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ABSTRACT 

We present controllable, highly stable complementary organic transistor circuits on a PET 

substrate, using a photoactive dielectric layer of 6-[4'-(N,N-diphenylamino)phenyl]-3- 

ethoxycarbonylcoumarin (DPA-CM) doped into poly(methyl methacrylate) (PMMA) and an an 

electron-trapping layer of poly(perfluoroalkenyl vinyl ether) (Cytop). Cu was used for a 

source/drain electrode in both the p-channel and the n-channel transistors. The threshold voltage 

of the transistors and the inverting voltage of the circuits were reversibly controlled over a wide 

range under a program voltage of less than 10 V and under UV light irradiation. At a program 

voltage of −2 V, the inverting voltage of the circuits was tuned to be at nearly half of the supply 

voltage of the circuit. Consequently, an excellent balance between the high and low noise 

margins (NM) was produced (64% of NMH and 68% of NML), resulting in the maximum noise 

immunity. Furthermore, the programmed circuits showed high stability such as a retention time 

over 105 s for the inverter switching voltage. 

 

KEYWORDS: organic field-effect transistors, controllable threshold voltage, organic 

complementary circuit, CMOS, long retention time, low program voltage.  



 

3 

Introduction 

Organic transistor circuit technology is crucial for various lost-cost, large-area 

flexible applications including logic gates, nonvolatile memories, analog-to-digital converters, 

radio frequency identifier tags, active sensors, signal amplifier, and microprocessors.1–7 To 

construct integrated circuits using organic thin-film transistors (OTFTs), it is very important to 

control the transistor threshold voltage (Vth). A change in the Vth, to a lower value, leads to a 

decrease in power consumption.8 Furthermore, the control of the Vth permits adjusting the 

switching voltage of each device in the circuits and minimizes manufacturing variation.6 In the 

complementary metal-oxide-semiconductor (CMOS) circuit, the switching voltage of an inverter 

(VM) may be close to either the ground or the voltage supply, due to a difference in the Vth and 

the field-effect mobility (µ) parameters between the p-channel OTFT (pOTFT) and n-channel 

OTFT (nOTFT). The VM then causes the high and low noise margins of the inverter to become 

unbalanced. When the VM is tuned to exactly half of the voltage supply, the circuits provide the 

maximum noise immunity and work more reliably.9−11 Thus, achieving a controllable VM in the 

complementary circuit is a key to realize a robust organic digital circuit, which can be 

accomplished by means of tuning the Vth.9 

A number of methods have been demonstrated to control the VM in an organic transistor 

circuit, such as varying a doping concentration of Au nanoparticles (NPs)12, inserting polar self-

assembled monolayers (SAMs)10,11,13, modifying the gate electrode14, or the UV/ozone treatment 

of the dielectric layer.15 However, the VM shift by the above-mentioned method can be 

accomplished through the fabrication processes i.e., the VM cannot be tuned after the circuit 

fabrication.10−15 Dynamic control of the VM, after the circuit fabrication, can be achieved by 

introducing floating-gate structures with a program voltage below 10 V.6,16,17 Such a low-
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program voltage, however, was achieved with the expense of that the programmed VM readily 

shifted back to its initial value6 because the stored charge in the floating-gate leaks away.  

We have recently demonstrated the controllable VM in organic CMOS circuits, based 

upon the electron-trapping at the interface between Cytop (poly(perfluoroalkenyl vinyl ether)) 

and SiO2.8,18,19 Although, the interfacial electron-trapping at the double gate dielectric is highly 

promising, for the long-term stability of the tunable organic CMOS circuits, high voltage, up to 

80 V, is required to control the VM. The reduction of the switching program voltage is still 

necessary for practical applications. Recently, we have produced a low-voltage tunable Vth of 

OTFTs using a photoactive gate dielectric layer, which is composed of the layers of 6-[4'-(N,N-

diphenylamino)phenyl]-3- ethoxycarbonylcoumarin (DPA-CM) doped into poly(methyl 

methacrylate) (PMMA) and an electron-trapping polymer of Cytop.20 In these OTFTs, the 

programming voltage to tune the Vth can be reduced to less than 10 V.  

Furthermore, in order to fabricate an organic complementary circuit, the pOTFT and the 

nOTFT are required to be embedded onto one substrate. For the transistor element operations, 

the high work-function metal for pOTFTs and the low work-function metal for nOTFTs are 

employed as a source/drain electrode for lowering the charge injection barrier. However, the 

complexity of the electrode patterning of the two metals onto one substrate limits the 

development of the organic complementary circuits, which may be one of the reasons for the 

pseudo-CMOS configuration that is widely used in the organic transistor circuit.12−15 Recently, it 

has been reported that the use of Cu as a source/drain electrode can improve the performance of 

both pOTFTs and nOTFTs.21−23 Despite the development of such high-performance OTFTs 

using a Cu electrode, the application of the Cu electrode to the complementary circuit has not 

been tested.  
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In this work, we realize low-program voltage, highly stable and a controllable VM in 

complementary organic logic circuits on a flexible polyethyleneterephthalate (PET) substrate. By 

using Cu as source/drain electrodes, we can fabricate organic complementary circuits based upon 

pOTFTs and nOTFTs. By introducing a photoactive gate dielectric layer, composed of the layers 

of DPA-CM doped into PMMA, and an electron-trapping polymer of Cytop, the Vth in both of 

the pOTFTs and nOTFTs can be reversibly controlled over a wide range at a program voltage of 

less than 10 V. As a result, the VM was tuned from 6.2 to 16.9 and 19.5 V after programming the 

pOTFTs and nOTFTs, respectively. Nearly an ideal value of the VM, and the resulting maximum 

noise immunity was observed at program voltages of −2 V for the pOTFTs. In addition, the 

tuned VM continued to be stable after 105 s. 

 

Experimental Section 

The chemical structures of Cytop and DPA-CM and the schematic illustration of the 

organic inverter circuit are shown in Figure 1a. PET substrates coated with a patterned 150-nm 

gate electrode layer of indium tin oxide (ITO) were cleaned by ultrasonication (in acetone for 5 

min, in detergent for 10 min, twice in pure water for 5 min, and in isopropanol for 10 min) and 

subjected to a UV-O3 treatment. PMMA (Aldrich, Mw = 97,000) and DPA-CM24 (synthesized in 

our lab), with a 10:1 molar ratio of a monomer unit of PMMA to DPA-CM, were dissolved in 

chloroform (the concentration of PMMA was 2 wt%). A 330-nm-thick layer of the PMMA:DPA-

CM composite was prepared onto the ITO by spin-coating of the solution at 1500 rpm for 60 s, 

and dried on a hot plate at 70°C for 60 min to remove the residual solvent. A 10-nm-thick Cytop 

layer (CTX-809 AP2, Asahi Glass) was then spin-coated onto the PMMA:DPA-CM layer at 

1000 rpm for 60 s using a 0.5 wt% Cytop solution (CT-Solv. 180), and heated at 70°C for 60 min. 



 

6 

A fullerene (C60) layer (50 nm) for the nOTFTs and a pentacene layer (50 nm) for the pOTFTs 

were thermally deposited through shadow masks onto the Cytop layer at a pressure of 1.2 × 

10−6 Torr. Finally, a 50-nm-thick layer of Cu was vacuum-deposited through a shadow mask, at a 

base pressure of 2 × 10−5 Torr, to form the source-drain electrodes (Channel length L = 50 µm, 

channel width W = 2000 µm) and interconnects.  

 

Figure 1. (a) Chemical structures of DPA-CM and Cytop and schematic layout of organic circuit. 
Output characteristics of (b) pOTFT or (c) nOTFT. Transfer curves of (d) pOTFT or (e) nOTFT 
measured at initial and after programming. VG means gate voltage. Programming operations 
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were done by applying VPG for 1 s under UV light intensity of 3.94 mW/cm2 while source and 
drain electrodes were grounded. 
 

Electrical measurements of the OTFTs and complementary inverters were carried out 

with a Keithley 4200 semiconductor characterization system in a dry nitrogen atmosphere at 

room temperature. During the programming and erasing, UV light (365 nm) was irradiated from 

the PET substrate with an Omron ZUV UV irradiator. The UV light intensity was measured by a 

Coherent FieldMax II-TO laser power meter. 

 

Results and Discussion 

The drain current (ID) and the drain voltage (VD) characteristics of the pOTFTs and 

nOTFTs are shown in Figures 1b and 1c, respectively. The pentacene pOTFTs exhibit a hole 

effect-field mobility of 0.18 cm2 V−1 s−1 and a Vth of −7.4 V. The C60 nOTFTs show an electron 

effect-field mobility of 0.73 cm2 V−1 s−1 and a Vth of 1.7 V. The obtained hole or electron 

mobilities in our circuit devices with a Cu source/drain electrode are similar to those in the 

pentacene OTFT with an Au source/drain electrode, or in the C60 OTFT with an Al source/drain 

electrode,25 suggesting efficient electron and hole injections at the interfaces of the pentacene/Cu 

or the C60/Cu. 

Figures 1d and e show the transfer characteristics of the pOTFT and the nOTFT elements 

measured after applying a program gate voltage (VPG) for 1 s, under UV light intensity of 3.94 

mW/cm2. The UV absorption spectra of the PMMA:DPA-CM composite layer and pentacene 

has been previously reported, where the strong UV absorption of DPA-CM are shown.26 In the 

paper, we have also confirmed that the UV light irradiation was negligible influence on the 

device performance. To explain the operation mechanism of programming and erasing, 

schematic representation of program and erase treatments are shown in Figure 2. Under the UV 
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light irradiation, singlet and triplet states of DPA-CM are generated and then converted into a 

charge-separation state.24 When an external electric field is applied to the DPA-CM:PMMA 

photoactive layer under the UV light irradiation, the charge-separation states of the DPA-CM 

molecules are converted into free electrons and holes.26 Under the application of the negative 

VPG (denoted as programming), the free electrons migrate and are subsequently trapped at the 

Cytop/DPA-CM:PMMA interface (Figure 2a). The interfacial trapping originates from the 

electret property of the Cytop material27,28 as discussed in our previous reports.8,18 The trapped 

electrons induce additional holes in the p-channel or deplete the electrons in the n-channel, 

leading to the positive shifts of transfer curves in both devices as shown in Figures 1c and 1d. 

Conversely, when the positive VPG is applied (denoted as erasing), the free holes migrate to the 

Cytop/DPA-CM:PMMA interface (Figure 2b). The trapped electrons at the interface were 

removed and/or neutralized by the holes. As a result, the Vth has completely returned to the initial 

position.  

 
Figure 2. Schematic representation of program and erase state, the holes and electrons migrate in 
opposite direction according to the electric field. (a)In the programming treatment, the negative 
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gate voltage is applied to the gate electrode under the UV light irradiation. (b) In the erasing state, 
the positive gate voltage is applied to the gate electrode under the UV light irradiation. 

 

The reversible shifts in the Vth as functions of the VPG voltage are presented in Figure 3. 

The Vth was reversely controlled from −7.4 to +16.7 V for the pOTFTs and from +1.7 to +30.6 V 

for the nOTFTs. In addition, the changes in the Vth as functions of the UV light intensity and the 

applied time of VPG are investigated (Figure S1). The experimental conditions to obtain the 

program/erase state were optimized by the dependence of Vth on each condition such as the VPG 

voltage, the UV light intensity, and the applied time. Based on the dependencies in Figures 3 and 

S1, we define the experimental conditions as the application of a VPG of −10/+10 V for 1 s under 

a light intensity of 3.94 mW/cm2. Without the photoactive layer, the electrons have to be injected 

into the interfacial Cytop/SiO2 trap site from organic semiconductors, which required large 

program voltages.8,18 By replacing the SiO2 layer with a photoactive dielectric layer of DPA-

CM:PMMA, the electrons were internally provided the trap site from the photoactive dielectric, 

resulting in the significant reduction of program voltages.  

 
Figure 3. Vth change of (a) pOFET or (b) nOFET as function of VPG with applied time of 1 s 
under UV light intensity of 3.94 mW/cm2. VD values were set to be −10 V for pOFET and 10 V 
for nOFET in all transfer curve measurements. 
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In other controllable organic inverter systems,12−15 the circuits were mainly built from 

unipolar pOFETs. However, the complementary circuit, which consists of both the pOTFT and 

nOTFT, have many advantages over the unipolar circuit configuration i.e., a simpler circuit 

design, better noise margins, and lower power consumption.9,16 The Vth controlling achieved in 

the pOTFT and nOTFT elements allows us the construction of a high performance 

complementary logic circuit. Figure 4 shows the electrical characteristics of the initial 

complementary inverter. For each voltage transfer characteristic (VTC) curve, when an input 

voltage (V In) was varied from 0 to the supply voltage VDD, the output voltage (VOut) swings from 

VDD to 0 V, indicating an obvious inverting operation.8−16 The voltage gain, defined as 

−dVOut/dVIn, is summarized in Figure 3b. The obtained maximum gain at a certain VDD is similar 

to that of previous organic inverters.2,3,12,15,29 The VM values were estimated to be 3.4, 5, 6.2, 7.5 

and 10.3 V from a VDD of 15, 18, 20, 22, and 25 V, respectively. The VM of the initial logic 

circuit did not appear at the theoretical point of ½VDD, because the circuit devices have 

differences in the Vth and the µ parameters of the pOTFT and nOTFT. As mentioned above, the 

VM at exactly a half that of the voltage supply, is ideal for a reliable operation of the circuit. 

 
Figure 4. (a) VTC and (b) corresponding gain of initial circuit at various VDD values. Inset of (a) 
presents equivalent circuit of organic complementary inverter. 
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The tunable behaviors of the organic inverter circuit at VDD = 20 V are shown in Figure 4. 

Each VTC curve was taken after programming the pOTFT (Figure 5a) or the nOTFT (Figure 5b). 

When one of the circuit devices was programmed, its complementary device was kept at the 

initial state. As shown in Figure 5, the application of a negative VPG caused the systematic shift 

of the VM to a positive direction. The VM was tuned over a wide range from 6.2 to 16.9 V after 

programming the pOTFT (Figure 5c), and from 6.2 to more than 19.5 V after programming the 

nOTFT (Figure 5d). By choosing a VPG of –2 V for the pOTFT or the nOTFT, we achieved a VM 

of 9.8 V in both cases, which is very close to ½ VDD = 10 V. Hereafter, we employed the 

programming of the pOTFT with the VPG of –2 V for the logic circuit because of lower Vth 

values in both of the pOTFT (−1.8 V) and nOTFT (1.7 V), as shown in Figures 3a and b. 

 
Figure 5. Tunable VTC of circuit after programming (a) pOTFT and (b) nOTFT. Changes of VM 
of circuit as function of VPG voltage for (c) pOFET and (d) nOFET. 
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An electrical noise immunity of a digital logic circuit is measured as the noise margin 

(NM), which is the maximum noise signal that can be superimposed onto a digital signal without 

changing the function of the circuit.15 Figure 6 shows the analyses of the NM at high (NMH) and 

low (NML) logic levels, from initial and programmed VTCs, where the NM was determined by 

the maximum slide length of a square that fits between the VTC and its inverse.9,10 In the initial 

state of the circuit, there was no balance between the NML and the NMH, where the NML (3.1 V 

= 31% of ½ VDD) and the NMH (8.4 V = 84% of ½ VDD) were observed. In addition, a NML of 

3.1 V was narrow and close to the ground potential (Figure 6a). This may cause a failure of the 

logic functionality if the inverter works under electrical noise condition.10 After programming, 

the balance between the NML (6.8 V = 68% of ½ VDD) and the NMH (6.4 V=64% of ½ VDD) was 

significantly improved as shown in Figure 6b. This improvement consequently leads to a better 

tolerance of the circuit against the effect of electrical noise. 

 
Figure 6. NM analyses from VTC curves measured at (a) initial state and (b) after programming 
with VPG of −2 V. 

 

Besides the low-program voltage, stability of a tuned circuit state is another important 

parameter. As mentioned above, the purpose for the development of tunable VM in the 
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complementary circuit is to develop a key technology for achieving a robust organic digital 

circuit, and have the longer retention time of the tuned state. The retention characteristic of the 

VM at 9.8 V is shown in Figure 7. The programmed VTC and extracted VM were nearly 

unchanged after 105 s, which is the best result ever reported in literature.6,17 The obtained high-

stability of the VM indicates that our circuit can work reliably after programming. 

 
Figure 7. Retention time characteristics of (a) VTC and (b) VM obtained after programming 
circuit. 

 

Conclusions 

In conclusion, we have demonstrated the controllable complementary organic circuits 

with a photoactive gate dielectric of DPA-CM:PMMA, the electron-trapping effect of Cytop, and 

use of Cu for a source/drain electrode. The Vth or VM was tuned over a wide range by a VPG 

application at less than 10 V and under UV light irradiation. At a VDD of 20 V, and under a low 

VPG of −2 V and UV light irradiation, the VM can be at nearly half of the VDD (VDD = 9.8 V), 

resulting in an excellent balance between the NML (6.8 V = 68% of ½ VDD) and the NMH (6.4 V 

= 64% of ½ VDD). In addition, the programmed circuit exhibited high stability and the 

programmed VM was virtually unchanged after 105 s. We would like to emphasize here that the 

transistor circuit programming was performed under the UV light irradiation, however, the 
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programming operation was required only at the initial stage, and the programmed state was kept 

for more than 105. Thus, the above-mentioned transistor circuits are very promising in 

developing high-performance complex organic logic integrated circuits.  

 

Supporting Information 
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ABBREVIATIONS 

OTFTs, organic thin-film transistors; Vth, threshold voltage; CMOS, complementary 

metal-oxide-semiconductor; VM, switching voltage of inverter; µ, the field-effect mobility; 

pOTFT,  p-channel OTFT; nOTFT, n-channel OTFT; NPs, Au nanoparticles; SAM, polar self-

assembled monolayers; Cytop, poly(perfluoroalkenyl vinyl ether); DPA-CM, 6-[4'-(N,N-

diphenylamino)phenyl]-3- ethoxycarbonylcoumarin; PMMA, poly(methyl methacrylate); PET, 

polyethyleneterephthalate; ITO, indium tin oxide; C60, fullerene; L, channel length; W, channel 

width; ID, drain current; VD, drain voltage; VPG, program gate voltage; VTC, voltage transfer 

characteristic; VIn, input voltage; VOut, output voltage; NM, noise margin; NMH, noise margin at 

high level; NML noise margin at low level. 

 



 

16 

REFERENCES 

(1) Baeg, K.-J.; Khim, D.; Kim, J.; Han, H.; Jung, S.-W.; Kim,T.-W.; Kang, M.; Facchetti, A.; 

Hong, S.-K.; Kim, D.-Y.; Noh, Y.-Y. Controlled Charge Transport by Polymer Blend Dielectrics 

in Top-Gate Organic Field-Effect Transistors for Low-Voltage-Operating Complementary 

Circuits. ACS Appl. Mater. Interfaces 2012, 4, 6176−6184. 

(2) Shim, H.; Kumar, A.; Cho, H.; Yang, D.; Palai, A. K.; Pyo, S. Laterally-Stacked, Solution-

Processed Organic Microcrystal with Ambipolar Charge Transport Behavior. ACS Appl. Mater. 

Interfaces 2014, 6, 17804−17814.  

(3) An, M.-J.; Seo, H.-S.; Zhang, Y.; Oh, J.-D.; Choi, J.-H. Air-Stable, Hysteresis-Free 

Organic Complementary Inverters Produced by the Neutral Cluster Beam Deposition Method. J. 

Phys. Chem. C 2011, 115, 11763–11767. 

(4) Sun, C.; Lin, Z.; Xu, W.; Xie, L.; Ling, H.; Chen, M.; Wang, J,; Wei, Y.; Yi, M.; Huang, 

W. Dipole Moment Effect of Cyano-Substituted Spirofluorenes on Charge Storage for Organic 

Transistor Memory J. Phys. Chem. C 2015, 119, 18014−18021. 

(5) Ng, T. N.;  Schwartz, D. E.; Mei, P.; Krusor, B.; Kor, S.; Veres, J.; Broms, P.; Eriksson, T.; 

Wang, Y.; Hagel, O.; Karlsson, C. Printed Dose-Recording Tag Based on Organic 

Complementary Circuits and Ferroelectric Nonvolatile Memories. Sci. Rep. 2015, 5, 13457.  

(6) Yokota, T.; Sekitani, T.; Tokuhara, T.; Take, N.; Zschieschang, U.; Klauk, H.; Takimiya,  

K.; Huang, T.-C.; Takamiya, M.; Sakurai, T.; Someya, T. Sheet-Type Flexible Organic Active 

Matrix Amplifier System Using Pseudo-CMOS Circuits with Floating-Gate Structure. IEEE 

Trans. Electron Dev. 2012, 59, 3434–3441. 

(7) Myny, K.; van Veenendaal, E.; Gelinck, G. H.; Genoe, J.; Dehaene, W.; Heremans, P. An 

8-bit, 40-instructions-per-second Organic Microprocessor on Plastic Foil. IEEE J. Solid-State 



 

17 

Circuits 2012, 47, 284–291. 

(8) Dao, T. T.; Matsushima, T.; Friedlein, R.; Murata, H. Controllable Threshold Voltage of a 

Pentacene Field-Effect Transistor Based on a Double-Dielectric Structure. Org. Electron. 2013, 

14, 2007–2013. 

(9) Wang, H.; Wei, P.; Li, Y.; Han, J.; Lee, H. R.; Naab, B. D.; Liu, N.; Wang, C.; Adijanto, 

E.; Tee, B. C.-K.; Morishita, S.; Li, Q.; Gao, Y.; Cui, Y.; Bao, Z. Tuning the Threshold Voltage 

of Carbon Nanotube Transistors by n-type Molecular Doping for Robust and Flexible 

Complementary Circuits. Proc. Natl. Acad. Sci. U.S.A. 2014, 111, 4776–4781. 

(10) Zschieschang, U.; Ante, F.; Schlorholz, M.; Schmidt, M.; Kern, K.; Klauk, H. Mixed Self-

Assembled Monolayer Gate Dielectrics for Continuous Threshold Voltage Control in Organic 

Transistors and Circuits. Adv. Mater. 2010, 22, 4489–4493. 

(11) Hirata, I.; Zschieschang, U.; Yokota, T.; Kuribara, K.; Kaltenbrunner, M.; Klauk, H.; 

Sekitani, T.; Someya, T. High-Resolution Spatial Control of the Threshold Voltage of Organic 

Transistors by Microcontact Printing of Alkyl and Fluoroalkylphosphonic Acid Self-assembled 

Monolayers. Org. Electron. 2015, 26, 239–244. 

(12) Han, S.-T.; Zhou, Y.; Xu, Z.-X.; Roy, V. A. L. Controllable Threshold Voltage Shifts of 

Polymer Transistors and Inverters by Utilizing Gold Nanoparticles. Appl. Phys. Lett. 2012, 101, 

033306. 

(13) Sun Q.; Seo S. A Tunable Organic Inverter Based on Groove Patterned Pentacene Thin 

Film Transistors using Soft-contact Lamination. Org. Electron. 2012, 13, 384–387. 

(14) Shiwaku, R.; Yoshimura, Y.; Takeda, Y.; Fukuda, K.; Kumaki, D.; Tokito, S. Control of 

Threshold Voltage in Organic Thin-Film Transistors by Modifying Gate Electrode Surface with 

MoOX Aqueous Solution and Inverter Circuit Applications. Appl. Phys. Lett. 2015, 106, 053301.  



 

18 

(15) Huang, W.; Yu, X.; Fan, H.; Yu, J. High Performance Unipolar Inverters by Utilizing 

Organic Field-Effect Transistors with Ultraviolet/ozone Treated Polystyrene Dielectric. Appl. 

Phys. Lett. 2014, 105, 093302. 

(16) Yokota, T.; Nakagawa, T.; Sekitani, T.; Noguchi, Y.; Fukuda, K.; Zschieschang, U.; Klauk, 

H.; Takeuchi, K.; Takamiya, M.; Sakurai, T.; Someya, T. Control of Threshold Voltage in Low-

Voltage Organic Complementary Inverter Circuits with Floating Gate Structures. Appl. Phys. 

Lett. 2011, 98, 193302. 

(17) Zhou, Y.; Han, S.-T.; Huang, L.-B.; Huang, J.; Yan, Y.; Zhou, L.; Roy, V. A. L. A Low 

Voltage Programmable Unipolar Inverter with a Gold Nanoparticle Monolayer on Plastic. 

Nanotechnology 2013, 24, 205202. 

(18) Dao, T. T.; Matsushima, T.; Murata, H. Organic Nonvolatile Memory Transistors Based on 

Fullerene and an Electron-Trapping Polymer. Org. Electron. 2012, 13, 2709–2715. 

(19) Dao T.T.; Murata, H. Tunable Threshold Voltage of Organic CMOS Inverter Circuits by 

Electron Trapping in Bilayer Gate Dielectrics. IEICE Trans. Electron. 2015, 98, 422–428. 

(20) Murata, H.; Dao, T. T.; Sakai, H.; Matsushima, T.; Murakami, M.; Ohkubo, K.; Fukuzumi, 

S. High Performance Organic Memory Transistors by Using Photoactive Dielectric Layer. 

Material Research Society 2012 Spring Meeting, San Francisco, USA, 9–13 April 2012. 

(21) Di, C.-a.; Yu, G.; Liu, Y.; Guo, Y.; Wang, Y.; Wu, W.; Zhu, D. High-Performance Organic 

Field-Effect Transistors with Low-Cost Copper Electrodes. Adv. Mater. 2008, 20, 1286–1290. 

(22) Gu, W.; Jin, W.; Wei, B.; Zhang, J.; Wang, J. High-performance Organic Field-Effect 

Transistors Based on Copper/copper Sulphide Bilayer Source-Drain Electrodes. Appl. Phys. Lett. 

2010, 97, 243303. 

(23) Su, Y.; Xie, W. ; Xu, J. Facile Modification of Cu Source–drain (S/D) Electrodes for High-



 

19 

Performance, Low-Voltage n-channel Organic Thin Film Transistors (OTFTs) Based on C60. 

Org. Electron. 2014, 15, 3259–3267. 

(24) Murakami, M.; Ohkubo, K.; Nanjo, T.; Souma, K.; Suzuki, N.; Fukuzumi, S. Photoinduced 

Electron Transfer in Photorobust Coumarins Linked with Electron Donors Affording Long 

Lifetimes of Triplet Charge-Separated States. ChemPhysChem 2010, 11, 2594–2605. 

(25) Petritz, A.; Wolfberger, A.; Fian, A.; Griesser, T.; Irimia-Vladu, M.; Stadlober, B. 

Cellulose-Derivative-Based Gate Dielectric for High-Performance Organic Complementary 

Inverters. Adv. Mater. 2015, 27, 7645–7656. 

(26) Dao, T. T.; Matsushima, T.; Murakami, M.; Ohkubo, K.; Fukuzumi, S.; Murata, H. 

Enhancement of Ultraviolet Light Responsivity of a Pentacene Phototransistor by Introducing 

Photoactive Molecules into a Gate Dielectric. Jpn. J. Appl. Phys. 2014, 53, 02BB03.  

(27) Sakane, Y.; Suzuki, Y.; Kasagi, N. Development of High-performance Perfluoriented 

Polymer Electret Film and its Application to Micro Power Generation. J. Micromech. Microeng. 

2008, 18, 104011. 

(28) Fukuhara, M; Kuroda, T.; Hasegawa, F.; Sueyoshi, T. Superior Electric Storage on an 

Amorphous Perfluorinated Polymer Surface Sci. Rep. 2016, 6, 22012. 

(29) Yadav, S.; Sharma, A.; Ghosh, S. Organic Transistor and Inverter based on Assembly of 

Organic Nanowires Achieved by Optimizing Surface Morphology. Appl. Phys. Lett. 2013, 102, 

093303. 



 

20 

Graphical abstract 

 

 

14 



 
1 

Supporting Information 

Controllable threshold voltage in organic complementary 
logic circuits with an electron-trapping polymer and a 

photoactive gate dielectric layer 

Toan Thanh Dao, †,* Heisuke Sakai,‡ Hai Thanh Nguyen, † Kei Ohkubo, §,#,|| Shunichi 

Fukuzumi, §,#,|| and Hideyuki Murata‡,* 

 
†Faculty of Electrical-Electronic Engineering, University of Transport and Communications, No. 

3, Cau Giay Street, Dong Da, Hanoi, Vietnam 
‡Japan Advanced Institute of Science and Technology, 1-1 Asahidai, Nomi, Ishikawa 923-1292, 

Japan 
§Department of Material and Life Science, Graduate School of Engineering, Osaka University, 

Suita, Osaka 565-0871, Japan 
#Department of Chemistry and Nano Science, Ewha Womans University, Seoul 120-750, Korea. 
||Faculty of Science and Technology, Meijo University, ALCA and SENTAN, Japan Science and 

Technology Agency (JST), Nagoya, Aichi 468-8502, Japan 

 

Corresponding Authors 
*Correspondence to Dr. T. T. Dao† (E-mail: daotoan@utc.edu.vn) and Prof. H. Murata‡ (E-mail: 

murata-h@jaist.ac.jp) 

Present Address: †Faculty of Electrical-Electronic Engineering, University of Transport and 

Communications, No. 3, Cau Giay Street, Dong Da, Hanoi, Vietnam.  ‡Japan Advanced Institute 

of Science and Technology, 1-1 Asahidai, Nomi, Ishikawa 923-1292, Japan. 
 

 



 
2 

0 2 4 6 8 10
-10
-5
0
5

10
15
20

 Program
 Erase

 

V th
 (V

)

Light intensity (mW/cm2)

pOTFT

0 2 4 6 8 10
0
5

10
15
20
25
30
35

 Program
 Erase

 

V th
 (V

)

Light intensity (mW/cm2)

nOTFT

10-610-510-410-310-210-1100

0
5

10
15
20
25
30
35

 Program
 Erase

 

V th
 (V

)

Applied time (s)

nOTFT

10-610-510-410-310-210-1100
-10
-5
0
5

10
15
20

 Program
 Erase

 

V th
 (V

) 

Applied time (s)

pOTFT

(a) (b)

(c) (d)

 
 

Figure S1. Vth shift of (a) pOTFT or (b) nOTFT as function of UV light intensity with VPG of 

−10/10 V and applied time of 1 s. Change in Vth of (c) pOTFT or (d) nOTFT as function of 

applied time with VPG of−10/10 V and UV light intensity of 3.94 mW/cm2. VDD values were set 

to be −10 V for pOTFT and 10 V for nOTFT in all transfer curve measurements. 

 
The reversible shifts in the Vth as functions of the UV light intensity are investigated. (Figures 

S1(a) and (b)) The Vth was reversely controlled from −7.4 to +16.7 V for the pOTFTs, and from 

+1.7 to +30.6 V for the nOTFTs, respectively. At the programming state of pOTFTs, Vth 

gradually increased with the increase in the UV light intensity and nearly unchanged at UV light 

intensity higher than 6.6 mW/cm2. Meanwhile, at the erasing state, the decrease in Vth saturated 

at the UV light intensities higher than 2.30 mW/cm2. On the other hand, at the programming or 

erasing state of nOTFTs, the changes in Vth almost saturated at the UV light intensity of 3.94 



 
3 

mW/cm2. Based on Vth changes versus UV light intensities in both circuit devices, we chosen a 

UV light intensity of 3.94 mW/cm2 for programming and erasing the organic complementary 

circuit. 

The reversible shifts in the Vth as functions of the applied time for VPG are investigated. (Figures 

S1(c) and (d)). At the programming/erasing state of both pOTFTs and nOTFTs, Vth gradually 

shifted with the increase in the applied time of VPG. In both pOTFT and nOTFT, the large Vth 

shift of c.a. 30 V for the 1 s duration of VPG application is enough large to obtain the 

programming/erasing state. The applied time is similar to that in previous work.1 
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