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In the post-Moore era, neuromorphic computing has been mainly focused on breaking the von Neumann bottlenecks.
Menmristors have been proposed as a key part of neuromorphic computing architectures, and can be used to emulate the
synaptic plasticities of the human brain. Ferroelectric memristors represent a breakthrough for memristive devices on
account of their reliable nonvolatile storage, low write/read latency and tunable conductive states. However, among the
reported ferroelectric memristors, the mechanisms of resistive switching are still under debate. In addition, there needs to
be more research on emulation of the brain synapses using ferroelectric memristors. Herein, Cu/PbZr 5, Tig 4803 (PZT)/Pt
ferroelectric memristors have been fabricated. The devices are able to realize the transformation from threshold switching
behavior to resistive switching behavior. The synaptic plasticities, including excitatory post-synaptic current, paired-pulse
facilitation, paired-pulse depression and spike time-dependent plasticity, have been mimicked by the PZT devices. Further-
more, the mechanisms of PZT devices have been investigated by first-principles calculations based on the interface barrier
and conductive filament models. This work may contribute to the application of ferroelectric memristors in neuromorphic

computing systems.

Keywords: brain-inspired computing, ferroelectric memristors, mechanisms, resistive-switching

PACS: 85.35.—p, 87.19.1v

1. Introduction

The development of artificial intelligence is currently hin-
dered by the bottlenecks of traditional von Neumann comput-
ing systems. The human brain, which can perform parallel
operation and realize computing-in-memory, provides a solu-
tion to break the von Neumann bottlenecks.!'=3! Memristive
devices feature continuously tunable conductive states, spe-
cific structures similar to the synapses in human brain, as well
as excellent performance in emulating various synaptic plas-
ticities. As a result, they are being explored to improve the
power consumption, integration and efficiency of neuromor-
phic computing systems. 410!

Recently, ferroelectric memristors have attracted huge at-
tention for realizing non-volatile storage due to their great en-
durance, stable conductive states, fast switching speed and
enormous application potential in microelectronics.!!1~18] The
polarization of ferroelectric tunnel junctions (FTJs) promotes
charge accumulation and FTJs can be modified by variation of
the interface barrier,['®! which will enhance the performance
of memristive devices. Nevertheless, applications of ferroelec-
tric memristive devices in artificial synapses have been rarely
explored. In addition, the specific mechanisms of memristors
with FTJs have not been fully clarified.!'”-!8! Therefore, the
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emulation of various synaptic functions and conductive mech-
anisms of ferroelectric memristors need to be investigated in
detail.

Herein, Cu/PbZr( 5, Tip.4803 (PZT)/Pt memristors have
been fabricated by the traditional process for fabricating semi-
conductor devices. Physical characterizations of the PZT de-
vices have been done using atomic force microscopy (AFM),
scanning electron microscopy (SEM) and piezo-response
force microscopy (PFM). During the electrical measurements,
the transition from unipolar threshold-switching behavior to
bipolar resistive-switching behavior (Rogr/Ron 10*, switching
voltage 3.5 V) can be observed by the modulation of the ex-
ternal signals. The switching mechanisms of the PZT de-
vices based on interface barrier and conductive filament mod-
els have been studied in detail. Moreover, upon the stimulation
of continuous pulses of voltage, some biological phenomena
have been mimicked.!'*>>! Therefore, this work may create
more opportunities for the application of ferroelectric mem-
ristors in neuromorphic computing systems.

2. Devices and experiments

The structure of the PZT devices is schematically shown
in Fig. 1(a). First, a p-type Si wafer was cleaned and used
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as the substrate. Next, 100 nm Pt was deposited onto the
substrate as the bottom electrode by physical vapor deposi-
tion (PVD). Finally, 40 nm PZT and 80 nm Cu with a shadow
mask, as the ferroelectric film and top electrode, respectively,
were successively grown on the Pt layer in the same way. The
surface roughness of obtained PZT layer was investigated by
AFM (Dimension Icon). The sectional structure of Cu/PZT/Pt
memristors was observed by SEM (Hitachi S-4800). More-
over, the ferroelectric properties of PZT film were analyzed by
PFM. To investigate the electrical properties of the PZT ferro-
electric memristors, a bidirectional scan voltage was applied
to the devices (Keithley 4200A SCS Semiconductor Analyzer
and Cascade Micromesh M150).

100t (d)
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—100

-10 -5 0 5 10
Voltage (V)
Fig. 1. Physical characterizations of the PZT devices. (a) The structural rep-

resentation of PZT devices. The SEM (b) and AFM picture (c) of sectional
structure. (d) The phase hysteresis curve of the PZT film measured by PFM.

3. Results and discussion
3.1. The physical characterizations

In order to analyze the stability and large-area uniformity
of the PZT memristors, the sectional structure was observed
by SEM. As shown in Fig. 1(b), the interfaces between each
layer were clearly distinguished by white lines (the scale bar
is 300 nm). In addition, AFM was performed on the PZT film.
The AFM images of the PZT film with a scanning area of
3.6 um x 3.1 pm and a height range of —2.8 nm to 2.6 nm are
shown in Fig. 1(c). The root-mean-square (RMS) roughness
of the film is 0.77 nm. It can be observed from the right panel
that there are no obvious large dark or light patches. Therefore,
the results indicate a smooth surface of the PZT film in a di-
rection perpendicular to the substrate. In addition, the images

of the PFM phase measured by the voltage sweep (—10 V to
410 V) are presented in Fig. 1(d). The 180° phase difference
suggests that the PZT ferroelectric film exhibits two opposite
polarization states during the voltage sweep.

3.2. The switching characteristics

In this work, successive direct current (DC) voltage
sweeps with increasing current compliances (from 5 x 107> A
to 5 x 107 A) were applied to the devices. Interestingly, by
precise regulation of the current compliances and the ranges
of the voltage sweep, the devices can realize the transition
of switching characteristics from threshold switching (TS) to
resistance switching (RS). The results of the first four volt-
age sweeps are presented in Fig. 2(a). It can be seen that the
devices exhibit TS characteristics at comparatively small cur-
rent compliances (5 X 1075 A and 1 x 10~* A). Meanwhile,
the devices exhibit RS characteristics at a comparatively large
current compliance (5 X 10~* A), which can be inferred from
Fig. 2(b). The transition of switching characteristics can be ex-
plained using the conductive filaments model. Larger ranges
of voltage sweep and current compliances will result in big-
ger conductive filaments. The realization of tuning the devices
from volatile storage to nonvolatile storage may offer more
possibilities for applications.

The typical current—voltage curve of PZT devices is pre-
sented in Fig. 2(c). During the positive voltage sweep, a rapid
increase in current occurred at approximately 3.5 V, corre-
sponding to the ‘SET’ process. During the negative voltage
sweeps, the ‘RESET’ process can be also observed at —3.5 V.
The data from the retention test at high- and low-resistance
states (HRS and LRS) are displayed in Fig. 2(d), read at
0.02 V. It can be observed that the switching ratio Rgt/Rop is
approximately 10*. There is no noticeable change in the two
resistance states in 4000 s. In order to evaluate the repeatabil-
ity of the Cu/PZT/Pt devices, consecutive DC voltage sweeps
were applied to the devices. The cumulative distribution of
Ron and Ry for 50 cycles is shown in Fig. 2(e). The HRS
and LRS can be easily distinguished from the window and the
conformity of each state is at an acceptable level. As a result,
the devices exhibit repeatable bipolar switching characteristics
with a high switching ratio of 10%, a low operating voltage of
+3.5 V and a long retention time of over 4000 s.

3.3. The simulation of synaptic behaviors

The bipolar analogous characteristics of the PZT devices
were further investigated. As shown in Figs. 3(a) and 3(b),
the response current increases regularly under positive voltage
scans. Similarly, the response current decreases continuously
under successive negative voltage scans. These results confirm
that the devices exhibit excellent analogous switching charac-
teristics under both positive and negative voltage sweeps.>’]
This will make it possible to mimic synaptic behaviors using
these ferroelectric memristors.
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Fig. 2. Electrical characteristics of PZT memristors. The transition from volatile storage (a) to nonvolatile storage (b) by changing the ranges
of voltage sweep and current compliances. The ranges of voltage sweep and current compliances have been indicated. (c) The bipolar resistive-
switching characteristics. (d) The memory retention test, read at 0.02 V. (e) The cumulative probability of high resistance states and low resistance

states (extracted at 0.1 V) of Cu/PZT/Pt memristors.

A schematic diagram of the functions of neurons in the
human brain is displayed in Fig. 3(c). A biological synapse is
the key part where two neurons contact each other by trans-
ferring neurotransmitters. Under external stimulation, action
potentials from a neuron can be sent to the next neuron(s)
via synapses and produce an excitatory post-synaptic current
(EPSC).[20-281 A5 shown in Fig. 3(c), a single voltage pulse
(4 V, 200 ms) was imposed on the memristors to mimic this
phenomenon. The pulse reached at 450 ms. The post-synaptic
current increases rapidly at the same time as the pulse arrives
and gradually decays when the pulse is removed, as demon-
strated in Fig. 3(c). The variation in conductance is attributed
to the formation of conductive filaments in the PZT film. The
final value of the response current is larger than that of the
initial state, indicating that the generated conductive filaments
made of oxygen vacancies do not disappear immediately.

With respect to neuroscience, synaptic plasticity means
that the connections between neurons can be adjusted. Paired-
pulse facilitation (PPF) and paired-pulse depression (PPD) are
typical short-term plasticity processes, which can be simulated
using the PZT memristors. The responses of the memristors to
two consecutive positive pulses (3 V, 20 ms) are presented in
the inset of Fig. 3(d). The conductance of devices increases
when the second pulse arrives, showing that the devices are
more sensitive to the second pulse.?>3!) Moreover, the PPF
index is related to the inter-spike interval, which is displayed
in Fig. 3(d). The functional relationship is as follows:

y =0.9810 x exp(—Ar/36.63) +0.1679. (1)

Thus, the PPF-related short-term synaptic plasticity has been
simulated using PZT ferroelectric memristors.

In a biological synapse, the variation from potentiation to
depression of the synapse can be caused by the application
of continuous spikes with the same interval. This synaptic
function can be demonstrated using the PZT memristors. In
Fig. 3(e), under a train of pulses (3 V, 20 ms) with intervals
of 100 ms, the response current rises constantly and reaches a
saturation state. The current gradually decays after 130 pulses,
revealing that the transition from PPF to PPD behavior has oc-
curred. The PPF behavior was induced by the movement of
oxygen vacancies. However, when the current saturates at a
high level, the back-diffusion of oxygen vacancies induced by
a higher concentration gradient is inevitable. The conductive
filaments are not stable, causing the decrease in current.

The spike timing-dependent plasticity (STDP) rule is a
vital supplement to the Hebbian learning rule, revealing that
the connection between neurons can be modified according to
the sequence of pre- and post-neuron spikes.*?) In order to
implement the STDP function, a pulse pair was applied to the
PZT devices. The pulse protocol and results are demonstrated
in Fig. 3(f). Here, At refers to the time interval between two
pulses

At = tpost - tpre; (2)
and AW is the rate of change of conductance
AW = (G2 —G1)/Gr, 3

where G; and G, are the conductances measured before and
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after the application of pulses, respectively. It can be ob-
served that if pre-neuron pulse precedes the post-neuron pulse
(At > 0), the connection between neurons will be enhanced

(AW > 0). When the order of pulses is reversed (At < 0),
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the conductance decreases (AW < 0), corresponding to a de-
pressed connection between neurons. These results have
demonstrated that the STDP learning rule has been mimicked

using the PZT devices. 33
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Fig. 3. The emulation of synaptic plasticities by PZT memristors. (a) The analogy behaviors under positive voltage sweeps. (b) The analogy
behaviors under negative voltage sweeps. (c¢) EPSC responses under a pulse signal (4 V, 200 ms). The inset displays the functions of neurons and
synapses of human brain. (d) The fitting map of relationship between PPF index and pulse interval. The PPF index is calculated as (i, —1;) /Iy, in
which I, and I; are the peak values of the second and first post-synaptic current responses. (e) The inflection from PPF behavior to PPD behavior.

(f) The presentation of pulse protocol and simulation of STDP function.

3.4. The conductive mechanisms

To better understand the switching process of the PZT
memristors, first-principles calculations were performed to in-
vestigate the conductive mechanisms of the devices. First, the
PbTiO; crystal structure with the number 236933 and space
group P4mm was selected from the Inorganic Crystal Structure
Database. After optimization, the parameters of the unit cell

were a = 4.01 A, b =4.01 A, ¢ =4.20 A and the optimized
structure was expanded to 3 x 3 x 3. The structure obtained
consisted of 27 Ti atoms, 14 of which were replaced with Zr
atoms. The one with the lowest energy from the 10 crystal
structures was chosen and the cleaved (100) surface was op-
timized. The dipole moment was eliminated by balancing the

interfaces on both sides of the vacuum layer. Based on the final
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structure, the work function of PZT was calculated as 4.52 eV.
Additionally, in order to work out the migration barrier of Cu
ions and oxygen vacancies in the PZT layer, the two structures
were doped with Cu atoms and oxygen vacancies, respectively.
The structures were optimized and five points were analyzed
between the initial and final states (Figs. 4(a) and 4(b)). Fi-
nally, the migration barrier of oxygen (0.44357 eV) is far less
than that of Cu atoms (1.651064 eV), indicating that it is eas-
ier for oxygen vacancies to migrate in the PZT layer than Cu
ions. As a result, the migration of Cu ions was ignored in the

following.

(a)
® Pb

v %
[ XO)
e Cu

()

Ep(cu)

o: Oxygen vacancies

Fig. 4. The internal mechanisms of PZT devices based on first-principles cal-
culation. The Cu-doped (a) and oxygen vacancies-doped (b) PZT structure
for calculation of migration barrier. The initial and final state of migration
have been indicated. The variation of interface barrier and migration of oxy-
gen vacancies under different voltage bias, including the HRS (c) and LRS
(d). The polarization states have been indicated by the blue arrows.

Schematic diagrams of possible conductive mechanisms
of the Cu/PZT/Pt devices are shown in Fig. 4. The external
voltages were applied to the Cu layer. Since the work function
of Cu (4.65 eV) is larger than that of n-type PZT (4.52 eV),®]
there is a barrier at the interface of the Cu and PZT and posi-
tive charges in the depletion layer, indicating the initial state of
the FTJ (V = 0).!'213] Several oxygen vacancies already exist
in the PZT film. Upon a positive voltage bias (V > 0), the Cu
layer is oxidized to CuO, and more oxygen vacancies appear
in the PZT layer.3®) Meanwhile, the polarization is pointing
to the Pt layer and the negatively polarized charges tend to

r, 1371 leading to

suppress the interface barrier of the PZT laye
the transport of electrons from the PZT layer to the Cu layer.
As a result, the connection of conductive filaments made of
oxygen vacancies and suppression of the interface barrier both
contribute to state switching. On the contrary, under a neg-
ative bias, the interface barrier of the PZT layer may be en-
hanced by the positively polarized charges. The disruption of
conductive filaments is induced by the migration of the oxy-
gen vacancies in the opposite direction. Thus, the devices are
switched to HRS.[38! Therefore, the excellent performances of
the devices can be explained. The migration of oxygen vacan-
cies and the variation of interface barriers both contribute to
the state switching of PZT memristors.

4. Conclusion and perspectives

In summary, ferroelectric memristors based on PZT tun-
nel junctions have been manufactured. The hysteresis curves
were measured by the Cu/PZT/Pt devices. The transition from
threshold-switching behavior to resistive-switching behavior
has been observed. Furthermore, the conduction mechanisms
based on the interface barrier and oxygen vacancies of the PZT
devices have been researched in detail. Additionally, under
continuous voltage pulses, the memristors are able to simulate
biological synaptic responses, including analogous behaviors
and synaptic plasticities. This work may contribute to the de-
velopments of future neuromorphic computing.
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