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Chapter 1 Introduction 

 

1.1 Motivation 

 

The ability to utilize single molecules that function as self-contained electronic 

devices has motivated researchers around the world for years, concurrent with the 

continuous drive to minimize electronic circuit elements in semiconductor industry.   We 

are presently close to the limit of this minimization trend dictated by both laws of physics 

and the cost of production.  It is possible that electronically functional molecular 

components can not only address the ultimate limits of possible miniaturization, but also 

provide promising new methodologies for novel architectures, as well as nonlinear 

devices, and memories. 

Molecular electronics [1-3] is conceptually different from conventional solid state 

semiconductor electronics.  It allows chemical engineering of organic molecules with 

their physical and electronic properties tailored by synthetic methods, bringing a new 

dimension in design flexibility that does not exist in typical inorganic electronic 

materials.  It is well known that semiconductor devices are fabricated from the “top-

down” approach that employs a variety of sophisticated lithographic and etch techniques 

to pattern a substrate and this approach has become increasingly challenging as feature 

size decreases.  In particular, at nanometer-scale, the electronic properties of 

semiconductor structures fabricated via conventional lithographic processes are 

increasingly difficult to control.  In contrast, molecules are synthesized from the “bottom-
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up” approach that builds small structures from the atomic, molecular, or single device 

level.  It in principle allows a very precise positioning of collections of atoms or 

molecules with specific functionalities.  For example, one can selectively add an oxygen 

atom to a molecule with a precision far greater than an oxidation step in microfabrication 

using the state of the art lithography and etching.  Chemical synthesis makes it possible to 

make large quantities of nanometer-size molecules (1023) at the same time, with the same 

uniformity but at significantly less cost, compared to other batch-fabrication processes 

such as microlithography.  One can envision that in assembling molecular circuits, 

instead of building individual components on a chip one will synthesize molecules with 

structures possessing desired electronic configurations and attach/interconnect them into 

an electronic circuit using surface attachment techniques like self-assembly.  Self-

assembly is a phenomenon in which atoms, molecules or groups of molecules arrange 

themselves spontaneously into regular patterns and even relatively complex systems 

without intervention from outside [3].  

 

 

1.2 Self-Assembled Monolayers 

 

Self-assembled monolayers (SAMs) are ordered molecular structures formed by 

the adsorption of an active surfactant on a solid surface (Figure 1.1).  A SAM film can be 

deposited on a substrate surface simply by exposing the surface to an environment 

containing surface active molecular species for a certain period of time (solution or vapor 

phase deposition).  The molecules will be spontaneously oriented toward the substrate 
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surface and form an energetically favorable ordered layer.  During this process, the 

surface active head group of the molecule chemically reacts with and chemisorbs onto the 

substrate.  Because a self-assembling system attempts to reach a thermodynamically 

stable state driven by the global minimization of free energy, it tends to eliminate 

growing foreign or faulty structures of molecules during the assembly process.  This 

simple process with its intrinsic error-correction advantage makes SAMs inherently 

manufacturable and thus technically attractive and cost-effective.   

In addition, SAMs can be designed and engineered to provide extremely high 

functional density.  For example, one can realize a switch or a memory out of a single 

monolayer, as will be discussed in chapter 5.  On the other hand, in order to perform 

highly complex functions as those of current integrated circuits, a self-assembly strategy 

that enables easy formation of complex patterns to "program" the structures and 

(electrical) properties of materials at nanometer levels needs to be developed.  As a result, 

the fabrication of nanoscale patterns is very important, as will be discussed in Chapter 2.  

Aimed at understanding charge transport properties of SAMs and apply it to 

electronic applications, we focus our attention on conjugated SAMs in this thesis study.
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R: Backbone;  F: Functional end group; M: Metal. 
R-F + M        R-

FM 

Substrate

 Solution Immersion  SAM on 
substrate 
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at the surface
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Figure 1.1  Self-assembled monolayers are formed by 

immersing a substrate (e.g., a piece of metal) into a solution of 

the surface-active material (consisting of backbone R and 

functional end group F).  The functional end group chemically 

reacts with the metal and the material spontaneously, forming a 

2D assembly.  Its driving force includes chemical bond 

formation of functional end group in molecules with the 

substrate surface and intermolecular interactions between the 
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1.3 Conjugated Oligomeric Systems 

 

Generally speaking, the two basic requirements for electronic conduction in a 

material are: (1) a continuous system of a large number of strongly interacting atomic 

orbitals leading to the formation of electronic band structures and (2) the presence of an 

insufficient number of electrons to fill these bands.  In inorganic semiconductors and 

metals, the atomic orbitals of each atom overlap with each other in the solid state creating 

a number of continuous energy bands and the electrons provided by each orbital 

delocalized throughout the entire array of atoms.  The strength of interaction between the 

overlapping orbitals determines the extent of delocalization, giving rise to the band width.  

Likewise, in a molecule, a set of overlapping delocalized electronic states across the 

entire molecule is necessary for electronic conduction.  A brief review of basic concepts 

underlying the physics and chemistry of conjugated oligomers as follows should help to 

understand electronic transport in molecular systems.   

 

Bonding in Molecular Orbitals 

The molecular orbitals (MO) of a molecule are created by the overlap of the 

atomic orbitals of its constituents.  For instance, a bonding MO - σ bond is formed when 

two sp3 hybridized atomic orbitals form head-on overlap, with electron density localized 

between two bonded nuclei.  It is a single bond and acts essentially as structure glue (a 

bond with no node).  A bonding π bond is formed when remaining parallel p orbitals on 
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two sp2 hybridized atomic orbitals combine with each other.  Compared with a σ bond, a 

π bond is often weaker and less localized (two bonding regions above and below a nodal 

plane, because σ bond - the ground state has zero nodes, while π bond - the first excited 

state has one node).  Together the σ bond and π bond make a double bond (e.g., C2H4); 

whereas linear triple bonds (e.g., in alkynes (C2H2) and nitriles) are the results of the 

formation of two π bonds using two mutually perpendicular p orbitals on each of the 

triple bonded atoms, with a σ bond in the middle.   

 

Delocalized π  Bonds and Benzene 

More than two adjacent p orbitals can combine to form a set of molecular orbitals 

where the electron pairs are shared by more than two atoms.  These form “delocalized” π  

bonds.  In the case of benzene (C6H6), it is a planar molecule with the shape of a regular 

hexagon.  All C-C-C bond angles are 120°, all six carbon atoms are sp2-hybridized, and 

each carbon has a p orbital perpendicular to the plane of the six-membered ring.  Each p 

orbital overlaps equally well with both neighboring p orbitals, leading to a picture of 

benzene in which the six π electrons are completely delocalized around the ring.  

Benzene therefore has doughnut-shaped clouds of electrons, one above and one below the 

ring (Figure 1.2) [4]. 
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Aliphatic vs. Aromatic 

Molecules with saturated C-C and C-H single (σ) bonds are referred to as 

aliphatic molecules.  There is no conjugated π orbitals in them, and they act as insulators.  

Molecules containing benzene-ring are generally referred to as aromatic molecules.   

 

Conjugated Oligomers 

The term conjugated means an alternation of multiple and single bonds linking a 

sequence of bonded-atoms, such that there is an extended series of overlapping p orbitals, 

and the electrons involved are π electrons.  Oligomers are synthesized by joining one 

molecular unit to itself a few times.  This repeated unit is the equivalent of the unit cell in 

the solid state; it is referred to as a monomer.  Different from the more commonly 

encountered polymers that generally consist of strands of large molecules with varying 

length, structure and morphology, oligomers are synthesized by precisely controlled 

processes producing well defined chains [5-6].  It is often the case that in oligomers, the 

MOs are σ orbitals which are spatially not suited for extensive overlapping and impede 

significant electron delocalization.  However, in conjugated oligomers, in addition to the 

σ-framework that establishes the structure of molecules, π electrons are delocalized 

Figure 1.2  Delocalized π  bonds of benzene and its symbols. 

H 
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throughout the molecules.  Good examples of conjugated oligomers are polyphenylene 

and polyphenylene-based molecules [7]. 

 

Polyphenylene and Polyphenylene-based Molecules 

The delocalization in benzene can be extended to other adjacent atoms.  For 

example, one can bind benzene rings to each other (Figure 1.3a), forming a chain-like 

structure called polyphenylene.  Borrowing the idea of diblock copolymers1 from bulk 

organic materials, one can also insert other types of molecular groups into a 

polyphenylene chain, e.g., singly-bonded aliphatic groups (-CH2-CH2-), doubly-bonded 

ethenyl groups (-HC=CH-), and triply-bonded ethynyl groups (-CΞC-) to obtain  

 

                                                           
1 Copolymer refers to the combination of two different monomers, A and B; diblock 

indicates that they are combined in the ratio of one monomer each to make the new unit 

cell (A+B).  Diblock copolymer opens up the possibility of creating polymer 

heterostructures with unique band structures.  

Figure 1.3  (a) Polyphenylenes and (b) polyphenylene-based 

conjugated oligomers. 

(a)

(b)
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polyphenylene-based molecules (Figure 1.3b).  In polyphenylenes or polyphenylene-

based molecules with multiply-bonded groups, delocalized π orbitals extend across, and 

merge with the neighboring aromatic ring and multiple bonded groups, maintaining 

delocalization throughout the length of the molecule.   

For electronic transport studies, one needs to know the following important 

terminology: the highest occupied molecular orbitals (HOMO) and the lowest unoccupied 

molecular orbitals (LUMO), similar to the valence band and the conduction band in solid 

state materials, respectively, but with discrete energy levels caused by quantization 

effects in constricted dimension of a molecule.  The difference in HOMO and LUMO is 

referred to as energy band gap (Eg).   
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1.4 Basic Charge Transport Mechanisms  

 

1.4.1 Bulk Organic Materials 

Electron transport in bulk organic materials can be characterized by the 

macroscopic conductivity [8].  Most conjugated polymer systems are electrically 

nonconducting unless they are doped2.  This may appear to be similar to that of 

semiconductors, but the physics of conjugated polymer semiconductors differs markedly 

from that of inorganic semiconductors such as Si or GaAs.  In three dimensionally 

bonded materials, the fourfold (or sixfold, etc.) coordination of each atom to its neighbors 

through covalent bonds leads to a rigid structure, and the rigidity of the lattice ensures 

that charge carriers added to the system are accommodated in the conduction and valence 

bands with negligible rearrangement of the bonding.  In such systems, therefore, the 

electronic excitations can usually be considered in the context of this rigid structure, 

leading to the conventional concept of electrons and holes as the dominant excitations.  In 

organic conductors, the bonding has reduced dimensionality (in that the interactions 

within the molecular chain is much stronger than those between adjacent chains).  The 

twofold coordination makes these systems generally more susceptible to structural 

distortion.  As a result, the dominant electronic excitations are inherently coupled to 

                                                           
2 i.e., Exposed to suitable electron acceptors (oxidizing agents) or electron donors 

(reducing agents).  Doping through chemical oxidation (or reduction) involves the 

creation of a charged polymeric backbone and the introduction of a counterion that 

insures charge neutrality. 
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chain distortions, and the equilibrium geometry is determined by the occupancy of the 

electronic levels via electron-phonon coupling.  When a polymer chain is doped, it can 

usually better accommodate an added charge if the charge becomes localized over a 

smaller section of the chain.  This is because on one hand, charge localization along the 

chain requires a local rearrangement of the bonding configuration in the vicinity of the 

charge (the polymer lattice relaxes to a new bonding geometry) and hence costs the 

system a gain in elastic energy; on the other hand, the generation of this local lattice 

distortion also lowers the ionization energy of the distorted chain.  If the gain in elastic 

energy is offset by the reduction of the ionization energy of the chain, charge localization 

will take place at the expense of complete charge delocalization [9].  The specific types 

of charged defects formed on the polymer backbone during doping depend on the 

structure of the polymer chain: those with degenerate ground state structures as 

polyacetylene and those with nondegenerate ground state structures as poly(p-phenylene) 

[10].   

For example, in the case of poly(p-phenylene) (Figure 1.4), when an electron is 

removed from the π-system of its backbone (chemical oxidation), an unpaired electron 

with spin ½ (a free radical) and a spinless positive charge (cation) are created.  The 

radical and cation are coupled to each other via a local bond rearrangement, creating a 

polaron which appears in band structure as localized electronic states symmetrically 

located within the gap with the lower energy states being occupied by single unpaired 

electron.  Further oxidation creates dications in the polymer.  An electron can be removed 

from either the polaron or the remaining neutral portion of the chain.  In the former case, 

the free radical of the polaron is removed and a dication is created comprised of two 
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positive charges coupled through the lattice distortion, creating a new spinless defect 

bipolaron.  Removal of an additional electron from a neutral portion of the chain would 

create two polarons.  Because the formation of a bipolaron produces a larger decrease in 

ionization energy compared to the formation of two polarons, the former process is 

thermodynamically favorable.  These new empty bipolaron states are also located 

symmetrically within the band gap.  Further doping creates additional localized bipolaron 

states, and eventually overlap to form continuous bipolaron bands at high enough doping 

levels.   
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Figure 1.4  Neutral chain and oxidation of poly(p-phenylene) (left) and 

polyacetylene (right) and the creation of polaron, bipolaron, and 

solitons states. 
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In the case of conjugated polymers with degenerate ground state structures, the 

situation is different.  The initial oxidation of trans-polyacetylene also creates polarons as 

discussed above.  When it is further oxidized, since its ground state is twofold 

degenerate, the bonding configuration on either side of the charged defects only differs 

by a reversed orientation of the conjugated system and are energetically equivalent 

resonance forms.  It in turn creates isolated, non-interacting charged defects that form 

domain walls separating two phases of opposite orientation but identical energy.  Such 

defects are called solitons, which result in the creation of new localized electronic states 

that appear in the middle of the energy gap.  As the doping level increases, these states 

can overlap to form soliton bands. 

It is now well accepted that in conducting polymers, transport occurs by the 

movement of charge carriers between localized states or between soliton, polaron, or 

bipolaron states [10].  The result is that transport in conducting polymers is dominated by 

thermally activated hopping (or tunneling processes) in which carriers hop across (or 

tunnel through) barriers created by the presence of isolated states or domains.  These 

include, for example, intersoliton hopping [11], hopping between localized states assisted 

by lattice vibrations [12], interchain hopping of bipolarons [13], variable range hopping 

in three dimensions, and charging energy limited tunneling between conducting domains 

[8].  Theses latter two mechanisms are characterized by conductivities that vary as T–1/4 

in the case of variable range hopping [14] and T–1/2 in the case of charging energy limited 

tunneling [15].  This is in contrast to processes related to the thermal activation of carriers 

across a band gap into extended states in which the conductivity varies as T–1.  In 
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summary, conjugated polymers have a bulk conductivity limited not by carrier mobility 

in a molecule but by interchain hopping, and macroscopic conductivity measurements do 

not directly probe single molecule properties.  The mechanism of bulk conductivity 

involves incoherent diffusive intra- and intermolecular electron transport where the 

electrons thermalize with the matrix and are dissipative. 

 

1.4.2 Nanoscale Molecular Wires3 

 

When these organic materials are reduced to their molecular components, what 

does conductivity mean?  How will the chemical structure of a molecule affect the 

transport properties?  Can one construct nanoscale molecular “wires” that are capable of 

transporting charge easily from one end to the other?  Based on computation, modeling, 

measurement and analogy, one can suggest several different mechanisms that take place 

when electrons transport through nanoscale molecules [16].   

 

Coherent electron motion: nonresonant 

Nonresonant coherent electron motion occurs in the absence of strong dissipation 

or trapping effects, and the molecular orbitals associated with the molecular wire provide 

a pathway for the electron to transport down the wire without loss of energy or phase 

information.  An important factor in determining the conductance of molecular wires is 

the location of the Fermi energy of the metallic contact relative to the energy levels of the 

                                                           
3 A molecular wire generally refers to a linear chain of π-type molecular structure 

intended to connect two electronic components [3]. 
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wires.  The molecules we will be considering have a HOMO-LUMO gap of several eV.  

Similar to the situation in metal-semiconductor contacts, the Fermi level will lie in the 

gap regardless of the nature of the molecule or the metal.  It is similar to metal-

semiconductor contacts, where the Fermi energy lies close to the charge neutrality level 

near the center of the gap; otherwise there would be too much excess charge in the 

semiconductor.  The conduction is considered nonresonant because the electronic states 

in the wires are far above the energy of the tunneling electrons. 

In nonresonant coherent electron motion, the rate of electron transport is 

exponentially dependent on the length of the molecular bridge [17-20].  The conductance 

g can be expressed as  

g = A e-βN      (1.1) 

where N indicates the number of sites in the wire and is proportional to wire length, β is 

the characteristic decay parameter and depends on the internal wire electronic structure, 

and the prefactor A is related to the contact conductance and depends on the electrode-

wire end interactions.  This exponential decay should hold for short wires with large 

HOMO/LUMO gaps, such as oligoalkanes. 

 

Coherent electron motion: on-resonance 

On-resonance coherent electron motion occurs when the energy of the tunneling 

electrons is resonant with the conduction band of the wires and in the absence of 

dissipative effects.  The rate of electron transport will obey the Landauer formula [21-

22], independent of the length of the molecular bridge (distinctively different from 
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nonresonant coherent electron motion).  The conductance should scale linearly with the 

transmission coefficient, and therefore with the number of eigenmodes in the wire.   

The linear increase in conductance with the number of modes has been observed 

in atomic point contacts [23-24], where the transmission probability T is essentially unity 

for each available channel.  However, given the nature of the molecular eigenstates, T is 

much smaller in the wires.  This is because the electronic orbitals in a molecule are often 

spatially localized on constituent atoms of the molecule (Figure 1.5).  An incoming 

electron with a specific energy can only be in resonance with part of the molecule, 

causing average transmission through the entire molecule much less than unity.  Recent 

low-temperature conductance measurement in metallic carbon nanotubes apparently 

belongs to this regime of behavior [25]. 

 

 

 

 

 

 

 

 

 

Incoherent transfer – Ohmic behavior 

 Incoherent transfer occurs when the electronic levels in the molecular wire couple 

either to nuclear motions (vibration, rotation) in the wire or to modes of the environment.  

CH2 S S 

position along the molecule below 

Energy 

Figure 1.5  Molecular structure and schematics of electron orbital energy levels 

for a proposed molecule.  
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The electronic states in the wire will develop an effective intramolecular lifetime, and 

inelastic scattering can become important.  Under these conditions, the wire should 

behave very much like a regular electrical resistive wire, with its conductivity inversely 

proportional to length.  In long, non-rigid molecular wires with smaller gaps, 

electron/vibration coupling or electron/electron scattering or electron/defect scattering 

can be strong enough that electron localization on the wire occurs, and can inhibit 

coherent electron transport.  Under these circumstances, exponential decay dependence 

characterizing coherent electron motion should no longer be expected as in short wires 

with large gaps.  This is similar to the situation of electron transfer through tunneling 

barriers in semiconductor devices, where incoherent processes arising from inelastic 

scatterings can result in the transformation from exponential decay to ohmic behavior, 

with the current dominated by inelastic processes and decreasing only slowly as the 

inverse of the length of the wire [26].  

 

Quasiparticle formation and diffusion 

 In long molecular wires, quasiparticle motions could provide effective 

conduction.  Quasiparticles like solitons and bipolarons are considered to be the primary 

charge carriers at ambient temperature in conducting polymer systems as discussed above 

(transport mechanisms in bulk organic materials).  Ratner [16] proposed that defects like 

solitons and bipolarons can be important transport mechanisms in longer molecular wire. 
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Gated electron transfer mechanisms  

 One important characteristic of molecules is that they are capable of undergoing 

dynamic stereochemical change.  Molecules can change their shapes from one local 

minimum to another.  These different geometries have different electronic structures, and 

therefore different conductances.  An example from Closs et al [27] shows that as a 

substituent on a cyclohexane ring changes its position from equatorial to axial, the rate of 

electron transfer changes by roughly a factor of ten.  It is different from other nanoscale 

structures such as atomic wires, quantum dots, or mesoscopic junctions.  This type of 

electron-transfer processes is considered gated.  Different molecular conformations can 

be caused by chemical reaction or thermal activation, etc, as will be discussed in Chapter 

5. 

These five mechanisms appear to be the important, limiting behaviors that can 

characterize conduction in molecular wires.  By changing such parameters as the 

molecular and electronic structures of the molecular bridge, the metal-molecule 

attachment (energy level alignment), and coupling with nuclear or environmental modes 

(e.g., through solvent or coating), one can modify the nature of the conductance of these 

molecular wires.  

 

1.5 Current Research Status in Molecular Electronics 

 

Up till now, the field of molecular electronics has been mainly about conductance 

measurements of molecules.  In 1974, Aviram and Ratner pioneered the field of 
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molecular electronics by first proposing a D-σ-A unimolecular rectifier4 [28], i.e., a 

molecular pn junction.  However, both the chemical synthesis of such rectifying molecule 

and the fabrication of such a device, involving vertically stacking nanometer-scale thick 

organic monolayer in between two metal electrodes, have been technically demanding.  

With recent developments in chemical synthesis and microfabrication, many of these 

challenging experiments have now been done.  For example, Metzger et al. realized the 

D-σ-A rectification through Langmuir-Blodgett (L-B) multilayers5 and monolayers of 

hexadecylquinolinium tricyanoquinodimethanide [29] in 1997.   

Instead of using L-B films, Reed [30-31] proposed conjugated oligomers with 

precisely controlled lengths as molecular devices using self-assembly techniques.  

Nevertheless, to electrically contact these functionalized rigid rod conjugated oligomers 

with lengths on the order of nanometer is technically challenging.   

                                                           
4 The D end is a good organic one-electron donor (but poor acceptor), σ is a covalent 

saturated bridge, and A is a good organic one-electron acceptor (but poor donor).  It is 

predicted to exhibit rectifying electron transfer from D to A because the barrier to form 

zwitterionic state D+-σ-A- is several eV lower than that of D--σ-A+. 

5 The Langmuir-Blodgett (L-B) technique involves the vertical movement of a solid 

substrate through the monolayer/air interface.  A classic LB material has two distinct 

regions in the molecule: a hydrophilic headgroup and a long alkyl chain which provides a 

hydrophobic or oleophilic tail.  L-B monolayer formation is governed by its 

hydrophilic/hydrophobic interaction with substrate, which is of a physical nature, unlike 

SAM that chemically reacts with its substrate. 



 22

Mechanically controllably break junctions were originally used to study 

conductance quantization [32].  In 1997, Reed et al first applied this technique to measure 

electronic transport through a single molecule [33].  Using a similar technique, Kergueris 

et al employed a microfabricated break junction [34] to study transport through 

oligothiophene molecules.  Zhou et al [35] applied a vertical electrode method, first 

developed by Ralls et al [36], to characterize molecular junctions.  This technique 

realizes direct and robust metal-molecule contacts and allows for variable – temperature 

measurements, leading to further understanding of metal-SAM contacts [37-38], and 

nonlinear molecular devices [38-39]. 

In the meantime, the discovery of scanning tunneling microscope opened a new 

horizon for the study of molecular scale electronics.  It allows for imaging, probing and 

manipulation of single molecules [40-43].  For instance, the first demonstration of 

conduction through single molecule was made by Bumm et al [42] who measured 

electron transport through individual molecules isolated in an insulating alkanethiol6 

matrix using an STM.  Combining self-assembled nanoclusters with conjugated 

molecules, Dorogi et al [43] succeeded in extracting the conductance of xylene-dithiol by 

measuring I(V) characteristics with an STM tip placed above gold cluster on xylene-

dithiol SAM covered gold surface.  

Other than electrical characterization of conducting molecules, the search for 

individual molecules with the ability to behave as switches has been ongoing for a long 

time.  It began with Aviram and Ratner’s theory on molecular rectification in 1974 [28] 

and furthered by Aviram’s proposal on a molecular spiro switch in 1988 [44].  In 

                                                           
6 Alkanethiol molecules are the type of molecules with (CH2)nSH structure. 
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addition, a molecular shift register was proposed by Hopfield et al to be used for 

molecular electronic memories [45].  Only recently experimental results on switching and 

memory behavior have been reported in molecular devices.  Collier et al reported an 

irreversible switch with a low current density utilizing a L-B film [46].  Several months 

later, Chen et al [38] realized a reversible switching device exhibiting large peak to 

valley ratio negative difference resistance behavior using a redox7 SAM, which is first of 

its kind.  What is more, we recently first demonstrated a molecular memory device with 

long bit retention time [39] working at ambient temperature.  To show its significance, a 

comparison between the bit size of molecular memory with that of other types of 

memories is made in Figure 1.6 [after Reference 47], which shows a plot of the area in 

µm2 required to store a single bit of information as a function of the evolution of 

computer technology in years.  The data for magnetic disk, magnetic bubble, thin-film, 

and silicon dynamic random access (DRAM) memories are taken from Keyes [48].  The 

plot indicates that the area per bit has decreased logarithmically since the early 1970s.  It 

is interesting to note that the data falls on a steeper slope than the past memory 

development.  

Combining individual molecular elements such as wires, switches and memories 

mentioned above to create devices with more complex functionality is the logical next 

step in further development of molecular electronics.  However, the problem of 

interconnection on molecular scale is not a trivial one.  Unlike bulk solid-state 

electronics, when small sections of molecular components are combined into larger 

molecular devices, strong coulomb interaction and quantum interference among electrons 

                                                           
7 Redox stands for reduction & oxidation. 
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can change the transport properties of individual elements.  On the other hand, drastically 

different architecture could get round this problem.  For instance, the architecture of a 

human brain looks neither like a digital computer nor like an analogue one; but the 

performance of even an average brain as compared to that that of the most advanced 

existing silicon based computer is living proof that such a new approach is justified. 

Figure 1.6  After reference 47.  Plot of the area in µm2 required to store a single bit 

of information as a function of the evolution of computer technology in years.   
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1.6 About Other Chapters 

 

This thesis focuses on the nanoscale manipulation technique and electronic 

transport studies of molecular wires, and on design and measurements of nonlinear 

electronic molecular devices, including molecular switches and memories. 

Chapter 2 presents a nanolithography technique developed to generate controlled 

intermixed SAM layer.  An ambient STM is used to image and manipulate SAM 

surfaces.  SAM is selectively removed by applying voltage pulses to the substrate.  We 

will discuss the optimal lithography conditions and possible removal mechanism.  We 

demonstrate the directed assembly of a conjugated SAM onto the lithographically defined 

insulating SAM surface. 

 Chapter 3 describes the experimental method used to study the electronic 

transport properties of molecular devices.  The fabrication process involves making a 

nanoscale opening in a suspended silicon nitride membrane utilizing electron-beam 

lithography and silicon micromachining techniques.  Finally, variable temperature 

electrical measurements to understand the transport mechanisms through molecular 

junctions will be discussed. 

 Chapter 4 investigates metal-SAM contact barriers.  Molecular wires with 

isocyanide functional end groups are studied.  We analyze and compare different metal-

isocyanide contacts, and conclude thermionic emission and hopping conduction are the 

dominating conduction mechanisms.  We demonstrate the smallest metal-SAM contact 

barrier to date on Pd-CN junctions.  At last, discussion on localized states in isocyanide 

SAM will be presented. 
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 Chapter 5 discusses the design and measurements of nonlinear electronic 

molecular devices.  It begins with studies on insulator transition in a porphyrine-based 

SAM.  Conductance of the SAM is observed to change dramatically with temperature.  

We propose that the transition is induced by conformational change (rotation) of the 

molecule which in turn changes conjugation of the molecular orbitals.  We will discuss 

large peak to valley ratio (PVR) negative differential resistance (NDR) and room 

temperature NDR observed in molecules containing redox centers.  Molecules with 

different redox centers are studied and compared.  Finally we will discuss molecular 

memory effects.  Programmable, erasable molecular memory devices with retention times 

greater than 10 minutes will be presented. 

 Finally, Chapter 6 summarizes the thesis and suggests future directions. 
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Chapter 2 Nanoscale Manipulation of Self-

Assembled Monolayers with Scanning Tunneling 

Microscopy  

 
 

To realize and study individual molecular-scale devices, it is necessary to develop 

techniques to manipulate and characterize atoms and molecules.  Tools that are designed 

and made to perform such tasks today are various kinds of scanning probe microscopes 

(SPM), such as Scanning Tunneling Microscope (STM), Atomic Force Microscope 

(AFM), Magnetic Force Microscope (MFM), etc., which play a key role in this field.   

In this chapter, we demonstrate reproducible, directed, and in situ self-assembly 

of conjugated molecules in an insulating matrix using STM lithography.  Our 

experiments show that programmable patterning of a self-assembled monolayer (SAM) 

of dodecanethiol can be performed by applying voltage pulses from a STM tip.  After 

patterning, conjugated oligomers are introduced, and they are observed to be 

subsequently chemisorbed onto the patterned sites.   

 

2.1  Introduction to Scanning Tunneling Microscopy 

 

The invention of STM in 1982 by Binnig et al. [1] made it possible to probe 

surfaces on or below nanometer scale and to relate geometry and electronic structures at 

surfaces with atomic precision.  
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The basic principle of the STM is illustrated in Figure 2.1. A sharp metallic tip,  

Figure 2.1  (a) Schematic of a STM unit with electronic control; (b) a picture of 

the Park Scientific STM head.  STM tip can be maintained within tens of 

angstrom above sample surface through feedback electronics.  Pre-amplifier 

circuits are built next to the STM tip to minimized noise.   
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often made of Pt or W, is brought in proximity to a smooth sample surface.  When the tip 

end and the sample surface are close enough so that their electron wavefunctions overlap, 

according to quantum mechanics, the electrons can tunnel through the barrier between the 

surfaces.  If we introduce a voltage bias, current can flow from one side of the gap to the 

other.  Such tunneling current, I, can be approximated as [2] 

2
1

φAs
st efCfI −= ,    (2.1) 

where A = (4π/h)(2m)1/2 = 1.025 Å-1 eV-1/2 with m the free electron mass, s the sample-tip 

separation, φ  the average tunneling barrier between the sample and tip, ft the electron 

density of the tip, fs the electron density of the sample, and C is a constant.  Note that the 

current depends exponentially on the sample-tip separation.  In particular, if the 

instrument is positioned in vacuum, a 1 Å decrease in tip-sample separation will 

correspond to an increase of the current by almost one order of magnitude.   

An STM can be operated in “constant current” mode to generate an image, where 

a constant current is maintained under active feedback with a constant bias applied 

between the tip and the sample.  As shown in Equation (2.1), these conditions will result 

in a constant tip-sample separation if the sample consists of a homogeneous electron 

distribution.  As the tip is scanned over the sample, the vertical position of the tip is 

adjusted to maintain the constant separation, and the height of the tip is recorded.  The 

motion in all three directions (x, y, z) is controlled by piezoelectric elements.  A plot of 

tip height versus lateral position is an STM image.  The image can also be produced in 

“constant height” mode in which constant height and constant applied bias are both 

maintained by feedback while the tunneling current is recorded.  A change in tunneling 

current occurs as the tip senses the variation of topology or the sample-tip separation.  
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The exact topographic height is not easily calculated because a separate determination of 

work function is required in this mode.  The constant current mode is used to acquire 

images on samples with rough surfaces while the constant height mode is preferred on 

samples with atomically smooth surfaces.  The contrast in an STM image is a 

convolution of the electronic structure of the sample, the electronic structure of the tip, 

and the tunneling barrier function.   

 

2.2  Historical Development of Manipulation of Atoms 

and Molecules using SPM 

  

Besides having the capability of producing three-dimensional images of atoms, the 

STM can also be used to manipulate individual atoms.  In 1990, low-temperature atom 

and small-molecule manipulations were performed first on Xe8 and later on CO 

molecules [3-4].  Mamin et al (1990) [5] utilized a field evaporation process to deposit 

gold dots onto a gold surface using a gold tip as the source.  Lyo and Avouris [6] 

demonstrated field evaporation of Si atoms and clusters to and from the tip.  Crommie 

                                                           
8 Eigler et al. demonstrated lithography at the atomic scale by forming the word 

“IBM” using xenon atoms via dragging atoms across a nickel surface.  They found that it 

was polarity-independent to displace Xe atoms, indicating that a Van der Waals attractive 

interaction exists between xenon atoms and the surface.  Due to the physisorption nature 

between xenon and the surface, the experiments must be performed at low temperatures.  

Chemisorbed systems are suitable for manipulation experiments at room temperature.  
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and coworkers repositioned atoms and built new molecular structures [7] at low 

temperature in 1993 while Jung et al realized molecular reposition at room temperature in 

1996 [8].  Recently, Cuberes et al. showed that C60 adsorbed at Cu step sites can be 

controllably and reversibly relocated by means of an STM tip, with the Cu step acting as 

a molecular template that restricts the motion of C60 to one dimension [9].  Using self-

assembled monolayers (SAMs), Bumm et al. [10] have observed the random insertion of 

conjugated molecules in an inert alkanethiol matrix with sequential adsorption.  Liu et al. 

[11] have refilled octadecyl mercaptan in a SAM matrix by plowing AFM tip through the 

SAM.  Kim et al. [12] and Schoer et al. [13] have patterned octadecyl mercaptan surface 

in air by repetitive scanning and voltage pulsing.  Very recently, Mizutani et al. [14] have 

demonstrated nanosacle reversible molecular extraction from a SAM using voltage pulses 

with a UHV Scanning Tunneling Microscope (STM).   

 

2.3  Experimental Setup and Results   

 

The aim of this work is to combine self-assembly with controlled lithography to 

demonstrate directed self-assembly.  We use a STM tip to selectively remove host-SAM 

(alkanethiol) and introduce conjugated molecules that self assemble onto the generated 

patterned sites.  A schematic of the process is shown in Figure 2.2.  A Park Scientific 

[Universal SA1] tube-scanning ambient STM is used for both lithographic patterning and 

imaging.  Details are discussed as follows. 
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Figure 2.2.  Schematic of the lithographic patterning of, and replacement of 

conjugated molecules into an alkanethiol matrix: (a) normal STM imaging of the 

SAM surface with tip bias Vb; (b) SAM removal by applying a pulse Vp to the 

substrate; (c) same as (b) in solution; (d) insertion of conjugated molecules on the 

patterned site. 
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2.3.1 SAM Characterization 

 

There are two types of SAMs involved in this study: alkanethiol SAM and 

aromatic-thiolate SAM (conjugated-thiolate SAM).  Among them alkanethiols on gold 

surfaces is the most extensively studied SAM system [15-16].  Various in-depth 

characterizations have been carried out over the past 17 years such as: ellipsometry, 

infrared (IR) spectroscopy [17-18], liquid drop contact angle [19], X-ray photoelectron 

spectroscopy (XPS) [20], NEXAFS (near edge X-ray absorption fine structure) 

spectroscopy [21], X-ray diffraction [22-24] electrochemistry [25-30], electron 

diffraction [31] and STM studies [32-34].  It is well known that, when assembled on Au 

(111) lattice the alkanethiol monolayer films are densely packed, crystalline-like, 

arranged in a ( 3 x 3 )R30 structure with a nearest neighbor spacing of 5.0 Å (Figure 

Figure 2.3  Schematics of alkanethiol on Au(111) surface.  Open circles 

represent top layer gold atoms; filled circles represent the sulfur atoms.  The 

nearest and next nearest neighbor spacings are (a) 5 Å and (b) 8.7 Å, 

respectively, as marked on the figure. 

5.0 Å a
b
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2.3), and alkyl chains tilted around 30° from the surface normal [18].  It is also known 

that the driving forces for the formation of the alkanethiol SAM are the covalent S-Au 

bond (44 kcal/mol), and the van der Waals interactions between alkyl chains (1.5-2 

kcal/mol/CH2).   
To image the insulating SAM on the gold surface with molecular resolution, the 

STM-sample tunnel junction impedance has to be large enough to ensure that the STM 

tip is outside the SAM (Figure 2.4).  Images are taken in constant-current mode with 1.5 

V tip bias (Vb) and around 15 pA set-point tunneling current (It).  This keeps the gap 

impedance over 100 GΩ, preventing the tip from perturbing the monolayer, and is the 

standard imaging condition in this paper. 

 

 

 STM Tip 

Au 
SAM 

It1 

Vbia

s 

(a) 

Au

It2 

Vbias 
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Figure 2.4  Schematics of the STM tip-SAM tunneling gap with It1 < It2: 

(a) tip is over SAM surface with large gap impedance; (b) tip pushes into 

the SAM and can scratch/damage the organic layer. 
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Figure 2.5 shows an ambient STM image of a typical dodecanthiol surface 

prepared by this method, which exhibits a c(4x2) superlattice structure (of a 

( 3 x 3 )R30 arrangement) with lattice vectors of the unit cell 8.5 by 10.1 Å [34].  As 

indicated by the arrow, an alkanethiol SAM covered Au (111) surface exhibits a 

distribution of pitlike defects (Figure 2.5b), defects that do not exist on the bare Au 

surfaces.  This was also observed by Haussling [35] and others [36-40].   

But the study on aromatic thiolate SAMs is relatively new and not as thorough.  

Surface characterizations such as Auger electron spectroscopy (AES), ellipsometry, XPS, 

and grazing angle infrared spectroscopy (GAIR) have been carried out [41-42].  

Molecular resolution STM images of phenylethynyl benzenethiols [43] show that the 

(b) 
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Figure 2.5  (a) Close-up of ambient STM topography of dodecanthiol 

showing c(4x2) superlattice structure, with pitlike defect indicated by 

the arrow; (b) 3D rendering of 200 x 200 Å dodecanthiol on Au (111). 
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aromatic SAM also forms a closely packed, highly ordered row structure with a 

( 3 x 3 )R30 lattice.  IR spectroscopy analyses performed by Allara et al [44] indicate 

that, for short, fully conjugated rod-like molecules with lengths less than or around 2 nm, 

adsorption on Au (111) surfaces gives tilt angles of approximately 20 to 30° with respect 

to the surface normal, similar to that of alkanethiol chains.  Recently, using laser two-

photon photoemission spectroscopy, Vondrak et al [45] reported that the interfacial 

electronic structure of thiolate SAM on metal surfaces is dominated by σ* orbitals 

localized to the C-S-metal anchor and strongly coupled to the metal substrate.  The shape 

and energies of these interfacial σ* orbitals are independent of the nature of the 

hydrocarbon group (conjugated aromatics or saturated alkyls).  The primary driving force 

of S-Au bond is therefore preserved for aromatic/conjugated thiolate SAMs on gold.   

 

2.3.2 Tip and Cell Fabrication 

 

STM tips are prepared from Pt/Ir (70/30%) wires through both mechanical cutting 

(clipping the end of wire at an angle with a wire cutter) and electrochemical etching 

methods.  To reduce leakage current, the tip is then coated with epoxy, leaving only the 

very end exposed [46].  Since the tip is to be used to perform STM in liquid, it must be 

isolated as nearly as possible from the liquid so that no appreciable leakage currents flow 

from the tip to substrate.  To image and perform lithography in solvent, a Teflon cell to 

hold the sample in liquid was implemented.  Tetrahydrofuran (THF) is the standard 

solvent for conjugated molecular solvation, but it introduces too much leakage current 

(on the order of µA, exceeding the tunneling current – sub-nA) to perform successful 
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imaging.  THF has an additional problem in that it has a high vapor pressure of 21.69 and 

is thus too volatile in the necessary experimental time for the replacement experiment, 

approximately five to ten minutes.  After experimenting with several solvents, the non-

polar, low vapor pressure solvent 1,4-dioxane (Aldrich) was chosen, because its leakage 

current is less than the tunneling current and it has a vapor pressure of 4.95, capable of 

lasting long enough for the replacement experiment.  During each experiment, a large 

reservoir of the solvent is additionally introduced into the STM chamber to keep a 

saturated vapor pressure above the solvent, which helps maintain the liquid level in the 

cell.  A schematic diagram of the cell in the STM chamber is shown in Figure 2.6. 

 

                                                           
9 It is the vapor pressure at 25 °C in 1 kPa (1kPa = 7.50 mmHg). 

Figure 2.6  (a) Schematics of the liquid cell in the STM chamber; (b) 

pictures of machined teflon cells with Au sample clipped in it.  The upper 

teflon cell is housed in an Al shell to improve mechanical stability.   

Ar  

(a) (b) 
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2.3.3 Sample Preparation 

 

The initial substrate is a Au/Cr (250 nm/50 nm ) film on glass (Berliner Glass).  

To obtain large atomically flat areas, the gold film is annealed in either a propane or a 

hydrogen flame [47].  Using a separation between the sample and the outer part of the 

flame of approximately 1”, the flame is moved from side to side across the sample 

surface at a rate of around 1 Hz.  After approximately a one-minute anneal time, the 

sample is allowed to cool down in a stream of N2 gas.  Hydrogen flame annealing is 

preferred because its byproduct (H2O) evaporates and leaves no residual organics on the 

surface.  

The annealed Au surface exhibited large (111) terraces of up to several hundred 

nanometers with herringbone reconstruction (Figure 2.7) similar to that reported by 

others [48].  The atomic steps in the image of the gold surface are used to calibrate the z 

Figure 2.7  STM topography of flame annealed Au (111) surface with 

herringbone reconstruction, and two atomic steps.  (The dip in the 

lower right corner is artifact caused by feedback electronics.) 
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piezo since it is well known to be 2.54 Å.  The reconstructed surface accommodates one 

extra Au atom for every 22 or 23 bulk lattice constants, indicating a 4.4% surface 

compression [34].  The surface has orthorhombic unit cell with dimensions of ( 3  x 23) 

that is comprised of paired ridges.  To further reduce surface energy, these ridges form 

hyperdomains characterized by alternating 60/120° bends, which is reminiscent of a 

herringbone pattern.   

After annealing, the Au substrate was then immediately transferred to a solution 

of 1 mM dodecanethiol (Aldrich) in absolute ethanol (200 proof), and the dodecanethiol 

SAM was allowed to form for about 20 hours at room temperature [49].  The sample was 

then removed from the solution, rinsed with ethanol and dried under a nitrogen gas 

stream.   

An STM image of dodecanethiol SAM layer on Au (111) surface was shown in 

Figure 2.5, with pitlike defects indicated by the arrows.  When molecules adsorb onto 

metal surfaces, it is well known that, besides forming ordered overlayers, adsorbates can 

modify surface structure either by removing original surface reconstructions or by 

inducing the formation of ordered reconstructions involving the topmost metal layer(s).  

Such disruption of the surface by adsoption is understood in terms of the fact that the 

strength of adsorbate-metal bonds can be comparable to that of metal-metal bonds.  

Previous work indicates that the gold surface relaxes during alkanethiol monolayer 

assembly, and the data presented in [34] indicate that this results in the creation of mobile 

adatoms.  Each (1x 23) primitive unit cell of the reconstructed surface contains one extra 

Au atom.  The excess vacancies released during monolayer assembly nucleate around 
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stable vacancy islands, forming the pits mentioned above.  The density of these pits is 

typically around several per thousands to hundreds of nm2. 

 

2.3.4 Selective Removal and Deposition of SAMs 

 

To perform lithography10, we apply square voltage pulses to the SAM substrate with 

pulse amplitude (Vp) varying from 1.8 to 3.6 volts and pulse duration (Tp) from 0.5 

microsecond to 0.5 second.  A constant dc bias voltage (Vb) of 0.1 V is kept on the STM tip 

during the voltage pulses.  This bias voltage is low compared to the bias voltage used in the 

imaging mode (around 1.5 V).  The STM tip is most likely pushed into the SAM layer since 

no molecular resolution image can be produced under this bias condition.  Positioning an 

STM tip in close proximity to the surface lowers the potential barrier to field-evaporation 

and this effect can serve as a means to transfer atoms or clusters of atoms between the tip 

and the sample.  A larger time constant relative to the pulse width, around several seconds, 

in the feedback electronics is used to both maintain the tip at a constant height and avoid tip 

crashing.  We found that material underneath the STM tip can be removed by this method 

[12-14].  Shown in Figure 2.8a is an image of a sample after three consecutive voltage 

pulses with Vp of 3.0 V and Tp of 0.5 s.  The tip was biased at Vb of 0.1 V with It of 0.5 nA.  

To have a better view of the profile of the patterned structures (pits), we invert the image by 

plotting the depth of the pits as positive z with respect to the average surface position 

(Figure 2.8b).  The diameter of the patterned structure is approximately 10 nm.  The depth 

                                                           
10 All following images, lithography, and data are taken from samples immersed in 1,4-

dioxane. 
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of each of the three pits is about 1.4 nm, which is the length of dodecanethiol SAM to within 

the measurement resolution of this STM system.  A lithographic patterning program was 

used to scan the tip to obtain these distinct, spatially separated patterns. 

 

We use positive pulses to remove the SAM in this work since we observe that 

negative pulses created mounds (Figure 2.9), also observed in other works [12-14].  The 

creation of mounds is most likely a result of material deposition from the tip [50].  
The key to understanding the underlying mechanism for SAM lithography is 

found in a related experimental observation by Schonenberger et al [51], who imaged a 

gold surface that was only partially covered by dodecanethiol molecules (through thermal 

desorption) as indicated in Figure 2.10a.  It was observed that the molecular island 

Figure 2.8  (a) An image and (b) its inverted version of localized dodecanethiol 

SAM removal.  The pits are formed by applying a Vp of 3 V, Tp of 0.5 s 

voltage pulse (at Vb of 0.1 V, It of 0.5 nA prior to pulse and Vb of 1 V, It of 50 

pA for subsequent imaging). 
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appears topographically raised with respect to the gold terrace by δs ≈ 3 Å.  This value 

cannot be explained by the Au-S bond raised above the gold surface alone, since the ionic 

S2-, for example, is only 1.8 Å.  Because the contrast in an STM image  

 

is a convolution of the electronic structure of the sample, the tip, and the tunneling barrier 

function, structures can apparently be raised by a reduction of the barrier height due to a 

lowering of the work function at different positions on the surface (Equation 2.1).  

Adsorbates can influence the work function, in particular, by the formation of surface 

dipoles.  In a dodecanethiol molecule, since the long alkane chains are very good 

insulators with a HOMO-LUMO gap of approximately 9 eV, they are not expected to 

Figure 2.9  The white mount deposited on a 300 x 300 nm SAM 

surface after a negative pulse applied to the sample (Vp = -3 V, Tp = 

0.5 s with Vb = 10 mV, It = 0.5 nA).  The almost uniformly distributed 

pits on the surface are caused by the same reason discussed previously. 

Also present on the image is a gold atomic step. 
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contribute to the tunneling current. On the other hand, the thiol molecules HS-R 

chemisorb as thiolates onto the gold substrate forming AuS-R species.  The Au-S bonds 

interact with the bulk Au states can result in broadened interface states at the S atoms.  It 

is likely to assume that the Au-S bond is weakly 

Figure 2.10 (a) Schematics of the apparent topographic contrast δs in STM 

between a thiol-covered (left) and uncovered (right) Au surface; (b) 

proposed model to explain the apparent STM image contrast: the difference 

in slope originates from a reduction in the work function φ on thiol-covered 

areas caused by an electrical dipole layer due to weakly ionic Au-S bonds. 
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 ionic resulting in a surface dipole layer.  In order to account for the observed and 

theoretical δs, the work function of the gold surface has to be lowered, hence a positive 

charge on the sulfur has to be assumed (Figure 2.10b).  This may well be possible in view 

of the almost equal electronegativities for Au and S (2.4 and 2.5, respectively) and the 

fact that the sulfur most likely bonds to more than one Au atom.   

Figure 2.11 illustrates the schematics of a model we proposed for our observed 

lithography mechanism.  On the SAM-Au surface, there exists a dipole layer at the Au-S 

interface with positive charge on the sulfur atoms as discussed above.  Assuming a 

charge displacement of 0.2e on the Au-S bond with a distance of roughly 2 Å, the 

electrical field associated with the dipole is 0.1 V/Å.  If a positive voltage pulse of 3 V is 

applied to the sample, with a tip-sample distance approximately 5 Å, the external 

electrical field is 0.6 V/Å, larger than the electrical field of the Au-S interfacial layer.  

This results in exerting a large electrostatic force to the SAM molecule and extracting the 

monolayer.  On the other hand, when a negative pulse is applied to the sample, the 

interfacial dipole is strengthened by the external dipole and the net effect results in the 

deposition of material from the tip onto the sample.  During a positive sample bias (where 

electrons flow from the STM tip to the sample), the surface molecule may be ionized and 

subsequently ejected from the surface.  This can form a pit on the sample surface and 

transfer some material to the tip.  At negative substrate bias, material on the tip may 

transfer to the substrate and cause the formation of mounds.  The loosely adsorbed 

organic aggregates on the tip can be ejected back to the surface when the tip material is 

field deposited to the surface with a negative pulse.
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Figure 2.11  Schematics of the proposed model: (a) external electrical field 

canceled by the interface dipole leading to SAM removal; (b) external 

electrical field reinforced by the interface dipole leading to deposition of 

material. 
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  We have studied the patterning yield of this STM lithography as a function of 

pulse voltage and pulse width (Figure 2.12).  The yield (pattern formation probability) is 

defined as the percent of successful patterned structures out of 50 pulses11.  As shown in 

Figure 2.12a, under appropriate pulse conditions patterns are produced with over 90% 

yield when positive pulses (sample positive with respect to the tip) are applied to the 

sample.  Note that there is an apparent threshold voltage for pattern formation [5, 13], 

below which the probability of deposition was nearly zero and above which the 

probability increased to nearly one.  Greater tip-sample distance, or a smaller It, requires a 

higher threshold voltage as shown in Figure 2.12a.  Further examination of the plot 

reveals that this is not a power phenomenon.  Otherwise, at a It of 0.5 nA and a Vp-Vb of 

3.2 V, the pattern formation probability will be much less than 1.  The existence of a 

threshold bias voltage for removal of material suggests that the transfer mechanism is 

field evaporation.  Reproducible pits can be produced under appropriate tip-sample 

separation and pulse voltages, as previously shown in Figure 2.8.  Under programmed 

control of the STM tip, lithography of the SAM is demonstrated (Figure 2.13).  At 

voltages larger than 3.6 V, we have observed that pattern formation is not reproducible 

and that subsequent image resolution degrades, indicating possible tip damage.  We find 

that at a fixed pulse voltage both the lateral size and the depth of the patterned structures 

decrease with decreasing tip-sample separation.  We also find that at a fixed tip-sample  

                                                           
11 We learned from the experiments that a freshly prepared tip is essential to obtain 

reproducible results. 
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Figure 2.12  (a). The probability of pattern formation of dodecanethiol on Au(111) as a 

function of pulse voltage amplitude between the sample and the STM tip (Vp – Vb) for 

three different It values with tip bias Vb of 0.1 V and a square pulse duration Tp of 0.5 s. 

(b). The probability of pattern formation of dodecanethiol on Au(111) as a function of 

Tp for various (Vp – Vb) values with initial tip condition: Vb = 0.1 V and It = 0.5 nA. 

In both (a) and (b), each data point represents the percent of successful patterned 

structures out of 50 pulses, and the data points are connected by best-fit curves. 
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separation and a fixed pulse duration, both the lateral size and the depth of the patterned 

structures decrease with decreasing pulse amplitude.  At pulse voltages above 3.4 V, pits 

deeper than 1.4 nm are produced, suggesting that some of the underlying gold is also 

removed.  

 Pulse duration (Figure 2.11b) is varied at various pulse voltages for fixed tip-

sample separation.  Reproducible patterns are created at pulse widths greater than about 

0.1 second.  At a fixed tip-sample separation and a fixed pulse amplitude, both the lateral 

size and the depth of the patterned structures decrease with decreasing pulse width. 

 

 

 

 

 

 

 

We observe that the diameters of the created holes tend to be larger as pulses of 

higher voltage were applied.  To create smaller holes, we have to use pulses of lower 

voltages, and the defects created by the pulse close to the threshold voltage are apt to 

recover (i.e., the smaller defects are thermodynamically unstable such that the molecules 

around the defects arrange themselves into a defect-free configuration with minimum free 

energy) which was observed in a UHV STM [14].  To realize nanoscale patterning by 

extracting single molecule from the film, we need to suppress the recovery process by 

Figure 2.13  Lithography on a dodecanethiol SAM surface. 



 53

supplying other molecules in the created holes.  As discussed in the next section, we do 

supply conjugated molecules around the denuded area.   

 

2.3.5 Insertion of Conjugated Oligomers 

 

Subsequent to dodecanethiol removal, we introduce conjugated molecules into the 

liquid cell for “decoration” of the patterned sites.  The conjugated molecule used is 2’-

ethyl-4:1’-ethynylphenyl-4’:1”-ethynylphenyl-1,4”-thioacetylbenzene (abbreviated as A, 

structure shown in Figure 2.14a).  Upon addition of NH4OH, the protective acetyl 

endgroups in A are removed and cause conversion into the thiolate form (abbreviated as 

B, Figure 2.14b), a convenient method for utilizing oxidatively unstable dithiols and the 

converted dithiolates have been shown to self-assemble onto Au [52].   

 

 

 

 

 

 

 

 

 

The mechanism for replacement absorption is that the thiol group of the rigid rod 

aromatic dithiol binds to the exposed surface; at the concentration used (10 µM), one can 

Figure 2.14  Molecular structures of A, B and C. 
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estimate that there are approximately 40 collisions per second of molecules B with the 

exposed Au surface.  What is more, the surface diffusion of molecules B is substantially 

enhanced by the presence of the STM tip because of field-assisted diffusion such as 

observed on Cs atoms and explained by the induced dipole moment [53].  

To demonstrate replacement, we added 10 µM of A in 1,4-dioxane along with 

several microliters of NH4OH to the liquid cell under slightly positive Argon pressure.  

Lithography is performed on the dodecanethiol surface while in solution.  The molecule 

B is similar to one previously investigated (ethyl-substituted 4,4’-di(phenylene-

ethynylene)-benzothiolate, labeled as molecule C, shown in Figure 2.14c) by Bumm et al 

[10] (in which conductivity higher than alkanethiol was observed), resulted in bright 

spots in the STM image.  Using a microwave frequency ac STM (ACSTM), they 

observed that AC field has a greater effect on the more polarizable molecules C, 

suggesting the greater polarizability of the extended π system of C compared to the 

localized σ system of dodecanethiol, hence a larger conductance.  This is also supported 

by electrochemical measurements of the electron transfer rate constants of tethered 

ferrocene on Au electrodes.  It has confirmed that the conductance of the C bridge is 

orders of magnitude higher than that of similar alkanethiolate tethers [54], suggesting that 

C is more conductive than alkanethiol. 

Shown in Figure 2.15a is an STM image after three spatially separated pulses 

(distance between the first two and the last two pulses is 60 nm and 77 nm, respectively) 

on the dodecanethiol SAM surface under the same pulsing conditions as those in Figure 

2.7.  The left of the image shows two bright peaks (indicating absorbed molecules); the 

third pulsed site is a patterned pit that remained unabsorbed.  Figure 2.15b is an STM 
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image scanned minutes later showing absorption at the third peak.  The widths of the 

peaks are approximately 10 nm indicating the insertion of a bundle of approximately 400 

B molecules.  The height is about 0.7 nm above the background, which is consistent with  

the known length of B and dodecanthiol molecules of 2.2 nm and 1.4 nm respectively 

[52]. 

Figure 2.16a shows a defined grid pattern and an image after chemisorption of the  

 

molecules (Figure 2.16b) onto the pattern (as well as random adsorption of the molecules 

at defect sites [10] ).  Several scans over one hour show no pattern degradation. 
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Figure 2.15.  (a) The image of a dodecanethiol SAM surface after consecutive 

pulsing at three different locations shows two peaks indicating adsorbed molecules 

and one pit without adsorption.  (b) The image was taken a few minutes later and it 

shows adsorption onto the third remaining pit.  
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(a)

0
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(nm)

Figure 2.16  (a) The programmed rectangular pattern.  (b) The image of a 

patterned dodecanethiol SAM surface after chemisorption of molecule B 

showing a rectangular frame illustrated in (a).  Random adsorption at 

unintentional defect sites is also present. 
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2.4 Conclusion 

 

We have demonstrated the controlled insertion of conjugated molecules in an 

insulating background, providing a general method for generating intermixed SAMs of 

arbitrary shapes and compositions [55].  The sharpness and regularity of the STM tip 

should play an important role [56]; we suggest that future work utilizing a carbon 

nanotube STM tip might implement single molecule replacement [57-58]. 

SPM has been shown to be a suitable probe for the investigation of the properties 

of individual molecules, but there is still an open question regarding whether SPM has 

the intrinsic capabilities to be a useful fabrication tool.  The recent development of 

micromechanical arrays of thousands of SPM probes [59] suggests that such a possibility 

is potentially becoming more feasible. 

The ability to self-assemble molecules controllably at room temperature uses 

specific functionalities within their molecular architecture.  Design of molecular units 

with very specific structural, chemical, and electronic properties by chemical methods, 

and then subsequently positioned at surfaces using a combination of self-assembly and 

SPM-based positioning techniques opens up many new possibilities for molecular-scale 

bottom-up fabrication at ambient temperature. 
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Chapter 3 Experimental Methods for Transport 

Studies 

 

3.1 Tools for Electronic Transport Spectroscopy  

 

Investigations of the electronic conduction through conjugated molecules that are 

end-bound onto surface have been demonstrated using a STM [1-2], micromachined 

silicon nanopores [3-5], and between proximal probes [6-7].  Although a good deal of 

information about the structural properties of various functional terminal moieties on 

both aliphatic and aromatic molecules has been obtained, very little is known about the 

electronic properties of through-bond transport. 

STM techniques allow for the investigation of surface properties at high spatial 

resolution.  Since an STM tip can be positioned with atomic accuracy, local experiments 

(electronic transport) can be performed; e.g., the conductances of single molecules can be 

measured [1-2].  However, the close proximity between the probe tip and the sample 

surface can also modify what is measured, by tip-induced modification of the local 

surface electronic structure, especially at small tip-surface distances.  The perturbation of 

the electronic structure can be very significant so that tip-induced localized states may be 

formed [8-9].  In addition, other tip-surface interactions may become important, e.g., the 

electrostatic and Van Der Waals force interaction.  The presence of a vacuum gap 
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between tip and molecule often complicates analysis12; and the mechanical stability that 

the STM has to meet during spectroscopy measurements (under disengaged feedback 

loop) is quite demanding. 

Another category of proximal probes aimed at defining nanometer-sized tunnel 

gaps is called a “break junction”.  Mechanically controllable break junctions [6] have 

been used to measure electronic conduction through benzene-1,4-dithiol.  An alternative 

approach is a current-controlled break junction, fabricated using electromigration of 

metal atoms by passing current through metallic nanowires [11]. 

Fabrication of planar metallic electrodes with separation down to the length of 

conjugated oligomers is another approach to realize charge transport measurements 

through molecules.  Lombardi et al [12] deposited 12 nm conjugated oligomers in 

between 10 nm metallic gaps, fabricated with a combination of standard electron-beam 

lithography on a bilayer resist and angle evaporation, but observed no appreciably 

conduction through the gaps.  They concluded that either the molecules are sterically 

inhibited to bridge across the gap or they are not conductive at such length scales.  More 

recently, Bezryadin et al [13] demonstrated a 4 nm metallic gap by sputtering Pt across a 

slit in a free-standing silicon nitride membrane and then electrostatically trapped Pd 

colloids in between the nanoelectrodes.  The electrostatic trapping method works well for 

colloids and DNAs [14].  However, if one would electrostatically trap molecules, the 

                                                           
12 For example, narrow features in the local density of states of STM tip apex atom can 

give rise to negative differential resistance (NDR) [10], not characteristic of the subject of 

interest. 



 64

strong trapping field may change the polarization, conformation, or structure of 

molecules undesirably. 

To reliably measure transport through metal-molecule-metal system, we employ a 

fabrication technique to directly measure the conduction through a small number of self-

assembled molecules sandwiched between top and bottom metallic contacts [3].  This 

technique guarantees good control over the device area and intrinsic contact stability, and 

produces a large number of devices with acceptable yield so that statistically significant 

results can be produced.  Two features are essential to the process, the first of which is 

the employment of nano-scale device area.  The area is made to be smaller than the 

domain size of the SAM and thus the adsorbed organic layer is highly ordered and 

(mostly) defect free.  The second feature is that during the deposition (evaporation) of the 

contact onto the SAM, several measures are taken to ensure that the deposited metal 

atoms accumulate at the SAM surface and do not penetrate into the organic layer.  These 

methods also provide minimized damage to the SAM during the deposition.   

 

3.2 Fabrication 

 

Figure 3.1 is a schematic flow diagram of the fabrication process.  The starting 

substrate is a 250 µm thick (100) double side polished silicon wafer, upon which 50 nm 

of low stress Si3N4 is deposited by low pressure chemical vapor deposition (LPCVD).   
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Figure 3.1 Schematics of the fabrication process. 
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On the back surface, the nitride is removed in a (400 µm x 400 µm) square by optical 

lithography and reactive ion etching (RIE).  The exposed silicon is etched in an 

orientation dependent anisotropic etchant (85ºC 35% KOH solution) through to the top 

surface, while the silicon nitride acts as an etch mask.  At the end of the etch 

(approximately 2 hr 20 min), the wafer was left with suspended (40µm x 40µm) optically 

transparent silicon nitride membrane.  The wafer is carefully rinsed in water, dried with 

isopropanol alcohol, and then immersed in an isotropic silicon etch (HNO3:HF:H2O = 75: 

150: 2) for 8 min to round off the sharp edges holding the suspended membrane to reduce 

stress on the corners of the membrane.  A Scanning Electron Microscope (SEM) picture 

of the membrane and the pyramid structure of silicon after unisotropic etching is shown 

in Figure 3.2a.  The wafer was subsequently cleaned using standard RCA cleaning 

process13, then loaded into a wet oxidation furnace to oxidize the silicon sidewalls for 

improving electrical insulation.  1000 Å SiO2 is thermally grown at 800 ºC for 90 min.  

The wafer is loaded very slowly in and out of the furnace to reduce the thermal stress to 

the membrane caused by the high temperature process.   

The critical fabrication steps are the pattern defining process using electron beam 

lithography and pattern transfer using RIE.  The exposure tools used are either a JEOL 

6400 at Yale or a Leica VB-6 at the Cornell Nanofabrication Facility (CNF).  2000 Å of 

PMMA is spun coated on the front side of the wafer.  A single nanometer scale dot is 

exposed in the resist.  To determine the optimum exposure dosage, pixel  

                                                           
13 Care must be taken that neither ultrasonic nor vacuum can be used once the suspended 

membrane is etched. 
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100 nm

28.7 nm

Figure 3.2 (a): SEM graph of pyramid structure of silicon and free-standing 

silicon nitride membrane; (b): SEM graph of nanopore after first evaporation 

of metal from front side of the sample. 

(a) 

(b) 
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size, and dot size, test patterns with arrays of varying size and dose were exposed.  After 

being developed, the wafer is loaded into a RIE chamber.  At Yale, CF4 plasma etching is 

used to transfer the pattern on the resist to the silicon nitride film.  At CNF, CHF3/O2 

plasma was used to etch a hole through the membrane.  In both cases, the RIE etching 

chamber has to be cleaned by O2 plasma thoroughly before the etching and every two 

minutes during the etching to remove the deposited hydrocarbon residues in the chamber.  

Due to both resist corrosion and redeposition of hydrocarbon on the sidewalls of the hole, 

etching is much impeded at the far side opening.  The opening at the far side is therefore 

much smaller than that actually patterned, rendering a cross section bowl shaped 

geometry [15].  The optimum exposure dose, size and etching time is determined from 

the test patterns.  The test pattern used in CNF is shown in Figure 3.3, where arrays of 

dots with different diameters (ranging from 1µm, 100 nm, 50 nm to 30 nm) were 

patterned and etched on membranes. 

Figure 3.3  Test pattern with arrays of dots with diameters 

ranging from 1 µm to 30 nm after etching.   
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Exposure dose was varied from 60-200mC/cm2, with 20 mC/cm2 steps from die to die.  

Etching time was varied from 3 to 6 minutes for 50 nm thick membranes.  In both the 

RIE chambers, the etching rates are not uniform laterally across the chamber.  To obtain 

consistent results, wafers are placed at a fixed spot and angle inside the chamber.  The 

residue PMMA is striped off in a O2 plasma after etching is completed.   

A Au contact of 200 nm thickness is evaporated onto the top side14 of the 

membranes, which filled the pore with Au.  To make sure the pore is etched through, a 

Au contact is evaporated onto the bottom side of the membranes for test samples and the 

resistance between the top and bottom Au contacts is measured.  A good ohmic contact 

typically yields a resistance of ~ 2 Ω.  If not, the wafer has to be further etched until the 

holes are completely etched through.  A typical SEM picture of the etched nanohole is 

shown in Figure 3.2b.  The image was taken from the backside of the membrane, after the 

evaporation of gold from the front side of the wafer.  The size of the hole is roughly 30 

nm in diameter, small enough to be within one domain of both the evaporated gold film 

and that of the SAM layer.  After the evaporation of the first metal electrode, the sample 

was then transferred into solutions for molecular deposition.  (Details will be discussed in 

chapter 4 and chapter 5.)  The sample was then rinsed with deposition solvent and 

quickly loaded into a high vacuum deposition chamber for the opposing gold electrode 

evaporation.  To minimize thermal damage of metal to the molecular film15, the sample 

                                                           
14 The top side of the membranc is defined as the side goes through electron beam 

lithography. 

15 It turns out that most of the devices (90%) were shorted during evaporation with 

substrate at ambient temperature. 



 70

stage is cooled using liquid nitrogen, and the evaporation rate is kept less than 0.5 Å/s. 

200 nm Au is evaporated while sample is kept at 77 K.  The devices are then diced into 

individual chips, bonded with gold wires onto 16 pin packaging sockets using silver 

paint.   

 

3.3 Electrical Measurements 

 

A HP4145B Semiconductor Parameter Analyzer (SPA) is used to perform most of 

the electrical measurements (mainly current (I)- voltage (V) characteristics) of the two-

terminal molecular devices.  The SPA can be used as a voltage source and a current meter 

where the current is measured through a sense resistor across a differential amplifier.  It 

has a voltage resolution of 1 mV and a current resolution of 50 fA.  A divider can be used 

in conjunction with SPA to obtain voltage resolutions less than 1mV.  The instrument is 

interfaced with a computer using Labview program. 

 

3.4 Cyrogenic System 

 

A Janis Research SuperVariTemp (SVT) system was used for all cryogenic 

experiments [16].  It consists of an outer liquid nitrogen reservoir and an inner liquid 

helium reservoir, separated by a vacuum jacket.  The sample was usually precooled by 

filling the liquid nitrogen reservoir with LN2 and allowing it to remain overnight.  The 
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LHe reservoir will be indirectly cooled to about 180 K through convection and radiation.  

The SVT system uses exchange helium gas to cool the sample, obtained through a needle 

valve connecting both the sample chamber and the helium reservoir.  To maintain the 

sample temperature, a Lakeshore electronically controlled heater is used, which can be 

used to regulate the gas temperature in the range of 1.5 K- 300K.  The actual sample 

temperature was monitored using a Lakeshore thermometer mounted on the sample stage.  

When devices are cooled down, temperatures between 300 K and 160 K are generally 

reached by filling the liquid nitrogen dewar with liquid nitrogen.  The system cools 

slowly by radiation, allowing acquisition of data every ten degrees, with no significant 

thermal averaging16.  To measure devices between 160 K and 4.2 K, liquid helium is 

transferred into the liquid helium dewar.  Helium vapor is controlled to flow past the 

sample mount via a needle-valve, cools the sample, then exits through a vent port at the 

top of the cryostat.  Temperatures below 4.2 K and down to 1.5 K is achieved by 

evacuating the sample chamber using a mechanical pump.  To measure devices when 

they are warmed up, between 1.5 K and 120 K, helium vapor passing through sample 

space is heated using the temperature controller, and the needle-valve and sample-vent 

are adjusted to maintain a stable feedback to the temperature controller.  From 120 K to 

300 K, nitrogen vapor is used instead as the exchange gas in conjunction with the 

Lakeshore temperature controller to obtain stable temperatures. 

 The devices are mounted on a sample stage and loaded into the Janis cyrostat 

from the top.  In order to reduce noise level, triaxial cables were used to connect sample 

                                                           
16 During each I(V) measurement, the sample temperature is almost constant, varying 

within 1 K. 
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leads to the measurement instruments outside the cryostat through vacuum electrical 

feedthroughs.  The schematics of the variable temperature I-V measurement is shown in 

Figure 3.4.  

 

A series of control experiments have been done using alkanethiol molecules, 

silicon nitride membranes without pores and membranes with pores but without 

molecules, respectively.  Both the Au–alkanthiol–Au junctions and the Au - silicon 

nitride membrane–Au junctions showed current levels at the noise limit of the apparatus 

(less than 1 pA) for both bias polarities at both room and low temperatures.  The Au-Au 

junctions gave Ohmic I(V) characteristics with resistance less than 2 Ω.  The yield of the 

devices is around 60-70%. 
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Figure 3.4  Schematics of variable temperature I(V) measurements.  Blowup is a 

picture of sample stage on sample dipstick, with 16-pin packaging sockets 

mounted on a copper plate. 
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Chapter 4 Metal-SAM Contact Barrier 

 

In charge transport cross a metal-SAM-metal system, both the electronic structure 

of the SAM and the metal-SAM coupling play important roles.  Given the simplest 

conjugated SAM, one can study the effects of metal-SAM contact.  The most well known 

and studied SAM-metal system is thiolate on gold surfaces [1-5].  Reed et al [6] have 

measured transport properties through a gold-thiolate SAM-gold junction.  They 

proposed that the current is largely limited by Au-S contacts, later confirmed by 

theoretical calculations of Di Ventra et al [7].  Recently, Vondrak et al [8] reported that 

the interfacial electronic structure of thiolate SAM on metal surfaces is dominated by σ* 

orbitals localized to the C-S-Metal anchor, strongly coupled to the metal substrate, and is 

independent of the nature of the backbone, further emphasizing the importance of the 

interface metal-SAM contact.  In this chapter we will discuss a second type of SAM-

metal junction, specifically 1,4-phenylene diisocyanide with metal (Au or Pd) contacts 

[9].  This system has significant electronic advantages over the thiol and other Group VI 

systems (e.g., Se, Te) [10]. 

 

4.1 Introduction  

 

To understand the electrical conduction of a metal-molecule system, the energy 

level matching (or, mismatching) of the available electrons in the metal (the Fermi level) 
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and the available molecular orbital in the terminal molecule must be considered.  In 

general, the Fermi level of the metallic contact does not energetically line up with either 

the HOMO or LUMO levels in the molecule [11].  This mismatch gives rise to a contact 

barrier, analogous to a Schottky contact.  Electron (or hole) transport through such a 

contact will exhibit a range of phenomena, depending on the height of the barrier, the 

effective barrier thickness, and the presence of defects; the most prevalent are thermionic 

emission, direct tunneling, and defect-mediated transport such as hopping [12-14].   

 

4.1.1 Conduction Mechanisms 

 

Table 4.1 lists the possible conduction mechanisms with their characteristic 
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Table 4.1  Possible conduction mechanisms. 
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behavior, temperature dependence, voltage dependence, and schematic band diagrams.  

Schottky emission is a process in which carriers overcome the metal-dielectric barrier by 

thermionic emission, whose current is a strong function of temperature.  The extra 

voltage term on the exponential lowers the barrier at the metal-insulator interface due to 

image-force correction.  Frenkel-Poole (FP) conduction is due to field-enhanced thermal 

excitation of trapped electrons into the conduction band, a process similar to Schottky 

emission.  Instead of the metal-dielectric barrier height found in Schottky emission, the 

barrier height in FP conduction represents the depth of the trap potential with respect to 

the edge of the conduction band.  Its current has the same temperature dependence as that 

of Schottky emission, but with different voltage dependence.  As seen from its 

characteristics, the barrier lowering is twice that observed in Schottky emission, because 

of the immobility of the positive charge associated with the trap.  Hopping conduction 

refers to the process in which thermally excited electrons hop from one isolated state to 

the next, whose conductance also depends strongly on temperature.  Different from 

Schottky emission, there is no barrier lowering effect.  The tunneling processes (both 

Fowler Nordheim tunneling and direct tunneling) do not depend on temperature (to first 

order), but strongly depend on film thickness and voltage.   

For a given metal- dielectric film-metal system, certain conduction mechanism(s) 

may dominate in certain voltage and temperature regimes.  For example, Schottky 

emission usually plays an important role at high temperatures and low barrier heights; 

Frenkel-Poole conduction will dominate if there is a high density of traps in the 

dielectrics; tunneling current will be a major contribution if the dielectrics is thin and 

under high voltage biases; and for a dielectric film that has a very low density of 



 79

thermally generated free carriers in the conduction band, hopping conduction is more 

likely to be observed, especially at low applied voltages and high temperatures. 
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Figure 4.1. Dependencies of lnJ vs V1/2 for thermal emission, hopping, 

and tunneling transport.  The effect on thermionic emission for two 

different barrier heights is shown; for Φth2 (1.0 eV) > Φth1 (0.5 eV), the 

thermionic emission component drops (exponentially).  The effect of 

defect (e.g., hopping) conduction is shown for different defect densities 

(1.25 N0 > N0 > 0.85 N0) even though the hopping barrier may be the 

same (∆Eh = 0.5 eV).  Tunneling component (with Φtunnel = 0.5 eV) is 

much smaller than the others.  Depending on the value of Φth, ∆Eh, 

N, and Φtunnel one may observe different mechanisms; e.g., both are 

observable for Φth1 and N0, if ∆Eh = Φth1.    
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To elucidate the dominant specific mechanism and effective barriers, we 

schematically plot the current density lnJ versus V1/2 for thermal emission, hopping, and 

tunneling transport as shown in Figure 4.1.  The effect of thermionic emission for two 

different barrier heights (Φth ) is shown for Φth2 (1.0 eV) > Φth1 (0.5 eV).  The effect of 

defect (e.g., hopping) conduction is shown for different defect densities N (1.25 N0 > N0 

> 0.85 N0) even though the hopping barrier may be the same (∆Eh = 0.5 eV).  The 

tunneling component (with Φtunnel = 0.5 eV) is shown for the same barrier, it has a 

significantly smaller contribution than the other mechanisms.  Depending on the value of 

Φth, ∆Eh, N, and Φtunnel one may observe different mechanisms; e.g., both thermionic 

emission and hopping are observable for a barrier of 0.5 eV and defect concentration of 

N0, if ∆Eh = Φth1 = 0.5 eV.  With the same barrier heights, if the defect density is too 

high, e.g., 1.25 N0, only hopping conduction can be observed; on the other hand, if the 

defect density is low enough, in this case, 0.85 N0, one will only observe thermionic 

conduction.   

Previous work on self-assembled thiol-terminated (but asymmetric) oligomers 

illustrated that one can deduce the basic transport mechanisms (illustrated in Figure 4.1) 

by measuring the I(V,T) characteristics.  In previous work, it has been found that the 

physisorbed aryl-Ti interface gave a thermionic emission barrier of approximately 0.25 

eV [15], whereas the Au-thiol (and other group VI termini such as Se and Te) bond 

exhibited a hopping barrier of roughly 0.2 eV [10].  This is consistent with other transport 

measurements on a single molecule [6] that measured an apparent gap of 0.7  
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eV and the interpretation of the observed gap as the mismatch between the contact Fermi 

level and the LUMO of the molecule was supported by theoretical calculations [7].  That 

is because the contribution from the 0.2 eV defect-mediated hopping barrier (not present 

in the single molecule experiment) is significantly larger than that from the 0.7 eV barrier 

symmetric structures.  The measured I(V) should not (and does not, Figure 4.2) show the 

resultant rectification of such a barrier asymmetry. 

In this work, we investigate two new aspects of through-bond electronic 

conduction in the nanopore configuration, namely; a) the transport through the self-

assembled functional termini of isocyanides, and its effective electron transport barrier; 

and b) a symmetric termini-metal contact structure. 
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Figure 4.2  I(V) of Pd-SAM-Pd junction at 290 K. 
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 4.1.2 Isocyanide SAM 

 

Unlike the extensive research on thiol SAMs, very little has been reported on 

isocyanide SAMs.  Angelici et al. reported the binding of aryl isocyanides to gold powder 

[17-18], whose infrared spectroscopy measurements on 1,4-phenylene diisocyanide-gold 

show there exists two CN bands; an unbound CN, and a CN bound perpendicular to gold.  

Henderson et al [3] studied surface structure properties of aryl diisocyanides on gold film 

deposited on silicon substrate and reached the same conclusion.  

Isocyanides have a high affinity for transition metals, e.g., W, Pd, Pt etc.  When it 

binds to metal surfaces, it forms so-called “backbonding” [19].  In the language of 

molecular orbital theory, that means that the metal (e.g., Pd) d orbital overlaps with the 

π* orbital of the ligand, e.g., isocyanide (Figure 4.3a).  In this way, the delocalization of 

the electron density occurs via the overlap of d orbitals on the metal with orbitals of the 

ligand.  The electron density is shifted via the π bond from the metal atom to the ligand.  

The greater the amount of metal-C π bonding is, the less π bonding can occur between C 

and N, giving rise to the partial double bond resonance structure as illustrated in Figure 

4.3b.  The metal-1,4 phenylene-diisocyanide-metal thus form a delocalized dπ-pπ-dπ 

system (Figure 4.4a), whereas Au-1,4 dithiol benzene-Au forms a σ -pπ-σ system (Figure 

4.4b).  For symmetry reasons, the delocalized π  states within the conjugated molecule 

can not couple strongly to the localized σ  states at the interface.  These σ states do not 

serve as efficient “bridging states” between the molecule and the metal.  Therefore we 

expect a smaller contact barrier in CN-metal (e.g., CN-Pd) system with dπ-pπ-dπ orbital 

overlap than that in S-Au system with σ -pπ-σ orbital overlap. 
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Figure 4.3  (a) π bond between d orbital on Pd and antibonding orbital (π*) on 

the isocyanide group; (b) partial double bond resonance between Pd and CN. 
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4.2 Au-Isocyanide-Au Junctions 

 

Electronic measurements were performed in a nanostructure that has a metal top 

contact, a self-assembled monolayer (SAM) active region, and a metal bottom contact.  

This nanostructure is similar to that reported previously [20], and its fabrication process 

is described in chapter 3 (summarized in Figure 4.5).  To deposit the SAM layer onto the 

first metallic contact, the sample is transferred immediately into 1 mM 1,4-phenylene 

diisocyanide in toluene (Aldrich) under an inert atmosphere of Ar.  After 48 hours, the 

sample is taken out, rinsed with fresh toluene, and gently blown dry with N2 gas.  It is 

then loaded into a high vacuum chamber right away for the top layer metallization and 

characterized as discussed in Chapter 3.  

Although the Au-isocyanide SAM-Au system appears to be symmetric, there is a 

subtle difference in the two SAM-metal interfaces formed during the fabrication process 

(Figure 4.5).  The first interface is formed when isocyanide chemisorbs onto gold surface; 

the second interface is formed when gold is evaporated onto isocyanide as pointed out in 

Figure 4.5.  We refer to them as the chemisorbed contact, and the evaporated contact, 

respectively. 
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Figure 4.5  Schematics of device fabrication: (a) cross section of a silicon 

wafer with a nanopore etched through a suspended silicon nitride 

membrane; (b) Au-SAM-Au junction in the pore area; (c) blowup of (b) 

showing 1,4-phenelyene diisocyanide sandwiched in the junction, with the 

chemisorbed and evaporated contacts pointed out by the arrows. 
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To determine the effective transport characteristics, I(V,T) measurements are 

performed from 300 K to 20 K with the voltage swept between -1 to +1 V17.  Figure 4.6 

shows the I(V) characteristics of a gold – isocyanide SAM – gold junction from 20 K to 

300 K with 20 K increments.  Positive bias corresponds to electron injection from the 

evaporated metal-SAM contact.  Current changes five orders of magnitude over 300 K 

 

                                                           
17 At low temperatures (~ 40 K), biases higher than 1 V are applied. 

Figure 4.6  I-V characteristics of a Au-isocyanide SAM-Au junction 

from 20 K to 300 K, with 20 K increment.  Positive bias corresponds 

to electron injection from evaporated SAM-gold contact.  The curves 

at 20 K and 40 K overlap with each other.  
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and freezes out at low temperature.  This dramatic change of current with temperature 

suggests an activated type of behavior.  Figure 4.7 illustrates reduced I(T) characteristics 

at various voltages; one sees that the dependence of ln(I/T2) vs 1/T (0.1V to 1 V) has a 

clear linear dependence at biases less than 0.7 V.  This dependence is characteristic of 

thermionic emission [12-14], where 

      (4.1) 

where A* is the effective Richardson constant multiplied by the current injection area,  

 

Φ the thermal emission barrier height, k is Boltzmann’s constant, q the electron charge, ε0 

the vacuum dielectric constant, ε the relative dielectric constant of the isocyanide SAM, 
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Figure 4.7  Series of plots of ln(I/T2) vs 1/T at biases from 0.1 V to 1.0 

V at 0.1 V increments, for the Au-SAM-Au junctions.  All the straight 

lines are χ2 fits for respective data sets. 
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and d the thickness of the film18.  For V > 0.7 (E ~ 7 MV/cm), deviation from a linear 

dependence is observed; the origin is not known, but it is probably due to high field 

breakdown effects.  One possible scenario is that at high field, impact ionization 

generates electron-hole pairs, and the resulting hole current cancels the electron injection. 

 Below 0.1V, the dependence does not have the voltage dependence characteristic 

of thermionic emission, and instead one finds a linear dependence of ln(I/V) vs 1/T.  This 

dependence is characteristic of hopping conduction, where 

ln(I/V) = f(N) - ∆E/(kT)    (4.2) 

where ∆E is the activation energy to hop from one site to another and f(N) is a function of 

the trap concentration [14].  Figure 4.8 shows this dependence in the regime of bias less 

than 0.1 V.  Whereas the physical interpretation of the thermionic transport barrier is 

clearly the molecule-metal contact potential, the physical sites giving rise to hopping 

transport is less well defined.  Structural defects in the nanopore, or edge defects are 

potential candidates for the low-bias defect-mediated transport.   

To determine the energetic barriers, we plot the slope of (ln(I/T2) vs 1/T) vs V0.5 

in Figure 4.9.  For the isocyanide-Au contact, we obtain for 0.1V < V < 1V, the intercept 

of the line fit gives –qΦ/k, with a thermionic barrier of Φ = 0.38 (±0.01) eV; the slope of 

the line fit gives a/k, where a = q(qΦ/(4πε0εd))0.5, with the dielectric constant of the 

isocyanide film ε of 3.5.  The effective Richardson constant can be obtained from Figure 

4.7.  With a device area of 300 x 300 Å2, the effective  

                                                           
18 The length of 1,4 phenylene- diisocyanide is calculated to be 10 Å with the molecule 

oriented normal to the gold surface.  It agrees with the ellipsometry measurement by 

Henderson et al.  
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Figure 4.9  Plot of the slope of (ln(I/T2) vs 1/T) vs V0.5: at 0 < V < 0.1 V, no bias 

dependence; at V > 0.1 V, linear dependence.  Thermal barrier height of the Au-

SAM-Au junction can be deduced from the intercept of the straight line. 
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Richardson constant was found to be around 120 A/cm2 at low electrical field, and 40 

A/cm2 at high fields (E > 7 MV/cm).  This could be caused by reduced effective area at 

high current density/high electrical fields around non-uniform metal-SAM interfacial 

regions.  For 0V < V < 0.1 V, the slope does not depend on bias voltage.  A hopping 

barrier of ∆E = 0.3 (± 0.01) eV is obtained from the slope (ln(I/V) vs. 1/T) of Figure 4.8. 

When the junction is biased in the reverse direction such that electrons are 

injected from the chemisobed Au-isocyanide contact, similar activation behavior is 

observed from –0.01 V to –1V (Figure 4.10).  The current changes more than five orders 

of magnitudes over 200 K at both low and high bias regime.  The barrier height is 

determined in Figure 4.11, where the slope of (ln(I/T2) vs 1/T) was plotted against V0.5.  

The intercept of the line fit gives a thermionic barrier of Φ = 0.35 (±0.01) eV and an  
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effective Richardson constant of 120A/cm2.  As schematically denoted in Figure 4.1, the 

observation of the various mechanisms in a given junction will depend on both the 

magnitude of the various barriers and the defect density.  If the thermionic emission 

barrier is too large, such as in the case of thiol-like termini onto Au, only the hopping 

barrier would be observable.  As defect-mediated conduction is a complicated function of 

trap concentration and details, a significantly more extensive study would be necessary to 

elucidate the nature and effects of process on the defects.  The present study serves to 
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identify the characteristic energy, although the origin and density (and thus the current 

magnitude) is not well controlled.  From our experiment, under negative bias 

(chemisorbed metal-SAM contact), we only observe thermionic emission, with an 

unobservable defect component.  Under positive bias (evaporated metal-SAM contact), 

the defect component is larger, and we observe both simultaneously.  The above result 

suggests that defects are likely located at the evaporated metal-SAM interface, possibly 

introduced during metal evaporation onto organic film surface.  
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4.3 Pd-Isocyanide-Pd Junctions 

 

Because the fabrication technique is generalizable to different termini and metals, 

it is easy to compare the effects of different contacts.  Utilizing the same fabrication 

technique but instead substituting the metal Au with Pd, Pd-1,4-phenylene diisocyanide –

Pd junctions were fabricated and measured as before.  Figure 4.12 shows the I(V) 

characteristics from 50 K to 290 K at 20 K increment when electrons were injected from 

the chemisorbed Pd-isocyanide contact.  Notice that currents are larger than those of Au-

Figure 4.12  I-V characteristics of a Pd-isocyanide SAM-Pd 

junction from 50 K to 290 K, with 20 K increment.  Negative 

voltage bias corresponds to electron injection from chemisorbed 

SAM-Pd contact.  The axes are converted into positive values 

such that I can be expressed in ln scale. 
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SAM-Au junction as shown in Figure 4.6, suggesting a smaller contact barrier.  Figure 

4.13 shows plots of: (a) ln(I/V) vs 1/T (low bias), illustrating hopping conduction; and  
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(b). ln(I/T2) vs 1/T (high bias), illustrating thermionic emission.  The barrier heights are 

obtained in Figure 4.14 which illustrates the slope of (ln(I/T2) vs 1/T) vs V0.5 at negative 

bias, and we have: (a) for -0.1 < V < 0 V, a hopping barrier of ∆E = 0.19 (± 0.02) eV; (b) 

for V < -0.1V, a thermionic emission barrier of Φ = 0.22 (± 0.02) eV, with a fitted 

Richardson constant of 130 A/cm2 at low field and 30 A/cm2 at high electrical field (E > 

5 MV/cm).  The larger fitted Richardson constant could be caused by deviation in device 

area, while the smaller fitted Richardson constant could be due to reduced effective area 

at high current density/high electrical fields around non-uniform metal-SAM interfacial 

Figure 4.14  Plot of the slope of (ln(I/T2) vs 1/T) vs V0.5: at -0.1 V < 

V < 0, no bias dependence; at V < -0.1 V, linear dependence. 

Thermal barrier height of the Pd-SAM-Pd junction can be deduced 

from the interception of the straight line. 
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regions.  In this case, the unidentified defect component was large enough such that both 

thermionic and hopping are observed.  When electrons are injected from the evaporated 

Pd-CN contact, the defect component is so large that only hopping is observed, with a 

barrier height of 0.21 (± 0.02) eV. 

As seen from above results, the contact barrier between Au-isocyanide SAM is 

larger than that of Pd-isocyanide SAM.  The difference is most likely caused by different 

electronic configuration between the two metals.  In the noble metal Au, d-shell is 

completely occupied and there is a single valence s electron on the outer shell.  The 

Fermi level of Au lies far enough above the d-band for the s-band to intersect εF (Fermi 

surface) at points where it is still quite similar to free electron band [21].  Consequently, 

the Fermi surface of Au is a slightly distorted free electron sphere.  In the transition metal 

Pd, electrons are regarded as occupying overlapping s- and d- bands [22].  Unlike noble 

metals, d-band in transition metals extends through the Fermi energy.  When levels on the 

Fermi surface are d-derived levels, the Fermi surface no longer resembles slightly 

distorted free electron sphere.  According to Mott [23], the valence electrons (of Pd) are 

shared between a wide, low density of states s-band and a narrow, high density of states 

d-band.  This high density of states arises because the spatial extension of the d-electron 

wave functions is much less than that for the s-electrons, with consequently less overlap 

from atom to atom.  Hence the d-band is narrower, yet it has to accommodate ten 

electrons compared to the s-band’s two.  Shown in Figure 4.15 are some qualitative 

features of the d-band and s-band contributions to the density of states of a transition 

metal [After Reference 21].  In a word, d-band plays a dominant part in the electronic 

properties of a transition metal such as Pd.  When Pd is brought into contact with 
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isocyanide ligand, its d orbital overlap with the π* orbital of ligand and forms a dπ-pπ 

bond.  However, when Au comes into contact with isocyanide, since its d-bands lie far 

below the Fermi surface, it can not “backbond” to isocyanide effectively.  The 

delocalization between Au and isocyanide is therefore not as efficient as that between Pd 

and isocyanide.  This could be responsible for the larger barrier height measured in Au-

isocyanide SAM junctions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15  (After Reference 21) Some qualitative features of the d-band and 

s-band contributions to the density of states of a transition metal.  The d-band 

is narrower and contains more levels than the s-band.  Consequently when the 

Fermi level (separating the shaded and unshaded regions) lies within the d-

band, the density of states g(εF) is very much larger than the free-electronlike 

contribution of the s-band alone.  (From J. M. Ziman, Electrons and Phonons, 

Oxford, New York, 1960.) 
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4.4 Localized States in Metal-SAM-Metal Junctions 

 

 Occasionally observed in some of the metal-isocyanide-metal19 samples is a 

stepwise increase in current as shown in Figure 4.16.  The observed stepwise current 

increase usually occurs at low bias voltage (tens of meV) for both polarities, symmetric 

or asymmetric; and it is most distinct at low temperatures20, disappearing around 30 K.  If 

the devices were taken to high electrical field regime (e.g., 10 MV/cm), the steps could 

degrade; otherwise, they are reproducible.  This phenomenon has been observed on 

samples from different wafers and from different fabrication batches.  It accounts for 

roughly 10% of the investigated working devices, with the other 90% exhibiting normal 

Schottky/hopping conduction.  The stepwise increase in current is very similar to that 

observed in the impurity states in heterostructure semiconductor devices [24].  The peak 

positions and widths are summarized in Table 4.2.  We notice that the energetic spacings 

are around tens of meV.   

I(V) and dI/dV vs. V characteristics of a Au-SAM-Au junction at different 

temperatures are illustrated in Figure 4.17.  Listed in Table 4.3 is a summary of width, 

thermal broadening at temperature T (3.5kBT), and current step size at different 

temperatures of the Au-SAM-Au junction from I(V) characteristics in Figure 4.17.  It  

 

                                                           
19 It is observed in both Au and Pd contacts with isocyanide SAM. 

20 The lowest temperature obtained in the experiments is 1.5 K. 
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Figure 4.16  I(V) characteristics and dI/dV vs. V in a (a) Au-SAM-Au 

junction at 1.5 K; (b) Pd-SAM-PD junction at 1.67 K.  
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 E+2    Width E+1       Width E-1        Width E-2       Width 

Au-SAM-Au 93 3 41 3.5 79 2.2   

Pd-SAM-Pd 94 3 54 9 53 9 71 3 

Error bars ±1 ±0.5 ±1 ±0.5 ±1 ±0.5 ±1 ±0.5 

Table 4.2: Localized levels and their widths (full width at half maximum) in Metal-

SAM-Metal junctions, all in meV.   E+1 and E+2 are the first and second peak 

positions under positive bias; E-1 and E-2 are the first and second peak positions under 

negative bias. 

Figure 4.17  (a) I-V and (b) dI/dV vs. V characteristics of Au-SAM-Au 

junction at different temperatures. 
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T (K) Width (meV) 3.5kBT (meV) ∆I step (pA) 
1.5 2.2 0.45 13.4 

4.2 3 1.3 13.9 

7 6 2.1 22.5 

11 7 3.3 16.5 

30 9 9.1 9 

 

is noticed that the magnitude of current step does not change monotonously with 

temperature; it first increases with increasing temperature (1.5 K ≤ T ≤ 7 K), then 

decreases at higher temperature (T > 7 K).  We list in Table 4.3 the width21 of the 

conductance peaks, i.e., the width of the current steps, and 3.5kBT, which is the expected 

thermal broadening if we assume that the level width is determined by the Fermi 

distribution.  Note that all the widths are larger than thermal broadening before the 

current steps disappear around 30 K.  This is because only part of the applied voltage can 

drop across the localized state.  We assume a voltage to energy conversion factor α 

which determines by how much the localized state is pulled down in energy relative to 

the Fermi level of the left electrode when a bias V is applied; and it can be obtained by 

comparing the width with thermal broadening 3.5kBT as plotted in Figure 4.18.  An α of 

0.4 fits well the experimental width and thermal broadening.  There is some deviation at 

7 K, coincident with an unusually high current step value as shown in Table 4.3.  The 

                                                           
21 All the widths referred to here are full width at half maximum. 

Table 4.3  Comparison of width, thermal broadening (3.5kBT) and current 

step size at different temperatures of a Au-SAM-Au junction from I(V) 

characteristics in Figure 4.17.   
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width seems to saturate below 3K, which could be due to the intrinsic line width of the 

state. 

 

There are two obvious possibilities as to the origin of the observed stepwise I(V) 

characteristics: Coulomb staircase of a metal cluster or clusters, which might have 

separated from the gold electrodes and migrated into the SAM layer; or tunneling through 

unknown localized states of the isocyanide layer itself.  We will discuss both possibilities 

as follows.  

Consider a metal particle trapped between the top and bottom electrodes in the 

SAM, forming a metallic island as sketched in Figure 4.19a.  For the simplest case, we 

assume that the particle is located in the middle of the junction.  When an electron 

tunnels to a metallic island with capacitance C, the potential on the island will be changed 

by Ec = e2/2C (Figure 4.19b).  Transport through the junction will be blocked at biases 

less than Ec/e; greater than that, it is energetically possible for an electron to tunnel to the 
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Figure 4.18  Width and thermal broadening as a function of temperature. 
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island, causing an increase of 2Ec in the relative level of the island chemical potential.  

The hopping of the next electron will be inhibited unless the voltage at the electrode is 

raised high enough to compensate for the charging energy of the island.  This process will 

be observable if e2/2C >> kBT, and the barrier resistance R exceeds the quantum 

resistance Rk, i.e., R >> Rk = h/e2 =26 kΩ [25].  Both these conditions appear to be 

satisfied.  For instance, in the Pd-SAM-Pd junction case, the charging energy e2/2C is 53 

meV >> kT = 0.14 meV, at T = 1.67 K; and R ≈ 4 GΩ, is also larger enough than Rk.   

To add an additional electron to the island, the total energy required is 2Ec + ∆E, 

where ∆E is the mean level spacing in a metal island (Figure 4.19c).  If we take the 

density of states to be 0.094 x 1023 /eVcm3 [26], with a volume of (2.12 x 0.5) nm3, the 

expected mean level spacing is 48 meV, giving 2Ec + ∆E ~154 meV, larger than the peak 

spacing we observed (20-40 meV).  Therefore, it is less likely that the step increase we 

observed is caused by interstitial metal particles trapped in the junction.  Roth et al [27] 

observed similar step current increase in gold-LB film-gold micro-junction.  They 

interpreted their observation as Coulomb staircase of a gold cluster trapped in between 

the electrodes.  The LB film they used is thicker than 8 nm, allowing much bigger gold 

clusters (approximately one order of magnitude larger in diameter than. those in our 

experiment), hence much smaller charging energy and mean level spacing. 

 The other possibility as to the origin of the observed stepwise current increase is 

tunneling into localized states in the isocyanide SAM.  These localized states could be 

introduced by defects in the synthesized isocyanide molecules themselves or structural 

defects (like domain boundaries) of the isocyanide SAM.  The current versus external  
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Ec = e2/2C

(b) 

Figure 4.19  Schematics of: (a) metal cluster in metal-SAM-

metal junction; (b) single electron charging energy; (c) energy 

level spacing of the metal island. 
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bias across such a metal-SAM-metal junction is proportional to the transmission 

probability through the junction, which depends upon the overlap between the localized 

state wave function and the entering electron wave functions.  Figure 4.20a illustrates the 

energy level schematics of a metal-SAM-metal junction with some localized states (E1, 

E2) in the SAM at zero external bias (V = 0).  The first current step occurs when the 

increase of external bias V (V = V1r) brings the Fermi level at the left electrode in 

resonance with the first localized state E1, increasing the transmission probability (Figure 

4.20b).  With further increase of bias (V = V2), current rises slowly, possibly contributed 

by inelastic scattering in the junction (Figure 4.20c).  Applying even higher voltage bias 

(V = V2r) will bring the next localized state level E2 below the Fermi level in the left 

electrode introducing another channel for transmission (Figure 4.20d).  If the two barriers 

are symmetric, the positive and negative peak positions should be symmetric.  The 

asymmetric resonance level positions observed in our experiment suggest asymmetric 

barriers to the evaporated and the chemisorbed contact.   

In general, the current through a single localized state can be expressed as: 

∆I(V) = e f / τ(V)     (4.3) 

where τ is the life time of the localized state, and f is the Fermi distribution function.  The 

sharpness of the current step edge is thus expected to decrease as temperature increases, 

due to the broadening of the Fermi distribution function.  The magnitude of the current 

can be written as, 

,
]/)(exp[1
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   (4.4) 
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where e is the electron charge, k is Boltzmann’s constant, α is the voltage to energy 

conversion factor, and Vc and Ic are the threshold voltage and current at the conductance 

maximum.  As seen from Figure 4.17 and Table 4.3, the magnitude of current step first 

increases with increasing temperature then decreases.  This complicated behavior could 

be caused by both change of the localized state itself with temperature and additional 

current superimposed upon tunneling current into the localized states.  To concentrate on 

the tunneling current through the localized states, we fit the conductance curves (instead 

of the current curves) in Figure 4.17 by comparing them with the derivative of Equation 

4.4 with respect to bias V.  An α of 0.34 ± 0.04 was obtained, close to that obtained in 

Figure 4.18. 

The origin of the (possible) localized states in SAM layer has not been identified.  

One possibility is that there exists a structural defect in the SAM layer, giving rise to 

polaron-like states [28].  Further experiments under magnetic fields could help to 

elucidate this phenomenon.  For instance, it is known that bipolaron transport gives rise 

to spinless transport in poly(p-phenylene) [28]. 
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Figure 4.20  Energy level schematics of metal-SAM-metal with localized states. 
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4.5 Conclusions 

 

Metal Au Pd 

Chemisorbed Contact 0.35 ± 0.01 eV, thermionic 0.22 ± 0.02 eV, thermionic 

(0.19 ± 0.02 eV hopping at 
low bias) 

Evaporated Contact 0.38 ± 0.01 eV, thermionic 

(0.3 ± 0.01 eV hopping at low 
bias) 

0.21 ± 0.02 eV hopping 

 

Table 4.4 summarizes the results of the transport barriers of through-bond 

transport of isocyanide on the metals measured in this study.  It is observed that thermal 

emission is the dominant conduction mechanism in chemisorbed metal-isocyanide 

junctions, while in the evaporated metal-isocyanide contact, both hopping and thermal 

emission can play an important role depending on the defect level introduced during the 

fabrication process.  The barriers of both the chemisorbed and the evaporated contact are 

approximately the same, which is expected given the symmetry of the structure.  It 

appears that the hopping component in the chemisorbed metal-molecule junction is less 

significant than that in the evaporated metal-molecule junction, which suggests that there 

are less defects in the chemisorbed metal-molecular interface.  Overall, the Pd-CN 

contact barrier is smaller than that of a Au-CN junction.  The technique reported here 

elucidates the relevant electronic transport barriers and conduction mechanisms of 

 
Table 4.4  Summary of the contact barriers and conduction mechanisms for various 

metal-isocyanide SAM interfaces. 
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through-bond metal-molecule contacts, which have been possible through the 

implementation of microfabricated electronic devices utilizing SAMs.  The technique 

should be applicable to a large range of inorganic and biomolecular transport 

measurements, to quantitatively measure the dominant electron transport mechanisms. 
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Chapter 5 Molecular Switches and Memories 

 

Electronic switching and memory effects are known to exist in a wide variety of 

inorganic and organic materials.  In 1979, Potember et al. [1] reported bistable, 

reporducible, and nanosecond electronic switching and memory phenomena in an 

organometallic charge-transfer (CT) complex salt CuTCNQ formed by TCNQ (7, 7, 8, 8-

tetracyano-p-quinodimethane), which acts as an electron acceptor with metallic copper as 

the electron-rich donor.  In these materials the switching and memory phenomena are 

given rise to by the field assisted structural changes such as phase transitions, 

crystallization, and metal filament formation assisted by highly localized Joule heating.  

However, the electronic behavior of these materials is mostly not stable or reproducible, 

and usually requires high switching voltage [2].   

In this chapter, we will discuss stable and reproducible switching and memory 

effects in SAM.  We first present results on conformation-induced transition behavior in 

porphyrin-based SAM; then demonstrate the realization of stable and reproducible large 

negative differential resistance (NDR) and charge storage in electronic devices that 

utilize single redox-center-contained SAM as the active component.  The devices exhibit 

electronically programmable and erasable memory bits with bit retention times greater 

than 15 minutes at room temperature.   
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5.1 Conductor-Insulator Transition Caused by Molecular 

Conformation  

 

 Molecular conformation22 is one of the most important aspects of chemistry.  

When molecular systems have sufficient degrees of freedom to adopt a variety of shapes 

or forms, some of these forms can be associated with stretching or bending of bonds.  For 

example, studies on mechanical distortions of bent nanotubes and crossing nanotubes 

show that they can exhibit substantial tubular deformations as well as bending and 

buckling, a factor in turn influencing their electronic transport characteristics [3]. 

On the other hand, molecular conformation is often associated with rotations of 

substituents around specific bonds.  Zhou et al. [4] observed that there exists a transition 

temperature below which the benzene rings of a tolane-like molecule assumes a 

perpendicular configuration, but a coplanar one above the transition temperature.  Their 

devices are nanoscale Au/Ti/ethyl-substituted 4,4’-di(phenylene-ethynylene)-

benzothiolate/Au junctions, fabricated using an inverted nanopore structure [4].  Their 

experiments show that current first decreases gradually as temperature varies from room 

temperature to 30 K due to thermal activation, then a sharp decrease of two orders of 

magnitude in conductance resembling a transitional behavior is observed around 25 K 

(Figure 5.1).  Calculations by Seminario et al show that the relative angle between two 

                                                           
22Structures that differ only by rotation about one or more bonds are defined as 

conformations of a compound. 
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benzene rings in each tolane molecule determines its conductivity, being maximum at 0˚ 

and minimum at 90˚ [6].  At 10 K, phenyl rings in the tolane molecules show very little 

tendency to rotate and perpendicular tolanes are more stable than parallel tolane 

molecules – giving rise to smaller conductivity; at 30 K, the tolane rings are able to freely 

rotate with respect to each other, allowing the tolane molecules to be planar at some 

instant in time, consequently reaching higher conductivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above experimental finding in the tolane-like molecule suggests that there 

should exist other molecular structures that have conformational changes capable of 

leading to different electronic properties.  In particular, conjugated molecules with higher 

Conducting

Non-conducting

coplanar

perpendicular

Figure 5.1  After Figure 5.12, Reference 4.  I-T characteristics at 

different biases (0.1-1V) of a Au/Ti/ethyl-substituted 4,4’-di(phenylene-

ethynylene)-benzothiolate/Au junction.  A sharp decrease in conductivity 

is observed around 25 K.
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conformation barriers thus higher transition temperatures can be very attractive because 

they have possible practical applications, e.g., a molecular thermal sensor.  Motivated by 

this, we have found similar insulator-conductor transition type of behavior with higher 

transition temperature around 160 K in a porphyrin based molecule P as depicted in 

Figure 5.2(a).  It has two σ-bonds, each of which is situated between the porphyrin core 

and the two phenyl groups of the ligand, which are partially free to rotate.  Figures 5.2(b) 

and (c)  
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Figure 5.2  (a) Molecular structure of P; (b-c) I-T characteristics of the 

porphyrin-based molecule P under (b) positive bias; and (c) negative 

bias. 
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 show the I-T characteristics of a Au-molecule P-Au junction at both positive bias (Figure 

5.2b) and negative bias (Figure 5.2c).  Sharp decrease of current over three orders of 

magnitude at around 160 K is observed for both bias directions.  The transition behavior 

could possibly be due to activation of certain rotational barrier in the molecule similar to 

that in the tolane molecule.  There could exist several rotational modes in P.  For 

example, rotation could happen in the tolane-like sub-unit in P, or around the two σ-

bonds that connect the porphyrin core and the two phenyl groups.  The observed change 

of conjugation of the molecule will be governed by its smallest rotational barrier.  Note 

that the activation barrier of the tolane-like sub-unit in P could be larger than 2 meV due 

to larger steric hindrance between the benzene ring and the porphyrin core.  Further 

theoretical simulation needed to compare the transition temperature with the observed 

160 K, which would correspond to a rotational barrier of 13 meV.  The transitional 

behavior could also be due to structural phase transitions in the porphyrin SAM where 

parallel conduction channels could be turned off at temperature below 160 K. 

From above, we have learned that by thermal means, one can change the 

conformation (rotation) of a molecule, thereby changing the conjugation of its molecular 

orbitals, leading to different conduction states.  Encouraged by this, we would like to 

explore possibilities of external excitations other than thermal that can change the 

conjugation of a molecule.  In the next section, we will present unique molecular 

structures that allow us to accomplish novel device functionalities. 
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5.2 Negative Differential Resistance (NDR) in Molecular 

Junctions  

 

5.2.1 A Brief Review of NDR Devices 

The discovery of NDR in semiconductor diodes has opened a new chapter in 

semiconductor device physics and device development [6-12].  Through the use of NDR 

devices, circuits with complicated functions can be implemented with significantly fewer 

components [13-18].  There are various NDR devices such as Esaki tunnel diode [6], 

Gunn effect diode [7], resonant tunneling diode [8], etc, caused by various physical 

mechanisms.  For example, Gunn effect diode, also known as transferred electron diode, 

is given rise to by a field-induced transfer of conduction band electrons from a low 

energy, high mobility valley to higher energy, low mobility satellite valleys [9].  We will 

discuss briefly Esaki tunnel diode and resonant tunneling diode as follows. 

Esaki Tunnel Diode 

NDR was first discovered by Esaki [6] in 1958 in a tunnel diode (a highly 

degenerate p-n junction).  The physical basis of the tunnel diode, which is also called the 

Esaki diode, is interband tunneling between the valence band and the conduction band.  

Figure 5.3 [after 12] shows the simplified energy band diagrams of the tunnel diode 

under various bias conditions.  Under reverse bias (Figure 5.3a), electron tunnels from the 

valence band into the conduction band; under small forward bias, electron can tunnel 
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from filled states on n side to available states on p side; when the forward voltage is 

further increased, there are fewer available unoccupied states on p side (Figure 5.3d); if 

forward bias is applied such that the bottom of the conduction band aligns with the top of 

the valence band, there are no available states to tunnel into, reaching valley current; with 

still further increase of forward bias, one will observe normal thermal current (Figure 

5.3e).  The fabrication difficulty associated with Esaki diode is to form an abrupt, heavily 

doped p+n+ junction with doping densities exceeding 1019 cm-3 reproducibly from run to  

 

Figure 5.3  Simplied energy-band diagrams of tunnel diode at (a): reverse bias; (b) 

zero bias, under thermal equilibrium, (c) forward bias such that peak current is 

reached; (d) forward bias such that valley current is reached; (e) forward bias with 

thermal current lowing.  After Reference 11. 
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run.  The peak current density (which has an exponential dependence on tunnel barrier), 

peak voltage, and PVR are all determined by the abruptness of the junction and the 

absolute impurity densities [17-18].   

Resonant Tunneling Diode 

 

 Another type of well-known NDR device is the resonant tunneling diode (RTD).  

Tsu and Esaki proposed resonant tunneling shortly after molecular beam epitaxy (MBE) 

appeared in the field of compound semiconductor crystal growth in 1973 [8].  A RTD 

typically consists of an undoped quantum well layer (GaAs) sandwiched between 

undoped barrier layers (AlGaAs) and heavily doped emitter and collector contact regions 

[16].  Resonant tunneling through the double barrier structure occurs when the energy of 

the electrons flowing from the emitter coincides with the energy of the quantum well 

state (resonant state) in the quantum well.  The conduction band diagram of a RTD under 

different bias conditions are shown in Figure 5.4.  The effect of the external bias, V, is to 

sweep the alignment of the emitter and resonant states (E0).  Thus a resonant tunneling 

current starts to flow when the Fermi level. EF in the emitter reaches the resonant state, 

which is called the threshold state of the RTD (Figure 5.4b).  The current reaches its 

maximum (Figure 5.4c) when E0 passes through the Fermi sea in the emitter and ceases 

to flow when E0 falls below the conduction-band edge in the emitter (the off-resonant 

state, Figure 5.4d).  One of the key fabrication issues of RTD is to minimize monolayer 

fluctuation during MBE growth, which determines the uniformity of peak currents.  
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Figure 5.4  Conduction band profiles of a double barrier RTD at (a) zero bias, 

(b) threshold bias, (c) resonance, and (d) off resonance.  EF is the local Fermi 

level in the emitter and EC is the energy of the conduction band edge in the 

emitter. 
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 There are also some organic switching devices that exhibit NDR behavior.  

Whereas their NDR behavior has been attributed to the formation of highly conducting 

filaments [19-21].  These filaments are formed by local joule heating which produces 

material rearrangement or even melting.  This type of organic switching devices is 

insensitive to the polarity of the applied field, but suffers from some material 

rearrangement or damage.  Besides, they also need high switching power consumption, 

and the type of metal that was used for contacts also plays an important role.  For 

instance, Gundlach et al have observed NDR in Al-(Al oxide)-arachidic acid-Al (or Au) 

junctions using L-B technique [19], but short circuits were observed when they used Au 

for both junction electrodes.  The presence of Al oxide is vital for their experiment to 

block leakage current around domain boundaries or defects in the L-B film (with sample 

area of approximately 1 mm2).  The NDR they observed is not repeatable.  

 In the next section, we discuss the realization of large NDR behavior and room 

temperature operation in an electronic device that utilizes special molecules as the active 

component.  Unlike in Esaki diode or in RTD, the monolayer thickness is determined by 

the SAM thickness, which inherently/ultimately solves the monolayer fluctuation 

problem at the interfaces.  Being different from bulk organic switching devices, our 

nanoscale NDR devices are both reproducible and reversible [22]. 

 

5.2.2 Large Peak to Valley Ratio NDR in Molecular Junctions  
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 A molecule containing a nitroamine redox center (2'-amino-4,4'-

di(ethynylphenyl)-5'-nitro-1-benzenethiolate) is used in the active SAM in the nanopore 

configuration discussed in Chapter 3.  Its structure is illustrated in Figure 5.5.  Apart from 

the ethynylphenyl based backbone, there is a redox center introduced in the middle 

benzene ring: the electron withdrawing nitro (-NO2) group and the electron rich amino (-

NH2) group. 

 

To deposit the SAM layer onto gold electrode, we transfer the prefabricated 

nanopores into a 0.5 mM 2'-amino-4,4'-di(ethynylphenyl)-5'-nitro-1-(thioacetyl)benzene 

(1a) [23] in THF solution.  The thioacetyl groups are then selectively hydrolyzed with 

ammonium hydroxide (concentrated aqueous 14.8M NH4OH, 5 µL per mg of 1a) in 

tetrahydrofuran (THF) to yield the free thiol, 2'-amino-4,4'-di(ethynylphenyl)-5'-nitro-1-

benzenethiol (1b), which then forms the thiolate, 2'-amino-4,4'-(diethynylphenyl)-5'-

nitro-1-benzenethiolate (1) upon exposure to Au after 48 hours [24] under an inert 

atmosphere of Ar.  The sample was then prepared and characterized as discussed in 

Chapter 3. 

Figure 5.5  The structures of active molecular compound 1, and its precursors, the 

free thiol 1b and the thiol-protected system 1a. 

Z

NH2

O2N
1a, Z = SCOCH3
1b, Z = SHNH4OH

1,   Z = S⎯ 
1c, Z = H 
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A device containing a SAM of conjugated molecules similar to 1 but not bearing 

the nitroamine functionalities was fabricated and measured in nearly identical conditions 

[4] and did not exhibit any NDR behavior (refer to section 5.1).  Therefore, the 

nitroamine redox center is responsible for the NDR behavior. 

Typical I(V) characteristics of a Au-(1)-Au device at 60 K are shown in Figure 

5.6.  Positive bias corresponds to hole injection from the chemisorbed thiol-Au contact 

and electron injection from the evaporated contact.  The peak current density for this 

device was greater than 53 A/cm2, the NDR is less than -380 µΩ-cm2, and the PVR is 

1030:1.  Unlike previous devices that also used molecules to form the active region [25], 

this device exhibits a robust and large NDR. Some device-to-device variations of peak 

voltage position (~x2) and peak current (~x4) were observed as shown in Figure 5.7.   
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Figure 5.6  I(V) characteristics of a Au-1-Au device at 60 K.  The peak current 

density is  ~50 A/cm2, the NDR is ~ -400 µΩ-cm2, and the PVR is 1030:1. 
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Curve clusters 1-3 are from three different devices (numbered 1 through 3, respectively) 

on two different batches of wafers fabricated.  Curves within each cluster are from the 

same device but from different runs at different time.  Device-to-device current 

fluctuations can be attributed to fluctuations in the pore diameter size.  As total voltage 

applied to the molecular junction can be divided into the voltage drop on the molecules 

and the voltage drop on the metal-molecule contacts, device-to-device peak voltage 

fluctuations can be caused by different voltage drops on the metal-molecule contacts.  As 

shown by Di Ventra et al [26], the detailed metal-molecule contact configuration plays an 

important part in the conductance of metal-molecular junction.  Different contact 

geometry caused by differences in fabrication processes, such as in etching and 

metallization, could result in different contact potentials.  Figure 5.7 suggests that the 

voltage drop on the metal-molecule contacts on device 3 is almost twice as much as that 

Figure 5.7  I(V) characteristics of Au-1c-Au devices at 60 K.  Curve 

clusters 1-3 are measured from different samples; while curves within 

one cluster are from the same sample but from different runs. 
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on device 1.  Further fine-tuning of the fabrication processes should improve uniformity 

and reduce device-to-device fluctuation.  

The I(V) curve is fully reversible upon change in bias sweep direction (from 

negative bias to positive bias) as shown in Figure 5.8; for a given device, small 

fluctuations (~1% in voltage peak position and ~6% in peak current) are observed with 

consecutive positive and negative sweeps but could be attributed to temperature 

fluctuations of ~2K (within the experimental thermal stability).  The performance 

exceeds that observed in typical solid state quantum well resonant tunneling 

heterostructures [27-30].  In addition to the obvious size advantages for scaling, the 

intrinsic device characteristics (that is, the valley current shutoff) may be superior to that 

of solid state devices.  The intrinsic PVR of the molecule may be considerably  

 

 

 

 

Figure 5.8  Forward (-2 → 6)V and reverse (6 → -2)V sweeps on Au-1c-Au 

junction at 60 K.  The inset shows the blowup of the sweeps around peak. 
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greater than that reported here because the valley currents observed (on the order of 

picoamperes) are comparable to typical leakage currents in the silicon nitride film.  At 

negative bias, when electrons were injected from the chemisorbed contact, the current 

level is approximately one order of magnitude smaller than that of positive bias as shown 

in Figure 5.9.  Negative bias corresponds to electron injection from the chemisobed thiol-

Au contact.  As discussed in Chapter 4, its contact barrier is around 0.7 eV, larger than 
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Figure 5.9  Full (-5, 5)V and negative (0, -5)V sweeps of a 

Au-1c-Au junction at 60 K.   
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the evaporated contact.  The rectifying behavior (I+: I- = 30:1) is most likely caused by 

the asymmetric metal-molecular contacts. 

 We would like to point out the details of I(V) measurements as follows: if a 

positive voltage sweep (referred to as S1+, e.g., from 0 to 2.5 V) is followed by a negative 

sweep (referred to as S1-, e.g., from 0 to –2.5 V), the following positive sweep (referred 

to as S2+, from 0 to 2.5 V) reproduces S1+ very well.  If a sweep is started from negative 

bias to positive bias (e.g., from –2.5 to 2.5 V), it always overlaps with consecutive 

sweeps, as shown in Figure 5.8.  If S1+ is followed immediately by a positive sweep (i.e., 

S2+), at low temperature, NDR is observed in both sweeps with less than a few percent 

shift in peak position and decrease in peak amplitude; at high temperature, different 

phenomena (memory effects) were observed and will be discussed in detail in Section 

5.3.  S1+s can be reproduced after negative sweeps (S-s).  In this section, we concentrate 

on the investigation of NDR behavior.  The positive curves shown here are S1+s.  The 

behavior of S2+s is very similar to that of S1+s at low temperatures.  In addition, S1+s and 

S2+s have very similar temperature dependences which will be shown in Section 5.2.6. 

 

5.2.3 Cyclic Voltammetry 

 

 To better understand the role of the nitroamine redox center in 1, cyclic 

voltammetry measurements are performed.  It indeed helps us to relate the 

electrochemistry charge-transfer characteristic to that observed in transport study. 

 
Principles 
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 Cyclic voltammogram (CV) is a very useful tool for studies of redox reactions at 

electrodes [31].  Voltammetry refers to the measurement of current that results from the 

application of potential.  The overall chemical reaction that takes place in a cell, 

consisting of two electrodes separated by electrolyte (schematics shown in Figure 5.10), 

is made up of two independent half-reactions. Each half reaction responds to the 

interfacial  

 

 

 

 

 

 

 

potential difference at each corresponding electrode.  Most of the time one is only 

interested in one of these reactions, and the electrode at which it occurs is called the 

working electrode.  The other half of the cell is standardized by using an electrode made 

up of phases having constant composition, referred to as reference electrode23.  By 

                                                           
23 The internationally accepted primary reference is the standard hydrogen electrode 

(SHE), or normal hydrogen electrode (NHE).  Depending on the specific system of 

interest, potentials (E0) are often measured and quoted with respect to reference 

electrodes other than the NHE.  However, one can always convert E0 to a potential 

relative to NHE.  One can also refer E0 with respect to the vacuum level.  This was 

accomplished by theoretical and experimental means, and one obtains an E0 value for the 

A 

Vs

Figure 5.10 Schematics of a electrochemical cell.  With two electrodes 

separated by electrolyte. 
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driving the working electrode to more negative potentials the energy of the electron is 

raised (Figure 5.11a), and they will finally reach a level high enough to occupy the vacant 

states on redox species in the electrolyte.  In this case, a flow of electrons from electrode 

to solution (a reduction current) occurs.  Similarly, the energy of the electrons in the 

working electrode can be lowered by imposing a more positive potential (Figure 5.11b), 

and electrons on solutes in the electrolyte will find a more favorable energy on the 

electrode and will transfer there.  This flow, from solution to electrode, is an oxidation 

current. 

 Two types of processes occur at electrodes: faradaic and nonfaradaic processes.  

One kind involves charge (e.g., electrons) transfer across the metal-solution interface that 

causes oxidation or reduction to occur (as discussed above).  These reactions are 

governed by Faraday’s law (i.e., the amount of chemical reaction caused by the flow of 

current is proportional to the amount of electricity passed), and are called faradaic 

processes.  Processes such as adsorption and desorption can occur, and the structure of 

the electrode-solution interface can change with changing potential or solution 

composition.  These processes are called nonfaradaic processes.  In a CV experiment, the 

potential of the working electrode is ramped linearly to a more negative potential (with 

respect to the reference electrode), and then ramped in reverse back to the starting 

voltage.  For the reduction, the scan is usually begun at a potential well positive of the 

reduction potential of the analyte (E0) and only nonfaradaic currents flow for awhile. 

                                                                                                                                                                             
Normal Hydrogen Electrode (NHE) at about –4.6 +/- 0.1 eV on the zero vacuum level 

scale. [32] [see diagram in Appendix A] 
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Figure 5.11 Schematic of (a) reduction and (b) oxidation process of a species M in 

solution. 
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When the electrode potential reaches the vicinity of E0, the reduction begins and faradaic 

current starts to flow.  As the potential continues to grow more negative, the surface 

concentration of analyte must drop; hence the flux of the analyte to the surface (and the 

current) increase.  As the potential moves past E0, the surface concentration drops to near 

zero, mass transfer of analyte to the surface reaches a maximum rate, and then it declines 

as the analyte is depleted.  The forward scan therefore produces a peaked current-

potential curve as shown in Figure 5.12.  As the applied potential is reversed, it will reach 

a potential that will reoxidize the product formed in the first reduction reaction, and  

 

produce a current of reverse polarity from the forward scan.  This oxidation peak usually 

has a similar shape to the reduction peak for essentially the same reasons.  A typical CV 

curve [33] is shown in Figure 5.13.  The upper peak corresponds to the reduction peak of 

Fe(III) to Fe(II), and the lower peak corresponds to the oxidation peak of Fe(II) back to 

Fe(III). 
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Figure 5.12  (a) Linear potential sweep starting at Ei; (b) resulting i-E curve. 



 133

 

 
Experiments 

As a control experiment, cyclic voltammetry measurements of compound 4, a 

molecule with very similar structure to 1 but without nitroamine redox center (Figure 

5.14), is first examined. The measurements are performed at room temperature on a BAS 

CV-50W voltammetric analyzer using a Ag/AgNO3 reference electrode, and using a 

solution of 1.0 M n-tetrabutylammonium tetrafluoroborate in dimethylformamide (DMF) 

with a scan rate of 100 mV/sec.  Figure 5.14 shows the cyclic voltammetry reduction 

curve, where no distinctive reduction peaks are observed within the range of interest.  

There is no interesting feature in the positive scan (oxidation reaction) either. CV 

measurements of compound 1c are performed under the same electrochemical conditions 

described above. 

Figure 5.13  Typical CV curve of 1 mM Fe (III) in 1 M HCl, 5M CaCl2, on carbon 

paste electrode.  The reference electrode is saturated calomel electrode (SCE), one 

of the most widely used standard reference electrodes.  After Reference 33. 
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Figure 5.15a shows the cyclic voltammetry reduction curve where the first and second 

reduction potentials for compound 1c are -1.70 V and -2.33 V, respectively.  There is no 

interesting feature in the positive scan (oxidation reaction).  Cyclic voltammetric 

measurements on the thiomethyl (SCH3) derivative of 1c (structure and CV shown in 

Figure 5.15b) show that its reduction potential and that of 1c differs by less than 0.05 V, 

confirming that sulfur containing functionality does not participate significantly in the 

electrochemical studies.  Therefore, the sulfur containing endgroups are omitted in 

further cyclic voltammetry studies.  The free thiol (1b) is not used since oxidative 

dimerization of the thiol could complicate the analysis, and the thioacetate (1a) could 

cleave in solution to the thiol, thereby confusing the studies. 

Figure 5.14  Cyclic voltammagram of compound 4, , 

shows no reduction within range desirable (0 to –2.2 V). 

4: 
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Figure 5.15 Cyclic voltammagram of (a) compound 1c, (b) the thiomethyl (SCH3) 

derivative of 1c show two distinct reduction peaks.  The reduction potentials of (a) 

and (b) differ by 0.05 V. 
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 5.2.4 Candidate Mechanisms  

 

A careful comparison between the electrochemistry experiments and the transport 

data of compound 1, shows that the width of the I(V) peak (~ 0.7 V) correlates well with 

the difference24 between the one-electron and two-electron peak reduction potentials 

(Ep1-Ep2= ∆Ep = 0.63 V and 0.68 V for 1 with Z = SCH3 and Z = H, respectively) [34].  

Whereas the NDR behavior is absent in the control molecule (no amine or nitro moieties) 

[4], no electrochemical reduction peaks are observed over the corresponding voltage 

range (Figure 5.14).  We recognize that the solution electrochemical properties are 

solvent and electrolyte dependent, and cannot be correlated directly with transport results.  

However, the solution studies suggest a facile reversible two-electron reduction that 

supports the suggested mechanism described below. 

We propose a two-step reduction process that modifies charge transport through 

the molecule to be a candidate mechanism for the NDR behavior, as illustrated in Figure 

5.16.  The upper part of the figure shows the schematics of the molecular junction, and 

the lower part show the density functional theory (DFT) simulation by Seminario et al 

[35].  We notice that the bias across the molecule is comparable to the bond strength in 

the molecule.  For example, the bond strength of a C=C double bond is 611 kJ/mol (= 

5.13 eV), while the external bias across a molecule can be as large as 2-3 V.  The bias is  

                                                           
24 Although the absolute value of the reduction potentials depends on the specific 

reference electrode used in CV experiments, the difference in the reduction potentials is 

independent of the reference electrodes used. 
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Figure 5.16  Potential mechanism for the NDR behavior.  The upper shows the 

schematics of the junction, the lower is the Density Functional Theory (DFT) 

simulation of lowest unoccupied molecular oribtal (LUMO) by Seminario et al.  As 

voltage is applied, the molecules in the SAM (A) undergo a one-electron reduction to 

form the radical anion (B) that provides a conductive state.  Further increase of the 

voltage causes another one-electron reduction to form the dianion, insulating state (C).
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no longer a small perturbation to the molecule, but can significantly change the electron 

distribution on the molecule.  To understand the transport through the system under 

external bias, the molecular orbitals have to be solved self-consistently with external 

bias25.  There is a radical difference of energy bands between bulk materials and single 

molecules.  In bulk materials, energy bands are formed from the interaction of large 

number of atoms and electron transfer does not affect the rigid bands, whereas in single 

molecules, bands are much more flexible.  It has been known that the HOMO-LUMO gap 

of a molecule can be significantly changed when electron crosses it.  For example, the 

HOMO-LUMO gap in neutral benzene is 6.78 eV and decreases to 3.82 eV for the 

positive ion and to 3.81eV for the negative ion [35].  Figure 5.16a shows the LUMO at 

zero bias.  The electron amplitude on the lower ring is very small, and the molecule is in 

a high impedance state.  As the voltage is increased, the molecule initially undergoes a 

one-electron reduction (Figure 5.16b), thereby supplying one unit of negative charge to 

the molecule.  The energy cost of adding one unit of charge onto a single molecule is 

large so that it is not surprising to see a dramatic change of LUMO under this bias 

(Figure 5.16b).  It extends across the entire molecule, and the conduction is turned on.  A 

further increase in voltage causes a second-electron reduction (Figure 5.16c).  The 

LUMO changes accordingly.  At this bias, it disconnects on the lower ring of the 

molecule.  The conduction channel is shut off.   

                                                           
25 The commercially available software packages for the simulation of molecular orbitals 

are mostly on gas phase molecules.  They fail to provide an external reservoir (like bias) 

to solve the problem self-consistently. 
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The NDR observation cannot be explained by the Coulomb blockade of 

interstitial metal particles.  As discussed in Chapter 4.4, two-terminal localized state 

transport gives rise to current steps and not switching behavior. 

The concept of redox reaction induced conductivity change is not new.  However, 

bistable switching but not NDR behavior was observed.  On some of the early studies on 

charge transfer complex, Potember et al [36] postulated a field-induced, solid-state, 

reversible electrochemical redox reaction results in mixed-valence species26.  It was 

believed that the mixed-valence species have higher conductivity than the original 

charge-transfer complexes [37].  Integral charge species are semiconductors due to their 

filled HOMO orbitals which usually show non-ohmic behavior in the switching devices, 

consistent with cyclic voltammogram results on the integer oxidation state metal 

complex.  In contrast, in nonintegral charge (mix-valence) species, there are more anions 

than there are unpaired electrons, and electrostatic repulsion of charge carriers is kept at 

minimum by allowing conduction electrons to occupy the empty molecular orbital; they 

display high conductivity and usually show ohmic behavior. 

Collier et al [38] have recently shown that an L-B film of rotaxane is capable of 

irreversibly switching from on to off under application of an oxidation voltage, with an 

on-off ratio of approximately 2, but no NDR phenomenon was observed in their system.  

The molecules are irreversibly oxidized under biasing voltage, and the metal-molecule-

metal junctions are permanently switched off after single use.  

                                                           
26 The non-integer oxidation state species exist in a solid-state equilibrium with the 

integer oxidation species. 
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5.2.5 Temperature Dependence 

 

All of the Au-1c-Au devices examined exhibit peak voltage position and current 

magnitude shifts with temperature such as shown in Figure 5.17.  We observe a decrease 

in peak intensity with increasing temperature.  This could be caused by scattering in the 

junction.  However, the fact that the peak intensity has a maximum at 60 K is not  
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Figure 5.17  I(V,T) characteristics of a Au-1c-Au device. 
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 understood yet.  It could be caused by thermally activated conformation change in the 

SAM layer.  We also observe that the peak position shifts to smaller voltage with 

increasing temperature (Figure 5.18a).  The shift can be fit by the following expression:  
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This expression can be explained by a two energy level model using a Boltzmann 

Distribution.  Where the 34 (± 0.7) meV corresponds to the activation barrier from the 

a 

Figure 5.18  (a) peak voltage vs. temperature relationship of the same 

device; (b) possible physical picture of the trap state.  
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 bound state as proposed in Figure 5.18b, and C1 is a proportionality constant.  Another 

supporting evidence for the above model comes from the temperature dependence of 

peak width (Figure 5.17).  It remains constant (which corresponds to the difference in 

reduction potential in CV experiments) at low temperatures and widens at higher 

temperature.  Further discussions on temperature dependencies and comparison with 

other compounds will be carried on in section 5.2.6. 

 

5.2.6 Room Temperature NDR 

 

Similar NDR behavior is also observed in devices with nitro only moiety (2).  The 

PVR is smaller than that of 1, but NDR behavior persisted from low temperature to room 

temperature.  I(V) characteristics of a Au-(2)-Au device at 300 K is shown in Figure 

5.19a.  The device has 300 K characteristics of a peak current density greater than 16 

A/cm2, NDR smaller than -144 mΩ-cm2 and a PVR of 1.5:1.  At 190K (Figure 5.19b), 

the NDR peak is much sharper than that of 1, although its PVR is not as big as that of 1.  

The degradation in PVR (decreasing in peak current) can probably be caused by 

increased inelastic scattering with increasing temperature.  Figure 5.20 shows the cyclic 

voltammagram curve for compound 2c where the reduction potentials peaked at -1.39 V 

and -2.09 V respectively.  The reduction potential difference is in approximate agreement 

with the width of the I(V) peak.  The potentials are shifted about 0.3 V less than that of 

the nitro-amino device.  The fact that 2 is more readily reduced than 1 could be 

responsible for the observation of room temperature NDR in 2 but not in 1.  Since the 

presence of amine group in 1 undermines its reducibility compared to the nitro-only  
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Figure 5.19  I(V) characteristics of a Au-2-Au device at (a) 300 K, (b) 190 

K. 
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moiety 2, we can infer that the nitro group is most likely responsible for the presence of 

NDR behavior.  

The next experiment that naturally follows is the electronic transport and 

electrochemistry experiments of amino only molecule (2'-amino-4,4'-di(ethynylphenyl)-

1-benzenethiolate, compound 3).  We observe no NDR behavior in 3 at both low 

temperature (60 K) and room temperature, as shown in Figure 5.21.  To avoid breakdown 

Figure 5.20  Cyclic voltammagram of compound 2c shows two distinct reduction 

peaks at –1.39 V and –2.09V. 

2:   Z = S⎯ 
2c, Z = H 

NO2

Z 
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of the molecular junction, bias at room temperature was restricted to 1 V to limit current 

through the junction.  Its CV curve is shown in Figure 5.22.  There is no reduction peak 

in the range of interest.  Concluding from above experimental results, we suggest that the  

Figure 5.22  Cyclic voltammagram of 3, shows no reduction in the range of 

interest. 

Figure 5.21  I(V) characteristic of 2'-amino-4,4'-di(ethynylphenyl)-1-benzenethiolate 

(3) at 60 K and 295 K.  No NDR behavior was observed.  Bias across 3 was 

restricted to 1 V at room temperature to avoid junction break down. 
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nitro group is responsible for the NDR behavior.  Further understanding of the underlying 

mechanism and experimentation with various redox centers should allow us to engineer 

molecular compounds in the future to improve PVR at room temperature and above. 

Shown in Figure 5.23 is the temperature dependence of peak positions of a Au-2-

Au device.  The peak voltage is observed to drop linearly with increasing temperature:  

 

∆Vpeak = -0.025 ∆T.  It appears to be very different from that of Au-1c-Au device.  To 

compare possible effects of different redox centers on temperature dependence, we show 

in Figure 5.24 a plot of temperature vs. voltage values at a constant current of 10 nA of a. 

Au-3-Au device.  Interestingly, it can also be fit to a two-level model: 
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Figure 5.23  Peak voltage vs. temperature of a Au-2-Au device. 
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where C3 is a proportionality constant and the binding energy for the trap state on 3 is 

around 30 (± 0.2) meV.  On the other hand, the transition region of Vpeak vs. T of nitro-

amine redox molecule (Figure 5.17a) can be fit in piecewise to linear relationship as 

shown in Figure 5.25a, with ∆V = -0.014 ∆T and ∆V = -0.034 ∆T, respectively; and the 

transition region of V@10nA vs. T of amine-only moiety can also be fit to linear 

relationship as shown in Figure 5.25b, with ∆V = -0.005 ∆T.  The fitting results and 

comparison between compound 1c, 2 and 3 of sweeps S1+s are summarized in Table 5.1.  

As mentioned in section 5.2.2 and shown in Table 5.2, the temperature dependence of 

sweep S2+s is very similar to that of sweeps S1+s.  The difference has to do with the 

memory effects that will be discussed in section 5.3. 
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Figure 5.24  Voltage values at a constant current of 10 nA vs. temperature 

of a Au-3-Au device. 
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Figure 5.25 Piecewise linear fitting in the transition region of (a) peak 

voltage vs. temperature of a Au-1c-Au device; (b) Voltage values at a 

constant current of 10 nA vs. temperature of a Au-3-Au device. 
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V vs. T Redox center NDR 

Best fit Piecewise linear fit 

Ebinding 

Nitro-only (2) √ ∆Vpeak = -0.025 ∆T   

∆V =-0.014 ∆T  Nitro-amine (1c) √ 

kT
meVpeak

e

cV )(34
1

1
−

+
=∆

∆V = -0.034 ∆T 

34 meV 

Amine-only (3) X 

kT
meVnA

e

cV )(30
3

10@

1
−

+
=∆

∆V = -0.005 ∆T 30 meV 

 

 
 

V vs. T Redox center NDR 

Best fit Piecewise linear fit 

Ebinding 

Nitro-only (2) √ ∆Vpeak = -0.005 ∆T 

∆Vpeak = -0.010 ∆T 

  

∆V =-0.02 ∆T  Nitro-amine 

(1c) 

√ 

kT
meVpeak

e

cV )(32
1

1
−

+
=∆

 

32 meV 

Amine-only (3) X 

kT
meVnA

e

cV )(30
3

10@

1
−

+
=∆

∆V = -0.005 ∆T 30 meV 

 

Table 5.1  Comparison between compound 1c, 2 and 3 on temperature dependence 

of sweep S1+s.  

Table 5.2  Comparison between compound 1c, 2 and 3 on temperature dependence 

of sweep S2+s.  
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 The above result suggests that the presence of amine group gives rise to a bound 

state around 30 meV in the molecule, whereas the nitro group is responsible for NDR 

behavior.  The exact mechanism of linear shift of peak position with temperature is not 

understood at this stage yet.  However, we provide a possible explanation as follows.   

The peak position shift with temperature could be caused by different vibrational 

modes excited at different temperatures.  These vibrational modes can cause 

instantaneous dipole changes in the molecule which in turn interacts with electrons 

passing through the molecule, changing the transmission coefficient.  The nitro-amine 

substituents in 1 have non-zero dipole moments.  For instance, in nitromethane (Figure 

5.26), the nitrogen atom has four bonds rather than the usual three and must be 

represented as having a formal positive charge.  The singly bonded oxygen atom, by 

contrast, has one bond rather than the usual two and must be represented as having a  

 

 

formal negative charge.  The dipole moment of nitromethane resulting from the above 

mentioned polar bonds is 3.46 D, where D = 3.336 x 10–30 C•m [39].  On the other hand, 

the lone pair in amine group can also lead to dipole moment.  The dipole moment of 

Figure 5.26  Nitromethane and its dipole. 
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ammonia (NH3) is 1.47 D.  The nitro substitutent on the benzene ring withdraws electrons 

from the aromatic ring by resonance (overlap of a p orbital on the substituent with a p 

orbital on the aromatic ring).  Conversely, the amine substituent donates electrons 

(through lone pair) to the aromatic ring by resonance.  With a dipole moment of 3.8 D 

between nitro-amine group [40], the energy of the dipole on 1 under an electrical field of 

10 MV/cm is approximately 40 meV, comparable to the energy scale observed in our 

experiment.  Rotation is therefore possible.  Similar rotation of benzene ring caused by 

nitro-amine dipole interaction has been observed by others [41].  Further IR spectroscopy 

experiments on 1 should help to elucidate this point.  

 It has been known that different rotational conformations of a molecule with the 

same chemical composition leads to different HOMO-LUMO gap.  For instance, in 

ethane (CH3-CH3), the lowest-energy, most stable conformation is a staggered 

configuration where all six carbon-hydrogen bonds are as far way from each other as 

possible; whereas the highest-energy, least stable conformation is an eclipsed one where 

the six carbon-hydrogen bonds are as close as possible.  Between these two limiting 

conformations are an infinite number of other possibilities.  Experiments show that the 

energy barrier to rotation is 12 kJ/mol [42].  The 12kJ/mol of extra energy present in the 

eclipsed conformation of ethane is also called torsional strain which is believed to be due 

to the slight repulsion between electron clouds in the carbon-hydrogen bonds as they pass 

by each other at close quarters in the eclipsed conformer.  As a result of this, the HOMO-

LUMO gap energy of these two configurations are different, with a 10.99 eV gap of 

staggered ethane and 10.94 eV of the eclipsed conformer.  A much bigger effect is 
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observed in nitramide [42] where the rotational barrier is about 48 kJ/mol causing a 

change in the HOMO-LUMO gap of about 0.99 eV.   

We propose that at different temperatures, the dipole induced by the excited 

vibrational modes rotates the molecule under electric field, thereby changing the position 

of NDR peak. 

 

5.2.6 Conclusions 

We have realized two-terminal NDR devices with large PVR at low temperature 

and NDR devices at room temperature.  The NDR behavior is caused by the reduction 

nature of substituents on ethynylphenyl molecules.  Based on our experiments, the 

electron-withdrawing nitro group is responsible for NDR behavior, whereas the electron-

donating amine group gives rise to a bound state in the molecule of approximately 30 

meV.  We have learned that conformational change (rotation) and/or charging can change 

the conjugation of molecular orbitals.  Further exploration on design and engineering of 

molecules with various redox substituents should help to realize nonlinear electronic 

devices with multiple functionalities. 
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5.3 Molecular Memory Effects 

The programmable storage of digital information as packets of charge is 

beginning to reach not only technological but fundamental limits.  Electronic memories 

that operate at the charge limit (e.g., by single electron effects) have been demonstrated 

[43-44], but have not yet addressed the dimensional limit; i.e., a single molecule.  

Although memory phenomena has been studied in bulk organic materials (such as 

organometallic charge-transfer complex salts [1]), we will demonstrate nanoscale 

electronically programmable and erasable memory devices utilizing molecular SAM; and 

a memory cell applicable to a random access memory (RAM).  

5.3.1 Retention of High Conductivity State  

Figure 5.27 lists the molecules used in this study.  (They were introduced in the 

above section, but we list them again for convenience.)  The four systems studied are: 

Au-(1)-Au (1: 2'-amino-4,4'-di(ethynylphenyl)-5'-nitro-1-benzenethiolate); Au-(2)-Au (2: 

4,4'-di(ethynylphenyl)-2'-nitro-1-benzenethiolate); Au-(3)-Au (3: 2'-amino-4,4'-

di(ethynylphenyl)-1-benzenethiolate); as well as Au-(4)-Au (4: 4,4'-di(ethynylphenyl)- 1-

benzenethiolate) that had neither the nitro nor amine functionalities. 

The memory device operates by the storage of a high or low conductivity state.  

Figure 5.28 shows the write, read, and erase sequences for (1).  An initially low 

conductivity state (low σ) is changed (written) into a high conductivity state (high σ)  
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Figure 5.28  The operation principle of the storage and memory.  The memory device 

operates by the storage of a high or low conductivity state.  An initially low conductivity 

state (low σ) is changed into a high conductivity state (high σ) upon application of a 

voltage.  The direction of current that flows during the “write” and “erase” pulses are 

diagrammed by the arrows.  The high σ state persists as a stored “bit”. 
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Figure 5.27  The molecular junctions (1-3) used in this study.  Junction 4 was 

studied by Zhou [4], drawn here for comparison purpose.  There are 

approximately 1000 molecules sandwiched between the two Au contacts. 

Only one molecule is drawn for simplicity. 

S S S

Au

Au

Au

Au

Au

Au

O2N

NH2 NO2 NH2

(1) (2) (3)

S 

Ti / A u 

A u 

( 4 ) 



 155

upon application of a voltage pulse.  The direction of current that flows during this 

“write” pulse is diagrammed.  The high σ state persists as a stored “bit”, which is 

unaffected by successive read pulses.  Molecules with the nitro moieties (1 and 2) are 

observed to change conductivity state, whereas the amine only (3) and the 

unfunctionalized molecule (4) do not exhibit storage.  In the following, we first describe 

the characteristics obtained by linear voltage sweeps (so as to generate I(V) 

characteristics).  Second we demonstrate the same effects and a circuit using voltage 

pulses. 

Figure 5.29 shows the I(V) characteristics of a Au-(1)-Au device at 200 K initially 

(defined as “0”) and after (defined as “1”) a write pulse, as well as the difference between 

the two (defined as “1”-“0”).  Positive bias corresponds to hole injection from the  
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Figure 5.29  I(V) characteristics of a Au-(1)-Au device at 200 K.  “0” denotes 

the initial state, “1” the stored written state, and “1”-“0” the difference of the 

two states. 
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chemisorbed thiol-Au contact.  The device initially probed with a positive voltage sweep 

from 0 to 2 V in one minute exhibits a low conductivity state.  Subsequent positive 

sweeps show a high conductivity state with I(V) characteristics identical to the previous 

values (“1”).  Device bias swept in the reverse bias direction from 0 to –2 V in one 

minute causes the I(V) to be identically reset to the initial, “0” I(V) characteristic.  The 

characteristics are repeatable to high accuracy and device degradation is not observed.  

This ability to program, read, and refresh the state of the molecular device accomplishes 

the functionality of a random access memory (RAM).  Figure 5.30 shows the difference 

characteristic (“1”-“0”) of (1) as a function of temperature.  The peak current difference 

decreases approximately linear with increasing temperature. 
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Figure 5.30  Difference I(V) characteristics (“1”-“0”) of a Au-(1)-Au 

device as a function of temperature. 
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5.3.2 Activation Energy 

 

A characteristic bit retention time was obtained by measuring the stored high 

conductivity state at various times intervals after programming the Au-(1)-Au device.  

After an initial positive write sweep from 0 to 2 V in one minute, a second sweep was 

measured at different time intervals, and the difference between the first and the second 

sweeps at peak current position was taken and plotted against time in Figure 5.31a.  

Notice that after each second sweep during the experiment, the junction has to be reset to 

the initial state by a negative bias sweep from 0 to -2 V in one minute.  It is found that the 

difference “1”-“0” exhibits an exponential decay with a time constant (τ) of 

approximately 800 seconds at 260 K.  Similar measurements were performed from 260 K 

to 190 K27.  The stored state was found to decay exponentially with increasing time 

constants at lower temperatures.  Shown in Figure 5.31b is a plot of the decay time 

constant (retention time) at different temperatures, exhibiting an exponential dependence 

with 1/T.  It indicates an activation behavior: )exp(0 kTEaττ = , suggesting activation 

over a single trap state.  The activation energy Ea for this molecule over this bias regime 

was found to be approximately 80 meV. 

                                                           
27 Below 190 K, the I(V) characteristic changes considerably, with the NDR peak shifting 

much toward higher voltage.  No appreciable decay of current was observed. 
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Figure 5.31  Bit retention as a function of time and temperature. a, Bit 

retention for (1) exhibits an exponential decay with a time constant (τ) of 

790 seconds at 260 K. b, Temperature dependence of τ gives an activation 

energy Ea = 76±7 meV. 
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So far we only discussed the memory effects when the molecular junction is 

under positive bias (other than the negative sweep used to refresh the written state).  

Figure 5.32a shows the first (“0”) and second (“1”) traces when the same junction is 

biased negatively (0, -5 V) at 100 K.  The window over which the “0” and “1” differ by a 

constant amount of ~ 120 pA is nearly 4 volts, providing well-separated thresholds.  The 

third trace and so on overlap with the second one.  Contrary to the positive bias, initially, 

the molecular junction is in a higher conductivity state, whereas it is changed to a lower 

conductivity.  After applying a positive sweep, we observe that the junction is set back to 

the initial negative trace (overlaps with “0”).  Shown in Figure 5.32b is the difference 

between the first and second I(V) traces (“0”-“1”) at various temperatures.  Notice that 

the width of the plateau decreases with increasing temperature.  The decay of the stored 

state under negative bias is very slow.  The decay constant is estimated to be larger than 

hours28.   

                                                           
28 We haven’t had enough time to perform dynamics experiments on stored states under 

negative bias.  
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Figure 5.32  (a) I(V) characteristics of the first trace (erased/initial state) 

and the second trace (stored state) in Au-(1)-Au at 100 K under negative 

bias; (b) difference I(V) characteristics (“0”-“1”) at different temperatures. 
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Figure 5.33 (a-d) shows the difference I(V) traces (“1”-“0”)29 between 10 and 260 

K of a Au-(1)-Au device.  As seen in Figure 5.33 (a), in addition to the major NDR peak, 

there is an evolution of a second peak at higher bias, which is most obvious at 200 K and 

disappears around 190 K.  Simultaneously, the difference curve changes its sign at low 

bias around 200 K, suggesting a change in the conducting states in the molecule.  No 

appreciable decay of current was observed below 190 K.  This could possibly be caused 

by suppression of specific conformational modes in the molecule at low temperatures.  

Below 160 K, it is seen that there are two distinct NDR peaks, one from the first trace 

(peaked at smaller voltage), the other from the second trace (peaked at larger voltage).  

Peak position difference between the two NDR peaks remains approximately the same 

below 80 K.  Peak amplitude decreases to roughly 1/3 at the second sweep.  The third 

traces and so on repeat the second ones.  A negative sweep brings the molecular junction 

to its original state, after which the first traces can be reproduced.  This observation could 

possibly be caused by excess charge trapped in the molecule.   

                                                           
29 The two traces are measured immediately one after the other. 
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Memory effects are also observed in devices with the molecules having only the 

nitro moiety (2), although in this case the storage was of a low conductivity state30 after 

an initial positive sweep from 0 to 1.75 V in one minute, opposite to that of molecule (1).  

Figure 5.34a demonstrates the storage of this state in molecule (2) at 300 K.  NDR was 

observed in the stored state “1”.  As described previously, subsequent reads and resets 

identically recovered the I(V) characteristics.  At 300 K, thermal activation does 

contribute some non-zero “0” current, although the thresholds are still well-separated 

(approximately 250 pA).  Figure 5.33b shows the difference I(V) characteristics (“0”-

“1”) at various temperatures, “0” > “1” (before NDR region), opposite to that of molecule 

(1). 

I(V) characteristics under negative biases are shown in Figure 5.35.  (a) shows the 

first/initial, and second sweeps from 0 to –5 V in two minutes, respectively.  As described 

before, subsequent reads and resets identically recovered the I(V) characteristics.  Figure 

5.35b shows the difference I(V) sweeps (“0”-“1”) at various temperatures.  The width of 

the current plateau decreases with increasing temperature, similar to that of molecule (1).    

                                                           
30 Not including the NDR region, where current level is higher than the initial state. 
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A characteristic bit retention time is obtained by measuring the stored low 

conductivity state at various times intervals after programming the Au-(2)-Au device.  

After an initial write bias sweep, current (I1) at 1.5 V of the stored state “1” increases 

gradually till it recovers the initial “0” high conductivity state (I0).  Their difference (I0 – 

I1) exhibits an exponential decay with a time constant (τ) of approximately 900 seconds  

at 300 K (Figure 5.36).  

 

Memory effects are not observed in molecule (3) with amine-only group.  Shown 

in Figure 5.37 are typical I(V) characteristics of a Au-(3)-Au device at 60 K and 295 K, 

respectively.  The first and second traces at a constant temperature overlap with each 

other.  The current level is higher than that of both Au-(1)-Au and Au-(2)-Au devices, 

suggesting that the presence of nitro group impedes charge transport, causing a high 
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Figure 5.36  Measurement of retention time for (2).  Current 
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conductivity state in (1) (with nitro-amine group) and a low conductivity state in (2) (with 

nitro-only group).  Consequently, the 80 meV energy level observed in (1) is most likely 

associated with the nitro group.   

 

 

 

 

 

 

 

 

 

 

 

 

 The above observation leads us to the following preliminary model for the 

memory effect (Figure 5.38).  We have identified from above experimental results that 

the nitro group is responsible for the memory effect, while the presence of the amine 

group changes the initial conductivity states of the molecule (most likely caused by the 

different dipole distribution it introduces to the molecule).  Here we use molecule 1 as an 

example.  Depending on its history, 1 can be in one of the two states, L (low conductivity 

state) or H (high conductivity state).  We propose that the different conductivity states are 

Figure 5.37  I(V) characteristic of 2'-amino-4,4'-di(ethynylphenyl)-1-

benzenethiolate (3) at 60 K and 295 K.  First and second traces overlap with 

each other.
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caused by different trap levels occupied by electrons in the molecule as shown in Figure 

5.38a.  Different trap levels occupied by electrons in a molecule could mean either 

different electronic states with different charge distribution (such as different dipole 

distribution discussed in 5.2.5), or different conformation states in a molecule (such as 

rotational conformation discussed in 5.1 and possible rotational conformation discussed 

in 5.2.5), or both.  These trap levels can cause different electronic distribution, leading to 

various conductivity states of the molecule.  From Figure 5.29, 1 is initially in a low 

conductivity state (L).  As the junction is biased positively, the barrier is tipped over, and 

the electron falls into state H (Figure 5.38b).  When the bias is removed the electron 

remains undisturbed in the same localized state H they occupied under bias for a period 

of time equal to (νP)-1 where ν is the attempting frequency to escape and P is the 

probability of escaping the localized state H.  In general P is proportional to the 

Boltzmann factor exp(-E/kT), where E denotes the energy barrier of the localized state H.  

It corresponds to the measured 80 meV as shown in Figure 5.31.  For subsequent positive 

biases at times t < (νP)-1, the electron is trapped in state H (Figure 5.38c).  Only with 

negative bias can the electron be “liberated” and go back to state L (Figure 5.38d).  At 

times t > (νP)-1, the electron leaks through the barrier and finally returns to state L.  The 

electron will be trapped in state L with following negative sweeps, and it can only be 

refreshed to H state by positive bias.  This explains well that the first negative sweep on 

the junction shows a high conductivity state (Figure 5.32), i.e., the initial H state after 

positive sweeps; the following negative traces show low conductivity states; and a 

positive trace resets the state.  
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Figure 5.38  Proposed model for the memory effect.  Lowering of EFr

corresponds to positive bias.  (a): initial low conductivity state, zero bias; (b): 

first positive sweep, “write”, changed into a high conductivity state - H; (c): 

consecutive positive sweeps, “read”, remained in the high conductivity state; 

(d): first negative sweep, “erase”, back to low conductivity state. 
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5.3.3 Demonstration of a Molecular Memory Storage Cell 
 

Figure 5.39 shows a constructed sense circuit diagram for a molecular memory 

cell operation.  TTL level signal (5 V) from a function generator is first converted to the 

operating point of the memory cell (set at the points diagrammed in Figure 5.40, 1.5 V) 

and applied to the molecular junction (DUT).  The current through DUT is measured via 

a feedback resistor Rsense and amplified ten times using low noise operational amplifiers.  

Then the signal is fed into a comparator (LM339) and compared with the “1” set-point 

(low conductivity state) as measured in Figure 5.40.  To demonstrate the storage of a low 

conductivity state, the signal is inverted and gated with the input pulse from function 

generator.  A measured logic diagram utilizing the above sensing circuit and a Au-2-Au 

device is shown in figure 5.41, demonstrating a molecular RAM cell at ambient 

temperature. 
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Figure 5.40  I(V) characteristics of stored and initial/erased states in Au-(2)-

Au 300 K.  The set-point indicated is the operating point for the circuit of 

Figure 5.39. 
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Figure 5.41  Measured logic diagram of the molecular random access memory. 
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The upper trace shown in Figure 5.41  is an input waveform applied to the device, and the 

lower is the RAM cell output.  The first positive pulse configures the state of the cell by 

writing a bit, and the second and third positive pulses read the cell.  The third pulse (and 

subsequent read pulses, not shown here for simplicity) demonstrates that the cell is robust 

and continues to hold the state (up to the limit of the bit retention time.  This 

demonstration highlights the dramatically long bit retention time.).  The negative pulse 

erases the bit, resetting the cell.  The second set of 4 pulses repeats this pattern, and many 

hours of continuous operation have been observed with no degradation in performance.  

Currently the speed of the memory device is limited by the RC time constant of the 

circuit.  There is a 1 pF capacitance between the two Au electrodes in the nanopore 

configuration.  The current level of the devices is less than 10 nA, which can be attributed 

to the 0.7 eV S-Au barrier [45, 26] in the molecular junction.  Engineering of molecules 

with smaller contact barriers (e.g., use CN terminated molecules and Pd contact, see 

Chapter 5) to obtain higher current level while minimizing contact area to decrease 

parasitic capacitance should improve the RC limit. 

The present devices utilize nanoscale structures that limit the number of 

molecules in the active region to ~ 1000, which is determined by lithographic limitations 

in defining the contacts.  We have seen no evidences in the device characteristics 

indicating that limitations exist for scaling the number of molecules in the active region 

to one, assuming that an appropriate fabrication scheme can be identified.   
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5.4 Conclusions 

In this chapter, we have learned that the conduction properties of conjugated 

molecules can change under (1): thermal-induced conformation change; (2) electrical 

field induced redox reaction; (3) charge injection/trapping; or their combinations.  In 

particular, we have realized non-FET (field effect transistor) type of switching utilizing 

redox-reaction-induced NDR devices and memory elements.  We have identified the 

electron-withdrawing nitro-group as the key component responsible for both NDR and 

memory effects.   
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Chapter 6 Conclusions and Outlook 

 

Molecular electronics uses molecular structures whose function involves discrete 

molecules, which are distinguished from organic thin film transistors that use bulk 

materials and bulk-effect electron transport.  It provides a bottom-up way to produce sub-

nm sized functional devices.  

We have developed a nanolithography technique to demonstrate directed self-

assembly, generating intermixed SAMs – conjugated SAM in an insulating background.  

In particular, we have demonstrated that programmable patterning of a SAM of 

dodecanethiol can be performed by applying voltage pulses from a STM tip.  After 

patterning, conjugated oligomers are introduced and they are observed to be subsequently 

chemisorbed onto the patterned sites.  This technique combines SPM-based lithography 

technique and the design of molecular units with specific structural, chemical and 

electronic properties.  It can be used to generate SAMs with arbitrary compositions and 

geometries at ambient temperature, opening up many new possibilities for molecular-

scale bottom-up fabrication.  

Up till now, molecular electronics has been mostly about conductance 

measurements of molecules.  For nanoscale molecules, most conductance measurements 

are restricted to two-terminals because of fabrication issues and screening effects.  

Molecule-metal contact plays a vital part in these measurements.  The quest for a small 

SAM-metal contact barrier has thus been long going, which has become a bottleneck in 

through-bond transport in molecular systems.  We have investigated the contact barrier 

between isocyanide SAM and metal systems.  Non-ohmic behavior – thermionic and 
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hopping conduction are observed to be the dominate conduction mechanisms.  We have 

shown that thermal emission is the dominant conduction mechanism in chemisorbed 

metal-isocyanide junctions, while in the evaporated metal-isocyanide contact, both 

hopping and thermal emission can play an important role depending on the defect level 

introduced during the fabrication process, suggesting that there are less defects in the 

chemisorbed metal-molecular interface.  Overall, the Pd-CN contact barrier is smaller 

than that of a Au-CN junction, in agreement with the more efficient π bond formed 

between Pd-CN.  Our results also show that the contact barrier between π-bonded 

isocyanide SAM-metal is less than that of the more extensively studied σ-bonded thiol 

SAM-metal systems.  The technique reported here elucidates the relevant electronic 

transport barriers and conduction mechanisms of through-bond metal-molecule contacts, 

which have been possible through the implementation of microfabricated electronic 

devices utilizing SAMs.  The technique should be applicable to a large range of inorganic 

and biomolecular transport measurements, to quantitatively measure the dominant 

electron transport mechanisms.  

We demonstrated novel non-FET switching devices and a prototype of memory 

cell using single SAMs as the active component.  We learned that conformational change 

like rotation of molecular bonds can change the conjugation of molecular orbitals, 

leading to the observed conductor-insulator type of transition that can be thermally 

controlled.  We have realized two-terminal NDR devices with large PVR at low 

temperature and NDR devices at room temperature.  The NDR behavior is caused by the 

reduction nature of substituents on ethynylphenyl molecules.  Based on our experiments, 

the electron-withdrawing nitro group is responsible for NDR behavior, whereas the 
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electron-donating amine group gives rise to a bound state in the molecule of 

approximately 30 meV.  Through the design of the molecular switches we learned that 

incorporation of different redox centers can change charge distribution and/or 

conformation in a molecule, leading to different conjugation of molecular orbitals.  

Further exploration on design and engineering of molecules with various redox 

substituents should help to realize nonlinear electronic devices with multiple 

functionalities.  We also discovered erasable storage effects in redox-center-containing 

ethynylphenyl molecules.  The storage behavior can be discreetly added on a molecule by 

engineering electron-withdrawing or/and electron-donating sidegroups onto its backbone.  

We have concluded from our experiments that the electron-withdrawing nitro group is 

responsible for the observed memory effects, while the presence of the electron-donating 

amine group changes the storage of different conductivity states.  Our results show that 

the storage behavior is controlled by a single thermal activation process, associated with 

the nitro group.  Further experiments with various redox-centers should make molecular 

memories with different retention time possible.  Finally, we successfully demonstrated 

an erasable molecular memory cell that can store a high conductivity state with a bit 

retention time orders of magnitudes longer than that of a DRAM.  Further engineering of 

different molecules shall permit potential applications such as non-volatile memories on 

flexible substrates. 

We have mainly focused on polyphenylene-based molecular wires in this thesis 

study.  What we have sampled and studied consists of only a tiny portion of a copious 

family of prospective molecules that posses unique characteristics for electronic 

applications.  One of them is carbon nanotubes.  They not only can be used for 
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interconnects, but also can be engineered into various structures (“T” junction or “Y” 

junction) for novel electronic devices.  Even with the subject of our work, there still 

remains a lot to be explored.  For instance, to further investigate through-bond transport 

of metal-molecule-metal systems, engineering and measurements of molecules with 

different backbone should help to elucidate its role vursus the role of metal-molecule 

contacts.  As to a molecule with specific end groups, one can vary its length (e.g., single 

ring vs. multiple ring), conjugation (e.g., aliphatic ring vs. aromatic ring), charge 

distribution (electron-withdrawing group vs. electron-donating group), and map out the 

functional table of each component.  To minimize metal-molecule contact barriers, 

different kinds of end group need to be explored; e.g., what will happen if there is no end 

group, what if one introduces electron-withdrawing group on one end but electron-

donating group on the other end?  To improve the film robustness (e.g., against post-

process heating or top metallization), novel organic-inorganic complex SAM may be 

designed and engineered, which could preserve band engineering flexibility through the 

organic component and in the mean time improve film robustness through the inorganic 

component.  To reduce the number of interconnects between different molecules, can one 

integrate the demonstrated prototype molecular switches and memories by synthesizing 

one specific molecule with different functional parts capable of performing the desired 

tasks.  Will the various functional components behave as expected when they are 

“assembled” into one new unit (molecule)?   

Molecular electronics is still in its infancy, but holds great promise in that it 

potentially provides a conceptually new path without the inherent tolerance problems of a 

lithographic approach.  We believe that the most exciting discovery in molecular 
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electronics, with its ability to explore new architectures and devices unique to molecular-

based systems themselves, is yet to be made.  The greatest is yet to come. 
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