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Neural facilitation is an essential activity-dependent synaptic plasticity in most chemically transmitting synapses.
Emerging artificial synaptic devices need to be capable of emulating this function in order to be used in brain-
inspired neuromorphic computing systems. In this paper, neural facilitation in natural organic honey based
synaptic memristor was investigated. The memristive layer was fabricated by commercially purchased honey via
a solution-based process and sandwiched in between Al top electrode and ITO bottom electrode. Two process
conditions, 90 °C/8 h and 140 °C/2 h were applied to dry the honey thin film for comparison. Test results show
that both devices demonstrated bipolar resistive switching and neural facilitation behaviors, while the memristor
with the honey film dried by 90 °C/8 h demonstrated a larger on/off ratio and read memory window, lower
current at high-resistant state, and larger facilitation index. The index is also larger than our previously reported
honey-memristor with same drying conditions but Ag top electrode, and memristors based on other natural
organic materials such as chicken albumen and lignin. The index decayed following two exponential phases as a
function of the interval time of the two stimulation voltage pulses, which is similar to biological synapses. Besides
shorter pulse interval time, the response of facilitation also enhanced by larger magnitude and width of the
stimulation voltage pulses.

1. Introduction between two electrodes. The dielectric thin film is the critical layer

responsible for resistive switching and tunable resistance of the device.

Functional emulation of biological synapse by artificial synaptic
devices is critical for the development of brain-inspired neuromorphic
systems which overcome the energy consumption challenge faced by
conventional computing based on von Neumann architecture. One
promising device technology proven to be capable of emulating synaptic
functions is resistive switching memristor because of its tunable resis-
tance, scalability, nonvolatility, high data retention capability and good
endurance, CMOS and 3D integration compatibility, multistate
programmability, low power consumption, and relatively high speed
[1-5]. These merits enable resistive switching memristor to be a desir-
able candidate for data storage, data transmission, memory logic, and
neuromorphic computing systems [6-8]. Synaptic memristor is a
nonlinear two-terminal device with a dielectric thin film sandwiched
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Such device structure resembles “point-to-point™ connected biological
synapses. Natural organic materials have attracted interest to form such
resistive switching films because they are renewable, biodegradable,
sustainable, biocompatible, and environmentally friendly. So far various
artificial synaptic devices with resistive switching layer based on natural
organic materials [9-15] have been developed as desirable candidates
for “green” neuromorphic systems.

In our previous studies [14,15], we have reported synaptic mem-
ristors with commercial honey fabricated into the resistive switching
film by a solution process to emulate synaptic plasticity of biological
synapse. Honey is a mixture containing more than 180 constituents [16],
mainly sugar, which is represented by about 75% monosaccharides
(glucose and fructose), followed by 10-15% disaccharides (sucrose,
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maltose, turanose, isomaltose, etc.) and small amount of trisaccharides
(maltotriose and melezitose). Neural facilitation, also known as
paired-pulse facilitation (PPF), is a form of short-term, activity-de-
pendent synaptic plasticity common to most chemically transmitting
synapses [17]. It describes the phenomenon that the second of two
rapidly and closely evoked excitatory postsynaptic potentials (EPSPs)
has larger amplitude. Neural facilitation is important for neural tasks in
brain such as learning, information and cognitive processing. We have
demonstrated neural facilitation in honey-memristor with Ag top elec-
trode and ITO bottom electrode, i.e. Ag/honey/ITO [15]. It is known
that electrode materials and dielectric film process parameters affect the
resistive switching characteristics, while in this study we investigated
these effects on the synaptic properties with focus on the neural facili-
tation. Two honey-memristor devices were fabricated with same Al top
electrode and ITO bottom electrode (Al/honey/ITO) but different drying
temperatures and durations for honey films, i.e. 90 °C for 8 h and 140 °C
for 2 h. The results from this study can be used for selection of potential
artificial synaptic devices for future renewable and biodegradable neu-
romorphic computing systems.

2. Experimental

Honey-memristors under investigation were fabricated on two 2.5
cm x 2.5 cm glass slides. Both glass slides were cleaned by acetone,
isopropyl alcohol and D.I. water in an ultrasonic bath for 10 min each.
After cleaning, they were loaded in a Nano 36 DC/RF sputter (Kurt J.
Lesker) for ITO thin film deposition to form bottom electrode. The final
sheet resistance of ITO film was 10 Q/sq. Commercial honey was mixed
with D.I. water for a 30% concentration by weight. The honey solution
was coated on the ITO/glass substrates at 1000 rpm for 90 s on a spinner,
followed by baking on a hotplate in air to dry the honey films. One
sample was baked at 90 °C for 8 h and denoted as Al/honey/ITO (90:8),
and the other sample at 140 °C for 2 h as Al/honey/ITO (140:2). After
baking, each sample was covered by a stencil mask with circular win-
dows for a deposition of 100 nm-thick Al film on the dried honey film by
e-beam evaporation (PVD 75 e-beam/thermal evaporation system, Kurt
J. Lesker to form top Al electrode arrays. Schematic process flow of
honey memristors and a photograph after fabrication are shown in Fig. 1
(a) and (b).

Electrical measurements on resistive switching and PPF character-
ization were performed on a probe-station at room temperature in air
using a Keithley 4200 semiconductor characterization system, a Tek-
tronix AFG 310 arbitrary function generator and a Tektronix DPO 2024
oscilloscope. The schematic test circuit diagram is shown in Fig. 1(c). A
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pair of voltage pulses was applied by the function generator on the Al top
electrode of the honey-memristor while the ITO bottom electrode was
grounded. The corresponding current in the honey-memristor was
calculated from the voltage drop measured by the oscilloscope on a
2000 Q resistor connected in series with the honey-memristor. Thermal
analysis of the honey solution was tested via a differential scanning
calorimetry (DSC, PerkinElmer DSC 4000, Pyris 6) from 30 to 200 °C
under N ambient with a flow rate of 20 ml/min and heating rate of 5 C/
min. Attenuated total reflection mode Fourier transform infrared spec-
troscopy (ATR-FTIR) (Bruker alpha Eco-ATRIR with ZnSe crystal) was
used to determine chemical functional groups of dried honey thin films.

3. Results and discussion

Resistive switching properties of honey-memristors were first veri-
fied. Fig. 2(a) presents a family plot of typical current-voltage (I-V)
characteristics. DC voltage sweeping rate was 1 V/s and the voltage
sweep sequence was numbered in the plot. It was shown that both de-
vices demonstrated bipolar resistive switching characteristics without
initial forming process. The high resistance state (HRS) currents in both
devices change gradually by more than 3-4 orders of magnitude before
SET and RESET process, which is similar to our previously reported Ag/
honey/ITO [12] and Cu/honey/CuxO [14] memristors. Such switching
characteristics are essential for memristors to emulate synaptic plas-
ticity. It is clearly noted that the on/off ratios, read memory windows,
and high-resistance state currents were different in both devices. Both
SET and RESET voltages and therefore the read memory window of the
Al/honey/ITO (90:8) device were much larger than those of the
Al/honey/ITO (140:2) device, while HRS current of Al/honey/ITO
(90:8) was much lower than that of Al/honey/ITO (140:2) device.

To examine the data endurance, honey-memristors from both sam-
ples were switched for 200 consecutive cycles. The cumulative proba-
bility of SET and RESET voltages is shown in Fig. 2(b), which
demonstrated uniformity with a narrow 1 V range in most probabilities.
The data retention characteristics at HRS and low resistance state (LRS)
under a continuous voltage stress for 10* s at respective read voltages of
two honey-memristors are shown in Fig. 2(c). The retention time test
was performed in air and at room temperature. Currents in both honey-
memristors were retained over the time period of 10* s and no signifi-
cant degradation was observed even when the retention time was
extrapolated to 10 years. These characteristics showed that these honey-
memristors has good cycle-to-cycle and device-to-device stability and
reliable data retention for non-volatile memory applications.

The different values of on/off ratios, read memory windows, and
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Fig. 1. (a) Schematic process flow of Al/honey/ITO synaptic memristor: (i) deposition of ITO on glass substrate, (ii) after ITO deposition, (iii) spin coating and baking
honey film on ITO bottom electrode (BE), (iv) deposition of Al top electrode (BE) through a stencil mask, (v) finished devices. (b) Photographs of honey-memristors.

(c) Schematic test circuit diagram for PPF characterizations.



B. Sueoka et al.

100
102
= 104k
c b
o
= 106
: E
o
108 .
E ——Al/honey/ITO (140°C, 2h)
F (a) —— Al/honey/ITO (90 °C, 8h)

10_10'|.||||||||||||||||||||||||||||
4 3 -2 1 0 1 2 3 4
Voltage (V)

o Al/honey/ITO (140°C, 2h) » Al/honey/ITO (90°C, 8h)
0 -

o (]

SET

(0]
o

RESET

Cumulative
Probability (%)

6 4 -2 0 2 4 6
Voltage (V)
10-1

; (©) LRS !
— 103 $—eomsememmemen :
caa s
w 105 R— i
. i HRS 5
= 10-7 . g
S a E
O e

10° &, Al/honey/ITO (90°C, 8h)
I o Al/honey/ITO (140°C, 2h) 10 years

10-11 Cowud vl o o sl oo o o v 1
10° 102 104 10 108 1010
Time (s)

Fig. 2. (a) Bipolar resistive switching characteristics of Al/honey/ITO mem-
ristors. Voltage sweep sequence was numbered. Devices were in HRS during
voltage sweep 1 and 4, and in LRS during voltage sweep 2 and 3. (b) Switching
endurance measured for 200 cycles with cumulative probability distribution of
SET and RESET voltages. (c) Data retention for 10* s.

high-resistance state currents are attributed to the different chemical
drying temperatures, 90 °C versus 140 °C, of the honey films. Based on
DSC results in Fig. 3(a), the honey thin film was not fully solidified when
dried at 90 °C if compared with its counterpart dried at 140 °C. Sub-
stantial amount of ~OH group (~3200 cm ') can be detected by ATR-
FTIR in honey film dried at 90 °C, but this chemical functional group
was completely undetectable in the film dried at a 140 °C, as shown in
Fig. 3(b). The —-OH group originated from either water and/or poly-
saccharides compounds in honey such as glucose, fructose, sucrose, etc.
However, C-O group (1050 cm™?) for honey dried at 140 °C increased
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Fig. 3. (a) Change of heat flow of honey solution measured by DSC. (b)
Comparison of absorbance spectra obtained from ATR-FTIR for bare ITO/glass
substrate and dried honey thin films at 90 °C and 140 °C.

significantly. This is the main chemical functional group of mono-
saccharides compounds dissociated from polysaccharides of honey. As
higher drying temperature was applied, higher amount of short chain
monosaccharides was contained in the honey film. Insulating property
of the honey thin film is more obvious with higher amount of -OH
group, corresponding to the higher resistance when the honey film is
dried at 90 °C than 140 °C; therefore, its HRS current is lower and a
higher voltage is needed to switch from HRS to LRS. -OH group may not
contribute much once the memory was switched to LRS as the current
level at LRS state was comparable in both devices. Based on these re-
sults, it is also proven that —-OH group is more dominating than C-O
group for controlling the resistive switching behavior in honey-
memristors.

To identify the current conduction mechanism, I-V curves in Fig. 2
(a) were replotted in log-log scale with linear fittings as shown in Fig. 4
(a). In HRS, two distinct slopes were observed in Al/honey/ITO (90:8)
device, indicating the typical space charge limited conduction (SCLC)
[18]. At low voltages, the linear (slope ~ 1) I-V curves follow Ohm’s law
while at high voltages, they change to quadratic (slope ~ 2) by Mott--
Gurney’s law of trap-free limitation. In LRS, Al/honey/ITO (90:8) device
showed linear I-V curves across the whole voltage range, suggesting
metallic filamentary conduction based on Ohm’s law. For Al/honey/ITO
(140:2) device, linear I-V curves were observed in both HRS and LRS,
indicating that current conduction is dominated by Ohm’s law.

The resistive switching mechanisms are schematically presented in
Fig. 4(b ~ d and b’~d’). In HRS and low voltage, due to the positive bias
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Fig. 4. (a) Resistive switching I-V curves in Fig. 2(a) were replotted in log-log
scale. Schematic of resistive switching in (b ~ d) Al/honey/ITO (90 °C, 8 h) and

(b’~d’) Al/honey/ITO (140 °C, 2 h) devices. (b, b’) At a low voltage; (c, ¢’)
approaching SET voltage; (d, d’) at SET voltage.

on the top Al electrode, Al atom (AI®) was oxidized to Al ion (Al") and
drifted along the bulk honey film toward the bottom ITO electrode.
When reaching the bottom electrode, Al* was reduced to Al® and Al
atoms stacked from the bottom electrode to form Al filaments toward the
top electrode [Fig. 4(b and b’)]. Trap centers due to structural
arrangement of functional ~-OH groups (deep traps) and structural de-
fects due to baking (shallow traps) also existed in the honey film and
captured electrons, and more trap centers presented in the honey film
baked at 90 °C for 8 h than at 140 °C for 2 h as compared in Fig. 4(b and
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b’). When the bias voltage was approaching the SET voltage, higher
energy and mobility allowed the filled electrons to escape from trap
centers and transport along both traps and Al filaments, with the current
increasing in the memristor. The large density of trap centers released
more electrons, resulting in an increased current slope from 1 to 2.1 in
the Al/honey/ITO (90:8) device [Fig. 4(c)]. The unit slope was main-
tained in the Al/honey/ITO (140:2) device due to the low density of trap
centers in which the electrons in filaments dominated the current con-
duction [Fig. 4(c’)]. At SET voltage, more filaments were formed and
more electrons transported along the filaments and trap centers, with
current increasing abruptly and device transiting from HRS to LRS
[Fig. 4(d and d°). The correlation between the density of trap centers and
baking condition is currently under investigation.

Honey-memristor can be regarded as a biological synapse as shown
in Fig. 5. The top electrode, honey film and bottom electrode resemble
the presynaptic neuron, synaptic cleft and postsynaptic neuron,
respectively. In the current conduction process, Al ions resemble the
neurotransmitters in the biological synapse. The current flow in honey-
memristor emulated the excitatory postsynaptic current (EPSC) which is
evoked by local stimulation in presynaptic neuron and recorded in
postsynaptic neuron. Fig. 5 also shows schematically the PPF behavior of
a biological synapse between a pre-synaptic neuron and a post-synaptic
neuron, which is demonstrated by the enhancement in the amplitude of
the second EPSC pulse than the first EPSC pulse in the postsynaptic
neuron.

The responses of honey-memristor to temporally correlated signals
were tested by stimulation with a pair of input voltage pulses of 3 V
amplitude and 100 ms width with different time interval At. Fig. 6 (a)
showed the PPF behavior of a Al/honey/ITO (90:8) device with At = 20
ms. The synaptic-PPF-like behavior of honey-memristor can be
explained by the current conduction mechanism which is due to the
conductive filaments [15,19]. Redox of the top metal electrode due to
the application of the voltage pulse forms conductive filaments in the
honey film for current conduction. It is believed that -OH group in
honey plays an important role in the formation of the conductive fila-
ments. When the second pulse was applied after the first pulse with a
short interval time, additional conductive filaments were formed to
further reduce the resistance of the honey film between the top and
bottom electrode, which led to a higher current magnitude than that of
the first pulse.

The ratio of the absolute amplitudes of the first and second current
spike, i.e. PPF index (I5/Iy), is used to quantify the PPF effect. Fig. 6(b)
summarizes the PPF index with different interval time At from Al/
honey/ITO (90:8) and Al/honey/ITO (140:2) devices. When At reduces,
a larger PPF index can be obtained which represents a higher post-
synaptic weight enhancement. This phenomenon is consistent with the
trend observed in biological neurons [20,21]. It indicates that conduc-
tive filaments by the first voltage pulse were not strong for retention and
could gradually rupture during the pulse interval, which suggests that
the honey film returned to its original state when the pulse interval was
long. In biological neurons, the PPF index can be modeled by a double
exponential decay [22,23]:
PPF=cie % +cre ¥ + 1 @
where c¢; and c; are initial facilitation amplitude of the rapid phase and
slow phase, and t; and 1, are characteristic relaxation times of the rapid
phase and slow phase, respectively. The PPF index modeled by Eq. (1)
for both devices were plotted as the red and blue curves in Fig. 6(b),
which fit the measurement results very well. As shown by the values of
c1, g, T1 and Ty in Fig. 6(b), the PFF index of both devices follow a fast
phase (t1) with a higher amplitude (c;), and a prolonged phase (t3) with
a lower amplitude (cz), which agrees with the biological synapses at the
normal levels of extracellular calcium concentration [Ca2+]e [24,25].
These values are close to those of other synaptic devices such as hybrid
indium gallium zinc oxide (IGZO) synaptic transistor [26] and nickel
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PPF index of Al/honey/ITO (90:8) and Al/honey/ITO (140:2) devices as a function of inter-spike interval time. The red and blue curves represent the exponential fit

modeled by Eq. (1).

oxide (NiOy) based memristor [27].

Fig. 7 compares the PPF index measured from both Al/honey/ITO
devices and in comparison with our previously reported Ag/honey/ITO
memristor [12]. As can be observed, the PPF index was positive for all
honey memristors under all pulse intervals. Among these three devices,
our new Al/honey/ITO (90:8) memristor demonstrated much larger PPF
index than other two devices at all interval times. Compared to
Ag/honey/ITO, since honey films on both samples were dried at the
same 90 °C for 8 h, the larger PPF index is attributed to the top metal

electrode, Al over Ag. The PPF index of 370% by Al/honey/ITO (90:8) at
20 ms interval is also much higher than memristors based on other
natural organic materials such as chicken albumen [28] and lignin [10].
The PPF index of Al/honey/ITO (140:2) showed lower PPF index at all
intervals, indicating that baking temperature and duration also affect
PPF, and baking at 140 °C for 2 h is not desirable for neural facilitation.
A higher drying temperature indicates that the degradation of honey is
more sever as disintegration of honey compounds may happen
compared with lower drying temperature [Fig. 3(a)].
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Effects of the input pulse voltage magnitude and pulse width on PPF
were also investigated. Al/honey/ITO (90:8) device was selected for this
study with the pulse interval time fixed at 20 ms. Fig. 8(a) shows the PPF
index as a function of the pulse voltage magnitude with a 100 ms pulse
width. The results showed that the PPF index increased with the pulse
voltage. Fig. 8(b) shows the PPF index as a function of the pulse width
with the pulse voltage fixed at 3 V. The PPF index also increased from
120% when the pulse width was 20 ms-370% when the pulse width
increased to 100 ms. Both higher voltage magnitude and longer pulse
width can translate to more electrical energy applied in the honey film in
both voltage stimuli, which formed more conductive filaments and
strengthened existing filaments. This leads to a lower honey film resis-
tance and therefore a larger current enhancement and PPF index.

In this work, only two honey drying temperatures (90 °C and 140 °C)
and two top electrode materials (Al and Ag) were compared. According
to DSC test results in Fig. 3(a), other drying temperatures could also
affect the honey film quality and therefore the PPF index. In addition,
the concentration of honey solution is also a very important parameter
as the honey film was formed by a solution process, and in this study,
only 30% concentration was applied. A comprehensive study on the
effects of honey concentrations, drying temperature and duration, and
top electrode materials on neural facilitation and PPF index is currently
under investigation.

4. Conclusions

In this paper, neural facilitation behaviors of biological synapses
were emulated by two synaptic memristors with Al top electrode, ITO
bottom electrode, and honey thin film dried by two different conditions:
90 °C/8 h and 140 °C/2 h as the memristive layer. Both devices
demonstrated bipolar resistive switching characteristics and neural
facilitation properties, but Al/honey/ITO (90:8) has larger on/off ratio
and read memory window, lower HRS currents and larger PPF index
than those of Al/honey/ITO (140:2). The PPF index of this device is also
larger than the previously reported Ag/honey/ITO memristor with the
honey film dried at the same condition of 90 °C for 8 h, and memristors
based on other natural organic materials such as chicken albumen and
lignin. These results indicated that top electrode material and drying
conditions affect the synaptic plasticity of honey-memristor. The
dependence of PPF index on the pulse interval time showed a two-phase
behavior which is similar to biological synapses. With two stimulation
voltage pulses, the PPF index increased with reduced interval time but
larger voltage magnitude and pulse width. Since natural organic honey
has the advantages of renewable, sustainable, biodegradable, environ-
mentally and biologically friendly, honey-based memristors are prom-
ising as hardware components for the development of renewable
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neuromorphic systems.
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