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Abstract: The development of  electronic devices that possess the functionality of  biological  synapses is  a  crucial  step towards
neuromorphic  computing.  In  this  work,  we  present  a  WOx-based  memristive  device  that  can  emulate  voltage-dependent  syn-
aptic  plasticity.  By  adjusting  the  amplitude  of  the  applied  voltage,  we  were  able  to  reproduce  short-term  plasticity  (STP)  and
the transition from STP to long-term potentiation. The stimulation with high intensity induced long-term enhancement of con-
ductance  without  any  decay  process,  thus  representing  a  permanent  memory  behavior.  Moreover,  the  image  Boolean  opera-
tions  (including  intersection,  subtraction,  and  union)  were  also  demonstrated  in  the  memristive  synapse  array  based  on  the
above voltage-dependent plasticity. The experimental achievements of this study provide a new insight into the successful mim-
icry of essential characteristics of synaptic behaviors.
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1.  Introduction

The neuromorphic computing system is attracting signifi-
cant  interest  to  simulate  the  human  brain  due  to  its  high
fault  tolerance  and  excellent  power  efficiency[1, 2].  Fabrica-
tion  of  electronic  synapses  is  considered to  be  a  key  step to-
wards hardware implementation of artificial neuromorphic sys-
tems. In recent work, the emerging memristor has been high-
lighted as a promising candidate to emulate synapses, thanks
to its variable conductance in analogy with the change of sy-
napse  weight[3−6].  Various  synaptic  functions  have  already
been demonstrated within memristors, including synaptic plas-
ticity[7, 8],  learning  behaviors[4],  and  spike-timing-dependent
plasticity (STDP)[9−11]. Among them, synaptic plasticity, includ-
ing  short-term  plasticity  (STP)  and  long-term  potentiation
(LTP),  is  responsible for the brain’s learning and memory pro-
cesses  at  the  cellular  level[12, 13].  STP  indicates  that  the  en-
hanced  synaptic  weight  is  a  transient  process  that  lasts  for
only  tens  or  hundreds  of  milliseconds.  The  permanent  en-
hancement  of  synaptic  weight  (LTP)  can  only  be  observed  in
the  case  of  repeated  stimuli.  According  to  previous  reports,
the employing of distinguishing spike frequency is the key to
obtain  enhanced  conductance  memory  level,  which  enabled
the  realization  of  STP-to-LTP  transition  and  experience  learn-
ing.  For  example,  Kim et  al.  achieved  STP  and  the  transition
from  STP  to  LTP  using  a  biopolymer  memristor  by  con-
trolling  the  input  pulse  interval[14].  In  our  previous  work,  we
demonstrated  experience-dependent  plasticity  based  on
spike  frequency  sensitivity  in  a  WOx memristor,  which  al-

lowed us to reproduce the Bienenstock–Cooper–Munro learn-
ing  rule  and  rate-based  orientation  selectivity[15].  In  terms  of
stimuli  conditions,  stimulus  intensity  is  a  principal  element
for  the  learning  and  memory  process,  as  is  stimulus  fre-
quency.  Abraham et  al.  demonstrated  that  LTP  can  be  in-
duced by conditioning stimuli with high intensity in the hippo-
campus[16].  Recently,  Yang et  al.  demonstrated  STP  to  LTP
through  adjusting  electrical  bias  amplitude  in  the  tungsten-
oxide  transistor  synapse,  presenting  a  new  working  ap-
proach  to  control  the  transition  from  short-term  memory  to
long-term memory[17, 18]. But this behavior has been seldom re-
produced in two-terminal memristive devices. Owing to the di-
versity  of  biological  functions,  it  is  still  necessary  to  accur-
ately  simulate  synaptic  behaviors  and  expand  their  applica-
tions by regulating the properties of memristive materials.

In  this  paper,  we  report  voltage-dependent  STP  in  an
Au/WOx/Ti  memristive  device.  The transition from STP to  LTP
was  achieved  by  increasing  the  amplitude  of  the  applied
voltage,  and  the  sustained  high-intensity  stimulation  in-
duced permanent  enhancement of  conductance without  any
decay process. Moreover, the image Boolean operations were
also  demonstrated  in  a  memristive  synapse  array  based  on
voltage-dependent plasticity.

2.  Experimental section

2.1.  Fabrication of the device

The fabrication process of the Au/WOx/Ti device was as fol-
lows:  first,  Ti  bottom  electrodes  (BEs)  were  deposited  on  a
SiO2/Si substrate (SiO2 thickness 300 nm) by magnetron sput-
tering  at  a  pressure  of  1  Pa;  second,  a  WOx layer  was  depos-
ited  on  the  Ti  BEs  by  magnetron  sputtering  using  a  metal  W
target  at  room  temperature.  The  film  was  prepared  using
mixed  argon  and  oxygen  (at  a  ratio  of  1  :  1)  at  a  pressure  of
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1  Pa.  Finally,  Au  top  electrodes  (TEs)  were  thermally  evapor-
ated on the surface of the WOx film.

2.2.  Electrical measurements of the device

The  current–voltage  (I–V)  measurements  were  taken  us-
ing  a  Keithley  2636A  source  meter,  and  pulse  measurements
were  obtained  using  an  arbitrary  function  generator  (3390,
Keithley)  and a digital  oscilloscope (Keysight DSOS404A).  The
positive  direction  of  the  bias  voltage  was  defined  such  that
the  current  flowed  from  the  top  to  the  bottom  electrode.  A
cross-sectional  image  of  the  device  was  obtained  using  an
SEM (Nova Nano SEM 450).

3.  Results and discussion

Fig.  1(a) shows  a  schematic  of  a  synapse  showing  the
pre-synapse,  post-synapse,  and  synaptic  cleft  structure.  The
strength  of  a  synapse  can  be  dynamically  tuned  by  external
stimulation,  which  represents  the  neurochemical  basis  for
learning and memory functions. In this study, the two-termin-
al  memristor  was  designed  to  simulate  a  synapse  (Fig.  1(b)).
The electrical  spike transferred from TEs to BEs,  which corres-
ponds  to  the  transmission  of  biological  signals  from  the  pre-
synaptic  neuron  to  the  post-synaptic  neuron. Fig.  1(c) shows
the as-prepared Au/WOx/Ti memristive device, which was pre-
pared in crossbar arrays using the sputtering deposition tech-
nique.  Our  memristive  device  has  a  typical  metal–insulation–
metal  (MIM)  structure.  As  shown  in  the  cross-sectional  scan-
ning  electron  microscope  (SEM)  image  in Fig.  1(d),  the  80-
nm-thick WOx layer between the Au and Ti electrodes can be
clearly  seen,  which  demonstrates  the  two-terminal  structure
of this device.

The I–V characteristics  of  the  as-fabricated  device  were
examined  under  a  continuous  voltage  sweep,  as  shown  in
Figs. 2(a) and 2(b). The distinctive history-dependent memrist-

ive  behavior  was  observed,  whereby the device  conductance
could  be  continuously  increased  (decreased)  with  positive
(negative)  voltage  sweeps.  We  found  that  the  rectifying  ef-
fect  was  observed  during  this  process,  which  may  be
ascribed  to  the  different  Fermi  levels  between  the  Au  elec-
trode  and  WOx films.  According  to  our  previous  study,  the
modulation  of  Au/WOx Schottky  barrier  height  can  account
for  analog resistive switching (A-RS)  that  occurs  as  a  result  of
the migration and accumulation of  oxygen ions[19, 20].  In  neu-
romorphic systems,  synaptic plasticity,  which can be categor-
ized  into  short-term  plasticity  (STP)  and  long-term  plasticity,
is an important characteristic for memory functions in the hu-
man  brain[12].  One  typical  STP  is  paired-pulse  facilitation
(PPF),  in  which  the  excitatory  postsynaptic  current  (EPSC)
evoked  by  the  second  spike  is  larger  than  that  of  the  first
one. In this study, we investigated the influence of spike inten-
sity  on  PPF  behavior; Fig.  2(c) illustrates  how  PPF  was  meas-
ured  in  our  synaptic  device.  Two  continuous  voltage  spikes
were  applied  to  the  synaptic  device,  and  we  defined  the
EPSC  evoked  by  the  first  and  second  spike  as P1 and P2,  re-
spectively. The PPF was calculated as follows: 

PPF =
P
P

× %. (1)

As shown in Fig. 2(d), the PPF value depends on the time
interval  between  two  spikes  (the  amplitude  varied  from  0.4
to  2  V,  the  intervals  varied  from  1  to  200  ms  and  the  dura-
tion  was  is  fixed  at  50  ms).  The  second  spike  enhanced  the
maximum  current  when  it  closely  followed  the  first  spike.
Herein,  the  dependence  of  the  PPF  on  the  pulse  interval  (Δt)
can  be  fitted  by  a  double  exponential  function,  which  shows
two-phase behavior: 
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Fig. 1. (Color online) The structure and characterization of the Au/WOx/Ti memristive device. (a) Schematic illustration of the biological synapse
connecting pre-synaptic and post-synaptic neurons. (b) Schematic illustration of the device, including Au top electrodes, WOx films and Ti bot-
tom electrodes. (c) An overhead view of the device obtained by an optical microscope. (d) A cross-sectional SEM image of the device.
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PPF =  + Cexp(−t/τ) + Cexp(−t/τ), (2)

where t is the pulse interval time, C1 and C2 are the initial faci-
litation  magnitudes  of  the  respective  phases,  and τ1 and τ2

are  the  characteristic  relaxation  times  of  the  respective
phases.  In  the  case  of  voltage  amplitude  with  2  V, τ1 and τ2

are  23  and  257  ms,  respectively.  The  timescales  of  our  mem-
ristive  synapse  are  comparable  to  those  of  a  biological  syn-
apse[12, 21]. More importantly, the spike amplitude greatly influ-
enced  PPF  behavior.  When  the  voltage  was  0.2  V,  the  amp-
litude  was  too  small  to  enhance  the  synaptic  weight.  On  in-
creasing  the  voltage,  the  higher  spike  amplitude  led  to  a  lar-
ger  enhancement.  In  biology,  the  stimuli-intensity-depend-
ent  PPF  effect  is  a  result  of  the  high  residual  Ca2+ concentra-
tion induced by  the  first  spike  and the  overall  Ca2+ level  that
is  enhanced  after  the  second  spike.  The  synapse  experiences
a temporary increase in synaptic weight during this process.

STP  can  be  transformed  into  long-term  potentiation
(LTP)  through  a  rehearsal  process,  which  was  demonstrated
in  the  memristor  by  using  repeated  high-frequency  stimula-
tion  or  increasing  the  number  of  stimulations[7, 14].  However,
the  influence  of  stimuli  intensity  on  the  transition  from  STP
to LTP has  seldom been reported.  To demonstrate  this  trans-
ition,  stimuli  with  different  amplitudes  were  applied  to  the
memristive  synapse.  All  the  pulse  trains  had  a  fixed  fre-
quency of 10 Hz and number of 30. Following this, weak stim-
uli  (0.2  V,  10  Hz)  were  applied  to  monitor  the  memory  state.
As shown in Fig. 3(a),  in the initial state, the device had a low
conductance of about 0.6 μS due to the existence of a Schot-
tky barrier between the Au and WOx layers. Weak stimuli with
an amplitude of 1.5 V did not induce any enhancement of con-

ductance  after  the  stimuli  ceased,  which  was  indicative  of
STP  behavior  during  this  process.  In  contrast,  strong  stimuli
with an amplitude of  3 V induced LTP in this  memristive syn-
apse, which retained high conductance even at 60 s after the
stimulation  ended.  It  is  worth  noting  that  a  higher  voltage
can increase the conductance abruptly without any decay pro-
cess  (here,  a  0.1  mA  compliance  current  was  set  up  to  pro-
tect  the  device  from  hard  breakdown).  This  high  conduct-
ance  state  can  maintain  as  long  as  104 s,  demonstrating  the
LTP  characteristic  in  our  device.  The  abrupt  transition  oc-
curred  because  the  conductive  filaments  linked  the  TE  and
BE.  This  behavior  corresponds  to  the  forming  process,  which
is  usually  needed  to  form  an  initial  conductive  channel
through  the  dielectric  in  the  fresh  resistive  switching
devices[22−24].

The  mechanisms  underlying  the  transition  from  STP  to
LTP  are  relevant  to  the  short-term  memory  (STM)  and  long-
term  memory  (LTM)  models  proposed  by  Atkinson  and  Shif-
frin,  in  which the transition from STM to LTM occurs  through
a  process  of  repetition[25].  In  our  work,  the  above  behavior
was  also  achieved  by  adjusting  the  voltage  amplitude.  As
shown  in Fig.  3(b),  a  5  ×  5  memristive  synapse  array,  which
was  composed  by  25  individual  devices,  was  employed  to
memorize an image, the letter of “T”. The image “T” was input-
ted  into  the  synapse  array  using  30  pulses  with  weak  amp-
litude (1.5 V) and strong amplitude (3 V), respectively. The dura-
tion  and  interval  time  of  the  pulse  were  fixed  at  50  ms.  Be-
fore  the  stimulation,  all  the  memristive  synapses  were  ran-
domly  equipped  with  low  conductance  states.  In  case  1,  the
application of weak stimuli with an amplitude of 1.5 V tempor-
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Fig. 2. (Color online) Demonstration of spike-intensity-dependent synaptic plasticity in a Au/WOx/Ti memristive device. (a, b) I–V characteristics
of the device obtained under positive/negative bias; the voltage sweep range was 0 to 2 V (−2 V) then back to 0 V. (c) Schematic diagram of PPF
measurement. (d) The variation of PPF according to relative spike timing.
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arily  increased  the  device  conductance.  The  “T”  image  was
stored in the memristive synapse array. However, this memor-
ized image was totally forgotten after 60 s  due to the STP ef-
fect. In case 2, strong stimuli with an amplitude of 3 V also in-
creased the device conductance. However, in contrast to case
1,  the  “T”  image  could  be  stored  after  60  s  because  the
device  was  set  to  a  high  conductance  state  by  the  high
voltage, which indicates that it achieved permanent memory.

It is interesting to note that the voltage-dependent plasti-
city  allowed  our  devices  to  realize  important  logical  opera-
tions.  Boolean  operations  are  key  logical  algorithms  that  are
widely used in image processing[26, 27].  Boolean operations on
two  images  X  and  Y  can  result  in  a  new  image,  I,  and  the
combination rule  of  two images can be classified as  intersec-
tion  (I  =  X  ∩ Y),  union  (I  =  X  ∪ Y),  and  subtraction  (I  =  X  −
Y)[28, 29]:  ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

X ∩ Y = {I ∣I ∈ X and I ∈ Y } ,
X ∪ Y = {I ∣I ∈ X or I ∈ Y } ,
X − Y = {I∣I ∈ X and I ∈ Ỹ}. (3)

In  this  work,  we  successfully  reproduced  Boolean  opera-
tions  in  our  memristive  synapse  array.  As  shown  in Fig.  4(a),
30 spike stimuli with an amplitude of 1.5 V (−1.5 V) and a dura-
tion of 50 ms were input from the pre-synapse (post-synapse)
to implement the intersection operation, representing the in-
put  of  image  “X”  (“Y”).  Thus,  the  memristors  in  intersection
part between “X” and “Y” undergo spike stimuli with an amp-

litude  of  3  V. Fig.  4(b) shows  the  Boolean  intersection  opera-
tion: when training either the image “X” or “Y” in the memrist-
ive  synapse  array  no  image  was  obtained  after  60  s  due  to
the STP effect. When the “X” and “Y” images were input simul-
taneously,  only  the  intersection  part  received  stimuli  with  a
high  amplitude.  The  obtained  image  “V”  could  be  memor-
ized  due  to  the  LTP  effect,  which  indicates  the  realization  of
the Boolean intersection operation.

Moreover,  to  reproduce  Boolean  subtraction  and  union
operations,  the  amplitude  of  input  stimuli  was  modified.
Fig. 5(a) shows the input condition and the results of the sub-
traction operation. The spike stimuli with an amplitude of 3 V
(1.5  V)  were  input  from  the  pre-synapse  (post-synapse);  thus
the  intersection  between  “X”  and  “Y”  received  spike  stimuli
with  an  amplitude  of  1.5  V.  When  the  “X”  and  “Y”  images
were input  simultaneously,  only  the part  of  “X”  that  was  out-
side  “Y”  received  3  V  stimuli  and  could  be  memorized  after
60  s,  which  indicates  that  the  Boolean  subtraction  operation
was realized.  Similarly,  the spike stimuli  with an amplitude of
3 V (−3 V) were input from the pre-synapse (post-synapse) to
implement  the  union  operation.  As  can  be  seen  in Fig.  5(b),
all  the  parts  received  high-intensity  stimuli  (above  3  V)  and
were  memorized after  60  s,  which  indicates  that  the  Boolean
union operation was realized.

4.  Conclusion

In  summary,  we  demonstrated  voltage-dependent  syn-
aptic  plasticity  in  a  WOx-based  memristor,  in  which  a  higher

 

100

Initial state

(a)

10

0 30 60
#Pulse

C
o

n
d

u
ct

a
n

ce
 (

μ
S

)

90

1

0.2 V, 50 ms
0.2 V, 50 ms

Learning Forgetting

STP

0 30 60
#Pulse

90

1.5 V, 50 ms
0.2 V, 50 ms

Learning Remember

LTP

0 30 60
#Pulse

90

3 V, 50 ms
0.2 V, 50 ms 100

10

C
o

n
d

u
ct

a
n

ce
 (

μ
S

)

1

101 102 103

Time (s)
104

0.2 V, 50 ms

(b)

Case 2

Case 1

Before stimulation

Before stimulation After 3 V stimulation

After 1.5 V stimulation After 60 s

After 60 s

40 μS

30 input 30 input

3 V, 50 ms

1.5 V, 50 ms

Case 1

Time

3.0

1.5

0
Case 2

Time

0.5

 

Fig. 3. (Color online) The transition from STP to LTP by adjusting spike intensity. (a) The device received input stimuli with different features, includ-
ing a spike train with an amplitude of 0.2 V, weak stimuli with an amplitude of 1.5 V, and strong stimuli with an amplitude of 3 V. (b) Memoriza-
tion of the image “T” to demonstrate the transition from STM to LTM. Case 1: the conductance of the memristive array before stimulation, after
1.5-V stimulation, and after stimulation for 60 s; Case 2: the conductance of the memristive array before stimulation, after 3-V stimulation, and
after stimulation for 60 s. The different color levels represent different magnitude conductance values.
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Fig. 4. (Color online) Demonstration of image Boolean intersection operation in the memristive synapse array. (a) The stimulation condition for in-
putting the images “X” and “Y”. (b) The conductance states of the devices under different inputting conditions.
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Fig. 5. (Color online) Demonstration of the image. (a) Boolean subtraction and (b) Boolean union operations in the memristive synapse array.
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voltage  induced  a  larger  enhancement  of  PPF.  By  increasing
the spike amplitude, STP could be transformed to LTP, and sus-
tained  high-intensity  stimulation  induced  permanent  enh-
ancement  of  conductance  without  any  decay  process.  The
voltage-dependent  characteristic  allows  the  memristor  to  re-
produce  image  Boolean  operations  in  the  memristive  syn-
apse  array.  This  work  promotes  the  development  of  accurate
and  thorough  simulation  of  synaptic  behaviors  that  could
have future neuromorphic applications.
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