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ABSTRACT: A flexible, low-voltage, and nonvolatile memory
device was fabricated by implanting a functional monolayer on
an aluminum oxide dielectric surface in a pentacene-based
organic transistor. The monolayer-forming molecule contains a
phosphonic acid group as the anchoring moiety and a charge-
trapping core group flanked between two alkyl chain spacers as
the charge trapping site. The memory characteristics strongly
depend on the monolayer used due to the localized charge-
trapping capability for different core groups, including the
diacetylenic (DA) unit as the hole carrier trap, the
naphthalenetetracarboxyldiimide (ND) unit as the electron
carrier trap, and the one with both DA and ND units present,
respectively. The device with the monolayer carrying both DA
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and ND groups has a larger memory window than that for the one containing DA only and a longer retention time than that for
the one containing DA or ND only, giving a memory window of 1.4 V and a retention time around 10’ s. This device with hybrid
organic monolayer/inorganic dielectrics also exhibited rather stable device characteristics upon bending of the polymeric

substrate.
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1. INTRODUCTION

To meet the future trend as well as the need for smart,
wearable, and foldable devices, organic-based electronics, such
as display,' > solar cell,*® radio frequency identification tags
(RFID),”™® sensors,'"®™ " and so on, have attracted much
attention in recent years. A memory device is an essential
component in many of these electronic devices for data
processing, storage, and communication. In a memory device, a
material with bistable states either in conductivity,*~
magnetism,”’18 polarization,lg’20 or phase transition”"* upon
an external stimulus is used to achieve the switching action in
computer binary digits. A transistor-type memory is attractive
because of a single transistor realization and the compatibility
with complementary metal oxide semiconductor devices. The
memory effect can be achieved by inserting a charge-trapping
floating gate between the semiconductor channel layer and the
gate dielectric. The presence or the absence of trapped charges
in the floating gate upon the action of gate bias creates a
different electrical field to shield the applied gate field and alters
the carrier density that can be generated in the channel so that
the electric bistability can be installed. Instead of using
traditional inorsganic materials, organic polymers,”*~>” metallic
nanoparticles,”*>* and organic molecules™™® have been
demonstrated to act as charge traps, which can induce memory
effect in transistor devices.
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Self-assembled monolayer (SAM), which is a single
molecular layer formed spontaneously on a substrate surface
through specific binding interaction, has gained much attention
due to the simple fabrication process, the well-defined
structural characteristics, and the potential applications in
molecule-based electronics.>”** Compared to traditional
floating gates, the molecular floating gate formed by a SAM
has many attractions, including the following: (1) improvement
of the device reliability and prevention of charge leakage from
the floating gate due to the independent and discrete traps; (2)
increase of the density of trapped charges and ability of scaling
down the devices for subnanometer-sized device application,
because all traps are of molecular dimension; (3) tailorability of
device property and function by molecular structure engineer-
ing and chemical synthesis; (4) simplified fabrication processes
and reduced manufacturing cost (low-cost and low-temperature
processing); and (S) suitable applications on flexible substrates.

In this paper, we report a simple method for manipulating
the memory effect in a pentacene-based transistor by
implanting a SAM, which is composed of a phosphonic acid
anchoring group and a charge-storing core group flanked

Received: February 20, 2015
Accepted:  April 15, 2015

Published: April 15, 2015

DOI: 10.1021/acsami.5b01625
ACS Appl. Mater. Interfaces 2015, 7, 9767—9775


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01625

ACS Applied Materials & Interfaces

Research Article

between two alkyl chain spacers, at the interface between the
semiconductor channel and the dielectric layer. For low-power
application, aluminum oxide, formed directly by plasma-
oxidization of an aluminum gate electrode, was used as the
dielectric for its high dielectric constant and excellent thermal
stability. The memory characteristics can be tuned by varying
the structure of the charge-storing core groups, which include
the diacetylenic (DA) unit as the hole carrier trap, the
naphthalenetetracarboxyldiimide (ND) unit as the electron
carrier trap, or both in the monolayer-forming molecule. In
comparison, the device with a monolayer containing both DA
and ND groups exhibited extended memory retention time and
reliable memory characteristics than that for the device
containing either group alone. This hybrid organic mono-
layer/inorganic dielectric device also showed rather stable
property upon bending of the flexible substrate. A slight change
of device performance depending on the bending direction
indicates the relationship between bending strain and carrier
mobility. These results demonstrated the great potential
application of organic molecular monolayers in flexible
nonvolatile memory devices.

2. EXPERIMENTAL SECTION

The structures of phosphonic acids (PA) carrying a DA unit, an ND
unit, or both are shown in Figure 1, with the numbers preceding or in
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Figure 1. Schematic diagram of the semiconductor/dielectric interface,
and the structures and abbreviations of monolayer-forming phos-
phonic acids used in this study.

between the functional groups in the abbreviations indicating the chain
lengths of the alkyl spacer groups. These were synthesized in the
laboratory and fully characterized by "H NMR and "*C NMR and mass
spectrometry, respectively (see the Supporting Information).
N-Doped silicon substrates with 300-nm-thick, thermally grown
oxide were cleaned by Piranha (70%H,SO,:30%H,0,) solution,
followed by a thorough rinse with pure water and drying with a
nitrogen flow. The 200-um-thick polyethylene terephthalate (PET)
substrates were cleaned by sonication in detergent solution, DI water,
and acetone in sequence and then dried by a nitrogen flow. A
patterned aluminum (30 nm) layer deposited by thermal evaporation
through a shadow mask onto the silica and PET substrates,
respectively, was used as the gate electrode. An aluminum oxide
layer (about 3.8 nm) was formed on the surface of aluminum via
oxygen plasma treatment (100 W for 10 min).** Monolayers of various
phosphonic acids were prepared immediately following oxygen plasma
treatment of the aluminum surface by immersing the substrates in 0.1
mM solutions of respective acids for 24 h under ambient conditions,
followed by a thorough rinse with pure solvent. For the reference n-
octadecylphosphonic acid (C18PA) and the DA-carrying PA,
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tetrahydrofuran (THF) was used as the solvent. For ND- and DA-
ND-carrying PA, dimethylformamide (DMF) was used as the solvent.
The transistor devices were prepared by depositing 60 nm pentacene
film as the channel layer on the SAM-modified substrate at a rate of 0.2
A/s under a vacuum of 2 X 10™° Torr. Source and drain electrodes
were deposited through a shadow mask with a channel length of 50
um and a channel width of 500 ym to complete the top-contact,
bottom-gate FET device.

Reflection absorption infrared spectra (RAIRS) of the adsorbed
monolayers on aluminum oxide surfaces were recorded with a Varian
640-IR spectrometer equipped with a MCT detector at 4 cm™
resolution at room temperature. The thickness of the monolayer was
measured by an ellipsometer. Contact angle was measured by the
DIGIDROP GBX contact angle meter using ultrapure water as the
wetting liquid. The powder X-ray diffraction measurements were
carried out with a Philips X'Pert diffractometer equipped with an
X’Celerator detector. Atomic force microscopy analyses were carried
out with a Multimode Atomic Force Microscope (Digital Instruments,
Nanoscope III) using tapping mode with a silicon tip. The
capacitances of the hybrid SAM/AIO, dielectric were measured by
impedance spectroscopy (the Solartron 1260 Impedance/Gain-Phase
analyzer) for frequencies between 100 Hz and 100 kHz. The electrical
characteristics of the transistor devices were measured in ambient at
room temperature with a HP4156 Parameter Analyzer.

3. RESULTS AND DISCUSSION

3.1. Characterization of the surface films. The
adsorption of phosphonic acid on an aluminum oxide surface
takes place via surface anchoring and condensation reaction
between the phosphonic acid group and the surface hydroxyl
group.*® Water contact angle measurement was used to roughly
monitor the monolayer formation process. Prior to the self-
assembly, the plasma-treated aluminum has a contact angle
below 5°. The contact angle quickly increased with increasing
immersing time of the substrate in the phosphonic acid
solutions initially, and then reached nearly a constant value.
After self-assembly of the monolayers, hydrophobic character
(6(H,O) > 90°) was obtained in all cases (Figure 2b).
Ellipsometry and the RAIRS were used to confirm the presence
of a monolayer (Figure 2a and 2b). The two methylene
stretching modes, asymmetric and symmetric stretching,
present in the RAIRS spectra of the SAMs are at around
2918 and 2850 cm™ for the reference monolayer and the DA-
containing monolayer, which is indicative of trans-zigzag
conformation and solid state of the hydrocarbon chains. For
ND- and DA-ND-containing monolayers, slight shifts to higher
frequencies of 2925 and 2854 cm™" indicate more disordering
of the packing. Together with ellipsometry data, a closely
packed monolayer is suggested with all the compounds used.
The leakage current density versus bias voltage through the
monolayer and the frequency-dependent capacitances for the
hybrid dielectric of the SAM/AIO,, film were measured using a
metal—insulator—metal (MIM) structure with gold top electro-
des and aluminum bottom electrodes (Au/SAM/AIO,/Al).
The results are shown in Figure 2c¢ and 2d. The low leakage
current density (107 A at —3 V) and nearly frequency-
independent capacitances indicate a good dielectric property of
the hybrid dielectric layer prepared. Pentacene films deposited
on the monolayer-covered AlO, surface were characterized by
X-ray diffraction, which shows typical diffraction peaks for
pentacene films at 20 = 5.8° (001) and 11.5° (002),
respectively. AFM microscopy shows the morphology of
these films to be layered polycrystalline grains (Figure 3). A
small dependence of the diffraction peak intensity and grain size
of the pentacene films on differently modified substrates was
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Figure 2. (a) Reflection—absorption IR spectra of various monolayers on plasma-oxidized aluminum (AlO,). (b) Monolayer thickness measured by
the ellipsometry and by Spartan simulation, and the water contact angle of SAM-modified AlO, surfaces. (c) Leakage current density and (d)
capacitances of different hybrid SAMs/AlO,, gate dielectrics. Inset: Schematic diagram showing the metal—insulator—metal (Au/SAMs/AlO,/Al)
capacitor structure used for characterizing the leakage current density and capacitance of the hybrid dielectrics.

Figure 3. AFM images of pentacene films deposited on various phosphonic acid monolayer-modified aluminum oxide substrates.

observed, which might be due to the surface roughness from
molecular domain boundaries and defects in the mono-
layers.*"*

3.2. Electric properties. The output characteristics of the
functional SAM-based transistors are shown in the Supporting
Information (Figure S1). The transfer characteristics of the
transistors show typical p-type behavior in that increasing
currents were obtained with increasingly negative gate bias as
the gate bias was swept from positive value (+1 V) to negative
value (=3 V) (Figure 4). Field-effect mobility data and other
device parameters extracted from the I-V characteristics are
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listed in Table 1. The reference devices with the aliphatic (n-
octadecylphosphonic acid) monolayer exhibited a charge
mobility of 0.16 cm?/(V s) and an on/off current ratio of
10°, which are typical values for pentacene-based transistors
with SAM/AIO, dielectrics.**** The threshold voltage shifted
to more positive values for devices with ND-carrying
monolayer incorporated at the surface, compared to that of
the reference device, whereas with DA-carrying monolayer
incorporated, the threshold voltage shifted to more negative
values (Table 1). With both ND and DA groups present, the
threshold voltage is similar to that of the reference device. The
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Figure 4. Transfer characteristics of the devices with the monolayer of (a) 18-PA, (b) 14DA11-PA, (c) 12ND10-PA, and (d) 12DA9ND10-PA after

a gate bias pulse of +5 V/=5 V for 18 s, respectively.

Table 1. Device Characteristics as a Function of Surface Modification of Aluminum Oxide Dielectrics

Threshold Capacitance Mobility
Pen/SAM/AL,O, Voltage [V] [nF/cm?]? [em?/(V s)]
18-PA -1.1 452 0.16
14DA11-PA -17 680 63 x 107
12ND10-PA 0.4 490 6.1 x 107"
12DA9ND10-PA -1.0 537 24 %1073

On—Off Memo! Stored Charges/ Retention
ratio Window (V] Charges/cm* Molecule [s]®
10° 0.1
10° 0.5 2.1 x 102 6.0 x 1073 10°
10? 33 1.0 x 10" 2.8 X 1072 10*
10° 14 4.8 x 102 1.3 x 1072 10°

“The field-effect mobility was calculated using the expression that describes the drain current at the saturation regime. bEstimated by extrapolating

the ON and OFF currents.

opposite behavior is presumably due to different carrier-storing
ability: the strong electron-accepting ND moiety can better
stabilize electron carriers so that hole carriers are induced or
generated at less negative bias and the threshold voltage shifts
in a more positive direction, while the DA unit can stabilize
positive charge and thus can trap the hole carriers and more
negative bias is needed to generate free hole carriers in the
channel, leading to more negative threshold voltage.45’46 The
transistors were also biased with positive and negative gate
pulses to explore the nature of charging behavior for the
potential of memory applications. The transfer characteristics at
the initial state, programmed state (—5 V for 18s), and erased
state (+S V for 18s) are also included in Figure 4. For the
control transistor with merely alkyl monolayer incorporated,
transfer curve shift was negligible (about 0.1 V) after different
gate bias pulses. However, with DA-containing monolayer at
the dielectric surface, a positive prepulse did not cause any shift
in the threshold voltage V. A negative prepulse caused
significant V, shift (0.6 V) in the negative direction. This could
mean a positive prepulse did not generate electron carriers at
the interface, or the electron carriers generated at the interface
could not be stabilized and trapped by the DA-containing
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monolayer. A negative prepulse generated hole carriers, which
can be trapped and stabilized by the DA moieties and
influenced the V. In contrast, with an ND-containing
monolayer, a positive prepulse caused significant V;, shift in
the positive direction and a negative prepulse also shifted the
Vy, to the negative direction. This could mean that both charge
carriers, positive or negative, generated upon the gate pulse can
be trapped by the ND units in the monolayer. That ND can
trap hole carriers is more or less unexpected, even though holes
and electrons were reported to be trapped in the electron-
accepting molecules such as C60 when they were embedded
into a pentacene-based transistor.>> Nevertheless, as can be
seen later, the ND system cannot seem to stabilize the hole
carriers well enough so that the positive charges are lost fast. In
the system with both DA and ND moieties incorporated, the
Vi, can shift in either direction, depending on the original pulse,
presumably for the same reasons cited above. The extent of
positive shift was smaller than that containing ND alone,
presumably because the ND moiety in this system is located
farther away from the pentacene/dielectric interface by an
additional alkyl chain and the DA unit so that electron carrier
trapping is less efficient. It is worth noting that when two
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Figure S. (a—b) Transfer characteristics of devices with a monolayer of 12ND10-PA and 12DAIND10-PA as a function of +5 V/-5 V gate bias for
different pulse durations, respectively. (c) Drain current as a function of gate bias pulse time for the devices with 14DA11-PA, 12ND10-PA and
12DA9ND10-PA SAMs, respectively. (d) Retention characteristics of the corresponding devices with a SAM of 14DA11-PA, 12ND10-PA and

12DA9ND10-PA, respectively.

charge trapping moieties are present with different distances
from the semiconductor layer, the transfer curve shift behavior
is unusual. As shown in Figure 5, the transfer curve normally
shifts steadily with increasing prepulse time and presumably
more and more charges are stored with longer pulse time.
Nevertheless, with DA-ND-containing monolayer, a negative
prepulse of different duration yielded rather small shifts in the
transfer curves. It is suggested that the prepulse charges up the
DA unit quickly, which blocks the further charging of the ND
unit underneath. This will lead to small changes in the hole
charges with pulse time. A positive prepulse cannot charge up
the DA unit. Rather it will charge up the ND unit gradually
because the ND unit is buried down under. The transfer curves
show different sensitivity to the pulse time at the low bias
(OFF) state and high bias (ON) state, presumably because the
electron charges trapped in the ND unit are low because of the
distance. The current change is more sensitive with the gate
bias pulse in the OFF state than the ON state. On the other
hand, when a negative pulse (programming) was followed by a
positive pulse (erasing), the shifted transfer curve restored to
nearly its original position in the DA-containing device, whereas
further shift in the positive direction was observed for the ND-
containing and DA-ND-containing devices. These results
suggest that, besides detrapping the holes, electron-trapping
occurred as well in the systems containing ND- and DA-ND-
monolayers when a positive gate bias was applied. The shifts in
the transfer curves between the programmed and erased states
were repeatable. The resulting Vj;, shifts, referred to as the
memory window, are summarized in Table 1.

Relating the switching responses to the programming/
erasing action, the source-drain current changes as a function
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of initial gate pulse time are shown in Figure Sc. Upon positive
gate bias (+5 V), currents for the DA-ND-containing device
and in particular the ND-containing device reached their
maximum values (ON state) quickly, whereas for the DA-
containing device, the “ON” current increased marginally and
remained nearly constant for pulse times smaller than 10 s.
Upon negative gate bias (—5 V), the DA-ND-containing device
and especially the DA-containing device reached their
minimum current (OFF state) rapidly, in about S s for the
DA-containing device and around 10 s for the DA-ND-
containing device, whereas the ND-containing system did not
yet reach its minimum even after 24 s. These results suggest
that the DA-ND-containing system was able to reach both
maximum and minimum currents fast. Similar results could also
be seen in the shifts of transfer curve as a function of gate pulse
time in Figure Sa and Sb. Thus, this system is most responsive
to the programing/erasing action. Moreover, the currents
obtained as a function of time elapsed after the gate bias pulse
(=S5 V/+5 V) was turned off are shown in Figure 5d, which
relates to the retention properties. The OFF-state current
gradually increased in the DA- and DA-ND-containing devices,
but the ND-containing device showed a much mroe rapid
current increase. On the other hand, the “ON” current decayed
much quicker in the DA-containing system than in the ND-
containing and the DA-ND-containing systems. The DA-ND-
containing system has a much longer retention time than the
other two systems. These results can be rationalized as follows.
With the gate bias applied, charge carriers are induced and
accumulated at the semiconductor/monolayer interface. Some
of the carriers will transfer to the core moieties and be trapped
there. By applying a reverse bias at the gate, the trapped charges
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will be dispelled (discharged) from the core moieties. The
efficiency for the molecular layers to be charged and discharged
depends on the separating alkyl chain length and the Schottky
barrier existing between the semiconductor and the core
moieties."®*” As similar alkyl chain length is used to separate
DA or ND from the pentacene layer, thus the Schottky barrier
is the determining factor. As shown in the energy level
alignment diagram in Figure 6, the HOMO level of DA is close

Figure 6. Energy-band diagram in zero-gate-voltage configuration of
the transistor with SAMs.

to the HOMO level of pentacene. With a negative gate pulse,
the hole carriers induced in the pentacene layer can transfer to

the DA moieties, after overcoming the insulating alkyl chain
barrier. These trapped positive charges partly offset the gate
bias and shift the transfer curve in the negative direction,
resulting in a lower “OFF” current. As the energy levels are
closer, the charge transfer occurs relatively quickly and thus the
minimum “OFF” current is reached rapidly. In contrast, a
higher Schottky barrier hinders the transfer of electron carriers
to the DA moieties, so that the shift in transfer curve is small
and the “ON” current increases only slowly. In the ND-
containing system, a low LUMO level makes the electrons
transfer to ND easier, and the transfer back to pentacene
harder, due to the Schottky barrier formed. Thus, the maximum
ON-current is achieved quickly and this ON-state current
decays only slowly with time. On the other hand, a low HOMO
level of ND makes the holes transfer to the ND moieties less
facilely and the trapped positive charges, if any, return back to
pentacene layer easily, so that the minimum OFF-current is
reached more slowly and its OFF-state current quickly increases
with time once the bias is removed. However, in the monolayer
containing both DA and ND moieties, not only can the hole
charges transfer to the DA moieties readily and be trapped
there, but electron charges can also be trapped and stored by
ND moieties, although the trapping of electron carrier becomes

more sluggish due to the DA moiety and the additional alkyl
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Figure 7. (a) Transfer characteristics of the 122DA9ND10-PA device at the flat state, compressive state and tensile state after gate bias pulse of +5 V/-
5V, respectively. (b) Drain current retention characteristics of the corresponding device at the flat state, compressive state and tensile state, after gate
bias pulse of +S V/-5 V, respectively. (c) Reversible switching between ON-state and OFF-state of the corresponding device at the flat state,
compressive state and tensile state, respectively. (d) Transfer characteristics as a function of bending cycles.
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spacer imposed between ND and pentacene. A large memory
window, fast response time, and much longer charge retention
time can be observed. When comparing with a DA-containing
system, the DA-ND system exhibits a much larger transfer
curve shift due to the contribution of trapped electron carriers
by the ND moieties. When comparing with an ND system, the
DA-ND system shows longer charge retention time because of
trapping and stabilization of hole carriers (leading to the OFF-
current) by the DA moieties.

The number of trapped charges in the monolayer can be
estimated according to eq 1.**

iQ _ Q

€. C.

1 1

A =
Vi W

where AV}, is the threshold voltage shift and C; is the dielectric
capacitance. For a DA-ND-containing system, the density of
trapped charges is calculated to be 4.8 X 10" cm™?, based on its
maximum threshold voltage shift of 1.4 V and the dielectric
capacitance of 5.37 X 107" F cm™ for the dielectric layer of the
DA-ND monolayer/aluminum oxide composite. The density of
molecules in the molecular monolayer is 3.69 X 10" cm™,
estimated from the molecular cross-section area of 27.1 A” in a
closely packed monolayer. About one charge per 100 molecules
is estimated. The trapped charge density in other systems is
summarized in Table 1.

3.3. Effect of substrate bending. For potential
application in flexible electronics, a stable performance upon
substrate bending is necessary. Bending may introduce stress at
the interfaces, resulting in changes in the packing and
intermolecular distances, which may chan§e the electronic
coupling between neighboring molecules.*”*® The memory
effect upon mechanical bending of a DA-ND-containing device
was also tested. The pentacene-based transistor with the hybrid
dielectric layer of a DA-ND monolayer/AlO, fabricated on a
PET substrate was bent along the axis perpendicular to the
direction of charge transport and into a curved surface with a
radius of 12.5 mm. The compressive face and the tensile face
refer to the concave and convex sides of the bent substrate,
respectively, as illustrated in Figure 7.

The DA-ND-containing device showed changes of transfer
curves depending on the bending direction. Comparing with a
flat state, the current increased at the compressive face (by
~46%) and decreased slightly at the tensile state (by ~8%)
(Figure 7a). These current changes were reversible and
repeatable when the substrate was bent or flattened. Similar
current changes upon bending have been observed pre-
viously.*”>! For the pentacene thin film transistor, charge
transport is typically suggested to involve successive hopping
between pentacene molecules.*>>* In the compressive face, the
spacing between molecules is expected to decrease and the
electronic coupling is expected to increase, which can lead to a
larger electronic coupling and thus more efficient charge
transport (increasing the current), as illustrated in Figure 8. In
contrast, larger hopping distance due to increasing spacing
results in lower electronic coupling and thus slowing down the
charge transport (decreasing the current), under tensile strain.
Alternatively, the changes may just be due to the changes in the
distances between the grains in the polycrystalline pentacene
film. After the same gate bias pulse, the transfer curve shift
(memory window) is slightly larger at tensile state (1.5 V) than
that at others (1.2 V at compressive state and 1.3 V at initial
state) (Figure 7a). When comparing the charge retention time,
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Figure 8. Schematic illustrations of the charge transport and the
charge trapping/detrapping processes at the compressive state and the
tensile state.
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a quick ON-current decay and a rapid OFF-current increase
were observed at tensile state (the retention time estimated by
extrapolating the ON and OFF currents is about 10" s) (Figure
7b). However, a smaller transfer curve shift (1.2 V) and a
longer charge retention time (about 10" s) could be obtained
at compressive state. These can be attributed to the “effective”
thickness of the insulating dielectric (molecular alkyl chain)
changes under the bending strain.® The effective thickness
increases due to the smaller spacing between alkyl chains (that
is, more hydrocarbon chains per unit volume) under
compressive strain, so that it is more difficult for charges to
be trapped into the storage sites. This will lead to a smaller
transfer curve shift. For the same reason, the trapped charges
have lower tendency to leave the trapping sites and thus a
longer retention time is obtained, as illustrated in Figure 8. On
the other hand, under tensile strain, increasing the spacing
between alkyl chains reduces the effective insulator thickness
and facilitates trapping of charge carriers at the interface (larger
threshold voltage shift) and facilitates detrapping of trapped
charges as well (reduced retention time).

The repetitive switching of the memory device via the write-
read-erase-read cycles (WRER) at the flat, compressive, and
tensile states is shown in Figure 7c. The writing and erasing was
carried out by applying a gate bias of —5 V/+5 V for 10 and 18
s, respectively, and the reading was carried out by measuring
the drain current without any gate bias applied. The bending
radius was 12.5 mm at both compressive and tensile states.
Well-separated ON and OFF currents could be maintained
over repeated cycles. The stability of the memory transistor
upon bending was demonstrated by recording the initial
transfer curve and programmed/erased transfer curves with
respect to the bending cycles, as shown in Figure 7d. One
bending cycle refers to bending the substrate at both
compressive and tensile states. The performance of transistor
memory could be well maintained over 400 bending cycles. The
reliability and reversibility of the current switching and transfer
curves suggest the system has a potential for application in
flexible electronics.

4. CONCLUSION

Low-voltage, electric bistability of a pentacene-based transistor
can be achieved by simply inserting a self-assembled monolayer
of charge-storing molecules on a plasma-oxidized aluminum
gate surface. The device performance can be further modulated
by tailoring the molecular structure of the monolayer. The
device with a molecule containing trapping sites for both
electrons and holes at the same time exhibited a long data
retention time and reliable memory characteristics. This hybrid
organic SAM/inorganic dielectric device which showed good
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mechanical stability upon bending of the flexible substrates
offers a great potential for applications in future smart wearable
electronics.
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