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Abstract
In this study, organic field-effect transistors (OFETs) were fabricated using plasticized poly(methyl methacrylate) (PMMA) 
as the gate dielectric and copper phthalocyanine (CuPc) as the active layer. Propylene carbonate (PC) was used as a plas-
ticizer material. The dielectric properties of the plasticized PMMA were investigated in detail and the OFET parameters 
were examined. The effective capacitance (Ci) of plasticized PMMA was measured as ~ 500 nF  cm−2 (at 100 Hz), which is 
almost 70 times higher than that of pure PMMA. This increase in effective capacitance led to significant improvements in 
various key parameters of the fabricated OFETs. High hole field-effect mobility values (0.81  cm2  V−1  s−1), low threshold 
voltages (~ ±0.1 V), and low operating voltages (0 to ±0.8 V) were achieved by using the plasticized PMMA dielectric. The 
temperature dependence of the fabricated OFETs was also investigated, and the activation energy of CuPc was estimated as 
29.3 meV. The plasticized OFETs demonstrated excellent stability over 3600 measurement cycles carried out in an ambient 
atmosphere. This demonstrated stability of the fabricated OFETs reinforces the practical feasibility of this material combina-
tion strategy, positioning it as a key advancement in the field of solution-processable gate dielectrics.
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Introduction

The primary objective of current studies is to develop 
functional materials that are compatible with conductors, 
semiconductors, and insulators. These investigations aim 
to facilitate the cost-effective fabrication of high-perfor-
mance electronic circuits on large or flexible substrates. 
Organic field-effect transistors (OFETs) have been widely 
investigated and have attracted much attention. However, 
their performance at low operating voltages, high charge 
carrier mobility, and good device stability is not yet suit-
able for commercial electronics and applications.1–8 Further 

improvements in OFET performance require global device 
optimization in terms of device geometry, electrical proper-
ties of the organic semiconductor, dielectric properties of the 
gate insulator, and control of the multiple material interfaces 
in the device architecture.9 The development of a readily 
applicable gate dielectric material with a high capacitance 
value is of great importance for the fabrication of highly sta-
ble OFETs with low operating voltage and high field-effect 
mobility. The capacitive property of the dielectric layer is 
a key parameter for lowering operating voltage of OFETs. 
There has been a great interest in increasing the effective 
capacitance (Ci) of the gate dielectric, which can be formu-
lated by a parallel plate capacitor as shown below:

where k = the dielectric constant, d = the thickness of the 
insulator, ε0 = the permittivity of the vacuum, and Ci is 
the unit-area capacitance of the dielectric materials. There 
are two ways to increase the Ci: either by increasing the 
dielectric constant k or by reducing the dielectric thickness 
d. Reducing gate dielectric thickness causes leakage cur-
rent, which leads to a reduction in the device performance. 
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Furthermore, reducing the gate dielectric thickness is a very 
delicate and costly process. The other way is to increase the 
dielectric constant k of the gate dielectrics. Nevertheless, 
the low k of organic materials is an inherent property. Vari-
ous strategies have been proposed to overcome these limita-
tions. These approaches encompass a range of methodolo-
gies, including the addition of high k dielectric nanoparticles 
to polymer dielectrics, the use of high k inorganic dielec-
trics, the creation of inorganic-organic bilayer dielectrics, 
and the application of self-assembly monolayer (SAM). 
Each of these techniques offers a separate way to improve 
the dielectric properties of the dielectric layer in organic 
field-effect transistors (OFETs).10–19 Recently, ion-gel gate 
dielectrics have been used in the construction of OFETs. 
Frisbie and co-workers reported that many studies of ion-
gel gate dielectrics based on solid polymer electrolytes 
resulted in devices with high ON currents and low operat-
ing voltages due to the large capacitance of the electrolyte. 
The ion-gel dielectrics include triblock copolymers such as 
poly(styrene-b-methyl methacrylate-b-styrene) (PS-PMMA-
PS) and ionic liquids such as (1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (EMIM TFSI).20–25 In 
addition, low operating voltages and high mobility values 
have been achieved by using liquid crystals as the gate die-
lectric material for OFET.26

Poly(methyl methacrylate) (PMMA) is a well known 
polymer dielectric and is generally well suited for the reali-
zation of stable all-organic FETs. It has a low dielectric con-
stant (k < 3.5) which limits its potential for high-performance 
electronics. Small molecule semiconductor-based OFETs 
incorporating PMMA dielectrics demonstrate high operat-
ing voltages and suffer from high pin-hole density.27 To the 
best of our knowledge, the lowest operating voltage by using 
an ultra-thin PMMA dielectric layer is −8 V for a polymer-
based OFET.28 An interesting strategy which has not yet 
been adequately explored is the use of high dipole moment 
solvents to dissolve the polymer dielectric, modifying the 
interaction between the dielectric dipoles and thus keeping 
the polymer chain in a more extended conformation.29–32

In this study, the dielectric properties of plasticized 
PMMA used as the dielectric layer have been investigated 
in detail. Stability tests of the proposed structure have been 
carried out and the variation of the transistor parameters 
with temperature has been revealed. An all-organic, non-
ionic, plasticized gate dielectric was prepared by dissolving 
PMMA in a plasticizer, namely propylene carbonate (PC), 
as a high-k additive, to obtain plasticized PMMA. Dielectric 
properties of the plasticized PMMA have been character-
ized by metal-insulator-semiconductor (MIS) and metal-
insulator-metal (MIM) device structures. The electrical 
properties of top-gate/bottom contact (TG/BC) transistors, 
in which the active semiconductor layer is deposited from a 
copper phthalocyanine (CuPc), have been investigated. The 

well-studied hole transport material CuPc was used as the 
semiconductor because of its high thermal and chemical 
stability and its potential for low cost fabrication. CuPc has 
been extensively investigated for OFETs and according to 
the best of our knowledge typical values of charge carrier 
mobility and operating voltages around ~  10−3  cm2  V−1  s−1 
and −40 V have been reported.33,34 The plasticized PMMA 
was sandwiched between the gate contact and the organic 
semiconductor to construct the plasticized OFET as shown 
in Fig. 1. The operation of a plasticized OFET is quite simi-
lar to that of a conventional OFET. The temperature depend-
ence of the devices was measured in cryogenic conditions 
from 50 K to 350 K. In order to test the long-term stability 
characteristics, bias stress measurements were performed. 
The investigated CuPc plasticized OFETs, which are struc-
tured organic electronic devices, exhibited low threshold 
(0.1 V) and operational (0.8 V) voltages, remarkably high 
hole mobility (µ = 0.81  cm2/V s) for the CuPc active layer, 
and excellent stability in cyclic bias stress tests.

Experimental Section

The materials [copper(II) phthalocyanine (CuPc), 
poly(methyl methacrylate) (PMMA) with a molecular 
weight (Mw) of 120,000 g/mol, acetonitrile (ACN), and 
propylene carbonate (PC)] utilized in this study were pur-
chased from Sigma-Aldrich and used as received without 
any purification. PMMA was dissolved in ethyl acetate as 
a solvent to prepare a pure PMMA solution. To enable the 
coating of pure PMMA onto the active layer (CuPc) using 
the spin coating technique at 2000 rpm, a solution with a 
concentration of 60 mg/ml was prepared and subsequently 
annealed at 110°C after the coating process. The aluminum 
(Al) gate electrode was deposited at a thickness of 40 nm 
onto PMMA using thermal evaporation.

Fig. 1  Schematic of the structure of the plasticized OFET device.
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The production of plasticized PMMA was executed 
by dissolving PMMA in ACN and subsequently incor-
porating propylene carbonate (PC) at a molar ratio of 
70(ACN):20(PC):10(PMMA). Stirring the solution for 2 h 
at 200°C on a hot plate under ambient conditions yielded 
homogeneous plasticized PMMA in a colorless gel form. 
Remarkably, this gel exhibited robust stability over extended 
storage periods, exceeding 1 year, within a sealed container.

To examine the capacitive properties of the plasticized 
polymer dielectric, both metal-insulator-metal (MIM) and 
metal-insulator-semiconductor (MIS) structures were inves-
tigated. For the MIM structure, a plasticized polymer dielec-
tric layer with a thickness of 50 μm was inserted between 
Au-coated glass electrodes. In contrast, the MIS structure 
consisted of a plasticized polymer dielectric layer placed 
between CuPc (100 nm) layer on Au electrode and an Au 
contact on the glass substrate. CuPc layer was deposited on 
the Au electrode with thermal evaporation technics. The 
effective area of the devices was approximately 0.25  cm2. 
These fabricated devices were characterized under ambient 
conditions.

The dielectric properties of the MIM and MIS structures 
were assessed using an HP 4194A dielectric analyzer. This 
suite of experimental procedures was meticulously executed 
to elucidate the electrical characteristics and performance of 
the plasticized PMMA-based dielectric material within the 
context of various device architectures.

The configuration of the plasticized organic field-effect 
transistor (plasticized OFET) is illustrated in Fig. 1. The 
glass substrates were cleaned with a procedure involving 
sequential ultrasonic baths with acetone, isopropanol, and 
deionized water, each for a duration of 10 min. Subsequent 
drying was performed under a nitrogen flow. Employing 
conventional photolithography techniques, interdigitated 
source and drain electrodes were fashioned from Cr/Au lay-
ers, with thicknesses of 5 nm and 100 nm, respectively. The 

channel dimensions were established at a length of 100 µm 
and a width of 60 mm.

The deposition of the semiconductor layer, CuPc, was 
executed via thermal evaporation conducted under a high 
vacuum condition of 4 ×  10−6 mbar, using a shadow mask 
to control film placement (70 nm thickness). Teflon spac-
ers were used to fix the thickness of the plasticized PMMA 
dielectric layer (~ 50 µm) by placing them on both sides of 
the CuPc layer. The plasticized PMMA gel was then spread 
uniformly over the semiconductor (CuPc) utilizing a spatula. 
To conclude the device fabrication process, the devices were 
capped with Au-coated glass, serving as the gate contact.

The electrical properties of the plasticized OFETs were 
investigated using a Keithley 4200-SCS, with measure-
ments performed under ambient conditions. The stability of 
bias stress was explored over an extensive period, spanning 
3600 cycles, which equates to more than 5 h, under ambient 
conditions. To analyze the temperature-dependent electri-
cal characteristics of the OFETs, a cryogenic system was 
employed, encompassing a temperature range from 50 K to 
350 K in a dark environment.

Results and Discussion

The electrical properties of plasticized PMMA used as a 
dielectric material for OFETs were thoroughly investigated 
in this study. The capacitive properties of this dielectric 
material were systematically evaluated via capacitance–volt-
age (C–V) measurements, using both MIS and MIM device 
structures (Figures S1 and S2), and by frequency-depend-
ent capacity measurement at frequencies of 100–107 Hz. 
As evident in Fig. 2a, extracted from Figures S1 and S2, 
the MIS structure exhibited distinct behaviors at 100 Hz. In 
particular, there was an increase in the specific capacitance 
when the voltage changed from positive to negative. This 

Fig. 2  (a) C–V characteristics of MIS (black) and MIM (red) structures based on plasticized PMMA dielectric. (b) Frequency dependence of the 
capacitance of MIS structures for PMMA and plasticized PMMA dielectrics (Color figure online).
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may be attributed to the favorable accumulation of holes 
at the dielectric-metal interface at negative gate bias.35,36 
The achieved capacitance peaked at an impressive value 
of 470 nF/cm2 at 100 Hz, far exceeding the corresponding 
capacitance of a pure PMMA dielectric layer (~7 nF/cm2 
at 100 Hz for a thickness of 800 nm). Figure 2b presents 
the frequency (f) dependence of the capacitance character-
istics of plasticized PMMA and pure PMMA in MIS struc-
tures. Frequency (f) dependence of the capacitances was 
evaluated between 100 and  107 Hz. It is clearly seen from 
Fig. 2b that the capacitance of the plasticized PMMA dielec-
tric decreases sharply in the accumulation, depletion, and 
inversion regions when high frequency is used. However, 
the capacitance of pure PMMA dielectric remains almost 
constant in the same region. From this observation, it can 
be inferred that the frequency dependency of the capaci-
tance is a result of the presence of PC in PMMA. It is well 
known that the total polarization is the combination of elec-
tronic, atomic, ionic, or orientation responses of materials 
to an external electric field. Therefore, the improvement of 
the dielectric properties of plasticized PMMA by using PC 
may be related to several factors: (i) PC has a high k value, 
which increases the total dielectric constant of the layer. (ii) 
The high dipole moment and polarizability of PC molecules 
placed into PMMA polymer chains allows them to move 
easily in the matrix form of plasticized PMMA dielectric, 
which facilitates molecular motion against the electric field. 
(iii) The mean square end-to-end distance may increase with 
an increase in the dipole moment of the solvent, which is 
mainly due to enhanced intermolecular attraction between 
the polymer and PC plasticizer solvent cluster. This expla-
nation was originally proposed by Tung et al.37 for PMMA 
polymer chains. In that work, the polymer chains remain in 
more extended conformations, which may further improve 
the orientation of the methyl ester functional  groups30,38,39 
and their contribution to the total capacitance. C−2 versus 
V graphs were plotted for Mott–Schottky analysis for C–V 
measurement at 100 Hz (Figure S3). The charge density (NA) 

was calculated from the linear slope of C−2 versus V graphs 
as ~ 7.71 ×  1017  cm−3 at VG = −0.8 V in the semiconductor/
insulator interface. Similar values have been reported for the 
PMMA-CuPC OFETs at VG = −60 V.40

Thermogravimetry (TG) and derivative thermogravim-
etry (DTG) curves of the PMMA gel material (plasticized 
PMMA) are shown in Figure S4, and the detailed decompo-
sition properties of plasticized PMMA are listed in  Table SI.

OFET devices were fabricated in top-gate (TG)/bottom-
contact (BC) geometry. Output and transfer graphs of the 
plasticized PMMA-based device are given in Fig. 3. At 
low drain–source voltages (Vds), the output characteristics 
exhibit favorable ohmic behavior, which transitions to satu-
ration at higher Vds levels, thereby indicating ideal perfor-
mance. The leakage currents are ~  10−8 A, and short-channel 
behaviors are not observed (Figure S5). Using the subse-
quent equation, the field-effect mobility �sat values for the 
OFET can be obtained through an analysis of the saturation 
characteristics.41

In this equation, Ids is the drain current, Vgs is the gate 
voltage, and�sat is the saturation carrier mobility. The capaci-
tance of the plasticized PMMA gate dielectric per unit area 
(Ci) at 100 Hz is denoted, while the channel width (W) is 
specified as 60 mm, and the channel length (L) as 100 μm.

The transistor characteristics, charge carrier mobil-
ity (μ), threshold voltage (Vth), and on/off ratio (Ion/off) are 
extracted from the transfer curves of the plasticized and pure 
PMMA-based OFETs. The transfer and output curves are 
shown in Figs. 3 and S6 for plasticized and pure PMMA-
based OFETs, respectively, and the OFET parameters are 
summarized in Table I. The transfer characteristics of the 
CuPc-based OFETs with Plasticized-PMMA dielectric were 

(2)�sat =
2L

WCi

(

�
(

Ids, sat

)1∕2

�Vgs

)2

Fig. 3  (a) and (b) Transfer and output characteristics of the CuPc-based OFET on plasticized PMMA.
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measured by sweeping the gate voltage (Vgs) from +0.3 to 
−0.8 V. The devices exhibit clear p-type transistor behavior 
at a very low operating voltage of < 1 V with a low threshold 
voltage (−0.1 V) and high on current (2 ×  10−6 A). The aver-
age hole mobility was calculated as 0.81  cm2  V−1  s−1 in the 
saturation regime (at Vds = −0.5 V). On the other hand, the 
average hole mobility for the pure PMMA device was cal-
culated as 1.2 ×  10−5  cm2V−1  s−1(at Vds = 40 V). The device 
demonstrates higher threshold voltages (−44 V). These 
results indicate that the dielectric properties of the plasti-
cized PMMA do not only reduce the operating voltage, but 
also improve the OFET characteristics compared to a pure 
PMMA dielectric layer.

The temperature-dependent transistor characteristics of 
CuPc-based OFETs were investigated at temperatures rang-
ing from 50 K to 350 K. The transfer curves are shown in 
Fig. 4a, and the corresponding charge carrier mobilities 
were calculated for each temperature (Fig. 4b). As shown 
in Fig. 4a, a decrease in the drain current and a negative 
shift in the turn-on voltage were observed as the temperature 
was lowered. This behavior indicates a thermally activated 
charge transport, which agrees well with the previous reports 
on pentacene- and α-sexithiophene-based OFETs.42–44 As 
shown in Fig. 4b, the mobility is found to be nearly temper-
ature-independent in region I (50–200 K), while it increases 
exponentially in region II (200–350 K), which is a typical 
signature of thermally activated charge transport as reported 
by Gao et al.45 Region II fits well to the Arrhenius equation 
of µeff ~ exp(Ea/kT), where Ea is the activation energy, T is 
the temperature, and k is the Boltzmann constant. Based on 

the slope of the linear part, the activation energy (Ea) was 
estimated as 29.3 meV.

A temperature-independent region with a different type 
of charge transport mechanism and two or more activa-
tion energies at two or more different temperature ranges 
was observed in early studies.43,46 A regular decrease in 
the mobility with decreasing temperature is obvious for 
thermally activated hopping transport.47 In this study, we 
observed this kind of behavior, which can be easily seen in 
Fig. 4b (region I). However, in the low-temperature region 
(50–200 K) (region II), the mobility varies almost indepen-
dently of the temperature. In this case, it can be expected 
that the mobility value should decrease with decreasing 
temperature, but the device still behaves as an average 
field-effect device with relatively high mobility compared 
to the pure PMMA-based device. The mobility of the pure 
PMMA-based device was measured at around  10−5  cm2/V s 
at room temperature, while the mobility of the plasticized 
PMMA-based device was measured at around  10−3  cm2/V s 
in the low-temperature region (50–200 K) (region II) for the 
CuPc active layer. This behavior can be explained by the 
effect of the strong polarization capability of the plasticized 
PMMA dielectric even at the low-temperature region. The 
temperature-dependent mobility observed in region I is due 
to the effect of shallow traps at the interfaces, and thermally 
activated transport can be observed because of these shal-
low traps. In addition, the strong polarization effect of the 
dielectric layer and the tunneling transport mechanism that 
occurs at the metal contact–organic interface in the low-
temperature region may have prevented the effect of shallow 

Table I  Performance parameters 
of OFET devices

Devices Vth(V) µ  (cm2/V s) Ion/off Operation voltage (V)

CuPc pure PMMA −44 1.2 ×  10−5 3.7 ×  103 2 to (−100)
CuPc plasticized-PMMA −0.1 8.1 ×  10−1 1.5 ×  104 0.3 to (−0.8)

Fig. 4  (a) Transfer characteristics of CuPc and plasticized PMMA-based OFET. (b) Arrhenius plot of the saturation mobility of the plasticized 
PMMA-based OFET device in a temperature range of 50–350 K.
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traps and caused the formation of a temperature-independent 
mobility region.48,49

In the next step, the device stability of the plasticized 
PMMA-based OFETs was investigated under bias stress 
conditions. Figure 5 shows the Ids as a function of time 
under constant bias of Vgs = −0.6 V and Vds = −0.5 V at 
ambient conditions. Although the bias stress was applied 
over 25 min, the ON current of the device remained nearly 
unchanged. In order to test the stability of the plasticized 
OFETs under dynamic stress, the gate bias (Vgs) was cycled 
repeatedly between ON and OFF states (switching fre-
quency = 200 mHz) under ambient conditions. Plasticized 
PMMA-based OFETs showed negligible degradation of out-
put characteristics after > 5 h (> 3600 cycles). These results 
demonstrate the impressive stability of the current of  the 
OFETs with plasticized PMMA dielectric for technological 
applications.

Conclusions

In this study, we investigated a method to obtain a high-
performance OFET in terms of gate dielectric material. We 
demonstrated that the use of a high-dipole-moment solvent 
of PC as a plasticizer inside PMMA dielectric is very prom-
ising material combination. The dielectric properties of the 
plasticized PMMA and pure PMMA were analyzed in detail. 
The plasticized PMMA demonstrated  gate capacitance up to 
470 nF/cm2 at 100 Hz. Moreover, the stability of the plasti-
cized PMMA dielectric is better than that of ion-gel or other 
dielectrics. The plasticized PMMA dielectric-based OFET 
operates at very low operating voltage, very high charge 
carrier mobility, and very low threshold voltage of −0.8 V, 
0.81  cm2/V s, and −0.1 V, respectively, via the same charge 
carrier induction at low voltage relative to pure PMMA 

dielectric. In the cycling bias measurement (at 200 mHz), 
the plasticized OFET showed almost constant ON current 
after more than 5 h. The µsat, threshold voltages (Vth), and 
Ion/off were calculated in the saturation regime.
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