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Synapse emulation is very important for realizing neuromorphic computing, which could overcome the energy and
throughput limitations of today’s computing architectures. Memristors have been extensively studied for using in non-
volatile memory storage and neuromorphic computing. In this paper, we report the fabrication of vertical sandwiched
memristor device using ultrathin quasi-two-dimensional gallium oxide produced by squeegee method. The as-fabricated
two-terminal memristor device exhibited the essential functions of biological synapses, such as depression and potentia-
tion of synaptic weight, transition from short time memory to long time memory, spike-timing-dependent plasticity, and
spike-rate-dependent plasticity. The synaptic weight of the memristor could be tuned by the applied voltage pulse, number,
width, and frequency. We believe that the injection of the top Ag cations should play a significant role for the memristor
phenomenon. The ultrathin of medium layer represents an advance to integration in vertical direction for future applications
and our results provide an alternative way to fabricate synaptic devices.

Keywords: gallium oxide, memristor, artificial synapse, synaptic plasticity

PACS: 73.50.-h, 68.65.-k, 87.19.1v

1. Introduction

Artificial neural networks have shown superior perfor-
mance over classical systems in processing cognitive and big
data tasks. Meanwhile, recent advances in algorithm develop-
ments have led to performance even surpassing that of humans
in specific complex tasks.!!=3! Until now, implementations of
neural networks have been mainly based on conventional com-
puting hardware, where the memory and processor are physi-
cally separated. The data are stored in the memory and need
to be constantly loaded into the processing unit to compute
the desired output. Consequently, the performance requires
enormous computing hardware resources and high power con-
sumption during operation, which is limited by the von Neu-
mann bottleneck. !

The memristor is a two-terminal electronic device, whose
conductance can be precisely modulated by the charge or flux
through it. Memristors have been studied extensively for using
in non-volatile resistive random-access memory (RRAM).[0]
Similar to a biological synapse, memristor can simultaneously
store the synaptic weight and modulate the transmitted signal
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in one single device, which will be very useful for develop-
ing neuromorphic computing.[’~1%1 As a binary metal oxide,
gallium oxide is considered as one of the ideal candidates for
RRAM and has been investigated broadly, in which both bipo-
lar and unipolar resistance switching behaviors were observed,
indicating the rich and adjustable physical properties of the
gallium oxide film.!" =131 However, the emulating synaptic be-
haviors in gallium oxide thin film based memristor have not
been reported so far. The gallium oxide was usually deposited
by pulsed laser deposition technology or sputtering system, the
thickness of which is from several tens to hundreds nm. Re-
cent studies have revealed that the performance of MIM-based
memristors might be enhanced by introducing layered two-
dimensional (2D) materials into their structure.!!°20] Herein,
we report the fabrication of ultrathin quasi-2D gallium oxide
film by squeegee method, which was made into simple vertical
sandwiched devices by conventional micro-nano fabrication.
We have been able to emulate synaptic behavior in the vertical
memristor with the thinnest medium layer. The ultrathin of the
medium layer represents an advance to integration in vertical
direction for future applications. Our results provide an alter-
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native way to fabricate synaptic devices with a high integration
level when stacked three dimensionally.

2. Experimental procedure

Figure 1(a) demonstrates the squeegee method process.
Liquid gallium is placed on a substrate and scraped away
to the other side at the hot plate due to low melting tem-
perature of gallium (29.7 °C). When liquid gallium is ex-
posed to ambient atmospheric condition, a smooth thin gal-
lium oxide layer is formed on its surface.!*'=>3) During the
squeegee method process, rapid re-oxidation of the metal sur-
face allows continuous deposition gallium oxide film, which
resembles a screen-printing process. ?*2%! To transfer the thin
film on arbitrary substrate, the thin gallium oxide layer was
made on propylene carbonate (PC) film firstly using squeegee
method. Subsequently, the PC film carrying gallium oxide
can be attached onto any other targeting substrates such as
graphene/SiO, or TEM grid. Finally, the whole substrate
was immersed into acetone to remove PC. The optical image
of gallium oxide on a SiO,/Si wafer is shown in Fig. 1(c).
Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were used to characterize the samples de-

(a) squeegee

Y )

liquid gallium

posited on top of SiO,/Si wafer and transferred onto TEM
grids, respectively. The sample produced by squeegee method
featured a smooth surface, seen in the AFM image. The thick-
ness of the thin film is around 2.5 nm, consisting to the previ-
ous literature.[?> The structural features and crystal structures
of the film were further revealed by TEM (Figs. 1(d)-1(f)).
The gallium oxide shows amorphous structure, characterized
by high-resolution TEM (HRTEM) and selected area electron
diffraction (SAED). X-ray photoelectron spectroscopy (XPS)
was employed to obtain the chemical bonding states of the thin
films. Figures 1(g)-1(i) show the spectra of Ga 2p, Ga 3d, and
O Is regions, respectively. The peaks of Ga 2py 2, 2p3 /5, and
3d were observed in gallium oxide samples, while additional
peak at lower binding energy corresponding to the metallic
state of gallium was observed in gallium oxide/gallium mix
samples./?”! Figure 1(i) shows O 1s fitted XPS spectra of SiO»
and GaO,/SiO,. Two different oxide peaks for O 1s were ob-
served when GaO, was deposited on the SiO,. These peaks
correspond to SiO; (binding energy = 532.6 eV) and GaO,
(binding energy = 530.8 eV). This indicates that the thin film
made by squeegee method is composed of the oxide of the
gallium.
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Fig. 1. (a) Schematic illustration of formation of a thin gallium oxide layer on liquid gallium surface under atmospheric condition. (b) The structure
of gallium oxide. (c) Optical microscope image of gallium oxide on a SiO,/Si wafer. Inset: AFM image of gallium oxide on SiO;. (d)-(f) TEM
characterization, with HRTEM images and SAED. (g), (h) XPS spectra of the gallium oxide and gallium/gallium oxide mix. (i) XPS spectra of SiO;

substrate with and without GaO,.
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3. Experimental results and discussion

Figure 2(a) schematically shows the two-terminal device
structure. The gallium oxide made by squeegee method was
transferred onto a few-layer graphene flake which serves as
a thin bottom electrode (BE) of the memristor device. Fig-
ure 2(b) demonstrates the AFM image of the gallium oxide on
few-layer graphene, showing that the surface of the gallium
oxide is smooth and clean after transfer. The height profile re-
veals that the thickness of the gallium oxide is 2.5 nm. Silver
was subsequently deposited as the top electrode (TE). The ver-
tical sandwiched structure memristor device was completely
fabricated.

The current—voltage (I3—Vy4) characteristics of the het-
erostructure are shown in Figs. 2(c) and 2(d). Initially, the
current of the vertical sandwiched structure increases gradu-
ally with the number of sweep when five consecutive posi-
tive voltage sweeps are applied to the device. Afterwards, the
current decreases continuously when the voltage sweeps is re-
versed to negative. In order to clearly illustrate the changing
trend, the curve of sweeping voltage and the corresponding
current versus time are plotted in Fig. 2(e). The current shows
continuously increase (decrease) in sequential positive (nega-
tive) voltage sweeps obviously. To verify the potential switch-
ing mechanism, we performed several additional experiments
using different metal electrodes including Au, in which the
increase (decrease) trend was not observed. We believe that
the movement of the top Ag cations should play a significant
role for the memristor phenomenon. Under positive voltage,
the Ag cations are injected into the gallium oxide. The local-
ized conducting Ag filaments between the Ag and graphene
electrodes are formed which increase the conductance of the

device. With additional positive voltage sweeping, more Ag
filaments are formed, which induces progressively increasing
conductance. Under negative voltage, the Ag cations move
back to the Ag electrode, leading to rupture of Ag filaments
and decrease of the conductance of the device. Therefore, we
infer that the formation and rupture of Ag filaments under the
applied voltage should be response for the reliable “analog”
switching behaviors. Furthermore, we replaced gallium ox-
ide with mechanically exfoliated multilayer h-BN. The h-BN
based sandwiched structure did not show any memristive be-
havior. The perfect lattice structure of h-BN restraint the Ag
cations movement under bias voltage. The h-BN shows per-
manent breakdown in high electrical field, which is ascribe to
defect-free of the h-BN layer.[?®?° Oppositely, the amorphous
structure of gallium oxide prepared by squeegee method con-
taining a large amount of defects could be helpful for the mem-
ristive behaviors. The advanced study such as in situ TEM
analysis of structure should be further performed to understand
the exact switching mechanism. 3!

The conductivity of the devices could also be gradually
tuned by applying a series of pulses. A continuous 20 positive
pulses (2 V, 100 ms) and 20 negative pulses (—2 V, 100 ms)
were applied to the device. Figure 2(f) shows the current read-
out at 1 V bias after each pulse. The read voltage was selected
at 1 V (which is not large enough to change the resistance state
of the device) because of large on—off ratio around this voltage.
The current shows increasing and decreasing gradually along
with the positive and negative pulses, which is analogous to
the respective potentiation and depression of the synaptic be-
havior induced by the stimulation sequence.
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Fig. 2. (a) The optical image of the device (top) and the schematic of the memristor device (bottom). (b) AFM image of GaO, stacked on few
layer graphene. (c), (d) Measured /-V characteristics of the memristor. (e) The current and voltage data plotted against time for the device in
(c) and (d), indicating the variation trend in current in sequential voltage sweeps. (f) The current was obtained after a series of 20 set pulses
( 2V, 100 ms, black dots) followed by 20 reset pulses (—2 V, 100 ms, red dots), showing the respective potentiation and depression of the

synaptic weight. The reading voltage is 1 V.

017304-3



Chin. Phys. B  Vol. 28, No. 1 (2019) 017304

Figure 3(a) shows a schematic illustration of a biological
synapse, which connects a presynaptic neuron and a postsy-
naptic neuron. A signal is transmitted between neurons by
sending neurotransmitters. When an action potential arrives
at the presynaptic neuron, the neurotransmitters are released
from the presynaptic neuron and go through the synapse to
dock with receptors on the postsynaptic neuron, triggering a
subsequent action potential in the post-neuron. Then the signal

31321 Under external stimuli, spikes or

is sent to the next neuro.
action potentials from presynaptic neurons can be transmitted
to the postsynaptic neurons via synapses and produce excita-
tory postsynaptic currents (EPSC). The synaptic weight rep-
resented by the degree of connectivity between the pre- and
post-neurons is simply described by EPSC. Similar to this ar-
chitecture, in our vertical sandwiched memristor, the top and
bottom electrodes work as the pre- and post-synaptic neurons,
respectively. The two-terminal memristor could be used to
mimic the synaptic behaviors in neurons. The conductance of
the device, considered as synaptic weight, can be modulated
by pulse voltage applied to either electrodes. The increase or
decrease of conductivity represents potentiation or depression
of the synaptic weight in response to the potentiating and de-
pressing spikes.

Figure 3(b) shows the EPSC obtained by applying the
Ist, 10th, 50th, and 100th pulse voltages (100 ms, 2 V). The
EPSC shows a sudden increase simultaneous with applying the
presynaptic pulse and decays back gradually to the steady cur-
rent. The relaxation time constant (7) of the EPSC increases

cating a trend of transition from short time memory (STM)

(10331 This happens be-

to long time memory (LTM) behavior.
cause more silver cations are injected into the middle medium
layer with increasing pulse number.

The EPSCs induced by presynaptic pulses with differ-
ent pulse width time are shown in Fig. 3(c). The amplitudes
of the EPSC increase with increasing pulse width time from
100 ms to 2 s. Figure 3(d) shows the EPSC change ratio un-
der different read time. The steady EPSC after 15 s is en-
hanced significantly with increasing pulse width time, indi-
cating a trend of transition from STM to LTM, which is sim-
ilar to the observed phenomenon as increasing pulse num-
ber. The memristor shows a current of ~ 50 pA at a read
voltage of 1 V after the voltage pulse with the amplitude of
2 V and duration time of 100 ms. The power consumption
(Pstandby = Iread X Vieaq) in standby is 50 pW. Figure 3(e) shows
the energy consumption under different pulse width extracted
from Fig. 3(c). The energy consumption for one pulse is cal-
culated by W = Lpeax X Vpuise X £, where Ineak, Vpuise, and # rep-
resent the peak value of the EPSC, the pulse voltage, and the
pulse width, respectively. The energy consumption decreases
rapidly with the decrease of the pulse width. The smallest en-
ergy consumption is about 14 pJ (100 ms), which is two orders
of magnitude lower than that of an artificial synapse based on
conventional CMOS circuits (= 900 pJ per stimulation).*! It
is reasonable to estimate that the energy consumption of our
devices can be further reduced by decreasing the pulse width

from 0.61 s to 23.77 s with increasing pulse number, indi-  time.
(a) . . pre-spikee 0.4} ——1st pulse
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Fig. 3. (a) Illustration of a biological synaptic junction between the presynaptic and postsynaptic neurons (left) and the schematics of the
two-terminal device geometry structure (right). (b) The EPSC decay after applying the 1st, 10th, 50th, and 100th pulses (100 ms, 2 V, separated
by 1000 ms). (c) EPSC is triggered by one pulse with different pulse width time. The pulse amplitude was fixed at 2 V. (d) EPSC change ratio
(I —1y)/Iy x 100% by reading after 100 ms and 15 s for different pulse width time. (e) The energy consumption during a single pulse with

different pulse width time.
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Besides the pulse width time and pulse number, the ap-
plied pulse frequency can also affect the synaptic weight. This
is similar to the biological phenomenon referred to as spike-
rate-dependent plasticity (SRDP). To demonstrate SRDP, 10
identical value pulses with different frequencies from 0.1 Hz
to 10 Hz were applied to the memristor, as shown in Fig. 4(a).
The pulse amplitude was fixed at 2 V and the pulse widths
were 100 ms. The EPSC change was detected by calculat-
ing the change ratio Ij9/Iy, where I is the current after 10
pulses and Iy is the initial current under the reading voltage
of 1 V. The EPSC change drastically increases at higher pulse
frequency (Fig. 4(b)), indicating that the synaptic weight could
also be changed through changing the applied pulse frequency.

Spike-timing-dependent plasticity (STDP), as a basis for
the Hebbian learning rule, is a biological process that adjusts
the strength of connections between neurons in the brain. 3!l
To demonstrate the STDP learning rule, we applied a pulse
pair to the TE while ground the BE. The pulse pair we used

4 Za
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contains a positive pulse representing the presynaptic spike
and a negative pulse representing the postsynaptic spike, as
shown in Fig. 4(c). This is equivalent to applying identi-
cal positive pulses to both pre- and post-synaptic sides of the
memristor. The two pulses were separated by a time difference
At = fhost—spike — pre—spike» WheTe fpre (fpost) TEpresent the time
when the presynaptic neuron (postsynaptic neuron) spikes.
Figure 4(d) shows the measured change of the synaptic weight
versus At. When the pre-synaptic spike arrives ahead (behind)
the post-synaptic spike, the synaptic weight of the memristor
increases (decreases). This observation can be attributed to the
intrinsic decay trend of the EPSC in our device, which enables
us to realize the STDP function by the simple pulse pair in-
stead of complicated designed external preprogramming.[8-34]
Moreover, the change in the synaptic weight versus the spike
timing difference Ar can be well fitted with exponential decay

functions, indicating that STDP characteristics are similar to

those of biological synapse.!3>-3¢]
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Fig. 4. (a) The schematic illustration of SRDP. 10 consecutive pulses were applied then read the EPSC. The pulse amplitude and reading voltage
were fixed at 2 V and 1 V, respectively. The pulse widths were 100 ms. (b) EPSC changes as a function of frequency. (c) Experimental setup
of STDP, a positive and negative pulse pair was applied on the pre-synaptic side. The positive pulse equals to pre-synaptic spike and negative
pulse equals to post-synaptic spike. (d) Change of the synaptic weight as a function of the relative timing between the pre- and post-synaptic

pulses, At = fpost — fpre-

4. Conclusion

In summary, we have demonstrated an ultrathin synaptic
memristor based on quasi-2D gallium oxide for the first time.
The ultrathin and smooth gallium oxide layer was prepared by
the squeegee method, which is suitable for other low melting
temperature metals or eutectic alloys such as Sn and galinstan.
The essential functions of biological synapses, including de-
pression and potentiation of synaptic weight, transition from
STM to LTM, SRDP, and STDP, have been demonstrated in

the two-terminal memristor. These findings provide an alter-
native way to fabricate synaptic devices based on atomically
thin metal oxides and the ultrathin of medium layer represents
an advance to integration in vertical direction for future appli-

cations.
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