) N1s, (C) C1s, (D) S2p; drop-coat bulk layer 
(black), monolayer (pink). 
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E. AFM of the monolayers on Si 

Figure 4.28 shows images of a Py-PBI monolayer on silicon using high integral-gain (A) 

and low integral gain (B). With high integral-gain, the Z-piezo rapidly adjusts, keeping the 

cantilever deflection at zero. The image comes from the electronic response of the Z-piezo to 

changes in height of the monolayer. With low integral gain, the Z-piezo remains stationary, 

allowing the deflection of the laser from the tip to provide an image of the monolayer. The image 

in (Figure 4.28 A) shows that the monolayer has high coverage and is smooth, except at faults in 

the monolayer. At the faults the bright spots are bilayer thick, which means that the monolayer 

flips back onto itself at the faults. The chemical potential of the molecules at faults must favor the 

formation of bilayers. Figure 4.28 C shows the monolayer deposited onto TSG at the same transfer 

pressure as the monolayers on silicon. The underlying roughness of the TSG substrate shows in 

the texture of the monolayer films. We plowed away the monolayer to confirm that it was on the 

surface.297 The monolayer builds up into a pile at the edge of the raster scan. Faults in monolayer 

(although shunned when trying to make devices) do help to determine thickness and provide 

information about the physical surface coverage.296  

Figure 4.28 - AFM images of Py-PBI on a silicon substrate. (A) High integral gain image adjusted the
height of the sample to keep the cantilever deflection at zero; (B) low integral gain image keeps the
height constant, so the cantilever deflection determines the image. (C) Monolayer on template stripped
gold plowed into a large pile by the AFM tip by scanning at high force. 
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Figures 4.29 A and B show the retrace and trace images of a monolayer transferred at 25 

mN/m. Movement of the monolayer in the retrace scans blurs the images. The trace scans shows 

a clear image of the monolayer. The aggregate structures are random in this monolayer, in contrast 

to the Py-PBI monolayer. A section of the plot shows that the large aggregate structure is 300 nm 

in diameter and 9 nm thick (blue). The red line in the section is a valley 3.5 nm deep and equivalent 

to the monolayer thickness. The surface coverage of the monolayer is not uniform.  

Figure 4.30 is an image of the TMPDA-PBI monolayer transferred at the equilibrium 

spreading pressure. The liquid-expanded phase is in equilibrium with the liquid-condensed 

phase.356 The liquid-expanded phase makes the underlying well-packed monolayer and the liquid-

condensed phase forms distinguishable structures on the surface.295 All these images benefited 

from having atomically smooth silicon as the bottom substrate. Silicon and gold have different 

chemical potentials, so the monolayers adsorbed differently on each substrate. All of the films 

form monolayers on gold.  

Figure 4.29 - AFM image of a monolayer of Fc-PBI on silicon showing that the reverse scan (A)
has stronger tip-sample interaction than the forward scan (B) leading to a smeared image. The
forward scan (B) provides a good image of the monolayer on the surface. A section of the image
shows 8.0 nm tall monolayer aggregates atop a uniform monolayer film. 
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F. Conclusions 

All three molecules form PLM films at the air-water interface and all successfully 

deposited onto different substrates through a single upstroke LB deposition. On the water surface, 

all the monolayers made pink films. The absorbance of the films was strong enough to make the 

monolayers visible by eye. The SPMAI of each monolayers showed that each monolayer had 

different extents of intermolecular interactions. Changing the donor changed the strength of the 

intermolecular interactions. Py-PBI had the strongest intermolecular interactions, evident by 

monolayer formation immediately after dropping the monolayer solution on the water surface. 

These monolayer films become more defined by compression, however they retain the initial 

shape. Fc-PBI had the weakest intermolecular interactions, evident by complete wetting of the 

water surface by the monolayer after dropping the monolayer solution on the water surface. 

Figure 4.30 - AFM image of a monolayer of TMPDA-PBI on silicon, showing a single trace. 
Transferred at the equilibrium spreading pressure, this film has a liquid-expanded and liquid-
condensed phase in equilibrium.  
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Compressing the monolayer does not lead to large hysteresis, indicating that the monolayer forms 

reversibly. There was no surface-pressure, at which the intermolecular interactions were strong 

enough to keep the film intact upon expansion. TMPDA-PBI has properties of a non-interacting 

film initially, and also when compressed up to pressures of 6.0 mN/m. After reaching this surface 

pressure, the intermolecular interactions become strong, causing the monolayer film to remain 

intact upon expansion. This caused a large hysteresis in the SPMAI.  

The electrical properties of the three monolayer MJs were very similar. Py- and Fc-PBI 

showed the Janus effect. This effect was not in TMPDA, because very little current flowed between 

±1.0 V. The ±1.0 V RR values were generally larger for Fc-PBI than Py-PBI. The results were 

very similar, even with Py-PBI studied with cold gold contacts and Fc-PBI with direct EGaIn 

contacts. There is no spacer between the donors and the metal electrode, which should lead to large 

coupling. It is most likely that this was a physisorbed contact. These experiments did not attempt 

to elucidate the nature of coupling of the electrophores to the electrodes. All the molecules had 

current enhancement at negative bias when the bias was swept past 2.0 V. The RR in this bias 

range increased with increasing donating strength of the donor.  

Another effect that occurred while increasing the donor strength was the inhibition of 

charge transport at low bias. For Py-PBI, there was no inhibition of charge transport at low bias. 

Fc-PBI and TMPDA-PBI both show inhibition of low-bias current. In the case of the Fc-PBI, the 

low-bias inhibition was asymmetric: it only occurred in forward sweeps. This means that in the 

reverse sweeps a charged state forms with the donor and the electrode. This state relaxes during 

forward sweeps. The charged state blocked the current at negative bias. TMPDA-PBI inhibits the 

low-bias current in both sweep direction at both biases. The increased donating strength of the 

TMPDA caused it to make a charged state that does not relax after formation.  
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The mechanism of the charge enhancement cannot distinguish between the AR 

mechanisms and the asymmetric mechanisms. The difference in the turn-on between the positive 

bias (~0.6 V) and the negative bias (-1.4 V) gives an energy difference between the HOMO and 

LUMO level of roughly 2.0 eV. The difference between the HOMO-1 and the LUMO energies of 

PBI is very close to this energy. If the PBI is the sole transport channel, the gold FL would be 

larger than the pristine films. The estimated FL of about -5.4 eV would come into resonance with 

a HOMO level at -6.0 eV and a LUMO level of 4.0 eV. The values of the turn-on are consistent 

between the Py- and Fc-PBI MJs. This suggest that the common PBI electrophore mediates charge 

transport in both systems.  

A better system would be one in which there was no long chain alkyl. This would provide 

increased tunneling current. It would also allow coupling of the A with the metal electrode. In 

these systems, both electrophores likely couple to the same electrode. The effect that this has on 

the measurements is unknown. LB forms good monolayers, however the physisorbed anchoring 

groups may limit the overall conduction. Physisorbed versus chemisorbed systems of the same 

molecule need comparison, to identify the role of the anchoring group in charge transport. 

Additional, vertically standing films of PBI, without a donor attached, asymmetrically placed in 

MJs may help to confirm if the properties were only dependent on the acceptor.  
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CHAPTER 5  

CHARACTERIZATION OF AN Fe-PHENYLDIAMINO MONOLAYER 

A.  Introduction 

Efforts toward the incorporation of transition metal complexes into “electrode|molecule” 

junctions have been rather slow in development, likely due to its reliance on symmetrical 

complexes such as nickel and copper phthalocyanins.147-148, 357-359 An early example of rectification 

mediated by d-orbitals in an asymmetric system was attained when a ruthenium(II) ion was 

coordinated to a thiophene-functionalized pyridine ligand, and attributed improved conjugation to 

the planarity acquired upon metalation.360 More recently the Verani group has determined that the 

high-spin five-coordinate 3d5 redox-responsive metallo-surfactant [Fe (III) (LN2O2)Cl] (1) shown 

in Figure 5.1 rectifies  current as a LB monolayer between metal electrodes.198-199 [Here, (LN2O2)- 

is the doubly deprotonated form of 6,6'-[(1E,1'E)-(4,5-bis(2-methoxyethoxy)-1,2-

phenylene)bis(azanylylidene)bis(methanylylidene)bis(2,4-di-tert-butylphenol)]. Verani et al. 

studied these LB monolayers on thermally evaporated gold with a thermalized cold-gold top 

contact.198-199  The molecules have an iron (III) and a -1 charge on the two oxygens and the 

chlorine. The red region shows the area where the HOMO localizes and the blue region shows the 

area where the LUMO/SUMO localizes on the molecule. 

The rectification ratios RR (V)  |I(V)/I(-V)| for (1) in previous reports ranged between 4.0 

and 28.6 at V = ±2.0 V, and between 2.0 to 31.0 at V = ±4.0 V.198-199 Repeated sweeping caused 

RR values to become smaller and the IV behavior to change from asymmetric to symmetric. The 

beginning of rectification (deviation from ohmic, or linear, IV behavior) appeared at about 0.6 V, 
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and the currents were low. Such small currents are usually observed for single molecules 

interrogated by an STM tip, where 1.0 nA would correspond to 6.3109 electrons per molecule per 

second. The currents the Verani group showed passed through the MJ would be less than 0.01 

electrons per molecule per second.  

For similar Au|LB|Au systems used by the Metzger group for the first well-characterized 

rectifier based on hexadecylquinolinium tricyanoquinodimethanide, up to 4.5104 electrons per 

molecule per second flowed through the MJ.72, 108 This seemingly discrepant result led us to 

hypothesize that the methods used by the Verani group encountered unexpectedly large extrinsic 

series resistances in the measuring circuit, such as a point contact, or that the true contact was 

much smaller than the assumed effective contact. I consider shifts in the behavior of the current 

from asymmetric to symmetric over time unstable, as mentioned above, because of the stochastic 

Figure 5.1 - Molecule 1 is the molecule under study, previously studied in a different test-bed by 
Verani et al.  



 

118 
 

behavior. It is reassuring, however, that reversing the electrodes also reversed the rectification, so 

the large series resistances in the sandwich did not affect the sense of the rectification. However, 

the same defects that make the current turn symmetric occur at electrode inversion as well. In order 

to address this issue we have studied the rectification of (1) using EGaIn as top contact.233 Attempts 

at using cold gold did not provide stable results. The results follow and have been published 

recently.234  

B.  Pockels-Langmuir film characterization and Langmuir-Blodgett transfer 

Figure 5.2 A shows the SPMAI of the PD - Fe–Phenolate which begins to interact with 

the surface water likely through polar interactions with the PEG tail at a molecular area of 580 

Å2/molecule. Instead of being rod-like (as the long chain alkyls) or sheet-like (as the PBI 

molecules) this molecule is much more bulky. The molecule assumes a sheet-like structure that 

lies parallel to the substrate surface, separated by polyethylene glycol rod-like spacers. These 

molecular areas are in-line with those expected for this large molecule. We found that the best 

transfer conditions of this molecule would occur below 25 mN/m. At 20 mN/m this monolayer has 

Figure 5.2 - (A) SPMAI of molecule 1 compressed to 20 mN/m before transfer; isotherms shows
an expanded monolayer expected for a molecule with a 0.9 nm radius. (B) Molecular area
relaxation graph at 20 mN/m. 
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double the molecular area of a similar molecule reported by Verani et al..198 Figure 5.2 B shows 

the isobaric curve associated with stopping the compression at 20 mN/m and allowing it to settle. 

The monolayer does not reach a steady state after 90 mins. The monolayer was in a metastable 

state that continued to rearrange to minimize the surface-pressure at 20 mN/m. This is likely due 

to be a slow 3D aggregation process occurring within the monolayer. 330.0 Å2/molecule was the 

monolayer area at transfer onto all of the substrates.  

C.  Electrical measurements 

Figures 5.3 show first sweeps of the MJs after contact at an ICC. The graph on the top 

shows 10 sweeps (1-10) from 0.0 V to +1.5 V, in which no junctions were successful, and failed 

by seven short circuits and three open circuits. The graph on the bottom shows 10 sweeps (11-20) 

from 0.0 V to -1.5 V, in which eight of the junctions were successful, one short circuit and one 

open circuit. Table 5.1 shows the ICC along with how and when the junctions failed. Short circuits 

are field-dependent and preferentially occur at positive bias. This behavior of the first sweeps led 

to the conclusion that there should a 50% chance or higher to form stable MJs in a range of ±0.7 

V.  

Table 5.1 - The table shows the ICC value and the result of the sweep, it is clear that the positive
bias causes more failure by shorts than the negative bias.  
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Figure 5.3 - (top) shows the first forward sweeps from 0.0 V to + 1.5 V directly after establishing
the ICC, (bottom) reverse sweeps from 0.0 V to -1.5 V. 
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Figure 5.4 - Raw data of six MJs of molecule 1, reverse sweeps (top row) and forward sweeps (bottom 
row). The left column shows the raw data and the right column shows the data when the slopes at 
negative bias were overlaid. 
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Figures 5.4 A-D shows the first sweeps in the range of ±0.7 V of six stable junctions out 

of thirteen. Table 5.2 shows the ICC, type of failure, and bias of failure in the junctions. Figure 

5.4 (top left) the raw IV behavior in reverse sweeps and raw IV behavior in forward sweeps (bottom 

left). The IV behavior of each consists of an ohmic portion that extends throughout the entire 

negative bias. The current has an exponential dependence on the voltage at positive bias. The 

exponential dependence starts around 0.3 V, due to the energy of electrons falling within the tail 

of the conducting MO density of states. The right column shows that the data merge very well after 

normalization of the IV behavior to the common ohmic regions at negative bias in all the data. The 

RR at 0.7 V was between 3 and 12.  

The IV behavior of contacts 2 (black), 5 (red), 9 (green) and 13 (purple) which survived a 

set of 0.7 V sweeps, then pushed out to 1.0 V, is shown in Figures 5.5 A-D. Contact #5 only 

survived a single sweep. The other three junctions survived only three full sweeps before shorting. 

Table 5.2 - Six out of thirteen junctions were stable when swept out to +0.7 V. Five of the 
junctions resulted in short circuits, one was an open junction, and one gave symmetric IV 
behavior. Sandwiches # 2, 5, 9, and 13 survived sweeping out to 1.0 V after the 0.7 V sweeps but 
they only survived two or three sweeps. The results of these sweeps are in Figure 5.5.  
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In the 0.7 V sweeps the negative-bias regime has a common ohmic region. The Log I – V plot in 

Figure 5.5C shows a change in mechanism in all of the junctions at roughly 0.6 V. All of the FN 

transitions occur at the same voltage. The RR in Figure 5.5 B shows a range between 60 and 150. 

The most conductive MJ has the largest rectification ratio. The turn-on is evident even in this same 

set of junctions. This conduction occurs through a peak in transmission at the resonance 

conduction.  

The results shown here mostly agree with the previous reports, however; the currents in 

these measurements were larger by three orders of magnitude.198-199 The FL of EGaIn is at -4.3 

eV68 and the FL of freshly prepared Au falls at -5.2 eV.236 These values are for the metals before 

absorption of the monolayers.361 All of the energy levels shift upon molecule adsorption, and then 

shift again upon addition of the top contact. We can only say that a conducting level comes into 

resonance at roughly 0.4 V, (as the PBI analog) because there is no reference to discern the true 

FL of the system. It is reasonable that the onset of rectification in the “EGaIn | LB1 | Au” 

sandwiches used in this study occurs at a lower bias than those observed in the previous “Au | LB1 

| Au” study, if the equilibrium conditions of the EGaIn-Gold junctions have the FL closer in energy 

to the conducting channel. The true effective contact area of our sandwiches is the cross-sectional 

area of the EGaIn|monolayer|gold in electrical equilibrium. This is impossible to determine 

precisely in these systems. The top contact here likely allows for a larger effective contact area 

than the previous contacts of cold-gold assembly.  
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Deciding at what bias the enhanced rectification current will “start” is somewhat arbitrary: 

Figure 5.5 A or 5.5 B seem to suggest that this enhancement starts around 0.3 V; the transition 

voltage shown in Figure 5.5 D suggests 0.4 V. On the other hand, the change in slope in Figure 

Figure 5.5 – (A) Raw IV behavior of the few stable sweeps of the three junctions that remained
stable up to ±1.0 V after being swept in the ±0.7 V range.(B) The RR values are between 60 and 150
and follow an exponential trend. (C) There is a single mechanism at negative bias and two
mechanisms at positive bias. (D) FN plot shows the point at which the resistance reaches a maximum.
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5.5 C seems to suggest 0.6 V. The opposite bias polarities have different mechanisms of charge-

transfer. Charge-transport occurs through a highly resistive ohmic mechanism at negative bias. 

Charge-transport follows an exponential behavior at positive bias. In semiconductor physics an 

exponential IV behavior is fit to the Shockley ideal diode equation for pn junctions, I = I0 exp (eV/ 

nkBT) – 1), where kB is Boltzmann’s constant, T is the absolute temperature, e is the charge of the 

electron, and I0 is the “dark saturation current” and n is the ideality factor used to compare devices.6 

The equation states that the number of charge carriers increases exponentially with applied bias. 

The ideality factor determines the strength of the exponential character. An ideality factor of 1 

means that the number of charge carriers increases by sixteen orders of magnitude per volt.  

The previously reported rectification process starts around -1.0 V (see Figure 4 in Ref. 

156). The SOMO is a linear combination of 3dxz + 3dyz molecular orbitals with predominant metal 

character, and these MOs are the lowest-lying in a five-coordinate Fe(III) ion with an idealized 

square pyramidal C4v configuration e(dxz
1 + dyz

1) b2(dxy
1) a1(dz21) b1(dx2+y21). Rectification occurs 

because of charge transport enhancement through this SOMO (1-electron reduction or possibly 

oxidation) conducting orbital. Excellent agreement between both measurements is reached when 

the rectification onset is considered to be at 0.3 V, therefore suggesting a variant of the asymmetric 

rectification, where a metal-based SOMO —rather than the expected LUMO— intermediates 

electron transfer. The highest doubly occupied HOMO is lower in energy and remains uninvolved. 

This system falls in the category of A-rec. The mechanism would be the same as that in Figure 

4.22 C presented in the previous chapter. Both molecules reach resonance around the same applied 

bias. The SOMO level must be located below the FL, making a positive bias necessary to achieve 

enhancement in this experimental configuration. At negative bias, there are no conducting orbitals 

available, so all of the electrons must tunnel through the potential barrier.  
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D.  UV-Vis, ellipsometry, XPS and AFM 

Figure 5.6 shows the UV-Vis of the monolayer of 1 transferred to quartz at 20 mN/m. λmax 

occurs at 325 nm. A second transition occurs at 450 nm. The maximum absorption for each 

monolayer is .007. Since the molecule was not absorbing it easily provided an ellipsometry-

estimated thickness of 1.7 nm using a Cauchy fit. The absorption coefficient k shown in Figure 

5.7 resembles the UV-Vis absorbance plot shown. The refractive index is n and has maximums at 

380, 515 nm, with a minimum between the peaks at 340 nm ±10 and 430 nm ±15. The maxima in 

the refractive index do not clearly correspond to any feature in the absorbance spectrum. The 

minima in the refractive index correspond to the two λmax in the absorption spectrum. 

Figure 5.6 - UV-Vis of a film of 1 on quartz. 
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An XPS binding energy comparison for low concentration heteroatoms such as Fe, N, and 

Cl are useful, when trying to identify their orientation in this molecule. For example, if there are 

two Fe and two N in the molecule, and they are located at different ends of the molecule, when the 

molecule bonds to a substrate the element closest to the substrate will show a smaller signal. The 

high density of photoelectrons attenuates any element signals very close to the surface.282, 362 The 

Fe and Cl were both below the detection limit (less than 2.0% of the molecules by elemental 

composition), so orientation could not be determined using the binding energy. The SPMAI of the 

monolayer suggested that each molecule occupies a large molecular area. The area density of the 

heteroatoms will also be very low. A comparison of the binding energy (BE) between bulk and 

monolayer shows that the Fe and Cl are not detectable in the monolayer, and have relatively small 

signals in the bulk drop-coat. Therefore, there is no other elemental signal to compare with the 

clear N signal. The C and O binding energy intensity is a mixture of the molecule and of 

adventitious species adsorbed from the environment. Adjusting all of the atomic concentrations to 

the stoichiometry of the low-concentration species allows correction of the signal coming from 

Figure 5.7 - Ellipsometry optical constants (n and k) fits of molecule 1. 
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adventitious species. XPS could not identify the most important signals, so it was not a good 

technique to verify monolayer adsorption. 

Figure 5.8 shows the AFM image of the monolayer transferred onto silicon at 20 mN/m. 

There are a few interesting features of the monolayer: (1) there are long thin monolayer 3D 

structures on the surface of the film that are about 3.0 and 4.0 nm tall; (2) there are faults in the 

film a single monolayer thick; (3) the monolayer does not pack uniformly. A perfectly flat top 

contact across this portion of the monolayer would have much less than eighty percent contact.  

E.  Conclusions 

The rectification of the metallosurfactant [Fe(III)(LN2O2)Cl] (1) as a LB film between Au 

and a soft contact of gallium indium eutectic (EGaIn) creating a molecular junction sandwich 

confirms the work of Verani et al.. The fact that the EGaIn/Ga2O3 displays a lower work function 

than Au is in good agreement with the population of the Fe(III) doubly degenerate SOMO dxz
1 + 

Figure 5.8 - AFM of a monolayer 1 transferred to silicon at 20 mN/m. The monolayer coverage  
is estimated to be 80 – 90 %.  
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dyz
1.  These results confirm the viability of using of transition metal ions in current rectification. 

In this test-bed, the current was three orders of magnitude larger than the currents found by the 

Verani group. It is highly like that, the contacts here were more robust than the contacts of the test-

bed used by the Verani group.  

The bulky molecules form liquid-expanded monolayers in the LB trough. The surface 

pressure range applicable for good transfer spanned at least 10 mN/m. The monolayer transferred 

readily at 20 mN/m, and made loosely packed films according to AFM. The low density of the 

films made the low concentration heteroatoms fall below the detection limit of XPS. 

The electrical measurements of this molecule confirmed that the positive bias was much 

less robust to voltage sweeping than the negative bias. It was paramount that MJs survive sweeping 

out to positive bias to help ensure a reproducible MJ. The first sweep curves identified that ±0.7 

V was a voltage range that would survive fifty percent of the time sweeping out to positive bias. 

At 0.7 V, six contacts showed RR between 5 and 12. All of the experimental data have an ohmic 

region at negative bias that, when overlapped, make all of the IV behavior collapse to a common 

curve shape. Pushing these stable junctions out to +1.0 V made all of the junctions fail in the first 

three sweeps. A positive result was that the RR grew to 60 and 150. Monolayers of this molecule 

at the deposition conditions used do not survive when pushed past 0.7 V. It may be beneficial to 

synthesize systems that are more planar, so that the films can pack more tightly, helping to inhibit 

short-circuit formation. Failure of MJs has limited the study of MJs to viable bias ranges. These 

viable ranges may be too low to reach conducting energy levels.  Inorganic silicon semiconductors 

do not turn on until 0.7 V, and the properties span tens of volts. Extrapolating the measured IV 

behavior of the 1.0 V to 2.0 V would lead to rectification in the thousands.  
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CHAPTER 6 

CHARACTERIZATION OF A DMB-BQN (HBQ-1) MONOLAYER 

A.  Introduction, theory and electrochemistry 

Donor--Acceptor (D--A) molecules with a strong D that is easily oxidized to D+ and a 

strong A that is readily reduced to A- may go through significant Franck-Condon rearrangements 

in the Marcus-Hush inverted region, reducing intramolecular electron transfer rates.363-364 

Synthesis of  molecule 1, a brominated p-dimethoxybenzene (DMB) D moiety  joined by a single 

bond to a dicyanobenzoquinone (BQN) A moiety (Figure 1)365 also known as a hemibiquinone 

(HBQ) made it possible to test the paradigm associated with a weak donor – weak acceptor system 

closest to the initial HBQ proposed by AR shown in Chapter 1.19 Electronically, HBQ-1 should 

rectify through interaction of weak (D) and weak acceptor (A) at resonance after D and A undergo 

electrochemical redox reactions with the metal electrodes (the large Franck-Condon factor 

between the two electroactive components of the molecule would maximize intramolecular 

electron transfer rates). 

Coupling of the FL with the HOMO-LUMO levels plays a critical role in the barrier 

formation at the interface. Both of the electrophores are just a single bond away from the substrates. 

The nitrile group can chemisorb and pin the LUMO level of the BQN to the metal FL. There are 

no experimental studies on the interface generated between a halogen and a metal; however, there 

is likely weak coupling, a consequence of the physisorbed bonding, allowing the HOMO level of 

the DMB to follow the Schottky-Mott limit (no pinning). The energy difference between the FL 

of EGaIn and that of cold gold could lead to different interface effects with the halogen, that change 
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the bonding and coupling interactions of the two different contacts.366-367 The nature of the 

substrate plays an important role in the overall physical properties of the MJ.  

Figure 6.1 shows the wave-function amplitudes calculated for HBQ-1 by DFT, at the 

B3LYP-DGDZP2345-346 level for elements with low atomic weight and the B3LYP-DGDZP level 

for the heavy element Br, with Gaussian09.350 The calculations also provided molecular energy 

levels and geometries of HBQ-1. The HOMO was computed to be -6.91 eV (left) and the LUMO 

at -4.88 eV (right). The optimized geometry shows a twist angle  = 39.7°. Localization of the 

wavefunction amplitudes for the HOMO and LUMO occur on donor and acceptor moieties in this 

conformation, respectively. The C-C biphenyl bond and inherent twist angle  provide the 

necessary condition for molecular orbital isolation. This spatial isolation was an important 

prerequisite in designing rectifying systems. The twist angle mitigates the need for an alkyl chain 

acting as a barrier between the two moieties. Increased intramolecular torsion angles  reduces the 

conductivity of unimolecular wires through quantum interference.202, 368  

Figure 6.1. - Calculated wavefunction amplitudes for the HOMO (left) and the LUMO 
(right) of HBQ 1. 
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Cyclic voltammetry was used to find the solution redox potentials of HBQ-1 in anhydrous 

CH3CN at 300 K. Figure 6.2 shows that all the waves were reversible. The ‘monomeric’ forms, 

1,4-dimethoxybenzene (DMB) (Figure 6.2, blue) or 1,4-benzoquinone (BQN) (Figure 6.2, 

orange), only have the oxidation or reduction peaks, respectively. In the case of 1,4-

dimethoxybenzene, the LUMO lies too high to be within the reduction scan range of the 

experiment. Likewise, 1,4-benzoquinone’s HOMO lies too low to be within the oxidation scan 

range. The half-wave potentials for the first and second reductions of HBQ-1 (Figure 6.2, green) 

were at -0.046 and -0.856 V vs SCE (standard calomel electrode), respectively, with a lone 

oxidation at 1.197 V vs. SCE. The electrochemical gap between the oxidation peak and the first 

Figure 6.2 - Cyclic voltammetry of the donor precursor dimethoxybenzene (blue), the acceptor
precursor benzoquinone (gold), HBQ-2 (hydroquinone–dimethoxybenzene) (red), and HBQ-1
benzoquinone–dimethoxybenzene (green). HBQ-1 has a compressed HOMO-LUMO gap
compared to HBQ-2.173 
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reduction peak was 1.24 V, which is the electrical gap. DBM is a one-electron donor, while BQN 

is a two-electron acceptor. The cyano groups make the BQN a better acceptor, causing the HOMO-

LUMO gap to compress in HBQ-1 compared to its reduced form HBQ- 2 (Figure 6.2 red).201 The 

peak heights in HBQ-1 are smaller than the peak heights of the molecules, because HBQ-1 absorbs 

to the electrodes more readily than the other molecules, decreasing the diffusion rate.  

B.  AFM monitoring of self-assembly 
 

This molecule did not form monolayers on a water surface. The molecules can be drop-

coated onto a water surface, leaving a mixture of multi-layer and monolayer. This technique was 

needed to deposit the monolayer of HBQ-1 onto quartz. The molecules aggregated when 

compressed on the water surface (shown by SPMAI molecular areas that were physically too 

small). Joe Meany synthesized the molecules with the well-known nitrile end groups capable of 

chemisorption with gold.204, 369 Figure 6.3 shows the AFM image of HBQ-1 deposited onto 

template-stripped gold (TSG). The larger image to the left is bare TSG, which has larger flat grains 

with irregular deep pits. The top figure shows the surface after thirty minutes of soaking in a 1.0 

mM solution of HBQ-1 in dry acetonitrile. The scan angle for this image was 90° both before and 

after plowing the monolayer from the surface (by increasing the force on the tip and scanning in a 

small area, then lowering the force and taking a larger scan of the plowed area). The estimated 

thickness of the monolayer was 1.4 nm. There are also aggregate structures present in the image. 

The middle image shows the monolayer formation after two hours. Here the aggregate structures 

grow to as large as 60 nm tall and 500 nm in diameter. The bottom images shows the monolayer 

formation after four hours. The aggregate structures (that were formerly 60 nm tall) are now only 

10 nm tall, and the diameter is only 80 nm. The underlying monolayer in this image appears dense 

and smooth. The faults seen in the monolayer are associated with faults in the underlying TSG 
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substrate. I concluded that six hours was the least amount of deposition time required to give a 

well-packed uniform monolayer.  

 

Figure 6.3 - The image on the left is care template stripped gold. The three images on the right are
of different deposition times of the SAM onto TSG substrates (top) 30 mins, (middle) 120 mins,
and (bottom) 240 mins. The scale size for the bottom image is 1.0 µm; every other scan size is 5.0
µm. 
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C.  Electrical measurements 
 

Figure 6.4 shows the first-sweep dynamics of HBQ-1 versus HBQ-2. Both monolayers, 

sandwiched between EGaIn and gold, initially show a behavior similar to that of a resonant 

tunneling diode in the first sweep (Figure 6.4 inset). The hump occurs because electrons from the 

metal cross the junction through an empty conducting band in the MJ. The behavior reaches a 

maximum when the FL moves out of the conduction window, or when the conducting band accepts 

a lot of charge, becoming full of electrons inhibiting transport. The IV behavior of HBQ-1 grows 

exponentially after reaching this minimum, becoming relatively conductive at +2.5 V for the three 

first sweeps. Normalization of these initial graphs to the common ohmic region provides current 

data on the exact same scale. The three HBQ-1 MJs had the same behavior in this dynamic first 

sweep. None of the junctions of HBQ-2 grew exponentially after reaching a minimum: most of the 

junctions shorted, and the two that remained stable had currents in the nA range, likely an open 

Figure 6.4 - First sweep dynamics of HBQ-1 (three curves identified in the legend) versus 
HBQ-2 (the other twenty curves). 
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circuit. The MJ are extremely stable, and had a behavior that identified tunneling as the primary 

charge transport mechanism.  

Figure 6.5 shows the IV behavior (top) of a HBQ-1 MJ, between TEG and EGaIn 

electrodes, that rectifies current, allowing enhanced flow at negative bias. Each sweeping direction 

has a distinct and unique behavior. The Log I – V (middle) analysis provides the explanation for 

why the RR increases with increasing sweeps. The MJ has convex behavior the reverse sweeps 

(middle left) and concave behavior in forward sweeps (middle right); and the reverse sweeps are 

more conductive at each voltage at negative bias then the forward sweeps. The current in the 

voltage range of -1.3 V to -2.5 V is uniform and static from sweep to sweep. However, the current 

from 0.0 to -1.3 V is dynamic, and decreases with each sweep, just as the entire range of the 

positive bias. The highly static portion of the behavior comes from a well-formed conducting 

channel that does not shift in the electric field. The dynamic portion of the behavior is due to 

increases in the barrier heights for tunneling. This implies that a tunneling mechanism is active 

over the entire positive bias, as well as negative bias, up to around 1.0 V. There is a mixture of 

mechanisms around 1.0 V, until the field becomes strong enough to make the static conducting 

mechanism dominant at negative bias. In the RR vs. V curves (bottom), the RR increases with 

increasing sweeps. It shows the onset of enhancement at 1.1 V. The functional dependence of the 

RR on the voltage implies highly stable behavior in both bias regimes.  

Figure 6.6 shows the Log I versus Log V manipulation of the data presented in Figure 6.5. 

From this comparison, it is clear to see that the behavior of the charge transport is unique in each 

quadrant of the experimental data. The low-bias slopes in the two quadrants of the forward sweeps 

(left column) are 3.0 (top) and 2.3 (bottom), whereas the reverse sweeps (right column) have slopes 

of 1.8 (top) and 1.6 (bottom). The reverse sweeps have a low-bias charge transport that is nearly 
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linear (slope =1). All of the high-bias slopes are relatively large 19.3 (top left), 14.8 (top right), 

12.2 (bottom left) and 8.9 (bottom right). These slopes are larger than any values presented in the 

literature for MJ. These values are indicative of either exponential or power-law dependence of 

the charge transport in the bias regimes above the turn-on in each quadrant. In the forward sweeps 

(left column) the turn-on and turn-off of the enhancement occurs between 1.0 and 1.1 V, whereas 

for the reverse sweeps (right column) the values range between 0.6 and 0.7 V.  
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Figure 6.5 – HBQ-1 MJ between TEG and EGaIn at ±2.5 V; reverse sweeps (left column), 
forward sweeps (right column). IV behavior (top row), Log I versus V (middle row), RR versus 
V (bottom row). 
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Figure 6.6 – HBQ-1 MJ between TEG and EGaIn at ±2.5 V; Log I versus Log V plots. Forward 
sweeps (left column) and reverse sweeps (right column). The top row shows negative bias 
behavior and the bottom row shows positive bias behavior. 
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Figure 6.7 – HBQ-1 MJ between TEG and cold-gold at ±2.5 V; reverse sweeps (left column), 
forward sweeps (right column). IV behavior (top row), Log I versus V (middle row), RR versus 
V (bottom row). 
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Figure 6.8 – HBQ-1 MJ between TEG and cold gold at ±2.5 V; Log I versus Log V plots. 
Forward sweeps (left column) and reverse sweeps (right column). The top row shows negative 
bias behavior and the bottom row shows positive bias behavior. 
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Figure 6.7 shows the IV behavior (top) of a HBQ-1 MJ, between TEG and cold gold 

electrodes that rectifies current, allowing enhanced flow at negative bias.  The raw current of the 

device is lower and the RR is smaller than the MJ in Figure 6.5. One would expect that the contact 

area might be different. The behavior of the EGaIn contacted MJ allowed a range of current 10-11 

orders of magnitude to pass through the junction. (10-14 A at 0.0 V up to 10-4 A at -2.5 V, Figure 

6.5 middle) while cold-gold topped MJs allow only six orders of magnitude (10-12 A at 0.0 V up to 

10-5 A at -2.5 V, Figure 6.7 middle). It seems that bromine - EGaIn interface couples more 

efficiently than the bromine - cold-gold interface, allowing lower contact resistance and providing 

higher conductance. Both bias polarities dynamically decrease with increasing sweeps, with 

positive bias decreasing slightly faster, again making the RR increase in each sweep. Sweep 21 

(top right) shows the IV behavior of this MJ directly before a short circuit: the behavior is very 

erratic. The Log I-V graphs (middle) show that the turn-on voltage increases in each sweep. In 

addition, the shape of both bias polarities are nearly the same, leading to the conclusion that the 

effect of the field is not flux-dependent, like the EGaIn junctions. The electrons pass through 

similar energy barriers in both directions. The RR (bottom) reaches a maximum of 40 after twenty 

sweeps.  

Figure 6.8 shows the Log I versus Log V manipulation of the data presented in Figure 6.7. 

The data on the top row in Figure 6.8 shows the negative bias of both the forward and reverse 

sweeps. There is an abrupt transition from ohmic transport (slope =1) to super-linear transport 

(slope > 1). The transition changes for each consecutive sweep, getting larger over time. This 

suggests that the barriers to charge injection are moving further away from the electrode FLs over 

time. Many different physical changes of the MJ, such as charging or changes in coupling, could 

lead to this effect. For the forward sweeps (top left) in the negative bias, the slope changed from 9 
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on the first sweep to 15 on the eighteenth sweep. There is a change in slope in the positive bias 

that is neither abrupt nor steep. For the reverse sweeps (top right) at negative bias the slope changed 

from 10 to 18.  

The ability of single highly stable junctions to show reproducible features provides 

valuable insight into the processes occurring in that particular MJ. These particular monolayers 

were not stable for longer than a week. There was a seventy-hour window from self-assembly to 

conduct measurements. The monolayer spent twenty-four of those hours in a desiccator. Adding 

the cold gold did not provide adequate insulation from the environment to prevent decomposition 

of the monolayers. Statistically averaging is extremely useful, yet coupling with analysis of the 

most stable MJ within the experimental set provides greater insight into reversible charge transport 

phenomena. Averaging washes out any features in the IV behavior randomly distributed around a 

particular voltage. The dynamics present in single junctions, such as shifts in turn-on voltages, are 

not evident in statistically averaged data. Some polarity dependence of the IV behavior occurs in 

most single-junction measurements.  

Graphs of the statistical measurements performed on HBQ-1 by the Nijhuis group at The 

University of Singapore are in Figure 6.9. These statistical measurements confirm the result of 

increasing RR with increasing sweeps. Sweeps in the statistical measurements of the MJ occur 

much faster than the MJs measured in this dissertation. An effect of the faster sweeping is 

capacitive charging, because the sweeping occurs faster than the recombination within the MJ, 

skewing the behavior in the low-bias range. However, that is not the case for this junction, which 

has Imin at V=0.0. In 260 sweeps, they found a RR of 150, which is in line with the value found 

after we continued our sweeping. They then tested the stability by sweeping the MJ a thousand 

times. The RR in this MJ grow to the thousands after 300 sweeps. As mentioned in the introduction, 
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a previous system in which increased rectification was due to gallium oxide growth: this system 

does not show the same effects. In the first 200 scans the positive bias current decreased by three 

orders of magnitude. If tunneling is the transport mechanism, this decrease in current is equivalent 

to the tunneling distance changing by 3.0 Å. The molecules in the monolayer could also be packing 

tighter in the large applied electric fields. Another way the current could be decreasing is through 

field-induced increases in torsion angle of the rings. 

The conduction through the molecule has enhancement in the anti-AR direction. The 

positive bias has a favorable set-up of cat-QN-DMB (HBQ-1)-anode; however only tunneling 

occurs in this arrangement. Enhancement occurs when the system is anode-QN-DMB-cat. If the 

enhancement is anti-AR, the electric field excites ground state HBQ-1 to the zwitterion before 

charge transport occurs. Then both anion and cation could provide conduction channels 

independent of each other providing asymmetry. The fields in the MJs are extremely strong and 

many variations of species are likely present in the junction providing the IV behavior.  

Figure 6.9 - Statistical measurements conducted on HBQ-1 by Dr. Nijhuis’ group in Singapore
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D. UV-Vis 

Figure 6.10 shows the UV-Vis comparison of HBQ-1 in solution and as a monolayer on 

quartz. In the solution spectrum, there is a small broad peak at 570 nm, indicative of a weak 

intramolecular charge transfer band370 and peaks at 310, 240 and 205 nm. The peak at 570 nm 

corresponds to the intramolecular charge transfer associated with excitation from the HOMO of p-

diphenyl-p-methoxybenzene to the LUMO of p-dibromoquinone.371 The p-dibromoquinone likely 

has its maximum peak coupled with the p-diphenyl-p-methoxybenzene peak in HBQ-1. The 

maximum in the p-diphenyl-p-methoxybenzene at 300 nm corresponds to a HOMO-LUMO gap 

of 4.14 eV. The p-dibromoquinone maximum intensity at 275 nm corresponds to a HOMO-LUMO 

gap of 4.52 eV. The main peak has a bathochromic shift from 310 nm (4.00 eV) in solution to 360 

nm (3.45 eV) in the monolayer. This shift occurs because of the intermolecular bonding 

Figure 6.10 - Comparison HBQ-1 as a monolayer (red x45) and in 1 x 10-6 M solution (blue). 
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interactions between methoxybenzene molecules. A possible intramolecular charge-transfer band 

is below the detection limit of the UV-Vis for the monolayer sample.  

E. XPS  
 

The XPS data shown in Figures 6.11 and 6.12 compare the bulk O, N, C, and Br binding 

energies for a drop coated “bulk” sample versus a monolayer film, on TSG. To fit the spectrum of 

the C peak required five species of carbon. This may be due to the complex aggregation that occurs 

in the solid state.372 The high-energy peaks are carboxylic acid (287-289.5 eV) and ester-like (290-

291 eV). The monolayer needs four peaks to fit the experimental data. The largest peak is a mixture 

of adventitious species and the sp2 carbons in the phenyl ring. There is a C-O - C≡N combined 

peak (286.2 eV), a C=O peak (288.3 eV) and adventitious carbon (285.0 eV).373 The N peak occurs 

at 400.0 eV, where it is amine/pyrrolic.291 The peak shifts by 1.0 eV to 399.0 eV, indicative of 

nitriles that are more negative on the gold surface, which mean that the HBQ-1 molecules in the 

monolayer are chemisorbed to the gold surface. The bulk Br peak occurs at 70.2 eV and shifts to 

67.8 eV in the monolayer. This shift occurs because the halogen bonding, dominant in the bulk, is 

no longer active in the chemisorbed monolayers on the surface (the monolayer has no halogen 

bonding).374 The monolayer Br graph shows a broad peak of the underlying Au 5p photoelectron 

centered at 73.5 eV. There are no gold peaks present in the bulk sample, which means it is at least 

10 nm thick. The N signal, being much noisier than the Br signal, leads to the conclusion that the 

N signal attenuation is due to its proximity to the gold surface, (as the S in the XPS of PBI). The 

thin film thickness is less than 10 nm. A multilayered film would give a clearer N signal. XPS 

leads to the conclusion that a monolayer film formed on the surface and the nitrile N chemisorbed 

to the gold. 
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Figure 6.11 - XPS of HBQ-1 TSG; drop-coat of HBQ-1 (left column) and monolayer (right 
column). O1s binding energies (top row) and N1s binding energy (bottom row). 
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Figure 6.12 - XPS of HBQ-1 TSG; drop-coat of HBQ-1 (left column) and monolayer (right 
column). C1s binding energies (top row) and Br3d binding energy (bottom row). 
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F. Conclusions 

HBQ-1 self assembles into a closed pack monolayer film capable of measurement with 

both cold-gold pads and direct EGaIn contact. AFM showed that the monolayer forms with close 

to complete coverage after six hours. Highly packed films may require up to a day to form. The 

absorption properties show a slight red shift, that implies an aggregate structure in the solid state. 

The film used to study the optical properties was likely a mixture of monolayer and multilayer 

films. XPS verified that a film less than 10 nm was on the surface and both N and Br were clearly 

present. The shifts in the binding energy of the N and the Br indicate different intermolecular 

interactions between the bulk and the monolayer. Comparison of the C1s spectrum also shows this, 

as the bulk has six C signals and the monolayer has the expected four C signals. The attenuation 

of the N signal relative to the Br signals shows that the N are closer to the gold surface.  

The first sweep comparison of the D-A HBQ-1 and the D-D HBQ-2 showed that the HBQ-

1 that MJs of both molecules initially show a similar response, which is a negative differential 

resistance-like hump below 1.0 V. After this hump, however the MJs of the two molecules showed 

different properties. HBQ-1 has a current that grows after the hump for the MJs that remained 

stable. HBQ-2 fails after the hump before reaching 2.5 V through either open or short circuit. The 

ability to allow current to flow makes the HBQ-1 MJ more stable than the HBQ-2 MJ. As the 

potential bias increases across the resistive HBQ-2 film, the strong electric field activates different 

failure mechanisms.  

The electrical properties of HBQ-1 MJs were identified through repeated sweeping of MJs 

of EGaIn and cold-gold-contacted monolayers self-assembled to a TSG electrode. Both MJs 

showed rectification, with current enhancement at negative bias for both systems at all voltages, 

after surviving the first sweep, out to 2.5 V. Up to 1.0 V the current was nearly ohmic. These MJs 
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did not exhibit a Janus effect. The IV behavior shows a transition at negative bias that indicates an 

enhancement in the charge transport above the transition. The transition remained constant with 

increasing sweeps in the EGaIn systems. This means that the energy barriers of the EGaIn system 

remain static. An additional effect with repeated sweeps is the loss of current magnitude for each 

successive sweep. This is likely due to field-induced activation of the molecules giving them a 

slight charge that inhibits the current. As the charging increases, the quantum interference 

increases.375 The current at positive bias is affected more by this effect, than the current at negative 

bias. This is because these charging effects block non-resonant tunneling. Resonant tunneling and 

incoherent/sequential tunneling mechanisms are not affected as much by the extra charge. For the 

EGaIn system, the negative-bias current only changes below the transition voltage. After the 

transition, the current behavior overlaps completely. The current varied by ten orders of magnitude 

in the EGaIn system (this was the most of any of the MJ studied). The Log I versus Log V showed 

extremely clear transitions in mechanisms. The transitions in the cold-gold system are sharper than 

the EGaIn systems. The cold-gold system, however, does not have static energy barriers; it does 

exhibit the charging effects that lower the current magnitude foe each successive sweep. The 

transition voltage at negative bias increased with increasing sweeps. This means that the energy 

barriers become larger in each sweep. This could suggest a decrease in the overall coupling of the 

Br and Au. In the case of the EGaIn, there was no change in coupling at the electrodes.  

Whitesides and others strongly favored statistical measurements in line with the 

experiments conducted here. The statistics show that the current decreases each sweep, however; 

the positive bias decreases faster than the negative bias. The RR found by Nijhuis et al. for HBQ-

1 was 151, which is the same as in our measurements. The measurement also show a smaller 

standard deviation between -2.0 V and -2.5 V than anywhere else in the sweep range. These 
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measurements used directly contacted EGaIn to form the MJ. What the statistics do not show is a 

dependence on the sweeping direction. It also washes out any distinct features of the MJ, so 

transitions were not evident.   

Molecules such as HBQ-1 are optimal, because they do not have long insulating groups 

inhibiting the overall conduction. Each electrophore can couple with its nearest electrode, because 

it is only a single bond away. It would be beneficial to study this system with different anchoring 

groups. Other D and A should be directly connected and synthesized in a manner that will break 

the electronic coupling between each electrophore. Small rigid systems capable of π interactions 

that facilitate close-packed films are the ideal candidates for unimolecular devices. 
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CHAPTER 7  

CONCLUSIONS 

This thesis highlights the importance of making contact with soft metal electrodes to form 

MJs using a current feedback circuit like STM. A majority of the MJs failed when contact was not 

through current feedback. The “successful” MJs were very noisy with random unstable IV 

behavior. None of the data sets found before the use of the ICC provided reproducible “stable” IV 

behavior of a MJ. With the ICC approach, only forty to fifty percent of the MJs failed. The failure 

rate was this high due, to making the top EGaIn contact manually. The MJs that remained stable 

usually had reproducible IV behavior; however, most MJ become more resistive with successive 

sweeps.  

The experiments on the alkanethiols show that the cold-gold topped MJs have a much 

higher success rate than MJs thermally evaporated gold topped MJs. Establishing contact with the 

ICC will help to standardize the measurements. Making contact using precise ICC then sweeping 

out to different voltage ranges would show the correlation of the ICC and the voltage stability 

range. This may lead to small values of ICC to maximize the possible voltage range of the MJ. All 

the literature suggested that the most frequent form of contact MJ was manual. To be precise and 

consistent across labs, automation of contact needs to take place, similar to how AFM and STM 

make contact. The analogy is like trying to make contact to AFM and STM substrates  manually, 

there would be a low probability for useful data from such contacts. More than likely, the ideal 

contact cannot be established manually.  
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Making the top contact to rectifiers with cold-gold has been shown to provide stable 

junctions that show current asymmetry. The characterization of the cold-gold films has received 

little attention in the literature. AFM of these ultra-thin films shows that they form structures very 

similar to directly evaporated ultra-thin films on silicon, in which the film forms as a discontinuous 

island. A major finding was that the conditions used in the cold gold method made the gold form 

nano-pillars that protruded from the island structure. Gold nano-pillars may be useful for other 

applications. The electrical properties of the ultra-thin gold films show that the discontinuous 

structure makes the films highly resistive in the horizontal direction. The electrical properties of 

the gold films depend on the underlying substrate. On insulating quartz, the films were ohmic and 

highly resistive. On semiconducting silicon, the films were non-ohmic and moderately resistive. 

The silicon substrate lowers the percolation length of the charge carriers, likely through coupling 

to gold plasmons. These thin films do not look metallic for the same reason. In order to get a fully 

conducting film, the thickness needs to be above 30 nm. The films look metallic above the 

threshold thickness. The efficiency of the technique is low, so the procedure needs improvement, 

because currently it requires 1.0 g of gold to deposit 10 nm of cold-gold film.  

The success of the cold-gold technique was the last set of experiments conducted during 

this research. The experiments used both the ICC and a 40 nm thick cold gold layer. Prior to these 

experiments, the percentage of non-shorting MJs was about 1.5 % using directly evaporated gold. 

For these cold-gold measurements, at least three out of every ten contacts were non-shorting. It 

did not require thousands of contacts to get a relatively large data set. Each of the thiol MJs was 

successful more than thirty percent of the time. The four stable and successful MJs shown for the 

three different alkanethiols have a difference in current of only a single order of magnitude. This 

difference could be simply a difference in the effective contact area. This is a large improvement 
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over the three to five orders of magnitude normally associated with experimental data for 

alkanethiols. The fitting results are close to results presented in the literature.  

In these PBI systems, changing the donor group changed the properties of the monolayer. 

All of the PBI films were visible on the water surface, and on each substrate. Unlike films that are 

transparent, it was easy to deal with these films because of the visible certainty that they transferred 

to the substrates. The PLM formation depended on the D as well. The slender Py donor facilitated 

intermolecular interactions and caused instantaneous monolayer formation on the water surface. 

The bulky Fc and TMPDA groups did not have comparably strong intermolecular interactions, so 

they both spread (wet) completely on the water surface. Fc inhibited intermolecular interactions 

up to a compression of 30 mN/m, whereas TMPDA only required compression of up to 6 mN/m 

to initiate the intermolecular interactions.  

Both Py- and Fc-PBI showed the Janus effect of conduction enhancement at positive bias 

in the low-voltage range (±1.0 V) that switches to enhancement at negative bias in the high-voltage 

range (±2.5V). When the donor was weak, (Py) there was no Voffset for the slow sweeping (10 

mV/s) regime. Fast sweeps (50 mV/s) manifested a Voffset, due to capacitive coupling. This led to 

only measuring the MJs through slow sweeps, which inhibited statistically large data sets. The IV 

behavior depends on the sweeping direction. Switching to the donor Fc (that has a moderate one-

electron donor strength) adds capacitive effects to the rectifying behavior, which are only evident 

in forward sweeps (negative bias to positive bias). When the strong donor TMPDA (that has two-

electron donation) was used in the junction, the capacitive effect was irreversible. This shows that 

the redox-active molecules form charged states in the MJs, which persist for different amounts of 

time, depending on the electron donor strength. The RR in the first two systems (Py and Fc) are 

comparable but the TMPDA has the highest RR at 2.5 V (between 350 – 3500). These results 
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suggest that the conduction occurs through the HOMO of the PBI at low bias, and then switches 

to the LUMO of the PBI at the high bias. The RR increases with increasing donor strength, because 

when the charge states are present there is no tunneling current. The charge states do not affect the 

enhanced transport channels. The donors in these molecules only affect packing and the ability of 

forming a charge state with the top electrode.  

The Fe-phenolate molecule synthesized by Verani et al. formed expanded monolayers 

because of the bulky substituents on the molecules. AFM confirmed that the monolayers do not 

pack particularly well. XPS characterization was not useful for this molecule because the atom 

density of the Cl and Fe was too low. Ellipsometry estimated the thickness of the monolayer to be 

1.7 nm. For this system the ICC approach was used, coupled with first-sweep curves to establish 

the range in which fifty percent of the MJs would remain stable. This range was only ±0.7 V for 

this system. The MJs first sweeps out at positive and at negative bias showed that short circuits 

occur preferentially at positive bias. The electromigration mechanisms (that cause short circuits) 

are dominant at positive bias. When the MJs were stable, all the data had similar trends of ohmic 

behavior at negative bias and exponential behavior at positive bias. The current at negative bias 

was non-resonant tunneling across the entire MJ. The exponential current at positive bias occurs 

due to resonant or sequential tunneling through the Fe SOMO molecular orbital. These MJs are 

not extremely stable to cycling at 1.0 V. The low quality of the monolayer succumbs to field-

induced short-circuits.  

HBQ-1 formed high-coverage self-assembled monolayers on TSG substrates in as few as 

six hours. The electrical properties showed that this molecule in a monolayer MJ rectifies electrical 

current between an EGaIn, and a cold gold contacted monolayer MJ and a TSG electrode. The 

ability to get non-shorting junctions was due to the high-quality monolayers. The DFT results 
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showed that the torsion angle between the donor and acceptor was sufficient to break the 

delocalization across the entire molecule and localized the MOs on a specific portion of the 

molecule. XPS results helped to establish the notion that the N atoms are bound to the gold through 

chemisorption. The binding energy shift was not large enough to be a true covalent bond, but it 

could be a nitrile-gold complex of some kind. The molecule had enhanced current at negative bias, 

which is the anti-AR mechanism or asymmetric hopping through the LUMO level. The current 

turned on and off at different voltages, shown clearly in the Log I versus Log V plots. These plots 

showed that there is overall higher conductance at low bias for the EGaIn contact MJ than for the 

cold-gold contacted MJ. The transitions were much sharper for the cold-gold MJs, showing an 

abrupt change from ohmic conduction to a super-linear conduction. This abrupt change varied in 

each sweep, because the potential profile across the MJ changed in each sweep. The overall 

barriers were becoming larger in each sweep. 

All of the MJs exhibited dynamic properties. The alkanethiol MJs decreased in current in 

each sweep. Only a single MJ remained relatively static over the two hours of sweeping. All of the 

MJs that survived ±2.5 V sweeps were swept repeatedly for up to twelve hours. The measurements 

were automated after establishing contact, and analyzed sweep-by-sweep. It was found that for 

most MJs the IV behavior was sweep-direction-dependent. Even the alkanethiols show a slight 

difference at positive bias for forward versus reverse sweeps. The D-A molecules showed drastic 

differences in the IV behavior versus sweep direction. The stability of the monolayer films, the 

nature of the top contact, and how the contact was formed controlled the success in MJ 

experiments. The issue that has always hampered the field of two-point probe measurements of 

large area MJs, is the engineering of a test-bed that provides highly stable top contacts. New top 
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contact methods are being introduced into the literature because of this unresolved top-contact 

issue376.  

In future work, the contact method needs to be automated using ICC, because manually 

contacting the monolayer is not a precise method and requires talent to make contact. Molecules 

need to be synthesized that have good anchoring groups to help dictate which molecular energy 

level couples to which electrode. A vertical monolayer of PBI would be a good system to study to 

see if it acts as an ambipolar rectifier on its own. An additional experimental setup would be to 

build molecular wires of oligocenes with the donor–acceptor moiety in the middle. This would 

limit the effect that substrate coupling has on the charge-transport, showing the true electronic 

properties of the molecular systems. Current test-beds study the complete system, because 

coupling to the electrodes is extremely important in the charge transport. 
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