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Abstract: A spike-timing-dependent-plasticity (STDP) device with a Ga-Sn-O (GTO) conductance 
change layer deposited by a mist-CVD method has been developed. First, the memristive 
characteristic is analyzed. Next, based on it, spike waveforms are determined. Finally, the STDP 
characteristic is successfully confirmed. This is the first report on the realization of a STDP 
characteristic using a thin film deposited by the mist-CVD method, which is achieved by the GTO 
properties, and a well-designed clear methodology to realize a STDP characteristic from a 
memristive characteristic. 
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1. Introduction 

Artificial intelligence (AI) provides critical infrastructures in modern and future societies 
through diverse applications [1,2]. Neural networks are the most popular embodiments of AI that 
mimic the operating theories of living brains [3,4]. However, traditional models of neural networks 
are large and complex software that runs on high-spec and energy-consuming hardware such as 
Neumann-type digital computers, which is not customized for neural networks [5,6]. Neuromorphic 
systems are practical solutions that consist only of customized devices, circuits, and hardware for 
neural networks with compact computer size and lower energy consumption [7,8]. Memristors are 
emerging devices that can be used as not only digital memories in old-fashioned computers [9,10] 
but also analog memories in neuromorphic systems [11–20]. However, once memristors are 
integrated into neuromorphic systems as computing in memory (CIM) or processing in memory 
(PIM) [21], it is considerably difficult to integrate also control circuits to adjust electrical 
conductivities because they are likely more complicated than neuromorphic systems themselves to 
generate arbitrary voltage or current. Therefore, autonomous learning is strongly desired. 
Incidentally, spiking neuromorphic systems are notable schemes as extremely low-energy systems, 
where spike pulses are utilized to send signals [22]. Spike-timing-dependent-plasticity (STDP) 
devices are inspired by biomimetic approach from living brains and promising to enable autonomous 
learning in spiking neuromorphic systems, and STDP characteristics are often realized as more 
advanced utilizations of memristor characteristics [23–27]. However, it was sometimes difficult to 
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realize them, because there are many candidates of component materials, device structures, 
fabrication processes, driving schemes, etc. 

Semiconductor materials are key-points for actual fabrication of memristors. Amorphous metal-
oxide semiconductors (AOS) are semiconductor materials using common and inexpensive atomic 
elements and can exhibit excellent characteristics even if they are deposited at low temperatures, and 
therefore they are superior in low material and fabrication cost [28]. On the other hand, deposition 
methods are other key-points for actual fabrication of memristors. Mist chemical vapor deposition 
(CVD) methods are deposition methods in atmosphere pressure, and they are also superior in low 
fabrication cost [29,30]. However, it was not reported that the STDP device is realized with an AOS 
thin film deposited by the mist-CVD method. 

In this research, a STDP device with a Ga-Sn-O (GTO) conductance change layer deposited by a 
mist-CVD method has been developed. GTO is one of the AOS and superior in further low material 
cost, non-toxicity, etc [31,32]. The device details, fabrication processes, memristive characteristics, 
spike waveforms, and STDP characteristic will be explained. This is the first report on the well-
designed combination of the STDP, GTO, and mist-CVD technologies, and provides a clear 
methodology to realize a STDP characteristic from a memristive characteristic. 

2. STDP Device with the GTO Conductance Change Layer Deposited by the Mist-CVD Method 

The STDP device with the GTO conductance change layer deposited by the mist-CVD method 
is shown in Figure 1. First, the device structure and fabrication processes are shown in Figure 1a. A 
quartz substrate of the size of 15 mm × 15 mm and thickness of 0.7 mm is used, and an Al thin film is 
deposited using a vacuum evaporation method as a bottom electrode. Next, the hot-wall-type mist-
CVD method is shown in Figure 1b. The GTO thin film is deposited using the mist-CVD method as 
a conductance change layer. Ga acetylacetonate (Ga(acac)) of 0.0855 g and Sn acetylacetonate 
(Sn(acac)) of 0.3324 g are dissolved in HCl of 20% and 3 g and pure water of 20 mL, whose volumes 
are adjusted so that the atomic composition is Ga:Sn = 1:4.5 in the solution. A mist of the solution is 
generated by ultrasonic generators, carried by a carrier gas of air of the flow rate of 1 L/min, diluted 
by a dilution gas of air of the flow rate of 1 L/min, and injected through a quartz tube, and the inside 
of the quartz tube is heated to the temperature of 450 °C by a heater. The GTO thin film is deposited 
during the deposition time of 30 min to the film thickness of 33 nm. Finally, a Au thin film is deposited 
using a vacuum evaporation method as a top electrode. The device structure is quite simple, namely, 
the GTO thin film is just sandwiched between the top and bottom electrodes. 
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Figure 1. STDP device with the GTO conductance change layer deposited by the mist-CVD method. (a) 
Device structure and fabrication processes. (b) Hot-wall-type mist-CVD Method. 

3. Memristive Characteristic 

The memristive characteristic is shown in Figure 2. First the hysteresis characteristic is shown in 
Figure 2a. Here, the bottom electrode is grounded, and an applied voltage to the top electrode (V) is 
scanned to 0 ∼ -4.5 V ∼ 0 as a reset operation. Then, V is scanned to 0 ∼ +Vset ∼ 0 with varying Vset = 
2 ∼ 4 V as set operations, and the flowing current (I) is measured. The magnified graph is also 
superimposed when V is 0 ∼ 1 V. It is found that the set operation induces the transition from a low 
conductance state (LCS) to a high conductance state (HCS), whereas the reset operation initializes the 
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electrical conductance. The hysteresis curve is observed, and the width of the hysteresis increases as 
Vset increases. Next, the switching ratio is shown in Figure 2b. Here, the switching ratio is defined as 
the conductance ratio between the HCS and LCS for V = 0.5 V. It is analyzed that the switching ratio 
remains the same below Vset ≦ 3 V and increases as Vset increases above Vset ≧ 3.5 V. The 
endurance and retention characteristics are under estimation and seems not so bad [33], so we would 
like to report them in the near future. The switching mechanism is also shown in [33]. 
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Figure 2. Memristive characteristic. (a) Hysteresis characteristic. (b) Switching ratio. 

4. Spike Waveforms 

Based on the memristive characteristic shown in Figure 2b, spike waveforms are determined. 
The spike waveforms are shown in Figure 3a. First, pre-spike voltage (Vpre), post-spike voltage 
(Vpost), and net voltage (Vnet) are shown in Figure 3a. Here, Vpre is the voltage supposed to be 
applied to the top electrode, Vpost is that to the bottom electrode, Vnet = Vpre – Vpost is that to the 
STDP device. Δt is defined as the time lag between the Vpre and Vpost, and the spike waveforms for 
Δt = -0.2, 0, and +0.2 ms are shown as examples. Next, the maximum voltage of the Vnet (Vmax) is 
shown in Figure 3b. It is found that the Vmax ranges from Vmax ≦  3 V to Vmax ≧  3.5 V. 
Conversely speaking, the spike waveforms are well-designed so that the Vmax is so. As a result, it is 
expected that the device conductance remains the same or increases depending on the Δt. 
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Figure 3. Spike waveforms. (a) Vpre, Vpost, and Vnet. (b) Vmax. 

5. STDP Characteristic 

The STDP Characteristic is shown in Figure 4. The conductance change along time (t) is shown 
in Figure 4a. Here, the Vpre and Vpost shown in Figure 3a are actually applied to the top and bottom 
electrodes, respectively, with the frequency of 2 kHz, and the device conductance is measured in situ 
because small bias is applied when no spike pulse is applied as shown in Figure 3a. The conductance 
change is calculated as the change from the initial value. It is found that the device conductance 
almost remains the same for Δt = ±0.4 ms, increases for Δt = ±0.2 ms, and further increases for Δt = 0 
ms, which is as expected. Next, the conductance change and switching ratio are shown in Figure 4b. 
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Here, the conductance change is obtained from that for t = 9 min in Figure 4a, because it seems to 
roughly saturate, and the switching ratio is calculated by relating the Vset shown in Figure 2b and 
Vmax shown in Figure 3b. For example, Vmax = 3.7 V for Δt = 0.2 ms in Figure 3b, and the switching 
ratio is read as 1.59 for this Vmax in Figure 2b. It is found that the tendency of the conductance change 
is quite similar to that of the switching ratio, which is as expected. As a result, the STDP characteristic 
is successfully confirmed. 
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Figure 4. STDP characteristic. (a) Conductance change along t. (b) Conductance change and switching 
ratio. 

6. Conclusion 

A STDP device with a GTO conductance change layer deposited by a mist-CVD method has 
been developed. First, the memristive characteristic was analyzed. Next, based on it, spike 
waveforms were determined. Finally, the STDP characteristic was successfully confirmed. This is the 
first report on the realization of a STDP characteristic using a thin film deposited by the mist-CVD 
method, which is achieved by the GTO properties and a well-designed clear methodology to realize 
a STDP characteristic from a memristive characteristic. In other words, it was proposed how to realize 
the STDP characteristic from the memristive characteristic, which will be useful for all future 
researchers who would like to apply their memristive devices to STDP devices. We expect that not 
only STDP devices we develop but also those other researchers develop can find possible applications 
for neuromorphic systems. 
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