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Abstract 

By precise control of oxygen vacancy distribu-
tion using various voltage application protocol in 
four-terminal devices,  we have achieved to control 
the learning abili ty of synaptic connection, which 
is  a huge step forward towards implementation of 
high order biological synaptic functions.  
 
1.  Introduction 

Lots of efforts have been made to achieve hardware im-
plementation of biological synaptic functions in neuromor-
phic computing. A memristive device is one of promising 
candidates as an electrical element mimicking the role of 
synapses in the neural network circuit and a crucial building 
block for the neuromorphic computer [1,2]. However, it is 
still challenging to develop the artificial synapse with a het-
ero-synaptic nature, i.e., modulatable plasticity induced by 
multiple connections of synapses.     

In this study, we fabricate the synaptic devices based on 
a four-terminals rutile TiO2-x single crystal memristor and 
demonstrate tunable plasticity by gating operation. In our 
device, the oxygen vacancy distribution in TiO2-x play a key 
role in realizing the plasticity of resistance states. Two pairs 
of electrodes arranged diagonally have different functions: 
one pair is for read/write operation and the other is for gat-
ing operation, which enables precise control of oxygen va-
cancy distribution. By tuning the gate voltage, we have 
achieved to modulate the resistance, i.e., potentia-
tion/depletion rate per pulse, and opened the way to control 
the learning efficiency in neuromorphic devices. 
 
2.  Experimental 
Fabrication 

Reduction of a rutile TiO2 (001) single crystal substrate 
was conducted with thermal annealing at 700°C for 6 h un-
der a vacuum of 5×10-6 Pa. Planar devices with four termi-
nal electrodes were fabricated on the reduced TiO2-x by de-
positing square-shaped Pt films through the metal mask. The 
four electrode terminals were respectively labeled as T1 to 
T4 as shown in Fig. 1, and T2 and T4 were set to act as the 
terminals to modulate the oxygen vacancy distribution in the 
region between T1 and T3. 
Potentiation/Depression measurement protocol 

First, we applied constant amplitude voltage Vc for a 
certain period tc to T2 and T4 while T1 and T3 were 
grounded. Then, for depression, write voltage pulses Vw 
with t s width were applied to T1 simultaneously with gate 

voltage pulses Vg to T2 and T4 while T3 was grounded. For 
potentiation, the polarity of Vw was changed while T3 was 
grounded. Device state was checked to measure the re-
sistance between T1 and T3 with a 100 mV amplitude and 
100 ms long read voltage pulse application after each write 
and gate pulse application until it reached the desired high 
resistance state (HRS) or low resistance state (LRS). Once 
the device state overshot the HRS or LRS, the write pulse 
sequence with opposite polarity was employed for potentia-
tion or depletion, respectively. 
 
 
 
 
 
 
 
 
Fig. 1 Optical microscope image of the four terminal device. 
 
Analysis of Ti valence states in RS regions 

To clarify the resistance change mechanism, we have 
also analyzed crystal structures and valence electron states 
of the TiO2-x electrically active regions in the device using 
transmission electron microscopy (TEM) and scanning TEM 
(STEM) in conjunction with electron energy loss spectros-
copy (EELS). 
 
3.  Results and discussion 
Oxygen vacancy distribution and resistance switching  

The local concentration of oxygen vacancies is well re-
flected in the color of the TiO2-x crystal: a region with a 
higher (lower) concentration of oxygen vacancies is colored 
(colorless). Furthermore, depending on the morphology of 
the colored region, the device can be configured to be in 
HRS or LRS which correspond to the colorless or colored 
regions formed in the device, respectively. Figures 2(a) and 
2(b) show optical microscope images of the device subject-
ed to application of Vc=+6 V and −6 V for tc=20 s, respec-
tively, and the corresponding resistance values of the device 
are shown in Fig. 2(c). The observed colored region bridg-
ing between T1 and T3 (Fig. 2(a)) well reflects the measured 
lower resistance between T1 and T3 whereas those bridging 
between T2 and T4 (Fig. 2(b)) corresponds to the higher 
resistance. Thus, we can obtain information on the oxygen 
vacancy distribution, which affects the electrical properties 
of the memristive device, from a microscopic point of view. 
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Fig. 2 (a), (b) Optical microscope images of electrically active zone 
in the device. (c) Measured resistance switching. Blue dots indicate 
LRS (a), and red dots indicate HRS (b). 
 
TEM and STEM-EELS analysis of device active regions 

Figures 3(a) to 3(c) show a TEM image, electron dif-
fraction (ED) pattern, and EELS spectra taken form the LRS 
region in the device. While no significant change from the 
rutile structure is observed, the analysis of EELS spectrum 
(decrease in peak splitting width of Ti-L3 edge) indicates 
that LRS has reduced Ti valence states due to the oxygen 
vacancy redistribution. This valence state change without 
crystal structure change should be the origin of the reversi-
ble resistance switching behavior shown in Fig. 2(c) in the 
present memristive device. 

 
 
 
 

 
 
 
 

 
 
Fig. 3 TEM image (a) and ED pattern (b) observed at the LRS re-
gion. (c) Ti-L2,3 EELS spectra of LRS region (blue line) and 
pristine sample (red line). 
 
Multilevel resistance by consecutive voltage sweeps 

We have demonstrated that multilevel resistance be-
tween T1 and T3 can be achieved by changing the applied 
voltage sweep rate. As shown in Fig. 4(a), the incremental 
resistance tended to be saturated after applying the sweep 
voltage V1=+6 V to T1 several times at a certain sweep rate.  
 
 
 
 
 
 
 
 
 
 
Fig. 4 (a) Current-voltage characteristics obtained by consecutive 
voltage sweeps. Each colored lines show hysteresis curves by var-
ying the voltage sweep rate of V1 shown in the inset. (b) Optical 
microscope image of the device after the consecutive sweeps. 
 

However, the reduction of the sweep rate leads to further 
increase of resistance. This incremental resistance modula-
tion can be explained by the colorless region around T1 in-
dicating oxygen vacancy repulsion from T1 as shown in Fig. 
4(b). Thus, by selecting appropriate voltage sweep rate, we 
can achieve high precision tuning of resistance, or plasticity 
of synapse. 
 
Gate control of synaptic plasticity 

We have explored the possibility of controlling potentia-
tion/depression sensitivity (or synaptic plasticity) by gate 
voltage application according to the designated protocol. As 
shown in Fig. 5, the number of pulses required to reach the 
desired resistance can be modulated by the gate voltage: 
higher the gate voltage is, smaller the number of required 
pulses is. This demonstrates a pair of electrodes for gating 
can mimic the function of neuromodulator which can regu-
late the plasticity of synapse in its vicinity, providing a het-
ero-synaptic nature for highly complicated behaviors of liv-
ing creatures. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Resistance switching of the device (a) without and (b) with 
the gate voltage Vg = 4 V. (c) Gate voltage dependency of the 
number of pulse required to reach the desired HRS. The parameter 
was set to Vc = 6 V, tc = 50 s, t = 10 s and Vw = ±4 V. 
 
4.  Conclusions 
   We have explored the possibility of variable synaptic 
behavior based on precise control of oxygen vacancy distri-
bution in single crystal TiO2-x four-terminal memristive 
devices. Our results demonstrate that by tuning the voltage 
application protocol, that is, changing voltage sweep rates or 
gate voltages application, potentiation/depression behavior 
(i.e., synapse plasticity) can be markedly modulated to 
achieve the function of neuromodulator in living synapses. 
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