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ABSTRACT  
 

Robert Charles Bruce: Charge Transport in Organic and Organometallic Molecules:  

Device Design, Fabrication, and Testing 

(Under the direction of Wei You) 

 

 Molecular electronics (ME) represents a frontier for electronics. Designing electronic 

devices at the single molecule level would lead to extremely high density devices, and the 

organic materials typically used in ME can bring switchable properties and enable formation of 

transistors at the single molecule level. While promising, potential issues arise from 

incorporating these organic-based materials and their unique properties into electronic devices. 

Solutions exist to generate electrical devices with organic materials, but understanding the 

impacts of these fabrication processes is necessary for their use in practical application settings. 

 The focus of this work is studying unique organic and organometallic materials in 

molecular electronic device architectures designed toward use in practical electronic settings. 

Spin-active organometallic complexes ï a cobalt bis(dioxylene) based valence tautomer (CoVT), 

and multi[(porphinato)metal] oligomer wires ï are used to build molecular wires and studied in 

ME settings designed through self-assembly approaches. While the CoVT molecule is shown to 

actually lose its valence tautomerism when tethered to a surface, the porphyrin wires show metal 

center dependence on charge transport properties, enabling them to be used in potentially 

switchable ME and spintronic devices. 

 Alongside this, a variety of soft lithographic techniques are utilized and the effects of 

their fabrication processes on device output analyzed. Nanotransfer printing (nTP) is tested with 

basic monolayers, showing in phenylenedithiols lower tunneling attenuation than seen through 



iv 
 

other electrically identical architectures. We explain the force effects from nTP to be a possible 

cause and use this as a case study in highlighting the impact architecture can have on monolayer 

properties. Despite this, porphyrin wires in nTP junctions exhibit near identical electrical 

properties compared to single molecule measurements, highlighting the techniqueôs ability to 

exhibit the electrical properties of more specialized and complex molecules.  

Other soft lithographic techniques were also highlighted toward designing 

macroscopically accessible junctions. Nanoindentation, a kinetically-controlled transfer printing 

(KTP) process, and transfer of graphene via polymer layer are all studied. As a whole, these 

processes highlight the effects and limitations that are inherent to designing molecular electronic 

devices, and we discuss the needs for fabrication processes to enable practical electronic and 

spintronic devices from organic-based materials.   
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CHAPTER 1:   
 

INTRODUCTION TO MOLECULAR ELECTRONICS AND ORGANIC SPINTRONICS  

 

1.1 Background  

The early 21
st
 century has proven to be an extraordinarily exciting time for technological 

advances. It is easy to take for granted that the things we may be used to in our day to day lives ï 

such as the Internet, online communication, GPS navigation ï simply werenôt present as little as 

twenty or thirty years ago. The rate of technological advancement and innovation is so high that 

each new generation experiences a seemingly new world from the last, thinking that new 

inventions the previous generation had to adapt to are normal, and there are no indications this 

trend will change anytime in the foreseeable future. 

One of the most direct points of evidence for the high rate of technology increase comes 

in the form of the computer. Twenty or thirty years ago it would be sensible to ask if a person 

owned a computer; now a more sensible question is how many computers they own, or even how 

many they have with them at any point in time. Such a change in question comes from the 

technological advancements that have come in computer technology and the scaling down of 

computer components to make modern phones just as powerful as desktop consoles from the late 

20
th
 century. 

Size is actually a relevant quantitative method by which both industry and the lay 

audience judges the advancement of computer technology, and a relationship often cited in this 

discussion is known as Mooreôs Law (Figure 1.1). The ñLawò was originally stated in 1965 by 
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Gordon E. Moore, co-founder of Intel, and was based on an empirical observation about the 

decreasing size of transistors in computer chips.
1
 Simply put, transistors drive the processing 

capability of computers, and increasing the number of transistors concurrently increases the 

ability of the processor and the device incorporating them. Moore observed that the density of 

transistors that were being fabricated on an integrated circuit doubled approximately every two 

years and predicted that this trend would continue. 50 years later, many innovations ï such as the 

more recent implementations of 3-dimensional transistor architecture, high-dielectric constant 

materials like hafnium and zirconium, and multi-core processors ï have enabled this trend to 

extend beyond several predicted fundamental limits of silicon-based transistor technology. 

Transistors now are mass-produced at 22 nm sizes, with sub-10 nm transistors on the horizon.  

While the size decreases and subsequent increase in computer capability are undeniable, 

a few undesired consequences in this silicon-based electronics regime have emerged. For 

example, some properties such as clock speed and actions/clock have leveled off in recent years. 

The innovation of multi-core processing has increased computational capability, but as observed 

by computer architect Gene Amdahl is what has been referred to as Amdahlôs Law, there is a 

diminishing return to the benefits of multi-cores as more cores are added (Figure 1.2). Different 

opinions exist on the matter, but some estimations state that the cost to go beyond 16 cores ï 

both in terms of hardware as well as software production to account for the increased processor 

complexity ï will outweigh any commercial benefits. 

The point of this discussion isnôt to imply, as has been stated multiple times along the life 

of Mooreôs Law, that computers and transistor technology are anywhere near stagnating. History 

has proven that innovations continue to overcome assumed limits and roadblocks, and the 

creativity and innovation behind recent advancements will no doubt be extended in one form or  
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Figure 1.1 ï Mooreôs Law 

Graphical representation of Mooreôs Law, depicting the logarithmic growth of the number transistors in a processor 

over time (green squares), as well as the power (blue triangles), clock speed (purple circles) and performances per 

clock (perf/clock; maroon circles) of the same transistors.2
 

 

Figure 1.2 ï Amdahlôs Law 

Calculations of various modifications of Amdahlôs Law, comparing the speedup (enhanced performance / original 

performance) of a processor based on number of cores and the portion of a workload that can be parallelized across 

multiple cores (f), assuming A) fixed-size speedup and B) fixed-time speedup. Reprinted from Ref. 3, Copyright 

2010, with permission from Elsevier. 
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another. The point of this discussion is also not to simply execute the common óhere is a 

problem, here is a solutionô setup. The reality is that the silicon-based technologies that have 

been the staple of late 20
th
 century/ early 21

st
 century electronics have enormous amounts of 

talent and time invested in them to continue and push the technology forward. History has shown 

that if researchers and industry were to decide to stay in the same regime, no doubt at least for 

the foreseeable future more advances could be made. 

The goal of this discussion and subsequent work in this thesis is to suggest and highlight 

an alternative to the present path of silicon-based technology in computer technology and the 

like, one that involves unique processes but is not orthogonal to present technologies, can be 

innovative yet inexpensive in its execution, and bears its own disadvantages and limits but can 

potentially overcome the pitfalls becoming present in simple scaling of silicon-based transistors. 

 

1.2 Organic Materials for Electronic Applications  

1.2.1 Recent Interests in Organic Electronics  

In 2000, the Nobel Prize in chemistry was awarded to the group of Alan Heeger, Alan 

MacDiarmid, and Hideki Shirakawa for ñthe discovery and development of conductive 

polymersò.
4
 While it has been many years since the first examples of organics being used in 

photovoltaics (PVs) and electronics ï one of the first reports comes from 1958 when David 

Kearns and Melvin Calvin used magnesium phthalocyanine disks coated with tetramethyl p-

phenylenediamine for photovoltaic cells
5
 ï  the much more recent Nobel Prize highlights the 

focus and excitement that has been given to organic materials and their conductive properties. In 

fact, recent discoveries and advances have accelerated organic electronics into a variety of 

electronic applications. Organic light emitting diodes (OLEDs), motivated by the highly tunable 

bandgaps in organic materials, are currently being mass produced in televisions and other visual 
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displays.
6
 Organic solar cells are experiencing fast paced growth with efficiencies high enough 

or near high enough for commercialization (Figure 1.3).
7
 Most relevant to the work to be 

presented here, organics have also become an attractive option for transistor and switch type 

applications relevant to computer technology. 

 

 

 

Figure 1.3 ï Champion Solar Cell Efficiencies Based on Solar Cell Type 

Plot showing champion solar cell efficiencies for a number of classes of solar cells, as compiled by the National 

Renewable Energy Laboratory (NREL). Organic solar cells and their rising efficiency are represented in the 

óemerging PVô category by the filled red data points.7 
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1.2.2 Properties of Organics for Electronic Applications  

There are strong advantages to utilizing organic materials in transistors as well as other 

electronic applications. Many facile processes have been developed for the deposition of 

organics, from the basics of spin-casting and solution soaking to more complex patterning 

methods. Solution processibility of many organics allows for mass-producible deposition 

methods such as flow-coating and ink-jet printing.
8
 Taking advantage of the self-assembly 

properties of organics can lead to easy-to-produce assemblies. For example, pentathiophene 

derivatives are found to assemble into micron sized conductive islands when prepared in 

Langmuir-Blodgett films.
9
 Many of these processes can be low cost, accomplished by relatively 

basic equipment and requiring little more than the active material and solvent or surfactant.  

 

Figure 1.4 ï Solution Processible Techniques for Large Scale OPV Production.  

Representation of several solution processible techniques for mass production of organic photovoltaics. A) 

Formation of Langmuir-Blodgett films from a solution.10 B) Blade coating of organic PV (OPV) films from 

solution.11 Copyright 2013, Scientific Research Publishing. C) Representation of fabrication process and output of 

ink-jet printed OPV.12 Copyright © 2013, Wiley-VCH Verlag GmbH & Co. KGaA. 
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Another advantage is the functionalizability of organic materials. Sometimes simple 

chemical reactions and design principles can modify organic materials and dramatically change 

their properties. In one study, attaching a tetrathiafulvalene (TTF) moiety onto different positions 

along a oligo(phenylene ethynylene) (OPE) backbone significantly alters the bandgap and 

conductance of molecular wires.
13

 Using linear or bent OPE backbones can also change the 

delocalization of charges along a wire.
14

  Controlling the rotation of phenyl rings synthetically 

highlights that conductance can be tuned synthetically.
15

  These represent just a few examples of 

the capability shown in organic systems. 

Even more impressive than these, the most dynamic organic systems contain functional 

groups or configurations that can be switched post-synthesis. Photochromic compounds can have 

conjugation established or broken, which will have large impacts on the conductivity of the 

molecular unit.
16

 Temperature can be designed to switch between polymorphic states in 

tetraacetate.
17

 Exposure to specific chemicals (or hydrogen, in the case of pH changes) can also 

affect conjugation and thereby conductivity,
18

 and magnetic or electric fields can be used to alter 

spin states or electric polarizations and thereby conductivity (Figure 1.5).
19

 It should be stated 

that some silicon systems can be altered, the main way being chemical or physical doping, but 

in-situ alteration of their properties like those described here are rare. 

Furthermore, organics lend themselves well to biological applications. Organic based 

plastics and polymers have long been used to encapsulate inorganic systems in biological 

settings.
20

 The biocompatibility of many conductive organics creates the possibility for fully 

biodegradable systems for a wide range of uses.
21

 Utilizing another important property of organic 

films and materials ï their flexibility ï electronics have been designed to conform to the shapes 
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of various appendages and organs, enabling their use in external limbs and studying diseases and 

events such as heart disease and strokes.
22,23

 

 

 

Figure 1.5 ï Examples of Post -Synthesis Switchable Properties in Organic Systems  

Examples of post-synthesis switch properties in organic systems. A) Molecular packing in polyacene films at 18 °C, 

and visual representation of its polymorphism at different temperatures. Reproduced from Ref. 17 with permission 

of The Royal Society of Chemistry. B) Graphene/NH3/BaTiO3/LSMO samples, measured by piezoresponse force 

microscopy, showing the appearance of different electric field polarizations at different biases. The current-voltage 

plot underneath shows different resistances can be measured for upward (red) and downward (blue) polarizations in 

the sample.19
  Reprinted by permission from Macmillan Publishers Ltd: Nature, Ref. 19, Copyright 2014.  

 

The largest disadvantage to organics in these applications is their susceptibility to 

degradation in ambient conditions. Though the Kearns and Calvin PV cell that represented the 

first of its field required an oxidized organic film for its function, a large number of organic PVs 

(OPVs) and other organic electronics quickly lose their functionality in oxygen. Many of these 
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effects are removed by studying systems in vacuum or inert environment (nitrogen, argon), but 

these conditions are difficult to extend to practical use. Encapsulation methods have been 

developed to mitigate these effects, such as depositing inorganic oxides
24

 or polymer layers.
25

 

Especially with the former, care must be taken such that the encapsulating material doesnôt 

penetrate or otherwise impede function of the active layer.  

Despite this disadvantage, constant advancements such as encapsulation continue to push 

organic materials to relevancy in electronics. Especially as we consider the capability to make 

devices on the single molecule level as will be described in the next section, a bright future is 

evident from applications incorporating these materials.  

 

1.3 Molecular Electronics  

Beyond bulk materials and films, a frontier of electronic devices exists at the single 

molecule level. Even considering the presumably soon advent of sub-10 nm transistors, 

molecular electronics (ME) ï which is generally referred to here as utilizing organic-based 

molecules in single or few number of molecule junctions for electronic applications ï promises a 

huge jump in transistor density due to devices potentially existing within a single molecule. 

Though more than this, molecular electronics is an exciting field because of the unique 

properties that can exist in single or few number of molecule junctions. When properly executed, 

the synthetic control that can be had on organic molecules can be used to directly realize 

dramatic property changes in molecular electronic systems.  

1.3.1 Synthetic Control of Molecular Electronic Properties  

Whereas thick films of materials will typically have a range of inter- and intramolecular 

charge transport mechanisms occurring simultaneously, transport pathways in ME systems tend 

to be easier to understand and manipulate. Molecular length in single molecule wires can directly 
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control the charge transport through finite regimes such as tunneling and charge hopping, as seen 

by controlling the number of repeat units in OPE chains.
26

 Functional groups can also 

significantly modify the charge transport properties of similar length wires. Synthetically 

inserting parallel transport pathways through a molecular wire can lead to quantum interference, 

either constructive or destructive, with these effects sometimes being altered with different 

functional groups on a common backbone.
27

 Due to quantized energy levels present in many 

organics, bias dependent current effects can be realized. Negative differential resistance and 

other similar alterations in the current profile of molecular electronic systems can manifest as 

transport becomes resonant under certain biases.
28

 In addition, organic systems can be designed 

to rectify current based on the direction of injection electrons (holes). Often this control comes 

from asymmetric systems, created in some cases through physical separations of n-type and p-

type regions,
29

 other times by incorporating asymmetric regions on molecular wires.
30,31

 

 

Figure 1.6 ï Altering Charge Transport Mechanisms in Molecular Wires  

Representation of oligophenyleneimine (OPI) wires, which can be grown to specific lengths via a click chemistry 

process, and their electrical properties when measured via conductive-atomic force microscopy (cAFM). A shift 

from tunneling to charge hopping is exhibited in changing resistance trends of shorter OPI wires to longer. From 

Ref. 32. Reprinted with permission from AAAS. 
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1.3.2 Switchable Properties in Molecular Electronics  

Perhaps even more powerful than the effects already described, a wide range of hysteretic 

and switchable properties can be realized in molecular electronic devices for potential use in 

single molecule transistors. These properties can start at the thin film level, such as in metal 

organic frameworks (MOFs) containing 7,7,8,8-tetracyanoquinodimethane (TCNQ) that can 

have tunable electrical properties with different TCNQ infiltration,
33

 and C60 films on silicon 

oxide substrates that have hysteretic current based on previously applied bias due to remnant 

charges at the C60/ silicon oxide interface.
34

  

 

Figure 1.7 ï Conductance Switching in Molecular Wires  

A) Anthraquinone-based molecular wires in STM-BJ setup, where oxidizing/reducing the anthraquinone core 

correlates with over an order magnitude change in the conductance of the wire. Reprinted with permission from Ref. 

35. Copyright 2014 American Chemical Society. B) A TTF derivative in STM-BJ setup where oxidation/ reduction 

of the wire changes the ratio of the conductance relative to a junction with just C8 molecules present (GTTF/GC8). 

Reprinted with permission from Ref. 36. Copyright 2010 American Chemical Society. 
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Because of their simplified transport pathways, molecular wires can amplify these effects 

from switchable events. Utilizing the oxidation/reduction of an anthraquinone core, molecular 

wires in a scanning tunneling microscopy (STM) setup can exhibit over an order of magnitude 

alteration in current.
35

 Redox reactions affecting TTF units in molecular wires were also shown 

to affect current and sheet resistance in connected networks of gold nanoparticles (Figure 1.7).
36

 

Similar to redox switching, controlling the charges on zwitterions attached to a surface is 

expected to be able to modulate current.
33

 Organic fluorescent logic gates were designed to be 

able to respond to multiple stimuli ï glutamate, zinc, and pH ï and form molecular logic óANDô 

gates that influence the fluorescence output based on the inputs.
37

 Utilizing in-situ chemical 

reactions via sources such as ultraviolet (UV) light to affect conjugation in molecular wires will 

affect coupling of molecular units and therefore the current that can pass through them.
16,38

 In 

addition, physical mechanisms can be used to control output through molecular wires. 

Mechanically stretching a junction can affect conjugation and affect current through the 

junctions.
39ï41

 Altogether, a host of switches manifesting from control of the properties of 

organic molecular wires have been realized, highlighting the power and promise of organic-

based molecules in this setup. 

 

1.4 Organic Spintron ics  

Much effort has been placed on using electrons and modulating their output for switch 

type properties in molecular electronics. However, manipulating a particular property of 

electrons ï their angular momentum or spin ï can be equally as powerful. Such manipulation 

leads to a discussion of spintronics ï the utilization of spin as a degree of freedom in electronic 

devices.  
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1.4.1 Basics of Spintronics - Spin Valve  

 

Figure 1.8 ï Spin Valve  

Pictorial representation of a spin valve, with a tunneling spacer separating two magnetic electrodes (represented by 

óLô and óRô for óleftô and órightô). A) Electrodes with parallel magnetization, leading to matching of spin DOS in this 

system at Fermi level (EF) and high current through the device. B) Electrodes with anti-parallel magnetization, 

leading to mismatch of spin DOS in this system at EF and low current through the device.  

 

The basic premise of spintronics involves manipulating the density of states (DOS) in 

molecules to allow or disallow transport of electrons based on their spin state. In the most basic 

execution, the spin DOS of an injector electrode, which is symmetric between electron spins in 

many systems in absence of a magnetic field, is manipulated by a magnetic field to be made 

asymmetric. This change results in one electron spin becoming a majority spin and a net non-

zero spin being injected into the spintronic system. The spintronic device will have a receptor 

molecule or electrode that preferentially allows transport of a particular spin, often due to its own 

asymmetric spin DOS. Depending on the injected spins and receptor spin DOS, two outcomes 
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are possible. If the majority spin transported through the device is also the majority DOS in the 

acceptor, a large number of electrons are allowed to be transported through the junction, 

signifying the low resistance/ high current state of the device. Mismatch of majority spin and 

receptor spin DOS will result in the inability of electrons to transport through the device. 

Electrons will be scattered at the receptor interface, and a high resistance/ low current state will 

ensue.  

The ideas presented in this basic picture are the functioning principles behind the spin 

valve (Figure 1.8). The spin valve has three parts: two metals, typically from a class of metal 

known as a ferromagnet which, up to its Curie temperature ï the temperature at which its loses 

its ability to sustain a remnant magnetism upon removal of the magnetic field ï maintains spin 

DOS after it has been manipulated via magnetic field; and an insulating (non-magnetic) tunnel 

barrier. The two metals are influenced by a magnetic field to change their spin state, ideally 

having different coercive fields to manipulate their spin states independently of the other metal. 

As magnetic field switches the magnetizations of the electrodes, the resistance of the overall 

junction will change as the electrodes have parallel or anti-parallel magnetizations. Electrons 

tunneling through the tunnel barrier will maintain their spin state, allowing for the electrodes and 

their magnetic properties to be the only comparison that influences the resistance. The effect of 

magnetic field due to change in resistance as a function of magnetic field is represented by the 

magnetoresistance (MR) of the device: 

 ὓὙ
Ὑὄ Ὑ

Ὑ
 (1-1) 

In the case of tunneling through a non-magnetic spacer where only the electrodes impact the 

resistance properties, the MR is referred to as tunneling magnetoresistance (TMR). MR in 

general can be a positive or negative value, and the same is true with TMR. In the case of TMR, 
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the sign can be either due to the properties (specifically the DOS) of the metals used. While the 

magnetizations of the metals will always be aligned if a large enough magnetic field is applied, 

due to the nature of tunneling, the electrons at the Fermi level (EF) will be the highest energy 

electrons and have the largest probability of transporting through a tunnel junction. 

Magnetization doesnôt always correspond with DOS at EF, so it is possible to have two metals 

that have aligned magnetic states but either aligned or mismatched DOS. Because of this, it is 

possible to have positive or negative TMR in a spin valve. Knowing the DOS of the metals 

allows us to estimate a TMR value via Julliereôs model
42

: 
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where G, the conductance of either the parallel ()᷆ magnetization condition or the anti-parallel 

(Ṷ) magnetization condition can be described by the spin polarization (P) of the two metal 

electrodes at EF (labeled here as óLô for left electrode and óRô for right electrode). The spin 

polarization is determined via the DOS at EF is determined by the ratio of spin óupô electrons (n
ŷ
) 

to the spin ódownô electrons (n
Ź
). The designation of óupô and ódownô is arbitrary, as we are 

referring simply to two angular momenta with no distinct directionality (other than the fact that 

they are opposite to one another). The common notation is to consider the óupô electrons to be the 

majority carriers, and the ódownô electrons as minority carriers. The equations (1-2) and (1-3) 

above are valid regardless of these denotations.  

This basic spin valve has proven to be extremely useful and, to a certain degree, is still 

the basis of magnetic memory. Even larger MR effects than expected via Julliereôs TMR model 

can be obtained in unique systems based on the spin valve. The most classic example of this is 
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known as giant magnetoresistance (GMR), which was first seen in layered stacks of chromium 

and iron.
43

 Other effects, such as colossal magnetoresistance (CMR), an even larger MR effect 

than GMR when perovskite cells are used as a spacer, have been seen as well.
44

 This highlights 

the fact that many possibilities that can be built off this basic spin valve picture and can lead to 

many unique effects.  

1.4.2 Basics of Organic Sp intronics   

The field of organic spintronics mostly focuses on creating unique effects in spintronic 

devices by replacing the tunneling spacer from the spin valve with an organic layer. At its core, 

this modification allows for one large advantage: organics and organic-based materials typically 

have higher spin delocalization lengths than their inorganic counterparts. Spin-orbit coupling 

interactions that would lead to spin-flipping events occur more frequently with larger atomic 

mass, scaling by a factor of Z
4
. The low atomic mass from carbon instantly reduces these effects, 

increasing spin diffusion length from the order of 10
0 
nm in typical metals to as high as 10

2
 nm in 

organic materials.
45

 Spin-orbit coupling will still ultimately reduce MR effects in longer organic 

systems,
46

 but modifying the structure of device architectures, such as taking rubrene thin films 

and restricting them into nanowires,
47

 have been able to further the spin diffusion length 

improvements in certain systems. This allows for injection and transport of electron spin for 

finite lengths through organic materials, allowing for the spacer in the spin valve picture to 

become an active component in the spintronic device.  

1.4.3 Organic Magnetoresistance   

Simply injecting and transporting spins through an active layer bears unique 

consequences on the MR properties of a spintronic device. The effects of transporting electron 

spin through films of non-magnetic organic materials has been studied and expressed through an 

effect known as organic magnetoresistance (OMAR). In this setup, the injected spins can interact 
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with one another, leading to formation and spin interaction of singlet/ triplet polarons, paired 

polarons, bipolarons, and singlet/triplet excitons.
48

 Due to these effects, ultimately the observed 

MR effect is no longer dependent solely on the DOS of the metals. OMAR is not a fully 

understood effect, possessing positive or negative signs depending on the properties and 

composition of the active layer as well as the conditions under which it is measured. One 

particular interesting study showed that tuning the composition of a polymer-fullerene blend can 

alter the presence of excitons, free charge carriers, and polarons, which thereby affects the shape 

and sign of the OMAR effect.
48

  Some experiments have shown that hyperfine coupling plays a 

role in the effect, where films of C60 without hydrogen groups do not exhibit OMAR but [6,6]-

phenyl C61 butyric acid methyl ester (PCBM) molecules with hydrogen do.
49

 The 

aforementioned bipolaron formation in OMAR has been used to create models that, thus far, 

have yielded some of the best models of OMAR in the literature.
50

  

 

Figure 1.9 ï Organic Magnetoresistance (OMAR) in PEDOT/C 60/Al devices  

Different temperatures and biases for OMAR measurement lead to different magnitudes as well as different signs 

and trends of MR behavior. Reproduced from Ref. 51 with permission of the Royal Society of Chemistry. 












































































































































































































































































































































































































































































