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Abstract  
 

    Molecular electronics seeks to build circuitry using organic components with atleast one 

dimension in the nanoscale domain. Progress in the field has been inhibited by the difficulty in 

determining the energy levels of molecules after being perturbed by interactions with the 

conducting contacts. We show the conductance of seven different aromatic molecules covalently 

bonded to carbon implies a modest range (<0.5 eV) in the observed transport barrier despite 

widely different free molecule HOMO energies (>2.0 eV range). Upon bonding, electronic 

inductive effects modulate the energy levels of the system, resulting in compression of the 

tunneling barrier. Modification of the molecule with electron donating or withdrawing groups 

modulate both the molecular orbital energies and the contact energy level, resulting in a levelling 

effect which compresses the tunneling barrier into a range much smaller than expected. While 

the value of the tunneling barrier can be varied by using a different class of molecules (alkanes), 

using only aromatic structures results in a similar equilibrium value for the tunnel barrier for 

different structures resulting from partial charge transfer between the molecular layer and the 

substrate. Thus, the system does not obey the Schottky-Mott limit, and the interaction between 

the molecular layer and the substrate acts to influence the energy level alignment. These results 

indicate that the entire system must be considered to understand the impact of a variety of 

electronic factors that act to determine the tunnel barrier. 

    The photocurrent spectra for large-area aliphatic and aromatic molecular tunnel junctions with 

partially transparent copper top contacts have been measured. The effect of variation of the 

molecular structure and thickness are discussed. Internal photoemission (IPE), a process 
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involving optical excitation of hot carriers in the contacts followed by transport across internal 

system barriers, is dominant when the molecular component does not absorb light. The IPE 

spectrum contains information regarding energy level alignment within a complete, working 

molecular junction, with the photocurrent sign indicating transport through either the occupied or 

unoccupied molecular orbitals. At photon energies where the molecular layer absorbs, a 

secondary phenomenon is operative in addition to IPE. In order to distinguish IPE from this 

secondary mechanism, the effect of the source intensity as well as the thickness of the molecular 

layer on the observed photocurrent has been shown. Our results clearly show that the IPE 

mechanism can be differentiated from the secondary mechanism by the effects of variation of 

experimental parameters. IPE may provide valuable information regarding interfacial energetics 

in intact, working molecular junctions, as long as the secondary mechanism is avoided.  
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Chapter-1 

Introduction 

1.1 Molecular electronics: 

    Molecular electronics, as its name implies, use a single molecule or ensemble of molecules as 

functional elements in electronic circuits. Since the size of components in integrated circuits is 

followed the exponential decrease with time known as Moore’s law for >30 years, it is a simple 

matter to suggest that the ultimate integrated circuits will be constructed at the molecular or 

atomic level. Such a scenario was suggested by an eminent physicist and visionary Richard 

Feynman in a lecture at an American Physical Society meeting at Caltech, 1959 (1). The field of 

molecular electronics started with the landmark papers of Aviram and Ratner (2) in which they 

proposed the possibility of creating a unimolecular rectifier. Since then, the field of molecular 

electronics has drawn continuous attention from researchers in different disciplines. Some have 

defined it as technology that utilizes only single molecules rather than allowing a group of 

molecules, but this definition is far too limiting. Molecular electronics can be defined as a 

technology utilizing single molecules, small group of molecules, carbon nanotubes, or nanoscale 

metallic or semiconductor wires to perform electronic functions (3). From the broader definition, 

it can be suggested that any device utilizing molecular properties is a molecular electronic 

device. 

    The first significant breakthrough in molecular electronics was the invention of scanning 

tunneling microscopy(STM) in 1981 (4). With STM imaging the surface at molecular and atomic 

scale became possible. A second set of advances underlying molecular electronics was the 
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emergence of chemically modified surfaces, particularly in electrochemical studies (5-8). These 

advances led to the ability to place monolayers of organic molecules on the surface of various 

materials, including conductors and semi-conductors, which serve as a starting point for a 

molecular junction. Research efforts in the field of molecular electronics have seen dramatic 

growth since the 1990s, partially because of the development of self-assembled monolayers 

(SAMs) and the increasing sophistication of micro-fabrication technology.   

    One potential advantage of organic molecules for electronics is that they provide a cheap 

means to fabricate microchips. In addition, organic molecules can be readily self-assembled or 

grafted onto a substrate, which provides a potential “bottom-up” approach to build functional 

molecular electronic devices. Another advantage of organic molecules lies in their versatility and 

chemical tailorability. There are a great variety of molecules available with versatile electronic, 

optical, magnetic or photonic properties which can be readily tailored or tuned by molecular 

engineering and provide unlimited possibilities for technological exploration.  

 Molecular electronics should not be confused with the vast field of organic electronics, which 

includes organic light emitting diodes (OLED), organic field effect transistors (OFET), organic 

photovoltaics and conducting polymer devices. The fundamental differences between organic 

electronics and molecular electronics are as follows: a) dimensions: molecular electronic devices 

have at-least one dimension in a nanometer scale (usually 1-5 nm), while the organic layers in 

organic devices are often hundreds of nanometers or even micrometers in thickness. b) Charge 

transport mechanism: The charge transport in organic electronic devices is mainly governed by 

“hopping” mechanism with a thermally activated energy barrier whereas for the molecular 

electronic devices (SAMs and LB films) there are other mechanisms such as tunneling. 

Localized regions of order exist often in organic electronic devices where tunnelling/band-like 
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transport can take place in smaller domains, with hopping in between domains c) order: unlike 

organic electronic devices, the molecules in molecular electronic devices are usually ordered 

(SAMs and LB films) with a well-defined orientation (9).  

1.2 Components of a molecular junction: 

    The physical components of a molecular junction include contacts, molecules and interfaces. 

A molecular junction usually consists of a single molecule or ensemble of molecules sandwiched 

between two electrodes (see figure 1.1). The two electrodes can either be conductors or 

semiconductors and are often fabricated separately. The construction of the molecular junction 

usually adopts a ‘bottom-up’ approach where one electrode is first fabricated as a substrate and 

then the molecules are assembled or grafted onto the substrate followed by forming a second 

“contact” deposited on top of the molecular layer.  Significant components of the molecular 

junction are the interfaces between the molecules and the electrodes. It is supposed that the 

interface between the molecules and the contacts can play a significant role in determining 

device characteristics(10).  

 

Figure 1.1: Schematic of the components of a generic molecular electronic junction:  

    Substrates used in molecular junctions include metals like Au (11-13), Ag (14, 15), Pt (16, 

17), Carbon (18, 19) or Hg (14, 15) etc. Depending on how the molecules are attached to the 
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substrates, three classes of substrate/molecule systems are available: self-assembled monolayers 

(SAMs), Langmuir-Blodgett (LB) films and covalently-bonded molecular layers on carbon or 

silicon substrates. A comparison of the surface bonding properties for these three examples is 

given in figure 1.2.  

 

Figure 1.2: Comparison of surface bonding properties of several substrate/molecules systems 
commonly used in molecular electronics. 

1.2.1 Self-assembled monolayers:  

    Self-assembled monolayers (SAMS) on metals were one of the first systems used to make 

molecular junctions, in conjunction with the scanning tunnelling microscope (STM) tip to 

complete the circuit (20). SAMs are considered ordered molecular assemblies formed by 

spontaneous adsorption of organic molecules onto the substrate surface. A variety of molecular 

species can form SAMs on different metals such as Au (21, 22), Ag (23), Cu (23), Pt (24), Pd 

(25), and Hg (26) or on semiconductors such as GaAs (27) and InP (28). The self-assembly of 

organic monolayers on the electrode (29-31) is considered to be a promising approach for the 

fabrication of molecular electronic devices. Thiols have been widely used to connect the organic 

molecules to noble metals because of the ease of preparation and their ability to form structurally 

well-defined monolayers on metal surfaces.  To date, most molecular electronic junctions have 
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been primarily based on a Metal-Molecule-Metal (MMM) structure using thiolates on Au 

substrate as a typical system. Even though these materials form well-ordered monolayers they 

lack the stability required for many applications in electronic circuits. Thiols do not provide an 

efficient pathway for charge transport due to the local character of the sulphur 3p orbitals 

involved in the thiolate-metal bond (32, 33). SAMs are also known to have defects between grain 

boundaries (34). The low energy-barrier for molecular desorption and diffusion is another 

obstacle for the applicability of thiols in electronic devices, limiting the device stability and the 

product shelf life of organic-based devices (31). Damage of SAMs by evaporated metals and 

metal penetration through SAMs has also been well documented in the literature (35, 36).  

1.2.2 Langmuir-Blodgett films: 

    The Langmuir-Blodgett (LB) technique is an effective tool for transferring well-ordered 

molecular films at the air-water interface onto a solid support, permitting a degree of control over 

the molecule-surface interaction or contact, as it is applicable for forming both chemisorbed and 

physisorbed films (37). LB films are formed by amphiphilic molecules with a hydrophilic ‘head’ 

and a hydrophobic ‘tail’ which assembles at the air-liquid interface. The layer of molecules on a 

liquid surface is termed a Langmuir monolayer and after transfer it is called a Langmuir-Blodgett 

film. The preparation of LB films involves spreading amphiphilic molecules over the surface of 

the sub-phase (usually water), and then compressing or expanding the surface with a barrier 

(usually made of Teflon), followed by transferring the film onto a solid substrate. LB films 

provide a level of control over the orientation and placement of molecules in monolayer and 

multilayer assemblies that are difficult to achieve otherwise. The formation of multilayers with 

good control of thickness can be achieved in a layer-by-layer deposition fashion by repeating the 

formation steps. The bonding strength of the electrostatic force between molecules and the 
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substrate in LB films (< 10 Kcal/mol) is weaker than the Au-S (40 Kcal/mol) in SAMS. LB 

metal-organic assembly also has the potential for the exploration of different more common 

metal/thiol self-assembly method. However, the preparation of the LB films is a tedious process 

and requires a specific apparatus, which makes them much less popular than SAMs for use in 

molecular electronics. 

 

Figure 1.3: Schematic illustration of the preparation of Langmuir-Blodgett films.  

1.2.3 Covalently bonded molecules on Carbon and silicon: 

    Carbon materials such as graphite, glassy carbon and diamond, etc., have long been used as 

electrode materials in electrochemistry. The advantage of using carbon materials includes low 

cost, wide electrochemical-potential window, and relatively inert electrochemistry (38). Carbon 

surfaces can also be modified with organic molecules by electrochemical, thermal, or 

photochemical methods (39-41). The McCreery group has employed a carbon material of 

pyrolyzed photoresist films (PPF) as a substrate for molecular electronics (42). PPF behaves 

electronically like a metal but with lower conductivity and density of electronic states. 

Furthermore PPF can easily be modified by the electrochemical reduction of diazonium ions or 

the electrochemical oxidation of primary amines. The C-C bond formed by covalent bonding of 

organic molecules by diazonium reduction is much stronger than the Au-S bond in SAMs or 
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electrostatic force in LB films, with a bonding energy of 80-100 kcal/mol. The covalent C-C 

bond can withstand more harsh conditions during the top electrode formation, especially by 

physical vapour deposition. By using covalently bonded molecular layers using diazonium 

chemistry on carbon substance it has been shown that the direct deposition of some materials (Cu 

(43-45), Si (46), and Carbon (47)) does not destroy or disrupt the molecular layers. Gold (Au) 

can penetrate the molecular layers (44, 47), resulting in short circuits, and Ti (44) resulted in the 

degradation of the molecules. However, highly reproducible molecular junctions have been 

demonstrated using covalently bonded molecular layers with directly deposited Cu or carbon 

contacts (48).  

    Silicon is another commonly-used substrate in molecular electronics. It provides a great 

potential of integrating molecular electronic devices into current silicon-based microelectronics 

technology. Silicon has a well-defined surface crystal structure and can offer versatile surface 

reaction to form strong covalent Si-C or Si-O-C bonds. The silicon surface crystal structure can 

serve as a template for the translational order of the molecules and dictate the orientation of the 

molecular layer (49). The interaction of Si electronic bands and molecular levels may lead to 

some interesting effects and this interaction can be modulated by changing Si doping level to 

potentially modify and control charge transport across the device. 

     Understanding of the electrical behaviour i.e. direct current-voltage (I-V) measurements is a 

requirement for molecules arranged into metal-molecule-metal junctions. The common methods 

available for obtaining I-V behaviour include mechanical break junctions (50, 51), cross-wire 

junctions (52), scanning tunnelling microscopy(STM) (53, 54), and conducting atomic force 

microscopy(c-AFM) (55, 56). Molecular-conductance values obtained from such devices not 
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only depend on the inherent molecular features, but also on other important parameters, such as 

metal-molecule contact, the orientation of the molecule, the nature and type of the molecule, etc.  

1.3 Electron transport in molecular junctions: 

    Several mechanisms like coherent tunneling, activated transfer between potential wells, 

various hopping modes, etc., have been reported for electron transport through single molecules 

or a collection of molecules oriented in parallel. A molecular junction generally refers to a two-

terminal device consisting of two contacts with a monolayer of molecules oriented between them 

(57). If the two contacts of a tunnel junction are close enough for their wave functions to overlap 

electrons can tunnel across the gap. In the simplest case tunneling is coherent and controlled by 

the barrier height and the gap spacing. For coherent junctions no redox reaction occurs and the 

current is independent of the temperature.  

 

Figure 1.4: Schematic energy levels for a tunnel junctions (A) normal (B) under bias. M1 and M2 
refer to metallic contacts, with the shaded area indicating filled electronic states, ɸe and ɸh 
indicates the electron and the hole-injection barriers. Picture adopted from reference (57).   

1.3.1 Tunneling mechanism: 

    Classical tunneling is often explained with the “Simmons model” based on the probability of 

an electron traversing a barrier of  given thickness and height (58). The rate of coherent 

A) B)
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tunnelling decreases exponentially with the thickness of the barrier, and is stated  in its simplest 

form using the Simmons relation (59). 

(Eqn 1.1)                                 

where J= current density, q= electron charge, V= applied voltage, h = Planck’s constant, m= 

electron mass, ɸ= barrier height, and d= barrier thickness. This equation shows only the linear 

term for a rectangular tunnel barrier but shows the exponential dependence on thickness “d”. In 

the figure given above (figure 1.4), ‘d’ is the distance between the conductors, typically 1-5 nm. 

The above equation can be simplified to the form: 

(Eqn 1.2)                                        
 

 

where ‘ ’ is the attenuation factor for the molecules, has units of inverse nm.  By comparing the 

equations, we know that  is proportional to the square root of the barrier height.  

(Eqn 1.3)                                

 

 
    According to the above equation, ‘ ’ should decrease slowly with a change in voltage and 

approach zero as ‘V’ approaches 2ɸ. Lower ‘ ’ value means less attenuation of the current per -

unit distance or more efficient tunnelling. 

    Sometimes electrons interact with the orbitals and the electronic structure of the molecules, 

enhancing the tunneling rate and making “through bond” tunneling more efficient than “through 

space” tunneling. This process of “through bond” tunneling is known as “superexchange” 

tunneling (60-62). The tunneling process, with or without (through space tunneling) the super 

exchange mechanism, should not depend on temperature. Tunneling is generally not effective 
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over great distances greater than a few nm. Electron transport over such distance is usually 

attributed to more complex phenomena such as “incoherent tunneling” or “hopping”. 

 

Figure 1.5: Schematic energy levels diagram for diffusive tunneling. ‘ ’ is the potential well 
depth of N sites spaced apart by a distance “a”. M1 and M2 are the metallic contacts (63). 
 
    The Incoherent tunneling model proposes that the electron tunnels coherently along a series of 

sites which are characterized by potential wells (see figure 1.5) (64). The electron spends enough 

time (residence time) in the well that the phase of the electron is disturbed and the process should 

be viewed as a series of discrete steps. It is important to understand that the electron tunnels 

through the barrier between the sites, and the process is independent of temperature.  

1.3.2 Hopping mechanisms:  

    Electron transport can exceed distances greater than the upper limit for tunneling by a 

multistep hopping process. In this mechanism, the total distance‘d’ is split up into a series of 

short ET steps. The hopping model was first developed for DNA (see figure 1.6). This model 

stemmed from the observation that DNA is a charge-carrier and that the efficiency of charge 

transfer states scales with the number of guanine base pairs (65). The overall electron transfer 

rates do not follow the exponential dependence on distance, but rather scale algebraically with 
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the number of hopping steps ‘n’. If Kn as the hopping rate,  takes values between 1 and 2 (66), 

and equation 1.4 applies.   

(Eqn 1.4) 

                                                             

thus the main characteristics of sequential electron-transport by hopping are the occurrence of 

chemical intermediates, i.e. oxidised (reduced) bridge units that function as relays, and the 

resulting weak distance-dependence of ET across such bridges. The superexchange mechanism 

shows strong exponential distance-dependence whereas electron hopping exhibits only weak 

distance-dependence. As with incoherent tunnelling, the electron may traverse one or more sites, 

but the difference between the tunneling and hopping is the involvement of nuclear or the re-

organizational motion (67). Electron transfer does not occur until the thermal motion of the 

nuclei results in a favourable molecular geometry, and transport is temperature dependent.  

 

Figure 1.6: Schematic representation of energetic models of electron migration through DNA 
system. In this hopping model, donor orbitals are energetically close to those of the bridge. 
Charge occupies the bridge hopping between discrete molecular orbitals.  
 
    Hopping involves electron motion over the barrier (meaning that the reorganizational energy 

must rearrange for electron transfer to occur), while tunneling involves electron transfer through 

the barrier (meaning that there is a finite probability of finding an electron on the other side of 
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the barrier, without requiring nuclear motion). Hopping involves a series of transfers between 

relatively stable redox sites and does not exhibit the exponential distance dependence of coherent 

tunneling but instead varies as d-1. The time an electron resides in various potential wells relative 

to the time for molecular re-organization is the key parameter in assessing the importance of 

nuclear motion to electron transport (68). 

    Fowler-Nordheim tunneling refers to an enhanced tunneling which occurs at high electric 

fields when the applied voltage exceeds the barrier height and is well beyond the linear voltage 

behaviour implied by the Simmons relation. Fowler-Nordheim tunneling is independent of 

temperature but decreases exponentially with distance.  

1.4 Metal-Organic interfaces:  

    In the past decade, much research and development has been focussed on the energetics at 

metal-organic interfaces. While the properties of conventional metal, semiconductor, or insulator 

films are well understood, the fundamentals of interfaces with molecules are not completely 

understood. The energetics at these interfaces is significant since they control charge injection 

and transport through the devices (69-72). Understanding the factors that determine the 

electronic properties of these interfaces is an important goal in interfacial research. 
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Figure 1.7: Energy diagram of an interface between a molecular film and a metal surface. Figure 
adopted from reference (71). 

    The interface electronic-structure of a typical metal-organic interface is shown in figure 1.7. 

Important electronic levels are the electrode Fermi level (EF); the highest and the lowest 

occupied molecular orbitals (HOMO, LUMO); and the Vacuum level (Evac) of each material. The 

work function of the electrode (ɸM), the ionization energy (IE), and the electron affinity (EA) are 

defined as the energy difference between the vacuum and the LUMO levels for the molecules. 

The interface shift between the vacuum levels of the two materials, or the interface dipole barrier 

is denoted as ∆. Central to the charge carrier-injection through the interface are the electron and 

hole-injection barriers, ɸe and ɸh, respectively.  

    Most of the research efforts in recent decades were aimed at providing the energy levels for 

defining barriers to electronic charge carrier injection and transport. In order to predict the barrier 

for charge carrier transport between molecules and the contacts of a molecular junction requires 

understanding of both the occupied and the unoccupied energy levels at the interface. If the 
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interaction between the molecule and the contacting materials is only van der Waals type of force 

then the prediction is simple. In most cases the interaction becomes complex due to strong 

chemical interactions between the molecule and the contacts. The well-known valence and 

conduction bands of inorganic semiconductors are replaced by transport states such as the 

HOMO and the LUMO levels of the molecule. The relative position of the contact Fermi level 

and charge-neutrality level of this induced density of states defines charge transfer across the 

interface and the interface energetics (73, 74). Experimental results (75, 76) indicate that 

metal/organic interfaces generally do not follow the Mott-Schottky model (77) and the interfacial 

electronic structure is dominated by the charge exchange between the contact material and the 

interfaces. Electronic states resulting from interfacial chemistry generally dominate the 

energetics (78), and the energetics can depend on chemical bonding and molecular orientation. 

Previous reports shows that in molecular electronics the charge transport is more efficient when 

the interface is reactive, i.e. when a chemical bond is formed between the molecules and the 

substrate (51). This result shows that the behavior of the electronic system might be different 

from that of the isolated components, emphasizing the importance of interface characterization. 

1.5 Work Function: 

    Work function in metals: For metals, the valence bands are filled with electrons up to the 

Fermi energy (EF). The energy difference between the Fermi energy and the vacuum level 

corresponds to the work function (ɸ). The work function is described as the minimum amount of 

energy needed to remove an electron from the metal into a vacuum. Figure 1.8 shows the 

schematic energy level diagram of a metal. The work function of the surface is strongly affected 

by the condition of the surface. Contamination present on the surface can change the work 

function substantially (69). Substrate preparation can affect the composition as well as electrical 
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characteristics of the given surface. A clean metal surface has relatively high energy at the 

surface, where the molecules of ambient atmosphere (N2, H2O, hydrocarbons) get adsorbed. This 

can lead to a difference in work function between “clean” and “exposed to air” metal surfaces 

(79). These changes are a result of the formation of electric dipoles at the surface, which change 

the energy that an electron needs to leave the sample. Due to the sensitivity of the work function 

to chemical changes on the surface, its measurement can give valuable insight into the condition 

of a given metal surface. 

 

 Figure 1.8: Schematic energy diagram of a metal, showing the work function.  

1.5.1 Work function measurement techniques: 

    The work function of a given material can be measured with ultraviolet photoelectron 

spectroscopy (UPS) and a Kelvin probe (KP). UPS allows the measurement of the absolute work 

function whereas KP only gives the contact potential difference (CPD) between the actual probe 

and the sample surface. Calibration with PES allows calibration of KP results to yield absolute 

values. 
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Electron 
Energy
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1.5.1.1 Measuring work function using UPS: 

 
    Figure 1.9 shows the UPS spectrum of a gold sample (80). The Fermi level separates the 

occupied and the empty states. There are no actual energy levels at the Fermi level and the Fermi 

level is a statistical concept (70). UPS works only with the occupied states, since there need to be 

electrons that can be photoemitted, i.e. states above the Fermi level are empty and do not emit 

electrons. Further to the left from the Fermi level at low-binding energies the valence bands 

structures are visible. They are the electrons with maximum kinetic energy detected at the 

detector. Then there is a high-binding energy cut off where the spectrum ends. The electrons at 

the secondary cut off edge are the slowest electrons of the spectrum. The electrons responsible 

for the secondary edge and the increasing tail before the secondary cut-off edge are inelastically 

scattered electrons which were initially emitted from the valence band states but lost energy 

through scattering processes on their way to the sample surface. Inelastically scattered electrons 

will have enough energy to escape into vacuum and will be detected as secondary electrons. 

Knowing the binding energy of electrons right at the secondary edge, we can determine the work 

function, which is the difference between the kinetic energy measured at the detector for the 

electrons at the cut off plus the photon energy, and the energy of the electrons originating from 

the Fermi level of the sample. The “X” axis can be displayed either in kinetic or binding energy. 

Work function can be calculated using eqn (1.5). 

(Eqn 1.5) 

                                                          ɸm = EK
min + h  - EK

max                                      

Therefore, the calculated work function of gold sample in this case is (12.0+21.2-28.0) = 5.2 eV 

(see figure 1.9), where 21.21 eV is the energy of the He1 radiation source used (h ). 
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Figure 1.9: UPS of gold using He (1) (21.2 eV) excitation.  

1.5.1.2 Work function using KP: 

   A Kelvin probe (KP) cannot be used to measure the absolute work function of the material, 

since it can only detect the difference between the work functions of the probe and substrate. 

Therefore, to measure the work function of a material with KP a calibration measurement needs 

to be carried out. Considering the example with Au, a certain KP contact potential measured 

relative to the Au surface would be assigned 5.2 eV. Then the unknown sample could be 

measured using the KP. If the work function of the unknown sample is smaller than the Au work 

function, then KP would yield a negative contact potential, while if it is larger then a positive 

contact potential would be detected. Adding the contact potential value obtained from this to the 

Au work function value would then yield the actual work function of the sample. Contamination 

can change the work function of the reference and so obtaining an absolute work function value 

in air becomes difficult. HOPG (highly oriented pyrolytic graphite) does not form interface 
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dipole, therefore its work function (4.6 eV) value is not significantly changed under typical 

ambient condition and it is commonly used as the standard.  

1.6  Vacuum level: 

    The vacuum level of a finite size sample (EVac(s)) is defined as the energy of an electron at rest 

just outside the surface of the solid. For metals, this distance is also where the image potential is 

essentially zero (70). The distance just outside the solid means the distance between the electrons 

and the surface is larger than the interatomic distance but smaller than the size of the crystal 

surface(70). The (EVac(s)) is involved with the measurement of I, A and ɸ(81, 82). The vacuum 

level at infinity (EVac( ))  is defined as the energy of an electron at rest at infinite distance from 

the surface. Fermi level is constant and (E Vac( )) can be viewed as a level at a fixed energy from 

the Fermi level. (E Vac( )) is an virtual level that is experimentally not accessible. 

 
Figure 1.10: vacuum level close to the surface (E Vac(s)) and vacuum level at infinity (E Vac ( )). 
Figure adapted from reference (73). The back region shows the electron density in the metal, 
with tailing at the surface to form a surface dipole layer. 
 
    For a metal, the difference between the energies of (E Vac( )) and (E Vac(s)) is mostly due to 

the surface dipole layer formed by the tailing of electron cloud at the surface(83, 84). The tailing 

of the negatively charged electron cloud into vacuum makes the vacuum side negative, while the 
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lack of electrons inside the surface makes the bulk side positive (see figure 1.10). In addition 

when the electron crosses the surface dipole on its way out of the solid, the potential energy is 

raised by an amount equal to the dipole energy barrier and as the electron moves away from the 

(finite-size) surface, the dipole field and the potential energy decrease(see figure 1.11). 

 

Figure 1.11: (A) Electron and dipole layer with a representative extension L with the distance x 
between them. (B) The potential energy of the electron by the dipole layer. Figures adapted from 
reference (73). 
 
 The flat portion of the dipole just outside the office in figure 1.11 (A) is the region of (x<<L). 

As the distance from the surface becomes larger than the extension of the sample surface (x>>L), 

the effect of the surface dipole layer diminishes, and the energy of the free electron gradually 

converges to a common value, which corresponds to VL ( ).  

 

 

 

A)

B)

X>>L X<<L
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1.7 Gap states: 

The interface electronic structure of a typical metal-organic interface is given in figure 1.12. 

The density of the interface gap states, Dis, is schematically represented between the HOMO and 

LUMO, and the interface shift between the vacuum levels of the two materials, or interface 

dipole barrier, is denoted as ∆. Considering the standard case for metal-semiconductor interface 

(76), gives the flowing equation for the electron injection barrier. 

ɸBn = S (ɸM - EA) + (1- S) ECNL 

 

 is the effective metal-semiconductor distance, and ECNL is the charge neutrality level of the 

interface states. If the interface EF is above the ECNL, the net charge in the interface state is 

negative, and a dipole with corresponding sign develops across the interface and vice versa. 

 

Figure 1.12: Electronic structure of a typical (organic) semiconductor-metal interface, showing 
relevant energy levels on both sides, the electron affinity (EA) and ionization energy (IE) of the 
semiconductor, the interface dipole ∆, the interface density of gap states and charge neutrality 
level ECNL, and the electron and the hole injection barriers. Picture adapted from reference (69).  
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1.7.1 Interface free of gap states (Schottky-Mott model): 

The Schottky-Mott limit assumes a vanishingly small density of interface states Dis, a 

situation where there is no interaction between metal-semiconductor interfaces. The position of 

the molecular level (E Vac(s)) with respect to the electrode EF follows from vacuum level 

alignment, or ∆=0. The electron tunnelling barrier ɸe in this case will be equal to the difference 

between the electrode work function ɸM and the organic electron affinity EA. The hole tunneling 

barrier will be equal to ɸh = IE - ɸM. The interface parameter “S” – defined as the derivative of 

the electron barrier with respect to the electrode work function and can be used to describe the 

dependence on the barrier on the electrode (69). The interface will depart from the simple 

Schottky-Mott rule if the work function of the electrode decreases to reach the semiconductor 

EA, causing a large electron transfer from the metal to the LUMO of the organic film. A similar 

situation occurs when the charge transfer happens from the organic HOMO to the metal, as the 

electrode work function increases and reaches the semiconductor IE. The extensive study carried 

out in the past decade shows that the interfaces formed by spin coating polymer films on metal 

electrodes, and interfaces formed by evaporating small molecule films on contaminated metal 

surfaces follow the Schottky-Mott limit (85, 78). 

Whereas, metal-on-polymer and metal-on-small molecule interfaces made by vacuum metal 

thermal evaporation of the metal and small molecule-on-clean metal surfaces depart from 

Schottky mott rule (75, 76). The reorganization of the surface metal electronic structure happens 

when an atom or molecule is deposited on a metal surface due to the columbic repulsion between 

its electron density and the surface metal electrons locally supressing the tail of electron wave 

functions that spills in to the vacuum (see figure 1.10). The reduction in the work function 

associated with this effect should not be viewed as resulting from the formation of an interface 
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dipole, but simply due to the modification by the “external” surface component to the work 

function of the metal. 

1.7.2 Interface dominated by gap states: 

If the density of interface states is excess (5 x 1013 cm-2 eV-1) with energy, in the gap of the 

semiconductor then it has a significant impact in the position of the interface EF (69). The 

parameter ‘S” approaches zero for large Dis, leading to a Fermi level position defined by the 

charge neutrality level of the interface states. When Dis is large enough, the Fermi level 

excursion range will be limited due to the presence of significant density of states, and eventually 

lead to EF pinning. The origin of interfaces can be either due to chemical (chemical bonds) or 

defects between the semiconductor and the metal (94). When a metal is vacuum evaporated on a 

molecular film, it leads to the formation of metal induced defects in the organic material, which 

exhibit filled or empty electronic states that overlap with the original gap of the 

semiconductor(95).  

The metal electron wave function at the metal-semiconductor interface tails into the 

semiconductor (96, 97). The proximity of the metal surface and the overlap between the 

continuum of metal states and semiconductor states induces a density of interface states in the 

gap of the semiconductor known as metal induced gap states (MIGS), this concept at the semi-

conductor interface is now applied to weakly interacting molecular organic interface (98, 99). 

The charge neutrality level is calculated by integrating the local density of states in the MIGS 

and imposing that the total number of electrons up to charge neutrality level equals the number 

of electrons in the neutral molecule.  As the density increases the parameter “S” decreases and 

the interface Fermi level position and associated barriers become increasingly dependent of the 

metal work function(69). The electron distribution across the interface depends on the magnitude 
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of the metal work function relative to the charge neutrality level position (see figure 1.12). If the 

work function is smaller i.e. if the position of Fermi level is above the charge neutrality level, 

electron transfer takes place from the metal to the MIGS, an upward dipole barrier at the metal-

organic interface i.e. the vacuum level shifts upward from the metal to the organics. The 

concepts of MIGS and charge neutrality level as developed by Vazquez et al. (98) are applicable 

only to weakly interacting organic-metal interfaces. In most cases its bonding and electronic 

defects formed at the interfaces control the Fermi level position. 

1.8 Investigation methods: 

    The common methods used to investigate the energetics of interfaces are direct (PES) and 

inverse (IPES) photoemission spectroscopies. Direct photoemission work involves a specific 

type of PES, Ultraviolet Photoemission Spectroscopy (UPS), which has been successfully used 

for mapping the frontier orbital states (85, 86) i.e. the highest occupied molecular orbital 

(HOMO) of the molecule at the interface. While not as widely used, Inverse photoemission 

spectroscopy (IPES) permits measurement of the empty frontier orbitals, in particular the lowest 

unoccupied molecular orbital (LUMO) of the molecules at the interface (87, 88).  

1.8.1 Photoelectron spectroscopy: 

    When the molecule is in the ground electronic state, the LUMO is empty of electrons, while 

the HOMO is filled with electrons. The HOMO and LUMO energy levels are generally set as 

negative values (absolute energy levels) relative to the vacuum level (E Vac), whose energy level 

is zero. The energy difference between the HOMO and LUMO of a molecule is called the 

HOMO-LUMO gap.  
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    XPS and UPS are similar in their instrumentation, but different in incident light source. The 

core-level photoemission work is usually done with standard mono-chromatized X-ray sources 

providing two different radiation lines- Al K , h =1486.6 eV and Mg K , h =1253.6 eV, and 

the energy resolution of the XPS measurement is typically 800 meV (69). The energy resolution 

of XPS and UPS largely depend on the line width of the incident photon source, which are a few 

meV for the discharge lamps of UPS and 1.0 eV for the X-ray anodes of UPS. Using synchrotron 

radiation sources can effectively improve the resolution of UPS to 0.02 eV, although with very 

high cost of operation. XPS is more useful for obtaining the information of core-level states at 

higher binding energies of the sample material, and UPS is excellent in providing the fine 

structure of the valence band. 

The fundamental principle of UPS is the “photoelectric effect” which was described by Albert 

Einstein in the early 20th century. When a light of particular wavelength and energy is shined on 

the surface of metal, it can lead to the emission of electrons. If the energy of the photons 

absorbed by the electrons in the metal is large enough to overcome the ionization energy then the 

electron escapes from the surface of the metal. The photoelectric spectrum consists of two 

principal components (see figure 1.9): (1) primary electrons which do not suffer inelastic 

collisions, and (2) secondary electrons, which are primary electrons which lost varying amount 

of energy before escaping. The primary peaks allow the determination of the binding energies of 

the electronic states in the sample, while the secondary states are used for the measurement of 

the work function of the sample. The kinetic energy (EKin) of the photoelectron upon the 

absorption of a photon with adequate energy is given by  

(Eqn 1.8) 

                                                        EKin= h  - Eb - ɸs 
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where ‘h’ is the Planck constant, ‘ ’ is the frequency of the incident photon, ‘ɸs’ is the work 

function of the sample and ‘Eb’ is the binding energy of the excited electron. The fastest electron 

of this spectrum will be primary electrons emitted directly from the Fermi edge (Eb =0) having 

EKin= h  - ɸs. The energy of the absorbed photon needs to be greater than the work function of 

the material to allow the emission of photoelectron. For valence photoemission work, UPS 

utilizes helium discharge lamps with specific radiation lines: He1 h  = 21.22 eV. The 

photoexcited electrons are then passed through a kinetic energy analyzer into the detector. The 

energy resolution of the UPS measurement is 100-150 meV. 

    The sample for UPS is usually a thin film with tens of nanometers thickness; thicker samples 

may cause charging due to the accumulation of positive charge at the sample surface, which is 

left by the emission of negatively charged electrons. Figure 1.13 shows the principle of UPS and 

its application to determine the interfacial electronic state (73).  

 

Figure 1.13: Principle of UPS study of an organic/metal interface. a) Photoemission from the 
metal. b) Photoemission from the organic layer deposited on the metal surface. Picture adopted 
from reference (5) 
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    Figure 1.13(a) shows the electronic structure of a metal substrate sample and its photoemission 

process. The electrons in the occupied state are shown at the top of the Fermi level EF, excited by 

the incident light of photon energy h . The electrons with energy above the vacuum level (VL) 

 can escape from the surface. The electrons which escaped from the surface are then passed 

through the kinetic energy analyzer into the detector where they get counted. Figure 1.13(b) 

shows the situation when a thin organic layer is deposited on the metal surface. The spectrum 

becomes dominated by photoelectrons from the organic layer with increasing thickness. The 

electrons with maximum kinetic energy correspond to the electrons excited from the HOMO. 

The energy of the vacuum level shifts compared to that of the bare metal substrate. This shift is 

observed as ‘∆’ for the low energy cut-off of the photoelectron spectra. Thus the origin of the 

kinetic energy is also changed by the shift of the VL to the vacuum level of the organic layer Evac 

(see figure 1.14). The energy difference of the fastest electron between the metal and the organic 

layer gives the energy of the top of the valence state of the organic layer  relative to the Fermi 

level of the metal. From the above figure 1.14 the shift of the right-hand edge gives  , while the 

shift of the left hand edge gives ‘∆’. 

 

Figure 1.14: Shows the UPS spectra of metal and organic material with the energy of an emitted 
electron with an arbitrary origin as the abscissa. Picture adopted from reference (5). 
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More detailed explanation on the calibration of photoemission spectra refer Rudy Schlaf 

tutorial lesson titled calibration of photoemission spectra and work function determination. 

(http://rsl.eng.usf.edu/Documents/Tutorials/PEScalibration.pdf).  

 

Figure 1.15: Schematic of photoemission spectroscopy (PES) process on metallic sample. 
Picture adapted from Rudy Schalf tutorial lesson. 

1.8.2 Inverse photoelectron spectroscopy:  

    Inverse Photoelectron spectroscopy (IPES) (88, 89) is considered as a complementary 

technique to photoemission spectroscopy (PES). As explained in section 1.5.1, PES probes the 

occupied density of states in a sample through the photoelectric effect, whereas IPES does the 

reverse, i.e. the sample is exposed to an electron beam and the emitted photons are collected. The 

detailed explanation regarding IPES is given in Dr. Rudy Schalf’s tutor lessons. 

(http://rsl.eng.usf.edu/Documents/Tutorials/TutorialsIPES.pdf). 
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Figure 1.16: Schematic of IPES in “Isochromat” mode. Elecrtons with particular kinetic energy 
are emitted from the electron gun. At the sample surface they recombine into empty states above 
the Fermi level and photons are emitted. A detector with a narrow(0.6 eV) fixed energy window 
(10eV) counts emitted photons. Variation of the electron kinetic energy allows scanning through 
the unoccupied states, resulting in IPES spectrum. (Figure adopted from Dr. Rudy Schalf’s tutor 
lessons). 

1.8.3 Other spectroscopic investigation methods:  

    The other major spectroscopic techniques includes two-photon photoemission (2PPE) (90),  

and near-edge X-ray absorption fine structure(NEXAFS or XANES). These two techniques have 

proven to be powerful tools for investigating the energetics of organic molecule interfaces. 2PPE 

provides information on the transport gap (Et) or optical gap (Eopt) of the molecular material, 

depending on whether the first of the two excitations is either inter or intramolecular (91, 92). In 

the intermolecular case, the hole state is measured by a two photon excitation of an electron from 

the HOMO to the vacuum. The electron state is measured by first populating the LUMO with an 

external electron, eg. from the metal substarte, followed by a photoemission from the LUMO. In 
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the case of intramolecular excitation  the first photon excites an electron from the HOMO to the 

LUMO, forming an exciton on the neutral molecule and populating the empty states across Eopt 

and the second photon breaks the electron-hole pair (71). 2PPE is very powerful and versatile 

tool for investigating the energetics of metal/molecule systems and if used in the time resolved 

mode, 2PPE becomes a powerful tool for probing the dynamics of charge exchange and 

excitation on organic systems (92). The HOMO-LUMO gap measured from the 2PPE 

measurement is the optical one i.e. the gap for onsite excitation of the neutral molecule, whereas 

for the PES/IPES it is the cation-anion gap that is measured, generally known as transport gap 

(71). It is often assumed that the transport gap controls the charge transfer from substrates to 

molecules , or transport measurement through organics.  

 
Figure 1.17: Schematic illustartion of possibilities in two photon photoemission involving (A) 
unoccupied states below the vacuum level (B) and an occupied state below the Fermi level.  

 
    NEXAFS involves the excitation of an electron from a core level into unoccupied orbitals. 

Hence it provides information about the chemical state of the molecule and enables the exact 

determination of the LUMO energy (93). NEXAFS has much higher resolution and much higher 

sensitivity than IPES. NEXAFS seems preferable for the determination of unoccupied orbitals.  
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1.9 Research Objectives:  

    The ultimate goal of molecular electronics is to make molecule based functional devices. 

Progress in the field has been inhibited by the difficulty in determining the energy levels of 

molecules after being perturbed by interaction with the conducting contacts. A complete 

understanding of a molecular junction would require considering the junction structure as one 

electronic system, rather than attributing device characteristics only to isolated molecules or 

contacts. The overall objective of the research work described in this thesis is to investigate the 

interaction of light with carbon-based molecular electronic junctions. The mechanism(s) 

underlying the observed photoeffects were identified and used to determine the interfacial 

transport barriers in molecular tunnel junctions. 

    Following the introductory chapter, Chapter 2 describes how bonding the molecule to a 

substrate results in electronic inductive effects which modulate the energy levels of the system 

and modifies the tunneling barrier. This finding indicates that the entire system must be 

considered to understand the impact of a variety of electronic factors that act to determine the 

tunnel barriers. 

    Chapter 3 describes the experimental procedures and instrumental apparatus used to obtain 

photocurrent from carbon based molecular junction. We measured the photocurrent spectra for 

large-area aliphatic and aromatic molecular tunnel junctions with partially transparent copper top 

contacts.  

    In chapter 4 we describe the different methods used to differentiate the “photo-effects” of IPE 

mechanism from the secondary molecular absorption “MA” mechanism. The photocurrent 

measurement is correlated with the absorption spectra for all the molecules used in this study. A 

mechanism is proposed for the photocurrent generation at IPE regime. IPE mechanism contains 
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information regarding energy level alignment within a complete, working molecular junction and 

its sign indicates whether transport is through the occupied or unoccupied molecular orbitals. 

    Chapter 5 describes about the possible mechanism(s) to explain the observed photoeffects 

when the molecular layer starts absorbing light. In addition a comparison of photocurrent yield 

for aromatic junctions with partially transparent carbon/copper top contacts with Cu only top 

contact has been carried out.  

Finally, this thesis is ended with conclusions of all the work presented herein and outlook on 

future work and directions of molecular electronics.    
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Chapter-2 

Charge Transport in Molecular Electronic Junctions: Compression 

of the Molecular Tunnel Barrier in the Strong Coupling Regime. 

2.1 Introduction: 

    Molecular junctions are essentially modified electrodes which are familiar to electrochemists, 

in which the electrolyte is replaced by a conducting “contact.” It is generally hypothesized that 

changing molecular structure will alter system energy levels, leading to a change in the transport 

barrier. The conductance of electrical charge through and across molecular entities is the basis of 

molecular and organic electronics (1, 2). Understanding, controlling, and designing electronic 

circuits using organic molecules as components is a major goal of molecular electronics (3). 

However, it has been a challenge to identify all of the factors that govern the conductance of a 

molecular junction. Rather than being a simple property of the molecule itself, many 

circumstances contribute to the measured electronic properties of the junction. Some important 

features that contributes to the junction property includes the nature of the molecule-contact 

bonding (4), the properties of the contact materials (5, 6), the orientation of the molecules 

relative to the contacts (7), and the structure of the molecule (5, 8, 9). While there is no general 

consensus on exactly how each of these features affects the conductance of the junction, it is 

generally agreed that the alignment of the molecular energy level vs. the contact energy levels is 

an important factor (10-13). The offset between the substrate Fermi energy (Ef) and the 

molecular orbital closest in energy to Ef is often used to estimate charge transport barriers in the 
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context of tunneling or charge injection models. However, it is increasingly clear that the 

situation is complex and that there is no simple method for measuring these energy levels in a 

completed junction. The actual energy barrier in a molecular tunnel junction is a function of the 

way the molecule interacts with the contacts in the completed device, a function that in turn 

depends on a number of factors such as bond type, electronegativity and orbital energies. 

    There are numerous paradigms for studying charge transport in molecular electronics (3) 

which use different techniques to make electrical contacts between the conductors and the 

molecular components. While each method for studying charge transport in molecular 

electronics has certain advantages and disadvantages, it is clear that the entire system i.e. two 

contact electrodes along with molecules must be considered in order to delineate the main factors 

influencing molecular conduction. While many groups employ thiolate-based self-assembled 

monolayers (SAMs) on metallic substrates as a base system, we have taken an alternative 

approach using carbon electrodes (6, 14-19). The foundation of this paradigm is a flat carbon 

electrode, composed of pyrolyzed photo-resist films (PPF), with covalently bonded nanoscopic 

molecular layers deposited using the electrochemical reduction of diazonium reagents. The 

covalent bonds formed between the molecules and the substrate lead to strong electronic 

coupling (20, 21),  remarkable stability (6, 19, 22), and the ability to vapour deposit top contact 

materials without degrading the layer integrity (22, 23). As a consequence, large area (~0.0013 

cm2) molecular junctions with the general structure of carbon/molecule/Cu can be made in high 

yield (typically >90%), with good reproducibility, and are robust under potential cycling (i.e., the 

electronic properties of the devices do not change after more than 109 cycles to ±1 V) and 

temperature excursions in the range of 5 K to 350oC (18, 19). Due to these properties, the 
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carbon/molecule/Cu system is a good candidate for systematic studies into the factors that 

control charge transport, especially in the strong coupling regime. 

    We extend our investigations to include a variety of molecular structures in order to determine 

how energy level alignment is affected. After selecting molecules that have calculated gas-phase 

molecular orbital energies (i.e., HOMOs and LUMOs) that vary by >2 eV, we examined the 

factors that control energy level alignment after the molecules bonded to the surface. We also 

examined the junction conductance and attenuation factors for these structures and correlated the 

electronic properties with electronic structure measurements. We also used ultraviolet 

photoelectron spectroscopy (UPS) to probe the energy levels of modified carbon electrodes to 

determine a model that explains how and why the molecule-surface energy levels change upon 

molecule-surface bonding. UPS provides an estimate of the molecular HOMO onset energy 

which can be compared to tunneling barrier values obtained from electronic measurements. 

These studies reveal some of the important factors that control the conductance of molecular 

junctions relative to energy level alignment, and may lead to promising strategies for designing 

molecular junctions with targeted electronic properties. 

2.2 Junction fabrication and electrical characterization: 

 
2.2.1 Junction fabrication : 

 
    Polished silicon wafers (Technical Glass Products, http://www.technicalglass.com/) were 

diced into 1.2 x 1.5 cm chips to serve as substrates. Acetonitrile, acetone and isopropanol (HPLC 

grade, Fischer Scientific) were used as received. Water was purified by a Millipore system 

18M , < 3 ppb TOC). The substrates were initially cleaned by sonication in acetone, 

isopropanol and finally ultrapure water for 10 mins in each solvent. The substrates were then 
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dried in a directed stream of nitrogen gas. Conductive carbon in the form of pyrolyzed 

photoresist films (PPF) were produced by first spin-coating commercially available photoresist 

(AZ-P4330-RS, AZ Electronic materials, Somerville, NJ) onto pre-cleaned  silicon chips (24, 25) 

at 6000 rpm for 40 seconds(two coats) followed by a soft baking at 90o C for 15 mins. Next, the 

photoresist was patterned using photolithography to yield four parallel 0.5 mm wide lines. 

Finally, the photoresist was converted to conductive carbon by heating to 1100° C (held for 60 

min) in a tube furnace with a constant flow of forming gas (5% H2, balance N2 at 100 mL-min-1). 

PPF is a flat (RMS roughness <0.5 nm measured by AFM) and electrically conductive 

(resistivity ~0.005  cm) substrate upon which molecules are bonded (see figure 2.1) (24). 

    Formation of molecular layers ranging from 1-5 nm thickness (measured using AFM) was 

carried out by electrochemical reduction of diazonium salts in solution (see step-6 in figure 2.1). 

For this step, PPF was used as the working electrode in a three-electrode electrochemical cell 

with a 1 mM solution of the diazonium precursor with 0.1 M tetrabutylammonium 

tetrafluroborate (TBABF4) as the supporting electrolyte in acetonitrile. To deposit the molecular 

layer, cyclic voltammetric sweeps starting from +0.4 V versus Ag/Ag+, to a desired negative 

potential as described below. The switching potential and the number of sweeps depend on the 

molecule used and the desired thickness. The switching potential for a given diazonium salt is 

selected by finding out the reduction potential value of that diazonium molecule. In order to get 

complete reduction of diazonium salts, the switching potential was set to be 0.2-0.4 V negative 

of the reduction peak potential. After modification, the sample was rinsed with acetonitrile and 

dried using a stream of nitrogen. The dried substrates were then transferred to an electron-beam 

evaporator (Kurt J. Lesker PVD75), where various metals were deposited directly onto the 

surface of the molecular layer. The chamber was evacuated to 3.0 x 10-6 Torr before beginning 
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the deposition. For junction fabrication metals were deposited through a shadow mask (0.6 mm) 

oriented perpendicular to PPF strips to result in a cross-bar junction. The deposition rate was 1 Å 

s-1 and the metal thickness was measured by a quartz crystal microbalance (QCM). Junctions are 

designated by the various layers from bottom to top with the top contact metal layer thickness 

indicated in parentheses, and measured in nm. For example, PPF/AB/Cu (20) indicates AB layer 

on 1-2 μm thick PPF with copper top contact 20 nm thick. In all the cases where the current-

voltage behaviour was determined, the junction area was 3.0 x 10-3 cm2. 

 

Figure 2.1: Flow chart for fabrication of carbon based molecular junction. 
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2.2.2 Molecular structures used in this study: 
 

 
Figure 2.2: Molecular structures used in this study. NP = Nitrophenyl, AQ = Anthraquinone, 
NAB = Nitroazobenzene, BrP = Bromophenyl, EB = Ethynylbenzene, AB = Azobenzene, and 
BTB = Bisthienylbenzene.  

2.2.3 Conditions for film growth: 
 

    The general procedure for molecular layer growth used in our study is given in this section.  

Derivatization of PPF surfaces was performed by the reduction of the corresponding diazonium 

salt in acetonitrile (Aldrich) with n-tetrabutylammonium tetrafluroborate (0.1 M; Aldrich) as the 

supporting electrolyte. Tetrafluroborate diazonium salts of all the molecules were prepared using 

existing procedures(26, 27). The diazonium salt solutions were freshly prepared, degassed 

thoroughly (up to 20 mins) by purging with argon gas to ensure low oxygen content before 

derivatization. 

    In all cases except BTB, the carbon surface (PPF) was used as the working electrode in a 

three-electrode electrochemical cell in a dilute solution (1.0 mM) of diazonium precursor (2.0 

mM for both 1-AQ, and 2-AQ) in acetonitrile (with 0.1 M tetrabutylammonium tetrafluroborate 

as supporting electrolyte). External contact to the PPF electrode was made with an alligator clip 
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connected to the top portion of PPF. Electrografting was performed by sweeping the electrode 

potential at a rate of 0.1 or 0.2 V s-1 from a potential where no reduction occurs (+0.4 V vs. 

Ag/Ag+) to a negative potential of -0.6 V for (AB, NAB), -0.8V for (1AQ,2AQ), NP (-1.1 V) and 

BrP(-1.2 V), respectively (see figure 2.3). In the case of EB, potential sweep was done from 0.3 

to -0.8 V. The numbers of cycles were also varied from 1 to 10, and also a higher negative 

potential was used for all molecules to yield different thickness (see figure 2.4).  

 

Figure 2.3: Cyclic voltammograms of (1AQ, BTB, 2AQ, AB) diazonium ions on carbon (PPF) 
in 0.1 M TBABF4 in acetonitrile. Single scan was used for all the molecules with a scan rate of 
200 mV/s.  
 
    In situ diazonium formation of BTB: An acetonitrile (ACN) solution (20 mL) containing 4-

amino-1-bisthienylbenzene (5mM, ~2.6 mg) and tetrabutylammonium tetrafluroborate (TBABF4, 

0.1M, ~0.66 g) as supporting electrolyte was prepared and degassed with high purity Ar for ~30 

mins. Tert-butylnitrite (18 μL) was then added to the above solution and was stirred for 15 mins 

before electrografting was started. The diazonium salt concentration may vary with time, so the 

time elapsed before surface derivatization was kept constant. After surface modification, samples 
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were thoroughly rinsed with copious ACN and dried with Ar. After derivatization, PPF samples 

were immediately rinsed with 30 ml of acetonitrile and then dried using Ar gas.   

 

 
Figure 2.4: Cyclic voltammograms of 2AQ (4 scans) (a), AB (10 scans) (b) diazonium ions on 
carbon (PPF) in 0.1 M TBABF4 in acetonitrile. The largest voltammetric current was observed 
on the first scan, and then decreased with successive scans, as shown. 
 
 
2.2.4 Electrical characterization: 
  

 Electronic characterization methods such as monitoring i-v behaviour are similar to those used 

in electrochemistry and semiconductor-device characterization. In any electronic measurement of 

a molecular junction, precautions should be taken to ensure that the programmed voltage is 

applied across the molecular layer (28). Although this process appears trivial, the conductors 

used for top contacts are often very thin (20-35nm), and the probes used to make contact with the 

conductors cannot always be placed close to the junction. These factors can render the resistance 

of the leads and contact probes significant enough to cause ohmic potential errors (i.e., an iR 

drop) that interfere with the electrical measurement. Electrical characterization of molecular 

junctions utilized a four-wire configuration (28, 29) where the top contact is virtual ground, with 

the drive voltage (V drive) applied to PPF (thus, all voltages reported herein indicate the voltage of 
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the PPF relative to the top contact). The wiring schematics for a four-wire configuration are 

given in figure 2.5. The third and the fourth probes are used to sense voltages on the PPF and top 

contact to compensate for ohmic losses (iR drop) due to resistances of the leads. The active four- 

wire mode uses an operational amplifier to compensate for ohmic loss by increasing the drive 

voltage- a technique commonly employed in electrochemistry in three-electrode potentiostats. 

This mode controls the applied voltage to the desired value and corrects for both ohmic losses in 

both the top and bottom leads of the molecular junction (30). Obtaining an accurate correction 

for such losses depends on the use of high-impedance voltage monitors and assumes that there is 

a negligible potential gradient across the lateral dimension of the junction itself. Data collection 

was carried out using a National Instruments 6111 or 6120 DAQ board controlled by Labview 

software to execute voltage sweeps and record the resulting current after amplification by an 

SRS 570 current amplifier (30). The ln J-V curves and the J-V curves obtained for different 

molecules as a function of thickness is given in figure 2.6 and figure 2.7. 

 
 
Figure 2.5: Wiring schematics for four-wire measurements of current-voltage (i-V) behavior of 
molecular junctions. V refers to the bias voltage from a digital-to-analog converter, and ADC1 
stands for the analog-to-digital channel for current. ADC0 monitors the voltage and has a 
differential input in the case of a four-wire arrangement. D and S denote drive and sense, 
respectively; S leads correspond to high-impedance voltage monitors. Picture adopted from 
reference (30). 
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Figure 2.6: lnJ-V curves for 1AQ (A), BTB (B), 2AQ (C), BrP (D), AB (E) and NAB (F) as a 
function of thickness. Error bars for lnJ (± σ) are included, but are smaller than the width of the 
lines for all molecules except BrP. Data for AB and NAB are adopted from reference (31). J 
values represents averages of typically 3 or 4 junctions on a given sample. 
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Figure 2.7: J-V curves for 1AQ (A), BTB (B), 2AQ (C), BrP (D), as a function of thickness. 
Error bars for J (± σ) are included, except for BTB. J values represents averages of typically 3 or 
4 junctions on a given sample. 
 
2.3 AFM and UPS measurements: 

 
2.3.1 AFM measurements: 

 
    Atomic Force Microscopy (AFM) measurements were carried out in air with a Nanoscope IIIa 

multimode instrument (Digital Instruments, Santa Barbara, CA), Rotated Tapping mode Etched 

Silicon Probes (RTESP) with resonant frequencies of ͠  300 kHz were purchased from Veeco 

(Sunnyvale, CA). The AFM tip was replaced after several scratches and its resonant frequency 

was checked frequently to test for tip damage or possible residue adhering to the tip. The Z-axis 

of the AFM was calibrated with a standard grid provided by Digital Instruments. The force used 
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for scratching was determined to be    1 N, which was sufficient enough to remove the 

molecular layer without visible damage to the underlying PPF. Height measurements were made 

in tapping mode and scratches were made in contact mode. The images were acquired with a 

scan rate of either 0.5 or 1.0 Hz and were flattened with a first order polynomial before analysis.  

    Figure 2.8 shows a 5 x 5 m tapping mode image including the trench and the surrounding 

area. Figure 2.9 shows the histogram generated from the height data fit by two different Gaussian 

functions. The molecular layer thickness stated here is the difference of the centers of the 

Gaussian distribution, with the uncertainty in thickness stated as the quadrature addition of the 

two best-fit  values. The overall average uncertainty in for thickness measurements carried out 

in this way was ~0.55 nm. 

 

Figure 2.8: AFM image of a trench made in a molecular layer of nitro phenyl on carbon (PPF).  
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Figure 2.9: Fitting of the data generated as a histogram from the AFM data shown in figure 2.7. 
 
2.3.2 UPS measurements:  

 
    Electronic structure measurements via UPS in ultrahigh vacuum have been used to correlate 

molecular conductance with energy level alignment (4, 32). The UPS spectrum can be used to 

determine the work function (WF) of the sample using the high binding energy cut-off (HBEC), 

where WF = 21.21 - HBEC (21.21 eV = h  of the incident He I light), as shown in figure 2.10.  

 

Figure 2.10: (A) Close-up of the HBEC region for unmodified PPF and four samples modified 
with different molecular structures. 
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    Figure 2.11 shows the low binding energy region, where the onset of photoemission can be 

used to determine EHOMO,onset as shown (4). Since EHOMO,onset represents the low-lying occupied 

states, it is a good estimate of the hole tunneling barrier (4). 

 

Figure 2.11: UPS spectra used for the determination of EHOMO,onset values for different 
molecules: AB, EB, BrP, 1-AQ, 2-AQ, NP and BTB. 
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2.4 Experimental results and discussion: 
 
    Figure 2.12 shows a schematic of a molecular junction (2.12A) and a corresponding generic 

energy level diagram (2.12B). An offset between the Fermi level (Ef) of the contact(s) and the 

molecular levels is generally considered the energy barrier ( ) to charge transport, for hole 

tunneling in the case shown. Depending on the total distance between the two contacts, transport 

may proceed through a variety of mechanisms, including quantum mechanical tunneling when 

this distance is small (i.e. less than ~5 nm). 

   

Figure 2.12: (A) Schematic of a carbon/molecule/Cu molecular junction with a multilayer of 
azobenzene sandwiched between carbon and Cu. (B) Corresponding energy level diagram 
showing the Fermi level of the contacts offset from the molecular energy levels, where the 
closest occupied level (in this case the HOMO) represents a barrier for hole tunneling (ɸ). Filled 
orbitals in the contacts are indicated by shading. A parallel situation can be drawn for electron 
tunneling through a barrier determined by the LUMO. 

    While any molecular energy level can represent a charge transport pathway, usually only the 

frontier orbitals are considered since they typically are the smallest barriers for electron (LUMO) 

or hole (HOMO) transport. In some cases, the sign of the majority carrier can be assessed 

experimentally (33, 34). Often, the frontier orbital energies are estimated from experimental data 

or theoretical calculations and the Fermi level of the contacts are taken from literature or 
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experimental work function data (e.g. UPS, Kelvin probe). While such estimates of the tunneling 

barrier are common, it is recognized they represent only one of many possibilities (35). Here, we 

consider several factors discussed in the relevant literature of organic electronics regarding 

energy level alignment (11, 36) in order to determine how changing the molecule in the 

carbon/molecule/Cu system affects junction conductance. 

    The chemical structures of seven different aromatic molecules used in this study (see figure 

2.2), which were chosen since: a) they are readily adapted to diazonium surface modification 

schemes and b) they provide a 2.3 eV range in calculated gas-phase HOMO energy (the LUMO 

energies also vary by 2.7 eV), as listed in table 2.1. It has been shown that there is a linear free 

energy relationship between the binding energy of electrons in benzene derivatives and the 

substituents that are attached to the benzene ring (37). Thus, electron withdrawing groups, as 

assessed using the Hammett  constant, lead to measured shifts of the C1s electrons to higher 

binding energies (37). This shift serves as one indication that the molecular HOMO energy shifts 

to deeper levels when electronegative groups are present, as reflected in figure 2.10. When the 

given molecules are covalently bonded to a carbon surface, the resulting electronic coupling 

perturbs the energy levels of the system, as discussed below. 

Molecules      NP      AQ    NAB      BrP       EB       AB     BTB 

HOMO free -7.59 -7 -6.66 -6.58 -6.29 -6.12 -5.29 

LUMO free -2.43 -2.77 -3.04 -0.34 -0.78 -2.17 -1.48 
+

est (Ef = 4.6) 2.99 2.4 2.06 1.98 1.69 1.52 0.69 
-
est (Ef = 4.6) 2.17 1.83 1.56 4.26 3.82 2.43 3.12 

 

Table 2.1: Calculated HOMO energies for the free, gas phase molecule (Gaussian, B3LYP-
631G (d)). ϕ+

est = Ef - EHOMO, and ϕ-
est = ELUMO - Ef. NP = nitrophenyl, AQ = anthraquinone, 

NAB = nitroazobenzene, BrB = Bromophenyl, EB = Ethynylbenzene, AB = azobenzene, and 
BTB = bisthienylbenzene. 
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    Using the simple model outlined in figure 2.12, the values of the predicted hole and electron 

tunneling barriers are given in table 2.1. By analogy, these values correspond to the Schottky-

Mott limit in semiconductors, where there is no electronic interaction between the molecule and 

contact. Assuming that the smaller of the hole and electron tunneling barriers determines the 

observed tunneling rate, the predicted tunneling barriers range from 2.17 eV for NP to 0.69 eV 

for BTB, a range of 1.48 eV (a constant value of Ef = -4.6 eV is assumed for the carbon 

electrode). In order to investigate if this range of barrier heights is realized in carbon/molecule 

devices, large area PPF/molecule/Cu molecular junctions were constructed from these molecular 

structures using previously described techniques (see section 2.2.1). In all cases, the value of the 

attenuation factor ( ) was measured by variation of the molecular layer thickness. Current 

density-voltage (J-V) curves shown are averages of four to eight junctions for a given molecule 

and thickness, from a total of ~300 fabricated and tested junctions. 

    Figure 2.13 shows lnJ-V curves for two molecules: nitrophenyl (NP, figure 2.9A) and 

ethynylphenyl (EB, figure 2.13B). The lnJ-V curves for the five other molecules used in this 

study were given in the figure 2.6. As described previously, diazonium reduction generally 

results in multilayers, with covalent and usually conjugated bonding between molecular subunits 

(19, 38, 39). The results in figure 2.13 are important for several reasons: two molecules 

represented here have free molecular HOMO energies that differ by more than 1 eV (see table 

2.1). These two molecules are also part of a series of phenyl species with different functional 

groups in the para position (relative to the diazonium group which is eliminated before bonding 

the molecules to the carbon surface). However, as apparent in figures 2.13C, the slopes of the 

attenuation plots (“β” values, see below) are similar, and the conductance of NP and EB 

junctions with similar  thicknesses are not significantly different (i.e. given a 0.6 nm uncertainty 



59 
 

in the thickness of each sample, the null hypothesis is confirmed in a student’s t-test with 95% 

certainty). 

 

Figure 2.13: Representative examples of J-V curves on a semi-logarithmic scale for two 
molecules, NP (A) and EB (B). (C) The corresponding attenuation plots show conductance 
values at 0.1 V, Junction area = 0.0013 cm2. 

    One of the most often reported values in molecular junction measurements is the attenuation 

factor ( ) since it captures many of the relevant system properties. First, an exponential decay of 

the current density with molecular layer thickness serves as one indication that quantum 

mechanical tunneling is operative. Additional support for tunneling is the temperature 

dependence, which we have extensively shown is consistent with tunneling for the 

carbon/molecule/Cu junctions (6, 8, 18, 19). Second, the value of  is generally sensitive to the 

electronic structure of the molecular bridge, where aliphatic molecules display higher  values 

than aromatic species (40). Even for different aromatic species, it has been hypothesized that the 

way in which conjugation is extended or even the nature of the molecule-substrate bonding can 

-12

-8

-4

0

4

-1 -0.5 0 0.5 1

ln
 J

(A
 cm

-2
)

V (V)

NP (3.85nm)
NP (4.1nm)
NP (4.84nm)
NP (5.1nm) -9

-6

-3

0

3

-1 -0.5 0 0.5 1

ln
 J

(A
 cm

-2
)

V (V)

EB (2.2nm)

EB (2.8nm)

EB (3.5nm)

-8

-6

-4

-2

0

1.5 2.5 3.5 4.5 5.5

ln
 J 0

.1
(A

 c
m

-2
)

d (nm)

NP EB

A) B)

C)



60 
 

affect the value of (41, 42). Finally, according to theoretical descriptions (43, 44) of tunneling, 

the value of  is proportional to the square root of the barrier height ( ) (45): 

(Eqn 2.1) 

                      

where m is the effective carrier mass and ħ is the reduced Plank’s constant. Therefore,  

represents an indirect but convenient indicator of . Thus, determination of  for the range of 

structures (figure 2.14) provides a basis for comparison of the impact of structure on barrier 

heights. In particular, we see that for a 1.5 eV spread of  (from 0.8 to 2.3, as an example),  is 

expected to vary by a factor of 2√1.5 = 2.45). 

    The analysis described above was carried out on all of the molecular structures shown in 

figure 2.2. For comparison, we have included data for a series of aliphatic molecular junctions 

measured using a soft contact method (8). Figure 2.14 shows an overlay of ln J0.1 V vs. molecular 

layer thickness for the aromatic structures and the alkane series along with error bars for the 

thickness (the error bars for the y-axis are smaller than the data points and can be safely ignored 

in the statistical analysis). It is clear from figure 2.10 and table 2.1 that there are two groupings: 

aromatic and aliphatic molecules. After carrying out a full statistical analysis (explained later, 

section 2.5), we reach the conclusion that  for the alkane series is statistically different from that 

for all of the aromatic molecules. The average β for the aromatic molecules is 2.7 ± 0.6 nm-1, 

where the error in layer thickness results in the uncertainty. A detailed statistical test (section 

2.5) revealed that we cannot claim that differences in β for any two different aromatic molecules 

are statistically significant. Furthermore, equation (2.1) predicts that the experimental range of  
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we observe is consistent with a <0.5 eV variation in barrier height, much smaller than the 1.48 

eV implied by the free-molecule energies of table 2.1. 

   

Figure 2.14: (A) Overlay of attenuation plots for eight different molecules constructed from J-V 
curves with different thicknesses of each structure. The lines are least squares regression lines for 
aliphatic (β = 8.7 nm-1) and all aromatic (2.7 nm-1) molecules. ‘ ’ determined by least squares 
for each aromatic molecule are listed in table 2.1. Data for AB (19), NAB (19), and alkanes (8) 
are taken from previous work. J-V curves for all of the molecules represented here can be found 
in figure 2.3. 

    When comparing the conductance values of different molecules in figure 2.2 for a given 

thickness, small variations in conductance may be obscured by the experimental error in 

thickness, but large differences (more than ~one power of e) can be ruled out. More importantly, 

however, we can determine that a 1.48 eV spread of tunneling barrier heights (as estimated 

above using the simple model in Figure 2.12) for the structures shown in figure 2.2 is not 

consistent with the results in figure 2.14 and table 2.1. Based on a modified Simmons model 

(19), we predict that changing the barrier height by 0.5 eV should result in  a variation in J of 6 

powers of e (note that the plot in figure 2.14 spans a total of 10 powers of e). We can determine 

from figure 2.14 that the differences in barrier heights among the aromatic molecules are less 
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than ~0.3 eV (i.e. a 0.3 eV change in  causes J to vary by at most 3 powers of e, as illustrated on 

the plot). These observations clearly indicate that the tunneling barrier is significantly 

compressed compared to the 1.48 eV predicted from free molecule energy levels. This 

compression is a key result of this study: the molecular tunnel barrier appears to be pinned within 

a far narrower range than that predicted by the Schottky-Mott limit. In order to determine the 

origin of this apparent compression, we probed the electronic structure of bare and modified PPF 

samples by determining the work functions and HOMO onset energies with UPS, as described 

above in section 2.3.2. 

    Electronic structure measurements via UPS in ultrahigh vacuum have been used to correlate 

molecular junction conductance with energy level alignment (4, 34). When substrates are 

modified, the observed UPS work function is sensitive to a local vacuum level shift induced by 

the (new) chemical composition of the surface, including any dipoles present (11, 36). In 

addition, analysis of UPS spectra can provide an estimate of the interfacial barrier height by 

analysing the onset of photoemission near the Fermi level (4, 6). Thus, UPS enables a reasonable 

estimate of the occupied energy levels in carbon/molecule samples lacking the Cu top contact.  

    Figure 2.10 shows a detailed view of the HBEC region for unmodified PPF and four samples 

modified with nanoscopic layers of BP, EB, BrP, and NP, respectively. It is apparent that 

modification of PPF with a molecule lacking a dipole (BP) has a minor effect on the observed 

HBEC, while molecules with dipoles and electron donating or withdrawing substituents cause 

significant shifts in the HBEC. Surface bonded molecules with electron-withdrawing groups 

such as nitro- or bromo- cause a shift of the apparent work function to higher energies, while 

bonding of EB shifts it to lower energy. This change in work function is most often interpreted as 

a shift of the local vacuum level (11, 35, 36) due to the presence of the molecular layer. These 
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shifts in the work function and local vacuum level due to the bonded molecules illustrates that 

the energy levels in a molecular junction as depicted in figure 2.12 cannot be adequately 

predicted by measuring (or calculating) the substrate and molecule energies of the isolated 

components. Although the molecular layers used herein are dimers and trimers of the molecules 

in figure 2.2, the WF is still affected by the donating or withdrawing properties of the 

substituents, as is the case for thick (>50 nm) films in organic electronics (35). 

 

Figure 2.15: Energy level diagram showing the vacuum level shift induced by the molecular 
dipole for the molecules. 
 
    The experimental values of the sample work function, the shift in work function relative to an 

unmodified PPF substrate, EHOMO, onset and the barrier values obtained from fitting the J-V curves 

to a modified Simmons model are compiled in table 2.2. EHOMO, onset and Simmons agree to within 

0.2 eV of each other, but more importantly, the aromatic molecules have UPS-determined 

barriers that span a range of 0.5 eV for the seven aromatic molecules examined. Recalling that 

figure 2.13 indicates a range of tunneling barriers of at most 0.3 eV for the aromatic molecules, it 
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is clear that the Schottky-Mott rule fails. The compression of the interfacial barrier from the 1.48 

eV predicted by Schottky-Mott to the maximum of 0.3-0.5 eV observed experimentally is 

attributable to an interaction between the molecules and the surface, as discussed in more detail 

below. 

Sample WF (eV) ΔWF EHOMO,onset Simmons (eV) 
PPF 4.53 - - - 

PPF/EB 4.40 -0.13 1.4 ± 0.1 1.4 

PPF/BP 4.53 0 1.7 ± 0.1 - 

PPF/ BrB 4.88 +0.35 1.5 ± 0.3 1.5 

PPF/ NP 4.97 +0.44 1.4 ± 0.2 1.0 

PPF/AB 4.66 +0.13 1.0 ± 0.1 1.0 

PPF/BTB 4.41 -0.12 1.2 ± 0.1 1.1 

PPF/1AQ 4.56 +0.03 1.3 ± 0.1 1.4 

PPF/2AQ 4.43 -0.1 1.4 ± 0.1 1.25 

PPF(2)(6) 4.71 - - - 

PPF(2)/NAB(6) 5.04 +0.33 1.2 ± 0.1 1.1 

PPF(2)/FL(6) 4.65 -0.06 1.5 ± 0.1 1.3 

PPF(2)/Alkane(6) 4.93 +0.22 2.0 ± 0.1 1.8 

PPF/NAB 5.07    

Au/NAB 5.1    

Pt/NAB 5.2    

Table 2.2: Values of apparent work function, work function shift, the onset of the molecular 
HOMO energy measured using UPS, and the barrier obtained from fitting the data to a modified 
(19) form of the Simmons tunneling model.  
 
    Measurement of the apparent work function of different metals after modification with a 

molecular layer is a useful way to probe energy levels in studies of interfacial barriers between 

metals, semiconductors and molecules (46-48). In these studies, a parameter S is often defined to 

describe the electronic interactions between the substrate and the modification layer. S is defined 

as the slope of the observed WF for the modified surface (i.e., the HBEC) versus the work 

function of the unmodified substrate. In the Schottky-Mott limit, weak or negligible interactions 
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between the substrate and the molecular layer retain the energy levels of the isolated components 

and S ~1 (35). However, in the case where strong electronic interactions between the substrate 

and the molecular layer are present, S ~0, in which case Fermi level-pinning occurs. Intermediate 

cases where S is between zero and one also exist, depending on the initial energy levels of the 

substrate and molecular layer and the level of interaction between them. We measured the work 

function of carbon (PPF) (4.8eV), gold (5.1eV) and platinum (6.35eV) using kelvin probe 

experiment. We then measured the factor S for one molecule (NAB) by modifying samples of 

carbon (PPF), gold, and platinum (see last three entries in table 2.2), which yields a constant 

observed WF close to -5.1 eV despite a difference in substrate work function of ~1.5 eV , 

meaning that the value of S is 0.069 and therefore close to 0. This pinning of the observed WF 

confirms that for NAB on carbon, gold, and platinum, the Schottky-Mott rule fails. Thus, the 

main consequence of the strong electronic coupling between the molecule and the substrate is the 

significant alteration of energy levels from those of the free molecules and unmodified substrate. 

 

Figure 2.16: UPS spectra in the HBEC region for NAB on three different metals. 
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    Figure 2.17 compares energy level diagrams for the Mott-Schottky limit with those indicated 

by the UPS results. We focus here only on the HOMO to simplify the discussion and since UPS 

probes occupied levels (i.e., we cannot construct a corresponding diagram for LUMO-mediated 

transport from UPS). The Schottky-Mott limit (figure 2.17A) predicts a hole tunneling barrier 

range from 0.69 to 2.99, a span of 2.3 eV. Figure 2.17B shows the energy level diagram 

constructed from the experimental UPS data in table 2.2, where the observed value of the 

EHOMO,onset varies from 1.0 to 1.5 eV relative to Ef, indicating that the expected range for the hole 

tunneling barrier is 0.5 eV based on UPS. We note that the experimental error in the UPS 

determined EHOMO,onset values is 0.1 to 0.2 eV, and these measurements do not include any effect 

of the top contact. The small range of tunneling barriers predicted from UPS is consistent with 

figure 2.14, where the range of current densities for seven different aromatic molecules 

corresponds to a variation in barrier height of < 0.3 eV. From the UPS results of figure 2.17B, 

the average tunneling barrier is 1.3 ± 0.2 eV for the aromatic molecules. The near constant 

barriers determined from both UPS and J-V characteristics despite a much larger variation in 

free-molecule HOMO energies is a consequence of the strong electronic coupling between the 

carbon surface and the molecules.  Electron-withdrawing molecules shift both the substrate and 

molecular orbitals to lower energy after partial charge transfer between the substrate and 

molecule. This phenomenon is similar to that observed for thick molecular layers on metals, in 

which the offset between metal and molecule energy levels at equilibrium is established by 

charge transfer between the two layers, to result in a common Fermi energy at equilibrium (49). 

    The addition of the Cu top contact to the PPF/molecule system depicted in figure 2.17 and 

studied with UPS would be expected to perturb the energy levels somewhat, although the change 

should be similar for all seven aromatic molecules. Since the work functions of unmodified PPF 
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and Cu are similar (~-4.9 eV), a significant built-in field is not expected in the completed 

junction. Furthermore, the tunneling barriers derived from the J-V curves using a modified 

Simmons analysis (19) ( Simmons in table 2.2) exhibit an average value of 1.2 ± 0.2 eV, quite close 

to the 1.3 ± 0.2 eV estimated from UPS. The slightly lower value is consistent with the findings 

of others (4, 50-52) where a second metal lowers the barrier height slightly due to image charge 

effects. 

 

Figure 2.17: (A) Energy levels before bonding the molecules to the carbon substrate, where the 
hole transport barrier is defined by the Schottky-Mott rule (ɸSM), and spans a 2.3 eV range. (B) 
EHOMO, onset energy, measured using UPS for molecules bonded to PPF. The numbers next to each 
molecule are the estimated tunneling barriers based on the indicated orbital energies. 

    Given that electronic coupling between the PPF substrate and a range of aromatic molecules 

suppresses the effects of electron donating or withdrawing substituents on the tunneling barrier, 

the question arises of what other factors can be used to modulate junction conductance, and 

ultimately lead to rational design of junction electronic behaviour. At the least, the type of 

molecule (alkane vs. aromatic) and the degree of electronic coupling between the contacts and 
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molecules have major effects. The conjugation between carbon substrate and aromatic molecule 

inherent in the diazonium chemistry used herein promotes strong coupling, but we expect 

alternative surface modification paths to more closely approximate the Schottky-Mott limit. 

Similarly, breaking conjugation within the molecular layer should permit “insulation” of orbitals 

and molecular fragments from the effects of electronic coupling. It should also be noted that the 

experimental error in the UPS results and the molecular thicknesses may obscure differences in 

J-V response resulting from 0.2-0.3 eV variations in barrier height. Since the results show clearly 

that the energetics of both substrate and molecular layer must be considered to understand 

transport, rational design is ultimately likely to depend on quantum mechanical modeling of 

large molecules bonded to conducting contacts. Our preliminary effort to model such systems 

using DFT-based methods has shown promise, and it is likely that insights from computations of 

the entire system will help to design systems with targeted properties. 

2.5  Statistical analysis: 
 
    For each molecule the number of points used to obtain the beta value (ni) is noted and then the 

standard deviation for each  value ( ) is determined, with only the layer thickness error 

contributing significantly to σβ. The uncertainty in the thickness from AFM measurements is 

typically 0.6 nm (see below), and so this value was used in all cases. Using 0.6nm for the 

uncertainty in thickness yields the values listed in table 2.2 and table 2.3 below for the  in  

via the equation (from the 2nd edition of An Introduction to Error Analysis by John R. Taylor, 

pages 184-190): 

(Eqn 2.2) 
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where n is the number of data points in the attenuation plot and di is the thickness of each 

molecular layer used to generate the attenuation plot.  

    In order to determine if two  values are significantly different from each other given the 

values of , a Student’s-t analysis is carried out at 95% confidence level. To begin, the equation 

to determine pooled for the two data sets being compared is given below (from the 4th edition of 

Quantitative Chemical Analysis by Daniel C. Harris, page 67): 

(Eqn 2.3) 

 

 

where i is the standard deviation for beta as calculated above for a given molecule and ni is the 

number of data points in each attenuation plot. The values obtained for pooled are given in table 

2.4. The value for the student’s-t value (tcalc) is determined using the formula given below (from 

the 4th edition of Quantitative Chemical Analysis by Daniel C. Harris, page 67): 

(Eqn 2.4) 

 

 
where  is the average value for  for a given molecule, and the other parameters have been 

defined previously. The value calculated ( tcalc) from Equation 2.4 are then compared with the 

t95% value for a given degree of freedom (n1 + n2 – 2) listed on page 63 of the 4th edition of 

Quantitative Chemical Analysis by Daniel C. Harris. These comparison results are given in table 

2.5, where red highlighting indicates a statistical difference in  values at the 95% confidence 

level. Here, a clear difference is seen between the  values for aromatic series with that of 

aliphatic series. However, we do not have sufficient evidence here to claim any differences 

between the aromatic molecules. A possible difference is indicated in 3 out of 36 comparisons, 
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but these differences are not robust enough to make any claims. That is, t95% = 2.447 and 2.365 

for 6 and 7 degrees of freedom respectively. For one of these comparisons, the value of tcalc is 

2.53 (6 dof), and 2.47 and 2.94 (7 dof) in the other two cases. 

npts molecule 
3 EtBen      2.1        0.7 
4 NP      2.7        0.6 
4 BrP      3.7        0.9 
4 1AQ      3.3        0.7 
3 2AQ      2.1        0.7 
3 BTB      2.9        0.4 
4 AB      2.5        0.3 
5 NAB      2.5        0.2 
3 C8      8.7        1.8 

 
Table 2.3: Summary of the number of points in the attenuation plot for each molecule, the 
average value of , and the resulting standard deviation in  calculated using eqn 2.2. 
 
 

pooled                   

  EtBen NP BrP 1AQ 2AQ BTB AB NAB C8 

EtBen                   

NP 0.641872                 

BrP 0.825833 0.764853               

1AQ 0.7 0.65192 0.806226             

2AQ 0.7 0.641872 0.825833 0.7           

BTB 0.570088 0.52915 0.74162 0.598331 0.570088         

AB 0.5 0.474342 0.67082 0.538516 0.5 0.343511       

NAB 0.43589 0.420883 0.608276 0.482553 0.43589 0.282843 0.247848     

C8 1.36565 1.229634 1.334916 1.260952 1.36565 1.30384 1.161895 1.051982   

 
Table 2.4: calculated values for σ pooled. 
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t calc                   

  EtBen NP BrP 1AQ 2AQ BTB AB NAB C8 

EtBen                   

NP 1.22389                 

BrP 2.53670 1.84900               

1AQ 2.24452 1.30158 0.70164             

2AQ 0 1.22389 2.53670 2.24452           

BTB 1.71867 0.49487 1.41237 0.87530 1.71867         

AB 1.04744 0.59628 2.52982 2.10090 1.04744 1.52461       

NAB 1.25656 0.70837 2.94085 2.47137 1.25656 1.93649 0     

C8 5.91905 6.38876 4.90408 5.60708 5.91905 5.44815 6.98660 8.07019   
 

Table 2.5: Student’s t-values for comparison of  values for different molecules. Those that are 
greater than t95% are highlighted. 

Number of Junctions 

 
 
Table 2.6: Summary of the number of junctions made for each molecule. We note that AB (19), 
NAB (19), and the alkane (8) data were previously published. 
 
 
 
 
 
 

 

Molecule No: of Junctions tested    
EB 24 
NP 64 
BrP 64 
BrP 32 
1AQ 96 
2AQ 72 
BTB 24 
AB 32 
NAB 40 
Alkanes 24 
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Table 2.7: Measured values of  for each molecule and the uncertainty due to the standard 
deviation of the molecular layer thickness measurements. 

 
2.6 Conclusions: 

 
    This chapter describes how the tunneling barrier in carbon/molecule/metal molecular junctions 

is compressed relative to that predicted from the HOMO or LUMO energies in the Schottky-

Mott limit. The similarity of current/voltage behaviour for seven aromatic molecules is 

consistent with independent UPS measurements of the tunneling barrier, with both indicating 

barriers with a range of (1.2-1.3) ± 0.2 eV despite a 1.5 eV range of free molecule HOMO 

energies. The origin of this effect is rooted in the interaction between the molecular layer and the 

substrate. Thus, changing the energy level of the molecular species leads to a partial transfer of 

charge, which leads to a molecular tunneling barrier that is defined by the equilibrium position of 

the contact and molecular energy levels in the system. UPS measurements show that molecular 

layers derived from diazonium reduction gives a value near zero for the interface parameter (S), 

Molecule  (nm-1)
EB 2.1     0.7 

NP 2.7     0.6 

BrP 3.7     0.9 

1AQ 3.3     0.7 

2AQ 2.1     0.7 

BTB 2.9     0.4 

AB 2.5     0.3 

NAB 2.5     0.2 

Alkanes 8.7     1.8 
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indicating that strong electronic coupling leads to the failure of the Schottky-Mott rule for this 

system. As is observed for other metal/organic systems, this partial charge transfer is correlated 

with an interfacial dipole, the magnitude of which stems from the relative values of the isolated 

system energy levels and how the molecular layer and substrate interact. 
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Chapter-3 

Direct Optical Determination of Interfacial Transport barriers in 

Molecular Tunnel Junctions: 

3.1 Introduction: 

    In addition to possibly representing an important size limit for miniaturization of electronic 

components (1), circuit elements incorporating molecules may provide new functions or better 

performance than current devices (2). The ability to make the advanced function/performance 

molecular components that have been envisioned requires specific tailoring of electronic energy 

levels (3-5), which generally differ significantly from those of the isolated molecules and contact 

materials (6), as noted in the chapter-2. It is therefore critical to determine these energy levels in 

functioning devices in order to fully understand the factors that control the electronic properties 

of molecular devices. 

    Photocurrent measurements have been used to probe the height of interfacial barriers in 

classical oxide-containing tunnel junctions, many of which are based on aluminum oxide films 

(7-12). In these cases, non-equilibrium carriers generated from the decay of photoexcited surface 

plasmons in a metal contact (13) produce photocurrent when the incident photons have energy in 

excess than the interfacial barrier height. For example, photocurrent cut-off energies can directly 

yield the barrier for electron or hole tunneling (10). The generation of photocurrent in molecular 

devices has been considered theoretically (14) and a few measurements of a range of 

photoeffects have been reported (15-17). These have generally shown a persistent, non-
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bolometric photocurrent, but the observed effects have not been correlated with device energy 

levels. 

    Charge transport in molecular junctions is governed by the height of the interfacial energy 

barriers, as well as the total distance between the conductors. For small distances (i.e., less than 

~5 nm (18, 19)), coherent tunneling dominates transport. Previously it is shown that transport in 

PPF(carbon)/molecule/Cu molecular junctions with thickness of less than ~5 nm  is consistent 

with coherent tunneling, with very weak temperature dependence (6, 20, 21). Figure 3.1 shows 

an energy level diagram of the molecular junction. Here, the offset between the Fermi level (Ef) 

of the contacts and the molecular orbital energies defines the tunneling barrier for electrons (ɸe-, 

for LUMO-mediated transport) and holes (ɸh+, for HOMO-mediated transport). 

    While the energy level diagram seems straight-forward, the energy levels of the isolated 

components often cannot be used to determine the tunneling barrier in a completed device (6, 

22). As concluded in chapter 2,  failure of the Schottky-Mott rule (5, 23) in carbon/molecule/Cu 

devices results from strong electronic coupling between the substrate and molecule, which 

perturbs the energy levels such that the local vacuum levels of the substrate and molecular layer 

are not aligned. While ex-situ measurements using ultraviolet photoelectron spectroscopy (UPS) 

can be used to estimate hole barriers (6, 24), and correlated to transport measurements, such 

methods do not include the effect of the top contact. Because the entire system needs to be 

considered together, it is clear that a technique for direct measurement of the tunnel barrier in a 

completed, working molecular junction is highly desirable. 
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Figure 3.1: Energy level diagram showing a non-resonant tunnel barrier for holes (HOMO-
mediated transport) and electrons (LUMO-mediated transport). 

3.1.1 Internal photoemission (IPE) vs. external photoemission: 

    External photoemission, which is often referred to as the photoelectric effect, is a well-known 

phenomenon where the light interacts with solid matter. According to the classical theory it is 

attributed mainly to the transfer of energy from the light to an electron in the metal. Electrons are 

only dislodged from the metals if light reaches or exceeds a threshold frequency below which no 

electron can be emitted from the metals regardless of the intensity of the light and the length of 

the exposure. 

    Figure 3.2 shows a schematic representation of the Potassium metal surface, with the work 

function (ɸwork) of 2 eV. When a photon of particular energy 1.7 7eV (shown in red line) hits the 

surface of metal the electrons are not ejected from the metal surface because the energy of the 

incident light is less than the work function of the metal. Whereas, when photons with energy 

greater than 2.0 eV are incident on the metal surface, the electrons are ejected out with a 

particular kinetic energy (shown by the green and the violet lines in figure 3.2). 
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Figure 3.2: Light of different energy (wavelength), incident on the surface of the metal 
(potassium, work function ɸwork = 2 eV). Only photons of energy greater than the work function 
of the metal eject electrons from surface of metal.  
 

    Einstein proposed mathematical equations to explain the photoelectric effect built upon 

Planck’s photon hypothesis.  

(Eqn 3.1)                                           E = h  

where E is the energy, h is the Planck’s constant and  is the frequency. When a photon hits the 

surface of the metal they could donate their energy to the electrons. A certain amount of energy 

will always be required to remove electrons from their bonds. The remaining energy appears as 

the kinetic energy of the released electrons. The maximum kinetic energy that the electrons could 

have is given by            

(Eqn 3.2)                                           Ekin = h  - ɸwork 

by plotting equation (3.2), figure 3.3 shows that, by measuring the kinetic energy of the ejected 

electron and knowing the frequency of the incident light it is possible to determine the work 

function of the given metal. Figure 3.4 shows the idealized representation of the energy level 

diagram of Potassium metal, with the given work function of 2 eV. Work function is the energy 

difference between the vacuum level and the Fermi level. When a photon of energy greater than 

2 eV hits the surface of the metals, then the electrons are ejected out from the surface of the 

metal to above the vacuum level, where the electrons can be detected. 

Potassium ( ɸwork =2eV)
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Figure 3.3: Plot of Kinetic energy of the ejected electrons vs. the frequency of the incident 
photons. 
 

 

Figure 3.4: Idealized cartoon representation of potassium metal (energy level) showing external 
photoemission (photoelectric effect).  
 

    Internal Photoemission (IPE), on the other hand, has been described as a sub-work function 

photoelectric effect, where the charge carriers are excited from one conductor into another across 

a solid state barrier material rather than into a vacuum (which would require a higher energy than 

barrier crossing) (25). 
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Figure 3.5: Idealized cartoon representation of energy level diagram showing internal 
photoemission (IPE) process, where ɸbarr denotes the interfacial barrier height. 
 

    Figure 3.5 shows the cartoon representation of the energy level diagram of a Metal-Insulator-

Metal (MIM) system. Where Ef represents the Fermi energy level, VB and CB represent the 

valence band and the conduction band of the insulator, respectively. ɸbarr denotes the interfacial 

barrier height as shown in the diagram. If a photon of energy greater than that of the interfacial 

barrier height is incident on the surface of the metals hot charge carriers were generated, (e.g. 

electrons if figure 3.5), and they have enough energy to cross the interfacial barrier and move 

into the other conductor. The term “hot charge carrier” is used here to mean a non-equilibrium 

carrier such as an electron with energy higher than the Fermi energy.  The key difference 

between IPE and external photoemission is that in the case of IPE the generated hot electrons 

lack enough energy to exceed the vacuum level and therefore, cannot be experimentally detected 

by an external detector. In most IPE experiments, the photocurrent is detected by an ammeter 

completing an electronic circuit between the two conductors, as shown in figure 3.5. 
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3.1.2 Fowler theory: 

    Generally, internal photoemission yield (Y) is governed by Fowler theory. The barrier height 

for a metal-insulator, metal-semiconductors or semiconductor-insulator interfaces is generally 

determined from the spectral dependence of the photocurrent (7, 26). The principle of internal 

photoemission is explained using a Fowler model, which involves three different steps (8). The 

first step involves the measurement of photocurrent as a function of incident energy given by the 

equation  

(Eqn 3.3)  

 

where, I is the measured photocurrent, A (h ) is the pre-factor, h  is the photon energy and ɸbarr 

is the interfacial barrier height. The second step involves the measurement of quantum yield from 

the measured photocurrent in the first step. 

(Eqn 3.4) 

 

where I= measured photocurrent in amperes, q= electronic charge in coulombs and F= photon 

flux in photons/sec. The final step is construction a Fowler plot of the square root of the quantum 

yield vs. the photon energy. From equations 3.3 and 3.4, Y1/2 is a linear function of incident 

photon energy(8), and the interfacial barrier height can be extracted from the X-axis intercept of 

the Fowler plot.  

    Considering the example of an Al/Al2O3/Al junction (8), Figure 3.6A shows the idealized  

representation of energy level alignment of AlTop(100 nm)/Al2O3/AlBottom(17 nm) sandwich 

structure, where a photon of particular energy is incident from the bottom side (green arrow). A 
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previous investigation shows that the zero-bias barrier is nearly trapezoidal with the greater 

barrier height at the top electrode(27). Figure 3.6B shows the Fowler plot for the Al/Al2O3/Al 

junction, linear relation fall in accordance with the mathematical equation and the X intercept 

value (2 eV), is considered to be the interfacial barrier heights for the Al/Al2O3 junctions. (The 

value reported for barrier height (2 eV), is shown in the energy level diagram as red double sided 

arrows in figure 3.6A). 

 

Figure 3.6: (A) Idealized energy level alignment diagram of Al/Al2O3/Al sandwich structure 
(reference 8). (B) Fowler intercept for the Al/Al2O3 junction previously reported Gundlach etal 
(reference 8).  

3.1.2.1 Determination of barrier heights using Fowler method: 
 
    To illustrate experimental determination of barrier heights, consider a related example used by 

Goodman, et al.  (10), Figure 3.7A shows the experimental apparatus, in which one contact (the 

base electrode) to the Al2O3 layer is the Al from which it was grown. The counter electrode 

(contact on the opposite side of the Al2O3 layer) is distilled de-ionized water. The water is 

contained in a plastic box and a strip of Pt was used to make contact with water. The light passes 

through the water on its way to the sample, as shown. The advantage of using the water counter 

electrode is that the water is transparent in the wavelength region of interest. Figure 3.7B shows 

the energy level representation of the system.  

B)

2.0

Distance

El
ec

tr
on

 E
ne

rg
y 

(e
V)

AlTop
(100nm)

Al2O3

Vacuum levelA)

AlBot
(17nm)



88 
 

 

Figure 3.7: (A) Experimental apparatus used for Al/Al2O3 junction by Goodman and co-workers 
(reference 10). (B) Energy level diagram for the Al/Al2O3 junction (reference 10). 
 

 

Figure 3.8: (A) Experimental apparatus used for Al/Al2O3 junction by Goodman and co-workers 
showing the direction of flow of electrons at low energy (B) direction of flow of electrons at high 
energy. 
 

     Figure 3.8A shows the photocurrent yield spectrum obtained from the above experiment. The 

spectrum shows that with no voltage applied in the external circuit, the photocurrent is in the 

direction of the electron emission at low photon energy and in the direction of hole emission at 

high photon energy (see figure 3.8A and 3.8B). Figure 3.9B and 3.9C shows the Fowler plot for 

both the hole and the electron emission regime respectively, The Fowler intercept value reported 
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for the photoemission of electrons is 2.0±0.2 eV, in reasonable agreement with the value of 

2.0eV .02 eV reported by Gundlach et al. (which agrees with the value of the Fowler intercept 

for the higher energy light corresponding to hole emission was 3.1±0.2 eV).  

 

Figure 3.9: (A) Photocurrent yield spectrum reported for Al/Al2O3 junction (B) Fowler plot 
obtained from the positive regime of the photocurrent spectrum (C) Fowler plot obtained from 
negative regime of the photocurrent spectrum (reference10). 
 

    Goodman and co-workers also proposed an approximate band diagram based on the value 

obtained from the Fowler intercept and by the known work function of Alumina. Figure 3.10 

shows the completed band diagram for Al/Al2O3 oxide junctions, with the hole and the tunneling 

barrier values obtained from the Fowler plots (figure 3.9B & 3.9C).  
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Figure 3.10: Idealized Energy level representation of Al/Al2O3 junction with barrier values 
obtained from Fowler plot (reported by Goodman and coworkers, reference 10). 

3.2 Junction fabrication and electrical characterization: 

3.2.1 Junction fabrication: 

    In order to ensure against photocurrents resulting from silicon, polished fused quartz wafers 

(Technical Glass Products, http://www.technicalglass.com/) were diced into 1.2 x 1.5 cm chips 

to serve as substrates. Conductive carbon in the form of pyrolyzed photoresist films (PPF) were 

produced exactly by the same method described in the previous chapter under junction 

fabrication, section 2.2.1. No bulk silicon or silicon wafers were involved in junction fabrication. 

Formation of molecular layers ranging from 1-5 nm thickness was carried out by electrochemical 

reduction of diazonium salts in solution (see section 2.2.3 for details). Briefly, PPF was used as 

the working electrode in a three-electrode electrochemical cell with a 1 mM solution of the 

diazonium precursor with 0.1 M tetrabutylammonium tetrafluroborate (TBABF4) as the 

supporting electrolyte in acetonitrile. To deposit the molecular layer, cyclic voltammetric sweeps 

starting from +0.4 V versus Ag/Ag+, to a negative potential were carried out. The switching 

potential and the number of sweeps depend on the molecule used and the desired thickness. After 

modification, the sample is rinsed with acetonitrile (ACN) and dried using a stream of nitrogen. 
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The derivatization of PPF with aminododecane (C12) was performed by amine oxidation. First, a 

solution of 5 mM aminododecane in acetonitrile with 0.1 M TBABF4 was stirred for 1 hour. 

Next, using the PPF as a working electrode, +1.4 V vs. Ag/Ag+ was applied for 12 min (28) to 

obtain a thickness of 2.3 (standard deviation) nm. Initial and final scans were swept from 0 to 

+1.4 respectively, before and after CPE to check for the passivation of the PPF surface(28, 29). 

Finally, top contact deposition was carried out via electron beam evaporation through a shadow 

mask with 0.25 mm wide openings oriented perpendicular to the PPF lines, which results in a 

cross bar junction of ~0.00125 cm2 area. 

 

Figure 3.11: (A) Schematic of molecular attachment through diazonium reduction, where aryl 
radical formation is through one-electron electrochemical reduction. (B) Schematic of molecular 
attachment through oxidation of a primary amine, where radical formation is through one-
electron electrochemical oxidation.  
 
 For UV absorption measurements a Perkin Elmer 900 spectrometer and optically transparent 

PPF on quartz was utilized (30, 31). Fabrication follows the same procedure outlined at section 

2.2.1, but employs photoresist diluted to a concentration of 5% (v/v) with propylene glycol 

methyl ether acetate as the solvent, without a photolithography step. These electrodes maintained 

sufficient conductivity for electrochemistry, enabling modification of the surface via diazonium 

A)

B)
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ion reduction (31), with derivatization carried out as outlined above. Measurement of molecular 

layer thickness was done using AFM, using the same procedure described in the previous 

chapter-2, section 2.3.1. 

3.2.2 Molecular structures used in this study: 

 
Figure 3.12: The structures of all the molecules used in this study. (A) NDI; (B) Anthraquinone; 
(C) Azobenzene; (D) Ferrocene; (E) Bromophenyl; (F) Nitroazobenzene; (G) Alkane (C12H25N). 
In most cases, molecular layers were multilayers of several molecules. 

3.2.3 Electrical characterization: 

 
Figure 3.13: (A) J-V curves for a series of BrP and C12 junctions with two different Y axis 
scales. Error bars represent one standard deviation of current density for four junctions on one 
sample.  
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    The electronic characteristics of the molecular junctions were measured by using the same 

procedure explained in chapter 2 section 2.2.4. These results indicate that the molecular junctions 

are not short circuits, which result in linear J-V curves, but instead result from tunneling across 

the molecular layer. We note that when “shorted” junctions exhibiting linear J-V curves are 

illuminated, the photocurrent signal is indistinguishable from zero.  

3.3 AFM and UPS measurements: 

3.3.1 AFM measurements: 

    Atomic force microscopy (AFM) was carried out in air with a NanoscopeIIIa Multimode 

instrument (Digital Instruments, Santa Barbara, CA), using the same procedure as explained in 

chapter 2 section 2.2.4. Rotated tapping mode etched silicon probes (RTESP) with resonant 

frequencies of ͠ 300 kHz were purchased from Veeco (Sunnyvale, CA). Table-3.1 lists the 

thicknesses determined for the alkane (C12) and aromatic (bromophenyl) as examples, along 

with the standard deviation.  

Molecule  Thickness(nm) Standard Deviation(nm)  
Alkane (C12) 2.26 0.79 
Bromophenyl(BrP)  2.99 0.37 

 

Table-3.1: Summary of the different type of molecules used, and their measured thickness and 
standard deviation data from the AFM measurements. 
 

3.3.2 UPS measurements:  

    Electronic structure measurements via UPS in ultrahigh vacuum have been used to correlate 

molecular conductance with energy level alignment (32, 33). The UPS spectrum can be used to 

determine the work function (WF) of the sample using the high binding energy cut-off (HBEC), 

where WF = 21.21 - HBEC (21.21 eV = h  of the incident He I light).In order to verify the hole 

barrier for the C12 junction,  UPS was carried out to determine the HOMO onset energy (6, 24). 
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The onset of photoemission for a surface modified with a molecular layer above that for an 

unmodified substrate in the low binding energy portion of the spectra indicates the presence of 

occupied states in the modification layer. The onset of this emission has been reported to 

correspond to the hole tunneling barrier (24). Using the method described by Frisbie et.al (24), 

an analysis of UPS data for C12 gives the hole barrier height of 1.7 ± 0.2 eV. 

 

Figure 3.14: UPS measurement of the HOMO onset energy for C12 on PPF.  

3.4 Experimental apparatus: 

3.4.1 Laser experimental apparatus: 

 

Figure 3.15: Experimental apparatus for DC laser illumination and photocurrent measurement. 
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    Figure 3.15 shows the diagram of the experimental apparatus for DC photocurrent 

measurements, using different lasers argon ion (458 nm/2.7 eV, and 514 nm/2.4 eV), krypton ion 

(675 nm/1.8 eV), and a diode laser (780 nm/1.58 eV) as different sources of illumination. The 

wavelength of the monochromatic laser source before each experiment was verified using an 

Ocean Optics spectrometer (USB-4000). The power from the laser beam at the junction was 

measured using a Newport power meter (Model 1936-R) before and after each experiment. For 

all the experiments carried out in this study, the intensity of the laser beam was varied between 1 

and 50 mW at the sample. A manual shutter was used to control the exposure time. The PPF 

contact was connected via a tungsten probe and connected to the input of a DC picoammeter 

(Kiethley 6517B), where the photocurrent measurements (including polarity) were obtained. The 

output from the DC Pico ammeter was recorded using a Labview data acquisition program. Laser 

diodes (808 nm and 852 nm Fabry-Perot laser diodes) were purchased from Thorlabs, each 

capable of 100 mW maximum output. The power from the laser diode at the junction was also 

measured using a Newport power meter (Model 1936-R), A Thorlabs LDC 210C laser diode 

controller and a TED 200C thermoelectric temperature controller were also used to drive and 

control the laser output.   

3.4.2 Lock-In Amplifier experimental apparatus: 

    Figure 3.16 shows the Xe arc apparatus diagram using a 150 W Xenon arc lamp (Newport 

model 6256) as the source of illumination. After passing through a model 74004 Cornerstone 130 

1/8 m motorized monochromator (band pass = 13 nm), the selected wavelength was chopped at 

frequency ω (typically 400 Hz). The chopped light was then directed through a series of lenses 

and mirrors for focusing. The PPF contact was connected via a tungsten probe and shielded cable 

to the AC-coupled current input of a dual phase lock-in amplifier (LIA, Stanford-830), and the 
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shield (ground) was connected to the Cu contact of the molecular junction. The output from the 

LIA was recorded using a Labview data acquisition program. In all cases, the PPF was 

considered the positive terminal. 

 

Figure 3.16: Apparatus with Xe arc continuum source, modulation by an optical chopper and 
detection with Lock-In -Amplifier (LIA). 

3.5 Calibration of experimental apparatus: 

    Direct DC photocurrent measurement for BrP junction at 458 nm was carried out using (argon 

ion laser), with the experimental apparatus shown in figure 3.15. Laser experiments as described 

previously in section 3.4.1, always give you direct DC measurement. Here in the case of 

Bromophenyl at 458 nm the photocurrent obtained was positive (see figure 3.17).   
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Figure 3.17: Direct DC measurement of photocurrent for a BrP junction using 458 nm laser 
illumination. Positive photocurrent corresponds to electrons flowing from the Cu to PPF 
electrode in the external circuit. 
 

    The main advantage of laser illumination is the direct determination of the sign of the 

photocurrent at a given energy. The output power of laser can be varied within a wide range, 

usually from 1 mW-100 mW. However, the selection of wavelengths is limited to one or two 

values for a given laser. Whereas, for Xe arc lamp with a monochromator different desired 

wavelength can be obtained and studied using lock in amplifier (LIA). The dual phase lock in 

amplifier measures both the magnitude and phase of the photocurrent but gives no direct 

indication of the photocurrent sign unlike the laser experiment. The maximum power obtained 

from Xe arc source is also significantly lower than that of the lasers, generally <10 mW over the 

13 nm bandpass. 
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3.5.1 Oscilloscope calibration apparatus: 

 

Figure 3.18: Apparatus with Xe arc continuum source, modulation by an optical chopper and 
calibration using an Oscilloscope.  
 

    The experimental apparatus using oscilloscope is very similar to that of the lock in amplifier, 

and was used to verify the photocurrent sign. Here the signal from the junction was directed to an 

SRS amplifier which in turn is wired to an Oscilloscope. Since the chopper phase relative to the 

light intensity is determined mechanically and is variable, it must be calibrated with a known 

photoactive detector. Initially a readily available photodiode (Advanced Photonix P/N: PDB-

C613-2, response time 50 ns) was used for phase calibration with the oscilloscope. Figure 3.18A 

shows the synchronization signal from the chopper, with a given chopper frequency of 400Hz 

and the illumination from the arc source kept at 400 nm wavelength. From the figure it’s quite 

clear that the response time for the photodiode is much faster than the chopping frequency. The 

photodiode polarity was selected to positive photocurrent output, meaning that electrons flowed 
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toward the positive lead of the photodiode when it was illuminated. The photodiode was then 

replaced with a molecular junction (Azobenzene (AB) junction), with the PPF lead replacing the 

positive lead of the photodiode, as shown in figure 3.16. The AB junction gives a negative 

photocurrent at 400 nm when the light is ON, as shown in figure 3.19-B. This result indicates 

that a direct, modulated response form a molecular junction can be obtained using the Xe arc, 

without using the LIA. Furthermore, it directly indicates that electrons flow from PPF to Cu of 

the AB junction in the external circuit when illuminated. 

 

Figure 3.19: (A) Photoresponse of the photodiode (ON and OFF) overlaid with trigger from the 
chopper. (B) Photoresponse of AB junction overlaid with the trigger from chopper, indicating a 
real response from molecular junction.  

3.5.2 Phase calibration using photodiode: 

    The photocurrent measured using the apparatus given in Figure 3.16 with a lock-in amplifier 

(LIA) gives only the magnitude of the current, the sign has to be determined through phase. For 

calibrating the phase, we employed a photodiode (Advanced Photonix P/N: PDB-C613-2, 

response time 50 ns), wired so that a positive photocurrent resulted from illumination (see Figure 

3.19). Figure 3.20A & 3.20B shows the spectrum for the photocurrent and the phase obtained 

directly from the dual lock-in amplifier (LIA). The chopper frequency was 400Hz. The output 

phase was then adjusted at LIA to read zero degrees (figure 3.20C).  While keeping the geometry 
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and all other variables (including the wiring) constant, the photodiode was replaced with a 

molecular junction. The sign of the photocurrent can then be determined from the phase value 

obtained from Lock-In-Amplifier (LIA), as described below 

 

Figure 3.20: (A) Photocurrent spectrum of the photodiode obtained from LIA experimental 
apparatus (B) the phase spectrum obtained from the LIA for the photodiode. (C) Zero-phase 
adjusted spectrum for photodiode.  

3.5.3 Dependence of phase & photocurrent on chopper frequency: 

 

Figure 3.21: (A) Photoresponse of photodiode vs. chopper frequency. (B) Photodiode phase as a 
function of chopper frequency.  
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    Figure 3.20A shows the response of the photodiode while varying the chopper frequency. The 

photoresponse is independent of the chopper frequency, and the small changes observed in the 

photocurrent as a function of chopping frequency are likely due to mechanical and geometrical 

factors in the experimental arrangement. Figure 3.20B shows photodiode phase as a function of 

chopper frequency.  The phase remains very close to zero in the entire range of chopping 

frequency studied. By keeping the geometry and other variables constant and replacing the 

photodiode with a molecular junction, the dependence of phase and photocurrent for a molecular 

junction was also studied. Figure 3.22 shows the results of these studies, where the phase and the 

photocurrent remain independent of the chopper frequency. The phase of the molecular junction 

is 180o different from that of the photodiode, indicating that the photocurrent is negative for the 

example shown. As noted earlier, a negative photocurrent indicates electrons flowing from the 

Cu contact to the PPF contact through the external circuit when the junction is illuminated. 

 

Figure 3.22: (A) Photoresponse of an AB junction vs. chopper frequency. (B) Phase of the AB 
junction as a function of chopper frequency.  
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3.5.4 Assigning photocurrent sign for molecular junctions: 

    By keeping the geometry and other variables constant and replacing the photodiode with a 

molecular junction, the sign of the photocurrent can be determined from the phase output of the 

LIA. For example, when the phase remains near zero, the photocurrent is positive, with the 

molecular junctions exhibiting the same polarity as the photodiode. Conversely, a phase output 

of 180o indicates negative photocurrent. We have defined a negative photocurrent for cases 

where the phase is between -90° and -180°, while positive photocurrent is taken for 0° to -90°.  

 

Figure 3.23: (A) Overlay of phase spectrum of AB junction and photodiode. (B) Overlay of 
phase spectrum of AB and Bromophenyl junctions obtained from the LIA apparatus. 

3.5.5 Verification of phase using laser experiment: 

    The phase output for the AB junction for all energies studies is near 180o (see figure 3.23A), 

indicating a negative photocurrent. Whereas for the Bromophenyl junction the phase output 

remains near zero below 3.8 eV, indicating a positive photocurrent with the same polarity as the 

photodiode. At energy greater than 3.8 eV the phase value indicates a photocurrent sign change 

for the BrP molecule i.e. from positive to negative. We used the Direct DC laser experiment to 

verify the phase.  
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Figure 3.24: (A) Direct DC measurement of photocurrent for a BrP junction using 458nm laser 
illumination, showing positive photocurrent. (B) Direct DC measurement of photocurrent for a 
BrP junction using 458nm laser illumination, showing negative photocurrent. 
 

    The laser experimental apparatus used was explained previously in section 3.4.1, Argon ion 

laser at 458 nm (2.7eV) with 20 mW power at sample was used for illumination.  From the phase 

spectrum 3.22B it was expected that at 458nm (2.7 eV), AB molecules will exhibit a negative 

photocurrent whereas BrP should be positive. Results obtained from direct DC measurements 

(Figure 3.24A and 3.24B), indicates that the photocurrent sign from phase calibration with the 

photodiode is correct, and the same procedure was used to determine the sign of the photocurrent 

for other molecules. 
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3.5.6 Analysis of bolometric mechanism: 

    We carried out various tests to assess the possibility of heat-induced currents in molecular 

junctions. Initially, we observed excellent stability and the response time was faster than the 

mechanical limit imposed by the chopper. As shown in Figure 3.25, a response time faster than 

250 μs was observed. 

 

Figure 3.25: Oscilloscope trace of photocurrent versus time for 400 nm wavelength at 400 Hz 
for a photodiode (black curve) and a molecular junction (blue curve), showing that the response 
time of the molecular junction is faster than 250 μs. This lag time is due to the mechanical limit 
of the chopper wheel in the experimental setup, shown by the overlay of the photodiode 
response. Although the electronic response time of the photodiode is 50 ns, it shows a similar 
rise time to the molecular junction. 
 

    An additional test for heat-induced currents is the dependence of the photocurrent on chopping 

frequency. According to literature (34), heat-related photocurrent is expected to decrease with 

increasing chopping frequency, by the factor fchop
-1.5. As shown in Figure 3.25, this is clearly not 

the case for the molecular junctions studied here. In addition, the overlay of the response for the 

photodiode (response time 50 ns) indicates that the small changes observed in the photocurrent 
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as a function of chopping frequency are likely due to mechanical and geometrical factors in the 

experimental apparatus. Therefore the possibility of heat-induced photocurrent, if any, is much 

smaller than the observed junction photocurrents.  

 

Figure 3.26: Variation of the measured photocurrent for a molecular junction (red curve) and 
photodiode (blue curve).  

3.6 Conversion of photocurrent to yield: 

    In order to determine the quantum yield for photocurrent generation, the power incident onto 

the junction was determined at each wavelength using a Newport power meter (Model 1936-R). 

The power density as a function of wavelength is given in Figure 3.26, and was periodically 

verified. The beam power density (Pb, in W cm-2) was then calculated by dividing the observed 

power by the beam area (0.0576 cm2). Since the beam area is much larger than the junction area 

(Aj = 0.0012 cm2), the total power incident onto the junction was Pb x Aj, with visual inspection 

(a magnified camera view) and micrometer-controlled stage used to ensure proper junction 

positioning. Photon flux (pf, photons per second incident onto the junction) is given by 

(Eqn 3.5)      
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where h is Plank’s constant (6.62607 x 10-34 J s) and  is the frequency of the incident light 

(c/ ). The measured photocurrent was converted to electron flux, ef (e- per second): 

(Eqn 3.6)      

where q is the elementary charge (1.60218 x 10-19 C/e). Finally, yield (Y, in e- per photon 

incident on the junction) is calculated by 

(Eqn 3.7)      

 

Figure 3.27: Power density of Xe arc/monochromator with bandpass of 13 nm, measured at the 
sample position. 

3.7 Background correction & noise level: 

    With the experimental apparatus as shown in figure-3.16, the photocurrent measured in the 

molecular junction was in the range of 1-1000 pA.  Therefore, it is important to measure the 

background noise level of the system. In order to measure the background level we kept the 

illumination source ON and chopper ON, the probes were then connected to the molecular 

junctions which in turn was connected to the Lock-in amplifier using a BNC cable but the shutter 

was kept closed i.e. all the conditions were kept exactly the same except the shutter closed so no 

source photons reached the junction. Then the background noise was measured continuously for 
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28 hrs. The average background noise was measured to be 3.1pA and its time course is shown in 

figure 3.27. Background responses at various other conditions were also tested with illumination 

source ON, probes disconnected, varying the BNC connection cables etc., but in all other cases 

the background noise was found to be less than 3pA. 

 

Figure 3.28: Background noise continuously measured for 28 hrs.  

    In-order to obtain a background corrected photocurrent spectrum from a particular junction, 

the photocurrent spectrum of that junction with the given energy range was taken and then 

another photocurrent measurement (background) was made with the same experimental 

conditions except the shutter remained closed so that no source photons reach the junction. The 

background response spectrum obtained was then subtracted from the initial photocurrent 

measurement to obtain a background corrected photocurrent spectrum, which was then used to 

calculate the yield of the photocurrent. 

3.8 Thin film optical property calculation:  

    Optical thin film calculations were performed with “Filmstar” software on the 

PPF/molecule/Cu system to understand how transmission occurs through the junction stack, i.e. 

how much of light is transmitted through each layer of the molecular junction. Figure 3.29A 
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shows the predicted transmission of Cu/molecule (5 nm)/PPF system where the thickness of the 

top contact (Cu) is varied. In this model (figure 3.29B) light was incident perpendicular to the 

copper surface so that a certain amount of light is transmitted through the copper to the molecule 

and finally to the carbon (PPF). For the calculated spectrum given below in figure 3.29A the 

wavelength used was 532 nm and the point ‘0’ on the x axis was considered to be Cu/molecule 

interface also shown in figure 3.29B for better understanding. The optical constants (n= 

refractive index and K= di-electric constant) used for Filmstar calculation in each layer was Cu 

(n=1.03, K= 2.59), molecule (n=1.2, K=0) and PPF (n=2.37, K= 1.09). 

 

Figure 3.29: (A) Film star calculation carried out on PPF/molecule/Cu system. %T at 532 nm is 
plotted as a function of thickness, where Cu/molecule interface is defined as X=0 (B) Model 
showing the light transmission through different layers such as Cu (20 nm), molecular layer (5 
nm) and PPF (200 nm). Molecular layers are multilayers but for simplicity shown as monolayers. 
    The figure 3.29A shows that for 20 nm Cu layer (blue line on figure 3.29A-indicating 20 nm) 

as the top contact, at 532 nm ͠  30% of the light incident on the Cu surface will reach the 

Cu/molecule interface and less than 1% of the light is absorbed by the molecules (5 nm thick) 

and the remaining amount of light will be transmitted into the PPF(200 nm thick). Whereas, for 

50 nm copper (violet line) top contact only  ͠  5% of the light reaches the Cu/molecule interface 
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and the rest of the light has been reflected by the copper top contact (see figure 3-29A). The top 

contact thickness for all the experiments described in this chapter was fixed at 20 nm unless 

otherwise noted.  

 

Figure 3.30: Film star calculation showing the % of reflected & transmitted light at 532 nm vs. 
the thickness of copper interface.  
 
    Figure 3.30 shows the Filmstar calculation at 532 nm, it predicts about the percentage of light 

reflected and transmitted at the Cu-molecule interface with respect to copper thickness. Figure 

3.31 shows the Filmstar calculation for Cu/AB (5 nm)/PPF system at two different wavelengths. 

The overlay of the %T with varying Cu thickness shows that the wavelength studied are also 

important because at 532 nm  ͠  30% of the light is transmitted through Cu whereas, at 780 nm 

its  ͠  15% keeping all other conditions the same. The calculation shows that at different 

wavelengths different amounts of light are transmitted through Cu top contact. 
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Figure 3.31: Film star calculation showing the overlay of % of transmitted light at 532 & 780 
nm vs. the thickness of copper interface.  
 

 Experimental verification of film star calculation: 

 

Figure 3.32: The photocurrent yield obtained by varying the molecular layer thickness with three 
different copper top contact thicknesses.  
 
    In order to verify the Film star calculation experimentally, we determined the photocurrent 

yield for carbon/AB/Cu junctions with different Cu thicknesses (10, 30 and 50 nm). Keeping the 
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contact was varied between 10 and 50 nm. The photocurrent spectrum for each thickness was 

obtained and then the photocurrent yield at 3 eV photon energy was determined and plotted (see 

figure 3.32). Anyone will predict from the filmstar calculation (see figure 3.29), for the sample 

with minimum top contact thickness to obtain maximum yield since the amount of light reflected 

from the top contact is minimum and allows maximum amount of light to reach the 

copper/molecule interface. The photocurrent yield measured for 3 nm molecular film is 

maximum for the sample with 10nm top contact (Cu) thickness, and low for 50 nm thickness 

(see figure 3.32). The same experiment was repeated for molecular film with 4 nm thickness. 

These results shows that with increase in the top contact thickness for the same molecular 

thickness more amount of light gets reflected at the top contact and the percentage of light 

transmitted to the molecular layer reduces considerably which falls in agreement with the 

Filmstar calculation. 

3.9 UV-Vis absorption spectra of chemisorbed molecules: 

3.9.1 Method for determining the absorption spectra of molecular layers on PPF: 

    Polished quartz wafers (Technical Glass Products, Inc.) were diced in to 1.2 x 1.5 cm chips to 

serve as substrates. The substrates were initially cleaned by sonication in acetone, IPA, and water 

for 10 minutes each (35, 36). After sonication, the cleaned quartz substrates were dried using a 

stream of N2 gas. The absorption spectra of quartz substrate (with an air reference) were taken 

using a Perkin Elmer 900 spectrometer. The red curve in figure 3.33-A shows the absorption 

spectrum of a bare quartz substrate. After obtaining the absorption spectrum of the quartz 

substrate, a commercially available photoresist (AZ-P4330-RS) was diluted (5% by volume) 

using propylene glycol methyl ether acetate. This solution was spin coated onto quartz slides at 
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6000 rpm for 60 sec (31). After soft baking at 90o C for 10 min, samples were transferred to a 

tube furnace (2.5cm in diameter) for pyrolysis. A 5% H2 in N2 gas was kept flowing at 100sccm 

throughout pyrolysis, where the temperature was ramped at 10o C min-1 up to 1025 °C for 1 hour, 

as reported elsewhere (36), resulting in an optically transparent pyrolyzed photoresist film 

(OTPPF). The absorption spectrum of this OTPPF was acquired with an air reference, with a 

typical result shown in figure 3.33-A, blue curve. Finally the OTPPF substrate was modified 

with molecular layers ranging from 1 to 5 nm in thickness using electrochemical reduction of 

diazonium salts in solution as reported in chapter 2 section 2.2.3. Figure 3-33A shows the 

absorption spectrum of quartz (red), quartz/OTPPF (blue) and quartz/OTPPF/molecule (green 

taken at different times during fabrication, all with an air reference.  Figure 3.33-B shows the 

schematic of a completed OTPPF/AB sample.  

 

Figure 3.33: (A) Absorption spectra of quartz (red) only, Quartz with optically transparent 
photoresist film (OTPPF-blue) and finally the Quartz/OTPPF surface modified with azobenzene 
to make Quartz/OTPPF/Azobenzene (green). (B): Schematic representation of the sample.  

    In order to obtain the absorption spectrum of the molecular layer, the absorbance obtained 

from an unmodified quartz/OTPPF substrate (blue line) was subtracted from the absorption 

spectra of the same sample modified with molecules (quartz/OTPFF/AB). The absorption 

spectrum of the molecular layer obtained after the final subtraction is given in figure 3.34.  
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Figure 3.34: Absorption spectrum of azobenzene (3.4 nm) obtained from figure 3.33. 

3.9.2 Optical absorption spectra of different molecules used in the study: 

    Figure 3.35 shows the optical absorption spectra of all the molecules used in this study 

(Azobenzene-AB (red), Anthraquinone- AQ (green), Nitro Azobenzene- NAB (violet), 

Bromophenyl- BrP (Blue) & alkane-C12 (black) . Here the response of the molecular 

components were obtained by similar method explained above in section 3.9.1 (31). Alkane 

(C12) shows no sign of absorbance throughout the whole spectral range. The small shift in 

baseline observed for the absorption spectra of all the molecules due to the reflectivity changes 

from refractive index variation has been corrected. 

 

Figure 3.35: Optical absorption spectra C12, AQ, AB, NAB, and BrP following subtraction of 
OTPPF spectrum. 
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     UV - Vis absorption spectra of free and adsorbed molecules: 
 
    We also measured the absorption spectra of aromatic molecules in solution. Calculated 

concentration of each molecules (given in table: 3.2) was dissolved in cyclohexane to obtain the 

solution absorption spectra given in figure: 3.36, cyclohexane was used as the reference. 

 

Table 3.2: Different molecules used for UV-Vis solution absorption studies and their 
concentration used for this study. 
 

 

Figure 3.36: Normalized absorption solution spectra of different molecules (BP, NP, NAB, AB 
and NBP) used in this study. 

3.9.3 Yield vs. Energy photocurrent spectrum: 

    Figure 3.36 shows the plot of yield (Y) vs. energy (eV) for two molecular junctions (in all 

cases, a carbon substrate is used with a 20 nm thick Cu top contact): bromophenyl (BrP, 3.0 nm 

thick multilayer) and aminododecane (C12, 2.3 nm). Differences were observed in the shape of 

the spectra for two molecules and also at the energy where the photocurrents sign changes. This 

Molecules Conc used (mM)
Azobenzene(AB) 0.31
NitroAzobenzene(NAB) 0.14
Nitrophenyl(NP) 0.71
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is a preliminary indication that the response is dependent on molecular structure (and the 

associated energy levels) and is not due to heating effects or other artifacts.  

 

Figure 3.37: Photocurrent yield as a function of energy for molecular junctions containing 
alkane (red triangles) and bromophenyl (black circles) molecular layers. The y-axis error bars are 
± one standard deviation for three (BrP) or six (C12) junctions, while the overall length of the x-
axis error bars represent the band pass of the spectrometer (13 nm). 

 
    The response obtained from these junctions is consistent with internal photoemission (IPE), 

due to the fact that at the given energy regime these two molecules are weakly absorbing (see 

figure 3.35) and most of the absorption takes place at the Cu top contacts. In the 

carbon/molecule/Cu devices employed here, IPE might involve optically-generated carriers in 

the top Cu metal crossing the molecular layer and passing into the underlying PPF(carbon) 

substrate to generate photocurrent. Generally, internal photoemission yield (Y) is governed by 

Fowler theory such that under the conditions employed (25, 37). Considering equation 3.3, a plot 

of Y1/2 versus photon energy (i.e., a Fowler plot) is expected to be linear if IPE is the only 

process involved in photocurrent generation. Linear extrapolation of the Fowler plot to the x-axis 

can be used to estimate the value of the interfacial barrier height. The generation of charge 

carriers in Cu follows excitation and decay of surface plasmons, generating both electrons and 
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holes with excess energy. These hot carriers can therefore cross both electron and hole tunneling 

barriers (25), resulting in either positive or negative photocurrents and serving as an indication of 

the position of both occupied and unoccupied states in the barrier region. 

3.10 Conclusion: 

    This chapter has shown that reliable photocurrent measurements can be made from 

(carbon/molecule/Cu) large area molecular junctions with partially transparent copper as the top 

contact. This chapter also gives detail information on different experimental apparatus used for 

the photocurrent measurements. Photocurrent yield vs. energy results shows that the photocurrent 

depends on the nature and type of the molecules used in the junction, indicating that the observed 

photocurrent is not due to heating effects or other artifacts. We anticipate significant information 

regarding the system energy levels to be gained by analysis of IPE portion of the photocurrent 

spectrum. The photocurrent spectrum of a completed molecular junction may establish it as a 

unique platform for investigating primary photoeffects and interfacial transport phenomenon in 

devices related to energy conversion, optical detection, and charge carrier dynamics. 
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Chapter-4 

Internal Photoemission in Molecular Junctions: 

Parameters for Interfacial Barrier Determinations. 

4.1 Introduction: 

    Internal Photoemission (IPE) has been used to measure barrier heights in various M-I-M 

junctions (where “I” is an insulator typically an oxide tunneling barrier), notably across 

aluminum oxide tunnel junctions (1-4). In chapter 3 we indicated that IPE might be useful to 

characterize the interfacial barrier of molecular junctions consisting of carbon/molecule/Cu, with 

the energy threshold for photocurrent indicating the Ef -EHOMO or ELUMO-Ef interfacial barriers 

(where Ef is the system Fermi level). We also anticipated that the sign of the photocurrent can 

provide information regarding the involvement of the HOMO or LUMO in mediating tunneling 

across the molecular junction. 

    In this chapter, we show that photocurrent observed in large-area carbon/molecule/Cu tunnel 

junctions can be used to determine transport parameters, including the relative alignment of 

molecular energy levels and the height(s) of the tunnel barrier(s). The results reported here 

establish a method for directly measuring the energy levels in working molecular junctions and 

may be used to design more advanced molecular electronic circuitry. We extend our previous 

results to a wider range of molecular structures, and explore the use of IPE to characterize 

energetics in molecular junctions. Through systematic correlation of the photocurrent spectrum 

with that of the absorbance spectrum of different molecules, plus variation of the molecular layer 
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thickness, source intensity, and photon energy, we differentiated photocurrents resulting from 

photon absorption in the contacts with those induced by photon absorption in the molecular 

layer. The results permit formulation of criteria for determining the origin of the photocurrent, 

and the relationship to the position of system energy levels. For molecular junctions that show 

only IPE-based photocurrent, an analysis through construction of a Fowler plot can yield a 

measurement of the interfacial barrier, where the photocurrent sign can be used to determine 

whether electron or hole transport is dominant. IPE was characterized and illustrated with 

molecular junctions made with seven different aromatic and aliphatic molecular junction 

structures (see figure 3.11, chapter 3), which exhibit conduction mediated by both occupied and 

unoccupied system orbitals. 

4.1.1 Optical absorption spectra for different molecules:   

 

Figure 4.1: (A): Optical absorption spectra C12, AQ, AB, NAB, and BrP following subtraction 
of OTPPF spectrum. (B): Method for determining onset of optical absorption. 
 
    Figure 4.1(A) shows the overlay of optical absorption spectra for different molecules used in 

this study and are derived using the procedure explained previously in chapter 3, section 3.9. The 

onset of absorption by molecular layer is taken as the intersection of two linear regions of the 
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corrected spectrum as shown in figure 4.1(B).  The optical absorption onset thus determined was 

1.7 eV for AB and NAB, 2.5 eV for AQ and 3.6 eV for BrP (see figure 4.1(B)). 

4.1.2 Structure and absorption spectra for NDI and ferrocene molecular layers: 

 

Figure 4.2: Absorption spectra of Fc (A) and NDI (B) films on OTPPF (both NDI & Fc are 3-
4nm thick), after subtraction of the OTPPF spectrum. Multilayers of molecules are formed; 
however monolayers are shown for simplicity. 
 
    Figure 4.2(A) shows the optical absorption spectrum for Ferrocene (Fc) with an inset showing 

schematic structure of a phenyl-Fc molecule on carbon surface (PPF) & figure 4.2(B) shows the 

optical absorption spectrum of NDI with inset showing its structure. The optical absorption 

spectrum for each molecule was obtained from the procedure explained in section 3.9, chapter 3. 

4.2 Experimental section: 

    Figure 4.3 shows the schematic of the junction structure used in this study. Details of junction 

fabrication (5) and the photocurrent measurement was previously explained under section 3.2, 

chapter 3. Briefly, a narrow band (∆ =13 nm) of light from a Xe arc source (Newport model 

6256) passes through an optical chopper before incidence onto the top of a molecular junction. A 

dual phase LIA is used to measure both the phase and the magnitude of the photocurrent 

simultaneously. 
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Figure 4.3: Schematic representation of the junction structure:     

    The absorption spectra in Figures 4.1 and 4.2 include molecular layers such as azobenzene 

(AB), anthraquinone (AQ), bromophenyl (BrP), nitroazobenzene (NAB), phenyl ferrocene (Fc), 

dodecylamine (C12), and naphthalene di-imide (NDI), all of which were multilayers on 

pyrolyzed photoresist film (PPF) substrates with their thicknesses determined using AFM (in 

nm) indicated as follows: AB (3.4 nm), BrP (3.0 nm). The fabrication of molecular junctions has 

been described in detail previously (6-11), and utilizes the electrochemical reduction of 

diazonium reagents on flat carbon surfaces (12) and vapour deposition of metallic (6) or carbon 

(13) top contacts. However, rather than silicon substrates with an insulating layer of thermal 

oxide, polished fused quartz substrates ( from Technical Glass Products, Inc) were used as the 

substrate in the current study to avoid the possibility of stray photocurrent from crystalline 

silicon. 

     For the Al/Al2O3/Cu junctions, polished borosilicate glass was first cleaned by sonication in 

acetone followed by IPA and water for 10 minutes each, and then 60 nm of Al was deposited via 
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e-beam evaporation through a shadow mask with a 3 nm Cr adhesion layer. Next, the samples 

were heated in air to a temperature of 175° C (verified using an IR thermometer) for 10 minutes. 

Finally, 20 nm Cu was deposited using a shadow mask oriented perpendicular to the Al/Al2O3 

lines. 

    As illustrated in the schematic representation of the optical apparatus (10) in Figure 4.3, 

photocurrent spectra was measured by passing a small band (∆ = 13 nm) of light from a Xe arc 

source and monochromator through an optical chopper and onto the junction. A Lock-in 

detection apparatus (see figure 3.14, section 3.4.2) was used to measure the resulting 

photocurrent. The optical power incident on the junction was measured using a Newport 1936-R 

power meter, and then the external quantum efficiency (EQE) (10) was determined. EQE is 

defined as the number of photoelectrons in the external circuit divided by the number of photons 

incident on the junction. The sign of the photocurrent was determined by calibrating the phase of 

the lock-in detection using a photodiode as the reference, as described previously (section 3.5.2, 

chapter 3) where a positive photocurrent indicates electrons flowing from the Cu to PPF in the 

external circuit. Laser diodes operating at 808 nm (1.53 eV) and 852 nm (1.46 eV) from 

Thorlabs were used to extend the photocurrent measurements beyond the useful range of Xe arc 

source. 

    The photocurrent sign was then verified using laser illumination and DC current 

measurements in several cases (see section 3.4.1, chapter 3) to avoid any ambiguity resulting 

from phase sensitive detection. In order to measure photocurrent as a function of incident power, 

laser light from an Ar-ion laser was directed onto the junction, which permitted the use of direct 

current measurements and a wider range of incident power than that available with the Xe arc 

source. The optical power delivered to the junction was determined immediately above the 
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sample with the Newport power meter and the focussed spot size was determined visually. The 

power density at the junction varied from 0.6 – 7 mW/cm2 for Xe arc illumination and up to 50 

mW/cm2 for laser illumination, with the resulting photocurrents remaining stable for many hours. 

In all cases, at least four junctions on a given chip were studied in order to determine the 

standard deviation of the photocurrent. 

4.3 Results and discussion: 

    Figure 4.4 shows the schematic energy level diagram for a molecular junction. This model is 

based on the availability of electronic states, represented by horizontal lines, where shading 

represents occupied states in the conducting contacts. The Fermi level (Ef) of the contacts 

(defined as the energy level where the probability of finding an electron is 0.5) therefore 

represents the demarcation between filled and empty states for the conductors, while the 

molecular component has filled (HOMO) and empty (LUMO) orbitals. The gap between the 

frontier orbitals in the molecular region (i.e., the HOMO-LUMO gap, Eg) creates a region where 

electrons are not allowed so that when these orbitals are separated from Ef by an energy greater 

than kT, carriers cannot pass freely from one contact into the other, resulting in an interfacial 

barrier for electrons ( e-; LUMO-mediated transport) and holes ( h+; HOMO-mediated 

transport). In cases where the distance between the two conductors is small,  is a non-resonant 

quantum mechanical tunneling barrier. Multiple values of molecular orbitals are shown to 

represent inhomogeneous broadening by various orientations and environments of molecules in 

the molecular multilayer. 
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Figure 4.4: Energy level diagram showing a non-resonant tunnel barrier for holes (HOMO-
mediated transport, blue arrows) and electrons (LUMO-mediated transport, red arrows). 

    While the model in Figure 4.4 has been used in numerous descriptions of molecular junctions, 

there are several issues that are not readily apparent in this diagram. For example, strong 

electronic coupling between the contacts and molecular layer can result in a dipole across the 

interface that can be important in determining the actual system barrier (i.e., an electrostatic 

dipole barrier results from partial charge transfer between the molecule and contact) (11, 14, 15). 

Moreover, interactions between the molecule and contacts can lead to hybridization, creating 

orbitals that span both the molecule and the contact(s). These effects can result in a distribution 

of occupied (OSOs) and unoccupied (USOs) system orbitals with significantly different energies 

from free-molecule HOMO or LUMO levels, as well as shifts in the local vacuum level over the 

molecular layer (15, 16). As will be discussed below, the orbital energy levels relevant to 

transport in the junction are not those for isolated molecules but instead are the occupied system 

orbitals (OSOs) and unoccupied system orbitals (USOs) which incorporate electronic changes 
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during fabrication. For all of these reasons, methods that provide energy level alignment and 

barrier height information in-intact complete junctions are highly valuable. 

4.3.1 Photocurrent Yield spectrum for Alkane and BrP junctions.  

    Figure 4.5(A) shows the optical absorption spectra for multilayers of the two molecules: C12 

(blue curve) and BrP (black curve). The absorbance in Figure 4.5(A) was obtained by subtracting 

the absorbance of an unmodified quartz/carbon substrate (described in section 3.9.1) from that of 

a similar substrate modified with the molecular layer (17). It is clear that C12 sample shows no 

significant optical absorbance over the entire range tested. The shift in the baseline absorbance is 

due to reflectance changes between the reference (unmodified transparent carbon) and the 

sample with the thin molecular layer, which has a refractive index different from air. 

Figure 4.5: (A) Overlay of the optical absorption spectra for the alkane (C12, blue curve) and 
bromophenyl (BrP, black curve) on optically transparent carbon. (B) Photocurrent yield as a 
function of energy for molecular junctions containing alkane (red triangles) and bromophenyl 
(black circles) molecular layers. The y-axis error bars are ± one standard deviation for three 
(BrP) or six (C12) junctions, while the overall length of the x-axis error bars represent the band 
pass of the spectrometer (13 nm). 
 
    Figure 4.5(B) shows the plot of yield (Y) vs. energy (eV) for two molecular junctions (in all 

cases, a carbon substrate was used with a 20 nm thick Cu top contact): bromophenyl (BrP, 3.0 
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nm thick multilayer, black curve) and aminododecane (C12, 2.3 nm, blue curve). Differences 

were observed in the shape of the spectra for two molecules and also in the energy where the 

photocurrents sign changes. This is a preliminary indication that the response is dependent on 

molecular structure (and the associated energy levels) and is not due to heating effects or other 

artifacts. The response obtained from these junctions is consistent with internal photoemission 

(IPE), where hot carriers generated in the Cu top contact can cross the interfacial tunneling 

barrier. 

4.3.2 Fowler plots for alkane and BrP junctions: 

    IPE has been described as a sub-work function photoelectric effect, where the charge carriers 

are excited from one conductor into another across a solid state barrier material rather than into a 

vacuum (18). In the carbon/molecule/Cu devices employed here, IPE might involve optically-

generated carriers in the top Cu metal crossing the molecular layer and passing into the 

underlying carbon substrate to generate a photocurrent. Generally, internal photoemission yield 

(Y) is governed by Fowler theory such that under the conditions employed (18, 19). 

                       Y  (E – ) 2                                           (Eqn 4.1) 

 

where E is the incident photon energy (E= h , where h is Planck’s constant and v is frequency), 

and ɸbarr is the interfacial barrier (here, a tunneling barrier). Considering equation 4.1, a plot of 

Y1/2 versus photon energy (i.e., a Fowler plot) is expected to be linear if IPE is the only process 

involved in photocurrent generation. Linear extrapolation of the Fowler plot to the x-axis can be 

used to estimate the value of the interfacial barrier height. The generation of charge carriers in 

the Cu follows excitation and decay of surface plasmons, generating both electrons and holes 

with excess energy. These hot carriers can therefore cross both electron and hole tunneling 
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barriers (18), resulting in either positive or negative photocurrents and serving as an indication of 

the position of both occupied and unoccupied states in the barrier region. 

 

Figure 4.6: (A) Fowler plots for two different junctions where positive photocurrent is observed 
at PPF. (B) Fowler plots for negative photocurrent for the same two junctions. Extrapolated 
thresholds for each case are given.  

 
    Figure 4.6(A) shows Fowler plots for the positive photocurrent region. From figure 4.4, a 

positive photocurrent in the external circuit is observed when an electron is transferred from the 

carbon to a photogenerated hole in the top Cu contact via the molecular HOMO. Both Fowler 

plots display good linearity, indicating that an IPE model fits well with the experimental data. In 

addition, the slopes of these plots are similar, indicating that the energetic distribution of 

optically generated charge carriers is similar. Finally, the extrapolated barrier heights for holes 

(ɸh+) obtained from the Fowler plots in figure 4.6(A) are 1.1 eV for BrP and 1.7 eV for C12, 

respectively. Given the error in the measurements (±0.1 eV), these values are clearly statically 

different from each other, demonstrating a structural effect on the barrier for hole tunneling in 

molecular junctions. In addition, these results are consistent with measurements of EHOMO,onset 

energies determined using ultraviolet photoelectron spectroscopy (UPS) and J-V curve fitting 

(13), where EHOMO,onset for C12 is 1.7 eV (See figure 3.13) and for BrP is 1.5 ± 0.3 eV (13). Thus, 
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the optical method used here indicates that the changes in the barrier height resulting from 

differences in molecular structure can be determined using photocurrent measurements. 

However, the optical method is conducted in-situ, resulting in a barrier value for a functioning 

molecular junction with a top contact, while UPS can probe only the occupied states of a 

carbon/molecule system in vacuum. 

    While UPS can only determine the energy onset of the occupied states, IPE can be sensitive to 

both electron and hole barriers(18). Determination of the sign of the dominant tunneling carrier 

has been a long-standing issue in molecular electronics. A few studies have reported values either 

through ex-situ photoelectron measurements (20, 21) or observation of the thermoelectric effect 

(22, 23). However, in some cases, IPE can yield the dominant carrier sign as well as the values of 

tunneling barriers for both carrier types. 

    Figure 4.6(B) shows the Fowler plot at the high energy region where the measured 

photocurrent is negative (here, the y-axis is given as –[|Y|1/2]). These plots show good linearity 

and yield electron tunneling barriers of 2.9 and 2.8 eV for C12 and BrP, respectively. While the 

interpretation of these data may be used to construct energy-level diagrams (discussed later), we 

first comment on the mechanism involved in photocurrent generation and the implicit 

assumptions in the model. 

4.3.3 Alumina junctions: 

    In order to provide a baseline that is free from molecular absorbance, we used the photocurrent 

spectrum of Al/AlOx/Cu junctions and compared it with Carbon/C12/Cu junctions (C12 and 

AlOx do not absorb light in this 200-800 nm spectral range). The measured photocurrent yield 

(i.e., the number of electrons per incident photon after calibration of the light intensity) as a 

function of photon energy for both junctions is shown in Figure 4.7(A). The negative 
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photocurrent measured for the AlOx junction indicates that the Al substrate becomes negative 

when illuminated, such that photoexcited electrons in the copper traverse the oxide through its 

conduction band. The opposite sign for the case of the alkane junctions (black curve) at low 

energy results from electron transport through the HOMO into photogenerated holes in the Cu 

contact, as reported previously (10, 11). 

     Figure 4.7(B) shows the Fowler plot for an Al/AlOx/Cu (20 nm) junction, where the 

extrapolated value of the electron tunneling barrier is determined to be 2.4(±0.1) eV. Although a 

range of 0.9 to 3 eV; e.g. has been reported, Goodman reported a value of 2.0 ± 0.2 eV for 

electrons in AlOx exposed to liquid water(4). As reported previously, and is apparent in Figure 

4.6, the hole tunneling barrier (Ef -EOSO) for a PPF/alkane/Cu junction is 1.7(±0.1) eV and Ef -

EUSO is 2.8(±0.2) eV respectively, both based on the Fowler plot intercept. In the cases shown in 

Figure 4.7(A), absorbance by the molecular portion of the junction is avoided by the choice of 

materials. However, molecular electronics involves the use of a wide range of structures with 

varied optical absorption characteristics, and the consequences of molecular absorption are 

considered later.  
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Figure 4.7: (A) Photocurrent yield spectra for two junctions (Al/AlOx/Cu, red curve and carbon 
/C12 / Cu, black curve). (B): Corresponding Fowler plots with extrapolated barrier values.  

4.4 Proposed mechanism for Alkane and BrP: 

    Figure 4.8 shows the idealized schematic diagram of IPE for hole and electron current. As 

shown in figure 4.8(A), low energy light incident onto the Cu top contact creates electron-hole 

pairs with an energy defined by the photon energy. Thus, the deepest hole has an energy (Ef - 

h ), and when this is larger than the hole tunneling barrier, HOSO-mediated transport of an 

electron from the bottom carbon contact into the hole created in the Cu can lead to a positive 

photocurrent in the external circuit. As shown in Figure 4.8(B), higher energy excitation may 

lead to LUSO-mediated transport when the value (Ef + h ) exceeds the LUSO level, leading to 

negative photocurrent. In this model, it is implicit that excitons are generated in the Cu only, and 

not the carbon. In addition, it is assumed that there is no light-induced excitation of the molecular 

component. 
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Figure 4.8: (A) Diagram of the IPE mechanism for excitation of holes from Cu to carbon. (B) 
Diagram for electron transport from Cu to carbon. The alignment of the occupied system orbitals 
(OSOs) and unoccupied system orbitals (USOs) relative to the contact Fermi levels determines 
the sign of the observed photocurrent and the energy threshold for onset. 

 
    In order to determine the potential impact of molecular absorption on the photocurrent, the 

absorption spectra of the molecules bonded to a transparent carbon support were obtained (see 

figure 4.1(A) & 4.5(A)). These results show that the alkane molecules are non-absorbing 

throughout the entire energy range tested, while the BrP molecular layer shows no significant 

absorbance below ~3.8 eV. Thus, the value for both hole-tunneling barriers and that for the C12 

electron barrier are unlikely to be affected by excitation involving molecular orbitals. However, 

we cannot be certain this is the case for the BrP electron tunneling barrier. In fact, the response of 

photocurrent at higher energy may be due to “MA” currents generated by a mechanism involving 

Molecular Absorption(18). In this case the interpretation of the threshold exhibited in the Fowler 

plot at high energy may need to be modified. 

 

Figure 4.9: Energy level diagrams constructed based on IPE characterization (A) Alkane (B) BrP 
molecule. 
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    Figure 4.9 shows the energy-level diagrams constructed for two different molecules alkane (A) 

and BrP (B) assuming that only IPE generates photocurrent. While this diagram provides a 

complete picture of the energy barriers that determine tunneling, we note that the HOMO and 

LUMO levels are not isolated, but instead represented by occupied system orbitals (OSOs) and 

unoccupied system orbitals (USOs). Accordingly, these (OSOs & USOs) are drawn as a 

distribution of states below and above Ef, where the onset of photoemission represents the edges 

of these states becoming energetically accessible. For this reason, the HOSO-LUSO gap 

determined using IPE does not directly reflect the HOMO-LUMO gap of the isolated molecule 

used in the junction, but rather the transport gap relevant in determining the interfacial barriers. 

This distinction is important, as the IPE observed here yields information regarding a completed 

junction, including the results of any interactions between the molecules and contacts, which 

tends to decrease the energy gap(14). 

    Turning to the comparison of these results, we noted that the alkane-based junction has a 

larger energy gap than the aromatic junction (4.5 vs. 4.0 eV), consistent with the decreased 

conductivity in previous measurements (24). The absolute value for the transport gap of the 

alkane junction as assessed here is smaller than other reported values (21), which range from 7 to 

8 eV, where the barrier values obtained are 3 to 4 eV. However, as recently summarized (25), the 

barrier heights reported for alkane-containing junctions using other paradigms is often less than 2 

eV (26-28), suggesting that the details of the system (i.e., contact materials and interactions 

between the contacts and molecules) impact the transport barrier. Given that the system studied 

here has strong electronic coupling between the molecules and substrate, the reduced gap may be 

due to an induced density of interface states (29, 30), sometimes referred to as gap states (31), 
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which are transport states lying within the HOMO-LUMO gap of the molecular species. A 

distribution of such gap states may be sufficient to cause a lowering of the transport gap. 

    From the analysis carried out on alkane and BrP junctions, we can conclude that an IPE 

mechanism is useful for determining both electron and hole tunneling barriers for a complete and 

operational carbon/alkane/Cu molecular junction. The values of the hole-tunneling barriers 

obtained from BrP junctions agree well with recent measurements of EHOMO,onset values obtained 

with UPS. Pseudo-IPE current may complicate the interpretation of the data at higher energies 

for molecules that show optical absorbance. This additional mechanism is related to the 

molecular component, and we anticipate significant information to be gained by analysis of both 

IPE and pseudo-IPE portions of the photocurrent spectrum. 

4.5 Differentiating IPE from other photocurrent generating mechanism: 

    After determining the photocurrents for C12 and BrP molecules, we broadened our study to a 

range of molecules, including some which may absorb light. In order to provide a test-bed for 

investigating IPE, we have identified several molecules that have different absorption spectra 

(see figure 4.1), and have tested the dependence of the photocurrent on several parameters, 

including molecular structure, molecular layer thickness, source intensity and energy, as 

discussed below. The main aim of these experiments is to determine possible ways to distinguish 

IPE from other photocurrent-generating mechanisms and thereby use IPE to characterize energy 

level alignment and barrier heights in molecular junctions.  
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4.5.1 Relationship between absorption spectrum and photocurrent spectrum: 

 

Figure 4.10(A): Photocurrent yield spectrum for five different junctions (BrP (Blue curve), C12 
(black), AQ (green), AB (red) and NAB (violet)). (B): Shows the same data on an expanded Y 
axis, with the photon energies indicated where the curves cross the X axis. 
 
    The structures of seven different organic molecules (AB, NAB, AQ, BrP, C12, NDI & Fc) 

were given in figure 3.12 cahpter-3, and have all been used previously to construct molecular 

junctions of the structure carbon/molecule/Cu (20nm)(11). Figure 4.10(A) shows a plot of the 

photocurrent yield as a function of photon energy for five different molecular structures with 

approximately equal molecular layer thicknesses, as follows: C12 (2.3 nm, black curve)(10), BrP 

(3.0 nm, blue curve)(10), AQ (2.5 nm, green curve) , AB (3.4 nm, red curve) and NAB (4.0 nm, 

violet curve). Notable observations from Figure 4.10(A) include a similar photo-response for 

C12 and AQ at low energy (<2.8eV), while a larger and negative photocurrent is observed for 

AQ junction above 3 eV. The magnitude of the yield for junctions containing AB and NAB 

molecules at low energy (<2 eV) is comparable to that of C12 and AQ, but at higher energies the 

yield for these two molecules increases significantly and is negative. In the previous section 4.4 

we proposed(10) that the change in sign for the C12 junction was indicative of the smaller 

interfacial barrier defined by the HOSO being more energetically accessible from the contact 
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Fermi level than the LUSO. Thus, the photocurrent at low energies is positive, but becomes 

negative when the electron-tunneling barrier becomes accessible. This enables the energy level 

alignment of electron and hole barriers for the C12 junction to be determined(10). 

    Note that in Figure 4.10(A) the energy where the photocurrent sign changes [i.e. the “crossing 

point” of the plot in Figure 4.10(B)] depends on the structure of the molecule: the crossing points 

are 3.7 eV for BrP, 2.8 eV for AQ and 1.65 eV for AB, while NAB remains negative in the 

spectral range studied and does not cross the abscissa. In order to determine if the absorbance of 

the molecule correlates with these crossing points, the photocurrent yield spectra were overlaid 

with the absorbance spectra for each of the aromatic molecules studied.  

4.5.2 Overlay of photocurrent yield, absorption vs. energy spectrum: 

    A striking relationship between optical absorbance (black curves) and the measured 

photocurrent yield spectra (coloured data points) implies that absorption by the molecular 

component plays a role in determining the photocurrent spectrum characteristics, notably the 

abscissa crossing energy and the onset of negative photocurrent. In Figure 4.11(A), it is apparent 

that the magnitude of the photocurrent for AQ is similar to that of the alkane junction (see Figure 

4.10(A)) in the energy range where little or no absorption by AQ takes place (below ~2.5 eV). 

However, at higher energies, when the AQ photocurrent crosses the abscissa and becomes 

progressively more negative, the AQ photocurrent significantly exceeds that of the alkane. One 

possible explanation is that when the molecule does not absorb incident light, IPE is the main 

mechanism contributing to the photocurrent, and so the positive photocurrent indicates that the 

OSO mediates the tunneling process for both molecules (i.e. it is more energetically accessible). 

When the molecule absorbs light, a secondary mechanism contributes additional negative current 

to the photo-response. 
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Figure 4.11: An overlay of photocurrent yield and absorption spectra for four different junctions; 
black line indicates the optical absorption spectra of the molecular layer corrected for PPF 
absorption and the coloured line indicates the measured photocurrent spectrum of a particular 
molecular junction (A) AQ, (B) AB, (C) BrP, and (D) NAB. 
 
    Recalling that the AQ molecule photocurrent crossing point was 2.8 eV (figure 4.10(B), we 

note that the onset for optical absorption for AQ chemisorbed to a transparent carbon surface is 

2.5 eV (see figure 4.1(B)). A similar analysis of absorption and abscissa crossing energy was 

done for all the molecules studied here including C12, and is summarized in Table 4.1. 
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Table 4.1: Summary of optical absorption data for molecular layers: 

a. “s” indicates shoulder on main UV-Vis absorption peak. 
 
     In the case of AB and NAB, where significant optical absorption occurs even at low energy, 

the photocurrent measured using the continuum light source remains negative throughout the 

entire spectral range accessible with the Xe arc (See figure 4.11(B) and 4.11(D)). Either there is 

no photocurrent crossing point for these molecules, or it cannot be observed using the continuum 

source, due to its limited power. However, laser diodes provide sufficient power to enable the 

measurement of the photocurrent at lower photon energies. The two points (808 nm and 852 nm, 

or 1.54 and 1.46 eV) obtained from these measurements both resulted in positive photocurrent 

for AB junction, and are included in the AB photocurrent spectrum in Figure 4.10(B), showing 

that the crossing point for AB is ~1.6 eV (also see figure 4.12). Analysis of the compiled data in 

Table 4.1 clearly shows that the photocurrent crossing point correlates with the onset of optical 

absorbance for the four molecules. This result indicates that a two-regime model is needed to 

explain the entire photocurrent spectrum for certain molecules: an IPE regime at low energies 

where molecular absorption is negligible, and a second photocurrent mechanism involving 

molecular absorption (MA) at higher energies, with the particular crossing point dictated by 

molecular structure. The conclusion from analysis of Table 4.1 is that in order to use IPE to 

Energy (eV) BrP AQ AB NAB C12
Free molecule, DFT 
(HOMO-LUMO)

6.2 4.2 3.9 3.6 7.8

UV-Vis peak, solution >6 ~ 3.9/2.7sa 3.7/2.7s >6

UV-Vis absorption onset 5.2 3.6 3.4/2.4s 3.2/2.3s -

PPF-bonded peak >6 4.8/3.6s 3.6/2.5s 3.4/2.5s >6

PPF-bonded onset 3.6 2.5 1.7 1.7 >6

PC Crossing point 3.7 2.8 1.6 <1.46 3.0



141 
 

characterize energy levels while avoiding interference by a molecular absorption photocurrent 

the analysis must be done in a region where the observed photocurrent is dominated by IPE. In 

order to provide additional tests of the contribution of molecular absorption, we examined the 

dependence of the photocurrent on excitation intensity and the molecular layer thickness. 

 

Figure 4.12: Expanded view of figure 4.10(B), showing positive photocurrent for AB junction 
(red curve) obtained from diode laser at two different energies (1.46 eV and 1.54 eV).   
 

4.5.3 Photocurrent vs. excitation intensity: 

    IPE current is presumed to be originated by the excitation of surface plasmons in the contacts, 

which decay into hot electron-hole pairs, with subsequent transport across internal system 

barriers at appropriate energies(18). Because conductors have very high carrier concentrations, 

the excitation of hot carriers is linearly dependent on the excitation source intensity as long as the 

number of the excited carriers is small compared to the total number of carriers present. Thus, 

the IPE photocurrent is expected to increase linearly with excitation intensity over a wide range 

of intensity. However, exciton formation in molecular materials can show non-linearity for at 

least two reasons. First, the density of molecular ground states may be depleted faster than they 
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can refill at high excitation levels. Second, various models of exciton generation include a non-

linear term due to recombination effects. In particular, bimolecular and/or surface recombination 

is expected to result in proportionality between the square of the photocurrent and the excitation 

intensity (32-34). Following a previously-reported derivation for exciton generation(33), the 

number of excitons (n) and the resulting photocurrent is linearly dependent on the illumination 

intensity (I, in photons/sec), given by equation (2), 

 
                    In α                                            (Eqn 4.2) 

where  is a constant representing optical absorption in the material. Next, we define the rate 

constant for monomolecular recombination (km) as being inversely related to the lifetime of the 

mobile charge carrier optically generated in the material. In the case of IPE, an optically- 

generated hot electron in Cu crosses the barrier and undergoes recombination with a non-mobile 

hole in the carbon contact. Here, the process of a ‘single mobile charge carrier’ annihilating a 

localized positive charge in the carbon contact makes the carbon more negative and represents a 

monomolecular process, since a single mobile charge carrier is eliminated. For the case of two 

mobile charges (bound or not) recombining, we define a rate constant kb, the bimolecular a 

recombination rate constant. ( a The recombination can occur in one molecule or between two 

molecules, but the literature convention is to call both “bimolecular”). Since the steady-state 

condition gives the rate of change of n with respect to time as zero, we have 

                           0α 2bnmnI                                       (Eqn 4.3) 

such that for small n: 

                           
In

m
α

                                           (Eqn 4.4) 
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and for large n 

                           b
In α

                                           (Eqn 4.5) 

eqn (4.4) shows that when the photocurrent is controlled by monomolecular recombination, such 

as a hot carrier crossing a barrier and being collected by a second electrode(33), then the 

photocurrent will be a linear function of intensity. Eqn (4.5), on the other hand, shows that 

bimolecular recombination is expected to exhibit a photocurrent that is proportional to the square 

root of intensity. These considerations imply that a good test of photocurrent generation 

mechanism is the relationship between photocurrent and excitation intensity. 

    Given the mechanistic inferences from Figure 4.11, the response to a particular incident 

wavelength can be predicted to be linear or quadratic. For example, at photon energies below 3.0 

eV, AlOx, BrP, and AQ junctions are expected to show linear photocurrent vs. intensity plots, 

since the molecules do not absorb light and the dominant mechanism is IPE. By contrast, AB 

absorbs light over the range of 1.7 to 3 eV, and is expected to show a non-linear dependence on 

intensity. Figure 4.13 shows plots of the photocurrent (ip) as a function of the incident power for 

several different junctions under constant (i.e. unmodulated) laser illumination at selected optical 

energies. First, Figure 4.13A shows a plot for the Al/Al2O3/Cu (20) sample, for which a negative 

DC photocurrent was recorded using a picoammeter and Ar-ion laser illumination at 475 nm 

(2.65 eV). The photocurrent response is linear with excitation intensity, as expected for a pure-

IPE derived photocurrent and monomolecular recombination. Since AlOx does not have any 

optical transitions within the energy region tested, it provides an excellent control experiment 

and confirms the linearity of IPE current with intensity. Second, figure 4.13(B) shows a similar 

plot for an AQ junction which exhibits linear response for both 514 nm (2.41 eV) and 689 nm 
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(1.80 eV), as predicted from figure 4.11(A) given the weak absorbance of AQ at these 

wavelengths.  

 

Figure 4.13: Photocurrent vs. light intensity curves for (A) Al/AlOx/Cu, blue curve at 2.6 eV 
(476nm) (B) Carbon/AQ/Cu at 1.8 eV (688 nm), red curve and 2.4eV (516 nm), green curve (C) 
Carbon/BrP/Cu at 2.4 eV (516 nm), green curve and 2.7eV (458 nm), blue curve (D) 
carbon/AB/Cu at 2.4 eV (516 nm), green curve and 2.7 eV (458 nm), blue curve. 

    Third, figure 4.13(C) shows the analogous plots for BrP at 2.4 eV and 2.7 eV, again displaying 

a linear increase with intensity as expected from Figure 4.11(C). It is also important to note that 

the sign of the photocurrents from figure 4.11 and 4.13 match, such that in cases where no 

absorption takes place, the photocurrent is negative, indicating USO mediated transport (Al2O3) 

or positive indicating OSO transport (AQ and BrP) where expected. Taken together, the results 

for AlOx, AQ, and BrP in Figures 4.13A(C) indicate that the observed photocurrent is dominated 
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by IPE, with negligible contribution from photon absorption in the molecular layer. Finally, the 

AB molecular layer does show significant absorbance below 3 eV, and plots of ip versus 

excitation intensity for two wavelengths (458nm, or 2.7 eV; and 514 nm or 2.4 eV) where AB 

absorbs light is shown in Figure 4.13(D). Here, the photocurrent is negative and displays a clear 

non-linear trend. This sub-linear increase of photocurrent with intensity is consistent with a 

simple quadratic function, showing that when molecule absorbs a significant amount of the 

incident light, the photocurrent is governed by a bimolecular recombination mechanism (eqn 4.5) 

which is distinct from IPE. To confirm this hypothesis, photocurrent vs. intensity for alkane 

junctions at 2.4 and 2.7 eV (see figure 4.14) were monitored and in both cases the plots were 

found to be linear. Overall, the dependence of photocurrent on excitation intensity enables us to 

determine which photocurrent generating mechanism (IPE or molecular absorption) is dominant 

at a given energy.  

 

Figure 4.14: Photocurrent vs. intensity plot for an alkane junction at 2.4 eV (458 nm) and 2.7 eV 
(516 nm). 
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4.5.4 NDI and Ferrocene molecular junctions: 

    In order to obtain further insight into the IPE regime of the photocurrent spectra, molecular 

junctions containing ferrocene and NDI molecular layers were examined. These molecules 

exhibit very weak optical absorption below 3 eV (figures 4.15(A) and 4.15(B), solid lines and 

right ordinate), which leads to the expectation that IPE should dominate the photocurrent spectra 

for these molecules below 3 eV. Figures 4.15(A) and 4.15(B) show overlays of the absorption 

and photocurrent spectra as functions of photon energy for molecular junctions containing 

ferrocene and NDI, respectively. Figure 4.15(A) shows that the photocurrent measured for Fc 

junction is positive throughout the entire spectral range, indicating that the OSOs mediate 

transport for the IPE mechanism. However, at energies above 3 eV, the photocurrent yield 

decreases in magnitude. One possible explanation for this observation is that above 3 eV the 

secondary mechanism (i.e. MA) might significantly exceed the primary IPE mechanism. A 

second possibility is that USO-mediated IPE begins contributing to the overall current, acting to 

decrease the overall yield. Figure 4.15(B) shows the photocurrent spectrum for an NDI junction, 

where the photocurrent remains negative throughout the whole spectral energy range studied. 

The lack of molecular absorbance at low energy (<3 eV) implies that for both the molecules (Fc 

and NDI), photocurrents are due to IPE, and that they are OSO and USO mediated, respectively. 

To test this hypothesis the dependence of photocurrent on excitation intensity for both Fc and 

NDI at two different energies were monitored. In all the cases below 3 eV, the photocurrent was 

linear with intensity, and expected to have IPE mechanism without significant molecular 

absorption. 
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Figure 4.15: Overlay of Photocurrent yield (colored lines) and absorbance spectra (black lines), 
for Fc (A) and NDI (B). (C) Photocurrent vs. Intensity for PPF/Fc/Cu at 2.4 eV (green line), and 
1.8 eV (red) (D) Photocurrent vs. intensity for PPF/NDI/Cu at 2.7 eV (blue) and 1.9 eV (green). 

    Table 4.2 lists the correlation coefficient (R2) determined from linear (I photo vs. intensity) or 

quadratic [(I photo)2
 vs. intensity] plots of photocurrent vs. incident light intensity in Watts. NDI, 

Fc, BrP, AQ and alkane junctions more closely fit a linear function of intensity at 2.7 and 2.4 eV, 

while AB has a better fit to a quadratic function at either 2.4 or 1.9 eV.  
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Table 4.2: R2 correlation coefficient for both I photo vs. incident power and the (I photo)2 vs. 
incident power for all the molecules used in this study at different energies. 

4.5.5 Thickness test: 

    An additional mechanistic test for a MA contribution is the variation of the photocurrent with 

the thickness of the molecular layer. The IPE mechanism should show a weak dependence on the 

thickness of the molecular layer, at least up to the scattering length of electrons in the molecular 

layer. Any mechanism involving optical absorption by the molecular layer should increase 

linearly with layer thickness. Figures 4.16(A) and 4.16(B) shows the photocurrent yield spectrum 

for junctions with molecular layer thicknesses varied in the range of 3-5 nm for Fc, NDI, AB and 

NAB. For ferrocene junctions within the IPE regime (i.e., at energies less than 3 eV), the 

photocurrent yield is independent of molecular layer thickness (within experimental error), 

NDI
Graph R2 fitting

value (2.7eV)
R2 fitting 

Value (2.4eV) 

I photo vs. 
incident power

0.9899 0.9893

(I photo )2   vs. 
incident power

0.9552 0.9819

Graph R2 fitting
value (2.4eV)

R2 fitting 
Value (1.9eV) 

I photo vs. 
incident power

0.9966 0.9967

(I photo )2   vs. 
incident power

0.944 0.9073

R2 fitti

Fc

Graph R2 fitting
value (2.4eV)

R2 fitting 
Value (2.7eV) 

I photo vs. 
incident power

0.9917 0.9946

(I photo )2   vs. 
incident power

0.9646 0.9696

BrP
Graph R2 fitting

value (2.4eV)
R2 fitting 

Value (1.9eV) 

I photo vs. 
incident power

0.9638 0.9653

(I photo )2   vs. 
incident power

0.998 0.9937

R2 fittin

AB

Graph R2 fitting
value (2.4eV)

R2 fitting 
Value (2.7eV) 

I photo vs. 
incident power

0.9943 0.993

(I photo )2   vs. 
incident power

0.9646 0.9692

R2 fitti

Alkane

Graph R2 fitting
value (2.4eV)

R2 fitting
value (1.8eV)

I photo vs. 
incident power

0.9952 0.9981

(I photo )2   vs. 
incident power

0.9314 0.9728

AQ
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indicating that a greater path length available for optical absorption has no significant effect on 

photocurrent. Figure 4.16B shows a slightly different behaviour for junctions containing NDI: 

the yield remains almost independent of molecular thickness at low energy, whereas at energies 

above 3 eV, yield increases considerably with molecular layer thickness. Figure 4.16 also shows 

photocurrent yield spectra for increasing thicknesses of AB (4.16(C)) and NAB (4.16(D)) 

junctions in the range of 2-5 nm, showing a significant dependence of yield on molecular layer 

thickness.  

 

Figure 4.16: Photocurrent yield spectra for increasing molecular layer thicknesses, as indicated. 
(A) Ferrocene (B) NDI (C) AB (D) NAB. 

    Comparison of plots of yield vs. thickness for all four molecules (see figure 4.17) reveals two 

distinct behaviours. For cases where the absorption by the molecular layer is small (Fc, 1.82 and 
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3.26 eV; NDI, AB, and NAB at 1.82 eV), the yield depends weakly on thickness. When 

molecular absorption is significant, there is a pronounced increase in photocurrent with 

increasing molecular layer thickness. 

 

Figure 4.17: Yield vs. thickness plots of (A) Fc, (B) NDI, (C) AB and (D) NAB junctions. 

    Considering the results from figures 4.16 and 4.17 together, we conclude that two different 

mechanisms are responsible for generating photocurrent in molecular junctions, which can be 

distinguished by the site of optical absorption. In IPE, hot carriers generated by light absorption 

in one contact cross the internal system tunneling barrier, as long as they have sufficient energy, 

and are then collected by the second contact. In the second mechanism, carriers are generated by 

absorption in the molecular layer and may be collected or undergo bimolecular recombination. It 

is important to note that IPE is operative to some extent in all cases, although the yield for this 
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process is small compared to the MA process for AB and NAB for most of the spectral range 

examined. 

4.5.6 Fowler plots: 

    Having established how to distinguish the two different regimes, we move on to an analysis of 

junction energy-level characterizations using IPE by avoiding photon energies where molecular 

absorption contributes significantly. Fowler plots for all of the molecules which meet the 

requirement of negligible molecular absorption appear in figure 4.18(A), and their intercepts are 

listed in table 4.3. Table 4.3 also includes Ef -EHOMO offsets determined with UPS and the barrier 

height determined from a detailed Simmons analysis of current-voltage response of completed 

junctions. Table 4.3 shows that the value obtained for barrier heights using three different 

methods agrees within a reasonable margin given the experimental errors inherent in each 

technique. It is important to note that the experimental UPS measurements were obtained from 

incomplete devices without top contacts, i.e. molecular layers on carbon substrates in vacuum, 

whereas the Fowler intercepts were obtained from complete, working devices. In addition, the 

meaning of the abscissa intercept of Y1/2 vs. photon energy for the case of photon absorption 

within the molecular layer is not necessarily equal to an interfacial barrier, and should not be 

confused with the Fowler intercept for non-absorbing molecules. 
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Figure 4.18: (A) Fowler plots for BrP, NDI, Fc and AQ (B) shows the Fowler plot of AB. 

Note that the Fowler intercept for AB is approximate due to insufficient data outside the       

molecular absorbance regime. 

 

Table 4.3: Summary of barrier heights obtained using three different methods. 

a. Fowler intercept from figure 4.17(A) 

b. UPS (Ef – EHOMO, offset) and Simmons barriers from reference (11) 

c. Approximate, based on two points (808 and 852 nm) 

d. Photocurrent for Fowler plot was negative, all others were positive. 
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    The error bars in figure 4.18 shows the standard deviation of photocurrent for four different 

junctions on the same sample. Table 4.4 shows the value of Fowler intercepts obtained from the 

Fowler plots, and are provided in table 4.3. The intercepts and their errors were determined 

statistically using standard methods (35) as follows. Let xi represent photon energy yi represent 

Y1/2, A the Fowler intercept, B the associated slope, and σA the error on the intercept on the 

ordinate. 

 (Eqn 4.6) 

 (Eqn 4.7) 

 (Eqn 4.8) 

 (Eqn 4.9) 

  (Eqn 4.10) 

 (Eqn 4.11) 

 

The Fowler intercept on the photon-energy axis is the absolute value of A/B, and the error on this 

intercept (σFowler ) is determined by equation 4.12. 

                               σFowler =                                        (Eqn 4.12) 

The value obtained from this equation is given in table 4.4: 
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Table 4.4: Fowler intercepts for each molecule along with their errors. 

a- Approximate, based on two points (808 and 852 nm), insufficient data points to calculate the 

error for intercept. 

b- NAB does not meet the criteria for IPE; therefore the Fowler intercept is not relevant. 

    Although the Fc and NDI intercepts are similar, they clearly differ in the sign of the 

photocurrent, with NDI exhibiting negative photocurrent near the intercept and Fc, AQ, BrP and 

AB all having positive photocurrent in the same region. Since all the cases except NAB listed in 

table 4.3 meet the criteria for IPE, the sign of the photocurrent provides unambiguous 

determination of the system energies responsible for the tunneling barrier. The onset of IPE 

occurs at the energy closest to the system Fermi level, and represents the barrier for electron or 

hole-tunneling.  

 

 

 

 

 

Junction Fowler intercept
σ Fowler

BrP (3.0nm) 1.10 eV 0.11 eV

AQ (3.3nm) 1.65 eV 0.10 eV

AB a (3.4nm) 0.9eV -

NAB b (3.3nm) <1.4eV -

Fc (4.0nm) 1.60eV 0.15 eV

NDI (3.5nm) 1.40eV 0.30 eV
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4.6 Proposed Mechanism for Fc and NDI: 

 

Figure 4.19: (A) Proposed diagram of the IPE mechanism for OSO mediated transport of 
electrons from PPF to Cu for the ferrocene molecule. (B): Diagram for electron transfer from Cu 
to carbon through the USO for the NDI molecule. The alignment of the occupied system orbitals 
(OSOs) and the unoccupied orbitals (USOs) relative to the contact Fermi levels determines the 
sign of the observed photocurrent and the energy threshold for onset. 

    Based on the model of IPE in figure 4.4, positive photocurrent corresponds to transport 

mediated by the nearest OSO, while negative photocurrent is mediated by the nearest USO. 

Therefore, NDI is a case of electron tunneling while AQ, AB, BrP, Fc, and C12 undergo hole- 

tunneling near the Fowler threshold. Figure 4.19(A) shows the resulting energy-level diagram for 

the Fc junction, where a positive photocurrent was measured in the IPE wavelength regime. 

Along with the energy level diagram, a schematic representation of IPE is shown, in which an 

excited hole in the Cu is filled by an electron from the carbon via a OSO. Figure 4.19(B) 

provides a contrasting IPE mechanism and energy-level diagram for NDI-containing molecular 

junction, in which electron transport from Cu to carbon takes place internally through a USO. 

The transport in the IPE mechanism is through a molecular orbital, and therefore ‘resonant’, 
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meaning it can proceed over significant molecular layer thickness, limited by the scattering 

length. These results show that IPE may be used to obtain information from working molecular 

junctions about the alignment of occupied and unoccupied molecular orbitals relative to the 

system Fermi level, for either USO-mediated (electron) tunneling or OSO-mediated (hole) 

tunneling. In this model it is implicit that photoexcitation occurs predominantly in the Cu, and 

that IPE is the dominant mechanism, with negligible contribution from absorption by the 

molecular layer or the carbon substrate.  

    The average tunneling barrier obtained from UPS results was 1.3± 0.2 eV for the aromatic 

molecules, quite close to the 1.2 ± 0.2 eV estimated from the J-V curves using  modified 

Simmons analysis (7). The average tunnelling barriers obtained for the aromatic molecules by 

the Fowler analysis is 1.2 ± 0.2 eV, in good agreement with the previous determinations. We 

have previously reported the compression of interfacial barriers in our junctions (11) due to the 

strong electronic coupling between the molecule and the substrate causes a significant alteration 

of energy levels from those of the free molecules and unmodified substrate. Upon bonding, 

electronic-inductive effects result in local changes in electrostatic potential and compression of 

the tunnelling barrier from values predicted from the free molecule energy levels. This 

compression has been attributed to an induced density of interface states (29, 30), sometimes 

referred to as the gap states (31), which are transport states lying within the HOMO-LUMO gap 

of the molecular species. Such effects are a consequence of the interaction between the 

molecules and the contacts, and reinforce the conclusion that the entire system must be 

considered when predicting interfacial barriers. Therefore, direct determination of energy levels 

in complete, intact devices using photocurrent measurements can provide valuable information 



157 
 

about energy level alignment, and can assist in the larger problem of understanding the structural 

factors that determine the electronic behaviour of molecular junctions. 

4.7 Conclusion: 

    This chapter has shown that photocurrent measurements of completed carbon/molecule/Cu 

junctions can yield valuable information about energy level alignment. An IPE mechanism was 

shown to be useful in determining both electron and hole tunneling barriers for a complete and 

operational carbon/alkane/Cu molecular junction. This chapter also demonstrates that the 

observed photocurrent spectrum of a molecular tunnel junction is often composed of two types of 

photocurrent: one involving an IPE process, which can be useful for determining energy level 

alignment and interfacial energy barriers, and one that involves optical absorption by the 

molecular layer. IPE occurs when the molecular layer absorption is weak, and IPE photocurrent 

is linear with light intensity and weakly dependent on molecular layer thickness. The Fowler plot 

for IPE is linear, with its intercept on the abscissa equal to the energy offset between the system 

Fermi level and the nearest orbital, with positive photocurrent indicated USO-mediated transport 

and negative photocurrent indicating OSO mediation. Chemisorbed molecules which absorb 

photons within the molecular layer lead to additional photocurrent, which is nonlinear with light 

intensity and dependent on molecular layer thickness. Although the additional photocurrent can 

complicate the IPE analysis, it is likely directly relevant to photovoltaic devices with much 

thicker molecular layers than those studied here. We anticipate significant new information like 

exciton diffusion, bilayer photocurrent relation to molecular structure etc., from these 

photoeffects, beyond the tunneling barriers and transport orbitals determined with IPE. 
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Chapter-5 

Photoresponse of Aromatic Molecules in Molecular Tunnel 

Junctions: Converting Photons to Charge Carriers 

5.1 Introduction: 

    Organic molecules have found an important place in electronics as organic light-emitting 

diodes and in molecule-based photovoltaics. These applications are generally not considered 

molecular junctions because the molecular film is much thicker than the molecular dimensions 

(typically >100 nm). An understanding of the factors that govern how molecular structure is 

related to charge transport mechanisms in molecular junctions has been a topic of great interest, 

stimulated by the goal of designing molecules for specific electronic functions (1-4). 

    The interaction of light with molecular tunnel junctions is an increasingly popular area of 

research because of its possible potential applications. Two independent groups, Ward et al. and 

Liu et al. have demonstrated simultaneous optical and electrical measurements on molecular 

junctions that provide structural information (5, 6). The generation of photocurrent in molecular 

junctions has been considered theoretically by Galperin and Nitzan (7) and some experimental 

measurements of a range of photoeffects have also been previously reported (8-10).  However, 

most of the previous work in this area has been focused on optical methods such as Raman and 

infrared spectroscopy (11, 12) as characterization tools, and have not considered the direct 

conversion of photons into current. Chapters 3 and 4 explained that for large- area aliphatic and 

aromatic molecular tunnel junctions, the photocurrent was dominated by  internal photoemission 

mechanism (IPE) for incident photon energies where molecular absorption is weak (i.e. there is 
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no light induced excitation of the molecular component) (13). In this chapter, the study of 

photoeffects is extended to a set of aromatic molecules that absorbs light in the energy regime 

examined. The large body of research on organic photovoltaic devices (OPVs) deals almost 

exclusively with absorption in molecular layers, but the molecular layer thicknesses are typically 

much greater than those in molecular junctions. 

    The total distance between the conductors and the interfacial barrier heights plays a key role in 

the charge transport mechanism in molecular junctions. Some similar concepts are involved in 

OPV approaches, but the much shorter transport distance in molecular junctions has major 

consequences to the transport mechanism. Because we have kept all other parameters like the 

type of top contacts (Cu), the thickness of the top contact (Cu 20nm), light intensity, etc., 

constant, the results in this chapter indicate that at energies where molecular absorption takes 

place in a completed junction the photocurrent spectrum depends on the nature, type, and 

thickness of the layers of molecules used in this study.  In addition, developing an understanding 

of photoeffects in molecular junctions also illustrates the possibility of chemically tailoring the 

energy levels for advanced optoelectronic functions.    

5.2 Single layer organic photovoltaic devices compared to Carbon molecular junctions: 

    The conventional single-layer photovoltaic devices (e.g. ITO/organic/Al) (14) are qualitatively 

similar to carbon molecular junctions (carbon/molecule/Cu) in that they consist of an organic 

layer sandwiched between two dissimilar electrodes. In carbon devices a thin layer (2-6 nm) of 

aromatic molecule is covalently bonded to a carbon substrate using diazonium chemistry(15), 

whereas for the single layer photovoltaic devices the polymer/organic molecules ( >100 nm 

thick) are vapour deposited or spin coated onto the substrate. In single-layer photovoltaic devices 

the difference in the work function between the two contacts creates a built-in potential in the 
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organic layer which helps to split excitons and separate charges (16-19). For example, a layer of 

ITO (Indium Tin Oxide) with a high work function of -4.8 eV, and a metal such as Al 

(aluminum) with a lower work function of -4.3 eV, are often used to fabricate the device. In this 

single layer photovoltaic cells the electrode/organic interface plays the major role for the photo 

generation of free charge carriers(20, 21).  

 
 

Figure 5.1: (A) Single layer photovoltaic cell, in which indium tin oxide (ITO) serves as a 
transparent high work-function electrode and Al serves as a low work-function electrode(picture 
adopted from reference(21)). (B) carbon/molecule/Cu device. 
 

     Figure 5.1(A) shows the configuration of typical single-layer organic photovoltaic cell 

compared to the carbon-based molecular junction described in chapters 3 and 4. The 

photocurrent-generation process in single layer organic/polymer cells has been studied in detail 

by different groups (22, 23). When these devices are excited using photons, excitons are created 

in the active organic/polymer layer, which can diffuse in the bulk of the films. Since the work 

function is different for the two conducting contacts, electrons will flow in the external circuit 

from the conductor with highest energy(low work function, Al) to that with the lowest energy 

(high work function, ITO) creating a negative potential at the conductor with high work 

function(ITO) (21, 24). The excitons created as a result of photon absorption can then diffuse 

PPF
Quartz

Molecules(2-5nm)
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through the polymer layer to reach the conductor/organic interface to create free charges. The 

built in electric field pulls electrons in the molecular layer to the positive electrode (Al) and holes 

to the negative electrode (ITO) (see figure 5.2).  

 

Figure 5.2: Single-layer photovoltaic cell, in which indium tin oxide (ITO) serves as a 
transparent high work-function electrode and Al serves as low work-function electrode. Figure 
adopted from reference (21). 
 
    The quantum and power-conversion efficiencies of single-layer photovoltaic devices are very 

low due to the fact that the excitons created are charge-neutral. They do not drift in an electric 

field to reach an electrode to separate into independent charges and more often the electron 

recombines with the hole instead of being collected by the electrodes (24). The single-layer 

photovoltaic device is usually thick enough to absorb most of the light and create excitons, 

however most of the excitons created cannot diffuse across the thick film to find the interface. 

The built in electric field is not sufficient to pull the excitons to the organic/electrode interface to 

generate free charges (20). The length over which excitons can propagate prior to the decay of 

the exciton population to 1/e (roughly 35%) of its initial value is the exciton diffusion length. 

The reported values for exciton diffusion length in organic/polymers varies from 6-10 nm (20, 
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22, 23). For organic photovoltaic devices there is a trade-off involved between thin layers for 

good exciton diffusion and thick layers for maximum light absorption, charge mobility etc. 

5.3 Experimental section: 

    The schematic of the junction structure used in this study was given in chapter 4 (figure 4.3). 

The details regarding the junction fabrication with the diagram of optical and electronic 

apparatus was also explained in chapter 3. Briefly, a small band (∆ =13 nm) of light from the Xe 

arc source passes through an optical chopper before incidence onto the junction. Dual-phase 

sensitive LIA detection is used to measure the resulting photocurrent, which is converted to yield 

by calibration of the incident power. Using this apparatus, the photocurrent response 

carbon/molecule/Cu (20 nm) was measured under ambient conditions at room temperature. 

    The fabrication of molecular junctions has been described in numerous past reports(13, 25-

29), and utilizes the electrochemical reduction of diazonium reagents on flat carbon surfaces(30) 

and vapour deposition of metallic(25) or carbon(31) top contacts. Polished fused-quartz 

substrates are used as a support in order to insure no stray photocurrents are generated from a 

silicon substrate.  

5.4 Results and discussion: 

    In chapter 4 we concluded that two different mechanisms namely internal photoemission (IPE) 

and molecular absorption (MA) are responsible for generating photocurrent in molecular 

junctions, and they can be distinguished by the site of optical absorption. To understand the 

mechanism(s) of photocurrent generation in carbon/molecule/copper junctions in an energy 

region where excitation of molecules takes place, we measured both the chemisorbed (chapter 3, 

figure 3.34) and solution spectra (chapter 3, figure 3.35) of six different aromatic molecules used 
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in this study. It is important to note that IPE is operative to some extent in all cases, although the 

yield for this process is small compared to the MA process for AB and NAB for most of the 

spectral range examined. 

5.4.1 IPE to molecular absorption(MA) mechanism: 

    Figure 5.3(A) shows the overlaid photocurrent spectra of AQ (green) and C12 (black) 

molecular junctions. A change in photocurrent sign was observed for AQ and C12 junctions at 

2.8 eV and 3.0 eV respectively. The shapes of the photocurrent spectrum of AQ and C12 

junctions look very similar but their absorption spectra are quite different (see figure 5.3B). A 

detailed explanation regarding the change in sign for C12 junction was given in chapter 4, 

section 4.3.1. For junctions containing AQ molecules, one possible explanation for the change in 

sign is that when the molecule does not absorb incident light (<3 eV) IPE is the main mechanism 

contributing to the photocurrent. A positive photocurrent for AQ junction at low energy indicates 

that its OSO mediated tunneling since it is closer in energy to the contact Fermi level, similar to 

the case of alkanes at low energies. At higher energies the photocurrent generation mechanism 

for the AQ junction is quite different from that of C12 junction. For AQ junctions at higher 

energies (>3 eV) when the molecule starts absorbing a secondary photocurrent generating 

mechanism starts contributing and then dominates the process. Whereas for C12 junctions, even 

at high energies molecular absorption is absent and IPE remains the major mechanism 

contributing to the photocurrent. Negative photocurrent at high energies for the C12 junction 

indicates that its USO mediate transport (for more explanation see chapter 4, section 4.3.3).  
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Figure 5.3: (A) Overlay of photocurrent spectrum of AQ (green) and C12 (Black) junctions (B) 
Overlay of absorption spectrum of AQ (green) and C12 (black) molecules.  
 
    To understand the molecular absorption process in detail we overlaid the photocurrent and 

absorption spectra as functions of energy for all the molecules used in this study.  The results are 

given in chapter 4, figure 4.11 and summarized in table 4.1. For BrP & AQ the photocurrent sign 

becomes negative at the energy region where optical absorption of the molecules takes place 3.8 

eV for BrP and 2.7 for AQ respectively. These results indicate that the change in photocurrent 

sign at higher energies might be due to the light-induced excitation of the molecular components 

in the junction. For NAB and AB, molecular absorption takes place even at low energies, and the 

photocurrent sign remains negative throughout the spectral range examined. All these 

observations add to our assumption that when light induced excitation of the molecules take 

place negative photocurrents result. 

    As shown in table 4.1(chapter 4), the optical-absorption edge is correlated with the onset of 

the negative photocurrent. In general, the optical-absorption edge is ͠   0.2 eV below the onset of 

the negative photocurrent for all the aromatic molecules, although a precise determination of the 
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onset of this regime is hindered somewhat by the convolution of IPE and molecular-absorption 

photocurrent simultaneously contributing to photocurrent over this portion of the spectra.  

    As has been discussed previously(32), the generation of free carriers from excitons following 

absorption of light requires a total energy (Et) that is composed of the energy required for the 

optical transition (Eopt) and the binding energy (Exb) resulting from the creation of  a Columbic 

attraction between the excited negative electron and the hole that is left behind such that 

                                               optxbt EEE                                                (eqn 5.1) 

equation (5.1) indicates that Et cannot be any smaller than the onset energy for optical 

absorption. This provides one indication that the OSO-USO gap of a molecular junction 

determines the onset of molecular-absorption photocurrent, and that the IPE current can add to 

the photocurrent at lower energies that are still larger than the interfacial transport barrier (ɸbarr). 

We have seen that the offset between the system orbital energies and Ef defines this barrier in 

terms of the junction electronic properties (i.e. the tunneling barrier height is ɸbarr). However, we 

cannot correlate the optical-absorption event with what drives interfacial charge transport driven 

by voltage, as these processes may involve different states. 

    If one considers our previous measurements (see chapter 2), where hole-tunneling barriers 

were observed to be pinned at ~1.3 eV, then a calculation of the electron-tunneling barrier using 

the optical onset results in very low values for the electron tunneling barrier if we assume that 

the optical and transport gaps are directly related. For example, a molecular junction containing 

NAB would have a calculated electron-tunneling barrier of ~0.5 eV given that a hole -tunneling 

barrier of 1.3 eV was measured and the optical onset is ~1.8 eV. However, we do not observe 

conductance that is consistent with these observations. Stated another way, the electronic 

conductance of molecular junctions containing a variety of aromatic molecules does not correlate 
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in any obvious way to the measured optical gaps. On the other hand, the optoelectronic 

properties do show a molecule-dependent photocurrent that correlates with the measured optical 

gap. These facts indicate that while the electronic gap may be related in some way to the optical 

gap, it is not a direct relationship. Instead, the electronic gap appears to be larger than the optical 

gap, possibly due to the fact that the voltage-driven tunneling process requires wave function 

overlap and is mediated purely by electronic states. The optical process does not involve wave 

function overlap, but rather involves exciton generation based on optically active states. Some of 

these optically active states may reside within the electronic OSO-USO gap, but in effect are not 

active in determining the electronic tunnel barrier.  

 

Figure 5.4: An overlay of photocurrent yield and absorption spectra for DAB junctions; black 
line indicates the optical absorption spectra of the molecular layer corrected for PPF absorption 
and the coloured line indicates the measured photocurrent spectrum of a particular molecule. 
 
    To further strengthen our hypothesis of a negative photocurrent response correlates with the 

spectral region where the molecular absorption takes place, we chose an additional aromatic 

molecule Diaminobenzidine (DAB) whose molecular absorption starts at low energy (see figure 

5.4) similar to that of AB and NAB molecule. From the previous results shown in figure 4.11, we 

-1.E-04

-8.E-05

-6.E-05

-4.E-05

-2.E-05

0.E+00

Yi
el

d(
 e

-/
ph

ot
on

)

Energy(eV)

Absorbance

Photocurrent

0
0.002
0.004
0.006
0.008
0.01
0.012
0.014

1 2 3 4 5
A 

(A
U

)



171 
 

expect a negative photocurrent for DAB junction throughout the spectral range examined. The 

photocurrent obtained for DAB junction is shown in figure 5.4 and supports our hypothesis. By 

examining the photocurrent results obtained from five different aromatic molecules (AQ, BrP, 

AB, NAB, and DAB), we conclude that for the energy region where optical absorption by the 

molecules takes place correlates with a negative photocurrent.  

5.5  Proposed Model: 

    Figure 5.5 shows the schematic representation of one of the possible process leading to 

photocurrent generation in the molecular-absorption regime. This mechanism is separated into 

five parts for convenience: (1) the optical excitation occurs in the molecular layer from a 

distribution of occupied system orbitals (OSOs) to an unoccupied system orbital (USOs) which 

includes both the molecule and substrate. The optically-generated exciton is a bound pair. (2) 

The generated excitons interact with the neighbouring molecule by transferring its extra energy 

and returning to the ground state.  For efficient charge transfer to occur there should be direct 

electronic coupling between the molecules and the bottom electrode meaning that the energy 

absorbed by a molecule not intimately coupled or adjacent to the substrate by direct orbital 

overlap must be transferred through the medium to the interface to contribute to the photocurrent 

(20). This energy-transfer process where no net transport of charge or mass occurs is called 

exciton diffusion. (3) Next step involves the formation of charge transfer (CT) exciton or the 

geminate exciton. The thermodynamic requirements to form the geminate CT state species at the 

electrode-molecule interface can be understood by considering the change in enthalpy for the 

photo-induced charge transfer reaction. Previous studies show that the coulombic stabilization of 

the CT state is roughly 10 times greater than kT at room temperature (20). The three steps 

described above can be represented by equations the given below. 
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                                                  h  + M       M*              (Step 1) 

                                                     Mi* + Mj    Mi + Mj*      (Step 2) 

                                                     M* + E      (M+E-)           (Step3) 

 

 

Figure 5.5: Proposed idealized schematic representation leading to photocurrent generation and 
different steps involved with the process: (1) exciton generation (2) exciton diffusion (3) charge 
transfer state generation (4) charge separation (5) charge collection. 
 
 
    Next, (4) charge separation can be accomplished as long as the excitation energy is sufficient 

to overcome Exb. Here, we have now generated an unbound exciton. The last step (5) is the 

charge collection step, where the electron acceptor states in the carbon substrates accept the 

electron, followed by refilling of the hole from an electron in the Cu metal. The result is a net 

flow of current, measured as negative at the PPF (see figure 5.5).  
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Figure 5.6: The steps and loss mechanisms of converting light power into electric power. Light 
which is not converted to electricity is converted to heat. 
  
    In principle, the likelihood of excitation from an OSO to carbon is same as that to Cu 

substrate.  However, our results indicate that excitation of all the aromatic molecular layers 

studied here occurs exclusively into carbon substrate making it more negative. This observation 

may be accounted for in several ways, but here we consider three factors: electronic coupling, a 

built-in field, and excitation profiles. First, the physical location of the OSO and USO states may 

be distributed across the molecule and one or both contacts in such a way that the main electron 

acceptor/donor states span the carbon/molecule interface. In effect, the extent of delocalization of 

the donor and acceptor states across the molecular layer and each electrode reflects the way in 

which the molecular layer interacts with each contact. Second, a built-in field, due to the 
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different nature of the two contact materials may favour electron transport toward carbon. Third, 

the excitation profile through the molecule may result in more direct exciton formation near the 

carbon substrate, either because the optically-active states reside at this interface or because the 

transmission and reflection of light through the material layers in the junction results in the 

enhanced possibility of absorption near the carbon/molecule interface. Finally, these effects are 

not mutually exclusive, and all of them may act in concert or in opposition with each other. 

    The molecular layer here is thus envisioned as the electron donor, with a distribution of empty 

states in the carbon substrate as the electron acceptor. The molecular absorption mechanism 

proposed in Figure 5.5 essentially involves optical excitation of the molecule as an initial step. 

After charge separation, it is important to note that as long as refilling from the Cu metal is rapid 

relative to nuclear motion (i.e., if the Born-Oppenheimer approximation applies), then chemical 

oxidation will not result from this process. This is an important point, as it will indicate that as 

long as this condition holds, the potential for parasitic side reactions resulting in decomposition 

of the molecular layer is small. This is in contrast to studies that have shown that the use of low 

band-gap organics in solar cells, for example, suffer from stability problems due to such 

reactions. Using a nanoscale charge-transport junction may therefore add value in the design of 

organic photovoltaics. 

5.6 Thickness Dependence: 

    In chapter 4, section 4.5.5 we showed that a diagnostic test for the MA mechanism is the 

variation of the photocurrent with the thickness of the molecular layer. Any mechanism 

involving optical absorption by the molecular layer is expected to increase linearly with 

molecular layer thickness. The IPE mechanism should show a weak dependence on the thickness 

of the molecular layer, at least up to the scattering length of the electrons in the molecular layer.  
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The photocurrent yield vs. thickness plot of Ferrocene (Fc) and NDI junctions (2-5nm) was 

shown in chapter 4, figure 4.16. Here we extend our investigation to junctions of NDI and Fc 

above 5nm, as shown in figure 5.7(A) and 5.7(B). Previously obtained 2-5nm thickness data is 

included with these results for comparison.  

 

Figure 5.7: Photocurrent yield spectra for increasing molecular layer thickness, as indicated. (A) 
Fc (B) NDI.  
 
    For Fc junctions less than 5nm thick in the IPE regime (i.e., at energies less than 3eV) the 

photocurrent yield is independent of molecular layer thickness. Once the thickness of the 

molecular layer is increased above 5nm the photocurrent yield decreases dramatically. At 20nm 

molecular layer thickness, the observed photocurrent is so low that it becomes difficult to 

differentiate it from the background current.  Increasing the molecular layer thickness increases 

the distance for the electrons to travel through the molecular layer to reach the other electrode. 

After travelling some distance through the molecule the electron will lose its energy and would 

not be able to reach other electrode i.e., a detailed analysis of photocurrent vs. thickness in the 

IPE regime might give us some indication about the scattering length of electrons through the 

molecule.  A similar response in photocurrent was obtained for NDI junctions in the IPE regime 

(less than 3eV), when the thickness was varied from 2.5-20 nm. Photocurrent yield vs. thickness 

-1.0E-05

0.0E+00

1.0E-05

2.0E-05

3.0E-05

4.0E-05

1.5 2 2.5 3 3.5 4 4.5

Yi
el

d 
(e

-p
ho

to
n)

Energy (eV)

(3.0nm)

(4.0nm)

(4.8nm)

( 10.02nm)
( 15.2nm)

( 19.2nm)

-2.E-04

-2.E-04

-1.E-04

-8.E-05

-4.E-05

0.E+00
1.5 2 2.5 3 3.5 4 4.5 5

Yi
el

d 
(e

-/
ph

ot
on

)

Energy(eV)

(11.30 nm)

(16nm)
(19.68nm)

(2.8nm)

(3.5nm)

(4.3nm)

A) Fc B) NDI



176 
 

for NDI and Fc junctions at the IPE region (2.0eV) and molecular absorption region (3.2eV) is 

shown in figure 5.8 (A) and 5.8(B).   

 

Figure 5.8: photocurrent yield vs. thickness plots of (A) Ferrocene (B) NDI at two different 
photon energies. The Inset in figure B shows the enlarged plot of NDI at 2.0 eV.  
 
    By increasing the thickness of the molecules in the energy regime where MA takes place we 

are increasing the number of absorbing units thereby creating more excitons. Therefore the 

photocurrent yield is expected to increase with increasing thickness of the molecular layer. 

Figure 5.8(B) shows that for the NDI molecule, the photocurrent yield decreases after certain 

thickness (6 nm) even in the energy region where molecular absorption takes place (3.2eV). This 

decrease in photocurrent yield might possible be due to the fact that with increase in molecular 

layer thickness we are increasing the probability of creating charged exciton state at both the 

electrode/molecule interface. Now the contribution of free carriers generated from the 

molecule/copper interface is no longer negligible and it may act in opposition with the PPF/NDI 

interface, thus reducing the photocurrent yield. Photocurrent yield vs. thickness behaviour in the 

MA regime might also give some indication about the exciton diffusion length, i.e., by increasing 

the molecular layer thickness we are not only increasing the absorbing units but also increasing 

the distance for the exciton to diffuse through the molecular layers to reach the metal/molecule 
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interface to disassociate into free charges (see figure 5.5). Since the bound exciton has to diffuse 

through larger distances to reach the interface, the probability of secondary effects such as non-

radiative relaxation and geminate recombination to happen is increased. These secondary events 

can also play a part in reducing the photocurrent yield for increasing thickness in the MA regime.  

    Analyzing the observations from figure 5.7 and 5.8 together, we can conclude that 

carbon/molecule/Cu junctions can be used as a platform to determine the scattering length of 

electrons at the IPE regime (< 2.8eV for NDI and Fc) i.e., it might be able to determine how far 

the photoelectron can travel before scattering within the molecular junction. A detailed 

investigation in the energy region where MA takes place (> 3.0eV for NDI), might indicate the 

diffusion decay length of the excitons or possibly a change in photocurrent generation 

mechanism.  

5.7 Changing the top contact: 

    In single-layer organic photovoltaic devices, the difference in work function of the contact 

electrodes plays an important role for the generation of free charges at the electrode/organic 

interface. Here, the work function of carbon/molecule/Cu device is compared with that of the 

ITO/organic layer/Al device to investigate the role played by the built in field in carbon 

devices(20, 24). The reported work-function values for ITO vary between 4.6 to 5.5eV 

depending on the preparation conditions (time exposed to ozone gas etc.,)(33) and for the Al it is 

4.3eV. Considering the work function of ITO as 5.0eV (average of the reported values) and Al as 

4.3 (22), a work function difference of 0.7eV is predicted which can create a built-in potential 

within the system (see figure 5.9A). The difference in work function for Carbon/molecule/Cu 

devices is 0.2eV (carbon (4.6eV) and copper (4.8eV) (see figure 5.9B), less than that of the 

ITO/polymer/Al system. Thus the role of built-in potential for separating the bound excitons in 
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carbon/molecule/Cu devices is expected to be less efficient. In addition, other factors like the 

electronic coupling between the molecules and the electrode also play a major role for charge 

separation. 

 

Figure 5.9: (A) Schematic energy-level representation for ITO/polymer/Al devices (B) 
Schematic energy-level representation for Carbon/molecule/copper devices. HOMO and LUMO 
levels are generic, i.e. not for a particular molecular structure. 

 
    In order to understand the role of built-in field (due to work function difference) for charge 

separation in carbon devices, we changed the top contact from copper to vapour deposited 

carbon (e-carbon) i.e., PPF(Carbon)/molecules/carbon(10nm)/Copper(10nm) devices were made 

instead of the previously studied PPF(Carbon)/molecules/Copper(20nm) junctions. Now the 

organic molecules are oriented between two carbon conductors (i.e., similar electrodes), 

therefore the difference in work function is predicted to be smaller. This change not only should 

provide insight into the role of the work function in free-charge generation but also about the 

possibility of  a high built-in field of unknown origin due to dipole or trapped charges at the 

interface(23). If the difference in work function is playing the major role for charge separation 

one would expect small or negligible photocurrents from devices having carbon as both the 

substrate and top contact. 
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    Previous studies have shown that metal-free all carbon molecular electronic junctions can be 

fabricated by orienting a layer of organic molecules between two carbon conductors with high 

yield and reproducibility(31). The advantage of using all-carbon devices is that it can withstand 

much higher voltages and current densities than Cu-containing junctions, which fail upon 

oxidation and/or electromigration of the copper. Carbon can resist electromigration or 

penetration into the molecular layer and provides enhanced stability.  

5.7.1 Comparison of photocurrent spectrum with copper and carbon top contact: 

        Keeping experimental procedures the same as described for previous experiments, 

photocurrent spectra for large-area aromatic molecular tunnel junctions with partially transparent 

carbon (10nm)/copper (10nm) top contacts were measured. Figure 5.10 shows the overlay of 

photocurrent yield spectra obtained from PPF(carbon)/AB(3.0nm)/carbon(10nm)/cu(10nm) and 

PPF(carbon)/AB(3.0nm)/Cu(20nm) devices. The sign of the photocurrent spectrum for both 

these devices remains the same (negative), indicating a similar mechanism of photocurrent 

generation. The device with carbon as top contact shows approximately 50% less yield compared 

to copper (see figure 5.10). Carbon being a good absorber and a bad transmitter of light, the 

difference in photocurrent yield can be attributed to the difference in percentage of light reaching 

the surface of molecules after undergoing transmission and reflection through different material 

layers.  
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Figure 5.10: Comparison of photocurrent yield spectra of AB junctions with similar molecular 
layer thickness but different top contact. (Cu (20nm, red curve) and C(10nm)/Cu(10nm), blue 
curve).  
 

5.7.2 Varying the thickness of carbon top contact: 

    Figure 5.10 shows the photocurrent yield spectra obtained for junctions with varying thickness 

of the carbon top contact. By keeping the overall thickness of the top contact constant (20nm), 

the thickness of carbon with respect to copper was varied. The experimental results show that by 

increasing the thickness of carbon top contact, the photocurrent yield decreases. Even though the 

photocurrent yield of devices with carbon top contact is less(see figure 5.10) compared to that of 

copper, it adds additional advantages of making highly reproducible thick junctions with very 

good yield and offers great stability to bias conditions(31).  
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Figure 5.11: Comparison of photocurrent yield spectra of AB junctions with similar molecular 
layer thickness but different carbon top contact thickness. (C(10nm)/Cu(10nm), brown curve and 
C(5nm)/Cu(15nm), green curve).  
 

5.7.3 Thickness study on BTB molecules using carbon top contacts: 

     The electronic behaviour of carbon/BTB/carbon/Cu junctions, where BTB is (bis-thienyl 

benzene (carbon/BTB/carbon/copper) junctions, with thickness range varying from 3-22nm has 

been previously reported with high yield and reproducibility (33). BTB junctions with similar 

layer thickness were re-fabricated on quartz using the procedure explained elsewhere (33) and 

were used for photocurrent experiments. Figure 5.12 (A) shows the results obtained from BTB 

junctions with varying thickness using vapour deposited carbon as top contact. Similar to the 

results obtained from NDI junctions (see figure 5.8), in the energy region where MA takes place 

(>2.0eV) the photocurrent yield for BTB junctions increases with BTB film thickness up to 7nm 

and then gradually decreases. Varying the film thickness of NDI junctions (3-20nm) with Cu top 

contact, the photocurrent sign always remained negative (see figure 5.7). BTB junction shows a 

change in photocurrent sign at ~16nm, indicating a change in photocurrent generation 

mechanism.  
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Figure 5.12: (A) Overlay of photocurrent yield spectra of BTB junctions with different thickness 
using carbon as top contact (B) Yield vs. thickness data for BTB junctions at 3.2 eV.  
 
    Referring back to the photocurrent generation mechanism in section 5.5, using vapour 

deposited carbon as top contact instead of Cu certain changes in photocurrent behaviour with 

thickness was observed. The fact that both the substrate and the top contact are covalent 

conductors there always exist a competition between the two interfaces to form free separate 

charges from charge transfer exciton which opposes each other. This might also explain lower 

yield for devices with carbon as top contact. The results shown in figure 5.12 shows that the 

photocurrent yield increases with film layer thickness up to 7nm, but when the thickness of the 

molecular layer is increased further (>7nm) the photocurrent yield starts to drop down and at 

higher thickness(16nm) the photocurrent sign become positive. One of the possible explanation 

is that at thickness less than 7nm, PPF(carbon)/molecule interface is dominant for charge 

separation giving a negative photocurrent( making PPF more negative). This might be due to the 

initial strong (C-C) covalent bond made between the molecule and the PPF (carbon) surface. But 

as the thickness of the molecular layer increases (>7nm), the molecule/e-carbon interface 

becomes more significant for charge separation than PPF (carbon)/molecule interface.  Direct 

electronic coupling being the major criteria for forming charge transfer exciton, the results in 
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figure 5.12 indicates the direct coupling distance between the molecule and the initial PPF 

substrate.  

5.8 Conclusion: 

    This result presented in this chapter demonstrates that the IPE photocurrent spectrum of 

aromatic tunnel junctions can be augmented by a secondary photoevent where the light-induced 

excitation of the molecular component takes place. It is likely that the coupling of electronic 

states between the molecule and electrode (i.e., molecule-electrode hybrid orbitals) are involved 

in photoconversion. Thus, many of the optically-active transitions readily decay into conducting 

states in the contact, while the electronic states involved in tunneling are governed by a different 

set of parameters. This chapter also shows that reliable photocurrent measurements can be 

obtained from devices with vapour deposited carbon as the top contact. By advancing our 

understanding of the absorption-mediated photocurrent in these devices, we may find ways of 

improving the electronically active coupling of states. Such insights into the devices studied here 

may also be of interest in the continued quest to improve the efficiency of a variety of optically-

active devices, including organic photovoltaic and optical detectors. 
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5.9 Future work:  

    Potential extensions of photocurrent measurements to more complex structures of interest to 

the photonic properties of molecular junctions include at least two approaches, described 

separately as follows: 

Photocurrent experiments on bilayer junctions:  

      It has been previously(34) demonstrated that bilayer molecular junctions can be fabricated 

using alkyne/azide “click” reaction on a carbon substrate(see figure 5.13), followed by 

deposition of a carbon top contact in a crossbar configuration. Bilayer junctions will be a good 

candidate for photocurrent experiments due to the fact that using click reaction on an alkyne 

layer formed by diazonium reduction will permit incorporation of a range of molecules into the 

resulting bilayer. Figure 5.13 shows different possible pathways for the formation of molecular 

bilayers. 

 

Figure 5.13: Different modification pathways for formation of molecular bilayers via click 
chemistry. Picture adopted from (34). 
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    Bilayer molecular junctions prepared using “click” chemistry resembles two-layer 

photovoltaic devices (see figure 5.14).  The photovoltaic properties of two-layer photovoltaic 

cells are significantly different from those of conventional single-layer organic photovoltaic cells 

(see figure 5.1). The two-layer organic photovoltaic cell differs from conventional single-layer 

cells in that the interface between two organic layers is crucial in determining its photovoltaic 

properties. The interface region is primarily responsible for the photo generation of charges (23). 

Whereas for single layer photovoltaic cell it was the electrode-organic interface that played the 

major role for the photo generation of charges (see figure 5.15). The magnitude and the polarity 

in the two-layer photovoltaic system show a stronger dependence on the nature of the organic-

organic interface than on that of the electrode-organic interfaces. The electrodes in two-layer 

photovoltaic device simply provide ohmic contacts to the organic layers (23).  

 

Figure 5.14: (A) two-layer photovoltaic cell. The electron accepting C60-layer contacts the Au 
electrode, while the electron donating MEH-PPV layer contacts the ITO electrode. (B) Bilayer 
molecular junction resembling the two-layer photovoltaic cell. Picture adopted from (21). 
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Figure 5.15: Exciton dissociation at the donor-acceptor interface. The electron goes to the 
acceptor while hole stays in the donor. 
  

Molecular Photovoltaic device based on ballistic electron transport:  

    In conventional solid state solar cells the electron hole pairs are created by light absorption in 

a semiconductor. Here a multilayer photovoltaic device structure in which the photon absorption 

occurs in aromatic molecules attached covalently on the surface of ultrathin metal-semiconductor 

junction is proposed. Photoexcited electrons are transferred to the metal and travel ballistically 

to-and over-the barrier, providing the photocurrent output.  Unlike conventional cells, the 

semiconductor in this device serves only for majority charge transport and separations. The 

molecules attached covalently on the surface give high stability to these devices. This approach 

to photovoltaic energy conversion might provide the basis for high stability, low-cost solar cells 

using a variety of materials. 
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Figure 5.16: Schematic representation of the molecular photovoltaic device.  
 
    The bulk semiconductor is not utilized for photon absorption; thus the band gap and 

semiconductor thickness constraints are largely removed. The physical and electronic couplings 

of the chromophores to the metal conduction levels might play a crucial to the performance of 

the device. The relative HOMO-LUMO energy levels in the molecules, the conductor Fermi 

level, the barrier height and the position of the semiconductor band edges are the points to be 

considered in choosing the materials for the device. 
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