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ABSTRACT

Neuromorphic  computing  aims  to  achieve  artificial  intelligence  by
mimicking the mechanisms of biological neurons and synapses that make
up the human brain. However, the possibility of using one reconfigurable
memristor  as  both  artificial  neuron  and  synapse  still  requires  intensive
research  in  detail.  In  this  work,  Ag/SrTiO3(STO)/Pt  memristor  with  low
operating voltage is manufactured and reconfigurable as both neuron and
synapse for neuromorphic computing chip. By modulating the compliance
current, two types of resistance switching, volatile and nonvolatile, can be
obtained in amorphous STO thin film. This is attributed to the manipula-
tion of the Ag conductive filament. Furthermore, through regulating elec-
trical pulses and designing bionic circuits, the neuronal functions of leaky
integrate and fire, as well as synaptic biomimicry with spike-timing-depen-
dent plasticity and paired-pulse facilitation neural regulation, are success-
fully  realized.  This  study shows that  the  reconfigurable  devices  based on
STO thin film are promising for the application of neuromorphic comput-
ing systems.

Keywords  Ag/STO/Pt reconfigurable memristor, volatile and nonvolatile
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 1   Introduction

The  traditional  computer  adopts  the  von  Neumann
architecture,  which  suffers  from  the  bottleneck  of  high
power  consumption  and  slow  speed  [1, 2].  Nowadays,
many reports show that brain-like computing can prefer-

ably alleviate this problem [3–5]. Amazing breakthroughs
in  the  simulation  of  brain-like  behavior  has  been
achieved  [6–9].  The  use  of  memristors  in  electronic
circuits to achieve more efficient development of neuro-
morphic systems is a subject of intense research. Among
them, a memristor has resistance switching (RS) charac-
teristics,  and  its  resistance  can  be  determined  by  the
amount  of  charge  flowing  through  it.  It  can  store  and
process  information  through  flexible  changes  under
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external stimuli. RS can be divided into volatile threshold
type and nonvolatile bipolar type in terms of brain-like
behavior.  Reconfigurable  devices  [10]  where  the  two
switching characteristics coexist in one device are critical
to  build  brain-inspired  computing  hardware  [11, 12].
Taking advantage of the fact that the resistance state of
the volatile threshold RS is not easy to maintain, it can
be  used  as  the  threshold  switch  (TS)  for  the  study  of
artificial neurons. In the nonvolatile bipolar RS, the arti-
ficial  synaptic  functions  have  also  been  successfully
simulated  due  to  its  continuously  adjustable  resistance,
similar  to  the  change  of  synaptic  weight  [13–15].  The
combined  action  of  neurons  and  synapses  can  establish
the cognitive function of brain-like behaviors.

SrTiO3 (STO), as a typical perovskite oxide, has been
used  in  memristors  [16–19].  Hou et  al. [20]  studied  the
different  properties  of  STO-based ultrathin film devices
with  different  top  electrodes  and  implemented  multi-
level  data storage in the device.  Hu et al.  [21]  reported
the  realization  of  long-term  plasticity  and  synapse
emulations  in  Ag/SrTiO3/(La,Sr)MnO3 memristors.
Xiong et al. [22] implemented Bienenstock, Cooper, and
Munro  learning  rules  with  tunable  sliding  frequency
thresholds  in  an  STO-based  resistive  second-order
memristor.  Rahman et al. [23] proposed the STO-based
resistive  switching  memory  as  a  decision  element  for
evaluating  threshold  levels  in  artificial  electronic  recep-
tors. However, there have been few reports of using STO
thin-film memristor as a configurable device to simulate
biological nerves as both artificial synapses and neurons.
In particular, compared with polycrystalline films, amor-
phous materials have a uniform structure without grain
boundaries.

In  this  work,  we  proposed  a  reconfigurable  device
based on STO amorphous film, based on which a device
made  of  Ag/STO/Pt  device  can  be  utilized  for  neuro-
morphic computing with the low operating voltage. It is
found  that  by  adjusting  the  compliance  current  (Icc),
two  stable  characteristics  of  volatile  threshold  RS  and
nonvolatile bipolar RS can be obtained. The device with
short-term dynamics in TS mode is used to simulate the
local  gradient  potential  (LGP)  in  the  designed  circuit
model.  The  leaky  integrate-and-fire  (LIF)  function  of
neurons can be successfully realized. In addition, in the
simulation  of  synaptic  plasticity,  the  functions  of  long-
term potentiation/depression (LTP/LTD), spike-timing-
dependent plasticity (STDP), and paired-pulse facilitation
(PPF) are successfully demonstrated by the adjustment
of  synaptic  weights.  Therefore,  the  reconfigurable
devices based on Ag/STO/Pt show broader development
potential for neuromorphic networks.

 2   Experimental details

Amorphous STO film was deposited on Pt bottom electrode

by pulsed laser deposition (PLD). Use λ Physik Compex
Pro  20S  Krf  excimer  lasers  (A =  248  nm)  with  energy
350 mJ and frequency 5 Hz as the laser condition. After
controlling the pressure in the chamber to 2 × 10–4 Pa,
the temperature of the growth chamber was raised. The
STO  film  was  grown  at  750℃  and  oxygen  pressure  of
1  Pa  for  20  min.  Finally,  with  the  help  of  a  100  μm
diameter  mask,  Ag  electrodes  were  grown  on  the  STO
functional  layer  by  DC  magnetron  sputtering.  The
device uses Keithley 4200 to test the DC voltage (I–V)
curve.  Using  the  Agilent  33250A  function/arbitrary
waveform generator  and the  LeCroy WaveRunner  62Xi
oscilloscope,  measured  the  pulse  characteristics  of  the
device.  Observation  of  surface  morphology  by  atomic
force microscope (AFM).

 3   Results and discussion

Figure  1(a)  shows  the  memristor  structure  with  Ag/
STO/Pt/Ti/SiO2/Si.  Si,  Pt,  STO,  and  Ag  are  used  as
the  substrate,  bottom  electrode,  functional  layer,  and
top  electrode.  The  microstructure  of  device  was  tested
by transmission electron microscopy (TEM) and atomic
force  microscopy  (AFM)  in  Fig.  S1  of  the  Electronic
Supplementary Materials (ESM). It is possible to obtain
an STO amorphous layer with a thickness of about 53.0
nm, and the STO Root Mean Square roughness is 908.3
pm.  Therefore,  STO film  is  proven  to  be  homogeneous
[24]. To test the electrical performance of the device, Ag,
and  Pt  were  connected  to  the  positive  and  negative
poles  of  the  device,  which  form  a  direct  current  (DC)
scanning  test  circuit.  Interestingly,  the  device  can  be
reconfigured  by  changing  different Icc to  obtain  both
volatile threshold RS and nonvolatile bipolar RS charac-
teristics.  When Icc = 1  × 10–6 A,  the  current  suddenly
rises to the Icc at about 1.8 V, which indicates that the
device has completed the transition from the high resistance
state (HRS) to the low resistance state (LRS),  and the
current  begins  to  decline  at  about  1  V.  The  device
exhibits  volatile  threshold  RS  characteristics,  and  the
random  TS  behavior  provides  favorable  conditions  for
simulating  the  leaky  integration-and-fire  function  of
neurons [25], as shown in Fig. 1(b). By further increasing
the  compliance  current  to  1  ×  10–3 A,  the  device
exhibits typical nonvolatile bipolar RS characteristics in
Fig. 1(c). When the voltage is around 0.3 V, the current
is tripped, and then transitioned to Icc. The I–V curve of
the  device  can  pass  0  V  voltage  at  LRS  and  is  slowly
shut down at around –0.3 V. Thus, the turn on and off
under  positive  and  negative  voltage  would  be  gained.
The  Ag  conductive  filaments  lead  to  two  different
results,  and  more  details  about  the  mechanism  are
discussed  in  Fig.  S2  of  the  ESM.  To  further  verify  the
stability of the device, Figs. S3(a, d, b, e) show the I–V
curves  of  100 scanning cycles  and logarithmic represen-
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tations of Icc = 1 × 10–6 A and Icc = 1 × 10–3 A, respec-
tively. Figures 1(d) and (g) show the distribution of high
and  low  resistance  values  for  volatile  threshold  and
nonvolatile  bipolar  RS.  Gaussian function is  used to fit
the data of Vth, Vhold, Vset, and Vreset, and the cumulative
probability  is  calculated  [Figs.  S3(c,  f)].  These  voltages
fluctuate in a small range, which conforms to the Gaussian
distribution  law.  The  peak  values  of Vth and Vhold are
about 1.55 V and 1.15 V in Figs. 1(e) and (f). Moreover,
it  can  be  concluded  that  the  peak  values  of Vset and
Vreset are about 0.3 V and –0.3 V, as shown in Figs. 1(h)
and  (i).  In  addition,  the  switching  voltage  is  smaller
than  other  reports  [26–28].  Thus,  it  provides  a  device
with satisfactory performance for the subsequent specific
testing and circuit design research.

In order to verify the effect  of  different bias  voltages
on  volatile  threshold  characteristics,  the  relaxation  and

retention  characteristics  tests  were  performed  on  Ag/
STO/Pt  device  [29].  After  the  stimulation  pulses  are
applied to the device, reading pulses at different intervals
are applied to observe the “relaxed” characteristic of the
stimulus.  In Fig.  2(a),  the  device  responds  to  stimulus
pulses (V = 2 V), and the different voltage responses in
the  device  are  observed  under  the  reading  pulses  (V =
0.6 V). As the interval time increases, the device gradually
shuts down and completely relaxes to HRS at the interval
of  600 μs.  When the stimulus pulses  are  applied to the
device,  with  the  increase  of  the  interval  time,  the
responses  of  the  device  gradually  decrease  under  the
reading pulse and basically relaxes to the HRS device at
the interval of 600 μs, as shown in Fig. 2(b). This indicates
that  the  conductive  filament  dissipates  spontaneously,
showing  significant  volatile  threshold  characteristics.
However,  when  the  amplitudes  of  the  applied  stimulus

 
Fig. 1  (a) Schematic diagram of Ag/STO/Pt device structure. (b) Icc = 1 × 10–6 A, I–V test shows volatile threshold RS
characteristics. (c) Icc = 1 × 10–3 A, I–V test shows nonvolatile bipolar RS characteristics. (d, g) The resistance state distribution
of the device over 100 I–V cycles at the volatile threshold RS and nonvolatile bipolar RS. (e, f) Threshold and hold voltage
distribution statistics. (h, i) Set and reset voltage distribution statistics.
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pulses are increased to 4 V and 5 V [Figs. 2(c) and (d)]
and the reading pulses are applied at the same intervals,
the responses remain stable and precise. This means that
the thicker conductive filament is formed by high voltages
and is challenging to break in the functional layer spon-
taneously [30]. Therefore, this process realizes the trans-
formation from volatile to nonvolatile switching, verifying
that the TS characteristic is related to the electric field
strength.  In  the  following,  the  test  voltages  for  the
selected TS characteristics are all less than 3 V.

To further investigate the spiking properties of artificial
neurons, we implemented the simulation of the essential
leaky integration and fire  function of  neurons  [31].  The
resistance  change  of  the  TS  device  is  an  accumulation
process, and the conductive filament needs to be formed

at  a  specific  pulse  intensity.  In  order  to  confirm  the
influence of  pulse amplitude, pulse duration (TON),  and
pulse  interval  (TOFF)  on  delay  time  (TFIRE),  multiple
sets of pulses (NFIRE) are applied to the device as shown
in Fig. 3, and different spike responses are obtained. In
Fig. 3(a), multiple pulses with V = 2 V, TOFF = 2.5 μs,
and TON = 1 μs/2 μs/4 μs are applied to the device, and
it  can  be  observed  that  the  delay  time  is  inversely
proportional  to  the  pulse  duration. Figure  3(b)  shows
that under the same condition, with the decrease of the
pulse  interval,  the  fewer  the  number  of  FIRE  pulses
generated by the device and the smaller the integration
time required. The above rules are further discussed, the
device is applied to ensure that TON and TOFF are fixed,
and  the  changes  between  the  output  response  and  the

 
Fig. 2  The transition from volatile to nonvolatile at Ag/STO/Pt device. (a, b) Relaxation characteristic of using 2 V and
3 V stimulation pulses. (c, d) Retention characteristic of using 4 V and 5 V stimulation pulses. In (a)–(d), the reading pulse
with the amplitude of 0.6 V is used, and the pulse durations of both the reading pulses and stimulation pulses are 100 μs,
The time intervals between the two are 0, 200, 400, and 600 μs.
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input  amplitude  are  observed  as  shown  in Fig.  3(c).  It
can  be  seen  that  the  larger  the  input  pulse  amplitude,
the shorter the time required for the device to produce a
spike response.  Multiple tests have been carried out for
the above different conditions, and the data statistics of
the  pulses  required  for  FIRE  have  been  performed  as
shown in Fig. S4 of the ESM. Due to the randomness of
the device, the leaky integration and fire function can be
realized. Therefore, the experimental results can confirm
that  with  the  increase  of  pulse  amplitude  and  pulse
duration, and decrease of pulse interval, the integration
process  time  required  by  the  device  decreases,  which  is
the same as the previously reported result [32–34].

Nerve  signals  are  transmitted  to  neurons  through
synapses, and the neuron decides whether to pass input

information to the next neuron based on the strength of
the signals [35]. In biological neurons, differences in LGP
result from differences in the concentration of ions inside
and outside the cell membrane. Through electrical tests,
it can be found that the different intensities of stimulation
can regulate the conductance of the Ag/STO/Pt device,
which  can  effectively  simulate  the  LGP  changes  in
neurons [14, 36]. In order to realize the triggering function
of  biological  neurons,  we  combined  the  memristor  with
the  peripheral  circuit  and  built  the  circuit  model  as
shown in Fig.  4(a).  The  model  compares  LGP and Vth
to determine whether neurons can be triggered based on
whether  the  LIF  model  outputs  spikes.  The  circuit
consists of input integration (ADD), Ag/STO/Pt device,
comparator (CMP), and TIMER. The input voltages are

 
Fig. 3  Change of device TFIRE. (a) The interval and amplitude remain unchanged; the NFIRE changes with different pulse
durations. (b) The pulse duration and amplitude remain unchanged; the NFIRE changes at different intervals. (c) The pulse
duration and interval remain unchanged; the NFIRE changes with different amplitudes.
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integrated into the STO device, and the LGP is modulated
by the different switching states of the device. Different
LGPs act on the reverse CMP, then through a monostable
trigger,  and  the  whole  LIF  neuron  circuit  is  finally
completed.  The  monostable  generator  has  two  states,
stable  and  transiently  stable,  and  the  transition  of  the
two  states  can  be  performed  under  the  stimulation  of
the external pulse. When the input voltage of the generator
is less than 1/3 VCC, the timer will flip to 1, enter the
transient  stable  state,  and  the  circuit  will  trigger  the
high  level  with  the  amplitude  of  2/3  VCC.  Otherwise,
the timer will flip to 0, and the circuit will be in a stable
state with the output of low level 0. Setting the supply
voltage VCC to 5 V, Vt = 0.6 V, and the input voltage
with amplitude 0.8–2 V, the output voltage at the LGP
and  the  whole  circuit  are  measured. Figure  4(b)  shows
the test results, in which the device is triggered at 1.6 V.
In  the  case  of  LDP  > Vt,  the  circuit  outputs  spiking
pulses,  which  are  the  firing  function  of  the  neuron.
When  the  LGP  is  below  the  threshold  voltage,  the
neuron  cannot  be  triggered,  indicating  that  the  model
leaks  in  a  short  period  [11].  In  biology,  there  are  two
modes  of  spatial  and  temporal  integration  of  signals
passing through synapses [37]. In the circuit, 50 pulses of
different amplitudes and 50 pulses of different frequencies
are used to simulate the integration of neuron signals in
spatial  and  temporal. Figure  4(c)  shows  that  as  the

applied  voltage  is  enhanced,  the  circuit  response  times
are least at 1.4 V and most at 1.8 V. In Fig. 4(d), with
the amplitude of 1.6 V and the frequency of 1000–3000
Hz pulses input, it can be obtained that fewer pulses can
trigger  neurons  as  the  pulse  frequency  increase.  The
results  show  that  the  test  results  are  consistent  with
biological neurons [33, 38]. The LIF model designed can
complete  the  simulation  of  the  leaky  integrate-and-fire
function  of  biological  neurons  in  spatial  and  temporal,
laying a foundation for studying bionic circuit systems.

When Icc = 1 × 10–3 A, pulse testing with the small
pulse  duration  enabled  the  simulation  of  artificial
synapses.  Switching  speed  is  an  essential  parameter  of
bipolar  switches  [39],  so  Ag/STO/Pt  devices’ switching
response  speeds  are  tested  in  Fig.  S5  of  the  ESM.  In
biological synapses, the intensity of stimulus affects the
synaptic  weight  change.  By  applying  enhancement/
suppression  pulses  with  different  amplitudes,  durations,
and  intervals  to  the  device,  the  changes  in  synaptic
weights  are  simulated  with  different  conductance.
Figures 5(a–c) show the dependence of device conductance
on  positive  pulses.  When  pulses  with  the  duration  and
interval of 100 ns are applied to the device, the rate of
change of the device conductance is proportional to the
amplitude of  the positive pulses,  as shown in Fig.  5(a).
Controlling  the  applied  pulses,  the  amplitude  of  2  V,
and the interval  of  100 ns,  it  can be observed that  the

 
Fig. 4  (a) LIF neuron circuit model is realized based on Ag/STO/Pt device. (b) Input pulses with different amplitudes,
LGP,  and  circuit  output  response. (c) Response  of  artificial  neuron  circuit  under  input  pulses  of  different  voltages.
(d) Response of artificial neuron circuit under input pulses of different frequencies.
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device conductance changes faster as the pulse duration
increases,  as  shown  in Fig.  5(b).  Under  different  pulse
interval  modulations,  the  time  interval  is  inversely
proportional  to  the  speed  of  change  in  the  device’s
conductance,  as  shown  in Fig.  5(c).  Figure  S6  of  the
ESM  shows  the  dependence  of  device  conductance  on
negative  pulses.  The results  show that  the conductance
of  the  Ag/STO/Pt  device  can  be  adjusted  successfully
by  different  pulse  parameters  of  nanosecond  level  [40,
41],  and  it  is  conducive  to  the  fabrication  of  ultra-fast
brain-like neurochips.

In addition, the Hebbian learning rule is a significant
conclusion  of  synaptic  plasticity.  STDP  is  one  of
Hebbian’s  critical  learning  rules,  which  affects  the
synaptic weight by changing the timing between the pre-
spike and post-spike. For the Ag/STO/Pt device, the Ag
and  the  Pt  electrodes  are  analogous  to  the  pre-spike
membrane  and  post-spike  membrane,  respectively.  The
changes in the relative conductance (ΔW) of the device
were  observed  by  stimulating  the  two  with  different
time  differences  (Δt).  If  pre-spike  precedes  post-spike
(Δt > 0),  the  intensity  of  synaptic  connection  between
two neurons increases, forming the LTP process. On the
contrary,  if  the  post-pike  precedes  the  pre-spike  (Δt <
0),  the  strength  of  synaptic  connection  between  two
neurons  decreases,  forming  the  LTD  process  [42, 43].
Pulse waveform simulating STDP rules is set for testing,

and  the  change  of  ΔW with  Δt can  be  shown  in Fig.
5(e). The LTP and LTD processes are successfully real-
ized, confirming that STDP characteristics of the biological
synapse can be simulated on this device. PPF is another
vital feature in biological synapses. When two consecutive
pulses  stimulate  a  synaptic,  the  response  of  the  post-
pulse  is  higher  than  that  of  the  pre-pulse.  With  the
increase  of  the  interval  between  the  two  pulses,  the
response  of  the  post-pulse  decrease  [44–47]. Figure  5(f)
shows that the PPF phenomenon was successfully simu-
lated by applying two pulses of 100 ns duration and 1 V
amplitude to the device. These results confirm that the
synaptic weight change of the Ag/STO/Pt memristor is
controllable, which is the same as the biological synapse.
Therefore,  the  Ag/STO/Pt  device  provides  a  pathway
for the learning and computation of synaptic signals.

 4   Conclusion

In summary, two characteristics of volatile threshold RS
and nonvolatile bipolar RS are observed in Ag/STO/Pt
device, which depends on the strength of Ag conductive
filament in  amorphous STO thin-film.  When Icc = 1 ×
10–6 A,  the  device  exhibits  volatile  threshold  RS  and
successfully  simulates  the  LIF  function  of  artificial
neurons  by  pulse  regulation  and  bionic  circuit  design.
When Icc =  1  ×  10–3 A,  the  device  implements

 
Fig. 5  The  device  simulates  the  changes  in  synaptic  weights. (a–c) Influence  of  positive  pulses  of  different  amplitudes,
durations, and intervals of 30 cycles on conductance modulation. (d) Schematic diagram of synaptic structure. (e) By changing
Δt, realize the STDP function. (f) By changing Δt, realize the PPF function.
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nonvolatile bipolar RS behavior and simulates the func-
tions  of  STDP  and  PPF,  which  is  confirmed  to  be
consistent with the behavior of biological synapses. The
device  enables  the  possibility  of  simulating  biological
nerves as both artificial synapses and neurons. Therefore,
the  reconfigurable  memristor  based  on  Ag/STO/Pt
accelerates  the  development  of  the  integrated  neural
chip system.
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