
Electrical Single Molecule Investigations by 
means of Mechanical Break Junctions 

Zhiwei Yi, Xiang Dong, Dirk Mayer 
 
 



1 
 

1. INTRODUCTION 
 

As the semiconductor industry scales down the electronic components to nanometer 

dimensions, molecules become potential candidates to extend the functions of silicon-based 

electronic components, creating new research fields: molecular electronics and 

bioelectronics. Some  organic molecules were investigated to function as rectifier,1 memory, 

amplifier2 and single electron transistor.3 Some biomolecules were operated as rectifier4 and 

logical gates5 or biosensors owing to their highly-specific recognition capabilities which are 

not accessible by silicon-based components.6 

In molecular electronics, it is a fundamental issue to investigate electron transport 

through functionalized molecules.7 Furthermore, electron transfer reactions between proteins 

are widely involved in many biological processes ranging from photosynthesis to aerobic 

respiration30,31. To measure molecules or other functional components individually, a source 

and a drain electrode separated by a nanoscale gap are required to contact a single 

molecule, forming a metal/molecule/metal junction, Figure 1-1.  

Various nanogaps have been implemented. Some have used fabrication techniques 

which result in a fixed gap size, like shadow evaporation8 on a pair of facing electrodes, and 

electromigration on a thin nanowire.9 Some have a tunable gap size, such as the tip of a 

scanning tunneling microscope combined with an appropriate substrate,10,11 mechanical 

controlled break junction,12,13 and a pair of nanoelectrodes fabricated by 

electrodeposition/dissolution technique.14-16 Tunable nanogaps are the most versatile 

methods to investigate the molecule properties since one can adjust the nanogap to the size 

of the species or objects of interest. The ability of adjusting the nanogap size increases the 

yields during the formation of the metal/molecule/metal junctions and allows one to 

investigate the influence of the gap size on the electric response of the junctions. By this 

means, the size of engineered devices has approached the dimensions of few or even single 

molecules and the charge transport within these systems can be investigated. For instance 

mechanical break junctions are well established tools, where individual molecules can be 

incorporated between two nanoelectrodes, forming metal/molecule/metal junctions17,18. Such 

molecular junctions can be reproducibly formed or broken by mechanical control and the 

conductance of single molecular junction can be retrieved19. The conductance of the 

molecular junctions depends on the intrinsic electrical properties of the molecule and their 

molecule/metal interface. Model molecules like single ring aromatic compounds or alkanes 

with terminal dithiol20, diamines21, diisothiocyanate22, and dicarboxylic-acid groups23 were 
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systematically studied by several research groups and the contribution of metal/molecule 

bond to the electron transport pathway was discussed. More complex single molecules like 

fullerene24, aniline oligomer25, transition metal complexes26 and DNA molecules27 have also 

been investigated and the observed electron transport was related to size of the molecule, 

electrode coupling, their electronic structure and environment. If intermolecular electron 

transport is investigated, also the interface between the involved molecules needs to be 

considered. Wu et al. investigated electron transport through an aromatic interface by 

comparing the electron transport of a single molecule with two π -π  coupled aromatic 

molecules bridging a nanoelectrode junction28. Electron transport properties across 

nucleoside interconnected by hydrogen bonds were studied by Chang et al. and a relation 

between nucleoside sequence and electrical properties was revealed29.  

In this script, we summarize fundamental aspects of the charge transport through 

three different types of junctions which all occur in the course of breaking a metal wire 

modified by organic molecules. This involves transport of electrons through a few Ångström 

wide metal constriction, tunneling through a bare metal junction, and tunneling through a 

molecule. 

            

Fig. 1-1. Schematic presentation and illustration of a metal-molecule-metal junction (E. A. Osorio Nano Lett. 2010)
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2. Fundamentals 

2.1  Quantum transport at nanoscale 

Many properties of solid become different if their size decreases to the nanometer 

scale. The electron transport is one of them, which is greatly altered in nanoscale objects 

since that the quantum mechanics play an essential role in the nanoscale and ballistic 

transport become a distinct feature. One of the interesting phenomena is that the 

conductance of metal wire doesn’t obey Ohm’s law if the width of the metal wire decreases to 

a few nanometers. In such systems quantized conductance can be observed. Another 

example is that the electrons can tunnel through a potential barrier and that a tunneling 

current between a nanoscale gap formed by two facing conducting electrodes can be 

observed. This tunneling current is the bases of modern electron tunneling microscopy which 

is one of the most important inventions of the 20th century.  

With the continuing decreasing size of silicon based electronic components, 

understanding the electron transport behavior in nanoscale materials have become 

increasingly important and new organic/inorganic hybrid materials and junctions have been 

attracting notice recently for the realization of electronic devices with better performance, 

lower cost or new functionality. Such knowledge will pave the way to develop even better 

functional materials as substitute to common silicon-based electric components or to 

integrate new functions such as various kinds of (bio)-sensors.  

In this first chapter, the general theory of electron transport properties in the 

nanoscale is described. Firstly, free electron gas model and Landauer theory was introduced 

that can successfully explain quantized conductance. Secondly, general quantum 

mechanical description of electrons tunneling through a potential barrier is discussed, which 

is the basis to understanding the tunneling of electrons through nanoscale gap. Finally, a 

description of electron transport characteristics through nanoscale objects including single 

molecules will be given.  
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2.2  Conductance quantization 

If an electric field E is applied on a bulk metal, the electrons move under the force 

. e represents the elementary charge of an electron. The moving electrons collide 

with the impurities, lattice imperfection, and the phonons, the energy of the electrons are 

maintained in a steady state and the electric current density j is given by Ohm’s law 

F e= − E

2j ne E mτ=  

withτ  the collision time and m the mass of an electron. The electrical conductivity σ 

can be derived from j Eσ= , and one obtains  

2ne
m
τσ =  

The conductance for a bulk conductor with cylinder shape is given for instance as 

lG
s
σ=  

However, this equation is not applicable when the size of the conductor is in the 

nanoscale. An one dimensional nanowire has a finite current-carring capacity for a given 

voltage. It therefore has a finite conductance even if there is no scattering in the nanowire. 

The fundamental difference between the nanoscale conductor and the bulk conductor is that 

the movement of the electrons in nanoscale conductor is confined and can not exceed the 

boundary of the objects. The electrons in conductor can be considered as free electron gas. 

In this model, the valence electrons of the constituent atoms become conduction electrons 

and can move about freely through the volume of the metal.  

 

Fig. 2-1 The free electron gas model. Electrons move around in the bulk metal 
conductor. 

The confined system can be mathematically described as electrons in potential well 

by the Schrödinger equations. The boundary of the well can be seen as a potential step and 

the height of potential step is the energy difference between the Fermi level of the metal and 

 



5 
 

the energy level in vacuum. This energy difference is referred as the work function and can 

be determined for instance by photoelectron spectroscopy. Consider a free electron of mass 

 is confined to in potential well with length L. The Schrodinger equation is given by: m

n nHψ εψ=  

with H as Hamilton operator and ( )n xψ  as wavefunctions. The solution of 

Schrödinger equation of such system is a set of plane waves with discrete energy levels, 

which are referred as modes or channels. One mode corresponds one plane wave with 

specific wave number, so the modes can be noted by this wave number. The wavefunctions 

of the confined electrons ( )n xψ  are in the form of  

2( ) sin

1
2

n

n

n x A x

n L

πψ
λ

λ

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠

=

 

The energy of the electrons can be obtained by solving the Schrodinger equation: 

2 2

2
kE
m

=
h

 

E  is the electron energy and  is the wave number k nk
L
π

= . 

 

Fig. 2-2 Energy states of electrons confined in potential well 

The number of quantum modes is decided by the geometry of the constriction. Briefly, 

as the size of the restriction is increased, more modes with increasing energy can be 

accommodated in the constriction. In the case of nanowire, its dimensions along x and are 

in nanoscale, but it is continuous in

y

z . Thus the energies are given by  
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2 2

, 2i j
kE E
m

= +
h

 

Where  and i j  are the quantum numbers labeling the eigenstates in the x y plane 

and  is the wavevector in thek z direction. Note that this ground energy is the energy at 

absolute zero. If the temperature is increased, Fermi-Dirac distribution need to be considered 

which describes the probability of an orbital occupied by an ideal electron gas in thermal 

equilibrium. 

The discrete energy state of electrons in confined systems affect the electron 

transport strongly since the electrons can move just via this limited number of modes. The 

available modes are limited by the size of the constriction, therefore, a nanoscale conductor 

has a finite current-carrying capability for a given voltage applied across its termini. At the 

same time, if the size of the conductor is decreased to the order of the electron wave length, 

the electrons directly transport through the conductor without collision with the phonons. In 

this situation, the measured conductance will be quantized due to the discrete properties the 

ballistic transport. To observe the quantized conductance, the size of the conductor needs to 

be comparable to the Fermi wavelength of the electrons. For gold, the wavelength is 

0.52 nm. This order of confinement can be realized in atomic point contact configurations 

where one or few gold atoms are bridging a pair of nanoelectrodes. The nanoeelctrodes are 

considered as electron reservoirs. The leads connecting the contact to the reservoirs are 

confined to several nanometers, thus the electron wave function in this leads were a set of 

discrete states. The lowest energy level of the allowed mode can be calculated as 
2

2( )
2m w

πh
 , 

where  is the width of the smallest constriction (3 Å in this case). This lowest energy is 

lower than the Fermi energy of the electron in gold electrodes. Thus, it is reasonable to 

assume the electrons in the gold electrode can be transmitted through this mode. 

w

 

Fig. 2-3 Ballistic transport occurs if the the size of conductor is decreased to the 
order of Fermi wavelengh of electrons 

Let’s suppose there are  and N M  modes for the left and right leads, respectively. If 

one electron transport from the  mode on one side to the i j  mode of the other side under a 
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small bias applied on the atomic point contact, the conductance for transporting through one 

channel is: 

2

0 2 eG
h

=  

0G  is the universal quantum of conductance with the value  kΩ and a 

perfectly transmitting one-dimensional channel which is given only by the ratio of 

fundamental constants. The prefactor 2 in the equation comes from the degeneracy of spin 

up and down and is absent for magnetic material. If the scattering of electrons at the 

boundary is considered, the transmission amplitude  has to be introduced. 

1 12.9oG− =

( FT E )

2

2 ( F
eG T E
h

= )  

If more than one channel are involved in the ballistic transport, the conductance is in 

the form of: 

2

,
,

2 (i j F
i j

eG T
h

= ∑ )E  

This equation is known as Landauer Formula for the conductance and the  is 

the probability that an electron coming from the source electrode in transmission mode  is 

transmitted to the drain electrode into a different mode 

, ( )i j FT E

i
j . Note that only elastic scattering by 

the walls forming the boundary of the system is considered. The scattering of electrons 

mainly change the spin and phase of the electron wave function, while the contribution of the 

scattering to the condutance can be neglected, that means | ( ) 1|FT E ≤ . Since the effect of 

scattering is negligible, only diagonal terms remain and therefore the conductance through a 

channel of  modes is given by: n

oG nG=  

This means that in this approximation the conductance of atomic point contact is the 

integer multiple of the universal quantum conductance. The number of modes involved in the 

transmitting increases with the transverse size of the constriction, therefore the quantized 

conductance can not be observed if the size of constriction is not in the atomic point contact 

scale. 
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Another requirement for observing the quantized conductance is that the difference in 

in energy between the ground state and the next available state should be large enough. For 

gold, this value is about 1 eV  at room temperature, so that the quantized conductance in 

gold atomic point contact configuration can be observed at room temperature. For 

semiconducting material, the electron wavelength is in the order of a few tens of nanometer 

at room temperature and energy difference between the transverse modes is very small, thus 

the quantized conductance can be only observed at low temperature. The first experimental 

observation of quantized conductance was realized on a short quasi one dimensional 

channel formed between a 2D electron gas in a GaAS/AlGaAs heterostructure.  

Several experimental setups have been realized to investigate conductance 

quantization. Scanning tunneling microscope (STM) and mechanically controllable break 

junction (MCBJ) experiment are two of them. Both methods can create atomic point contact: 

the STM creates the atomic point contact by crashing the gold tip into a gold surface and 

retracting the gold tip; the MCBJ setup establishes the atomic point contact by breaking a 

thin metal nanowire fixed on a flexible material like steel. By analyzing the histogram of the 

conductance when breaking and closing the point contact, quantized conductance can be 

observed (Fig. 2-4). 

 

Fig. 2-4 Shematic of atomic point contacts formed by STM (a) and MCBJ (b) 

 

2.3  Electron tunneling through nanogap 

If the atomic point contact breaks, then the two facing electrodes are separated and a 

nanoscale gap can be formed. The gap size can be adjusted by a mechanical controlled 

peizo system from atomic point contact to serveral nanometers. The gap between two 
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metallic electrodes can be modeled by a square potential barrier of height χ . If a voltage 

bias is applied across the gap, this square potential will have a saw tooth shape due to the 

shifted Fermi energy of the leads. The electrons have small but not zero probability to be 

transported across this gap. This electron transfer from the occupied electronic states of the 

source to the unoccupied states of the drain is referred as 'tunneling'. 

 

Fig. 2-5 Electron tunneling through a nanogap represented by a potential barrier 

Sommerfeld and Bethe derived a model for tunneling current at very low voltage and 

at high voltages under the WBK approximation (Wentzel–Kramers–Brillouin). The basic idea 

is to calculate the transparency of the electrons from one end to the other which is 

determined by the wavefunction of the electrons at eiher end of the nanogap. The 

wavefunction has the form 

( , ) (0) ikxx t eψ ψ ±=  

where 

2 ( )xk m E U= − h  

xE  is the electron kinetic energy in x  direction and U  is the potential barrier. The 

stationary solution of the Schrödinger equation has the form: 

( )
' '

1/4 0
( , ) exp 2 ( )

x x
x

x

iE tA ix t m E U x dx
E U

ψ ⎛ ⎞⎡ ⎤= ± −⎜ ⎟⎣ ⎦⎝ ⎠− ∫h h
−  

Thus, the barrier transparency coefficient T(Ex) (or transmission coefficient) calculated 

from the outgoing and incoming wave function is equal to 

[ ]1

0

2
'1

2

( ) 2( ) exp( 2 ( ) )
( )

x

x xx

xT E m U x E dx
x

ψ
ψ

= = − −∫h  
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Simmons derived a generalized formula for the electron tunneling between similar 

electrodes separated by a nanogap which permits more accurate expressions for both high 

and low voltages. The Simmons model expresses the tunneling current density through a 

barrier as 
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where m is the electron mass, d  the barrier width, Bφ  the barrier height and V is the applied 

bias.  

 

Fig. 2-6 Tunneling through a gap between two electrodes: the conductance 
decrease exponentially with the the gap size. 

 

2.4 Charge transport through molecules 

The major difference between molecules and metal/silicon based devices is their 

electronic structures. Metals are characterized by the existence of a quasi-continuum of 

states near the Fermi level, on the contrary, the energy states of molecules are discrete. 

However, if the metal and semiconductor have nanoscale dimensions, the degeneracy of 

energy states is lifted and the levels become discrete as well. Ultimately, if the object is 

composed of only a few tens of atoms, similar electronic structures like molecules are found 

and the difference between metal and molecule is not so distinctive. 

As an approximation to reduce the complexity of the investigated system, most 

models are considering mainly the occupied and unoccupied states near the Fermi level of 

molecules or quantum dot. The highest occupied molecular orbital (HOMO) and the lowest 
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unoccupied molecular orbital (LUMO) are especially of interest since they are related to 

measurable quantities and are involved in many electronic transport processes. The energy 

of HOMO and LUMO can be estimated by ab initio calculation and measured by optical 

techniques. The energy gap between HOMO-LUMO can be also investigated experimentally 

by recording I V− characteristics of molecules or quantum dot junctions since the tunneling 

current is suppressed within the gap and rises at HOMO and LUMO level. The size of the 

HOMO-LUMO gap depends for metal nanoparticle on material properties and on their size, 

for example, a gold nanoparticle of 20 atoms has a gap of 1 eV while it is 2 eV for a cluster of 

10 atoms. 

For molecules, the HOMO-LUMO gap depends not only on their size and the kind of 

atoms involved, but also on their hydridisation and arrangement in the molecule. Even small 

distortions of the molecular structure can alter their electronic properties significantly. 

Furthermore, the position of the molecular orbitals and thus the electron transport through 

the molecules are determined not only the molecules themselves but also the contact 

configuration to the metal leads and the micro environment of the molecules. It was observed 

in the photoemission spectroscopy and single molecule I V− characteristics that the 

effective HOMO-LUMO gap of metal-molecule-metal junctions can be significantly smaller 

than for the corresponding isolated molecule. The interface between the molecule and the 

electrodes affect the electron transport mechanism greatly. If the coupling between the 

molecules and the electrode is strong, the electrons in either molecules or the electrodes will 

be delocalized and the electron tunneling occurs in a one step process and the interaction 

between the tunneling electrons and the electrons occupying lower lying states is also 

decreased. The electron transport from the source electrode to the drain electrode via the 

molecule occurs in a single step. This type of transport is called coherent tunneling. In 

coherent tunneling, the tunneling time throught the molecules is much smaller than the time 

needed in noncoherent tunneling, since the the molecules are not charged or discharged 

during the electron transport process. 

To describe the degree of coupling between electrode and molecule, the tunneling 

current can be modeled by the following relation: 

( ) ( )
2

1 2, (e )I T E V f E f E dEμ μ
π

+∞

−∞
= − − −⎡ ⎤⎣ ⎦∫h  
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( ,T E V )  is the effective transparency, 1,2μ is the chemical potential of the electrode 

and ( )f ε  is the Fermi function at the temperature of the experiment. 

2 (1 )FE eVμ η= + −  

1 FE eVμ η= −  

η  is a parameter used to describe the strength of coupling between the molecule and 

the electrodes. From this equation, it can be concluded that the current depends on three 

factors: the overlap between the obitals of the metal electrode and the molecules, the 

localization of the molecular orbitals and the symmetry between the two metal-molecule 

contacts. 

If the coupling between molecules and metal electrodes is weak, the coupling can be 

treated as perturbation to molecules and leads. 

0H H V= +  

0H  represents the Hamiltonian of uncoupled electrodes and molecules and V  is the 

coupling between them. Then the transparency coefficient across the molecular junctions is: 

22( )T E i H f=  

where ,i f  are the states of electrodes and molecule responsible for conduction, and 

where  is the Hamiltonian of the total system. For the weak coupling approximation one 

can assume that the molecular orbitals in the system are localized and very close to those of 

the isolated molecules. As a consequence, the electron transport through the weakly coupled 

molecular junctions can become a sequentially two-step process if an HOMO or LUMO of the 

molecule aligns with the energy of the Fermi level of one electrode (adjusted by the applied 

bias). Firstly, the electrons pass to the molecules and reside on the molecule (the molecule is 

now charged), secondly, the electrons tunneled from the molecule to the second electrode 

(the molecule is successively discharged). This type of transport with two consecutive steps 

is called noncoherent tunneling. 

H
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Fig. 2-7 Noncoherent tunneling with alteration of the molecule charge during the 
tunneling process (a) and coherent tunneling without charge alteration (b)  

 

 
 

Models used within this course 
 
A detailed analysis of coupling terms between molecules and electrodes requires usually 

quantum mechanical calculations. For the interpretation of the data recorded in the scope of 

this course we mainly neglect these parameters and use exclusively the Simmons model for 

the data interpretation. This model can be also applied to metal-molecule-metal junctions, as 

long as nonresonant tunneling occurs (which is the case for the employed molecules). When 

the Fermi level of the metal is aligned close enough to one energy level (either HOMO or 

LUMO), the effect of the other distant energy level on the tunnelling transport is negligible, 

and the Simmons model represents an appropriate approximation for the target molecules.  
For molecular systems, the Simmons model has been modified with a parameter α. α is a 

adjustable parameter that is introduced to provide a way of applying the tunneling model of a 

rectangular barrier to tunneling through a nonrectangular barrier. Alternatively, the parameter 

can be used to adjust the effective mass (m*) of the tunneling electrons through a rectangular 

barrier. If α is set to 1 a conventional rectangular barrier and bare electron mass is applied. 

By fitting individual I (V) data using this equation, Bφ  and α values can be determined. A 

reasonable and often used approximation is the zero-bias limit where the barrier is 

rectangular and the Simmons equation reduces to 
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In the following, this approximation is used to describe direct tunneling processes. Here, the 

barrier height Bφ  can be approximated by the energy offset between the Fermi level of the 

nanoelectrode and the nearest molecular orbital. As an opposite limit one can consider the 

case when a high bias is applied which exceeds the barrier height. As a consequence the 

barrier transforms from a trapezoidal to triangular shape. For this assumption, the electron 

transport mechanism will change from direct tunneling to field emission. The Simmons 

equation becomes  
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and can be further converted to: 

 

                                           )1(
3

24)/ln(
3

2

Vq
mdVJ

h

φ
−∝                                          (2.5) 

 

In the field emission regime,  depends linearly on  for a fixed d, see equation. 

Applying the models to measured I-V characteristics allows to distinguish between direct 

tunneling and Fowler–Nordheim tunneling.  

)/ln( 2VI V/1

Table 1 gives a list of possible conduction mechanisms with their characteristic current, 

temperature and voltage-dependences30. In general one can distinguish two types of 

conduction mechanisms: (i) thermionic or hopping conduction which have temperature-

dependent I (V) behavior and (ii) direct tunneling or Fowler–Nordheim tunneling, which does 

not have temperature-dependent I (V) behavior.  

Thermionic and hopping conductions have been observed for long molecules as for instance 

4-thioacetylbiphenyl and many biomolecules. Direct and Fowler–Nordheim tunneling are 

rather found when the Fermi levels of contacts lie within the large HOMO–LUMO gap for 

short chain molecules like alkanethiols (used here). The transport mechanism depends on 

the length of the molecules. Frisbie et al reported that they observed the theoretically 

predicted change in current transport from direct-tunneling to hopping when the length of the 

molecule was increased stepwise by adding equal molecule sequences. To distinguish 

between thermal activated and tunneling transport one can determine the tunneling current 
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versus temperature relation (Arrhenius plot) or measure the dependence of the current on 

the molecular length (see table 1).   

 
Table 1: Possible conduction mechanisms 30 
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