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Abstract: In this study, a high-K material, aluminum oxide (AlOx), as the dielectric of organic field-
effect transistors (OFETs) was used to reduce the threshold and operating voltages, while focusing on
achieving high-electrical-stability OFETs and retention in OFET-based memory devices. To achieve
this, we modified the gate dielectric of OFETs using polyimide (PI) with different solid contents to
tune the properties and reduce the trap state density of the gate dielectric, leading to controllable
stability in the N, N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C13)-based OFETs.
Thus, gate field-induced stress can be compensated for by the carriers accumulated due to the dipole
field created by electric dipoles within the PI layer, thereby improving the OFET’s performance and
stability. Moreover, if the OFET is modified by PI with different solid contents, it can operate more
stably under fixed gate bias stress over time than the device with AlOx as the dielectric layer only
can. Furthermore, the OFET-based memory devices with PI film showed good memory retention and
durability. In summary, we successfully fabricated a low-voltage operating and stable OFET and an
organic memory device in which the memory window has potential for industrial production.

Keywords: polymer; organic field-effect transistors; memory devices; electric dipoles; PTCDI-C13;
stability

1. Introduction

Organic semiconductor materials are widely used in optoelectronics, such as organic
field-effect transistors (OFETs) [1,2], organic solar cells [3,4], organic light-emitting diodes
(OLEDs) [5,6], and organic volatile/non-volatile memory devices [7,8]. The advantages
such as low power consumption, low cost, light and thin products, and easy recycling of
organic semiconductor devices are in line with the trend of environmental protection and
have become the focus of current development [9,10]. However, in organic electronic de-
vices, the research on OFETs is the most critical, because OFETs are the basic unit elements
in the design of large-scale integrated circuits. The index characteristic of the pros and
cons of an OFET is carrier mobility. In addition, various factors affect the carrier transport
speed in the channel of an OFET, such as the stacking degree of organic semiconductor
molecules, the ordering degree of molecular arrangement, the density of defect states
at the semiconductor/dielectric layer’s interface, the amount of carrier injection energy
barriers, the degree of energy band matching, the impedance value between interfaces,
and so on [11–19]. Among them, the characteristics of the interface between the dielec-
tric layer and the semiconductor layer have a great effect on the carrier transport of the
overall device. Meanwhile, in the past, various research groups used small molecule
self-assembled layers (SAM) to reduce the density of defect states on the surface of the
dielectric layer or to improve the crystallinity of the semiconductor layer by changing
the hydrophilic/hydrophobic properties of the surface of the dielectric layer [20–23]. The
polymer dielectric materials commonly used in research include poly (4-vinyl phenol)
(PVP), poly (methyl methacrylate) (PMMA), polystyrene (PS), polyimide (PI), and so on.
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The dielectric material PI has good mechanical properties, good thermal stability, and
good insulating properties and is easy to be modified via processing. OFET-based memory
devices, in which a charge-storing electret layer of PI thin films is inserted between the
semiconductor and insulating layers, have been extensively studied [24–26]. Liu et al. used
polymer blends to fabricate a high-performance OFET with non-volatile memory (ONVM)
based on pentacene. From the research results, the polymer blends significantly improve
the memory performance of pentacene-based memory devices [27]. Based on the research,
the PI dielectric layer material has electric dipoles in its structural branches, which can
enhance the ability of the field effect, thereby enhancing the ability to trap the carriers of
the organic semiconductor layer and enhance the storage characteristics of the memory
device [28]. However, a stability issue in OFETs is related to gate bias stress, which refers
to the long-term exposure of the device to a constant gate voltage [29–31]. This can lead
to the accumulation of charges in the dielectric layer, which can affect carrier mobility
and lead to a degradation in device performance. In particular, the stability of the PI
dielectric layer material is affected by gate bias stress, which is caused by the presence of
a quasi-permanent dipole field within the molecule. This can attract charged carriers in
the channel, causing electrical hysteresis and reducing the current of the transistor device
under long-term operation. Therefore, our research direction is to explore how to optimize
the PI dielectric layer material to improve the stability of an OFET.

In this study, aluminum oxide (AlOx) and N, N’-ditridecylperylene-3,4,9,10-tetracarboxylic
diimide (PTCDI-C13) are used as the dielectric layer and organic semiconductor layer of
OFETs, respectively. In addition, a PI film is coated between the dielectric and semicon-
ductor layers to fabricate low-voltage-driven transistor devices. Hence, by changing the
solid content of PI to control its surface, physical properties and the carrier capture and
release behaviors at the interface between PI films and semiconductors were investigated.
Using this novel PI/AlOx dielectric material, OFETs were fabricated with high stability.
In addition, the physical mechanism of OFETs with high stability is explored in detail in
this paper. Moreover, this dielectric can also be applied to organic memory devices to
understand the relationship between the carrier capture and release behaviors of PI with
different solid contents and memory characteristics.

2. Materials and Methods
2.1. Device Fabrication

The structure of the OFET-based device is shown in Figure 1a. The area of the glass
substrate of the OFET was 2 cm × 1.5 cm. Meanwhile, an aluminum film was deposited on
a glass substrate to act as the gate electrode, and then AlOx was formed on the surface of
aluminum treated with oxygen plasma. Afterward, PI (from Daxin Materials Corporation,
Taichung City, Taiwan, Figure S1a) and n-methylpyrrolidone (NMP) were prepared into
solutions based on the content of PI, and the solid content of PI in the solution was 6.4 wt%,
4.7 wt%, 3.2 wt%, and 1.6 wt%. Then, these solutions were spin-coated onto the AlOx and
baked at 220 ◦C for 1 h to form the PI/AlOx dielectric layer, in which the thicknesses of
the PI films were 136, 96, 55, and 24 nm. Subsequently, the 40 nm thick PTCDI-C13 film
(purchased from Sigma Aldrich, Saint Louis, MO, USA, Figure S1b) as an active layer of the
OFET was thermally grown on the PI/AlOx dielectric layer at a deposition rate of 0.2 Å/s
and a base pressure of 3 × 10−6 Torr. Then, after depositing the active layers, 80 nm thick
Ag as the source and drain electrode was deposited on the active layer through a shadow
mask with a channel length (L) and width (W) of 100 and 2000 µm, respectively.
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Figure 1. (a) Architecture of a PTCDI-C13-based OFET; (b) capacitance of various dielectric layers
measured at a frequency of 1 kHz.

2.2. Characterization

In this study, a coplanar metal–insulator–metal (MIM) structure was used to study the
capacitor of the dielectric layer, and the capacitance–voltage (C-V) was measured using
the Agilent E4980A LCR meter at a measurement frequency of 1 kHz and an operating
voltage from −2 V to 2 V. AlOx is a high-dielectric material; thus, it exhibited an ultra-high
capacitance value of 1007.1 nF/cm2 in the capacitance measurement. With the increase
in the solid content of PI, the capacitance value of the PI/AlOx dielectric layer gradually
decreased, and the capacitance values were 234.41, 72.91, 27.91, and 19.67 nF/cm2, as
shown in Figure 1b. In addition, the electrical characteristics of the OFETs were measured
using a Keithley 4200 semiconductor characterization system, and the memory properties
of the OFET-based memory devices were measured using a Keithley 2636 semiconductor
characterization system within a nitrogen-filled glove box. The surface morphologies and
optical properties of all thin films in PTCDI-C13-based OFETs were detected via atomic
force microscopy (AFM, Park XE-100, Park Systems Corp., Suwon, Republic of Korea),
X-ray diffraction (XRD) with a Cuka1+2 of λ = 1.54184 Å (Bruker D8 Discover, Bruker,
Billerica, MA, USA) and a UV-visible absorption spectrometer (GBC Cintra 202 UV–Vis
spectrometer with a resolution of less than 0.9 nm, GBC, Lake Zurich, IL, USA).

3. Results and Discussions
3.1. Surface Morphology Analyses of Dielectric Layers

First, the surface morphology and surface roughness of the dielectric layer was ob-
served with an AFM in a scanning range of 5 × 5 µm2, as shown in Figure 2. When the
solid content of PI was 6.4 wt%, the surface morphology of the PI/AlOx dielectric layer
was smooth, and its surface root mean square roughness (Rq) was 0.947 nm. Moreover, as
the NMP diluted PI, the solid content of PI gradually decreased from 4.7 wt% to 1.6 wt%,
thereby resulting in various granular grains starting to appear on the surface of the PI/AlOx
dielectric layer. The PI/AlOx dielectric layers with a lower solid content of PI, 4.7%, 3.2%,
and 1.6%, had more grains and rougher surfaces, with a Rqs of 2.612 nm, 4.788 nm, and
7.325 nm, respectively, because of the various pin holes. However, the AlOx dielectric layer
not covered with PI had more grains on its surface and was the roughest, with a Rq of 8.668
nm. From the experimental results, when a lower solid content of PI is formed on the AlOx
dielectric layer, the surface roughness increases with the decrease in the solid content of
PI. Considering that the thickness of the PI films was thinner, the surface roughness can
be affected by various tiny pores on the surface of the PI/AlOx dielectric layer, thereby
resulting in a rougher surface and a larger Rq value.
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Figure 2. AFM surface morphologies of different kinds of dielectric layers; the solid content of PI
films of PI/AlOx dielectric layers are (a) 6.4 wt%, (b) 4.7 wt%, (c) 3.2 wt%, and (d) 1.6 wt%, (e) AlOx

dielectric layer.

3.2. Analysis of Thin Film Microstructure

Herein, the molecular stacking and film microstructure of the PTCDI-C13 film grown
on the PI film were verified via UV-Vis absorption and XRD characteristics. Organic
small-molecule materials have π electrons that absorb ultraviolet light to excite electrons to
higher energy levels, which are influenced by molecular crystallization. This phenomenon
can be used to analyze the crystallinity of thin films. Figure 3a shows the normalized
absorption spectra of PTCDI-C13 films grown on PI films with different solid contents and
AlOx dielectric layers. It can be observed that the absorption peaks of the PTCDI-C13 films
are located at wavelengths of 488.5 nm, 527.5 nm, and 571.3 nm. The absorption spectral
bands of these PTCDI-C13 films are in the range of green light, which is consistent with the
results in the literature. Meanwhile, from the experimental results, PTCDI-C13 films grown
on PI films with different solid contents have wider spectral distribution and stronger
absorbance those that grown on AlOx dielectric layers only. Moreover, the absorption peaks
above 486 nm of the UV-Vis spectra of PTCDI-C13 films grown on PI films with different
solid contents have a more redshift, and the absorbance is higher than that of PTCDI-C13
film grown on the AlOx dielectric layer. Therefore, it can be speculated from the UV-Vis
absorption that the PTCDI-C13 film grown on the PI surface will obtain a better molecular
stacking arrangement.

Meanwhile, XRD analysis was used to measure the changes in molecular crystal
arrangement of PTCDI-C13 films grown on PI films with different solid contents and native
AlOx film. From the comparison of XRD spectra in Figure 3b, the (001) peak of the PTCDI-
C13 film angle is located at 3.33◦. However, as the solid content of PI decreases, the intensity
of the (001) peak also decreases; particularly, the PICDI-C13 film grown on the native AlOx
film has the lowest peak intensity. Combining the results in Figure 2 to compare all the
PTCDI-C13 films grown on the surface of the dielectric layer, the intensity of the diffraction
peaks tends to decrease with the increase in the surface roughness of the dielectric layer.
However, at the (001) peak, the FWHM of the PTCDI-C13 film grown on the PI layer with a
solid content of 6.4 wt% is 0.242◦, which is smaller than that grown in other PI films with
different solid contents, thereby indicating better crystal quality. Moreover, a (002) peak
is also observed at the angle of 6.73◦, which indicates that the surface of the modification
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layer is smooth to make the PTCDI-C13 film grow better. Thus, based on the analysis results
of UV-Vis absorption and XRD, the flatter the surface of the dielectric layer becomes, the
better the PTCDI-C13 crystallinity is.
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3.3. Electrical Measurements of OFETs

Herein, the electrical performances of OFETs based on the dielectrics with various
solid contents of PI are investigated in sequence. The transfer and output characteristics
of these devices are shown in Figure 4. It was observed that the electrical properties
of the OFETs have a very significant correlation with the dielectric layer, including the
threshold voltage (Vth), on-off ratio (Ion/Ioff) and subthreshold swing (S.S.) [32], where
S.S. = ∂VGS/∂log(IDS) is defined as the change in the gate voltage (VGS) required to
increase the drain current (IDS) by one decade. The detailed electrical parameters of five
types of OFETs are listed in Table 1 (Table S1 shows the average and standard deviation
of the electrical characteristics using 10 devices.). Meanwhile, the transfer characteristics
of the PI- and AlOx-based OFETs measured in the glove box are shown in Figure 4a–e,
respectively, in which the gate-source voltage (VGS) was swept from −2.0 V to 2.0 V, and
the drain voltage (VDS) was kept at 2.0 V. As the solid content of the PI in the PI/AlOx
dielectric layer decreased, the saturated IDS of the transfer curve significantly increased, but
the off current (Ioff) almost maintained unchanged, thereby indicating that the field effect
was enhanced by the decrease in the thickness of PI film. As shown in Figure 4a, when
the solid content of the PI film is 6.4 wt%, the on/off ratio is 7.0 × 102, and when the solid
content of the PI film decreases to 1.6 wt%, the on/off ratio increases to 6.5 × 103, as shown
in Figure 4d, because of the enhancement of IDS. The on/off ratio of the device with AlOx
dielectric only is 4.8 × 101, as shown in Figure 4e, caused by a significant increase in Ioff.
However, the electrical hysteresis of the OFET with the AlOx dielectric layer only is higher
than that of other OFETs with PI/AlOx dielectric layers. Meanwhile, from the analysis of
AFM images, the surface of the AlOx dielectric layer is rough, resulting in the generation of
various trapped states; hence, there will be hysteresis. The trap state density, NSS, which
includes the bulk trap density of organic semiconductor and the interface trap density
between the organic semiconductor and dielectric, was calculated to realize the mechanism
of electrical hysteresis from the value of S.S. using the following Equation (1) [33]:

NSS =

(
S.S.log(e)

kT/q
− 1

)
C
q

(1)
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where NSS is the defect density of states, S.S. is the subthreshold swing, and e = 2.71828
is the Euler constant. As shown in Figure 5, the S.S. value of the OFET whose dielectric
layer is AlOx only at the beginning is 2.18 V/dec and the NSS is the largest. When the solid
content of the PI film is increased to 3.2 wt%, the S.S. is the smallest among all OFETs, and
the NSS is 1.3 × 1012 cm−2 eV−1 (Figure S2 shows the relationship between the S.S. and
NSS versus the different solid contents of PI layers by averaging 10 devices). Afterward,
although the S.S. will gradually deteriorate, the higher the solid content of the PI film,
the saturation phenomenon is observed for the NSS. In addition, in the output curve part,
the saturation current value of the PI film with a solid content of 6.4 wt% is only 4 nA, as
shown in Figure 4f. Herein, the output saturation current increases with the decrease in
the solid content of the PI film, and when the solid content of the PI film is 1.6 wt%, the
output saturation current reaches a maximum value of 162 nA. The field effect strength
of the gate voltage is related to the thickness of the overall device; hence, the lower the
thickness of the dielectric layer, the stronger the field effect ability, which can accumulate
more carriers in the organic semiconductor layer to increase the channel current. Therefore,
even though the better crystallinity of PTCDI-C13 was induced by a smoother surface of the
PI 6.4 wt% dielectric layer, a thicker PI film may result in a weaker gate field for achieving
lower-charge carrier mobility than that with the thinner PI dielectric layers. The field-effect
mobility of electronics can be extracted from the IDS in the saturation regime of the transfer
characteristics as follows in Equation (2) [34]:

IDS =
1
2

µC
W
L
(VGS − Vth) (2)

where µ is the field-effect mobility, C is the capacitance per unit area of the gate dielectric,
W is the channel width, and L is the channel length. Therefore, the better carrier mobility
of 1.58 × 10−2 cm2/Vs can be obtained from the OFET with the PI film in which the solid
content is 1.6 wt%. To highlight the performances of our devices, we compare our device to
low-voltage operating organic transistors reported in the literature over the past decade.
The corresponding electrical characteristics of our OFETs operating at 2 V are excellent, as
shown in Table S2 [35–42].
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Figure 4. The output and transfer curves of the OFETs with (a,f) the solid content of PI being 6.4 wt%,
(b,g) the solid content of PI being 4.7 wt%, (c,h) the solid content of PI being 3.2 wt%, (d,i) the solid
content of PI being 1.6 wt%, and (e,j) AlOx dielectric only.
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Table 1. Performance criteria of OFETs with different dielectrics.

Dielectric of OFETs V th
(V)

IOn/IOff
Ratio

C
(nF/cm2)

Mobility
(cm2/Vs)

PI (6.4 wt%)/AlOx −0.67 7.0 × 102 19.67 3.22 × 10−3

PI (4.7 wt%)/AlOx −0.43 4.0 × 103 27.91 3.46 × 10−3

PI (3.2 wt%)/AlOx 0.03 9.2 × 103 72.91 1.52 × 10−3

PI (1.6 wt%)/AlOx 0.05 6.5 × 103 234.41 1.58 × 10−2

AlOx 0.09 4.8 × 101 1007.10 2.29 × 10−3
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Figure 5. The relationship between the S.S. and NSS of the OFETs versus the different solid contents
in the PI layer.

3.4. Stability Analysis of OFETs

The time-dependent measurements of electrical characteristics were down for all
OFETs to realize the effect of a dielectric layer on operation stability. The operation stabilities
of the devices were measured by applying the constant bias voltages of VGS = 2 V and VDS
= 2 V to the transistors for a long time, as shown in Figure 6a. Herein, when the PI solid
contents were 6.4 wt% and 4.7 wt%, the IDS of the devices increased with the increased in
the measuring time. Thus, it is speculated that when the solid content concentration of the
PI film is high, the carriers in the device channel are still accumulated under continuous
operation to cause a continuous increase in the channel current. The accumulation of
carriers over time was mainly because of the dipole field, which was derived from the
electric dipoles aligned by the gate field in the PI film [31,43–45]. When the solid contents
of the PI films were down to 3.2 wt% and 1.6 wt%, the channel currents of the devices
decayed with time; however, the channel current tended to saturate after the continuous
measurement time exceeded 1000 s. This means that the accumulation of carriers induced
by the dipole field in lower PI solid contents is insufficient to compensate the trap states
induced by the gate field. In particular, the OFET with the AlOx dielectric layer only
cannot be operated for a long time, and the collapse phenomenon occurs mainly because
of the breakdown of the dielectric layer at 2000 s. An analysis of the change in the drain
current with time (∂IDS/∂t) was performed, as shown in Figure 6a, to study the relationship
between the stability and the solid content of PI for all OFETs, as shown in Figure 6b. To
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assess the stability of each PI device, we differentiated the drain current with respect to time.
The change of drain current over time for OFETs with the solid continent of 3.2 wt% and
1.6 wt% in PI thin film was almost zero after 1000 s, exhibiting the most stable performance.
In contrast, the ∂IDS/∂t slowly decayed over time until 5000 s after the measurement was
still not zero for the OFETs with the solid continent of 4.7 wt% and 6.4 wt% in PI films, as
depicted in Figure 6b, indicating that slight instability was observed.
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Figure 6. Stability analyses of organic field-effect transistors with different dielectric layers. (a) Nor-
malization of the drain current in time; (b) differentiation of the drain current with respect to time.

We applied a fixed bias, VGS = 2 V, and VDS = 2 V, to the organic device for 300 s, 1800 s,
3600 s, and 7200 s to study the variation in NSS to understand the effect of defect density
of the dielectric layer for the OFETs under long-term operation, as shown in Figure 7. If
we only use AlOx as the dielectric layer in OFET, the NSS of the device increases with the
increase in the measurement time. The initial NSS value is 3.0 × 1013 cm−2 eV−1, and then
its maximum value is 1.84 × 1014 cm−2 eV−1, thereby indicating that the use of inorganic
materials alone as the dielectric layer of the OFET will result in a substantial increase in the
gate field-induced defect state density with an increasing operating time. When the device
adopts AlOx/PI (1.6 wt%) as the dielectric layer, the NSS decreases to 6 × 1012 cm−2 eV−1;
however, the value of NSS slightly increases with the measurement time, and then it is kept
almost the same after 2000 s. This is what causes the drain current to decay with time and
saturate after 2000 s. A similar phenomenon also occurs in the device with an AlOx/PI
(3.2 wt%) dielectric layer. Furthermore, if the solid content of PI in the dielectric layer of
the device further increases, such as in the case of a 4.7 wt% and 6.4 wt%, the value of
NSS decreases slightly over time. Meanwhile, when the solid content of PI in the dielectric
layer is 6.4 wt%, the value of NSS is at least about 5 × 1011 cm−2 eV−1. Based on the above
experimental results, there is the largest density of defect states in the OFET using inorganic
AlOx as the dielectric layer. Various defect states continuously capture carriers during the
operation of the device, which reduces the drain current of the device. On the contrary,
when the PI film with high solid content acts as the modification layer on the AlOx layer,
there are fewer defect states, and the gate field-induced defect states are compensated for
by the carriers induced by the dipole field created by the dipoles within the PI film during
the operation of the device, so that carriers can be accumulated to increase the drain current
with time.
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Figure 7. The plot of defect density and time variation for organic field-effect transistors with different
dielectric layers.

3.5. Analyses of Memory Device Characteristics

The electrical stability decreases with the decrease in the solid content of PI in the
PI/AlOx dielectric layer of the OFET, thereby indicating that the trapping capability of
carriers increases with a decreasing solid content of PI. However, a higher trapping capa-
bility does facilitate the writing process in organic memory devices. The advantage of the
fast response of electric dipoles in PI to electric fields helps the charge erasing process of
organic memory. Therefore, an excellent OFET-based memory device fabricated with a low
solid content of PI was expected. A positive pulse voltage (0.5 to 3 V, pulse time of 1 s) was
applied to the gate of the OFET. The gate voltage and the electric field generated by the
electret captures the electrons in the organic semiconductor to the interface between the
PI dielectric layer and the organic semiconductor. At this time, the first transistor transfer
curve is measured, and the threshold voltage obtained after the data processing is the write
voltage. Next, a negative pulse voltage (−0.5 to −3 V, pulse time of 1 s) is applied to the
gate of the OFET. The captured electrons within trapping states at the interface between the
dielectric layer and the organic semiconductor are released, hence, the threshold voltage
is shifted again, and the erasing voltage is obtained. Finally, the writing and the erasing
voltages are subtracted to obtain the memory window, which represents the quality of the
memory characteristics for the device, as shown in Figure 8a. When the PI film with a solid
content of 6.4 wt% was given a pair of pulse voltages of writing of 0.5 V and erasing of
−0.5 V, the memory window was 0 V, and as the pulse voltage increased to 3 V, the memory
window also increased to 0.13 V. However, when the solid content of the PI film decreased
from 4.7 wt% to 1.6 wt%, the memory windows biased at the pulse voltage of ±3 V were
0.15 V, 0.31 V, and 0.54 V; the raw data of the memory device is shown in Figure S4. The
OFET with a solid content of 1.6 wt% PI is an excellent candidate for a memory device. This
OFET-based memory device has a memory window of over 0.5 V under the condition that
low voltage pulses of 3 V and −3 V are applied during the writing and erasing processes,
respectively. Memory windows greater than 0.5 V can already be used meaningfully in
circuit simulations and real-world devices. When the dielectric layer of the memory device
is AlOx only, the memory window biased at the pulse voltage of ±3 V is 0.03 V. Based
on the experimental results, the increase in the memory window is mainly because of the
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significant decrease in the thickness of the carrier trapping layer, in which the trap ability of
the gate bias is enhanced by increasing the pulse voltage. However, the memory window
of the device with PI (1.6 wt%)/ AlOx dielectric is larger than that with an AlOx dielectric
only. This result is because the electric dipole in PI can quickly react to the external gate
field, thus resulting in the easy capture and release of carriers during programming and
erasing processes, respectively.
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Memory retention refers to the time that data can be stored and preserved when
data are written into the device during the operation of the memory device. Herein, we
measured the characteristic curve of VGS-IDS to calculate the threshold voltage, and then
the VGS-IDS curve was measured again every 30 min. The total measurement time was
120 min to record the results of the measured Vth at each time, as shown in Figure 8b. After
one data writing and saving operation, the memory effect significantly decreases over time
for the memory device only using an AlOx material as the dielectric layer. For the three
memory devices with the PI films whose solid contents range from 1.6 wt% to 4.7 wt%, the
Vth of the memory devices all gradually decrease within 30 min after one data writing and
storage operation, thereby indicating that it also represents a loss of data. However, after
the measurement time exceeds 30 min, the value of Vth gradually stabilizes. Then, after the
memory device with a PI film of solid content of 6.4 wt% has been written and stored once,
the Vth of the memory device remains almost unchanged over a long time of measurement.
Hence, it is speculated that because the thickness of the carrier capture layer is too thick,
weak data can be written. However, the capture ability of the carrier capture layer is not
strong; that is, it has a low trap state density and the carrier cannot be captured for a long
time, thus resulting in a slow loss of data. Based on the experimental results, if there is a
low solid content PI layer in the structure of a memory device, the device will have a larger
memory window and stronger retention ability.

In addition, memory durability represents how many times the memory device can
withstand repeated operations of data writing and erasing without losing data. Figure 9
shows the results of the memory endurance of memory devices with different dielectric
layers. The interactive change in the writing voltage (3 V, pulse time of 1 s) and erasing
voltage (−3 V, pulse time of 1 s) is used to measure the change in the memory window
over time. Hence, it is shown that the memory window of the device with PI films of
different solid contents can maintain a horizontal state without decreasing the memory
window as the number of operations increases. The memory device with a solid content of
1.6 wt% PI still maintains a memory window of above 0.59 V after the memory endurance
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analysis of 50 cycles, so this device is a memory device with excellent stability. The research
findings indicate that the write–erase ability is optimized when the solid content of PI in
the dielectric layer is 1.6 wt% or 3.2 wt% for the memory devices. The Vth variation of each
storage device in write and erase cycles is shown in Figure S3.
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AlOx/PI (1.6 wt%), and (e) native AlOx.

The charge carrier density (∆n) stored in memory devices during the writing and
erasing processes was calculated using the following formula [46]:

∆n =
∆Vth × Ci

e
(3)

where e is the amount of elementary charge (1.602 × 10−19 C), and Ci is the capacitance
per unit area. The value of ∆n determines the strength of the built-in electric field caused
by a charge injection and reflects the quality of the storage performance directly. After
50 write-erase cycles, the charge storage density of the PI dielectric with a solid content
of 1.6 wt% is the highest, resulting in the largest memory window among all memory
devices. This means that the use of PI with a solid content of 1.6 wt% as a dielectric layer in
organic memory devices can exhibit a high charge storage capacity and memory stability.
However, when the solid content of PI is increased beyond this optimal level, the charge
carrier density decreases, resulting in a reduced memory window, as displayed in Table 2.

However, for memory devices with AlOx dielectric layers only, the memory window
varies drastically with the number of operations. Therefore, it is determined that using PI
as the dielectric layer, its memory device can maintain a stable memory window under
repeated operations, and has good, repeated reading and writing abilities.
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Table 2. The parameter of storage carrier density after 50 cycles of each memory device.

Dielectric of OFETs Cycle
Time

C
(nF/cm2)

Memory Window
(V) ∆n (×1012 cm−2)

PI (6.4 wt%)/AlOx 50 19.67 0.06 0.007
PI (4.7 wt%)/AlOx 50 27.91 0.02 0.003
PI (3.2 wt%)/AlOx 50 72.91 0.42 0.19
PI (1.6 wt%)/AlOx 50 234.41 0.70 1.02

AlOx 50 1007.10 −0.12 −0.75

4. Conclusions

We diluted PI with NMP to form a series of PI films on the surface of AlOx, and
the solid contents of the PI films were formulated as 6.4 wt%, 4.7 wt%, 3.2 wt%, and
1.6 wt% to act as the dielectric of OFETs. When the solid content of the PI film gradually
decreases, the thickness of the carrier trapping layer becomes thinner and the surface
polarity term increases; thus, the field effect capability is enhanced to make the organic
semiconductor easily accumulate carriers and increase the channel current of the device.
However, s decrease in the solid content of the PI film will increase the surface roughness,
thereby resulting in poor crystal growth quality of PTCDI-C13, and thus affecting the carrier
transport of the organic semiconductor layer and reducing the carrier mobility. Meanwhile,
from the XRD experimental results, the organic semiconductor material grown on the
PI film with a solid content of 6.4 wt% has good crystalline performance. However, the
performance of electrical characteristics is poor because the thickness of the dielectric
layer is thick to reduce the gate field. Moreover, based on the experimental results of the
capacitance value, the lower the solid content of the PI film, the greater the capacitance
value. A calculation of the interfacial defect state density was carried out for the OFETs
with different dielectric layers from the capacitance value and the subthreshold swing of
the transistor, resulting in a relationship whereby the lower the solid content of the PI film,
the higher the interfacial defect energy state density. Therefore, in the case of measuring
drain current–time, a phenomenon of current growth over time was observed in the device
with a high solid content PI film (6.4 wt% and 4.7 wt%) because of gate-induced trap states
compensated for by the accumulation carriers induced by the electric dipoles within the PI
film. Meanwhile, in cases with a lower solid content of PI film and native AlOx film, the
carriers in the organic semiconductor need to continuously fill the trapped states induced
by the gate field and poor crystalline PTCDI-C13, its drain current decreases with time, and
after it is gradually filled, the drain current value tends to gradually stabilize, indicating that
stable electrical characteristics are achieved. Furthermore, the electrical stability of OFETs
can be controlled according to the controllable trap state density from the gate dielectric
material. The electrical stability that can be achieved in the case with a low solid content of
PI is the case for making excellent organic memory devices. From the experimental results
of the memory device, the memory device with the PI layer with different solid contents
can still maintain a good memory window after multiple writing and erasing operations.
In most transistors, including organic and inorganic ones, the electrical stability decays
with operation time; however, in our experiments, organic transistors can show excellent
stability. Thus, these high-stability devices will meet the consumer demand for flexible
electronic products in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15112421/s1, Figure S1: The chemical structures of (a) polymer
dielectric material PI, and (b) organic semiconductor material PTCDI-C13.; Figure S2: The relationship
between the S.S. and NSS of the OFETs versus the different solid contents of the PI layer, in which
10 devices are used for averaging.; Figure S3: The Vth variation chart of writing-erasing for organic
memory devices fabricated by using PI films with different solid contents (a) 6.4 wt%, (b) 4.7 wt%,
(c) 3.2 wt%, (d) 1.6 wt%, and (e) native AlOx.; Figure S4: The memory characteristics chart of writing-
erasing behaviors for organic memory devices fabricated by using PI films with different solid
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contents (a) 6.4 wt%, (b) 4.7 wt%, (c) 3.2 wt%, (d) 1.6 wt%, and (e) native AlOx.; Table S1: Performance
criteria of OFETs with different dielectrics (averaging by 10 devices); Table S2: Comparison of
mobilities between different references and this work.

Author Contributions: W.-Y.C.: conceptualization, methodology, project administration, and
writing—review and editing; P.-H.F.: data curation, formal analysis, and writing—original draft;
P.-L.K.: investigation and validation; H.-L.C.: formal analysis; Y.-W.W.: equipment support and
cooperation. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data will be made available upon request.

Acknowledgments: The authors acknowledge the financial support from the National Science and
Technology Council of Taiwan (MOST 111-2112-M-006-021) and the use of XRD005100 of MOST
110-2731-M-006-001 belonging to the Core Facility Center of National Cheng Kung University. The
research was supported in part by Higher Education Sprout Project, Ministry of Education to the
Headquarters of University Advancement at National Cheng Kung University (NCKU).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Facchetti, A. Semiconductors for organic transistors. Mater. Today 2007, 10, 28–37. [CrossRef]
2. Smith, J.; Hamilton, R.; McCulloch, I.; Stutzmann, N.S.; Heeney, M.; Bradley, D.D.C.; Anthopoulos, T.D. Solution-processed

organic transistors based on semiconducting blends. J. Mater. Chem. 2010, 20, 2562–2574. [CrossRef]
3. GuÈnes, S.; Neugebauer, H.; Sariciftci, N.S. Conjugated Polymer-Based Organic Solar Cells. Chem. Rev. 2007, 107, 1324–1338.

[CrossRef] [PubMed]
4. Peumans, P.; Yakimov, A.; Forrest, S.R. Small molecular weight organic thin photodetectors and solar cells. J. Appl. Phys. 2003, 93,

3693–3723. [CrossRef]
5. Reineke, S.; Lindner, F.; Schwartz, G.; Seidler, N.; Walzer, K.; Lüssem, B.; Leo, K. White organic light-emitting diodes with

fluorescent tube efficiency. Nature 2009, 459, 234–238. [CrossRef]
6. Dai, X.L.; Zhang, Z.X.; Jin, Y.H.; Niu, Y.; Cao, H.J.; Liang, X.Y.; Chen, L.W.; Wang, J.P.; Peng, X.G. Solution-processed, high-

performance light-emitting diodes based on quantum dots. Nature 2014, 515, 96–99. [CrossRef]
7. Xia, G.D.; Wang, S.M.; Zhao, X.R.; Zhou, L.M. High-performance low-voltage organic transistor memories with room-temperature

solution-processed hybrid nanolayer dielectrics. J. Mater. Chem. C 2013, 1, 3291–3296. [CrossRef]
8. Baeg, K.J.; Khim, D.Y.; Kim, J.H.; Yang, B.D.; Kang, M.J.; Jung, S.W.; You, I.K.; Kim, D.Y.; Noh, Y.Y. High-Performance Top-Gated

Organic Field-Effect Transistor Memory using Electrets for Monolithic Printed Flexible NAND Flash Memory. Adv. Funct. Mater.
2012, 22, 2915–2926. [CrossRef]

9. Diao, Y.; Tee, B.C.K.; Giri, G.; Xu, J.; Kim, D.H.; Becerril, H.A.; Stoltenberg, R.M.; Lee, T.H.; Xue, G.; Mannsfeld, S.C.B.; et al.
Solution coating of large-area organic semiconductor thin films with aligned single-crystalline domains. Nat. Mater. 2013, 12,
665–671. [CrossRef]

10. Li, W.H.; Liu, Q.; Zhang, Y.; Li, C.; He, Z.F.; Choy, W.C.H.; Low, P.J.; Sonar, P.; Kyaw, A.K.K. Biodegradable Materials and Green
Processing for Green Electronics. Adv. Mater. 2020, 32, 2001591. [CrossRef]

11. Giri, G.; Verploegen, E.; Mannsfeld, S.C.B.; Evrenk, S.A.; Kim, D.H.; Lee, S.Y.; Becerril, H.A.; Guzik, A.A.; Toney, M.F.; Bao, Z.N.
Tuning charge transport in solution-sheared organic semiconductors using lattice strain. Nature 2011, 480, 504–508. [CrossRef]
[PubMed]

12. Karl, N. Charge carrier transport in organic semiconductors. Synth. Met. 2003, 133–134, 649–657. [CrossRef]
13. Friederich, P.; Meded, V.; Poschlad, A.; Neumann, T.; Rodin, V.; Stehr, V.; Symalla, F.; Danilov, D.; Lüdemann, G.; Fink, R.F.;

et al. Molecular Origin of the Charge Carrier Mobility in Small Molecule Organic Semiconductors. Adv. Funct. Mater. 2016, 26,
5757–5763. [CrossRef]

14. Schmechel, R.; von Seggern, H. Electronic traps in organic transport layers. Phys. Status Solidi (a) 2004, 201, 1215–1235. [CrossRef]
15. Jun, B.; Lee, C.H.; Lee, S.U. Strain-induced carrier mobility modulation in organic semiconductors. J. Ind. Eng. Chem. 2022, 107,

137–144. [CrossRef]
16. Puntambekar, K.; Dong, J.; Haugstad, G.; Frisbie, C.D. Structural and Electrostatic Complexity at a Pentacene/Insulator Interface.

Adv. Funct. Mater. 2006, 16, 879–884. [CrossRef]
17. Mühlenen, A.V.; Castellani, M.; Schaer, M.; Zuppiroli, L. Controlling charge-transfer at the gate interface of organic field-effect

transistors. Phys. Status Solidi (b) 2008, 245, 1170–1174. [CrossRef]
18. Bürgi, L.; Richards, T.J.; Friend, R.H.; Sirringhaus, H. Close look at charge carrier injection in polymer field-effect transistors.

J. Appl. Phys. 2003, 94, 6129–6137. [CrossRef]

https://doi.org/10.1016/S1369-7021(07)70017-2
https://doi.org/10.1039/b921674j
https://doi.org/10.1021/cr050149z
https://www.ncbi.nlm.nih.gov/pubmed/17428026
https://doi.org/10.1063/1.1534621
https://doi.org/10.1038/nature08003
https://doi.org/10.1038/nature13829
https://doi.org/10.1039/c3tc30149d
https://doi.org/10.1002/adfm.201200290
https://doi.org/10.1038/nmat3650
https://doi.org/10.1002/adma.202001591
https://doi.org/10.1038/nature10683
https://www.ncbi.nlm.nih.gov/pubmed/22193105
https://doi.org/10.1016/S0379-6779(02)00398-3
https://doi.org/10.1002/adfm.201601807
https://doi.org/10.1002/pssa.200404343
https://doi.org/10.1016/j.jiec.2021.11.042
https://doi.org/10.1002/adfm.200500816
https://doi.org/10.1002/pssb.200743439
https://doi.org/10.1063/1.1613369


Polymers 2023, 15, 2421 14 of 15

19. Lucas, B.; Amrani, A.E.; Moliton, A.; Skaiky, A.; El Hajj, A.; Aldissi, M. Charge transport properties in pentacene films: Evaluation
of carrier mobility by different techniques. Solid State Electron. 2012, 69, 99–103. [CrossRef]

20. Alaboson, J.M.P.; Wang, Q.H.; Emery, J.D.; Lipson, A.L.; Bedzyk, M.J.; Elam, J.W.; Pellin, M.J.; Hersam, M.C. Seeding Atomic
Layer Deposition of High-k Dielectrics on Epitaxial Graphene with Organic Self-Assembled Monolayers. ACS Nano 2011, 5,
5223–5232. [CrossRef]

21. Chang, J.F.; Hou, K.S.; Yang, Y.W.; Wang, C.H.; Chen, Y.X.; Ke, H.D. Enhanced mobility for increasing on-current and switching
ratio of vertical organic field-effect transistors by surface modification with phosphonic acid self-assembled monolayer. Org.
Electron. 2020, 81, 105689-1–105689-7. [CrossRef]

22. Horii, Y.; Sakaguchi, K.; Chikamatsu, M.; Azumi, R.; Yase, K.; Kitagawa, M.; Konish, H. High-Performance Solution-Processed
n-Channel Organic Thin-Film Transistors Based on a Long Chain Alkyl-Substituted C60 Derivative. Appl. Phys. Express 2010, 3,
101601. [CrossRef]

23. Kim, K.; Oh, S.M.; Hong, J.; Jung, C.; Seo, J.; Jeong, Y.J.; Lee, H.S.; Kim, S.H. Electrohydrodynamic jet printing of small-molecule
semiconductor crystals on chemically patterned surface for high-performance organic field-effect transistors. Mater. Chem. Phys.
2022, 285, 126165. [CrossRef]

24. Volksen, W. Condensation polyimides: Synthesis, solution behavior, and imidization characteristics. Adv. Polym. Sci. 1994, 117,
111–164.

25. Jiang, S.H.; Uch, B.; Agarwal, S.; Greiner, A. Ultralight, Thermally Insulating, Compressible Polyimide Fiber Assembled Sponges.
ACS Appl. Mater. Interfaces 2017, 9, 32308–32315. [CrossRef]

26. Ji, D.Y.; Li, T.; Hu, W.P. Harald Fuchs Recent Progress in Aromatic Polyimide Dielectrics for Organic Electronic Devices and
Circuits. Adv. Mater. 2019, 31, 1806070. [CrossRef]

27. Liu, Z.L.; Yu, T.P.; Wan, Z.T.; Wang, Y.R.; Li, Z.Q.; Yin, J.; Gao, X.; Xia, Y.D.; Liu, Z.G. High-Performance Pentacene-Based
Field-Effect Transistor Memory Using the Electrets of Polymer Blends. Adv. Electron. Mater. 2022, 8, 2101342. [CrossRef]

28. Chou, W.Y.; Ho, T.Y.; Cheng, H.L.; Tang, F.C.; Chen, J.H.; Wang, Y.W. Gate field induced ordered electric dipoles in a polymer
dielectric for low-voltage operating organic thin-film transistors. RSC Adv. 2013, 3, 20267–20272. [CrossRef]

29. Baek, Y.; Lim, S.; Yoo, E.J.; Kim, L.H.; Kim, H.; Lee, S.W.; Kim, S.H.; Park, C.E. Fluorinated Polyimide Gate Dielectrics for the
Advancing the Electrical Stability of Organic Field-Effect Transistors. ACS Appl. Mater. Interfaces 2014, 6, 15209–15216. [CrossRef]

30. Raveendran, R.; Namboothiry, M.A.G. Bias Stress Stability and Hysteresis in Elastomeric Dielectric Based Solution Processed
OFETs. Mater. Res. Bull. 2022, 146, 111596. [CrossRef]

31. Kang, B.; Moon, B.; Choi, H.H.; Song, E.; Cho, K. Molecular Orientation-Dependent Bias Stress Stability in Bottom-Gate Organic
Transistors Based on an n-Type Semiconducting Polymer. Adv. Electron. Mater. 2016, 2, 1500380. [CrossRef]

32. Knipp, D.; Street, R.A.; Vülkel, A.; Ho, J. Pentacene thin film transistors on inorganic dielectrics: Morphology, structural properties,
and electronic transport. J. Appl. Phys. 2003, 93, 347–355. [CrossRef]

33. Kalb, W.L.; Batlogg, B. Calculating the trap density of states in organic field-effect transistors from experiment: A comparison of
different methods. Phys. Rev. B 2010, 81, 035327. [CrossRef]

34. Zaumseil, J.; Sirringhaus, H. Electron and Ambipolar Transport in Organic Field-Effect Transistors. Chem. Rev. 2007, 107,
1296–1323. [CrossRef]

35. Ruzaiqi, A.A.; Okamoto, H.; Kubozono, Y.; Zschieschang, U.; Klauk, H.; Baran, P.; Gleskov, H. Low-voltage organic thin-film
transistors based on [n]phenacenes. Org. Electron. 2019, 73, 286–291. [CrossRef]

36. Kumar, A.; Perinot, A.; Sarkar, S.K.; Gupta, D.; Zorn, N.F.; Zaumseil, J.; Caironi, M. Low-temperature solution-processed
high-capacitance AlOx dielectrics for low-voltage carbon-based transistors. Org. Electron. 2022, 110, 106636. [CrossRef]

37. Kim, D.; Kim, C.; Earmme, T. Polyurethane triblock copolymer gate dielectrics for low-voltage organic thin-film transistors. J. Ind.
Eng. Chem. 2019, 71, 460–464. [CrossRef]

38. Zschieschang, U.; Amsharov, K.; Weitz, R.T.; Jansen, M.; Klauk, H. Low-voltage organic n-channel thin-film transistors based on a
core-cyanated perylene tetracarboxylic diimide derivative. Synth. Met. 2009, 159, 2362–2364. [CrossRef]

39. Unni, K.N.N.; Pandey, A.K.; Nunzi, J.M. N-channel organic field-effect transistors using N, N’-ditridecylperylene-3, 4, 9,
10-tetracarboxylic diimide and a polymeric dielectric. Chem. Phys. Lett. 2005, 407, 95–99. [CrossRef]

40. Oh, J.D.; Kim, J.W.; Kim, D.K.; Choi, J.H. Low-voltage organic transistors and inverters using HfOx dielectrics. Org. Electron. 2016,
30, 131–135. [CrossRef]

41. Wu, F.C.; Yeh, B.L.; Chou, T.H.; Chen, J.S.; Cheng, H.L.; Chou, W.Y. Effects of interfacial tension and molecular dipole moment on
the electrical characteristics of low-voltage-driven organic electronic devices. Org. Electron. 2018, 59, 374–381. [CrossRef]

42. Liao, H.L.; Chen, J.X.; Lan, L.Y.; Yu, Y.P.; Zhu, G.M.; Duan, J.Y.; Zhu, X.Y.; Dai, H.J.; Xiao, M.F.; Li, Z.K.; et al. Efficient n-Type
Small-Molecule Mixed Ion-Electron Conductors and Application in Hydrogen Peroxide Sensors. ACS Appl. Mater. Interfaces 2022,
14, 16477–16486. [CrossRef] [PubMed]

43. Lin, Y.S.; Yeh, B.L.; Tsai, M.R.; Cheng, H.L.; Liu, S.J.; Tang, F.C.; Chou, W.Y. Initial time-dependent current growth phenomenon in
n-type organic transistors induced by interfacial dipole effects. J. Appl. Phys. 2015, 117, 104507. [CrossRef]

44. Wang, Y.F.; Tsai, M.R.; Wang, P.Y.; Lin, C.Y.; Cheng, H.L.; Tang, F.C.; Hsu, S.L.C.; Hsu, C.C.; Chou, W.Y. Controlling carrier
trapping and relaxation with a dipole field in an organic field-effect device. RSC Adv. 2016, 6, 77735–77744. [CrossRef]

https://doi.org/10.1016/j.sse.2011.12.011
https://doi.org/10.1021/nn201414d
https://doi.org/10.1016/j.orgel.2020.105689
https://doi.org/10.1143/APEX.3.101601
https://doi.org/10.1016/j.matchemphys.2022.126165
https://doi.org/10.1021/acsami.7b11045
https://doi.org/10.1002/adma.201806070
https://doi.org/10.1002/aelm.202101342
https://doi.org/10.1039/c3ra42765j
https://doi.org/10.1021/am5035076
https://doi.org/10.1016/j.materresbull.2021.111596
https://doi.org/10.1002/aelm.201500380
https://doi.org/10.1063/1.1525068
https://doi.org/10.1103/PhysRevB.81.035327
https://doi.org/10.1021/cr0501543
https://doi.org/10.1016/j.orgel.2019.06.021
https://doi.org/10.1016/j.orgel.2022.106636
https://doi.org/10.1016/j.jiec.2018.12.003
https://doi.org/10.1016/j.synthmet.2009.07.042
https://doi.org/10.1016/j.cplett.2005.03.079
https://doi.org/10.1016/j.orgel.2015.12.006
https://doi.org/10.1016/j.orgel.2018.05.057
https://doi.org/10.1021/acsami.1c24267
https://www.ncbi.nlm.nih.gov/pubmed/35357117
https://doi.org/10.1063/1.4914348
https://doi.org/10.1039/C6RA09676J


Polymers 2023, 15, 2421 15 of 15

45. Wang, Y.F.; Tsai, M.R.; Lin, Y.S.; Wu, F.C.; Lin, C.Y.; Cheng, H.L.; Liu, S.J.; Tang, F.C.; Chou, W.Y. High-response organic thin-film
memory transistors based on dipole-functional polymer electret layers. Org. Electron. 2015, 26, 359–364. [CrossRef]

46. Wang, W.V.; Zhang, Y.; Li, X.Y.; Chen, Z.Z.; Wu, Z.H.; Zhang, L.; Lin, Z.W.; Zhang, H.L. High performance nonvolatile organic
field-effect transistor memory devices based on pyrene diimide derivative. Infomat 2021, 3, 814–822. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.orgel.2015.08.006
https://doi.org/10.1002/inf2.12186

	Introduction 
	Materials and Methods 
	Device Fabrication 
	Characterization 

	Results and Discussions 
	Surface Morphology Analyses of Dielectric Layers 
	Analysis of Thin Film Microstructure 
	Electrical Measurements of OFETs 
	Stability Analysis of OFETs 
	Analyses of Memory Device Characteristics 

	Conclusions 
	References

