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This research explores a novel two-terminal heterostructure of the Pt/Cu,Se/Sb,Ses/FTO memristor, which
exhibited essential biological synaptic functions. These synaptic functions play a critical role in emulating
biological neural systems and overcoming the limitations of traditional computing architectures. By
repeating a fixed pulse train, in this study, we realized a few crucial neural functions toward weight
modulation, such as nonlinear conductance changes and potentiation/depression characteristics, which
aid the transition of short-term memory to long-term memory. However, we also employed multilevel
switching, which provides easily accessible multilevel (4-states, 2-bit) states, for high-density data
storage capability along with endurance (102 pulse cycles for each state) in our proposed device. In
terms of synaptic plasticity, the device performed well by controlling the pulse voltage and pulse width
during excitatory post-synaptic current (EPSC) measurements. The spike-time-dependent plasticity
(STDP) highlights their outstanding functional properties, indicating that the device can be used in
artificial biological synapse applications. The artificial neural network with Pt/Cu,Se/Sb,Ses/FTO achieved

a significant accuracy of 73% in the simulated Modified National Institute of Standards and Technology
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phenomena could be attributed to the transfer of Se~ ions and selenium vacancies. The neuromorphic
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1. Introduction

The human brain is smarter than the neuromorphic computers
built thus far. The human brain is composed of a complex
neural network that can work together to perform complicated
processes, such as face recognition, speech recognition, visual
system, pressure and light sense."” The human biological
system has enormous parallel neural connections and synapses
to perform all these tasks. In order to replicate it, researchers
are trying to develop the concept of neuromorphic computing.
Many electronic devices using hardware and software have been
built to realise artificial synapses for neuromorphic computing
to emulate the human biological neural system. However, they
have some limitations at high density and suffer issues in data
processing.® In the era of big data storage, high-speed and high-
performance devices are required for neuromorphic computing
systems to manage the volume of information processing and
align with the Internet of Things. However, neuromorphic
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computing approaches that depend on nonlinear and parallel
data processing have become topics of tremendous interest.*®
Recently, complementary metal-oxide-semiconductor (CMOS)-
based neural networks have been implemented through
machine learning. However, they require expensive hardware
and high computation power due to the less efficacy of the
traditional von Neumann architecture.” Therefore, conventional
technology faces a number of hurdles in computing efficacy,
which may cause slowing down the speed of data processing.
The idea of neuromorphic computing systems has been
researched to alleviate the bottlenecks in the von Neumann
architecture and enhance the processing capability of the
computer.®** CMOS technology-based neural networks are
inefficient, consume huge amounts of energy, and require many
transistors to implement the neuron and synapse func-
tions.>>”'* However, the human brain efficiently processes real-
time unstructured signals such as self-learning, parallel
connection, fast data processing, and power efficiency.
Therefore, a new memristor system, i.e., resistive random-
access memory (RRAM) has been developed in recent studies.
It is closest to the human biological synapse due to its nonlinear
transfer characteristics and can substitute the CMOS tech-
nology."” It has two terminal sandwiched structures, which are
deemed promising next-generation memory and logic system
candidates.”*®' In such sophisticated bionic electronic
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systems, RRAM is still crucial to achieving low energy
consumption, high computing power, and ultrahigh storage
density."® To date, various resistive switching-based synaptic
devices built using different materials and bilayer structures
have been studied.*” Typically, the memory strength (long-term
and short-term memory) is decided according to the synaptic
weight difference between the pre-and post-synaptic neurons
after receiving an action potential.>'” Resistive switching has
been investigated in various chalcogenides materials, such as
In,Se;," In,Tes," Sb,Ses (ref. 20) and GeSe;** however, in our
proposed device, we achieved more characteristics of the
human brain for a neuromorphic computing system.

In this study, we report the multilayer structure of Pt/Cu,Se/
Sb,Se;/FTO for the first time. The selenium ions (Se*”) are
relatively immobile in the Cu,Se thin film, while the copper ions
(Cu®*) have strong mobility and superionic behaviour. However,
Cu*" follows an alternative approach to performing resistive
switching than copper (Cu) deposited on the top electrode.?
Sb,Se; also has decent carrier mobility,*® which is important for
the resistive switching characteristics of the device. Cu,Se is
a superionic p-type semiconductor material with an energy
bandgap between 1.2-2.3 eV.>* To reach our goal, we selected
Cu,Se and Sb,Se; multilayers to form an artificial synapse that
can perform excellent resistive switching with bio-inspired
characteristics.

Additionally, we demonstrate the multilayer structure of Pt/
Cu,Se/Sb,Se;/FTO as a biocompatible artificial synapse for the
first time, to the best of our knowledge. Here, FTO stands for
fluorine-doped tin oxide used as the substrate. Various synaptic
functions have been investigated to mimic the human biolog-
ical neural system. Furthermore, the device exhibited excellent
analog resistive switching characteristics for the transition from
short-term memory to long-term memory. We also demonstrate
the various functions of the synaptic device toward weight
modulation, including nonlinear changes in conductance,
multilevel switching and potentiation/depression characteris-
tics. With regard to synaptic plasticity, EPSC, STDP and MNIST
patterns were well performed by the device. This work paves
a way for memory transition from short-term to long-term
memory and also synaptic plasticity, due to which it can be
deemed the next-generation brain-inspired computing system.

2. Experimental details

The multilayer structure of Pt/Cu,Se/Sb,Se;/FTO was fabricated
using the powders of Sb,Se; and Cu,Se. Sb,Se; was prepared by
the solid-state reaction of high-purity Sb (Alfa Aesar) in the
powder form and Se pellets. They were mixed in a stoichiometry
ratio of 2: 3, and the powder was sealed in a quartz ampoule
under 10> Torr pressure. A similar method was adopted for
Cu,Se; high-purity Cu (Alfa Aesar) in the powder form and
selenium (Se) pellets were used in the stoichiometry ratio of 2 :
1. Both the ampoules were placed in a furnace for three days at
800 °C. The FTO substrate was sequentially cleaned by ultra-
sonication with acetone and then isopropanol for 30 min, and
then, it was dried under N, gas flow. The film was deposited
using the thermal evaporation method. Pure Sb,Se; powder

© 2023 The Author(s). Published by the Royal Society of Chemistry
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prepared using Bridgman's melt growth technique® was ther-
mally evaporated under a vacuum pressure of 3 x 10~° Torr.
The growth temperature of the film was analyzed using ther-
mogravimetry optimization.?® The evaporation boat was kept at
a distance of 40 cm from the substrate for a laminar and
homogeneous flux of vapor deposited over the surface. The
same method of deposition was adopted for the Cu,Se film. The
thickness of the thermally deposited thin films of both the
powders (Cu,Se and Sb,Se;) was approximately 125 nm each.
Later, Pt electrodes with a diameter of 200 pm were sputtered
through a shadow mask by the DC sputtering technique. The
electrical properties were measured by using a Keithley 2400
voltage/current source meter. All the synaptic properties were
measured by applying electrical signals. The neural network
simulation was carried out using fully connected layers of
neurons (input-hidden-output layers), with 400 neurons in the
input layer, 100 neurons in the hidden layer, and 10 neurons in
the output layer. The 400 neurons of the input layer and 10
neurons of the output layer corresponded to the 20 x 20 MNIST
image and 10 classes of digits, respectively. The MNIST dataset
of handwritten digits consisted of 60 000 training datasets and
10 000 testing datasets of 20 x 20 pixels.

3. Results and discussion

Fig. 1(a) illustrates the human biological neural system,
wherein the pre-synaptic neuron is connected with the post-
synaptic neuron through the synaptic connection.”” The
neurotransmitters are released from the pre-synaptic neuron
when an electrical signal strikes the axon and is received by the
neuroreceptors on the dendrites of the post-synaptic neuron, as
shown in the magnified area of Fig. 1(a).>*** The human bio-
logical synapse is the place where the concentration of neuro-
transmitters controls the synaptic weight, based on which the
memory is stored.**** The human biological synapse can be
emulated by the RRAM device, in which the active layers of
Cu,Se and Sb,Se; can control the conductance between the top
and bottom electrodes. In our study, the Pt/Cu,Se/Sb,Se;/FTO-
based electronic synapse was fabricated, as illustrated in
Fig. 1(b).

Fig. 2(a) presents the energy dispersive X-ray spectroscopy
(EDS) data, which confirms the elemental composition of Cu, Sb
and Se. Fig. 2(b) is the cross-sectional scanning electron
microscopic (SEM) image, demonstrating the multilayer depo-
sition of the Cu,Se and Sb,Se; thin films on the FTO substrate.
The distinct layers in the thin film device could be distin-
guished clearly, as shown in the inset of Fig. 2(b); however, the
possible interdiffusion of layers across the interface cannot be
ruled out. Fig. 2(c) shows the SEM images of the synthesised
thin film, and the calculated average grain size of the deposited
thin film was ~250 nm (£20 nm). It was observed that the thin
film was deposited uniformly and homogeneously on the FTO
substrate, as shown in the inset of Fig. 2(c). The atomic force
microscopy (AFM) analysis (Fig. 2(d)) confirmed that the
calculated root means square surface roughness of the ther-
mally deposited thin film structure was 8 nm.
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Fig. 1

(a) The human biological neural system consists of pre-synaptic neurons and post-synaptic neurons interconnected through synapses, as

clearly depicted in the magnified image. (b) The schematic of the electronic multilayer synapse structure (Pt/Cu,Se/Sb,Sez/FTO) that works like

a human biological synapse.

To emulate the functionality of the biological synapse, low-
and high-resistance states must be acquired. Therefore, the
electrical measurement of the artificial synaptic device (Pt/
Cu,Se/Sb,Se;/FTO) was carried out with a dual sweep of the DC
voltage. We swept the voltage from —3.5 V to 0 V to 4.5 V;
initially, the device remained in the low-resistance state (LRS),
and the current was in the range of 107> A, as depicted in region
(1) of Fig. 3(a). At low voltages, the resistance state of the device
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did not change, as depicted in region (2). When the DC voltage
reached around 3 V, the current started to decrease gradually,
and the corresponding voltage is referred to as the RESET
voltage (Vreser), as depicted in region (3). Beyond 3 V, the
resistance state completely transformed from the LRS to a high-
resistance state (HRS) gradually. On the other hand, while
decreasing voltage sweep, the cyclic current changed linearly in
the I-V graph over a linear scale (not shown), which indicates
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(a) The elemental composition of Cu,Se and Sb,Sesz by using EDS. (b) Cross-sectional SEM image of the multilayer structure of Cu,Se and

Sb,Ses. In the inset, the magnified images of the Cu,Se and Sb,Ses layers can be distinguished easily. (c) The top-view SEM image of the
multilayer structure. The inset image shows that the film was deposited uniformly. (d) The AFM image used to calculate the surface roughness.
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Fig. 3 Electrical characteristics: (a) the |-V characteristics of the Pt/Cu,Se/Sb,Ses/FTO device, indicating analog behaviour during the
continuous cycles of SET and RESET. (b) The gradual increase and decrease in conductance with the application of repeated fixed voltage sweeps
to SET and RESET the device. In the inset, a magnified area under the red circle shows the change in conductance during RESET. (c) The
endurance test of the Pt/Cu,Se/Sb,Ses/FTO device was conducted under DC conditions. The inset shows the initial 10° pulse cycle, indicating
that the device reached stability after 600 cycle. The inset of figure (c) presents the stability of the HRS and LRS states of the device when the
cycles were further extended by up to 10° cycle under the same conditions. (d) The probability distribution of HRS and LRS evidences that the LRS
state is more stable after 600 cycle, but HRS fluctuates. In the inset, the error bar chart is used to check the dispersion of the LRS and HRS states.

ohmic behaviour between the device and contacts, as depicted
in regions (2) and (4). Subsequently, the polarity of the applied
voltage was changed and swept from 4.5 Vto 0 V to —3.5 V; the
HRS state did not change, as shown in regions 4 and 5, leading
to memory formation in the form of resistance because it
creates a memory window between the two states at the same
voltage, as depicted in Fig. 3(a). Beyond —2 V, again the state of
HRS gradually started to switch to the LRS corresponding to the
SET voltage (Vsgr), which is the significance of analog bipolar
resistive switching. It is evident that the device exhibits bipolar
resistive switching behaviour. The reproducibility of the device
during SET and RESET operations was also observed and
showed utmost identical behaviour to other similar devices. The
device Vsgr (HRS to LRS) exhibited good consistency for
switching resistance; however, Vggser (LRS to HRS) spans
a voltage window within acceptable limits, and it may be the
result of improper formation of some conducting filaments
during Vsgr, and they ruptured in the early stage of positive
voltage sweep as shown in the ESI (S1t). We measured the
bipolar resistive switching in various other devices that show
the same utmost behaviour.

The conductance of the analog device increased (decreased)
gradually whenever it switched from HRS to LRS and LRS to

© 2023 The Author(s). Published by the Royal Society of Chemistry

HRS under consecutive repeated voltage sweep cycles of 0 V to
—1 Vand 0 V to 1V, as depicted in Fig. 3(b). These results
influence the transition of short-term memory to long-term
memory. The inset of Fig. 3(b) shows a magnified area
covered under the red circle, which indicates that the conduc-
tance decreased gradually, approaching the long-term forget-
ting memory. However, to test for its analog resistive switching
and possible application as a neural network, we checked the
conductance of the devices at very low applied voltages far
below the voltage of any type of sharp resistive switching.
Gradually increased (decreased) of the conductance in the
resistive switching device is analogous to the respective synaptic
potentiation and depression behaviours.

To test the DC endurance of the Pt/Cu,Se/Sb,Se;/FTO
device, we applied 10° write-and-read pulse cycles. The device
was switched from HRS to LRS using a —3.5 V write pulse with
a pulse width of 100 ms and from LRS to HRS using a 4.5 V
write pulse with a pulse width of 100 ms. In both cases, a 0.2 V
read pulse with a 100 ms pulse width was used to read the data.
The HRS state showed degradation up to 600 cycles, as shown
in the inset of Fig. 3(c). The instability at the starting phase of
endurance measurements may have occurred due to the
breakdown of some weakly formed conductive filament of

RSC Adv, 2023, 13, 13292-13302 | 13295
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selenium vacancies (Vg.). To illustrate the stability concern in
both the resistance states, we extended the cycles further by
10° pulse cycles, and both states (HRS and LRS) remained
stable in comparison with the measured states of the
preceding 10° pulse cycles, as illustrated in Fig. 3(c). In addi-
tion, it could be seen that the resistance OFF/ON ratio between
HRS and LRS was =4. The obtained ratio is small, but the
device is performing the switching process necessary for neu-
romorphic computing, which may help in the coming decades.
For validation, we checked the endurance cycles in other
devices and found similar behaviour, as shown in ESI (S21).
The graph in Fig. 3(d) was plotted to check the cumulative
probability distribution of the LRS and HRS resistance values,
of which HRS exhibited scattering to a certain extent, but the
LRS state was comparatively less scattered; and this can be
appropriate for memory applications if further research can be
done. Hypothetically, we can say that this behaviour may be
due to the improper formation of conducting filaments inside
both of the multilayer cells. The statistics of the inset in
Fig. 3(d) show less dispersive LRS values plotted in the error
bar chart. A new device must initially undergo some stabili-
sation cycles before it can be used in new applications.
Nevertheless, these results may be acceptable for valuable
outcomes in future studies.

For high-density data storage, there is one possible way for
the realization of multi-bit data storage in RRAM. It was carried
out by controlling the intermediate resistance states by varying
the SET and RESET voltages. Initially, the device under test
(DUT) was brought to HRS with a high-amplitude positive
voltage sweep. In fact, the multi-resistance state of the device
was switched from HRS to LRS using a series of consecutive
voltage sweep cycles, including 0 Vto —2 V, —2.25 V, —2.5V,
—3 V, and —3.25 V, and the different current levels were
observed. Similarly, to switch from LRS to HRS, we performed
a series of consecutive voltage sweep cycles, including 0 Vto 4V,
5V,5.5V,5.75V, 6.25Vand 6.5V, and the varied current levels
were obtained. The different current levels after every cycle in
the negative and positive sweep cycles in Fig. 4(a) confirm
multilevel switching in the same device.

View Article Online
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The possible combinations of the multi-bit resistance states,
which can be considered as 00, 01, 10, and 11 for data writing
and erasing, were measured in the Pt/Cu,Se/Sb,Se;/FTO device.
Fig. 4(b) clearly describes the multiple states that are reached
during bipolar resistive switching. To achieve these multi-states
of 00, 01, 10, and 11, we ran 400 exciton pulse cycles (100 pulse
cycles for individual states). Initially, the device had to be RESET
to the 00 state by applying 5.5 V and the 01, 10, and 11 states by
applying —1 V, —2 V and —3 V, respectively. The data of these
multi-states were read at 0.5 V after an interval time of 100 ms
between the write and read pulses, as shown in the pulse
pattern (Fig. 4(c)). For high-density memory storage, multi-
states are essential aspects of synaptic devices. The conduc-
tance of the distinct resistive states could be achieved by
controlling the stop voltage during the SET and RESET
processes. These multi-resistance states occurred without any
set compliance current. They could be modulated only by
varying the pulse amplitude, suggesting that Pt/Cu,Se/Sb,Ses/
FTO is a non-compliance-worthy artificial synaptic structure for
neuromorphic computing applications. Therefore, this can be
a potential multilevel storage memory device for next-
generation neuromorphic computing systems.

To mimic the complex biological neural function of the
human brain, the device must emulate the variations in
synaptic weight, which is the most important factor in
a synaptic device.® Besides the voltage sweep, we emulated the
long-term potentiation (LTP) and long-term depression (LTD)
characteristics of human biological synapses. Here, we investi-
gated the neuromorphic characteristics of the Pt/Cu,Se/Sb,Ses/
FTO artificial synaptic device in terms of LTP and LTD. Initially,
the device was in the RESET state, but after applying the
constant voltage write-pulse train of —1.5 V with a pulse width
of 100 ms for potentiation and 1.5 V with a pulse width of 100
ms for depression, the conductance of the device changed
gradually, as shown in Fig. 5(a). The conductance of the device
was measured up to 200 cycles each for potentiation and
depression. The conductance of the device was measured by
applying a 0.2 V read pulse after every write pulse. The pulse
delay between the write and read pulses was 100 ms. The
applied pulse pattern, including the pulse amplitude and pulse
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Fig. 4

(a) The endurance of the multilevel switching characteristics of the Pt/Cu,Se/Sb,Ses/FTO device during SET operation. (b) The possible

combinations of the multi-bit resistance states (00, 01, 10, and 11) and each resistance state measured for 100 pulse cycles. A total of 400 pulse
cycle were run to achieve multiple states. (c) The applied pulse patterns to achieve multilevel switching of the device.
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Fig. 5 (a) The potentiation and depression characteristics of the Pt/Cu,Se/Sb,Ses/FTO device. (b) The applied 200 SET train pulses (—1.5V, 100

ms) demonstrate potentiation. (c) The applied 200 RESET train pulses (1.5 V, 100 ms) demonstrate depression characteristics. A total of 2000
pulse cycles were applied to demonstrate the reproducibility of potentiation and depression. (d) EPSC decay after the application of a single short
pulse with varying pulse amplitudes (-2 V, —2.5V and —3 V) and a fixed 100 ms pulse width. Inset image: the pattern of pulses with different
amplitudes and a fixed pulse width. (e) The EPSC decay rate after the application of variable pulse widths (100 ms, 250 ms and 500 ms) and a fixed
—3 V pulse amplitude. Inset image: the pattern of pulses with different pulse widths and a fixed pulse amplitude.

width of the write and read pulses to get the potentiation and
depression curve, is well illustrated in Fig. 5(b) and (c). The
relationship of conductance versus the number of pulse cycles
was consistent for 2000 pulse cycles. In response to the pulse
train, the measured LTP and LTD were similar to the LTP and
LTD of a human biological synapse. LTP and LTD usually occur
after the rehearsal of short-term potentiation and short-term
depression; this process is known as learning, which is funda-
mental for the adaptation of living beings.** The term learning
is related to the fact that if something is continuously learned
over a long period, the probability of remembering would be
higher, which clears the transition of short-term to long-term
memory. Here, short-term stands for fast forgetting rates (fast
decay of conductance) of the memory for the first few cycles, as
we can see in the conductance curve. Besides, according to the
Hebbian learning rule, synapses enhance post-neuron excit-
ability, but excessive excitability is not required, meaning the
synaptic weight of potentiation must be saturated.®® In the
proposed device, the conductance approaches the saturation
level after the rehearsal of some applied pulses. This excitation
phenomenon is related to long learning memory.** The gradual

© 2023 The Author(s). Published by the Royal Society of Chemistry

increase and decrease of LTP and LTD can be used for neuro-
morphic computing applications.*

When an action potential strikes the axon, neurotransmit-
ters are released from the pre-synaptic neuron to the post-
synaptic neuron, due to which the signal is transmitted
between two neurons via a synapse, as discussed in Fig. 1(a). In
neuroscience terms, the generated action potential is trans-
mitted from the pre- to post-synaptic neuron via a synapse,
likely producing an excitatory post-synaptic current (EPSC) that
likely triggers a post-synaptic neuron to generate an action
current.***” Short-term plasticity, which is considered the
physiological basis of the necessary computation, illustrates
that the synaptic response rapidly degrades on a time scale of
a few seconds, while long-term plasticity response, which
imparts the capacity for learning and memory, often lasts for
minutes to hours.*® In the proposed multilayer device, the top
and bottom metal electrodes work like the pre-synaptic and
post-synaptic neurons in the biological neural system.*
Fig. 5(d) illustrates the EPSC characteristics when a single short
voltage pulse of different amplitudes was applied (-2 V, —2.5 V,
and —3 V). Initially, a —2 V/100 ms write pulse was applied, as
depicted in the inset of Fig. 5(d); the EPSC current increased
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sharply and then decayed gradually, showing an exponential
trend over 60 seconds from its peak value, which is essentially
the synaptic dynamic function. The EPSC current data were read
continuously by applying a read pulse of 0.2 V with a 100 ms
pulse width. These read pulses were applied after every 1
second. At —2.5 V and —3 V, the EPSC current amplitudes were
higher than the previous ones, and the decay rate for a few
seconds was low compared with the previous EPSC current
level, leading to long-term plasticity. For memory consolidation,
the transition of short-term plasticity to long-term plasticity
could be realized by increasing the pulse amplitude, as depicted
in Fig. 5(d), which shows higher amplitudes lead to stronger
synaptic weight modulation. In induced EPSC, pulse sharpness
from the pre-synaptic neuron also plays an essential role in
transferring the electrical signal from the pre-synaptic neuron
to the post-synaptic neuron. Furthermore, the amplitude of
—3 V was fixed and varying pulse widths (100 ms, 250 ms, and
500 ms) were employed to study the effect on the current and
decay rate of the synaptic device. Among these different applied
pulses, the device behaved like a human brain in terms of the
transition of short-term plasticity to long-term plasticity at the
100 ms pulse width. Whereas, at broader pulse signals, it did
not show proper biological activities. The pattern of the applied
pulse sharpness is shown in the inset of Fig. 5(e).

To train the neural network, the Hebbian learning rule (HLR)
is fundamental and is very important to validate the execution
of artificial synaptic devices. To implement the HLR, we must
demonstrate STDP.>**** STDP is the essential characteristic of
synaptic plasticity and is associated with two different stimuli
signals in the presence of time. On the other hand, the weight of
an artificial synaptic device in STDP can be altered by pre-and
post-synaptic stimulation.?

In order to emulate the STDP rule, a pulse pair signal with
a pre-synaptic and post-synaptic spike amplitude of V" /V' = -3
V/4 V was implemented to the top and bottom electrodes,

T T T T

® Post syasptic

: spike
55 | I : 55 | I
l [_ - > 1 -

wlr

1100 ms

spike

Pre-synaptic ¥
spike

-10 4

100 ms
Post-synaptic
spike

20

()

av)

-30 T T T L) L) T L) T y
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Fig. 6 In quadrants (ll) and (IV), the synaptic weight change (Aw%)
STDP is presented as a function of the relative time change (At)
between the pre-and post-synaptic paired pulse propagation. In
quadrants (I) and (Ill), schematic representations of the pre-synaptic
and post-synaptic applied paired pulses are given.
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respectively. The applied pre-and post-synaptic pulse designs
are shown in (I) and (III) quadrants of Fig. 6. It can be seen that
when the relative time difference decreased, more significant
synaptic weight changes would occur in both cases (At > 0 and
At < 0). Here, At (At = tpose-spike — Epre-spike) iS the relative time
difference, which defines the time interval between the end
spike of a pre-synaptic neuron and the initial spike of the post-
synaptic neuron, as illustrated in (I) and (III) quadrants of Fig. 6.
Between the pre-and post-synaptic spike pairs, an interval of 5
seconds is long enough to ignore the effect of V- and V'
according to the decay time of EPSC.>*** For STDP, the
percentage synaptic weight change (Aw%) for At was calculated
by using the equation Aw% = ((Gatter — Gbefore)/Gpefore) X 100,
where Gager and Gperore are the conductance values after the
current stimulation and previous stimulation, respectively.
When the pre-synaptic spike pairs reach before the post-
synaptic spike pairs, Aw enhanced with decreasing At. On the
contrary, when the post-synaptic spike pairs reach before the
pre-synaptic spike pairs, Aw decreased along with an increase in
At. In the (II) quadrant, when A¢ < 0, a positive synaptic weight
change occurs, which indicates synaptic potentiation, and in
the (IV) quadrant, when A¢ > 0, a negative synaptic weight
change occurs, which indicates device depression. The rela-
tionship between the relative change in synaptic weight and the
spike time difference is consistent with the STDP biological
synapse. For the STDP learning rule, Aw is established by
defining the function of exponential fitting.****

A.e\"/ if At>0
Aw = 1)

®
Ae\N"/ if At<0

where Aw, At, A, and . represent the relative weight change,
relative pre- and post-synaptic spike time differences, scaling
factor, and time constant, respectively. The variation in Aw%
versus At was fitted (red line) by using eqn (1), as depicted in the
(I1) and (IV) quadrants of Fig. 6. The forgetting function of the
device is described by the values of 7, and t_, which were
calculated from the fitting data as 72 ms and —185 ms,
respectively. This reflection can be attributed to the trend of
intrinsic decay of EPSC. When At¢ was smaller between two
spikes, Aw enhanced significantly. This confirmed that the
STDP behaviour of Pt/Cu,Se/Sb,Se;/FTO is consistent with the
biological synapse, and therefore, it has succeeded in emulating
the Hebbian STDP learning rule.

Additionally, the handwritten numerical digit pattern
recognition accuracy of the device was tested using MNIST. The
corresponding LTP/LTD data of the Pt/Cu,Se/Sb,Se;/FTO device
were plotted as normalized conductance values, as shown in
Fig. 7(a) and (b). The obtained normalized conductance dataset
was fitted to the following equations.*

Grax ™ — Guin " +
_ + max min P
G = Guin +m<1*e ) (2)
Guax . — Guin -
- - max min —v" (P—Pmax)
G *Gmm +m(l_e ) (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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network comprising an input layer of 400 neurons, a hidden layer of

100 neurons and an output layer of 10 neurons for MNIST pattern

recognition. (d) The simulated accuracy curves of the ideal and Pt/Cu,Se/Sb,Ses/FTO devices on the MNIST dataset.

Here, G" and G~ are the normalized conductance values of LTP
and LTD, respectively. v and v~ are the nonlinearity coefficients
of LTP and LTD, respectively. P and P, are the pulse number,
and the maximum number of pulses applied in the LTP and
LTD measurements, respectively. For the as-prepared device,
the obtained nonlinearity coefficients were 6.54 and —6.54,
respectively. The inset of Fig. 7(a) shows the pulse applied for
LTP/LTD.

The synapse neural network architecture employed for the
simulation has been depicted in Fig. 7(c). The simulation of
image classification was performed using the MNIST dataset
consisting of a database of handwritten digits with ten classes.
The accuracy plots of the ideal device and the Pt/Cu,Se/Sb,Se;/
FTO device were plotted for the comparison, as shown in
Fig. 7(d). The calculated accuracy plot over 100 epochs indicated
that the Pt/Cu,Se/Sb,Se;/FTO device exhibited a max accuracy of
~73%, which is slightly lower than that of the ideal RRAM
device (~94.5%). Due to the increased nonlinearity (~6.54), the
accuracy of the Pt/Cu,Se/Sb,Se;/FTO devices appears signifi-
cantly lower than that of the ideal device. However, the accuracy
plot saturated nearly 15 epochs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

An extensive comparison of many chalcogenide materials is
presented in Table 1. In order to assess the performance of the
proposed RRAM device, the resistive switching phenomenon
has been viewed in a variety of ways. However, each of the
materials listed below has a distinct behaviour. In the Pt/Cu,Se/
Sb,Se;/FTO device, Vser and Vygsgr are a little bit higher
compared to other cited materials, but it shows interesting
characteristics such as multilevel switching and high endur-
ance. The calculated MNIST pattern shows slightly lower accu-
racy than Ag-Ge;,Se;o and may increase upon exploring more
possibilities through research. Sb,Se; is sensitive to optical
illumination, which is advantageous for the optical tunability
aspect of synaptic plasticity. There has been a great deal of
research into these materials. The accuracy can be enhanced if
more research is done in the future.

The possible fundamental mechanism of resistive switch-
ing in the as-prepared device is proposed. It may involve the
migration of ions and vacancies inside the Pt/Cu,Se/Sb,Ses/
FTO thin film structure. In the absence of an external power
supply, there is no movement of ions and vacancies, as shown
in Fig. 8(a). When a negative voltage is applied to the top

RSC Adv, 2023, 13, 13292-13302 | 13299
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Table 1 Comparison of the different electrical parameters of chalcogenide materials
Endurance
S. no Materials Vser (V) Veeser (V) cycles Switching Multilevel MNIST pattern Ref.
1 Ag/Sb,Se;/W 5 -5 — Analog No No 46
2 ReSe,/graphene 3.5 —4 250 Digital No No 47
3 SnSe/SrTiO; 2.5 —0.6 — Digital Yes No 48
3 Al/Cu2Se/Pt 0.4 —0.3 — Analog No No 49
4 Ag/Sb,Tes/Ag -1 1 10° Analog Yes No 50
6 Au/MoS,/Au ~2.9 =~— — Analog Yes No 51
7 TiN/GeSbTe/TiN — — 70 Analog Yes No 52
8 Ag-Ge;pSe;q =~0.15 =—-0.1 — Analog Yes 79%, 87% 53
9 Pt/Cu,Se/Sb,Se;/FTO -3.5 4.5 10° Analog Yes 73% This device
(a) Pristine device (b) LRS (C) HRS
3 -
Cuzse | - | V %
A
) A
FTO ~ _ -

¢ SeZ ions

O Selenium Vacancy

(o) Vacancy
annihilated by
Se” ions

Fig. 8 A schematic representation of the internal mechanism: (a) in the absence of an external power supply, no movement of ions and
vacancies happens. (b) When the negative and positive terminals are connected respectively to the top and bottom electrodes, the migration of
Vse and Se?~ starts in the upper cell (Cu,Se) and lower cell (Sb,Ses). The migration of Vge forms the conducting filament during SET operation in
both cells. () When the negative and positive terminals are connected respectively to the bottom and top electrodes, Vs recombines with Se?~

ions in both cells during RESET operation.

electrode (Pt) and a positive terminal is connected to the
bottom electrode (FTO), Vs, is formed®*** and moves towards
the top electrode, whereas Se®~ starts moving towards the
bottom electrode in both cells, as shown in Fig. 8(b). These Vs,
form thin conducting filaments through which floods of
electrons move from Pt to the FTO electrode, causing the
device to switch from the HRS state to the LRS state, as illus-
trated in Fig. 8(b). Conversely, when the polarity of the top and
bottom electrodes is reversed, the conducting filaments are
destroyed due to the recombination of Vs, and Se*~ ions in the
upper and lower electrolyte cells, as demonstrated in Fig. 8(c).
This causes the device to switch back from LRS to HRS.
Therefore, the primary mechanisms behind the Pt/Cu,Se/
Sb,Se;/FTO synaptic devices are based on Se*” ionic move-
ment, Vg, filament formation and destruction.

13300 | RSC Adv, 2023, 13, 13292-13302

4. Conclusions

A memristive device with a multilayer Pt/Cu,Se/Sb,Se;/FTO
structure was fabricated by thermal evaporation and the DC
sputtering technique. This device illustrated that resistance
modulation behaves like analog bipolar resistive switching. It
exhibited various synaptic functions that emulate the human
biological neural system. The device resistance switched from
HRS to LRS and LRS to HRS over 10° repetitive pulse cycles
during the endurance test. The device demonstrated stable
endurance in the two resistance states with a resistance ratio of
4 after extending the first 10° pulse cycles. By using repetitive
pulse cycles, it was successfully possible to produce the crucial
functions of a synapse, which include a nonlinear change in
conductance, multilevel switching, potentiation/depression,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the transition of short-term memory to long-term memory.
EPSC and STDP have also been demonstrated in the device to
implement HLR for futuristic neuromorphic computing appli-
cations. The proposed Pt/Cu,Se/Sb,Se;/FTO device showed
a simulated MNIST pattern recognition accuracy of about 73%,
indicating considerable potential in memristor-based neuro-
morphic systems. These findings might be useful for neuro-
morphic computing.
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