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Seoul National University

Molecular electronics has been studied for a few decades to understand the charge 

transport characteristics through the molecular wires and use molecules as 

components of the electronic devices. Molecular electronic devices that function as 

resistor, diode, memory, or transistor have been demonstrated in various device 

platforms by taking advantages of the molecular electronics such as low cost and 

high throughput, synthetic variability of functional molecules, and self-assembly. 

However, researches on the single molecule junctions functioning as the field-effect 

transistor (FET) which is the most important basic element that makes up logic 

circuits in modern electronics has limitation to practical device applications. In this 

regard, I studied the field-effect molecular electronic device in a large area junction 

platform to exploit its advantage of high device yield and mass production. 

The first topic of my study is the fabrication and characterization of the pentacene 

barristor. The pentacene barristor has a device structure and transport mechanism 
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similar to the molecular field-effect device but can be fabricated in an easier method. 

I studied the electrical properties of the pentacene barristor which showed the 

asymmetric characteristics with the bias- and the gate-voltage dependences. 

Temperature-variable measurement was carried out and it was demonstrated that the 

charge transport mechanism of this device was either thermionic emission and the 

Poole-Frenkel conduction based on the applied bias.

The next topic is the fabrication of alkanethiol junctions with inverted self-

assembled monolayer (SAM) which is an alternative fabrication method for the large 

area molecular junctions. In contrast to the general molecular ensemble junctions in 

which SAM is deposited on the bottom electrodes, the top electrode with pre-

deposited SAM was transferred onto the bottom electrode in the inverted SAM 

junction. I demonstrated Au-molecule-Au junctions with the reference molecules 

(alkanethiols) and compared the electrical properties with the molecular junctions 

with alkanethiols in various testbeds.

Finally, rectifying molecules under the gate electric field is studied. Ferrocenyl 

alkanethiol molecule was employed to exhibit the diode-like property and the ionic 

gel was applied as the top-gate dielectric giving a strong field-effect. This molecular 

device showed the rectification modulated by bias- and gate-voltages.

Keywords: Molecular electronics, Graphene, Self-assembled monolayer, Pentacene, 

Barristor, Alkanethiol, Charge transport

Student Number: 2013-20388
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Figure 1.1 Schematics of the electrical coupling in a molecular junction with 

multiple orbital levels sandwiched between two leads (L (left), R (right)). The 

parameters determining transport are the coupling (or tunneling rate)  , the 

electrostatic potentials of leads , and energy level broadening .

Figure 1.2 Schematics of metal-insulator-metal (MIM) structure with an arbitrary 

potential barrier

Figure 1.3 Scheme of the different steps taking place during the self-assembly of 

alkanethiol on Au(111): (i) physisorption, (ii) lying down phase formation, (iii) 

nucleation of the standing up phase, (iv) completion of the standing up phase

Figure 1.4 Examples of single-molecule junctions. (a) Mechanically controllable 

break junction, (b) Electro-migration break junction, (c) Conducting probe atomic 

force microscope, (d) Scanning tunneling microscope.

Figure 1.5 Schemes of large-area molecular junctions. (a) Nanopore, (b) Microscale 

via-hole, (c) Eutectic GaIn contact junctio, (d) Conducting polymer.

Figure 1.6 Schematics for fabrication procedure of large-area molecular junctions 

by (a) nanotransfer printing (nTP), (b) lift-off float-on (LOFO) [31], (c) polymer-

assisted lift-off (PALO), and (d) direct metal transfer (DMT).

Figure 1.7 Electrical characteristics of nTP junctions (a) Current density as a 

function of applied voltage. (b) Absolute current levels (on a log scale) for applied 

voltage; Control sample (blue circles). Evaporated sample (green squares). nTP 

samples (red diamonds)

Figure 1.8 Electrical characteristics of LOFO junctions. Main figure is the different 

I-V curves refer to the junctions of different substituent on the benzene ring (shown 

next to each curve) of the dicarboxylic acid derivatives (see inset). Bottom right inset 

is optical micrograph (scale bar, 100 m) of Au pad
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Figure 1.9 Electrical characteristics of PALO junctions. (a) Semi-log plot of the 

tunneling conductivity versus chain-length of fatty acid monolayers. The fit to a 

straight line gives a slope of  = 0.86 Å-1. (b) Temporal plot of the remnant current 

(circles) as a function of applied bias (crosses), displaying switching behavior upon 

reaching a threshold voltage: 1 V for turning “on” and –0.6 V for turning “off”.

Figure 1.10 Electrical characteristics of DMT junctions. (a) Statistical J–V data for 

C8, C12, and C16 working devices. (b) Distribution of the logarithmic current 

densities at 1 V for all molecular junctions. (c) A semi-log plot of the current densities 

measured at different biases as a function of the molecular length. Solid lines 

represent the exponential fitting results, in which the slope is related to the decay 

coefficient β. The inset shows the values of β deduced from the plot versus the 

applied bias. (d) Arrhenius plot of the logarithmic current densities for C8, C12 and 

C16 molecular junctions at different biases from 0.2 V to 1.0 V in 0.2 V increments. 

The temperature was varied from 80 K to 295 K in 40 K increments. (e) IETS data 

of six C12 molecular junctions measured at 4.2 K. Each arrow indicates the 

corresponding molecular vibration modes of the C12 molecule. Peaks that cannot be 

assigned to any possible vibrational modes of the molecule are marked with asterisks. 

In this plot, shaded squares are used to compare each characteristic peak from device 

to device. 

Figure 1.11 Schematic illustration of the device fabrication process for the graphene 

electrode molecular junctions.

Figure 1.12 Statistical J-V data for all (a) C8, C12, C16 and DC8 molecular junctions 

(Reproduced with permission from ref 25. Copyright 2010 John Wiley & Sons), (b) 

BDT, BPDT, TPDT molecular junctions. (c) A semi-log plot of the J values at 

different biases versus the numbers of phenyl rings in the BDT, BPDT, and TPDT 

molecular junctions. (d) Current densities measured at 0.8 V in different bending 

configurations (bending radii of ∞, 10 mm, and 5 mm). (e) d2I/dV2 plot of a BDT 

molecular junction with a graphene electrode. In the d2I/dV2 plot, IETS peaks can be 

observed at 21, 82, 136, and 209 mV. 
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Figure 1.13 (a) Chemical structure of trifluoromethanesulfonic acid (TFMS) (top) 

and schematic illustration of TFMS-doped graphene (bottom). Two-dimensional J-

V plots of the working molecular junctions for the (b) graphene/BDT/Au and (c) 

TFMS-graphene/BDT/Au junctions. 

Figure 1.14 (a) Real-time measurement of the current density for each state with or 

without exposure to light at an applied bias voltage of 1 V. The switching time (turn-

on) is indicted by an arrow. (b) Histogram for the measured switching time required 

to transition from the open to the closed state. A representative single I-V curve 

measured for the (c) closed and (d) open state, with the fitting curve (shown as a 

solid line) calculated based on the Landauer formula. Scatter point plots for (e) Γ and 

(f) E0 values for intact molecular junctions in the closed and open state.

Chapter 2

Figure 2.1 (a) The optical microscopy image (left) and scanning electron microscopy 

image (right) of the pentacene barristors. (b) The schematic image of the pentacene 

barristor. The bias voltage is applied to the graphene electrode, and p++ Si serves as 

the gate electrode. (c) Raman spectrum of the graphene film used as an electrode of 

the device.

Figure 2.2 Fabrication processes of the pentacene barristor with graphene electrodes.

Figure 2.3 The energy level information for the device. The energy level alignment 

by the interfacial dipole layer discussed in main text is not featured in this figure.

Figure 2.4 (a) The output characteristics (Ib-Vb) with Vb ranging from -10 V to 10 V 

at various Vg. (b) The transfer curves (Ib-Vg) of pentacene barristor at Vb = 9 V. 

Both characteristics were measured as Vg increased from -80 V to 80 V. (c) Contour 

plot of the rectification ratio R = Ib (Vb > 0) / Ib (Vb < 0) within given Vb and Vg. The 

inset shows R versus Vg at Vb = 8 V. At fixed Vg, R was saturated in Vb higher than 

the values that are presented with a black dashed line. (d) Contour plot of ON/OFF 

ratio obtained from the I-V-T measurement. The inset shows transfer curves at 

various temperature conditions.
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Figure 2.5 (a) Arrhenius plots at Vb = 2 V (left) and at Vb = 2 V (right), in which 

the slopes of each line correspond to the Schottky barrier height ( ). (b) Schottky 

barrier modulation by gate bias voltage at Vb = 2 V (red squares) and at Vb = 2 V 

(black circles). The dashed lines are the gradient of  near Vg = 0 V. (c,d) The 

schematic band diagrams in the range of (c) Vb > 0 and (d) Vb < 0. The energy bands 

are expressed as red lines for Vg < 0 and blue lines for Vg > 0.

Figure 2.6 The Arrhenius plots and the corresponding Schottky barrier modulation 

(a) at Vb = 5 V, (b) at Vb = 7 V (b), and (c) at Vb = 10 V in the gate bias voltage 

of –80 V < Vg < 80 V. 

Figure 2.7 The Schottky barrier height variation ( s) versus the bias voltage (Vb) 

in the gate bias voltage range of –80 V < Vg < 80 V where s
 is defined as the 

difference between s(Vg = +80 V) and s(Vg = –80 V), which are extracted from 

Fig. 3b in the main text and the right parts of Fig. S2. Red squares and black circles 

correspond to the range of Vb > 0 and Vb < 0, respectively. 

Figure 2.8 (a) The band diagram corresponding to the Poole-Frenkel model (upper) 

when zero field and (lower) a finite field is applied. The hole injects to trap sites and 

transports through the valence band of pentacene. (b) Plot of ln(Ib/Vb) versus Vb in 

various Vg in which the Poole-Frenkel conduction is featured as linear fitting in the 

high Vb range. (c) The modulation of effective barrier height ( eff) of trap sites in 

non-zero field situation by gate bias voltage at Vb = 2 V (red circles) and at Vb = 10 

V (black squares).
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Figure 3.1 Fabrication processes of iSAM molecular junctions.

Figure 3.2 (a) Molecular structure of octanethiol (C8) and dodecanethiol (C12), (b) 

Optical image (top view) of molecular junction. Surface morphology (AFM images) 

of (c) bottom electrode and (d) top electrode.

Figure 3.3 (a) Semi-log plot of statistical J – V data for C8 and C12 devices. (b) 

Typical non-linear J – V characteristics for molecular junction. (c) Histogram for the 

order of magnitude of the current density at 1 V for working devices.
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Figure 3.4 Plot of ln( J ) as a function for the number of carbons at different bias 

voltages. The values of decay coefficient β (~1.17 per carbon) are extracted from the 
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Chapter 1. Introduction 

 

1.1. Overview of Molecular Electronics 

In the past decades, the modern electronics based on the semiconductor has made 

remarkable progress in terms of integration and miniaturization of the electrical 

circuits and it leads the modern technology and industry. As the development of the 

silicon-based electronics represented by the Moore’s law, however, has been slow 

down in the scale of a few nanometer due to the quantum interference, tunneling 

effect or heat dissipation, several candidates emerged to overcome such limitation.  

Molecular electronics is one of the fascinating candidates with determinant 

advantages. Because the molecules are employed as the building-block of the electric 

components, the functionality of the molecular electronic devices can be controlled 

by synthesizing the molecules with infinite degrees of freedom. Construction of 

nanostructures by the bottom-up process is also possible because of the self-

assembling nature of the molecules with special anchoring groups.  

Since the theoretical study by Aviram and Ratner in 1974[1], the molecular 

electronics has drawn a great interest because single-molecules or molecular layers 

can be utilized as electronic transport channels. The major goal in this research field 

is understanding of intrinsic properties of the molecules. At the same time the 

experiment techniques including molecular synthesis, device fabrication, 

measurement and analysis have also been important topics in molecular electronics. 

Fabrication of molecular junctions is still a challenging issue because it is difficult 
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to connect the small molecules in length scale of ~1 nm to the electrical leads for 

electrical measurements.  

 

1.2. Brief Introduction of Theoretical Background 

1.2.1. Landauer formalism 

In the mesoscopic systems in which the wave nature of the electrons dominates  

charge transport, there are limitations of the (semi)classical approaches to account 

for the electrical properties in this system. The quantum mechanical approach shown 

by R. Landauer[2] in 1950’s determines the total conductance G in the nanoscale 

devices by the Landauer formula, 

  Eq. 1.1 

where   is the elemental charge,   is the Planck’s constant, and  ’s are the 

transmissions of all available conduction channels in the junction. In other words, 

the conductance is the summation of the transmission of the current-carrying 

eigenmodes. 

The typical nanoscale devices consist of two electrodes and channel material in 

which the charge carriers are scattered. The total current that flows from left 

electrode to right is deviated from the quantum mechanical expression of the current 

density with the scattering approach as the integration of the transmission in the bias 

window. 
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  Eq. 1.2 

where  and  is the Fermi distributions of the electrodes on the left (L) or right 

(R) of the scattering centers (or the potential barriers).  

In the most molecular junctions, the frontier orbital (the closest molecular orbital 

level to the Fermi of electrode) is considered as dominating the charge transport. In 

that case, the charge transports between this orbital and electrodes are analogous to 

the double barrier tunneling illustrated in Figure 1.1. 

Figure 1.2 Schematics of the electrical coupling in a molecular 

junction with multiple orbital levels sandwiched between two leads 

(L (left), R (right)). The parameters determining transport are the 

coupling (or tunneling rate) , the electrostatic potentials of leads 

 , and energy level broadening   [Garrigues et al., 

Scientific Reports, 6, 26517 (2016)] 
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The transmission  in the double barrier tunneling model is expressed as the 

Lorentzian distribution 

 Eq. 1.3 

where   are the scattering rates of each barriers and   is the resonant energy 

level.  

Charge transport at the interface between lead and molecule can be considered as 

a tunneling process. As the strength of the coupling increases, tunneling rates are 

also enhanced. The broadening of molecular level also occurs due to the 

hybridization with the metallic states and the half-width at half-maximum (HWHM) 

is given by . When the molecular level  lies at the Fermi level of 

electrodes, the resonant tunneling occurs. 

Although the Landauer formalism explains basic transport in the mesoscopic 

systems including the molecular junctions very successfully, this scattering approach 

is not valid when the inelastic scattering cannot be neglected. One must also assume 

the phase-coherent transport over the entire sample. In reality, these conditions are 

valid at zero temperature and for electrons at the Fermi level[3]. 

 

1.2.2. Simmons model 

The charge transport in the most molecular junctions can be simplified as the 

transmission through a potential with various shapes depending on the bias voltage. 

The formula that Simmons derived in 1963[4] is simple but powerful tool to analyze 

the current-voltage (I-V) characteristics of the metal-insulator-metal junctions with 
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a barrier of arbitrary shape including molecular junctions.  

Figure 1.2 Schematics of metal-insulator-metal (MIM) structure with 

an arbitrary potential barrier 

Simmons model was derived with the help of WKB approximation to calculate 

the transmission  of the junction. The general form of this formula is  

, Eq. 1.4 

where   is the average barrier height at zero bias relative to the reference 

electrode and,  

 Eq. 1.5 

where ,  is a correction factor,  is the barrier width and  is the mass 

of electron. 

In the low bias region ( ), this equation is reduced to the form of 

 Eq. 1.6 

, which describes the direct tunneling. I-V characteristics in the high bias region 

( ) is simplified into  
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 Eq. 1.7 

, which describes the Fowler-Nordheim tunneling or field emission. One can 

estimate the barrier height of a molecular junction by finding the transition voltage 

at which the characteristic behavior changes between the direct tunneling and field 

emission. 

Notice that these two tunneling conductions deviated from the Simmons model 

are independent on the temperature. 

 

1.2.3. Temperature-dependent conductions 

In addition to the tunneling process, there are another conduction mechanisms that 

describe charge transport across the barrier. Thermionic emission is the excitation of 

electrons over a potential barrier by thermal energy. The temperature dependency of 

this conduction is very strong and significant in the condition of low potential barrier. 

Remarkably, the energy and phase are preserved during this process so this is one of 

the coherent transports. The temperature- and voltage- dependence are described as 

 Eq. 1.8 

Another thermally activated transport mechanism is the hopping conduction in 

which the electrons move by hopping the point at which the wave functions of 

electron are localized within the molecule. It was reported that this conduction is 

dominant the transport in the long conjugated molecule[5]. The I-V and I-T 

characteristics of this conduction are known as 
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 Eq. 1.9 

The Poole-Frenkel effect explains the conduction in an electrical insulator with 

trap sites. The electrons are trapped in the localized states, then de-trapped and 

moved to the conduction band by the thermal energy. In the case of the presence of 

the large electric field, the effective depth of trap sites is reduced and the electrons 

are able to escape the trap with less thermal energy. The electrical characteristic is 

expressed as 

 Eq. 1.10 

where  is the applied electric field,  is the potential depth of trap,  is the 

dynamic permittivity and  is the Boltzmann’s constant. 

 

1.3. Experimental Testbed in Molecular Electronics 

1.3.1. Self-assembled monolayer 

Self-assembly has been a useful strategy to deposit the molecules onto the surface 

of metal electrodes. This bottom-up fabrication technology can be conducted in gas 

or liquid environments, and the latter is more popular method featuring its 

accessibility and simplicity. As the formation of self-assembled monolayer (SAM) 

is the most important process to decide the quality of the molecular junctions, various 

investigations have been carried out to understand the fundamental mechanisms that 

drive this step. The reference system focused on is the adsorption of the 

alkanethiolates on the Au(111) surface.  
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The initial step of the SAM formation is believed as highly disordered system 

physisorbed on Au(111). After physisorption, the thiol anchoring groups chemisorb 

on the Au(111) face through the sulfur headgroup and form strong covalent bond and 

form lying down phase. The adsorption process can be written as follows 

RS-H + Au  RS-Au + 0.5 H2 Eq. 1.11 

Since the chemisorption of the thiol molecules is easier at the defect sited of the 

Au surface, where the nucleation of standing up phase starts. These islands grows 

and the surface coverage of SAM increase. These processes during formation of 

SAM are illustrated in Figure 1.3[6]. 

 

Figure 1.3 Scheme of the different steps taking place during the self-

assembly of alkanethiol on Au(111): (i) physisorption, (ii) lying down 

phase formation, (iii) nucleation of the standing up phase, (iv) 

completion of the standing up phase[6] 
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1.3.2. General testbeds for molecular junctions 

Single-molecular junctions are a traditional platform to study the electronic 

transport in molecular wire. Scanning tunneling microscope[7,8] (STM) conducting 

probe atomic force microscope[9] (C-AFM) are widely used tools that build the 

molecular junctions by contacting their tips to the molecular layer deposited on the 

specific surfaces. Another way to fabricate the single-molecular junction is to insert 

the molecule into a nano-gap of broken wire. Electro-migration break junction[10–12] 

and mechanically controllable break junction [13,14] (MCBJ) are representative 

methods to create nano-gap in the wire. 

Figure 1.4 Examples of single-molecule junctions. (a) Mechanically 

controllable break junction[13], (b) Electro-migration break 

junction[11], (c) Conducting probe atomic force microscope[9], (d) 

Scanning tunneling microscope[15]. 

Another testbed for the experiment in molecular electronics is large-area ensemble 

molecular junction in which many molecules (> ~1000 molecules) exist in the 

junction and are involved in the charge transport. Typical structure of these junctions 
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is a vertical stack of ‘bottom electrode – molecular layer – top electrode’. Molecular 

monolayer can be deposited on the surface of bottom electrode by using the self-

assembly nature of molecules with certain end groups, so such molecular layer is 

called self-assembled monolayer (SAM). For example, thiol (-SH) moiety of a 

molecule makes covalent bonds with Au, Ag, or Pt surfaces[16]. Langmuir-Blodgett 

(LB) film[17,18] is also used for preparing homogeneous molecular layer by utilizing 

the surfactant molecules arranging at air-solvent interface. 

Forming the top electrode on the molecular layer is the major challenge in building 

the large-area molecular junctions. The simplest way for that is direct deposition 

using thermal or electron-beam evaporator, but this method makes most junctions 

electrically shorted because metal filaments are grown through the thin molecular 

layer[19,20]. To enhance the junction yield, buffer interlayer-based junction[21–23] or 

liquid metal contact[24–26] were introduced.  

Figure 1.5 Schemes of large-area molecular junctions. (a) 

Nanopore[27], (b) Microscale via-hole[28], (c) Conducting polymer[21], 

(d) Eutectic GaIn contact junction[29]. 
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Several studies about large-area molecular junctions fabricated by ‘electrode-

transfer’[30–37] have been reported, in which pre-made electrodes on the dummy 

substrate are transferred on the molecular layer. Since the transferred electrodes 

contact with molecular layer without metal filaments, this is an alternative 

fabrication method for molecular junctions that do not damage the molecular layer 

and secures high device yield. In the next section, I review the molecular electronic 

junctions with the transferred top electrodes in terms of materials for the electrodes 

(e.g. Au and graphene) and summarize their fabrication processes, electrical 

properties, and application for the functional molecular junctions. 

 

1.3.3. Molecular junctions with transferred gold electrode 

(a) Overview 

Nanopore or via-hole technique[38,39] are traditional method fabricating the large-

area ensemble molecular junctions in which the top metal contact is created by direct 

vacuum evaporation. They are suitable for investigation about the intrinsic transport 

in molecular wire because pure metal-molecule-metal junctions are ensured but 

applying them to the practical devices is difficult due to their low device yield ( ~ 

1 %). Employing conducting polymer as buffer interlayer[21–23] or liquid metal 

contact of eutectic GaIn [24–26] makes a huge improvement in device yield but 

ambiguity at molecule-interlayer has been remained. Therefore, gold electrode-

transfer is suitable testbed to study the transport across molecule-metal interface 

while satisfying moderate device yield for practical application. Several kinds of the 

molecular junctions by gold electrode-transfer has been reported. Their device 
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fabrication processes and schematics are summarized in Figure 1.6 and the detailed 

explanations for each junction are in following sections. 

 

 

Figure 1.6 Schematics for fabrication procedure of large-area 

molecular junctions by (a) nanotransfer printing (nTP) [30], (b) lift-off 

float-on (LOFO) [40] (c) polymer-assisted lift-off (PALO) [32], and (d) 

direct metal transfer (DMT) [33]. 

 

(b) Nano-transfer printing 

Figure 1.6(a) illustrates the molecular junction fabricated in nano-transfer printing 

(nTP) technology introduced by Loo et al. [30] It is obtained by transferring the metal 

film onto the molecule-treated substrate from the elastomeric poly-

(dimethylsiloxane) (PDMS) stamp. In this work, GaAs / SAM / Au junctions are 

fabricated with various junction area and their electric characteristics are shown in 
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comparisons with junctions fabricated by direct metal evaporation method to provide 

insight into how top metal film fabrication affects the electrical transport in 

molecular electronic junctions.  

To fabricate nTP molecular junctions, the conductive n+ GaAs substrate is 

prepared for the bottom electrode of the junctions. After chemical etching the surface 

to remove native oxide, the substrate is immediately exposed to saturated molecular 

vapor of octanedithiol (DC8) in a desiccator. Only one end of molecules reacts with 

the GaAs surface and monolayer of DC8 is self-assembled on the surface. Then a 

fresh gold-coated PDMS stamp is brought into contact with the SAM-treated GaAs 

substrate without applying additional pressure. To release the Au pattern from the 

stamp, the surface chemistry must be considered. The spontaneous chemical bonding 

of S – Au at the SAM / Au interface facilitates the pattern transfer. In addition to 

providing strong adhesion between Au pattern and GaAs substrate, DC8 molecular 

layer serves as the electrical component in these molecular junctions.  

Figure 1.7 Electrical characteristics of nTP junctions (a) Current 

density as a function of applied voltage. (b) Absolute current levels 

(on a log scale) for applied voltage; Control sample (blue circles). 

Evaporated sample (green squares). nTP samples (red diamonds) [30] 
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The current-voltage (I-V) measurement for nTP molecular junction with different 

contact areas (circular Au patterns with diameters of 62.5, 125, 250, and 500 m) 

were performed and the results are depicted in Figure 1.7(a). The scaling of total 

current with contact area shows the uniform current distribution in nTP junctions. 

The specific resistances (RA, R is the slope in the small bias region of the I-V curve, 

A is the contact area) for almost devices are also distributed within an order of 

magnitude. These results show that nTP is an effective fabrication method for 

reliable and reproducible molecular electronic devices.  

Figure 1.7(b) shows I-V curves for the control (GaAs / Au junction), evaporated 

and nTP junctions with the same contact area. The effective barrier heights in each 

junction can be obtained by analyzing the electrical characteristics with the 

thermionic emission model. The extracted effective barrier heights of the control and 

evaporated junctions are 0.55 and 0.58 V which are lower values than the Schottky 

barrier height at n+ GaAs / Au interface (0.7 V). These results indicate the generation 

of the ohmic contact, which are consistent with the large current densities for the 

control and evaporated junctions. However, the higher effective barrier height (~ 0.9 

V) extracted from the I-V curve of nTP junction implies that the ohmic fraction are 

not present, thus tunneling through the molecular layer can be major transport 

channel in these junctions. The transport through ohmic contact in the evaporation 

sample and the tunneling through SAM in the nTP sample make the deviation of 

effective barrier heights from the ideal Schottky contact in opposite direction. 

Although this early work for nTP junction introduced the platform of mass 

production of high-yield molecular devices with various junction area and which 
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enabled the statistical analysis, one challenge was the rough surface of top electrode 

generated during metal evaporation on the PDMS stamp. Roughness of electrode 

may generate small vacancies at SAM / metal electrode, which lead unreliable 

electrical properties.  

 

(c) Lift-off and float-on approach 

Thin metal films floating on the surface of liquid would be applied as the top 

electrode of molecular junctions. Figure 1.6(b) illustrates the device fabrication 

procedure based on such idea, termed as 'lift-off, float on (LOFO)', developed by 

Cahen et al. [40] Metal film deposited on the clean glass slide detached by etching 

solution then the 'metal leaf’ leaves to float on the solvent with proper surface tension 

(upper part in Figure 1.6(b)). Molecular treated substrate is lifted with the leaf on top 

and the vertical structure of metal / molecule / substrate is made with the help of 

capillary interaction during drying the common liquid (lower part in Figure 1.6(b)). 

Comprehensive study for generating the LOFO junctions was also reported, [41] 

which accounts for the major forces related to the process. This work introduces the 

major challenges and provides solutions in qualitative manner. 

Several kinds of molecular junctions with different semiconductor substrates such 

as GaAs [31], Si [42], and ZnO [43] were investigated. In these studies, the effects of 

molecular dipole at metal / semiconductor interface for electrical characteristics were 

discussed. Figure 1.8 shows the different I-V curves in the GaAs / molecule / Au 

junctions fabricated in LOFO method.[31] By using the nature dicarboxylic acid group 

that bonding to GaAs, molecular monolayers of tartaric acid derivatives (inset of 
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Figure 1.8) are deposited on GaAs substrate. Systematic modification of the 

molecular dipole is possible by the substituted benzene groups with various 

substituents in this work. Compared to the control junction (bare), molecularly 

modified GaAs / Au diodes show the change in I-V characteristics depending on the 

direction and magnitude of each molecular dipoles. It is shown that the effective 

barrier height in diode junction is modified by the dipole moment of the substituted 

benzene, which results in changes in I-V characteristics. These barrier heights is also 

related to the work function of the surface but only limited fraction in the changed 

of work function are expressed in the effective barrier heights in the junctions based 

on GaAs substrate because the Schottky-Mott rule that used to extract the barrier 

Figure 1.8 Electrical characteristics of LOFO junctions. Main figure 

is the different I-V curves refer to the junctions of different substituent 

on the benzene ring (shown next to each curve) of the dicarboxylic 

acid derivatives (see inset). Bottom right inset is optical micrograph 

(scale bar, 100 m) of Au pad [31] 
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height in this work is not suitable tool for the covalent semiconductor like GaAs with 

high density of surface states. Later study, in which GaAs is replaced by ZnO (ionic 

semiconductor), shows the effective modulation in barrier heights depending on the 

work function of the surfaces treated by different molecules. [43] 

 

(d) Electrode-transfer based on the polymer film 

Another way to build top electrode on the molecular layer is to transfer the metal 

film with assistance of thin polymer film. The differentiations of this method from 

the imprinting technique are as follows; (i) ultra-flat surface of top electrode 

originates from the dummy substrate, (ii) surface chemistry to release the metal film 

from the stamp is less important since the polymer film is washed out when the 

junction is complete.  
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Figure 1.9 Electrical characteristics of PALO junctions. (a) Semi-log 

plot of the tunneling conductivity versus chain-length of fatty acid 

monolayers. The fit to a straight line gives a slope of  = 0.86 Å-1. 

(b) Temporal plot of the remnant current (circles) as a function of 

applied bias (crosses), displaying switching behavior upon reaching 

a threshold voltage: 1 V for turning “on” and –0.6 V for turning “off”. 
[32] 

Figure 1.6(c) illustrates the fabrication procedure for one of these methods, termed 

as polymer-assisted lift-off (PALO). [32] Gold electrode is patterned on ultrasmooth, 

sacrificial substrate (Si or mica). Poly(methyl methacrylate) (PMMA) or 

poly(styrene) is then coated covering the whole surface. The electrodes with a 

PMMA film are detached from the dummy substrate by immersing the sample into 

the basic solution which weakens the adhesion between the polymer film and 

substrate. This film is then transferred onto the molecule-treated bottom electrode. 

After drying the common liquid (water), PMMA is removed by organic solvent. The 

wrinkle-free electrode is explained by the surface energies (  ) at each interface. 

Hydrophobicity of gold-PMMA film and molecular monolayer means the high 

surface energy (  and ) at the interface with water, which drives water out and 
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makes fine contact between top electrode and molecular layer. In this work, Fatty 

acids, CH3(CH2)n-2COOH with various molecular lengths are deposited on the 

bottom electrode by LB film method. The conductivity ( ) in the low bias regime 

can be expressed by a model for non-resonant tunneling, in which the conductivity 

is decayed exponentially as the width of tunneling barrier increases. This relationship 

can be approximately expressed by Simmons equations, where  is a constant that 

depends on the system and includes contact resistance, d (Å) is the width of the 

tunneling barrier, and β (Å-1) is the decay coefficient. 

 Eq. 1.12 

Figure 1.9(a) is the semi-log plot of the conductivity versus the molecular lengths 

of fatty acids, which is consistent with the Simmons model. Molecular switching 

devices with a bistable [2]-rotaxane molecules is also demonstrated in the platform 

of PALO in which the conductivity is switched by the redox process inside the 

molecule. [44] Small bias is applied across the junctions to read ‘remnant’ current after 

write voltage pulse. Their switching property is shown in Figure 1.9(b), in which the 

current rapidly switches the states with the threshold voltages of 1 V for turning on 

and -0.6 V for turning off. 

Figure 1.6(d) shows another example of polymer-assisted electrode transfer, 

termed as ‘direct metal transfer (DMT)’[33]. This method is similar to PALO junction 

but the gold electrode transfer onto ‘via-hole’ structure of which bottom gold 

electrode is exposed through the hole by etching the insulating layer. Alkanethiolates 

(denoted as C8, C12, and C16) are used in this work, and their electrical properties 

are investigated statistically (Figure 1.9(a) and (b)). The decay coefficient β (~ 1.07 
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Å-1) and the current independent on the temperature (Figure 1.9(c) and (d)) imply 

that the dominant transport mechanism in these junctions is the non-resonant 

tunneling which follows the Simmons model. The inelastic electron tunneling 

spectroscopy (IETS) in DMT junction was also measured.[45] IETS is one of the 

powerful tools for the detection of unique vibration modes of molecules in a 

tunneling junction. This spectroscopy captures the specific vibration mode of the 

molecule when electrons tunnel inelastically by delivering an energy quantum into a 

localized vibrational mode of the molecule. At the specific voltage there appears 

IETS peak in the second derivative of current versus voltage (d2I/dV2-V) graph. 

Figure 1.10(e) shows the positions of vibration modes in several DMT junctions of 

C12 molecule, which are consistent with the other studies for IETS measurement of 

molecular junctions with alkanethiolates[10,11,46–48]. 
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Figure 1.10 Electrical characteristics of DMT junctions. (a) 

Statistical J–V data for C8, C12, and C16 working devices. (b) 

Distribution of the logarithmic current densities at 1 V for all 

molecular junctions. (c) A semi-log plot of the current densities 

measured at different biases as a function of the molecular length. 

Solid lines represent the exponential fitting results, in which the slope 

is related to the decay coefficient β. The inset shows the values of β 

deduced from the plot versus the applied bias. (d) Arrhenius plot of 

the logarithmic current densities for C8, C12 and C16 molecular 

junctions at different biases from 0.2 V to 1.0 V in 0.2 V increments. 

The temperature was varied from 80 K to 295 K in 40 K increments 
[33]. (e) IETS data of six C12 molecular junctions measured at 4.2 K. 

Each arrow indicates the corresponding molecular vibration modes of 

the C12 molecule. Peaks that cannot be assigned to any possible 

vibrational modes of the molecule are marked with asterisks. In this 

plot, shaded squares are used to compare each characteristic peak 

from device to device[45]. 

 

  



 

 

22 

1.3.4. Reliable Molecular Electronic Junctions with a Multilayer 

Graphene Electrode 

(a) Overview 

Graphene is an ultra-thin two-dimensional sheet of covalently bonded carbon 

atoms with outstanding electronic properties, chemical stability and mechanical 

material properties. It is considered to be a good electrode candidate for molecular 

junctions. Furthermore, large-area, conductive and flexible graphene films have been 

successfully synthesized by chemical vapor deposition (CVD) method, with the 

ability to patterning or creation of a desired size and shape of the film. As mentioned 

in the previous section, the limitations of the vertical type molecular junctions are 

their low device yield and hardness to define molecule-electrode interfaces’ nature. 

The low yield of the molecular junction is attributed to metal penetration within top 

electrode deposition. As an alternative approach to prevent metal penetration, 

inserting graphene electrode as an interlayer top electrode as a protective layer before 

top metal evaporation. In particular, molecular electronic junctions using multilayer 

graphene (MLG) film as a transferred top electrode have demonstrated a reliable 

device yield and stability over time[34,35]. In this chapter, I summarize the approach 

for fabricating solid-state molecular monolayer junctions with MLG electrodes and 

its charge transport characteristics. 

The fabrication process of MLG electrode molecular junctions is followed by the 

same process for other via-hole structure solid-state vertical junctions. Figure 1.11 

shows the device fabrication procedure. Given bottom electrode patterns on a 

substrate, via-holes were created by optical lithography. The MLG film transferred 
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onto the hole where self-assembled monolayer (SAM) deposited on the bottom 

electrode. The MLG film can be obtained by using MLG grown on Ni or by repeated 

transfer of single layer graphene grown on Cu. Deposition of the top metal pad is 

followed. If single-layer graphenes were used as the interlayer instead of MLG, the 

evaporated metal atoms might penetrate in this step due to the cracks or pores 

generated in their growth and transfer processes, which results in the low yield of the 

molecular junctions. 

 

Figure 1.11 Schematic illustration of the device fabrication process 

for the graphene electrode molecular junctions [35]. 

 

(b) Electrical characterization 

The typical way to verify that molecular junction with given structure is reliable 

is to statistically investigate electrical characteristics of device with test-bed 

molecules such as alkanethiolates or benzenethiolates. Figure 1.12(a) shows 

statistical current density-voltage (J-V) characteristics for the alkanemonothiol (C8, 



 

 

24 

C12, and C16) and alkanedithiol (DC8) molecular junctions and Figure 1.12(b) 

shows the same for benzenedithol (BDT, BPDT, TPDT) molecular junctions with 

MLG electrodes. Charge transport mechanism across SAMs of alkanethiolates or 

benzenethiolates follows the Simmons model mentioned above. As depicted in 

Figure 1.12(c), the decay coefficient β can be easily calculated in the log(J)-V curve, 

where its absolute value of slope is the same as β. The obtained β value for 

alkanethiols was about 0.85 Å-1, while 0.33 Å-1 for benzeneditholates. These matches 

well with reference β values.[5,10,49–55] With temperature-varying current density-

voltage (J-V-T) measurement, alkanethiolate and benzenethiolate molecular 

junctions exhibit temperature-independent J-V, which imply that the primary 

mechanism of charge transport is non-resonant tunneling.[10,35,55] The durability and 

operational stability of device are crucial for the practical application. Molecular 

junctions with graphene electrode show excellent reliability that have long device 

lifetime without deterioration (more than 40 day), retention characteristics (over 104 

sec). [34] The reliability of the same molecular junctions fabricated on flexible 

substrate was also demonstrated, under various bending conditions (Figure 1.12(d)). 

[35] 

In addition to fundamental current-voltage characterization and temperature-

varying measurements, IETS for BDT molecular junctions with graphene electrode 

was also successfully observed as shown in Figure 1.12(e). The IETS peaks are 

observed at 21, 82, 136, and 209 mV, all of which match with the intrinsic vibration 

modes of BDT.[11,47,56–58] 
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Figure 1.12 Statistical J-V data for all (a) C8, C12, C16 and DC8 

molecular junctions [34], (b) BDT, BPDT, TPDT molecular junctions. 

(c) A semi-log plot of the J values at different biases versus the 

numbers of phenyl rings in the BDT, BPDT, and TPDT molecular 

junctions. (d) Current densities measured at 0.8 V in different bending 

configurations (bending radii of ∞, 10 mm, and 5 mm). (e) d2I/dV2 

plot of a BDT molecular junction with a graphene electrode. In the 

d2I/dV2 plot, IETS peaks can be observed at 21, 82, 136, and 209 mV 
[35]. 

(c) Interface-Engineered Molecular Electronic Junctions with Chemically Doped 

Graphene Electrode 

As mentioned above, it has been demonstrated that graphene is suitable electrode 

material for fabrication of reliable molecular junctions. Moreover, it is a promising 

candidate for interface engineering since its electronic structure can be easily 

modified by chemical treatment or other external stimuli. A representative 
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demonstration of interface engineering of graphene-electrode molecular junction 

was reported,[37] adopting chemical p-type doping method of a graphene film using 

trifluoromethanesulfonic acid (CF3SO3H, denoted as TFMS). It has been shown that 

solution-processed p-doping of graphene using TFMS provide high optical 

transmittance, low sheet resistance, high work function (0.83 eV increase), smooth 

surface, and air-stability.[59] Figure 1.13(a) shows the schematic illustration of 

TFMS-doped graphene.  

The molecular junctions were fabricated with benzene-1,4-dithiol (BDT) self-

assembled monolayers with pristine (work function of ~4.4 eV) and TFMS-treated 

p-doped (work function of ~5.23 eV) graphene. From statistical analysis, noticeably 

enhanced charge transport properties and lowered transport barriers for the TFMS-

treated p-doped graphene-electrode BDT molecular junctions were observed. These 

phenomena originate from increased hole concentration and decreased hole injection 

barrier at the graphene-BDT interface because the main charge transport mechanism 

of the junction is highest occupied molecular orbital (HOMO)-mediated non-

resonant tunneling. In that study, a sufficient number of molecular junctions were 

fabricated with pristine multilayer graphene/BDT/Au (denoted as graphene/BDT/Au) 

and TFMS-doped multilayer graphene/BDT/Au (denoted as TFMS-

graphene/BDT/Au) structures. The molecular junctions consisting of the TFMS-

doped graphene electrode have been successfully fabricated with a reliable yield (> 

70%), Figure 1.13(b) and (c) show 2-dimensional current density-voltage (J-V) plots 

of all working molecular junctions for the graphene/BDT/Au junctions and TFMS-

graphene/BDT/Au junctions. The average current density was increased about one 
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order of magnitude for the TFMS-doped graphene-electrode molecular junctions 

compared to that of the pristine graphene-electrode molecular junctions. Transition 

voltage spectroscopy (TVS) reveals the effective barrier (i.e., the offset between the 

Fermi energy of the electrode (EF) and energy level of the HOMO (EHOMO)) for 

electron to tunnel the molecule-electrode interface. The threshold voltage VT can be 

obtained from the inflection point of the Fowler-Nordheim plot, which equals the 

barrier height when applying the Simmons tunneling model.[60,61] As a result of TVS 

for the graphene/BDT/Au molecular junctions, the average value of VT was found to 

be ~1.08 V and was symmetric for positive and negative voltage polarities. On the 

other hand, the averaged value of VT for TFMS-graphene/BDT/Au junctions was 

found to be ~0.78 V for both voltage polarities, which was ~0.3 V lower than that of 

the graphene/BDT/Au junctions. These results imply that the work function increase 

of the p-doped graphene electrode lowered the charge injection barrier in the 

HOMO-dominating molecular tunnel junctions. 

 

Figure 1.13 (a) Chemical structure of trifluoromethanesulfonic acid 

(TFMS) (top) and schematic illustration of TFMS-doped graphene 

(bottom) [59]. Two-dimensional J-V plots of the working molecular 

junctions for the (b) graphene/BDT/Au and (c) TFMS-

graphene/BDT/Au junctions [37].  
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3.4 Photoswitching molecular junctions with graphene electrodes 

To achieve the practical application of molecular electronic devices, a wide range 

of studies in functional molecular electronics has been carried out over the last 

decades. One of the most important developments for utilization of functional 

molecules is photoswitching molecular junctions. Light is useful source for 

switching devices because of its addressability and compatibility with solid-state 

device structures. Therefore, the design of photochromic molecules is important for 

molecular switching devices. In particular, diarylethene (DAE) has been utilized in 

various ways with the aim to demonstrate bidirectional switching in molecular 

junctions. DAEs form a class of photochromes with two different conductance states, 

i.e., a high conductance (closed; ON) and a low conductance (open; OFF) state. In 

solution, DAEs can be converted between these two states by illumination with UV 

or visible light, respectively. This property makes them good candidates for 

photoswitching molecular junctions due to a large conductance difference between 

the two states and their response to light.[22,36,62–66] However, the switching behavior 

of DAE molecular junctions bridged by metal electrodes has been elusive. For 

example, an Au-DAE-Au junction was only exhibited a unidirectional switching 

from the closed to the open state.[64] This result is attributed to the quenching of the 

excited state of the DAE due to strong electronic coupling between the Au metal and 

the sulfur-based end group, thereby hindering the molecule to adopt its high 

conductance state. [65] On the other hand, unidirectional switching from the low- to 

the high-conductance state in Au-DAE-Au single-molecule junctions was obtained 

by modifying the side-arms and end-groups such that they form rigid conjugated 
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molecular wires.[67] These molecules feature a very high quantum yield for the ON 

switching reaction, but a relatively low one for the OFF switching, explaining the 

inversed unidirectional switching. In addition, a similar single DAE molecule, 

bridged between carbon nanotubes[63] or graphene sheets[68] showed a unidirectional 

switching from the open to the closed state, because strong molecule-electrode 

couplings between closed state DAE and graphene electrodes enabled the energy 

transfer from the photoexcited molecule to the extended π-electron system in the 

electrodes.[69,70] 

 

Figure 1.14 (a) Real-time measurement of the current density for 

each state with or without exposure to light at an applied bias voltage 

of 1 V. The switching time (turn-on) is indicted by an arrow. (b) 

Histogram for the measured switching time required to transition 

from the open to the closed state. A representative single I-V curve 

measured for the (c) closed and (d) open state, with the fitting curve 

(shown as a solid line) calculated based on the Landauer formula. 

Scatter point plots for (e) Γ and (f) E0 values for intact molecular 

junctions in the closed and open state [36]. 
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In recent study, charge transport characteristics of DAE photoswitching molecular 

junction with MLG electrode were reported. [36] The authors have found that the 

device can only be switched from the OFF to the ON state, i.e., from the open to the 

closed state of the employed 1,2-bis(2-methyl-5-(4-mercaptophenylethynyl)furan-3-

yl)perfluorcyclopent-1-ene (DAE). Figure 1.14(a) shows the phototransition 

properties of the DAE molecular junctions with MLG electrode by real-time current 

density (J-t) measurements. Each data means the open state in the dark (black line), 

open state exposed to 15 mW UV light (purple line), and closed state exposed to 

visible light (green line) with the same intensity as the UV light. The current level of 

the junction in the open state in the dark showed no changes, which suggests that the 

bias voltage applied to the molecular junction cannot induce the switching. In 

addition, for the case of the molecular junction prepared in the closed state, the 

switching behavior could not be observed when exposed to visible light. The only 

switching behavior that could observe was unidirectional switching from open to 

closed state. The average switching time was around 680 s, as shown in Figure 

1.14(b). Note that switching behavior of the DAE molecule is not precisely defined 

but stochastic and its shape is quite variate among samples. 

Figure 1.14(c) and (d) show the fitting curve of experimental Iexp-V data with 

Landauer formalism. The approximate current Isingle through an equivalent single-

molecule junction could be given as 

  Eq. 1.13 

Here,  is the Fermi-Dirac distribution function, where  is the chemical 
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potential of the electrode X = top or bottom. Another factors, N is molecular coverage, 

c is phenomenological factor that offsets discrepancy between single molecular 

junction and SAM junction. The T(E) is a transmission function that was given by 

single-level symmetric Lorentzian function as below. 

 Eq. 1.14 

The E0 is the difference between the eigen energy of frontier orbital and the Fermi 

energy of electrode. And   indicates the electronic coupling strength of the 

molecular orbital to the respective electrode. By performing numerical curve fitting, 

one can calculate the factor E0 and  from each I-V curve. Figure 1.14(c) shows 

curve fitting result of closed state molecular junction, whereas Figure 1.14(d) shows 

result for open state molecular junction. For all working junctions, the distribution 

of Γ and E0 values are presented in the scatter plot in Figure 1.14(e) and (f). By 

averaging these distributions, the effective coupling strength Γ for closed and open 

states was determined to be 1.93 meV and 0.0572 meV, respectively, and the 

corresponding charge injection barrier E0 for closed and open states was extracted to 

be 1.560 meV and 0.756 meV, respectively. In particular, it is notable that the 

effective value of Γ in the closed state is more than 30 times larger than that of the 

open state. The relatively strong coupling between DAE and MLG electrodes in the 

closed state may also cause the unidirectional switching. It is possible that the strong 

interaction between the closed state of the DAE molecules and the electrode can 

quench the photo-excited closed state, effectively disturbing the switching process 

and eventually preventing the transition to the open state.[36,64,71,72] 
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Chapter 2. Gate-Dependent Asymmetric 

Characteristics in Pentacene Barristor 

 

2.1. Introduction 

Since its discovery, graphene has attracted considerable attention due to its 

advantageous properties, such as high carrier mobility, good mechanical properties, 

and chemical stability[1–6]. However, graphene has a fundamental limitation for use 

as an active channel in semiconductor devices such as field effect transistors (FETs) 

because of its zero-band gap feature. However, graphene’s outstanding features of 

high conductivity, good flexibility, and transparency have led to it being explored for 

use as an electrode in various electrical and optical devices, including FETs[7–9], light-

emitting diodes (LEDs) [10,11], and photovoltaic devices [12,13]. For example, Han et al. 

demonstrated flexible organic light-emitting diodes with extremely high luminous 

efficiency by introducing graphene sheets with a high work function in place of the 

conventional indium tin oxide (ITO) electrodes[11]. We also previously demonstrated 

that pentacene organic thin film transistors (OTFTs) with graphene electrodes 

exhibited an enhanced charge injection property with a reduced contact resistance 

compared to devices with typical Au electrodes[8].   

In most cases, OTFTs are fabricated in the form of a horizontal FET device 

structure, in which two side regions across the organic channel layer are contacted 

by the source and drain electrodes from the bottom or from the top (called bottom-

contact or top-contact OFETs, respectively). In contrast, alternative vertical 
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structures of FET devices with graphene electrodes have been demonstrated. The 

vertically stacked FET structure consists of gate / oxide / graphene / semiconductor 

/ metal, and it is called a vertical FET (VFET) or barristor, in which a graphene film 

and metal (or another graphene film) are used as the bottom and top electrodes, 

respectively[14–17]. The charge injection barrier built within the graphene/channel 

interface can be effectively modulated by the electric field induced by the gate bias 

because the Fermi level of the semiconductor layer is not pinned to the Fermi level 

of graphene. Various semiconducting materials, such as silicon, molybdenum 

disulfide (MoS2), tungsten disulfide (WS2), and amorphous indium gallium zinc 

oxide (\alpha-IGZO), have been utilized in the VFET structure and exhibited a 

decent current modulation by the gate bias. For example, MoS2 VFETs with 

graphene electrodes showed transistor action with an on-off current ratio of 101–103 

depending on the channel thickness at room temperature[16]. Organic films have also 

been applied as the channel in graphene-electrode VFET devices[18]. Ojeda-

Aristizabal et al. demonstrated gate tunability in pentacene ‘barristor’ with graphene 

electrodes[18]. These authors demonstrated a gate-induced current modulation with a 

factor of 4 in response to changes in the gate bias from 50 to 50 V. Although a 

preliminary study of the electrical characteristics of graphene-electrode pentacene 

barristor has been performed, a more thorough analysis and understanding are 

desired, particularly in terms of the effect of asymmetric barrier contacts in the 

graphene/pentacene/Au barristor structure. 

Herein, I independently investigated pentacene barristors with graphene and Au 

electrodes. I measured and analyzed the electrical transport characteristics of the 
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barristors by focusing on the properties originating from the asymmetric electrical 

contacts in the graphene/pentacene/Au structure. I also investigated the conduction 

mechanisms by considering the contribution of the bias voltage applied between 

graphene and Au and gate bias to the activation energies of interfacial trap sites. 

 

2.2. Experiments 

2.2.1. Device fabrication process 

Figure 2.1 (a) The optical microscopy image (left) and scanning 

electron microscopy image (right) of the pentacene barristors. (b) The 

schematic image of the pentacene barristor. The bias voltage is 

applied to the graphene electrode, and p++ Si serves as the gate 

electrode. (c) Raman spectrum of the graphene film used as an 

electrode of the device. 

Figure 2.1(a) presents optical microscopy and scanning electron microscopy 

images of the pentacene barristors, and Figure 2.1(b) presents a schematic image of 

the device structure. These devices consist of vertical heterojunction of 

graphene/pentacene/Au on Si/SiO2 substrate. I fabricated this pentacene barristors 

by following procedures. First, I prepared a silicon substrate (1.5 cm × 1.5 cm) of a 

270-nm-thick SiO2 layer on a heavily doped p++ Si wafer (resistivity ~5  10-3  cm) 

that can be used as a back gate. Au (30 nm thick)/Ti (5 nm thick) metal layers were 
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deposited and patterned on the substrate using an e-beam evaporator and a 

conventional photo-lithography technique, which will be used as a probing pad for 

the graphene electrode film. For the graphene electrode film, a single-layer graphene 

sheet was grown on a Cu foil (~10 cm × 10 cm) using the chemical vapor deposition 

(CVD) method. The grown graphene sheet was detached from the Cu foil using a 

wet transfer process and transferred to the substrate that contained pre-patterned Au 

contact pads. I patterned the transferred graphene sheet into small rectangular-shaped 

patches (200 μm × 100 μm, black line in Figure 2.1(a), right) using photolithography 

and oxygen plasma etching processes to create the desired contacts with the Au 

contact pads. Figure 2.1(c) shows the Raman spectrum of a graphene film that was 

transferred onto a Si/SiO2 substrate. The Raman data suggest that the synthesized 

graphene film is a monolayer graphene film. Defect generated in synthesis or 

transferring process may be responsible for the rather high G peak compared to the 

2D peak. Note that water or oxygen attached on graphene could work as defects so 

the graphene layer slightly exhibited p-type behaviors. Next, the isolation wall was 

created with a photoresist layer (AZ5214) by photolithography. This photoresist (PR) 

wall was created for preventing a direct charge pathway between bottom and top 

electrodes. I created vertical holes with a radius of 10 μm such that the graphene was 

revealed. Following this process, Pentacene (500 nm thick) was deposited on the 

substrate using a thermal evaporator at a rate of ~0.5 Å/s. Finally, the top Au (50 nm 

thick) electrode was formed on the pentacene layer using an e-beam evaporator and 

shadow masks. Figure 2.2 illustrates the procedures of the device fabrication. 
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Figure 2.2 Fabrication processes of the pentacene barristor with 

graphene electrodes. 

 

The Figure 2.3 illustrates the energy level information of the device. The work 

function of each electrode and the molecular orbital levels of pentacene. Note that 

the Fermi level of graphene can be modulated by gate bias up to 300 meV.  

Au pad deposition 
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Figure 2.3 The energy level information for the device. The energy 

level alignment by the interfacial dipole layer discussed in main text 

is not featured in this figure. 

 

2.2.2. Device characterization 

I measured all the electrical characteristics of the pentacene barristors with the 

temperature-variable probe station (JANIS, ST-500) and the semiconductor 

parameter analyzer (Keithley, 4200-SCS) under vacuum condition (~ 1 mTorr). The 

temperature cooled down by supplying the liquid nitrogen. The Au top electrode was 

connected to ground and the bias voltage (Vb) was applied between the top and 

bottom electrodes. The current measured at the graphene bottom electrode (Ib). 
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HOMO

LUMO

Pentacene



 

 

44 

2.3. Results and Discussions 

2.3.1. Asymmetric charge transport properties 

Figure 2.4(a) and (b) show the representative current-voltage characteristics of a 

graphene-electrode pentacene barristor at room temperature. Figure 2.4(a) shows the 

output characteristics (the current versus the bias voltage; Ib–Vb) at various gate bias 

voltage (Vg) ranging from –80 V to 80 V with an interval of 20 V. In this plot, diode-

like electrical characteristics were observed, that is, there was a larger current flow 

under positive Vb compared to that under negative Vb at zero gate bias. In addition, 

significant current modulation by gate bias was observed only in positive Vb. Figure 

2.4(b) presents the transfer curves (the current versus gate bias; Ib–Vg) at two fixed 

Vb values of 9 V. The current at the Vb of +9 V (red line) decreased when the gate 

bias increased. It should be noted that current modulation was dominantly attributed 

to the change of the Schottky barrier height by gate bias. In contrast, the current at 

the Vb of 9 V (black line) did not significantly change. This voltage-dependent 

asymmetric property originates from the vertical heterostructure of the 

graphene/pentacene/Au stack, in which the charge transport is affected by the energy 

barrier at the top contact (with Au) and bottom contact (with graphene) of pentacene. 

In particular, current modulation was observed at specific bias voltage range (Vb > 0 

V) because only the barrier height at the graphene/pentacene interface was 

effectively varied by the gate field due to the low density of states of graphene near 

the Dirac point in contrast to the barrier at the interface adjacent to Au, which has 

numerous densities of states. 
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Figure 2.4 (a) The output characteristics (Ib-Vb) with Vb ranging from 

-10 V to 10 V at various Vg. (b) The transfer curves (Ib-Vg) of 

pentacene barristor at Vb = 9 V. Both characteristics were measured 

as Vg increased from -80 V to 80 V. (c) Contour plot of the 

rectification ratio R = Ib (Vb > 0) / Ib (Vb < 0) within given Vb and Vg. 

The inset shows R versus Vg at Vb = 8 V. At fixed Vg, R was saturated 

in Vb higher than the values that are presented with a black dashed 

line. (d) Contour plot of ON/OFF ratio obtained from the I-V-T 

measurement. The inset shows transfer curves at various temperature 

conditions. 

To investigate the rectifying property, I defined the rectification ratio (R) as the 

ratio between Ib (at positive Vb) and Ib (at negative Vb) and analyzed it within various 

R

b

V b

|Vb|

Vb

Vb = 9 V
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Vg and Vb at room temperature. This result is shown in Figure 2.4(c). The current 

rectification ratio increased up to 2.8 as |Vb| increased and Vg decreased. The 

graphene electrode has remarkable advantages in aspect of the formation of distinct 

dipole layers compared to the use of the Au electrode built on each interface[8]. 

Pentacene, a p-type organic semiconductor, has its highest occupied molecular 

orbital (HOMO) located near the Fermi level of each electrode material, and thus, 

hole transport determines the current flow of this device. The pentacene layer 

deposited on graphene is stacked in a planar orientation through -  interactions with 

graphene[22]. In this case, the interfacial dipole is formed at the graphene/pentacene 

junction interface such that it elevates the vacuum level of pentacene, resulting in 

lowering of the hole injection barrier[23,24]. In contrast, the dipole layer formed at the 

pentacene/Au junction interface raises the hole injection barrier[25,26]. The holes 

transport from the graphene to pentacene in the positive Vb range; thus, relatively 

large current flows due to the lowered hole injection barrier. Similarly, in the 

negative Vb range, smaller current flows because of the increased hole injection 

barrier from Au to pentacene. The exact energy barrier height can be estimated from 

variable-temperature electrical measurement, which will be discussed in a later 

section. This rectification ratio is also modulated as Vg varied because the current 

modulation occurs only in the positive Vb range (see Figure 2.4(b)). This gate-

dependent rectification can be clearly observed in the inset of Figure 2.4(c), in which 

the rectification ratio was calculated as a function of Vg at a fixed |Vb| = 8 V. Note 

that the rectification ratio linearly increased with |Vb| but saturated above a certain 

bias voltage, as indicated by the green dashed line in Figure 2.4(c). 
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2.3.2. Barrier height modulation by the gate field 

To further investigate the phenomena for the asymmetric properties in the current-

voltage and current modulation characteristics, I conducted variable-temperature 

current-voltage (I-V-T) measurements while the temperature was changed from 220 

to 280 K in increments of 10 K. The current modulation under various Vb and 

temperature conditions are presented in Figure 2.4(d), in which the ON/OFF ratio 

was defined as the ratio of Ib (Vg = ‒80 V) / Ib (Vg = 80 V). The ON/OFF ratio in the 

negative Vb range remained invariant due to little current modulation. However, for 

the positive Vb range, this ratio increased up to ~50 in the low temperature and low 

bias voltage region. The graphene/pentacene/Au stack can be considered to be two 

Schottky diodes reversely connected to each other. If the pentacene layer is fully 

depleted, then the Schottky barrier over which charge carriers inject from the 

electrode to pentacene determines the electrical characteristics of the entire 

junction[16,27,28]. Figure 2.5(a) and (b) show Arrhenius plots (ln(Ib/T2) versus q/kBT) 

for various gate biases from 80 to 80 V at a fixed Vb of ±2 V. A linear dependency 

was observed in these plots, which implies that the device obeys the thermionic 

emission as 

 Eq. 2.1 

where  is the junction area,  is the effective Richardson constant, and  is 

the Schottky barrier height (i.e., the difference between the Fermi level of the 

electrode and the HOMO level of pentacene) that the holes cross over from the 
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electrode to pentacene.  

 

Figure 2.5 (a) Arrhenius plots at Vb = 2 V (left) and at Vb = 2 V 

(right), in which the slopes of each line correspond to the Schottky 

barrier height (  ). (b) Schottky barrier modulation by gate bias 

voltage at Vb = 2 V (red squares) and at Vb = 2 V (black circles). The 

dashed lines are the gradient of   near Vg = 0 V. (c,d) The 

schematic band diagrams in the range of (c) Vb > 0 and (d) Vb < 0. 

The energy bands are expressed as red lines for Vg < 0 and blue lines 

for Vg > 0. 

Therefore, the slopes of the fitting lines in right and left part of Figure 2.5(a) are 

related to the Schottky barrier at the graphene/pentacene and pentacene/Au 

interfaces, respectively. From these figures, one can observe that the slope, that is, 

the energy barrier, changed more by the gate bias at positive Vb (here, 2 V), whereas 

Vb = 2 V Vb = 2 V Vb = 2 V
Vb = 2 V

Vb > 0 Vb < 0
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the slopes of the Arrhenius plots did not change noticeably by the gate bias at 

negative Vb (here, ‒2 V). Although the bias voltage applied to the graphene bottom 

electrode affects the strength of electric field from the gate contact (i.e., by screening 

the gate electric field), this screening effect by the graphene electrode can be 

negligible because of the relatively small Vb compared to the large gate bias (up to 

80 V). Figure 2.5(b) summarizes the energy barrier ( ) modulation induced by the 

gate bias, extracted from the slopes of the fitting lines in Figure 2.5(a). As shown in 

this plot, the barrier height changed from 220 to 320 meV at positive Vb, whereas 

only a negligible change was found for negative Vb. In the Vb > 0 range, in which the 

holes are injected into pentacene from the graphene electrode, the charge injection 

barrier that the holes have to pass through was tuned by the gate field, and thus, the 

current in the Vb > 0 range is modulated. It should be noted that the dominant 

mechanism for current modulation in this device is the change of the carrier injection 

barrier by the gate bias, not the change of the pentacene channel conductivity. The 

result of I-V-T measurement is consistent with the high ON/OFF ratio at low 

temperature in Figure 2(d) because this ratio is proportional to the exponential of 

, where  is the energy barrier height variation in the given gate bias 

range. Moreover, note that the gradient of the energy barrier height was the largest 

around zero gate bias. This result implies that the Dirac point of graphene with the 

lowest density of states (DOS) existed near Vg = 0 V. The gradient tended to decrease 

as the gate bias increased because the more carrier density was induced, resulting in 

more DOS in the graphene. Note that Ojeda-Aristizabal et al. also previously 

observed  modulation of ~300 meV in a similar pentacene barristor structure[18].  
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In our study, I observed  modulation of ~100 meV (difference of 220 and 320 

meV). This difference may be related to the different quality of graphene used. 

Unlike pristine graphene obtained using the mechanical exfoliation method, the 

graphene used in this study, which was synthesized using chemical vapor deposition, 

may have more defect sources, such as grain boundaries, wrinkles, or PMMA 

residues[29–31], inducing unintended interface states at the graphene/pentacene 

junction. This may weaken the Fermi level unpinning of pentacene and disturb the 

energy barrier modulation.  

In contrast to the apparent current modulation in positive Vb range, it is extremely 

limited in negative Vb range due to the negligible change of the barrier height at the 

interface between Au electrode and pentacene layer. The numerous DOS of Au 

contrary to graphene can be one of origins of this behavior. The weakened field by 

the induced carrier density in the graphene electrode can be another reason.  

I observed that the energy barrier height variation ( ) in the given gate bias 

range monotonically decreased as the bias voltage increased. Figure 2.6 presents the 

Arrhenius plots and corresponding barrier height ( s) modulation by the gate field 

(a) at Vb = 5 V, (b) at Vb = 7 V, and at (c) Vb = 10 V. The barrier height was 

modulated more effectively at the positive bias voltage, but the rate of barrier height 

change ( s) decreased as the bias increased (see Figure 2.7). This result implies 

that for the high bias voltage region another conduction mechanism rather than the 

thermionic emission is involved in the charge transport; that is the Poole-Frenkel (PF) 

model which will be described later. 
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Figure 2.6 The Arrhenius plots and the corresponding Schottky 

barrier modulation (a) at Vb = 5 V, (b) at Vb = 7 V (b), and (c) at 

Vb = 10 V in the gate bias voltage of –80 V < Vg < 80 V.  
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Figure 2.7 The Schottky barrier height variation ( s) versus the bias 

voltage (Vb) in the gate bias voltage range of –80 V < Vg < 80 V where 

s
 is defined as the difference between s(Vg = +80 V) and s(Vg 

= –80 V), which are extracted from Fig. 3b in the main text and the 

right parts of Fig. S2. Red squares and black circles correspond to the 

range of Vb > 0 and Vb < 0, respectively.  

This result indicates that the contribution of the gate field to the current 

modulation decreased as the bias voltage increased, and it also suggests that another 

charge transport channel rather than thermionic emission occurred at high Vb range, 

which will be further explained later. 

The schematic energy band diagrams of the pentacene barristor that can explain 

the above results are presented in Figure 2.5(c) and (d). When a positive voltage is 

applied to the graphene electrode, the hole carriers flow from graphene into the 

junction, passing through the energy barrier at the graphene/pentacene contact 
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(Figure 2.5(c)). In this case, the Ib-Vb relation is approximated using Eq. 2.1, where 

 is the Schottky barrier height in the graphene/pentacene interface. The gate field 

effectively tunes this injection barrier because the Fermi level of pentacene is not 

pinned to the Fermi level of graphene due to its low density of states and small 

number of electrons near the Dirac point. Under the positive Vb condition, the 

negative gate bias voltage elevates the energy bands of both graphene and pentacene. 

Therefore, hole-rich graphene and the reduced barrier lead to the large current flow. 

When a positive gate bias is applied, the charge transport is restrained due to the 

increased energy barrier at the graphene/pentacene contact. In contrast, if a negative 

Vb is applied, then the hole carriers flow from the Au top electrode to the pentacene 

layer, and thus, the Schottky barrier in the Au/pentacene interface ( ) is involved 

in the charge transport (Figure 2.5(b)). In this case, the Fermi level of pentacene 

pinned to the Fermi level of Au, and the corresponding energy barrier heights are 

hardly changed by the unscreened gate electric field penetrating the 

graphene/pentacene layer. Therefore, the current at the negative Vb range remains 

almost constant while the gate bias is changed. 

 

2.3.3. Bias-dependent current modulation 

To understand the  dependence on bias, I investigated another type of charge 

transport through this heterojunction, namely, the Poole-Frenkel (PF) model, which 

describes the conductance in materials with localized trap sites by a charge 

trapping/de-trapping process[32,33]. As shown in the upper part of Figure 2.8(a), if 

there are trap sites in the interface or bulk, then holes can be captured in the potential 
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well with a depth of  when zero field is applied through the junction, and this 

potential well depth is reduced by an electric field. As the finite electric field is 

applied, holes tunnel from the electrode to the localized states. Then, holes with 

sufficient thermal activation energy are able to transport along the valence band by 

escaping the potential well. The PF model also illustrates how the electric field 

applied in material reduces the potential well of trap sites as the following equation  

 Eq. 2.2 

where E is the applied electric field within the trap site that reduces the effective 

barrier height for charge carriers to move into the valence band and   is the 

permittivity of the material. The effective barrier height ( eff) described in the lower 

part of Figure 2.8(a) is the potential well height reduced by the finite field, i.e., eff 

. If the charge transport of our device follows the PF model, 

then the ln(Ib/Vb) versus Vb curves would show the linearity because E is given as 

Vb/dp, where  is the thickness of pentacene (500 nm). Figure 2.8(b) presents the 

ln(Ib/Vb) versus Vb plots of the pentacene barristor at various gate biases. These 

curves show the linear relation only in the high bias voltage range (Vb > 3 V), which 

means that the PF model can be applied to the device in the high field region. 

However, this plot shows a non-linear trend when a low bias voltage (Vb < 3 V) is 

applied. This deviation from linearity implies that thermionic emission becomes 

more important as the bias is lowered. I note that the gate field also contributes to 

this deviation because the starting points of ‘tails’ (part deviating from the trend lines) 

and their deviations are dependent on Vg. This is reasonable because the charges are 
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injected to pentacene over the Schottky barrier modulated by the gate field in the 

thermionic emission model, which is the dominant transport mechanism in the low 

bias range. The effective barrier height ( eff) within the pentacene-graphene interface 

in a finite electric field can be extracted from the I-V-T measurement as the slope of 

the ln(Ib/E) versus  plot. Here, I consider the field induced by Vg and Vb as E = 

Vb/dp + Vg/dox, where  and  are the thicknesses of the pentacene layer (500 

nm) and SiO2 (270 nm), respectively, and the portion of the gate field weakly 

screened by induced charge on the graphene sheet is neglected in this calculation. 

The result is illustrated in Figure 2.8(c). It is clear that the gate field dependence of 

eff is stronger at low bias (Vb = 2 V) than at high bias (Vb = 10 V). This result 

supports the inference that the PF model is an important charge transport mechanism 

in our device structure. Because the gate field occupies a significant portion of the 

field within the graphene-pentacene interface when a low bias is applied,  eff is 

effectively modulated by the gate bias voltage, while eff only shows a very small 

change at high Vb, where the gate field is negligible compared to the field induced 

by the bias voltage. The low ON/OFF ratio in the high Vb region can also be 

explained in this context; because the field induced by the bias voltage contributes 

to barrier height modulation considerably more than the gate field, the current cannot 

vary effectively. I also observed that the slopes of the trend lines for the high-

temperature range (T > 280 K) in the Arrhenius plots are hardly affected by the gate 

bias(Figure 2.6), which is further support for the PF model[32,34]. 
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Figure 2.8 (a) The band diagram corresponding to the Poole-Frenkel 

model (upper) when zero field and (lower) a finite field is applied. 

The hole injects to trap sites and transports through the valence band 

of pentacene. (b) Plot of ln(Ib/Vb) versus Vb in various Vg in which the 

Poole-Frenkel conduction is featured as linear fitting in the high Vb 

range. (c) The modulation of effective barrier height ( eff) of trap sites 

in non-zero field situation by gate bias voltage at Vb = 2 V (red circles) 

and at Vb = 10 V (black squares). 

 

2.4. Conclusion 

In summary, I fabricated and characterized graphene/pentacene/Au vertical 

hetero-structure. These devices have unique electrical properties compared to 

conventional (planar) pentacene thin film transistors. The current-voltage curves 

were non-linear and asymmetric, and they showed larger current flow in the positive 

bias voltage range. The current modulation induced by the gate field was also 

asymmetric. I conducted variable-temperature measurements and demonstrated that 

these electrical characteristics originated from the different energy barrier properties 

(Vb)1/2
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at the graphene-pentacene and pentacene-Au contacts. The charge transport within 

this heterojunction is attributed to thermionic emission and the Poole-Frenkel model, 

which is consistent with the results of a previous study [18, 33]. The contribution of 

each transport model was dependent on the applied bias; As the bias increased, the 

dominant conduction channel changed from the thermionic emission to Poole-

Frenkel conduction. At the same time, the hole injection barrier modulation became 

insensitive to the gate field, which resulted in low ON/OFF ratio in the high bias 

range. Since the thickness of the pentacene layer may also affect the current between 

the electrodes, further investigations in terms of variable thickness of the pentacene 

would be desirable. This research on the electrical properties of organic 

heterostructure based on graphene can be exploited in various organic devices, 

including rectifiers, light-emitting diodes, memory, and other multi-functional 

electrical components. 
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Chapter 3. Electrical Characteristics of Molecular 

Junctions Fabricated by Inverted Self-Assembled 

Monolayer Method 

 

3.1. Introduction 

The molecular electronics is a research field that studies fabrication and 

characterization of molecular junctions consisting of single-molecules or molecular 

assembly sandwiched by two electrical leads. By the number of molecules 

participating the electronic conduction, the molecular junctions are classified as the 

single (a few) molecular junctions[1–5], or molecular ensemble junctions[6–10]. Major 

structure for molecular ensemble junctions is a vertical stack of bottom electrode – 

molecular layer – top electrode and the self-assembly is a widely used method to 

form the molecular layer on the surface of bottom electrode by utilizing the self-

bonding nature of particular moiety of the molecules.  

Directly depositing another metal film, however, can damage the self-assembled 

monolayer (SAM) and make the most molecular junction electrically shorted[11]. 

Therefore, several methods such as inserting interlayer (for example. conducting 

polymer[12,13] or multi-layer graphene[14–16]) or transferring the top electrode already 

formed[17] have been introduced to increase the yield of molecular junctions. By these 

fabrication methods, 

high-yield molecular junctions were achieved but there still exists limitation in 
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materials for bottom electrodes. For example, thiolates can be self-assembled on only 

a few kinds of metal such as gold or silver[18,19]. 

In this study, I suggest an inverted self-assembled monolayer (iSAM) method to 

overcome such limitation. The alkyl thiolate SAM is formed on the top electrode and 

this stack is transferred to the pre-made via-hole structure[13-17] (the structure in which 

bottom electrode is exposed through a hole by etching the insulating layer). I 

demonstrate that the current density of molecular junctions and junction yield are 

comparable to the previous research results. This method enables the materials such 

as graphene or indium tin oxide (ITO) to be adapted for the bottom electrode in 

molecular junctions. 

 

3.2. Experiments 

3.2.1. Device fabrication process 

Figures 3.1(a)–(d) illustrate the fabrication process of iSAM molecular devices. 

This process is divided into the fabrication of upper part and lower part of the device. 

For making the upper part, gold top electrodes (AuTOP 30 nm thick) were deposited 

on p-type (100) Si substrate with 270 nm thick SiO2 surface by e-beam evaporation 

with shadow masks. Then, poly(methyl methacrylate) (PMMA) (5 % in anisole) was 

spin-coated (4000 rpm, 60 sec) and annealed at 200 oC. To detach the PMMA/AuTOP 

stack from the substrate, the sample was immersed in potassium hydroxide (KOH) 

solution (~25 %, 50 oC) for 30 min (Figure 3.1(a)). As SiO2 underneath PMMA or 

AuTOP was etched by KOH, the PMMA/AuTOP stack could be detached from the 
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substrate. This stack remained in the form of film without winkles or folding because 

of the support of the punched tape applied before the immersion. This film was rinsed 

several times with deionized water and dried in N2 stream very carefully.  

 

Figure 3.1 Fabrication processes of iSAM molecular junctions. 

The molecules deposited on the AuTOP were octanethiol (CH3(CH2)7SH, denoted 

as C8) and dodecanethiol (CH3(CH2)11SH, denoted as C12) (Figure 3.2(a)) widely 

used for benchmarking the molecular junctions. Since organic solvents such as 

ethanol or toluene deform or dissolve the thin PMMA film, the method immersing 

the sample into the molecular solution could not be applied to this study. Instead, I 

used vapor-phase deposition method[20] for formation of SAM on the AuTOP. The 

PMMA/AuTOP stack was moved into a vial in which a few drops of molecular liquid 

were included. While the sealed vial was on the hot plate (75 oC, 4 hours) the 

molecules were evaporated and SAM was formed on the gold surface because of the 

chemical bonding between thiol moiety (-SH) and gold19 (Figure 3.1(b)). SAM 
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deposition process was performed in the glove box of N2 environment in which the 

O2 and H2O concentration were both under 1.0 ppm. 

To fabricate the lower part of iSAM molecular junction, bottom electrode (AuBOT) 

of Au 50 nm with Cr adhesive layer was made by sputtering and lift-off method. 

Then, 100 nm thick silicon nitride (SiNx) was deposited by the plasma-enhanced 

chemical vapor deposition (PECVD) method and diameter 10 m circular hole was 

created by photo-lithography and wet etching process. AuBOT was exposed through 

this hole and remaining SiNx blocked unintended current flow between AuTOP and 

AuBOT. Finally, the upper part and lower part of the junctions were aligned and 

attached (Figure 3.1(c)). A few drops of isopropanol (IPA) was added before 

transferring the PMMA/AuTOP stack because the capillary action during vaporization 

of IPA facilitates the fine contact between two electrodes. The remaining PMMA 

film was removed by acetone. Figure 3.2(a) and (b) present the schematic illustration 

and optical microscopy image of the iSAM molecular device, respectively. 

 

3.2.2. Device characterization 

I measured the electrical characteristics of the iSAM devices with a semiconductor 

parameter analyzer (Keithley 4200 SCS) and a probe station (M5VC, MS tech) in 

room temperature and ambient condition. Bias voltage was applied to the AuBOT 

while AuTOP was grounded. The bias voltage was ranged from -1 V to 1 V. Since the 

surface roughness of electrode affects the formation of SAM and electric properties 

of molecular junction, I investigated the morphologies of both electrodes with atomic 

force microscopy (AFM) (NX-10, Park Systems). As described in AFM images 
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(Figure 3.2(c) and (d)), AuBOT shows rougher surface than AuTOP.  

Figure 3.2 (a) Molecular structure of octanethiol (C8) and 

dodecanethiol (C12), (b) Optical image (top view) of molecular 

junction. Surface morphology (AFM images) of (c) bottom electrode 

and (d) top electrode. 

 

3.3. Results and Discussions 

To characterize the electric properties of iSAM molecular junctions with C8 and 

C12, I statistically analyzed the data obtained from the electric measurement. The 

detail information for the number of devices is summarized in Table 1. Total device 

yield (~29.6 %) is less than that of the result from the previous study based on the 

direct metal transferring method[17] due to the high fabrication failure rate (~37.0 %). 
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Molecules 
Number  
of junctions 

Fabrication 
failure 

Working 
devices Shorted Open 

C8 
(%) 

135 
(100) 

15 
(11.1) 

52 
(38.5) 

47 
(34.8) 

21 
(15.6) 

C12 
(%) 

135 
(100) 

85 
(63.0) 

28 
(20.7) 

5 
(3.7) 

17 
(12.6) 

Total 
(%) 

270 
(100) 

100 
(37.0) 

80 
(29.6) 

52 
(19.2) 

38 
(14.1) 

Table 3.1 The summary of the statistical analysis 

There were two major fabrication failure cases; (i) In the step of SAM formation 

on AuTOP, the PMMA film was slightly deformed by alkyl thiol molecules and several 

winkles remained in the AuTOP film after finishing this step. Poor contact regions in 

the top electrode was made by these winkles and they were torn out when removing 

the PMMA. (ii) Even there was no winkle in the top electrode, AuTOP films were 

often detached from the SiNx surface due to their poor adhesion. The contact of AuTOP 

to SiNx surface was crucial to determine de device yield because 15 junctions shared 

one common top electrode. 

  



 

 

67 

 

Figure 3.3 (a) Semi-log plot of statistical J – V data for C8 and C12 

devices. (b) Typical non-linear J – V characteristics for molecular 

junction. (c) Histogram for the order of magnitude of the current 

density at 1 V for working devices.  
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Figure 3.3 presents the results from statistical analysis of the current density versus 

bias voltage (J–V) data of working molecular devices. As shown in the Figure 3.3(a), 

the mean current density of C8 devices is almost two orders of magnitude larger than 

that of C12 devices and the error bars express the standard deviation of the current 

density at each voltage step. Representative non-linear shapes of J–V graphs of C8 

and C12 junctions are also shown in Figure 3.3(b). Figure 3.3(c) is a histogram of 

the current density in the order or magnitude at 1 V measured from working devices.  

Although the mean values of current density for each type of the molecular 

junctions are in the range of the results reported previously, the large deviations were 

found. This broad distribution might originate from the defects on surfaces of each 

electrodes[21] or not uniform contacts between AuTOP and AuBOT. The surfaces of both 

electrodes consist of small grains, as shown in AFM images (Figure 3.2(c) and (d)). 

In other words, there are numerous grain boundaries which act as defects during 

formation of molecular layer. Mechanical defects were also induced when detaching 

and transferring the top electrode. Top electrodes with tiny winkles also broadened 

the distribution of current density. The gap caused by winkles in AuTOP made 

uncertain contact area between two electrodes. 

According to many studies in molecular electronics, off-resonant tunneling is 

known as the major conduction mechanism in the alkanethiolates junctions[22,23]. The 

current density decaying exponentially by the molecular length (i.e., 

 where  is the decay coefficient and  is molecular length) is an 

evidence that shows the current flows through the molecular wires in the junction. 

Figure 3.4 displays  versus the number of carbons in the molecules at given 
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bias voltage ranged from 0.2 V to 1.0 V in the step of 0.2 V. The value of  was 

obtained from the slope of linearly fitted lines at each bias voltages from Figure 3. I 

determined the average value of   as 1.17 per carbon or 0.92   (molecular 

length of C8 and C12 are 13.2 , 18.3  which are calculated from ChemDraw.). 

The  value obtained is in agreement with the results previously reported. 

Figure 3.4 Plot of ln( J ) as a function for the number of carbons at 

different bias voltages. The values of decay coefficient β (~1.17 per 

carbon) are extracted from the slopes of the exponentially fitted lines 

(solid lines). 

 

3.4. Conclusion 

In this study, I fabricated molecular devices with alkanethiolates using inverted 

self-assembly monolayer (iSAM) method and characterized their electrical 

properties. Molecular layer is self-assembled on the top electrode in contrast to the 

conventional molecular ensemble junctions made in the form of via-hole structure 
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with SAM deposited on the bottom electrodes. Electrical characteristics of iSAM 

devices including average current level and decay coefficient is consistent with the 

references but suppressing fabrication failure and controlling the defects in junctions 

are remaining challenges to improve device yield. In the platform of molecular 

junctions I investigated, alternative materials for bottom electrodes are adaptable. 

Therefore, I expect that functional molecular devices with various bottom electrode 

such as graphene or indium tin oxide can be developed by iSAM method. 
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Chapter 4. Summary 

In this thesis I described the results of the researches about the electrical properties 

of the organic molecular junctions modulated by the electric field and the 

development of a device fabrication method for large-area molecular junction in a 

solid-state platform. 

In the first chapter, I briefly introduced the theoretical / experimental backgrounds 

of the molecular electronics. Several conduction mechanisms in the organic / 

molecular junction are reviewed. The Landauer formalism interprets the charge 

transport in the mesoscopic systems by the scattering approach, which describes the 

conductance as the transmission. Simmons model is another powerful but simple 

tool to illustrate the tunneling process through the insulating layer. The low / high 

voltage approximation of this model leads to the direct tunneling / field emission. 

Various testbeds for demonstrating the molecular devices were also introduced in 

two categories; Single-molecule junctions and Large-area junctions. Especially, 

large-area junctions built by transferring Au or Graphene electrodes were 

investigated in detail.  

Gate-dependent electric characteristics in the pentacene barristor was depicted in 

the second chapter. This device is a vertical heterojunction of graphene / pentacene / 

Au on Si / SiO2 substrate. These vertical heterojunctions exhibited distinct transport 

characteristics depending on the applied bias direction, which originates from 

different electrode contacts (graphene and gold contacts) to the pentacene layer. 

These asymmetric contacts cause a current rectification and current modulation 
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induced by the gate field-dependent bias direction. I observed a change in the charge 

injection barrier during variable-temperature current-voltage characterization, and 

we also observed that two distinct charge transport channels (thermionic emission 

and Poole-Frenkel effect) worked in the junctions, which was dependent on the bias 

magnitude. 

In the next chapter, I demonstrated the molecular ensemble junctions fabricated 

by the inverted self-assembled monolayer (iSAM) method in which the molecular 

layer was deposited on the top electrode surface. The alkyl thiolate molecules were 

used to benchmark this method and I found that the electrical characteristics of these 

molecular junctions including the current level and the tunneling decay coefficient 

(  ) were comparable to the results reported previously by conducting statistical 

analysis. I expect this iSAM method to enable the molecular junctions with bottom 

electrode of various materials including graphene. 

Currently, the molecular rectifier whose rectification ratio is controlled by the gate 

voltage is under investigation with the results of the previous researches. 
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 (Abstract in Korean) 
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