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ABSTRACT: High-performance low-voltage flash memories
based on organic floating-gate field-effect transistors are
prepared by a solution process for the first time. Transistors
with a high-mobility n-type polymer semiconductor, poly-
{[N ,N ′ -bis(2-octyldodecyl)naphthalene-1,4 ,5 ,8-bis-
(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)}, and a
high-k polymer gate dielectric, poly(vinylidene fluoride−
trifluoroethylene−chlorofluoroethylene) (k ≈ 60), are success-
fully fabricated on flexible substrates. A thin layer of Au
nanoparticles is embedded in the gate dielectric, which can store injected charge from the channel and result in a memory effect.
The organic memories demonstrate high carrier mobilities (>0.3 cm2/(V s)), low program/erase voltages (±6 V), little
degradation after 105 program/erase cycles, and good retention after 105 s, which suggest great promise in the application of
nonvolatile memories in flexible electronics.
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■ INTRODUCTION

In the past two decades, great progress has been made in
organic electronics for various important applications, including
organic light-emitting diodes,1 organic solar cells,2−4 sen-
sors,5−7 and organic thin-film transistors (OTFTs).8−12 The
development of organic integrated circuits necessitates the
fabrication of compatible organic memories as regular
components.13 Various organic memory devices, including
polymer ferroelectric,14 resistive,15 electret,16 and flash17−26

memories, have been extensively studied. It is worth noting that
flash memories based on organic floating-gate field-effect
transistors (OFGTs) have been considered as the most
promising candidates due to the nondestructive readout and
the feasibility of integrating memories directly in transistor-
based circuits, which is similar to the Si-based counterparts
commercially used in the market.17

The majority of the reported OFGTs were fabricated with p-
type small-molecule organic semiconductors (e.g., pentacene)
as the active layers, which were normally deposited by thermal
evaporation.17−21 Recently, OFGTs based on pentacene and
self-assembled monolayers (SAMs) were successfully fabricated
on flexible plastic substrates with an operational voltage of 6
V.17,18 However, solution-processable OFGTs based on
polymers have rarely been reported due to the difficulties in
the fabrication of multilayer polymer thin films with ideal
interfaces. Baeg et al.22 reported solution-processed OFGTs
based on semiconducting polymer poly[(9,9-dioctylfluorene-
2,7-diyl)-co-bithiophene], polystyrene/cross-linked poly(4-vi-

nylphenol) double-layer polymer dielectrics and Au nano-
particles embedded between the two dielectric layers for charge
storage. Leung et al.23 reported OFGTs with thiophene-based
polymer semiconductors and polymer dielectrics. Polystyrene-
b-poly(4-vinylpyridine) (PS-b-P4VP) and Cytop (CTL-809M,
Asahi Glass) were used as the tunneling and controlling
dielectrics in the devices, respectively. However, these devices
have a relatively high operational voltage (≥20 V), which is the
major problem for real applications, such as wearable
electronics. It is notable that solution-processable low-voltage
OFGTs have not been realized until now.
The only way to decrease the operational voltage of a

transistor is to increase the gate capacitance Ci given by Ci =
ε0k/d, where k and d are the relative dielectric constant and the
thickness of the gate dielectric, respectively, and ε0 is the
dielectric permittivity of a vacuum. Therefore, high-k or
ultrathin gate dielectrics could be used to achieve low
operational voltages. There are clear limitations of coating
ultrathin tunneling and controlling dielectrics by a solution
process due to the generation of pinholes and the penetration
of metal atoms from deposited electrodes.27 Therefore, a
feasible way to realize solution-processable low-voltage OFGTs
is to use high-k polymer gate dielectrics, which can have both a
high gate capacitance and low leakage. Recently, we reported
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that high-k relaxor ferroelectric polymer poly(vinylidene
fluoride−trifluoroethylene−chlorofluoroethylene) (P(VDF−
TrFE−CFE)) is an excellent gate dielectric for solution-
processable low-voltage OTFTs.28−30 The terpolymer P(VDF−
TrFE−CFE) exhibits a high dielectric constant (∼60), a high
breakdown field, and low leakage.28 The electrical properties of
the relaxor ferroelectric polymers are completely different from
those of the ferroelectric polymers. Relaxor ferroelectric
polymer capacitors show very little hysteresis (see the
Supporting Information, Figure S1). Therefore, they are also
a suitable gate dielectric material for OFGTs that has never
been reported before. Although the terpolymer P(VDF−
TrFE−CFE) was also used in ferroelectric memories recently,31

application as the gate dielectric in OFGTs has completely
different requirements and working mechanisms.
In this paper, we report low-voltage OFGTs prepared by a

solution process for the first time. High-mobility n-type
semiconducting polymer poly{[N,N′-bis(2-octyldodecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-
bithiophene)} (P(NDI2OD-T2)) was used as the active
layer.11 It is notable that only a few n-type organic
semiconductors have been successfully used in OFGTs.20,23

To decrease the operational voltage of the devices, we used
high-k polymer dielectrics as gate insulators, where poly(vinyl
alcohol) (PVA; k = 7.9)32 and P(VDF−TrFE−CFE) (k = 60)28

were used as tunneling and controlling dielectrics, respectively.
Pure PVA polymer does not have any charge-trapping effect
and has a relatively high dielectric constant.33 Therefore, it was
chosen as the tunneling dielectric in our devices. A thin layer of
Au nanoparticles was coated between the PVA and P(VDF−
TrFE−CFE) layers for charge storage. The devices demon-
strated an operational voltage of ±6 V, good retention longer
than 105 s, excellent endurance properties for more than 105

program/erase cycles, and high carrier mobilities (>0.3 cm2/(V
s)).

■ EXPERIMENTAL SECTION
Materials. P(NDI2OD-T2) (N2200) was purchased from Polyera

Corp. (United States) without further purification. PVA (Mn = 146−
186 kg mol−1) was purchased from Sigma-Aldrich. P(VDF−TrFE−
CFE) (56 mol %/36.5 mol %/7.5 mol %) terpolymer was synthesized
by the suspension polymerization process.28,34

Device Fabrication. The architecture of the floating-gate
memories based on a top-gate bottom-contact transistor is shown in
Figure 1a. It is notable that the two dielectrics PVA and P(VDF−
TrFE−CFE) have orthogonal solvents, which is important for the
preparation of multilayer films by a solution process. Au films (30 nm
thick) were thermally evaporated on the surface of poly(ethylene
terephthalate) (PET) substrates as source and drain electrodes
through a shadow mask. The channel length (L) and width (W)
were 100 μm and 2 mm, respectively. Conjugated polymer
P(NDI2OD-T2) was dissolved in toluene at a concentration of 5
mg/mL and heated to 80 °C. The solution of P(NDI2OD-T2)
polymer was spin-coated on the PET substrates with Au source/drain
electrodes and annealed at 120 °C for 1 h in a glovebox filled with
high-purity nitrogen. PVA polymer was dissolved in deionized (DI)
water with a concentration of 6 mg/mL and spin-coated on
P(NDI2OD-T2) to form the tunneling insulator layer followed by
thermal annealing at 60 °C for 3 h to evaporate the DI water. Au
nanoparticles acting as the floating gate were deposited by thermal
evaporation and monitored by a quartz crystal thickness monitor. The
high-k terpolymer P(VDF−TrFE−CFE) (56 mol %/36.5 mol %/7.5
mol %) was dissolved in methyl ethyl ketone at a concentration of 30
mg/mL and spin-coated on the Au nanoparticles. The P(VDF−
TrFE−CFE) films were annealed at 60 °C for 3 h to evaporate the

solvent. Finally, 100 nm thick Al gate electrodes were evaporated on
the P(VDF−TrFE−CFE) films through a shadow mask.

Device Characterization. The OTFTs and OFGT-based
memories were characterized with a semiconductor parameter analyzer
(Agilent 4156C) in a glovebox. The field effect mobility of each
transistor was calculated in the saturation region (|VD| ≥ |VG|) by
plotting the square root of the drain current versus the gate voltage
and is given by the following equation:
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where Ci is the capacitance of the gate insulator per unit area and W
and L are the channel width and length of the device. For the bilayer
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where d1 and d2 are the thicknesses of dielectric layers 1 and 2,
respectively, and k1 and k2 are the relative dielectric constants of layers
1 and 2, respectively.

The surface morphology and the thicknesses of the polymer thin
films were characterized by atomic force microscopy (AFM) (Veeco
Instruments Inc.). Au nanoparticles on PVA films were observed under
transmission electron microscopy (TEM; F2010, Japan).

■ RESULTS AND DISCUSSION
Figure 1a shows a schematic diagram of an OFGT with a top-
gate and bottom-contact structure fabricated on a 150 μm thick
flexible PET substrate. The thicknesses of the PVA and
P(VDF−TrFE−CFE) layers are about 20 and 160 nm,
respectively. Figure 1b shows a photograph of the flexible
devices. A thin layer of Au nanoparticles with an average

Figure 1. (a) Schematic diagram of a polymer floating-gate field-effect
transistor with a top-gate bottom-contact structure. (b) Photograph of
OFGTs on a flexible PET substrate. (c, d) TEM images of Au
nanoparticles on a PVA film. (e) Electron diffraction pattern of Au
nanoparticles under TEM.
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thickness of ∼3 nm as a charge-trapping layer was deposited on
a PVA film by thermal evaporation prior to the coating of a
P(VDF−TrFE−CFE) layer.22 Figure 1c shows a transmission
electron microscopy image of the uniformly distributed Au
nanoparticles on a PVA film. The average number of Au
nanoparticles per unit area is estimated to be 6.7 × 1011

nanoparticles/cm2. The high-resolution TEM image in Figure
1d clearly indicates particles with a size of about 5−10 nm.
Figure 1e shows the selected area electron diffraction pattern of
the Au nanoparticles. It is notable that the particle size can be
controlled by the duration of thermal evaporation.22 Compared
to a continuous floating gate, Au nanoparticles are independent
charge-storage sites isolated from each other, which will be
more robust against loss of charge.
Parts a and b of Figure 2 show the transfer and output

characteristics of an OFGT at an operational voltage of 3 V,
respectively. The n-channel device has an electron mobility of
0.36 cm2/(V s) and an on/off ratio of 105, which are
comparable to those of the OTFTs based on P(NDI2OD-

T2) at an operational voltage of 60 V reported by Yan et al.11

More importantly, the device shows little hysteresis in the
transfer curve when the gate voltage is below 3 V, indicating
that the P(NDI2OD-T2)/PVA interface is very stable and
charge injection from P(NDI2OD-T2) to Au nanoparticles
does not occur at low gate voltages. The devices showed very
stable performance after being kept for a long time (16
months) and after 100 bending tests with a radius of 9 mm (see
the Supporting Information, Figures S2 and S3). To investigate
the influence of the Au nanoparticles on the performances of
the OFGTs, control OTFTs with the double-layer gate
dielectric PVA/P(VDF−TrFE−CFE) without Au nanoparticles
were fabricated at the same conditions. As shown in Figure 2 c,
the carrier mobility, threshold voltage, and on/off ratio of a
control device at an operational voltage of 3 V are 0.32 cm2/(V
s), 0.32 V, and 105, respectively, which are similar to those of
the OFGT with Au nanoparticles. If the Au nanoparticles
penetrated through the PVA layer to the semiconductor layer,

Figure 2. (a) Transfer (IDS ≈ VG) and (b) output (IDS ≈ VDS)
characteristics of an OFGT measured below 3 V. (c) Transfer
characteristics of an OTFT (control device) with a PVA/P(VDF−
TrFE−CFE) double-layer gate dielectric.

Figure 3. (a) Transfer characteristics of an OFGT measured at gate
voltages between −2 and +6 V. (b) Transfer characteristics of the
OFGT measured after programming at VG = 6 V and after erasing at
VG = −6 V. (c) Energy band diagrams of an OFGT under positive
(left) and negative (right) gate voltages.
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the interface between the semiconductor and the PVA
dielectric would be contaminated and the carrier mobilities of
the devices would be decreased.22 Therefore, the deposition of
Au nanoparticles did not change the semiconductor/dielectric
interface and had little effect on the performance of the OFGTs
at gate voltages lower than 3 V.

It is notable that the OFGTs show a memory effect at higher
gate voltages. Figure 3a shows the transfer characteristics of the
device measured at gate voltages between −2 and +6 V. A big
hysteresis between the forward and backward sweeps can be
observed. It is notable that, in our control device without Au
nanoparticles, the transfer curve showed a little hysteresis (see
the Supporting Information, Figure S4). For the devices with
Au nanoparticles, electron injection from the channel to the Au
nanoparticles occurs at gate voltages higher than 3 V. The
electrons stored in the Au floating gate induce a shift of the
threshold voltage of the device to a more positive value. More
importantly, we find that the threshold voltage can be
recovered to its original value when −6 V is applied on the
gate, indicating that the electrons in the Au nanoparticles can
be removed by applying a high negative gate voltage. Therefore,
the programmable memory behavior of the OFGT can be
realized, which is attributed to charging/discharging of the Au
nanoparticles during the program/erase operations.
Next, the memory properties of the OFGT were tested.

During the program (erase) operations, VG = +6 V (−6 V) and
VDS = 0 V were applied on the device for 1 s. To read the stored
information in the device, we measured the transfer curve at
low gate voltages that would not induce additional charge
injection. The readout operations were performed with the gate
voltage VG swept between −2 and +2 V and VDS = 1 V. Figure
3b shows the transfer characteristics of the two readout
operations, which exhibit a sufficiently large memory window of
about 2 V. The different channel currents due to the shift of the
transfer curve can be defined as two states (on and off) of the
memory. In addition, Figure 3 b shows that the gate leakage
currents of the device are lower than 1.1 nA, implying a good
insulating property of the gate dielectric that is critical to the
retention property of the memory after program/erase
operations.
Figure 3 c shows the energy band diagram of an OFGT

under different gate voltages. When a high positive voltage is
applied to the top-gate electrode (program operation, left
device), electrons are injected into the Au nanoparticles from
the P(NDI2OD-T2) layer through the 20 nm thick PVA
tunneling layer due to tunneling or a thermal emission process
driven by the applied electric field.18,20,35 Fowler−Nordheim
tunneling mechanics has been proposed to explain the charge
tunneling in OFGTs by M. Kaltenbrunner et al.18 and K. Baeg
et al.22 Due to the similar device structure, the charge injection
in our OFGT can also be attributed to the Fowler−Nordheim
tunneling process.18 In the readout operation, the threshold
voltage (Vth) is shifted to a more positive value because the gate
bias is screened by the stored electrons in the Au nanoparticles.
On the other hand, when a high negative voltage is applied on
the top-gate electrode, the stored electrons in the Au
nanoparticles are injected back into the P(NDI2OD-T2)
layer, as shown in Figure 3c (erase operation, right device).
Therefore, Vth is shifted to a more negative voltage in the
readout operation. The trapped charge carrier density in the Au
nanoparticles can be calculated by using the equation Q =
CciΔVth, where Cci = 375 nF/cm2 is the capacitance per unit
area of the P(VDF−TrFE−CFE) controlling layer of the gate
dielectric and ΔVth is the memory window. Therefore, the
stored electron density in the floating gate is estimated to be
about 4.7 × 1012/cm2, which means that about 7 electrons on
average are trapped in each Au nanoparticle.
Nonvolatile memory devices should have good charge

retention and cycling endurance capabilities. The channel

Figure 4. Channel currents of the OFGT measured at VG = 0 V and
VDS = 0.3 V after programming and erasing (a) 7 times and (b) 105

times. (c) Time-dependent channel currents of an OFGT after
programming or erasing.
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currents were measured at VG = 0 V and VDS = 0.3 V as a
function of the number of program/erase cycles to demonstrate
the difference between on/off states. Figure 4a shows the
results after several program/erase cycles, which exhibit the
channel current difference between on and off states for about 1
order of magnitude. To achieve more program/erase cycles, a
continuous square signal with voltages of ±6 V and a period of
2 s, as shown in the inset of Figure 4b, was applied between the
gate and the source/drain electrodes to test the cycling
endurance. The channel currents corresponding to the on/off
states after a different number of cycles are shown in Figure 4b.
It is notable that almost no degradation in the channel currents
can be observed after 105 program/erase cycles, which is
comparable to that of the commercially used silicon-based flash
memories.36 Therefore, the cycling endurance capability is
much better than that of most of the reported organic floating-
gate memories.17−24 In fact, up to 104 endurance cycles in a
conventional Si-based nonvolatile memory is enough for
practice applications.36

The time-dependent channel currents at VG = 0 V and VDS =
0.3 V after program/erase operations were characterized to
exhibit the charge retention property of the OFGT memory, as
shown in Figure 4c. It is notable that the channel currents after
programming increase with time and the ratio between on and
off currents decreases from 14 to 3 after 105 s. The degradation
is due to the leakage current between the Au floating gate and
the active layer, which can be optimized by increasing the
thickness of the PVA tunneling layer. However, a thicker PVA
layer will induce a higher operational voltage. We found that a
20 nm thick PVA layer showed the broadest memory window
at an operational voltage of 6 V (see the Supporting
Information, Figure S5), which is the optimized thickness of
PVA in our devices. Therefore, the ideal thickness of the PVA
layer is a compromise between a good retention property and a
low operational voltage. Nevertheless, the retention property of
the OFGT is comparable to that of the reported OFGTs based
on pentacene.17

■ CONCLUSIONS

In summary, we have successfully fabricated low-voltage
nonvolatile floating-gate memories on flexible substrates by a
solution process for the first time. The devices are based on
high-mobility n-type semiconducting polymer P(NDI2OD-T2)
and high-k polymer gate dielectrics P(VDF−TrFE−CFE) and
PVA. The organic memories demonstrate a high carrier
mobility (>0.3 cm2/(V s)), low program/erase voltages (±6
V), an excellent endurance capability after 105 program/erase
cycles, and a good retention property after 105 s, which suggest
promising applications in flexible electronics as nonvolatile
memories.
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