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Abstract Employment of the memristor for the next-gen-
eration large-area electronics can be expected to release
various devices with interesting functions. In this article,
for the first time we proposed a fully transparent mem-
ristor cell, which was composed of one-memory thin-
film transistor (TFT) and one-switch TFT using an oxide
semiconducting active channel. A poly(vinylidene fluoride-
trifluoroethylene) [P(VDF-TrFE)] was used as a gate insu-
lator for the memory TFT and the channel conductance of
the TFT was modulated by changing the quantity and di-
rection of ferroelectric polarization. The fabrication proce-
dures were designed so that the proposed transparent mem-
ristor cell could be implemented at process temperature be-
low 200°C. It was successfully conformed that the fabricated
memristor cell exhibited good TFT behaviors and modu-
lated output characteristics programmed into the memory
TFT.

1 Introduction

Since the memristor, which was initially postulated by Leon
Chua as a fourth passive element [1], has been experimen-
tally demonstrated [2, 3], various feasible applications have
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been energetically proposed for revolutionarily improv-
ing the conventional computing technologies. The history-
dependent memory functionality of the memristor can pro-
vide us promising solutions to the high-density cross-bar
memory array [4, 5], nonvolatile and reconfigurable logic el-
ements for CMOS electronics [6, 7], programmable analog-
like memory elements [8], or adaptive-learning synaptic de-
vices for neuromorphic systems [8—11]. Among them, the
artificial synaptic action for the adaptive-learning neural net-
works is one of the most suitable applications of the mem-
ristor, because the electrical conductance of a memristor can
be incrementally modulated by controlling the quantity of
charge flux flowing through it, which is very similar to a
biological synapse in a human brain. The concept of the
adaptive-learning means that some electrical characteristics
at a specified time have adaptability according to the signals
applied to the device at past moments, in which the charac-
teristics and input signals correspond to the responses and
stimuli in this artificial learning circuit.

We can find a feasible analog synaptic memory demon-
stration of solid-state thin-film memristor exploiting the
electrochemical effect in WOs3 in early works [12]. Al-
though the memristive functions have been reported in sys-
tems of various materials, such as binary oxides [13, 14],
perovskite-type oxides [15, 16], conducting filament type
alloys [17, 18], magnetic [19, 20] and organic [21, 22] thin
films so far, oxide or organic thin films with ferroelectric-
ity have also a great potential to implement the analog-
like synapse devices. H. Ishiwara proposed an adaptive-
learning neuron circuits with ferroelectric-based synaptic
weights [23] and his concept was experimentally verified as
the ferroelectric-based neuron circuit which was composed
of the field-effect transistor (FET)-type synapse using an ox-
ide ferroelectric gate insulator and the CMOS oscillator-type
neuron [24]. This approach is very preferable to design the
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learning algorithm and to build the neuron circuit in a very
simple manner, because the quantity of polarization rever-
sal and corresponding field-effect-driven channel conduc-
tance are completely reversible and accurately defined. Al-
though these memristor-based neuron computing method-
ologies were initially proposed for the breakthrough of con-
ventional Si-based CMOS electronics facing many techno-
logical and physical limitations, they can be also expected
to be a very useful component for the new paradigm of fu-
ture electronics implemented on the flexible plastic and/or
transparent glass substrates. In this article, we propose new
method to realize the fully transparent memristor device by
providing a memory thin-film transistor (MTFT) using an
organic ferroelectric gate insulator and an oxide semicon-
ductor active channel. Two-transistor (2T)-type memristor
cell was newly proposed, which was composed of an MTFT
and a switching transistor using an oxide channel. Fabri-
cation process was developed to integrate the transparent
memristor cell on the glass substrate and its feasibility was
successfully demonstrated.

2 Ferroelectric-based memristor cell

The adaptive-learning function of the ferroelectric field-
effect-based MTFT can be realized by controlling the po-
larization value of the ferroelectric gate insulator. The chan-
nel resistance of the memristor can be gradually changed
by applying an adequate number of input pulses, in which
the duration time (pulse width) should be sufficiently shorter
than the switching time for polarization reversal of the em-
ployed ferroelectric material. The summation operation of
the “synaptic weights” can be performed by parallel connec-
tion of the ferroelectric MTFTs. The ferroelectric polariza-
tion of each synapse is differently defined by accepting the
pulse signals from different neurons in the previous layer
and the total drain current summed up for all synapses gives
the operated result. These adaptive-learning functions [25]
and weighted-sum operations [26] were previously demon-
strated for the ferroelectric-gate FET using oxide ferroelec-
tric materials such as SrBi;TayOg fabricated on the Si sub-
strate. However, the use of oxide ferroelectric materials may
be critically unfavorable for the large-area electronics in
such viewpoints as their high crystallization temperature
(typically higher than 650°C) and the high dielectric con-
stant (typically 100 or higher). The first issue is related to
the undesirable interfacial reaction with the Si substrate dur-
ing the thermal process, which seriously degrades the inter-
face quality. The available substrate is also severely limited.
Although the interface degradation can be suppressed by in-
serting an insulating buffer layer between the ferroelectric
gate insulator and Si, in this structure, the mismatch of max-
imum induced charge between the ferroelectric and inserted
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buffer insulator layers should be considered [27]. That is, we
cannot apply a sufficient program voltage to the ferroelec-
tric layer before the buffer insulator experiences its dielec-
tric breakdown owing to the high dielectric constant of oxide
ferroelectric gate insulator. In these viewpoints, the organic
ferroelectric materials can offer attractive solutions because
their crystallization temperature and the dielectric constant
are much lower than those of oxide ferroelectric materials.
On the glass or flexible substrates, the ferroelectric MTFTs
can be designed and fabricated, as shown in Fig. 1(a). Sim-
ilarly, the remnant polarization of organic ferroelectric gate
insulator can be so controlled as to have given partially re-
versed states by changing the numbers or total width of input
pulses, as schematically shown in Fig. 1(b). The resultant
programmed drain currents of the TFT are varied according
to each polarization state. These operations are very suit-
able for the pulse frequency modulation (PFM)-type learn-
ing system.

Although most works on the fabrication and character-
ization for the MTFTs employing the organic ferroelec-
tric materials have been focused for the all-organic de-
vices using organic semiconducting active layers [28, 29],
the employment of oxide semiconductor as an active chan-
nel can be a powerful approach for enhancing the de-
vice performances [30, 31]. We have previously charac-
terized the memory TFT using a poly(vinylidene fluoride-
trifluoroethylene) [P(VDF-TrFE)] gate insulator and a
indium-gallium-zinc oxide (IGZO) active channel, which
are typical materials of organic ferroelectric and oxide semi-
conductor, respectively [32]. For the case of MTFT with
Al/150 nm P(VDF-TrFE)/4 nm Al;03/10 nm IGZO struc-
ture, the variations in the drain current values initially pro-
grammed into the on and off states were demonstrated in
Fig. 1(c) when the pulse widths of programming voltage
were changed from 50 to 990 ms. The pulse amplitudes for
on and off were fixed at 15 and —15 V, respectively, that cor-
respond to excitatory and inhibitory signals for the adaptive-
learning memristor application. The programmed currents
of the on and off states gradually increased and decreased
with the increase in applied pulse width, respectively. These
results suggest that the channel resistance of this device can
be dynamically modulated by controlling the total duration
time and polarity of the input pulses. However, in exploit-
ing the flux-controlled partial polarization of ferroelectric
gate insulator, we have a critical drawback that the minor
(unsaturated) hysteresis loops having partially reversed fer-
roelectric polarization fatally show a weak immunity against
the depolarization field during the data retention period [27].
Eventually, the use of saturated ferroelectric hysteresis loop
is absolutely desirable to obtain a sufficient retention time
of stored information. The 2T-type memristor cell can effec-
tively avoid this problem which is one of the most trouble-
some issues for the ferroelectric-based analog-like resistive



Transparent memristor cell

Ferroelectric gate insulator

Source
Substrate
a
10-4 AR ' i LI |
- f =@—program to ON
< L =O=program to OFF
= 5 | |
g 107 ¢ E
= F ]
o |
(¥} L ]
c -6
'® 10 F E
- - 3
5 i ]
€ [ ]
& 207 |
(o]
|
m -
108 Leu —————
10° 103
c Program voltage width (ms)

Fig. 1 (a) Schematic cross section of the ferroelectric-based memory
thin-film transistor. The arrows indicate the given state of partially
reversed polarization in the ferroelectric gate insulator. (b) For the
PFM-type adaptive-learning system, the ferroelectric polarization re-
versal and resultant programmed drain currents of MTFT are incre-
mentally modulated with the increase in total number or pulse-width
of applied input pulses and reached the saturation point. (¢) Typical
example of gradually increasing and decreasing programmed currents

memory devices. Figure 1(d) describes the schematic circuit
diagram of the proposed memristor cell composed of one
ferroelectric MTFT and one switching oxide channel TFT
(OXTFT).

3 Cell fabrication

In order to fabricate the 2T-type transparent memristor cell
on the glass substrate, the integration procedures should be
carefully designed. Figure 2 provides the optimized process
flow for fabricating the transparent memristor cell, in which
OxTFTs can be also utilized to compose the driver periph-
eral circuitry for the integrated circuit. 150 nm thick indium-
tin oxide (ITO) glass with the size of 10 x 10 cm? was
used as a transparent substrate. At the first step, followed by
the patterning of ITO for the formation of source and drain
(S/D) electrode regions, a 10 nm thick oxide active channel
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for the ferroelectric MTFT with the variations in the applied pulse
width, which was measured for the MTFT with Al/150 nm P(VDF-
TrFE)/4 nm Al;03/10 nm IGZO structure that was previously fab-
ricated in Ref. [32]. (d) Two-transistor-type memristor cell structure
composed of one ferroelectric MTFT and one switching oxide TFT.
Vo and Vg correspond to the drive and programming gates for the
memristor cell, respectively

of IGZO was deposited by radio-frequency magnetron sput-
tering system with a single target. Then 6 nm thick interface
controlling layer of Al,O3 was prepared by atomic layer de-
position (ALD) method using trimethylaluminium (TMA)
and water vapor at 200°C, which can be termed as the first
gate insulator [32, 33]. Active and interface layers were pat-
terned into the channel regions by using dilute hydrofluo-
ric acid solution [Fig. 2(a)]. The ferroelectric gate insulator
was formed by spin-coating using a 2.5 wt% dilute solu-
tion of P(VDF-TrFE) (70/30 mol%) in methyl-ethyl-ketone.
Resultant film thickness was observed to be approximately
150 nm. The prepared P(VDF-TrFE) film was crystallized
by performing the thermal annealing process at 140°C for
1 hour in an ambient air. Then given areas of the P(VDF-
TrFE) layer were removed to prepare the space of oxide
gate insulator for the OxTFT parts and to form the via holes
for the S/D contacts by O, plasma etching [Fig. 2(b)]. The
next step was to prepare the oxide gate insulator and to pat-
tern it into only channel region of OxTFT, in which 65 nm
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ALD-grown Al,O3 was deposited at 150°C [Fig. 2(c)]. We
have to remind that the process temperatures and deposi-
tion methods after defining the P(VDF-TrFE) layer should
be carefully chosen, because the temperature of higher than
160°C and/or the plasma-induced process may deteriorate
the physical and chemical properties of P(VDF-TrFE). The
melting temperature of the P(VDF-TrFE) with a molar ra-
tio of 70/30 was known as approximately 155°C [34]. Then,
150 nm thick ITO gate electrodes were deposited by using
the sputtering system. The ITO deposition was so designed
as to minimize the plausible physical damage by employ-
ing an off-axis geometry between the substrate and target
in the sputtering system (manufactured by ULVAC). It was
very difficult to clearly pattern the ITO on the P(VDF-TrFE)
for the case of wet chemical etching owing to the poor adhe-
sion of ITO on the P(VDF-TrFE). Furthermore, it was some-
times observed that the wet etchant permeated through the
P(VDF-TrFE) and damaged the IGZO channel. From these
reasons, the ITO gate patterns were formed by lift-off tech-
niques in this proposed process flow [Fig. 2(d)]. Final ther-
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mal annealing at 150°C was performed in order to reduce the
electrical resistance of ITO gates and to enhance the prop-
erties of IGZO channel. Because the temperature of overall
process could be suppressed below 200°C, this procedure
can be also compatible for the use of flexible plastic sub-
strate. Figure 3(a) shows a photo-image of the transparent
memristor cell fabricated on the glass substrate of the size
10 cm x 10 cm. The optical transmission spectra exhibited a
high transmittance of approximately 86% at the wavelength
of 550 nm, as shown in Fig. 3(b). Parts (c) and (d) of Fig. 3
show the microscopic photographs of the 2T-memristor cell
region including each proving pad and its magnified view,
respectively. As can be seen from the figure, the memristor
cell was well patterned and fabricated without any physical
damage.

4 Characterization and discussion

The fabricated devices and cell were characterized using
a semiconductor parameter analyzer (Agilent B1500A) at



Transparent memristor cell

987

Fig. 3 (a) Photo-image of the
fabricated transparent memristor
cell. The size of glass substrate
was 10 x 10 cm?. (b) Optical
transmittance spectra of the
transparent memristor cell
fabricated on the glass substrate.
The transmittance of bare glass
was also plotted in a dotted line.
Microscopic photographs of the
(¢) 2T-type memristor cell
region including the proving
pads and (d) its magnified view

Fig.4 [p-V( transfer
characteristics and gate leakage
currents of the fabricated

(a) OXTFT and (b) ferroelectric
MTFT. All measurements were
performed in forward and
reverse directions of V. For the
OXTFT, the behaviors were
repeatedly measured at two Vp
of 0.5 and 15.5 V, and for the
MTFT, they were repeated at the
same Vp of 1.0 V. The gate
width and length of both TFTs
were 40 and 20 pum,
respectively. Sets of transfer
curves for (¢) 12 OxTFTs and
(d) 12 MTFTs at different
positions identically spaced on
the test vehicles with the size of
10 x 10 cm? were examined to
verify the process uniformity

room temperature in a dark box. Parts (a) and (b) of Fig. 4
show the typical characteristics of drain current—gate voltage
(Ip—-Vg) transfer curves and gate leakage currents (/) for
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the fabricated OXTFT and the MTFT, respectively. All mea-
surements were performed in a double sweep mode of V.
The channel width (W) and length (L) of TFTs were 40 and
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20 um, respectively. For the case of OxTFT, the field-effect
mobility at the saturated regime (usy at Vp of 15.5 V),
subthreshold swing (SS), on/off Ip ratio, and Iz were ob-
tained to be approximately 15.6 cm? V~!s~!, 180 mV/dec,
10%, and 10713 A, respectively. On the other hand, for the
MTFT, those device parameters were obtained to be approx-
imately 49.2 cm? V=!s~1, 340 mV/dec, 108, and 10712 A,
respectively. The field-effect mobility of the MTFT was cal-
culated at the linear regime (ujin at Vp of 1.0 V) because
the large Ip driven at the saturation region sometimes have
some harmful effect on the electronic nature of the oxide
active channel. The threshold voltages (Vi,)/turn-on volt-
ages (Vo) for the OxTFTs and MTFTs were measured to
be 2.4 V/—0.4 V and 3.1 V/1.6 V, respectively. The counter-
clockwise direction of hysteresis in Ip was clearly observed
for the MTFT and the obtained memory window (MW) was
approximately 7.5 V with a Vi sweep from —14 to 10 V. It
was also confirmed for the MTFT that the transfer character-
istics did not experience so much variation between the first
and the second sweep in V. The obtained characteristics
apparently reveal that the fabricated transparent individual
OxTFT and MTFT exhibited excellent device behaviors. It
can be found from these results that both TFTs composing
the memristor cell were successfully integrated without any
process damages even after the full fabrication processes. In
verifying the feasibility of the proposed integration process,
to guarantee the device uniformity is also very important
for the memristor array configuration. Figure 4, (c) and (d),
shows sets of transfer characteristics of twelve OxTFTs and
twelve MTFTs, respectively, which were chosen from the
identically spaced test devices located at different positions
on the test vehicles of the size 10 x 10 cm?. We could con-
firm that the variations among the devices were almost neg-
ligible for the OxTFT. For the MTFT, although some vari-
ations in V,, and MW were observed, the obtained charac-
teristics among the devices were supposed to be sufficiently
uniform.

Other characteristics such as switching time and reten-
tion behaviors for the programmed currents can be referred
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to our previously reported devices fabricated with the sim-
ilar device structures [30, 32, 35]. The switching time of
the P(VDF-TrFE)-based MTFT was typically observed to
be longer than 100 ms. Furthermore, a slight reduction in
programming voltage may markedly impede the switching
event because the switching time is known to exponentially
decay with 1/E [36], where E is the programming electric
field applied across the P(VDF-TrFE) layer. The retention
times for the MTFT were reported to be still in the range of
two or three hours. Relatively long switching time and short
retention time should be improved for the high-speed and
reliable memristor operations.

Next, the electrical characterization for the transparent
memristor cell was performed. As shown in Fig. 1(d), the
Vo and Vg correspond to the drive and programming
gates for the memristor cell, respectively. When the fixed
bias condition of V5o was varied from 0 to 12V, the transfer
characteristics of the memristor cell were continuously mod-
ulated without any changes in Vy,, MW, and off current, as
shown in Fig. 5(a). In this cell structure, the OxTFT serially
connected to MTFT is expected to act as a resistor with vari-
able channel resistance with the control of V¢, as schemat-
ically shown in the inset of Fig. 5(a). Figure 5(b) shows the
modulations in programmed output currents after the MTFT
was initially programmed by applying the voltage pulse with
15 V and 990 ms to the V. The saturated output cur-
rent could be modulated in the range from 0.2 to 33.7 HA
when the bias condition of Vg was varied from 2 to 15 V
and Vg was fixed at 0 V. Although this result demon-
strated well the working feasibility of the proposed transpar-
ent memristor cell, in order to suitably realize the nonvolatile
multi-level memory states, initially programmed output cur-
rents with various resistance states of the MTFT should be
accurately and reproducibly read out only by switching the
OxTFT. As future works, if the reliable functions of multi-
level memory states can be obtained for the memristor cell,
they are expected to be very applicable for the analog-like
synaptic weight and for the weighted-sum operation in the
electrically modifiable synapse array [11, 26].
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Strictly speaking, this memristor cell composed of two
TFTs is not the flux-controlled device; to the contrary, the
ferroelectric polarization of MTFT is always fully reversed
for each programming event. The “storing” and“reading”
operations can be separately performed so that more stable
behaviors of intermediate memory states could be guaran-
teed. This cell structure provides a useful solution to select
a designated cell within a crossbar memory array or synapse
array configuration without any crosstalk problem. Com-
plete off state can be also realized for this memristor cell by
turning the OXTFT off, as shown in Fig. 5(a), which is very
beneficial to save the power consumption at the standby sta-
tus. Although this 2T-type cell structure may be undesirable
to scale the cell size and to simplify the peripheral circuit,
these issues are not so urgent for the large-area electron-
ics featuring the flexibility and/or transparency unlike the
Si-based electronics. The cell size can be additionally re-
duced by building the cell structure in a vertical direction
with dual-gate configuration. We still have a feasibility that
the PFM-type adaptive-learning operation can be also func-
tionalized for the proposed transparent memristor cell, as
demonstrated in Fig. 1. The improvement of retention be-
haviors, especially for the partially polarized intermediate
memory states, is a very demanding factor.

5 Conclusion

A fully transparent memristor cell was proposed and demon-
strated for the first time. This memristor cell was designed
to be composed of one-memory TFT and one-switch TFT
employing an oxide semiconductor thin film as an active
channel layer. The gate insulator of the MTFT was cho-
sen as a typical ferroelectric copolymer of P(VDF-TrFE)
and the ferroelectric-based field-effect was the origin for
the channel conductance modulation. The fabrication pro-
cedures were so carefully optimized as to obtain the excel-
lent device characteristics even at low process temperature
below 200°C. Good transistor behaviors and programmed
output current modulations were successfully demonstrated
for the transparent memristor cell. If the memory retention
could be improved for the intermediately polarized memory
states as future works, ultra-low power memristor cell hav-
ing the PFM-type adaptive-learning function could be also
provided. This prototype demonstration suggested that the
proposed ferroelectric-based memristor cell can be expected
to be very suitable for the nonvolatile memory array config-
uration and the future neuromorphic systems embedded in
the intelligent transparent electronic applications.
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