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Abstract  

Electrical behavior of thin layers of molecules sandwiched vertically between two carbon 

contacts is the subject of this thesis. The main focus was put on the effect of molecular 

structural variations on charge transport through the molecular layers. The charge 

transport mechanism was deduced by analyzing the dependence of current on voltage, 

thickness of the molecular layer and temperature. The effect of compositional 

asymmetry was investigated in bilayers made from two different molecules. Multilayers 

made from only one type of molecule by reduction of diazonium ions are compositionally 

symmetric and were found to exhibit symmetric current-voltage characteristics. Bilayers 

made from two different molecules also showed symmetric current-voltage behavior 

when the second layer of the bilayer was only a monolayer, attached via azide-alkyne 

click chemistry to a multilayer of ethynylbenzene, and the total thickness of the bilayer 

was less than 5 nm. The charge transport properties of thin bilayers were found to be 

consistent with tunneling charge transport mechanism. Bilayers consisting of multilayers 

of two different molecules were rectifiers, given the total thickness of the bilayer was 

more than 10 nm and the bilayer was composed of a multilayer of an electron acceptor 

molecule such as naphthalene diimide together with a multilayer of an electron donor 

molecule such as fluorene in a vertical stack. Reversing the order of the two multilayers 

in the bilayer resulted in reverse rectification direction, confirming the molecular origin of 

this rectification behavior. The rectification persisted even at low temperatures of liquid 

helium. Charge transport in thick molecular junctions was studies further in a series of 

phenylthiophene derivative molecular junctions with thickness of 2-16 nm. A multistep 

tunneling charge transport was suggested to be operative in these thick carbon-based 

molecular junctions. 
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1.1 Int roduction 

The field of molecular electronics strives to understand charge transport 

mechanisms at nanometric length scales to design functional electronic components 

with molecular size[1]. Interest in electronic behavior of molecules was originally fueled 

by the ever decreasing size of the electronic components and the challenges and 

fundamental limitations faced by complementary metal oxide semiconductor (CMOS) 

technology upon downscaling to molecular sizes[2]. Molecules may also offer other 

functions not attainable by conventional silicon based technology[3] owing to rich optical, 

electrochemical, magnetic, thermoelectric and selective recognition properties of the 

molecules[1], [4]. Additionally, the vast diversity of molecules available that can be 

synthesized in large quantities adds to the appeal of molecular electronic research. The 

difference between molecular and organic electronics is one of size. Organic electronics 

deals with devices with active device thicknesses of more than 100 nm and often 

involves charge transport via series of redox steps that is temperature dependent and 

therefore thermally activated[5]. Molecular scale devices typically have smaller sizes and 

are often ruled by quantum mechanical tunneling which depends mainly on the 

electrochemical potential of the wires attached to the molecule or Fermi levels of the 

contacts, and the energy levels of the molecules. The energy levels of the molecule 

define the barrier that the charge faces during transport. In the simplest case, the hole 

tunneling barrier is the offset between the highest occupied molecular orbital (HOMO) 

and the Fermi level of the contact while the electron barrier is the offset between the 

lowest unoccupied molecular level (LUMO) and Fermi level. Various charge transport 

mechanisms have variety of barrier heights which are explained later in this Chapter. 

The aim of this thesis is to describe charge transport properties of carbon 

contact/molecule/carbon contact based junctions by keeping the contacts invariant and 

changing the molecules sandwiched inside the junction. 

Chapter 1 is an overview of different charge transport mechanisms operative in 

organic molecular junctions. 

Chapter 2 is an investigation of charge transport in carbon 

contact/molecule1/molecule2/carbon contact junctions in which the total molecular 

bilayer is less than 5 nm in thickness. 



3 
 

Chapter 3 is the study of charge transport in carbon 

contact/molecule1/molecule2/carbon contact junctions with molecular bilayer thickness 

in the range of 15-25 nm. 

And finally Chapter 4 deals with transport properties of carbon 

contact/Molecule/carbon contact junctions with molecular layer thickness of 2-16 nm and 

using different molecules. 

In all Chapters the dependence of current on voltage, thickness of the molecular 

layer, temperature and molecular energy levels was studied in detail to draw conclusions 

about charge transport mechanism.  

1.2 Paradigms for studying charge transport in molecular junctions 

 To investigate charge transport through molecules, an individual molecule or a 

thin layer of many molecules are suspended between two conductor contacts to enable 

voltage application and current measurement. The molecule(s) are sometimes attached 

to one contact via Langmuir-Blodgett (LB) method, self-assembly or reaction and 

covalent bond formation with the surface of the contact (see Figure 1.1) and then the 

other contact is brought into proximity or formed on the opposite side. 

 In other experiments, molecule(s) bridge the two contacts in the solution as the 

nanoscale gap between the two contacts is formed. Sandwiching a molecular layer 

between two contacts is accomplished by various methods. The most common contact 

formation methods for molecular electronics are shown in Figure 1.2. 
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Figure  1.1: Common methods for molecular attachment to the contact in molecular 
electronics. a. LB method. Figure adapted with permission from  ref[6] . b. self-assembly 
method in thiol self-assembly on gold. Figure adapted with permission from  ref[7] . c. 
covalent bond formation between carbon and gold using 1,4-bis(t rimethylstannyl)butane 
molecule. Figure adapted with permission from  ref[8] . d. carbon-carbon covalent bond 
formation using diazonium molecules self-assembly on graphene. Figure adapted with 
permission from  ref[9] . e. carbon-gold covalent bond formation via electroreduction of 
diazonium ions.  Figure adapted with permission from  ref[10] . 
 

 

Figure  1.2: Common methods for molecular junction formation. a. conducting 
interlayer based junction usi ng conducting polymer or graphene interlayers. b. 
evaporated top contact in direct deposition or surface diffusion mediated deposition. c. 
liquid top contact using gallium -indium alloy or Hg. d. SPM based methods including 
STM, conducting AFM and SECM. e. mechanically controllable break junction. f. 
electromigration break junction with gate.  Figure adapted with permission from  ref[11]. 
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1.2.1 Single molecule junctions 

A variety of methods have been used to form contact-single molecule-contact 

junctions including scanning probe microscopy (SPM) based techniques such as 

scanning tunneling microscopy (STM), mechanically controllable break junctions 

(MCBJs) and electromigration break junctions (EBJs). STM based junctions are formed 

either in a solution of molecules where molecules bridge the gap between the STM tip 

and the conducting substrate (Figure 1.3 a), or the STM tip is brought down on top of a 

conducting substrate that has been already modified by molecules. MCBJs are formed 

by stretching a metal wire that is glued on a bendable substrate by moving the piezo 

controlled pushing rods until the wire breaks and a nanogap is formed (Figure 1.3 b). A 

molecule with two anchoring groups can then bridge the gap. Formation of EBJs are 

very similar to MCBJs but instead of using mechanical force, an electric field is applied 

to a metallic nanowire formed by electron beam lithography to cause migration of 

metallic atoms and formation of the nanogap[12]. Other methods such as 

electrochemical deposition of top contact and electroburning of graphene electrode have 

also been reported for single molecule junction formation[13].  

 

Figure  1.3: a. STM technique. Figure adapted with permission from  ref[14]. b. MJBJ 
technique. Figure adapted with permission from  ref[15]. 

Due to variations in the single molecule configuration and orientation relative to 

the contacts, electrical measurements on single molecule junctions are usually done 

many times to get an average of many possible configurations and orientations of the 

molecule[16]. Molecules with different structures or different substituents often show 

different electrical behavior[17] in single molecule junction paradigms as shown in Figure 

1.4. However these differences between different molecules become clear only after 

many measurements to account for the effect of random orientations and contact 
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geometry. The large variations in electronic behavior of single molecule junctions 

undermine their practical utility despite their promise for scientific studies. 

 

Figure  1.4 : a. Sample conductance traces measured in the presence of a substituted 
benzene diamine molecule by breaking a gold point contact. With increasing the 
displacement, the gold point contact was broken and the conductance decreased to the 
single molecule conductance. The traces are offset along the x direction. b. Histograms of 
conductance for two benzene diamine molecules with OMe (blue) and Cl (red) 
substituents. The most probable conductance shows up as a peak in the histogram. The 
conductance is higher for the blue curve with electron donating molecule which is 
thought to decrease the hole tunneling barrier. Figure adapted with permission from  
ref[18] . 

1.2.2 Ensemble molecular junctions 

 In ensemble molecular junctions or ñlarge areaò molecular junctions, a thin layer 

of molecules is sandwiched between two conductors for electrical measurements. 

Techniques for fabrication of large area molecular junctions are more diverse than single 

molecule techniques and growing[13] with the most popular test beds shown in Figure 

1.5. Large area conducting interlayer based junctions (Figure 1.2.a) are also 

common[19]. 
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Figure  1.5: Common platforms for fabrication of ensemble molecular junctions. a. 
crossbar junction formation by evaporation of top contact. Figure adapted from ref[20] . 
b. using liquid top contacts. Figure adapted with permission from  ref[21]. c. lift off float 
on method for top contact deposition. Figure adapted with permission from  ref[22] . d. 
conducting AFM. Figure adapted with permission from  ref[17]. e. crosswire junction. 
Figure adapted with permission from  ref[23] . f. nanotransfer printing. Figure adapted 
with permission from  ref[24] . 

The crossbar junction shown in Figure 1.5.a is formed by evaporation of a 

conducting contact on top of the covalently bonded molecular layer to form the molecular 

junctions at the crossing points between the bottom and top contacts. Liquid top contacts 

such as mercury or EGaIn are also widely used (shown in Figure 1.5.b)[21]. In the lift-off 

float-on method (Figure 1.5.c), a hydrophilic polymer is coated on the top contacts that 

are evaporated onto a sacrificial layer. The sacrificial layer is then dissolved or detached 

from the top contact and the polymer and leaves them on the surface of water. The 

bottom contact modified with molecules is then brought in contact with the top contact in 
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the solution to form the complete junctions after drying[22]. Electrical measurement 

using conducting AFM (Figure 1.5.d) is another common method. The crosswire junction 

of Figure 1.5.e was formed by self-assembly of molecules on one gold nanowire. The 

two nanowires then were brought to close proximity by applying a DC voltage to one of 

the nanowires in an applied magnetic field which deflects the nanowire to bring it close 

to the other nanowire[23]. In nanotransfer printing (Figure 1.5.f), a gold coated PDMS 

stamp is brought into contact with the molecular layer. The removal of the stamp from 

the substrate leaves behind the gold layer and completes the junction[24]. 

Evaporation of top contact is the most straightforward method for formation of 

molecular junctions, but most molecular layers used in molecular electronics such as LB 

layers and thiol self assembled layers cannot tolerate the high energy impacts of the 

evaporated atoms of the top contact due to weak molecule-substrate bonds (Figure 

1.6.a) which leads to formation of short circuits (Linear Current-voltage behavior with 

high conductivity) via penetration of top contact (Figure 1.6.b). The covalently bonded 

layers however donôt easily desorb and can be successfully used for formation of 

molecular junctions by vapor deposition of top contact. 

 

Figure  1.6 : a. Surface-molecule bond energy for various surface attachment schemes. 
Figure adapted with permission from  ref[1]. a. penetration of top contact due to 
desorption of the molecules or diffusion of molecules on the surface. Figure adapted with 
permission from  ref[25] . 

Short circuits can also develop due to any imperfection or pinhole (unmodified 

spot) in the molecular layer which might cause a direct contact between the two 

contacts. Penetration of top contact through pinholes would generate an obviously large 

and linear JV response, and is easily detected. Electrochemical deposition of the 

molecular layer on a conducting substrate is an efficient way for formation of layers with 

very few pinholes and controlled thickness. Electrochemical deposition of the molecules 

ensures that the most conducting spots on the substrate (pinholes) get modified before 

other areas; therefore such layers are almost pinhole free. While short circuits occur 
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occasionally (<10% of tested junctions), their rarity indicates a low density of pinholes. 

Fabrication of molecular junctions by electrochemical deposition of the molecular layer 

was first reported by McCreery and coworkers using electro reduction of diazonium salts 

on sp2 carbon surface with mercury top contact[26]. Later, electro-oxidation of aliphatic 

amines was also reported for junction fabrication[27]. Evaporated copper top contact[20] 

and evaporated carbon top contact[28] were later successfully applied on these 

covalently bonded layers to form molecular junctions. Hence these molecular junctions 

shown in Figure 1.7, combine the advantages of electrochemical deposition of the 

molecular layer and top contact evaporation. Utilizing carbon as both contacts is 

particularly useful since carbon presumably evaporates as clusters and doesnôt readily 

diffuse into the molecular layers, unlike metals that evaporate as atoms. Carbon also 

allows for application of high electric field to the junction because carbon is a covalent 

conductor and unlike metals it does not easily electromigrate. 

 

Figure  1.7: a. Schematic of two terminal molecular junction formed by electroreduction 
of aromatic diazonium salt on carbon or silicon substrate followed by e-beam 
evaporation of carbon and gold or copper top contacts. Focused ion beam/transmission 
electron microscopy cross section of b. silicon/molecules/copper junction and c. 
carbon/molecule s/carbon -gold junction. Figures a,b,c adapted with permission from  
ref[29] . d. formation of multilayers by free radicals formed from electroreduction of 
diazonium ions. Figure d adapted with permission from  ref[30] . 

The molecules in ensemble molecular junctions have a range of different 

orientations in the junctions and the electrical behavior of the ensemble is the average of 

all the molecules in the junction. This averaging reduces the need for repetitive 

measurements which increases the practical feasibility of these junctions for consumer 

applications. At the same time this averaging along with the interactions between the 

molecules and the contacts also may obscure the effects of molecular structure on 



10 
 

electronic behavior. For instance minor differences were observed between ensemble 

molecular junctions with various aromatic molecules but the aromatics as a whole were 

more conducting than aliphatics[31]. Using a different ensemble junction structure, 

almost no difference was observed between a range of self assembled monolayers with 

different molecules as end groups in ensemble molecular junctions[32]. Additionally 

ensemble molecular junctions often have less conductance per molecule compared with 

single molecule junctions. This is thought to be due to smaller effective surface area 

between the molecular layer and the top contact compared with the geometrical area of 

ensemble molecular junctions which may be less than 1% for liquid top contacts[33]. 

1.3 Charge transport mechanisms in molecular junctions 

A solid state molecular junction as described in the previous section, consists of 

a single molecule or a thin ensemble of molecules attached to at least two conducting 

leads (called contacts) as shown in Figure 1.8 for the case of a single molecule. 

 

Figure  1.8 : Schematic illustration of the basic component of the molecular junction . A 
molecule attached to two electrodes. Figure adapted with permission from  ref[4] . 

 The factors affecting the transport of charge through the molecular layer depend 

on the mechanism of charge transport, therefore by monitoring the effect of changing 

variables such as voltage and temperature on current, one can assign the charge 

transport mechanism in a molecular junction. 
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1.3.1 Tunneling 

Tunneling has been reported to be the dominant mechanism of charge transport 

for molecular layers with thickness of less than ~5 nm [5], [34]. For a rectangular 1-D 

energy barrier with height ű and width d, the time independent Schr dinger Equation is 

written as: 

ᴐ
ᶯ ὠὼ   Ὁ     (1.1) 

In which m is the mass of the electron, E is the energy of the electron and V(x) describes 

the potential barrier shown in Figure 1.9 as a rectangle. An electron with energy less 

than the height of this rectangle (ű) canôt classically overcome the barrier but 

considering the wave nature of the electron, the wave function of the electron outside of 

the barrier is written as superposition of the propagating and reflected waves:  

• Ȣ                                                      (1.2) 

In which A is a complex number and k=
Ѝ

ᴐ
. ū1 is a general solution to Schr dinger 

Equation for a free particle. Inside the barrier, the wave function decays exponentially: 

• Ȣĉ Ȣ ĉ                                                   (1.3) 

In which Ŭ and ɓ are complex numbers and Ƕ=
ᴐ

. After passing the barrier, the 

wave function is a free particle again: 

• Ȣ                                                                                                                   (1.4) 

 

Figure  1.9 : Schematic drawing of an electron tunneling through a rectangular barrier. 
Figure adapted with permission from  ref[13]. 
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The probability of an incident electron transmitting through the barrier is referred 

to as the transmission coefficient, with T=
ȿὄȿ

ȿὃȿ
. For a rectangular barrier T is given 

by[13]: 

Ὕ ρ
ĉ

ĉ
ίὭὲὬ ĉὨ                                      (1.5) 

For wide and thick potential barriers when ű>>E and ĉὨ>>1, T is simplified to: 

Ὕ
ĉ

ĉ
ȢὩ ĉ                                                (1.6) 

The transmission coefficient is proportional to tunneling current, therefore the tunneling 

current decreases exponentially with the thickness of the molecular layer. 

Coherent tunneling in molecular junction is described in Landauer formalism as[13], [35]: 

Ὅ Ὕ᷿Ὁ ὪὉ Ὢ Ὁ ὨὉ                                (1.7) 

Where e is charge of electron and L and R denote the left and right contacts. The Fermi 

function (f) is given by[13]: 

Ὢ
Ⱦ

                                         (1.8) 

In which k is Boltzmann constant and µ is the Fermi level of the contact. 

The discrete energy levels of the molecules become broadened due to interactions with 

contacts and the density of states of the broadened molecular levels in the contacts can 

be described as[13]: 

ὈὉ
ː

ː                                        (1.9) 

In which E0 is the discrete molecular orbital energy level and ɻ describes the coupling 

strength of the molecule to the contact with the dimension of energy[36]. 

The transmission coefficient in the molecular junction in Equation 1.7 is then given 

by[13]: 

ὝὉ
ːː

ː ː
                           (1.10) 

Another common approach for describing tunneling in molecular junctions is 

using Simmons model[37]. In this approach, the shape of the potential barrier (Figure 

1.10) is different from the rectangular shape due to image charge effects. The effect of 

the image charge is to reduce the width of the potential barrier to (S2-S1) shown in Figure 

1.10 by rounding off the corners due to smaller barrier height close to a metallic surface 

as shown in Figure 1.11. The barrier height for electron tunneling is usually considered 

to be the LUMO to Fermi level energy offset if the LUMO level is more accessible and 
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closer in energy to the Fermi level of the contact and the barrier for hole tunneling is 

considered to be HOMO to Fermi level energy offset when the molecular HOMO level is 

more accessible and closer in energy to the Fermi level of the contact. These barrier 

heights are smaller close to a metallic contact due to the stabilizing effect arising from 

the image charges, as shown in Figure 1.11. 

 

Figure  1.10: General shape of the tunneling barrier in Simmons model. Figure adapted 

with permission from  ref[37] . 

 

Figure  1.11: a. A positive charge inducing negative surface charges on the metallic 
contact. b. Electric field lines between the positive charge at distance z from the contact 
surface and its image charge at distance z inside the contact. c. An electron injected into 
LUMO is stabilized by the positive image charge inside the metal, thus lowering the 
LUMO level close to the contact. Likewise it is easier to take an electron out of the 
HOMO close to the contact because the resultant positive charge is stabilized by the 
negative image charge in the metal, shifting the HOMO upwards close to the contact. 
Figure adapted with permission from  ref[38] . 
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 The average barrier height in Simmons model with the inclusion of image charge 

effect, is[39]: 

• • ήὠ ρȢρυ‗ ὰὲ              (1.11) 

In which • is the average barrier height, ű0 is the unmodified barrier height without 

consideration of the image charge, q is the charge of electron, V is voltage, d is the 

thickness of the molecular layer, s2 and s1 are distances between the contact and the 

barrier at the Fermi level as shown in Figure 1.3, and ‗ , with ⱦ0 being the 

permittivity of the free space and ⱦ the relative dielectric constant of the molecular layer. 

The current density according to the Simmons model is then given by[39]: 

ὐ ὧὃ ὄ ὅ                (1.12) 

Where ὧ  and 

ὃ ὃ • ήὠ ρὩὼὴὃ • ήὠ ὃ – • ρὩὼὴὃ – •     (1.13) 

ὄ  • ὃ • ρὩὼὴὃ • ὃ • ήὠ ρὩὼὴὃ • ήὠ               (1.14) 

ὅ • • • Ὡὼὴὃ • • ήὠ • ήὠ • ήὠ

Ὡὼὴὃ • ήὠ                                                                                               (1.15) 

In these three Equations, ɖ is the Fermi level of the contact taken as a positive value 

(see Figure 1.10) and ὃ
Ў

ςά  in which Ўί is the effective layer thickness (with 

image charge correction), h is Planckôs constant and me is the effective mass of the 

charge carrier. 

 The simplified form of the tunneling current according to Simmons model is 

written as: 

ὐ ὐὩ                            (1.16) 

Which shows that the tunneling current exponentially decreases with the thickness of the 

molecular layer and ‍ ς
ᴐ

, is defined as tunneling attenuation constant which 

depends mainly on the effective mass of the charge carrier and the barrier height. A plot 

of lnJ versus the thickness of the molecular layer is called a ɓ plot and its slope yields 

the tunneling attenuation constant or ɓ value which has been reported to be around 4.3-

8.8 nm-1 for tunneling through alkane molecular layers and around 2.1-3.3 nm-1 for 
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tunneling through aromatic molecular layers and less than 1 nm-1 for some redox active 

devices (like porphyrins)[40]. 

 At high applied voltages when eV>ű, the barrier shape becomes triangular (see 

Figure 1.12) instead of the normal trapezoidal barrier shape of the Simmons model and 

the current is given by: 

ὐ ὄὉὩὼὴ                                 (1.17) 

This is the Fowler-Nordheim tunneling Equation in which E is the electric field (V/d), 

ὄ ήȾρφ“ᴐά• and ὅ τ ςά Ⱦσήᴐ•Ⱦ . 

When the charge transport in a molecular layer is dominated by Fowler-

Nordheim tunneling, a plot of ln(J/E2) versus 1/E (called FN plot) is linear. 

 

Figure  1.12: Comparison of the barrier shape of direct tunneling with Fowler -Nordheim 
tunneling for an electron. In FN tunneling, the carrier does not tunnel through the whole 
width of the layer but a portion of it.  Figure adapted with permission from  ref[41]. 

 The conductance of a molecular layer is described by: 

Ὃ ςήȾὬВὝ                              (1.18) 

In which ςήȾὬ is G0 or the quantum of conductance and Ti is the transmission 

coefficient through each parallel molecule or conductance channel[17]. The Equation for 

G0 is obtained from the Equation for current J=-qv(µ1-µ2)dn/dE in which v is the speed of 

electrons, µn the Fermi level of each contact and dn/dE is the density of states(cm-3eV-1). 

The density of states in one dimension is 2/hv with 2 in the numerator indicating two 

states (spin up and down which are degenerate). By substituting dn/dE=2/hv and µ1-µ2=-

qV in the Equation for J, we have J=2q2V/h and G(1D) is J/V or 2q2/h. The conductance is 

generally obtained from: 

Ὃὠ                            (1.19) 

Which has a roughly parabolic shape versus voltage[42]. 
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 Tunneling can also occur in several steps in a multi-step tunneling process as 

shown in Figure 1.13. The two step tunneling process shown in Figure 1.13 a follows the 

current conservation at the intermediate site, J01=J12. With the site half way through the 

barrier, the tunneling distance for each step is half of the thickness of the molecular layer 

which means the ɓ value of the two step tunneling is half of the ɓ value of direct 

tunneling[43] as shown in Figure 1.13 b. 

 

Figure  1.13: a. Multi -step tunneling process through an available molecular level. b. 
comparison of the ȁ plot of direct and two-step tunneling.  Figure adapted with 
permission from  ref[43] . 

The tunneling process is in general elastic, meaning that the charge carrier does 

not lose energy during transport from one contact through the layer to the other contact. 

The excess energy of a carrier involved in an elastic tunneling process is entirely lost in 

the contact, but the multistep tunneling process can be elastic or inelastic[44], [45]. In 

inelastic multistep tunneling, the charge carrier loses some energy 

(ᴐɤȟ×ÉÔÈ ɤ ÁÓ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÏÆ ÔÈÅ ÖÉÂÒÁÔÉÏÎÁÌ ÍÏÄÅ ÌÏÃÁÌÉÚÅÄ ÉÎ ÔÈÅ ÂÁÒÒÉÅÒ inside the 

molecular layer, before tunneling out of the layer to the other contact[45]. 

 

Figure  1.14: a. Plot of resistance versus the length of oligonaphthalenefluoreneimine  
(ONI) molecular layer for Au/molecules/Au junctions showing linearity of resistance 
with thickness for thicker layers. b. ȁ plot for oligophenyleneimine  (OPI) and ONI 
molecules, showing tunneling distance dependence for thinner layers. Figure adapted 
with permission from  ref[46] . 
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With increasing the thickness of the molecular layer beyond ~5 nm, a transition 

from tunneling charge transport to other charge transport mechanisms has been 

observed[46], [47]. An example of the transition from tunneling to hopping charge 

transport is shown in Figure 1.14 in which the exponential distance dependence of 

current for thinner layers gives way to linear dependence of inverse of current 

(resistance) on thickness for thicker layers[48]. 

1.3.2 Hopping 

Charge hopping, also called ñphonon assistedò tunneling is a process by which 

carriers move from one localized state to another by absorbing thermal energy (Figure 

1.15). The general simplified expression for activated hopping is: 

ὐ ὠὩ
Ў

                              (1.20) 

In which Ea is the activation energy (or the thermal energy) needed for the hopping 

process. According to Equation 1.20, lnJ is linear with 1/T for current in a device 

operating based on hopping. The slope of lnJ versus 1/T or Arrhenius plot can then be 

used to calculate the activation energy of the process. 

 

Figure  1.15: The schematic illustration of hopping process through a molecular wire. 
Figure adapted with permission from  ref[49] . 

A charge carrier can hop from one site to another if the original site is occupied 

by a carrier but the destination site is empty and can accept the charge carrier. The 

hopping process is then described by a probability evolution master Equation[50]: 

Ὢὸ В ὡ Ὢὸρ Ὢὸ В ὡ Ὢὸρ Ὢὸ ‗Ὢὸ     (1.21) 

In which fi(t) is occupational probability of site (i) with energy Ei and location Ri at time t. 

[1-fj(t)] is the probability that the site J is empty at time t. Wij is the transition rate (or 

simply hopping rate) from site (i) to site (j) and ɚi is the decay rate of excitation at site (i). 



18 
 

There are two main expressions for Wij transition rates[50]. One is given by Anderson 

and is knows as Miller-Abrahams expression[51], [52]: 

ὡ ‡ÅØÐ ς‎Ὑ
ÅØÐ             Ὁ Ὁ

ρ                                    Ὁ Ὁ
                       (1.22) 

‡ is the jump-attempt frequency, ɔ is the overlap factor or inverse localization radius and 

Rij is the distance between site (i) and (j). The first exponential is similar to Equation 1.16 

and describes the exponential decay in overlap between the two sites with distance. The 

second exponential has the Arrhenius type temperature dependence for hopping upward 

in energy and is equal to 1 for jumping down in energy. Another expression for Wij 

involves the coupling between molecular physical configuration and its electronic 

energy[53] and is given by Marcus[54]: 

ὡ
̯

Ⱦ

Ὡὼὴ        (1.23) 

In which t (sometimes denoted as J or H, Figure 1.16) is electronic coupling between 

sites (i) and (j) and ɚreorg is the reorganization energy (see Figure 1.16) which is the 

energy for site (i) to take the configuration of the empty site (j). 

 

Figure  1.16: The Energy versus reaction coordinate for phonon assisted electron 
transfer between Ru++ and Ru+++  (Rua(II) means atom a being 2+ positive and Rua(III) 
means atom a being 3+ positive). Harmonic electron-phonon coupling leads to two 
Franck-Condon parabolic energy surfaces. The electronic coupling J (or t or H) 
determines the splitting at the intersection. The reorganization energy Ȉ is the energy of 
vertical transition from the minimum to the other parabola.  The activation energy for the 
electron transfer is also shown. Figure adapted with permission from  ref[55] . 

Considering the Equation for the left hand side parabola in Figure 1.16 as y=x2 

with the minimum located on the origin, the minimum of the right side parabola is shifted 

to y+b and x+a, so the Equation for the right parabola is (y+b) = (x+a)2 which gives y+b = 
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x2 + a2 + 2ax. At the point where two parabolas intersect, the y values are equal, 

therefore x2 + b = x2 + a2 + 2ax which gives 0 = a2 +2ax - b or x=(a2-b/2a) and from y=x2 

we have y=(a2-b)2/4a2. The y value of the intersection between the two parabolas is the 

activation energy in Equation 1.23 and shown in Figure 1.16. b which is the 

displacement between two parabolas in the y direction is (Ej ï Ei) in Equation 1.23 and a 

was the displacement between the two parabolas in the x direction so from y=x2, a2 is 

the reorganization energy or ɚ in Equation 1.23 and shown in Figure 1.16. 

 The electronic coupling or t between the two sites in Equation 1.23 can be 

estimated from the splitting of the two HOMOs of the two sites or the two LUMOs of the 

sites. When two sites interact, the previous HOMOs of the individual sites split and form 

a common HOMO and HOMO-1 for both sites together and the same goes for LUMOs. 

Electronic coupling is estimated by[54] as shown in Figure 1.17: 

ὸ      or  ὸ          (1.24) 

 

Figure  1.17: Splitting of energy levels due to electronics coupling between two 
molecules. The energy gap between HOMO and HOMO-1 or LUMO and LUMO+1 is 
approximately equal to 2t.  

The variable range hopping (VRH) theory first introduced by Mott[56] is based on 

the idea that the hops donôt have to be to closest neighbor sites if the activation energy 

for hops to the closest sites is large. Instead the hops might happen to sites farther away 

but closer in energy level to the original site with smaller activation energy. Hopping from 

a site is possible to the sites inside a sphere around the site, with the radius of the 

sphere changing with temperature. The charge transport through the organic layer then 

happens by charge carriers percolating through a net of these spheres that marginally 

touch. The rate of charge hopping through the layer is then limited by the smallest 

hopping rate in this percolation path. This is the basis of percolation theory of hopping 
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describing hopping through the most optimal path or the path of least resistance formed 

by touching hopping spheres[57]. In percolation theory the hopping spheres are replaced 

by resistors in a network of resistors with the current between the two sites written 

as[50]: 

Ὅ ήὡ Ὢρ Ὢ ὡ Ὢρ Ὢ                                (1.25) 

 To be able to distinguish the hopping process from other charge transport 

mechanisms, some form of temperature dependence study is needed as all hopping 

processes are thermally activated. If a hopping process was not activated, it turns to an 

elastic or inelastic tunneling process. 

1.3.3 Poole-Frenkel emission from traps 

The Poole- Frenkel effect, first described by Frenkel[58] in 1938 is the process of 

field enhanced thermal charge dissociation as shown in Figure 1.18. 

 

Figure  1.18: Description of the  Poole-Frenkel barrier lowering for an electron escaping 
from a positively charged trap due to applied electric field. The barrier lowering  (with the 
dimension of potential energy, qű, eV) is calculated at the rmax point where the electric 
force (and potential energy) from the positively charged trap and the external electric 
field  (E) are equal. The barrier lowering is then substituted in  the Pooleôs law to give the 
Poole-Frenkel formula for thermal excitation out of coulomb traps with the Fermi  level 
half way between the trap level and the conduction band. The conductivity (ů) is 
converted to current by multiplying by electric field (E).  
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The Poole-Frenkel (PF) process describes the thermal escape of a charge from a 

coulomb trap under an applied electric field, when the coulomb potential wall on one side 

of the trap is pushed down due to the external applied field (Figure 1.18). The PF effect 

happens for an electron dissociating from a neutral site which leaves behind a positive 

site. The electron is then escaping from the coulomb potential of the positively charged 

site it left behind. PF effect can also happen for a hole dissociating from a neutral site 

and leaving a negatively charged site behind[59]. 

 Starting from Newtonôs second law and electric force, ma=qE and acceleration 

a=v/t, we obtain v=qEt/m, in which v is the speed of the carrier, E is the electric field and 

m is mass of the carrier. We can define µ=qt/m that gives v=Eµ. The drift current (Q/t) is 

then defined as the concentration of carriers multiplied by their speed: 

J=qnv or J=qnµ                       (1.26) 

In which µ is called mobility. Mobility usually changes with the applied electric field in real 

devices and the general PF formula is given by[60]: 

ὐ ήὲ‘ὉὩὼὴ
Ѝ

                           (1.27)  

In which µ0 is mobility at zero electric field, E is electric field, ɓ=(q3/ⱦ́0ⱦr)
1/2 determines 

the barrier lowering (ɓE1/2 shown in Figure 1.18) and qű is the ionization energy of the 

trap (shown in Figure 1.18). 

 From Equation 1.27, it is seen that PF charge transport mechanism has an 

Arrhenius temperature dependence with Ea = qű - ɓE1/2. Additionally, ln(J/E) is also 

linear with square root of the electric field for PF charge transport according to Equation 

1.27. A PF like charge transport mechanism was observed[47] for 

carbon/bisthienylbenzene/carbon molecular junctions with the thicknesses of less than 

16 nm which did not have a linear Arrhenius plot and was only weakly activated. The PF-

like effect was attributed to field ionization of the molecular HOMOs in which the 

molecular HOMOs act as traps in the field driven PF process and are rapidly filled by 

tunneling from the contact. 

 If the number of traps increases such that the barrier lowering of different traps 

overlap, the PF conductions turns into Poole conduction in which ln(J/E) is linear with E 

instead of square root of E[61].  
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1.3.4 Schottky emission 

The Schottky, or thermionic emission is the thermal injection of charge carriers 

from the contact into the organic layer due to injection barrier lowering under the applied 

electric field as shown in Figure 1.19. The thermionic emission process is an interface 

limited process (the interface between the contact and the organic layer) similar to 

tunneling process while PF and hopping processes are bulk limited. The thermionic 

emission process is also a charge dissociation process in which the carrier is escaping 

from the coulomb potential of its own image charge in the contact. The image charge is 

not fixed and has the same distance from the interface as the charge carrier, unlike the 

position of the trap in PF effect which is fixed, therefore the distance between the carrier 

and its image charge in Schottky effect is twice that in PF effect (rmax(Schottky)=2rmax(PF) in 

Figure 1.18). The end result is that the Schottky barrier lowering is half of PF barrier 

lowering. 

 

Figure  1.19: Schottky emission of an electron out of the Fermi level of the contact into 
the conduction band of the organic layer. Figure adapted with permission from  ref[62] . 

 The Schottky emission formula is[63]: 

ὐ ὃᶻὝὩὼὴ
Ⱦ

                               (1.28) 

In which A* is Richardsonôs constant, E is electric field and űs is the thermionic emission 

barrier at the interface. From Equation 1.28, the Schottky charge transport is 

recognizable from linearity of lnJ with square root of the electric field and the linearity of 

ln(J/T2) with 1/T. 

Schottky charge transport has been observed in both thick organic layers[64] and 

thin molecular junctions[65]. 
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1.3.5 Space charge limited conduction 

 The accumulation of charges inside an insulator or semiconductor is generally 

modeled by a combination of continuity Equation ( Ȣɳὐ ) and Poisson Equation 

ȢɳὉ  with ”= charge density, t= time, E= electric field and ⱦ is the dielectric constant 

of the medium. The injection of charges into an insulator gives rise to space charge 

limited (SCLC) current when the density of injected charges exceeds the density of free 

thermal charges already present in the device. Since in organic semiconductors the 

electrons are bound in HOMO and do not easily create thermal free charges (like by 

jumping to conduction band in crystalline inorganic semiconductors), the density of free 

charges in organic semiconductors is low and SCLC current is observed routinely. The 

SCLC current Isclc=Q/tt can be obtained from Q=CV with C=…Ⱦτ“Ὠ and Q=Isclctt and 

tt=ὨȾ‘ὠ with d/tt=µE and E=V/d. In this derivation tt is the transit time for the charge 

carrier in the device, C is the capacitance, … is the dielectric constant of the organic 

material, d is the thickness of the organic material, µ is the mobility of the charge carriers 

and E is the applied electric field. Isclc is then given from above by[66]: 

Ὅ …ͯ‘                  (1.29) 

This is the modified Childôs law given by Mott and Gurney for SCLC current in a solid 

state device. Equation 1.29 or Mott-Gurney law describes the current in a device in 

which carriers are easily injected into the bulk of the device and are compensated for by 

opposite charges at the other electrode[67]. The injection of charges is then limited by 

the capacitance of the layer and its dielectric constant to shield the charges from each 

other. 

 The mobility of the carriers is considered to be independent of the electric field in 

1.29 for a trap free layer. For a layer with traps and considering a Poole-Frenkel electric 

field dependence for the mobility, the SCLC current is approximated by[68]: 

 ὐ ‐‐‘ ὩὼὴπȢψωρ‎ЍὉ           (1.30) 

In which µ0 is the zero field mobility, E is electric field and ‎ is called the field 

enhancement factor[69]. The quadratic voltage dependence of Equation 1.29 for trap 

free case is replaced by more complex voltage dependence of Equation 1.30. In general 

the SCLC current in the presence of traps has the form: 

Isclc=Vm                     (1.31) 
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With m as the slope of lnJ vs. lnV equal to 2 for trap free or trap filled regions of the J-V 

curve and m>2 for trap filling region of the J-V curve as shown in log-log plot of Figure 

1.20. At low voltages in region A of Figure 1.20, the number of injected carriers has not 

yet exceeded the thermal free carrier and the current is ohmic J=qnµV/d with m=1 in 

Equation 1.31. With increasing the voltage the current first becomes quadratic in voltage 

in region T1 according to Equation 1.29 and then traps are activated at higher voltages 

to give rise to region B with m>2 in Equation 1.31. Finally at even higher voltages, all the 

traps are filled (more accurately all the traps are charged or in Figure 1.18 are empty or 

positively charged) and the SCLC current again has quadratic voltage dependence 

(Equation 1.29) in region C. For only one set of shallow traps with only one energy level, 

the region beyond T1 does not exist and the dependence of current on voltage at higher 

voltages remain quadratic. A shallow trap can be defined as a trap in which the 

residence time of the carrier is less than the transit time tt. For only one set of deep traps 

with only one energy level, region B is almost vertical and quickly turns to quadratic 

dependence of the trap filled region. It is only for a distribution of traps that the region B 

is extended[66]. 

 

Figure  1.20 : Log-log plot of J versus V for typical organic material. Region A is the 
ohmic region. Region T1 is the transition region to trap filling region. Region B is the trap 
filling region with the slope of lnJ versus lnV bigger than 2. V TFL is the trap filled limit 
voltage or the voltage that is required to charge all the traps. Region T2 is transition to 
trap filled limit and region C is the trap filled region.  Figure adapted with permission 
from  ref[70] . 

In region B of Figure 1.20, the SCLC current is described by[70]: 

ὐ ή ‘ὔ             (1.32) 
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In which ὔ  is the effective density of states and Hb is the density of traps. ὰ=Tc/T with T, 

temperature and Tc as the characteristic temperature of the trap distribution[71]. For a 

trap distribution wider in energy, Tc is larger and the slope of lnJ versus lnV (ὰ+1 in 

Equation 1.32) is also larger. 

1.4 Energy level shift at contact-molecule interface 

 The image charge effect (refer to Figure 1.11) is not the only force affecting the 

molecular energy levels close to the contact surface. As shown in Figure 1.21.a, the 

energy levels also become broadened. The electrons in the energy levels of the 

molecule have finite life time in the molecular state before transport into the contact. This 

finite lifetime results in uncertainty in energy and broadened energy levels. The 

electrostatic interactions between molecular dipoles and image charges in the contact 

(1.22.c) can broaden the energy levels further. Reaction of the molecule with the contact 

can also create hybrid molecule-contact states which broadens the isolated moleculeôs 

energy levels[72].  

 

Figure  1.21: a. The isolated energy levels become broadened and the HOMO-LUMO 
gap decreases close to the contact. b. Interface dipole (ID) pushes the energy levels of 
molecule around relative to Fermi level of the contact. c. charge transfer between the 
broadened molecular states and contact. Figure adapted with permission from  ref[73] . 

 The development of interface dipole upon contact with the molecule can shift the 

moleculeôs energy levels (Figure 1.21.b) up or down depending on the direction of the 

dipole. If some of moleculeôs energy levels become equal in energy to the Fermi level of 

the contact, charge transfer between the contact and molecule can occur (Figure 

1.21.c)[73]. The broadening of the energy levels is more pronounced when there is a 

reaction between the contact and the material. For example evaporation of a metal on a 

clean inorganic semiconductor in vacuum results in reaction between the dangling bonds 

of the semiconductorôs surface and the metal and creation of hybrid metal-
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semiconductor states called gap states with energy levels inside the band gap of the 

semiconductor. Molecules normally have closed shells with no dangling bonds and do 

not easily react with the contact unless a bond is formed between the molecule and the 

contact. The bond formation process results in the formation of hybrid molecule-contact 

or gap states and broadening[74]. Regardless of whether a bond is formed between the 

molecule and the contact or not, upon close contact between the molecules and the 

contact, an interface dipole forms. The first component of interface dipole is the pillow 

effect which is the push back of the tail of electrons extending out from the surface of 

contact, due to repulsion from electrons in the molecules. This effect decreases the 

apparent work function of the contact metal. The permanent dipole of the molecule may 

also cause charge rearrangement within the contact and give rise to an interface dipole. 

If the molecule reacts with the contact, then electron withdrawing or donating nature of 

the molecule also contribute to the interface dipole. 

 Two extreme cases can be considered for the situation when molecule is brought 

in contact with a metal[75]. In one case, the energy levels of the molecules do not 

broaden or shift relative to contact as shown in Figure 1.22.a. In another case, gap 

states originated from reaction between molecules and contact, or broadened molecular 

states (called interface states) from electrostatic interactions between dipoles and the 

surface (Figure 1.22.c) fill the HOMO-LUMO gap and charge redistribution across the 

interface creates an interface dipole[76]. For partial or integer charge transfer from 

molecules to the contact (when an electron donating molecule is grafted to the surface), 

the energy required to take an electron out from the contact to vacuum level (where it is 

free) decreases, this is shown in 1.22.b by a downward step in vacuum level at the 

interface. Ў or vacuum level shift denotes the magnitude of the  interface dipole. The gap 

states can be sufficiently numerous to bring the Fermi level of any contact to the same 

position relative to HOMO and LUMO level of the molecule at the interface[77]. 
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Figure  1.22 : a. Metal-molecule interface with no surface dipole. b. Fermi level pinning 
at metal-molecule interface. Gap states shown as gray vertical column. ECNL or charge 
neutrality level is an energy level in the gap states at which the molecular layer is neutral. 
Here the Fermi level of contact is under ECNL showing that some charge transfer from  
molecular layer to contact has occurred. Figures a,b adapted with permission from  
ref[77]. c. electrostatic interactions between molecular dipoles and their image dipoles in 
the contact can broaden the molecular energy levels. Figure adapted with permission 
from  ref[72] . 

This process of Fermi level pinning by charge transfer between gap states and 

the contact can frustrate attempts to control the hole or electron barriers by changing the 

molecule or the contact metal. It was observed that for eight aromatic molecules grafted 

covalently to the surface, the Fermi level of the contact was pinned at 1.2 eV above the 

HOMO levels of the molecules[31], making all hole tunneling barriers, ɓ values and J-V 

curves statistically indistinguishable among the eight molecular layers. 

 

Figure  1.23 : Coupling strengths in molecular junctions. a. weak coupling. b. 
intermediate coupling. c. strong coupling. Figure adapted with permission from  ref[13]. 
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The degree of interaction between the molecule and the contact in molecular 

junctions is described as coupling strength. Weak coupling (Figure 1.23.a) means very 

little interaction between the molecules and the contact. Strong coupling (Figure 1.23.c) 

on the other hand stands for strong interactions between molecule and contact that 

broadens the energy levels of the molecule so much that some energy levels may even 

come to resonance with the Fermi level of the contact. Such molecular junctions with 

strong coupling are therefore more conducting with smaller apparent tunneling 

barriers[13]. 

 

 In general, the combination of energy levels of the molecule, Fermi level of the 

contact, molecule-contact interactions and molecule-environment interactions dictate the 

electronic behavior of the molecular junctions and its possible dynamic properties. By 

keeping the contacts and the bonding method to the surface unchanged, one can ask 

the question: How does the molecular structure affect the electronic behavior of the 

molecular junction? 

The remaining Chapters consider examples of structural variation and its effect 

on current-voltage response of molecular junctions. 
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Chapter 2 

 

Charge Transport Mechanism in ñClickò 

bilayers 
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2.1 Introduction 

Achieving and controlling a desired electronic function from a molecular junction 

by manipulating the structure and composition of the junction is one major motivation of 

the field of molecular electronics. The prerequisite for control over the properties of the 

molecular junction is the knowledge of the effect of different structural and compositional 

variations on the electronic properties of the device. 

This Chapter describes an investigation of the rules governing charge transport 

in thin (<5nm) bilayer molecular junctions by introducing compositional asymmetry into 

the interior of the junction via click chemistry while keeping other aspects of junction 

structure constant. The compositional asymmetry is created as a result of the formation 

of a molecular bilayer which means the molecular layer is no longer composed of only 

one type of molecular subunit and is compositionally asymmetric. The first layer of the 

bilayer or primer layer was formed by the reduction of aromatic diazonium salts. The 

bilayer was then formed by the azide-alkyne click reaction which tolerates a wider range 

of molecular functional groups than diazonium chemistry, including alkanes, aromatics 

and redox active groups. Electronic measurements were then performed to determine 

charge transport properties of compositionally asymmetric thin junctions. 

2.1.1 Transport through asymmetric two-step tunneling barriers 

Tunneling through thin asymmetric inorganic barriers have been widely studied 

and demonstrated a range of attractive properties such as negative differential 

resistance (NDR)[78] and resonance tunneling[79]ï[81] in resonant tunnel diodes based 

on inorganic bilayers. 

Inorganic thin bilayers such as CoFe2O4/MgAl2O4[82] exhibit a slightly 

asymmetric current voltage behavior due to dependence of the highest barrier height on 

the applied bias as shown in Figure 2.1. The tunneling current is exponentially 

dependent on the square root of the barrier height, therefore the tunneling probability is 

largely determined by the highest barrier height rather than the average barrier height in 

bilayers with similar layer thicknesses[82]. The small asymmetry observed in inorganic 

bilayers due to bias dependent tunneling barriers and observation of NDR and resonant 

tunneling are strong motivators for investigation of the same tunneling barrier shapes in 

molecular electronics junctions. 
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The large variations in electronic conductivity and dielectric constant between 

different families of organic molecules such as alkanes and aromatics add to the 

complexity of the situation for organic bilayer barriers. 

 

Figure  2.1: Schematic diagram of why tunneling current in asymmetric tunneling 
barriers is asymmetric in bias. The highest tunneling barrier in positive bias is higher 
than the negative bias, Therefore the current is larger at negative bias. Figure adapted 
with permis sion from  ref[82] . 

 Theoretical studies[83] suggested the possibility of constructing a rectifier from 

metal/molecule/ metal junctions using molecules with asymmetric tunneling barrier as 

shown in Figure 2.2. A rectifier is a device in which current is asymmetric in bias voltage. 

The suggested rectifier in Figure 2.2 is based on asymmetric voltage drop or in other 

words asymmetric coupling of the conductor (phenyl group) to the contacts. In Figure 

2.2, the phenyl group is more strongly coupled to the left conductor and follows the 

Fermi level of the left contact while the right contact is decoupled from the phenyl group 

due to the presence of the long alkyl chain. The Fermi level of the right contact therefore 

can be easily moved relative to the molecular levels of the phenyl group which results in 

rectification. The experimental evidence for this rectification mechanism was observed in 

Si/alkylphenyl (or alkyl thiophen)/Al junctions with only one difference. Rectification was 

observed when the HOMO level of the phenyl or thiophene was brought into resonance 

with the contact instead of LUMO[84]. Later on it was theoretically suggested that using 

organometallics and specifically metallocenes can improve the rectification in alkyl-

aromatic bilayers[85]. This is due to closeness of the HOMO level of metallocences to 
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the Fermi level of the contact which should decrease the onset of rectification and result 

in more asymmetry in current-voltage characteristics. 

 

Figure  2.2: Schematic structure of asymmetric tunneling barrier expected to lead to 
rectification. Most of the voltage is expected to drop on the right hand side of the 
junction which makes bringing the right contact to resonance with the phenyl conductor 
easier. Thus the junction should show a higher current when the right contact is 
negatively biased to resonance with the LUMO level of the phenyl group or higher. 
Figure adapted with permission from  ref[83] . 

 The experimental realization of alkyl-metallocene rectifier was accomplished in a 

molecular junction with the structure Ag/alkylferrocene/Ga2O3-EGaIn (or template 

stripped Au top contact instead of eutectic gallium-indium liquid alloy)[86] with one 

difference. The experimentally observed rectification was temperature dependent[87] 

and almost completely vanished at 100 K which rules out tunneling as sole transport 

mechanism in alkylferrocene layers. The proposed temperature dependent mechanism 

for these bilayers is shown in Figure 2.3. Using other types of molecules such as 

quinones[88] or bipyridine[89] with available LUMO instead of HOMO, the opposite 

direction was observed for rectification in Ag/alkyl (quinine or bipyridine)/Ga2O3-EGaIn 

molecular junctions in which the LUMO of quinone or bipyridine falls between the Fermi 

levels of the contacts. The observation of opposite rectification using appropriate 

molecules suggested that the rectification arises mainly from the molecular layer and not 

the metal-oxide contact. Because the rectification depends on asymmetric voltage drop, 

the location of the molecule with accessible HOMO or LUMO (such as ferrocene) in the 

junction is also expected to be very important and experimental observation[90] 

confirmed that the rectifying behavior disappears when ferrocene (Fc) is located exactly 

in the middle of the alkyl chains which eliminates the asymmetric voltage drop. The 
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direction of rectification was also reversed depending on whether Fc group was closer to 

EGaIn top contact or template stripped Ag bottom contact[90]. 

 

Figure  2.3: a. An image of Ag/alkylFc/Ga2O3/EGaIn molecular junction showing the 
cone shaped Ga2O3/EGaIn top contact suspended from a micro -needle on top of the 
alkylFc SAM on silver. The Ag surface is acting like a mirror. The layers with odd number 
of carbon atoms are more closely packed with more van der Waals interactions between 
the alkanes and therefore less disorder which led to more asymmetry and rectification. b. 
The mechanism of charge transport. In forward bias, the HOMO of Fc falls in between 
the Fermi levels of the contacts and charge transport happens by tunneling from the 
HOMO of Fc to Ag followed by temperature dependent hopping from EGaIn to HOMO of 
Fc. In the reverse bias, the HOMO of Fc is not accessible for charge transport and the 
whole width of the bilayer acts as tunneling barrier which results in small current. Figure 
adapted with permission from  ref[91]. 

Although the interaction of the Fc group with top contact (the contact closer to it) 

might affect the rectification magnitude, the occurrence of rectification itself seems to be 

mainly due to asymmetric voltage drop due to small dielectric constant of the alkanes, 

because rectification in alkyl-Fc bilayers have been observed using various top contacts 

with different degrees of coupling to Fc group such as polymeric (PEDOT:PSS) top 

contact[92] or even STM tip with a vacuum gap as top contact[93]. 
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Figure  2.4 : a. Schematic illustration of proposed redox induced conformational 
changes in alkylferrocene bilayers. a. forward bias leads to more standing up 
configuration and b. accompanied increase in the alkyl barrier height. c. reverse bias 
leads to more disordered Fc layer and d. corresponding increase in the barrier height of 
the Fc layer.  Figure adapted with permission from  ref[94] . 

 Another suggestion for temperature dependence of rectification in alkyl-Fc 

devices is presented in Figure 2.4. In this mechanism at forward bias, the Au bottom 

contact is positively biased which repels Fc+ and results in a more standing-up 

configuration for the alkyl chain which also decreases the repulsion between Fc+ groups. 

This movement of the alkyl chain probably requires a movable soft top contact such as 

polymeric top contact or liquid top contacts. Higher temperature helps to overcome the 

alkyl barrier and current increases. At reverse bias the Au is negatively biased and the 

top contact is positive, The Fc+ groups in this situation repel both the top contact and 

each other and become disordered although when using a liquid top contact, the layer 

can repel the top contact and create smaller surface area between Fc groups and top 

contact which might result in even smaller reverse currents. In this case higher 

temperatures just increase the disorder and decrease the reverse bias current[94]. 

2.1.2 Click chemistry 

Click reactions are defined by Sharpless and co-workers[95] as reactions that 

require simple workup, mild reaction conditions (ideally insensitive to oxygen and water) 

and simple product purification procedure (no chromatography needed) but still can 
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rapidly generate molecular diversity with high yield and high selectivity by using reactive 

modular building blocks with few or no byproducts. The Sharpless-type click 

reactions[96] are shown in Figure 2.5. These reactions used activated alkynes (electron 

deficient such as acyl-alkynes) to produce 1,2,3-triazoles (Figure 2.5a), tetrazoles 

(Figure 2.5b), 1,2-oxazoles (Figure 2.5c) or [4+2] cycloaddition products (Figure 2.5d). 

 

Figure  2.5: Sharpless-type click reactions. a. reaction between alkyne and azide. b. 
reaction between C-N triple bond with azide. c. reaction between C-NO triple bond and 
C-C triple bond and d. classical Diels-Alder reaction. Figure adapted with permission 
from ref [96] . 

In general, the metal-free click reactions as shown in Figure 2.6 include: strain 

promoted azide-alkyne [3+2] cycloaddition, thiol-alkene and thiol-alkyne radical addition 

reaction, oxime ligation, thiol-Michael addition reaction and Diels-Alder and retro Diels-

Alder reactions[97]. 

The most famous click reaction is the 1,3-dipolar  cycloaddition reaction between 

azides and terminal alkynes[98]ï[101], which involves a reaction between a 1,3 dipole 

and dipolarophile. This reaction is known as the cream of the crop of click chemistry, 

also known as joint combinatorial chemistry. Both azides and alkynes are inert towards 

oxygen, water and most common reaction conditions in organic chemistry. Also the 

reaction proceeds in a wide range of solvents, pHs and temperatures and tolerates a 

variety of functional groups including unprotected alcohols, amines, carboxylic acids and 

steric factors[102], [103]. 
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The basic 1,3-cycloaddition reaction (Figure 2.5a) between azides and alkynes to 

form 1,2,3-triazoles was first reported by Michael in 1893 and was studied in detail in 

1960s by Rolf Huisgen[104]. 

 

Figure  2.6 : Most important metal -free click reactions resulting in functional groups in 
products shown in blue. Figure adapted with permission from ref [97] . 

The disadvantages of thermal 1,3-dipolar Huisgen cycloaddition reaction includes 

requiring high temperatures and long reaction times (due to stability of azides and 

alkynes) and complete lack of regioselectivity which leads to formation of a mixture of 

1,4-disubstituted and 1,5-disubstituted regioisomers as shown in Figure 2.7. 

 

Figure  2.7: Huisgen thermal 1,3-dipolar cycloaddition reaction between azides and 
alkynes[105]. 

In 2002, Meldal and coworkers reported that 1,3-dipolar cycloaddition becomes 

regiospecific in the presence of Cu(I) salts as catalysts and produces only the 1,4-

regioisomer at room temperature in solvents such as DMF, THF, DCM, toluene and 

ACN[106]. Shortly afterwards, Sharpless and coworkers independently reported the 
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same reaction in protic polar solvents such as t-butyl alcohol, ethanol and water[95]. 

This Cu(I) catalyzed azide-alkyne coupling reaction is 107 times faster than the thermal 

Huisgen 1,3-dipolar cycloaddition and is an ideal click reaction as it produces 1,2,3-

triazoles with minimal workup and purification[105]. The 1,4-disubstituted 1,2,3-triazole 

products are stable and have a strong dipole moment of ~5 D, hydrogen bond accepting 

capacity[107] and aromatic character which favors hole transfer over electron 

transfer[108]. The 1,3-dipolar cycloaddition process is mostly catalyzed by Cu(I) salts but 

Ru, Ni, Pd and Pt salts also have been used[96]. For instance it was reported that 

Cp*RuCl(PPh3)2 catalyzed the Huisgen 1,3-dipolar cycloaddition reaction to produce 1,5-

regioisomer triazoles with regioselectivity that was reverse to what is observed for Cu(I) 

catalyzed reactions[105]. 

The mechanism of Cu(I) catalyzed azide-alkyne reaction is depicted in Figure 

2.8. 

 

Figure  2.8 : Cu(I) catalyzed azide-alkyne cycloaddition r eaction mechanism. Figure 
adapted with permission from ref [107]. 

 Although kinetic studies indicated that the rate of reaction was second order in 

copper concentration, the details of the mechanism are not yet known[102]. The reaction 

is done either using Cu(I) salts (such as CuBr or [Cu(CH3CN)4]PF6) or Cu(II) salts such 

as CuSO4.5H2O with the addition of a reducing agent like sodium ascorbate to reduce 

Cu(II) to Cu(I)[107]. The reaction is usually performed in a mixture of water and organic 

solvent for faster reaction time and preclusion of the need for an added base[102]. 
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 The azide-alkyne click reaction has been extensively used for modification of 

solid surfaces[109]ï[112] and even in molecular electronics for fabrication of a 

compositionally symmetric molecular junction[113]. 

2.2 Experimental section 

Acetonitrile (ACN), acetone, isopropanol (IPA), triethylamine (TEA), HBF4 and CuSO4 x 

5H2O were used as received from Fischer Scientific. NaNO2 was bought from ACP 

chemicals inc. Tetrahydrofuran (THF) was acquired from Caledon. Ascorbic acid, 

benzene, and ammonium hydroxide were received from EMD. Anhydrous ethanol was 

purchased from Green Field Ethanol Inc. All other chemicals were purchased from 

Sigma-Aldrich and used without further purification. 

2.2.1 Material synthesis 

Azidomethylferrocene (MeFc)[114], azidohexylferrocene (HxFc)[115], 1-

azidooctane (C8 azide)[116], 1- azidododecane (C12 azide)[116], 1-azidohexadecane 

(C16 azide)[116], 4-Ethynylbenzene (EB) diazonium salt[117], and 4-

((trimethylsilyl)ethynyl)benznene (TMS) diazonium salt[118] were prepared and purified 

according to published procedures, and 4-((triisopropylsilyl)ethynyl)aniline (TIPS) was 

received from our collaborators Dr. Yann R. Leroux and Dr. Philippe Hapiot. 

The general procedure for synthesis of diazonium salts:  0.01 mole of the 

aromatic amine starting material was dissolved in ~20 mL of 48% HBF4. The mixture 

was cooled to 0oC. Then a solution of 2.07 g NaNO2 in 12 mL cold water was slowly 

added to the reaction mixture such that the temperature never exceeded 4oC. The 

reaction mixture was stirred for 30 min at 0oC. The precipitate was vacuum filtered and 

dissolved in minimum amount of cold ACN. The impurities were separated out by gravity 

filtration and the pure diazonium salt was recovered by slowly adding cold anhydrous 

ether to the ACN solution to crystallize the diazonium salt. Finally the diazonium salt 

crystals were vacuum filtered. 

The genera l procedure for synthesis of azides [116]: The mixture of the 

corresponding bromine terminated precursor and sodium azide in dimethylformamide 

(DMF) was stirred at room temperature for 12 h. After all starting material was converted 

in to azide (confirmed by GC-MS) the reaction mixture was extracted with 

dichloromethane (DCM), washed with water and dried over MgSO4. Purification was 
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done by silica gel column chromatography with DCM. The desired products were 

obtained in almost quantitative yields.  

Azidomethylferrocene [114]: 0.6 g of (hydroxymethyl)ferrocene was reacted 

with 0.4 g of sodium azide in 10 mL glacial acetic acid under argon atmosphere at 50 oC 

for 3 hours. The crude reaction mixture was diluted with 50 mL of DCM and the organic 

phase was washed with saturated NaHCO3 and water. The organic phase was then 

dried over MgSO4, filtered and dried in vacuo to give the crude azide as an orange oil. 

The final product was separated as yellow/orange solid in 80% yield by silica gel column 

chromatography using ethylacetate/hexane (1:2) as solvent, 1H NMR (600 MHz, CDCl3) 

ŭ 4.24 (t, 2H, J=1.8 Hz), 4.20 (t, 2H, J=1.8 Hz), 4.17 (s, 5H), 4.12 (s, 2H).  

1-Azidohexylferrocene [115]: 1.25 g of 6-bromohexylferrocene was dissolved in 

30 mL dry DMF. 0.26 g of sodium azide was added to the solution and reaction mixture 

was stirred at room temperature for 12 h. Reaction was quenched with 100 mL of H2O 

and the product was extracted with ethyl acetate. The ethyl acetate layer was washed 

with brine and dried over anhydrous MgSO4. The resulting solution was filtered and 

concentrated with rotary evaporator. Finally the product was obtained as reddish brown 

liquid in 98% yield. 1H NMR (600 MHz, CDCl3) ŭ 4.09 (s, 5H), 4.04 (m, 4H), 3.26 (t, 2H, 

J=6 Hz), 2.33 (t, 2H, J=6 Hz), 1.60 (t, 2H, J=6 Hz), 1.51 (t, 2H, J=6Hz), 1.32-1.42 (m, 

4H).  

1-Azidooctane:  Prepared according literature procedure[116] from 1-

bromooctane in quantitative yield, 1H NMR (300 MHz, CDCl3) ŭ 3.25 (t, 2H, J=6.9 Hz), 

1.56-1.62 (m, 2H), 1.20-1.50 (m, 10H), 0.89 (t, 3H, J=6.9 Hz).  

1-Azidododecane:  Prepared according to literature procedure[116] from 1-

bromododecane in quantitative yield. 1H NMR (600 MHz, CDCl3) ŭ 3.25 (t, 2H, J=7.2 

Hz), 1.55-1.68 (m, 2H), 1.20- 1.42 (m, 20H), 0.88 (t, 3H, J=7.2 Hz).  

1-Azidohexadecane: Prepared according to literature procedure[116] from 1-

bromohexadecane in quantitative yield. 1H NMR (600 MHz, CDCl3) ŭ 3.25 (t, 2H, J=7.2 

Hz), 1.55-1.68 (m, 2H), 1.20-1.42 (m, 26H), 0.88 (t, 3H, J=7.2 Hz).  

The structures of all azides used in this Chapter are shown in Figure 2.9. 
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Figure  2.9 : Structure of all azides used in this work. 

2.2.2 Fabrication of crossbar junctions. 

The general procedure for fabrication of PPF/Molecules/eC/Au crossbar junctions 

is schematically illustrated in Figure 2.10. 

 

Figure  2.10: Fabrication procedure for PPF/Molecules/eC/Au junctions.  

Each step in Figure 2.10 is explained in the following sections. 
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2.2.2.1 Fabrication of PPF bottom contact 

Pyrolyzed photoresist films (PPF) were made on thermally oxidized silicon chips 

(18 mm length × 13 mm width× 1 mm thickness, with 350 nm surface oxide layer). The 

silicon/SiOx chips were first cleaned with sequential immersion and sonication in 

acetone, IPA, and deionized Milli-Q water (TOC < 5 ppb) for 20 minutes each. The 

substrates were then dried in a nitrogen stream. Positive photoresist (AZ P4330-RS, AZ 

Electronic Materials) was spin-coated onto clean substrates at 500 rpm for 10 s followed 

by 6000 rpm for 50 s and soft baked at 95 °C for 10 min in air. For junction fabrication, 

photoresist was patterned photolithographically (using 500 W Hg arc lamp for 120 s) and 

developed in a (1:2 v/v) mixture of AZ400K developer and Milli-Q water to form four 

parallel 0.5 mm wide stripes. For XPS and UPS analyses, blanket sheets of PPF were 

used. The photoresist was finally pyrolyzed by heating the samples in a tube furnace to 

1025 °C under a constant flow of forming gas (5% H2 in N2) to form PPF[119]. 

2.2.2.2 Modification of PPF by electro-reduction of diazonium salts 

PPF films were modified by electrochemical reduction of diazonium ions[28] to 

form the desired molecular layers as primer layers for the second modification step via 

click chemistry as shown schematically in Figure 2.11.  

 

Figure  2.11: Deposition of the first molecular layer on PPF surface by reduction of 

diazonium ions.  

The PPF was the working electrode in a conventional three electrode setup with 

a platinum wire as auxiliary electrode and Ag/Ag+ (0.01M AgNO3 in ACN) reference 

electrode. The Ag/Ag+ reference electrode was calibrated against the redox potential of 

ferrocene. The redox potential of ferrocene is centered at ~87mV versus the Ag/Ag+ 

reference electrode. The electroreduction step was performed in a 1 mM solution of the 

diazonium salt with 0.1 M tetrabutylammonium hexafluorophosphate as supporting 

electrolyte in ACN. Electroreduction was performed using a CHI-420A potentiostat (CH 
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Instrument Inc., USA) by sweeping the electrode potential in an argon-degassed solution 

from +0.3 V to -0.65 V versus Ag/Ag+ for one cycle at a scan rate of 0.1 Vs-1 for EB 

diazonium ion and from +0.4 V to -1 V versus Ag/Ag+ for 5 cycles at a sweep rate of 0.05 

Vs-1 for TMS diazonium ion.  

TIPS diazonium ions were generated in-situ according to previously reported 

procedure[120]: 30mg of sodium nitrite in 1mL water was added to a 1 mM solution of 

TIPS amine in 0.1 M tetrabutylammonium hexafluorophosphate in ACN and stirred for 

20 min. The solution was cooled to 0 °C in an ice bath and degassed with argon for 20 

min. Then 0.1 mL of concentrated H2SO4 was added and the mixture was stirred for 

another 5 min before scanning the potential from +0.4 V to -1 V versus Ag/Ag+ for five 

cycles at a sweep rate of 0.05 Vs-1. After surface modification, samples were rinsed 

thoroughly with benzene, THF and ACN and dried with nitrogen.  

The same procedures were also conducted on glassy carbon (GC) electrodes for 

comparison. GC electrodes were polished[121] successively with 1.0, 0.3, and 0.05 µm 

alumina/MilliQ water slurries on microcloth pad. The GC electrodes were next rinsed 

with Milli-Q water and sonicated in activated carbon/ACN solution. Finally the GC 

electrodes were rinsed with IPA and ACN and dried with a nitrogen stream before 

modification. 

The structures of all three diazonium ions used in this Chapter are shown in 

Figure 2.12. 

 

Figure  2.12: Structure of the diazonium ions used in this Chapter. 

2.2.2.3 Post modification via click chemistry 

To expose the terminal alkynes needed for the click reaction (Cu(I)-catalyzed 

Huisgen 1,3-dipolar cycloaddition) on TMS and TIPS modified surfaces, the silyl groups 
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should be cleaved off to deprotect the terminal triple bonds. This deprotection step was 

done by immersing the TIPS or TMS modified chips in a 0.05 M solution of 

tetrabutylammonium fluoride (TBAF)[120] in THF at room temperature for about 1 hour. 

The resultant clickable surfaces were then thoroughly rinsed with THF, benzene and 

ACN and dried with nitrogen gas.  

A teflon sample holder was used to hold the chips during the ñclickò reaction. The 

click reaction between deprotected acetylene moieties on the surfaces of EB, 

deprotected TMS or deprotected TIPS and various azides in solution was used for 

further modification as schematically shown in Figure 2.13.  

 

Figure  2.13: Click reaction between the azides in solution and alkyne modified surfaces 
(multilayers depicted as monolayers, except for TIPS) obtained by: method 1- 
deprotection of silyl groups of TMS and TIPS modified surfaces and method 2- EB 
modified surface. 
 

Click reaction for MeFc azide, 1 -(azidomethyl) -4-methylbenzene (Me 

benzyl), and HxFc azide [120]: 1:1 (v/v) water:ethanol solutions of CuSO4 (0.5 mM) and 

dropwise added L(+)-ascorbic acid (2 mM) were stirred and bubbled with argon for 16 

hours in the presence of 0.01 mM of the corresponding azide and EB (or deprotected 

TIPS or TMS) modified PPF substrates. Due to disproportionation reaction of Cu(I) ions, 

there were some copper particles on the chip surface after the reaction. The click 

modified samples were rinsed with THF and water and immersed in 10 mM EDTA for 1 

min and 1 M ammonium hydroxide solution for 30 s to remove copper residues. Finally 
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the modified chips were rinsed with water, acetone and ACN and dried with nitrogen 

gas.  

Click reaction f or or C 8 azide, C 12 azide, and C 16 azide [122]: 4:1 (v/v) 

DCM:ACN solutions of tetrakis(acetonitrile)copper(I) tetrafluoroborate (0.2 mM) and TEA 

(2.5 mM) were stirred and bubbled with argon gas for 18 hours in the presence of 2.5 

mM of the corresponding azide and EB modified PPF substrates. The samples were 

then rinsed with THF, acetone and ACN and dried with nitrogen gas. 

The resulting click bilayers from above procedures are named as X-Y, in which X 

stands for the first layer and Y for the second layer. For example EB-C16 refers to a 

bilayer with EB as the first layer and C16 as second layer. 

2.2.2.4 Deposition of top contact 

Large area cross-bar junctions (area~0.0013 cm2, see Figure 2.14) were fabricated by 

electron-beam deposition of carbon (10 nm) and gold (15 nm) successively[28] as top 

contacts through the openings in a shadow mask oriented perpendicular to the click 

modified PPF stripes in an electron-beam evaporator (Kurt J. Lesker PVD75) at a typical 

chamber pressure of <5×10-6 Torr. The deposition rates for the top contacts were 0.01 

nm/s for evaporated-carbon (eC) and 0.05 nm/s for gold. E-beam deposited carbon has 

been described previously for electrochemistry[123] and molecular junctions[28], and 

exhibits metallic behavior and a resistivity of about 0.015 Ý.cm[28]. 

 

Figure  2.14: The complete large area molecular junction after top contact deposition.  
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2.2.3 Measurements 

Molecular layer thicknesses were determined with AFM (Digital Instruments 3100 

atomic force microscope) ñscratchingò as described previously[124]. In contact mode, an 

area of 1µm x 1µm was scanned under a set point of (0.25-0.8 V) using a silicon AFM 

probe (with Al backside) with a tip radius of 8nm purchased from MikroMasch. As a 

result of this scratching process, the molecular film was removed without scratching the 

PPF underneath, leaving a 1µm x 1µm trench in the molecular layer, which is used to 

determine the height of the molecular layer after scanning a larger area (5µm x 5µm) of 

the same spot in tapping mode (refer to Figure 2.15).  

 

Figure  2.15: AFM image in tapping mode of the trench created in contact mode for a. 
EB layer, b. EB-MeFc layer, c. EB-Me benzyl and d. EB-HxFc. The high regions around 
the trenches are debris from the ñscratchingò action. 

 

The molecular layer thickness was then determined as the difference in heights 

between the bottom of the trench and the top of the surrounding molecular layer. Two 

histograms, for the depth of the trench and the surrounding area were fit by two different 

Gaussian functions[31] (refer to Figure 2.16). The thickness of the molecular layer is the 
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difference between the centers of the Gaussian distributions, with the uncertainty in 

thickness stated as the quadrature addition of the two best-fit ů values[31]. 

X-ray photoelectron spectroscopy (XPS) analyses were acquired with the AXIS 

165 spectrometer equipped with a monochromatic Al KŬ source (1486.6 eV). Ultraviolet 

photoelectron spectra (UPS) were acquired with a Kratos Ultra spectrometer with a He I 

source (21.21 eV). 

Electrical characterization of molecular junctions was carried out using a Keithley 

2602A or a LabVIEW-based voltage scanning unit in four-wire configuration. The four 

wire configuration was used to correct for ohmic losses in contacts and leads. All the 

voltages reported in this work are PPF relative to the Au top contact. 

For temperature variation, a Janis ST-500-1 cryogenic probe station cooled with 

liquid nitrogen was utilized. The chamber was pumped to < 10-4 torr before lowering the 

temperature and acquisition of J-V data. The temperature was varied between 100-400 

K and J-V curves were collected every 10 K. 

 

Figure  2.16: Fitting of the AFM depth data generated as a histograms[31] from images 
shown in Figure 2.15 for a. EB layer, b. EB-MeFc layer, c. EB-Me benzyl and d. EB-HxFc. 
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2.3 Results and discussion 

The results for EB bilayers without the need for deprotection step are presented 

first, followed by results for TIPS and TMS based bilayers. 

2.3.1 Click bilayer molecular junctions based on EB primer 

The thickness of EB layer as measured by AFM was 2.2±0.5 nm (implying that it 

is a multilayer) which increased after click chemistry with Me-benzyl azide to 3.3±0.4 nm 

which is reasonable considering the added thickness of the triazole ring (~0.4 nm) and 

benzene ring (~0.5 nm). The thickness and roughness of all EB bilayers are listed in 

table 2.1. The thickness of the EB primer layer for alkane bilayer series was 2.6±0.5 nm 

and the increase in thickness with the addition of alkyl azides was less than what is 

expected for alkyl chains in upright configuration. The standing up configuration for 

alkanes is usually observed in SAMs with the ability of molecules to move around and 

form close packed alkane layers. In these covalently bonded layers, the alkanes once 

attached, cannot move on the surface and therefore they are not expected to be as 

orderly as SAMs. 

Table  2.1: AFM thickness and roughness of EB bilayers. 

Samples  Thickness, nm  Rms roughness, nm  

EB 2.2±0.5 0.426 

EB-Mebenzyl 3.3±0.4 0.513 

EB-MeFc 3.4±0.6 0.437 

EB-HxFc 3.9±0.7 0.508 

Alkane Series  

EB 2.6±0.5 0.68 

EB-C
8
 3.0±0.6 0.49 

EB-C
12

 3.3±0.6 0.44 

EB-C
16

 3.8±0.5 0.46 
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 The roughness of the PPF surface itself was less than 0.4 nm. The surfaces of 

the bilayers were all smooth with roughness less than 0.7 nm in all cases. 

 The redox activity of ferrocene as second layer on EB was studied in 0.1 M 

LiClO4 solution in ethanol on both PPF and GC surfaces as shown in Figure 2.17. The 

hexyl ferrocene bilayers are more easily oxidized than methyl ferrocenes. This might be 

due to higher flexibility of hexylferrocene which may allow it to bend closer to the surface 

in solution[125] or due to less ordered Hex-Fc layer in which Fc groups donôt experience 

the potential of other Fc groups as much as Me-Fc layers[126]. The higher background 

resistance in PPF CV voltammograms is due mainly to uncompensated resistance inside 

the thin PPF layer (~1µm thick) and the molecular layer before reaching the exposed 

area to the solution. 

 

Figure  2.17: Cyclic voltammetry at 0.5 V/s of a,b. GC and c,d. PPF modified surfaces 
with a,c. EB-MeFc and b,d. EB-HexFc in ethanolic solution of 0.1 M LiClO 4 as supporting 
electrolyte. The coverage was determined from the area of the voltammogram above the 
dashed lines shown. 

 

 The surface coverage values were calculated using: 

ː                                (2.1) 
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In which C is charge from the area under current versus time. F is faraday constant and 

A is the area of the modified electrode. The ideal maximum coverage based on a cubic 

arrangement in 2D with Fc radius of 3.32 angstroms is 7.4×10-10 mole/cm2. The high 

coverage of ~2×10-10 mole/cm2 shows the near quantitative yield of alkyne-azide click 

chemistry in these covalently bonded layers. 

 The presence of iron in ferrocene was also observed in XPS spectra of EB-MeFc 

and EB-HexFc layers as shown in Figure 2.18. The Fe2p peaks at 707 eV and 721 eV 

are representative of Fe2+ in ferrocene[125]. 

The current versus voltage curves of PPF/EB/aromatics/eC/Au molecular 

junction series are shown in Figure 2.19. The current was measured in 4-wire mode in 

ambient atmosphere. Each curve is the average curve of four junctions on a chip with 

standard deviations shown as error bars. The current-voltage behavior in the absence of 

any molecule on the surface of PPF is linear and very conducting, however with 

molecules on the surface, the J-V behavior becomes nonlinear. 

 

 

Figure  2.18: The Fe2p region in XPS spectra of EB, EB-MeFc and EB-HexFc. 
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Figure  2.19: a.J-V and b. lnJ-V curves for EB, EB-Mebenzyl, EB-MeFc and EB-HxFc. 

 J-V curves for EB-alkane series are shown in Figure 2.20. Each curve in 2.20 is 

the average of 4 curves with standard deviations shown in error bars. The thickness and 

the yield of working junctions along with the standard deviation of J at 0.1 V for all EB 

based bilayers are listed in table 2.2. From table 2.2 and Figures 2.19 and 2.20, it is 

observed that the conductivity of the bilayers depend on their thicknesses. With 

increasing the thickness of the bilayers they become less conducting. 

 

Figure  2.20 : a.J-V and b. lnJ-V curves for EB, EB-C8, EB-C12 and EB-C16. 
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Table  2.2: Thickness, Yield and RSD of current at 0.1 V for all EB based bilayers. 

Samples  Number of Junctions  d(nm)  Yield  RSD
0.1 V

 

EB 16 2.2 14/16 25.8 % 

EB-Mebenzyl 16 3.3 14/16 10.2% 

EB-MeFc 16 3.4 16/16 21.3 % 

EB-HxFc 16 3.9 15/16 6.70 % 

Alkane series  

EB 8 2.6 8/8 13.6 % 

EB-C8 8 3.0 8/8 1.18 % 

EB-C12 8 3.3 8/8 4.80 % 

EB-C16 8 3.8 8/8 6.40% 

 

 The reproducibility of the J-V curves is shown in the overlay for 15 junctions of 

EB-HxFc on two chips in Figure 2.21. This good reproducibility argues against the 

random penetration of the evaporated top contact into the layer. The partial penetration 

of the top contact in the layer will likely result in smaller effective thickness and variations 

from one junction to another. The linear decrease of lnJ with thickness (shown in Figure 

2.22) is additional evidence against penetration of top contact. The partial penetration of 

top contact leads to a smaller effective thickness than the measured thickness and 

smaller surface area for the thinnest part of the layer. Penetration of top contact into 

thicker layers results in the same thickness as the thinner layers but with smaller surface 

area, however lnJ versus surface area is not linear for any transport mechanism and the 

observed linearity of lnJ versus measured thickness, confirms that the top contact 

penetration is either absent or happens to the same degree in all bilayers. 
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Figure  2.21: Overlay of lnJ vs. V curves for 15 EB-HexFc junctions on two chips. 

 

Figure  2.22 : ȁ plot of all EB based bilayers at 0.1 V compared with alkanes and NAB 
with eC[28]  and Cu[28], [39]  top contacts. The structure of NAB is shown at top right.  

The plot of lnJ versus thickness, known as ɓ plot or tunneling attenuation plot, is 

predicted to be linear for tunneling charge transport in accordance with the simple form 

of Simmons tunneling model: 

ὐ ὃὩ                             (2.2) 
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In this Equation J is the current density and d is molecular layer thickness. ɓ, the 

tunneling attenuation constant, is the slope of lnJ versus thickness and is given by: 

‍ ὄά•                    (2.3) 

In which m is the effective mass of the carrier and ű is the barrier height. A and B are 

constants. 

 The ɓ plot of Figure 2.22 for all EB based bilayers shows that the current 

depends only on the thickness of the bilayer and is insensitive to the structure of the 

second layer. EB-C16 and EB-HexFc have very close thicknesses and currents despite 

the difference in the structure of the clicked layer. This insensitivity of current to the 

structure of the end group has been also observed by others[31], [32], [127]. One reason 

in the EB bilayers may be that the small thickness of the second layer compared to the 

majority aromatic structure of EB, decreases the effect of the second layer on the overall 

barrier height. This majority aromatic structure of the bilayer is also probably the reason 

for symmetric J-V curves of Figures 2.19 and 2.20 instead of the rectifying alkyl-Fc 

layers reported in the literature. The aromatic EB layer does not drop the voltage as 

much as alkanes and is not expected to result in an asymmetric voltage drop and 

rectification, as proposed by Nijhuis, et. al[91]. The proximity of the second layer of the 

bilayer to the contact also increases its interaction with the contact and modifies its 

energy levels[31]. The overall effect is that the behavior of EB bilayers is no different 

than nitroazobenzene (NAB) layers[28] with copper or eC top contact as shown in Figure 

2.22. It was reported that EB layers show the same conductivity and ɓ value of ~3 nm-1 

as NAB and a range of other aromatic molecules in PPF/molecule/Cu junctions[31]. The 

indifference of the ɓ value to the structure of the aromatic layer was attributed to partial 

charge transfer between the molecular layer and the contacts. This partial charge 

transfer results in strong coupling between the contacts and the molecular layer and 

Fermi level pinning at ~1.2 eV above the HOMO level of the molecular layer. The Fermi 

level pinning then leads to a fixed value of ~1.2 eV as hole tunneling barrier in aromatic 

layers[31]. The same HOMO level of ~1.2 eV was found in EB bilayers using UPS 

spectroscopy as shown in Figure 2.23, with little effect of the structure of the second 

layer. This HOMO level belongs to the aromatic part of the bilayers and the overlay of ɓ 

plots of bilayer/eC and NAB/Cu in Figure 2.22 suggests that the same strong coupling 

effect is in work in thin bilayers as it was in NAB layers. 



54 
 

 

Figure  2.23 : HOMO region in UPS spectra of PPF, PPF/EB, PPF/EB-C8, PPF/EB-C12 
and PPF/EB-C16. HOMO level energy is considered the binding energy at which the 
intensity of the layer surpasses that of PPF electrode. 

The exponential sensitivity of current to the thickness of bilayer manifested in 

Figure 2.22 and Equation 2.2 is consistent with tunneling as the charge transport 

mechanism in these bilayers. 

These covalently bonded bilayers are also quite stable at ambient conditions as 

shown in Figure 2.24. 

 

Figure  2.24 : J-V curve for a EB-Me benzyl junction as-made compared with the same 
junction after 8 months.  
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2.3.1.1 Charge transport mechanism in click bilayers 

The single step tunneling charge transport should be only weakly temperature 

dependent. The dependence of current on temperature for EB/aromatic series is shown 

in Figure 2.25. 

 

Figure  2.25 : J-V curves at various temperatures for a. EB-MeFc. b. EB-HexFc and c. 
EB-Me benzyl bilayers. Arrhenius plots at various voltages for d. EB-MeFc. e. EB-HexFc 
and f. EB-Me benzyl bilayers. 

The current is almost independent of temperature at temperatures below 200 K 

(1000/T = 5)and slightly increases at higher temperatures according to Arrhenius plots 

shown in Figure 2.25 d,e&f. The apparent activation energy for any temperature range is 

the slope of the Arrhenius plot in that temperature range. The activation energies at 0.2 

V are shown on Arrhenius plots for EB-Aromatics in Figure 2.26. The activation energies 

at various voltages and temperature ranges are listed in table 2.3. 

The temperature dependence and activation energies of EB-Alkane bilayer 

series are presented in table 2.4 and Figure 2.27. EB-alkanes exhibit similar temperature 

dependence to EB-aromatics and are temperature independent below 200 K and slightly 

temperature dependent at higher temperatures. This slight increase in current with 

temperature (Ea<0.1eV) and the exponential shape of the Arrhenius plots may be due to 

Fermi level broadening in the contacts which effectively decreases the barrier height with 

temperature[39].  
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Figure  2.26 : Slopes of the Arrhenius plots (Ea) at 0.2 V for EB-HexFc (red squares), 
EB-MeFc (black triangles) and EB-Mebenzyl (blue circles) at 100-210 K and 300-400 K 
temperature ranges. 

Table  2.3: Activation energies for EB/Aromatics bilayer series.  

   Ea, meV  
   EB-MeFc  EB-HxFc  EB-Mebenzyl  

Bias, V  100-210 K  300-400 K  100-210 K  300-400 K  100-210 K  300-400 K  
0.1  6.4  63  9.6  128  6.0  53  
0.15  3.5  60  8.0  121  5.3  50  
0.2  3.7  56  7.9  114  4.2  44  
0.3  3.4  48  6.2  104  3.9  40  
0.5  1.6  54  4.8  95  3.4  35  

Table  2.4 : Activation energies for EB/Alkanes series. 

   Ea, meV  
   EB-C8  EB-C12  EB-C16  

Bias, V  100-210 K  300-400 K  100-210 K  300-400 K  100-210 K  300-400 K  
0.1  5.3  54  9.4  78  1.9  61  
0.2  3.9  47  6.5  68  1.6  46  
0.3  2.5  43  5.3  61  0.9  51  
0.4  1.9  40  4.5  57  1.3  36  
0.5  1.2  36  4.2  53  0.8  32  

The activation energies for all bilayers are generally larger at higher 

temperatures (300-400)K and lower voltages. The apparent higher Ea at higher 

temperatures is mainly due to Fermi level broadening in the contacts [39] and the 

voltage dependence of activation energy is probably due to some extent of parallel 

multistep tunneling happening at the same time with single step tunneling as explained 

further in Chapter 4. 
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Figure  2.27: J-V curves at various temperatures for a. EB-C8. b. EB-C12 and c. EB-C16 
bilayers. Arrhenius plots at various voltages for d. EB-C8. e. EB-C12 and f. EB-C16 bilayers. 

 

Figure  2.28 : J-V curves for different EB based junctions fit to Simmons model as 
described previously[39] . a. EB. b. EB-C8. c. EB-C12. d. EB-C16. The dashed gray lines are 
the results of modeling and black curves are the experimental data. 
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The small activation energies of less than ~0.1 eV and the nonlinear shape of the 

Arrhenius plots are not consistent with redox-hopping mechanisms. 

The data are more consistent with tunneling mechanism. The full Simmons 

coherent tunneling model with the inclusion of image charge effects as reported 

previously[39] and explained in the introduction were fit to the bilayer data and the 

results are shown in Figure 2.28 along with the variables used for the fittings. The 

average barrier height of ~1.2 eV for all bilayers is consistent with the previous report for 

other aromatic molecules[31]. 

2.3.3.2 Thick EB-based molecular junctions 

The EB multilayers were made thicker using higher negative voltages during 

electroreduction to give layers up to 8.7 nm in thickness by applying CV sweeps from 

+0.3 V to -1.5 V versus Ag/Ag+ reference electrode at 0.2 V/s for 20 cycles. 

The J-V curves for various thicknesses of EB multilayers and ɓ plot at 1 V are 

shown in Figure 2.29. The current values below 1 V are below the detection limit of the 

instrument for the thick layers and thus the ɓ plot is shown at 1V. 

 

Figure  2.29 : a. J-V curves for different thickness of EB. b. ɓ plot at 1 V. 

The ɓ value of 2.7 nm-1 is similar to the ɓ value for bilayers and other aromatics 

reported previously[31] for layers thinner than 5 nm. The continuation of tunneling 

transport to higher thicknesses is presumably due to wide HOMO-LUMO gap (~5.5eV) of 

the EB molecules which prevents the takeover of other transport mechanisms such as 

hopping and prevents the increase in the number of tunneling steps as explained in 

Chapter 4. 
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2.3.2 TIPS-based click bilayers 

TIPS molecule was reported to produce monolayers by in-situ reduction of its 

diazonium ion[120]. The J-V curves and AFM thicknesses for TIPS layer before and after 

deprotection are shown in Figure 2.30 a. 

 

Figure  2.30 : a. J-V curves of protected and deprotected TIPS on PPF. b. electroactivity 
of ferrocene grafted on deprotected TIPS layer as MeFc(blue) and HexFc(red) on PPF. 

TIPS layer was 2.8 nm before deprotection with nonlinear J-V curve, however 

after deprotection, the thickness of the layer decreased to a monolayer with the 

thickness of 0.9 ± 0.5 nm and it exhibited direct PPF to eC contact (i.e. a short circuit). 

All bilayers made by click chemistry on the deprotected TIPS monolayer were shorts 

(linear and conductive). The success of click chemistry however was apparent from the 

redox activity of the clicked ferrocene on deprotected TIPS layer as shown in Figure 2.30 

b. 

 The bulky TIPS head group prevents the further reaction of diazonium ions with 

the benzene rings of the TIPS monolayer on the surface and limits the layer growth, 

however the deprotection of the bulky silyl groups leaves behind large holes between 

deprotected TIPS molecules that top contact can penetrate through, causing short 

circuits. 

2.3.2.1 Passivation by deposition of chromium oxide 

To patch the holes existing on deprotected TIPS surface, deposition of chromium 

oxide was attempted[128]. The intent was to passivate the pinholes on the TIPS surface 

with non-conducting oxide such that the current mainly flows through the molecules. In 
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this case the role of the oxide layer would be merely to inhibit top contact penetration 

and short circuits. The oxide is formed electrochemically and therefore probably favours 

forming on the bare electrode surface (pinholes) rather than on top of molecules. 

The chromium oxide layer was deposited by applying a constant voltage of -0.3 V 

versus Ag/AgCl/Sat.KCl for 900 seconds in 5 mM solution of K2Cr2O7 in 0.1 M NaCl 

using platinum electrode as counter electrode and (PPF) or (PPF/deprotected TIPS) as 

working electrode[128]. XPS analysis showed the chromium oxide layer to be a complex 

mixture of Cr(OH)3 (mainly), Cr2O3 and CrO3 (appendix-Figure A1). 

 The chromium oxide layer formed on both PPF and PPF/deprotected TIPS were 

smooth (see Figure 2.31) with roughness of 0.9 nm on PPF and 0.5 nm of 

PPF/deprotected TIPS. 

 

Figure  2.31: AFM images of a. chromium oxide on PPF. b. chromium oxide on 
deprotected TIPS on PPF. 

The thickness of the chromium oxide layer on bare PPF electrode was 4.7 nm 

(from AFM) with J-V behavior shown in Figure 2.32. The J-V curve in Figure 2.32 is the 

average of 4 junctions with standard deviations shown in error bars. 

The thickness of the chromium oxide layer on deprotected TIPS on PPF was 4.1 

nm and its J-V curve is shown in Figure 2.33. From this thickness of 4.1 nm, it is obvious 

that the oxide layer is going much further than just filling the hole on the deprotected 

TIPS surface and is growing to more than 4 nm. The thickness of the deprotected TIPS 

layer itself is less than 1 nm from AFM. 
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Figure  2.32 : J-V and lnJ-V curves for chromium oxide layer on PPF with eC/Au top 
contact. 

 

 

Figure  2.33 : J-V and lnJ-V curves for chromium oxide layer on deprotected TIP on PPF 
with eC/Au top contact.  

 It was observed that the thickness of the chromium oxide layer on deprotected 

layer could be varied by changing the duration of applied voltage during the 

electroreduction process as shown in Figure 2.34. 
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Figure  2.34 : Varying the thickness of the chromium oxide layer by changing the 
modification time length.  

Although the holes on deprotected TIPS can be successfully patched by 

deposition of the chromium oxide layer and give working nonlinear junctions, the lack of 

self-limitation in the deposition process of the chromium oxide layer leads to the growth 

of the oxide layer out of the pinholes and obscures the molecular transport information. 

2.3.3 TMS-based click bilayer molecular junctions 

To alleviate the problem caused by bulky TIPS groups, the smaller TMS 

molecule was tried for the formation of monolayers. The detachment of the silyl groups 

by TBAF (see Figure 2.35 a) and the attachment of the ferrocene azides by click 

reaction (see Figure 2.35 b) were probed by XPS. 

 

Figure  2.35 : a. Si2p region in XPS spectra of protected (black) and deprotected (blue) 
TMS layers. b. Fe2p region in XPS spectra of protected TMS (black), deprotected TMS 
(green), deprotected TMS reacted with MeFc (red) and deprotected TMS reacted with 
HexFc (dashed blue) showing Fe2P3/2 at lower and Fe2P1/2 at higher binding energies. 
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 The ferrocene electroacitivity (shown in Figure 2.36) was also observed on both 

PPF and GC surfaces modified with TMS after deprotection and reaction with methyl 

and hexyl ferrocene azides. 

 The thickness of the TMS layer before deprotection was measured at 4.3±0.5 nm 

which decreased to 2.9±0.5 nm upon deprotection. Since the TMS molecule itself is only 

~0.5 nm long, this means that the TMS molecule does not form monolayers and its 

growth is not as limited as TIPS. The J-V curves for TMS molecular junctions before and 

after deprotection are presented in Figure 2.37 as the averages of 4 junctions on a chip. 

The deprotected TMS junctions were close to short circuit despite 2.9 nm of thickness. It 

is possible that the growth mode of TMS molecule is mushroom like[30] due to presence 

of the silyl group and the deprotection step and the removal of the silyl groups leaves a 

porous layer behind.  

 

Figure  2.36 : Cyclic voltammetry a,b. at 0.005 V/s of GC and c,d. at 0.5 V/s of PPF 
modified surfaces with a,c. EB-MeFc and b,d. EB-HexFc in ethanolic solution of 0.1 M 
LiClO4 as supporting electrolyte. 
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Figure  2.37: J-V curves of TMS junctions before and after deprotection. 

 J-V curves of the bilayers formed by click chemistry with the deprotected TMS 

layer are shown in Figure 2.38. The roughness of all layers was less than 0.6 nm. 

 

Figure  2.38 : J-V curves of TMS based bilayer junctions. The standard deviation in 
thicknesses was less than ±0.6 nm in all cases. 

Despite the near short circuit response for deprotected TMS, the click bilayers 

were all working junctions with 100% yield. This shows that the clicked layer has 
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successfully covered the pinholes in deprotected TMS layer although the higher 

conductivity of TMS/HexFc than protected TMS suggests that the coverage of the 

original pinholes was only partial. The effect of the porosity of the primer layer is also 

evident in the comparison of the EB-click bilayers with TMS-click bilayers shown in 

Figure 2.39. 

 The J-V curves of EB based bilayers were very similar to TMS based bilayers but 

the EB based layers with the same conductivity were thinner. Because of the porosity of 

the deprotected TMS layer, a thicker layer of it, is needed to match the conductivity of a 

thinner compact EB layer. 

 The temperature dependence of TMS based layers was also similar to EB based 

layers. The J-V curves of deprotected TMS/HexFc at various temperatures along with its 

Arrhenius plot are shown in Figure 2.40. 

 

Figure  2.39 : Comparison of the lnJ -V curves of a. TMS based and b. EB based bilayers. 

 

Figure  2.40 : a. J-V curves of deprotected TMS/HexFc at various temperatures. b. 
Arrhenius plots for the same junction in a at different voltages.  
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Table  2.5: Activation energies for TMS based bilayers at different temperature ranges 
and bias voltages. 

   Ea, meV  
   Deprotected TMS-MeFc  Deprotected TMS-HexFc  

Bias, V  120-200 K  320-400 K  120-200 K  320-400 K  
0.1  4.1  78 2.3  108  
0.2  3.7  74  2.3  96  
0.3 2.4  72  1.8  83  
0.4  1.6  77  1.4  75  
0.5  1.5  75  1.5  77  
 

The activation energies at high and low temperatures and various voltages are 

listed in table 2.5 for TMS based bilayers. The activation energies are close to values 

observed for EB based bilayers which suggests these bilayers follow the same tunneling 

transport mechanism. 

2.4 Conclusion 

Compositionally asymmetric molecular junctions were fabricated via azide-alkyne click 

chemistry modification of the electrochemically deposited aromatic alkyne layer. The J-V 

behavior of the resultant thin (<5 nm) bilayers were symmetric despite the introduced 

asymmetry in the structure of the molecular junction. The structure of the second layer of 

the bilayer did not affect the ɓ value of the bilayer and even bilayers with aliphatic 

second layer behaved the same as aromatic layers. In addition to similar ɓ values, the 

current densities were also similar for all of the bilayers of a given thickness. This finding 

was attributed to majority aromatic structure of the bilayer and electronic coupling with 

the contact. The exponential dependence of the current on thickness and the weak 

temperature dependence of current are consistent with a tunneling mechanism of charge 

transport in these thin bilayers. 
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Chapter 3 

 

Rectification in Bilayer Molecular 

Junctions, Beyond Tunneling 
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3.1 Introduction 

This Chapter describes the charge transport properties of molecular bilayers 

made by reduction of aromatic diazonium salts. The term ñbilayerò in this Chapter refers 

to the multilayer of one kind of molecule formed on top of the multilayer of a different 

kind of molecule (see Figure 3.10); although each multilayer can be considered a 

monolayer of a larger molecule by virtue of covalent bonding between the molecules. 

Unlike the click-bilayers discussed in Chapter 2, the thickness of the second layer is not 

limited to one layer as both layers form multilayers via diazonium reduction. The 

variation of the thickness of both layers allows us to investigate the relation between the 

structure and thickness of each layer and the current-voltage characteristics.  

Despite limitations of the molecules amenable to diazonium chemistry, there is 

still a range of molecules with very different energy levels available for bilayer formation. 

In this Chapter, bilayers formed by various molecules with different HOMO and LUMO 

energy levels are described and the relation between energy levels and rectification is 

revealed. Controlling the thickness of both layers enables the study of the transport 

characteristics of junctions with thickness range between 5 and 25 nm, bridging the gap 

between monomolecular rectifiers and organic bilayer rectifiers with thicknesses more 

than 50 nm. 

3.1.1 Overview of rectification in molecular junctions 

The origin of molecular electronics is usually traced back to the 1974 paper[129] 

by Aviram and Ratner (AR) in which an organic analogue to inorganic p-n junction 

diodes is described. The original AR concept is illustrated schematically is Figure 3.1 in 

which a donor molecule is separated from an acceptor molecule with a non-conjugated 

covalent bridge. A donor molecule (D) is a molecule with an accessible HOMO level and 

an acceptor (A) is a molecule with an accessible LUMO level. In other words a donor 

molecule is easily oxidizable with small HOMO offset from the electrode Fermi level, and 

an acceptor molecule is easily reducible with small LUMO offset. This combination of D-

ů-A forms a rectifier that allows more current flow at one bias direction than the opposite. 
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Figure  3.1: Schematic representation of AviramïRatner concept. At forward bias the 
Fermi level of the electrodes are aligned with the HOMO and LUMO levels of donor and 
acceptor respectively, giving rise to higher curren t. Figure adapted from ref[130] . 
 

In the forward direction when more current flows in AR proposal, the EF of the 

electrode closer to donor molecule becomes aligned with the HOMO of donor and the EF 

of the electrode closer to acceptor molecule becomes aligned with the LUMO of the 

acceptor molecule. This leads to formation of D+ - A- zwitterionic form as an electron 

moves from the HOMO of the donor to the Fermi level of the adjacent electrode to form 

D+ and an electron moves from the Fermi level of the opposite electrode to the LUMO of 

the acceptor to form A-. The energy levels of donor and acceptor are separated and 

localized by presence of the ů bridge, but a conjugated bridge with high torsion angle 

that breaks the conjugation between D and A also acts the same as ů bridge[131]. The 

formation of of D+ - A- zwitterionic form is followed by internal relaxation to D-A as an 

electron moves from the LUMO of A- to the HOMO of D+. Consequently the overall 

direction of electron flow in AR proposal is from acceptor to donor. In the opposite 

polarity when the electrodes closer to donor and acceptor are negatively and positively 

biased respectively, the alignment of Fermi levels with molecular levels is not easily 

achieved as the LUMO of D and HOMO of A are not accessible; therefore a smaller 

current flows in reverse voltage. 

The donor is analogous to p type semiconductor because it is a better hole 

conductor and the acceptor is analogous to n type semiconductor that is a better 

electron conductor. The electron flows easily from n-type acceptor to p-type donor as it 

does in inorganic p-n junctions as well as organic p-n junctions. 
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Bilayer organic p-n junction rectifiers have been made as OLEDs[132], [133], 

organic photodiodes and photodetectors[134]ï[136] and diodes[137] with or without a 

gate electrode. The main difference between organic p-n junction rectifiers and AR D-ů-

A rectifiers is the difference in size of the active layers. AR rectifiers are only a few 

nanometers and tunneling plays an important role in AR rectification that is evident from 

rectification at 4K[138]. Organic rectifiers on the other hand are much thicker at around 

100 nm and almost always have dissimilar electrodes. The contact adjacent to the n-

type acceptor layer has a low work function (such as Al, Mg, Ag and Ca) and the contact 

adjacent to p-type donor layer has a high work function (such as ITO or Au). This work 

function difference between contacts facilitates electron injection into n-type acceptor 

and hole injection into p-type donor in OLEDs and diodes and also creates the 

necessary built-in filed (Vbi) in photodetectors to guide electrons towards cathode (the 

electrode with low work function such as Al) and holes towards anode (the electrode with 

high work function such as ITO) to give rise to a current. 

Here it is necessary to distinguish between organic and inorganic p and n type 

materials. An inorganic n-type material has electrons in conduction band thus it has 

higher Fermi level and is electron rich. An organic n-type material however does not 

have electrons in LUMO level (equivalent to conduction band) and is electron poor. The 

inorganic p-type material is electron poor with lower Fermi level but an organic p-type 

material is electron rich and has a high Fermi level (considered halfway among HOMO 

and LUMO levels). These differences become quite important when discussing the 

Schottky barrier formation at the contact-material interface: An n-type inorganic 

semiconductor-metal Schottky barrier is conceptually similar to a p-type organic 

semiconductor-metal Schottky barrier. Charge transfer at the p-type organic 

semiconductor-metal interface results in formation of positively charged polarons with 

energy levels inside the neutral HOMO-LUMO gap (refer to Chapter 4, 4.1), at the same 

time due to inaccessibility of the LUMO of p-type organic semiconductor, it would be 

difficult to inject electrons into the p-type semiconductor from the Ohmic contact unless 

the device is so thin that tunneling can take over. Finally ñthe Fermi level pinningò at the 

organic-metal interface (refer to Chapter 1, section 1.3) ñtiesò the HOMO of p-type 

organic semiconductor to the Fermi level of the metal at the Schottky contact and makes 

it inaccessible for hole injection from the Schottky contact side. Consequently the 

directions of organic and inorganic Schottky diodes end up being similar in spite of their 

differences.  
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It is worth mentioning that some organic p-n junctions are made by doping and 

are truly equivalent to inorganic p-n junctions. An example is p-type pentacene-n-type 

pentacene p-n junction[139]. p-type pentacene is a pentacene layer doped with an 

electron accepting molecule to make some pentacene molecules positively charged that 

creates holes and brings the Fermi level down; the n-type pentacene is a layer of 

pentacene doped with a good electron donating molecules that makes some pentacene 

molecules negatively charged and bring the Fermi level up by creating excess electrons. 

Nevertheless even these organic p-n junctions have the same direction of rectification as 

AR rectifiers. There are however many reports of molecular rectification and organic p-n 

junctions[140] that are not consistent with AR proposal as reviewed by Metzger[141] 

(see Figure 3.2). 

 

Figure  3.2 : A D-ů-A structure is brought into contact with the electrodes. The HOMO of 
donor and the LUMO of acceptor can be pinned to the Fermi level of the electrodes in 
their vicinity using suitable anchoring groups. Now when positive voltage is applied to 
the donor side, the HOMO of donor does not become available as it is tied to electrode 
Fermi level and goes down with it and the same happens to acceptorôs LUMO that goes 
up with electrode Fermi level. When the donor side is negatively biased the electron can 
move from the HOMO of donor to LUMO of acceptor and larger current flows. This is 
consistent with anti -AR mechanism. Figure used with permission from  ref[142].  
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These rectifiers follow the anti-AR mechanism. The anti-AR rectifier has the 

same D-ů-A structure but the direction of electron flow is from donor to acceptor which is 

opposite of AR rectifier. Metzger suggests[143] that the Anti-AR rectifier is due to 

formation of D+-A- zwitterionic form under electric field followed by movement of electron 

from the LUMO of A- to positive electrode next to it and movement of another electron 

from negative electrode next to D+ to the HOMO of D+. This leads to overall electron 

movement direction opposite to AR proposal. The anti-AR proposal is also consistent 

with the proposal of strong coupling of donor and acceptor to electrodes as shown in 

Figure 3.2.  

The anti-AR mechanism also avoids the formation of D+ close to positively 

charged electrode and A- close to negatively charged electrode that would be quite 

unstable for very thin devices. 

There are a variety of mechanisms discussed in different papers for rectification 

of organic molecular junctions[144] but the main remaining rectification mechanisms 

include Schottky barrier formation or rectification due to formation of dipoles[145], [146], 

dissimilar coupling strengths to electrodes[147] and asymmetric placement of a 

chromophore within molecular junction using a long alkane that leads to a significant 

field drop across the alkane[90], [148], [149]. This last mechanism of asymmetric 

placement has the same direction as a Schottky barrier diode formed between the 

chromophore and the contact and can get a boost from Fermi level pinning effect. 

3.2 Experimental section 

Fabrication of the PPF lines, preparation of the 3 electrode electrochemical setup 

and top contact deposition procedure were performed similar to the methods described 

in the experimental section of Chapter 2. 

3.2.1 Material synthesis 

Most of the diazonium salts used in this Chapter were already synthesized, 

characterized and used in device fabrication in our group[31], [150] A similar method to 

that described in the experimental section of Chapter 2 to prepare ethynyl benzene (EB) 

diazonium salt was used. Briefly, this method includes reaction of sodium nitrite with the 

corresponding amine compound in tetrafluoroboric acid, filtering the solid diazonium salt 

product and dissolving it in acetonitrile (ACN) followed by crystallization of the diazonium 
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salt by adding ether to the acetonitrile solution. Nitroazobenzene (NAB) diazonium salt, 

2-Anthraquinone (AQ) diazonium salt and fluorene (FL) diazonium salt were all 

synthesized by this method and characterized by LC-MS spectrometry. BTB diazonium 

salt was prepared in-situ (due to instability of BTB diazonium salt) in accordance with the 

method described in the experimental section of Chapter 4 by adding 60 µL of tert-butyl 

nitrite to 20 mL solution of BTAB in 0.1 M TBABF4 in ACN. 

N-(4-tert-butylphenyl)-Nô-(4-aminophenyl)-1,4,5,8-naphthalenecarboxylic acid 

diimide (NDI-amine) was the starting material for synthesis of NDI diazonium salt. The 

slurry of NDI-amine in 12 mL dry ACN (dried over molecular sieves) was slowly added to 

a solution of NOBF4 (nitrosonium tetrafluoroborate from ACROS) in 4 mL dry ACN at -40 

ºC (in dry ice/ACN bath). The mixture was stirred at -40 ºC for 1 hour. 100 mL ACN was 

added to the reaction mixture to obtain a clear solution and NDI diazonium salt was 

crystallized by adding diethyl ether to this solution. The NDI diazonium salt precipitate 

was vacuum filtrated and washed with diethyl ether. The LC-MS spectrum of NDI 

diazonium salt is shown in appendix Figure A2. 

The structures of all amine starting materials used for preparation of diazonium salts 

used in this Chapter are shown in Figure 3.3. 

 

Figure  3.3: The structure of the amine starting materials used to make diazonium salts. 
Reagents were purchased from Aldrich and used as received, except for BTAB, which was 
provided by JC Lacroix of the University of Paris. 
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3.2.2 Junction fabrication 

Bilayers were made by successive electroreduction of two different diazonium 

salts on PPF strips in a three-electrode cell with PPF as working electrode, platinum wire 

as counter electrode and Ag/Ag+(described in Chapter 2) as reference electrode. In a 

typical procedure, a solution of 0.5 mM NDI diazonium salt in 0.1 M TBABF4 in ACN was 

bubbled with argon gas through a Pasteur pipet for 10 min. The reference and counter 

electrodes were put in the solution and the Pasteur pipet was raised just enough to stop 

bubbling inside the solution but to continue to provide a cushion of argon on the solution. 

The SiOx/Si chip with PPF lines was put in solution as working electrode. Cyclic 

voltammetry was performed by sweeping the voltage from 0.4 V to -0.6 V at 0.05 V/s for 

10 cycles as shown in Figure 3.4. These conditions results in ~10.7 nm layer of NDI on 

PPF. As indicated in table 3.1, variations in scan range and number of cycles were used 

to deposit different thicknesses of various diazonium reagents, determined largely 

empirically. 

 

 

Figure  3.4 : CV modification curve for NDI on PPF. This forms a 10.7 nm layer of NDI.  
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After Modification of PPF surface with NDI as first layer, the chip was rinsed with 

ACN and dried with a stream of nitrogen gas. 

To form the second layer of the bilayer, a 0.5 mM BTAB solution in ACN /TBABF4 

was bubbled for 10 min with argon gas and after putting the reference and counter 

electrodes in BTAB solution, 60 µL of t-butyl nitrite was added to solution to form a bright 

red solution. Pasteur pipet was raised above the solution surface and the PPF chip 

already modified with NDI was put in the solution as working electrode. The voltage was 

swept from 0 to -1.2 V at 0.05 V/s for 10 cycles as shown in Figure 3.5. These conditions 

form a ~10.3 nm BTB layer on top of 10.7 nm NDI layer which makes the total thickness 

of NDI-BTB bilayer to be 21 nm. 

 

 

Figure  3.5: CV modification curve for BTB on NDI. This forms a 10.3 nm layer of BTB 
on top of NDI with NDI -BTB bilayer totaling 21 nm in thickness. 

 

The chip was rinsed with ACN again after BTB modification, dried with nitrogen 

and 10 nm eC/ 30 nm Au top contact was evaporated on top through a shadow mask 

using e-beam PVD to form the complete device, as described in Chapter 2. 
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Table  3.1: Modification c onditions and thicknesses from AFM for bilayers.  

Layer 
Solution in 0.1M 

TBABF4 in ACN 
CV conditions vs. Ag/Ag+ thickness(nm) 

NDI 0.5 mM NDI DS 0.4 to -0.6 V at 0.05 V/s for 10 cyc 10.7 ± 0.7 nm 

BTB on NDI 
0.5 mM BTAB + 

60µL t-butylnitrite 
0 to -1.2 V at 0.05 V/s for 10 cyc 10.3 ± 1 nm 

AQ on NDI 1mM AQ DS 0.4 to -0.8 V at 0.05 V/s for 10 cyc 11.9 ± 0.7 nm 

NAB on NDI 1mM NAB DS 0.4 to -0.8 V at 0.05 V/s for 10 cyc 11.4 ± 0.7 nm 

FL on NDI 1mM FL DS 
0.4 to -1.8 V at 0.05 V/s for 20 cyc 

(bubbling argon) 
13 ± 0.8 nm 

AQ 1mM AQ DS 0.4 to -0.65 V at 0.05 V/s for 10 cyc 8.4 ± 0.6 nm 

FL on AQ 1mM FL DS 
0.4 to -1.8 V at 0.05 V/s for 10 cyc 

(bubbling argon) 
12.3 ± 0.8 nm 

BTB on AQ 
0.5 mM BTAB + 

60µL t-butylnitrite 

0 to -1.8 V at 0.2 V/s for 20 cyc      

(bubbling argon) 
11.6 ± 1 nm 

FL 1mM FL DS 0.4 to -1.5 V at 0.05 V/s for 10 cyc 12 ± 1 nm 

AQ on FL 1mM AQ DS 
0.4 to -1.8 V at 0.05 V/s for 10 cyc 

(bubbling argon) 
5.3 ± 0.9 nm 

BTB 
0.5 mM BTAB + 

60µL t-butylnitrite 
0 to -0.8 V at 0.05 V/s for 10 cyc 11 ± 1 nm 

AQ on BTB 1mM AQ DS 0 to -1.8 V at 0.2 V/s for 20 cyc 13 ± 4 nm 
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The thickness of NDI layer can be varied from ~3 nm (0.4 to -0.5 V for 5 cycles) 

to ~24 nm (0.4 to -0.65 V for 10 cycles) by changing the potential window and number of 

cycles during modification. The thickness of BTB layer on top of  a  10.7 nm NDI layer 

can also be varied from ~3 nm (0 to -0.7 V for 8 cycles) to ~10 nm (0 to -1.2 V for 10 

cycles) by changing the potential window and number of scans. 

The modification curves for BTB (appendix Figure A3), AQ (appendix Figure A4) 

and FL (appendix Figure A5) as first layer are shown in appendix and the conditions are 

summarized in table 3.1. 

The modification curves for NAB on NDI (appendix Figure A6), AQ on NDI 

(appendix Figure A7), FL on NDI (appendix Figure A8), FL on AQ (appendix Figure A9), 

BTB on AQ (appendix Figure A10), AQ on BTB (appendix Figure A11) and AQ on FL 

(appendix Figure A12) are shown in appendix and the conditions and the resulting 

thicknesses are also summarized in table 3.1. In some cases when the applied voltage 

window was wide toward negative direction, argon gas was bubbling in solution during 

the modification process to prevent oxygen from getting reduced on the electrode 

instead of the diazonium reagents. 

3.2.3 Characterization 

AFM (DI 3100 atomic force microscope) was used as described in experimental 

part of Chapter 2 to obtain layer thicknesses by scratching method. The thickness of the 

second layer in bilayers was obtained by subtracting the thickness of the first layer from 

the thickness of the total bilayer. 

XPS analysis was acquired with the AXIS 165 spectrometer equipped with a 

monochromatic Al KŬ source (1486.6 eV). UPS spectra were obtained by a Kratos Ultra 

spectrometer with a He I source (21.21 eV).  

UV-Vis spectroscopy was carried out using Perkin Elmer UV-Vis/NIR double 

beam spectrometer. The thin molecular layers for UV-Vis analyses were deposited on 

quartz/Cr(3nm)/Au(13nm)/eC(7nm) as substrate instead of Si/SiOx/PPF, since 

Si/SiOx/PPF is not transparent. The reference beam was going through air and the 

absorption of the molecular layer was obtained by manual subtraction of the absorption 

of substrate from the absorption of substrate + molecular layer. The 

quartz/Cr3/Au13/eC7/molecular layer(s) samples were also used for electrochemical 

analysis as these samples are made as blankets and have larger surface area than PPF 

lines used for device fabrication.  
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Electrochemical impedance spectroscopy (EIS) was carried out with GAMRY 

Instruments Reference 600 to obtain capacitance values. The measurements were done  

by applying a 50 mV AC voltage in the frequency range of 100 to 106 Hz at several 

positive and negative DC voltages. 

A KP Technology Ltd series 6 Kelvin probe was utilized to obtain the surface 

potential values under illumination with NCL 150 (VOLPI MFG. USA CO. INC) light 

source. 

Temperature experiments were performed in a Janis ST-500-1 cryogenic probe 

station cooled with liquid nitrogen or helium. The chamber was pumped down to 

pressures less than 10-4 torr before lowering the temperature and obtaining the J-V data. 

Electrical measurements of bilayer molecular junctions were carried out using a custom 

made LabVIEW based system[151] in voltage scanning four-wire mode at 1000 V/s 

under vacuum. Only some measurements at the beginning of the Chapter were carried 

out using Keithley 2602A in four-wire configuration or in air. All the voltages are PPF 

voltage relative to eC/Au top contact. 

3.3 Results and discussion 

The molecular bilayers were made by successive diazonium reduction of two 

different diazonium reagents. Initial layers of NAB, AQ, FL and BTB were prepared as 

described previously[31]. Reduction of the diazonium reagent for NDI has not been 

described previously, so NDI film formation is described in the next section, followed by 

the investigation of bilayers.  

3.3.1 Characterization results 

The electrochemical reduction peaks of NDI layer in 0.1 M LiClO4 in ethanol are 

presented in Figure 3.6. 
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Figure  3.6 : Cyclic voltammogram of NDI layer grafted on Cr(3nm)/Au(15nm)/eC(3nm) 

by diazonium reduction. CV carried out in 0.1 M solution of LiClO 4 in ethanol at 0.3 V/s . 

NDI has two reduction peaks with the first reduction peak located at -0.9 V 

versus Ag/Ag+ reference electrode and ~ -1 V versus Fc/Fc+ redox couple. Therefore the 

LUMO level of NDI is located at -3.8 eV under the vacuum level assuming that the 

Ferrocene HOMO level is at -4.8 eV vs. vacuum. The second reduction peak is located 

at 3.35 eV, at -1.35 V versus Ag/Ag+. The relevant transport orbital in the completed 

junction depends on the coupling of the transport orbitals together among molecules 

(delocalization) and coupling to both contacts. Based on the data extracted from 

photocurrent experiments done on thin NDI tunnel junctions[152], transport in NDI tunnel 

junctions are mediated by the LUMO level with barrier height of ~1.35 eV above PPF 

Fermi level (at ~ 4.8 eV). 

Although characterization of 10-20 nm films on carbon surfaces is difficult with 

optical spectroscopy due to sensitivity constraints, absorption spectroscopy was carried 

out to characterize the bilayers. The simplest case is when the absorption peaks of two 

layers do not overlap which is the case in Figure 3.7 for AQ-BTB bilayer. The absorption 

spectra are shown after subtraction of the absorption of quartz/Cr3/Au15/eC3 

substrate[153]. 
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Figure  3.7: Absorption spectrum of AQ-BTB bilayer compared with AQ layer and BTB 
layer. 

The main peak of AQ is at ~256 nm and the main peak of BTB is at ~355 nm. 

The bilayer has both peaks with almost the same absorbance as the component layers. 

The absorption spectrum of NDI-BTB bilayer is harder to compare with its 

components due to the featureless NDI spectrum, as shown in Figure 3.8. The 

calculated NDI-BTB spectrum simply is the result of addition of NDI and BTB spectra 

together. 

 

Figure  3.8 : Absorption spectrum of NDI -BTB bilayer compared with NDI layer, BTB 
layer and NDI-BTB calculated or (NDI+BTB) . 
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The NDI-BTB calculated spectrum and the measured NDI-BTB spectrum are 

parallel which means they have the same components consisting of NDI and BTB 

absorbing separately in this wavelength window. While the UV-Vis spectra show no 

indication that deposition of BTB layer on top of the NDI layer causes damage or 

desorption of the NDI layer, the evidence is not as strong as that for AQ and BTB in 

Figure 3.7 

The presence of both layers in the final bilayer was also probed using XPS of 

both single and bilayers, as shown in Figure 3.9. The oxygen 1s signal for NDI and sulfur 

2p doublet for BTB were observed in the NDI-BTB bilayer. The nitrogen signal was not 

used because the diazonium reduction process usually leaves behind some azo groups 

in the layers. The deposition of BTB on top of NDI decreases the oxygen 1s signal 

intensity (see part B of Figure 3.9) as expected to be the case for a buried layer using a 

mostly surface sensitive technique.  

 

Figure  3.9 : A- S2p signal from BTB in NDI -BTB bilayer. B- O1s signal from NDI layer 
compared with the signal from the NDI/BTB bilayer.  

The peak at 532.5 eV is assigned as oxygen peaks in NDI[154] and the peak at 

533.5 eV belongs to chemisorbed oxygen[155] or contamination from air[156], [157]. 

3.3.2 Electrical characteristics 

Throughout this Chapter the Ax-By bilayer denotes a bilayer with A as the first or 

bottom layer which is immediately on top of PPF and B as second or top layer which is 

located on top of A and directly under the eC/Au top contact, as shown in Figure 3.10. 

The thicknesses in nm are shown as subscripts x and y. For all junctions, PPF was the 

bottom contact and eC(10nm)/Au(20 nm) was the top contact. All the voltages reported 

are PPF voltage relative to top contact. 
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Figure  3.10: The structure of A-B bilayer molecular junction with units of molecule 1 
(Mol 1) forming the layer A and units of molecule 2 (Mol 2) forming the layer B.  

 

The electrical measurements were first carried out in air with various scan rates 

as shown in Figure 3.11 A.  The junctions became more conducting during the reverse 

scan in air and the hysteresis was bigger at lower scan rates. The junctions were 

measured in the vacuum of less than 5×10-4 torr and the observed hysteresis went away 

(see Figure 3.11 part B). As discussed below, hysteresis is a sign of changes in the 

junction during scanning, and may indicate structural alterations due to the presence of 

water. To avoid this complication, all subsequent experiments were performed in 

vacuum. After junctions were completed by e-beam deposition, they were transferred 

into a vacuum probe station with minimal air exposure. The redox behavior of water at 

the interfaces and its ability to provide ions to reduce the injection barrier at the interface 

and stabilize the charges in the layer are possible reasons for the observation of the 

hysteresis and it is discussed later on in the Chapter. 

All the measurements under vacuum were done initially at the scan rate of 

1000V/s to avoid damaging the devices by applying high voltages for long time. The 
















































































































































































