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Memristors have emerged as a prom-
ising candidate for the realization of neu-
romorphic devices.[14–18] The memristor’s 
resistance can be tuned by applying a 
voltage in a nonvolatile but reversible 
fashion. The resistance changes between 
a high-resistance off-state and a low-resist-
ance on-state, or any state in between these 
two limits. The programmed states are 
stable in time (typically years). Memristors 
usually operate based on filamentary con-
duction and have been realized in various 
metal oxides to polymeric-based systems. 
A 2D crossbar array of memristors, where 
the resistance-switching material is sand-
wiched between rows and columns of 

electrodes and every crossing forms an individual memristor, 
is required for neuromorphic applications. However, a crossbar 
array of resistance-switching elements is prone to crosstalk 
which impedes reading of the resistance states of individual com-
ponents. The issue can be addressed by using an active matrix 
addressing scheme at the expense of increased complexity.

An ideal resistance-switching device is a memory diode 
(memdiode), which is a rectifying diode that shows resistance 
switching and bistability only at forward bias.  Unlike conven-
tional memristors, the rectifying behavior of the memdiodes 
allows for the realization of a 2D array of such memdiodes 
without the need for auxiliary addressing or driving devices[20–22] 
because such an array is immune against crosstalk.[19,20] 

Ferroelectrics have been extensively used in Boolean 
memory devices because of their bistable remanent polarization 
response upon application of (large enough) electric fields.[23] 
Depending on the state of their remanent polarization, +Pr or 
−Pr, digital 0 and 1 states can be programmed.[24] Recently, the 
application of ferroelectrics in neuromorphic devices, particu-
larly artificial synapses, has gained attention due to the pos-
sibility of setting their polarization state to any intermediate 
value between −Pr and +Pr limits. It is the time stability of the 
intermediate polarization states that makes ferroelectrics a 
strong contender.[25,26] Ferroelectric synapses, along with their 
spike-timing-dependent plasticity (STDP), have been reported 
in ferroelectric field-effect transistors (FeFET)[26–29] and ferro-
electric tunnel junction (FTJ).[30–32] Ferroelectric neurons have 
also been reported, which can enable adaptive learning func-
tionality.[33–35] Adaptation of ferroelectrics in neuromorphic 
devices has witnessed significant progress over the past decade, 
yet there are still a few challenges ahead.

The ferroelectric devices, i.e., capacitors, transistors, and 
tunnel junctions, that are used to realize the artificial neurons 
or synapses, face numerous challenges. For instance, capacitors 
have the simplest device form but cannot be used as synapses 

Two terminal devices that exhibit resistance switching in response to an 
external voltage are interesting for neuromorphic computing applications. 
Owing to its simple device structure, a crossbar array of two-terminal resis
tance switching devices is highly desired for application as artificial neural 
network weights. Here, ferroelectric diodes that show resistance switching in 
their forward bias are presented. The resistance can be set to a high- and a 
low-resistance state or any state between these limits. It is demonstrated that 
the ferroelectric diodes can function as an artificial synapse. An array of the 
ferroelectric diodes with two bit and two row lines (2 × 2) is demonstrated. 
The resistance of every bit is independently tuned, and spike-time-dependent 
plasticity is shown for the array.
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1. Introduction

Neuromorphic devices are being developed to emulate the 
information processing and memory functions of the human 
brain. The goal is to realize non-Von Neumann architecture for 
computing units, which enable massively parallel processing 
and save computing time and energy consumption.[1–5] The 
strength of the connection between two artificial neurons is 
determined by synaptic weight, which is responsible for con-
veying the electrical signals between the two neurons. Artificial 
neurons have already been developed based on CMOS-based 
processors.[6–9] However, their high energy consumption is still 
an issue that is yet to be addressed. An alternative approach is 
to use materials that inherently exhibit reversible switching in 
their electrical, magnetic, or optical property upon applying an 
electric field, magnetic field, or light.[10–13]

© 2021 The Authors. Advanced Electronic Materials published by  
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because information readout requires accessing the (interme-
diate) polarization state, which is usually done by applying an 
external field and altering the polarization state. Hence, the 
readout is destructive, and restoring the polarization state is 
required after every readout operation. A second reference 
capacitor and an active-matrix scheme should be used to avoid 
information corruption, substantially increasing the complexity. 
The FeFETs resolve the destructive readout issue because their 
operation is based on the resistance switching of the FET 
channel, which stems from the modulation of the charge car-
rier density in the semiconductor channel by the polarization of 
the ferroelectric gate.[36] However, the realization of 2D crossbar 
arrays of FeFET synapses is inherently impossible. For array 
realization for synaptic applications, two-terminal ferroelectric 
tunnel junction devices (FTJs) are ideal. In an FTJ, the ferro-
electric layer is thin enough to allow for quantum mechanical 
tunneling of the electrons from the anode through the fer-
roelectric layer to the counter electrode.[22,37,38] Despite their 
great promise, FTJs have mainly remained a research curiosity 
because contact formation on ultrathin ferroelectric films is 
very challenging.[22] Direct deposition of metals onto ultrathin 
layers can easily create electrical shorts.[39] Consequently, FTJs 
have been usually realized using scanning probe techniques, 
which suffer from poorly defined contact geometry, device 
area, and scalability.[26,38,40]  Recent demonstration of coplanar 
electrode geometry is a promising development toward the 
upscaled fabrication of FTJs.[22,31]

Ferroelectric diodes[41,42] are among the least explored devices 
for neuromorphic applications. Resistance switching at the 
forward bias has been realized for both inorganic ferroelectric 
Schottky diodes[43] and organic ferroelectric diodes.[19,44] The 
operation mechanism for both diodes is based on modulation 
of the injection barrier by the ferroelectric polarization. Both 
devices show robust memdiode behavior. However, arrays of 
synapses based on ferroelectric diodes remain to be demon-
strated. Here, we present synaptic functionality in bistable 
rectifying ferroelectric diodes. The diodes have been real-
ized with a phase-separated blend of ferroelectric polymer 
poly(vinylidenefluoride-co-trifluoroethylene), P(VDF-TrFE), with 
semiconducting polymer poly(9,9-dioctylfluorene) (PFO). The 
ferroelectric diodes are processed from the solution, and a 2D 
crossbar array architecture is realized.[20,21,44–47] We show that the 
conductance of the diode for the forward bias can be reliably pro-
grammed to any intermediate states between the low resistance 
on-state and high-resistance off-state limits. It is shown that 
synaptic weight and spike-time dependent plasticity can be real-
ized by programming the intermediate resistance states, which 
can be achieved by using a half-select scheme, i.e., applying 0.5 
V over the word line and −0.5 V over the bit line, and varying 
the amplitude or width of the pre- and post-synaptic pulses. The 
resulting synaptic weight is stable in time. Finally, a 4-bit array 
of ferroelectric didoes is demonstrated wherein the resistance of 
each diode, hence its synaptic weight, is independently set.

2. Results and Discussion

P(VDF-TrFE) and PFO, chemical structures are given 
in Figure 1b, are co-dissolved in a common solvent, 

tetrahydrofuran (THF) with 1:9 PFO:P(VDF-TrFE) weight ratio. 
Thin films are prepared from the blend solution. The blend 
film exhibits a phase-separated microstructure of vertical PFO 
domains in the P(VDF-TrFE) matrix, as schematically shown 
in Figure  1a. Atomic force microscopy (AFM) images of the 
thin films of PFO:P(VDF-TrFE) blends, Figure  1d, reveal ran-
domly dispersed and isolated circular PFO domains in the 
semicrystalline P(VDF-TrFE) matrix. It is well-established that 
the PFO domains have mostly cylindrical structures, some con-
tinuous through the film thickness establishing a conduction 
path between the top and bottom electrodes. A small fraction 
of PFO domains do not contribute to current due to their dis-
continuity. A cross-sectional schematic of the device layout is 
given in Figure  1a. The current–voltage (I–V) characteristics 
of the diodes are presented in Figure  1e. At low biases, below 
the coercive field, the diode is highly resistive, and only a low 
current of about 0.1 nA passes through. When the bias reaches 
near 10 V, the current begins a sharp rise and at 15 V reaches 
values as high as 1 µA. Hence, an increase of the order of 104 
is achieved. The increase in current passing through the PFO 
phase is due to the polarization of the P(VDF-TrFE) matrix, as 
will be explained next.

The work function of the Au electrode is 4.7  eV, whereas 
the highest occupied molecular orbital (HOMO) of PFO is 
≈5.9  eV. The barrier height for hole injection is considerable 
and amounts to 1.2  eV, efficiently blocking the injection of 
holes from the Au contact into the PFO, as shown in Figure 1c. 
Therefore, Au forms a Schottky barrier with the PFO phase for 
hole injection at the interfaces and is an injection-limited con-
tact for hole injection into PFO. Next, a voltage is applied to the 
bottom Au electrode. At low positive biases, well below the coer-
cive bias for polarization switching of P(VDF-TrFE), the current 
is low because of the significant injection barrier between the 
Au contact and the PFO phase. By increasing the applied posi-
tive bias, the P(VDF-TrFE) phase begins to polarize. The com-
pensation charges in the Au electrode stabilize the polarization 
of the ferroelectric phase. On the other hand, these compensa-
tion charges create a stray field at the interface where the Au 
contact, PFO and P(VDF-TrFE) meet. At the coercive bias, the 
ferroelectric phase is fully polarized into its negative polariza-
tion state, where the polarization vector points away from the 
bottom Au electrode. The polarization compensation results in 
a sizeable stray field that penetrates the PFO phase, as shown 
with a yellow arrow in Figure  1a, facilitating the tunneling 
injection of holes by substantially reducing the barrier width. 
The injected holes effectively set the potential in the PFO phase 
equivalent to the Au contact, causing bending of the electric 
field lines and the appearance of an in-plane polarization com-
ponent.[48] The in-plane polarization is stabilized by the injected 
holes accumulated in the PFO phase alongside the interface 
with the P(VDF-TrFE) phase from the bottom Au electrode to 
the top electrode. The injected charges are transported through 
this channel from the anode to the cathode, as shown with the 
blue arrow in Figure 1a. Consequently, the barrier is effectively 
removed, and the resistance of the diode in the forward bias 
shows a sharp rise from the high-resistance off-state to the 
low-resistance on-state. When the bias is lowered towards 0 V, 
the resistance remains low, and the current passing through 
the device stays high, and the diode shows bistability in its 
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resistance in the forward bias. When the bias becomes nega-
tive, the diodes remain nonconductive and rectifying for biases 
below the negative coercive bias. Polarization switches direction 
for the negative biases higher than the negative coercive bias, 
and the P(VDF-TrFE) phase becomes positively polarized with 
the polarization vector pointing toward the bottom Au elec-
trode. The change of polarization reverses the direction of the 
stray field, reestablishing the injection barrier at the interface 
and setting the diode back to its off state.[48]

The ferroelectric diode can be used as an artificial synapse, 
as schematically shown in Figure 1a, where the Au contacts rep-
resent pre- and post-synaptic neurons and the phase-separated 
PFO:P(VDF-TrFE) film can be considered as a synaptic cleft. In 
the following, it is shown how the ferroelectric diode can func-
tion as a synapse.

To function as a synapse, gradual and nonvolatile change 
of the diode’s conductance is crucial. The conductance change 
depends on the polarization state of the ferroelectric phase. 
Polarization switching of the ferroelectric strongly depends on 
the amplitude and width of the external pulse.[49] Hence, the 
switching time of the memory diode is not a unique value as 
it is determined by both width and amplitude of the applied 

pulse. In the next step, the polarization of the ferroelectric 
phase is controlled by changing the amplitude of the switching 
pulse while keeping the pulse width constant. Figure 2a unam-
biguously demonstrates a gradual change of the conductance 
and that the diode can be set in any intermediate resistance 
state. As an example, six different intermediate states are pro-
grammed between the high- and low-resistance states. Interest-
ingly, partial polarizations of the ferroelectric phase, which yield 
intermediate resistance states, are stable in time, and the resist-
ance of the programmed intermediate states shows stability in 
time for over 1500 s, as presented in Figure 2b. We note that the 
suitability of the ferroelectric diodes for neuromorphic applica-
tions has been discussed in our recent review.[19] However, the 
provided examples lack polarization stability, which is the basic 
necessity for neuromorphic applications. To stabilize the ferro-
electric polarization, the depolarization field should be nullified 
by using contacts that are ambipolar semiconductors or metals. 
Otherwise, the ferroelectric phase depolarizes rapidly, and the 
diode loses its information state in time (in much less than a 
second, as shall be discussed later).[57]

Resistance switching of the ferroelectric diode depends on 
the temporal behavior of the ferroelectric polarization and is 

Figure 1.  a) A schematic representation of a biological synapse and a ferroelectric diode synapse. The dashed gray line shows the similarity of the 
PFO:P(VDF-TrFE) to a synaptic cleft. The dashed red line highlights the significance of the interface between the Au electrode, PFO, and P(VDF-TrFE), 
where the compensation of ferroelectric polarization yields a strong stray field (yellow arrow) leading to efficient hole injection and transport (blue 
arrow). b) The chemical structures of PFO and P(VDF-TrFE) and the red . c) Band diagram at the Au/PFO contact for the polarized (top) and negatively 
polarized (bottom) P(VDF-TrFE) phase. d) A typical AFM image of the morphology of the PFO:P(VDF-TrFE) film. The inset shows the height profile of 
the surface along the arrow. e) Individual I–V characteristic curves of four ferroelectric diodes on a 2 × 2 array.
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determined by both the amplitude and duration of the applied 
pulse. Knowledge of the pulse width and amplitude leading to 
a threshold behavior is of practical importance for later real-
izing ferroelectric diodes with a transition between short- and 
long-term memory phenomena. To that end, both the width 
and amplitude of the programming pulses are changed in the 
next step to demonstrate the programmability of the diodes 
using different pulsing scenarios. Figure  2c shows that the 
coercive field initializing the switching of ferroelectric polariza-
tion depends on the pulse amplitude. For a larger amplitude, 
the programming time of the diode is shorter. However, the 
number of intermediate states that can be programmed reliably 
decreases.

Nevertheless, the possible values of the high- and low-resist-
ance states are independent of the pulsing conditions. It should 
be noted that the energy required for the programming of the 
diode from the off- to the on-state using 26 V pulses can be as 
low as 25 nJ. Moreover, regardless of the pulsing conditions, 
the programmed intermediate conductance states are stable 
in time, as demonstrated in Figure  2b. A similar switching 
behavior can be observed when the pulse width is varied (for 
a fixed amplitude), as presented in Figure 2d. For longer pulse 
amplitude, change of conductance begins at smaller voltages. 
Therefore, the resistance of discrete ferroelectric diodes can be 
reliably and controllably changed by several orders of magni-
tude between a high- and a low-resistance state.

The ferroelectric diode has an asymmetric structure. There-
fore, similar but mirrored on-to-off and off-to-on current tran-
sitions are intuitively expected. The switching of polarization 

depends on two factors, pulse amplitude and pulse width. To 
unambiguously show the effect of pulse amplitude, we fixed the 
pulse width to 500 µs and applied pulses of variable amplitude 
to the device. As shown in Figure 3a, the device shows both 
clear transitions from off-to-on (LTP) for positive pulses and 
a mirror-imaged transition from on-to-off (LTD) for negative 
switching pulses. There is a subthreshold regime that depends 
on the pulsing conditions, as can be seen in Figure 2c,d. When 
the diode is biased in the subthreshold regime, i.e., by applying 
voltages lower than the coercive voltage, the ferroelectric phase 
polarizes. However, the polarization is unstable/volatile and not 
retained after the voltage goes back to zero.

Depolarization of the ferroelectric can therefore enable to 
realize short-term memory effects in the diodes. To that end, we 
determine the paired-pulse facilitation (PPF) index by applying 
two consecutive pulses with a varying time interval between the 
pulses. The second pulse can cause an enhanced response in 
post-synaptic current PPF yielding short-term synaptic plas-
ticity. In biological systems, the PPF enhances for a reduced 
time interval between paired pulses. The PPF percentage, 
defined as the 100 × (I2 − I1)/I1, usually follows a double-expo-
nential equation PPF = C1 × exp(−∆t/τ1) + C2 × exp(−∆t/τ2),  
where Δt is the time interval between the pulses, C1 and C2 are 
the PPF indexes of two phases, and τ1 and τ2 are the character-
istic relaxation times, respectively. The diode set in the off-state 
is subjected to repeated pulses of fixed amplitude and width of, 
respectively, 14  V and 5  ms to demonstrate the programming 
characteristics. The time interval between the two pulses is 
varied from 2 µs to 5 ms. The choice of amplitude and width 

Figure 2.  a) Gradual increase of the conductance of the ferroelectric diode by increasing the amplitude of the writing pulses from 15 to 26 V at a 
constant reading pulse amplitude of 5 V. Intermediate states can be programmed by changing the amplitude of the applied bias. b) Retention of the 
programmed resistance state for various writing pulse amplitudes with 500 μs pulse width. c,d) Programming of the intermediate states using pulses 
of different amplitudes (fixed pulse width) and various pulse width (with fixed amplitude), respectively. Read voltage in all cases is +5 V.
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of the switching pulses is determined from the experimental 
conditions, as demonstrated in Figure 2c,d, to allow for a sub-
threshold behavior. Measured PPF index as a function of Δt is 
given in Figure 3b. Fitting the PPF data using a double expo-
nential function produces the following values for C1 = 28.7%, 
C2 = 14.1%, τ1 = 20.2 µs, and τ2 = 2.0 ms. The maximum PPF 
index at Δt  = 0, corresponding to the situation of two input 
stimuli firing together to a synapse, is given by C1+C2 = 42.8%. 
As shown, the PPF shows a sharp drop, particularly for time 
intervals below 100 µs (inset Figure 3b).

The PPF results can be explained based on the polarization 
switching mechanism in ferroelectric polymers.[58] Applying 
a bias just below the coercive bias results in the nucleation of 
isolated domains with reversed polarization. However, after 
removing the bias, the nucleated domain cannot retain its 
polarization state as it requires energy. Therefore, the domain 
loses its reversed polarization and goes back to its original 
polarization state. Application of a second pulse can prevent 
reversal of the polarization for the nucleated domains, provided 
that the time interval between the first and second pulse is 
shorter than the polarization relaxation dynamics. For ferroelec-
tric polymers, the polarization time of the nucleated domains is 
in the order of tens of µs,[58] depending on the pulsing condi-
tions. Therefore, the value obtained for τ1 = 20.2 µs corresponds 
to polarization dynamic of the ferroelectric phase and matches 
closely the experimental values obtained in Figure  2c, indi-
cating an internal consistency of the measurements. Therefore, 
for Δt values shorter than τ1  = 20.2 µs, a larger PPF index is 
expected. As Δt increases beyond τ1, the depolarization dynamic 
prevails, and the PPF index drops substantially. We note that an 
exponential drop in the PPF index is expected because polariza-
tion dynamics follows an exponential.

After establishing the depolarization dynamic with the PPF 
measurement, it is possible to obtain long-term plasticity using 
similar repeated pulsing conditions. To that end, the diode set 
in the off-state is subjected to repeated pulses of fixed ampli-
tude and width of respectively 14 V and 5 ms (similar to those 
used for PPF). The timing interval between the pulses is set 
to 10 µs. The resistance of the diode is measured after several 
pulses were applied. As presented in the inset of Figure  3b, 

the current passing through the diode at +5 V shows a gradual 
increase upon repeated pulsing. The measurement indicates 
that a stable state is achieved after the application of at least 
ten pulses. Hence, the resistance of the diodes can be gradually 
switched using repeated pulses just below the coercive bias. We 
note that this finding agrees with previous reports on complete 
polarization reversal in ferroelectrics by repeated voltage pulses 
with an amplitude that is just below the coercive bias.[55] Fur-
thermore, it should be noted that the current after 104 pulses is 
slightly lower than that of the on-state current level for a fresh 
diode due to the fatigue of the P(VDF-TrFE) polymer, which 
usually appears after 1000 pulses if specific pulsing conditions 
are not met.[55]

The PFO:P(VDF-TrFE) diode can be used as an artificial 
synapse to emulate signal propagation between two neigh-
boring neurons, as shown in Figure  1a. To be suited for neu-
romorphic computing, parallel programming and readout of 
artificial neural network weights in a crossbar memory array is 
needed.[50] To that end, a 2 × 2 array of PFO:P(VDF-TrFE) diodes 
is fabricated. A schematic of the array is given in Figure 4a. To 
program a bit, as discussed elsewhere and in the Experimental 
Section,[20] a half voltage scheme is used on the word- and bit-
lines while other word- and bit-lines are grounded.[20,21] As 
shown in Figure 4a, the resistance of each bit can be very well 
controlled. The suitability of the array of ferroelectric diodes 
for neural network weight is demonstrated through STDP of 
the diodes. The STDP is a widely studied mechanism for regu-
lating neural activities, predominantly focusing on the relative 
firing time in the pre- and post-synapses.[51–53] The pre- and 
post-pulses are applied on the Au top and bottom electrodes, 
respectively. The timing between the two pulses is systemati-
cally varied from 0 to 1 s. The pulsing strategy to induce STDP is 
given in Figure 4b. The amplitude of the pre-spike pulse is posi-
tive and is below the coercive field. When the post-spike pulse 
(−10 V, 500 µs) overlaps with the pre-spike pulse, the total poten-
tial will be above the coercive bias, and the polarization state will 
change depending on the overlapping time. By choosing the 
pre-spike pulse amplitudes as shown in Figure 4b, it is shown 
that the polarization state of the ferroelectric phase depends 
on the timing between the two pulses, in the same way as the 

Figure 3.  a) Current transition for off-to-on (LTP) and on-to-off (LTD) for P(VDF-TrFE):PFO diode, by applying pulses with a fixed width of 500 μs and 
variable amplitude of −2 to −36 V for LTD and +4 to +36 V for LTP. b) Paired-pulse facilitation in ferroelectric diodes using pulses with a fix amplitude 
and width of 14 V and 5 ms, respectively. The left inset shows PPF on logarithmic time axis. The right inset shows programming characteristics of the 
ferroelectric diodes after repeated pulsing. Read voltage in both cases is +5 V.
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synaptic weight. For the post pulse being slightly earlier or later 
than the time reference point, labeled by “0” on the time axis 
in Figure  4b, there will be maximum depression and potentia-
tion. Achieving STDP behavior, as shown in Figure 4b, indicates 
that ferroelectric diodes can be used as artificial synapses. Firing 
post-spike pulses before pre-spike pulses results in a decreasing 
trend in the read current known as long-term depression (LTD), 
whereas a reversal in the temporal order of the pre-and post-
pulses induces a long-term potentiation (LTP).[54]

3. Conclusion

It is demonstrated that ferroelectric diodes realized with 
phase-separated blends of organic semiconductor (PFO) and 
a ferroelectric polymer (P(VDF-TrFE)) can function as artificial 
synapses for application in artificial neural networks. Multistate 
resistance switching and various synaptic functionalities such 
as STDP, LTP, LTD, and PPF have been successfully demon-
strated in a 2 × 2 array of ferroelectric diodes. As the present 
study focuses on demonstrating the feasibility of the ferro-
electric diodes for neuromorphic applications, little attention 
is paid to optimizing the devices for low voltage operations. 
Nevertheless, low voltage operation (sub-5 V) has already been 
demonstrated for the memory diodes.[45,56] Furthermore, pre-
vious demonstrations of air-stable[22] and 1 kb crossbar arrays of 
ferroelectric diodes as memory elements[21] highlight the great 
potential of ferroelectric diodes for neuromorphic applications. 
However, the previous works[21,22] have been only focused on 
arrays of binary memories, without any ramification on syn-
aptic electronics.

4. Experimental Section
Random copolymer P(VDF-TrFE) with the molar composition of 75% 
VDF and 35% TrFE was purchased from Solvay and used as received. 
PFO was synthesized in-house using previously reported procedures. 
To fabricate the ferroelectric didoes, P(VDF-TrFE) and PFO were 
co-dissolved in a common solvent, THF. The solution was then spin-
coated onto a cleaned glass slide with pre-deposited Cr/Au bottom 
electrodes (1  nm/50  nm). The process was done under a nitrogen 
atmosphere inside a glove box.

The film thickness was tuned between 212  ± 16  and 258  ± 5  nm, 
depending on the spinning speed. Afterward, the substrates were 
annealed at 140  °C for 90  min in a vacuum oven. The diodes were 
finished by deposition of a 50 nm gold top contact. Both bottom and top 
contacts were realized through shadow mask evaporation. The crossbar 
arrays were fabricated by shadow masks deposition of Cr/Au lines  
(1 nm/50 nm) as bottom electrodes. After deposition and annealing of 
the blend film, counter electrodes were deposited through the same set 
of shadow masks, but by rotating the masks by 90° with respect to the 
bottom electrode lines. The area of the diodes, both individual devices 
and those in the array, was the same and amounted to 0.16 mm2. All 
electrical measurements were carried out using a Keithley 4200 SCS, 
equipped with a pulse measure unit, under a vacuum of 10–6 mbar and 
dark conditions to avoid oxygen contamination and photogenerated 
carrier. To program different bits in the array, +0.5 V was applied to the 
bit line, and the other −0.5 V was applied to the word line to make up full 
V over the selected bit. All the other bits and word lines were grounded. 
The same reading scheme was also used to readout the states.
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