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ABSTRACT: The core components of a floating-gate organic
thin-film transistor nonvolatile memory (OTFT-NVM)
include the semiconducting channel layer, tunneling layer,
floating-gate layer, and blocking layer, besides three terminal
electrodes. In this study, we demonstrated OTFT-NVMs with
all four constituent layers made of polymers based on
consecutive spin-coating. Ambipolar charges injected and
trapped in a polymer electret charge-controlling layer upon
gate program and erase field successfully allowed for reliable
bistable channel current levels at zero gate voltage. We have
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observed that the memory performance, in particular the reliability of a device, significantly depends upon the thickness of both
blocking and tunneling layers, and with an optimized layer thickness and materials selection, our device exhibits a memory
window of 15.4 V, on/off current ratio of 2 X 10% read and write endurance cycles over 100, and time-dependent data retention
of 10° s, even when fabricated on a mechanically flexible plastic substrate.
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polymer tunneling and blocking layers, sequential spin-coating

1. INTRODUCTION

Organic memories have attracted extensive research interest for
their many advantages over their inorganic counterparts,
including low cost, light weight, mechanical flexibility, and
low-temperature processing.'~'* Among the many device
configurations of organic memories, a nonvolatile memory
(NVM) based on an organic thin-film transistor (OTFT)
architecture with a floating-gate (FG) is considered as a
promising candidate for next-generation organic flash memory
due to its simple device structure of single-transistor,
nondestructive read-out, and compatibility with complementary
logic circuits. Great efforts have been made to develop efficient
floating-gate layers suitable for OTFT configurations. OTFT-
NVMs are representative of floating-gate layers containing
thermally evaporated metal (e.g.,, Au, Ag, and Al) nanoparticles
(NPs) in vacuum.'”® Using high vacuum is, however,
undesirable for large-area and low-cost memories, in particular,
based on printing technologies. Although various floating-gate
layers consisting of solution-processed metal NPs have also
been developed by an electrostatic self-assembly method,’®
synthesis in a block copolymer,”'® and microcontact printing,""
the formation of uniform metal NPs in both size and
distribution was not straightforward and often required
elaborate control of process parameters.'>”"*

Alternatively, polymer electret layers have been introduced to
act in a role similar to a floating-gate, with their great advantage
of facile fabrication of homogeneous and uniform films by spin-
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coating.'"*>* There are, however, several technological issues
that still limit the full realization of the memory performance of
OTFT-NVMs with polymer electrets. First of all, the majority
of previous works employed bottom gate architectures with
thermally evaporated organic semiconducting layers to avoid a
possible intermixing between semiconductor and gate insulator
that misght occur with solution-processed semiconduc-
tors.>~¥°7'315723 Not to mention thermally evaporated
semiconductors, top-gate OTFT-NVMs are more desirable
for reliable operation due to the autoencapsulation of air-
sensitive organic semiconductors by the overlaid gate insulator.
Only a few top-gate OTFT-NVMs have been reported with
floating-gate layers of thermally evaporated metal NPs.">**
Further materials design should be made in the development
of top-gate OTFT-NVMs containing solution-processed
polymer charge-trapping layers. Since charge-trapping and
detrapping dominantly occur at the surface of a polymer
electret, a four stacked layer structure, including active layer,
tunneling layer, charge-trapping layer, and blocking layer, is in
high demand for reliable memory operation. In particular,
trapped charges can remain stable at the interface between the
tunneling and charge-trapping layer due to an eflicient physical
barrier of the tunneling layer from the semiconductor. In fact,
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Figure 1. (a) Schematic diagram of the top-gate OTFT-NVM with all-polymer semiconducting, tunneling, charge-trapping, and blocking layers. The
chemical structures of the materials used in the study are also shown. (b) Transfer characteristics at different V5 sweeping ranges and (c) memory
retention characteristics at both “1” and “0” states of a typical top-gate OTFT-NVM on the Si substrate. The inset of part b shows the schematic
configuration of the OTFT-NVM. The inset of part c is a magnified display of the experimental data up to S000 s and fitted data of the retention. (d)

Energy band diagrams of the charge-trapping mechanisms.

previous top-gate OTFT-NVMs with solution-processed
polymer charge-trapping layers were not suficiently reliable
due to the absence of the tunneling layer in the memory
architecture.'*** Construction of all four solution-processed
polymer layers suitable for high-performance top-gate OTFT-
NVMs is still challenging. This requires resolving numerous
materials and process issues, such as selection of solvents,
control of each layer thickness and morphology, and develop-
ment of firm materials interfaces.

Here, we report high-performance top-gate OTFT-NVMs
with four functional polymer layers of semiconducting channel,
tunneling, charge-trapping, and blocking layer stacked from
bottom to top prepared by consecutive spin coating of each
polymer solution. A polymer electret, poly(vinyl alcohol)
(PVA), was employed and sandwiched between the dielectric
tunneling and blocking polymer layers. Excellent charge-
trapping and detrapping in the polymer electret optimized by
types of polymers and their film thickness of both tunneling
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and blocking layers allowed for realization of a highly reliable
and robust memory, with a high on/off memory current ratio
>10% write/read cycle endurance over 100 times, and long
retention ability of 10® s. Furthermore, a device fabricated on a
mechanically flexible polymer substrate again exhibits that the
memory performance comparable with that on a Si substrate
was rarely altered, even after 1000 inner and outer bending
events at a bending radius of 5.8 mm.

2. EXPERIMENTAL SECTION

Materials. Poly{[N,N’-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis-
(dicarboximide) -2,6-diyl]-alt-5,5'-(2,2'- bithiophene)} [P(NDI20D-
T2)] (N2200) was purchased from Polyera Corp. and used without
purification. PVA (M, = 31-50 kg mol ™), polystyrene (PS) (M, = 28
kg mol™'), and poly(methyl methacrylate) (PMMA) (M, = 12 kg
mol™") were purchased from Sigma-Aldrich. Poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) [P(VDE-TrFE-CFE)] (stand-
ard composition) terpolymer was purchased from Piezotech-Arkema
Corp.
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Device Fabrication. It is notable that any contiguous two
dielectrics were prepared from the orthogonal solvents, which is
important for the preparation of the present multilayer film structure
by an all-solution process. The semiconductor polymer P(NDI2OD-
T2) was dissolved in toluene with a concentration of 1 wt %. PS and
PMMA polymers were dissolved in butyl acetate. PVA was dissolved in
deionized (DI) water with a concentration of S wt %. P(VDF-TrFE-
CFE) was dissolved in methyl ethyl ketone. Various PS, PMMA, and
P(VDF-TrFE-CFE) solutions were prepared with different concen-
trations to get various film thicknesses.

Au film (30 nm) was thermally evaporated on the surfaces of a 200
nm thick SiO, insulator coated Si substrate or a flexible PES substrate
as source and drain electrodes through a shadow mask. The channel
length (L) and width (W) were 100 and 1000 ym, respectively. The
polymers P(NDI20D-T2), PS (or PMMA), PVA, and PMMA (or
P(VDF-TrFE-CFE)) were spin-coated in sequence at a constant speed
of 2000 rpm, to form the active layer, tunneling layer, charge-trapping
layer, and blocking layer, respectively. The thickness of each layer was
determined by the corresponding concentration of the solution. The
annealing time of the tunneling layer, charge-trapping layer, and
blocking layer was 0.5, 4, and 3 h, respectively, at 110 °C to evaporate
the solvents. Then, 80 nm thick Al gate electrodes were evaporated on
the blocking layer through a shadow mask. Finally, all devices were
patterned by oxygen plasma etching.

Device Characterization. The fabricated OTFTs and OTFT-
NVMs were characterized with semiconductor parameter analyzers
(ES270 Agilent Technologies and Keithely 4200) in the ambient
atmosphere at room temperature. The thickness of the each polymer
layer was measured using an Alpha-Step S00 surface profiler (ASS00)
(KLA-Tencor Co.). The field effect mobility of each transistor was
calculated in the linear region (Vpg = S V) with the following equation:

w Vs
Ips = T/’lci(VGS - V- %)Vns

(1)
for the trilayer gate dielectric
&
C = .
d\/x + dy/x, + di/x ()

3. RESULTS AND DISCUSSION

As a representative polymer electret, water-soluble poly(vinyl
alcohol) (PVA) is beneficial due to its excellent organic solvent
resistance, which permits us to employ various dielectric
polymers as the bottom tunneling as well as the top blocking
layer. P(NDI2OD-T2) (N2200), used as a channel layer, shows
high solubility in common organic solvents and good stability
in air with a sufficiently high electron mobility of 0.45—0.85
em? V™! §71.2° In addition, the ambipolar charge transportation
characteristics of P(NDI20OD-T2) arising from its polymer
backbone with alternately placed electron-donor and electron-
acceptor moieties”**” are favorable for the active layer, since
ambipolar injection allows for efficient program and erase by
readily overwriting the trapped charges with opposite polarity
charges.”® The structure schematic of our OTFT-NVM is
shown with PS as a tunneling layer and either P(VDF-TrFE-
CFE) or PMMA as a blocking layer in Figure la. A detailed
description of the fabrication process is given in the
Experimental Section. The atomic force microscopy (AFM)
images confirmed that each constituent layer was smooth and
pinhole-free with its root-mean-square (rms) roughness being
less than 1 nm, as shown in Figure S1 (Supporting Information,
SI). The PVA surface, however, shows very small dots evenly
distributed with their height being approximately S nm, which
may be tiny crystals of PVA.>>*

The electrical transfer characteristics of an OTFT-NVM were
measured by applying various bidirectional gate-source voltages

(Vgs) and sweeping ranges in the linear region with a constant
drain-source voltage (Vpg) of SV, as shown in Figure 1b. The
electron mobility (¢.) and the subthreshold sway (SS) for the
device in n-channel mode were calculated to be approximately
0.18 cm®* V' s7' and 0.73 V/decade in the linear region,
respectively, and these values were almost independent of the
variation of both Vg sweeping direction and Vg sweeping
ranges, which suggests that the density of electron traps was not
changed at the interface of P(NDI2OD-T2)/PS during
operation.

Hysteresis loops were obtained, i.e.,, there were large shifts in
the threshold voltage (V7) between the forward and the reverse
Vas sweepings (Figure 1b) arising from the charges trapped in
PVA layer. In order to rule out a possible charge-trapping in the
PS layer rather than the PVA one,'**" we examined two
transistors with PVA/PMMA and PS/PMMA bilayer dielectric
layers. The OTFT with a PVA/PMMA bilayer dielectric
exhibited a prominent hysteresis with AV of 48.5 V at a Vg
sweeping range of +60 V (Figure S2a, SI) while no hysteresis
was observed in the device with a PS/PMMA bilayer dielectric
(Figure S2b, SI). The negligible hysteresis of the device with
PS/PMMA is due to an electric field inadequate to overcome
the injection barrier.”* In our case, the electric field calculated
was approximately 2.16 MV/cm at the V; of +60 V, which may
be insufficient for charge injection. To confirm our argument,
we examined another device with a thin PS(20 nm)/
PMMA(100 nm) bilayer dielectric, and the results show that
some hysteresis was developed upon the dual V; sweep of +40
V corresponding to an electric field of approximately 4.2 MV/
cm (Figure S2¢, SI).

The asymmetric V-shaped transfer curves observed in Figure
1b indicate ambipolar charge (electrons and holes) trans-
portation in the channel. The larger hysteresis in the right-hand
side suggests the dominant accumulation and transportation of
electrons in the device. It should be also noted that the
ambipolar charge transportation allows for bipolar charge-
trapping and detrapping in our device, which is more beneficial
than the floating-gate OTFT memories devices based on the
unipolar model. When we employed a p-type P3HT as the
active layer, a typical transfer hysteresis curve shows that both
the programmed and erased Vi were negative due to the
unipolar operation with only hole trapped and detrapped in/
from the PVA layer, giving rise to a relatively small memory
window (Figure S3a, SI). The results clearly suggest the
importance of the minority carriers trapped in the floating-gate
(or charge-trapping layer). Figure 1d shows the schematic
illustration of the energy band structure of our memory. Holes/
electrons were injected and trapped in the PVA layer from the
semiconductor layer through the tunneling layer at negative/
positive Vg, respectively. The injected holes overwrote the
previous trapped electrons in the PVA layer or vice versa. The
holes or electrons trapped in the PVA layer induced a built-in
field with a reverse direction to the supplied gate field, resulting
in clockwise hysteresis.>** The superimposition of both fields
gave rise to two prominent, different current levels in the
channel at the same Vg and Vpy, ie, Boolean “1” and “0”
states of the memory.

The memory window (AVy) increases with the Vg
sweeping range, as shown in Figure 1b. The stored charge
density is determined by the induced memory window and can
be calculated from the equation

AV, = Q/C, 3)
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Table 1. Memory Characteristics of the Top-Gate OTFT-NVMs with All-Polymer Semiconducting, Tunneling, Charge-

Trapping, and Blocking Layers”

substrate device architecture thickness (nm) mobility (cm® V™! s_l)b Tl Mg AV (V) (Vp/ Vi) retention time (s)
Si/SiO, PS/PVA/PMMA 40/120/320 0.18 10* 253 (£70 V) 10°
PVA/PMMA 140/320 34 %1073 15 48.5 (60 V) <50
PS/PMMA 40/320 0.31 negligible
PMMA/PVA/PMMA 35/125/320 0.10 250 24.6 (£70 V) 107
PS/PVA/P(VDF-TrFE-CFE) 20/120/180 0.2 3 x 10* 19.1 (+30V) 7 X 103
30/120/180 024 10* 15.2 (£30 V) 4 x10°
40/120/180 0.26 2 x 10* 9.7 (£30 V) 10®
55/120/180 0.19 2 x 10* 9.1 (30 V) 10°
PES PS/PVA/PMMA 55/120/200 3.8 X 107 2 x 10* 154 (£50 V) 10®
PS/PVA/P(VDF-TrFE-CFE) 40/120/380 1.1 x 1072 3 X 10° 10.0 (+30 V) 10°

“Channel W/L = 1000 ym/100 pm. bOnly electron mobility was shown, calculated from the linear region at Vg = S V. “On/off memory current

ratios were extracted at Vi = Vigg = 0 Vand Vpg = 5 V.

where Q and C; are the stored charge density in the PVA layer
and the capacitance per unit area of the gate dielectrics,
respectively. As a result, the stored charge density was
estimated to be approximately 1.2 X 10'* cm™ with a AVy
of 25.3 V at the Vg sweeping range of +70 V. Both negative
and positive V; obtained at the forward and reverse Vg
sweeping direction, respectively, are in principle advantageous
for high on/off memory current ratio at a reading voltage (V)
of Vgg = 0 V. As a result, an on/off memory current ratio
(Ips.1/Ips.o, the ratio of the Ipg at the “1” state and the Ipg at “0”
state) larger than 10* was achieved at Vi = 0 V and a Vg
sweeping range of +70 V.

The reliability of our device was examined with time-
dependent data retention performance. After supplying a
programming voltage (V) and erasing voltage (V;) of Vg =
+70 V for 1 s, respectively, the reading current at both “1” and
“0” states was recorded as the function of the time at a time
interval of 200 s at V; = Vg = 0 V and Vg = S V. During the
periods of V},/Vy operations, the Vg was kept at 0 V. Both “1”
and “0” states maintained well, with the I /I always being
larger than 108 during the measurement range of 4400 s, as
shown in Figure lc. After the initial degradation, the Iyg at both
“1” and “0” states could be approximately fitted as a linear
relationship with the time in the double logarithm coordinate
system as shown by the black and red lines, respectively, in
Figure 1lc. On the basis of the fitted results, the Ipg /I was
maintained as higher than 1 order of magnitude after 10° s
(Figure 1c), which is higher than the values reported by
previous OTFT-NVM devices.”'>'#'¥?* The excellent data
retention is mainly attributed to the 40-nm-thick, smooth, and
free-pinhole PS tunneling layer, which efficiently reduced the
leakage of the trapped charges from the PVA layer to the
channel.

A control device without a PS layer exhibited a poor device
performance, with low on/off current ratio and short memory
retention (Figure S2a,d, SI). In particular, due to the many
hydroxyl groups of the PVA layer in direct contact with
P(NDI20OD-T2) serving as electron trap sites, the OTFT with
the PVA/PMMA bilayer dielectric exhibits a very poor electron
mobility of approximately 3.4 X 107> cm® V™' 57/, resulting in a
very small I /Ing, of 15 at Vigg = 0 V (Figure S2a, SI). When
a 35-nm-thick PMMA dielectric was used as the tunneling layer
instead of PS, a similar memory and data retention but a
relatively small Ig,/Ipg, of about 250 (at Vi = 0 V) at Vg
sweeping range of +70 V were observed, which again
consolidates the importance of a tunneling layer (Figure S3b,

10960

SI). The small current ratio may be due to the low field effect
electron mobility of the device at the PMMA/P(NDI20OD-T?2)
interface. As summarized in Table 1, all memory devices
prepared on the Si substrate with PS as the tunneling layer
showed a reasonably high . of about 0.2 cm® V™' s™!, while the
memory device with the PMMA tunneling layer showed a
relatively low y, of 0.10 cm® V™' s7%,

The voltage of V;,/ Vg = £70 V required to operate the device
was much higher than that of FG-NVMs based on inorganic
semiconductor. The high operation voltage is also one of the
most common problems in OTFTs, and mainly two strategies
have been used to reduce the operation voltage: using a thinner
low-« dielectric layer®>** or a thicker high-x dielectric layer.*>*°
For successful low-voltage operation of our OTFT-NVM, the
voltage applied should be minimized to build sufficient electric
field (Er) in the PS tunneling layer to ensure the efficient
injection of ambipolar charge from semiconductor into PVA. At
the initial stage of memory operation (no charges stored in the
PVA layer), the built electric field (Er) in the tunneling layer
can be estimated from the equation

Er = Vgo/ld, + dy(i/K,) + dy(i/3)] 4)
where d), d,, dy and K, k,, k3 are the thicknesses and the
dielectric constants of tunneling, charge-trapping, and blocking
layers, respectively. The smaller d; or the higher x; favors the
induction of Ey at a relatively low Vp/Vi. When either a thin
low-x (~3.5) PMMA (200 nm) dielectric or a relatively thick
high-k (~60)*® P(VDE-TrFE-CFE) (380 nm) dielectric was
employed as a blocking layer with a 40-nm-thick PS tunneling
layer, a large memory window of AV} = 19.8 or 18.7 V was
obtained, respectively, at the significantly low Vp/Vg of +40 V
(Figure S4, SI).

Great care should be taken to further reduce the operation
voltage by decreasing blocking layer thickness. A device with a
blocking P(VDE-TrFE-CFE) layer thinner than 100 nm shows
poor transfer characteristics. The Ip—Vgg curve showed
relatively small hysteresis with two different directions, i.e., an
anticlockwise direction at lower negative and positive Vi;g and a
clockwise direction at higher negative and positive Vg, due to
the charge injection from the gate into the PVA layer through
the tunneling to the thin blocking layer, giving rise to
substantial leakage current (Igs) (Figure SS, SI). By considering
these counteracting factors, the blocking layer should be
optimized to minimize the operation voltage. The blocking
layer plays an important role in the OTFT-NVM by preventing
charge transfer from the gate to the PVA layer or vice versa, so
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Figure 2. Memory characteristics of an OTFT-NVM with PS (40 nm)/PVA/PVDF-TrFE-CFE (180 nm) multilayers on a Si substrate. (a) Transfer
characteristics of memory before/after the corresponding programming and erasing operations, respectively. (b) Cycling endurance characterisitcs of
the memory. (c) Programming and erasing speeds of the device by the supplied V;/V of £30 and +40 V, respectively. (d) Memory retention
characteristics at both “1” and “0” states. The inset of d shows a magnified display of the experimental data up to 4600 s and fitted data of retention

characteristics.

it should have a proper thickness to get a reasonably low
operation voltage and prominent memory effect with good
retention ability.

An OTFT-NVM with 40-nm-thick PS tunneling and 180-
nm-thick P(VDF-TrFE-CFE) blocking layers exhibits excellent
memory characteristics at the low V;,/V} of +£20 V, as shown in
Figure 2a. An initial transfer curve of the memory was first
recorded with Vg sweeping from —15 to 20 V at Vg of SV,
prior to the supply of any V;/Vy. The elementary performance
parameters of the device operated in n-channel mode, such as
U, on/off current ratio, Vi, and SS, were calculated to be
approximately 0.26 cm? V™' s7%, 3 X 105, 0.6, and 0.7 V/decade,
respectively, in the linear region, from the initial transfer curve.

After V,/Vy were supplied for 1 s, the transfer curves were
recorded again at the same condition as that of the initial
transfer curve. The transfer curve had an obvious negative shift
(Vp = —1.3 V) after the V;, of —20 V. The negatively shifted
transfer curve was returned to the initial state (Vi = 0.7 V) after
an opposite polarity V of 20 V was supplied for 1 s. Moreover,
the transfer curve was more shifted in both negative (V= —7.1
V) and positive (Vi = 2.6 V) directions after the corresponding
increased V, (=—30 V) and Vi (=30 V), respectively. The
similar slopes of all transfer curves in Figure 2a suggested that
. of the device was independent of V;,/Vi. The AV of 9.7V,
the stored charge density of approximately 1.6 X 10'* cm™ in
the PVA layer, and the Ig;/Ipg, of approximately 2 X 10* (at
Vi = 0 V) were achieved by V,/V; = 30 V. For P(NDI20D-
T2) with hole and electron as minority and majority carrier,
respectively, the reversible bidirectional shifts of the pro-
grammed/erased Vi from the initial state indicates that both
holes and electrons were injected and trapped in the PVA layer
by the corresponding Vp/VE, respectively. Considering the
LUMO (—4.0 eV) and HOMO (—5.6 eV) of P(NDI20D-T2)

10961

and the LUMO (—0.4 V) and HOMO (—6.95 eV) of PS, the
barrier of electrons between P(NDI20D-T2) and PS is 3.6 eV,
which is greater than that of hole (1.35 eV). The injection of
electron from P(NDI20D-T2) into PVA by tunneling PS is,
therefore, more difficult than that of holes, which implies that
hole trapping is more significant than electron trapping in our
memory. More prominent shifts of the programmed V; than
that of the erased Vi at symmetric Vp/Vp confirms our
argument.

The memory cycling endurance characteristics of the
memory were measured by applying continuous dynamic cyclic
voltages of Vp/Vi/Vy/Vy = —30/0/+30/0 V, with the Vpg
defined as 0 and S V during the program/erase (P/E) and
reading (R) periods, respectively, as shown in Figure 2b. The
results show reversible and reliable memory-cycle behavior over
more than 60 cycles with distinguished Ipg between “1” and “0”
states greater than 10°. As shown in Figure 2c, the effect of the
pulse time of different V;,/Vy on the Vi of the memory device
was measured. Before each programmed (erased) Vi was
measured, the memory device was reset to the erased
(programmed) state by supplying Vi (Vp) for a long enough
time of 2 s. The Vr of the device was gradually shifted in the
negative (positive) direction from the erased (programmed)
state by increasing the pulse time with V;, of —30 and —40 (V;
of +30 and +40) V for programming (erasing) operations,
respectively. For V,/Vg of +£30 V, at least 300 ms switch time
was typically needed to fully program or erase the memory
device. On the other hand, S ms (the shortest pulse time
supplied by our measurement equipment) was sufficient to fully
program or erase the memory device by Vp/Vg of +40 V.

The retention ability of the memory was examined with the
Iyg in both “1” and “0” states as the function of time with a time
interval of 200 s, at the reading state of Vgg =0V and Vpg=S§
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V, after the corresponding V/Vi = 30 V were supplied for 1
s, respectively, as shown in Figure 2d. In the measurement
range, both states were maintained well, with the Ipg,/Ipg,
being larger than 3 X 10°. The extrapolation of the results
implies that the memory ratio could be maintained at 1 order of
magnitude after 10° s, as shown in Figure 2d. It is common to
observe the decrease and increase of on-state I and the off-
state Ipg during the retention measurement, respectively, due to
the degradation of the trapped charges with time. In our
system, the loss of the trapped holes (or electrons) with the
time makes the number of accumulated (or depleted) electrons
in the n-type channel decreased, giving rise to the decrease of
on state Ing (or the increase of off-state Ing) with time. As
described previously, the injection of electron is more difficult
than that of holes, making hole trapping more significant than
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electron trapping in our memory. Since the amount of holes
trapped in PVA was larger than that of electrons by the
symmetric Vp/Vg, the built-up potential after programmed
operations (hole trapping) may be greater than that after erased
operations (electron trapping). The higher potential upon hole
trapping resulted in the faster decrease of the on state Ipg
during the measurement of retention, as shown in Figure 2d.
Another way to control the memory performance of our
device, such as Vp/Vg and AVy, is to vary the thickness of the
PS tunneling layer, as expected from the relation of Ey with d,
in eq 2. The effect of the thickness of the PS tunneling layer on
the performances of memory devices is shown in Figure 3.
When a very thin PS layer of approximately 20 nm was used, a
large AV of 19.1 V was achieved at V;,/ Vg of 30V, as shown
in Figure 3a. The enlarged AV results from the larger Ey built
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in the PS layer at the same V}/ Vg, which again allows for more
electrons and holes to be injected into and trapped in the PVA
layer. However, the memory retention was substantially
deteriorated and the device fails to work after approximately
7000 s, as shown in Figure 3b. When a 30-nm-thick PS
tunneling layer was employed, the AV of the device decreased
to 15.2 V at V,/V; of 30 V (Figure 3c), but the retention time
was prolonged to approximately 4 X 10° s (Figure 3d). The
results clearly suggest that there is a trade-off between AV and
data retention that depends on the PS thickness. After
optimization of the PS layer thickness, we were able to develop
an OTFT-NVM with a 55-nm-thick PS layer that exhibited a
reasonably large AVy of 9.1 V (V;/Vg of +£30 V) with
extremely long data retention over 107 s, as shown in parts e
and f of Figure 3, respectively. The detailed memory properties
of the memory devices are summarized in Table 1, and the
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trade-off relation between AV, and data retention as a function
of the PS thickness is shown in Figure 3g. We also examined
the effect of PVA thickness on the memory performance. A
memory device with a thickness of PVA of approximately 80
nm prepared from a solution with a concentration of 3.0 wt %
exhibited a memory window smaller than that of the devices
with a 120-nm-thick PVA layer (Figure S6, SI). A uniform PVA
film was hardly obtained when a PVA solution was used with a
concentration below 2.0 wt % under our experimental
conditions.

A benefit of our OTFT-NVM with all-polymer semi-
conducting, tunneling, charge-trapping and blocking layers is
its mechanical flexibility. A flexible OTFT-NVM memory was
developed on a transparent 120-um-thick poly(ether sulfone)
(PES) substrate, as schematically shown in Figure 4a. The
arrays of devices in Figure 4b again exhibit transfer character-
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istics similar to those observed in a device on Si substrate
before and after Vp/Vg, as shown in Figure 4c. The detailed
elementary performance at n-channel mode, calculated from
the initial transfer curve, is however a little worse than that on
Si substrate, possibly due to the rough PES surface (as shown in
Figure S1, SI). A y, of 3.8 X 107> cm® V! s7', an on/off
current ratio of about 3 X 10%, a V. of 2.6 V, and a SS of 2.0 V/
decade in the linear region were obtained. The prominent
memory characteristics were also achieved, with a memory
window of 15.4 V and a high Ipyg/Ipg o of 2 X 10* (Vg =0V) at
a Vp/Vg of £50 V.

The memory cycling endurance for the flexible memory was
investigated with a series of repeated dynamic cyclic of V;,/Vy/
Vi/Vx = —50/0/+50/0 V, with the Vi, defined as 0 and 5V
during the P/E and R periods, respectively, and the results are
shown in Figure 4d. Reversible and stable memory-cycle
behavior was obtained for more than 100 cycles with
distinguished Ing between “1” and “0” states for about 3 X
10°. After supplying V;/Vg = +£50 V, the measured retention
characteristics of the flexible memory also showed that the
memory current ratio of S X 10° was well-maintained after 4400
s. The fitted results indicate good retention ability, with a
memory ratio larger than 1 order of magnitude, even after 10° s
in the flexible memory, as shown in Figure 4e.

Moreover, the device stability under mechanical deformation
is an important property to make our OTFT-NVM potentially
suitable for flexible electronics. The transfer characteristics of a
memory on a PES substrate after supplying Vp/Vg = +50 V
were measured in the cases of tensile bending states with a
radius (r) of 11.0 and 5.8 mm, respectively, as shown in parts f
and g of Figure 4. The memory windows were negligibly
changed, irrespective of bending radius. However, the device
bent with r = 5.8 mm exhibits a lower on current than that for
the flat state, giving rise to the reduced Ipg,/Ipg, of
approximately 10*. The bending endurance test was carried
out by repetitively bending a device at r = 5.8 mm. Both
programmed and erased Vi values were recorded in the flat
state after the selected cycles. As a result, the flexible memory
device exhibited almost no change in Vi at both states even
after 1000 bending cycles, as shown in Figure 4h.

Autoencapsulation of the air-sensitive semiconducting layer
with the overlaid gate insulators and gate electrode in top-gate
configuration beneficially makes the present flexible OTFT-
NVM device environmentally stable. The device had worked
well after storage in the lab (in ambient atmosphere, at room
temperature and a relatively humidity of 20%) for 20 days, with
a memory window of 13.5 V, Ing./Ipg o near 10* (Vy = 0 V),
and retention time of about 10® s with V;,/Vy = +50 V (Figure
S7, SI). Furthermore, a flexible OTFT-NVM with low
operation voltage was successfully fabricated with high-x
P(VDF-TrFE-CFE) blocking layer on a PES substrate. The
prominent memory properties were achieved with a memory
window of 10.0 V, Ipg,/Ips, of about 3 X 10° (Vi = Vg = 0
V), and retention time of the Ipg/Ing, larger than 1 order of
magnitude after 10° s with V;,/V;; = +£30 V (Figure S8, SI).

4. CONCLUSION

We developed a novel, nonvolatile, thin-film transistor memory
with a solution-processed polymer electret as charge-trapping
layer in which holes and electrons of a semiconducting
P(NDI20OD-T2) polymer were reversibly programmed and
erased, dependent upon gate voltage. To ensure reliable charge
injection, storage, and removal during memory operation,

additional tunneling and blocking polymer layers were
employed on the bottom and top of the charge-trapping
layer, respectively. Device performance was systematically
examined as a function of the thickness of both the tunneling
and blocking layers, and under optimized conditions, a OTFT-
NVM exhibited a high on/off memory ratio >10* and a long
retention time of 10° s. Our device with four polymer
semiconducting, tunneling, charge-trapping, and blocking layers
prepared by sequential spin-coating of each polymer was also
fabricated on a flexible polymer substrate, giving rise to
excellent memory performance with high memory margin, long
retention, and write/read cycle endurance, even after multiple
bending events.
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