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초록: 폴리이미드는 대부분의 고분자 필름의 단점으로 지적되고 있는 열적, 화학적 취약성을 극복할 수 있는 좋은

재료이다. 이렇게 우수한 특성에도 불구하고, 폴리이미드는 전구체인 폴리아믹산의 낮은 용해도로 인해 가공성이 좋

지 않을 뿐만 아니라, 특유의 황토빛을 띠는 성질로 인하여 디스플레이 분야로의 응용이 제한적이다. 본 연구에서는

폴리아믹산의 디아민 단량체에 시아노기(-CN)를 도입하여, 폴리이미드의 우수한 내화학성, 내열성, 전기적특성을 그

대로 지니면서도 전자 전이 복합화에 의해 황토색 빛을 띠는 현상을 극복하여 무색 투명한 형태를 띠는 폴리이미드

필름인 poly(2-cyano-p-phenylene pyromellitimide; cy-PPI)를 제조하고 유기전계효과 트랜지스터의 절연층으로 적용

시켜보았다. cy-PPI 박막은 우수한 절연특성을 보여주었을 뿐만 아니라, 그 위에서 반도체 결정이 잘 성장하게 해주

었다. 그 결과, cy-PPI 절연층이 도입된 펜타센 트랜지스터 소자에서 0.15 cm2/Vs의 전하이동도와 1.2×105의 점멸비

의 우수한 전기적 성능을 나타내었다.

Abstract: Polyimides are attractive choices for the formation of films in various industries due to their excellent mechan-

ical, thermal, and chemical stabilities. However, the insolubility of their precursors (poly(amic acid); PAA) and the intrin-

sically poor optical transmittance of polyimide films have impeded their applications in various fields. In this study, we

present newly synthesized cyanated polyimide gate dielectrics, poly(2-cyano-p-phenylene pyromellitimide) (cy-PPI), and

applied them to organic field-effect transistors (OFETs). The strongly electron-withdrawing cyano groups of PAA played

a critical role in improving the solubility and transparency of the polyimide. The solution-processed cy-PPI films exhib-

ited good dielectric properties, and their smooth surfaces led to a better crystalline morphology in the pentacene film

grown over their surfaces. As a result, the good electrical properties (0.15 cm2/Vs of field-effect mobility and 1.2×105

of on/off ratio) were achieved for the pentacene-based cy-PPI OFETs.
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Introduction

The advent of organic electronics has marked a new era in

modern society because of their advantageous properties, in

particular their flexibility1,2 as well as low cost and large-area

solution processability.3 They have significantly contributed to

the improvement of already existing device technologies and

the development of emerging ones, including displays, elec-

tronic circuits,4 energy harvesting,5 sensors,6 actuators, and so

on. Among the organic electronic devices, organic field-effect

transistors (OFETs) have received intensive attention as unit

switching devices in the above-mentioned electronic appli-

cations. Although the performance levels of state-of-the-art

OFETs are comparable to or surpass those of amorphous Si or

oxide semiconductors, several issues regarding OFETs remain

to be addressed before they can be fully commercialized.

The gate dielectric layer plays a significant role in the oper-

ation of OFETs because the conducting channel is formed at

the interface between the semiconductor and gate dielectric

layer.7 Note that the key device performances such as field-

effect mobility, threshold voltage (Vth), and subthreshold slope

(SS) are subject to the interface properties: the crystalline mor-

phology of the semiconductor (crystallinity and molecular ori-

entation) and the surface roughness and functionalities of the

gate dielectric layer, which can control the trap density and

hence enable the capture of free charge carriers in the con-

ducting channel. In particular, the growth of organic semi-

conductors is influenced by the surface properties (surface

energy and roughness), and hence the properties of the gate

dielectric are regarded as one of the critical factors that deter-

mine device performance. In addition, operation issues of

OFETs (operating voltage, leakage current, and hysteresis) are

largely determined by the bulk properties of the gate dielectric,

such as dielectric constant and dielectric strength, as well as

dielectric relaxation. Inorganic oxide gate dielectrics (such as

SiO2, Al2O3, ZrO2, TiO2, and HfO2) have been widely used as

gate dielectric layers for high-performance OFETs due to their

relatively high dielectric constants and excellent dielectric

strength levels.8 However, the rigidness and complicated pro-

cessing of inorganic oxide gate dielectric layers can limit the

expansion of OFETs to flexible and stretchable electronic

applications. Furthermore, the surfaces of these dielectric lay-

ers are highly polar due to the presence of hydroxyl groups,

which leads to the creation of interface traps and disturbs the

crystal growth of organic semiconductor molecules.9 There-

fore, to reduce the surface polarity, the surface of the inorganic

oxide film should be treated with a hydrophobic layer such as

a self-assembled monolayer (SAM) or polymer film.10

Polymer materials have garnered considerable attention as

alternative gate dielectric materials for OFETs.11 They can be

easily solution-deposited on substrates in mild conditions (low

temperature, ambient pressure). In addition, polymer films are

applicable to other organic materials as well as all parts of sub-

strates, and their chemical structures are unlimited.12 Many

polymer gate dielectrics, for example, polystyrene (PS),13

poly(vinylalcohol) (PVA),14 poly(4-vinylphenol) (PVP),15 poly

(methylmethacrylate) (PMMA),16 and poly(perfluorobutenyl-

vinylether) (CYTOP),17 have been reported. However, most

polymers have shown vulnerability to several factors such as

structure, heat, water, and chemicals. On the other hand, poly-

imides (PIs) have been shown to exhibit excellent resistance to

heat and a wide range of organic solvents by virtue of their

strong imide backbones,18 thereby providing a great potential for

use as gate dielectric materials in solution-processable OFETs.

Nevertheless, PI films have suffered from critical issues, in

particular insolubility and poor optical transmittance. In gen-

eral, the precursor of PI, poly(amic acid) (PAA), has not been

readily dissolved in common solvents.19 For this reason, the

application of solution-processed OFETs with PI gate dielec-

trics has been hindered. In many previous reports, several

approaches for increasing the solubility of PAA have been

introduced, such as incorporation of a flexible linkage or bulky

substituents into the PI backbones, and use of non-coplanar or

alicyclic monomers. These approaches have led to an increase

in the solubility of PAA by reducing the extent of the inter-

actions between the PI chains.20 On the other hand, deep col-

oration greatly limits the widespread application of the PI films

in areas where transparency and colorlessness are the basic

needs.21 Conventional PI films have generally suffered from

the deep colors and poor optical transmittance originated from

the formation of charge-transfer complexes (CTCs) in their

highly conjugated molecular structures.22 Such CTCs trigger

excitation of pi electrons in the PI films, and these films then

can gradually absorb visible light. Therefore, excellent optical

properties of PI films can be achieved by introducing the

inductive effect of strong electron-withdrawing groups such

as trifluoromethyl (-CF3)
23 or sulfonyl (-SO2) groups,24 which

have been indicated to obstruct the dense chain stacking and to

break the electron conjugation, and consequently, significantly

restrain the formation of inter- and intra-molecular CTCs.

In this paper, we synthesized new PI films, ones displaying

good transmittance of visible light and solubility in organic
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solvents, and have applied these films as gate dielectrics to

OFETs. The molecular stiffness, high polarity and strong

intermolecular interactions of typical PI make them virtually

insoluble in any organic medium, which causes difficulties in

processing. Fortunately, we were able to effectively enhance PI

solubility to a sufficient level by introducing cyano groups into

its main chain. These cyano groups allowed for the formation

of a smooth gate dielectric surface by spin-coating, and an

overlying vacuum-deposited semiconductor formed a

favorable crystal morphology. Moreover, the strong electron-

withdrawing cyano groups apparently generated a local

electric field that accumulated holes. The accumulated holes

provided additional mobile carriers and resulted in an increased

field-effect mobility. As a result, our devices showed good

electrical performances, with a hole mobility of 0.15 cm2/Vs,

threshold voltage (Vth) of -5.02 V, on/off ratio of 1.2×105,

subthreshold slope (SS) of 1.94 V/decade, and negligible

hysteresis compared to those of PVP gate dielectric-based

OFETs.

Experimental

Material Synthesis. The 2-cyano-1,4-phenylene diamine

(cy-PPD) was purchased from Kolon Industries, and 1-methyl-

2-pyrrolidinone (NMP) and pyromellitic dianhydride (PMDA)

were purchased from Sigma Aldrich. Cy-PPD and PMDA

were purified by sublimation under high vacuum twice. Equi-

molar amounts of cy-PPD and PMDA were dissolved in NMP

to a concentration of 10 wt%. The mixed solution was stirred

for 10 h at 0.5 oC under a nitrogen atmosphere. Then, a PAA

solution was finally obtained.

Fabrication of the OFETs. A heavily n-doped silicon (Si)

wafer was used as a gate electrode and substrate. It was

cleaned with a piranha solution, then ultra-sonicated and rinsed

with distilled water, and finally treated with UV-ozone. PAA

and poly(4-vinylphenol) (PVP) were spin-coated on the

cleaned Si substrate at 2500 and 5000 rpm, respectively, using

dimethylformamide (DMF) as the solvent. The as-spun PAA

film was subjected to thermal annealing at 200 oC for 2 h, and

was as a result converted to a PI film (with a thickness was

280 nm). 50 nm thick pentacene layers were deposited on the

gate dielectrics via a vacuum process (deposition rate: 0.1-

0.2 Å/s, vacuum pressure: -10–6 Torr, substrate temperature:

25 oC). A 100-nm-thick gold electrode was deposited on the

pentacene semiconductor layers by carrying out thermal evap-

oration through a metal shadow mask. The channel length (L)

and width (W) values of the mask were 150 and 1500 µm,

respectively.

Device Characterization. The surface energy (γs) of the PI

film was calculated by measuring the contact angle using two

test liquids (DI water and diiodomethane). The γs values were

calculated according to the eq. (1)

(1)

by fitting the eq. (1) to the measured contact angle values

(Table 1). In the eq. (1), γlv is the surface energy of the liquid

and the superscripts d and p refer to the dispersive and polar

components, respectively. The surfaces of the PI and pentacene

films were characterized by atomic force microscopy (AFM)

in tapping and ScanAsyst modes (Bruker Nanoscope). Two-

dimensional grazing-incidence X-ray diffraction (XRD) exper-

iments were performed at the 5A beamline (wavelength
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d
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Table 1. Surface and Dielectric Properties of PVP and cy-PPI Gate Dielectric Layers

Gate 
dielectrics

Contact angle (o) Surface energy 
(mJ/m2)

Roughness 
(nm)

Capacitance 
(nF/cm2)

Dielectric constant 
(at 1 kHz)Water Diiodomethane

PVP 68 32 45.95 0.328 16.8 5.2

cy-PPI 64 25 49.32 0.252 11.7 3.9

Figure 1. Scheme of the synthesis of the poly(amic acid) (PAA).
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= 0.1071 nm) of the Pohang Accelerator Laboratory (PAL).

The capacitance and leakage current density were character-

ized by fabricating a metal–insulator–metal (MIM) capacitor

via the thermal deposition of gold onto the PI or PVP/heavily

doped Si substrate. The measurements were taken using an

Agilent 4284 precision LCR meter. Transfer and output char-

acteristics of the OFETs were measured using a Keithley 4200

SCS unit in a N2-purged glove box (the concentrations of H2O

and O2 were maintained at less than 0.1 ppm). Threshold volt-

age (Vth) was calculated from the transfer curve in the saturation

regime swept over the gate voltage range VG = +10 to –30 V.

Results and Discussion

Material Preparation. The synthesis of the PAA, presented

in Figure 1, was accomplished by carrying out addition polym-

erization under N2 atmosphere. The identity of the obtained

polymer was confirmed by FTIR and 1H NMR spectra as

shown in Figure 2 and 3.

Film Characterization. To investigate surface properties of

the gate dielectric layers, poly(2-cyano-p-phenylene pyromel-

litimide) (cy-PPI) and PVP (conventional polymer gate dielec-

tric for OFETs) were prepared. Figure 4 and Table 1 show the

surface properties of the cy-PPI and PVP films. First, the sur-

face energy of the gate dielectric was measured by using two

test liquids (DI water and diiodomethane). The water contact

angle and surface energy of the cy-PPI film were 64o and

49.32 mJ/m2, similar to that of pentacene (42-48 mJ/m2). Cy-

PPI gave a very smooth surface (root-mean-square (RMS) of

0.252 nm). The PVP surface showed an RMS of 0.328 nm.

That is, the two different films exhibited very similar surface

Figure 2. FTIR spectrum of the poly(amic acid) film.

Figure 3. 1H NMR spectrum of poly(amic acid) in dimethyl sulfoxide-D6.

Figure 4. (a,b) AFM images; (c,d) water contact angle values of the

(a,c) PVP and (b,d) cy-PPI films.
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roughness levels. In bottom-gate OFETs, rough gate dielectric

surfaces have been shown to impede the lateral diffusion of

pentacene molecules, hence leading to smaller grain sizes.25 It

may lead to a degradation of electrical performance in OFETs

by blocking the flow of carriers from the source to drain elec-

trode. Based on these results, we expected cy-PPI-based

devices to exhibit good electrical performances. Furthermore,

our cy-PPI film showed transmittance values of over 80% in

the wavelength range between 500 and 800 nm, and over 90%

in the wavelength range between 600 and 900 nm. (see Figure

5), i.e., it showed much better transparency than has the Kap-

ton PI film.

Dielectric Characterization. To characterize the dielectric

bulk properties, we fabricated metal-insulator-metal (MIM)

structures by sandwiching 280-nm-thick polymer layers

between the gold electrode and Si substrate. Capacitance (C),

corresponding to the amount of charge stored in a gate

dielectric at a specific voltage, is defined by C = kε0A/d, where

ε0 is the permittivity of free space, A is the area of the capac-

itor, and d is the thickness of the gate dielectric. Capacitance

was measured at various frequencies to investigate its stability.

If capacitance is changed, the semiconductor may operate in a

different regime and the density of carriers in the channel may

be changed. That is to say, the drain current in the OFET may

be influenced by capacitance. Therefore, a low frequency

dependence is desired for stable OFET operation. As plotted in

Figure 6, dielectric constants were calculated from capacitance

values for cy-PPI and PVP at 20 Hz, 100 Hz, 1 kHz, 10 kHz,

and 100 kHz. Notably, the values of the dielectric constant of

cy-PPI were maintained between 3.7 and 4.0 for all tested

frequencies. Cy-PPI showed a more stable capacitance than

did PVP (PVP gave dielectric constant values of 4.8-5.4 for the

same ranges). Unreacted hydroxyl groups in the PVP gate

dielectrics may have easily attracted water and mobile ions,

thus causing slow polarization leading to a difference between

the capacitance values at low frequencies and high frequencies.26

The leakage current of a gate dielectric layer should be as

low as possible because it has a significant impact on the elec-

trical performances of devices such as off current.27 Typical

traces of leakage current density as a function of electric field

strength are plotted for the cy-PPI and PVP films in Figure 7.

The leakage current density of cy-PPI was maintained at about

10 nA/cm2 from 0 to 1 MV/cm. In contrast, the leakage current

density of PVP increased significantly as the electric field

strength was increased in this same range, and reached a value

of 50 nA/cm2 at 1 MV/cm.

Figure 5. UV-Vis spectrum of the cy-PPI film.

Figure 6. Dielectric constant κ versus frequency for PVP and cy-

PPI films at 25oC.

Figure 7. Leakage current density of PVP and cy-PPI films with

respect to electric field strength.
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Organic Semiconductor Growth and Morphology on

Gate Dielectric Films. Figure 8 shows the AFM images

(5 µm×5 µm) of pentacene grown on optimized PVP and cy-

PPI films. The pentacene grains on both films were large

(average grain sizes of about 1200 nm) and well-connected to

each other. The surface energy levels of the gate dielectrics

may have affected the mode of growth of the pentacene mol-

ecules.28 As indicated in the previous section, the surface prop-

erties of PVP and cy-PPI were almost the same. Therefore, it

is reasonable to conclude that growth modes of the pentacene

molecules on both films were the same, too. Generally, a large

grain size for a semiconductor crystal gives a low number of

grain boundaries that may act as carrier traps. All samples dis-

played (00l) patterns indicating that the ab planes of the pen-

tacene crystals were oriented parallel to the substrate. Pentacene

crystals deposited onto each substrate grew well into thin-film

phases. The semiconductor crystal growth is directly affected

by the dielectric surface properties; however, because the sur-

face properties of the two different gate dielectrics were very

similar, the XRD peak intensities were similar for the two sys-

tems. These results indicated that no poorly grown pentacene

crystals, i.e., that would have formed a bulk phase crystal mor-

phology and provided a barrier to charge carrier transport,

were found on the gate dielectric surface.29 Due to no sig-

nificant differences between the PVP and cy-PPI films, we

concluded that the surface properties and semiconductor crys-

tal growth did not seem to be having much an effect on the

dielectric properties and electrical properties.

Electrical Characterization. To demonstrate the potential

use of cy-PPI as a gate dielectric layer in OFETs, we fabricated

a pentacene-based device. Figure 9 shows transfer and output

characteristics of pentacene OFET devices based on cy-PPI

and a schematic images of the prepared OFET device in this

study. For securing reliability, more than 30 pentacene devices

were tested in this study. In pentacene TFTs with a cy-PPI gate

dielectric, charge carrier mobility, Vth, on/off ratio and SS were

measured to be 0.15 cm2/Vs, -5.02 V, 1.2×105, and 1.94 V/

decade, respectively. On the other hand, those values of pen-

tacene with the PVP gate dielectric were 0.12 cm2/Vs, -10.58 V,

3.0×104, and 2.12 V/decade, respectively. Average device elec-

trical performances are also summarized in Table 2. The cy-

PPI-based TFTs showed an overall better electrical perfor-

mance than did the PVP-based TFTs. Hysteresis effects were

Figure 8. (a,b) AFM images; (c) XRD patterns (out-of-plane) of

pentacene on (a,c) PVP and (b,c) cy-PPI films.

Figure 9. (a) Transfer characteristics (VG = 10 ~ -30 V, VD = -30 V);

(b) output characteristics (VG = -30 V, VD = 0 ~ -30 V); (c) a

schematic diagram of the OFETs described in this report.

Table 2. Electrical Performances of the Pentacene-based OTFTs

Gate dielectrics
Gate dielectric 
thickness (nm)

Mobility 
(cm2/Vs)

On/off ratio Vth [V] SS [V/dec]

PVP
280

0.12 3.0 × 104 -10.58 2.12

cy-PPI 0.15 1.2 × 105 -5.02 1.94
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negligible and gate leakage current was lower by several

orders of magnitude than the source - drain current (< 10-8 A).

Figure 9(b) shows the output characteristic curves of the cy-

PPI, and PVP device; it exhibited typical p-type characteristics.

There are many reports indicating that SAMs terminated

with electron-withdrawing groups on SiO2 gate dielectrics

could accumulate holes in the transistor channels of pentacene

TFTs. The accumulated holes would become additional mobile

carriers, and therefore field-effect mobility can increase.30 Pen-

tacene films on both PVP and cy-PPI films have been

observed to display similar gate dielectric surface energy val-

ues and similar morphologies. Nevertheless, higher mobility

and on/off ratio values were obtained from cy-PPI based TFTs.

Electron-withdrawing groups on gate dielectrics can increase

the work function of the semiconductor/gate dielectric inter-

face more than not. As a result, in the gate dielectrics with an

electron-withdrawing group, the band bending of the gate

dielectric/semiconductor interface shifts toward higher energy

and therefore more holes are accumulated at the interface.31

Thus, it can be concluded that lower leakage current level and

strong electron-withdrawing groups of cy-PPI increase elec-

trical performance.

Conclusions

We synthesized cyanated PI poly(2-cyano-p-phenylene

pyromellitimide) (cy-PPI) as a gate dielectric material for

OFETs. Introducing cyano groups helped the PI to be dis-

solved in solvent, and hence be available for solvent process,

by reducing the interactions between PI chains. Transmittance

greatly improved in the visible wavelength range. The cy-PPI

films showed no pin-holes, and had smooth surfaces enough to

grow semiconductor molecules well. They exhibited good

capacitance stability regardless of frequency, and low leakage

current density compared to the conventional organic gate

dielectric, i.e., PVP. To further analyze the electrical perfor-

mance, we performed AFM and XRD analyses, and confirmed

that pentacene semiconductor molecules were well-grown on

the cy-PPI gate dielectric surface. Based on these results, we

fabricated OFET devices each with a cyanated PI film as the

gate dielectric. Being one of the strongest electron-withdraw-

ing groups, cyano groups of the gate dielectrics attracted addi-

tional holes into the channel. Thus, compared to the PVP gate

dielectrics, our cy-PPI OFETs showed a better overall elec-

trical performance (0.15 cm2/Vs (hole mobility), -5.02 V

(threshold voltage), 1.2×105 (on/off ratio), and 1.94 V/decade

(subthreshold slope)). To the best of our knowledge, this is the

first report of the study of the potential of cyanated PI for use

in OFET applications.
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