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adaptive junctions between neurons, alter 
their weight depending on the magnitude, 
duration, number, and time delay between 
signal pulses.[6] An increase of synaptic 
weight is termed potentiation while its 
decrease is known as depression. Memory 
and cognitive activity in the brain ensue 
via excitatory or inhibitory postsynaptic 
currents (EPSC/IPSC) leading to short-
term and long-term potentiation (STP/
LTP), paired-pulsed facilitation (PPF) 
and depression (PPD), and spike-timing-
dependent plasticity (STDP).

Complementary metal-oxide-semicon-
ductor (CMOS)-based neuromorphic devices 
consist of a network of transistors and 
capacitors.[7] While their performance has 
surged dramatically over the years, con-
stant off-chip communication between 
separate memory and processor units, 
commonly known as the von Neumann 
bottleneck, consumes a lot of power and 
limits the computation speed. Memris-

tors with integrated on-chip memory and computing capabili-
ties provide an attractive energy-efficient alternative.[4] Various 
types of memristors, including insulating oxides with formed 
filaments,[1,8–12] phase-change memories,[13,14] electrochemical 
devices,[15–17] conducting polymers,[18,19] and oxide-based ferro-
electric tunnel junctions (FTJs),[20–24] have been investigated and 
exploited as artificial synapse. In an FTJ, gradual reversal of fer-
roelectric polarization inside a thin tunnel barrier and ensuing 
changes of the potential barrier caused by electrostatic charge 
screening produce a memristor response.[20,24] Since the tun-
neling current is typically small, the emulation of synaptic func-
tions by an FTJ requires only limited energy. Despite its promise 
as artificial synapse, the growth of oxide-based FTJs is highly 
restricted, requiring strained epitaxy on specific single-crystal 
substrates or seed layers to stabilize ferroelectricity in nano-
meter-thick oxide films.[25]

Ferroelectric copolymers such as P(VDF-TrFE) provide a good 
alternative as tunnel barrier material.[26–29] P(VDF-TrFE) exhibits 
a permanent dipole moment due to electronegative fluorine 
and electropositive hydrogen in the polymer chain and its fer-
roelectric properties are stable down to a thickness of only two 
monolayers (≈1 nm).[30] Additionally, P(VDF-TrFE) can easily 
be processed from solution on practically any material, offering 
attractive solutions for flexible device integration and large-scale 
fabrication. Thin-film transistors made of ferroelectric copoly-
mers have already been considered for synaptic device applica-
tions.[31] In these structures, resetting of the polarization state in 
micrometer-thick copolymer films requires voltage pulses of at 
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Memristors

1. Introduction

The human brain is a versatile and energy-efficient memory 
and computing system with cognitive ability. Its high-density 
neural network comprises about 1011 neurons and 1015 syn-
apses. The brain consumes less power than a household incan-
descent light bulb while outperforming the most advanced 
digital computers in unsupervised learning. It is therefore 
apparent that neuromorphic concepts will inspire the develop-
ment of integrated logic and memory devices beyond the von 
Neumann digital computing era.[1–5] In neuromorphic com-
putation, neurons and synapses are the key functional units. 
Neurons act as signal spike generators while synapses, the 
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least 10 V and a duration of > 100 µs. FTJs with a copolymer 
ferroelectric tunnel barrier could offer several advantages, but 
their potential as artificial synapse has not been gauged yet. In a 
recent study,[29] we realized bistable resistance switching in FTJs 
with a 3 nm-thick P(VDF-TrFE) barrier. We found the switching 
effect to be particularly large for junctions with a semiconducting 
Nb-doped SrTiO3 electrode (up to 107% at room temperature) 
and the retention time of written states to be long (≈10 years).

Here, we exploit organic FTJs as memristors and demon-
strate deterministic access to intermediate resistance states via 
gradual ferroelectric switching in a P(VDF-TrFE) tunnel bar-
rier using voltage pulses with varying amplitude, duration, and 
rates of repetition. We successfully emulate key synaptic func-
tions, including STP/STD, LTP/LTD, EPSC/IPSC, PPF/PPD, 
and STDP under ambient conditions and timescales down to 
20 ns. The latter achievement, in combination with intrinsically 
small tunneling currents, enables energy-efficient operation of 
organic FTJ memristors in the femtojoule range.

2. Results and Discussion

2.1. Memristive Behavior by Controlled Reversal of Ferroelectric 
Polarization in P(VDF-TrFE) Tunnel Barriers

Our organic FTJ memristors consist of a semiconducting Nb-
doped SrTiO3 substrate, which we exploit as bottom electrode, 
a 3 nm-thick P(VDF-TrFE) tunnel barrier, and a patterned Au 

top electrode with a size of 300 × 300 µm2 (Figure 1a). Reversal 
of ferroelectric polarization in the P(VDF-TrFE) layer involves 
rotation of CH2 and CF2 units around the backbone of the 
polymer chain.[32] In our samples, rotation of ferroelectric polari-
zation proceeds locally via nucleation and growth of inverse 
domains, as confirmed by piezo-force microscopy (Figure 1b and 
Figure S1, Supporting Information). The resulting change of 
perpendicular polarization leads to charge modulation and band 
bending in the Nb-doped SrTiO3 electrode,[29] which, depending 
on the direction of polarization, either increases or decreases the 
potential barrier in a continuous manner (Figure 1c). The ferro-
electric origin of resistance switching is confirmed by an abrupt 
disappearance of the switching effect at T ≈400 K, which cor-
responds to the ferroelectric Curie temperature of the P(VDF-
TrFE) layer (Figure S2, Supporting Information).[32] Except for 
STDP, we performed all transport measurements by grounding 
the Nb-doped SrTiO3 substrate and applying voltage pulses to 
the Au top electrode. The Experimental Section provides more 
details on sample fabrication and characterization.

After fabrication, the FTJs exhibit high resistance, i.e., the 
ferroelectric polarization points up toward the Au top electrode. 
This preferred state is set during annealing of the P(VDF-TrFE) 
film at 135–150 °C, which orders the polymer chains into the 
polar β-phase.[32] The initial alignment of polarization cor-
responds to predictions on the effect of image dipoles in the 
conducting Nb-doped SrTiO3 substrate.[33] Figure 2a shows con-
tinuous I–V transport curves of an FTJ for five different voltage 
ranges. We recorded these data by sweeping the voltage from a 
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Figure 1. The organic FTJ memristor. a) Schematic illustration of the FTJ sample. In transport measurements, we grounded the Nb-doped SrTiO3 
(NSTO) substrate and applied voltage pulses to the Au top electrode (except for STDP). b) PFM phase images of a P(VDF-TrFE) film area that is sub-
sequently written by applying +5, +2, −2, and −5 V to the scanning probe tip. The blue arrows illustrate the net perpendicular polarization. c) Interface 
band alignment for saturated (large arrows) and intermediate (small arrows) polarization states. If the polarization points away from the Nb-doped 
SrTiO3 electrode (lower panels), electrons in the n-type semiconductor deplete from the interface. In this case, positively charged immobile donor 
ions (blue dots) screen the bound polarization charges in P(VDF-TrFE) (minus signs), causing the formation of a Schottky barrier. Upon polarization 
reversal, electrons accumulate at the Nb-doped SrTiO3 interface (red dots), which eliminates the Schottky barrier (upper panels).
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negative to a positive value and back, as indicated by the arrows. 
The curve for ±1 V does not show any hysteresis because the 
voltage range is insufficient to induce ferroelectric switching in 
the P(VDF-TrFE) tunnel barrier. For voltage of ±2 V or more, 
hysteretic resistance switching is realized.

The transport measurements of Figure 2a demonstrate 
that intermediate nonvolatile resistance states are accessible 
by tuning of the voltage range. This memristive effect is illus-
trated more clearly by the data in Figure 2b, showing resistance 
measurements at a reading bias of 0.1 V after application of 
voltage pulses (Vp) with varying amplitude. For large Vp ranges, 
the polarization and corresponding resistance states fully 
saturate and the switching effect corresponds to about 106%. 
Because of incomplete polarization reversal for voltage ranges 
of ±4 V or less, the overall switching effect decreases and inter-
mediate resistances are accessed.

2.2. Emulation of Synaptic Functions

Neural networks are able to perform computational tasks like 
image or pattern recognition after learning through a training 
dataset. The synaptic plasticity, i.e., the ability of a synapse to 
modulate its weight in response to the signals it transmits 
between neurons, determines the encoding of neuronal inputs. 
STP refers to fast and reversible changes of the synaptic weight. 
In this process, the synaptic weight returns to its initial value on 
a timescale of tens of milliseconds to minutes after the synapse 
is no longer activated. STP is crucial for brain functions such 
as pattern recognition, associative learning, and sound localiza-
tion.[34,35] LTP, on the other hand, presents a more persistent 
increase of the synaptic weight, causing long-lasting modifi-
cations in the transmission of neuronal signals. This process 
resembles long-term memory in biological systems. Using 
oxide filamentary resistance switching devices and phase-
change memories, unsupervised learning similar to biological 
neural networks has been demonstrated in recent works.[36–40]

One of the essential conditions for the use of memristors 
in artificial neural networks is controlled access to a large 

number of distinct conductance states. Figure 3a demon-
strates that the application of increasing negative and positive 
voltage pulses induces a five orders of magnitude depression 
and potentiation in our organic FTJ memristors. Control over 
the junction conductance using trains of writing pulses with a 
fixed amplitude is depicted in Figure 3b–d. Here, we make a 
distinction between voltage pulses that are too small to trigger 
full polarization reversal in the P(VDF-TrFE) tunnel barrier 
(±0.8 V in Figure 3b) and larger voltage pulses that, if acting 
against the polarization direction, would switch the resistance 
state of the FTJ (±5 V in Figure 3c,d). In the first case, pulse 
trains with alternating polarity induce a similar but opposite 
change of junction conductance. We explain this effect by 
gradual domain growth in the ferroelectric P(VDF-TrFE) tunnel 
barrier (Figure 1b). Positive voltage pulses enlarge domains 
wherein the polarization points down, whereas negative voltage 
pulses grow domains with polarization pointing up. This locally 
changes the potential barrier (Figure 1c) and, consequently, the 
overall junction conductance.

The situation is different for voltage pulses of ±5 V. Because 
these pulses are strong enough to induce polarization reversal, 
we intentionally chose their polarity such that a nearly saturated 
junction is driven toward saturation, i.e., the net polarization of 
the P(VDF-TrFE) tunnel barrier aligns more perpendicular with 
each voltage pulse. The results in Figure 3c,d indicate that under 
these conditions, the junction conductance changes continu-
ously up to 1000 writing pulses with a duration of 100 ms and 
time interval of 1.5 s. Potentiation (Figure 3c) and depression 
(Figure 3d) during uninterrupted signaling follow a second-
order exponential growth and decay function (black lines), 
respectively. The more pronounced change of synaptic weight 
during the early stages of activation is an important character-
istic of cognitive learning, which has been realized also using 
metal-oxide memristors.[12] The total variation of conductance  
is larger for the high-conductance state, >100%, against an 
effect of −11% for the low-conductance state. This asymmetry 
signifies that a more pronounced change in synaptic weight is 
produced if the polarization of the P(VDF-TrFE) tunnel barrier 
points down toward the Nb-doped SrTiO3 substrate.

Adv. Electron. Mater. 2019, 5, 1800795

Figure 2. Memristive switching in FTJs with a P(VDF-TrFE) tunnel barrier. a) I–V transport curves of an organic FTJ recorded while sweeping the voltage 
in ranges of ±5, ±4, ±3, ±2, and ±1 V. b) Resistance switching curves of the same junction. Voltage pulses of varying amplitude (Vp) and a duration of 
100 ms are applied to the FTJ’s Au top electrode and the junction resistance is measured at Vm = 0.1 V after each voltage pulse. The measurements 
are performed at room temperature.
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Figure 4 summarizes measurements on STP and LTP and 
short- and long-term depression (STD/LTD) in our FTJ mem-
ristors. In panels (a) and (b), the junctions are first set to a 
low-resistance state (LRS) and high-resistance state (HRS) by 
a single voltage pulse. The ferroelectric polarization is thus 
mostly aligned down and up, respectively. After this initializa-
tion step, we applied a series of voltage pulses with a duration 
of 100 ms and an amplitude of +3 V (potentiation) or −2 V 
(depression). In both cases, the polarity of the voltage pulses 
aligns the polarization more perpendicular. Repeated applica-
tion of voltage pulses at a 3 s interval produces LTP or LTD 
behavior (Figure 4a,b) whereby the tunneling current does not 
recover its prepulse value over a long period of time. However, 
if the interval between consecutive pulses is extended to 153 s, 
a crossover to STP and STD is measured (Figure 4c,d).

Relaxation of ferroelectric polarization away from a strictly 
perpendicular orientation explains the gradual recovery of the 
initial conductance state. In ferroelecrics, non-ideal screening 
of bound polarization charges by the electrodes produces a 
depolarization field.[41] Because the depolarization field acts 
against the polarization, it reduces the remanent polarization 
along the perpendicular direction, i.e., ferroelectric hysteresis 
curves are not perfectly square. The data of Figure 4 demon-
strate that the timescale of the relaxation process depends on 
the number of pulses.

Postpulse variations of the tunneling current after a single 
pulse (Figure 4c,d) follow first-order exponential functions 
(solid black lines), resembling EPSC and IPSC in the brain. 
From our experiments, we extract time constants of 39 and 
118 s for EPSC and IPSC, respectively. While the time constant 
of these two processes depends on the amplitude and number 
of voltage pulses, it is always larger if the FTJ is set to a HRS. 
This observation indicates that the ferroelectric polarization of 
the P(VDF-TrFE) tunnel barrier relaxes more slowly if the polar-
ization points toward the Au top electrode. Because the depo-
larization field in ferroelectric junctions depends on the density 
of screening charges in the electrodes, it is possible to tailor the 
time constants of STP and STD by considering other electrode 
materials or change the carrier density of the semiconducting 
Nb-doped SrTiO3 substrate. Alternatively, faster depolarization 
dynamics could be achieved by a reduction of the tunnel barrier 
thickness.

Another common manifestation of STP and STD in bio-
logical synapses is PPF and PPD. Both functions describe the 
cumulative effect of two subsequent voltage pulses on the post-
synaptic current. In our FTJ memristors, we measured PPF and 
PPD responses as a function of the time interval (Δt) between 
paired successive spikes of +2 and −2 V. In both experiments, 
the duration of the pulses is 12 ms, the background bias is 
−0.1 V, and the FTJ memristor is set to a nearly saturated HRS 
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Figure 3. Modulation of junction conductance by pulse amplitude and pulse number. a) Continuous variation of junction conductance (G) in response 
to voltage pulses of varying amplitude. The lower panel illustrates the pulse sequence. b) Conductance variation for pulse trains with small alternating 
amplitudes of +0.8 and −0.8 V, illustrated in the lower part of the graph. c,d) Variation of junction conductance during continuous activation by a 
train of 1000 identical voltage pulses. The interval between pulses is 1.5 s and their amplitude is +5 V in (c) and −5 V in (d). The black lines are fits to 
second-order exponential growth or decay functions G = A1⋅exp (±t/τ1) +A2⋅exp (±t/τ2) + G0. All measurements are performed at room temperature 
with 100 ms voltage pulses and the currents and conductance states in (a–d) are recorded at Vm = 0.1 V.
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(polarization pointing up). For paired spikes of +2 V, the ratio of 
the first (A1) and second (A2) postsynaptic current peak is > 1, 
signifying PPF (Figure 5a). In contrast, two successive pulses 
of −2 V result in A1/A2 < 1, i.e., PPD (Figure 5b). Figure 5c 
summarizes the index (A1/A2 ratio in %) of the PPF and PPD 
response as a function of the time interval between pulses. The 
index decreases almost exponentially, mimicking the response 
of biological synapses.[34]

Just like STP and STD, PPF and PPD are explained by the 
dynamic response of ferroelectric polarization in the P(VDF-TrFE) 

tunnel barrier. For polarization pointing almost toward the Au 
top electrode, positive voltage pulses reduce the perpendicular 
polarization and, thereby, the junction resistance. Consequently, 
for each subsequent voltage pulse, the current is enlarged (PPF). 
Negative voltage pulses, on the other hand, align the polarization 
more perpendicular. This enhances the junction resistance and 
lowers the postsynaptic current peak during the second spike 
(PPD). Since the depolarization field relaxes the ferroelectric 
polarization back to its initial state over time (Figure 4d), the PPD 
index decreases with increasing Δt (Figure 5c).

Adv. Electron. Mater. 2019, 5, 1800795

Figure 4. Emulation of STP/LTP and STD/LTD. a,b) Variation of tunneling current in response to potentiating voltage pulses of (a) +3 V and depressing 
pulses of (b) −2 V. After a pulse train with an interval of 3 s, the tunneling current does not reach its initial value for a long time, mimicking LTP and LTD 
behavior. c,d) Measurements for a time delay of 153 s between consecutive voltage pulses. The EPSC and IPSC in (c) and (d) are fitted by first-order 
exponential decay and growth functions I = A1⋅exp (−t/τ1) + I0,1 and I = A2⋅exp (t/τ2) + I0,2 (solid lines). The fits yield τ1 = 39 s and τ2 = 118 s. All meas-
urements are performed at room temperature with 100 ms voltage pulses and the currents and conductance states in (a–d) are recorded at Vm = 0.1 V.

Figure 5. PPF and PPD. Emulation of a) PPF and b) PPD using two consecutive voltage pulses of (a) +2 V and (b) −2 V with a time interval of  
Δt = 10 ms. The duration of individual pulses is 12 ms. c) PPF and PPD index (A1/A2 postsynaptic current peak ratio) as a function of the time interval 
between the two successive voltage spikes.
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2.3. Spike-Timing-Dependent Plasticity

Neuronal connectivity in the brain relies on the firing of action 
potentials. Although some information is processed using 
average spiking rates, e.g., coordinated processing of tem-
poral and spatial information, individual STDP is crucial for 
many cognitive functions. STDP is interpreted as the learning 
behavior of a synapse, as it defines how a synapse transmits 
information in a neural network if signal spikes from pre- 
and postsynaptic neurons overlap. To investigate STDP in 
our organic FTJs, we used four different pulse forms that are 
comparable to action potentials in the biological brain.[42] We 
measured the STDP response by recording the change in junc-
tion conductance (ΔG) as a function of the time interval (Δt) 
between pre- and postsynaptic voltage pulses (Figure 6a–d). 
Two initial conductance states (Gi = 3.7 µS and Gi = 37 µS) 
were considered in these experiments and the pre- and post-
synaptic pulses were applied to the top and bottom electrode of 
the FTJ, respectively. To approximate the timescale of biological 
systems, we varied the time interval Δt from −10 to +10 ms. 
After the pre- and postsynaptic pulse combination, the junc-
tion conductance was read out using a measurement voltage 
of Vm = 0.1 V.

The results of Figure 6a–d confirm that, similar to biolog-
ical synapses,[43] asymmetric and symmetric pulses produce 

different STDP responses in our organic FTJ memristor. For 
asymmetric pre- and postsynaptic spikes of the forms shown 
in Figure 6a,b, |ΔG| increases with decreasing Δt. Exponential  
functions ΔG = A1⋅exp(−Δt/τ1) (Δt < 0) and ΔG = A2⋅exp(Δt/τ2) 
(Δt > 0) with time constants τ ranging from 1 to 4 ms do fit the 
experimental data (lines in graphs). In Figure 6a, LTP is attained 
for Δt > 0 and LTD is recorded for Δt < 0, while the situation 
is reversed for voltage spikes with opposite polarity (Figure 6b). 
These asymmetric STDP responses correspond to Hebbian and 
anti-Hebbian learning, respectively. For symmetric pre- and 
postspikes (Figure 6c,d), the FTJ memristor also emulates both 
learning rules. In this case, both LTP curves and the LTD meas-
urement for Gi = 37 µS are fitted by Gaussian functions ΔG = 
A1⋅exp(−Δt2/2τ1

2) and ΔG = A2⋅exp(−Δt2/2τ2
2). We note that satu-

ration of ΔG at −100% for LTD with an initial conductance Gi = 
3.7 µS and the resulting deviation from Gaussian behavior are 
a consequence of defining ΔG as (Gm − Gi)/Gi, where Gm is the 
conductance after the application of pre- and postsynaptic spikes.

Importantly, ΔG does not only depend on the shape and time 
delay between voltage spikes, but also on the initial conduct-
ance of the FTJ memristor. We consistently measure stronger 
responses if Gi is small. This dependence on the initial synaptic 
weight emulates stable Hebbian learning in the brain[44] and 
facilitates self-adaptation of conductance levels and long-term 
stability in artificial neural networks.[45]

Adv. Electron. Mater. 2019, 5, 1800795

Figure 6. STDP. a,b) Asymmetric and c,d) symmetric STDP demonstrating Hebbian and anti-Hebbian learning for two initial conductance states (Gi = 
3.7 µS and Gi = 37 µS). The insets illustrate the shape, width, and amplitude of the pre- and postsynaptic voltage pulses in the STDP measurements. 
Prespikes and postspikes are applied to the Au top electrode and Nb-doped SrTiO3 bottom electrode of the FTJ memristor and their duration is 10 ms. 
The solid lines are (a,b) exponential and (c,d) Gaussian fits to the experimental data.
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2.4. Data Encoding, Retention, and Retrieval

In memristors, intermediate resistance levels tend to degrade 
quicker than saturated states,[14] causing errors in the retrieval of 
encoded data over time. We tested the retention behavior of our 
FTJ memristors by initializing different resistances and moni-
toring their evolution for 10 min at a small read-out voltage of 
Vm = 0.1 V. An example is shown in Figure 7a. In this experiment, 
we first saturated the junction to the LRS and we subsequently 
applied a set of five identical voltage pulses to write intermediate 
resistance levels. To demonstrate data encoding and retrieval, we 
assign binary codes 00, 01, 10, and 11 to resistance values falling 
within the same order of magnitude, as indicated in Figure 7a.

As an hypothetical example, we encode the year 2018. In 
8-bit ASCII code, this number is written as “0000 0010” “0000 
0000” “0000 0001” “0000 1000”. Because of sufficient reten-
tion, all resistance states remain within the limits of their 
assigned range during the entire measurement. Consequently, 
the year 2018 is retrieved correctly. If we operate the FTJ mem-
ristor in the reverse direction, i.e., by first setting the HRS 
and then accessing intermediate resistance levels using appro-
priate pulse trains, the retention worsens (Figure 7b). Because 
of this, the encoded year 2018 is falsely read out as 1004. The 
dependence of retention performance on the selected initiali-
zation route is explained by asymmetric polarization reversal 
in the P(VDF-TrFE) tunnel barrier, causing much more abrupt 

switching from the high- to the low-resistance level than vice 
versa (Figure 2b). Intermediate resistance states are more 
stable if longer pulse trains impose a transition to LTP or LTD 
behavior. Figure 7c, which shows retention data for resistance 
states that were set by 25 instead of 5 voltage pulses, illustrates 
this effect. Now, the resistance levels are more durable and the 
year 2018 is retrieved correctly at the end of the measurement.

Besides retention behavior, changes of electronic transport 
properties upon repeated cycling and memristor-to-memristor 
variations do also affect the performance of artificial neural net-
works. Repeated cycling of the voltage pulse amplitude in the 
range ±5 V for 30 consecutive cycles (Figure S3a, Supporting 
Information) or switching between HRS and LRS and two inter-
mediate resistance levels for 500 times (Figure S3b, Supporting 
Information), do not lead to any fatigue or degradation of the 
organic FTJ memristor. Additionally, measurements on 20 FTJs 
of the same sample consistently show large resistance switching 
effects of 105–106%. Device-to-device variations in the resistance 
levels and required voltages for ferroelectric switching are also 
small (Figure S3c,d, Supporting Information).

2.5. Switching Speed and Energy Efficiency

The brain uses an energy of the order of picojoules per synaptic 
activity and operates on a millisecond timescale.[46] Most 
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Figure 7. Data encoding, retention, and retrieval. a) Retention of various FTJ resistance states that are written by first saturating the junction to the 
LRS using five pulses of +5 V and then applying five negative voltage pulses. The resistance is monitored for 10 min at Vm = 0.1 V. b,c) Similar experi-
ments for resistance states that are set by first saturating the junction to the HRS and then applying (b) 5 or (c) 25 consecutive positive voltage pulses.  
d–f) Illustration of the pulse trains used in (a)–(c). The duration of the pulses is 100 ms. As an example of data encoding and retrieval, we assign 
binary codes to different resistance ranges. The year 2018 is correctly read out in (a) and (c).
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memristors require writing voltages that are large compared to 
neuronal action potentials. To emulate the energy efficiency of the 
brain, one must either speed up the switching dynamics of mem-
ristors or limit their current flow. With respect to the latter, FTJs 
offer attractive design options because their tunneling current can 
be scaled down by an increase of barrier thickness or a reduction 
of junction size. The operation speed of FTJs is more of an open 
question, especially for the ferroelectric P(VDF-TrFE) copolymer 
that we use in our junctions. Neuromorphic computing road-
maps indicate that existing CMOS, ferroelectric random access 
memory (FeRAM), dynamic random access memory (DRAM), 
and magnetic random access memory (MRAM) technologies 
with subnanosecond operation speeds hold an advantage over 
devices based on organic molecules, polymers, or carbon nano-
tubes.[47] Recently, polymeric artificial synapses using energies in 
the picojoule range were realized by a reduction of the writing 
voltage and device current.[17,18] These devices operate at micro- 
or millisecond timescales. Low-power synaptic operations have 
also been demonstrated for vertical structures comprising two 
metal electrodes and a hexagonal boron nitride multilayer.[48]

To assess the operation speed of our organic FTJ memristors, 
we systematically reduced the duration of the voltage pulses. 
The results shown in Figure 8a demonstrate that large resist-
ance switching effects of about 105% persist down to a pulse 
width of only 20 ns, the limit of our measurement setup. Nearly 
full polarization reversal in the P(VDF-TrFE) tunnel barrier and 
resulting resistance changes are therefore fast. We explain the 
high operation speed of our FTJ memristor by a clear distinction 
of material functions. Besides providing a potential barrier for 

quantum mechanical tunneling, the P(VDF-TrFE) layer offers 
stable ferroelectric polarization. Switching of the spontaneous 
polarization in this ferroelectric copolymer can be swift, on the 
order of nanoseconds at an electric field of 1 GV m−1 (corre-
sponding to Vp = 3 V in our experiments),[49] and, hence, it does 
not severely limit the operation speed of the FTJ memristor. The 
electrostatic response to polarization reversal in the tunnel bar-
rier ensues in the metal and semiconductor electrodes. Charge 
accumulation and depletion in the Nb-doped SrTiO3 substrate 
and Au layer are also fast. Consequently, we readily attain large 
nonvolatile resistance switching effects on a timescale of 20 ns. 
Importantly, our organic FTJ memristor does not rely on charge 
transport in a conducting polymer nor ion migration, effects 
that limit the operation speed of other memristor structures.

To illustrate proper emulation of synaptic functions on nano-
second timescales, we repeated measurements on potentia-
tion and STDP. Figure 8b,c shows that a transition from LTP 
to STP is again attained if the interval between consecutive 
voltage pulses is increased from 3 to 153 s. Results obtained 
for 20 ns pulses (Figure 8b,c) are similar to those obtained for 
100 ms pulses (Figure 4a,c). To attain nearly identical potentia-
tion behavior during fast pulsing, we had to increase the pulse 
amplitude to 5 V (from 2 and 3 V at 100 ms). This is in line 
with the dynamics of polarization reversal in the P(VDF-TrFE) 
tunnel barrier, requiring stronger voltage pulses on shorter 
timescales (Figure 8a).[49] Asymmetric STDP reproducing Heb-
bian learning (Figure 8d) and anti-Hebbian learning (Figure 8e) 
are also realized using nanosecond voltage pulses. Similar 
measurements for symmetric STDP are shown in Figure S4 in 
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Figure 8. Ultrafast operation. a) Resistance switching curves of an organic FTJ memristor for voltage pulses with durations varying from 100 ms down 
to 20 ns. b,c) Emulation of LTP and STP behavior with 20 ns voltage pulses. The amplitude of the pulses is +5 V. In (b) and (c), the time interval 
between pulses is 3 and 153 s, respectively. d,e) Asymmetric STDP demonstrating Hebbian and anti-Hebbian learning for two initial conductance 
states (Gi = 3.7 µS and Gi = 37 µS). The duration of the prespike and postspike pulses is 100 ns. f) Measurement illustrating the onset of depression 
and potentiation for 20 ns voltage pulses.
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the Supporting Information. These results closely mimic the 
transport data of Figure 4, despite a reduction of the experi-
mental timescale by five orders of magnitude.

Finally, we estimate the energy consumption of our FTJ 
memristors. As starting point, we initialized an intermediate 
resistance state and recorded the threshold voltage for potentia-
tion (VPot) and depression (VDep) using 20 ns pulses (Figure 8f). 
We find VPot ≈ −VDep ≈ 2.5 V. We note that the resistance 
values in Figure 8f are measured at Vm = 0.1 V and, thus, are 
not representative for the tunneling current in the junction 
during writing. We separately measured the device current 
at the onset of potentiation and depression by applying 20 ns 
pulses of ±2.5 V to the FTJ and recorded the tunneling current 
using an oscilloscope. As results, we obtained IPot ≈21.4 µA and 
IDep ≈3.4 µA. These parameters indicate that potentiation and 
depression of the FTJ memristor require an energy of 1.1 pJ 
and 170 fJ, respectively. While this is already comparable to 
the synaptic energy usage in the brain,[46] energy consumption 
may be reduced further by even faster operation or a reduction 
of the junction size. If we assume that the tunneling current  
scales linearly with junction area, we estimate an energy 
consumption of 1.2 × 10−17 J µm−2 (potentiation) and 1.9 ×  
10−18 J µm−2 (depression). These values compare favorably to 
other energy-efficient vertical memristor junctions based on 
organic films (<10 pJ for 103 µm2)[17] and, in terms of power 
usage, are similar to those of memristors with a hexagonal 
boron nitride multilayer (2.4 × 10−11 W µm−2).[48]

3. Conclusions

We have demonstrated emulation of key synaptic function 
using FTJ memristors with a spin-coated 3 nm thick ferroelec-
tric P(VDF-TrFE) copolymer tunnel barrier. The memristors 
exhibit analog switching behavior over a five-order-of-magni-
tude range and reproducible mimicking of LTP/STP, LTD/STD, 
and STDP on timescales that compare to those of the brain 
(milliseconds) all the way down to nanoseconds. Together with 
good retention behavior, the large range of accessible conduct-
ance states and time invariance provide large versatility in the 
design of artificial neural networks. Besides, fast operation of 
organic FTJ memristors opens a solid path toward the realiza-
tion of ultra-energy-efficient electronic synapses.

4. Experimental Section
Sample Preparation: The FTJ memristors were prepared by spin-coating 

P(VDF-TrFE) thin films onto Nb-doped SrTiO3 substrates with a Nb 
concentration of 1 wt% (Crystal GmbH). For spin-coating, P(VDF-TrFE) 
solutions were prepared by dissolving 70:30 copolymer powder from 
Piezotech in methyl ethyl ketone (MEK). The solution was spin coated at 
4000 rpm for 1 min on cleaned Nb-doped SrTiO3 substrates. After this, 
the films were annealed in air at 135–150 °C for 2 h. This process resulted 
in 3 nm thick P(VDF-TrFE) ferroelectric films. Finally, electron-beam 
evaporation was used to grow 20 nm Au/80 nm Al top electrodes through 
a metal shadow mask. The size of the top electrodes was 300 × 300 µm2.

Sample Characterization: The morphology and ferroelectric properties 
of the P(VDF-TrFE) thin films were measured using a scanning probe 
microscopy system (Bruker Dimension 5000). The thickness of the 
P(VDF-TrFE) films was calibrated by performing atomic force microscope 

(AFM) measurements on prepared step edges. For piezo-force 
microscope (PFM) measurements, an ac voltage with an amplitude of 1 V 
was superimposed onto the dc bias voltage. The voltages were applied 
to the cantilever tip while the bottom electrode was grounded. The PFM 
system was operated near a resonance frequency of 350 kHz. PFM images 
were recorded after writing ferroelectric domains using ± 5 and ±2 V.

Electrical Transport Measurements: Transport measurements on the FTJ 
memristors were performed at room temperature. A probe station was 
used to contact the bottom and top electrodes (two-point measurement 
geometry) to a Keithley 2400 sourcemeter. Pulses of varying width and 
shape were applied to the junctions using an arbitrary function generator 
(Tektronix AFG 1062). In all measurements, except STDP, the bottom 
electrode was grounded and voltage pulses were applied to the metal top 
contact. STDP data points were recorded separately by first setting the 
device conductance Gi and then applying pre- and postsynaptic voltage 
pulses with varying delay time Δt. For each delay time, the measurement 
was repeated 10 times and the results were averaged. For PPF and PPD 
measurements, a Keithley 4200 semiconductor analyzer was used.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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