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Charge-Mediated Copper-lodide-Based Atrtificial Synaptic
Device with Ultrahigh Neuromorphic Efficacy

Dani S. Assi, Hongli Huang, Kadir Ufuk Kandira, Nasser S. Alsulaiman,
Vaskuri C. S. Theja, Hasan Abbas, Vaithinathan Karthikeyan,*

and Vellaisamy A. L. Roy*

In the realm of artificial intelligence, ultrahigh-performance neuromorphic
computing plays a significant role in executing multiple complex operations in
parallel while adhering to a more biologically plausible model. Despite their
importance, developing an artificial synaptic device to match the human brain’s
efficiency is an extremely complex task involving high energy consumption and
poor parallel processing latency. Herein, a simple molecule, copper-iodide-based
artificial synaptic device demonstrating core synaptic functions of human neural
networks is introduced. Exceptionally high carrier mobility and dielectric constant
in the developed device lead to superior efficacies in neuromorphic character-
istics with ultrahigh paired-pusle facilitation index (>195). The results demon-
strate biomimetic capabilities that exert a direct influence on neural networks
across multiple timescales, ranging from short- to long-term memory. This
flexible reconfiguration of neural excitability provided by the copper-iodide-based

1. Introduction

Artificial intelligence (AI) technologies
have radically transformed modern life-
styles over the last few decades using the
quantum computing and machine learning
(ML) and internet of things (IoT).'””!
Despite this progress, the standard for
these new technologies continues to rely
on the traditional von Neumann computer
architecture, which presents significant
challenges in processing speed and compu-
tational power.[** Therefore, achieving this
fundamental goal in computing is possible
only through the development of effective
neuromorphic systems, with specific
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design to imitate the structure and func-
tionality of the human brain.!*”) In biologi-
cal neural networks, neurons and synapses
are two fundamental units. The human
brain is a highly complex 3D interconnec-
tion network space composed of ~10'" neurons connected
through ~10"° synapses, which underlines all human behaviors,
thoughts, and perceptions.®®! Despite this remarkable complex-
ity, the human brain consumes only around 20 W of power,
unlike supercomputers, which consume ~10” times more than
a biological neural network (NN). Moreover, it is estimated that
computing devices consume over 8% of global electricity, a rate
that is doubling every decade.!'®'"! This underscores the pressing
need to develop new functional materials and architectural
designs for implementing neuromorphic computation
systems.

Previously, artificial synapses that can biomimic fundamental
human neural network functions are based on Si-cMOS architec-
ture. However, these conventional devices are significantly chal-
lenged by their crucial performance metrics such as scalability
and energy consumption to improve their neuromorphic sensory
efficacies even further.'? In this aspect, two-terminal memristor
devices provide more advantages in emulating synaptic functions
where the device resistance level can be continuously tuned by
modulating the applied voltage and current, leading to a significant
reduction in energy consumption and complexity."*) The point-to-
point architecture of the memristor, where two electrodes are lay-
ered between active film, is a perfect structural substitute for the
biological synapse, where two neighboring neurons are connected
through synapses.* Thus, the modulation of the synaptic weight
and transmission characteristics of the biological synapse is well
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mimicked by the tuneable resistance property of the memristor.™!
To fully complete the biomimicking process, the functional mate-
rial of the artificial synapse must provide an extensive response to
a magnetic, electric, chemical, and optical stimulus while main-
taining ultralow power consumption compared to our brain.®

In this work, we develop an artificial synaptic device combin-
ing the point-to-point memristor array structure with the unique
conduction properties in copper iodide (Cul).l'”-*®! This functional
properties in the Cul structure provides promising possibilities to
enhance performance in memorization and complex learning oper-
ations in a more biologically plausible manner. We have fabricated
a neuromorphic synaptic device using a combination of optimized
vacancy defects proportions in Cul matrix.'*) Our results indicate
superior neuromorphic behaviors based on a precise analysis of
synaptic mechanisms and behavior involving trapping and
detrapping characteristics. Our insights demonstrate the potential
of using a Cul-based artificial synaptic device as a compelling
synapse model for forthcoming neuromorphic computing
systems.

(a) '
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(presynaptic neuron)

Deposit Cul with
Thermal Evaporation (TE)
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2. Results and Discussion

2.1. Cul Thin Film Development and Characteristics

Figure 1a illustrates the systematic development of Cul-based
synaptic device array via physical vapor deposition process.
Here in the synaptic array design, the active functional Cul is
deposited in between aluminum electrodes representing the arti-
ficial synaptic model with pre- and postsynaptic neurons.
Figure 1b shows the field emission scanning electron microscopy
(FESEM) image of thin film Cul deposited by thermal evapora-
tion process, demonstrating a uniform formation of microcrys-
talline layer. To analyze the surface roughness of the
microcrystalline thin film, we have performed atomic force
microscopy study as shown in Figure 1c, which indicates the
deposition of nanocrystalline morphology and the thin film tex-
ture shows a surface roughness value of 7.5 nm. Surface texture
and roughness are important parameters for optimizing the
charge transport in the active material, as the compact thin film
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Figure 1. Material characterization of Cul: a) fabrication process steps in Cul-based artificial synaptic device; b) FESEM morphology illustration of the Cul
thin film; c) AFM representation of the Cul thin film; d) Raman mapping illustration of the Cul thin film; e) XRD analysis demonstrating characteristic
peaks of Cul thin film; f) XPS full scan survey representing the Cul with C 1s as reference; g) high-resolution XPS for Cu 2p peaks; h) high-resolution XPS

for | 3d peaks.
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surface influences the moderation of carrier scattering. Further
to investigate the material composition, we have performed the
Raman and X-ray powder diffraction (XRD) studies as shown in
Figure 1d,e, respectively. Raman spectroscopy results show the
presence of the signature transverse mode peaks of Cul at 91 and
124 cm™; the mapping demonstrates their uniform distribution
of y phase. The indexed XRD peaks of deposited thin films con-
firmed the formed y phase Cul (JCPDS card no.: 06-0246) sub-
strate without any secondary impurity peaks. y-Cul is a p-type
wide bandgap semiconductor with a pure nonlayered cubic crys-
tal structure (zinc-blende type structure with lattice parameters
a =b = c = 6.034 A) with a space group of F43m. The X-ray pho-
toelectron spectroscopy (XPS) full survey scan is shown in
Figure 1f~h where carbon C 1s peaks at 284.6 eV are used as
reference peaks. The full scan survey peaks in Figure 1f demon-
strates the high purity Cul without any secondary or oxide
elemental peaks.

High-resolution XPS spectrum for copper shows two
prominent peaks of Cu 2p that corresponds to the Cu 2p,,
and Cu 2ps, states at 932.3 and 952.0 eV, respectively. High-
resolution scan for lodine spectra of I” shows prominent peaks
corresponding to I 3d;;, and I 3ds,, at 630.8 and 619eV,
respectively. Thus, from the XPS spectra of Cu 2p and I 3d, it
implies the successful production of high-purity Cul via thermal
deposition.

2.2. Synaptic Switching Mechanism

In the human neural system, the biological synapse serves
as a connection bridge between two adjacent neurons.*”!
Synergistically, our designed artificial synaptic device architec-
ture effectively emulates the structural and functional behaviors
of the biological neural network. To gain a deeper understanding
of the electrical properties and switching mechanisms inherent
in the Cul-based synaptic device, an analysis of the -V character-
istics of the device is conducted. The device demonstrates
repeatable bistable-resistive switching characteristics at room
temperature. Figure 2a illustrates the nonvolatile memory char-
acteristics with an ultralow threshold voltage (Vsgr) 0of 0.2 Vand a
large on/off ratio of 10°. The acquired I-V results have been sub-
jected to linear analysis to investigate the conduction mechanism
of the developed synaptic device. As illustrated in Figure 2b, the
transition process from a high-resistance (HRS) to a low-
resistance state (LRS) is characterized by a unique conduction
mechanism represented by four distinct regions labeled from
A to D. Figure 2c illustrates the thermionic emission limited
conduction (TELC) model described by Equation (1), where
q k I, & V, T, E., and ¢ represents the respectively electronic
charge, Boltzmann’s constant, current, relative permittivity,
applied voltage, absolute temperature, the activation energy of
electrons, and barrier height, respectively.?!! This model
elucidates the injection of electrons into the active layer of the
device by overcoming the energy barrier through thermal
activation.

[ A x T?exp {—’% q(’f—vﬂ 1)

4re
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The subsequent region shown in Figure 2d exhibits a linear
relationship between voltage and current, known as the Ohmic
conduction model, which is described by Equation (2).*"

I x Vexp(_AEe) )
kT
Figure 2e,f demonstrates space-charged-limited-current

(SCLC) model that follows the Child’s law based on
Equation (3) and trapped-charged-limited-current (TCLC) model,
respectively.[*!]

[ Ve (3)

The results obtained from regions C and D confirm that the
primary mechanism of our device is based on trapping and
detrapping charges at the interfaces between the grains within
the thin film, which can be enhanced by the migration of
Cu?" defects. As the voltage applied to the presynaptic neuron
increases, the charge mobility gradually increases, leading to a
progressive filling of the defect traps. Upon surpassing the
voltage threshold, the transition from the HRS to LRS is accom-
plished, indicating that nearly all the defect traps are occupied.
Conversely, when a reverse voltage bias is applied, the process
of detrapping is initiated. Electrical charges function in artificial
synaptic devices is analogous to the behavior of neurotransmitters
in the human brain; both serve to transmit signals from the pre- to
postsynaptic neuron as electrical and chemical messengers, respec-
tively® The representation of the nonbiased, SET and RESET
states of the artificial synaptic devices are shown in Figure 2g—i.

Overcoming the drawbacks of the huge energy consumption
in silicon-based neuromorphic computing devices,>** our
developed artificial synaptic device based on the Cul active layer
exhibits ultralow-powered synaptic switching characteristics.
Energy consumption for the synaptic operations are calculated
from the relation Equation (4)

E= /V(t) I(t)dt 4)

where voltage V is the applied synaptic switching potentials, I is
the corresponding synaptic current, and t is the synaptic switch-
ing time.”” Our device demonstrates low energy consumption
~200 pJ during the synaptic switching.

2.3. Neuromorphic Sensory System

The mammalian brain’s capacity for synaptic plasticity allows for
the dynamic modulation and adaptation of neural circuit activity,
thereby regulating critical synaptic operations that underlie cog-
nitive processes such as learning and memory. These properties
are governed by the principle of Hebbian Synaptic Plasticity
(HSP) and are characterized with the strengthening/weakening
of the connection between two neighboring neurons, known as
synaptic weight.?*** The modulation of the synaptic strength is
governed by two classic Hebbian mechanisms in the human neu-
ral system, spike-time (STDP) and spiking-rate-dependent plas-
ticity (SRDP). Here, the SRDP depends on the action potential
firing rate and plays a direct role in brain cognitive functions and
behavior.**”l To characterize and validate neural behaviors in
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Figure 2. Switching characterization of the artificial synaptic device: a) IV switching characteristics of Cul-based synaptic device; b) the transition process
from a high- to low-resistance state is characterized by four distinct conduction mechanism regions involved in the process; c) region A represents
thermionic emission limited conduction (TELC) model; d) region B shows Ohmic conduction mode; e) region C demonstrate SCLC model;
f) region D represents TCLC model; g) schematic diagram of working flow for under nonbiased conditions; h) under threshold SET voltage; and

i) under threshold RESET voltage condition.

our artificial synaptic device, we deeply investigate alterations in
excitatory postsynaptic current response following Hebbian-
based SRDP method. Figure 3a illustrates the emulation pathway
of the artificial synaptic device from the human neural
system. Figure 3b illustrates the excitatory postsynaptic current
(EPSC) response to ten consecutive presynaptic stimuli, with a
fixed pulse width of 10 ms and varying pulse intervals between
10ms to 1s. It is observed that the synaptic response increases
as the pulse interval decreases due to the accumulation of
charges in the active Cul layer (trapping/detrapping
mechanism). The synaptic efficacy as a function of pulse interval
time is demonstrated in Figure 3c, which indicates the
successful replication of the biological synaptic responses in
our neuromorphic device, thereby establishing the direct
correlation between the synaptic weight and presynaptic
spiking rate.

Phys. Status Solidi RRL 2023, 17, 2300191 2300191 (4 of 8)

In the human nervous system, the ability of postsynaptic neu-
rons is to enhance the synaptic weight for decoding real-time infor-
mation that are closely linked to paired-pulse facilitation, which
represents the form of short-term plasticity. This phenomenon
occurs when a pair of shortly spaced stimuli are repeatedly applied
to a synapse, leading to an increase in the response strength of the
second stimulus.”®? The facilitation ratio, which is an index of
paired-pulse facilitation, provides a quantitative measure of short-
term synaptic efficiency, as expressed by Equation (5), where A;
and A, factors represent the first and second applied stimuli.

A
PPF index = 100% x A—2 (5)
1

The results indicate a direct correlation between the amplitude

of the excitatory postsynaptic current and the duration of the
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Figure 3. Artificial synaptic devices behaviors: a) emulation pathways from the human neural system to neuromorphic device; b) EPSC responses of our
artificial synaptic device when subjected to 10 train stimuli with varying interval time ranging from 10 ms to 1's; c) efficiency of the synaptic plasticity
change based on different pulse intervals (from 10 ms to 15s); d) PPF index; and e) PTP index is expressed as a function of the paired stimuli applied to the
presynaptic neuron with varying time intervals, f) postsynaptic current response to the transition process from short-term plasticity (STP) to long-term
plasticity (LTP) in our synaptic device; g) calculated relaxation constant for each pulse cycle during the transition process from STP to LTP; h) the post-
synaptic current response was evaluated by emulating the learning—forgetting—relearning function within our synaptic device; i) representation of 5 cycles
corresponding learning and relearning behaviors (during the learning cycle—first cycle, the use of purple indicates the established level of postsynaptic
current response, while the use of blue indicates that the PSC level is exceeded during the memorization event; j) artificial synaptic device demonstrates the
relationship between forgetting behavior and the postsynaptic current response, as observed after every cycle of learning/relearning.

pulse interval, suggesting that a shorter interval between stimu-  response to the last pulse stimulus (A;o) and the initial one (4,),
lations leads to higher paired-pulse facilitation (PPF) efficiency,  as defined by Equation (6).
as shown in Figure 3d. To further investigate the time-dependent

. A
modulation of an artificial synaptic device, we have implemented ~ PTP index = 100% x A—lo (6)
an emulation of post-tetanic potentiation (PTP), a longer-lasting 1
form of neural facilitation, to evaluate the efficacy of synaptic Figure 3e illustrates the efficacy of the PTP index based on

strengthening.”** The quantification of this function is expressed  pulse interval, closely resembling the long-lasting synaptic effects
through the PTP index, which represents the ratio between the  of PPF behavior observed in the biological neural system.
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Table 1. Comparison of the PPF synaptic function (PPF index) by different active material in synaptic devices.

Nos. Active material Three/two terminals Synaptic function Maximum PPF index [%)] At [ms] Reference
1 ZnO/PbS Two SRDP, PPF, PTP STP, LTP 143 ~200 [45]
2 PEA;MA,,_1Pbl3n:1 Two PPF, STP, LTP 135 10 [46]
3 MoS,/p-Si Two PPF, STP, LTP, STD, LTD 120 1000 [47]
4 Pentacene/PMMA/C;5N,4 Three PPF, STP, LTP 120 40 [48]
5 AgBil, Two PPF, LTP 30 ~0.05 [49]
6 Bi,O,Se/graphene Three SRDP, PPF, STP, LTP, LTD, L-F-R 120 ~100 [50]
7 PAN/C8-BTBT Three PPF, STP, LTP, L-F-R 176 ~100 [57]
8 CH3;NH;3PbBr; Two PPF, STP, LTP 91 80 [52]
9 PVN/PDVT Three PPF, PPD STP, LTP 49 ~10 [53]
10 HfS, Three PPF, STP, LTP, LTD 111 1000 [54]
11 Cul Two SRDP, PPF, PTP, STP, LTP, L-F-R 195 10 This work

Additionally, to conduct a thorough examination of the synap-
tic behaviors associated with memory retention within biological
neural systems, we have employed the human brain model pro-
posed by Atkinson and Schefflin in 1968.24 This model provides
a fundamental understanding of the processes of learning and
forgetting, which are consolidated through repeated rehearsal
learning. Memorization events within biological neural systems
depend on two distinct types of synaptic plasticity, specifically
short-term plasticity (STP) and long-term plasticity (LTP), which
are determined by the length of memory retention. STP plays a
crucial role in synaptic computation, encompassing the process-
ing and decoding of incoming information. At the same time,
LTP is responsible for monitoring neural plasticity in the context
of memory and learning.*>* To assess the viability of our
synaptic device’s ability to transition from STP to LTP, we have
administered a series of consecutive train stimuli consisting of
20, 40, 60, 80, and 100 pulses to the presynaptic membrane while
maintaining pulse interval of 100 ms and a pulse amplitude of
100 mV. Figure 3f illustrates the successful transition process
between STP and LTP in our artificial synaptic device. The
acquired results have been fitted and analyzed with an exponen-
tial equation commonly utilized as a forgetting function
(Equation (7)) in psychology to extract the relaxation time

I=1Iy+ Aexp(— ;) (7)

where A represents a constant, I, denotes a current constant, and
7 measures the relaxation constant, reflecting the rate of decay.
Based on the data presented in Figure 3g, it can be observed that
the relaxation time demonstrates an increasing trend as the
applied pulse stimuli increase from 20 to 100.

The dynamic adaptability of the mammalian brain, driven by
its memory formation, storage, and retrieval capabilities, enables
it to constantly acquire new experiences and information. The
capacity to replicate the learning-relearning—forgetting behavior
allows for a more biologically plausible approach to emulating
the human neural system.**~*3 Figure 3h demonstrates the
administration of 100 training stimuli to the presynaptic neuron,
distributed across 5cycles, with each cycle consisting of
20 pulses. The initial cycle is commonly referred to as the mem-
orization stage, while subsequent cycles are considered

Phys. Status Solidi RRL 2023, 17, 2300191 2300191 (6 of 8)

relearning stages. After each cycle, spontaneous relaxation decay
occurs, which is commonly known as the forgetting stage.
Figure 3i illustrates the effectiveness of the developed artificial
synaptic device in enhancing memorization capabilities. The
results obtained confirm the high efficiency of the synaptic
device, as it only requires a single relearning cycle to exceed
the established synaptic weight level achieved during the learn-
ing operation. The enhancement in efficiency can be attributed to
the trapped-charged limited current mechanism inherent in our
artificial synaptic device. The process of relearning enables a
more capable recollection of previously forgotten memories,
resulting in significant time and energy savings compared to
the acquisition of new learning. From Figure 3j, we note that for-
getting stages as a function of postsynaptic current response
increase with each cycle, implying an enhancement of synaptic
strength as the number of learning repetition accumulates.
Table 1 provides a comparative analysis of the PPF indexes across
various reported synaptic devices, where Cul-based synaptic device
exhibits a superior neuromorphic characteristic among them.

3. Conclusion

We have successfully fabricated and demonstrated a charged-
based artificial synaptic device that effectively mimics the wide
range of synaptic functions in a biologically plausible manner.
The optimized composition of the Cul thin layer
demonstrates remarkable repeatable synaptic switching charac-
teristics with energy efficient properties. Our results demonstrate
that the developed artificial synaptic device is capable of
neuromodulating synapses by precisely tuning their plasticity
behavior in response to time-dependent factors. Furthermore,
the results of synaptic weight and the connection strength mod-
ulation between adjacent neurons to initiate transition from
short-term and long-term synaptic plasticity are demonstrated.
Neuromorphic learning—forgetting-relearning characteristics
show higher efficacies which supports enabling the real-time inte-
gration of new experiences and information continuously. Thus,
our results on Cul-based artificial synaptic devices realize the
development of next-generation neuromorphic brain—computer
interfaces with unparalleled excitability neural characteristics.
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4. Experimental Section

Device Fabrication: Cul thin film was synthesized through the solution
process, utilizing iodine pellets (99.99%) and copper powder (99.99%). A
1M iodine solution was meticulously prepared in ethanol, into which cop-
per metal powder was introduced which is subsequently stirred for 5 h at
80°C. The resultant product is washed and collected after thoroughly
rinsed with ethanol and dried in vacuum. The synthesized Cul powder
was used for the thin film formation via thermal evaporation technique
with thickness of 100 and a 50 nm aluminum film as top and bottom
electrodes.

Material Characterization: Structural characteristics of Cul thin film were
verified for each sample using the powder XRD Bruker D2 diffractometer
with Cu Ko (1=1.54 A) radiation in the 20 of 20-80° with a step size of
0.02°. Raman properties were confirmed by Renishaw InVia confocal
Raman spectroscopy with a 532 nm laser. FE-SEM FEI Nova NanoSem
630 was used to understand the surface morphology. AFM Bruker
Dimension HPI was used to understand surface roughness. The scan size
was set up for 2 nm with a scan rate of 0.996 Hz. The X-ray photoelectron
spectrometer (Model: Thermo Fisher ESCALAB XI + XPS) was performed
to investigate the phase interactions and their bondings.

Electrical Characterization: The resistive switching characteristics of the
Al/Cul/Al device were analyzed using the Agilent Technologies B1500A
Semiconductor Device Analyzer. The neuromorphic characteristics were
evaluated by analyzing the time domain in which various pulse intervals
were applied to the presynaptic neuron of the artificial synapse. The
obtained results were recorded using a digital storage oscilloscope.

SRDP: To assess the characteristics of SRDP, the artificial synaptic
device was subjected to ten consecutive presynaptic pulse stimuli with
a fixed pulse width of 100 ms and a pulse amplitude of +100 mV, at inter-
vals of 10, 50, 100, 200, 500, and 1000 ms. The resulting EPSC response
was measured and analyzed.

PPF: The process of identifying the PPF function involved the
deployment of two sequential train stimuli to the presynaptic neuron,
encompassing a diverse range of pulse intervals extending from 10 ms
to 1s. Throughout the measurement process, the pulse width and pulse
amplitude remained fixed at 100 ms and +100 mV millivolts, respectively.
The PPF index was determined utilizing the formula PPF index = A;/A;. In
this equation, A; and A, symbolize the postsynaptic current responses
evoked by the initial and subsequent pulses, respectively.

PTP: To determine the PTP function, a series of ten successive train
stimuli were administered to the presynaptic neuron, with pulse intervals
diverging between 10 ms and 1s. Throughout the measurement process,
the pulse width and pulse amplitude remained fixed at 100 ms and
+100 mV millivolts respectively. The PTP index was determined utilizing
the formula PPF index = A/A;, where Ay and Ay represent the postsyn-
aptic current (PSC) responses of the first and tenth pulses, respectively.

Transition Process from Short-Term Potentiation (STP) to Long-Term
Potentiation (LTP): In order to assess the potential of our synaptic device
to transition from STP to LTP, we implemented a series of continuous
train stimuli. These stimuli comprised sequences of 20, 40, 60, 80, and
100 pulses, which were administered to the presynaptic neuron.
Throughout this procedure, a pulse interval of 100 ms and a pulse ampli-
tude of +100 mV were maintained. The obtained results were processed
and evaluated using an exponential equation frequently utilized as a for-
getting function within the field of psychology (I = Iy + A x "7}, In this
equation, Iy represents a constant current, A represents a constant ampli-
tude, and 7 measures the relaxation constant, reflecting the rate of decay,
which is the value of interest.

Learning—Forgetting—Relearning Process (L—-F—R): The processes of mem-
orization and forgetting were determined by the application of 100 training
stimuli to the presynaptic neuron, dispersed over five distinct cycles, each
encompassing 20 pulses. Throughout the measurement process, the
pulse width and pulse amplitude remained fixed at 100 ms and
+100 mV millivolts, respectively. The initial cycle was identified as the
memorization phase, while the following cycles were classified as relearn-
ing phases. After each cycle, a spontaneous relaxation decay, denoted as
“r”, transpired, a phase typically known as the forgetting stage.[?>*4l
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