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Abstract: Organic memory transistors based on an organic field-effect transistor *ﬁ o s

(OFET) structure were fabricated by employing a water-soluble polar polymer, poly(2- N K \fOH . e
acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA). The thickness of PAMPSA films H 0 S ole
was varied from 180 nm to 1000 nm and thermally annealed (treated) at 170 C for 7 G o)

30 min. The annealed PAMPSA films were optically transparent with naked eyes =

even though the absorbance at the wavelength range of ca. 190~260 nm gradually PAMPSA (GIM) ' o 52:2‘6
increased with the film thickness. The devices with the annealed PAMPSA films ] U | GIBSST 200 4601 ?'E'):l) 800 1000

showed p-channel transistor characteristics at low operation voltages (0~-5 V) and
delivered hysteresis of drain current due to the carbon radical-induced dipoles in the thermally annealed PAMPSA films. The best hyster-
esis characteristics were obtained at the film thickness of 450 nm, whereas the drain current was gradually decreased with the thickness
of PAMPSA films. This result has been assigned to the trade-off effect between the capacitance decrease and the dipole increase the PAM-
PSA thickness increases. The optimized memory devices with the 450 nm-thick PAMPSA layers disclosed excellent retention character-

istics during >10,000 cycles of writing-reading-erasing-reading memory tests.

Keywords: organic memory transistor, OFET, polar polymer, thickness effect, hysteresis.

1. Introduction

Memory devices, which store information in a form of digital
data, have been gradually developed on the basis of inorganic
semiconductor technology."* Very recent advances in inorganic
memory devices uncovered that three-dimensional stacking of
transistors (>170 stages) on ca. 3~10 nm scale could greatly
enhance the memory capacity per area, leading to much smaller
memory modules including solid state devices (SSDs).*® Tak-
ing it into account the memory capacity per volume only, quan-
tum memory devices dealing with qubits are expected to take a
major position in the future.”® However, these memory devices
have a limitation in terms of shape freedom such as bendability,
flexibility and rollability because their core constituents con-
sist of inorganic materials with rigid and hard characteristics.'***

On this account, organic memory devices have been high-
lighted because organic materials can be bendable and flexible
thanks to weak intermolecular forces among molecules.”*** In
addition, polymers provide high toughness due to their long
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chains connected by covalent bonds and can be processed into
thin films via wet-coating methods at room temperature, even
though conventional inorganic memory devices require high
temperature and vacuum processes.'®? These advantages of
polymers have motivated polymer-based organic memory
devices, specifically using organic field-effect transistor (OFET)
geometry owing to the benefit of three electrodes in transis-
tors, leading to transistor-type organic memory devices (TOMDs)
in a broad context.' %

For the fabrication of polymer-based TOMDs, conjugated
polymers with a reasonable charge carrier mobility, such as poly(3-
hexylthiophene) (P3HT), have been used as a channel layer in
the geometry of OFET devices.*° To achieve memory phenome-
non, however, hysteresis characteristics of device current are
essential at low voltages for practical applications. To date, very
limited polymers, such as poly(vinyl alcohol) (PVA) and poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA), were
able to deliver both good hysteresis and low-voltage operation
in the polymer-based TOMDs.**3* In the case of PAMPSA, it has
been reported that thermal decomposition of PAMPSA side
chain units can form carbon radical-induced dipoles leading to
large-scale hysteresis in transistor characteristics.*> However,
no study has been reported on the influence of PAMPSA thick-
ness even though the thickness of memory layers can affect the
hysteresis characteristics of transistors.>**

In this work, we have studied the thickness effect of PAMPSA
films on the performance of polymer-based TOMDs. To fabri-
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cate OFET devices, the PAMPSA films with various thicknesses
(180 nm~1000 nm) were spin-coated on gate electrode-coated
substrates and thermally annealed at 170 ‘C for 30 min before
placing P3HT channel layers. Results showed that the hystere-
sis characteristics of devices were noticeably changed with the
thickness of PAMPSA layers. The best hysteresis was achieved
for the OFETSs with the PAMPSA layers at the PAMPSA thickness
(t) of 450 nm, whereas the highest current was measured at
t =180 nm. The optimized TOMDs with the 450 nm-thick PAM-
PSA layers exhibited stable memory characteristics with excel-
lent retentions during >10,000 cycles at low voltages (0~-5 V).

2. Experimental
2.1. Materials and solutions

The PAMPSA polymer, which has a weight-average molecular
weight of 2,000 kDa, was purchased from Sigma-Aldrich (St
Louis, Mo, USA). To control the film thickness, the solid concen-
tration of PAMPSA solutions was adjusted to 100, 200, 500,
700 and 1000 mg/mL by using deionized water as a solvent. All
PAMPSA solutions were subjected to continuous stirring at room
temperature for 3 days prior to spin-coating processes. The
P3HT polymer, which has a weight-average molecular weight
of 70 kDa, polydispersity index (PDI) of 1.7 and a regioregular-
ity of 97%, was supplied from Rieke Metals (Lincoln, NE, USA).
The P3HT solutions were prepared using toluene ata solid con-
centration of 12.5 mg/mL.

2.2.Film and device fabrication

Indium-tin oxide (ITO)-coated glasses (sheet resistance = ca.
10 Q/cm?) were used as a gate electrode-coated substrate for
the present devices. A photolithography-etching process was
employed to make the ITO electrodes patterned into small-
sized ITO stripes (1 mm x 12 mm) that were used as a bottom
gate electrode. The patterned ITO-glass substrates were washed
first by immersing into acetone and cleaned in an ultrasonic
bath for 30 min, followed by the same wet-cleaning process in
isopropyl alcohol for 30 min. A gentle nitrogen flow was applied
to dry the wet-cleaned ITO-glasses and then the dried ITO sur-
faces were subjected to UV-ozone treatment for ca. 20 min (UV
intensity = 28 mW/cm?). On top of the UV-ozone-treated ITO-
glass substrates, the PAMPSA solutions were spun to make cor-
responding thin films. The thickness of PAMPSA films was 180,
250, 450, 700 and 1000 nm. The PAMPSA-coated ITO-glass sub-
strates were thermally annealed at 170 C for 30 min. Next, the
P3HT solutions were spun on the thermally annealed PAMPSA
layers (at 1500 rpm for 30 s) and soft-baked at 70 ‘C for 15 min.
The thickness of P3HT layers was 60 nm. The P3HT-coated sam-
ples were mounted on a shadow mask and transferred into a
vacuum chamber system equipped inside a nitrogen-filled glove
box, followed by deposition of 60 nm-thick silver (Ag) source/
drain electrodes at a base pressure of ca. 1 x 10°® torr. The devices
with the Ag electrodes featured a channel length (L) of 70 pm
and a channel width (W) of 2 mm. All films and devices were
wrapped and safely stored inside an argon-filled glovebox in
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order to avoid any attack from moisture and oxygen. For the
measurement of ESR spectroscopy, the PAMPSA films (width:
3 mm, length: 20 mm) were coated on a polyimide film sub-
strate and thermally annealed at 170 C for 30 min. The metal-
insulator-metal (MIM)-structured devices (glass/ITO/PAMPSA/
Ag) with a parallel plate geometry were fabricated for the capaci-
tance measurement of PAMPSA films.

2.3. Measurements

The thickness of polymer films and metal electrodes was mea-
sured using a surface profilometer (DektakXT, Bruker, USA),
while the optical absorption spectra of polymer films were
measured using a UV/VIS/NIR spectrometer (Lambda 750, Perkin-
Elmer, Houston, TX, USA). The frequency-dependent capacitances
of MIM devices (glass/ITO/PAMPSA/Ag) were measured using
an impedance spectrometer (Versa STAT 4, Ametek Scientific
Instruments) at a bias voltage of 0 V (rms). The existence of radi-
cals in the PAMPSA films was investigated using an electron
spin resonance (ESR) spectrometer (EMXplus-9.5/2.7, Bruker,
USA). The surface morphology of polymer film samples was
measured using an atomic force microscope (AFM, Scanning
Probe Microscope NX20, Park Systems, South Korea). The per-
formance and memory characteristics of OFETs were measured
using a semiconductor parameter analyzer (4200 SCS and 2636
B, Keithley, USA). A home-built sample holder, which is filled
with argon gas, was used for the measurement of devices in an
inert condition.

3. Results and discussion

The PAMPSA layers with various thicknesses (t=180~1000
nm), which were thermally annealed at 170 C for 30 min, were
placed as a gate insulating memory (GIM) layer between the
P3HT channel layers and the ITO gate electrodes in the OFETs
with a transistor geometry of bottom gate and top source/drain
electrodes (see Figure 1(a)). As shown in Figure 1(b), all the
annealed PAMPSA films delivered two distinguished absorption
peaks below a wavelength (A) of ca. 260 nm. The main absorp-
tion peak was slightly redshifted from A =200 nmtoA=215nm
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Figure 1. (a) Device structure for the OFET with the PAMPSA layer (see
the chemical structure of PAMPSA on the top). (b) Optical absorption
spectra of the PAMPSA films coated on quartz substrates (thermal treat-
ment at 170 C for 30 min) according to the PAMPSA thickness (t). (c)
Photograph for the PAMPSA films coated on quartz substrates (thermal
treatment at 170 C for 30 min).
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Figure 2. Output characteristics (dark condition) for the OFETs with the PAMPSA layers according to the PAMPSA thickness (t). ‘F and ‘B’ denote for-

ward and backward sweeps, respectively.

as the PAMPSA thickness increased, whereas the shoulder peak
was almost unchanged with the PAMPSA thickness. The spec-
tral shift for the main absorption peak can be attributed to the
influence of thermal annealing that evolves dissociation of side
groups in the PAMPSA chains (see the spectral shift by thermal
annealing in Figure S1).”° In detail, the thermally dissociated parts
in films might be gradually increased as the PAMPSA thickness
increased, leading to the gradual redshift of absorption peaks
with the PAMPSA thickness. As a consequence, the annealed
PAMPSA films exhibited high optical transparency in the visi-
ble range (see Figure 1(c)).

As shown in the output curves (see Figure 2), all devices
exhibited typical p-channel transistor characteristics at a low
drain voltage (V;) range of 0~-5V and delivered gradually
increased drain current (I,) by increasing the gate voltage (V)
up to -5 V. Interestingly, the drain current at the same drain and
gate voltages was gradually decreased as the PAMPSA thick-
ness increased (see Figure S2). This result can be basically
ascribed to the higher capacitances at the thinner films when it
comes to the relationship, C = (¢ x A)/t, where C, & and A stand
for capacitance, dielectric constant, and area, respectively, if the
same voltage is applied.***® Here it is noted that very small hys-
teresis in drain current was measured from the output curves
regardless of the PAMPSA thickness. This may reflect that no
charge trapping sites were evolved in the P3HT channel layers
and/or the interfaces between the P3HT channel layers and the
PAMPSA layers.

To further understand the transistor characteristics, the transfer
curves of devices were measured and compared according to
the PAMPSA thickness. As shown in Figure 3, all devices deliv-
ered typical transfer curves of p-channel transistors. The drain

current at V;; =-5V was gradually reduced as the PAMPSA thick-
ness increased (see Figure S3), which in good agreement with
the trend of output curves, whereas the off-current level was
gradually increased with the PAMPSA thickness. This result can be
explained by the increased gate leakages, as supported by the
gradual increase in gate current (I;) with the PAMPSA thick-
ness, which is partly ascribed to the relatively higher (poorer)
surface roughness for the thicker PAMPSA layers (see Figure
S4).In addition, the gradual decrease in drain current might be
also made by the reduced polarization effect owing to the rela-
tively lower electric field for the thicker PAMPSA layers. How-
ever, the gate voltage sweep test uncovered that all devices
exhibited a noticeable hysteresis behavior that is dependent on
the PAMPSA thickness. Apparently, it is observed that the hys-
teresis (i.e, voltage difference at the same level of drain current)
seemed to be larger as the PAMPSA thickness increased up to t
=450 nm and then became slightly smaller by further increase
of PAMPSA thickness.

The detailed trend of hysteresis, which is represented by the
threshold voltage shift (AVyy;) between forward and backward
transfer curves, is plotted as a function of PAMPSA thickness in
Figure 4(a). Here the best AV value was obtained at the PAM-
PSA thickness of t =450 nm. Here it is noted that the on/off
ratio of devices became gradually poor with the PAMPSA thick-
ness. In addition, as seen from Figure 4(b), the hole mobility (for-
ward sweep) was relatively decreased as the PAMPSA thickness
increased. This result can be attributed to the reduced drain
current caused by the thickness-induced lowering of charge
carrier generation in the P3HT channel layers, as evidenced by
the similar trend of capacitances with the PAMPSA thickness
(see Figure S5). The related parameters are summarized in
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Figure 3. Transfer characteristics (dark condition) for the OFETs with the PAMPSA layers according to the PAMPSA thickness (t): (solid lines)
Ip-V; curves, (dashed lines) I;-V; curves. ‘F and ‘B’ denote forward and backward sweeps, respectively.
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Figure 4. (a) Threshold voltage shift (AVy r.5) and on/off ratio (Ro orr) as
a function of PAMPSA thickness. (b) Hole mobility (u,) and capacitance
(Cr) as a function of PAMPSA thickness. All data were extracted from the
transfer curves in Figure 2.

Table 1.

As observed in our previous report, the present hysteresis
phenomenon can be assigned to the formation of carbon radi-
cal-induced dipoles in the PAMPSA chains by thermal decom-
position process.”’ However, it is the first time to disclose the
strong dependence of PAMPSA thickness on the hysteresis
phenomenon. In principle, the amount of carbon radical-induced
dipoles should be higher as the PAMPSA thickness increased.
This simple consideration gives that the thicker the PAMPSA
thickness, the larger the hysteresis of devices. This is evidenced
from the ESR signals at around 3350 G which became higher at
the thicker PAMPSA layers (see Figure 5). However, as we men-
tioned above, the relationship between thickness and capaci-
tance strongly affected the population of charge carriers formed
in the P3HT channel layers so that the best hysteresis was
achieved at t = 450 nm via trade-off effect between capacitance
and radical formation.

Finally, the performance as a memory device was tested by
applying a writing-once-reading-many (WORM) algorithm. As
shown in Figure 6(a), a stable reading signal (drain current at
Vg =-1.5Vand V;, =-5 V) was measured after writing once (V= -5
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Figure 5. ESR spectra for the PAMPSA films according to the PAMPSA

film thickness (t). The details of ESR measurement are given in the exper-
imental section.
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Figure 6. (a) Writing-once-reading-many (WORM) operation results for
the OFETSs with the PAMPSA layers (t =450 nm) [W: V;=-5Vand V,=-5V;
R: V;=-1.5Vand V}, =-5V]. (b) Writing-reading-erasing-reading (WRER)
operation results for the OFETs with the PAMPSA layers (¢ =450 nm) [W:
Ve=-5Vand ,=-5V;R1,R2: V;=-1.5Vand V,=-5V; E: V;=+5Vand I, =-5
V]. (c) Retention characteristics during 10,420 WRER cycles at the same
operation condition as used for (b).

Table 1. Summary of transistor characteristics for the OFETs with the PAMPSA layers according to the PAMPSA thickness (t). Note that all parameters

were extracted from transfer curves.

t (nm)

Parameters
180 250 450 700 1000
Ipyaxr” (HA) -6.06 -4.37 -2.69 -1.91 -1.43
i’ (107 cm?/Vs) 2.23 0.66 0.56 0.55 0.19
G (nF/cm?) 62.37 20.88 12.21 9.19 8.87
Ronjors” (x10%) 489.82 60.06 1.19 0.21 0.10
Vieng® (V) -1.09 -1.12 -1.13 -1.16 -0.92
Vg (V) -0.68 1.94 3.49 3.01 2.32
AVryrs’ (V) 0.41 3.06 4.62 4.17 3.24

“Maximum drain current at Vg = V, = -5 V (forward sweep).’Hole mobility (forward sweep). ‘Capacitance of PAMPSA film. ‘On/off ratio (forward sweep).
“Threshold voltage (forward sweep). Threshold voltage (backward sweep). “Threshold voltage shift (between forward and backward sweeps).
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Vand I, =-5 V) for the OFETSs with the 450 nm-thick PAMPSA
layers. Next, a writing-reading-erasing-reading (WRER) opera-
tion was performed for the optimized OFETs with the 450 nm-
thick PAMPSA layers. After writing (W) at V;=-5Vand V,=-5V,
the reading signal (R1) was clearly measured at I/; =-1.5 Vand
Vb =-5 V. After the erasing (E) operation was applied at V; = +5V
and V;, =-5V, the subsequentreading (R2) at V;=-1.5Vand I =-5
V delivered relatively lower drain current than R1 (see Figure
6(b)). This operation confirms that the present OFETs do cer-
tainly function as a memory device. By applying the same WRER
algorithm, the present OFETs exhibited excellent retention
characteristics over 10,420 cycles (see Figure 6(c)). Considering
these stable memory functions atlow voltages, the present TOMDs
with the 450 nm-thick PAMPSA layers have strong advantages
over other types of organic memory transistors with floating
gates etc.*"*

4. Conclusions

The PAMPSA thin films with various thicknesses were applied
as a gate-insulating memory layer for polymer-based transistor-
type organic memory transistors. All the thermally annealed
PAMPSA films exhibited two characteristic peaks of optical absorp-
tion in the range of UV light (< A = 260 nm) without respect to
the film thickness, but the main absorption peak (<A =200 nm)
was gradually redshifted with the film thickness. The OFETs with
the PAMPSA layers could be operated with typical p-channel mode
at low voltages (0~-5 V) regardless of the PAMPSA thickness.
However, as the PAMPSA thickness increased, the drain cur-
rent of devices was gradually decreased because of the capaci-
tance - thickness relationship. The transfer curves resulted in
hysteresis characteristics for all devices, but the best hystere-
sis was achieved at the PAMPSA thickness of t = 450 nm due to
the trade-off between decreasing capacitances and increasing
dipoles by increasing the PAMPSA thickness. The optimized
OFETSs with the PAMPSA layers (t = 450 nm) showed outstand-
ing memory retention characteristics up to 10,420 WRER cycles
atlow voltages (programming range = -5 V~+5V).

Supporting information: Information about comparison of
spectral shift in optical absorption spectra, drain current change
according to the film thickness from output and transfer curves,
and frequency-dependent capacitance changes. The materials are
available via the Internet at http://www.springer.com/13233.
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