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Abstract 

As one of the interesting research fields, the molecular electronics has 

been studied to be used as electronic device components such as rectifier, 

transistor, memories, and photoswitch. In particular, molecular self-assembled 

monolayer (SAM) can be used to a functional device structure due to several 

advantages such as low fabrication cost, high efficiency, less heat problem, and 

miniaturized junction size. However, the early day of molecular electronic 

devices had a problem of low device yield (typically less than 1 %) because of 

the electrical shorts that can occur as a result of the top electrode’s penetration 

through the thin molecular layers. To solve this problem, several ways have 

been proposed. First, an intermediated protective layer composed of a 

conducting polymer, or graphene film have been introduced between the 

molecular layer and the top electrode. Or, top electrode has been directly 

transferred on the molecular layers. As a result, the yield of molecular electronic 

devices increased high (> 80 %) and the electrical properties of molecular 

devices were well maintained during a long period of operation.  

 With the development of high-yield molecular devices, it became 

possible to fabricate molecular devices even on flexible substrates. Our 

research group previously reported that alkanethiol molecular devices could be 

fabricated on flexible substrates with showing operative electrical properties 

under bending conditions. However, alkanethiol molecules are insulating and 

not suitable for real application because of the absence of potential device 
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functionality. Therefore, I started to fabricate functional molecular devices on 

flexible substrates. In this thesis study, I fabricated rectifying and 

photoswitching molecular devices on flexible substrates and studied the 

electrical properties under bent substrate conditions. First, ferrocene-

alkanethiolate functional molecular devices showed asymmetric electrical 

characteristics on both rigid and flexible substrates. I observed asymmetric 

current-voltage behavior because of a redox process of ferrocene part of 

rectifying molecules although the current asymmetric ratio (~1.6) was rather 

low. The rectifying molecular devices were well maintained in the asymmetric 

electrical behaviors under bent conditions. Second, diarylethene molecules are 

known to have two electrical conductance states; a closed (high conductance) 

state or an open (low conductance) state can be created upon illumination with 

UV or visible light, respectively. These two electrical states were defined and 

fixed during the device fabrication with illuminations of either UV or visible 

light, and showed distinct current levels between the two states. However, the 

fabricated diarylethene molecular devices did not show reversible switching 

phenomena. Lastly, in order to demonstrate reversible photoswitching process, 

I fabricated and characterized diarylethene molecular devices by using reduced 

graphene oxide (rGO) as top electrode. The photoswitching molecular devices 

with rGO top electrode successfully exhibited two stabile electrical states with 

different current levels and with reversible photoswitching capability. This 

study has a promise towards functional molecular devices on flexible substrates.  
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Chapter 1 

Introduction 

1.1 Overview molecular electronics 
The modern industrial technology based on complementary metal-oxide 

semiconductor (CMOS) has been developed rapidly and has provided 

enormous convenience to modern society. However, such this technology has 

reached the technical barriers due to the quantum tunneling effect of nano-scale 

device size. In addition, the fabrication cost of device will increase incredibility. 

To overcome these problems facing modern technology, molecular electronic 

devices have been studied as one of areas with potential. Over the past several 

decades, molecular electronic field have been investigated a single molecules 

or self-assembled monolayer (SAM) field which are utilized molecules as 

devices component [1-23]. In the particular advantages aspect of SAM can 

generate the fabrication of a single or many molecular devices on both SiO2/Si 

substrates and flexible platform. Especially, part of a single molecular device 

can give the possibility of investigation of charge transport of molecule itself 

through electromigrated break junctions [24-28] and mechanical controlled 

break junction (MCBJ) [29-42].   
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Since A. Aviram and Ratnet proposed electron donor-acceptor molecule as 

a molecular diode in 1974 [43], molecular electronic devices have been widely 

studied for many research categories such as rectifier [44-53], switches [54-58], 

transistor [28, 59, 60], memories [61-65] and photoswitching [58, 66-73]. 

Furthermore, various devices platform designs have also been studied such as 

scanning probe microscope-based techniques [74-80], atomic force 

spectroscopy tip loading technique [81], crossed-wire tunnel junctions [45, 78, 

82-84] and Hg drop junctions [85-92]. In addition, since SAM can be deposited 

on various surface materials such as Au [65-69], Ag [93-102], Cu [103-106], 

Pd [107-112], Pt [111], Ni [112-119] and Fe [120, 121], it can be also studied 

about the electrical properties of molecular layers combined with various 

materials. However, early molecular electronics are hardly practical because it 

has a very low devices yield owing to electrical short problem that may occur 

as a result of the top electrode particles penetration through the molecular layers 

[122-124]. To solve this electrical short problem, several attempts have been 

proposed, such as using intermediate protective layer composed of a conducting 

polymer [125-128], or graphene film [66, 129, 120 ] on molecular layer and 

direct metal transfer [131]. These methods have remarkably increased devices 

yield of molecular electronics. 

 With high yield device making approach, this thesis surveys the 

fabrication process of functional (rectifying, photoswitching) molecular 

devices on flexible substrates and investigate electrical characterization the 
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molecular devices under bending condition. The type of rectifying molecule has 

been studied asymmetry electrical characterization between positive and 

negative bias, photoswitching molecules has been studied isomerization 

property in which the two electrical conductance states changed reversible in 

both direction of each states. We also discuss the electrical characterization of 

the molecular devices on flexible substrates under mechanical deformation.   

 

1.2 Langmuir-Blodgett Films  
 Langmuir-Blodgett films (L-B films) is the one of famous deposition 

methods for molecular layer from surface of liquid to solid substrates by using 

“Amphiphile” type molecules [6]. The origin of the L-B films is that Benjamin 

Franklin carried out first attempt when he dropped a layer of oil into pond [132]. 

After this trial, many scientists tried to make a molecular monolayer at the 

liquid surface [133-138] and two scientists, named Irving Langmuir, Katherine 

Blodgett, figured out the first systematic deposition method of amphiphile 

molecules at liquid surface [139-141]. In past times, although mercury and the 

other materials have been used by subphase ingredient, the mostly used 

subphase material in this day is water due to high surface tension (72.0 mN/m 

at 25 ℃) and safety.  
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Figure 1-1(a) The KSV 5000 (b) Alignment of amphiphile molecules on water surface (c) L-

B films deposition on hydrophilic substrates 

Amphiphile type molecules is defined that molecule is made up head part 

of hydrophilic which means they like water and tail part of hydrophobic which 

means they are afraid of water. Carboxylic acid and fatty acid are typically 

amphiphile molecules. When this amphiphile molecular solutions is dropped at 

water surface and push on both side with barrier, amphilphile molecules are line 

up as figure 1-1-(b) (i.e. head part (hydrophilic) is headed for water direction 

while tail part (hydrophobic) is headed for opposite direction). And then, if the 

solid substrate is hydrophilic, the molecular layer is deposited by raising the 

substrates whereas if the solid substrates is hydrophobic, the layer is deposited 

by lowering substrates. 
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Figure 1-2. Three types of Langmuir-Blodgett films (a) X type (b) Z type (c) Y type 

L-B films can be formed multi molecular layers on solid substrate. There 

are three kind of L-B multi layers film, X, Y, and Z type as shown figure 1-2. 

Among them, Y type L-B films is the most stable deposition mode due to 

interaction between each hydrophilic-hydrophilic or hydrophobic-hydrophobic, 

as figure 1-2-(c). In the X type case, hydrophobic substrate interacts with 

hydrophobic tail part during lowering the substrate at inside water and tail part 

interacts hydrophilic head part. However, since hydrophilic part and 

hydrophobic part are impossible to interaction each other, the tail part is 

terminated by a weak polar group (e.g. –NO2). The rest type Z is opposite style 

compared X type L-B film, as shown figure 1-2-(b). The X type arrange 

molecular layer like tail-head-tail-head while Z type arrange molecular layer 

like head-tail-head-tail. The X and Y type are less stable than Y type due to 

interaction between hydrophilic and hydrophobic. Many equipment of surface 

analysis has been used to investigation and characterization of L-B films for 

instance surface-enhanced Raman spectroscopy (SERS) [142], surface 

(a) (b) (c)

X type Z type Y type
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extended x-ray fine structure (SEXAFS) [143], near-edge x-ray absorption fine 

structure (NEXAFS) [144].  

 

1.3 Self-assembled monolayers  
 Self-assembled monolayers (SAM) are defined that molecular 

monolayers are formed spontaneously chemisorption between molecular head 

group and appropriate surface of substrate as shown figure 1-3. Previously, 

Langmuir-Blodgett films (L-B films) is one of good methods for deposition of 

molecular layer on substrates, but there is potential problem that molecular 

layer is non-uniform due to a short contact time between subphase water and 

substrate. In addition, because of physisorption between molecular monolayer 

and substrates, the layer is very weak from outside impact and contaminant. On 

the other hand, SA methods have a long contact time (24 ~ 48 h) by immersion 

of a substrates into the molecular solutions. In addition, chemisorption between 

thiol and Au is strongly binding. Because of this advantage of SAM methods, 

this process gives uniformly and stability. The thiol can be chemisorption on 

appropriate substrates materials [65-69, 93-121]. Among them alknethiols 

SAM formed on Au (111) are well known systems and have been widely studied 

molecular structure and electrical characterization [6, 145, 146]. This thesis 

focus on functional molecular monolayer on flexible substrates like ferrocene-

alknaethiol [147], photoswitching diarylethene [68, 69]. 
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Figure 1-3. (a) A schematic view of the forces in a self-assembled monolayer (b) Octanethiol 

(c) Process of self-assembled monolayer (d) STM image 

A alknaethiol molecule is a thiol-terminated n-alkyl chain molecular 

organization i.e. [CH3(CH2)n-1SH [6]. This molecule consists of three parts that 

are surface-active headgroup, hydrcabron cahin of body and terminal end group. 

The first molecular part, (SH) thiol group, is surface-active headgroup that is 

strongly chemisorption with metallic surface for instance ~50 kcal/mol for S-

Au bond [6]. The second part, ((CH2)n-1) alkyl chain, is hydrocarbon chain of 

body which maintain standing up phase through van der Walls interaction 

between neighborhood molecules as shown figure 1-3-(a). The alknaethiols 

case standing up 30 degrade angle of vertical direction from ground. The rest 

part, methyl (CH3) group, is terminal group that can be synthesized functional 
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group like ferrocene [147], azobenzen [66, 67, 73]. Figure 1-3-(b) show a 

chemical structure of octanethiol, a type of alkanehtiol. The process of 

alkanethiol SAM is shown as figure 1-3-(c), where gold surface substrates is 

immersed on molecular solutions and after a period time the monolayer is 

formed spontaneously on gold surface with highly ordered and closed packed 

molecular layer following chemical reaction process. 

RS-H + Au -> RS-Au + 0.5H2 

where R is backbone of molecules. At the begging time of this chemisorption 

process take very rapidly time within minutes and give ~90 % film thickness 

[6, 146]. And then, slow process takes hours to transition SAM layers from lay-

down phase to ordered standing-up phase and form uniformly crystallization of 

the alkyl chains. The uniformly molecular monolayer is confirmed by various 

surface analytical tool such as infrared (IR) and Fourier transform infrared 

(FTIR) spectroscopy [148, 140], X-ray photoelectron spectroscopy (XPS) [150], 

Raman spectroscopy [151], scanning tunneling microscopy (STM) [152] etc.  

 

1.4 Low devices problems  
 For breakthrough of molecular deposition methods like L-B films [6, 

139-141] and self-assembled methods [68, 69, 73, 122-131], many scientists 

have tried to fabricate and study electrical characterization of molecular devices. 

However, early molecular devices had seriously problem about low yield (less 



９ 

 

than ~ 1%) due to penetrate top electrode particle between neighborhood 

molecules [122-124]. Because the thermally evaporated top electrode particle 

had enough thermal kinetic energy to penetrate molecular layer, nearly all 

molecular devices exhibited electrical short phenomena as shown Table 1. In 

particular, alkanethiols, which is known as an insulating molecule, have been 

made molecular electronic devices and its electrical properties have been 

studied extensively [122-131]. For statistical analysis these electrical short 

problem, our group have been fabricated a large number of pure metal-

molecular-metal structure and analyzed them by using Gaussian distribution. 

Figure 1-4 shows a schematic diagram of a metal–alkanethiol–metal junction 

device and molecular structures of octanedithiol (DC8) and octanethiol (C8).  

 

Figure 1-4. A Schematic of micro holes type molecular devices on rigid substrates and 

generally metal-molecular-metal structure 

As mentioned above, the low yield devices problem of molecular devices 

happened due to electrical shorting phenomenon. When “working” devices can 

be defined as devices having nonlinear I-V characterization and not being 

electrical open and short, our group represented 11744 electrical shorts, 392 

fabrications failure and 1103 electrical open, 156 working devices among 
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13440 total number of molecular devices, respectively (Table 1). The number 

of 11744 electrical shorts phenomena among total number of devices 

demonstrated that top electrode connected bottom electrode due to penetrate 

top electrode materials.  

 

Table 1. Summary of yield of fabricated molecular devices 

To overcome this problem, several ideas have been proposed, such as 

using intermediate protective layer composed of a conducting polymer [125-

128], or graphene [129, 130] film between the molecular layer and the top 

electrode. In addition, methods of directly top electrode transport have been 

studied [131]. These attempts have greatly increased the yield of the molecular 

devices.  

 

1.5 Intermediate protective layer  

 

1.5.1. Conducting polymer; PEDOT:PSS  

 The intermediate protective conducting layer have been widely studied 

for solving the penetration top electrode between molecular layers. Among 
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them PEDOT:PSS is one of good conducting polymer because of similar work 

function compared gold and adjusting electrical conductivity through doping. 

Figure 1-5-(a) show the fabrication process of a large-area molecular devices 

with PEDOT:PSS intermediate protective layers [125]. After vapor deposition 

gold electrode on a silicon wafer, SAM hole is made by photolithography. The 

device is immersed into molecular solution for SAM deposition at there. To get 

high yield molecular devices, conducting polymer PEDOT:PSS is spin-coated 

on SAM layer. Finally, the junctions is completed by deposition gold top 

electrode, which act reactive ion etching (R.I.E) to remove residual 

PEDOT:PSS.  

 
Figure 1-5. (a) Fabrication process of large-area molecular devices with PEDOT:PSS (b) 

The J-V plot of 1,8-octanedithiol, 1,10-decanedithiol, 1,12-dodecanedithiol and 1,14-

tetradecanedithiol 

Due to a large HOMO-LUMO gap of alknaethiol (~8 eV) [153, 154], the 

dominant charge transport mechanism of these molecular devices is the 

tunneling effect, which can be evidence that the current density decrease 

exponentially with depending molecular length in figure 1-5-(b) by following 

equation J ∝ J0exp(-β0d) where β0 is the decay coefficient and d is tunneling 
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length which indicates that the current depends on the barrier width 

exponentially [153, 156]. When the compared with conventional metal-

molecules-metal structure, the current density characteristics looks like same 

and devices yield is remarkably improved (more than ~90 %) [125].  

 

1.5.2. Graphene multilayers transfer   

To overcome low devices yield, our group have studied to use graphene 

layer as intermediate protective layer [129]. Graphene is two-dimensional 

material, which forms an atomic scale hexagonal lattice with strong carbon-

carbon covalently bond. In addition, it has good conductivity, electrical 

properties, chemical stability and mechanical material properties [157-160]. 

Because graphene layer is directly transferred on SAM layer, it can reduce the 

possibility of damage by spin-coating PEDOT:PSS. For these reasons, 

graphene sheet is greatly one of candidate as intermediate protective layer.  

 

Figure 1-6. Schematic of molecular devices with graphene protective layer (b) Chemical 

structure of octanethiol, dodecanethiol, hexadecanethiol and octanedithiol (c) The J-V plots 

of all molecular devices  
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Our group have fabricated three types of molecules of different lengths 

that are octanethiol (for short C8), dodecanethiol (C12), hexadecanethiol (C16) 

and two different kind of molecules that are octanethiol (C8), octanedithiol 

(DC8) as shown figure 1-6-(b). According to above equation J ∝ J0exp(-β0d), 

the current density of each molecular devices in figure1-6- (c) also varies 

according to the different lengths of molecules, like PEDOT:PSS/Au structure. 

In case of thiol and dithiol, the reason why conductivity C8 is higher than DC8 

is due to physical contact between molecules and graphene. That is, the 

effective tunneling length of DC8 becomes longer by sulfur atoms of dithiol.  

 

Table 2. Summary of yield of fabricated molecular devices with graphene layer 

In term of devices yield, molecular devices with graphene multi layers 

show high yield of over 90%. When compared to pure metal-molecules-metal 

[122, 123], it shows a largely high yield devices and it also shows good 

performance of devices compared with PEDOT:PSS protective layer.  

 

1.5.3. Direct metal transfer methods  

By new approaching methods, direct top electrode metal transfer [131] on 

SAM layer is new method for fabricating high yield molecular devices, similar 
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to graphene multilayers transfer on SAM. In order to top electrode capable 

transfer, top material is deposited at dummy substrate (SiO2/Si) with low 

deposition rate for getting smooth surface to be contacted with SAM layer. Next, 

the PMMA was spin-coated onto the dummy substrate to support the Au 

electrodes that can be damaged while the film is being detached from the 

substrate. To detach the top electrode from dummy substrate, it is immersed at 

etching solutions potassium hydroxide (KOH) for being etched the SiO2 layers 

on the dummy substrates. After finishing etching process, top electrode can be 

transferred on SAM layer as shown figure 1-7-(a) [131]. For comparison 

electrical properties of previous molecular devices, alkanethiol species, figure 

1-7-(b), used in this new method were octanethiol (denoted as C8), 

dodecanethiol (C12) and hexadecanethiol (C16).  

 

Figure 1-7. (a) Illustration of metal transfer top electrode (b) Chemical structure of 

octanethiol, dodecanethiol and hexadecanethiol (c) The J-V plots of all molecular devices  

As previously reported, the dominant charge transport mechanism through 

alkanethiolates is known as off-resonant tunneling [28, 125]. Therefore, the 

current density depends on the exponentially molecular length. In figure 1-7-

(c), the current density-voltage characteristics was exponentially dependent on 

the molecular length, like PEDOT:PSS/Au and graphene multilayer structure. 
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In addition, while conventional molecular devices of metal-molecules-metal 

type was very low yield due to penetrate gold particles with thermally kinetic 

energy between molecular layer, the metal transfer methods show more than 

~70 % yield each C8, C12, C16, respectively.  
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Chapter 2  

Rectifying molecular 

devices  
 

2.1 Introduction  
With the aim of modern science and technology to be able to wear and 

attach to human body, it is necessary to study of characterization, maintenance, 

stability, reliability of molecular electronics on flexible substrates. Flexible 

substrate research in modern technology include electronic circuits [161], 

sensors [162], displays [163], solar cells [164] and bioelectronics devices [165]. 

As with this development direction, our group tried to fabricate molecular 

devices on flexible substrates and study electrical characterization of the 

devices for ultimate aim of fabrication molecular logic circuits [128]. Figure 2-

1-(a) shows the alknaethiol molecular devices on flexible substrates with 

consisting of schematic, optical image, SEM, TEM and molecular structure. 

Our group selected three types of alknaethiol molecules with different length; 

Octanethiol (as denoted C8), Decanethiol (C10), Dodecanethiol (C12). 

Previously reported about main mechanism of alknaethiol [28, 125], 
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alknaethiol molecular devices on flexible substrates showed the current density 

characteristics according to each molecular length. In addition, our group 

measured electrical characterization of the molecular devices under bending 

conditions that are different bending radii and a large number of repeated 

bending cycles in figure 2-1-(c), (d). Although our group have demonstrated 

that the molecular devices substrates were well implemented in flexible 

substrates and maintained good electrical properties under bending condition, 

these devices have difficult to apply into reality because alknaethiols lacks 

functionality as a simple insulating type. For the real application of molecular 

devices, we need to fabricate functional molecular devices on flexible 

substrates.                    

 

Figure 2-1. . (a) Schematic of molecular devices on flexible substrates with illustration of 

junction, SEM, TEM, optical images and chemical structure (b) The J-V plots of all 

molecular devices (c), (d) The J value at +0.8 V under bending conditions   
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SAM (self-assembled monolayer) method give possible to be used 

functional molecular group as devices component. Among them ferrocene is a 

typical rectifying molecule which consists of two cyclopentadienyl rings bound 

on opposite sides of a central metal atom (Fe(C5H5)2)) and shows abnormal 

electrical characterization defined ratification ratio (R≡│J (-1 V)/J (+1 V)│) 

[51]. To represent rectifying behavior, the EGaIn (eutectic Gallium-Indium) 

technique [44, 48, 49] is very useful technology. This technique uses liquid type 

metal as a non-invasive top electrode that contact SAM layer deposited on 

template-stripped silver (AgTS) bottom electrode, ash shown figure 2-2-(a).   

 

Figure 2-2. (a) Optical image and schematic of ferrocene-alknaethiol junction with EGaIn 

electrode (b) The J-V plot of molecular junction (c) Energy diagram of -1 V and +1 V 

molecular junction 

Figure 2-2-(b) represent abnormal electrical characterization of ferrocene-

alknaethiol junction with EGaIn top electrode. The rectification ration is about 
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10 to 100. The reason of this phenomenon is understood to locate of ferrocene’s 

the highest occupied molecular orbital (HOMO) level, as shown figure 2-2-(c). 

With reverse bias (+1 V), HOMO level of ferrocene lies below Fermi levels of 

two electrodes which mean that charge cannot be injected into HOMO level. At 

forward bias (-1 V), molecular HOMO level lies between Fermi level of both 

electrodes which mean charge can be injected into HOMO level. Because of 

molecular HOMO level, tunneling width of both polarities is determined as 

dtot,reverse=dFc(Fc units) + dCn(alkyl spacer) or dtot,forward=dCn, respectively. This 

different tunneling width results in the large observed current rectification ratio. 

However, since EGaIn type rectifying molecular junctions have possibility of 

stability and maintenance, we aimed to solve these problems by fabricating 

rectifying molecular in the form of devices.  

 Devices fabrication process 

 

Figure 2-3. Fabrication process of rectifying molecular devices on flexible substrates  
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Figure 2-3 depicts a schematic of the fabrication procedure for ferrocene-

alknaethiol composed of an alkanethiol with a terminal ferrocene moiety 

molecular devices on flexible substrate. First, Au (60 nm)/Ti (5 nm) was 

deposited on a polyimide (PI) substrate (Neopulim L-3430 purchased from 

Mitsubishi Gas Chemical Co., Inc.) using a shadow mask and electron-beam 

evaporator with a slow deposition rate of ~0.1 Å/s. Then, hexamethyldisilazane 

(HMDS) adhesion layer was spin-coated on the samples, followed by insulating 

photoresist (PR; Az5124E, purchased from Az Electronic Materials) that was 

spin-coated at 4,000 rpm for 1 min. Square-shaped holes with a side lengths 

ranging from 30 to 100 μm were made through the PR layer by conventional 

photolithography. The samples were hard-baked at 190 oC for 3 hours. We 

choose three molecules in this experiment: 6-ferrocenyl-1-hexanethiol (FcC6), 

8-ferrocenyl-1-octanethiol (FcC8), and 11-ferrocenyl-1-undecanethiol (FcC11). 

The molecules varied in length depending on the number of alkyl chains present 

((CH2)N, where N = 6, 8, and 11; FcC6 and FcC11 are available from Sigma-

Aldrich Co. and FcC8 is available from Dojindo Molecular Technologies, Inc.). 

For SAM deposition, we immersed the samples in this molecular solution for 

1-2 days in an N2-filled glove box. After SAM deposition, the samples were 

washed by anhydrous ethanol to remove the residual molecules and then dried 

with N2 stream in N2-filled glove box for ~2 hour. The previously reported 

sandwich structure (metal-molecules-motel) junction are prone to electrical 

shorting due to the penetration of the top metal through the SAM during metal 



２１ 

 

evaporation, which makes conducting paths between the bottom and top 

electrodes [122-124]. To solve the electrical short problem in molecular 

junctions, a conducting polymer, PEDOT:PSS (poly(3,4-ethylene-

dioxythiophene) with poly(4-styrenesulphonic acid); PH1000, from CLEVIOS) 

was spin-coated on the top of SAM before top electrodes was deposition on 

SAM [125]. Finally, top electrode Au (50 nm) was deposited on top of 

PEDOT:PSS with shadow mask, and redundant PEDOT:PSS was removed 

from the devices by a reactive ion etching (RIE) with oxygen. 

 

Figure 2-4. Optical image on rigid and flexible substrates, SEM (b) Vertical structure type 

of molecular junction (c) 6-ferrocenyl-1-hexanethiol (FcC6), 8-ferrocenyl-1-octanethiol 

(FcC8) and 11-ferrocenyl-1-undecanethiol (FcC11) 

In this research, we have fabricated the ferrocene-alkanethiol molecular 

devices on both rigid and flexible substrates as shown in figure 2-4-(a). The 

rigid junctions were circular, with radii of 7, 8, and 9μm while the flexible 

junctions were squares with a side length from 30 to 100 μm with 10μm 

increment. The figure 2-4 consists of optical image of the molecular devices on 

both substrates, Scanning electron microscopy (SEM), schematic of the devices, 

and molecules structures.   
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2.2. Charge transport mechanism   
To demonstrate that asymmetry value of ferrocene-alknaethiolate devices 

is consistent, we fabricate the ferrocene-alkaethiolate molecular devices on 

both rigid and flexible substrates, compared asymmetry value at two substrates. 

Figure 2-5-(a), (b) shows the representative asymmetrical current density‒

voltage (J‒V) behavior of the three different length of ferrocene-alkanthiolate 

(FcC6, FcC8, FcC11) molecules on both rigid and flexible substrates. For 

convenience, the current density values of both substrates were plot absolute 

value at negative bias for comparison current density value of positive and 

negative bias. Alkyl molecules with ferrocene moieties have previously studied 

behavior of current level different between positive and negative bias, in which 

SAMs of these molecules were sandwiched between a Ag bottom electrode and 

a top electrode comprising eutectic Ga and In (EGaIn) [44, 48, 49]. In case of 

EGaIn top electrode, high rectification occurred because the highest occupied 

molecular orbital (HOMO) of the ferrocene moiety participated in charge 

transport under negative bias only. At a negative bias, the HOMO of ferrocene 

is located between the Fermi levels of the two electrodes and contributes to 

charge transport, whereas at a positive bias the HOMO of ferrocene is below 

the Fermi levels of both electrodes and therefore cannot contribute to charge 

transport [51]. We observed similar asymmetric electrical characteristics in our 

study but with somewhat lower asymmetric ratios. The asymmetric ratio (α), 

which is defined as α = | J(-1 V)/J(1 V) |, where J(1 V) is the current density 
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measured at 1 V, was lower (α = ~1.6) in this report. The observed low 

asymmetric ratio is due to the different junction structures employed, 

particularly for the top electrode material. And to ensure that the off unity 

asymmetric ratio is truly attributed to the ferrocene moiety, we could find from 

our previous reports that the estimated asymmetric ratio is clearly ~1 when the 

deposited molecules are lacking the ferrocene moiety but under same device 

configurations [147]. Therefore, the off unity asymmetric ratio evidently 

originates from the ferrocene moiety. To understand the origin of asymmetric 

electrical characteristics, Figure 2-5-(c) shows the energy band diagrams of our 

molecular junctions. 

 

Figure 2-5. (a), (b) J-V plots of rectifying molecular devices (c) Energy diagram of +1 V and 

-1 V 

The work function of Au is ~5.1 eV. The work function of PEDOT:PSS 
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was determined to be ~5.05 eV using a Kelvin probe measurement. The HOMO 

of the ferrocene moiety is ~ -5.0 eV (i.e., 5.0 V below the vacuum level). The 

left and right schematics depict the energy band diagram when +1 V and -1 V 

are applied to the PEDOT:PSS side, respectively. Note that in this diagrams we 

assumed that there is potential drop of 0.3 V per applied 1 V due to van der 

Waals contacts between the ferrocene moiety and the PEDOT:PSS [44, 48-50]. 

Therefore, when +1 V is applied the HOMO of ferrocene decreases to -5.7 eV, 

whereas an applied bias of -1 V increases the HOMO to - 4.3 eV. To 

representative a high asymmetric ratio molecular devices, the HOMO of the 

ferrocene moiety should lie between the Fermi levels of the two electrodes 

under one bias polarity (forward bias) but lie below the Fermi levels of both 

electrodes at the other bias polarity (reverse bias). These locations enable a high 

asymmetric ratio because a HOMO that lies between the Fermi levels at the 

forward bias condition can act as a resonant energy state for charge transport 

[51]. However, in this report, the HOMO of ferrocene located between the 

Fermi levels of each electrode (PEDOT:PSS and Au) at both bias polarities. 

Thus, the HOMO of the ferrocene can participate in charge transport at both 

bias polarity conditions, resulting in the low asymmetric ratio (~1.6) observed 

in this report. 
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2.3. Redox process of ferrocene-

alkanethiol molecules  
We suggest that one possible model of the reason of exhibit and small 

asymmetry value can be conformational change of ferrocene-alkanethiol and 

disordering of ferrocene moiety part due to redox process.  

 
Figure 2-6. (a) Cyclic voltammogram of rectifying molecules (b) Oxidation and reduction 

process of ferrocene-alknaethiol (c) More standing up configuration of the alkyl chain part 

(d) Disordering of ferrocene moiety  

In figure 2-6-(a), cyclic voltammogram(CV) show oxidation and reduction 

of ferrocene-alkanethiol molecules on gold electrode, in previous report [166, 

167]. Oxidation and reduction peak of ferrocene moiety was recorded at +0.67 

and 0.64 V, respectively. In this process, because ferrocene terminal group is 

very strong electron-donating, ferrocen change to ferrocenium cation, as shown 

figure 2-6-(b). When ferrocene moiety oxidize to ferrocenium cation with high 

than ~0.6 V, ferrocenium interact SO3
- part of PSS with attractive force while 

oxidized ferrocene end group react positively charge gold electrode with 
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repulsive force. The attractive interaction between ferrocenium cation and SO3
- 

part of PSS and the repulsive interaction between positive Fc+2 and positively 

charged Au surface can be the conformational change of ferrocene-

alkanethiolate, resulting of more standing up molecular layer, like figure 2-6-

(c). In addition, oxidized ferrocene happen disordering because ferrocenium 

cation exert electrostatic repulsion randomly at neighbourhood oxidized 

ferrocene end group as shown figure 2-6-(d). Disordering of ferrocenium cation 

cause the instability contact between ferrocene moiety and PEDOT:PSS. As 

results, the current density of the molecular devices reduced at only positive 

bias [147, 168]. 

 

2.4. Mechanical deformation of 

molecular devices  
To test electrical characterization of the molecular devices under 

mechanical deformation, we measured the current density of FcC6, FcC8, 

FcC11 under physical strain with severe different bending radii and a large 

repetitive number of bending cycles (defined form flat(∞) to bent 5 mm as 

shown figure 2-7-(b) inset). 
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Figure 2-7. J-V plot of FcC6, FcC8, FcC11 molecular devices under the same banding 

conditions (a) Bending radii (flat, 10 mm, 5 mm) (b) Bending cycles (10, 100, 1000 times, 

bending radius = 5 mm) (c) J value at alternative -0.8 V and +0.8 V of FcC11 molecular 

device wound at 1 mm cylindrical 

Under the mechanical deformation, three difference of length ferrocene-

alkanethiolate devices maintain own electrical properties (i.e. current density 

with comparison flat conditions, asymmetry value ~1.6). To test devices 

performance under extremely bending condition, we wound up the FcC11 

device at a cylindrical bar with bending radius of 1 mm. When the retention 

properties of the device in this bending condition were investigated, it was 

found that the current density of FcC11 devices was consistent for up to 104 

seconds with asymmetry value. In this plots, we demonstrated that the electrical 

characteristics of rectifying molecular devices do not suffer any significant 

deterioration during mechanical stressing, and the current density was similar 
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to that measured for the flat substrate condition(previous J-V plot) with 

asymmetry value regardless of the bending radius configuration. 

All these results demonstrated that the flexible molecular-scale devices 

containing photoswitching diarylethene molecules were reliably fabricated and 

operated with excellent stability when subjected to various mechanical stresses. 

 

2.5. Conclusion   
 In summary, we studied the redox-induced electronic transport properties 

of ferrocene-alkanethiolate molecules using a conducting polymer-interlayer 

device structure both of rigid and flexible substrates. We observed asymmetric 

electrical transport characterization both of two kind substrates, which arise due 

to the existence of ferrocene moiety. Because of redox process of ferrocene 

moiety at ~ +0.6 V, oxidized ferrocene can be conformational change of the 

SAM and happen disordering neighborhood ferrocnenium cation each other. As 

result, these phenomena of ferrocene moiety show asymmetry behavior of the 

molecular devices. We also demonstrated asymmetric current density-voltage 

performance under various bending configurations. The ferrocene-alknaethilate 

molecular devices on flexible do not show seriously current level change and 

maintain asymmetric behavior under server bending conditions.   
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Chapter 3 

Photoswitching 

molecular devices with 

PEDOT:PSS/Au top 

electrode  
 

3.1 Introduction  
In the chemistry, isomerization is the molecules characteristic by which 

one molecules has two independent states by reaction from outside specific 

conditions like light, thermal, voltage, additive etc. There are several kinds of 

isomerization phenomena; Linkage Isomer, Isomerization of Hydrocarbon 

cracking, Aldoes-Ketose Isomerism, Cycloisomerization, Photoisomerization.  
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Figure 3-1. Isomerization types: Photosiomerization type molecules(Azobenzens, 

Diarylethene) 

In those, photoisomerzation is defined as one molecule reacts with light of 

certain wavelength band and has two electrical states of high conductivity state 

and low conductivity state. The most studied photoswitching molecules are 

azobenzene and diarylethene. Azobenzene reacts with U.V light, changes from 

trans to cis form, reacts with visible light, and change cis into trans. This is a 

phenomenon in which the molecule itself is physically bent. Diarylethene is a 

chemical modification of combination or termination of molecular orbital and 

reacts with U.V light, changes from open to closed form, reacts with visible 

light, and change closed form into open form.  
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Figure 3-2. (a) Azobenzen derivative structure and J-V plot of two states (b) Azobenzen 

molecular devices on graphene and switching phenomena (c) Diarylethene chemical 

structure and J-V plot of two states (d) Single diarylethene molecular device  

 Figure 3-2-(a), (b) show electrical characterization of azobenzen linked 

to alknaethiol deposited Au and graphene layer bottom electrode [66, 67]. The 

main mechanism of both cis and trans is tunneling through temperature variable 

current density – voltage [73, 130]. When compared the molecular length of 

both states (i.e. trans ~22 Å, cis ~19 Å), the conductance of cis states is expected 

to be higher than trans and the results were also the same, as shown the two 

figure above. In addition, the azobenzen derivative deposited on graphene layer 

shows successful isomerization phenomenon which switches reversibly from 

trans to cis with illumination UV or from cis to trans with visible light [73]. In 

case of diarylethene, the open ring change to closed form with UV light 

irradiation leading to a completely π-conjugated system, while the closed ring 

change to open form with visible light, breaking up molecular system. The π-

conjugated system of closed form is supposed to lead to higher conductance 

than broken one. As shown figure 3-2-(c) and (d), the conductance of closed 
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form higher than open form in the case of SAM layer [58] and single molecule 

[72].  

 Devices fabrication process  

 

Figure 3-3. Fabrication of photoswitching molecular devices on flexible substrates  

Figure 3-3 illustrates the device fabrication processes for diarylethene 

species molecular electronic devices on a flexible substrate. First, Au (60 

nm)/Ti (5 nm) was deposited on a polyimide (PI) substrate (Neopulim L-3430 

purchased from Mitsubishi Gas Chemical Co., Inc.) using a shadow mask and 

electron-beam evaporator with a slow deposition rate of ~0.1 Å/s. Then, 

hexamethyldisilazane (HMDS) adhesion layer was spin-coated on the samples, 

followed by insulating photoresist (PR; Az5124E, purchased from Az 

Electronic Materials) that was spin-coated at 4,000 rpm for 1 min. Square-

shaped holes with a side lengths ranging from 30 to 100 μm were made through 

the PR layer by conventional photolithography. The samples were hard-baked 

at 190 oC for 3 hours. For deposition of the self-assembled monolayer (SAM) 
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diarylethene molecules on the exposed Au bottom electrode’s surface, we 

prepared a diluted solution of diarylethene molecules (~ 3 mM) in ethanol and 

added a small amount of ammonium hydroxide (NH4OH) to the molecular 

solution to de-protect the acetyl (COCH3, denoted as Ac) group from the thiol 

end-group for enabling electrical contract to the bottom gold electrode [72]. 

Then, we immersed the samples in this molecular solution for 1-2 days in an 

N2-filled glove box. After SAM deposition, the samples were washed by 

anhydrous ethanol to remove the residual molecules and then dried with N2 

stream in N2-filled glove box for ~2 hour. Then, the samples were exposed to 

UV handed lamp capable of generating 312 nm UV light or visible light lamp 

(fluorescent lamp) in a dark room for ~1 hour to determine the open or closed 

state of diarylethene molecules. To minimize the electrical short problem in the 

molecular junctions, a conducting polymer, PEDOT:PSS (poly(3,4-ethylene-

dioxythiophene) with poly(4-styrenesulphonic acid); PH1000, from CLEVIOS) 

was spin-coated on the top of SAM [125]. Finally, top electrode Au (20 nm) 

was deposited on top of PEDOT:PSS with shadow mask, and redundant 

PEDOT:PSS was removed from the devices by a reactive ion etching (RIE) 

with oxygen. 
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Figure 3-4. (a) Optical image, SEM, TEM and illustration of photoswitching molecular 

devices on flexible substrates (b) Chemical structure of diarylethene 

This figure 3-4 shows a series of optical, scanning electron microscopy 

(SEM), and cross-sectional transmission electron microscope (TEM) images of 

the fabricated molecular devices on the flexible substrates. The photoswitching 

molecules can convert from open and closed state with irradiation of UV or 

from closed and open with illumination of visible light as shown molecular 

structure figure.   

 

3.2 Electrical characteristics, stability, 

reliability 

Figure 3-5-(a) shows the current density-voltage (J-V) data from the 

diarylethene molecular devices in the open and closed states under a flat 

substrate condition (defined as having a bending radius = ). We determined 

that the current observed in the closed state was higher than that from the open 

state by an order of magnitude, as has been found earlier for similar devices 

from thiophene-based diarylethenes on Si-based rigid substrates [58]. The high 
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current density (~106 A/m2 at 0.8 V) observed in our devices reflects the SAM 

formation with our novel high-yield, flexible-substrate process.  

 

Figure 3-5. J-V plots of the closed and open states (b) Retention characteristics for the 

closed and open states (c), (d) Endurance characteristics of the closed and open states (e), 

(f) Comparison of J values of the closed and open states with after processing, after 30 days 

stored in air 

The electrical conductance discrepancy has been understood to arise from 

the pi-conjugated system of closed state and broken pi-conjugated system of 

open state. The open state changes to the closed states by forming a completely 
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pi-conjugated system with illumination UV light. Conversely, closed state 

changes to the open states with broken pi-conjugated system when exposed to 

visible light. As a result, the energy gap between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of the closed state is smaller than that of the open state. In addition, 

the broadening of HOMO-LUMO level related electrical conductance of 

photoswitching molecular devices is defined by Gamma(Γ) value which is 

coupling constant. Because the Gamma value of closed state is bigger than open 

ones, the metal-molecule contact (Au-thiol) of the closed state was found to 

give rise to a stronger broadening of the current-carrying molecular orbital than 

that of the open state, which also signals the stronger conjugation in the closed 

state [72]. Lastly, the molecular length of open states is longer than closed 

through molecular dynamic simulation. The length different between two states 

induce that tunneling length increase at open state. As a net result, the current 

of the closed state is higher than that of the open state.  

Additionally, we investigated the retention properties, i.e., the stability of 

the electrical characteristics of the photoswitching molecular devices on 

flexible substrate with open and closed state under a flat substrate condition by 

measuring the current density at 0.8 V over a long period, as shown in Figure 

3-5-(b). Specifically, the current density was measured in the open and closed 

states for up to 104 seconds at an increment of 100 seconds. The current density 

of each state and the discrepancy between the two states were well maintained. 
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This result indicates that both of the molecular device states (open and closed 

states) did not degrade when subjected to repeated voltage stresses.  

We also investigated the endurance stability of the open and closed states 

by measuring the current density at alternating voltages of 0.8 V for up to 104 

seconds at an increment of 10 seconds. Figures 3-5-(c) and (d) show the current 

density results on a logarithmic scale for the closed and open states, respectively. 

The insets of Figures 3-5-(c) and (d) show the J-V curves before the endurance 

test for the closed and open states, respectively. The current density was 

observed to be almost constant without any significant degradation. We also 

measured the J-V curves of the open and closed states after the devices were 

stored for 30 days under ambient conditions, as shown Figure 3-5-(e) and (f). 

In these measurements, we did not observe any noticeable degradation and well 

maintain the discrepancy between the two states. All these results indicate that 

the devices retain their electrical properties well, demonstrating the stability 

and reliability of diarylethene molecular devices in both photoswitching states. 
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 Electrical characterization of the photoswitching molecular 

devices under bent conditions 

 

Figure 3-6. J-V plot of the closed and open states photoswitching molecular devices under 

the same banding conditions (a) Bending cycles (10, 100, 1000 times, bending radius = 5 

mm) (b), Bending radii (flat, 10 m, 5 mm) (c) Retention characteristics of the closed and 

open states wound up at 1 mm cylindrical bar 

To further test the robustness of these devices in view of applications 

making use of the flexibility of the device, we examined the electrical 

characteristics of the open and closed states when the device is subjected to 

mechanical deformation with severe different bending radii and a large 

repetitive number of bending cycles (defined form flat(∞) to bent 5 mm as 

shown figure 3-6-(a) inset). Figure 3-6-(b) displays the current densities for the 

two states measured at 0.8 V under various bending configurations (bending 
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radii equal to  (flat), 10 mm, 5 mm, and 1 mm). The currents from the two 

states were also measured while being subjected to up to 103 bending cycles, as 

shown in Figure 3-6-(a). To investigate under extremely bending condition, we 

wound up the photoswitching molecular devices at a cylindrical bar with 

bending radius of 1 mm. When the retention properties of the device in this 

bending condition were investigated, it was found that the currents for the open 

and closed states were consistent for up to 104 seconds with an order of 

magnitude difference between the two states. In this plots, we demonstrated that 

the electrical characteristics of both the open and closed states do not suffer any 

significant deterioration during mechanical stressing, and the current density 

was similar to that measured for the flat substrate conditions(previous J-V plot) 

with an order of magnitude difference between the two states regardless of the 

bending radius configuration. 

All these results demonstrated that the flexible molecular-scale devices 

containing photoswitching diarylethene molecules were reliably fabricated and 

operated with excellent stability when subjected to various mechanical stresses.   
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3.3 Temperature-variable current-

density voltage 
To investigate the charge conduction mechanisms of the open and closed 

states, we measured temperature-variable current density-voltage (J-V-T) 

measurements under flat and bent substrate conditions 

 

Figure 3-7. Temperature-variable J-V plots, Arrhenius plots of the closed and open states 

under flat (a), (b) and 5 mm bent condition (c), (d) 

Figure 3-7-(a) and (c) show the J-V-T results for the two states for a flat 

condition and mechanical deformation condition with bending radius of 5 mm 

at variable temperatures from 80 to 300 K with 20K increment. Figure 3-7-(b) 

and (d) show the Arrhenius plots (i.e., the current density versus the inverse of 

the temperature) of two states under flat and bending condition (r=5 mm) 
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created from the data shown in Figure 3-7-(a) and (c). We observed that the 

current density for both states did not change noticeably when the temperatures 

varied under both the flat and bent substrate conditions (Figure 3-5). These 

results suggest that the main electrical conduction mechanism for the 

diarylethene molecules is tunneling for both the open and closed states, 

regardless of any mechanical deformation.  

 

3.4. Conclusion  
In summary, we have fabricated molecular-scale electronic devices with 

photoswitching diarylethene molecules on flexible substrates. The diarylethene 

molecular devices exhibited either high (Closed state) or low (Open state) 

electrical conductance states when exposed to UV or visible light during 

fabrication, respectively. The conductance in both states are sufficiently high to 

be measured and differ by an order of magnitude making them easy to 

discriminate with standard electronics. The electrical properties of the 

diarylethene molecular devices were found to be constant under variable 

temperature, repeated voltage cycling, various mechanical deformation 

configurations, including varying the bending radius (down to 1 mm) and 

subjecting the substrates to repeated bending cycles, demonstrating that the 

molecular state as well as the contact geometry are robust. The current flowing 

in each state is dominated by a tunneling conduction mechanism regardless of 

any mechanical deformation.  
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Chapter 4 

Photoswitching 

molecular devices with 

reduced graphene oxide 

top electrode  
 

4.1. Introduction  
Because the PEDOT:PSS/Au top electrode with low transmittance prevent 

UV or visible light from penetrating phoswitching molecular layer, the 

properties of isomerization with reversible change phenomena as basic concept 

may not be shown [130]. To solve this problem and represent isomerization 

properties, a new attempt is to convert existing top electrode into graphene high 

transmittance and conductivity. Not only this, but two-terminal molecular 

devices on graphene have advantage of chemically stable, transmittance, 

conductivity and mechanically flexible. Especially, azobenzen derivative based 
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on graphene devices have been successfully represented of cis and trans 

electrical characterization, addition to isomerization properties.  

 

Figure 4-1. (a), (b) Schematic of azobenzene derivative molecule devices on graphene layer 

(c) The J-V plots of cis and trans states (d) reversible switching phenomena 

Figure 4-1-(a), (b) show to azobenzen photoswitching molecular devices 

on graphene layer. This molecules changes from trans to cis from with UV 

irradiation, while it changes from cis to trans with illumination visible light. As 

a such physical deformation, the azobenzen molecules of cis and trans forms of 

length itself is changed, so that the tunneling length is different (h1 > h2). 

Because the main mechanism of azobenze derivative is tunneling effect, the 

conductance of cis form is better than trans one, as shown figure 4-1-(c). 

Importantly, reversible photoswitching phenomena appeared repeatedly more 

than 50 times at the molecular devices like figure 4-1-(d). The photoswitching 
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molecular devices based on graphene with high transmittance showed perfectly 

isomerization properties which is reversible switching between two states. If 

the top electrode of diarylethene devices is changed from PEDOT:PSS/Au top 

electrode to graphene, the switching characterization will happen surely.     

 Devices fabrication process  

 

Figure 4-2. Fabrication of diarylethene photoswitching molecular devices on flexible 

substrates with reduced graphene oxide(rGO)  

Figure 4-2 shows the schematics illustrating the fabrication processes. 

After cleaning the plastic flexible substrates with isopropyl (IPA) and distilled 

(DI) water, the bottom electrode Au (60 nm)/Ti (5 nm) was deposited on a 

poyethylene terephthalate (PET) flexible substrate (purchased from Sigma-

Aldrich Korea Ltd.,) by using an electron-beam evaporator at a slow deposition 

rate of ~0.1 Å/s to obtain a smooth surface for the bottom gold electrodes. For 

deposition of the self-assembled monolayer (SAM) photoswitching molecules 
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on Au bottom electrode’s surface, we prepared a diluted solution of 

diarylethene molecules (~3 mM) in ethanol and added a small amount of 

ammonium hydroxide (NH4OH) to the molecular solutions to de-protect the 

thiol group of the diarylethene molecules, so that the thiol end-group enables 

good electrical contact to the bottom gold electrodes by thiol-Au chemisorption 

[72]. Next, the samples were immersed in this molecular solution for 1-2 days 

in an N2-filled glove box. After SAM deposition, reduced graphene oxide (rGO) 

in dimethylformamide (DMF) was spin-coated twice over the SAMs to protect 

from any outside contaminants. During the photoswitching molecular devices 

fabrication, the samples were exposed to a UV (360 nm) laser for ~1 h or a 

visible (520 nm) laser for ~ 30 min to be defined as the closed state or open 

state, respectively. Finally, the rGO top electrode was made by spraying rGO 

solutions through a shadow mask with a side length from 200 to 600 μm.  

 

Figure 4-3. (a) Optical, (b) SEM and (c) TEM images of photoswitching molecular devices 

Figure 4-3 shows a series of optical images and scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) images of the 

fabricated photoswitching molecular devices with rGO top electrode on flexible 
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substrate. In the TEM images, each layer (Ti, Au and C) were well formed 

through mapping method.  

 

4.2. Electrical characterization of 

rGO top electrode  
To demonstrate that reduced graphene oxide can be used as good 

transparent and conducting electrodes photoswitching molecular devices on a 

plastic substrates, we measured the transmittance, current-voltage graph, 

Raman spectra, and X-ray photoelectron spectroscopy (XPS) data for an rGO 

film. Figure 4-4-(a) shows transmittance plots for an rGO film and a 

PEDOT:PSS/Au film. Previously, we used a PEDOT:PSS/Au film as the top 

electrode for photoswitching molecular devices, but those devices failed to 

show the reversible photoswitching phenomenon [68]. The absence of 

reversible photoswitching in the molecular devices with PEDOT:PSS/Au top 

electrodes could be caused by the relatively low transmission characteristics of 

PEDOT:PSS/Au compared to those for an rGO film. 
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Figure 4-4. (a) Transmittance rGO and PEDOT:PSS/Au (b) Conductivity of rGO (c) 

Raman spectroscopy (d) X-ray photoelectron spectroscopy  

We also checked the conductivity of the rGO film. For this, we fabricated 

a pattern with an rGO film in contact with two Au electrodes (see inset of Figure 

4-4-(b)) and measured the current density-voltage (J-V) characteristics. From 

this J-V plot, we found the conductivity of an rGO film to be 3700 S/m [169]. 

The results of Figures 4-4-(a) and (b) indicate that an rGO film can be used as 

the top electrode in photoswitching devices. We observed the typical G, D, and 

2D peaks that were located at 1590, 1350, and 2910 cm-1, respectively. It is well 

known that G-mode is a primary in-plane vibrational mode, indicating C-C sp3 

stretching. The D-mode is a first or second order overtone for a different in-

plane vibration, indicating a structural defect in the crystal where C=C sp2 is 
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created because of C-C sp3 bond formation [170, 171]. The XPS data of rGO 

are shown in Figure 4-4-(d). The XPS peak at 284.5 eV (C 1s peak) is assigned 

to the carbon atoms in C=C bond. XPS peaks at 285.3, 286.3, and 287.3 eV 

correspond to C-OH, C-O, and C=O, respectively [172, 173]. The XPS results 

indicate that graphene oxide was reduced enough to be used as top electrode.  
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4.3. Electrical characterization of 

photoswitching molecular devices 

with rGO top electrode 

 

Figure 4-5. J-V plots of the closed and open states (b) Retention characteristics for the 

closed and open states (c), (d) Endurance characteristics of the closed and open states (e), 

(f) Comparison of J values of the closed and open states with after processing, after 30 days 

stored in air 

Figure 4-5-(a) shows the J-V data from the diarylethene molecular devices 
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on flexible substrates with reduced graphene oxide(rGO) top electrodes in the 

open and closed states under a flat substrate condition (having a bending radius 

= ). The open and closed states were defined and fixed during device 

fabrication to exposure UV or visible laser. We confirmed that the current of 

the closed state was higher than that of the open state, as has been observed for 

the molecular junctions with PEDOT:PSS/Au top electrode [58]. There are 

three mechanisms resulting in the different electrical currents of the closed and 

open states [73]. Firstly, when the open state is exposed to UV light, the open 

state changes to the closed state by forming a completely π-conjugated system 

(see Figure 4-5). Equivalently, when the closed state is exposed to visible light, 

the closed state changes to the open state and the π-conjugation is broken (see 

Figure 4-5). As a result, the energy gap between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the 

closed state is smaller than that of the open state. Second, in the transport 

experiments of similar diarylethene molecules, the level broadening defined 

coupling constant (Gamma: Γ) of the current carrying molecular orbital of the 

closed state was found to be bigger than that in the open state, although the 

level alignment between the current-carrying molecular orbital and the Fermi 

energy of the Au electrodes was found to be better in the open state than in the 

closed state. Lastly, the molecular length of open states is longer than closed 

through molecular dynamic simulation. The length different between two states 

induce that tunneling length increase at open state. As a net result, the current 
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of the closed state is higher than that of the open state [72].  

To investigate the stability and reliability of our photoswitching molecular 

devices with an rGO top electrode, we measured the current density (J) at +0.8 

V for the closed and open state under flat (as defined r = ) conditions for up 

to 104 seconds in increments of 100 seconds (Figure 4-5-(b)). Additionally, we 

measured the J values for alternating voltages of ±0.8 V under flat conditions 

for up to 104 seconds with an increment of 10 seconds (Figures 4-5-(c) and (d)). 

The graphs of Figure indicate that photoswitching molecular devices with an 

rGO top electrode do not show any noticeable degradation during the retention 

measurements for the two electrical states. Moreover, we measured the J values 

of the closed and open states after the devices were stored for 30 days under 

ambient conditions, as shown Figure 4-5-(e) and (f). We did not observe any 

serious degradation of the devices in this test. Compared with the 

photoswitching molecular devices with PEDOT:PSS/Au top electrode, all of 

these results indicate that the devices with an rGO top electrode also is proved 

stability and reliability, maintaining good electrical properties for a long period 

of time. 
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4.4. Electrical characterization of 

photoswitching molecular devices 

under mechanical deformation  
To test the photoswitching molecular devices with an rGO top electrode 

under mechanical deformation, we measured the J values of the closed and open 

states under several bending conditions. 

 

Figure 4-6. J-V plot of the closed and open states photoswitching molecular devices under 

the same banding conditions (a) Bending radii (flat, 10 mm, 5 mm) (b) Bending cycles (10, 

100, 1000 times, bending radius = 5 mm) (c) Retention characteristics of the closed and open 

states under 5 mm bent   

Figures 4-6-(a) and (b) show the J values at +0.8 V for the closed and open 

states under bending cycles (0, 10, 100, and 1000 times) and bending radii (, 
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10, and 5 mm). Additionally, we measured the J values for the closed and open 

states for up to 104 seconds under a 5 mm-bending radius condition (Figure 4-

6-(c)), indicating that the photoswitching molecular devices with an rGO top 

electrode maintained consistent J values with different current levels for each 

state during the retention measurements. The results presented in Figure 4-6 

demonstrate that our devices on the flexible substrates were operated reliably 

and with good stability under the various bending conditions. 

  

4.5. Reversible switching 

phenomenon of photoswitching 

molecular devices  
To demonstrate continuative switching properties of the photoswitching 

molecular devices with rGO top electrode, we examined the reversible 

photoswitching phenomenon in our molecular devices. The photoswitching 

devices should reversibly switch between the two electrical states in response 

to the light illumination. 
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Figure 4-7. (a) J-V curves of the photoswitching molecular devices at initial closed states 

(red circles), open states that were converted from the closed states with visible light 

illumination (black rectangles), and closed states that were converted from the open states 

with UV illumination (blue triangles). (b) The reversible photoswitching phenomenon 

repeated 20 times by alternating UV and visible light irradiation (c) The reversible 

photoswitching phenomenon after 30 days being stored in air  

Figure 4-7-(a) shows the J-V plots for the initial closed states (red circles), 

J-V plots for conversion to the open states after exposure to visible light (black 

rectangles, from the closed to open state), and J-V plots for conversion to the 

closed states after exposure to UV (blue triangles, from the open to closed state). 

The current levels of the photoswitchable open and closed states were 

consistent when compared to the data in (previous Figure 4-7-). We measured 

the reversible photoswitching phenomenon 20 times by alternating between 

irradiation with a UV and a visible laser; the results are shown in Figure 4-7-

(b). In addition, we measured the reversible photoswitching phenomenon after 
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the devices were stored for 30 days in ambient conditions in figure 4-7-(c). With 

these results, we were able to prove that the diarylethene molecular devices 

with an rGO top electrode exhibited a reliable and reversible photoswitching 

phenomenon in response to illumination. 

 

4.6. Conclusion   
 In summary, we have fabricated photoswitching molecular devices of the 

photoswitching molecular devices with reduced graphene oxide (rGO) top 

electrode on a polyethylene terephthalate (PET) flexible substrate. The 

photoswitching molecules (diarylethene) have two electrical conductance states: 

a high (Closed) conductance and a low (Open) conductance state, established 

by UV or Visible light irradiation. Unlike the molecular devices with 

PEDOT:PSS/Au top electrodes that failed to show the reversible 

photoswitching phenomenon because of low power handed UV or visible lamp, 

low transmittance of PEDOT:PSS/Au top electrode and vertical structure of the 

devices, we successfully demonstrated the reliable and reversible 

photoswitching phenomenon in molecular devices with rGO top electrodes 

upon exposure to UV or visible light. Additionally, the electrical properties of 

our photoswitching molecular devices with an rGO top electrode were well 

maintained under various mechanical deformations.  
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Chapter 5 

 

Summary  
In this thesis, we fabricated the rectifying, photoswitching molecular 

devices on flexible substrates and studied electrical characterization of the 

molecular devices under mechanical deformations which are several bending 

radii and a large number of repeated bending cycles. In addition, we analyzed 

the main charge transport mechanism through temperature-variable current 

density. Due to the advantage of a self-assembled monolayer (SAM) that can 

be obtained uniform molecular layer by simply placing devices in molecular 

solution, not only did it enable the production of functional molecular 

electronics devices but also allows us to study the characterization of the 

molecules. In addition, SAM can generate devices structure with nano-scale, 

three-dimensional (3-D) architectures. The point of non-vacuum, ambient 

temperature process of SAM can also generate molecular devices on flexible 

substrates. By using these strong point, we represented abnormal behavior of 

the rectifying molecules and reversible switching phenomena of diarylethene 

under flexible environment.     
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In chapter 2, we investigated charge transport mechanism of the rectifying 

type (ferrocne-alknaethiol) molecular devices both of rigid and flexible 

substrates. The rectifying molecular devices showed ~ 1.6 asymmetry value 

defined as different ratio of current density at both polarities (α≡│J (-1 v)/J (+1 

V)│). When compared to EGaIn junction with higher rectification ratio, the 

asymmetry value above is a very low, which is explained in the energy band 

diagram. The Fc HOMO level of ferrocen moiety, which has a significant effect 

on charge transport, located between Fermi level of each electrode 

(PEDOT:PSS and Au) at both polarities. Nevertheless, the reason of abnormal 

electrical behavior is understood to stand up configuration of alkly chain part 

and disordering of ferrocene moiety due to redox process. At about 0.6 volts in 

a cyclic voltammogram (CV), ferrocene moiety oxidized with ferrocenium 

cation (Fc+2). The attractive force between the positively charged ferrocenium 

cation and the SO3
- part of PSS and the repulsive force between positive Fc+2 

and positively charged gold electrode leads to stand up the alkly chain part of 

rectifying molecules. From J-V data, we found that a different between 

ferrocene and ferrocenium is ~0.6 Å. In addition to this, the randomly repulsive 

force between each ferrocenium generate disordering, which makes contact 

poor with PEDOT:PSS interface. The redox process of ferrocene moiety occur 

at the positive bias, which can make different current density value between 

two polarities even small. To investigate electrical characterization of the 

rectifying molecular devices under mechanical deformation, we measured the 
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current density of three kind of molecular devices (FcC6, FcC8, FcC11) under 

bending condition. The molecular devices did not show remarkably current 

level changes and maintained abnormal current density behavior under several 

bending radii (10mm, 5mm) and a large number of repeated bending cycles.     

In chapter 3, because of small asymmetry value we tried to find other types 

of molecules that can certainly show functionality. One of them, we fabricated 

the photoswitching molecular devices on flexible substrates and studied 

photoswitching characterization. The photoswitching is a kind of isomerization 

phenomenon and it has two electrical conductance states (high (closed) and low 

(open) conductance) by reacting with specific wavelength light form outside. 

Here, we show successfully the different in current density both two states and 

the conductance of closed states is higher than open. The electrical conductance 

discrepancy between to states is understood for the following three reasons. (1) 

connectivity and disconnectivity molecular orbitals by electrocylization (2) 

HOMO-LUMO level broadening defined as coupling constant Gamma (Γ) (3) 

length different of both two states by molecular dynamics simulation. To test 

photoswitching characterization of both states under physics strain, we 

measured the current density of both states under several bending radii (flat, 10 

mm, 5 mm, 1 mm) and the repeated bending cycles (10, 100, 1000 times). The 

photoswitching molecular devices did not show seriously current level change 

and maintained the current density different of between closed and open states. 

The dominant charge transport mechanism of photoswitching molecules is 
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tunneling effect through temperature variable current density-voltage. The 

current density of two states did not change prominently when the temperature 

varied from 80 K to 300 K both two states. This results supported the fact that 

the charge transport mechanism of photoswitching molecules is tunneling effect.  

In chapter 4, due to low transmittance of PEDOT:PSS/Au top electrode 

and low intensity of UV or visible light, we succeeded in showing the current 

level different between closed and open states, but did not show reversible 

photoswitching phenomena. To represent continuously reversible switching 

performance, we fabricated photoswitching molecular devices with reduced 

graphene oxide (rGO). The rGO have higher transmittance than 

PEDOT:PSS/Au and good conductivity (~ 3700 S/m). And Raman 

spectroscopy, XPS data indicate that rGO is enough to be used as top electrode. 

To use advantages of rGO top electrode, we examined the reversible 

photoswitching phenomenon in our molecular devices. The photoswitching 

devices showed reversibly switching between the two electrical states in 

response to the UV or visible light illumination. We measured the reversible 

photoswitching phenomenon several times by alternating between irradiation 

with a UV and a visible laser measured after fabricated and be stored for 30 

days in ambient conditions. We were able to prove that the diarylethene 

molecular devices with an rGO top electrode exhibited a reliable and reversible 

photoswitching phenomenon in response to illumination. 
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Appendix A 
Self-assembled monolayer 

 In chapter 1, we introduced self-assembly method that deposit molecules 

on substrates. We handled in earnest about chemisorption between thiol end 

group and gold bottom electrode. The monothiol and dithiol which are kind of 

thiol group have slightly different deposition process on interface of gold.  

 

Figure A. 1. The process of self-assembled monolayer between monothiol and gold surface 

In case of thiol as shown figure A 1, when substrate is dipped onto 

molecular solution, molecules combine with interface particle of gold electrode 

by physisorption, lying down phase itself. Next, molecules chemisorb on 

interface of gold particles through sulfur with strongly covalent bond, losing 

hydrogen atom. Unfortunately, it have been not understood fully thee process 

of changing from physisorption to chemisorption and losing hydrogen atom. 
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Some hypotheses have been suggested such as redox reactions. And then, the 

molecules lying down on surface begin to take place by van der Waals force 

between neighborhood molecules. After substrates is dipped onto molecular 

solution for 24-48 h, we can obtain well-formed molecular layer on substrates.  

 

Figure A. 2. The process of self-assembled monolayer between dithiol and gold surface 

In other case of dithiol, even though dithiol has similar process of SAM 

compared with thiol, both side of sulfur chemisorption with gold surface 

particles because both side are composed of sulfur in the third step as shown 

figure B. 2. At this step, the other dithiol molecules free one side of chemisorbed 

molecules thus two molecules can be standing up which can be written by Au-

S-(CH2)nS-Au + HS(CH2)nSH -> 2[Au-S(CH2)nSH]. Since the dithiol 

chemisorbed between both end side of sulfur and surface materials, it has 

possibility of difficult of obtaining well-formed molecular layer, compared with 

thiol. Among the molecules used in this theses, alknaethiol and ferrocene-
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alknaethiol(rectifying) are monothiol type molecule while diarylethene 

(photoswitching) is dithiol one.  
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Appendix B 

Mechanism of photoswitching 

molecule 

In the chapter 3 and 4, we introduced photoswitching diarylethene class 

molecules with PEDOT:PSS/Au or reduced graphene oxide(rGO), respectively. 

The mechanism of switching can be explained by pericyclic reaction of organic 

chemistry. Specifically, because the switching part of molecules is composed 

of six carbons which appear alternately single or double bond, it can be 

rearranged by reacting outside light energy through electrocyclization as shown 

figure B. (b).  

Figure B. 1. (a) Chemical structure of photoswitching molecules (b) Switching part of 

photoswitching molecules (c) Diarylethene 6π molecular orbitals 



８１ 

When we consider HOMO-LUMO states of switching part of diarylethene 

like figure B. (c), a one electron at Ψ3 is transferred to exited state Ψ4, being 

received light energy from outside. Then, according to Woodward-Hoffmann 

rules, the outermost Pz orbitals on both of end carbon rotates to create a sigma-

bond which can electrically shared. Since existing broken part change into a 

bond that electron can pass through, the conductance of closed state is supposed 

to lead to higher than open state.  
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국문초록 

정류 분자 소자와 광스위칭 분자 

소자의 전기적 특성 연구  

분자전자소자 연구 분야는 정류소자, 트랜지스터, 메모리, 

광스위칭과 같은 많은 실험 분야에서 다양하게 연구되고 있다. 

자기조립단분자막(self-assembled monolayer, SAM)방식은 

기능성 분자를 소자의 한 구성요소로 사용할 수 있게 해주었고 

이는 저비용, 고효율, 낮은 열전도율, 소자의 소형화와 같은 장점을 

가지게 해주었다. 그러나, 초창기의 분자전자소자는 상단 전극이 

분자층 사이로 침투하면서 전기적 단락(electrical short)현상으로 

인하여 소자 자체의 수율(yield)이 굉장히 낮은 (~1 %) 심각한 

문제를 가지고 있었다. 소자 자체의 저수율 문제를 해결하기 위해서 

몇 가지 방법들이 제시되었는데, 전도성 고분자 혹은 그래핀 필름과 

같은 내부부호층을 분자층과 상단 전극 사이에 넣어주는 것이다. 

혹은 상단 전극을 분자층 위로 직접 전수해주는 방법도 개발되었다. 

결과적으로 이러한 방식들은 분자전자소자의 수율을 높여 

주었고(~80 %) 소자 자체의 성능도 긴 시간 동안 유지할 수 있게 

해 주었다.  

고수율 분자소자를 만들 수 있게 됨으로써 소자를 심지어 

유연한 기판 위에서도 제작 가능하게 되었다. 기존에 alknaethiol 
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분자를 유연한 기판 위에 분자전자소자로 제작하고 그 전기적 

특성을 기판의 물리적 변형 조건에서 연구하였다. 그러나, 

alknaethiol 분자는 소자 자체에 기능성을 주지 못하는 절연체 

분자이기 때문에 실제적인 기능성 소자로의 직접적인 적용은 

어렵다. 따라서 소자 기능성을 가지는 분자전자소자를 유연한 기판 

위에 제작하는 것이 중요하다. 본 학위 논문에서는 기능성 분자인 

정류 분자(rectifying)와 광스위칭(photoswitching) 분자를 유연한 

기판 위에 제작하고 기판의 물리적 변형 조건에서 그 전기적 

특성에 대해서 연구하였다. 첫번째 기능성 분자로서 ferrocene-

alknaethiolate 분자전자소자를 실리콘 기판과 유연한 기판 위에 

제작하여 그 특성을 연구한 결과, 양과 음의 전압에서 비대칭 전류 

값을 가지는 전기적 특성을 일관되게 보여주었다. 비록 비대칭 전류 

비율은 약 1.6 정도로 높진 않았지만, 이러한 비대칭 전류 특성은 

ferocene 부분의 산화 환원 반응에 의한 것으로 설명이 가능하였다. 

특히 이 정류 분자전자소자는 물리적인 변형 조건에서도 비대칭 

전기적 특성을 잘 유지하였다. 두번째 기능성 분자로서 

diarylethene 분자는 두 가지의 전기적 상태를 가지는 것으로 

알려져 있다. diarylethene 분자에서는 닫힌(높은 전도도) 상태와 

열린(낮은 전도도) 상태가 자외선(UV) 혹은 가시광선과 반응하여 

생성된다. 이러한 두 전기적 상태는 소자 제작과정에서 UV 혹은 

가시광선에 독립적으로 노출되어 두 상태가 정해졌으며 두 상태의 

전류 값이 차이가 나는 것을 보였다. 그러나 소자제작이 완성된 
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diarylethene 분자소자는 가역적인 스위칭 현상을 보여주지는 

못하였다. 마지막으로, 가역적인 광스위칭 현상을 구현하기 위해서 

환원된 산화 그래핀(reduced graphene oxide, rGO)를 상단 

전극으로 사용하여 diarylethene 분자전자소자를 제작하고 그 

특성을 연구하였다. rGO 전극을 사용한 광스위칭 분자전자소자는 

뚜렷하게 두 전기적 상태의 전류 값이 차이가 나는 것과 특히 

가역적인 스위칭 현상이 구현되었다. 본 학위 논문에서는 유연한 

기판 위에서 기능성 분자 전자 소자의 제작이 가능하다는 것을 

보여주었다.  

주요어: 분자전자소자, 자기조립단분자막, 고수율 분자소자, 

정류현상, 산화 환원 반응, 이성질화, 환원된 산화 그래핀, 플렉시블 

전자회로 
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