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Abstract 
 

Fluorous materials have been receiving great attention as photolithographic 

materials to actualize photolithographic micro-scale patterned structure for organic 

electronic devices due to their material advantages such as orthogonality to most 

organic materials, non-flammability, and low toxicity. Compared with conventional 

photolithographic materials which generally cause chemical damage to organic 

layers, fluorous materials can be used to fabricate micro-scale patterned organic 

device architecture without damage, and they have been consistently developed as 

photolithographic solvents and imaging resist materials. Recently, orthogonal 

photolithography using fluorous photolithographic materials have been applied in 

the field of organic thin-film transistors, logic circuits, non-volatile memory 

devices, and light-emitting diodes. From among these, organic memory devices 

have achieved great attention as a candidate for future flexible data storage media 

with their simple device structure, low cost, printability, flexibility, and low weight. 

But there still remain several issues to overcome for organic memory devices to be 

practical electronic products such as micro-scale resolution, reproducibility, 

uniformity, switching mechanism, and energy efficiency. Here, resistive switching 

mechanism is particularly important to link electronic properties to material 

properties for the memory devices. 

In this thesis, we analyzed development of fluorous photolithographic materials 

and their application to organic electronic devices such as thin-film transistors, 

logic circuits, and non-volatile memory devices. Also, organic non-volatile 

resistive memory devices were researched in terms of morphological properties and 

energy consumption related to switching mechanism. Lastly, aluminum oxide 

resistive memory devices on highly flexible paper substrate were successfully 

fabricated using only physical vapor deposition methods and stably characterized 

in the flat and bent conditions. 

 

Keywords: Organic electronic devices, fluorous materials, photolithography, 
non-volatile memory, flexibility 
Student Number: 2011-20418 
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Chapter 1. Orthogonal photolithography 

1.1. Introduction 

In recent days, numerous studies have focused on organic-based electronics, 

including organic thin-film transistors (OTFTs) [1–3], photovoltaic cells [4–8], 

light-emitting diode (OLED) displays [9, 10], sensors [11, 12] and memory devices 

[13–15]. These technologies possess numerous advantages, such as low fabrication 

costs, simple device structures, large-area processing capabilities, mechanical 

flexibility and limitless material diversity [16–26]. From among these merits, the 

material diversity has enabled the fabrication of organic electronic devices using 

various manufacturing methods, such as spin-coating [27], vacuum-evaporation 

[28], inkjet printing [29–32], roll-to-roll printing [33] and nanoimprint lithography 

[34]. However, numerous issues must be overcome before organic electronic 

devices become core electronic devices in the future, particularly compared with 

Si-based inorganic devices. Organic-based device shortcomings include unstable 

degradation [35–37], relatively low performance [38, 39], low device cell density 

[40, 41] and high operating voltage [42, 43]. Of these, device cell density issues are 

related to the device fabrication resolution accuracy, which is important because it 

means that a higher number of devices can be achieved within a fixed device area 

as the device cell size is reduced. Thus, higher densities increase performance and 

decrease costs. Furthermore, the device cell density also affects the device 

parameter because cell size reductions generally decrease the operating voltage and 

power dissipation of electronic devices [44–46]. For the device fabrication of 

organic electronics with high density and large-area processing, it is the best way to 

apply photolithographic technique as in Si-based inorganic electronic product 
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commercially used at present because of photolithographic merits in manufacturing 

of electronic devices such as fast production speed, large-area patterning and high 

resolution [47, 48]. However, photolithographic techniques remain difficult to 

apply to organic devices because present photolithographic solvents generally 

cause damage to the organic devices by dissolving not only the part of photoresist 

layer to be removed but also the pre-deposited organic layer to be preserved [49, 

50]. This chemical incompatibility between organic electronic materials and 

organic photolithographic solvents has resulted in difficulties in developing 

photolithographic techniques for fabrication of organic electronic devices [50–52]. 

Alternative photolithographic materials and processes have been investigated to 

overcome these issues, so that photolithographic techniques can be directly applied 

to organic devices without the need for additional protection steps. Fluorous 

materials represent promising photolithographic material candidates because their 

material properties are compatible with the photolithographic process properties, 

such as miscibility and orthogonality [51–53]. Miscibility means the removal of 

unneeded layers via dissolution, and the application of this notion can be found in 

wet-etching process, where the unneeded target layer is dissolved and washed away 

using solvent etchant during wet-etching. On the contrary, orthogonality is needed 

to protect underlying layers from chemical damage caused by dissolution when 

additional layers are deposited via a solution coating process. These two properties 

are essential requirements for photolithography on the organic devices because the 

photolithographic process involves the deposition and removal of a photoresist 

layer, and because they should not affect the underlying organic layers [53–55]. 

Unlike inorganic materials, which are intrinsically insoluble to photolithographic 

solvents, the orthogonality between the organic layer and photolithographic 
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solvents has not been well established. Thus, the fabrication of micro-scale 

patterned device architecture on organic electronic devices has been hindered using 

photolithographic processes [55]. However, because most of the fluorous materials 

are orthogonal to organic materials regardless of their polarity, it can be possible to 

apply photolithographic process directly on the organic devices if it is feasible to 

construct the fluorinated photolithographic materials such as photoresist, 

photoacidgenerator and developing solvents. For this purpose, fluorous materials 

have been explored as photolithographic materials and utilized in the various fields 

of the organic electronic devices [50–55]. 

In this study, we surveyed the development of fluorous photolithographic 

materials as developing solvents and imaging resist materials, and applied them to 

the photolithographic fabrication of micro-scale organic electronic devices such as 

thin-film transistors, logic circuits, and non-volatile resistive memory devices. The 

3 µm-channel OTFT devices and complementary logic inverters fabricated on 

polyimide (PI) substrate showed reliable electrical characteristics in both flat and 

flexible conditions. Also, we achieved the 4K-bit organic non-volatile resistive 

memory devices with a 10 × 10 µm2 cell size by orthogonal photolithography, 

which exhibited good resistive memory performances as unipolar switching 

behavior, statistical distribution, cycling endurance, and retention times. 

 

1.2. Photolithographic materials 

To utilize the fluorous materials in the photolithographic fabrication process 

with their material merits, first of all, it needs to find a fluorous photolithographic 

solvents being used for developing process because most of damage in the 

photolithographic process have occurred in solvent dipping steps for removing the 



 

 4 

unnecessary parts of the photoresist layer. Segregated hydrofluoroethers (HFEs) 

have received significant attention as solvents due to their material advantages, 

which include non-fluorinated organic material orthogonality, non-flammability, 

zero ozone-depletion potential and low toxicity level [50–53]. Because of 

environmentally friendly properties of the HFEs, they have been originally used as 

the eco-friendly refrigerants and cleaning solvents [56, 57]. In addition to being 

utilized as photolithographic solvents, HFEs are also being used in light-emitting 

fluoropolymer solutions and encapsulation media in OLED displays [58–62]. 

Figures 1–1(a–d) illustrates chemical structure of several representative HFE 

solvents (HFE 7100, 7200, 7300 and 7500) that are commercially available and 

have been widely applied in academic research fields. Each of these fluorous 

solvents is orthogonal and immiscible to non-fluorinated organic materials, but 

their material properties are slightly different each other, so ranges of use are also 

different such as development and lift-off processes. Also, the standard organic 

electronic device photolithographic process using fluorous HFE solvents requires 

compatible fluorous photoresist. The material properties of fluorous photoresist 

should include organic material immiscibility, which allows the photoresist to be 

coated onto organic films, and selectivity, which allows the photoresist to be 

washed with fluorous developing solvents depending on whether the photoresist 

film was exposed to UV light or not. For this purpose, a number of researches have 

been conducted for the synthesis and development of a semiperfluoroalkyl 

resorcinarene photoresist material, which can be processed using HFE solvents 

[49–51, 55]. The motivation has come from a calixarene material, which is a cyclic 

oligomer that can be easily obtained via the hydroxyalkylation of a phenol and an 

aldehyde [63]. Because calixarene derivatives possess desirable photoresist 
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properties under conventional photolithographic conditions, including high glass 

transition temperatures enough to maintain the integrity of developed micro-

patterns, resorcinarene which is one of the calixarene derivatives was specifically 

considered as a construction material for the fluorination to be used as fluorinated 

photoresist material which is processable with HFE solvents and accessible to the 

photolithography for the organic electronic devices [51, 64, 65]. Figure 1–1(e) 

shows the chemical structure of semiperfluoroalkyl resorcinarene photoresist 

(denoted as RF-Calix-tBoc) which can be processable in HFE photolithographic 

solvents. The resorcinarene photoresist is normally soluble in HFE 7200, but it can 

be converted to be insoluble form using UV light exposure by acid-catalyzed 

deprotection reaction where H+ is liberated from the photoacidgenerator (figure 1–

1(f)), exhibiting negative tone photographic properties. 

(e)

(f)

Photo-acid generator

RF-Calix-tBoc

(a)

(b)

(c)

(d)

HFE 7100

HFE 7200

HFE 7300

HFE 7500
 

Figure. 1–1 Chemical structures of HFE solvents of (a) HFE 7100, (b) HFE 7200, (c) HFE 7300, 

(d) HFE 7500, and (e) semiperfluoroalkyl resorcinarene photoresist and (f) photoacidgenerator. 
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1.3. Applications for organic devices 

1.3.1. Thin-film transistors and logic circuits 

Figure 1–2(a) shows the fabrication process of our micro-scale OTFT devices 

using orthogonal photolithography. To fabricate the OTFT devices, first, the PI 

substrate was cleaned using a standard solvent cleaning process using de-ionized 

(DI) water and 2-propyl-alcohol (IPA) in an ultrasonic bath for 10 min at each 

cleaning. Next, the substrate was dried in a vacuum oven at 100 °C for 1 h to 

evaporate the residual solvent and moisture on the PI substrate. The bottom Al gate 

electrodes (30 nm thickness) were deposited by a thermal evaporator using a 

shadow mask with a deposition rate of 0.5 Å/s at a pressure of ~10-6 torr. To 

prepare the polymeric dielectric layer, 15 wt% of poly (4-vinylphenol) (PVP) and 3 

wt% of poly (melamine-co-formaldehyde) as a cross-linking agent were dissolved 

in a solvent of propylene glycol methyl ether acetate (PGMEA). After the UV–

ozone treatment of the Al gate electrode/PI substrate for 10 min to improve the film 

uniformity and device reliability, the prepared PVP solution was spin-coated onto 

the Al gate electrode/PI substrate at 3000 rpm for 30 s, followed by soft-baking on 

a hot plate at 100 °C for 10 min in a N2-filled glove box. To enable the OTFT 

devices to be electrically measured by probe tips, the portion of the PVP film on 

the pads of the Al gate electrode was removed with a methanol-soaked swab, 

followed by hard-baking on the hot plate at 200 °C for 40 min in a N2-filled glove 

box [66, 67]. The thickness of the spin-coated PVP film was measured at ~1 µm 

using an Alpha-step profiler. To prepare the fluorinated photoresist solution, 10 

wt% of the semiperfluoroalkyl resorcinarene (figure 1–1(e)) and 0.5 wt% of an 

Nnonafluorobutanesulfonyloxy-1,8-naphthalimide photoacidgenerator (figure 1–
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1(f)) were dissolved in a mixed solvent HFE 7500 (figure 1–1(d)): PGMEA = 4: 1 

weight ratio), and then the mixed solution was filtered through a 0.20 µm-sized 

nylon syringe filter [55]. Afterwards, the fluorinated photoresist solution was spin-

coated at 1500 rpm for 60 s onto the formed PVP film and baked on a hot plate at 

75 °C for 3 min in a clean room under yellow light. Subsequently, the coated 

photoresist film was exposed to UV light (wavelength of 416 nm and intensity of 

~10 mW/cm2) using a mask aligner with a chromium-patterned photo-mask, 

followed by an additional baking process at 75 °C for 3 min on the hot plate. In the 

development process, the unexposed region of the photoresist film below the 

chromium-drawn portion of the photo-mask was washed away by a development 

solvent of HFE 7200 (figure 1–1(b)) and the sample was dried with N2 gas. 

Because our fluorinated photoresist has negative-tone photolithographic properties, 

the UV-exposed region of the photoresist film loses its solubility in the fluorous 

development solvent, whereas the unexposed portion can be removed by the 

development solvent, resulting in the formation of micro-scale development 

patterns without damaging the underlying PVP dielectric layer. To fabricate the 

source/drain electrodes, a Ti (5 nm thickness) adhesion layer and Au (30 nm 

thickness) electrodes were deposited on the developed samples using an electron 

beam evaporator with a deposition rate of 0.5 Å/s at a pressure of ~10-7 torr. Then, 

the unnecessary portion of the Ti/Au metal on the remaining photoresist film was 

washed away by using a lift-off solvent (HFE 7200: EtOH = 20: 1 weight ratio). 

During the lift-off process, only the Ti/Au layer directly deposited on the PVP film 

can remain, which plays a role as the source/drain electrodes, and the 3 µm-channel 

gap between the source/drain electrodes defines the channel length of our OTFT 

devices. Finally, the pentacene (60 nm thickness) active layer was deposited using 
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a thermal evaporator with a deposition rate of 0.5 Å/s at a pressure of ~10-6 torr. 

Figure 1–2(b) shows the photographic and optical microscopic images of the 3 µm-

channel OTFT devices. In the case of the complementary inverters, an additional 

thermal evaporation process of an n-type F16-CuPc layer was performed on the 

opposite region of the pentacene film, sharing the output voltage line by using a 

shadow mask at the same deposition conditions as that of the p-type pentacene 

deposition. The electrical measurement of the OTFT devices and complementary 

inverters was performed using a semiconductor analyzer system (Model 4200-SCS, 

Keithley, Inc.). 

(a)

Al gate deposition 
on PI substrate  

PVP spin coating  PR spin coating  Exposure and development

Ti/Au deposition Lift-off process Pentacene deposition
(b)

100 μm L = 3 μm

Twist mold

OTFT devices 
on PI substrate

 

Figure. 1–2 (a) The fabrication process of our micro-scale twistable OTFT devices on a flexible 

PI substrate by orthogonal photolithography. (b) Photographic and optical microscopic images 

of the OTFT devices with a schematic illustration of the twisted OTFT devices. 

 

Figure 1–3 shows the electrical characteristics of our micro-scale pentacene 

OTFT devices on the PI substrate under a flat condition. Figure 1–3(a) displays the 

transfer curves (drain current versus gate voltage) of the 3 µm-channel pentacene 

OTFT devices at a drain-source voltage of –40 V. The left axis (black curve) and 
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right axis (blue curve) show the transfer curve as linear and log scale, respectively. 

The inset scheme in figure 1–3(a) shows the molecular structure of the pentacene 

material. Figure 1–3(b) shows the output curves (drain current versus drain 

voltage) of the 3 µm-channel pentacene OTFT devices for gate voltages from 20 to 

–40 V. Note that our devices showed somewhat low ON/OFF current ratio with 

high OFF current, which can be explained by the short channel geometry and 

relatively high contact resistance of the devices. Using orthogonal 

photolithography technique, we fabricated micro-scale short channel devices 

(channel length L of 3 µm) while maintaining the scale of channel width W (500 

lm) to avoid the edge source contact and spreading current effect in the narrow 

channel transistors [68–70]. Therefore, the L/W ratio of the devices was very low, 

which resulted in short channel geometry. Because the pentacene bulk resistance is 

proportional to L/W ratio, the bulk resistance was also low, that is, the OFF current 

was somewhat high [71, 72]. Nevertheless, the devices showed the stable electrical 

transfer properties and the obtained electrical properties were sufficient to operate 

the pentacene OTFT devices. Because we fabricated the OTFT devices by applying 

orthogonal photolithography on a polymer dielectric PVP film, it is important to 

check the quality of the PVP film by examining the gate leakage current through 

the PVP film for the completely fabricated OTFT devices. Figure 1–3(c) shows that 

the gate leakage current in the gate voltage sweep was much lower than ~1 nA in 

most operating voltage ranges, which is a significantly lower value than the drain 

current level in figure 1–3(a), indicating that the PVP film exhibited stable 

dielectric properties in our OTFT devices. We also measured the electrical 

characteristics of the OTFT devices that were fabricated with different channel 

lengths. Figure 1–3(d) shows the linear dependence of the series resistance as a 



 

 10 

function of the channel length. Here, the series resistance values were obtained 

from the slope of the linear segments in the low drain voltage region (from 0 to –1 

V) of the output curves. The contact resistance can be obtained as the y-intercept of 

the extrapolation fit of the series resistance versus the channel length data [73–75]. 

The obtained contact resistance was found to be ~1MΩ, which is not much smaller 

than the series resistance of ~3.5 MΩ for the 3 µm-channel OTFT devices due to 

the aforementioned short channel geometry [76]. Also, this may cause reduction of 

the field effect mobility of the devices, but the field effect mobility of our 

pentacene OTFT devices exhibited a typical value (~0.1 cm2/V·s) by considering 

other pentacene OTFT devices of various device structures and fabrication 

conditions have showed mobility values in a range from 0.01 to 1 cm2/V·s [1, 77, 

78].  
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Figure. 1–3 (a) The transfer curves and (b) output curves of the 3 µm-channel OTFT devices. (c) 

The gate leakage current in the transfer curve. (d) The series resistance versus various channel 

lengths of the OTFT devices. 
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Figure. 1–4 The output curves of the 3 µm-channel OTFT devices (a) in the bending 

configuration and (b) after the bending cycles. The inset photographic images show the OTFT 

devices in each bending condition. (c) The field effect mobility and (d) threshold voltage (VTH) 

values of the OTFT devices are summarized for the flat and bending configurations and after 

the bending cycles. 

 

We also measured the electrical characteristics of the 3 µm-channel pentacene 

OTFT devices in a bending configuration (radius of 5 mm) and after the bending 

100 cycles, and the results are shown as the output curves in figures 1–4(a–b), 

respectively. The inset photographic image of figure 1–4(a) shows the OTFT 

devices attached to a bending mold (radius of 5 mm) using a kapton tape. The inset 

of figure 1–4(b) shows the OTFT devices in an automatic bending machine that 

counts the bending cycle numbers. Here, one bending number denotes one cycle 

from flat to bending and back to the flat configuration. Figures 1–4(c–d) show the 

field effect mobility and threshold voltage (VTH) values of the OTFT devices, 

respectively, in the flat and bending conditions. These results indicate that the 
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device performances (mobility of ~0.1 cm2/V·s) were reliably maintained without 

serious degradation under the bending conditions. The error bars in all these plots 

were obtained by measuring the standard deviation of about 5 devices for each data 

point. 
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Figure. 1–5 (a) The output curves of the 3 µm-channel OTFT devices in the twist configurations 

with a twist angle from 10° to 50°. (b) The field effect mobility and threshold voltage (VTH) 

values of the OTFT devices in the twist configurations with angles from 10° to 50°. (c) The 

photographic images of the OTFT devices in each twist configuration. 

 

To ensure the practical flexibility of our OTFT devices on a PI substrate, we 

measured the electrical characteristics of the OTFT devices in twist configurations 

for various twist angles. For measuring the OTFT devices in twist conditions, we 

placed two identical twist molds in the opposite direction of the inclined plane at a 

slightly smaller distance than the size of the PI substrate and attached the edge of 

the PI substrate to the edge of the inclined plane of each twist mold using the 

kapton tape (figure 1–2(b)). Here, the twist angle is defined as angle between two 

oppositely directed inclined planes of twist molds. For instance, when we used two 

identical twist molds with inclined angle of 5°, the twist angle was determined as 
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10° in this twist configuration, and so did other twist angles. Thus, we twisted our 

OTFT devices from a flat orientation to a twist angle of 50° with an increment 

angle of 10°. However, when the angle of twist reached 60°, the PI substrate was 

irreversibly folded, and no electrical characteristics were observed. Therefore, we 

assumed that 50° was the maximum twist angle of our OTFT devices. Figure 1–

5(a) shows the output curves of the 3 µm-channel OTFT devices in the twist 

configurations with angles from 10° to 50°. In this figure, the curves for each 

different twist angle are shown in different colors, and the data for various gate 

voltages are represented by different symbol shapes. Because the threshold voltage 

of the OTFT devices gradually decreased towards a more negative number due to 

the electrical degradation as the twist angles increased, the curves for VG = 20 and 

0 V appear particularly overlapped. Figure 1–5(b) summarizes the field effect 

mobility and threshold voltage values of the OTFT devices in the twist 

configurations. Although the device performances were slightly reduced as the 

twist angle increased to ~50° compared with the flat and bending conditions, the 

performance is sufficiently good to indicate that the overall characteristics were 

well maintained in the twist configurations. Figure 1–5(c) shows the optical images 

of the OTFT devices attached to the twist molds with the intended twist angles 

using kapton tape. Figure 1–6 shows the DC sweep cycling endurance of the 3 µm-

channel OTFT devices from the repetitive gate voltage turning ON (–40 V) and 

OFF (20 V) at a drain source voltage of –40 V under ambient conditions. During an 

endurance test of 200 cycles, the ON and OFF drain currents of the OTFT devices 

were obtained in the flat (figure 1–6(a)), bending configuration of 5 mm (figure 1–

6(b)), selected twist angle of 20° (figure 1–6(c)), and 40° (figure 1–6(d)). Although 

a slight fluctuation in the drain current was observed at the relatively high twist 



 

 14 

angle of 40°, the overall endurance characteristics of the ON/OFF ratio were well 

maintained in each flexible configuration. These results indicate that our micro-

scale OTFT devices have electrical and mechanical stability in various flexible 

configurations under bias stress in ambient conditions. 
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Figure. 1–6 DC sweep cycling endurance of the 3 µm-channel OTFT devices from the repetitive 

gate voltage turning ON and OFF for the (a) flat, (b) bending (c) twisted by 20°, and (d) twisted 

by 40° configurations. 

 

We also fabricated micro-scale twistable complementary inverters consisting 

of p-type pentacene and n-type F16CuPc materials (molecular structure is shown in 

figure 1–7(b)) on a flexible PI substrate by applying orthogonal photolithography 

as shown in the schematic and optical microscopic images of figure 1–7(a). 

Because the F16CuPc material has excellent electrical and mechanical properties as 

an n-type semiconductor active layer, we used it here as an n-type active material 

for the complementary inverters, and the electrical characteristics as output curve 
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are displayed in figure 1–7(b) [79, 80]. Figure 1–7(c) shows the voltage transfer 

curves for the logic inverter operations of our 3 µm-channel complementary 

inverters from flat to twist configurations with a twist angle of up to ~50° with the 

voltage gain of the complementary inverters (inset of figure 1–7(c)).  
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Figure. 1–7 (a) The schematic illustration and optical microscopic images of the 3 µm-channel 

complementary inverters. (b) The output curves of the n-type F16CuPc OTFT devices. (c) The 

voltage transfer curves of the complementary inverters in the flat and twist configurations with 

twist angles from 10° to 50°. The inset shows the voltage gain of the complementary inverters. 

 

The voltage gain of inverter is commonly defined as |dVOUT/dVIN|, which 

means this parameter is decided by abruptness of transition region in voltage 

transfer curves. Because the transfer curves of our pentacene OTFT devices 

showed a little bit smooth property in the positive gate voltage region with negative 

threshold voltage, the voltage transfer curves also did. As a result, the maximum 

gain was not very large, but the peak points were well maintained at ~40 V in the 
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voltage transfer characteristics under the twist configurations. Consequently, 

because of the compatibility between the pentacene and F16CuPc OTFT devices for 

the electrical and mechanical properties, our micro-scale complementary inverters 

exhibited reliable logic inverter operations not only in flat configurations but also 

in complex twist configurations. 

 

1.3.2. Non-volatile resistive memory devices 

Figure 1–8(a) illustrates the fabrication process for a 4K-bit (4096 bits) micro-

scale organic resistive memory array using the orthogonal photolithographic 

method. First, a SiO2 (270 nm thick)/Si substrate was prepared and cleaned using 

acetone, IPA, and DI water. The 20-nm-thick Al bottom electrode lines with 10 µm 

width were fabricated using conventional photolithography. To enhance the film 

uniformity, the Al bottom electrodes deposited on the SiO2/Si substrate were 

exposed to UV-ozone for 10 min [81]. A composite of PI and [6,6]-phenyl-C61 

butyric acid methyl ester (PCBM) was used as the active memory material due to 

its mechanical robustness and thermal stability [22, 41]. For the active memory 

material (PI:PCBM), 2 mL of biphenyltetracarboxylic acid dianhydride p-

phenylenediamine (BPDA–PPD) solution (10 wt% in N-methyl-2-pyrrolidone 

(NMP)) and 0.3 mL of PCBM solution (0.5 wt% in NMP) were mixed and then 

diluted with 11.3 mL of NMP to control the active layer thickness. The prepared 

memory solution was spin coated onto the substrate, followed by soft-baking on a 

hot plate at 120 °C for 5 min in a N2-filled glove box. Then the PI:PCBM layer was 

hard-baked on a hot plate at 300 °C for 30 min. Top electrodes of a 30 nm-thick Au 

layer were patterned with 10 µm line width on PI:PCBM active layer by orthogonal 

photolithographic process using fluorous photolithographic materials as above. 



 

 17 

Figure 1–8(b) shows the schematics and a cross-sectional transmission electron 

microscopy (TEM) image (right bottom inset) of the 4K-bit organic memory 

devices, which were fabricated with Al bottom electrodes and Au top electrodes on 

a Si substrate in the cross-bar structure. The width of the Al or Au electrodes was 

10 µm and the interval between the Al or Au electrodes was 30 µm, which was 

defined with the micro-scale orthogonal photolithographic process. The TEM 

image in figure 1–8(b) indicates the well-separated PI:PCBM active layer (~15 nm 

thick) between the bottom Al and top Au electrodes. Figure 1–8(c) shows optical 

images of the 4K-bit micro-scale organic memory devices with a cell size of 10 × 

10 µm2, which were integrated in a 1.9 × 1.9 mm2 region. 
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Figure. 1–8 (a) Schematics illustrating of fabrication process of the micro-scale organic memory 

devices. (b) Schematic of the 4K-bit non-volatile resistive organic memory devices on a Si 

substrate with a zoomed-in schematic (left bottom inset). Right bottom inset shows a cross-

sectional TEM image of an organic memory cell. (c) Optical images of the fabricated 4K-bit 

organic memory devices. The line width of the electrodes is 10 µm. 
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Figure. 1–9 (a) I–V characteristics of an organic memory device. (b) Current ON/OFF ratio for 

the memory cell as a function of the applied voltage. (c) Comparison of I–V curves for 50 × 50 

µm2–sized and 10 × 10 µm2–sized memory cells. (d) Multi-level resistance states of the organic 

memory devices. 

 

Figure 1–9(a) represents a current–voltage (I–V) graph of a memory cell in 

our devices. Here, the external voltage was applied to the Au top electrode while 

the Al bottom electrode was grounded. This particular memory cell was turned on 

at 4.1 V (or at –3.7 V) and turned off at 10.6 V (or at –8.8 V) in the positive (or 

negative) voltage sweep, exhibiting typical non-volatile and unipolar switching 

behavior. The ON/OFF ratio of the current level was calculated from the data in 

figure 1–9(a) and is displayed in figure 1–9(b). Our micro-scale memory devices 

exhibited a high ON/OFF ratio (>106) within a ±4 V range. The I–V characteristics 

of our micro-scale memory devices (with cell size of 10 × 10 µm2) and the other 

organic memory devices made by the shadow mask method (with a cell size of 50 

× 50 µm2) were compared as shown in figure 1–9(c). Both the memory devices 



 

 19 

showed similar memory switching behavior, such as abrupt current increase at the 

threshold voltages (VTH) at which the memory cells were switched on. The current 

level difference between these two types of memory devices can be explained by 

the cell size difference. We also observed potential multiple resistance states of our 

memory devices [40, 82]. In figure 1–9(d), the first voltage sweep (double sweep 

between 0 and 7 V) switched the memory cell from the OFF to the ON state. The 

second voltage sweep (from 0 to 10 V) switched the cell into an inter-mediate state, 

as shown in the third sweep (double sweep between 0 and 7 V). The fourth sweep 

(from 0 to 15 V) switched the memory cell back to the OFF state. These results 

suggest that the memory devices fabricated by orthogonal photolithography 

properly operate without any intervention by fluorinated chemicals. 
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Figure. 1–10 (a) A schematic of the regions selected for measurement and a table summarizing 

the device yield. (b) I–V curves measured from selected region shown in (a). (c) Cumulative 

probability of each state current for all operative memory cells (195 cells) and threshold voltage 

distribution. (d) Logarithmic representation of each state current of all operative memory cells. 
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Figure 1–10(a) includes a table summarizing the yield of our memory devices 

as well as a schematic showing the regions of the memory cells that were sampled 

for measurement. In the schematic, each blue square indicates a randomly chosen 

region of 3 × 3 memory cells that were measured, and the green rectangular region 

indicates 2 × 32 cells (8 bytes) that were measured. The locations of the blue 

square regions of the memory cells were intended to be evenly distributed on the 

4K-bit organic memory devices to investigate the uniformity of the device. A 

number of other individually measured cells are not indicated in the schematic in 

figure 1–10(a). Among 4096 cells, a total of 245 cells were measured, and we 

found 195 cells were operating properly, corresponding to a device yield of ~80%. 

The device failures (50 inoperative cells) are related to electrode or dielectric 

breakdown and to deviation in the thickness of the organic layer. In figure 1–10(b), 

all I–V characteristics of the memory cells from a blue-square region are shown. 

The I–V graphs are similar to each other in terms of the current level, VTH, and 

set/reset behaviors. Measuring each I–V characteristic on selected cell, we 

switched off measured cell to prevent cross-talk caused by nearby cells. To check 

the overall device operational uniformity, the current levels of the ON and OFF 

states were statistically analyzed for the 195 operative memory cells within the 4K-

bit array (figure 1–10(c)). Our 4K-bit memory devices showed a well-defined 

margin between the each current level (over 102 in magnitude). Moreover, the 4K-

bit memory devices showed a good distribution of threshold voltages, with values 

between 2.9 and 6.5 V, as shown in the inset of figure 1–10(c). Figure 1–10(d) 

displays the statistical distribution of ON/OFF current levels in a logarithmic scale 

for the 195 operative memory cells. The majority of the memory cells exhibited a 

large difference in order (~106) between the current levels of ON (~10-6 A) and 
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OFF (~10-12 A) state.  
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Figure. 1–11 (a) Retention time and (b) DC sweep endurance test results for the 4K-bit organic 

memory devices. Retention time was retested 10 days after the first retention time test was 

performed. 

 

To investigate the memory storage durability, a retention test was performed 

on our memory devices (figure 1–11(a)). First, the current levels of ON and OFF 

state were measured for 2 × 104 s with a measurement interval of 10 s and a read 

voltage of 0.3 V. After 10 days of storage in a glove box filled with N2 gas, the 

same device was again subjected to retention measurement, this time for 2 × 103 s. 

In this second retention test, the ON/OFF current ratios held at ~107 in magnitudes 
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and did not exhibit any serious electrical degradation even 10 days after the first 

retention test. Figure 1–11(b) shows the DC sweep endurance test used to 

investigate the switching performance of our organic memory devices. DC voltage 

sweeps were applied to the memory device, turning it on and off repeatedly and 

sequentially. Although some variations of OFF current level were observed, the 

memory device maintained a high ON/OFF ratio of over 104 during 300 repeated 

switching cycles. 

 

1.4. Conclusions 

In this chapter, we studied the orthogonal photolithographic process including 

fluorous photolithographic materials and their applications to organic electronic 

devices. With the help of fluorous photolithographic materials which possess the 

material properties of miscibility and orthogonality, it has become possible to 

actualize the micro-scale patterning on organic layer by applying photolithographic 

process directly on the organic devices. Especially, we fabricated micro-scale 

OTFT with complementary circuit and non-volatile memory devices. The 3 µm-

channel OTFT devices fabricated on PI substrate exhibited stable electrical 

characteristics as transfer and output curves in flat, bending (radius of 5 mm), and 

twist configurations (angle of up to ~50°). Also, the 3 µm-channel complementary 

inverters were fabricated with p-type pentacene and n-type F16CuPc materials, 

showing reliable voltage transfer curves as the logic inverter circuit in both flat and 

twist configurations. The non-volatile resistive memory devices with a 10 × 10 µm2 

cell size were fabricated in 4K-bit cross-bar array structure on the PI:PCBM 

organic resistive layer by orthogonal photolithography. The memory devices 
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showed good device performances in terms of resistive switching (high ON/OFF 

ratio of ~106, VTH of ~4.1 V), uniformity (statistical distribution), and reliability 

(retention and endurance properties). 
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Chapter 2. Organic non-volatile resistive memory 

devices 

2.1. Introduction 

Organic-based electronic devices, such as organic thin-film transistors, solar 

cells, light-emitting diodes, and non-volatile memory devices, have been 

intensively explored due to their potential advantages, including simple device 

structures, low-cost fabrication, flexibility, and low weight [3, 7, 13, 14, 29, 30, 83]. 

Among these, organic non-volatile memory devices have achieved attention as a 

candidate for future data storage media in flexible memory devices [81, 84–86]. 

Although the field of organic memory device technology has progressed, to 

actualize organic memory devices for practical applications, there are still several 

issues to solve, such as durability in the ambient environment, large scale 

integration, reproducibility, uniformity of set voltages, and energy efficiency [87–

91]. Because switching characteristics of organic resistive memory mostly rely on 

active resistive layer consisting of host polymer and nano-particles (NPs) 

composite active structure, the material choice from synthesis and mixture is very 

important to realize reliable resistive switching performance of the memory devices. 

Even at a same resistive polymer blend materials, the switching properties can be 

different on morphology because the morphological active structure can determine 

charge flow through conduction path by adjusting spatial configuration of NPs 

along external voltage bias. Thus, the morphology of the blend active film should 

be precisely controlled because the carrier transport of polymer blend memory 

device is strongly governed by the micro-structure of the polymer mixture film. 

The growth parameters, such as the concentration of inorganic NPs, should be 
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carefully adjusted to obtain a repeatable non-volatile memory effect [84, 92–96]. 

Also, the energy efficiency of a device cell is particularly important for applying 

personal usage because the energy consumption of the devices is highly correlated 

with the cost, environment, and battery life, especially for mobile electronic 

products [97, 98]. In general, the energy consumption of the device cell is defined 

by the product of the switching voltage, current, and time. However, because the 

deviation of the switching time is typically larger than that of the voltage and 

current values in most organic memory devices, the energy consumption is 

particularly related to the switching speed of the devices, that is, devices with 

shorter switching times have lower energy consumption that much and vice versa 

[99, 100]. With considerable research aimed at following up on superb switching 

properties of Si-based inorganic memory such as the switching speed of dynamic 

random access memory and retention times of flash memory, there have been 

several studies considering the factors that determine the switching time of organic 

memory devices [95, 101]. Because the active layer of organic memory devices 

generally consists of an aggregated polymer blend structure with a conducting 

block containing charge-trapping sites and a non-conductive host matrix, the 

switching process that determines the speed is highly related to morphological or 

conformational changes of the active layer such as phase separations, dynamic 

processes for the formation of metallic filaments, and isomerization, but the 

specific factors determining the switching speed of memory devices are still 

unclear [19, 102–105]. Because the application of external energy is required to 

cause a morphological or conformational change of the active layer of organic 

memory devices, it is important to examine the quantity of applied energy needed 

with varying amounts of applied time and voltage bias. However, a study of energy 
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consumption in flexible organic resistive memory devices has not previously been 

completed, contrary to the case of inorganic memory devices [106, 107]. 

In this study, we synthesized anionic block copolymerization of 4,4'-

vinylphenyl-N,N-bis(4-tert-butylphenyl)benzenamine (A) with n-hexyl isocyanates 

(B) to establish well-defined functional block copolymers (PBAB) with different 

block ratios and evaluated their resistive switching properties, respectively. It was 

observed from transmission electron microscopy (TEM) that the block copolymers 

showed different morphological structures depending on block ratios. Although all 

of memory devices fabricated from the resulting block copolymers with different 

block compositions exhibited non-volatile resistive switching characteristics, which 

are governed by the trap-controlled space-charge-limited current (SCLC) 

conduction mechanism and filament formation, it was found that specific electrical 

memory performances of each device different depending on morphological 

structures of the block copolymers. Also, we examined the energy consumption for 

the electrical switching of organic resistive memory devices fabricated on a flexible 

polyethylene naphthalate (PEN) substrate. We used a composite material of 

PI:PCBM as the active layer of our memory devices that exhibited unipolar 

switching behavior with reliable electrical operation in both flat and flexible 

configurations. To examine the energy-dependent switching behavior, we observed 

the statistics of the ON state currents after different set voltages and times were 

applied to the memory device cells in the OFF state and found that the ON state 

currents were linearly related to the applied energy values. 
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2.2. Effect of morphological structure on memory 

performances 

 

Figure. 2–1 Synthetic route for PBAB functional block copolymers. 

 

From the synthetic viewpoint, the living character of A, proved by the anionic 

polymerization with K-Naph in THF at –78 °C, can offer an opportunity to prepare 

a variety of well-defined block copolymers containing A block through the 

sequential block copolymerization with various functional monomers [108–111]. 

This finding allowed us to synthesize the well-defined functional block copolymers 

consisting of conducting and insulating block. Here, A and B were selected as 

monomers for conducting and insulating block, respectively. Based on our previous 

investigations on precise synthesis of poly(B)-b-polystyrene-b-poly(B) and poly(2-
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vinylpyridine)-b-poly(B), the block copolymerization was performed by sequential 

addition of A as the first monomer and B as the second monomer using K-Naph as 

an initiator in THF at –78 and –98 °C in the presence of NaBPh4, as shown in 

figure 2–1 [112, 113]. First, A was polymerized at –78 °C, then excess NaBPh4 was 

subsequently added at –98 °C to exchange countercation from K+ to Na+ for the 

living anionic polymerization of B. When B was added into the living poly(A) 

solution at –98 °C, the color of polymerization solution immediately changed from 

deep violet to pale yellow, indicating that amidate anions are successfully formed. 

This solution color distinctly retained until polymerization was terminated with 

methanol. 

(a) (b)

Cleaning of ITO film Patterning of ITO bottom electrodes

Spin-coating of PBAB and 
baking at 110 °C for 60 min

Deposition of Al top electrodes

(c) (d)

 

Figure. 2–2 Schematic illustration of the fabrication processes of ITO/PBAB/Al device with an 8 

× 8 array structure. 
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The fabrication process of our organic memory devices with a PBAB active 

layer is shown in figure 2–2. ITO/PBAB/Al devices with an 8 × 8 cross-bar array 

structure were fabricated. First, a bare glass substrate was cleaned by a standard 

solvent cleaning process (using acetone, IPA and DI water in an ultrasonic bath for 

10 min, respectively) and dried with N2 gas. The bottom ITO electrodes were 

deposited and subsequently patterned with 8 lines by conventional 

photolithography and wet etching process. The PBAB dissolved in toluene (1.0 

wt%) was spin-coated onto the bottom ITO electrodes at 2000 rpm for 35 sec. The 

coated film was soft-baked on a hot plate at 60 °C for 5 min enough to dry the 

toluene solvent from organic active layer. Then, the film on the contact pads of 

bottom ITO electrodes was removed using methanol for the electrical 

measurements, followed by hard-baking on the hot plate at 110 °C for 60 min. 

Finally, the top Al electrodes were deposited by a thermal evaporator using a 

shadow mask with 8 lines. To electrically characterize the fabricated memory 

devices (cell size of 100 × 100 µm2), we performed I-V measurements with a 

Keithley 4200-SCS semiconductor analyzing system in a N2-filled glove box 

system at room temperature.  

The our previous studies on relationship between film morphologies and 

electrical properties of block copolymer-based non-volatile memory device 

demonstrated that the devices based on block copolymer system showing well-

ordered microphase-separated structures exhibit non-volatile resistive switching 

characteristics with excellent memory performances [109, 114]. Based on these 

researches, we attempted to observe well-ordered microphase-separated structures 

from three PBAB with different block ratios. From here, the block copolymers with 

block ratios (mol%) of A block:B block = 25:75, 55:45 and 85:15 are simply 
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denoted as PBAB75, PBAB45 and PBAB15, respectively. The polymer solutions 

in toluene were drop-casted onto the carbon-coated copper grid and baked at 

110 °C for 60 min. The iodine (I2) was subsequently used for 11 h to stain the 

samples. As shown in figure 2–3, the well-ordered microphase-separated 

morphological structures of PBAB75 were only observed from TEM, in contrast, 

PBAB45 and PBAB15 showed poorly-ordered structures. In TEM images, A and B 

block were shown as white and black, respectively, because B block was stained by 

I2 vapor. All the resulting block copolymers were soluble in THF, benzene, toluene 

and chlorobenzene. In particular, the polymer solutions dissolved in toluene were 

well spin-coated on the substrate. From these characterizations, the block 

copolymers that showed different morphological behaviors depending on block 

ratios and good film-forming properties could be potential materials for 

investigating the effect of the morphological structures on electrical memory 

performances. 

PBAB75 PBAB45 PBAB15  

Figure. 2–3 TEM images of (a) PBAB75, (b) PBAB45, and (c) PBAB15. 

 

The inset of figure 2–4(a) shows the schematic illustration of our array-type 

organic memory devices consisting of ITO/PBAB/Al layers. Positive voltage was 

applied to Al top electrodes while ITO bottom electrodes were grounded. Figures 

2–4(a–c) show representative semilogarithmic I-V characteristics of the memory 
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devices with PBAB75, PBAB45 and PBAB15, respectively. It is shown that all of 

these three I-V curves precisely exhibit typical unipolar resistive memory 

switching in which writing and erasing process are available in the same voltage 

polarity [115]. The unipolar switching is particularly important for practical 

memory applications because application of device structure type of one-diode and 

one-resistor (1D-1R) which can prevent selected cell from cross-talk interruption is 

only available in unipolar type resistive memory [116]. In the case of PBAB75 

memory devices (figure 2–4(a)), the current of the devices kept low in the low 

voltage region, indicating a high resistance state (OFF state), and then gradually 

increased as the applied voltage further increased. The current then rapidly 

increased when the voltage reached ~4 V, switching the memory devices to a low 

resistance state (ON state). During the recovery from 6 to 0 V in the first dual 

sweep mode, the ON state was stably maintained. After that, when the second 

single sweeping voltage was applied to devices from 0 to 11 V, the ON current 

state still remained in the low voltage region, representing the non-volatile memory 

effect. The ON current was suddenly decreased when the voltage reached ~7 V, 

showing negative differential resistance (NDR) in the high voltage region (reset 

process). This means that the device has re-writable switching characteristics, 

which can open a way to more practical memory applications compared to write-

once read-many times (WORM) memory devices. Similarly, PBAB45 (figure 2–

4(b)) and PBAB15 (figure 2–4(c)) memory devices also showed the unipolar 

resistive memory switching, however, the larger threshold voltages were needed 

for the cases of PBAB45 (~5.5 V) and PBAB15 (~6 V) compared to PBAB75 (~4 

V). In addition, it was found that the ON current showed the decreasing tendency 

with decreasing mole fraction of B block, meaning that PBAB75 exhibited the 
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highest ON/OFF ratio among three kinds of devices. I-V curves were analyzed by 

using a double-log I-V plot in order to figure out the conduction mechanisms of 

PBAB-based memory devices. A double-log I-V plot of PBAB75 memory devices 

is representatively shown in figure 2–4(d). A transition behavior in charge 

conduction was observed in the OFF state. In the low voltage region (0 to ~4 V) of 

the OFF state, the current was linearly proportional to the applied voltage, 

indicating general ohmic conduction behavior (I ∝ V), in contrast, the current 

increased nonlinearly in the high voltage region of the OFF state (I ∝ V8). The 

value of I-V slope implied that the charge transport in the OFF state can be 

explained by trap-controlled space-charge-limited current (SCLC) model [66, 117–

119].  

 

Figure. 2–4 The current-voltage (I-V) switching characteristics of (a) PBAB75, (b) PBAB45 and 

(c) PBAB15. (d) A double-log I-V plot analysis of PBAB75. 
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Figure. 2–5 I-V characteristics of (a) poly(A) and (b) poly(B). 

 

As shown in figure 2–5, poly(A) and poly(B) clearly exhibited high and low 

current levels, respectively, without any switching behaviors. These electrical 

properties of poly(A) and poly(B) strongly indicate that the resistive memory 

switching of the ITO/PBAB/Al devices is likely due to the presence of the PBAB 

block copolymer interlayer. From the I-V characteristics of poly(A) and poly(B), it 

can be suggested that the conducting A block in the block copolymers might act as 

charge-trapping sites. As the voltage was applied to the block copolymer interlayer, 

a large number of charge carriers were injected from the Al electrodes. These 

charge carriers were trapped in the A block segment and the OFF state was 

maintained until all traps are filled. After the threshold voltage, the current state 

abruptly switched to the ON state. Therefore, it was shown in figure 2–4(d) that the 

conduction behavior changed from SCLC transport state to the ohmic state, 

indicating that the ON current was related to the filamentary conduction [120, 121]. 

For the possible mechanism for our memory devices, we now believe that 

conductive paths mainly consisting of triphenylamine units of A block might be 

formed or ruptured by an electrical field [109, 114].  
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Figure. 2–6 Cumulative probability of ON and OFF states and statistical distributions of the 

threshold voltages of (a, A) PBAB75, (b, B) PBAB45 and (c, C) PBAB15. 

 

In array-type memory devices, it is essential to evaluate the device parameters 

of the operating cells statistically. Figure 2–6 shows the cumulative probability of 

the switching current and statistical distributions of the threshold voltages in each 

PBAB-based memory device. Here, the OFF (ON) current values indicate the 

measured data at a read voltage of 0.3 V in the forward (backward) direction of the 

first dual sweep hysteresis and threshold voltages mean the setting voltage from 



 

 35 

OFF resistive state to ON resistive state. For the case of PBAB75 memory devices 

(figure 2–6(a)), the ON currents were distributed within about one order of 

magnitude while the OFF currents seemed to be somewhat broader. The ON and 

OFF currents were separated by three order of magnitude, which is enough value 

for demonstrating reliable bi-stability of resistive memory devices. The 

distributions of threshold voltages of PBAB75 devices also showed the superb cell-

to-cell uniformity. As the amount of B block decreased (from PBAB75 to 15), 

statistical performance data in terms of cumulative probability and distributions of 

threshold voltages became poor. The broadness of distribution of the ON currents 

became wider and the average ON currents decreased in moving from PBAB75 to 

15. Although the distribution of OFF currents was to some extent improved, 

ON/OFF ratios were decreased from PBAB75 to 15, degrading bi-stability of 

resistive memory devices. The declinable behavior of device uniformity was also 

observed in distributions of threshold voltages. The broadness and mean value of 

distributions of threshold voltages were increased from PBAB75 to 15. As 

discussed in figure 2–3, the PBAB75 showed well-ordered microphase-separated 

morphological structures in contrast with poorly-ordered structures of PBAB45 and 

PBAB15. It has been proved from the previous researches that the memory devices 

fabricated with block copolymer active layers showing well-ordered microphase-

separated morphological structures exhibit excellent memory performances 

because the accessibility and reproducibility of filamentary conduction paths are 

especially outstanding in well-ordered film morphologies [109, 114]. This suggests 

that filamentary paths are most favorably grown and then easily broke up in well-

ordered microphase-separated structures of the block copolymers, resulting in non-

volatile resistive switching characteristics with high performances. For this reason, 
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among three kinds of devices, PBAB75 probably leads to the lowest threshold 

voltages and the highest ON current values from bi-stable accessibility of 

filamentary conduction paths, and the smallest broadness of distributions of 

threshold voltages from morphological stability of PBAB75 active layer in the 

devices.  

 

Figure. 2–7 The DC sweep endurance characteristics of (a) PBAB75, (b) PBAB45 and (c) 

PBAB15. (d) Retention time of PBAB75, PBAB45 and PBAB15. 

 

Figure 2–7 shows the DC sweep endurance cycles and retention times of each 

PBAB-based memory device. The endurance cycling data were obtained from 

repetitive set and reset process in I-V sweep test of single cell in each PBAB 

device. Even though all the devices showed ON/OFF ratios of approximately 104 in 

repetitive DC I-V cycling test, the significant distinction of endurance reliability 

was observed as follows: 230, 140 and 90 cycles for PBAB75, PBAB45 and 
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PBAB15, respectively. The devices with PBAB75 exhibited the most excellent 

electrical reproducibility as compared to that of both PBAB45 and PBAB15, 

indicating practical memory applicability of PBAB75. This result also might 

originate from well-ordered microphase-separated film morphologies of PBAB75 

that stably experienced the repetitive formation and rupture of resistive 

semiconducting paths in the block copolymer. Figure 2–7(d) shows the retention 

characteristics of the ON and OFF states in each memory device at a read voltage 

of 0.3 V. Each bi-stable ON and OFF current was well maintained for a long 

retention times of 104 s in the PBAB75 and PBAB45 devices, however, there was 

serious degradation of ON current in process of time in PBAB15 device, indicating 

that the PBAB75 can be the most suitable active layer for the application of 

polymer resistive memory device. 
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2.3. Energy consumption estimation and switching 

mechanism 

(a) (b)

(c)PEN substrate Bottom Al electrode PI:PCBM spin-coating

PI:PCBM hard baking Top Al electrode Memory device

100 nm
Al

PEN substrate

Al
PI:PCBM

Polyimide (PI)

[6,6]-Phenyl-C61 butyric 
acid methyl ester (PCBM)  

Figure. 2–8 (a) The fabrication process and an optical image of the PI:PCBM memory devices 

on a flexible substrate. (b) Cross-sectional TEM image of a memory device. (c) The molecular 

structure of the PI:PCBM composite material. 

 

Figure 2–8(a) shows the fabrication process of our PI:PCBM memory devices 

on a flexible polyethylene naphthalate (PEN) substrate. To fabricate the organic 

memory devices, a flexible PEN substrate was first cleaned using a standard 

solvent cleaning process with acetone and IPA in an ultrasonic bath for 10 min, 

followed by a drying process in a vacuum oven at 100 ˚C for 3 hours to evaporate 

the residual solvent and moisture on the PEN substrate. The bottom Al electrodes 

(50 nm) were deposited on the cleaned PEN substrate by a thermal evaporator 

using a 100 µm line width shadow mask at a deposition rate of 0.5 Å/s and a 

pressure of ~10-6 Torr. To prepare the active layer for the memory devices, we used 

a composite material of PI:PCBM (figure 2–8(c)) due to its non-volatile memory 

properties as well as its mechanical and electrical stability [41, 122]. As a PI 

precursor, we used biphenyltetracarboxylic acid dianhydride p-phenylenediamine 
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(BPDA–PPD) dissolved in N-methyl-2-pyrrolidone (NMP) solvent (BPDA–

PPD:NMP = 1:3 weight ratio). Then, a PI:PCBM composite solution was made by 

mixing the prepared PI solution (1 mL) and 0.5 wt% of the PCBM solution in NMP 

(1 mL). After a UV-ozone treatment on the bottom Al electrodes on the PEN 

substrate for 10 min to improve the film uniformity and device reliability, the 

PI:PCBM solution was spin-coated onto the substrate at 1500 rpm for 35 s 

followed by soft-baking on a hot plate at 120 °C for 5 min in a N2-filled glove box 

[123]. For electrical probing, part of the PI:PCBM film on the pads of the bottom 

Al electrodes was removed by rubbing with a methanol-soaked swab followed by 

hard-baking at 200 ˚C for 60 min. The thickness of the PI:PCBM composite active 

film was measured to be ~20 nm by transmission electron microscopy (TEM) 

analysis (figure 2–8(b)). Finally, the top Al electrodes (50 nm) were deposited 

perpendicular to the bottom Al electrodes under identical deposition conditions. 

Here, we used a semiconductor analyzer system (Keithley 4200-SCS) with a 4200-

SMU for the current-voltage sweep measurement and a 4225-PMU for the current 

response to a time-dependent voltage pulse in a N2-filled glove box. 
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Figure. 2–9 (a) The representative semilogarithmic current-voltage curve, (b) cumulative 

probability data, and (c) statistical threshold voltage distribution of the PI:PCBM memory 

devices. 

 

Figure 2–9(a) shows a representative semilogarithmic current-voltage 

characteristic of our PI:PCBM memory devices on a PEN substrate. To turn the 
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device on from the initial high-resistance state (OFF state) to the low-resistance 

state (ON state), we applied a voltage ranging from 0 to 6 V using a dual sweep 

measurement (1st black line). When the applied voltage reached ~4 V, the current 

level was rapidly increased by more than 3 orders of magnitude, indicating that the 

memory device switched from the OFF state to the ON state. The ON state current 

remained stable even when the voltage returned to 0 V, which is characteristic of 

non-volatile memory devices. To turn the device off, the applied voltage was swept 

once from 0 to 11 V (2nd red line). The ON state current tracked the previous curve 

at low voltages and turned off above ~7 V with a decreased state current, showing a 

negative differential resistance (NDR) region. This unipolar repetitive switching 

was also observed symmetrically in the negative voltage region by a dual sweep set 

process from 0 to –6 V (3rd blue line) and a single sweep reset process from 0 to –

11 V (4th dark cyan line). These resistive switching characteristics can be explained 

by the charge-trapping mechanism reported by Simmons and Verderber, and 

Bozano et al [124–126]. In array-type memory devices, it is important to 

statistically analyze the electrical parameters of the operating cells. Figure 2–9(b) 

shows the cumulative probabilities of the read current of each resistive state in 40 

selected operating cells of our memory devices. The ON and OFF current values 

indicate the measured data at a reading voltage of 0.3 V in each resistive state. The 

ON currents were distributed in narrow region within approximately 2 orders of 

magnitude, whereas the OFF currents appeared to be somewhat widely distributed; 

however, the ON and OFF state currents are separated by at least 2 orders of 

magnitude here, confirming bi-stability of the memory devices. Figure 2–9(c) 

displays the statistical distribution of the threshold voltages (VTH) of the operated 

memory cells. The switching process from the OFF to ON state usually occurred at 
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~4 V with a narrow range of deviation, exhibiting outstanding cell-to-cell 

uniformity of the devices. To examine the reliability of the devices, we performed 

DC sweep endurance and retention tests. Figure 2–10(a) shows the measured read 

currents at a voltage of 0.3 V for 200 repetitive endurance cycles in the flat 

configuration. During the repetitive sweeps, the currents of each resistive state and 

the ON/OFF ratio values were well maintained without any significant electrical 

degradation. Figure 2–10(b) shows the read currents of each resistive state for 104 s 

retention times at the voltage of 0.3 V with a 50 s reading interval for the flat 

configuration. Similar to the endurance tests, each resistive state current and the 

ON/OFF ratio values were stable, confirming the reliability of our memory devices 

with repetitiveness and continuity of each resistive state. 
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Figure. 2–10 (a) DC sweep endurance tests at a voltage of 0.3 V for 200 repetitive endurance 

cycles in the flat configuration. (b) The retention tests of each resistive state for 104 s at the 

voltage of 0.3 V with a 50 s reading interval in the flat configuration. 

 

To observe the simultaneous current response of the memory devices to an 

applied time-dependent voltage pulse, we performed pulsed current-voltage 

characterization tests in both the flat and bent configurations. Figure 2–11(a) shows 

the change of the resulting current (blue line) in response to a time-dependent 

voltage pulse (black line) in the flat configuration. At first, the memory cell was in 
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the OFF state for a continuous base reading voltage of 0.3 V. After we applied a 

voltage pulse of 5 V for 20 ms (set process), the memory cell was switched to the 

ON state with a high ON current of ~10-6 A even for the low base reading voltage 

of 0.3 V. To switch the memory cell off, we applied a high voltage pulse of 10.5 V 

for 100 ms (reset process), which results in the OFF state of the memory cell with a 

low OFF current at the reading voltage. To examine in detail the effect of the set 

voltage and time on the resulting ON current of the memory cell, we performed a 

statistical analysis of the ON currents of the switched memory cell after applying 

various set voltages and times. Figure 2–11(b) shows a contour plot of the ON 

current versus the set voltage and time for ~40 different data points. Naturally, 

when greater set voltages or times were applied, higher ON currents were reached 

as increased applied energy, as shown in the colored region of the plot, and the set 

time showed a slightly decreasing tendency as applied set voltage was increased 

because of the inverse relationship between set time and voltage to form same set 

energy value even though the degree of that was not very high for the difference of 

variation range between set time and voltage. Also, at least 10 ms of set time was 

needed at most voltage values to stably switch on the memory cell with an ON 

current of ~10-6 A which can be regarded as the minimum ON current value as 

shown in figure 2–9(b). Therefore, the scale of the set time of PI:PCBM composite 

memory devices is ~10 ms. Figure 2–11(c) shows the ON current versus the set 

energy plot of the memory devices. Here, the equation of set energy can be simply 

defined as “E (J) = V·I·t (V·A·s)”, where the symbols inside bracket mean the 

dimension of variables. As expected, the result shows that as more set energy was 

applied, higher ON currents were obtained, and ~10-6 J of applied energy was 

needed to obtain reliable switching with an ON current of ~10-6 A, which showed 
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quite much energy consumption value compared to that of the inorganic memory 

devices because of the structural limitation of active polymer materials with 

complex operating mechanism [19, 102, 105–107, 124–126]. It is particularly 

important to figure out energy consumption value of the memory devices this way 

because the suitable energy value should be applied to be fitted the memory device 

to perform stable endurance properties in practical device operation based on 

voltage pulse. 
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Figure. 2–11 (a) The current response to a time-dependent voltage pulse, (b) contour plot of the 

ON current versus the set voltage and time, and (c) the ON current versus the set energy of the 

memory devices in the flat configuration. 

 

(d) (e) (f)

0

3

6

9

12

Time (ms)

Vo
lta

ge
 (V

)

0 40 80 120 160 10-12

10-10

10-8

10-6

10-4

10-2

Cu
rr

en
t (

A)

4.4 4.8 5.2 5.6

Se
t t

im
e 

(m
s)

Set V (V)

 

 

1.400E-7

1.185E-6

2.230E-6

3.275E-6

4.320E-6

5

10

15

20

25

30

10-7 10-6 10-510-7

10-6

10-5

 

 

ON
 c

ur
re

nt
 (A

)

Set energy (J)

R = 10 mm R = 10 mm R = 10 mm

ResetSet

ON

OFF OFF

4.32

3.28

2.23

1.19

0.14

Current (μA)

(a) (b) (c)

0

3

6

9

12
 

0 40 80 120 160 10-12

10-10

10-8

10-6

10-4

10-2

Cu
rr

en
t (

A)

Time (ms)

Vo
lta

ge
 (V

)

10-7 10-6 10-510-7

10-6

10-5

ON
 c

ur
re

nt
 (A

)

Set energy (J)

 

 

4.0 4.4 4.8 5.2 5.6

 

 

Se
t t

im
e 

(m
s)

Set V (V)

3.600E-7

1.005E-6

1.650E-6

2.295E-6

2.940E-630

25

20

15

10

5

R = 20 mm R = 20 mm R = 20 mm

ResetSet

ON

OFF OFF

2.94

2.30

1.65

1.01

0.36

Current (μA)

 

Figure. 2–12 The current response to a time-dependent voltage pulse, contour plot of the ON 

current versus the set voltage and time, and the ON current versus the set energy of the 

memory devices in the bent configurations with radius of 20 and 10 mm. 

 

The same plots for the bent configurations (radius of 20 and 10 mm) are 
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presented in figure 2–12. Here, the current response and statistic of the ON current 

showed no significant changes compared to those in the flat configurations, 

exhibiting electrical reliability of the flexible memory devices even in pulsed 

current-voltage characterization tests.  
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Figure. 2–13 The contour plot of the OFF current versus reset voltage and time, and the plot of 

the OFF current versus the reset energy of the memory devices in the flat configuration. 

 

Figure 2–13(a) shows the contour plot of the OFF current versus reset voltage 

and time, and figure 2–13(b) shows the plot of the OFF current versus the reset 

energy of the memory devices in the flat configuration. To determine the energy 

consumption estimation of reset process of the memory devices from ON to OFF 

state, we applied various reset voltage and times to the ON state and obtained the 

resulting OFF state currents in erased state depending on applied reset voltage and 

times. The quantitative analysis of the reset process showed that the applied energy 

needed to switch off the memory devices was larger than that of set process and the 

scale of the reset time was at least ~40 ms. Here, the result shows that as more reset 

energy was applied, lower OFF currents were obtained, and, to approach the OFF 

state current below ~10-8 A, there needed 10-4 J of applied reset energy. 

To explain the energy-dependent switching characteristics of the memory 

devices, we analyze the results using the charge-trapping mechanism in terms of 
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the aggregated PI:PCBM active layer structure, as illustrated in figure 2–14 [84, 

124–126].  

(a) (b)

(c) (d)

Bottom Al electrode

Top Al electrode

Vacant trap site

Filled trap site

Filamentary path

Set V = 0 V Set V < VTH

Set V ~ VTH Set V > VTH  

Figure. 2–14 Schematic illustrations representing the aggregated polymer blend structure of the 

PI:PCBM active layer at applied voltages of (a) 0 V, (b) less than VTH, (c) near VTH, and (d) 

greater than VTH. 

 

In common with most active layers of organic memory devices, our PI:PCBM 

active layer shows an aggregated polymer blend structure with randomly 

distributed conducting PCBM blocks acting as charge-trapping sites throughout a 

non-conductive PI host matrix. When no voltage is applied, all of the trap sites in 

the active layer are vacant (figure 2–14(a)). As the applied voltage is increased, a 

large number of charge carriers injected from the Al electrode can be captured in 

the near trap sites one by one, and some of the neighboring filled trap sites are able 

to form a current pathway through hopping conduction of charge carriers between 

the filled trap sites; however, they are still insufficient to form a complete carbon-
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rich filamentary path linking the top and bottom Al electrodes (figure 2–14(b)). 

When the applied voltage reaches ~VTH, the filamentary path formation starts with 

a sufficiently increased number of neighboring filled trap sites, and the current 

level rapidly increases as shown in figure 2–9(a), exhibiting resistive switching 

characteristics of the memory devices from the OFF to ON state (figure 2–14(c)).  
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Figure. 2–15 (a) A double-log plot analysis and (b) log (I/V) versus V1/2 plot analysis of the 

current-voltage characteristics. 

 

As presented in figure 2–15(a), the slope of the double-log plot analysis of the 

ON state current was calculated to be approximately 1.06 in the low voltage region 

(less than 1 V), indicating ohmic conduction, but it was approximately 1.29 in the 

high voltage region (more than 1 V), suggesting an interpretation in terms of a bulk 

effect with Poole-Frenkel emission [127–129]. In fact, Poole-Frenkel emission-

based hopping conduction through neighboring filled trap sites was observed as the 

excellent linearity of the ON state current in the log (I/V) versus V1/2 plot analysis, 

as shown in figure 2–15(b) [130]. The occurrence of both space-charge-limited 

conduction and Poole-Frenkel conduction besides the ohmic conduction behavior 

means the carbon-rich organic material acted as trap sites with filamentary paths 

concerned with switching phenomenon of the memory devices. Because the 

filamentary paths arose near the VTH region, the excess energy beyond this point 
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can be used to build other filamentary paths, so the resulting ON state currents 

showed a continuously increasing tendency as more energy was applied by 

excessive set voltage and time values (figure 2–11(c)). However, because the total 

number of trap sites is limited in the active resistive layer, it is natural to encounter 

the saturation of filled trap sites, filamentary paths, and switched ON state currents 

even in more highly applied energy (figure 2–14(d)) [131]. We observed this 

saturation behavior in the linear-linear plot analysis of the ON current versus the 

set energy as shown in figure 2–16. The increasing tendency of the ON current was 

rapid in the low set energy region (~1 µJ), but it became remarkably indistinct in 

the high set energy region (more than ~5 µJ) for all device configurations, which 

indicated saturation characteristics supporting the resistive switching mechanism 

with carbon-rich filamentary paths. 
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Figure. 2–16 The linear-linear plot analysis of the ON current versus the set energy in the (a) 

flat and bent configurations of (b) 20 mm radius and (c) 10 mm radius. 
 

2.4. Conclusions 

In this chapter, we investigated the effect of morphological structure on 

memory performances by using the well-defined block copolymers with 

triphenylamine group as a conducting moiety and isocyanate group as an insulating 

moiety which were successfully synthesized without undesirable side reactions in 

the presence of NaBPh4 for polymer memory applications. It was found that the 
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morphological film structures of precisely controlled block copolymers (PBAB75, 

PBAB45 and PBAB15) were strongly dependent on block ratios. These 

morphological behaviors of the block copolymers significantly affected the 

performances of polymer resistive memory devices. All memory devices exhibited 

non-volatile memory characteristics that are governed by the trap-controlled SCLC 

mechanism and filament formation. Among them, PBAB75-based devices with 

well-ordered microphase-separated film morphology particularly showed excellent 

memory performances in terms of electrical properties, mechanical reliability, cell-

to-cell uniformity and practicability from the morphological superiority than 

PBAB45 and PBAB15. Also, we studied the energy consumption for the electrical 

switching of PI:PCBM organic resistive memory devices fabricated on a flexible 

PEN substrate. We observed a typical unipolar switching behavior with reliable 

electrical operation of the memory devices, and we analyzed the energy-dependent 

switching characteristics by applying different set voltages and times to the 

memory device cells in the OFF state. Our experiments showed that at least ~10-6 J 

of applied energy per bit was needed for reliable electrical switching from the OFF 

to ON state and the scale of the set time of PI:PCBM composite memory devices 

was determined to be ~10 ms. The energy-dependent switching behavior of the 

resulting ON state currents can be explained by a charge-trapping mechanism in 

the PI:PCBM active layer, supported by the linear and saturation characteristics of 

the ON state currents of the memory devices. 
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Chapter 3. Paper electronics 

3.1. Introduction 

Researches and developments of paper-based electronic devices are being 

widely carried out in recent years to achieve novel technology for portable 

electronic products having challenging advantages for the future of the electronic 

industry such as low cost, light-weight, inexpensiveness, flexibility, and easily 

recyclable properties [132–134]. Paper is well-known for its interesting attributes. 

First of all, it is one of the most ubiquitous materials for widespread utilization in 

human society, and it is made from common woods, that is, it can be supplied from 

nature almost unlimitedly. In addition, paper can be easily recycled and is 

disposable compared to other nearly indecomposable substrates made from plastic 

materials, highlighting the eco-friendly properties of paper. Although paper has 

been mainly used for primary storage media such as a book with the continued 

development of human culture until now, it is now being considered as a potential 

substrate for the next generation of electronic devices of the flexible digital media 

for the attractive virtues nowadays. Because paper has intrinsic insulating behavior 

due to the material properties of the cellulosic fiber, it can be applied as the 

substrate of electronic devices without any additional layer coating, and low 

temperature physical vapor deposition processes are also available like a case of 

other flexible plastic substrates [133–137]. Recently, the researches of electronic 

devices on paper substrates are being widely conducted in the fields of transistors 

[135–139], memories [140], circuits [141–143], solar cells [144], fluidic chips 

[145], active matrix displays [146], electroluminescence devices [147], bioassays 

[148], and touch pads [149]. Similar to the research studies on paper substrates for 
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electronic devices, the field of inorganic memory devices has been consistently 

developed for their outstanding electrical performance, material variety, and 

fabrication diversity, including evaporation methods [150–153]. Furthermore, the 

series of metal-oxide inorganic materials used for the thin active layer of the 

memory devices also have sufficient flexibility to be used as constituents of the 

electronic devices on a flexible substrate, so it can be actualized to make non-

volatile memory devices using only evaporable inorganic materials on the paper 

substrates [154]. 

In this study, we fabricated non-volatile memory devices on a paper substrate 

using only evaporable component materials by physical vapor deposition methods. 

For the active layer of resistive memory devices, the vertical stacking layer 

structure composed of aluminum oxide (Al2O3) and Au materials was used with Au 

(top) and Al (bottom) electrodes. The fabricated memory devices exhibited a 

typical unipolar switching characteristic with good electrical performances, such as 

reliability and stability. The outstanding flexibility of the paper substrate enabled 

the electrical properties of the memory devices to be preserved in bent 

configurations (radius of 5 and 1 mm) without any serious degradation. 

 

3.2. Aluminum oxide resistive memory devices 

Figure 3–1(a) shows the photographic images of the paper substrate used in 

this study. The paper substrate is a common wrapping paper used for presents 

(purchased from Coco Inc., Korea). Figure 3–1(b) exhibits the schematic 

illustration, photographic, and optical microscopic images of the memory devices 

on the paper substrate, respectively. To fabricate the devices, at first, a large paper 
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sheet was cut into pieces of appropriate size (1.5 × 1.5 cm2) to be used as substrates. 

The paper substrate was cleaned by dipping into the IPA for a 1 min, followed by a 

drying process in a thermal oven at 80 ˚C for overnight to remove residual solvent 

and moisture on the substrate (figure 3–1(a)). The bottom electrodes (Ti/Au/Al = 

10/100/50 nm) were widely deposited on the center region of the paper substrate by 

an electron beam evaporator (for Ti/Au) and thermal evaporator (for Al) with a 

deposition rate of 0.5 Å/s at a pressure of ~10-7 torr. The active layer and the top 

electrodes (Al2O3/Au/Al2O3/Au = 30/20/30/50 nm) were deposited with 800 µm-

diameter circular patterned shadow mask using the electron beam evaporator with 

the same deposition conditions (figure 3–1(b)).  

(a)

(b)

Dicing CleaningPaper sheet

1 cm

1 cm
Paper
Ti

Au
Al

Au Al2O3

800 µm

1 cm

 

Figure. 3–1 (a) Photographic images of diced and cleaned paper substrate from a large 

wrapping paper sheet. (b) The schematic illustration, photographic, and optical microscopic 

images of the memory devices. 

 

Figure 3–2(a) shows the cross-sectional transmission electron microscopy 

(TEM) image along the vertical stacking layer device structure, and figures 3–2(b–

e) show the density of specified elements described by the brightness of selected 

colors in the same region as the TEM image. Because Al element is also included 

in the active Al2O3 layers, the orange color (figure 3–2(b)) of Al appeared not only 
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in the bottom Al electrode but also in the active Al2O3 layers with slightly dimmer 

color compared to that in the bottom Al electrode which contained only Al element. 

As we used Au material in the top and bottom electrodes and the active layer 

surrounded with Al2O3 layers, the red color (figure 3–2(c)) of Au distinctly 

appeared to be divided without any intersection in the Al2O3 layers. The green 

color (figure 3–2(d)) of oxygen appeared to be bright mainly in the Al2O3 layers, 

and Pt material represented by the purple color (figure 3–2(e)) was used as a 

protection layer to prevent physical damage to the device structure during focused 

ion beam processing for making TEM sample. 

(a)

Al Au O Pt

Au
Al

Au
Al2O3

Al2O3

Au

Pt

50 nm

(b) (c) (d) (e)

 

Figure. 3–2 (a) Cross-sectional TEM image and (b–e) specified element profile mapping along 

the vertical stacking layer device structure. 

 

Figure 3–3(a) shows the representative current-voltage curve of the memory 

devices on the paper substrate. To switch on the memory devices from the initial 

high resistive state (OFF state) to the low resistive state (ON state), we applied a 

dual sweep voltage from 0 to 4 V (black line). In the forward voltage sweep from 0 



 

 53 

to 4 V, the current value remained low (OFF state) in the low voltage region, but it 

abruptly increased when the voltage reached ~3.2 V, indicating memory switching 

to the ON state. The increased high current value was still retained in backward 

voltage sweep from 4 to 0 V, and maintained even in the low voltage region of the 

second single sweep from 0 to 6 V (red line) after finishing the first dual sweep 

voltage, indicating non-volatility of the memory devices. The ON state current 

decreased when the voltage reached ~2.5 V during the second single sweep, 

showing negative differential resistance (NDR) behavior, which enables the 

memory devices to have rewritable switching characteristics with potential 

applicability as future memory devices. The inset plot shows the ON/OFF ratio as a 

function of the voltage. At a reading voltage of 0.3 V, the ON/OFF ratio reached as 

~104 with a large memory window. The electrical resistive switching of the 

memory devices accompanying NDR behavior can be interpreted in terms of space 

charge accumulation phenomenon caused by excess charge injection. When the 

external bias voltage is applied to the electrode, the injected charges get 

continuously accumulated and build up charge injection barrier between the active 

layer (organic or inorganic) and electrode, forming the NDR region. The current 

decreases with the bias voltage because carrier injection is inhibited with highly 

localized internal electric field from accumulated space charge after trap filling [84, 

155–158]. Figure 3–3(b) shows a double-log plot analysis of the memory devices. 

Here, the space charge limited current (SCLC) conduction behavior was also 

observed with a slope of ~2.0 in the OFF state region, indicating correspondence 

with formation mechanism of NDR region. But in the ON state region, the slope 

was found as ~1.3, which suggested possibility of other mechanism like Poole-

Frenkel conduction than ohmic or SCLC conduction [127].  
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Figure. 3–3 (a) The current-voltage curve of the memory devices. The inset shows ON/OFF ratio 

as a function of the voltage. (b) A double-log plot analysis of the current-voltage characteristics. 

(c) log (I/V) versus V1/2 plot for Poole-Frenkel analysis and (d) log (I/V2) versus 1/V plot for 

Fowler-Nordheim analysis. 

 

As shown in figure 3–3(c), the linear characteristics of current were uniformly 

observed in log (I/V) versus V1/2 plot analysis, indicating that the Poole-Frenkel 

emission can be dominant charge transport mechanism in the ON state [130]. As 

outlined above, initially injected charge carrier begin to form a percolation path 

gradually with the trap filling process based on the classical SCLC model, and 

when high electric field is induced with threshold voltage regime, the part of the 

shallowly trapped charge can be reemitted with rapidly increased state current to be 

low resistive state, exhibiting the Poole-Frenkel conduction behavior [130, 159–

160]. Of course, the additional excess charge cannot help leading to space charge 

accumulation with the NDR behavior. For the bi-stable resistive memory devices, it 

can be also important to check the material stability of the Al2O3 layer as insulating 
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property because there should be no leakage current through resistive layer before 

forming intended percolation current path. As shown in figure 3–3(d), the Fowler-

Nordheim tunneling effect was not observed in log (I/V2) versus 1/V plot analysis, 

confirming good insulating property of thin Al2O3 layer [161]. By using this Al2O3 

material as constituent layer, several types of resistive memory devices have been 

recently researched [162–163], especially focusing on multi-junction Al2O3 active 

layer structure to improve the endurable reproducibility of the memory devices by 

increasing the effective number of localized active regions before permanent 

dielectric breakdown would occur in all of Al2O3 layer [163]. 
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Figure. 3–4 The threshold voltage distribution of the memory devices in the (a) flat and bent 

configurations with radius of (b) 5 and (c) 1 mm. The cumulative probability of the memory 

device in the (d) flat and bent configurations with radius of (e) 5 and (f) 1 mm. 

 

To examine the reliability of the memory devices, we performed statistical 

analysis of the measured electrical data of the memory devices. Figure 3–4(a) 

shows the statistical distribution of threshold voltage in 36 operating memory cells 

of the devices in the flat condition. The memory switching to the ON state was 

mainly observed at ~3.2 V with a narrow range of deviation within approximately 
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0.8 V, indicating good statistical uniformity of the memory devices. Figures 3–4(b–

c) show the same plots in the bent configurations with radius of 5 and 1 mm, 

respectively. Here, the statistical properties as the peak points and deviations were 

similarly maintained like in the flat configuration. Figures 3–4(d–f) exhibit the 

cumulative probability of each resistive state of the memory devices at the reading 

voltage of 0.3 V in the flat and bent configurations with radius of 5 and 1 mm, 

respectively. The ON and OFF state currents were initially separated at least by two 

orders of magnitude, which is a sufficient value for confirming bi-stability of the 

resistive memory devices. Although the ON state currents were slightly decreased 

by physical strain damage onto active layer as bent radius was reduced to 1 mm, 

significant electrical changes were not mostly observed in each resistive state, 

indicating the statistical reliability of the memory devices.  
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Figure. 3–5 DC sweep endurance test at a voltage of 0.3 V in the (a) flat and bent configurations 

with radius of (b) 5 and (c) 1 mm. The retention tests of each resistive state for about 104 s at a 

voltage of 0.3 V with reading interval of 50 s in the (d) flat and bent configurations with radius 

of (e) 5 and (f) 1 mm. 

 

We also characterized the endurance cycles and retention properties of the 

memory devices. Figure 3–5(a) shows the DC sweep endurance test of the memory 
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devices in the flat condition. The endurance property was measured from 

repetitively switching the device ON and OFF in the DC sweep test of a single 

memory device cell. During ~500 cycles of the repetitive sweeps, the currents of 

each resistive state measured at the reading voltage of 0.3 V were well preserved 

(ON currents of ~10-4 A, and OFF currents of ~10-8 A), maintaining an ON/OFF 

ratio of ~104 without serious fluctuation. Figures 3–5(b–c) show the same plots in 

the bent configurations with radius of 5 and 1 mm, respectively. Overall, the 

repetitive endurance properties were well maintained in each configuration except 

in the bent radius of 1 mm where a little degradation was appeared on bi-stability 

and repetitiveness from extreme bent strain effect to the devices [164–166]. Figures 

3–5(d–f) show the retention tests of the memory devices in the flat and bent 

configurations with radius of 5 and 1 mm, respectively. The currents of each 

resistive state were observed at the reading voltage of 0.3 V with a reading interval 

of 50 s, and they were stably maintained for ~104 s of retention times, exhibiting 

not only reproducibility but also stability in the practical flexible conditions. 
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Figure. 3–6 The electrical properties of the aluminum oxide resistive memory devices fabricated 

on glass substrate as (a) current-voltage curve, (b) ON/OFF ratio, (c) cumulative probability, (d) 

threshold voltage distribution, (e) endurance, and (f) retention characteristics. 



 

 58 

For a comparison, we fabricated aluminum oxide resistive memory devices on 

hard glass substrate with exactly same fabrication conditions as the devices on 

paper substrate. Figure 3–6(a) shows current-voltage curve of the devices on glass 

substrate with inset photographic image. It represents unipolar resistive switching 

behavior with similar threshold voltage regions and memory window as the devices 

on paper substrate (figure 3–3(a)). Figures 3–6(b–f) show the ON/OFF ratio, 

cumulative probability, threshold voltage distribution, DC sweep endurance, and 

retention times, respectively. The electrical parameters of the devices on the glass 

substrate were not significantly different with those on paper substrate, indicating 

positive outlook of paper electronics also in terms of device performances. 

 

3.3. Conclusions 

In this chapter, we fabricated non-volatile memory devices on a commercially 

available wrapping paper substrate by using physical vapor deposition methods in 

all of the fabrication steps. In the fabrication processes, we constituted the vertical 

stacking device structure composed of Al2O3 and Au materials as the active layer 

with Au (top) and Al (bottom) electrodes, and they showed the typical unipolar 

switching characteristic with outstanding electrical performances of low operating 

threshold voltage (~3.2 V), high ON/OFF ratio (~104), good reproducibility as 

repetitive endurance property (~500 cycles), and stability as retention property 

(~104 s). The resistive switching characteristics of the memory devices has been 

explained with the SCLC and Poole-Frenkel conduction mechanism, ensured by 

the linear properties of state currents in the double-log plot analysis. The 

outstanding flexibility of the paper substrate has made it possible to stably maintain 
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the electrical properties of the memory devices both in flat and bent configurations 

(radius of 5 and 1 mm) without any serious degradation. Although we successfully 

achieved the non-volatile resistive memory devices on highly flexible paper 

substrate using evaporable oxide active materials, there are still remaining tasks in 

terms of practical applicability. Firstly, the device structure should be minutely 

developed as cross-bar array or integrated structure to prevent physical damage or 

cross-talk for measuring process and to improve resolution of device cells. Also, an 

alternative approach for device fabrication methods besides physical vapor 

deposition will be needed such as chemical vapor deposition or inkjet printing to 

diversify actual device architecture with micro-scale resolution. Paper electronics is 

now considered as a promising research area for future electronic products due to 

outstanding flexibility and eco-friendly properties of paper, and it will be more 

developed and spread out to the user-friendly electronic products with actively 

increasing technological progress. 
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Chapter 4. Summary 

In this thesis, we investigated development of orthogonal photolithography by 

using fluorous photolithographic materials and their application to organic 

electronic devices. Due to chemical advantages of fluorous materials such as 

orthogonality to most of organic materials, non-flammability and low toxicity, it 

has become possible to fabricate micro-scale patterned device architecture directly 

on the organic layer of devices with selective and orthogonal photolithographic 

process. Fluorous materials have been consistently developed as photolithographic 

solvents and imaging resist materials, such as HFE solvents and semiperfluoroalkyl 

resorcinarene photoresist materials, to stably achieve micro-scale resolution 

patterning in organic electronic devices without physical and chemical damage 

even in flexible plastic substrate. Here, we successfully fabricated 3 µm-channel 

OTFT devices on flexible PI substrate, which exhibited stable electrical 

characteristics as transfer and output curves in flat, bent (radius of 5 mm), and even 

in twist configurations (angle of up to ~50°). Also, the 3 µm-channel organic 

complementary inverters were fabricated with p-type pentacene and n-type 

F16CuPc materials, showing reliable voltage transfer curves as the logic inverter 

circuit in both flat and twist configurations. By using orthogonal photolithography, 

the organic non-volatile resistive memory devices with a 10 × 10 µm2 cell size 

were also fabricated as the 4K-bit cross-bar array architecture with the PI:PCBM 

organic resistive active materials. The memory devices showed good device 

performance in terms of resistive switching (ON/OFF ratio and threshold voltage), 

uniformity (statistical distribution), and reliability (retention and endurance 

properties). 
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In chapter 2, we studied the organic non-volatile resistive memory devices in 

terms of organic active materials with morphological properties and resistive 

switching mechanism with energy consumption estimation. By using the well-

defined block copolymers with triphenylamine group as a conducting moiety and 

isocyanate group as an insulating moiety for polymer memory applications, we 

observed that the morphological structure of precisely controlled block copolymers 

(PBAB75, PBAB45 and PBAB15) which were strongly dependent on block ratios 

significantly affected the performances of polymer resistive memory devices. 

Among the device all showing non-volatile resistive memory characteristics, 

PBAB75-based devices with well-ordered microphase-separated film morphology 

particularly showed excellent memory performances in terms of electrical 

properties, mechanical reliability, cell-to-cell uniformity and practicability from the 

morphological superiority than PBAB45 and PBAB15. Also, we statistically 

estimated the energy consumption value for the electrical switching of PI:PCBM 

organic resistive memory devices fabricated on a flexible PEN substrate. The 

memory devices stably showed typical unipolar switching properties, and we 

analyzed the energy-dependent switching characteristics by applying different set 

voltages and times to the memory device cells in the OFF state. Our experiments 

showed that at least ~10-6 J of applied energy per bit was needed for reliable 

electrical switching from the OFF to ON state and the scale of the set time of 

PI:PCBM memory devices was determined to be ~10 ms. The energy-dependent 

switching behavior of the resulting ON state currents was explained by Poole-

Frenkel emission-based charge-trapping mechanism with bulk effect with the 

neighboring carbon-rich filled trap sites and filamentary conduction path 

percolated through the PI:PCBM active layer, supported by the linear regression in 
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double-log and Poole-Frenkel plot analysis, and the saturation natures of the ON 

state currents versus applied set energy values. 

In chapter 3, we fabricated non-volatile memory devices on a commercially 

available wrapping paper substrate by using physical vapor deposition methods 

with Al2O3 and Au materials in the active layer, and they showed the typical 

unipolar switching characteristics with outstanding electrical performances of low 

operating threshold voltage (~3.2 V), high ON/OFF ratio (~104), good 

reproducibility as repetitive endurance property (~500 cycles), and stability as 

retention property (~104 s). The outstanding flexibility of the paper substrate has 

made it possible to stably maintain the electrical properties of the memory devices 

also in bent configurations (radius of up to 1 mm) without any serious degradation. 
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국문초록 

직교 광 식각 기술을 적용한 유기 
물질과 유연 전자소자에 대한 연구 

 

불소계 물질들은 유기물에 대한 직교성과 친환경적인 장점들을 가지고 

있기 때문에, 유기 전자소자를 마이크로 스케일로 패턴하기 위한 포토리

소그래피 물질로 최근에 각광을 받고 있다. 일반적으로 유기 박막에 화

학적 용해로 인한 손상을 주는 기존의 유기물 포토리소그래피 물질과 달

리 불소계 물질들은 높은 직교성으로 인해 유기물에 손상을 주지 않기 

때문에 마이크로 스케일의 다양한 유기 전자소자들을 안정적으로 구현할 

수 있고, 그러한 불소계 물질들은 포토리소그래피 용매와 레지스트 물질

로써 많은 발전을 이루어 왔다. 최근에 이러한 직교 광 식각 기술은 유

기 트랜지스터, 논리 회로, 메모리, 발광 소자 등 여러 분야의 유기 소자

에 적용이 되었다. 그 중에서 유기 메모리 소자는 간단한 구조, 저렴한 

비용, 가벼운 무게, 공정의 다양성 등의 여러 장점들로 인해 미래의 차

세대 저장매체로 큰 주목을 받고 있다. 이러한 유기 메모리가 좀 더 실

용적인 전자 소자로 사용되기 위해서는 회로 집적도, 재현성, 균일성, 구

동 원리, 에너지 효율 특성 등 여러 문제들이 해결되어야 한다. 그 중에

서 구동 원리는 특히 전기적 특성과 물질 특성을 연결하는데 있어서 중

요한 주제이다. 본 학위 논문에서는 불소계 포토리소그래피 물질의 발전

과정과 여러 유기 전자소자로의 적용을 다루고, 유기 비휘발성 저항변화 

메모리의 형태학적 특성과 구동원리에 관련된 에너지 소모 특성에 대하

여 연구 하였다. 마지막으로 유연한 종이 기판 위에서 진공 증착법으로 

산화물 메모리 소자를 구현하였고, 크게 휘어지는 소자 상태에서도 안정

적으로 구동되는 전기적 특성을 연구하였다. 

 

주요어 : 유기 전자소자, 불소계 물질, 포토리소그래피, 비휘발성 메모리, 
유연성  
학번 : 2011-20418 


	Chapter 1. Orthogonal photolithography
	1.1. Introduction
	1.2. Photolithographic materials
	1.3. Applications for organic devices
	1.3.1. Thin-film transistors and logic circuits
	1.3.2. Non-volatile resistive memory devices

	1.4. Conclusions

	Chapter 2. Organic non-volatile resistive memory devices
	2.1. Introduction
	2.2. Effect of morphological structure on memory performances
	2.3. Energy consumption estimation and switching mechanism
	2.4. Conclusions

	Chapter 3. Paper electronics
	3.1. Introduction
	3.2. Aluminum oxide resistive memory devices
	3.3. Conclusions

	Chapter 4. Summary
	References
	Curriculum Vitae
	국문초록(Abstract in Korean)


<startpage>10
Chapter 1. Orthogonal photolithography 1
 1.1. Introduction 1
 1.2. Photolithographic materials 3
 1.3. Applications for organic devices 6
  1.3.1. Thin-film transistors and logic circuits 6
  1.3.2. Non-volatile resistive memory devices 16
 1.4. Conclusions 22
Chapter 2. Organic non-volatile resistive memory devices 24
 2.1. Introduction 24
 2.2. Effect of morphological structure on memory performances 27
 2.3. Energy consumption estimation and switching mechanism 38
 2.4. Conclusions 47
Chapter 3. Paper electronics 49
 3.1. Introduction 49
 3.2. Aluminum oxide resistive memory devices 50
 3.3. Conclusions 58
Chapter 4. Summary 60
References 63
Curriculum Vitae 75
국문초록(Abstract in Korean) 82
</body>

