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Strong molecular weight effects of gate-insulating
memory polymers in low-voltage organic nonvolatile
memory transistors with outstanding retention

characteristics

Jooyeok Seo!, Sungho Nam!2, Hwajeong Kim!?, Thomas D Anthopoulos?, Donal DC Bradley>* and

Youngkyoo Kim!

Organic nonvolatile memory transistors, featuring low-voltage operation (<5 V) and high retention characteristics (>10 000
cycles), are demonstrated by introducing high molecular weight poly(vinyl alcohol) (PVA) as a gate insulating layer. PVA polymers
with four different molecular weights (9.5-166 kDa) are examined for organic memory devices with poly(3-hexylthiophene)
channel layers. All devices show excellent p-type transistor behavior and strong hysteresis in the transfer curves, but the lower
molecular weight PVA delivers the higher hole mobility and the wider memory window. This has been attributed to the higher
ratio of hydroxyl group dipoles that align in the out-of-plane direction of the PVA layers, as supported by impedance spectroscopy
(dielectric constants), polarized Fourier transform-infrared spectroscopy and synchrotron radiation grazing incidence X-ray
diffraction measurements. However, outstanding retention characteristics (<4% current variation after 10 000 cycles) have been
achieved with the higher molecular weight PVA (166 kDa) rather than the lower molecular weight PVA (9.5 kDa).
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INTRODUCTION

Organic memory devices (OMDs) have attracted keen interest because
of their advantages over conventional inorganic memory devices in
that low-cost flexible plastic memory modules can be manufactured by
employing large-area roll-to-roll coating processes.'™ Achieving
flexible plastic memory modules based on OMDs is of critical
importance for the fabrication of real flexible electronic systems
because inorganic semiconductors have a fundamental limitation in
terms of flexibility owing to their rigid crystal structures.®® In
addition, the performance of OMDs can be tailored by applying
various types of organic semiconductors, which are manufactured via
organic synthesis and modification/blend processes.>!"

To date, two types of OMDs—resistor-type OMDs (ROMDs) and
transistor-type OMDs (TOMDs)—have been most widely studied
because of their potential for easy fabrication processes, leading to
low-cost manufacturing of memory modules. The ROMDs have a
diode structure with two electrodes, whereas three electrodes are
typically used for the TOMDs. In the ROMDs, memory functions
generally rely on charge transport and/or physical leakage paths.!!~13
In particular, the ROMDs need additional transistor components for

active driving (addressing) of more than several millions of memory
cells in memory modules, which inevitably gives rise to cost
increases.!®!” In contrast, the TOMDs already possess their own
transistors for active driving, so they are considered one of the
simplest and most cost-effective memory devices for flexible plastic
memory modules in the coming flexible electronics era.'$1

It has been reported that TOMDs have memory functions from
ferroelectric polymers, metal nanoparticles or charge trapping layers,
and polymer energy well structures.”>* However, most TOMDs
reported to date have limitations with respect to high operation
voltages and/or poor retention (stability) characteristics, even though
basic memory functions in transistor structures can be well-
demonstrated. Thus, it is very important to achieve both low voltage
and high retention characteristics at the same time for further
consideration toward commercialization of TOMDs, particularly for
mobile applications, of which the first priority is low power
consumption, as well as stability. Of various organic materials, poly
(vinyl alcohol) (PVA) has also been introduced as a gate insulating
layer for organic field-effect transistors to investigate a memory effect
at high voltage (~80 V) (n-type small molecule),’! a hysteresis trend
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(no memory study, p-type small molecule),?? and a typical transistor
performance (no hysteresis/memory effect).>*> However, no study
has been reported on the influence of PVA molecular weights on the
low-voltage operation and high retention stability of TOMDs with
conjugated polymer channel layers.

In this work, we report the achievement of both low operation
voltage (<-5V) and long retention (<4% after 10000 cycles)
characteristics by employing high molecular weight PVA gate
insulating layers in the TOMDs with poly(3-hexylthiophene)
(P3HT) channel layers. The detailed effect of PVA molecular weight
was investigated using PVA polymers with four weight-average
molecular weights (9.5, 40.5, 93.5 and 166 kDa). The trend of the
device performance with respect to the molecular weight was studied
using various analysis/measurement techniques, such as atomic force
microscopy (AFM), auger electron microscopy (AEM), polarized
Fourier transform-infrared spectroscopy (FT-IR) and synchrotron
radiation grazing incidence X-ray diffraction (GIXD).

MATERIALS AND METHODS

Materials and device fabrication

PVA with four weight-average molecular weights (9.5, 40.5, 93.5 and
166.0 kDa) was purchased from Sigma-Aldrich (St Louis, MO, USA), and
P3HT (weight-average molecular weight=30 kDa, polydispersity index=1.7,
regioregularity >97%) was supplied by Rieke Metals (Lincoln, NE, USA).3¢37
Prior to device fabrication, indium-tin oxide (ITO)-coated glass substrates were
patterned to make 1x12mm ITO stripes (as a gate electrode) via photo-
lithography/etching. The patterned ITO-glass substrates were subjected to wet
cleaning with acetone and isopropyl alcohol, followed by ultraviolet-ozone
treatment at 28 mW cm ™2 for 20 min. The PVA powder was dissolved in
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Figure 1 (a) Device structure for the organic memory transistor (PVA-TOMD)
with the P3HT channel layer and the PVA memory gate insulating layer
(see the weight-average molecular weights of PVA): ‘S’, ‘D’ and ‘G’ denote
source, drain and gate electrodes, respectively. (b) Optical absorption
spectra of the PVA layers (250 nm) coated on ITO-glass substrates according
to the PVA molecular weight (inset: photograph of each sample).
(c) Cross-sectional device structure of PVA-TOMD with the 250-nm-thick
PVA layer and the 60-nm-thick P3HT layer (note that the thickness of each
layer seems to be slightly deviated from the actual value, owing to the tilted
state of the sample in the SEM measurement). ITO, indium-tin oxide;
PVA-TOMD, poly(vinyl alcohol)-transistor-type organic memory device;
SEM, scanning electron microscope.
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deionized water at a solid concentration of 40-70 mgml~! (9.5-166 kDa),
while the P3HT solution was prepared using toluene at a solid concentration of
10 mg ml~ . These solutions were stirred vigorously on a hot plate before spin-
coating process. Then, the PVA layers (thickness =250 nm) were spin-coated
on the ITO-glass substrates and soft-baked at 70 °C for 12 h. The P3HT layers
(thickness =60 nm) were subsequently spin-coated onto the PVA layers,
followed by soft-baking at 60 °C for 15 min. Finally, source/drain electrodes,
Ni (10 nm) and Al (40 nm), were deposited on the P3HT layers through a
shadow mask, defining the channel length of 70 pm and the channel width of
3 mm. All devices were stored in a nitrogen-filled glove box before measure-
ments. The PVA layers (thickness =250 nm) were spin-coated on the patterned
ITO-glass substrates for spectroscopy and nanostructure measurements. For the
measurement of dielectric constant, Al electrodes were deposited on top of the
PVA layers coated on the ITO-glass substrates in a manner similar to that used
for the transistor fabrication, which yielded a parallel plate-type glass/ITO/PVA/
Al

Measurements

Optical absorption spectra of the PVA layers coated on the ITO-glass substrates
were measured using an ultraviolet—visible absorption spectrometer (Optizen
2120UV, Mecasys, Daejeon, South Korea). The thicknesses of the layers were
measured using a surface profiler (Alpha Step 200, Tencor, Milpitas, CA, USA).
The transistor and memory characteristics of the devices were measured using a
semiconductor parameter analyzer (Keithley 4200, Keithley 2636B, Keithley
Instruments, USA). An impedance analyzer (VersaSTAT 4, Princeton Applied
Research, USA) was used to measure the dielectric constants of ITO/PVA/Al
devices by a frequency sweep of up to 1 MHz. All devices were measured under
inert conditions by employing a sample holder charged with argon gas. The
nanostructure of the PVA layers was measured using a synchrotron radiation
GIXD (wavelength=1.212969 A, Pohang Accelerator Laboratory, Pohang,
South Korea) and an AFM (Nanoscope Illa, Digital Instruments, Billerica,
MA, USA). The atom (oxygen) distribution in the PVA layers was analyzed
with an AEM (PHI 700, ULVAC-PHI, Kanagawa, Japan). The cross-sectional
areas of the devices were measured using a field-emission scanning electron
microscope (FESEM, S$-4800, Hitachi, Tokyo, Japan). The orientation of
hydroxyl groups in the PVA layers (without any electric field) was measured
with a FT-IR (5700 & Continuum, Thermo Scientific, Waltham, MA, USA).

RESULTS AND DISCUSSION

Figure la shows the device structure of the TOMDs with the
PVA gate insulating layers (hereafter, abbreviated as PVA-TOMDs).
Patterned ITO layers coated on glass substrates were used as a gate
electrode, while source/drain electrodes were formed with Ni
(thickness =10 nm) and Al (thickness =40 nm). The length and width
of the channels were 70 pm and 3 mm, respectively. The thickness of
all PVA layers was controlled to be 250 nm. As shown in Figure 1b, all
PVA layers (thickness =250 nm), which were coated on the ITO-glass
substrates, were optically transparent, irrespective of their molecular
weight (see the enlarged top-view photograph in Supplementary
Figure S1). The SEM image disclosed that the 250-nm-thick PVA
layer was well-formed and that a discrete interface was made with the
P3HT layer after spin-coating (see Figure 1c).

The fabricated PVA-TOMD:s were first subjected to an output test
by sweeping drain voltage (V) at a fixed gate voltage (V). As shown
in Figure 2, all devices exhibited p-type transistor behaviors with clear
drain current (Ip) saturation in the output curves at low voltages
(Vp< —=5V). This suggests that the PVA layers act properly as a gate
insulator, irrespective of their molecular weight. Interestingly, the
degree of hysteresis became larger at higher V|, irrespective of PVA
molecular weight, even though the sweep (forward and backward)
range of Vp was the same for all devices. This result reflects that the
hysteresis is more sensitive to Vg than Vp, which is indicative of
gate-controlled hysteresis. In particular, the higher the PVA molecular
weight, the lower the Ip value under the same voltage condition



(Ip=—-760nA for 95kDa and Ip=-46.8nA for 166kDa at
Vg=Vp=-5V). Thus, it is concluded that the performance of
PVA-TOMD:s is strongly affected by PVA molecular weight.

Next, transfer characteristics were examined for all PVA-TOMDs by
sweeping Vg at a fixed V. As shown in Figure 3, I, was gradually
increased as Vg increased (negatively) up to —5V at a fixed Vp (-1 V
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Figure 2 Output characteristics of the PVA-TOMDs according to the PVA
molecular weight. ‘F’ and ‘B’ represent the forward (from O to —5V) and
backward (from —5 to OV) sweeps, respectively. The arrows denote the
direction of the Vg increase (negatively) from O to =5V by —1-V steps.
PVA-TOMD, poly(vinyl alcohol)-transistor-type organic memory device.
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and — 3 V) in the forward sweep, irrespective of PVA molecular weight
(note that the ON/OFF ratio (Ipon/Ipopr) was of the order of
10*-10%). However, the drain current in the backward sweep (from
Vo=-5V to Vg=+5V) was significantly higher than that in the
forward sweep (from Vg=+45V to Vg=-5V), even at lower
Vp (=1V) for all devices (see Supplementary Figure S2 for the direct
comparison between the highest and lowest molecular weights). This
result indicates that the PVA layers lead to a pronounced hysteresis in
the present transistor structure, irrespective of their molecular weight.
A close examination of the transfer curves shows that the maximum I,
values at Vg=—5V are relatively higher for lower molecular weight
than for higher molecular weight, which is in agreement with the
output curves in Figure 2.

From the transfer curves in Figure 3, the hole mobility () was
calculated using Ip = ¥, Ci[(Vg — VTH)Z] in a saturation regime
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Figure 4 (a) Hole mobility (u,) of the PVA-TOMDs as a function of PVA
molecular weight. (b) Drain current difference (Alp) at Vg=-1V and the
threshold voltage difference (AlV4y) as a function of PVA molecular weight.
PVA-TOMD, poly(vinyl alcohol)-transistor-type organic memory device.
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Figure 3 Transfer characteristics of the PVA-TOMDs according to the PVA molecular weight. ‘F’ and ‘B’ represent the forward (from +5 to —5V) and
backward (from —5 to +5 V) sweeps, respectively. PVA-TOMD, poly(vinyl alcohol)-transistor-type organic memory device.
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Figure 5 (a) Three-dimensional (3D) AFM images and (b) 1D GIXD profiles
in the OOP direction (inset: 2D GIXD images) of the PVA films coated on the
ITO-glass substrates. The PVA molecular weights are given on each graph.
The double-sided arrows in the 1D GIXD profiles display the relative heights
of (101) peaks. AFM, atomic force microscopy; GIXD, grazing incidence
X-ray diffraction; OOP, out-of-plane; PVA, poly(vinyl alcohol).

(IVG-Vrul<IVpl), where L, W and C; are the channel length, the
channel width and the capacitance of the gate insulator, respectively.
As plotted in Figure 4a, higher hole mobility was obtained for the
devices with lower molecular weight PVA, irrespective of the sweep
direction. This supports the fact that a higher I, was measured for the
lower molecular weight PVA in the output and transfer curves
(see Figures 2 and 3). Here, the relatively lower hole mobility in the
backward sweep compared with that in the forward sweep can be
attributed to retarded hole transport, owing to the holes charged in the
forward sweep. This may be one of the reasons why remarkable
hysteresis was achieved in the present PVA-TOMDs. As shown in
Figure 4b, the differences in Ip (Vg=-1V) and threshold voltage
(Vry) between the forward and backward sweeps were relatively
higher for the lower molecular weight PVA, which indicates that a
better memory window can be achieved for the lower molecular
weight PVA (see Supplementary Table S1).

To understand the different performances of PVA-TOMDs with
respect to the PVA molecular weight, the nanostructure of the PVA
layers was examined using AFM, AEM and GIXD measurements.
As shown in Figure 5a, no particular surface nanostructures were
measured for the PVA layers, irrespective of PVA molecular weight, in
the presence of very slight surface (root-mean-square) roughness
variation from 0.36 nm (9.5 kDa) to 0.32 nm (166 kDa). In addition,
hydroxyl groups in the PVA layers were found to randomly distribute
without peculiar aggregations, irrespective of molecular weight,
as evidenced from the AEM images (see Supplementary Figure S3).
However, as observed in the two-dimensional GIXD images in
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Figure 6 (a) Dielectric constant (egop) of the PVA layers as a function of
PVA molecular weight: the measurement was carried out with a simple
device structure (inset) at a frequency of 1 kHz. (b) P-polarized FT-IR
absorption spectra of the PVA layers, which were coated on ITO-glass
substrates, according to the PVA molecular weight. FT-IR, Fourier transform-
infrared spectroscopy; PVA, poly(vinyl alcohol).

Figure 5b (inset), the Debye ring intensity for the (101) diffraction
was higher for the PVA layer with the higher molecular weight.>®3
This result means that a higher degree of crystallinity is made for the
PVA layer with the higher molecular weight (see one-dimensional
GIXD profiles in Figure 5 and Supplementary Figure S4). The huge
anisotropy in the (101) intensity between the out-of-plane (OOP) and
in-plane (IP) directions discloses that the PVA chain stacking leading
to the (101) crystal plane did preferentially occur in the OOP
direction, irrespective of the PVA molecular weight. In addition, we
find that higher anisotropy in the degree of crystallinity between the
OOP and the IP directions was achieved for the PVA layer with the
higher molecular weight (see Supplementary Figure S4). Considering
the PVA chain stacking in the crystal structure, the orientation of the
hydroxyl (OH) groups in the IP direction may be more preferred for
the PVA layer with the higher molecular weight. This preferential
orientation of hydroxyl groups in the IP direction may be one of the
clues as to why the performance (drain current) of the transistors was
poor in the case of higher molecular weight PVA (see Figures 2 and 3),
The direction of the hydroxyl groups greatly influences the
polarizability (dielectric constant) in the OOP (thickness) direction
of the PVA layers, which is of critical importance in the gate-control
operation of transistors.

To validate the change in the dielectric constant according to the
PVA molecular weight, a simple parallel plate-type device was
fabricated by sandwiching the PVA layers between two electrodes
(see inset in Figure 6a). The measurement result showed that the
dielectric constant in the OOP direction was indeed higher for the
PVA layers with the lower molecular weights (see Figure 6a). This
result is further supported by the polarized FT-IR measurement that
disclosed more hydroxyl groups oriented in the OOP direction for the



PVA layer with the lower molecular weight (see Figure 6b). The ratios
of hydroxyl groups oriented in the OOP direction to all hydroxyl
groups were 52% (9.5kDa), 24% (40.5kDa), 17% (93.5 kDa) and
7% (166 kDa). Hence, it can be concluded that the PVA molecular
weight strongly affects the performance of PVA-TOMDs due to the
orientations of hydroxyl groups, as illustrated in Figure 7.

Finally, the present PVA-TOMDs were subjected to the memory
function test to determine which molecular weight is the best for
durable memory devices. As shown in Figure 8, stable write-once-
reading-many (WORM) operations were successfully performed for all
devices, irrespective of the molecular weight (see the enlarged plots in
Supplementary Figure S5). This result indicates that all of the present
devices actually function as a nonvolatile memory. Here, it is worthy

Low MW PVA

Source

*+)

Figure 7 lllustration for the proposed orientation of the hydroxyl (OH) groups
in the PVA layers of PVA-TOMDs on operation (Vz<OV and Vp<QOV):
(a) low molecular weight PVA and (b) high molecular weight PVA. Note that
the positive charges (see the circled ‘+’ symbols) can be generated by the
negative ends of the OH dipoles that are oriented in the OOP direction of
the film plane. OOP, out-of-plane; PVA-TOMD, poly(vinyl alcohol)-transistor-
type organic memory device.
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to note that the drain current level was relatively lower for the higher
molecular weight PVA, which may be helpful with regard to the
realization of low-power plastic memory devices. Next, the retention
performances of the same PVA-TOMDs were examined by applying
the continuous full-cycle operation of writing-reading—erasing—
reading (WRER) at room temperature. Interestingly, relatively
unstable memory characteristics in the WR operation were measured
for the device with the low molecular weight (9.5 kDa) PVA layer (see
Figure 9 and Supplementary Figure S6). However, the PVA-TOMD
with the high molecular weight (166 kDa) PVA layer exhibited
extremely stable memory performances, even after 10000 cycles
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Figure 9 Retention characteristics for the PVA-TOMDs (a: 9.5kDa,
b: 166 kDa) by applying continuous writing—reading-erasing-reading (WRER)
cycles: W (writing at Vg=-5V)—R1 (reading at Vz=-1V)—E (erasing at
Ve=+45V)—R2 (reading at Vg=-1 V). Note that the drain voltage was fixed
at Vp=-2V for the entire measurement (10 000 cycles). PVA-TOMD, poly
(vinyl alcohol)-transistor-type organic memory device.
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Figure 8 Writing-once-reading-many (WORM) operations for the PVA-TOMDs according to the PVA molecular weight. The writing (W) operation was performed
at Vg=-5Vand Vp=-2V, whereas the reading (R1-R8) operation was performed at Vg=-1V and Vp=-2V. PVA-TOMD, poly(vinyl alcohol)-transistor-type

organic memory device.
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(WRER). The change in the drain current level was only 4.2% for
writing (W) at Vg=-5V and 0.2% for reading high (R1) at
Vg =—1V, whereas the average variation for all WRER events was
< 4%, even after 10 000 cycles. In addition, the retention time test also
disclosed that better stability could be achieved for the PVA with the
higher molecular weight (see Supplementary Figure S7). Therefore, it
is concluded that the high molecular weight PVA is better for durable
memory devices due to its excellent retention characteristics, as well as
its low power consumption, whereas the low molecular weight
PVA is suitable for switching applications with regard to the high
current level.

CONCLUSION

TOMDs were fabricated by employing the PVA layers as a memory
gate insulator with four different molecular weights. All devices
exhibited excellent output performances with clear current saturation
at low voltages (IVgl<5V), while typical transfer curves were
measured in the forward sweep (ON/OFF ratio up to ~10°).
Interestingly, higher drain current was measured for the lower
molecular weight PVA, leading to a higher hole mobility for the
lower molecular weight PVA. In particular, strong hysteresis in the
drain current was measured from the transfer curves. This was even
more pronounced for all molecular weights in the presence of a better
memory window for the lower molecular weight PVA. The better
performances (hole mobility and memory window) for the lower
molecular weight PVA were attributed to the higher orientation ratio
of the hydroxyl group dipoles in the thickness (OOP) direction of the
PVA layer. However, better retention characteristics were measured
for the higher molecular weight PVA (<4% variation after 10 000
cycles). Hence, it is expected that the commercialization of plastic
memory modules can be positively considered because both low-
voltage operation and stable retention characteristics are achieved for
the present PVA-TOMDs with the high molecular weight (166 kDa)
PVA gate insulator. Finally, the present memory transistors are
expected to contribute to the viable manufacturing of flexible organic
memory module devices by utilizing solution-processes of core layers
at low (room) temperatures.
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