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ABSTRACT: Selectively activated inorganic synaptic devices, showing a high
on/off ratio, ultrasmall dimensions, low power consumption, and short
programming time, are required to emulate the functions of high-capacity and
energy-efficient reconfigurable human neural systems combining information
storage and processing (Li et al. Sci. Rep. 2014, 4, 4096). Here, we
demonstrate that such a synaptic device is realized using a Ag/
PbZr0.52Ti0.48O3 (PZT)/La0.8Sr0.2MnO3 (LSMO) ferroelectric tunnel junc-
tion (FTJ) with ultrathin PZT (thickness of ∼4 nm). Ag ion migration
through the very thin FTJ enables a large on/off ratio (107) and low energy
consumption (potentiation energy consumption = ∼22 aJ and depression
energy consumption = ∼2.5 pJ). In addition, the simple alignment of the
downward polarization in PZT selectively activates the synaptic plasticity of
the FTJ and the transition from short-term plasticity to long-term
potentiation.
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Synapses play the key role in neuromorphic computing by
varying the connection weight between two neurons, the

so-called synaptic plasticity.1−3 Neuroplasticity underlying the
brain ability to memorize can be categorized into short-term
plasticity (STP) and long-term potentiation (LTP), which are
respectively achieved through temporal and permanent
enhancement of a synaptic connection.4 The memristor with
a gradually modified conductance is applicable to emulating
neuromorphic computing conducted using biological syanp-
ses.5−9 Low energy consumption and ultrasmall dimension are
required for a synaptic memristor device because an enormous
number of 1015 synapses in human brain only consume ∼10 W
per synaptic event with duration of ∼100 ms.2 Furthermore, the
synaptic plasticity in neurons can be dynamically modulated by
astrocyte, which might reconfigure circuits between neu-
rons.10−13

A two-terminal ferroelectric tunnel junction (FTJ), where
gradual conductance modulation is accompanied by change in
the ferroelectric domain configuration, is considered as a
synaptic device with low energy consumption.2,14−18 However,
the transition between STP and LTP due to stimulation has not
been reported in FTJ-based synaptic devices. In addition, the
on/off ratio of an FTJ is much smaller than that of a
conventional resistive switching device, such as a conductive-
bridge memory device.19,20

A conductive-bridge memory device, where a conductive
bridge can be repeatedly formed and broken by fast diffusion
and migration of cations,19−21 mimics the biological potentia-
tion and depression of the synapse.4,6,21−25 However, a
conductive-bridge memory-based synaptic device has not
shown selective activation of synaptic behavior without the
aid of an external selection device. Because ferroelectric
polarization generates an internal electric field, the reversal of
ferroelectric polarization can provide a simple way to change in
cation migration inside FTJ. Therefore, combining the reversal
of nonvolatile ferroelectric polarization and fast migration of
cations can facilitate selection, memory, and learning functions
in a single device leading to implementation of a selectively
activated inorganic synaptic device with a high on/off ratio,
ultrasmall dimension, low power consumption, and short
programming time.
Here, we report a new single synaptic Ag/PbZr0.52Ti0.48O3

(PZT)/La0.8Sr0.2MnO3 (LSMO) device whose ultrathin ferro-
electric PZT layer (∼4 nm) serves as a selective electrolyte for
cation migration. It reveals a large on/off ratio (107) and low
energy consumption (potentiation energy consumption = ∼22
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aJ and depression energy consumption = ∼2.5 pJ) ascribed to
modulation of the tunneling barrier width by Ag ion migration
through the ultrathin FTJ, which is driven by both external
voltage and polarization bound charges. It also shows synaptic
plasticity and transition from STP to LTP, which is selectively
activated by bound charges near the Ag/PZT interface:
negative and positive bound charges near the Ag/PZT interface
activate and inactivate synaptic potentiation, respectively.
Therefore, our Ag/PZT/LSMO structure offers an energy-
efficient, ultrasmall, and wide-range operating single synaptic
device whose activation is controlled by the polarization
direction selectively and randomly.
Figure 1a and b shows the out-of-plane piezoresponse force

microscopy (PFM) phase and the amplitude images,

respectively, of a PZT/LSMO heterostructure grown on a
SrTiO3 (STO) substrate. Before obtaining the images, an
external voltage of 2.1 V was applied to a square of 3 × 3 μm2,
and then −2.1 V was applied to a square of 1.5 × 1.5 μm2 inside
it using a conductive atomic force microscopy (AFM) tip. The
PFM phase image reveals dark and bright contrasts in the outer
(3 × 3 μm2) and inner (1.5 × 1.5 μm2) squares, respectively,
indicating that the two squares have opposite ferroelectric
polarization directions. Similar contrasts of the two squares
observed in the PFM amplitude image indicate that the two
squares have nearly equal amplitudes of polarization. However,
the applied voltage does not induce a change in the surface
morphology, as shown in the AFM topography image (Figure
1c) obtained after applying the external voltage. The terrace-

Figure 1. Local ferroelectric and structural properties of an ultrathin PZT film on LSMO/STO. (a−c) PFM out-of-plane phase (a), PFM out-of-
plane amplitude (b), and AFM topography (c) images obtained on a PZT/LSMO/STO heterostructure with an ultrathin PZT layer (∼4 nm) after
applying an external voltage of 2.1 V to a square of 3 × 3 μm2 and then −2.1 V to a square of 1.5 × 1.5 μm2 inside it. (d and e) Hysteretic behaviors
of the PFM phase (d) and amplitude (e) signals measured on a Pt/PZT/LSMO heterostructure with 0.6 × 0.6 μm2 area as functions of applied bias.
(f) Cross-sectional HR-TEM image of the PZT/LSMO/STO heterostructure.

Figure 2. Resistive switching behavior depending on the top electrode material. (a−d) Typical bipolar resistive switching curves of top electrode
(TE)/PZT/LSMO FTJs where TE is Ag (a), Cu (b), Pt (c), or Au (d). (e and f) Schematic illustrations of cation migration and resulting
electrochemical reaction in a FTJ at low (e) and high (f) resistance states.
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like structures in the AFM topography image are typical
features of epitaxial films grown in the layer-by-layer mode,
which conform to their substrates. We also investigated the
local out-of-plane ferroelectric characteristics of our PZT film
by measuring hysteretic behaviors of the PFM phase and the
amplitude at a specific point on a Pt/PZT/LSMO hetero-
structure, as shown in Figure 1d and e. The top Pt electrode
with 0.6 × 0.6 μm2 area was used to reduce contact resistance
between a conductive AFM tip and the heterostructure.
Coercive voltages of −0.5 and 0.6 V are determined from the
minima of the amplitude loop, which are in accord with the
voltages where sudden changes in the phase loop occur. The
ferroelectricity of the PZT film is verified by the local hysteretic
behaviors in Figure 1d and e as well as PFM images (Figure 1a
and b) showing the areas with opposite polarization directions
controlled by the external voltage. We probed crystallinity and
epitaxial growth of our PZT/LSMO heterostructure using a
high-resolution transmission electron microscopy (HR-TEM)
cross-section image (Figure 1f). The epitaxial growth of both
PZT and LSMO films is demonstrated by the well-aligned
lattices in the HR-TEM image. The thickness of the PZT film is
estimated to be approximately 4 nm from the image.
In order to measure resistive switching behavior, we

fabricated Ag top electrodes on the PZT/LSMO hetero-
structure. The Ag/PZT/LSMO device exhibits a bipolar
resistive switching behavior in the current−voltage (I−V)
curve, where set (from off to on) and reset (from on to off)
switchings respectively occur at positive and negative voltages
(Figure 2a). It shows a remarkably higher on/off ratio (107)
than those (104−105) of recently reported FTJs at room
temperature,15,26 which may be caused by Ag ion migration
through the very thin PZT layer with ferroelectric polarization.
If a positive bias is applied to an Ag top electrode,

ferroelectric polarization underneath it tends to be directed
downward, and negative bound charges move to the Ag/PZT
top interface (Figure 2e).26 Owing to the electric field caused
by both external positive bias applied to the top Ag electrode
and negative bound charges accumulated at the Ag/PZT
interface, the positive Ag ions, originating from the oxidation of
Ag anode, can be collected near the Ag/PZT interface. Then
the Ag ions can be reduced back to Ag atoms by free electrons
passing through the PZT layer because ionic conductivity is
very low in an oxide−electrolyte and the current through it
mainly consists of electron current.20,27,28 With the continu-
ation of the oxidation/reduction processes, the successive
accumulation of Ag atoms at the Ag/PZT interface leads to the
nucleation and extension of the Ag conducting filament at some
local region of the Ag electrode surface. However, the growth of
conducting filament is very slow down near the PZT/LSMO
interface because positive Ag ions are repelled by positive
bound charges from downward polarization. As a result, the
ferroelectric barrier width becomes thinner by the migrated Ag
ions leading to a higher tunneling transmittance and switching
to a low resistance on-state of the Ag/PZT/LSMO device.6,26

The I−V curves of our Ag/PZT/LSMO device in both on- and
off-states were well fitted using a direct tunneling function
(Supporting Information, Figure S3) while those of conductive-
bridge-based resistive switching respectively showed Ohmic29

(on-state) and tunneling30 (off-state) behaviors. We used the
current density J given by Gruverman et al.31 for a trapezoidal
potential barrier (Brinkman model)32 based on the Wentzel−
Kramers−Brillouin (WKB) approximation. From the fitting
results, we found that the tunneling barrier width was reduced

by 0.7 nm after set switching (Supporting Information, Figure
S3). This indicated that the migrated Ag ions of our Ag/PZT/
LSMO did not form a complete Ag conducting filament but
reduced the tunneling barrier width in on-state (Supporting
Information, Figure S3).
On the other hand, when a negative bias applied to the Ag

top electrode, the rupture of the Ag conducting filament takes
place due to a thermal-assistant electrochemical reaction
(Figure 2f).20,27,28 The front of the conducting filament has
the thinnest cross-sectional area and then the highest current
density leading to high temperature in there. Under the
negative voltage applied to the Ag top electrode, the oxidation
reaction at the front of the conducting filament will be
accelerated by high temperature resulting in the dissolution of
the conducting protrusion. Then, the tunneling barrier width
becomes thicker, and the device switches back to a high
resistance off-state. Because the off-state current passed not
through a confined Ag conducting filament but through the
whole area under the top electrode, it showed the dependence
on the electrode size33 (Supporting Information, Figure S5).
However, the on-state current did not depend on the electrode
size probably because positive Ag ion migration reduced the
tunneling barrier width inhomogeneously under the top
electrode. The contribution of Ag ion migration to conductance
was experimentally demonstrated by temperature-dependent
resistive switching behaviors (Supporting Information, Figure
S6). Both on- and off-state resistance versus temperature curves
were well-fitted by the Arrhenius equation. Furthermore, the
estimated activation energy for Ag ion migration significantly
decreased after ferroelectric polarization in the PZT was aligned
to downward direction.
For comparison, we also fabricated Cu/PZT/LSMO, Pt/

PZT/LSMO, and Au/PZT/LSMO devices where Cu ions are
fast diffusive ions while Pt and Au ions are not. The Cu/PZT/
LSMO device (Figure 2b) reveals similar bipolar behavior to
that of the Ag/PZT/LSMO indicating that migration of
positive Cu ions modulates the width of the tunneling barrier.
The off-state current of the Cu/PZT/LSMO device is higher
than that of the Ag/PZT/LSMO implying that the barrier
height at Cu/PZT is smaller than that at Ag/PZT. In contrast,
the on-state current of the Cu/PZT/LSMO device is similar to
that of the Ag/PZT/LSMO device. The on-state current is
determined when the growth rate of conducting filament is
balanced with its thermal-assisted rupture rate which strongly
depends on temperature increase by Joule heating. Therefore,
our data indicate that the Ag and Cu filaments have similar
resistance values leading to similar Joule heating effects.
However, the Pt/PZT/LSMO (Figure 2c) and Au/PZT/
LSMO (Figure 2d) devices exhibit opposite switching direction
to that of the Ag/PZT/LSMO, which cannot be explained by
migration of positive Pt and Au ions originating from the Pt
and Au top electrodes, respectively. The opposite switching
direction observed in Au/PZT/LSMO and Pt/PZT/LSMO can
be explained by polarization reversal and resulting modulation
of the PZT/LSMO interface: upward and downward ferro-
electric polarizations in the thin PZT film induce hole
accumulation (on-state) and depletion (off-state) at the PZT/
LSMO interface, respectively, where LSMO is a hole-doped
material.34 It seems that, for Ag/PZT/LSMO and Cu/PZT/
LSMO, the effect of Ag and Cu ion migration overwhelms the
effect of modulation at the PZT/LSMO interface. In addition,
the resistive switching voltages of Pt/PZT/LSMO and Au/
PZT/LSMO were similar to the coercive voltages of their PFM
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phase hysteresis loops (Supporting Information, Figure S7).
Therefore, we can expect that resistive switching of Pt/PZT/
LSMO and Au/PZT/LSMO originates from polarization
reversal-induced hole carrier density modulation at the PZT/
LSMO interface. An Ag/PZT/LSMO device, when negative
bias sweeping was performed before Ag ion migration was
triggered, also showed similar set switching originating from
polarization reversal-induced hole carrier density modulation at
the PZT/LSMO interface (Supporting Information, Figure S8).
However, after the successive positive sweeping was carried out,
additional set switching was observed, and the device showed
resistive switching induced by Ag ion migration (Supporting
Information, Figure S8).
According to the aforementioned mechanism, we expected

that gradual change in direct tunneling current of the Ag/PZT/
LSMO was enabled by barrier width control originating from
Ag ion migration. For potentiation, we applied five consecutive
stimulation positive pulses with a fixed amplitude (2.2 V) and
variable durations (100 ns, 500 ns, and 1.0 μs) after rendering
the device off using a negative pulse with an amplitude of −2.5
V and a duration of 1.0 ms (Figure 3a). A reading pulse with an
amplitude of 0.2 V and a duration of 10 ms was applied to
measure the current level just after applying each programming
voltage pulse. For depression, we applied five consecutive
stimulation negative pulses with a fixed amplitude (−2.5 V) and
variable durations (100 ns, 500 ns, and 1.0 μs) after rendering
the device on using a positive pulse with an amplitude of 2.2 V
and a duration of 1.0 ms (Figure 3b). Remarkably, both
potentiation and depression of our Ag/PZT/LSMO device can
be induced by extremely short stimulation pulses with a
duration of 100 ns. Such a short programming time may be

caused by Ag ion migration and electrochemical reaction
confined in a very short distance (<nm), which are enabled by
the combination of applied voltage and polarization bound
charges, near the Ag/PZT interface. Therefore, we achieve
considerably low programming energy (potentiation energy
consumption = ∼22 aJ and depression energy consumption =
∼2.5 pJ) by minimizing the programming time. These energies
are much lower than those (potentiation energy consumption =
0.1 pJ to 0.1 nJ and depression energy consumption = 0.1 nJ to
0.1 μJ) of previously reported conductive-bridge memory-based
synaptic devices,1,4,6,8,9,25 which showed longer programming
times and higher current levels than ours.
In order to explore the relationship between Ag ion

migration and ferroelectric polarization direction in the thin
PZT film, we compared potentiation behaviors at opposite
polarization directions. External voltages of 3.0 V and −3.0 V
were applied to the Ag electrode with 1.1 × 1.1 μm2 area for
achieving downward and upward polarizations in the thin PZT
film, respectively. For the case of downward polarization, we
applied successive 50 negative pulses with an amplitude of −0.3
V and a duration of 0.5 s to obtain an off-state without
polarization reversal in the Ag/PZT/LSMO capacitor (Sup-
porting Information, Figure 10). Afterward, we applied
consecutive stimulation positive pulses with (amplitude,
duration) of (0.35 V, 0.3 s) and (0.4 V, 0.3 s), respectively,
whose amplitudes are smaller than both coercive and set
voltages of PZT. As shown using the black triangle dots in
Figure 4a and b, the current levels are gradually increased by
both consecutive stimulation voltage pulses at the downward
polarization in the thin PZT film. In contrast, the red and green
triangle dots in Figure 4a and b reveal that such consecutive

Figure 3. Potentiation and depression of an Ag/PZT/LSMO FTJ. (a and b) Dependence of potentiation (a) and depression (b) on the duration
(100 ns, 500 ns, and 1.0 μs) of positive and negative pulses whose amplitudes were fixed at 2.2 V and −2.5 V, respectively.

Figure 4. Selectively activated synaptic plasticity of an Ag/PZT/LSMO FTJ. (a and b) Gradual modulation of the current passing through an Ag/
PZT/LSMO by consecutive positive pulses with 0.35 V amplitude and 0.3 s duration (a) and with 0.4 V amplitude and 0.3 s duration (b) at
downward and upward polarizations. (c) Dependence of the gradual current modulation on the pulse amplitude and duration at downward
polarization.
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stimulation voltage pulses cannot increase the current level of
the Ag/PZT/LSMO device at the upward polarization. This
indicates that Ag ion migration in the thin PZT film is strongly
affected by polarization bound charges at the interfaces.
Especially, a gradual increase in the current level at the
downward polarization closely resembles the learning effect in
human memory, such as a gradual increase in the synaptic
weight.35 In our selectively activated synaptic device, ferro-
electric polarization may provide an efficient means of
preventing crosstalk between adjacent devices and reconfigur-
ing neural circuits, which is known as the role of astrocyte in
neurons.10−13

The synaptic weight can be modified by the cooperation of
pre- and postsynaptic spikes, and the amount of variation relies
on an effective flux, which is determined by the spike
parameters, including the pulse amplitude, width, number,
and interval. Figure 4c shows the change in the current level of
an Ag/PZT/LSMO device with downward polarization, which
is caused by consecutive stimulation positive pulses having the
(amplitude, duration) of (0.3 V, 0.3 s), (0.35 V, 0.3 s), and (0.4
V, 0.3 s). During the measurement, the total pulse number and
pulse interval were fixed at 30 and 12 ms, respectively.
Consecutive stimulation induces slow and then sudden change
in the current level leading to a final stable one. In other words,

the learning effect is most pronounced early in the exponential
learning process, and the synaptic weight is reinforced and
saturated as the learning process continues, which is consistent
with biological phenomena.1 The applied pulse number, when
sudden change in current occurs, decreases as the pulse
amplitude increases. The finally obtained current level increases
with the pulse amplitude.
As shown in Figure 5a and b, we experimentally

demonstrated both volatile and nonvolatile current states in
our Ag/PZT/LSMO device to mimic STP and LTP of
biological synapse, respectively. For STP, we fixed the
amplitude at 2.5 V and the duration at 500 ns of the six
applied consecutive stimulation voltage pulses with a long
repetition interval of 1.0 s. The Ag/PZT/LSMO device does
not maintain a high current level and rapidly returns to a low
current value. During the LTP programming, we decreased the
pulse repetition interval to 0.15 s while the pulse amplitude and
duration were fixed at 2.5 V and 500 ns, respectively. A
particular transition to a gradually higher current level is
observed with frequently repeated stimulation of input
pulses.4,5,21 Contrary to previous reports, the transition from
STP to LTP of our Ag/PZT/LSMO was strongly affected by
the direction of ferroelectric polarization: it was only activated
at downward polarization of the PZT layer (Supporting

Figure 5. Synaptic plasticity and its stability in an Ag/PZT/LSMO FTJ. (a and b) STP (a) and LTP (b) in an Ag/PZT/LSMO FTJ, which were
induced by positive pulses (2.5 V amplitude and 100 ns duration) with intervals of 1.0 and 0.15 s, respectively. (c) Time evolution of the log-scale
current level during and after applying 10 stimulation pulses (2.5 V amplitude, 1.0 μs duration, and 0.15 s interval). The insets show enlarged voltage
and current profiles during applying 10 stimulation pulses. (d) Time evolution of the normalized current levels obtained after applying N stimulation
pulses (N = 5, 20, 40, and 50) with fixed amplitude (2.5 V), duration (1.0 μs), and interval (0.15 s). The bottom panels show the decay time
constant (τ) and the stable synaptic weight (I0) as functions of the stimulation pulse number, which were determined from the fitting of each curve
in the top panel.
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Information, Figure S11). We also applied 10 consecutive
stimulation voltage pulses with a longer duration of 1.0 μs to
our device, while their intervals and amplitudes were
maintained at 0.15 s and 2.5 V, respectively. As shown in
Figure 5c, a long-lived transition to a higher current level is
achieved after the last input pulse, which corresponds to LTP.8

The conductance of previously reported synapses was
improved by repeated stimulation voltage pulses, and its
decay time increased with the number of stimulation pulses.3−5

To investigate the decay time depending on the stimulation
pulse number, we applied N stimulation pulses (N = 5, 20, 40,
and 50) with a fixed amplitude of 2.5 V, duration of 1.0 μs, and
interval of 0.15 s. The top panels in Figure 5d show the time
evolutions of normalized current levels obtained after applying
N stimulation pulses along with their fitting results using an
exponential decay function:9

τ= + −I I A texp( / )t 0 (1)

where It and I0 represent the current value at time t and that in
the stable state, respectively, A is a prefactor, and τ is the decay
time constant. When t < τ, the synaptic weight drops rapidly.
When t ≫ τ, the synaptic weight varies slowly, and It
approaches I0. From the fitting curves in Figure 5d, we can
determine I0 and τ, which increase with N (bottom panels of
Figure 5d). These phenomena confirm the STP-to-LTP
transition in our device.9 This enhancement in stability by
application of input pulses resembles the increase in synaptic
connection following frequently repeated stimulation by action
potentials found in the biological neural system.4 Noticeably,
our single synaptic FTJ device has similar τ values to those
reported in previous papers9,25 where a longer programming
time of 100 μs and a shorter pulse interval of 200 μs than ours
were used.25 Negative bound charges at the Ag/PZT interface
are expected to increase the local concentration of positive Ag
ions and thus retard the dissolution of Ag conducting filament.
In summary, we implemented an energy-efficient, ultrasmall,

and wide-range operating synaptic device by exploiting cation
migration in an FTJ device composed of Ag/PZT/LSMO.
Furthermore, it revealed a large on/off ratio (107) and essential
synaptic functions selectively activated by polarization bound
charges, resembling reconfigurable learning and memory
function of biological systems.
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