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ABSTRACT 

          Building electronic devices out of single molecules has been the ultimate goal of 

downscaling electric circuits. Understanding charge transport through single-molecule 

junctions is central to achieving this goal. To gain deeper insights into charge transport 

through single molecules, this dissertation centers on detailed experimental modulation 

and control of charge transport through single-molecule junctions using modified 

scanning probe microscope break-junction (SPM-BJ) techniques.  

          First, I explored the effect of molecule-electrode contact interfaces. Using force-

conductance cross-correlation analysis, I mapped out the correlation between 

conductance and force of modulated Au-octanedithiol-Au junctions measured with 

CAFM-BJ. The investigation of the conductance change during junction elongation 

showed a unique contact tunneling barrier of octanedithiol, which was interpreted by a 

newly developed contact barrier model. A systematic control of anchoring groups of 

benzene-based molecular junctions showed that current rectification occurred whenever 

asymmetric anchoring groups were introduced, which is mainly due to asymmetry in 

potential drop across the contacts.  



          Second, I studied the impact of DNA’s structural change on its conductance. The 

conductance of poly d(GC)4 DNA duplex was found to decrease by two orders of 

magnitude during a B- to Z-form structural transition, which is mainly attributed to the 

breaking of π-π stacking between adjacent base pairs caused by the transition. Using 

stretch-hold mode STM-BJ technique, the structural transition was successfully 

monitored solely based on conductance measurements.  

         Then, I attempted to modify the structure of DNA for functional I-V feature. A 

DNA-based molecular rectifier was for the first time constructed by site-specific 

intercalation of coralyne molecules into a custom-designed DNA duplex. Measured I-V 

curves of the resulting DNA-coralyne complex showed strong rectification with a 

rectification ratio of 15 at 1.1V. Based on NEGF-DFT calculations, this rectification is 

mainly caused by asymmetric coupling of the HOMO-1 level to the electrodes when an 

external bias is applied, an unprecedented rectification mechanism.  

          Finally, Fermi level pinning of charge transfer resonances was investigated in 

junctions composed of terthiophene containing molecular wires. 

          Taken together, these results not only provide new understanding of charge 

transport through molecules, they also opened new route for building functional 

molecular electronic devices. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

 

1.1 History of Molecular Electronics 

Over the past half a century, the development of microelectronic industry has 

been governed by a golden rule known as Moore’s Law, where, as a result of electric 

circuit miniaturization, computing power have doubled every two years or so.1 As the 

Moore’s Law-driven silicon-chip industry is approaching to an end, alternative materials 

and technologies for building tinier, faster electronics are highly in demand. Stimulated 

by the desire to search for candidate materials, researchers have looked at the possibility 

of using single molecules as building blocks in electric circuits since the 1970s. This 

concept of building electronic component out of single molecules is called molecular 

electronics (ME). Molecular circuits built by this attractive idea could raise device 

density by a factor of ~104 compared to the current level of solid state devices.2 Equally  

important  is  that  the  conceived nanometer  long  single-molecule  device  will  add  an  

overwhelming degree of functionality and structural flexibility, which enables the 

fabrication and design of low-cost self-assembled molecular circuits, structure-

determined molecular switches, nanoscopic quantum interference and electrochemically 

controllable molecular devices that has no analogy in conventional solid state 

electronics.3, 4  
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One important driving force of the field of ME was the theoretical proposal by 

Aviram and Ratner in 1974, where a molecular rectifier was conceived by wiring a 

molecule to two metallic electrodes (Figure 1.1A).5 It for the first time suggested the 

possibility of making and measuring a single-molecule circuit from the theoretical 

perspective. Unlike the continuous and condensed energy-band dispersion of bulk 

materials, the energy levels, molecular orbitals (MOs), are quantized and discrete in a 

nanometer-scale molecule.6, 7 This quantized feature is what distinguishes single-

molecular devices from classical p-n junctions.6 The energy gap resides between the 

highest-occupied (HOMO) and the lowest-unoccupied molecular orbital (LUMO) is 

called the HOMO-LUMO gap (HLG).8 Just like the Fermi level of bulk electrodes varies 

from material to material, the HOMO and LUMO differ from molecule to molecule. Thus 

bridging an individual molecule between two metallic electrodes results in the merging of 

discrete states into continuous states. This unique trait is believed to lead to intriguing 

electrical and mechanical properties.  

 

Figure 1.1 (A) Molecular rectifier proposed by Aviram and Ratner in 1974. Reprinted from ref. 5 

with permission from Elsevier. (B) Example architecture of a hybrid molecular electronic device 



 

3 

proposed in Aviram’s review paper in 2000. Reprinted from ref. 19 by permission from 

Macmillan Publishers Ltd, copyright (2000).  

 

With this initial excitement, a large body of research has been spurred.9-13 

However, in the decade since the concept of ME was conceived, no significant progress 

has been achieved by experimentalists. Wiring a molecule to the electrodes or attaching 

the electrodes to molecules turned out to be the biggest challenge. Experimental efforts 

following this “bottom-up” approach were made employing increasingly smart 

unconventional means:  using mercury drops as electrodes,11 using Lorentz force to cross 

metallic wires,9 and trapping molecules in a nanopore.12, 13 But the experimental results 

turned out to be chaotic and not reliable enough. Other techniques involving sandwiching 

robust molecules between electrode layers were proven to be too destructive for small 

molecules.10, 14, 15 Achieving a reliable contact of molecule and electrodes was hardly 

reachable, and remained a major obstacle that hindered the progress of science towards 

single-molecule device for more than a decade.16  

In the 1990’s, it was the development of scanning tunneling microscopy (STM) 

and later the atomic force microscopy (AFM) that brought us the most significant 

breakthrough in molecular electronics.17 It rapidly turned out that these scanning probe 

microscopy (SPM) techniques could realize the measurement of electrical signals, like 

conductance and I-V characteristics, at the single molecule level (see 1.3 for details). The 

first experimental attempt of determining the conductance of a molecule was conducted 

by Mark Reed’s group at Yale University, collaborating with James Tour’s group, then at 

the University of South Carolina.18 They stretched a gold wire in the solution of sample 

molecules until breakage occurred, which resulted in the formation of two tips of atomic 
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sharpness covered by molecules. Then two tips where brought together by means of a 

piezo-controlled bendable substrate while measuring the current flow.18 Using this 

method, they successfully tested the current-voltage characteristics of benzene-1,4’-

dithiol molecules. The invention of this technique, now known as mechanically 

controlled break junction (MCBJ), has proven to be a significant breakthrough in the field 

of ME and also served as the precursor for the development of the widely-used SPM-BJ 

techniques. Then review papers by Aviram et al. and a few others in the early 2000s 

summarized the proposed molecular structures of the day that were promising for 

building electronic rectifier, switches and storages, and also pictured the possible 

architecture of hybrid molecular circuits (Figure 1.1B).19 Meanwhile, worldwide interest 

was sparked due to their success. This point in time was marked as the true beginning of 

molecular electronics.17  
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Figure 1.2 Experimental work by Mark Reed et al. in 2000. (A) Schematic of measurement 

process. (B) A schematic of a benzene-1,4-dithiolate SAM between proximal gold electrodes 

(enlarged view of the squared area in A). Reprinted from ref. 18 with permission from AAAS. 

 

1.2 Charge Transport in Molecular Junctions 

Charge transport through a molecule that is wired between two electrodes is 

dominated by quantum tunneling effect because molecule is a nanoscopic object. 

Although the most appropriate theoretical language is still evolving, the Landauer-

Buttiker formalism20, 21 is perhaps the most well accepted theoretical framework for 

describing ballistic transport in one dimension nanoscopic object. In this formalism, 

electron transport problem is converted into a scattering problem. The energy distribution 

of electrons entering the left (right) electrode from the left (right) reservoir is 

𝑓𝑙𝑒𝑓𝑡(𝐸)(𝑓𝑟𝑖𝑔ℎ𝑡(𝐸)) and according to the Landauer-Buttiker formula, the current passing 

from left to right is  

                                  𝐼 = (
2𝑒

ℎ
) ∫ 𝑑𝐸𝑇(𝐸)[𝑓𝑙𝑒𝑓𝑡(𝐸) − 𝑓𝑟𝑖𝑔ℎ𝑡(𝐸)]

∞

−∞
                                (1.1) 

where 𝑒  is the charge on one electron, ℎ  is Planck’s constant, 𝐸  is energy, 𝑇(𝐸)  is 

transmission coefficient for electrons passing from one electrode to the other electrode 

via the molecule and 𝑓 is the Fermi-Dirac distribution of energy at the electrodes.  

             Close to equilibrium, 𝑓𝑙𝑒𝑓𝑡(𝐸) =  [𝑒𝛽(𝐸−𝐸𝐹
𝑙𝑒𝑓𝑡

) + 1]
−1

and 𝑓𝑟𝑖𝑔ℎ𝑡(𝐸) =

 [𝑒𝛽(𝐸−𝐸𝐹
𝑟𝑖𝑔ℎ𝑡

) + 1]
−1

, where 𝐸𝐹
𝑙𝑒𝑓𝑡

( 𝐸𝐹
𝑟𝑖𝑔ℎ𝑡

) is the Fermi-energy of the left (right) 

electrode and 𝛽 =
1

𝑘𝐵𝑇
, where 𝑘𝐵 is Boltzmann Constant and 𝑇 is temperature. When a 
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voltage difference of V is applied between the left and right electrode, then 𝐸𝐹
𝑙𝑒𝑓𝑡

= 𝐸𝐹 +

𝑒𝑉

2
 and 𝐸𝐹

𝑟𝑖𝑔ℎ𝑡
= 𝐸𝐹 −

𝑒𝑉

2
. This suggests that at zero temperature, but finite voltage 

                                                𝐼 = (
2𝑒

ℎ
) ∫ 𝑑𝐸𝑇(𝐸)

𝐸𝐹+𝑒𝑉 2⁄

𝐸𝐹−𝑒𝑉 2⁄
                                              (1.2) 

To obtain the conductance of a metal-molecule-metal junction, one needs to 

average 𝑇(𝐸) over an energy window of width 𝑒𝑉 centered on the Fermi energy. If 𝑇(𝐸) 

does not change significantly over 𝑒𝑉, the Fermi functions can then be Taylor expanded 

to yield electrical conductance in the zero-voltage, finite temperature limit: 

                                            𝐺 =
𝐼

𝑉
= 𝐺0 ∫ 𝑑𝐸𝑇(𝐸) (−

𝑑𝑓(𝐸)

𝑑𝐸
)

∞

−∞
                                     (1.3) 

where 𝐺0 is the quantum of conductance and has a value of 
2𝑒2

ℎ
≈ 77.48𝜇𝑆.  

Finally, the conductance 𝐺 of a metal-molecule-metal junction is given by 

                                                            𝐺 = 𝐺0𝑇(𝐸𝐹)                                                       (1.4) 

The above expressions assume that an electron remains phase coherent as it 

passes from one electrode to the other and does not undergo inelastic scattering.22 This 

has been proven to be a reasonable assumption for short molecules.23 However as the 

length of a molecule increases, the probability of inelastic scattering (e.g. from phonons 

or other electrons) becomes non-negligible24 and the above expressions require further 

correction or modification.  

 

1.3 Single Molecule Break-Junction Technique 

The major barrier experimentalists had to come across in the early 2000s lied in 

the large fluctuations in the data sets of the conductance measurements. It was difficult to 

determine how many molecules were bridged across the electrodes and how many 
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contributed to the measured results. Many discrepancies emerged not only between 

experimental data and simulated results, but also among data sets collected from different 

labs.25-30 This later was mainly attributed to the lack of appropriate controls of 

experimental conditions, such as making solid contact between a molecule and two 

electrodes and reproducing similar molecule-electrode contact structure. Therefore, what 

was in urgent need back then was a repeatable and reliable experimental platform that 

could at least minimize the fluctuations in experimental data, and raise confidence for 

further investigation.  

 

Figure 1.3 Working principle of STM-BJ technique. Molecular junction composed of an 

individual molecule, namely single-molecule junction, is marked by red rectangle.  

 

Meeting with the imperative requirement of the field, Xu and Tao’s work in 2003 

realized a repeatable STM break junction (STM-BJ) method.31 This method provided a 

robust and tunable experimental platform to repeatedly create metal-molecule-metal 
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junctions. As shown in Figure 1.3, this method involved using a metallic STM tip as one 

electrode and a metallic substrate as the other electrode. Via the control of piezoelectric 

transducer (PZT), the STM tip was brought close to the substrate covered by sample 

molecules. The feedback loop was disengaged and the tip was pushed into contact with 

the substrate. It was then retracted while the tunneling current was monitored. A fresh 

metal-metal atomic junction is formed, and on retraction this thins down to a single atom 

(point contact), which is finally broken upon further withdrawal. This process results in 

plateaus in conductance traces at multiples of the quantum unit of conductance G0 (2e2/h; 

77.5μS, e is the electronic charge, and h is Planck’s constant) owing to atomic 

rearrangements in the junction (Figure 1.4A). When the point contact breaks, if no 

molecule is trapped in the resulting break junction then the final step down of G0 is 

followed by a sharp exponential decay as the tip continues to retract (Figure 1.4E), but if 

a molecule (or molecules) binds to both gold contacts, then subsequent additional 

plateau(s) are seen in the current–distance plot at conductances ≪ G0, corresponding to 

tunneling conductance through the molecule (Figure 1.4B). Eventually, as retraction 

continues, the metal-molecule-metal junction breaks down whereupon the current rapidly 

falls to a very low value consistent with tunneling through space once more. Thus the last 

significant step before the conductance falls to zero is the conductance across an 

individual molecule. By repeating this engaging-retracting cycle thousands of times, 

statistical analysis of thousands of similar conductance traces could reveal peaks at the 

positions where plateaus most frequently appear in a conductance histogram (Figure 

1.4D). The first prominent peak in the histogram was believed to be the conductance 

when only one individual molecule was left in the break junction, namely, the single-
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molecule conductance. This method washed out the contact variations to a certain extent, 

and eliminated most discrepancies in earlier measurements. Now it is the most widely 

used method for studying electron transport in single-molecule junctions. 

 

Figure 1.4 STM-BJ experimental results by Xu and Tao in 2003. Reprinted from ref. 31 with 

permission from AAAS. 

 

An analogy to STM-BJ method is a conductive AFM break-junction (CAFM-BJ). 

CAFM-BJ uses a metal-coated AFM tip as the tip electrode and involves a laser-

reflection controlled force signal detector, which enables measurements of conductance 

and force in parallel (Figure 1.5B). Notice that CAFM-BJ works the same way STM-BJ 

does, but adds one more detectable parameter, force, to the system. Other techniques 

employing the emerging STM technique were also developed at the same time. The I(s) 

(called I(z) in some literatures) technique introduced by Haiss et al. in 2003 also used a 

STM tip to form molecular junctions.32 But the core difference is the junction formation 
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method. The I(s) method avoids the contact between two metal electrodes. The STM tip 

approaches the surface of analyte molecules, then retracts away while the tunneling 

current is measured. Schematics of the I(s) technique and the corresponding conductance 

signal are exemplified in Figure 1.6A. A further development using STM employs 

similar ideas but focuses on the time domain and has been referred to as the I(t) method, 

as exemplified in Figure 1.6B.33 The STM tip is placed at a constant distance from the 

substrate. This distance is usually set to be less than the length of a fully extended 

molecule. Then characteristic vibrations in current can be monitored which behave like 

telegraphic noise signals (rightmost panel in Figure 1.6B). Current jumps have been 

attributed to the attachment or detachment of the molecule to or from the STM tip. The 

conductance can then be determined by calculating the peak value of the current jump 

and the applied bias.34 Another important method, mechanically controlled break-

junction (MCBJ), uses notched metal wire fixed on elastic substrate.18, 35-37 A diagram of 

MCBJ is shown in Figure 1.6C. The substrate is usually covered with an insulator, and 

the metal wire is mechanically broken by bending the substrate. A single-molecule break 

junction is formed when only one molecule is left in the gap between two terminals of the 

broken metal wire. These aforementioned methods collecting signals by sandwiching a 

single molecule in a scheme of break junctions are called single-molecule break junction 

(SMBJ) techniques. 
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Figure 1.5 Comparison of STM-BJ (A) and CAFM-BJ (B). 
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Figure 1.6 (A) I(s) or I(z) technique. (B) I(t) technique. (C) MCBJ technique. A and B are 

reproduced from ref. 34 with permission of The Royal Society of Chemistry. C is reprinted with 

permission from ref. 37. Copyright John Wiley & Sons, Inc..  

 

To date, using these SMBJ techniques, especially the widely adopted, 

experimentalists have obtained extensive data, and phenomena of great interest, such as 

rectification,38-40 negative differential resistance,41-43 Kondo effect,44-46 redox 

switching,47, 48 spins-split molecular orbitals,49 magnetoresistance,50 thermoelectrics,51, 52 

and quantum interference,53-55 have been observed in the past decade, which greatly 

boosts the development of molecular electronics.  

 

1.4 Objectives and Outline of Dissertation 

Despite the fact that much effort in using SMBJ techniques has been devoted to 

measure the conductance of various molecules, physical understanding of many detailed 

information hidden in the chaotic experimental data and some unresolved issues in the 

field, such as the influence of molecule-electrode contact interfaces and the creation of 

large current rectification, have been impeded by the lack of proper experimental controls 

and appropriate analysis techniques. In agreement with this view, it is believed that 

delicate experimental controls and advanced data analysis algorithms are not only 

essential to understanding charge transport through single-molecule junctions, they will 

also provide significant hints for future experimental and theoretical investigations. 

Therefore, the research presented in this dissertation aims at gaining deeper insights into 

charge transport properties of single-molecule junctions via incorporating delicate 

experimental modulations and controls based on the widely adopted STM/CAFM-BJ 

techniques and developing more powerful data analysis methods. In particular, my 
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dissertation research addresses several challenging issues in the field of ME, including 1) 

the role of molecule-electrode contact interfaces in determining charge transport through 

single-molecule junctions, 2) the structure-property relation of DNA-based molecular 

junctions, 3) the creation of DNA-based molecular rectifier, and 4) quantum interference 

effect (Fano-resonance) in molecular junctions.  

In this chapter I have briefly summarized the history and motivation of the field of 

molecular electronics and introduced the most reliable experimental approaches, the 

emerging SMBJ techniques, for studying charge transport through single-molecule 

junctions. I have also elaborated the objectives of this dissertation. The rest of the 

dissertation will be organized as follows: 

Chapter 2 describes the general experimental procedures of STM/CAFM-BJ 

measurements used in my research, including sample preparation, conductance 

measurement setups and I-V measurement setups. Data analysis methods used for 

conductance and I-V measurement results will also be introduced.  

Chapter 3 describes the successful depiction of details of contact effect in 

modulated Au-octanedithiol-Au junctions by combining mechanical modulation of 

CAFM-BJ technique and force-conductance cross-correlation analysis. The investigation 

of the conductance change during junction elongation of the mechanical modulation 

process which revealed a unique contact tunneling barrier of Au-octanedithiol-Au 

junctions is also presented. 

Chapter 4 introduces the measurements and understanding of the role of 

asymmetric contact interfaces formed by inconsistent anchoring groups in benzene-based 

molecular junctions in producing current rectification behavior. The underlying 
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mechanism of the observed rectification interpreted by a modified Simmons model is also 

introduced.  

Chapter 5 describes the experimental investigation of the role of DNA’s 

secondary structure in determining its conductance, where single-molecule conductance 

of a poly d(GC)4 DNA duplex was electronically monitored during its structural change 

from B- to Z-form.  

Chapter 6 demonstrates the experimental creation of the world’s first DNA-based 

molecular rectifier by intercalating small molecules, coralyne, into a custom-designed 

DNA duplex. The underlying transport mechanism suggested by NEGF-DFT calculations 

is also introduced.  

Chapter 7 describes the experimental studies of Fermi level pinning of charge-

transfer resonances in molecular junctions containing the 2,2’:5’,2”-terthiophene:TCNE 

charge-transfer complex.  

Chapter 8 briefly summarizes the research presented in this dissertation and 

remarks on the future direction of single-molecule junction studies.  
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CHAPTER 2 

EXPERIMENTAL PROCEDURES AND ANALYSIS METHODS 

 

In the experimental works presented in this dissertation, I employ either STM-BJ 

or CAFM-BJ techniques, where junctions are repeatedly formed and broken thousands of 

times in the course of a typical experiment. This chapter describes the general 

experimental protocols used to carry out these measurements, and the analysis methods I 

have applied to the large datasets obtained in my experiments.  

 

2.1 STM/CAFM Break Junction Measurement Setups 

2.1.1 Sample preparation 

In all the works presented in this dissertation, for both STM-BJ and CAFM-BJ 

measurements, gold (Au) substrates and gold (Au) tips are used as the BJ electrodes. 

Gold substrates were prepared by evaporating ~100nm of gold onto freshly cleaved mica 

sheets using a thermo-evaporator under a vacuum of 10–7 Torr. The gold beads for Au 

substrate deposition was purchased from Kurt J. Lesker Company (99.999%), and mica 

sheets were purchased from Ted Pella, Inc. The Au surfaces were annealed in hydrogen 

flame for several minutes immediately before immersion in sample solutions containing 

analyte molecules. This annealing step cleaned the surface and allowed epitaxial 

reconstruction of the Au to form large terraces of Au(111). Then sample solution 

containing target molecules was dropped onto the freshly flamed Au surface to form the 
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required self-assembled monolayer for the following electrical measurements, including 

conductance measurements and I-V characteristics measurements.  

Au tips for STM-BJ measurements were prepared by shearing gold wire with 

diameter of 0.25 mm (99.999%, Alfa Aesca). Freshly sheared bare Au tips were directly 

used for measurements that were performed in air. In order to conduct measurements in 

aqueous solution, the STM tips were coated with Apiezon wax to keep ionic leakage 

current below 1pA to avoid ionic conduction. Tips for CAFM-BJ measurements were 

obtained by depositing a 15nm layer of chromium and then a 35nm layer of gold 

(99.999%) to normal AFM tips using an ion beam coater (Gatan model 681). The spring 

constant of the AFM cantilever used in my experiments is 40N/m. The SPM system used 

for both STM-BJ and CAFM-BJ measurements is the Picoplus SPM (Molecular Imaging) 

with a Pico Scan 3000 Controller (Molecular Imaging).  

 

2.1.2 Measurement protocols 

Conductance measurements: The single-molecule conductance of a sample 

molecule was measured under a certain static bias voltage that was applied to the Au 

substrate with the Au tip grounded. The general procedures for conductance measurement 

of a molecule followed the STM/CAFM-BJ techniques detailed in Chapter 1. In these 

techniques, the tip was initially driven by piezoelectric transducer (PZT) to approach the 

Au substrate until the current reached a preset value which implied the formation of Au- 

Au point contact. Then the tip retracted so that conductance vs distance trace was 

recorded. This process was repeated for thousands of times in a typical conductance 

measurement to generate thousands of conductance vs distance traces for further data 
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analysis, including the construction of conductance histograms and correlation analysis. 

Both a linear-binned preamplifier and a logarithm-binned preamplifier were used for the 

conductance measurements. The reason for using a log-scale preamplifier is to monitor a 

much wider range of conductance distribution which covers the whole junction evolution 

during tip retraction, from the breaking of Au-Au point contact to the rupture of the last 

molecular junction. Example linear-scale and log-scale conductance traces are shown in 

Figure 2.1A and 2.1B, respectively. When CAFM-BJ technique was used, the force and 

conductance signals can be simultaneously measured, which helps to discover the 

correlation between mechanical and electrical properties of studied molecular junctions. 

Example force and conductance traces obtained simultaneously by CAFM-BJ technique 

is shown in Figure 2.1C.  

 

Figure 2.1 Example BJ measurement results. (A) Typical linear-scale conductance vs time traces. 

(B) Typical log-scale conductance vs stretching distance traces. (C) Typical force and 
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conductance traces simultaneously measured by CAFM-BJ technique. Reprinted from ref. 58. (D) 

Typical I-V curve obtained from a single-molecule junction. Reprinted from ref. 6. 

 

I-V curve measurements: The current-voltage (I-V) characteristics of a single 

molecule junction is measured by applying a bias sweep from a negative (positive) bias 

value to a positive (negative) bias value (e.g., from -1V to 1V) when the molecular 

junction containing an individual molecule is stabilized by a stretch-hold modification. 

The method is detailed in Section 2.2 in this chapter. Example I-V curve obtained from a 

single-molecule junction is shown in Figure 2.1D. The determination of whether or not a 

single molecule is sandwiched in the junction is based on the single-molecule 

conductance value of the first and most prominent peak in the corresponding conductance 

histogram obtained from previous conductance measurements. It is necessary to notice 

that only the I-V curves extracted from single-molecule conductance plateaus are 

considered as I-V characteristics of single molecule junctions and further used for I-V 

curve analysis. 

 

2.2 Mechanical modulations  

Deep understanding of charge transport through single molecules requires delicate 

experimental controls of single-molecule junction system. The power of the scanning 

probe microscopy (STM/AFM) experimental setup comes from the fact that the 

piezoelectric transducer (PZT) provides precise displacement of the SPM tip, allowing 

for the gap between the tip and substrate to be adjusted in different fashions. In this 

section, the mechanical modulations I have applied in my experiments is discussed. 
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Continuous-stretch mode: Conventional SPM-BJ measurements usually apply a 

constant tip retracting speed throughout the whole measurements, and the PZT signal 

appears to be a straight line (blue line in Figure 2.2A). This measurement procedure is 

named as the “continuous-stretch mode” SPM-BJ. Although widely adopted, continuous-

stretch mode SPM-BJ measurements often show conductance plateaus that is noisy and 

short-lived. This usually results in a single-molecule conductance peak with rather broad 

distribution and low intensity, which might wash out details important for understanding 

the SMBJ systems it is measuring.56  

 

Figure 2.2 SPM-BJ measurement results under different mechanical modulations. (A) PZT 

movement (blue) and conductance signal (black) of continuous-stretching mode. (B) PZT 

movement (blue) and conductance signal (black) of stretch-holding mode. (C-D)  PZT movement 

(black) and conductance signal (C: blue; D: purple) of nonlinear-ramp modulations. A and B are 

reprinted with permission from ref. 56. Copyright (2009) American Chemical Society. C is 

reprinted from ref. 61. 
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Stretch-hold mode: The peak shape of the conductance histogram is 

predominantly determined by the stability of the molecular junction conformation. Thus, 

the ability to stabilize the molecular conformation while it is measured is necessary. In 

my experiments, the stretch-hold modification was used which involves stair-stepping the 

tip retraction process so that the system pauses or holds momentarily and allows for the 

junction to settle into a quasi-relaxed state.56 This modification essentially includes 

periodic repetition of two processes: 1) abrupt stretch of a certain distance and 2) free-

holding of the junction separation for certain time. As shown in Figure 2.2B, measured 

under stretch-hold modification, the conductance plateau became much more distinct and 

well-defined, and the junction had a much longer lifetime during the free-hold process. 

This modification of the tip retraction was proven to eliminate, or at least minimize, the 

variations of experimental conditions, such as the fluctuation of the junction 

conformation.56 In addition, while a single-molecule junction is free-held, a bias sweep 

can be applied to measure the I-V characteristics of the molecular junction.  

Equally important is that the free-held junction serves as a perfect platform to 

carry additional mechanical modulations of the junction separation, which enables the 

discovery of more detailed information of single-molecule junction systems.  

             Non-linear ramp modulations: On a free-held junction achieved by setting up a 

constant tip-substrate separation using the stretch-hold modification, the SPM tip can also 

be modulated to cycle through multiple non-linear ramp modes, such as “triangle, 

“trapezoidal” and “wave” displacements. This could be achieved by applying an AC 

signal with a certain shape and frequency to the SPM PZT movement. Modulations in 

this manner essentially regulates the junction separation by compressing and elongating 
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the molecular junction periodically. Example conductance traces obtained under a 

“triangle” and a “trapezoidal” modulation are shown in Figure 2.2C and 2.2D, 

respectively. I emphasize that measurement results obtained by non-linear ramp 

modulations carry significant information associated with the mechanical and electrical 

properties of the studied junction. In my experiments, “triangle or saw-tooth” and 

“trapezoidal” modulations have been specifically applied to measure junctions containing 

different molecules.  

 

2.3 Data Analysis Methods 

As, usually, neither how many molecules form the junction for any given 

experiment, nor the exact nature of the metal–molecule bonding are known, many 

measurements are made and the results are analyzed statistically to determine the most 

probable conductance of a single molecule. To plumb as many details as possible from 

the collected data, numerous statistical methods have been developed and used in my 

dissertation research.  

2.3.1 One-dimensional (1D) and two-dimensional (2D) histogram methods 

Firstly introduced in Xu and Tao’s work,31 the single-molecule conductance can 

be determined using a conventional one-dimensional (1D) conductance histogram 

constructed from many individual conductance traces. Typical conductance 1D 

histograms under a linear-scale and log-scale binned plot are shown in Figure 2.3A and 

B, respectively. These 1D histograms exhibit peaks, the center value of which is the most 

probable conductance of a single molecule. Histograms are generated by directly 

determining the height of each conductance jump in the conductance vs distance scans 
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and plotting these values in histograms of counts against conductance jump value. 

However, the 1D conductance histogram only involves one significant parameter: 

conductance. Therefore, it cannot reveal other detailed features hidden in the conductance 

vs distance traces (i.e. the junction length and correlation between two traces). To have a 

straightforward glance at junction evolution feature, two-dimensional (2D) conductance 

histogram is also used in the analysis of my experimental results. 2D histogram is 

achieved by superimposing hundreds of conductance traces that are shifted to an identical 

starting or ending point and then illustrating the data points with an additional coordinate 

binned in color code. Using this method, the average junction length prior to junction 

rupture can be clearly reflected. It can also illustrate interesting charge transport 

phenomenon, such as conductance switching, which cannot be reflected in a 1D 

histogram. Example 2D histograms obtained from measurements under continuous-

stretch mode and non-linear ramp modulation are shown in Figure 2.3C and 2.3D, 

respectively.  
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Figure 2.3 1D and 2D histograms. (A) Linear-scale conductance 1D histogram. (B) Log-scale 

conductance 1D histogram. (C) Log-scale conductance 2D histogram. (D) Log-scale 2D 

conductance histogram obtained from mechanical modulation measurements.  

 

2.3.2 Correlation analysis 

The generation of defined peaks in ‘‘all-conductance’’ histograms relies on there 

being a relatively flat current-plateau region before the junction is cleaved. However, two 

types of information that could be readily washed out using histogram methods are 1) 

conductance–distance curves carrying jump events which are closely related to 

mechanical nature of molecular junctions and 2) molecular plateaus carrying regular 

conductance fluctuation under non-linear ramp mechanical modulations. These 

fluctuations in conductance is often trivial in terms of time-scale and therefore only add 

to the background or noise in the 1D conductance histogram. To plumb the important 

information hidden in the fluctuated molecular plateaus, I have also used the recently 

developed correlation analysis in my dissertation research.  

 

Figure 2.4 Correlation analysis. (A) Example conductance 2D auto-correlation histogram (C-

2DACH). (B) Simultaneously recorded PZT, force (F) and conductance (G) signal of a single-
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molecule junction. (C) Example force-conductance 2D cross-correlation histogram (FC-2DCCH). 

Reprinted with permission from ref. 59. Copyright (2014) American Chemical Society.   

 

In order to unravel the relationship between specific signals in individual 

conductance traces, such as the relation between two conductance (force) values, a 

conductance (force) 2D auto-correlation histogram (C(F)-2DACH) which was recently 

developed by Makk et al.57 is adopted. The 2DACH is in a class of single variable time 

series analysis, but is the basis of deriving multivariate analysis.58  

When a pair of force and conductance traces are recorded, the Labview program 

reads the data in the order of bins. In order to correlate a conductance trace to its 

corresponding force trace and other traces in the data sets, data points of a trace are 

separated by a certain bin size. This allows comparing the conductance characteristics at 

a certain bin with the simultaneously measured force signal at the same bin and other bins 

along the entire trace. Auto-correlation 𝐴𝑔 calculates the scaled covariance between two 

elements: (1) bin 𝑖 of one trace histogram 𝑔𝑖(𝑙) compared with the mean 𝑔𝑖(𝑙)𝑙 of bin 𝑖 

from all the trace histograms and (2) bin 𝑗 of the same sample 𝑔𝑗(𝑙) compared with the 

mean 𝑔𝑗(𝑙)𝑙 of bin j from all the traces. Usually 𝑖 and 𝑗 represent moments in time where 

𝑗 is a time lagged behind (or before when the lag is negative). Then the degree with 

which the signal and its offset are linearly dependent is calculated. The calculation 

equation is shown as 

                                   𝐴𝑔(𝑖, 𝑗) =
〈[𝑔𝑖(𝑙)−〈𝑔𝑖(𝑙)〉][𝑔𝑗(𝑙)−〈𝑔𝑗(𝑙)〉]〉𝑙

√〈[𝑔𝑖(𝑙)−〈𝑔𝑖(𝑙)〉]2〉𝑙〈[𝑔𝑗(𝑙)−〈𝑔𝑗(𝑙)〉]
2

〉𝑙

                       (2.1) 

By adding another variable, the calculation evolves through an intermediate correlation 



 

25 

which does not have a lag, so it is not beneficial to plot in a 2D grid, as detailed in a 

recent study.58 Cross-correlation 𝐶𝑔,𝑓  reproduces the lag from auto-correlation into 

correlation for two variables using eqn. (2.2) 

                              𝐶𝑔,𝑓(𝑖, 𝑗) =
〈[𝑔𝑖(𝑙)−〈𝑔𝑖(𝑙)〉][𝑓𝑗(𝑙)−〈𝑓𝑗(𝑙)〉]〉𝑙

√〈[𝑔𝑖(𝑙)−〈𝑔𝑖(𝑙)〉]2〉𝑙〈[𝑓𝑗(𝑙)−〈𝑓𝑗(𝑙)〉]
2

〉𝑙

                     (2.2) 

Specifically, Eqn. (2.2) calculates the cross-correlation between two variables, 

conductance and force, with the second variable offset by incrementing lag as with auto-

correlation.  

The calculation algorithm of Eqn. (2.1) for auto-correlation and Eqn. (2.2) for 

cross-correlation is set up into the Labview program. When hundreds of pairs of 

simultaneously measured conductance and force traces are read by the Labview program, 

it plots the statistical results of the calculation in a 2D grid. 

Using auto-correlation method, correlation between difference conductance 

(force) values can be plotted in a color-binned 2D map with a degree of correlation 

ranging from -1 to 1. Example conductance(C)-2DACH plot is shown in Figure 2.4A. 

The strong correlated regions in a 2DACH reflect where two correlated conductance 

values often appear together.  

To explore the correlation between two variables, especially the correlation 

between simultaneously measured force and conductance, Hamill et al. recently expanded 

the auto-correlation to a cross-correlation by adding another variable, force, to the 

calculations.58, 59 Using this method, a force-conductance 2D cross-correlation analysis 

histogram (FC-2DCCH) can be constructed. FC-2DCCH reveals regions where a force 

value and a conductance value are closely related to each other. Namely, FC-2DCCH 
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analysis helps to bridge the mechanical properties of a single-molecule junction with its 

charge transport properties. For example, as shown in Figure 2.4 C, the FC-2DCCH 

shows strong correlated regions that correspond to small plateaus that appear in both 

force and conductance traces simultaneously.  
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CHAPTER 3 

CONTACT EFFECT IN AU-OCTANEDITHIOL-AU SINGLE MOLECULE 

JUNCTIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 59 K. Wang, J. Hamill,  J. Zhou, B.Q. Xu,  J. Am. Chem. Soc., 2014, 136, 17406–

17409. Reprinted here with permission of publisher. 

 60 K. Wang, B.Q. Xu, Phys. Chem. Chem. Phys., 2016, 18, 9569-9576. Reprinted 

here with permission of publisher.  



 

28 

3.1 Mapping Contact Effect by Force-Conductance Cross-Correlation 

3.1.1 Abstract 

We have measured the force and conductance of Au-octanedithiol-Au junctions 

using a modified conducting atomic force microscopy break junction technique with 

sawtooth modulations. Force−conductance two-dimensional cross-correlation histogram 

(FC-2DCCH) analysis for the single-molecule plateaus is demonstrated. Interestingly, 

four strong correlated regions appear in FC-2DCCHs consistently when modulations with 

different amplitudes are applied, in sharp contrast to the results under no modulation. 

These regions reflect the conductance and force changes during the transition of two 

molecule/electrode contact configurations. As the modulation amplitude increases, 

intermediate transition states of the contact configurations are discerned and further 

confirmed by comparing individual traces. This study unravels the relation between force 

and conductance hidden in the data of a modulated single-molecule break junction system 

and provides a fresh understanding of electron transport properties at molecule/electrode 

interfaces.  

 

3.1.2 Introduction 

               The single-molecule break junction (SMBJ) technique has been performed as a 

reliable experimental platform, creating electrode-molecule-electrode structures.4, 8, 31, 34, 

61, 62 Studies using SMBJ focus on the charge transport properties, namely, the 

conductance, of molecular junctions.31, 63-65 Precise control of the atomic structure, 

however, is not well achieved. Large fluctuations in the conductance measurements of 

alkane molecules have been puzzling and are not yet fully understood.17, 34 For instance, a 
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Au-octanedithiol (C8DT)-Au junction was measured to have >1 order difference in 

conductance.66-69 Such uncertainty in conductance has also been observed for other 

molecules in the alkane family.66, 67, 69 Theoretical simulations proposed the variation at 

the molecule/electrode contact interfaces as the cause for the broad distribution in 

conductance.4, 67, 70-72 Equally important is that a series of changes in contact 

configurations along the evolution of a single molecule junction prior to rupture could 

also induce significant conductance change, especially for Au-thiol (Au-S) contact.73-75 

Thus, to incorporate science derived from a SMBJ, a better understanding of the 

molecule/electrode interfaces is key. 

Sawtooth modulation of piezo transducer (PZT) movement on a stabilized 

molecular junction has been proven to be able to isolate the contact parts for detailed 

study, and individual traces measured under such modulation show a close kinship 

between force and conductance.76, 77 However, conventional 1D and 2D histograms are 

not ideal tools to discover significant information from these modulated traces, and the 

lack of a proper method to interpret the modulated data hinders the physical 

understanding of contact effect.76 Recent applications of correlation analysis on 

conductance traces showed more detailed features beyond conventional histograms and 

provided a new understanding of molecular junctions.57, 78, 79 A more recent promotion of 

the correlation analysis involved a multivariate time series analysis by adding a second, 

variable force to the analysis and allowed the cross-correlation of force and 

conductance.58, 80 This newly emerging analysis offers the possibility to connect force 

plateaus with conductance plateaus measured in unison, and has discerned miniature yet 

significant relations between force and conductance hidden in the data.58 Therefore, it is 
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expected that a force-conductance two-dimensional cross-correlation histogram (FC-

2DCCH) could unravel the hidden yet important subtleties in the sawtooth modulated 

data and further extend our knowledge of the role of contact interface in a molecular 

junction. 

Here we measure the conductance and force of Au-C8DT-Au junctions under 

sawtooth modulations (Figure 3.1A) and demonstrate FC-2DCCHs for the modulated 

single-molecule plateaus. Three modulation amplitudes (ΔA= 0.8, 1.0, and 1.2 Å) are 

tested, and the data set collected under no modulation is also studied for comparison. The 

resulting FC-2DCCHs show strongly correlated regions of force and conductance for all 

three modulation amplitudes, which sharply contrasts with non-modulated data. The 

evolution of FC-2DCCHs with increasing modulation amplitude for the first time 

distinguishes the subtle intermediate states of contact configurations. This work adds 

another dimension to the conventional statistical methods and provides critical hints for 

further theoretical simulations. 

 

Figure 3.1 (A) Schematic of the modified conducting atomic force microscopy break junction 

technique and the sawtooth mechanical modulation signal (black box). In the C8DT molecule, 

carbon atoms and thiol groups are shown in dark green and dark yellow spheres, respectively. 

Examples of individual traces without modulation (B) and under modulation ΔA= 0.8 Å (C). The 

inset in B shows the overlay of 67 non-modulated conductance and force traces. The inset in C 
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shows the overlay of 60 modulated conductance and force traces. The units of the insets in B and 

C are 1×10−4G0 for conductance and 1 nN for force. Reprinted with permission from ref. 59. 

Copyright (2014) American Chemical Society.   

 

3.1.3 Experimental Details 

Chemicals and materials preparation 1,8-octanedithiol(C8DT) were purchased from 

Aldrich. C8DT molecule was chosen because of its simple yet rigid structure and because 

it was well studied experimentally and theoretically. This makes C8DT a good candidate 

for investigating the contact effect in molecular junctions. Au (111) substrate was 

prepared by annealing Au surface in a hydrogen flame immediately before immersion in 

sample solutions. C8DT self-assembly monolayers were formed on the Au (111) 

substrate when 1mM C8DT deionized (DI) water solution was dropped on the substrate 

and incubated for 3hrs. The Au substrate was then rinsed with deionized water for three 

times and put in pure toluene solution after being dried with argon. After these treatments, 

the sample was used for CAFM-BJ measurements.  

Experimental setup The SPM system is the Picoplus SPM (Molecular Imaging) with a 

Pico Scan 3000 Controller (Molecular Imaging). The CAFM tip was made of Si coated 

with a 15 nm layer of chromium and then a 35 nm layer of gold (99.999%) using an ion 

beam coater (Gatan model 681). The spring constant of the AFM cantilever was 40 N/m. 

The modified CAFMBJ and modulations are realized by controlling the movement of the 

piezo transducer (PZT), and experimental data was acquired and processed using a 

homemade Labview programs.56, 77 In contrast with conventional SPM-BJ technique, we 

divided the tip retracting process into two segments: continuous stretching and free-

holding. After abruptly stretching for 1nm, the molecular junctions are kept free-holding. 
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Modulations of a “saw-tooth” PZT signal (240Hz) were applied on the free-holding 

process to regulate the separation between the tip and substrate. This modulation signal 

adjusts the separation by a periodic cycle of elongation and compression of PZT 

movement. Three different modulation amplitudes ΔA (0.8, 1.0, and 1.2 Å) were tested in 

this study. These three modulation amplitudes were chosen because they have been 

proven to be large enough to perturb the contact configuration but still maintain the 

junction intact.76, 77 All the measurements were performed under a bias voltage of 0.3V at 

room temperature (298K). 

 

3.1.4 Results and Discussions 

We use the modified CAFM-BJ technique to measure the force and conductance 

in parallel.56 This technique involves a periodic freeholding process while the AFM tip is 

retracted away from the substrate.56 The free-holding process stabilizes a junction and 

greatly minimizes its dynamic movement. In our study, the freeholding is set to occur 

after every retraction of 1 nm. With the lifetime of the junction extended by the free-

holding, proper mechanical modulations can be carried out without hurting the integrity 

of a junction.77 As shown in Figure 3.1A, the sawtooth modulation manipulates the 

tip/substrate separation by cycling an elongation followed by a compression at a 

frequency of 240Hz, while the junction is free-held. This ensures that the changes in 

conductance and force are predominantly caused by the mechanical modulation instead 

of the dynamic fluctuation of the junction. The modulation manipulates the softest part of 

the junction. In our system, C8DT molecules can be regarded as a rigid body since the C-

C bond is much stronger than the S-Au and Au-Au bonds at the contacts.69, 81 Thus, the 
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softest part in our system is the molecule/electrode contacts, which should be the source 

of most changes induced by the modulations. Typical non-modulated and modulated 

traces are shown in Figure 3.1B, C. We see that the force and conductance traces without 

modulation reveal no obvious feature other than slight variations attributed to the thermal 

vibration of the junctions.81 Traces measured under a modulation show regular force 

fluctuation in accordance with the PZT signal and conductance fluctuations in opposite 

phase to the PZT signal. This phenomenon is consistent with a previous report,77 and it is 

easy to understand that conductance decreases during the increase of PZT signal from the 

valley to the peak, which extends the junction distance and lowers the efficiency of 

electron transport.82 We also notice that modulation does not necessarily induce a 

conductance change. 

We first analyze the data sets by plotting conductance (force) 1D and conductance 

(force) vs time 2D histograms. Simultaneously measured conductance and force traces 

with significant features are selected for the data analysis. The conductance 1D histogram 

for the non-modulated data shows two pronounced peaks at around 2.5×10−4G0 and 

0.5×10−4G0 which coincide with the two major bands (blue arrows) in the conductance vs 

time 2D plot. These two conductance values match well with previously reported high 

and medium conductance sets for Au-C8DT-Au junction.66, 67 We ascribe those single-

molecule conductance values lower than these two but previously reported to be less 

populated in our data. The force 1D histogram reveals a dominant peak at around 1.5nN, 

which matches the rupture force of the junction via Au-Au breaking.31, 78, 83 The 

successful determination of different conductance sets and the junction rupture force 

rationalizes our trace selecting method. Under modulation ΔA= 0.8 Å, both conductance 
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(force) 1D and 2D histograms reveal no distinguishable detail. This indicates that the1D 

and 2D histograms wash out the significant features in the modulated data and fail to 

zoom into the miniatures. 

As the SMBJ system was initially built to study single-molecule properties, data 

analysis approaches to interpret the most repeated features and statistically significant 

information measured while a single molecule is sandwiched between the electrodes are 

necessary. To downscale the analysis to single molecule level, we clip the traces to 

single-molecule plateaus by excluding those conductance traces without a plateau within 

the single-molecule conductance range. We then focus on the fluctuation signals (ΔG and 

ΔF) induced by the mechanical modulations on these single molecule plateaus. Each 

single-molecule plateau is offset to zero by subtracting the average value of the plateau, 

and correlation analysis using many such plateaus could reveal statistically significant 

information downscaled to the single-molecule level (see the insets of Figure 3.1B and 

C). 
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Figure 3.2 Two-dimensional autocorrelation histogram (2DACH) for non-modulated data (67 

traces) and modulated data (ΔA = 1.2 Å, 69 traces). A and B show the C- and F 2DACH for non-

modulated plateaus, respectively. C and D show the C- and F-2DACH for modulated plateaus 

(ΔA= 1.2 Å), respectively. The color bar is the same for all the panels. Reprinted with permission 

from ref. 59. Copyright (2014) American Chemical Society.   

 

We present the two-dimensional autocorrelation histogram (2DACH) analysis for 

force (F) and conductance (C) to explore the relation between two ΔG’s or ΔF’s. By 

interpreting a single trace in terms of bins, 2DACH essentially describes the correlation 

degree of data points taken at every bin location. Bin sizes are 2×10−6G0 for conductance 

and 0.01 nN for force. The correlation degree ranges from −1 to 1 and is plotted in color 

code (Figure 3.2). We observe strongly correlated regions distributed along the diagonal 

line (from bottom left to top right) in each panel of Figure 3.2. This diagonal line reflects 

the degree to which a signal correlates to itself, which is supposed to be 1.57, 78 Under no 

modulation, both C- and F-2DACH show four anti-correlated regions (blue regions), 

which indicate a rather low possibility of two ΔG’s or ΔF’s appearing together on the 

plateaus. These regions relate to where ΔG=0G0 correlates with the ΔG≈±0.3×10−4G0, 

and where ΔF=0G0 anti-correlates with ΔF≈±0.35nN, and spread far and wide away 

from the center. We attribute this phenomenon to the few data points beyond ΔG=±

0.3×10−4G0 and ΔF of ±0.35nN. Overall, 2DACHs reveal no obvious strong correlated 

region for non-modulated plateaus. In contrast, under the modulation of ΔA=1.2Å, 

noticeable features in the C-2DACH are the strong correlated regions (red) locating at 

(0.48 × 10−4G0, −0.49 × 10−4G0). This specifies that the increase in conductance by 
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0.48×10−4G0 usually emerged with a concurrent conductance decrease by 0.49×10−4G0. 

It is possible that these two values correspond to two different contact configurations, 

which frequently took place on the same plateau. Given this effect, we believe the 

possible change in contact configuration is predominantly induced by the mechanical 

modulations. Interestingly, the F-2DACH for modulated data shows another strong 

correlated diagonal line. Similar phenomena are seen for other modulation amplitudes as 

well. This newly emerged diagonal line suggests a linear relation that a certain amount of 

increase in force usually correlated with a force decrease by the same amount on the 

identical plateau. Since the selected force traces always show linear and regular sawtooth 

patterns, the average behavior of many such force traces should illustrate a similar degree 

of increase and decrease at a plateau, and the increase and decrease always correlate with 

each other. Thus, it is reasonable that F-2DACH produces another diagonal line. This 

autocorrelation analysis of the modulated data has revealed new details never observed 

before. Unfortunately, it still fails to bridge the force change with conductance change 

induced by the mechanical modulations. 

The core interest of this study lies in the relationship between a ΔG and a ΔF 

caused by the introduction of mechanical modulations. FC-2DCCH analysis serves as a 

powerful tool to achieve this goal by calculating the correlation degree between a force 

signal and the corresponding conductance signal. The same sample traces and bin sizes 

adopted in 2DACH are also used for FC-2DCCH. We plot the FC-2DCCHs for all data 

sets in Figure 3.3. For non-modulated plateaus, the FC-2DCCH shows neither strong nor 

anti-correlation areas, but some weakly correlated regions dispersed around the center 

within a range of ±0.25×10−4G0 in conductance and ±0.3 nN in force (yellow in Figure 
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3.3A). These fluctuations in conductance and force match well with the fluctuations 

reported in previous measurements.77 Noting that the junction was free-held while being 

measured, this fluctuation is not caused by the change of junction separation but by the 

thermal vibration of the molecule or possible relaxation of the Au-S binding site at a 

constant junction distance of 1 nm.77, 84 Simulations have suggested that thermal motion 

of a junction can cause the significant conductance change.73, 81, 85 

However, FC-2DCCH plots show dramatic changes for the modulated plateaus. 

Multiple strongly correlated regions (red) can be seen. Interestingly, four specific regions 

(solid circles) appear consistently for all modulation amplitudes. At modulation ΔA= 0.8 

Å, the four regions locate at ∼ (±0.48×10−4G0, ±0.18nN). They slightly increase to ∼ 

(±0.55×10−4G0, ±0.26 nN) as the modulation amplitude rises to 1.2 Å. The slight change 

in conductance with increasing modulation amplitude is consistent with a previous report, 

which suggested that the increase of modulation amplitude from 0.8 to 1.2 Å would not 

change the conductance much.76 Thus, we believe the increase of ΔA from 0.8 to 1.2 Å 

has little impact on relevant contact configurations but linearly increases the force. The 

conductance values of these four regions also coincide with those observed in C-2DACH 

(Figure 3.2C). Counterintuitively, a positive force at ∼0.2 nN strongly correlates with 

both positive and negative conductance. The reason is similar to that for the second 

diagonal line in Figure 3.2D. A positive ΔF caused by the elongation of the junction 

induces a conductance decrease, namely a negative ΔG in a FC-2DCCH. However, on 

the identical plateau, the sawtooth pattern force signal could always occur with both a 

conductance increase and decrease. A positive force may correlate with any signals, 

including conductance increase and decrease, that most often occurred with it. Therefore, 
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these correlated regions should distribute in a centrosymmetric manner, as the FC-

2DCCHs show. So, the key lies in the net amplitude of ΔG and ΔF instead of their signs. 

Another interesting feature is that the strong correlated spots related with negative ΔF’s 

usually have a higher intensity than those correlating to positive ΔF’s, indicating a 

stronger correlation between force and conductance when the junction is “compressed”. It 

is necessary to note that the compression effect mainly comes from the molecular angle 

changes caused by system drifts and contact Au atom motion.86 We suggest the changes 

from ∼ 0.5×10−4G0 to −0.5×10−4G0 in conductance and from −0.2 to 0.2 nN in force are 

related to the switch between two junction conformations which could differentiate in 

Au-S bonding site, junction length, or molecular angle. Given the little conductance 

change with increasing modulation amplitude, we believe this switch is independent of 

modulation amplitudes used in our experiments. Au-S bonding configuration has been 

reported to be able to alternate among different configurations with the length change of 

the molecular junction.67, 70, 72 A simulation study73 highly resembling our system 

illustrated a possible Au-S contact configuration change with a molecular angle tilt. We 

believe that this force-induced change in conductance could be due to the change in the 

coupling energy between thiol and Au. Such coupling energy change will induce a small 

change in the conductance value, as shown in the 2DCCHs. However, if a large coupling 

energy change is induced by a large enough force, the transition from one configuration 

to another configuration could occur. 
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Figure 3.3 Force−conductance two-dimensional cross-correlation histogram (FC-2DCCH) for 

non-modulated data (A, 67 traces) and modulated data (B, ΔA= 0.8 Å, 60 traces; C, ΔA= 1.0 Å, 

76 traces; D, ΔA= 1.2 Å, 69 traces). Reprinted with permission from ref. 59. Copyright (2014) 

American Chemical Society.   

 

Noticeable strongly correlated regions distributed around the center show obvious 

shape changes, from scattered blurred area for ΔA= 0.8 Å to distinct spots for ΔA= 1.2 Å. 

It has to be noted that the scattered center correlation areas for the modulated data are 

mainly caused by the mechanical modulation, which contrasts with the weak correlated 

areas also spreading around the center in the non-modulated case. The discrete regions 

(dashed circles in Figure 3.3D) correspond to a smaller force and conductance change 
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than the solid circled regions. We suggest that these discrete regions are related to 

intermediate states through which the junction evolves. In Figure 3.4, a careful check of 

detailed features in individual plateaus under ΔA= 0.8 and 1.2 Å reveals an exponential 

increase (decrease) in conductance with the decrease (increase) of junction separation, 

suggesting a change in tunneling barrier length. Given there is no increase in the number 

of carbon unit of the molecule, this change is essentially contributed by the extra barrier 

originating from contact interfaces. More importantly, under ΔA= 1.2 Å, we see minor 

plateaus of both force and conductance (purple dashed circles), which generate strongly 

correlated regions in FC-2DCCH. This effect occurs for ΔA= 1.2 Å more often, which 

confirms the existence of the intermediate states and also implies they are more stabilized 

under ΔA= 1.2 Å. It is noteworthy that some strongly correlated regions that deviated 

from the regions discussed above are not clear to us yet, and further investigation is 

needed. 

 

Figure 3.4 (A, B) Representative zoom-in signal (green dashed square) for ΔA= 0.8 and 1.2 Å, 

respectively. (C) FC-2DCCH for ΔA= 1.2 Å. In B, the purple dashed circles represent the 

intermediate force and conductance plateaus which could form the region in the black dashed 
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circle in C. Reprinted with permission from ref. 59. Copyright (2014) American Chemical 

Society.   

 

3.1.5 Conclusion 

In conclusion, we have measured the force and conductance of Au-C8DT-Au 

junction using the modified CAFMBJ under sawtooth modulations, and FC-2DCCHs for 

single-molecule plateaus were demonstrated. The FC-2DCCHs yielded intriguing 

features: specific changes in conductance closely correlated with force changes induced 

by the contact configuration switch. Intermediate stabilized junction states during the 

switch were also discerned. These features were hidden in the data when analyzed by 

conventional 1D and 2D histogram methods. This work thus for the first time maps the 

relation between conductance and force involved in a contact configuration transition. 

We believe that refined experimental controls along with the multivariate data analysis 

approach can bring us more latent yet significant details in single-molecule junctions. 

 

3.2 Experimental Determination and a Practical Barrier Model for Electron 

Tunneling through Contact Interfaces 

3.2.1 Abstract 

An advanced understanding of the molecule–electrode contact interfaces of 

single-molecule junctions is a necessity for real world application of future single-

molecule devices. This study aims to elucidate the change in the contact tunneling barrier 

induced by junction extension and how this change affects the resulting junction 

conductance. The contact barrier of Au–octanedithiol/octanediamine–Au junctions was 

studied under triangle (TRI) mechanical modulations using the modified scanning 
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tunneling microscopy (STM) break junction technique. The experimental results reveal 

that as the junction separation extends, the contact barrier of octanedithiol follows a 

unique trend, a linear increase followed by a plateau in barrier height, which is in contrast 

to that of octanediamine, a nearly rectangle barrier. We propose a modified contact 

barrier model for the unique barrier shape of octanedithiol, based on which the 

calculation agrees well with the experimental data. This study shows unprecedented 

experimental features of the molecule–electrode contact barrier of single-molecule 

junctions and provides new insights into the nature of contact effect in determining 

electron transport through single-molecule junctions. 

 

3.2.2 Introduction 

Despite the continued progress in molecular electronics over the past few decades, 

the desired application of molecular-scale electronic devices requires significant 

advances in our understanding of charge transport through a single-molecule junction 

system, the building block towards an electronic component using an individual molecule 

as a functional unit.2, 8, 62 In a single-molecule junction, the structure of an individual 

molecule contacting two metallic electrodes, probably the most elusive factor that 

influences the charge transport properties of a molecular junction lies in the molecule–

electrode contact interfaces.4, 87 The physical nature of the molecule–electrode interface 

in terms of electron transport is an additional tunneling barrier apart from the tunneling 

barrier formed by the molecular core. Therefore, changes in contact configurations 

essentially make contribution to the molecule–electrode coupling, namely the contact 

tunneling barrier. To understand the impact of the contact interface effect, given the 
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difficulty in the precise experimental control of junction conformations, theoretical 

simulations have been used to assume possible contact geometries and atomic bonding 

configurations, and to explore how they determine the current through a junction.67, 70-72 

These studies have highlighted the considerable contribution from molecule–electrode 

interfaces, especially for N-alkanedithiol junctions. Multiple contact configurations have 

been theoretically proposed to be responsible for different single-molecule conductance 

sets of alkanedithiol molecules, and molecular dynamic simulations have shown a clear 

transition among different contact configurations during junction stretching.70, 73 This fact 

necessitates more detailed experimental investigation and deeper insight into the role of 

contacts of alkanedithiol molecular junctions, particularly how it contributes to junction 

conductance under junction extension. 

Considering the relative low bias (<1 V) applied in real conductance 

measurements with respect to the rather large HOMO–LUMO gap (>5 eV) of alkane 

molecules, the dominant charge transport mechanism in alkanedithiol junctions follows 

coherent and non-resonant tunneling.88 For such a case, a rectangular-shaped tunneling 

barrier where conductance decays exponentially with the barrier length (here the length 

of molecular core) has been suggested.89-91 The transmission coefficient 𝑇𝑚𝑜𝑙  of the 

molecular core can then be put as92, 93 

                               𝑇𝑚𝑜𝑙 = 𝑒𝑥𝑝(−𝛽𝑚𝑜𝑙𝐿𝑚𝑜𝑙) = 𝑒𝑥𝑝(−1.025𝐿𝑚𝑜𝑙√∅𝑚𝑜𝑙),                    (3.1) 

where 𝛽𝑚𝑜𝑙 , ∅𝑚𝑜𝑙 , and 𝐿𝑚𝑜𝑙  represent the decay constant, tunneling barrier height and 

barrier length of the molecular core, respectively. Based on the Landauer–Buttiker 

formalism and taking the contribution of contacts into consideration, the overall 

conductance of a molecular junction can be written as94 
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                                                      G = (
2𝑒2

ℎ
) 𝑇𝑚𝑜𝑙 × 𝑇𝐶                                                 (3.2) 

Note that 𝑇𝐶 represents the overall transmission coefficient contributed by both the left 

contact and the right contact. 

Using a modified scanning tunneling microscopy (STM) break junction 

technique, a mechanical modulation on a stabilized molecular junction can manipulate 

the junction conformation and hence tune the resulting junction conductance in a certain 

manner.6, 59, 77 More importantly, critical parameters, such as the contact decay constant 

𝛽𝐶, can be obtained by fitting the experimental data to proposed theoretical models.92, 93  

This offers us a chance to study the contact effect while single-molecule conductance 

varies with junction extension. 

In this work, we study the contact tunneling barrier of 1,8-octanedithiol (C8DT) 

in the Au–molecule–Au junction system using a modified STM break junction technique 

which is detailed elsewhere (Figure 3.5A).31, 56 1,8-Octanediamine (C8DA) and 1,6-

hexanedithol (C6DT) were also measured as complementary tests. Triangle (TRI) 

modulation with different modulation amplitudes was applied onto free-held single-

molecule junctions to regulate junction separation. The experimental results showed that 

as the junction extended, the contact tunneling barrier of C8DT molecular junctions 

followed a unique trend which contrasts with the nearly rectangle barrier that C8DA 

followed. We introduce a modified contact tunneling barrier model to describe the 

observed phenomena of the C8DT junction. Theoretical calculations based on this 

modified model agree well with the experimental data. This work demonstrates the direct 

experimental evidence of the contact tunneling barrier of octanedithiol molecular 
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junctions, and provides new insights into the role of molecule–electrode interfaces in a 

single-molecule junction system. 

 

Figure 3.5 (A) Schematic illustration of TRI modulation used in this work. (B) Example of 

conductance trace (blue) and PZT movement (black) for a stretch-hold plateau without 

modulation. The inset displays the overlay of around 70 single-molecule conductance plateaus. 

(C) Example of conductance trace (green) and a PZT movement signal (black) of a C8DT stretch-

hold plateau with a triangle modulation (∆𝑑 = 1.2 Å). The inset displays the overlay of 70 single-

molecule conductance plateaus. The red dash-squared region represents a typical conductance 

decrease caused by junction extension. Note that the red arrow labels the 𝐺𝑚𝑜𝑙  value prior to 



 

46 

junction extension, which was induced by TRI modulation. (D) Example of 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 curves for 

the conductance decrease regions and the corresponding contact decay constant 𝛽𝐶  𝑣𝑠 ∆𝑑 curves 

(inset) derived using eqn. (3.3). (e) Example of conductance trace (blue) and a PZT movement 

signal (black) of a C8DA stretch-hold plateau with a triangle modulation (∆𝑑 = 1.2 Å). The inset 

displays the overlay of 82 single-molecule conductance plateaus. Note that in (B), (C) and (E) 

insets, the ∆𝑑 is in unit of 10-4G0. The vertical unit of the (D) and (F) inset is Å-1. Reprinted from 

ref. 60.  

 

3.2.3. Experimental Details 

Chemicals and sample preparation 1,8-Octanedithiol (C8DT), 1.8-octanediamine 

(C8DA) and 1,6-hexanedithiol (C6DT) were purchased from Sigma Aldrich. Au 

substrates were prepared by evaporating B100 nm of gold onto freshly cleaved mica 

sheets using an evaporator under a vacuum of 10-7 Torr. The Gold beads for Au substrate 

deposition were from Kurt J. Lesker company (99.999%), and mica sheet was from Ted 

Pella, Inc. The surface of the Au substrate was annealed by hydrogen flame just before 

immersion in sample solutions containing target molecules. This annealing step cleaned 

the surface and allowed epitaxial reconstruction of the Au to form large terraces of 

Au(111). Au surfaces were annealed in a hydrogen flame to clean the surface and allow 

epitaxial reconstruction of the Au to form large terraces of Au(111) immediately before 

immersion in sample molecule solution. The self-assembly monolayer of the sample 

molecule was formed on the Au(111) substrate when 1 mM molecule deionized (DI) 

water solution was dropped on the substrate and incubated for 3 h. The Au substrate was 

then rinsed with deionized water for three times and put in pure toluene solution after 



 

47 

drying with argon gas. After these treatments, the sample was immediately used to 

perform STM break junction measurements. 

Electrical measurement setup The STM system is the Picoplus SPM (Molecular 

Imaging) with a Pico Scan 3000 Controller (Molecular Imaging). The modified STM 

break junction technique and TRI modulations are realized by controlling the movement 

of the piezo transducer (PZT) in a stretch-hold mode. In this technique, we divided the tip 

retracting process into two segments: abrupt stretching and free holding. After abruptly 

stretching for a certain distance (0.6 nm for C8DT/C8DA and 0.8 nm for C6DT), the 

molecular junctions are kept free holding. This stretch-hold process was repeated until 

electrode separation reached 20 nm where no molecule was sandwiched in the junction. 

The free-holding process greatly minimized the fluctuations of contact conformations 

caused by continuous tip retracting and extended the lifetime of the junctions. It also 

allows further modulations to be applied. A triangle-shaped modulation of PZT 

movement was applied on the free-held plateaus to regulate the separation between the 

tip and the substrate. Three modulation amplitudes (∆𝑑 = 0.6 Å, 1.2 Å and 1.5 Å) were 

chosen for C8DT because they were tested to be large enough to perturb the contacts but 

still maintain the integrity of the junction. Modulation amplitudes of ∆𝑑 = 1.2Å and 0.8Å 

were used for C8DA and C6DT, respectively. The experimental data were acquired and 

processed using a homemade Labview program. All conductance measurements in this 

study were performed under a bias voltage of 0.3 V, which was applied on the substrate 

with the STM tip grounded 
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3.2.4 Results and Discussions 

In this study, the applied TRI modulation essentially regulates junction separation 

in a manner of periodic elongation followed by compression (black line in Figure 3.5C). 

We emphasize that TRI modulation mainly manipulates the softest part of a molecular 

junction.59 In a Au–C8DT/C8DA/C6DT–Au junction, the softest part has been suggested 

to be the molecule–electrode contacts since the intramolecular C–C bond is much 

stronger than the thiol–Au, amine–Au bond or the Au–Au bond at the contact 

interfaces.59, 77 For the junction systems studied in this paper, we define the combination 

of the carbon chain-anchoring group bond and the anchoring group-electrode bond in its 

entirety as molecule–electrode interfaces. From a mechanical point of view, a recent 

work also confirmed that under junction separation fluctuation, the strain mostly comes 

from the molecule–electrode interfaces in alkane molecular junctions.95 Thus, the 

conductance change caused by the applied TRI modulation should mostly come from 

molecule–electrode contacts.59 It is worth noting that four sets of C8DT/C8DA single-

molecule conductance have been observed in previous stretch-hold mode conductance 

measurements.56 In this work, under each modulation amplitude, we only focus on 

conductance groups with highest appearance probabilities, namely, the single-molecule 

conductance plateaus possessing a conductance value (typically considered ‘medium’ 

conductance) within the range of 5~10×10-5G0 for C8DT and 2.5~5×10-5G0 for C8DA.56 

This is because the most probable conductance groups usually possess the most dominant 

molecular junction configurations and therefore have greater statistical significance. 

Using the home-made Labview program, the average conductance value of a modulated 

plateau (as those shown in green in Figure 3.5C and E) was calculated, and those within 
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the defined range of most probable single-molecule conductance were selected as sample 

single-molecule conductance plateaus. It is necessary to note that for C8DT and C8DA, 

the single-molecule plateau of most conductance traces occurred when the tip finished the 

second abrupt stretching from the substrate, creating a junction separation of ~1.2 nm. 

The abrupt stretching of 0.8nm, about the full length of the hexane (C6) molecule, was 

adopted for C6DT, where the single-molecule plateau occurred after one abrupt 

stretching. Under this experimental setup, junction separation is around the full length of 

the sample molecule, suggesting that the molecules mostly possessed an orientation 

perpendicular to the substrate surface when the TRI mechanical modulations were 

applied. This setup greatly diminished the influence of conductance change caused by 

molecular angle tilting with respect to the substrate and also ruled out the impact of 

gauge effect, leaving the conductance change mainly due to the variation of the 

molecule–electrode interface.73 
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Figure 3.6 Two-dimensional (2D) illustration of the overlay of piezo signal and conductance 

signal of around 70~80 conductance plateaus for C8DT and C8DA at each modulation amplitude 

with regular conductance fluctuation. Reprinted from the supporting information of ref. 60. 

 

When the TRI modulation was applied on a free-held single-molecule junction, 

regular conductance fluctuation in the opposite phase with the PZT movement signal was 

observed, which is in sharp contrast to the featureless conductance plateau when no 

modulation was applied. Figure 3.5B, C and E show the typical non-modulated 

conductance trace, modulated C8DT conductance trace and modulated C8DA 

conductance traces, respectively. The 2D illustration of the overlay of conductance traces 

used for further analysis under different modulation amplitudes is shown in Figure 3.6. 

We find that the regular conductance fluctuation only occurred when TRI modulations 

were applied. This proves that the conductance change is predominantly caused by the 

junction separation regulation rather than other factors such as thermal vibration and 

mechanical noise. It was also found that for C8DT, the TRI modulation could induce 

conductance switching from one single-molecule conductance set to another, and the 

switching probability increases with the increase of the modulation amplitude. Since 

conductance switching is not representative for most conductance changes induced by 

junction extension and it may introduce statistical errors, we rule out conductance traces 

with conductance switching events in further statistical analysis. Given the fact that 

mechanical modulation did not necessarily induce a conductance change in the plateau, 

we also rule out the segment of a conductance plateau with a non-obvious conductance 

change under TRI modulations. Here we focus on the conductance decrease regions of 

regular conductance fluctuations (red dash-square in Figure 3.5C and E). This decrease 
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in conductance occurred when the junction was further extended by a distance of ∆𝑑. We 

treat the conductance value right before the action of junction extension as a reference 

conductance 𝐺𝑚𝑜𝑙. The value of 𝐺𝑚𝑜𝑙 is contributed by the junction at the very moment 

right before the junction was further extended. So, based on Eqn. (3.2), 𝐺𝑚𝑜𝑙 = 𝐴𝑇𝑚𝑜𝑙 ×

𝑇𝐶0 = 𝐴𝑒𝑥𝑝(−𝛽𝑚𝑜𝑙𝐿𝑚𝑜𝑙)𝑒𝑥𝑝(−𝛽𝐶0𝐿𝐶0), where A is a constant. Note that 𝑇𝐶0 represents 

the already existing contact transmission coefficient at the moment prior to junction 

extension, and 𝛽𝐶0 and 𝐿𝐶0 are the already existing contact decay constant and contact 

barrier width, respectively. The conductance decrease initiated from 𝐺𝑚𝑜𝑙  can then be 

attributed to the extra contact barrier caused by the mechanical extension of the junction. 

Therefore, during further junction extension, the value of 𝐺𝑚𝑜𝑙 should remain unchanged. 

For the junction extension-induced conductance decrease region, we obtain G = 𝐺𝑚𝑜𝑙 ×

𝑇𝐶 = 𝐺𝑚𝑜𝑙 × 𝑒𝑥𝑝(−𝛽𝐶∆𝑑) = 𝐺𝑚𝑜𝑙 × 𝑒𝑥𝑝(−1.025∆𝑑√∅𝐶) , where 𝛽𝐶 is the contact 

decay constant and ∆𝑑 is the extension distance amplitude. Based on this understanding, 

the extra contact barrier heigh ∅𝐶 and contact decay constant 𝛽𝐶 can be derived as 

                                       ∅𝐶 = (
1

1.025
)

2

× (
𝜕𝑙𝑛𝐺

𝜕∆𝑑
)

2

 𝑎𝑛𝑑 𝛽𝐶 = −
𝜕𝑙𝑛𝐺

𝜕∆𝑑
                                 (3.3) 

We first analyze the conductance decrease region by plotting them in the 

𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 fashion. Typical 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 curves of C8DT and C8DA junctions are shown in 

Figure 3.5D and E, respectively. We see that the 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 relation of a single C8DA 

junction nearly follows a straight line as the junction extends. Yet, the 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 relation 

of C8DT deviates from the linear relation, particularly for a short distance at the 

beginning of the junction extension. This difference in the 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 relation of C8DT 

and C8DA is more obvious when taking the negative differential of the 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 

relation which leads to the contact decay constant 𝛽𝐶 (see the insets of Figure 3.5D and 
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E). Interestingly, the contact decay constant 𝛽𝐶 of C8DT displays an ascending region 

followed by a plateau region, which is in sharp contrast to the nearly constant 𝛽𝐶 value of 

C8DA across the entire extension distance. This phenomenon was observed for most 

measured conductance traces but varies slightly from individual trace to individual trace. 

As the molecule–electrode interface elongates, the variable contact decay constant is 

inherently caused by a contact tunneling barrier with a non-constant barrier height. It can, 

then, be inferred that when the junction extends, the contact tunneling barrier of the Au–

C8DT–Au junction does not obey a rectangle shape as the contact barrier of the C8DA 

junction and the tunneling barrier of alkane molecular core do.66, 67 We emphasize that 

the fundamental of the STM break junction method is built on statistical analysis which 

aims to discover the most probable behavior of many molecular junctions, and the 

definition of the electron transport properties of a molecular junction. Thus, to probe the 

average change in the contact barrier and the contact decay constant as junction 

separation extends, we then derive the contact barrier height ∅𝐶  𝑣𝑠 ∆𝑑  relation and 

𝛽𝐶  𝑣𝑠 ∆𝑑 relation at a discrete extension distance using Eqn. (3.3), and the results are 

shown in Figure 3.7. At each extension distance, the data point in Figure 3.7 was 

obtained by taking the most probable value of those contributed from many conductance 

decrease events. We see that the contact barrier of C8DA remains nearly constant despite 

a slight fluctuation. However, the contact barrier ∅𝐶  of C8DT follows an evolutionary 

trend that first roughly increases linearly with the extension of the junction and then 

reaches a plateau value after a threshold extension distance of around 0.5 Å (Figure 

3.7A). This trend for C8DT was confirmed by measurements using three different 

modulation amplitudes (∆𝑑= 0.6, 1.2, 1.5Å), which rules out the modulation-induced 
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error. The plateau height of the C8DT contact barrier is ~0.16 eV. This is far smaller than 

the tunneling barrier height (~1 eV) between the Fermi level of the electrode and the 

frontier molecular orbitals of the alkane molecular core but slightly greater than the 

contact barrier height of C8DA (~0.14 eV). The contact decay constant 𝛽𝐶  displays a 

similar variation trend as the contact barrier shows (Figure 3.7B). The plateau value for 

𝛽𝐶  of C8DT is around 0.4 Å-1 which is much smaller than the decay constant of the 

alkane molecular core studied in previous studies66, 67(0.8~1 Å-1) but slightly larger than 

that of C8DA (0.35 Å-1). The much lower contact barrier height and smaller decay 

constant further suggest that this decrease in conductance is not contributed by the alkane 

molecular core. 

.  

Figure 3.7 (A) C8DT contact barrier height ∅𝐶 vs. extension distance ∆𝑑 plot. (B) C8DT contact 

decay constant 𝛽𝐶  vs. extension distance ∆𝑑  plot. (C) C8DA contact barrier height ∅𝐶  vs. 
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extension distance ∆𝑑 plot. (D) C8DA contact decay constant 𝛽𝐶 vs. extension distance ∆𝑑 plot. 

Note that three modulation amplitudes (∆𝑑 = 0.6, 1.2, 1.5 Å) were applied for C8DT, and the 

modulation amplitude of ∆𝑑 = 1.2 Å was applied for C8DA. For each modulation amplitudes, the 

data points in each plot are obtained by averaging around 100 regular conductance decrease 

regions. The error bar for each data point represents the standard deviation of the statistical 

analysis. Reprinted from ref. 60. 

 

Comparing the C8DA and C8DT contact barriers, we find that the contact barrier 

of C8DA leads to more conductance reduction compared to C8DT despite the fact that its 

barrier height is smaller than the plateau region of the C8DT contact barrier. Indeed, 

under ∆𝑑 = 1.2 Å, the average decrease in conductance caused by the C8DA contact 

barrier is ~4.7×10-5G0, while the decrease in conductance induced by the C8DT contact 

barrier is ~3.5×10-5G0. Given the identical molecular core of C8DT and C8DA, the 

difference in contact tunnelling barriers must arise from the difference between Au–thiol 

and Au–amine bonds, namely the coupling nature of molecule–electrode interfaces. The 

nearly unchanged contact barrier of C8DA under junction extension is surprising but 

could be reasonable when taking the overly strong Fermipinning effect of the Au–amine 

bond into account,96, 97 although Au–thiol usually has stronger binding energy than Au–

amine in the stationary state.98-100 More importantly, it was recently found that under the 

STM-BJ setup, the most probable Au–thiol contact configuration of the alkanedithiol 

molecular junction possesses top-bridge configuration, which is different from the 

hollow–hollow configuration in which the most probable Au–amine bond holds.95 

However, full understanding of this experimental feature requires thorough theoretical 

simulations considering all possible factors, which is out of scope of this paper. In 
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addition, it is worth noting that the contact decay constant of the C8DT/C8DA molecule 

determined in the present work is quite comparable to the decay constant of the molecular 

core of some conjugated molecules (0.3~0.5 Å-1),101-104 despite the fact that it is 

muchsmaller than the molecular core decay constant of most saturated molecules 

(0.7~1.1 Å-1).105-109 

 

Figure 3.8 A proposed contact barrier model that has two regions (I and II) with different barrier 

profiles. Reprinted from ref. 60. 

 

What is of most interest is the non-rectangle tunneling barrier of C8DT junction 

contacts. Previous theoretical studies have proposed multiple non-rectangle barrier shapes 

by taking different effects, mainly the image charge effect, into account.90, 110-112 To 

understand these experimental phenomena, we propose a modified contact barrier model 

that applies to the range of modulation amplitudes used in this study (Figure 3.8). As 

Figure 3.7A suggests, this model assumes a linear increase of the contact barrier height 

within the extension distance region I (0 < ∆𝑑 < 0.5 Å) followed by a constant barrier 
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height within extension region II (0.5 < ∆𝑑 < 1.5 Å). To obtain the necessary parameters, 

for example, the slope of the linear increase region and the accurate height value for the 

barrier plateaus, a linear fit to the data points shown in Figure 3.7A was applied. For the 

data of modulation amplitude ∆𝑑 = 0.6 Å, linear fitting is only performed for region I due 

to the lack of data points in the barrier plateau region. The fitting results reveal an 

important relation between the contact barrier and the extension distance. Table 3.1 

shows the parameters extrapolated from this fitting. Using these parameters, a modified 

equation for the contact barrier transmission coefficient 𝑇𝐶 can be derived as  

𝑇𝐶 = 𝑒𝑥𝑝 (−1.025 ∫ √∅𝐶(∆𝑑)𝑑(∆𝑑)
∆𝑑

0

) 

      = 𝑒𝑥𝑝 [−1.025 × (∫ √∅𝐶𝐼(∆𝑑)𝑑(∆𝑑)
0.5

0
+ ∫ √∅𝐶𝐼𝐼(∆𝑑)𝑑(∆𝑑)

1.5

0.5
)]                     (3.4) 

The conductance can then be calculated in the form of 𝐺 = 𝐺𝑚𝑜𝑙 × 𝑇𝐶. Here we use the 

𝐺𝑚𝑜𝑙 of 9×10-5G0 which is the most probable conductance prior to the junction extension 

observed in our experiments. Using Eqn. (3.4) and the parameters shown in Table 3.1, 

the calculated conductance decrease curve induced by a mechanical extension of 1.5 Å is 

plotted in Figure 3.9A. For clarity, the two regions are plotted in different colors (green 

for region I and purple for region II). We note that the overall conductance decrease 

calculated using Eqn. (3.4) is around 3.71×10-5G0. This value is very close to the 

experimentally observed conductance reduction (3.76(±0.09) ×10-5G0).  

Table 3.1. Contact barrier parameters determined by linear fitting 

 

∆𝑑 (Å) 

∅𝐶𝐼(𝑒𝑉) = 𝑎 + 𝑏∆𝑑 (0 < ∆𝑑 < 0.5Å)  

∅𝐶𝐼𝐼(𝑒𝑉)(0.5 < ∆𝑑 < 1.5Å) 𝑎 𝑏 

0.6 0.0018 0.41 --- 

1.2 0.0022 0.39 0.176 
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1.5 0.0034 0.31 0.165 

 

 

Figure 3.9 (A) Calculated conductance decrease curve with 𝐺𝑚𝑜𝑙= 9×10-5G0. (B) Experimental 

two-dimensional (2D) 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 relation and the averaged curve (green) over 68 experimental 

curves that has a 𝐺𝑚𝑜𝑙 of around 9(±1) ×10-5G0, and the calculated 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 curve (red). The 

upper-right inset shows the zoom-in view of region I which has the non-linear relation of 

𝑙𝑛𝐺 𝑣𝑠 ∆𝑑. The lower-left inset displays 𝛽𝐶  𝑣𝑠 ∆𝑑 relation of the experimental average curve 

(green) and the theory-predicted curve (red). Reprinted from ref. 60. 

 

To compare with the experimental data, the calculated conductance curve is also 

shown in the form of 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 (red curve in Figure 3.9B). The 2D illustration of raw 
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experimental 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑  curves (68 conductance decrease curves) with an initial 

conductance 𝐺𝑚𝑜𝑙 of 9(±1) ×10-5G0 and their average curve (green curve in Figure 3.9B) 

was also plotted. We see that the distribution of the raw experimental curves starts within 

a converged region which is associated with the non-rectangle segment of the contact 

barrier and then spreads out linearly as the extension distance increases over 0.5 Å. The 

upper-right inset of Figure 3.9B shows the magnified view of the non-linear 𝑙𝑛𝐺 𝑣𝑠 ∆𝑑 

relation of the calculated curve (red) and the experimental average curve (green). It can 

also be seen from the lower-left inset of Figure 3.9B that the experimental 𝛽𝐶  𝑣𝑠 ∆𝑑 

curve (green) matches well with the curve (red) predicted by the proposed modified 

contact barrier model. 

Research studies focusing on the mechanical extension-induced change in the 

charge transport properties of single-molecule break junctions have been reported both 

experimentally and theoretically.93, 113-116 Due to junction extension, specific changes in 

conductance have been attributed to different reasons: the increase in extension-induced 

conductance was attributed to the molecular orbital alignment change across the junction 

for the benzenedithiol molecule116 and the change in the π-conjugation degree for 1,4-

anthracenedione and 1,4-anthracenediol molecules.113 It is also evident that for the Au–S 

contact, the contact bonding geometry can alter and switch among different contact 

configurations under junction pulling, which inherently changes the coupling strength 

between the molecule and the electrode and further varies the tunneling barrier across the 

molecule–electrode interfaces.66, 67, 70, 73 A previous (density functional theory) DFT 

molecular dynamic study has highlighted the sensitivity of contact interfaces to the extra 
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junction pulling after a octanedithiol molecule was fully straightened resulting in a subtle 

yet non-trivial change in current transmission through the entire junction.73 

Experimental techniques, like used in this work, that are capable of plumbing 

latent but important details involved in a non-equilibrium sample Au–molecule–Au 

junction help in gaining deeper understanding via interpreting important parameters. As 

discussed above, under the used experimental setup, the experimental results reveal an 

interesting change in the contact barrier of the Au–C8DT–Au junction, particularly for 

the initial 0.5 Å of stretching. This non-rectangle tunneling barrier is analogous to the 

rounded edge of the Simmons model barrier after considering the image charge effect.90, 

112 However, as reported very recently, the image charge effect was usually overestimated 

by a factor of 2 in previous theoretical calculations.112 By making the correction of 

overrating, the resulting conductance decay clearly showed a sub-exponential dependence 

of conductance over distance as what we observed in Figure 3.5d.112 A major difference 

in our work and previous theoretical studies lies in that previous studies took the entire 

junction including the molecular core and molecule–electrode interfaces, but the present 

study mainly focuses on the molecule–electrode contact parts. However, this resemblance 

between the observed non-rectangle barrier and the previous theoretical calculations still 

suggests the image charge effect as one of the possible reasons that lead to the observed 

contact barrier shape of the C8DT junction as the image charge effect indeed arises at the 

molecule–electrode interfaces, although a thorough understanding of the observed non-

rectangle contact barrier requires advanced theoretical simulations. 

As hinted recently that the most probable Au–thiol contact configuration under 

the STMBJ setup is ‘top-bridge’ configuration for the Au–C8DT–Au junction,95 the 
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results shown in this work provide details about how the C8DT contact tunneling barrier 

evolves when the contact configuration migrates from ‘top-bridge’ towards a 

configuration with lower conductance. The unprecedented shape difference of the contact 

tunneling barrier across Au–thiol and Au–amine interfaces again highlights the 

significant influence of the coupling nature of electrode-anchor groups. Our study 

demonstrated the direct experimental evidence of the contact tunneling barrier of single-

molecule junctions using the modified STM break junction technique, and the results 

confirmed previous theoretical assumptions and offer more details. 

Given the highly consistent charge transport properties of alkane-family 

molecules, one can assume that the contact barrier of C8DT should also apply to other 

alkanedithiol molecules with a similar length when they are measured using the same 

techniques. To test this hypothesis, we then measure the C6DT molecule following the 

method used for C8DT. As expected, the contact decay constant and the contact barrier of 

C6DT follow the same trend as C8DT does, and the values of 𝛽𝐶 and ∅𝐶 are quite close 

to those of C8DT. However, it is necessary to note that the length change of the carbon 

chain would not be trivial for longer alkane molecules, because they are more flexible 

and easier to be stretched than short molecules, and then the source of the change in 

conductance in such a modulated junction system becomes more complex.95 Hence, the 

tunneling barrier model reported here may not be a good fit to longer alkanedithiol 

molecules (CNDT (N>10)). In addition, we do not claim that the non-rectangle contact 

barrier shown in this work holds for molecular junctions with the Au–thiol bond as the 

molecule–electrode interface but with different molecular cores. The change may come 

from the physical nature of the molecular core. For example, the different sets of single-
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molecule conductance of alkanedithiol molecules are usually undistinguishable when 

changing the molecular core to DNA molecules but still keeping Au–thiol contacts, 

which means the role of contact effect could be trivial for some cases.104, 117 Nevertheless, 

an important message that can be sent is that a non-rectangle contact barrier should be 

carefully considered for short alkanedithiol junction systems in future theoretical and 

experimental research studies. This work is an important addition to the complete picture 

of molecule–electrode contact effects, particularly for the alkane molecular junctions, 

which have been widely studied yet still not fully understood. 

 

3.2.5 Conclusion 

Using the modified STM break junction technique, the molecule–electrode 

contact barrier of Au–C8DT/C8DA–Au junctions has been studied under mechanical 

extension with different TRI modulation amplitudes. The experimental results revealed 

an interesting evolutionary trend of the contact barrier height of C8DT: a linear increase 

followed by a plateau, which contrasts with that of C8DA. A modified contact barrier 

model was proposed to interpret the observed phenomena, and the calculated results 

based on this model agree well with the experimental data. This work demonstrates the 

direct measurement of the contact tunneling barrier of single-molecule junctions and 

provides new understanding into the nature of the molecule–electrode contact in 

molecular junction systems. 
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CHAPTER 4 

RECTIFICATION OF SINGLE-MOLECULE JUNCTION CAUSED BY 

ASYMMETRIC CONTACTS 
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4.1 Abstract 

The contact effects of single-molecule break junctions on rectification behaviors 

were experimentally explored by a systematic control of anchoring groups of 1,4-

disubstituted benzene molecular junctions. Single-molecule conductance and I-V 

characteristic measurements reveal a strong correlation between rectifying effects and the 

asymmetry in contacts. Analysis using energy band models and I-V calculations 

suggested that the rectification behavior is mainly caused by asymmetric coupling 

strengths at the two contact interfaces. Fitting of the rectification ratio by a modified 

Simmons model we developed suggests asymmetry in potential drop across the 

asymmetric anchoring groups as the mechanism of rectifying I-V behavior. This study 

provides direct experimental evidence and sheds light on the mechanisms of rectification 

behavior induced simply by contact asymmetry, which serves as an aid to interpret future 

single-molecule electronic behavior involved with asymmetric contact conformation. 

 

4.2 Introduction 

The original considerations of molecular electronics were to search for molecule 

candidates with rectification behaviors. The experimental attempts of a single-molecule 

rectifier will pave steps towards future functional molecular electronic devices. Since first 

proposed by Aviram and Ratner,5 molecular rectifier has gained considerable attention in 

both experimental designs118-121 and theoretical simulations.122, 123 One of the most 

promising candidates stems from a molecular heterojunction which describes a molecular 

junction with asymmetric conformation. The asymmetric conformation of a molecular 

junction was believed to lead to asymmetric electronic behavior such as asymmetric I-V 
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characteristics, a marked feature for future applications as a molecular diode. Within an 

Au-molecule-Au junction system, the conformational asymmetry could mainly come 

from two sources: (1) the molecular core and (2) the contacts that bridge the molecule 

with two electrodes. Compared with steady experimental and theoretical progress on 

studying molecules with asymmetric molecular core, investigations on the contact effect 

have not yet come up with a credible response. Although theories predicting the 

importance of contact interfaces in determining the electron transport properties of 

molecular wires,71, 123-125 there have been few experimental attempts to investigate the 

influences of contact effect on the rectification behavior within a single-molecule break 

junction. Thus, difficulties exist to draw any conclusion before having thorough 

understanding of each factor contributing to the final electronic behavior of a molecular 

junction. 

In this work, we demonstrate a comprehensive investigation on the electronic 

behavior of molecular junctions with controls on anchoring groups. Using a scanning 

probe microscopy break junction (SPM-BJ) technique,31 electrical measurements were 

conducted on molecules with a central benzene ring (B), and alternating anchoring 

groups of thiol (–SH) and amine (–NH2) in an Au-molecule-Au system. The experimental 

results indicated a strong correlation between contact circumstance and electronic 

properties. Rectification behavior was observed when an asymmetric anchoring group 

was introduced into the junction. Upon theoretical calculations and models, we ascribe 

the rectification behavior to an asymmetric shift of frontier molecular orbital (FMO) with 

respect to Fermi levels of the electrodes or an asymmetric potential drop, which 

essentially roots in the asymmetry of coupling strength at the two contacts. This study 
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provides direct experimental evidence and sheds light on the mechanisms of rectification 

behavior induced simply by contact asymmetry, which will help to interpret future single-

molecule electronic behavior involved with asymmetric contact conformation. 

 

Figure 4.1 (A) Schematic of SPMBJ technique: molecules with a central benzene ring (carbon 

atoms as blue spheres and hydrogen atoms as brown spheres) and alternating anchoring groups 

(green spheres) of thiol (–SH) and amine (–NH2) in an Au-molecule Au system. (B) Conductance 

histograms obtained by wiring SH-B-SH (blue), SH-B-NH2 (red), and NH2-B-NH2 molecules to 

Au electrodes under 0.3 V, respectively. The counts value for each histogram is shifted vertically 

to show the relative position of conductance peaks for different molecules. Reprinted from ref. 

100, with the permission of AIP Publishing. 

 

4.3 Experimental Details 

Choice of sample molecules Molecules 1,4-benzenedithiol (SH-B-SH), 1,4-

benzenediamine (NH2-B-NH2), and 4-aminothiolphenol (SH-B-NH2) were tested 

separately in the Au-molecule-Au (Au substrate and Au scanning tunneling microscopy 

(STM) tip) system upon modified SPM break junction (SPM-BJ) technique (Figure 

4.1A). The molecules with benzene ring backbone were chosen because of the smaller 

energy gap and high degree of π-conjugation which cause higher electronic 
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transmissions.126, 127 According to Landauer’s formalism, the expression of the final 

transmission efficiency (for simplicity, 𝑇 = 𝑇𝐿𝐶 × 𝑇𝑚𝑜𝑙 × 𝑇𝑅𝐶, where 𝑇𝑚𝑜𝑙, 𝑇𝐿𝐶, and 𝑇𝑅𝐶, 

respectively, represent transmission efficiencies of molecular core, left contact, and right 

contact) within a molecular junction incorporates both contact coefficients.25, 92, 94 

Therefore, the influence of contacts on electron transport properties of benzene 

conjugated molecular junctions could be more pronounced since the simple and 

symmetric central molecular backbone excludes most distortions from molecular 

structure itself. Thus, the change of electronic properties primarily roots in the contact 

parts. These features make 1,4-disubstituted benzene molecules one of the best 

candidates for contact effect study. 

Chemicals and sample preparation 1,4-benzenediamine (purity, 97%) and 4 

aminothiolphenol (purity, 97%) were purchased from Aldrich. 1,4-benzenedithiol (purity, 

97%) was purchased from Alfa Aesar. For Au substrate deposition, the gold beads come 

from Kurt J. Lesker company (99.999%), and mica sheets (Grade V1) were from Ted 

Pella, Inc. Au substrates were prepared by evaporating ∼100 nm of gold onto freshly 

cleaved mica sheets using thermal evaporation in a vacuum of 10−7 Torr. The surfaces of 

Au substrates were annealed by hydrogen flame just before immersion in sample 

solutions. This annealing step cleaned the surface and allowed epitaxial reconstruction of 

the Au to form large terraces of Au (111). All molecules were prepared as 1 mM 

solutions in toluene. Each sample solution was put into a liquid cell and a self-assembled 

monolayer (SAM) was formed on an Au substrate after 6h exposure. Then the coated 

samples were fixed in the STM system for the characterization. A 0.25 mm diameter gold 

wire (purity, 99.999%, Alfa Aesar) was sharply cut and then coated with wax as STM 
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tips before each experiment. A STM scanner with 1000 nA/V preamplifier was applied 

for all measurements. 

Single-molecule conductance and I-V characteristic measurements The measurements 

of single-molecule conductance were performed using a SPMBJ technique. Under a 

constant 0.3 V bias, the STM tip was driven by piezoelectric transducer (PZT) 

continuously towards and away from Au substrate to form and break molecular junctions. 

Conductance traces were repeatedly recorded during the retracting process where the 

STM tip was pulled away from Au substrate. For each measurement, around 1000 traces 

were collected for the construction of a conductance histogram. In the final conductance 

histogram, the most prominent peak was the most probable conductance of corresponding 

molecular junction. In addition, I-V curves of each molecular junction were measured 

using a modified SPM- BJ technique,56 where the tip retracting process was divided into 

multiple periodic processes each of which contained two parts: abrupt stretching and free 

holding. Using a homemade Labview program, with the constant 0.3 V nulled by a 

reverse bias, an I-V sweep from –1 V to 1 V was applied on each free holding process. 

Thus I-V curves of single molecular junction could be collected whenever one molecule 

was wired between the tip and substrate. In all experiments, the bias was consistently 

applied on the Au substrate with the STM tip grounded. In total two groups of molecular 

junctions employing different molecules were characterized: (i) symmetric molecular 

junctions, Au-SH-B-SH-Au and Au-NH2-B-NH2-Au; (ii) molecular junctions with 

asymmetric anchoring groups, Au-SH-B-NH2-Au or Au-NH2-B-SH-Au. Here, the 

molecular junction was represented in the form of substrate-molecule-tip and this applies 

to all junctions subsequently referred to in this work. 
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4.4 Results and Discussions 

4.4.1 Single-molecule conductance measurements 

We carried out the single-molecule conductance measurements by separately 

wiring three molecules in the Au-molecule-Au junction system and creating conductance 

histograms from the resulting data (see Figure 4.1B). Noticeably, the Au-NH2-B-NH2-

Au conductance histogram (green, 726 in ∼1300 traces) shows thin but pronounced 

peaks. The value of the first peak (0.005G0) is close to other previously reported 

values.98, 128 In the histogram of Au-SH-B-SH-Au (blue, 806 in∼1300 traces), a set of 

dominant conductance peaks is identified. The conductance value was 0.012G0 also 

coinciding with reported values.129 Interestingly, compared with Au-NH2-B-NH2-Au, the 

conductance value of the Au-SH-B-SH-Au is much higher and the distributions of 

conductance peaks become broader although they have identical electrodes and the 

central molecular core. This shape difference of the histograms is therefore attributed to 

the different anchoring groups. It was reported that the local amine-Au bonding geometry 

is remarkably well-defined, with the amine group only binding to undercoordinated Au 

sites.128 While, as justified in other discussions,63, 77 the stronger but more flexible Au–

SH bonds may bring perturbations into the junction and consequently result in a wide 

distribution in molecular conductance. In contrast with the above two molecules, the 

conductance histogram (red, 711 in∼1300 traces) reveals two separate single-molecule 

conductance peak values (0.006G0 and 0.009G0) when SH-B-NH2 was wired to the 

system. Both conductance values are located between those of Au-NH2-B-NH2-Au and 

Au-SH-B-SH-Au. We believe this is due to the relatively stronger Au–SH bond within 

the junction that breaks the symmetry and produces two junction conformations with –SH 
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bonding to either the Au substrate or Au tip. The formation of two separate conductance 

peaks should be attributed to asymmetric electronic properties of the two molecular 

junctions. 

4.4.2 I-V characteristics for different molecular junctions 

To further probe the influences of asymmetric contacts under a bias sweep (−1 V 

to 1 V), single molecular I-V characteristics were measured for all molecules. Typical I-

V curves for each molecular junction are plotted in Figure 4.2. For symmetric molecular 

junctions Au SH-B-SH-Au and Au-NH2-B-NH2-Au, their I-V curves are also symmetric 

(Figure 4.2A and 4.2B). But molecular junction Au-SH-B-SH-Au produced much higher 

current (∼2500 nA) at +1/−1V than Au-NH2-B-NH2-Au (∼700 nA) does. This is in 

accordance with the conductance measurement results at 0.3 V. In sharp contrast, when 

molecule SH-B-NH2 is bridged between Au electrodes, the I-V curves reveal pronounced 

rectification behavior. Interestingly, the rectified I-V curves illustrate higher current 

under either negative bias or positive bias despite that only one type of molecule was in 

the junction. This implies that the molecular junction alternates between two possible 

conformations on the basis of whether –SH anchoring group is wired to either Au tip or 

Au substrate. Thus at 0.3 V, two different current values can both be observed. This 

explains the fact that two single-molecule conductance sets were observed in the 

conductance histograms (Figure 4.1B, red). Noticeably, for rectified I-V curves, the 

higher current goes up to∼2500 nA which is similar to the ending current of Au-SH-B-

SH-Au and the lower current ends at∼1000 nA which is similar to that of Au-NH2-B-SH-

Au, suggesting that SH-B-NH2 bridged between Au electrodes is a hybrid system of Au-

SH-B-SH-Au and Au-NH2-B-NH2-Au molecular junctions. 
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Figure 4.2 (A-D) The I-V characteristics (5 representative curves for each) and the corresponding 

energy band diagrams for each molecular junction. The red arrows in the energy band diagrams 

point at the contact with a relatively stronger coupling strength. Reprinted from ref. 100, with the 

permission of AIP Publishing. 

 

4.4.3 Differential conductance (dI/dV) 

To understand the I-V characteristics, differential conductance (dI/dV) profiles 

are constructed to illustrate the local density of states (LDOS) change introduced with 

different contact conformation (Figure 4.3). The dI/dV curves were calculated using the 

smoothed I-V curves of the raw I-V curves shown in Figure 4.2. The smoothing greatly 

reduced the fluctuation on the I-V curves but still maintained the global trend of the 

rectifying effect. This could avoid most of the insignificant information caused by those 

fluctuations in dI/dV plots. The peaks in a dI/dV plot have been suggested to imply extra 
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conduction states.85 In agreement with I-V characteristics, the dI/dV plots reveal 

symmetric profiles for symmetric junctions Au-SH-B-SH-Au and Au-NH2-B-NH2-Au. 

The symmetry in peak height and position in dI/dV profile of Au-SH-B-SH-Au also 

indicate a similar LDOS increase under both positive and negative bias. There is no 

obvious peak in the dI/dV profiles of Au-NH2-B-NH2-Au, indicating trivial changes in 

LDOS within the applied bias range. However, for Au-SH-B-NH2-Au and Au-NH2-B 

SH-Au, pronounced asymmetry in peak height under different bias polarities is observed 

although the peak position is nearly symmetric. According to dI/dV profiles, much more 

LDOS are activated under the bias regime where higher current takes place than the 

lower current side. Interestingly, the asymmetry of LDOS starts at around 0.4 V for I-V 

curves with higher current at negative bias, which is much earlier than those (0.6 V) with 

higher current under positive bias. It has to be noted that the inevitable peaks induced by 

the noise on I-V curves may still exist in dI/dV plot for those rough I-V curves even after 

smoothing. But the most peaks in dI/dV should be related to the increase in conduction 

states. 
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Figure 4.3 (A-D) Differential conductance (dI/dV) profiles for each molecular junction. The 

arrows in the profiles represent the peak position observed from the dI/dV profiles. Reprinted 

from ref. 100, with the permission of AIP Publishing. 

 

4.4.4 Energy band model 

To gain insights into the mechanisms causing molecular rectification behavior, 

multiple theoretical mechanisms have been developed, such as the models of Williams,130 

Baranger,131 Ford,132  and Whitesides et al..133 In an asymmetric contact system like ours, 

the decisive factor rests with the coupling strength between the terminal of the molecules 

and the electrodes. When an asymmetric component is introduced, the coupling strength 

at either contact is also asymmetric. As an analogy to the two-barrier model commonly 

used in the rectification study of asymmetric molecules,132 the contact with a stronger 

coupling between the molecule and electrode resembles a narrower barrier through which 

electrons tunnel across more easily. Oppositely, the contact with a weaker coupling 

performs like a broader barrier requiring higher energy to access the electron transport. 

Based on a model recently proposed by Zhao et al.,134 stronger coupling signifies a closer 

affinity between the FMO and Fermi levels of the electrodes. In this model, the FMO 

tends to shift with the Fermi level of the strongly coupled electrode as a whole, when a 

bias is applied. Thus, at the strongly coupled contact, the absolute difference between 

FMO of the molecule and Fermi level of the electrode nearly remains constant during the 

shift. However, at the weaker contact, the FMO shifts independently creating a lag with 

the movement of Fermi level of the electrode, which either increases or decreases the 

difference between FMO and Fermi level of the electrode under zero bias. Then, for the 

weak contact, this difference will increase whenever Fermi level of the electrode shifts up 
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and it decreases whenever Fermi level of the electrode shifts down. The dominating FMO 

has been proven to be HOMO orbital for molecules used in our experiments.99, 128 It has 

to be noted that LUMO orbitals are far out of the bias window in our experiments on 

account of the HOMO-LUMO gap (4–5 eV) for these molecules. 

To explain the experimental results, coupling strength introduced with various 

contact conformations needs to be clarified. Binding energies of contact bonds in our 

study have been calculated to be 0.37 eV for Au–NH2 and 1.60 eV for Au–SH.98, 99, 135 It 

is believed that a higher binding energy implies a stronger coupling between the molecule 

and the electrode,98, 99 indicating a much  stronger coupling for Au–SH than for Au–NH2. 

Theoretical calculations71, 128 suggested that factors like the local bonding length and 

junction elongation and tilt would not be the major effect within our bias window, which 

rules out the concerns on the related influence caused by these factors. 

We plot the energy band diagram for each molecular junction as the inset in 

Figure 4.2. For Au-SH-B-SH-Au and Au-NH2-B-NH2-Au junctions, the coupling 

strength at both contacts was identical. As Fermi levels of the electrodes shift under a 

bias sweep, the relative difference between MOs and electrodes remains nearly constant 

at either contact. Hence, similar delocalized states would be obtained under both bias 

polarities. Namely, a symmetric I-V characteristic should be observed, which agrees with 

experimental I-V curves (Figure 4.2A and 4.2B). For junctions with asymmetric 

anchoring groups like Au-SH B-NH2-Au or Au-NH2-B-SH-Au, the coupling strength of 

Au-SH is much stronger than that of Au-NH2, delocalizing more states when the Fermi 

level of the strongly coupled electrode shifts up. Therefore, for the Au-SH-B-NH2-Au 

junction where –SH is wired to Au substrate, higher current should be obtained under 
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negative bias as illustrated in experimental I-V curves (Figure 4.2C). Oppositely, I-V 

characteristic for the other orientation Au-NH2-B-SH-Au reveals a reversed rectification 

with higher current at positive bias which was also in accordance with this model. 

4.4.5 I-V Calculations 

Transition voltage spectroscopy A Fowler-Nordheim (F-N) plot of an I-V curve 

measured from a SMBJ can yield minima at specific transition voltages.136 The bias 

voltage at a specific minimum signifies the transition voltage where a trapezoid shaped 

tunneling barrier turns to a triangle shaped barrier. It is important to note that the 

transition voltage is usually smaller than the bias potential necessary for the resonant 

tunneling. As is shown in Figure 4.4, for symmetric junctions Au-SH-B-SH-Au and Au-

NH2-B-NH2-Au, relatively symmetric features were observed in the F-N curves (black 

and green). But the F-N curve of Au-SH-B-SH-Au lacks the well-defined minima which 

were observed in the F-N curve of Au-NH2-B-NH2-Au. This suggests that the transition 

voltage for Au-SH-B-SH-Au lies outside the bias window (−1 to 1 V) applied in our 

experiments. For the two asymmetric junctions, only one side of F-N plots show 

pronounced minimum and the displacement of F-N curves is rather asymmetric. The 

transition voltages for Au-SH-B-NH2-Au and Au-NH2-B-SH-Au are determined to be 

−0.45 V and 0.65 V, respectively. The transition voltages for Au-NH2-B-NH2-Au are 

determined to be −0.85 V and 0.85 V under negative and positive bias, respectively. 

Previous study suggested that a relatively weak binding energy leads to a smaller 

difference between the Fermi level of electrodes and FMO.99 This may explain why 

transition voltage of Au-NH2-B-NH2-Au is reached earlier than that of Au-SH-B-SH-Au. 

Using the well-defined minima at both sides of the F-N plot for Au-NH2-B-NH2-Au, the 
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energy gap ε between the Fermi level of the electrodes and FMO is calculated to be 0.69 

eV, suggesting that the HOMO of NH2-B-NH2 is still outside the conduction window 

(−0.5 eV to 0.5 eV). Due to the lack of well-defined minima at both sides of the F-N 

curves for the other molecular junctions, it is not possible to derive the energy gap via 

transition voltage spectroscopy (TVS) analysis. 

 

Figure 4.4 F-N plots for each molecular junction. The change in tunneling barrier from 

rectangular shape, trapezoid shape to triangle shape is demonstrated along the F-N curve of Au-

NH2-B-SH-Au (red). Reprinted from ref. 100, with the permission of AIP Publishing. 

 

Laudauer Fitting I-V curve can also be fit to a simplified Landauer formula, Eqn. (4.1), 

using a Levenberg-Marquardt least squares fitting algorithm:137 
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Using Eqn. (4.1) and (4.2), experimental I-V curves can be fitted to three parameters. 

The three parameters correspond to the gap ε, and the degree of coupling, Г𝐿 and Г𝑅, to 

each electrode separately. When this fitting method was applied to the different junctions 

with variable anchoring groups, the results agreed with observations made from the 

qualitative analysis of the I-V curves (see Table 4.1). The junctions when symmetric 

yielded symmetric values for Г𝐿  and Г𝑅 , and yield unequal values when the junctions 

were asymmetric. This provides a quantitative confirmation for the observation that the 

asymmetric junctions yielded asymmetric I-V curves due to unequal coupling to the 

molecule. 

Table 4.1 Landauer formula fitting results for all molecular junctions 

Molecular junction ГL (eV) ГR (eV) εfit (eV) 

Au-NH2-B-NH2-Au 1.49×10-2 1.52×10-2 0.636 

Au-SH-B-SH-Au 3.95×10-2 3.86×10-2 0.698 

Au-SH-B-NH2-Au 6.32×10-2 2.92×10-2 0.848 

Au-NH2-B-SH-Au 1.77×10-2 2.71×10-2 0.735 

 

The energy gap for Au-NH2-B-NH2-Au calculated from Landauer fitting is close 

to the results of TVS analysis. And two symmetric junctions yield a similar energy gap 

value, which is close to previous reported value.128 We see that the Г value for Au-SH is 

larger than Au-NH2, which coincides with the previous bonding energy calculations. We 

also find the introduction of asymmetric anchoring groups alters the FMO and increases 

the energy gap in asymmetric junctions. It is apparent the energy gap for all molecular 

junctions is over the applied external energy (0.5eV) applied in our experiments. Overall, 

the Landauer fitting results imply a non-resonant tunneling charge transport for all 
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molecular junctions and asymmetric coupling strength at the molecule-electrode contact 

as the cause of the rectification behavior. 

 

Figure 4.5. Rectification ratio plot for asymmetric junctions of experimental data and 

corresponding fitting using Eqn. (4.6): Au-NH2-B-SH-Au (green triangle for experimental data 

and black curve for Simmons fit) and Au-SH-B-NH2-Au (blue circle for experimental data and 

red curve for Simmons fit). The inset shows a schematic of potential drop across different 

segments of the molecular junctions. 𝑑𝐵 is the length of the benzene molecular core and 𝑑𝐴 and 

𝑑𝑇 represent the length of amine and thiol anchoring group, respectively. ∆𝑃𝐴 and ∆𝑃𝐴 represent 

the potential drop along amine group and thiol group, respectively. The modified Simmons model 

only cares about the change in potential drop difference ∆𝑃 = |∆𝑃𝐴 − ∆𝑃𝐵|  from forward bias 

regime to reverse bias regime. Reprinted from ref. 100, with the permission of AIP Publishing. 

 

4.4.6 Rectification Ratio Model  

The rectification ratio (RR) calculation reflects the degree of asymmetry as a 

function of applied bias for asymmetric I-V characteristics. Here we define 𝑅𝑅 =

|𝐼ℎ𝑖𝑔𝑛 𝐼𝑙𝑜𝑤⁄ | . RR for molecular junctions displaying rectification effect is plotted in 
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Figure 4.5. As expected, the RR for symmetric junctions stays around 1 across the whole 

bias range, indicating a nearly equal current under positive and negative bias. We see the 

RR for Au-SH-B-NH2-Au stays around 1 at lower bias range (0~0.3V), starts increasing 

at around 0.4V and ends over 5 at 1V. RR for Au-NH2-B-SH-Au starts increasing later at 

around 0.6V and ends around 3 at 1V. The onset voltages of rectification, where RR 

starts increasing beyond 1, agree well with the transition voltages determined by TVS 

analysis. We ascribe the difference in onset voltage for two asymmetric junctions to 

different contact geometries induced via bonding thiol group to the sharp Au tip or the 

flat Au substrate. 

Using the Simmons model89, 90 with image potential included, the current density 

for intermediate voltage range applicable for our experiment is given by 
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where 𝜑 is the average value of the barrier height considering image potential, 𝛽𝑚 is the 

barrier decay constant, 𝑑 is the distance across the barrier along the whole molecular 

junction including end groups, ℎ is Plank constant, and 𝑚𝑒 ∗ is the effective mass of 

electron. Noticeably, the barrier width is not considered since it is not parameterized in 

Simmons model. A non-unity rectification can be explained by an asymmetric potential 

drop across the end group-molecule-end group system when the end groups are not 

identical as the inset schematic of Figure 4.5 shows. Here we assume that the potential 

drop across the benzene molecular core is always the same under forward bias and 
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reverse bias. Defining forward bias to refer to the half of the I-V curve which has higher 

current, and reverse bias to refer to the lower current half, we can account for this 

difference in current as a stronger potential drop (∆𝑃 = |∆𝑃𝐴 − ∆𝑃𝐵|) in the reverse bias 

direction across the end group which dominates the electron transport over the other end 

group, and a negligible potential drop across the same end group during the forward bias 

direction.138 This case can be incorporated into the Simmons formula by adding a term to 

account for the influence of the extra barrier decay (∆𝛽) for the end group during the 

reverse bias. Thus, the current density under forward bias and reverse bias can be written 

as 
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Using these two forms (Eqn. (4.4) and Eqn. (4.5)) of the Simmons formula, a formula 

for the rectification ratio of asymmetric junctions can be derived as 
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                (4.6) 

where                                                     mA   

and                                                       mB  

Fitting our experimental RR curves to Eqn. (4.6) yields essential information 

about the junction. Eqn. (4.6) leaves only three fitting parameters: 𝐴, 𝐵, 𝑎𝑛𝑑 𝜑 . The 

fitting curves for asymmetric junctions are also illustrated in Figure 4.5. First, notice that 
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the rectification ratio for the Au-NH2-B-SH-Au junction was calculated using 𝐼(+𝑉)/

𝐼(−𝑉) while for Au-SH-B-NH2-Au the inverse was used based on our definition. This 

approach assured us that the rectification ratio was >1 for most of the curve. Fitting 

parameters are shown in Table 4.2. 

Table 4.2. The modified Simmons model fitting parameters for two asymmetric junctions 

Molecular junction A B φ(eV) Δβ/βm 

Au-NH2-B-SH-Au 1.673 1.712 1.893 3.9% 

Au-SH-B-NH2-Au 2.993 3.149 1.704 5.0% 

 

For both junctions, the fitting parameters indicate that an extra decay constant or 

larger potential drop occurs under the reverse bias regime, introducing the asymmetry in 

potential drop and creating the rectification. But Au-NH2-B-SH-Au has a slightly higher 

barrier than Au-SH-B-NH2-Au does. The 𝛥𝛽/𝛽𝑚  value reveals the proportion of 

additional decay constant added to the forward bias decay constant when under the 

reverse bias. Au-SH-B-NH2-Au has a greater 𝛥𝛽/𝛽𝑚 (5.0%), suggesting a larger relative 

potential drop occurring in the reverse bias regime than that (3.9%) for Au-NH2-B-NH2-

Au. This also implies a higher RR for Au-SH-B-NH2-Au, as we observed from the 

experimental data (blue circle in Figure 4.5). Similar fitting yields a straight line with a 

value of around 1 for both symmetric junctions, which suggests a symmetric potential 

drop under both bias polarities. This is also in accordance with experimental I-V curves.  

The Simmons approximation to the Landauer’s formula has proven to be a very 

powerful tool to study molecular break junctions. However, its canonical form Eqn. (4.3) 

is unable to accommodate asymmetric junctions because it was explicitly derived for 
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symmetric junctions.89 By rewriting the Simmons formula in the form of a rectification 

ratio, asymmetry can be explicitly incorporated into the formula. This both provides a 

physical model to describe the rectification behavior of any single molecular I-V curve, 

and adapts the Simmons model for broader use than its original application. Furthermore, 

it provides a tool to explicitly calculate the contribution of the end groups to the overall 

character of the I-V curve. 

The theoretical analysis demonstrated above provides multiple ways to 

understand the physical meaning of obtained experimental data. In our study, the 

rectification behavior of a molecular junction with different anchoring groups is 

suggested to be induced by an asymmetric relative shift of FMO with respect to Fermi 

level of the electrode in the energy band model, an asymmetric displacement of transition 

voltages in TVS analysis, an asymmetric coupling degree in Landauer fitting and 

asymmetric potential drop in the modified Simmons model. Significant information like 

this offers us the chance to thoroughly understand the nature of charge transport property 

within a molecular junction and paves steps towards the ultimate molecular devices. 

Noticeably, by isolating the contact part, we have studied the rectification behavior 

simply induced by the asymmetry in contact coupling, which is different from the donor-

acceptor model developed for asymmetric molecular core.139, 140 Interestingly, the 

rectification ratio we obtained is comparable to some of the donor-acceptor molecules,133 

which again highlights the influence of the contact interfaces.  
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4.5 Conclusion 

In summary, by experimentally exploring the electron transport properties of 

molecular junctions with asymmetric contact conformations, we have demonstrated a 

systematic investigation of molecular rectification behavior regarding contact effect of 

asymmetric anchoring group. Rectification behavior was observed under asymmetric 

contact conditions. Using theoretical models and calculations, the cause of rectification 

behavior is mainly attributed to asymmetric coupling strength at the two contacts which 

leads to an asymmetric relative shift between FMO and Fermi level of the electrodes. A 

newly modified Simmons model allows us to extract critical parameters from the 

experimental rectification ratio curve. Using this model, we find that the rectification can 

also be ascribed to asymmetric potential drop under forward bias and reverse bias. Our 

results provide important information in understanding the mechanisms of rectification 

behaviors. Overall, our study will give opportunity to complete the picture of electronic 

properties related to rectification behaviors in various molecular junctions with 

asymmetric contacts. 
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CHAPTER 5 

STRUCTURE-DETERMINED CHARGE TRANSPORT IN DNA SINGLE 

MOLECULE JUNCTIONS 
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5.1 Abstract 

Experimental study of the charge transport properties associated with structural 

variations due to a change in the ionic environment will provide essential physical 

information in determining the nature of DNA molecules. This work reports an 

experimental study of the change in electronic transport properties induced by the 

conformational transition of a poly d(GC)4 DNA. By gradually increasing the 

concentration of MgCl2 in the buffer solution from 0 M to 4 M, the conductance of the 

single DNA molecule decreased by two orders of magnitude. Circular dichroism (CD) 

measurements confirmed that a B to Z conformational transition caused the reduction in 

conductance. Using a stretch-hold mode scanning probe microscopy break junction 

(SPM-BJ) technique, this B–Z transition process was monitored and a transition trend 

line was successfully achieved from conductance measurements alone. The transition 

midpoint occurred at a MgCl2 concentration of 0.93 M for this DNA sequence. This 

method provides a general tool to study transitions of molecular properties associated 

with conductance differences. 

 

5.2 Introduction 

DNA, the repository of genetic information, has gained considerable attention 

because of its potential application in tomorrow's molecular electronics, such as building 

DNA chips.141, 142 To pave the way towards this goal, great efforts have been made 

experimentally and theoretically.143, 144 In order to approximate natural conditions, 

experiments are usually performed in an appropriate buffer. However, discrepancies 

exist, not only between experimental results and simulated data, but also among different 
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experimental studies on similar DNA molecules. For example, a wide range of electronic 

properties of λ-DNA, varying from insulating to conducting and even to superconducting, 

have been reported by different groups.29, 30, 145, 146 Similarly, for the same DNA, the 

conductance measured in solution was an order of magnitude greater than the 

conductance measured in dry conditions.146 As various simulations suggested, it is quite 

possible that these discrepancies are caused by different experimental conditions, 

especially different ionic environments in buffer solutions where the electronic properties 

of DNA were measured.147-149 Ions surrounding DNA molecules could not only vary the 

degree of charge delocalization, but also perturb the structure of DNA molecules.  

DNA molecules have proven to exhibit surprising conformational versatility, 

while retaining remarkable precision and uniformity.150 As well as right handed (RH) B- 

and A-DNA, left-handed (LH) Z-DNA has also been explored by chemists and biologists 

due to its biological and medical significance.151-153 Using circular dichroism (CD), the 

ionic conditions necessary to induce a conformation shift from a right-handed (RH) B-

DNA to a left-handed (LH) Z-DNA helix have been determined for various 

counterions.154-156 The presence of ethanol in addition to alkaline metal ions in solution 

was also reported to cause a RH internal switch from B- to A-DNA.157, 158 

The conductance of short strands of RH double helix DNA has been determined 

theoretically and experimentally.104, 144 Concurrent simulations highlighted the 

conductance changes due to conformational perturbations.159, 160 The dependency of these 

conformational perturbations on salt concentration suggests that counterion 

configurations around DNA play a prominent role in charge migration, especially in 

solutions with high salt concentration.143, 147, 148, 161-163 Therefore, the ionic environment 
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around DNA has a significant influence on electrical measurements, but this information 

is unfortunately still missing. Systematic investigations into the correlations between the 

ionic conditions in buffer solutions and the subsequent physical conformational alteration 

induced conductance changes of DNA will provide further understanding of the nature of 

DNA, as well as providing essential groundwork for the development of DNA-based 

molecular devices. 

Given that previous DNA conductance measurements were performed in buffer 

solutions containing fixed ionic concentrations, it is still unclear how the electronic 

properties of a short DNA molecule vary as the ionic environment changes, and what the 

underlying mechanism could be. Herein, we report conductance measurements of poly 

d(GC)4 DNA based on a SPM break junction (SPM-BJ) technique (Figure 5.1). By 

gradually increasing the MgCl2 concentration in the buffer solution, a decrease in 

conductance by two orders of magnitude was revealed. Circular dichroism (CD) 

measurements proved the reduction in the charge transport ability of short strand DNA to 

be a result of a secondary molecular structural transition. Combined with CD, we further 

developed a novel method to determine the transition degree (TD) and conductance 

simultaneously. 

 

5.3 Experimental Details 

Chemicals and materials Oligonucleotides treated with HPLC purification (purity>85%) 

were ordered from Integrated DNA Technology (IDT, Coralville, IA, USA). The single 

strand DNA sequences of two DNA duplexes used for conductance measurements are 5’-

CGCGCGCG-3’ and 5’-CGCGAAACGCG-3’, both with thiol group modified at 3’ end 
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respectively. Short strand (8 and 11 base pairs) of DNA molecules (5’-CGCGCGCG-

3’and 5’-CGCGAAACGCG-3’) was chosen because it has less possibility in structural 

bending and rolling. More importantly, SPM-BJ technique prefers highly conducting 

molecules. The increase in molecule length will exponentially decrease the conductivity 

of the molecule, which denies the choice of long DNA molecules. Sequence of poly 

d(GC)n was chosen for the fact that it can be easily transformed from one to another 

conformation under appropriate buffer condition, which makes it a commonly used 

sequence for DNA secondary structure variation study. Single strand DNA was stored in 

PBS (10mM phosphate, 100mM NaCl, pH 7.4) at -20˚C before use.  

MgCl2 was chosen to control counterion concentrations in buffer solutions. 

Although some other counterions like Na+ and K+ have been reported to successfully 

access DNA conformational variation, their relatively weak ionic strength,154, 155  

requesting a very high ionic concentration (>5M) to complete the variation for a short 

DNA duplex like ours, makes them inappropriate for precise electrical measurements at 

single-molecule level. Due to the high ionic strength of Mg2+ counterions, narrower 

concentration window is necessary to complete a full conformational transition, 

qualifying MgCl2 a proper choice for our experiments. A series of different amounts of 

MgCl2 was dissolved into PBS to produce buffer solutions with different MgCl2 

concentrations. Final sample solution at a specific concentration was obtained by adding 

single strand DNA to buffer solution with this concentration of MgCl2. Then the sample 

solution was heated up to 90˚C in a water bath. Kept in dark, the solution temperature 

naturally dropped back to room temperature within 2hrs and the complementary duplex 

was formed. The concentration of DNA duplex is 3μM for all conductance 
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measurements. The melting temperature for both DNA sequences in solutions containing 

MgCl2 concentrations within a range like ours is at least above 50˚C. And the higher the 

ionic concentration, the higher the melting temperature will be. As all electrical 

measurements were conducted under room temperature (~23˚C), it is hardly possible that 

the temperature of a single-molecule junction increased above this melting temperature 

even considering local heating effect.164 Thus, we presume that the conductance 

measurements were mostly conducted for DNA duplexes. 

The acquired DNA duplex sample solution was dropped on a freshly hydrogen 

flame annealed Au(111) surface for 40 min incubation. After the incubation, the 

conductance measurement was immediately performed. 

STM imaging and electrical measurement setup STM imaging and conductance 

measurements were conducted in DNA solutions containing different concentrations of 

MgCl2 by a PicoPlus SPM system (Molecular Imaging) with a PicoScan 3000 Controller 

(Molecular Imaging). Sheared gold wire with diameter of 0.25 mm (99.999%, Alfa 

Aesca) was used as a STM tip. To avoid ionic conduction, the STM tip was coated with 

Apiezon wax to keep ionic leakage current below 1pA. The obtained STM images were 

processed by WSxM software.165 

The conductance measurement was carried out under 0.3V at room temperature 

(~23˚C) by SPM break junction technique (SPM-BJ). Upon this technique, the STM tip 

was initially driven by piezoelectric transducer (PZT) to approach the DNA duplex 

monolayer on Au substrate until the current reached a preset value which implied the 

formation of Au-DNA-Au junctions. Then the tip retracted so that current-distance trace 

was recorded simultaneously. For SHM SPMBJ, a 33 ms period of pause was set for 



 

89 

every 0.6 nm retracting distance in SHM so that steady molecular junctions were 

consequently generated. For both CSM and SHM, the tip kept retracting until every 

molecular junction was completely broken. This technique also guarantees that the 

single-molecule conductance was always measured at a junction conformation where a 

DNA molecule was approximately perpendicular to the surface right before the junction 

broke. It is possible that small amounts of DNA molecules might lay on the Au substrate 

before the junction was formed, although STM imaging suggested that most molecules 

were standing up on the surface. Conductance histograms were created from around 1000 

individual conductance traces for each Mg2+ concentration. The first, most prominent 

peak in the histogram represents the conductance of a single DNA molecule in the break 

junction. 

 

Figure 5.1 Experimental schematic of SPM break junction. [Mg(H2O)6]2+ ions are represented by 

spheres around DNA skeleton. The three hydrogen bonds connecting cytosine and guanine are 

not shown in DNA structure. Reprinted from ref. 117.  



 

90 

As the experiment proceeds, water evaporates from the solution, which will 

increase the Mg2+ concentration in the solution. To avoid the influence from the increase 

of Mg2+ concentration on the final results, all the data were collected within one hour so 

that little variation in Mg2+ concentration in the solution was guaranteed. 

Log-Scale: Conductance measurements using a log scale STM scanner was conducted in 

1M MgCl2 buffer solution where DNA molecules in multiple conformations could 

coexist. After choosing a flat area of DNA monolayer with the aid of imaging, 

conductance measurement was immediately performed under CSM. The retraction speed 

was 10nm/s. One set of data contained 122 traces and total ten sets of data were collected 

for histogram construction. 

Linear-scale: Using a linear STM scanner, conductance measurements was applied at all 

MgCl2 concentrations under both CSM and SHM. Since we applied two specific 

measurement regions: window 1 (1V/div) and 2 (50mV/div), data collecting for two 

windows at each concentration were performed by switching windows alternatively. It 

means we switched to window 2 for another set of data right after collecting one set of 

data under window 1, and then switched the scale back to 1V/div. By consecutively 

operating this way, the influence of concentration variation with measurement time going 

was minimized and data collected from two windows was under a relatively same 

condition. The tip retracting speed was 18nm/s. The retracting speed difference between 

the log and linear scanner was due to nothing but optimizing conductance measurement 

parameters. One set of data contained 122 traces and total ten sets of data were collected 

for histogram construction under either window. After analysis, each plateau contributed 

similar counts (~2000) to the histogram. 
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Circular dichroism (CD) measurement Setup CD measurement was performed by 

JASCO J-810. DNA concentration 5μM was used for significant CD signal. The 

preparation procedure of DNA samples was the same as conductance measurement 

except for DNA concentration difference. Each single CD spectra was plotted by 

averaging the results of three consecutive measurements in the corresponding sample 

solution. 

 

5.4 Results and Discussions 

Under a constant bias voltage of 0.3 V, the static conductance of poly d(GC)4 

DNA was measured in buffer solutions with various MgCl2 concentrations (0 M, 0.1 M, 

0.5 M, 1 M, 1.5 M, 2 M, 3 M and 4 M). The 3’ end of single strand DNA was modified 

with a thiol group in order to form a bond with the Au electrodes to form the molecular 

junctions. The DNA sample solution prepared at each MgCl2 concentration was dropped 

on freshly flamed Au(111) to form a DNA monolayer after 40 minutes of incubation. 

Molecular junctions were formed when the scanning tunneling microscope (STM) tip 

approached the Au surface, and then broke when the STM tip was retracted from the 

surface. During each tip retraction process, a conductance trace was recorded. By 

repeating this process, around 1000 conductance traces were collected for the 

construction of the final conductance histogram at each MgCl2 concentration. All 

measurements were conducted at room temperature (~23˚C). A continuous-stretch mode 

(CSM) SPM-BJ was performed for transient Au–DNA–Au junctions by retracting the tip 

continuously,31 and a stretch-hold mode (SHM) SPMBJ was applied to create stable 

junctions by modifying the tip retraction process with a periodic pause.56 
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Figure 5.2 Log-scale conductance measurement was performed in 1M MgCl2 solution 

using CSM-SPMBJ. (A) Log scale conductance histogram was constructed from around 

1000 log-scale traces under CSM. (B) Typical conductance traces were shown. The left 

two traces exhibited plateaus corresponding to peaks at around 1×10-5G0 and 1×10-3G0, 

respectively. Numbers labelled in conductance histograms and traces represent integer 

multiples of conductance quantum G0. The inset in B shows the zoom in of squared area in 

log-scale conductance histogram. Reprinted from ref. 117.  

 

A logarithmic-scale STM scanner was first applied under CSM to monitor a broad 

range for a first glance at the possible conductance sets of poly d(GC)4 DNA in 1 M 

MgCl2 buffer solution, which is supposed to simultaneously access various DNA 

conformations. In addition to the sharp peaks at integer multiples of the conductance 

quantum G0, which correspond to the gold quantum contacts, the histogram also 

exhibited two apparent peaks at lower conductance: at around 1×10-5G0 and 1×10-3G0, 

respectively (Figure 5.2). Representative log-scale conductance traces are shown in 

Figure 5.2B. Previous measurements on the same DNA sequence confirmed the peak at 
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1×10-3G0 to be the conductance in a standard double helix B-conformation.104 Log-scale 

data offered a complete view of the possible locations of conductance peaks, but failed to 

provide the highest resolution of details which is necessary for electrical measurements at 

the single-molecule level. In order to accurately determine the conductance value and 

gain more details of the DNA molecular junction, a linear-scale STM scanner was then 

used for a series of different MgCl2 concentrations under both CSM- and SHM-SPMBJ. 

To measure the conductance at ~1×10-3G0, we chose the measurement window in the 

higher conductance region (Figure 5.3A). As is shown in Figure 5.3A, a representative 

conductance trace (the rightmost) contains a very low plateau at the same level of 

baseline offset shift. Unfortunately, this information was entirely washed out by slight 

shifting of the conductance trace baseline under this window. To reveal the lower 

conductance plateau, we measured the conductance curves by focusing on the lower 

conductance region, which show a conductance of ~ 3×10-5G0 (Figure 5.3B). Therefore, 

using SHM-SPMBJ measurements, two peaks were accurately measured to be 

1.06(±0.27) ×10-3G0 and 2.79(±0.64) ×10-5G0 in 1M MgCl2 solution, respectively. We 

then measured the conductance of the poly d(GC)4 DNA under different MgCl2 

concentrations. For lower concentrations (0M, 0.1M, 0.5M), a conductance peak around 

1×10-3G0 was determined, suggesting the DNA to be B-DNA. However for medium and 

high concentrations (1M ~ 4M), a larger number of individual conductance traces 

appeared to have significant information at a much lower conductance value which was 

associated with the peak at around 1 ×10-5G0 under log scale. Control experiments 

conducted in pure 4M MgCl2 solution with no DNA molecule implies that these peaks 

were dominantly contributed by DNA molecules rather than other factors like courterions 



 

94 

and water molecules in the solution. A two-dimensional correlation histogram (2DCH) 

was also demonstrated for the two measurement regions. Strong anti-correlation regions 

(circled area) suggest the possibility that each conductance trace contained only a single 

conductance plateau, either at the height of one, or at two Au-DNA-Au junctions, but 

rarely both together. 

 

Figure 5.3 (A) and (B) show the conductance measurement results of poly d(GC)4 DNA. In 1M 

MgCl2 solution, two sets of conductance values (1×10-3G0 in A and 1×10-5G0 in B) were 

determined by conductance histograms using the measured conductance traces. In A and B, the 

rough schematics (1 and 2) of DNA molecular junctions are shown above the each conductance 

plateau. Short curved strand in blue and red represent the DNA molecules with high and low 

conductance, respectively. The number of short curved strand in each schematic represents how 

many DNA molecules were measured when the plateau was recorded. 2DCH show strong anti-

correlation regions (circled in 2DCH). For 5’-CGCGAAACGCG-3’DNA, SHM conductance 

histograms, typical conductance traces measured at 0.1M and 4M are shown in panel C and D, 

respectively. Reprinted from ref. 117. 
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While the 1×10-3G0 conductance value was reported to be associated with B-

DNA, the appearance of the conductance peak at the level of 1 × 10-5G0 could be 

attributed to several possible causes.  Firstly, both base pair (bp) mismatch and the single 

strand DNA could be its source. As poly d(GC)4 is the chosen sequence, there would be 

multiple mismatched bps once the bp mismatch took place. However, even the mismatch 

of a single bp leads to one order of magnitude decrease in conductance so that multiple 

mismatches will make the DNA nearly insulating,166 which suggests the impossibility in 

observation of the conductance of the mismatched DNA molecules. Also, in our case, 

single strand DNA hardly existed due to the high melting temperature (>50˚C) of DNA 

molecules in 1M MgCl2 solution. Even if it existed, the single strand DNA could not 

form the molecular junction since only one end of the single strand was modified with a 

thiol group. Thus, the peak at the level of 1×10-5G0 is not resulted from single strand 

DNA or bp mismatch. Secondly, as many studies reported, variations in Au-S geometries, 

effective contact coupling and DNA solvation shell could also cause the decrease in 

conductance by orders of magnitude.67, 167-169 To find out if these factors caused the 

conductance drop, another series of control experiments were conducted on the DNA 

sequence of 5’-CGCGAAACGCG-3’ which has little perturbation in structure due to the 

three consecutive adenine bases sandwiched at the center of the sequence.170, 171 In 

Figure 5.4C, CD results suggested that this DNA still remained in RH B-conformation 

even after addition of high concentrations of MgCl2. Under SHM, conductance of this 

DNA sequence was measured in MgCl2 solutions prepared the same way as for poly 

d(GC)4 DNA. As shown in Figure 5.3C and 5.3D, the conductance only showed a 

negligible variation from around 2.5×10-6G0 in 0.1M MgCl2 solution to 2.0×10-6G0 in 
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4M MgCl2 solution. This small change is possibly caused by a slight structural 

perturbation of DNA in solutions with high MgCl2 concentration confirmed by the CD 

measurements (Figure 5.4C). No significant number of conductance traces containing 

low but meaningful plateaus like the case for poly d(GC)4 DNA was observed with 

MgCl2 concentrations spanning from 0M to 4M in the control measurements. Overall, 

both conductance measurements and CD results suggest that the influences of contact 

geometries, effective coupling and solvation shell were trivial in this study. Finally, the 

newly revealed peak, two orders of magnitude smaller in conductance, could be 

contributed by another conformation of the poly d(GC)4 DNA duplex. 

Over a series of measurements, it was determined that the histogram peak at 

1.06( ± 0.27)  × 10-3G0 did not have obvious change with small increases of Mg2+ 

concentration from 0M, 0.1M and 0.5M, even over the entire range of concentrations 

from 0M to 4M. Instead, the magnitude of this peak decreased with increasing Mg2+ 

concentration, while the magnitude of the other peak at 2.79(±0.64) ×10-5G0 became 

more pronounced. This implies a clear ratio switch between these two peaks as Mg2+ 

concentration increases. The change in magnitude of two orders suggests not a linear 

relationship between DNA conductance and counterion concentration, but a significant 

regime change such as a compete change in DNA conformation. 
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Figure 5.4 (A) and (B) show the CD spectra of poly d(GC)4 DNA measured in 0M~2M and 2M 

~4M MgCl2 solutions, respectively. The arrow in either panel shows the variation trend of CD 

intensity at 295nm as MgCl2 concentration increases. Panel C illustrates the CD spectra of 5’-

CGCGAAACGCG-3’DNA measured in 0~4M MgCl2 solutions. Reprinted from ref. 117.  
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A likely explanation is a change from RH B-DNA to LH Z-DNA, which can be 

tested by CD measurements, since CD studies154, 172 have thoroughly explored the ion-

dependent transition between B- and Z-DNA. Therefore, we conducted CD 

measurements on DNA samples under the same MgCl2 concentrations as the conductance 

measurements, and also two additional concentrations of 0.01 M and 3.5 M. Figure 5.4A 

(concentrations from 0 M to 2 M) shows the complete transition from B-DNA spectra (a 

positive peak at 275 nm and a negative peak at 250 nm) to Z-DNA spectra (a negative 

peak at 295 nm and a positive peak at 265 nm), similar to other reports.154, 172, 173 An 

unexpected inconsistency in CD trend was observed in concentrations beyond 2 M 

(Figure 5.4B). Negative peaks of increasingly lower intensity were observed at 295 nm, 

until the peaks eventually became a small bump at very high MgCl2 concentrations (3.5 

M and 4 M). We suggest that aggregation of individual DNA molecules was the cause of 

this odd trend at very high MgCl2 concentrations (3.5 M, 4 M), because high Mg2+ 

concentrations can readily induce the aggregation of short DNA molecules, and the 

spectra at 3.5 M and 4 M resemble curves associated with ψ-form DNA 

condensations.174-177 

To confirm this, STM imaging was carried out on samples prepared in the same 

way as for CD measurements (Figure 5.5). At 0.1 M, a well-assembled monolayer of 

DNA molecules was observed. After drying the solution with high purity nitrogen, 

imaging in air showed a negligible aggregation spot in only one of a few images, which 

may be due to the high concentration (5 mM) of DNA molecules. In 4 M MgCl2 solution, 

imaging in solution showed lots of aggregation spots in all images. The imaging in air 

showed even more aggregation spots, because drying the sample forced floating 
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aggregation bundles which could not be seen in solution to attach to the surface. A 

control experiment conducted in pure 4 M MgCl2 solution with no DNA molecules 

revealed no aggregation spots via both imaging in solution and in air, which excludes the 

possibility that these spots were induced by condensation of salt. 

 

Figure 5.5 STM imaging for DNA samples in 0.1M (A, C) and 4M (B, D). Panel A and B are 

images scanned in solution under 0.1M and 4M, respectively. Panel C and D show the images 

obtained in air under 0.1M and 4M, respectively. Reprinted from ref. 117. 

 

It has to be noted that the buffer pH decreased as the MgCl2 concentration 

increased. Previous CD studies using the same DNA sequence proved that low pH (<3.6) 

could also contribute to the B–Z conformational transition.178, 179 Therefore, other than 

the high ionic concentration, the low pH of the buffer solution is another factor inducing 

the B–Z transition when the MgCl2 concentration was high (>3 M). The exact 
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concentration of MgCl2 dissolved in buffer solution decreased as the buffer pH reduced. 

Given that it is hard to know the exact concentration, we continue using the concentration 

labelled when we prepared the solution in the following discussion. 

Due to DNA aggregation, CD failed to distinguish Z-DNA at high MgCl2 

concentrations; however the conductance measurement has little difficulty handling 

aggregation because STM can image prior to conductance measurements. Before 

measuring, smooth locations indicative of a DNA monolayer on the Au surface were 

chosen to conduct measurements. The Au surface itself contributed to breaking up 

aggregates, and any aggregates floating in solution would not have influenced the 

conductance measurements, and certainly would not have contributed to histogram peaks. 

 

Figure 5.6 (A) Schematics of relative change between neighboring bps during the B-Z transition; 

(B) The schematic for guanine flipping. (C) and (D) show the structural side view and top view of 

B- and Z-DNA, respectively. In (C) and (D), the dashed lines demonstrates the intra-strand path 

for hole migration. Reprinted from ref. 117. 
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The cause of conductance decrease from B- to Z-DNA 

The cause of the decrease in DNA conductance during B–Z conformational 

transition may come from a few sources, but is primarily due to the structural change 

induced breaking of π-π orbital stacking between neighboring bps. In Figure 5.6A, the 

average rise (d) between adjacent bps was increased by 14% from 0.332 nm (in B-DNA) 

to 0.380 nm (in Z-DNA), which could rapidly reduce the charge transfer rate; the axial 

twist (b) in Z-DNA was determined to be -30˚, which is very different from the 36˚ angle 

for the highest charge transport in B-DNA. Most importantly, the transition results in a 

flipping of guanine (G) bases by almost 180˚ for this DNA sequence (Figure 5.6B).160 

The alternating anti and syn orientations transform the location of G bases from the 

center of the helix in B-DNA to the edge of the helix in Z-DNA. These changes cause the 

bases to be held on the edge of the helix, and place guanine bases over the neighboring 

cytosine's sugar residues. The result is a disruption of the ordered π-π stacking, which is 

the major source of the relatively high conductance of B-DNA (Figure 5.6C and 

5.6D).143, 180 Although the diameter of Z-DNA is narrower, charge transport along 

neighboring bps is much easier longitudinally than laterally, and the broken stacking, 

increased rise and spiral intra-strand path result in a significant reduction in conductance 

on going from B- to Z-DNA.181 Since the HOMO is dominated by G orbitals in 

sequences such as this,144 the flipping of G will have a detrimental effect on distribution 

of effective orbitals for charge transport. According to the possible backbone conduction 

model,182 the contorted “zigzag” backbone in Z-DNA is less favorable than the standard 

double helix in B-DNA, thereby lowering the conductance. 
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Apart from the impact of intrinsic structural change in DNA, the surrounding 

counter ions and water molecules also affect the charge transport process. It was reported 

that Mg2+ could bind to G and phosphate through its hydration shell.183 Estimations based 

on our case show that there are on average 0.8 Mg2+ ions around a single DNA junction 

in 0.1 M MgCl2 solution. But an average of 8.0 Mg2+ ions are available to bind to a single 

DNA molecule at 1 M, and even more ions are possible as the concentration increases. It 

has to be noted that the dynamic movement of Mg2+ ions in solution greatly lowers the 

binding opportunity between the ions and DNA. Thus, it is plausible that higher 

concentrations (3 M, 4 M) are necessary to stabilize most DNA molecules in the Z-form.  

Simulations147 have suggested the delocalization of electron states induced by 

hydrated ions around DNA. Extra pathways for charge hopping could occur via 

ionization of phosphates and the doping of DNA grooves by Mg2+, water states and base 

states.184, 185 Compared with the breaking of π-π orbital stacking, the influence of water 

and counter ions are presumed to be minor. 

Transition degree (TD) 

To quantify this DNA conformational change, we calculated the transition degree 

(TD), defined as the percentage of B-DNA which is converted to Z-DNA, as determined 

by our SHM conductance measurements. As an analogue to CD reported by others,154 the 

key feature of our conductance histograms which allows the distinction between B- and 

Z-DNA is the two separate peaks. The SHM SPM-BJ technique predicts that each plateau 

in every conductance trace is ideally equal in counts due to the constant duration, though 

the position changes. Therefore, each SHM conductance trace contributed equally to the 

final conductance histogram. Thus, the histogram is composed of a finite number of 
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equally sized plateaus, the position of which is concentration dependent. By constructing 

histograms from two separate sets of traces, the transition degree was determined as 

SHM-TD=AZ/(AZ+AB), where A is the sum of counts beneath the first peak area in the 

SHM histograms.  

 

Figure 5.7 TD vs log MgCl2 concentration. SHM-TD data points (■) and its corresponding 

Boltzmann fitting (solid curve). CD-TD data points (▲) and its fitting (dashed curve). Reprinted 

from ref. 117. 

 

To accurately mark the transition midpoint, where 50% of BDNA was converted 

into Z-DNA, it is important to first note that at low concentrations (0.1 M), past research 

has agreed the conformation is predominantly B-DNA. The Boltzmann fitting on the 

SHM-TD data (squares in Figure 5.7) suggested the transition midpoint to be 0.93 M. 

This was larger than the previously reported value of around 0.66 M for indeterminately 

long strands of poly d(GC)m in MgCl2 solution using CD.154 But it matched well with the 

trend reported in the same paper, that the shorter the DNA length, the larger the 

concentration required to induce a 50% transition. Due to the sensitivity our electrical 

measurement has to high ionic concentration, we were unable to obtain meaningful 
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results beyond 4 M. Similarly, the Boltzmann fitting suggests that the B–Z transition 

was saturated at around 4 M. Using the well-behaved part (0 ~ 2M) of the CD results 

(triangles), we also plotted a CD-TD trend line (dashed curve). Boltzmann fitting was 

still suitable for estimating an entire transition line based on these CD results. It 

suggested a transition midpoint (0.91 M) very close to the SHM-TD result. The SHM- 

and CD-TD trend lines overlap reasonably well. 

 

5.5 Conclusion 

Based on the SPMBJ technique, by increasing the concentration of MgCl2 in the 

buffer solution, two different DNA conformations (B and Z) were distinguished 

exclusively by their difference in conductance due to the physical and electronic 

differences between the two conformations. Experimental results revealed that the 

increase of ionic concentration in a DNA sample solution induced a secondary structure 

transition of DNA molecules, and the conformational change reduced the DNA 

conductance by two orders of magnitude. Our technique successfully monitored changes 

in DNA conformation at a spatial and temporal resolution never before achieved, 

providing a powerful tool to explore some of the more confounding problems in 

molecular biology. In addition, using a SHM modification, our method offers an 

alternative way to build up transition trend lines between two DNA conformations, 

particularly when CD fails to work. This method is a general tool for studying transitions 

of other molecular properties associated with conductance differences. 
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CHAPTER 6 

MOLECULAR RECTIFIER COMPOSED OF DNA WITH HIGH RECTIFICATION 

RATIO BY INTERCALATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 38 C.L. Guo*, K. Wang*, E. Zerah-Harush, J. Hamill, B. Wang, Y. Dubi, B.Q. 

Xu, Nature Chemistry, 8, 484-490. (*equal contribution). Reprinted here with 

permission of publisher. 
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6.1 Abstract 

The predictability, diversity and programmability of DNA make it a leading 

candidate for the design of functional electronic devices that use single molecules, yet its 

electron transport properties have not been fully elucidated. This is primarily because of a 

poor understanding of how the structure of DNA determines its electron transport. Here, 

we demonstrate a DNA-based molecular rectifier constructed by site-specific 

intercalation of small molecules (coralyne) into a custom-designed 11-base-pair DNA 

duplex. Measured current–voltage curves of the DNA–coralyne molecular junction show 

unexpectedly large rectification with a rectification ratio of about 15 at 1.1 V, a counter-

intuitive finding considering the seemingly symmetrical molecular structure of the 

junction. A non-equilibrium Green’s function-based model—parameterized by density 

functional theory calculations—revealed that the coralyne-induced spatial asymmetry in 

the electron state distribution caused the observed rectification. This inherent asymmetry 

leads to changes in the coupling of the molecular HOMO−1 level to the electrodes when 

an external voltage is applied, resulting in an asymmetric change in transmission. 

 

6.2 Introduction 

The field of molecular electronics, the goal of which is to functionally incorporate 

molecular components in electronic devices8, 17, 62, has focused intensively on DNA. In 

addition to the molecule’s high density of genetic information, its inherent structural and 

molecular recognition properties render it ideal for molecular electronics applications. In 

the past two decades DNA has therefore attracted inordinate amounts of attention in the 
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molecular electronics and spintronics fields186-188 for its potential to transport charge in 

molecular electronics applications such as DNA chips141, 144. 

Shown to be sequence-dependent, the conduction mechanism of native duplex 

DNA was found to be dominated by tunneling when the guanine–cytosine (G–C) pairs 

are separated by three or fewer adenine–thymine (A–T) pairs. If the number of A–T pairs 

is increased, however, diffusive hopping becomes the main electronic transport 

mechanism189, 190. To further complicate matters, researchers recently demonstrated that 

DNA charge transport includes an intermediate tunneling–hopping regime191. Achieving 

the goal of obtaining a functional electronic device based on DNA will thus require that 

its molecular structure be altered to obtain non-monotonic I–V behavior. The 

conductivity of DNA was recently found to be sensitive to subtle changes in DNA 

conformation caused by alterations in the ionic environment117 or by its modification with 

methylation192, 193 or with metal ions194, 195. Remarkable in their own right, these 

achievements hint at the tantalizing possibility that the electronic transport properties of 

DNA can be fine-tuned via structural modification for the development of a diversity of 

DNA-based electronic devices, especially an applicable DNA molecular rectifier. 

First proposed by Aviram and Ratner in 1974,5 the notion of a molecular rectifier 

continues to be a subject of intense interest in the field of molecular electronics. To date, 

using conductance measuring methods based on self-assembled monolayers133, 140 and 

single-molecule junctions40, 118, 196, rectification can be observed either with asymmetric 

molecules119, 197 or with inconsistent molecule–electrode contacts100. Most rectifications 

have been observed using small organic molecules, the structures of which usually 



 

108 

comprise electron-donor and electron-acceptor groups separated by an insulating 

group119, 140. 

Here, we report the successful creation of a DNA-based rectifier, accomplished 

by intercalating coralyne molecules into specifically designed duplex DNA. Electrical 

measurements of single DNA–coralyne complex molecular junctions made using the 

scanning tunneling microscopy break junction (STM-BJ) technique31, 56 (Figure 6.1A) 

unexpectedly revealed rectification with a high rectification ratio of around 15 at 1.1 V, a 

completely counter-intuitive finding in light of the apparent structural symmetry of the 

DNA–coralyne complex. Non-equilibrium Green’s function (NEGF) calculations of a 

coherent, tight-bonding model based on density functional theory (DFT) suggested that 

the rectification behavior was caused mainly by the coralyne-induced local spatial 

asymmetry of the distribution of electron states along the DNA chain, which, in turn, 

leads to an asymmetric change in the transmission function associated with the second 

highest occupied molecular orbital (HOMO−1). 

 

6.3 Experimental Details 

Chemicals and Materials Oligonucleotides were ordered from Integrated DNA 

Technology (IDT, Coralville, IA, USA) with 3’-thiol linkers. DNA sequences for 

measurement were 5’-CGC GAA ACG CG-3’ (DNA(A)) and 5’-CGC GTT TCG CG-3’ 

(DNA(T)), respectively. DNA sequence 5’-CGC GCG CG-3’ (poly d(CG)4) was also 

measured as complementary study. Coralyne chloride was purchased from Sigma-Aldrich 

(St. Louis, MO, USA) and dissolved in water before use. DNA was stored in PBS (10 

mM phosphate, 100 mM NaCl, pH 7.4) at -20 ˚C. The concentrations of DNA and 
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coralyne were determined by UV-Vis spectroscopy with the corresponding extinction 

coefficients: DNA(A), ε260 = 105 500 M-1 cm -1; DNA(T), ε260 = 94 200 M-1cm-1; 

coralyne chloride, ε420 = 14 500 M-1cm-1. Absorption spectra were recorded on a UV-

1700 spectrophotometer (Shimadzu Scientific Instruments). Circular dichroism (CD) was 

measured at 25 °C on Chirascan spectrometer with 1 mm optical-path quartz cuvette. 

DNA–coralyne complex sample preparation The DNA–coralyne complex was prepared 

by mixing equivalent amounts of DNA (5′-CGCGAAACGCG-3′-SH) and coralyne in 

PBS. The DNA–coralyne mixture was heated to 80 °C in a water bath and allowed to 

return slowly to room temperature for annealing and formation of the DNA–coralyne 

complex. The final concentration of DNA–coralyne complex used in subsequent 

electrical measurements was 3 µM. As a control, the complementary duplex DNA was 

prepared in the same concentration using identical methods. Once the DNA–coralyne 

complex was acquired, it was applied to a freshly annealed Au(111) surface to form a 

self-assembled monolayer. Immediately after 40 min incubation, the samples were 

measured. The Au substrate was made by thermally evaporating an Au layer (thickness of 

∼100 nm) on a freshly cleaved mica surface. Before using the Au substrate, it was 

annealed by hydrogen flame to form a Au(111) surface. 

Molecular junction formation and electrical measurements Electrical measurements 

were performed in PBS buffer on a PicoPlus SPM system (Molecular Imaging) with a 

PicoScan 3000 controller (Molecular Imaging). Sheared gold wire with a diameter of 

0.25 mm (99.999%, Alfa Aesca) coated with wax was used as an STM tip. The 

measurements were carried out with both CS-SPMBJ and SH-SPMBJ. For CS-STMBJ, 

the STM tip was first driven by a piezoelectric transducer (PZT) close to the DNA–



 

110 

coralyne complex monolayer on the Au surface until the current reached a preset value, 

which indicated that the Au–DNA–Au junctions had formed. Subsequently, a current–

distance trace was recorded while simultaneously retracting the STM tip. Typically, 

1,000–2,000 traces were collected for a given experimental condition at a retrace rate of 

24–30 nm/s. For SH-STMBJ, the retraction was divided into two processes: abrupt 

stretching and free holding of the molecular junctions by withdrawing the STM tip by 

∼0.6 nm and then holding it stably in position for 25 ms. The stretching–holding 

processes, which were controlled by a homemade LabView computer program, were 

alternately implemented until the molecular junctions were completely broken. The 

current–distance traces were measured at different biases using these two different 

techniques to study the electrical properties of the DNA–coralyne complex. In the present 

system, the external bias was applied on the substrate with the tip grounded. 
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Figure 6.1 (A) Schematic of the STMBJ system. The single-molecule junction is formed in the 

region indicated by the dashed box. (B) Molecular junction composed of the DNA–coralyne 

complex (magnified view of the dashed box in A). The DNA–coralyne complex is formed with a 

coralyne molecule and a sample DNA molecule (5′-CGCGAAACGCG-3′-SH). (C) UV–vis 

absorbance spectra of coralyne alone (black) and coralyne in the presence of DNA (red). The 

ratio of ssDNA to coralyne is 1. After adding DNA to a coralyne solution, the single absorption 

peak of coralyne at 420 nm splits into two peaks at 412 and 435 nm, indicating the intercalation 

of coralyne into native DNA. (D) Job plot of DNA with coralyne, in which an inflection point of 

1 is observed, indicating that two coralyne molecules have been inserted into the formed DNA 

duplex. ssDNA/coralyne (horizontal axis) represents the concentration ratio of ssDNA to 

coralyne. The total concentration of coralyne and ssDNA remained unchanged (at 10 µM) during 

the entire titration.A412/A435 (vertical axis) is the absorption ratio of coralyne at 412 nm versus 

435 nm. Sample conditions for UV–vis absorption were 10 mM phosphate, 100 mM NaCl, pH 

7.4. Reprinted from ref. 38.  

 

6.4 Results and Discussions 

Coralyne is a small, planar molecule that has been shown to specifically 

intercalate in poly (dA) and strongly bind with adenine–adenine (A–A) base pair 

mismatches198-200. Given the π conjugation nature of coralyne, its intercalation in native 

DNA is expected to perturb the π–π stacking interaction between the neighboring bases 

of DNA strands, thereby modulating electron transport through the treated DNA 

molecule. We prepared the DNA–coralyne complex by specifically intercalating two 

coralyne molecules into a custom-designed 11-base-pair (bp) DNA molecule (5′-

CGCGAAACGCG-3′) containing three mismatched A–A base pairs at the center (Figure 

6.1b). UV–vis spectroscopy shows that the addition of the DNA molecules to the 

http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f1
http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f1
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coralyne alters the UV–vis absorption of the latter; instead of a single maximum at 420 

nm, the DNA–coralyne complex has two local maxima of 412 nm and 435 nm, an 

indication that the coralyne is intercalated between the adenine bases (Figure 6.1C)199. 

The results of continuous fraction analysis (Job plot, Figure 6.1D), in which an inflection 

point of 1 was obtained for the single-stranded (ss) DNA to coralyne concentration ratio, 

indicate that two coralyne molecules were inserted into one formed DNA duplex. Further 

confirmation of this outcome was provided by structural and energy simulations as well 

as a circular dichroism (CD) spectrum, which showed that the most stable complex 

structure was symmetric and composed of B-form DNA with two coralyne molecules 

inserted. Temperature-dependent ultraviolet and CD measurements prove that the DNA–

coralyne complex is stable at room temperature. The DNA molecules used in this study 

were thiolated at their 3′ ends to facilitate their contact with the Au(111) surface via a 

Au–S bond. Before electrical measurements, the morphologies of the native duplex DNA 

and of the DNA–coralyne complex on an Au (111) surface in PBS solution were studied 

using STM imaging. The electronic transport properties of the DNA–coralyne complex 

were then measured and compared with those of the native duplex DNA using STM-BJ 

techniques. 

Conductance behavior of DNA–coralyne complex molecular junctions 

Static differential conductance measurements of single DNA–coralyne complex 

molecular junctions were first performed under different bias voltages using STMBJ 

either in the continuous-stretching (CS) mode to form transient junctions or under the 

stretching–holding (SH) approach to form stabilized junctions. Both techniques have 

been detailed elsewhere31, 56. Using CS-STMBJ, we generated conductance histograms 
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comprising 1,000–2,000 differential conductance traces. The first and second peaks 

obtained in the histogram correspond to one and two molecules trapped in measured 

junctions, respectively. Therefore, the conductance of native duplex DNA 

was G = 2.69×10−6G0 under a bias of 0.3 V (Figure 6.2A) and G = 3.30×10−6G0 under a 

bias of −0.9 V (Figure 6.2B), where G0 = 2e2/h = 77.4 µS (e is the electron charge 

and h is Planck's constant). Repeating the conductance measurements for the DNA–

coralyne complex using the same method and the same bias voltage of 0.3 V showed that 

its conductance was 3.17×10−6G0 (Figure 6.2C), that is, very close to that of the duplex 

DNA. However, under higher bias values, the conductance measurements of native DNA 

diverged from those of the DNA–coralyne complex, especially when under negative bias 

conditions. For example, at a bias of −0.9 V, the conductance of the DNA–coralyne 

complex was 10.77×10−6G0 (Figure 6.2D), which is three times that of the native DNA 

(3.30×10−6G0) (Figure 6.2B). This striking phenomenon was also observed using the 

SH-STMBJ technique. 

 

http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f2
http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f2
http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f2
http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f2
http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f2
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Figure 6.2 (A-D) Native DNA (A,B) and DNA–coralyne complex (C,D) were measured with 

both CS-STMBJ and SH-STMBJ techniques under 0.3 V (A,C) and −0.9 V (B,D). A conductance 

histogram and typical conductance traces obtained using both the CS-STMBJ and SH-STMBJ 

methods are shown to the left and right of the middle dashed line, respectively. All histograms 

were constructed from 1,000–2,000 traces. Note that under −0.9 V, the conductance of the DNA–

coralyne complex is three times that of the native DNA, although they do not show a significant 

difference under 0.3 V. Reprinted from ref. 38. 

 

To elucidate the variable conductance behavior of the DNA–coralyne complex 

under different bias voltages, we carried out I–V measurements of native DNA and of the 

DNA–coralyne complex by continuously sweeping the bias voltages (−1.1 to 1.1 V) 

across single junctions stabilized by the free-holding action of the SH-STMBJ 

technique56. The I–V evaluation of native DNA revealed symmetrical current behavior 

under opposite bias polarities (Fig. 3a). In stark contrast, the DNA–coralyne complex 

exhibited decidedly asymmetrical I–V behavior, with a sharp increase in current under 

negative bias. The inset in Fig. 3a is a graph overlay of the continuously measured I–V 

curves and the static current measured under different bias voltages. Compared with 

directly measured I–V characteristics, the static current, obtained here by statistically 

averaging over a large number of molecular junctions, may obscure some of the detail 

revealed by the direct I–V measurements. However, the I–V characteristics obtained 

using either of the two methods agreed well with each other, thus validating the 

measurements. The results therefore indicate that the DNA–coralyne complex junction 

functions as a molecular rectifier. We emphasize that the observed strong rectification 

behavior is highly counterintuitive in light of the apparent symmetrical molecular 

http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f3
http://www.nature.com/nchem/journal/v8/n5/full/nchem.2480.html#f3
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structure of the DNA–coralyne complex. Indeed, such strong rectification is an 

unprecedented feature exclusive to DNA-based molecular devices. A complementary 

study performed on poly d(CG)4 DNA, which eliminates the three mismatched base 

pairs, shows the absence of rectification, suggesting the specificity of the designed 

mismatch sequence for the observed I–V rectification. 

 

Figure 6.3 (A) Average I–V curves (solid line) over 40 individual curves (light shadow) of native 

DNA (blue) and DNA–coralyne complex (red). Inset: Graph overlay of I–V curves with static 

current values (yellow circles, native DNA; cyan squares, DNA–coralyne complex) under 

different bias voltages. (B) Experimental (solid red line) and theoretical (dashed orange line) I–

V curves for DNA–coralyne complex (main panel) and native DNA (inset). (C) Average 

rectification ratios of native DNA (blue) and DNA–coralyne complex (red). Inset: Average 

rectification ratios of native DNA and DNA–coralyne complex over 40 individual rectifications 
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versus bias voltage curves. (D) Average differential conductance (dI/dV) of native DNA (blue) 

and DNA–coralyne complex (red). Inset: Average dI/dV of native DNA and DNA–coralyne 

complex over 40 individual dI/dV curves. Reprinted from ref. 38. 

 

To describe rectification, two quantities are necessary: the rectification ratio (RR) 

and the switch-on voltage. Figure 6.3C presents RR versus bias curves following RR =

|𝐼𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝐼𝑟𝑒𝑣𝑒𝑟𝑠𝑒⁄ | (here −𝐼(𝑉−) 𝐼(𝑉+)⁄ ) for both the native DNA and the DNA–coralyne 

complex. In contrast to the native DNA, the average RR of which was close to unity 

within the entire bias sweeping regime, the DNA–coralyne complex exhibited small RR 

values slightly above unity under low bias (0~0.7 V) that increased sharply when the bias 

exceeded 0.7 V and then jumped to ∼15 at 1.1 V. We define the bias voltage at which the 

RR value starts to deviate from unity toward higher values as the switch-on voltage, 

which for this DNA–coralyne molecular rectifier is thus determined to be ∼0.7 V. Given 

the symmetrical nature of the molecular structure of the DNA–coralyne complex, its RR 

of 15 – much greater than the RR values (2∼10) typically reported for molecular 

junctions with asymmetric molecules or inconsistent molecule–electrode contacts—is 

encouraging100, 119. This value is also close to the theoretically estimated upper limit of 

RR (∼20) that can be achieved in a coherent transport molecular junction system201. A 

much higher RR can thus be expected when additional asymmetric factors, such as the 

asymmetric environmental control of the junction system39 or asymmetric gating202, 203, 

are introduced into the demonstrated DNA–coralyne junction system. Based on our 

promising results, we believe that this DNA–coralyne junction system is an ideal testbed 

for pushing the limits of experimental molecular rectification closer to achieving the goal 

of functional molecular devices. 
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Rectification mechanism of DNA-coralyne complex junctions   

To explore the mechanism of DNA-coralyne complex junction rectification, we 

turned to theoretical calculations, central to which is the assumption that the electron 

transport along the DNA molecular junction is fully coherent, which is reasonable in light 

of the short lengths of the DNA molecules used in our experiments.204, 205 Therefore, we 

used a fully coherent, tight-binding model for the DNA junction206-209, graphically 

depicted in Figure 6.4A. The electronic states localized on the base units are defined as 

|𝑛, 𝑠⟩, where n denotes the position of the base along the DNA chain and s denotes the 

strand (top or bottom). The double-strand DNA molecule is encoded into a tight-binding 

double ladder, described by the Hamiltonian, 

ℋ = ∑ ∑ 𝜖𝑛,𝑠 |𝑛, 𝑠⟩⟨𝑛, 𝑠|

𝑠=1,2

11

𝑛=1

+  ∑(𝛼𝑛,𝑛+1
𝑠 |𝑛, 𝑠⟩⟨𝑛 + 1, 𝑠| + h. c. )

𝑛,𝑠

 

                                                    + ∑ (𝛽𝑛|𝑛, 1⟩⟨𝑛, 2| + h. c. ) ,𝑛                                           (6.1) 

where 𝜖𝑛,𝑠  are the onsite energies of the (excess) charges localized on the |𝑛, 𝑠⟩ basis, 

𝛼𝑛,𝑛+1
𝑠  are the intra-strand coupling matrix elements between neighboring bases, and 𝛽𝑛 

are the inter-strand coupling matrix elements. These parameters for the native DNA, 

which depend on the bases and their sequence (i.e., order of the bases), were evaluated in 

earlier theoretical studies.210-212 However, considering the possible electrostatic 

interaction between the electrodes and the DNA chain, which is known to alter the 

energetics of molecules in proximity to metallic surfaces, the onsite energies of the bases 

that are in contact with the electrodes42, 𝜖1,1  and 𝜖11,2 , are treated as free fitting 

parameters. 
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To address the rectification behavior, an additional term that phenomenologically 

describes the voltage drop across the junction213 was added to the Hamiltonian  

                                                           ℋ𝑉 = ∑ ∑ 𝑉𝑛|𝑛, 𝑠⟩⟨𝑛, 𝑠|𝑠
11
𝑛=1 ,                                      (6.2) 

where 𝑉𝑛 is the shift in the local energy. Assuming that the voltage profile along the chain 

is linear and that a fraction φ of the total voltage drop 𝑉 falls on the DNA chain, the local 

potential shift can be estimated via213  

                                                                𝑉𝑛 = 𝜑 (
𝑛−1

10
−

1

2
) 𝑉,                                               (6.3) 

such that 𝑉1 = −
𝜑𝑉

2
, 𝑉11 =

𝜑𝑉

2
, leading to a total voltage drop of φV across the DNA 

chain and to a voltage-dependent Hamiltonian. The value of φ is treated as a fitting 

parameter. For the electrodes, we calculated the current using the Landauer formalism in 

the frame of the wide-band approximation.214 

Electron transport properties of native duplex DNA The first step in characterizing 

DNA junctions is to calculate the transport properties of the native duplex DNA. 

Considering that the local onsite energies and coupling matrix elements are provided 

from previous calculations, there are four fitting parameters: the onsite energy shift 𝑆1 at 

the edge sites in contact with the electrodes, the level broadening Γ, the voltage drop 

fraction 𝜑 and the electrode chemical potential 𝜇. We calculated the I-V curves and fit 

the theoretical curve with the experimental data by minimizing (using a Dynamic 

Metropolis Monte-Carlo minimization algorithm215) the squared difference of 

𝐼𝑡ℎ𝑒𝑜𝑟𝑦(𝑉) − 𝐼𝑑𝑎𝑡𝑎(𝑉).  

Figure 6.3B (inset) shows the excellent agreement between the experimental 

(solid blue) and theoretical (dashed green) I-V curves. We note that the chemical 

potential of gold that we found with our fitting procedure is close to its known value of ~ 
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-5.1~5.3 eV. However, we found surprising values for two of the fitting parameters: first, 

level broadening was about 1eV, much larger than the values found in most molecular 

junctions, i.e., 10−3~10−1 eV; second, the voltage drop along the junction was extremely 

small. Because such strong molecule-electrode binding usually results in a substantial 

voltage drop on the molecule, these two unexpected fitting parameter values seem to 

contradict each other.  

 

Figure 6.4 (A) Schematic representation of the tight-binding model for the double-stranded DNA 

molecular junction.(B, C) Weight of the wavefunction (orange, top strand; green, bottom strand) 

closest to the chemical potential as a function of base pair position along the chains of the native 

DNA chain (B) and the DNA–coralyne complex (C). Note that, for the DNA–coralyne complex, 

the asymmetric electronic structure induced by the intercalation of coralyne shifts the orbital 

weights asymmetrically, resulting in a highly asymmetric effective coupling of the orbitals to the 

electrodes. Reprinted from ref. 38. 
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To unravel this apparent contradiction, we plotted the squared amplitude |𝜓𝑛|2 of 

the wave function of the DNA double strands (orange – top strand; blue – bottom strand) 

as a function of its position along the DNA chain (Figure 6.4B). Examining the wave 

functions closest in energy to the electrodes’ chemical potential (i.e., the state that 

contributes the most to the charge transport) shows that the wave functions are highly 

localized around the central area of the DNA chain. Moreover, from the center of the 

chain to its edges, the wave function weight drops by approximately eight orders of 

magnitude. Therefore, despite its large level broadening value, the DNA junction 

effectively behaves as a molecular level localized at the center of the chain and very 

weakly coupled to the electrodes, which explains the observed small voltage drop. In 

addition, the wave function exhibited only slight asymmetry, which conferred on the 

native DNA its relatively poor rectification behavior. 

DNA-coralyne complex electron transport properties To account for the electron 

transport properties of the DNA-coralyne complex, we postulated that intercalation of the 

two coralyne molecules between the three A-A base pairs located at the center of the 

DNA strands would only alter the local energies of the surrounding bases. Under this 

scenario, we can safely assume that parameters related to DNA-electrode coupling – 

Γ, 𝜇, 𝑆1 and 𝜑 – are not affected and should be the same for the DNA-coralyne complex 

and for the native duplex DNA. In addition, their values should match those found above 

when fitting the I-V curves of the native DNA. On the other hand, the on-site energies of 

the central sites, i.e., close to the intercalation points of the coralyne molecules, are 

altered, and the numerical values obtained from the literature cannot be used. Therefore, 



 

121 

we define the local energy shifts (𝑆5,1, 𝑆6,1, 𝑆7,1, 𝑆5,2, 𝑆6,2, 𝑆7,2) due to the presence of the 

coralyne.209-211 

The coralyne-induced local energy shifts are new fitting parameters that should be 

found by minimizing the difference between the theoretical and experimental I-V curves. 

We note, however, that we are unable to fit the experimental curve with high accuracy 

(<1%) without breaking all the spatial symmetries in these sites. For example, one could 

imagine that the symmetry 𝑆𝑛,1 = 𝑆𝑛,2, 𝑛 = 5,6,7 exists, but we found that this is not the 

case, a logical outcome dictated by the asymmetry of the coralyne molecule. The fitting 

results show that the theoretical I-V curve (blue line) and the corresponding experimental 

I-V curve (green line) agree well with each other (Figure 6.3B).  

To understand the origin of the rectification, we again plotted the squared wave 

function |𝜓𝑛|2 for the DNA level closest to the electrode Fermi level (Figure 6.4C). In 

contrast to the wave function of native DNA, that of the DNA-coralyne complex exhibits 

striking asymmetry, such that a difference of four orders of magnitude was found 

between the wave function weights at the left and right edges. The spatial asymmetry 

induced by coralyne intercalation thus explains the strong rectification by the DNA-

coralyne complex.  

We also measured the current through the single-molecule junction by cyclically 

sweeping the bias between −1.2 V and 1.2 V, which showed a large hysteresis under 

negative bias for the DNA-coralyne complex, a finding that is in contrast to the well 

overlapped forward and backward currents of native DNA and that suggests a bias-

dependent structural change213, 216. When the voltage drops along the chain, the response 

to the voltage drop, which depends on the direction of the bias drop due to the above-
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mentioned asymmetry, is different, thus leading to a dependence of the transmission 

function – and consequently, the current – on bias direction. This observation is in good 

agreement with the experimental dI/dV result, which shows a pronounced asymmetry in 

the local density of states that contributed to the current under opposite bias directions 

(Fig. 3d). It is surprising that such strong rectification behavior can be achieved with such 

a small value of the voltage drop fraction 𝜑~2 × 10−4, a finding that demonstrates the 

strong sensitivity of the transport properties to local conditions. 

 

Figure 6.5 (A) Transmission function T(ω) as a function of ω for different values of bias 

voltage V = –1.1, 0 and 1.1 eV. The position and height of the transmission resonance are 

unaffected by the bias, indicating that the origin of rectification is a change in the off-resonance 

background transmission. (B) HOMO (solid lines) and HOMO−1 (dashed lines) contributions to 

the transmission function T(ω) as a function of ω for different values of bias voltage V = –1.1 and 

1.1 eV. The HOMO contribution, corresponding to the transmission resonance, is unaffected by 

the voltage drop, while that of HOMO−1 increases by three orders of magnitude. This 

demonstrates that, although for low bias the conductance and current are typically determined by 

the resonant transmission channel, the rectification behavior of the DNA–coralyne complex at 

large biases is determined by the off-resonance transmission channel. Reprinted from ref. 38. 
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We explored the role of the voltage drop further by plotting the transmission 

function 𝑇(𝜔, 𝑉)  of the DNA-coralyne complex for three voltage values 𝑉 =

−1.1, 0, 1.1𝑉 (Figure 6.5A). The first conclusion that can be drawn from Figure 6.5A is 

that electron transport through the DNA is indeed dominated by a single orbital (HOMO 

level, i.e., the level at which the energy is closest to the chemical potential). Second, it 

can also be concluded that the voltage drop along the junction (which is small due to the 

small value of 𝜑) does not affect the position of the resonance. Considering that the 

coralyne molecules intercalated between three mismatched A-A base pairs, this result 

coincides with those of previous reports showing that the HOMO of DNA molecules is 

dominated mainly by the HOMO of guanine bases, which are not expected to be 

perturbed in our case.117, 144 However, the substantial change induced by coralyne 

intercalation is conferred by the off-resonance background transmission.  

A more detailed examination of the wave function reveals that the large 

background transmission enhancement is related to a four-order increase in the 

magnitude of the coupling between the electrodes and a level lying about 1.65 eV away 

from the chemical potential, i.e., the HOMO 1 level. This outcome is seen in Fig. 5b, 

where the HOMO and HOMO-1 contributions to the transmission function (solid and 

dashed lines, respectively) are plotted for bias voltages 𝑉 = −1.1, 1.1 eV (orange and 

green lines). We can thus conclude that while the overall conductance is dominated by 

the level closest to the electrodes’ chemical potentials, the rectification behavior is in fact 

due to a voltage-drop-induced change in the coupling (and resulting transmission) of the 

HOMO-1 level. 
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The picture that emerges from these calculations is thus the following. Although 

the native DNA exhibits some asymmetry, it is not sufficient to generate substantial 

rectification, especially in light of the small voltage drop on the molecule. When coralyne 

is intercalated between the DNA strands, the asymmetric structure of the coralyne 

molecule induces additional asymmetry onto the DNA orbitals. This asymmetry is 

manifested mainly in a shift in the orbital structure of the wave-functions but not in the 

orbital energies. The most striking consequence of this change is an increase in the 

effective coupling between the HOMO-1 orbital and the electrodes (which is by itself 

asymmetric, being very small for positive bias and large for negative bias). Thus, the 

HOMO-1 conduction channel, which is off-resonant and governed by the level 

broadening for all voltages studied, is the one mostly affected by the coralyne 

intercalation.  

To the best of our knowledge, our finding that coralyne intercalation only 

manipulates the HOMO-1 transmission function by increasing its coupling strength 

without perturbing the frontier orbital of HOMO is a feature unique to DNA-coralyne 

complex molecular junctions. We note that this rectification mechanism is essentially 

different from any models proposed in the past to account for the rectification behavior of 

molecular junction systems that possess asymmetric molecular cores dominated by a 

single orbital asymmetrically coupled to the electrodes.130, 131, 133 We point out, however, 

the resemblance between the mechanism we suggest here to a similar mechanism in 

molecular junctions responsible for negative differential conductance, where a bias 

voltage drop along an asymmetric molecule changes the effective coupling between the 

molecular orbitals and the electrodes.213 
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6.5 Conclusion 

In summary, we constructed a single molecular rectifier based on intercalating 

specific, small molecules into designed DNA strands. Characterization by diverse 

STMBJ techniques of the electronic transport properties of single molecular junctions 

consisting of native DNA or of a DNA-coralyne complex showed drastic differences. The 

I-V curves of the single DNA-coralyne complex junction device exhibited a strong 

rectification ratio of around 15 at 1.1 V. Using the NEGF method, calculations based on a 

coherent tight-binding model revealed that the rectification is predominantly caused by 

the coralyne-induced spatial asymmetry, which leads to voltage-drop-induced changes in 

the coupling and transmission functions of the molecular HOMO-1 level. Not only do 

these results offer a new method for studying DNA-molecule interaction, they also 

suggest a novel strategy for the engineering of single molecular electronic elements based 

on a specifically designed functional DNA complex. 

 

 

 

 

 

 

 

 

 



 

126 

 

 

CHAPTER 7 

FERMI LEVEL PINNING OF CHARGE-TRANSFER RESONANCES IN 

MOLECULAR JUNCTIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

  “Fermi level pinning of charge-transfer resonances in molecular junctions 

containing the 2,2’:5’,2”-terthiophene:TCNE charge-transfer complex” Kun Wang*, 

Andrea Vezzoli*, Iain M. Grace*, Maeve McLaughlin, Richard J. Nichols, Bingqian 

Xu, Colin J. Lambert and Simon J. Higgins. (* equal contribution). To be submitted 

to J. Phys. Chem. Lett.. 
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7.1 Abstract 

Interference feature in the transmission spectra can dominate charge transport in 

metal-molecule-metal junctions. We introduced interferences (such as Fano resonances) 

in the transmission profile of electron-rich molecular wires by forming their charge-

transfer complexes with tetracyanoethylene (TCNE). Single-molecule conductance 

measurement using the STM-BJ technique allowed us to demonstrate experimentally that 

the conductance of the complex is almost independent of the conductance of the 

uncomplexed wire, a strong proof of the predicted pinning of the Fano resonance to the 

Fermi level of the metallic leads. Furthermore, our results show that, for better agreement 

between experimental data and theoretical predictions, the use of weak Au-coordinating 

contact groups is preferable when studying supramolecular effects and room-temperature 

quantum interference. 

 

7.2 Introduction 

Charge transport through organic molecules was first described from a theoretical 

point of view in the 1970s, with the seminal Aviram-Ratner molecular diode,5 and this is 

generally considered the birth of the field of molecular electronics. However, it wasn’t 

until the end of the 20th century that reliable methods to actually drive current through 

organic molecules were described, such as the mechanically controlled break junction 

setup18 and scanning probe microscope techniques, using an STM31-33 or an AFM.217 

Recently, supramolecular interactions such as solvent effects218-221, charge-transfer (CT) 

or host-guest complexation54, 222-225, π-stacking interactions226-229 and hydrogen-

bonding230, 231 have attracted increasing attention as a way to increase chemical 
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complexity of metal-molecule-metal junctions. Furthermore, supramolecular interactions 

that have a strong effect on junction conductance can be exploited in electronic devices 

such as sensors219, 224 and chemFETs.232 Among the supramolecular interactions, CT 

complexation is particularly interesting from the point of view of electronic devices. 

Several ground-breaking discoveries, such as the first organic material with metallic 

behavior (TTF:TCNQ)233 and the first organic superconductor (Beechgard salts, 

[TMTSF]2PF6)234 used CT complexes as bulk conductors.  

 

Figure 7.1 Structures of molecular wires mentioned in this study (A) and illustration of a 

molecular junction with compound 2 (B), and its CT TCNE complex (C), sandwiched between 

two Au electrodes. 

 

While the solid-state structure determines the bulk properties, CT complexation in 

nanoscale molecular junctions results in additional resonances in the transmission profile, 

and we recently reported that these additional resonance promote charge transport with a 
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large conductance enhancement.11 In particular, a molecular wire with a 2,2’:5’,2”-

terthiophene core showed >30-fold conductance increase upon complexation with the 

electron acceptor tetracyanoethylene (TCNE). As the additional CT resonance arises 

from a part-filled TCNE orbital, we proposed that its position in the energy profile of the 

junction must be always near to the Fermi energy EF, and therefore the charge transport 

through the complex is less dependent on the position of the molecular resonances. To 

probe this phenomenon, we synthesized two 2,2’:5’,2”-terthiophene containing molecular 

wires (molecules 2 and 3 in Figure 7.1) with different terminal units that bind to the 

electrodes, and measured their conductance as TCNE CT complexes. 

We found that, while the three molecular wires have different conductance values 

in their “free” state, spanning more than one order of magnitude, they all give very 

similar values of ∼10-3 G0 (where G0 is the quantum of conductance, 77.48 μS), when 

complexed with TCNE. This is a strong experimental proof of the Fermi level pinning of 

the additional conductance channel introduced by the part-filled TCNE orbital, and that 

charge transport is dominated by this additional resonance, characteristic of CT 

complexation. 

 

7.3 Experimental Details 

Conductance measurements The conductance of molecular junctions were determined 

using the STM break junction (STM-BJ) method.31 The gold substrates were prepared by 

evaporating ∼100 nm of gold onto freshly cleaved mica sheets using a thermo-evaporator 

under a vacuum of 10–7 Torr. The gold beads for Au substrate deposition was purchased 

from Kurt J. Lesker Company (99.999%), and mica sheets were purchased from Ted 
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Pella, Inc. The Au surfaces were annealed in hydrogen flame for several minutes before 

immersion in sample solutions of molecule. This annealing step allowed epitaxial 

reconstruction of gold atoms to form large terraces of Au(111). Then sample solution 

containing target molecules was dropped onto the freshly flamed Au surface to form the 

self-assembled monolayer of molecules for following conductance measurements, which 

were conducted in the absence of a liquid medium. Typically, conductance data were 

collected by driving a freshly cut Au tip into Au substrate and then withdrawing it. As the 

tip was pushed into the surface and then retracted, a fresh Au–Au junction was formed, 

thinned down to a single atom (point contact), and finally broken upon further retraction. 

After the rupture of the junction, a molecule can bridge the tip-substrate gap. The current 

(I) was recorded at a fixed tip-substrate bias (V) and conductance G is determined by 

Ohm’s Law (G=I/V). The STM tip engaged towards the Au substrate at a stop position 

controlled by a threshold tip-substrate current of 25 μA under a bias voltage of 0.3 V, 

plus an additional engage distance of 0.5 nm to ensure the physical contact between the 

tip and substrate. This setting guaranteed that all conductance traces displayed clear Au-

Au point contact plateau prior to the molecular plateau.  The tip engaging speed of 35 nm 

s–1 and retraction speed of 20 nm s–1 were used in the experiments.  This process was 

repeated thousands of times to reveal thousands of curves that were subsequently used for 

the construction of conductance histograms. To prepare the samples, sample molecules 

were first dissolved in the mixed solution of CH2Cl2 and ethanol (1:1 (v:v)) to give a 10-3 

M solution of sample molecules. Sample molecule solution was placed onto the freshly 

flamed Au surface and left for an incubation of 15 minutes which led to the formation of 

a self-assembled monolayer. Then the sample surface was rinsed with ethanol and dried 
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with high purity nitrogen gas. Conductance measurements were subsequently conducted 

in air at room temperature (~20 ˚C). To form TCNE doped molecules, TCNE solution 

(10-2M in CH2Cl2) was dropped onto the prepared monolayer of sample molecules for a 

subsequent incubation period of 1 h. Then the sample was copiously rinsed with ethanol 

and dried with high purity nitrogen gas. Conductance measurements for doped molecular 

wires were also carried out in air at room temperature (~20 ˚C). In these experiments, the 

bias voltage was 0.3 V.  

Synthesis All reactions were performed in degassed or dry solvents, in oven dried 

glassware, under Ar. All reagents were purchased from Sigma-Aldrich Chemical 

Company. Solvents were dried and stored under activated 3 Å molecular sieves (20% 

m/v).235 Alkyllithium compounds were titrated against benzylbenzamide to a blue 

endpoint before use. 2,2’:5’,2”-terthiophene was synthesized following published 

procedures236 by Kumada coupling of 2-thienylmagnesium bromide and 2,5-

dibromothiophene, using NiCl2(dppe) as catalyst.  

Preparation of mol 2: To a solution of 2,2’:5’,2”-terthiophene (0.5 g, 2.01 mmol) in dry 

THF (40 mL) n-butyllithium (caution! 1.6 , 4.00 mmol) was added dropwise at -78 ºC. 

The yellow suspension was stirred for 30 minutes at that temperature and dimethyl 

disulfide (0.36 mL, 4.05 mmol) was added dropwise. The mixture was allowed to return 

to room temperature and stirred for 4 hours. Water (100 mL) and CH2Cl2 (30 mL) were 

then added, the phases were separated and the aqueous phase extracted three times with 

CH2Cl2. The combined organic phases were then washed with brine, dried over MgSO4 

and concentrated under vacuum. The resulting yellow crude product was then purified by 

column chromatography (20 % CH2Cl2 in hexanes) to afford a slightly impure (NMR) 
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yellow solid. Recrystallization from hot hexanes afforded the title compound as bright 

yellow solid (0.329 g, 48 %). Found: C = 49.34, H = 3.53, S = 48.71 %. C14H12S5 

requires C = 49.37, H = 3.55, S = 47.08 %. 1H NMR (400 MHz, CDCl3): 7.01 (s, 2H, 

Th), 6.99 (ABq, J = 3.9 Hz, JAB = 7.0 Hz, 4H, Th), 2.51 (s, 6H, CH3) ppm. 13C NMR (100 

MHz, CDCl3): 139.0, 136.6, 135.9, 131.8, 124.3, 123.7, 22.1 ppm. m/z (HRMS, CI, CH4) 

340.9632 [M + H]+, C14H13S5 calc. 340.9621.  

Preparation of mol 3: To a solution of 2,2’:5’,2”-terthiophene (0.5 g, 2.01 mmol) in dry 

THF (40 mL) n-butyllithium (caution! 1.55 , 4.00 mmol) was added dropwise at -78 

ºC. The yellow suspension was stirred for 30 minutes at that temperature and a 

suspension of S8 (129 mg, 0.5 mmol) in THF (10 mL) was added dropwise. After further 

60 minutes of stirring at -78 ºC, acetyl chloride (0.3 mL, 4.1 mmol) was added dropwise, 

and the mixture was allowed to return to room temperature and stirred overnight. Water 

(75 mL) and CH2Cl2 (15 mL) were then added, the phases were separated and the 

aqueous phase extracted three times with CH2Cl2. The combined organic phases were 

then washed with brine, dried over MgSO4 and concentrated under vacuum. The resulting 

yellow crude product was then purified by column chromatography (10 % hexanes in 

CH2Cl2) to afford the title compound as bright yellow solid (0.577 g, 72 %). C16H12O2S5 

requires C = 48.46, H = 3.05, S = 40.42 %. Found: C = 48.25, H = 3.06, S = 40.25 %. 1H 

NMR (400 MHz, CDCl3): 7.11 (s, 2H, Th), 7.12 (AXq, J = 3.9 Hz, JAX = 33.7 Hz, 4H, 

Th), 2.43 (s, 6H, CH3) ppm.  13C NMR (100 MHz, CDCl3): 194.1, 142.9, 136.5, 136.1, 

125.2, 124.3, 124.1, 29.6. m/z (HRMS, ES+, CH3OH + NaOAc) 418.9347 [M + Na]+, 

C16H12NaO2S5 calc. 418.9339. 
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7.4 Results and Discussions 

In our previous work, TCNE complexation with molecule 1 has shown a > 30-

fold conductance boost compared to the conductance of molecule 1 alone. In the present 

work, we focus on the influence of linker effect (the chemical moiety responsible for the 

formation of the contact with the electrodes) on the conductance boost caused by TCNE 

complexation. We reasoned that the removal of the insulating hexyl chains present in 

compound 1 would results in an increased conductance of the bare molecular wire, and 

this may lead to a different increase in conductance upon complexation. We therefore 

synthesized molecular wires containing the 2,2’:5’,2”-terthiophene (see experimental 

details for synthetic procedures) with two different contacts directly bound in 2,5”-

position: a protected thiol (as thioacetate), that readily cleaves in the presence of gold to 

give a thiolate covalent bond,237, 238 and a methyl sulfide, that preferentially binds to 

under-coordinated gold sites105, 239 through lone-pair interactions. The STM-BJ 

technique31 was then used to measure the electrical properties of Au-molecule-Au 

junction with sample molecules in the presence and absence of TCNE. Briefly, a Au 

STM tip was brought close to the surface of a Au(111) substrate, in the presence of either 

sample molecule or of the sample molecule:TCNE complex. It was then retracted while 

the tunneling current was monitored. A fresh Au-Au junction is formed, and on retraction 

this thins down to a single atom (point contact), which is finally broken upon further 

retraction. This process results in peaks in a conductance histogram at integer multiples 

of G0 owing to atomic rearrangements in the junction. When the point contact breaks, if a 

molecule (or molecules) binds to both gold contacts, then subsequent additional plateau 

are seen in the current–distance plot at conductance values much smaller than G0, 
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corresponding to tunneling transport through the molecule. Eventually, as retraction 

continues, the molecular junction breaks and the current rapidly falls to a very low value 

consistent with direct electrode tunneling. Example conductance traces with Au-Au point 

contact plateau and molecular junction plateau are shown in right panels of Figure 7.2 

for sample molecules (green traces) and molecule:TCNE complexes (orange traces). 

Typically, thousands of such traces were employed for each set of experimental 

conditions, and the traces were binned to produce one-dimensional log-scale conductance 

histograms and two-dimensional density plots. 2:TCNE complex yielded a conductance 

of ~1.2 × 10-3G0, with an 8-fold increase when compared to the isolated molecule. 

3:TCNE gave a conductance of ~2 × 10-3G0, the highest conductance among all 

molecule:TCNE complexes and around 20 times larger than the conductance of molecule 

3 alone. 
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Figure 7.2: Conductance histograms (left) and example break-junction traces (right) of mol 1 

(A), 2 (B) and 3 (C). Green: isolated molecule; Orange: TCNE complex. 

 

It is worth noting that while the three molecular wires (154, 2 and 3) had different 

conductance values when in their uncomplexed state (spanning the range 10-5 to 10-3.7 

G0), they all give very similar conductance values (∼10-3 G0) when complexed with 

TCNE. In fact, the least conductive molecular wire 1 showed the largest conductance 

boost upon complexation (30-fold), while the most conductive compound 2 had the 

smallest increase (8-fold). This is a strong indication that the charge transport through 

molecule:TCNE complex is dominated by the additional conductance channel introduced 

by the presence of TCNE, and that its position in energy, as arising from a semi-occupied 

orbital, is pinned to the EF of the electrodes. However, the linker plays a crucial role in 

deciding the coupling strength between the TCNE and sample molecule. Extra Fano-

resonance peak has been previously observed for molecule 1:TCNE complex which very 

well interpreted the conductance boost phenomena. 

To probe the underlying mechanism to see if it is the same for different linkers, 

we performed theoretical studies using DFT. The previous theoretical work on molecule 

1 assumed an optimized geometry of the molecular junction with possible fluctuations in 

the complex geometry being treated through sampling a wide range of possible binding 

geometries for the TCNE molecule. Due to the localized nature of the orbital producing 

the Fano resonance, the effect of these fluctuations showed that the anti-resonance feature 

was ‘smeared’ out. We now expand on this approach by focusing on modelling the 

geometrical fluctuations using molecular dynamics which goes beyond the idealized 

model previously used.   
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Figure 7.3 ‘Snapshots’ of the molecular junction for molecule 2 (top) and molecule 2:TCNE 

(bottom) after (a) 0.5ps, (b) 1ps, (c) 1.5 ps and (d) 2.0 ps. 

 

The evolution of the junction (Figure 7.3 for molecule 2) over a small time 

increment (0.5 ~ 2ps) shows that at room temperature the structure of the molecule, the 

binding configuration and the complex geometry changes significantly. To see the role 

this plays in the conductance of the junction the zero bias transmission coefficient T(E) is 

calculated for each of these ‘snapshots’.  For molecule 2 (Figure 7.4B) the effect of using 

the different linker group (-SMe) shifts the Fermi Energy (0 eV) into the middle of the 

HOMO-LUMO gap in comparison to molecules 1 (Figure 7.4A) and 3 (Figure 7.4C) 

where the thiol linkers produce HOMO dominated transport. For all of these junctions, 

the effect of temperature fluctuations causes the value of T(E) to vary by at least an order 

of magnitude and more in the case of molecule 1. For the complexed molecules (Figure 
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7.4D-F) the appearance of the extra resonance with a Fano line shape can be seen close to 

the Fermi energy, showing that the previously expected behavior is independent of the 

linker group. In the case of the thiol linker groups the resonances shift with fluctuations, 

while the -SMe linker seems to strongly pin this resonance at the Fermi Energy.   

 

Figure 7.4 Zero bias transmission coefficient T(E) against electron energy at four 

different junction times for molecule 1 (A), 1:TCNE (D), molecule 2 (B), 2:TCNE (E) 

and molecule 3 (C), 3:TCNE (F). 

 

To compare to the experimental measurements, we take an average of the 

thermally broadened transmission curves over the timespan of the molecular dynamic 

simulation (2ps) using the equation: 

𝐺(𝐸𝐹) =
2𝑒2

ℎ
∫ 𝑇(𝐸) (−

𝑑𝑓

𝑑𝐸
) 𝑑𝐸 
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where G(EF) is the average of 450 transmission curves and f is the Fermi distribution. For 

molecule 2 (Figure 7.5B) the conductance at 0 eV is ~3×10-3 G0 and the conductance 

increases for 2:TCNE to ~6.5×10-2 G0 which is a 21-fold boost. Comparing to the 

measured values, the theoretical conductance is higher by approximately an order of 

magnitude which may be due to the known limitations in DFT based quantum transport 

calculations.[]  In the cases of molecule 1 and 3 the position of the Fano resonance is 

shifted away from 0 eV, and is at approximately 0.2 eV for molecule 1 and 0.35 eV for 

molecule 3. The ratio increase in the conductance at these energies is large for molecule 1 

in the HOMO-LUMO gap, approximately 1000 at 0.2 eV (but smaller ~10 at 0 eV). 

While molecule 3 shows a smaller ratio ~8 at 0.5 eV. Therefore, depending on the 

position of the chosen Fermi energy the results give good agreement with experimental 

measurements in that the largest ratio increase is found in molecule 1.  

 

Figure 7.5 Thermally averaged conductance against Fermi energy for molecule 1 (A), 2 (B) and 

3 (C). 

 

However, the general trends of the measurements are applicable over a wide 

range of energies in the HOMO-LUMO gap which suggest that the mechanism of a Fano 

resonance arising upon CT complexation close to the Fermi energy is not dependent on 
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the linker group. The discrepancies between theory and measurement in molecules 1 and 

3 can be attributed to the thiol linker group which changes the molecule on binding to 

gold and leads to a pinning of the HOMO resonance to the Fermi energy, while with the -

SMe anchor the molecule remains unchanged and the Fermi energy lies in the gap. While 

confirming the proposed mechanism of conductance increase upon CT complexation, this 

also suggests that for better agreement between theory and experiment molecules with -

SMe anchor groups are preferable. With such molecules, charge transport is likely 

happening in the HOMO-LUMO gap and no pinning of molecular resonances arises in 

the DFT calculations. 

 

7.5 Conclusion 

In summary, we measured charge transport through single-molecules and their 

charge-transfer complexes with TCNE, and showed that, while the molecules alone have 

conductance values spanning more than one order of magnitude, their complexes all give 

very similar conductance values (∼10-3 G0). Our results are a strong proof of the Fermi 

level pinning of the CT resonance we postulated in our previous work,54 and strengthen 

the possibility of using such systems as detectors for electron-deficient analytes. During 

the theoretical analysis of these systems, we also found that, in DFT, pinning to the Fermi 

level of the HOMO resonance of molecules bearing thiol contacts competes with the 

pinning of the CT Fano resonance. This creates discrepancies between theory and 

experiments, and therefore the use of weaker binding groups (such as methyl thioether -

SMe) is preferable in the study of supramolecular effects in molecular junctions to 

overcome the known DFT limitations. 
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CHAPTER 8 

SUMMARY AND OUTLOOK 

 

8.1 Summary 

The major focus of this dissertation has been to explore and understand charge 

transport properties of single molecule junctions by combining delicate SPM-BJ 

experimental control with advanced data analysis methods. Molecules studied in this 

dissertation span from simple alkane molecules (octane-based molecules), small π-

conjugated molecules (benzene-based molecules and terthiophene-based molecules) to 

complex large biomolecules (DNA molecules). The presented research projects have 

aimed at addressing several challenging issues in metal-molecule-metal junction system, 

including the effect of molecule-electrode contact interfaces, structure-property relation, 

current rectification, and quantum interference effect.  

First, the widely studied yet to be fully understood contact effect in Au-

alkanedithiol-Au junction was investigated via modulating a stabilized single molecule 

junction using modified CAFM-BJ technique. Strong force-conductance correlation was 

for the first time observed with the help of force-conductance cross-correlation analysis, 

suggesting a kinship between the mechanical behavior and the charge transport properties 

caused by variations at the molecule-electrode interfaces. Then, a more detailed 

investigation of the conductance change along with the junction elongation in Au-

octanedithiol-Au junction revealed a unique shape of contact tunneling barrier, a linear 
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increase followed by a plateau in barrier height, which was interpreted by a newly 

developed tunneling barrier model.  

Second, by alternating the two anchoring groups between thiol and amine in 1,4-

disubstituted benzene molecular junctions, single-molecule conductance and I-V 

characteristic measurements revealed a strong correlation between current rectification 

effects and the asymmetry in contacts, i.e., rectification occurred whenever asymmetric 

contacts were introduced. Fitting of the rectification ratio by a newly modified Simmons 

model suggests asymmetry in potential drop across the asymmetric anchoring groups as 

the mechanism of rectifying I-V behavior. 

Third, the effect of DNA’s structural change on its conductance was explored by 

monitoring the conductance of a poly d(GC)4 DNA while increasing the concentration of 

MgCl2 in the buffer solution. It was found that the B- to Z- conformational change 

reduced the DNA conductance by two orders of magnitude. Using modified STM-BJ, we 

offered an alternative way to build up transition trend lines between two DNA 

conformations and monitored changes in DNA conformation at a spatial and temporal 

resolution never before achieved. This study also underscored the extreme sensitivity of 

DNA’s conductance to its secondary structure change. 

Fourth, we have constructed a molecular rectifier based on intercalating specific, 

small molecules into designed DNA strands. The I–V curves of the single DNA–coralyne 

complex junction device exhibited a strong rectification ratio of around 15 at 1.1 V. A 

non-equilibrium Green’s function-based model—parameterized by density functional 

theory calculations—revealed that the coralyne-induced spatial asymmetry in the electron 

state distribution caused the observed rectification. This inherent asymmetry leads to 
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changes in the coupling of the molecular HOMO−1 level to the electrodes when an 

external voltage is applied, resulting in an asymmetric change in transmission. 

At last, we introduced interferences (such as Fano resonances) in the transmission 

profile of electron-rich molecular wire by forming their charge-transfer complexes with 

tetracyanoethylene (TCNE). It was demonstrated experimentally that the conductance of 

the complex is almost independent of the conductance of the uncomplexed wire, a strong 

proof of the pinning of the Fano resonance to the Fermi level of the metallic electrodes. 

Furthermore, our results showed that, for better agreement between experimental data 

and theoretical predictions, the use of weak Au-coordinating contact groups is preferable 

when studying supramolecular effects and room-temperature quantum interference. 

In summary, this dissertation has shown that both the important yet latent 

information in the experimental data can be isolated for specific study by incorporating 

detailed experimental modulations and controls, and functional charge transport 

properties can be finely tuned via modifying the structure of the junction. The 

experimental results and physical understanding presented in this dissertation have 

delivered a few significant hints for future investigation: 1) non-rectangle contact barrier 

should be carefully considered in junction systems involving Au-thiol contact; 2) 

asymmetric contact interfaces, either asymmetric anchoring groups or asymmetric 

electrode materials, can be used as a strategy to both create current rectification and 

enhance the existing rectification of the molecular core in molecular junctions; 3) DNA’s 

secondary structure strongly depends on the ionic environment it stays in, and DNA’s 

conductance is highly sensitive to its structural change; 4) DNA-small molecule 

complexation serves as a promising approach to effectively modify the electronic 
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structure of DNA molecule and create functional transport properties, and the introduced 

DNA-coralyne molecular rectifier can be used as a testbed for pushing the limit of 

rectification ratio of molecular rectifier; 5) quantum interference resonance (Fano 

resonance) formed by charge transfer complexation between electron-donor molecules 

and strong electron-acceptor molecules has strong Fermi level pinning effect, and this 

effect is not only significant for boosting the molecular conductance but also believed to 

greatly enhance the thermopower of molecular junction devices. 

 

8.2 Outlook  

One answer to the often-posed question of “when will we see molecular 

electronics in the real world” is “as soon as molecular devices can do something not 

currently possible with silicon.”.2 Based on the experimental and theoretical results 

obtained over the past two decades on molecular junctions, it is now sufficient to 

conclude that charge transport through 1~20 nm molecules has distinct properties from 

that in traditional semiconductor materials. Tremendous amount of researches as those 

discussed in this dissertation have highlighted the success of single molecule break-

junction based techniques and their remarkable contributions in bringing us closer 

towards the overarching ambition to build, control, and use functional molecular devices.  

In terms of charge transport in single-molecule junction system, there are still a 

few questions to answer: What is the effective contact chemistry to achieve solid 

mechanical connection between the molecule and the electrodes and to reduce the contact 

resistance? What is the ideal molecular candidate that can be used for future design and 

large-scale fabrication of molecular diode and field effect transistor (FET)? What is the 
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most effective way to electronically gate a molecular junction? How to significantly 

enhance the poor performance of single-molecule devices, e.g., low rectification ratio of 

molecular rectifier and small on/off ratio of molecular switches? What is the proper mean 

to scale up from single-molecule device to integrated circuits? To answer these questions 

or offer useful hints towards the solution of these questions, it is necessary that intense 

collaboration efforts between experimentalists, theorists, chemists and all other related 

researchers are extensively sparked.   

Molecular junction system has become a playground of many fundamental studies 

which aim to improve our understanding of the physical nature of metal-molecule-metal 

junctions. As the field of molecular electronics continues to grow, physical properties 

beyond charge transport have also come into view recently. Recent studies are beginning 

to explore the rich physics of molecular junctions through measurements of 

piezoelectricity,116, 240 optical effects,241, 242 thermoelectricity,51, 52 spintronics,49, 243 and 

quantum interference22, 55 concepts for which there are no analogues in conventional 

electronics.62 Multiple properties that are of great interest and can be probed in single-

molecule junction system are illustrated in Figure 8.1. A few experimental and 

theoretical attempts49, 51, 53, 62, 186, 241 have suggested that molecular junction behavior can 

be finely controlled by manipulating the effects of light emission, heat flow, electron spin 

and quantum interference. Therefore, we have enough reason to believe that 

investigations of these varied properties of single-molecule junctions should be valuable 

for deeply understanding charge transport through molecular junctions, the device 

fabrication process, and the roadmap for future practical molecular electronics. 
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Figure 8.1 Probing multiple properties of single molecule junctions. 
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