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Multilevel nonvolatile transistor memories using a
star-shaped poly((4-diphenylamino)benzyl
methacrylate) gate electret

Yu-Cheng Chiu1, Cheng-Liang Liu2, Wen-Ya Lee1, Yougen Chen3, Toyoji Kakuchi3 and Wen-Chang Chen1

Multilevel nonvolatile transistor memories were fabricated using star-shaped poly((4-diphenylamino)benzyl methacrylate)

(star-PTPMA) electret dielectric for charge storage and N,N 0-bis(2-phenylethyl)perylene-3,4,9,10-bis(dicarboximide)

(BPE-PTCDI) as an n-type semiconductor. Charges were controllably stored by applying a negative voltage bias, detected by

shifting the threshold voltage, and this device retained the digital states even when the supplied voltage was removed. The

multilevel data storage characteristics obtained by applying different gate voltages suggested that the device possessed

nonvolatile write-many-read-many (WMRM) memory behaviors. The electronic charges were transferred and permanently

accumulated in the gate electret from the restricting region of the star-PTPMA with well-defined charge trapping elements, but

not in the case of linear-PTPMA. P-type pentacene was also used as a semiconductor layer to clarify the operating mechanism

under a gate electric field. Our results demonstrated the significance of the architecture effect of the polymer electrets for

nonvolatile organic transistor memory devices and their potentials in high-density data storage.
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INTRODUCTION

Electrical memory devices based on organic polymeric materials
generally offer the advantages of low cost, easy processability and
structural flexibility in comparison with inorganic silicone-based
devices.1–12 Resistor- and transistor-based memory devices are
popular architectural approaches for operating the memories. Data
storage with resistor memories employs the changes in resistance in
response to an applied voltage bias.3–7 In contrast, transistor
memories use the direct integration of the memory elements with a
transistor, and an additional electric field introduced at the gate
electrode modulates the charge distribution and channel current of
the device.1–5 Furthermore, the configuration of transistor memories
minimizes the effects of metal filaments induced by the migration of
metal atoms between the electrodes and the sneak current problem
that frequently occurs in cross-point memory device cells.

The key parameter in the operation of transistor memories is the
reproducibility of the current–voltage characteristics, which may
be affected by the hysteresis sweep or shift of the threshold
voltage, thereby creating bistable and multistable transistor transfer
curves.1–5,10 The storage of charge in a transistor dielectric can be
achieved using chargeable polymer electrets,13–20 organic ferroelectric
oriented-dipole dielectric materials,21–23 and nanoparticles embedded
or nanostructured gate dielectrics.24–28 An electret is a dielectric

material that has a quasi-permanent electric charge. Therefore,
charges can be locally trapped in a layer of chargeable dielectrics in
polymer electret memories. Katz et al.13 first proposed a quasi-stable
threshold voltage shift in 1�2-mm-thick poly(4-methylstyrene) or
cyclic olefin copolymers. The polarity effects of electrets on
nonvolatile transistor memories were investigated by Kim et al.14,15

by comparing various styrenic polymer gate electrets. The magnitude
of available memory was inversely proportional to both the
hydrophilicity and polarity of the dielectric. Nonpolar and
hydrophobic polymers were favorable for producing efficient
chargeable dielectrics. Our group has also reported on the
nonvolatile flash memory characteristics of a pentacene-based
transistor that employed polystyrene that was para-substituted with
a p-conjugated oligofluorene as an electret.18 The memory-switching
behaviors were related to the length of the fluorene pendent, and a
longer conjugation length significantly enhanced the information
storage ability.

However, the above efforts have focused on linear polymeric
systems with aromatic p-conjugated pendent moieties as the electret
materials for transistor memory devices.13–20 In addition, the majority
of the aforementioned transistor memories that employed the
polymer electret dielectric were limited to possess two-level memory
characteristics.13–16,18 Advanced nonvolatile memory technology can
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have more than 1 bit in each of the cells by increasing the levels
of the channel current.5,17,29–31 The multilevel memory cell is a
demonstrated technology, and it has become attractive owing to the
scaling limitations of lithography technology.5 The development of
multilevel data storage is still in progress, especially in the use of
organic-based memories,15,29,30 which can further enhance the
memory capacity per unit cell area without reducing the cell size.

Star-shaped polymers consist of arms of macromolecule chain
segments that are linked to a central core, and their electronic
properties can be considerably different than their linear analogs
owing to the close proximity of the arms within a single molecule.
Here, we first employ the three-armed star-shaped poly[(4-dipheny-
lamino)benzyl methacrylate] (star-PTPMA) as the polymer electret
for multilevel data storage in transistor memories. The star-shaped
polymer electret with pendent hole-transporting triphenylamine
moieties could be charged and retain the digital states even when
the supplied voltage was removed. For comparison, a linear-shaped
PTPMA electret was also used; therefore, the effects of the architecture
on the memory characteristics could be elucidated.

An n-channel organic semiconducting material, N,N’-bis(2-pheny-
lethyl)perylene-3,4,9,10-bis(dicarboximide) (BPE-PTCDI), was
employed as an active layer deposited on the top of the charge
storage electret-modified SiO2/Si substrate for exploring the multilevel
data accesses of nonvolatile write-many-read-many (WMRM) tran-
sistor memory devices. In addition, the p-channel semiconductor
pentacene was also used for comparison to explore the charge-
transporting mechanism, which revealed the significance of the
polymer architecture effect on the electrets for nonvolatile organic
transistor memory devices.

MATERIALS AND METHODS

Materials
Three-armed star-shaped star-PTPMA and linear-PTPMA were synthesized

through group transfer polymerization, as previously reported by our group.32

BPE-PTCDI was purchased from the Luminescence Technology Corp.

(Hsinchu, Taiwan) and used as received. All the commercially obtained

reagents and anhydrous solvents were used without further purification.

Device fabrication and measurement
Devices were fabricated on highly doped n-type Si(100) wafers that had a

300-nm-thick SiO2 layer. Following a solvent cleaning procedure and drying

under a stream of nitrogen, a solution of star-PTPMA (10 mg ml�1) in toluene

was stirred overnight, filtered, spin-coated onto the wafer substrate at

1000 r.p.m. for 60 s and cured at 80 1C for 2 h under vacuum (10�6 torr).

The semiconducting BPE-PTCDI was vacuum-deposited with a growth rate of

0.5 nm s�1 at 10�7 torr while the substrate temperature was maintained at

90 1C. A top-contact electrode (80 nm) was subsequently deposited by

evaporating gold through a shadow mask with a channel length and width

of 50 and 1000mm, respectively.

All the measurements of the transistor memories were conducted using a

Keithley 4200-SCS semiconductor parameter analyzer (Keithley Instruments

Inc., Cleveland, OH, USA), with a Remote PreAmp (4200-PA) in a N2-filled

glove box at room temperature. Triaxial cables were connected to the probe

station to minimize the background noise. The capacitance of the bilayer

dielectrics was measured using a Keithley 4200-SCS analyzer equipped with a

4210-CVU capacitance voltage measurement unit. The carrier mobility (m) and

threshold voltage (Vth) can be estimated from the slope and intercept of the

linear plot of the square root of the drain-to-source current (Ids
1/2) versus the

gate voltage (Vg) using the following equation in the saturation regime:

Ids¼
WCtotm

2L
ðVg�VthÞ2 ð1Þ

where Ctot is the capacitance per unit area of the total dielectric layer and Vth is

the threshold voltage.

RESULTS AND DISCUSSION

Figure 1 presents a schematic diagram of prototype BPE-PTCDI
transistor memories based on a bottom-gate�top-contact configura-
tion, in which star-PTPMA is used as the chargeable polymer electret.
The film thicknesses of each layer were determined to be approxi-
mately 45 nm of star-PTPMA, 50 nm of BPE-PTCDI and 80 nm of Au
source/drain electrode based on the cross-sectional scanning electron
microscopy image (Supplementary Figure S1). The representative
AFM micrograph of the SiO2/star-PTPMA bilayer film in Figure 1
reveals a smooth surface with a RMS roughness of 0.2–0.3 nm. This
surface can promote the growth of the organic semiconductor, as
shown in Figure 1. In addition, the hydrophobic characteristic of the
star-PTPMA with a water contact angle of 93.21 (Supplementary
Figure S2) ensures good wetting and the well-formed growth of BPE-
PTCDI on the smooth electret surface.

A nanorod-like BPE-PTCDI thin film with a diameter of 60±8 nm
was formed on the star-PTPMA surface (Supplementary Figure S3),
and it had better molecular packing than that on the bare SiO2 surface
with aggregated spheres (Supplementary Figure S4). Out-of-plane
X-ray diffraction profiles of the BPE-PTCDI thin film deposited on
the star-PTPMA with a lattice spacing of 1.5 nm exhibit stronger
diffraction intensity and a narrower full width at half maximum than
those on the bare SiO2 surface (Figure 1).33 This evidence supports
the premise that an additional smooth star-PTPMA layer will improve
the intermolecular transfer integral and the crystalline structures of

Figure 1 Schematic configuration of the transistor memories, molecular structures and AFM topographic images of BPE-PTCDI and star-PTPMA, and out-

of-plane X-ray diffraction patterns of BPE-PTCDI deposited onto star-PTMPMA modified and bare SiO2 surface.
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the organic semiconductors, which could simultaneously reduce the
silanol-type traps from the SiO2 interface.

The electrical transfer and output characteristics of the investigated
transistor memories are shown in Figure 2a and Supplementary
Figure S5, respectively. All the measurements were conducted under
dark conditions to prevent light-induced charge transfer34 or
excitons.17 The transfer curves exhibit a typical n-type accumulation
mode with a good current modulation, whereas the output curves
exhibit well-defined linear and saturation regions. The same
operational polarity was observed without any ambipolar behavior
induced by the dielectric.35 The electron mobility was
0.02 cm2 V�1 s�1 with an ON/OFF current ratio of 105 and a
threshold voltage of 8.5 V, which represents a significant effect on
the star-PTPMA dielectric relative to 1.8� 10-3 cm2 V�1 s�1 on the
bare SiO2 wafer. This result is attributed to the highly crystalline
structure of BPE-PTCDI on the top of the star-PTPMA surface.

The transistor memories are extended from the regular transistor
and operated by a combination of applied appropriate gate pulses
based on the shifts of the transfer curves, which caused different
resistance modulations at a zero gate bias. Figure 2a presents the
negative shift of the transfer curve (at a fixed drain voltage of 100 V)
for the BPE-PTCDI-based transistor memory device prepared on the
star-PTPMA electrets according to the negative gate voltage with a
duration of 1 s. The programmed operation (�100 V) of the stored

charges depletes the electrons from the transistor channel and
consequently results in a substantial threshold voltage shift in the
negative direction, which serves as a ‘writing’ process.

Intriguingly, an opposite polarity bias (gate bias of 100 V, 1 s) or
power-off condition still maintains a similar trace. This device
structure and its operation present essential functionalities for the
characteristics of nonvolatile memory. In general, the transistor
memories exhibit reversible cyclic transfer characteristics with an
obvious hysteresis upon their dual sweeps because the trapped charges
could be de-trapped or recombined by the charges injected from the
organic semiconductors.13–20 However, our BPE-PTCDI transistor
memory device that contains a star-PTPMA electret exhibits an
irreversible switching behavior that originates from the electron-
donating nature of the pendent triphenylamine moieties and the
coexisting energy level alignment at the interfaces. In addition, there
are no obvious changes in the mobility and the ON/OFF current ratio
of the transistor device, which implies that no additional traps are
created in the interface except for the stored charges. The threshold
voltage of the transistor with an additional star-PTPMA electret layer
can be systematically controlled by applying the gate bias, even on a
short time scale (approximately several ms).

Another important parameter, the memory window, increases the
difference in the transfer curves between the initial scan and after
applying a writing gate bias. The large memory window (B36.5 V)
suggests that a significant number of holes are trapped by the star-
PTPMA electret layer. The memory ratio that describes the difference
in current without the applied gate voltage is as high as 105, which
leads to a low misreading rate of the memory device. It is possible to
define the programmed state from the microscopic point of view as
positive charges stored in the electret and a large reading current state.
In contrast, the original OFF state is defined by neutral charges in the
electret and a low reading current. Figure 2b presents the ability to
retain data as a function of the retention time before (pristine) and
after contact charging with a writing voltage, which was monitored by
testing the same cell without applying the gate voltage. Notably, the
current obtained in both the ON and OFF states are well separated
without severe degradation for at least 1.5� 105 s. The stored data are
reliably maintained, and a distinguishable ON/OFF ratio is expected
to be a promising feature for nonvolatile drives where information
cannot be modified once written. These transistor memories are truly
permanent after being charged with a high voltage.

The electrical transfer characteristics under various sweep ranges
and electrical pulses were measured in an inert atmosphere at room
temperature. Figure 3a illustrates the variations in the memory
window at various gate voltage sweep ranges and a fixed drain
voltage of 100 V. The transfer curves of the transistor memories were
obtained by applying maximum gate voltages ranging from �20,
�40, �60, �80 or �100 V to 100 V. As shown in this figure, the
threshold voltage shifts towards a more negative position as the initial
sweep gate voltage moves towards a more negative value. Figure 3b
displays a unique transfer characteristic by the combination of
electrical programmed voltages with the duration of each voltage
pulse of 1 s. The investigated device exhibits an increasing negative
shift of the curve with a more negative threshold voltage when the
different negative gate voltages are programmed from �60 to �200 V
(lines with open circles). Meanwhile, the device follows similar curves
(lines with solid squares) after each programming action, which
represents a reading procedure without any applied gate voltage pulse.

This result confirms that the data storage of the device may be
maintained for a long time after applying a specific pulse and allows
data to be recorded but not erased. This behavior would be called a
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Figure 2 (a) Electrical transfer characteristics of BPE-PTCDI-based
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WMRM storage as compared with the write-once-read-many nomen-
clature. The threshold voltage changes and the shifting of the transfer
curve indicate that the negative pulse generates a certain number of
charges in the dielectric. The negative direction of the threshold
voltage shift in the n-channel transistor device indicates that the
effective charges have a positive polarity. In addition, weak (or no)
hysteresis is observed in these dual (forward and backward) scans
(Supplementary Figure S6). This result suggests that the interface
trapped charge (defects or impurities) can be excluded36 and possible
electron injection or hole de-trapping effects on the characteristics of
BPE-PTCDI-based transistor memories would not occur.

These transistor memories are nonvolatile, and they retain a given
conductance state without any applied bias. Furthermore, a large
memory ratio and controllable threshold voltage levels are critical
factors for fulfilling the multilevel implementation. The multilevel
transistor memories can be utilized to increase the memory capacity
without decreasing the size of the device to the nanoscale. Figure 3c
presents the multilevel data storage characteristics in the transistor
memories using star-PTPMA as a polymer electret, and the device is
reading under a small voltage of �20 V for 6 points within each
voltage level. The current response as a function of time was plotted
and varies after applying different writing biases. Therefore, six well-
defined data levels are distinguishable with one OFF state (at a
threshold voltage of 8.5 V) in conjunction with another five distinct
intermediate and ON states (at threshold voltages of �9.3, �19.4,
�29.4, �40.2 and �52.1 V, respectively) by different programmed
voltages of �60, �100, �140, �180 and �200 V, respectively. Each
state can be read separately to resemble six levels in a single device. In
fact, the extent of storage can be clearly selected depending on the
demand of the writing access.

The retention of performance on the BPE-PTCDI transistor
memories was tested under four different states and estimated to be
greater than 2� 104 s (Supplementary Figure S7). Here, multilevel
data storage is approached and the large sensing margin of our device
is readily applicable for real memory devices without the use of a
current amplifier. The multilevel conduction state may be due to
various degrees of traps captured in the electret at different set biases.

The present results for transistor memories using an n-channel
organic semiconductor fabricated on the SiO2/star-PTPMA dielectrics
bilayer could provide the relationships between the semiconductor
morphologies, dielectric surface characteristics and transistor perfor-
mance parameters. The possible mechanism for clarifying the multi-
level memory behaviors in the transistor device is elucidated as
follows: The chemical structure and electronic properties of the star-
PTPMA dielectric are directly related to the memory behaviors via
interface energetics. The smooth morphology (low roughness) with-
out nanoscopic pinholes from the star-PTPMA dielectric surface can
significantly reduce the interface trap (for example, chemical defect).
The molecular frontier orbital of the star-PTPMA dielectric derived
from the cyclic voltammograms and the optical band gap are
correlated with the carriers of the semiconductors. The HOMO and
LUMO of the star-PTPMA are on the order of �5.48 and �1.84 eV,32

respectively, and the reported values for the HOMO and LUMO of
BPE-PTCDI are �6.02 and �4.21 V,33 respectively (Supplementary
Figure S8). Under a negative gate bias (writing process), a consider-
able number of positive charges are induced through the BPE-PTCDI
from the source/drain electrode and subsequently trapped on the star-
PTPMA electrets via a charge transfer process, as illustrated in
Figure 4a. The high electric field at the dielectric results in the
efficient transfer of holes from the BPE-PTCDI semiconductor to the
polymer electret.
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It is clear that the inserted star-PTPMA can promote charge
injection or transport in the device. A significant amount of electrons
form in the n-channel BPE-PTCDI and easily accumulate at the
interface between BPE-PTCDI and the polymer electret, owing to an
identical internal electric field that is induced from the trapped
positive charges, even though the external gate voltages are removed.
Therefore, the transfer curve shifts to the more negative bias direction
compared with the initial state, which leads to a high-conductance
ON state at the zero gate bias. This result indicates that the star-
PTPMA electret acts as a hole-trapping site in the n-channel transistor
memories. The stabilization of positive charge carriers could be due to
the good hole-transporting ability of the pendant triphenylamine
moieties. The charges remain even under the power-off condition
owing to the tunneling barrier of the electret layer.

Also note that the LUMO level of the star-PTPMA is too high to
act as an electron trap. The irreversible shifts can be explained by the
large electron-injection barrier (2.37 eV; defined as the mismatch
between the LUMOs of BPE-PTCDI and star-PTPMA). The transfer
curves do not return to the initial position owing to the lack of
recombination with the holes trapped in star-PTPMA from insuffi-
cient countercharge injection (Figure 4a). In addition, the trapped
holes in the star-PTPMA polymer electret are not released even
through the application of a reverse scan voltage, which suggests that
there are no electrical hysteresis loops (Supplementary Figure S6).

Even in the light illumination-assisted program,17 the devices
cannot reach the positive threshold voltage shift after a high-
negative gate voltage bias. The amounts of the trapped holes stored
in the star-PTPMA depend on the applied gate voltage bias. It was
hypothesized that the threshold voltage could not shift back to a more
positive direction (in other words, erasing action cannot be
processed) owing to the absence of hole de-trapping or trapped

opposite polarity charge carriers.2 All the contributions reasonably
explain the nonvolatile WMRM memory behavior of our transistor
memories.

To better interpret the charge injection/trapping mechanism,
p-type pentacene-based transistor memories using star-PTPMA as
chargeable polymer electrets were fabricated for comparison because
they provided higher HOMO and LUMO levels than those of BPE-
PTCDI associated with the interface alignments. As estimated from
Supplementary Figure S9, the pentacene transistor exhibited a hole
mobility of 0.27 cm2 V�1 s�1 with an ON/OFF ratio of 2.3� 106 and
an initial threshold voltage of �18 V. The threshold voltage and the
amount of memory windows can be changed by applying a gate
voltage bias or a subsequent sweep range. The pentacene-based
transistor memories with star-PTPMA polymer electrets exhibit a
memory hysteresis window of ca. 54 V at a drain voltage of �100 V
with a gate voltage dual sweep range of 60 to �100 V, as shown in the
transfer curves (black line with a solid square) of Supplementary
Figure S9. The forward and backward transfer curves exhibit a similar
trace relative to the initial ones after the first gate bias of 100 V (red
line with solid circle). After applying a negative and positive gate bias
for 1 s to program and erase the device, the dual sweep curves were
shifted in the negative (blue line with solid triangle) and positive
(green line with open circle) directions, respectively.

This hysteresis in the above schematic transfer characteristics can
be interpreted as follows. The lower back sweep (anticlockwise)
hysteresis and the negative shift of the threshold voltage under a
negative gate bias in the p-type transistor indicate that a number of
positive charges induced from the p-channel pentacene are trapped
by the star-PTPMA electret. However, the electron injection to the
star-PTPMA electret is not efficient, owing to the relatively high
barrier from the LUMO energy level between pentacene and star-
PTPMA (1.06 eV; see Supplementary Figure S8). This result
indicates that electrons cannot be trapped in the electret layer
and that the stored holes are compensated by countercharges
(electrons). Note that the transfer curves can be shifted back to
the initial ones (green line with open circle), which reveals an
erasing operation and nonvolatile flash memory behavior from
overall electrical characteristics. The reversible process verifies that
the trapped holes can be released back to the channel through a
reverse positive gate voltage because the HOMO level of pentacene
is close to that of star-PTPMA. Trapping of opposite polarity charge
carriers cannot act upon our transistor memories, which is perhaps
due to the considerable difference in the LUMO energy levels or
unipolar behavior of the organic semiconductor.2 On the basis of
the results from the pentacene p-type semiconductors, we confirm
that the memory capability primarily arises from the trapping of
holes in the star-PTPMA electret and the charging mechanism in
polymer electret based transistor memories.

For transistor memories based on organic polymers, the chargeable
dielectric layer indeed has an important role and the threshold voltage
shift may be related to the amounts of captured carriers. Note that the
threshold voltage shift of 36.5 V was quite large after applying a gate
bias of 100 V with a charge trapping density of 2.18� 1012 cm�2 (see
details in Supplementary Information). The carrier density in the
reported transistor memory was in the range of 1011–5� 1012 cm�2

with a threshold voltage of 14–35 V.14,18,20 In the case of ferroelectric
polyvinylidene fluoride copolymer memory, it had a charge trapping
density of 9.33� 1011 cm�2.23 The nanoparticles/polymer hybrids
used as floating gate nonvolatile flash memories exhibited carrier
densities on the order of 1011–1012 cm�2 with hysteresis windows of
10–41 V.25–27 In our study, the transistor memories using star-PTPMA

0 -50 -100 -150 -200
0

10

20

30

40

50

60

70

BPE-
PTCDI

BPE-
PTCDI

Star-
PTPMA

Star-
PTPMA

Vg<0
Vg>0

SiO2 SiO2

T
h

re
sh

o
ld

 V
o

lt
ag

e 
S

h
if

t 
(V

)

Programmed Gate Voltage (V)

Figure 4 (a) Schematic energy band diagram of transistor memories under

the negative and positive gate voltage pulse. (b) Threshold voltage shift of

transistor memories after the application of different programmed gate

voltage pulses.

Multilevel nonvolatile transistor memories using a star-PTPMA gate electret
Y-C Chiu et al

5

NPG Asia Materials



as an electret provided a reasonable charge trapping density
(approximately 1012 cm�2) for competing with other memories
based on organic transistors.

If the linear-PTPMA was used as the polymer electret, the device
also exhibited the nonvolatile WMRM-type memory characteristics
but with fewer well-defined data levels, as shown in Supplementary
Figure S10. The charges could also be stored by applying a negative
voltage bias (�100 V); however, in this case, only two or three well-
defined data levels can be obtained, owing to the considerably smaller
threshold voltage shift (17 V) compared with the star-PTPMA
electret. This result reflects the importance of the shape architecture
of the electret materials on the memory characteristics. Star-shaped
polymers result in a more compact structure than linear polymers
owing to the segment density.

The chain rigidity of star-PTPMA is restricted by the central
nitrogen core, which forms a high triphenylamine trapping density.
The star-PTPMA thin film related to linear-PTPMA exhibits
stronger excimer emission (Supplementary Figure S11), which is
attributed to the excimer formation of the aggregated triphenyla-
mine moieties.32,37 Such star-shaped pendent polymers with
attached aromatic fluorescent probes may lead to strong molecular
aggregation induced emission38,39 and a well-packed triphenylamine
conformation. Therefore, transistor memories based on the star-
PTPMA electret have more trapped charges to produce an obvious
threshold shift and contribute to more well-defined conductance
levels for data storage. Furthermore, significant threshold voltage
shifts as a function of the programmed gate bias were also observed
(Figure 4b). A low critical gate voltage of �20 V starts to be
programmed owing to the small difference of relative HOMO energy
levels between BPE-PTCDI and PTPMA electret (0.54 V) for efficient
charge transfer processes.

In regard to the relatively high operation voltage of the fabricated
device, a solution to reduce the operation voltage is to enhance the gate
dielectric capacitance and therefore, to employ a reduced thickness of
SiO2 gate dielectric (approximately 100 nm) needed to achieve useful
transistor currents when conventional gate insulators are utilized. The
programmed voltages are reduced to �20, �40 or �60 V and a
memory ratio of 102–104 can be obtained if the readout is performed
with a gate voltage of ±10 V (Supplementary Figure S12). In addition,
the transistor memory behavior of the output characteristics was
similarly repeated at a programmed voltage of �50 V, as shown in
Supplementary Figure S13, where the drain currents appear to be
greater than those of initial curves. Although the memory windows
become reduced to 9.5 V, the smaller thickness of the gate dielectric
allows low programmed voltages to produce a researched multilevel
nonvolatile WMRM memory behavior for application.

In conclusion, multilevel nonvolatile WMRM transistor memories
with an additional charge trapping electret based on star-PTPMA
have been presented. The large and irreversible negative threshold
voltage shift in the transfer curves suggests that the electronic charges
are transferred and permanently accumulate in the star-PTPMA gate
electret owing to the restricting region of star-shaped polymers with
well-defined charge trapping elements. Stable multilevel data storage
is achieved through utilizing the appropriate programmed voltage
pulse. This study reveals a promising future for key memory device
elements, and this technology can be readily integrated into high-
density, flexible, nonvolatile memory devices.
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