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Organic light-emitting diodes (LEDs)are 
famous commercialized organic devices 
used as display modules in smartphones. 
However, other electronic components 
have not been completely replaced by 
organic materials yet because of the poor 
performance and lifetime of these mate-
rials. Several research groups have there-
fore focused their efforts on developing 
various electronic elements from organic 
materials such as electrodes, capacitors, 
inductors, memory, photovoltaic cells, sen-
sors, transistors, and non-volatile memory 
for complex electronic devices.[15–17] Never-
theless, only a few organic electronic fil-
ters for circuits with noisy electric signals 
have been reported.

A Schmitt trigger, one of the most com-
monly used versatile noise filters, consists 
of a comparator circuit with hysteresis that 
is induced by applying positive feedback to 
the non-inverting input of a comparator or 
differential amplifier. These characteristics 
of a Schmitt trigger allow the output signal 
to retain its signal until the input signal 
changes enough to change the trigger, 

hence use of the term “trigger.”[18] One of representative use of 
a Schmitt trigger is as an electric noise filter in integrated cir-
cuits. It is particularly effective in signaling conditioning appli-
cations such as increasing immunity to noise in circuits caused 
by contact bounce in switches or fluctuations from unpredict-
able output changes. Another use of a Schmitt trigger is an one-
bit analog-to-digital converter, which transform an analog input 
to a digital output signals using a low-to-high signal transition 

Although there have been many attempts to replace conventional inorganic 
electronics with organic materials that can be mass produced at low cost, 
few organic electronic filters to increase immunity to electrical noise have 
been reported thus far. Conventional Schmitt triggers or their inverters are 
used in many electronic circuits as versatile electronic noise filters. However, 
it is challenging to manufacture organic electronic systems with complex 
circuitry. In this study, a simple, all-solid-state organic Schmitt trigger con-
sisting of twin two-in-one organic ferroelectric memory transistors with the 
same chemical compositions and device dimensions but different threshold 
voltages is introduced. Threshold voltages and hysteresis in the two-in-one 
devices can be controlled by polarization switching as demonstrated in a 
previous study. Hysteresis of a ferroelectric p-type depletion load inverter can 
be achieved using twin two-in-one devices when the sweep voltage is higher 
than the critical gate voltages. This facilitates inverter characteristics at two 
different threshold voltages, and realizing a Schmitt trigger. Finally, based 
on simulation program with integrated circuit emphasis (SPICE) simulation, 
guidelines are proposed on how to design organic Schmitt triggers with p- or 
n-type materials and ferroelectric or charge-trapping mechanisms to achieve 
inverting or non-inverting characteristics.
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1. Introduction

Electrical properties of various organic materials can be modu-
lated by tailoring functional groups, resulting in organic elec-
tronics with versatile functionalities.[1–4] Organic compounds 
also have the advantages of being lightweight and flexible in 
addition to being amenable to low-temperature solution pro-
cessing, which could enable roll-to-roll mass printing of large-
area electronics and integrated modules at reduced cost.[5–14] 
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as the signal reaches a predetermined level.[19] Schmitt trig-
gers can be used in relaxation oscillators, function generators, 
switching power supplies, and as basic elements of neuromor-
phic electronic systems.[20,21] Despite these diverse applications 
in electronic circuits, a typical Schmitt trigger requires com-
plex circuitry and various electronic components (two transis-
tors and six resistors in general). Therefore, it is still difficult 
to implement organic Schmitt triggers due to the poor process-
ability of organic materials for active or passive components of 
the electronic circuit. Schmitt trigger usually has two emitter-
coupled transistor stages or a non-inverting comparator (opera-
tional amplifier). For example, a bipolar junction transistor 
bistable collector-base coupled circuit can be a Schmitt trigger 
by connecting additional base resistors to one of the bases.[18,19]

In this study, we propose a simple, all-solid-state organic 
Schmitt trigger consisting of only two device components (twin 
devices) with the same chemical compositions and dimensions. 
To realize this all-solid-state organic Schmitt trigger, we developed 
a two-in-one organic ferroelectric memory transistor. The two-
in-one organic ferroelectric memory transistor has an electrical 
switching function with negligible hysteresis in addition to a non-
volatile data storage function under certain gate bias conditions. By 
controlling the ferroelectric properties of poly(vinylidene fluoride-
trifluoroethylene) (P(VDF-TrFE)) through the photo-crosslinking 
with bis-perfluorobenzoazide (bis-FB-N3), we achieved both high 
permittivity and ferroelectricity of the crosslinked polymer for 
electrical switching and data storage, respectively. These electrical 
characteristics enabled us to generate a ferroelectric p-type deple-
tion load inverter composed of two transistors with the same 
chemical compositions and device configurations, but with dif-
ferent threshold voltages. The control of threshold voltages can 
simply be changed by polarization switching by using the charac-
teristic of ferroelectric transistor.[22] We demonstrated an organic 
Schmitt trigger in which the threshold voltage and hysteresis of 
the ferroelectric p-type depletion load inverter can be freely con-
trolled without any chemical treatment or change in device con-
figuration. The hysteresis of the p-type depletion load inverter can 
be suppressed when sweep voltages are lower than the critical 
gate voltage, and it can be used as a general inverter with a single 
threshold voltage. Hysteresis is induced when the sweep voltages 
are larger than the critical gate voltage, yielding inverter charac-
teristics with two threshold voltages. These electrical characteris-
tics of the p-type depletion load inverter allow it to function as 
a Schmitt trigger, simplify the device configuration, and reduce 
power consumption. Based on our experimental results, we pro-
pose guidelines for how to design new inverting or non-inverting 
Schmitt triggers using only twin memory transistors with dif-
ferent types of channel materials or operational mechanisms 
through Simulation Program with Integrated Circuit Emphasis 
(SPICE) simulations.

2. Results and Discussion

2.1. Strategy to Make All-Solid-State Organic Schmitt Triggers 
Using Twin Two-in-One Ferroelectric Memory Transistors

Below we describe the strategy to make all-solid-state organic 
Schmitt triggers using twin two-in-one ferroelectric memory 

transistors in detail. A general transistor usually has one func-
tion that is the switching and amplifying of the current by gate 
bias. An organic ferroelectric transistor consists of π-conjugated 
organic molecules as an active channel and organic ferroelec-
tric materials as a dielectrics layer, respectively.[23–25] As writing/
deleting voltage biases are applied to the gate electrode of fer-
roelectric transistor, the drain current exhibits threshold voltage 
shifts, that is, hysteresis window, and indicates the typical non-
volatile memory operation.[9,23–27] P(VDF-TrFE) is an insulating 
organic polymer that has great ferroelectric properties including 
a high remnant polarization and enough dielectric constant 
compared with those of other insulating polymers.[23,28] Because 
of above characteristic, P(VDF-TrFE) is generally used to ferro-
electric memory transistors as a ferroelectric dielectric layer.

Our two-in-one organic ferroelectric memory transistor has 
an electrical switching with small hysteresis in additional to a 
non-volatile data storage functions. Motion of P(VDF-TrFE) 
was effectively restricted by photo-crosslinking via bis-FB-N3, 
which conferred high permittivity and ferroelectricity for elec-
trical switching function and data storage function, respec-
tively. In addition, the threshold voltage of the two-in-one 
device was adjustable by modulating the amount of crosslinks 
in P(VDF-TrFE). Therefore, hysteresis-free electrical on/off 
switching of the device under relatively weak gate bias at the 
critical gate voltage was realized.

Ferroelectric properties of a p-type depletion load inverter 
consist of twin two-in-one devices made of photo-crosslinked 
P(VDF-TrFE) could be precisely controlled as shown in Figure 1. 
To demonstrate a p-type depletion load inverter configured 
by twin two-in-one devices, we prepared the top source–drain 
contact and a bottom gate device that can function as a non-
volatile memory and field effect transistor. Photo-crosslinked 
P(VDF-TrFE) and pentacene were used as dielectric and 
channel layers, respectively. Top Au on the pentacene channel, 
length (L) of 50 µm and width (W) of 1000 µm, and Si substrate 
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Figure 1.  Schematic of a p-type depletion load inverter prepared by con-
necting twin two-in-one organic ferroelectric memory transistors of the 
same dimensions. The insets show an equivalent circuit of the device and 
the materials in the channel and dielectric layer.
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were used for source–drain and gate electrode contacts, respec-
tively. Further details are provided in Section 4. A dielectric 
layer with photo-crosslinked P(VDF-TrFE) (17.6 wt% bis-FB-N3: 
P(VDF-TrFE)) was fabricated for the representative p-type 
depletion load inverter.
Figure  2 shows the electrical characteristics of the driver 

component in the p-type depletion load inverter. As shown in 
the drain current (ID)–gate voltage (VG) curves summarized in 
Figure  2a, the device showed typical transfer curves of p-type 
transistor with negligible hysteresis in the double gate voltage 
sweep range below ±30 V. The electrical noise is due to the gate 
leakage current as shown in Figure S3, Supporting Informar-
tion. The gate leakage currents of 1 nA or less are almost same 
level as the noise in the low current region in all the voltage 
sweeps of the transfer curves. Nevertheless, we are sure that 
there are no problems on the performance and the reproduc-
ibility of the electrical characteristics of the devices, since only 

the characteristics in the high current range affect the actual 
device (Schmitt trigger).[23] In addition, output curves with neg-
ligible hysteresis were obtained by double sweeping the drain 
voltage from 0 to −30 V and the gate voltage from 10 to −30 V 
in steps of −5 V, as shown in Figure 2b. By contrast, double gate 
voltage sweep (±30 V higher than VG) led to switching the polar-
ization of the photocrosslinked P(VDF-TrFE) dielectric matrix, 
then clear hysteresis (i.e., memory window) was observed up 
to 13 V in the case of a ±50 V sweep. The retention time and 
write/read/erase/read (W-R-E-R) cycling tests are measured 
as memory operation parameters and shown in  Figure  2c,d, 
respectively.

To determine the retention characteristics of the transistors, 
writing and erasing of the device were carried out by applying 
a VG of −50 and +50 V, respectively. To read ID after the writing 
and erase processes, drain voltage (VD) and VG were applied 
to −10 and 0 V each with a 1 s interval. The current level kept 
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Figure 2.  Electrical characteristics of the drive component in a p-type depletion load inverter consisting of twin two-in-one organic ferroelectric memory 
transistor. A pentacene and 17.6 wt% bis-FB-N3:P(VDF-TrFE) are used as the channel and dielectric layers, respectively. a) Transfer and b) output char-
acteristics. c) Retention time test for the written and erased states. d) Repeated write/read/erase/read (W-R-E-R) endurance cycling test for the series 
of gate voltages (VG) of −50, 0, 50, and 0 V at a drain voltage (VD) of −10 V. Sweep of VG in transfer curves ranged from ±10 to ±50 V while VD was 
maintained at −10 V. Sweep of VD in output curves was varied from 0 to −30 V and VG was swept from 10 to −30 V using −5 V steps.
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for more than 104 s as shown in Figure 2c. This indicates that 
retention time was at least 104 s or even more, and that the ON 
state can be maintained for that time after the writing process. 
The difference in measured ID between the written and erased 
states remained constant at over 100 times during the reten-
tion test, indicating that the organic ferroelectric transistor had 
non-volatile memory characteristics. W-R-E-R cycling test also 
performed in order to verify the reversible switching proper-
ties and device reliability as shown in Figure  2d. The device 
exhibited durable reversible electrical switching under consecu-
tive gate bias cycles without serious performance degradation 
during 400 cycles. Likewise, in the retention tests, an ON/OFF 
current ratio of two orders of magnitude was observed in the 
W-R-E-R cycling test. Consequently, the driver transistor in the 
p-type depletion load inverter clearly showed both data storage 

and electrical switching functions that can be obtained from a 
non-volatile memory transistor and typical transistors, respec-
tively, as we reported previously for our two-in-one device.

2.2. Electrical Characteristics of Schmitt Trigger Using a 
p-Type Depletion Load Inverter Consisting of Twin Two-in-One 
Ferroelectric Transistors

Next, based on the two-in-one ferroelectric memory transistor 
described above, we integrated a Schmitt trigger using a p-type 
depletion load inverter consisting of twin ferroelectric tran-
sistors. In general, an integrated circuit system has different 
electrical functions according to the specific connections or 
positions of the transistors in the circuit. Carrier type, drain 
current, and threshold voltages, can be modified to obtain the 
desired functions in a circuit system. For example, a depletion 
load inverter is usually used to implement logical negation 
and is configured by series connection of different operational 
mode transistors (enhancement and depletion modes). How-
ever, a two-in-one ferroelectric memory transistor can satisfy 
these conditions if each threshold voltages can be controlled 
simply. The change of threshold voltages can be performed 
by switching of polarization as described in Section 2.1. Thus, 
p-type depletion load inverters can be realized by connecting 
the twin transistors in series and by utilizing simple threshold 
voltage control affording by polarization switching of photo-
crosslinked P(VDF-TrFE) without changing W/L ratio and 
without the chemical modifications. Details of how to con-
figure a depletion load inverter using twin transistors are pro-
vided below. As shown in Figure 1, the source electrode of the 
driver is coupled to both the drain and gate electrodes of the 
load in a p-type depletion load inverter. Subsequently, polariza-
tion switching is performed to balance the threshold voltages 
between driver and load components and make an inverter. 
To modulate the threshold voltages of each transistor, a VG of 
+30 and −30 V was applied to write and erase, respectively, for 
1 min at the fixed VD of −10 V. In addition, input voltage (VIn) 
was dual swept from +20 to −30 V to induce hysteresis of the 
inverter because two different gain peaks, that is, an inverter 
with hysteresis, are necessary to achieve the Schmitt trigger.

The ferroelectricity of the P(VDF-TrFE) with regard to 
memory window changes as a function of bis-FB-N3 content 
and applied gate voltage sweep ranges is described in more 
detail in our previous report.[22] Results are summarized in the 
contour plot in Figure 3a. The area below the white dashed line 
shows a negligible hysteresis window that can be used as a gen-
eral inverter while, the area above the white dashed line shows 
a sufficient hysteresis window for a Schmitt trigger. Here, the 
white dashed line indicates the critical input sweep voltage 
above which the inverter shows hysteresis.

The red dashed line indicates a representative p-type 
depletion load inverter comprising a dielectric layer with 
photocrosslinked 17.6 wt% bis-FB-N3:P(VDF-TrFE). Figure 3b,c 
shows the output voltage (VOut) transfer characteristics for 
VIn sweeping from +20 to −30 V and the gain values of the 
inverter at fully written and erased (pristine) states of the driver 
under various power supply voltage (VDD) conditions (from −10 
to −40  V, with −10 V steps). The difference in critical voltage 
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Figure 3.  a) Contour plots of hysteresis windows as a function of bis-
FB-N3 content and VG. The area below the white dashed line indicates 
a negligible hysteresis window that can be used as a general inverter, 
while the area above the white dashed line shows a sufficient hysteresis 
window for a Schmitt trigger. The red dashed line is representative of 
the p-type depletion load inverter in this paper that was implemented by 
twin two-in-one devices with pentacene as the channel layer and 17.6 wt% 
bis-FB-N3:P(VDF-TrFE) as the dielectric layer. b) Output voltage (VOut) 
transfer properties and c) the gain values of the p-type depletion load 
inverter, respectively, at fully written and erased (pristine) states of drive 
component under various power supply voltages (VDD ranging from −10 
to −40 V, with −10 V steps).
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between a single memory transistor and an inverter incorpo-
rating twin two-in-one devices, that is, the sweep range of gate 
voltages where hysteresis begins to appear, is probably due to 
the sweep speed. General inverter operation with negligible 
hysteresis can also be obtained in the small VIn sweep range of 
0 to −12 V but ferroelectric characteristics of photocrosslinked 
P(VDF-TrFE) cannot be induced in this sweep range.[22]

The difference in threshold voltage between drive and load 
results in a difference of current level, which enables inverter 
drive. A larger gate sweep voltage than the critical voltage 
causes hysteresis of outputs. The inverter gain, defined as 
∂VOut/∂VIn, was estimated and a maximum gain (>5.0) for 
forward and reverse scans was achieved at VDD  =  −40 V. The 
prepared inverter can be well converted to a logic output of “1” 
when the input signal is “0” and to the output signal of “0” 
when the input signal is “1” by means of VOut at the boundary 
of each gain peak. Furthermore, the position of gain peaks can 
be freely adjusted by using the nonvolatile characteristics of the 
two-in-one device, as described later.

We next implemented a Schmitt trigger using a p-type fer-
roelectric depletion load inverter with two different gain peaks 
(see  Figure  4). Various input signals (square, triangle, sine, 
and sine with random noise) as shown in Figure 4a were used 
to verify functioning of the Schmitt trigger as an electronic 
signal filter. In a Schmitt trigger with an inverting configura-
tion (inverting Schmitt trigger) as shown in Figure  4b, out-
puts convert to low and high when the input signal is above 
the high threshold voltage and below the low threshold voltage, 
respectively. In contrast, when input signals are between the 
two levels, the output signal remains constant due to the dual 
threshold action of the Schmitt trigger. Additionally, these 
inverted output signals can be further inverted back to non-
inverted signals by changing the configuration of the electrode 
connections. Further descriptions are provided in Section S1, 
Supporting Information.

Figure 4c shows the VOut behavior of a fully written inverting 
Schmitt trigger for various input signals. For the device with a 
VDD of −40 V and an inverting Schmitt trigger electrode con-
figuration, VIns of +30 and −30 V indicate inputs of 0 and 1, 
respectively. Thus, output both 1 and 0 were obtained at VOut of 
−40 and 0 V, respectively. In the range of VIns of +30 and−30 V, 
the transition threshold voltages of the inverter, which are the 
positions of the gain peaks as shown in Figure  3b, were +6.3 
and −6.9 V, respectively, at the fully written state. Thus, various 
input signals were filtered through the Schmitt trigger and 
output signals with almost identical step shaped pulses were 
obtained. The slight phase deviation and small bend path noise 
seen in outputs in the ON state were due to the sine input and 
sine input with random noise, respectively. This band path 
noise and phase deviation may be caused by mismatch between 
the output range and the required input range for a clean 
switching operation.

The inverting Schmitt trigger provided an inverted output 
where the phase of the input signals was shifted by a half 
period, while the non-inverting Schmitt trigger provided a 
non-inverted output identical to the phase of the input signal. 
These signal conversions can be used for noise filtering, 1 bit 
analog-to-digital conversion, relaxation oscillators, function 
generators, switching power supplies, and as basic elements 

of neuromorphic electronic systems as described earlier. In 
particular, the noise filtering applications of a Schmitt trigger 
can be used to clearly distinguish between ON/OFF states. 
For example, the ON/OFF state of a LED can be defined more 
stably and clearly by applying a Schmitt trigger. A single 
threshold switch cannot define a stable ON–OFF state due to 
rapid blinking at the boundary of a single threshold.

Because the operational voltage of the device is still high, it 
requires additional way to reduce power consumption of the 
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Figure 4.  Output behavior of the fully written inverting and non-inverting 
Schmitt triggers for various input signals. a) Various input signals 
(squares, triangles, sines, and sines with 8 V random noise. b) Circuit 
diagrams and symbols of the inverting Schmitt trigger implemented by 
the p-type depletion load inverter. c) Output behavior of the inverting 
Schmitt trigger in response to various input signals.
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devices. Minimizing the thickness of the dielectric layer may 
be a simple strategy to reduce the operational voltage of the 
device.[29,30] However, it is difficult to get a thin and smooth 
film by spincasting process, due to high boiling point solvent 
that deserved P(VDF-TrFE) in this work. Great care must be 
taken to resolve pin-holes and voids issues when fabricating an 
ultra-thin P(VDF-TrFE) film for lower operational voltage of the 
device. The thickness range of photocrosslinked P(VDF-TrFE) 
dielectric thin films were designed to be 235–317 nm in order 
to secure the high reproducibility of devices with dead-layer 
free even if the devices have high operational voltages in this 
study. Nevertheless, operational voltage of organic ferroelectric 
transistor is affected by complex reasons such as thickness of 
dielectric layer, quality of the film, and formation of dead-layer 
between the electrodes.

2.3. Pulse Width Modulation (PWM) Application Using a 
Schmitt Trigger in Response to Gain Peak Position Modulation

We next investigated the behavior of the inverting Schmitt trigger 
in response to gain peak position modulation of the p-type 

ferroelectric depletion load inverter. As described in Figure 3, the 
transition threshold voltages of the inverter, that is, the position of 
the gain peaks, can be freely adjusted by using nonvolatile charac-
teristics of the two-in-one device. From the fully erased state, VOut 
transfer characteristics at a fixed VDD of −40 V shifted to higher 
potentials consistent with the repeat writing results, as shown 
in Figure 5a. Accordingly, the transition threshold voltages also 
shifted to higher potentials and the difference between the two 
transition threshold voltages broadened as shown in Figure 5b. 
Here, the execute condition was that VG and VD had to be fixed 
at −30 and −10 V, respectively, for 5 s to drive the transistor. In 
terms of the VOut behavior of the inverting Schmitt trigger, which 
had two different transition threshold voltages but the same tri-
angle input signal, the width of the OFF state became longer 
while the width of the ON state became shorter according to the 
number of writing cycles. In other words, a duty cycle, which can 
be defined as the fraction of a period in which the signal is active, 
changed from 90.4% to 59.7% as shown in Figure 5b. Although 
clear step signals could not be obtained due to insufficient gains, 
pulse widths could be modulated by adjusting the position and 
gap of the gain peaks. This characteristic can be exploited for 
pulse width modulation (PWM) applications.

Finally, we developed guidelines based on SPICE simulations 
on how to design organic Schmitt triggers implemented by a 
depletion load inverter consisting of p-type or n-type channel 
materials and ferroelectric or charge trapping mechanisms to 
achieve inverting or non-inverting characteristics (see Section 
S2, Supporting Information). These guidelines will be help to 
determine what Schmitt trigger behavior can be obtained using 
different channel and/or gate dielectric materials.

3. Conclusion

In this paper, we reported a simple all-solid-state organic 
Schmitt trigger consisting of twin two-in-one organic ferroelec-
tric memory transistors with the same chemical composition 
and device dimensions but different threshold voltages. Control 
of the threshold voltage and hysteresis without any chemical 
treatment were achieved by polarization switching of photo-
crosslinked P(VDF-TrFE) in the two-in-one devices.

Various input signals were successfully filtered through 
the Schmitt triggers and almost the same step shape pulse 
output signals were obtained. Furthermore, inverting and non-
inverting Schmitt triggers were successfully demonstrated by 
changing the electrode placement and polarity of VD. In addi-
tion, we demonstrated that pulse width could be modulated and 
used in PWM applications by adjusting the position of the gain 
peak and the gap by polarization switching of the driver. Finally, 
we provided guidelines on how to design organic Schmitt trig-
gers with p-type or n-type materials and ferroelectric or charge 
trapping mechanisms to achieve inverting or non-inverting 
characteristics. The signal conversions demonstrated in this 
study can be used for noise filters, one-bit analog-to-digital con-
verters, relaxation oscillators, function generators, switching 
power supplies, and as basic elements of neuromorphic elec-
tronic systems.

The device characteristics (durability to repeated stress 
cycles, retention time, frequency characteristics, driving 
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Figure 5.  a) Output voltage (VOut) transfer characteristics, b) transi-
tion threshold voltage (VPeak) with duty cycle, and c) VOut of an inverting 
Schmitt trigger at a fixed power supply voltage (VDD) of −40 V in accord-
ance with the repeat writings.



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901263  (7 of 8)

www.advelectronicmat.de

Adv. Electron. Mater. 2020, 6, 1901263

voltage) still are not sufficient compared to memory devices 
using inorganic materials already in practical application. 
More studies are required on materials to improve the perfor-
mance of the organic electronic devices. However, we believe 
that lower power consumption of the device could be achieved 
by changing the device configuration (thin dielectric layer and 
narrow channel width, respectively).

We strongly believe that our facile all-solid-state organic 
Schmitt trigger and the associated design guidelines will 
inspire future development of integrated organic circuits.

4. Experimental Section
P(VDF-TrFE) (Solvay, 70:30 by moles, Mw: 400K) and dehydrated 
dimethylformamide (DMF, Aldrich) were commercially purchased. 
The photo-cross linker, bis-FB-N3, was synthesized as described in our 
previous reports.[31,32] p-type Si substrates (NAMKANG HI-TECH CO., 
LTD.) were ultra-sonicated in various solvents (isopropanol and acetone 
for 10 min) and dried with nitrogen gas. To fabricate a dielectric thin 
layer, 70 mg of P(VDF-TrFE) solution was dissolved in 1 mL of DMF. 
Various amounts of bis-FB-N3 (5, 10, 15, and 20 mg) were then mixed 
to the prepared solution and were stirred in an inert globe box at 50 °C 
for 30 min. Then, the solutions were spin-coated on the Si substrate 
at 1500  rpm for 2 min. Subsequently, a thin films were irradiated with 
UV light (λ ≈ 254 nm) for 5 min and annealed at 140 °C for 2 h to photo-
activate bis-FB-N3 in the P(VDF-TrFE) matrix.

The device fabrication of a multi-functional organic ferroelectric 
memory transistor (channel width of 1000 µm and length of 50 µm) was 
as follows. The pentacene (50 nm, p-type active layer) and gold (≈50 
nm, source–drain electrodes) were deposited through shadow masks 
by thermal evaporation at each film thickness and under base pressure 
of ≈10−6 torr, respectively. Surface profiler (ET200, Kosaka Laboratory 
Ltd.) was used to estimate the thicknesses of the thin films. The 
semiconductor parameter analyzers (HP4145B and Keithley 4200SCS) 
were performed to characterize the electrical properties of a multi-
functional organic ferroelectric memory transistor and organic Schmitt 
trigger in an inert glove box.

To obtain stable electrical characteristics during repeated 
measurements, the film fabrication and measurement were performed 
in inert gas condition (nitrogen filled glove box).[33–35]

In terms of reproducibility of device, the key factor was to avoid 
moisture as much as possible when fabricating a dielectric layer. Thin 
film should be fabricated in nitrogen filled dry glove box using dehydrate 
DMF solvent. By following the above instructions, hysteresis behavior 
of the device could be effectively excluded by increasing the amount 
of photocrosslinking to P(VDF-TrFE) through bis-FB-N3. In addition, it 
allowed excellent reproducibility of the devices.
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