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Topological Quantum Switching Enabled Neuroelectronic
Synaptic Modulators for Brain Computer Interface

Dani S. Assi, Hongli Huang, Vaithinathan Karthikeyan,* Vaskuri C. S. Theja,

Maria Merlyne de Souza, and Vellaisamy A. L. Roy*

Aging and genetic-related disorders in the human brain lead to impairment of
daily cognitive functions. Due to their neural synaptic complexity and the
current limits of knowledge, reversing these disorders remains a substantial
challenge for brain—computer interfaces (BCl). In this work, a solution is
provided to potentially override aging and neurological disorder-related
cognitive function loss in the human brain through the application of the
authors’ quantum synaptic device. To illustrate this point, a quantum
topological insulator (QTI) Bi,Se,Te-based synaptic neuroelectronic device,
where the electric field-induced tunable topological surface edge states and
quantum switching properties make them a premier option for establishing
artificial synaptic neuromodulation approaches, is designed and developed.
Leveraging these unique quantum synaptic properties, the developed synaptic
device provides the capability to neuromodulate distorted neural signals,
leading to the reversal of age-related disorders via BCI. With the synaptic
neuroelectronic characteristics of this device, excellent efficacy in treating
cognitive neural dysfunctions through modulated neuromorphic stimuli is
demonstrated. As a proof of concept, real-time neuromodulation of
electroencephalogram (EEG) deduced distorted event-related potentials (ERP)

1. Introduction

Brain aging and memory are time-
irreversible factors of human life, and
evidence of their reversal via artificial
neuromodulators has been consistently
growing in recent years.[!] Challenging the
advancements of supercomputers with hu-
man intelligence, the operational capacity
of the human brain remains unsurprisingly
superior in aspects of processing capacity,
power, and speed.[>] Despite these excep-
tional characteristics, the impact of aging
on the human brain significantly damages
its major cognitive functions.['¢1%1 Age-
related changes, such as a decrease in the
number of neurons and neurotransmitter
effectiveness, cause weakened synaptic
strength and lead to major neurodegenera-
tive disorders such as Alzheimer’s disease,
Parkinson’s disease, and amnesic cognitive
impairment.['11l " Although there are no

is demonstrated by modulation of the synaptic device array.
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practical solutions to reverse these aging

effects on the human brain, efforts are

underway to develop an artificial synaptic

neuromodulator as a brain—computer
interface, with projects such as Neuralink being notable
examples.['2] On the other hand, developing an artificial synaptic
neuromodulator that matches the human brain’s performance
is highly complex, involving high energy consumption and poor
parallel processing latency.3] These drawbacks are attributed to
the nature of active materials and respective device characteris-
tics, whose response to electric stimuli is incompatible with that
of the human brain.'"¥l Hence, understanding the synaptic neu-
ral process of the human brain and creating an optimal material
and device design for handling synaptic neural events are of ut-
most importance.

The human brain, via the modulation of neural plasticity,
marks events of learning or memorizing. Based on the plas-
ticity of these events in neuron clusters, they are categorized
into short-term memory (s to min) and long-term memory (h to
days). The initiation of these neural plasticity modulations occurs
via an applied electric stimulus, which is either a presynaptic
potentiation pulse (+ve) or a depression pulse (—ve).'2152] To
characterize the efficacy of these events, Hebbian techniques
such as paired-pulse facilitation/depression and post-tetanic
potentiation/depression are used.>?*23] The interdependency
of neuron cluster pathways greatly influences these efficacies;
short-term plasticity (STP) is the major phenomenon that

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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influences the stability of long-term plasticity (LTP), meaning
that they exhibit a high paired-pulse facilitation (PPF) index.[2+2%]
Moreover, the ability to respond to potentiation/depression
stimuli declines as a result of aging in the human brain.!*71]
Thus, to mimic these events, the specific design of artificial
synapses and electronic neuromodulation is required to prevent
aging-related diseases in humans.

Over the years, the field of neuromodulation has evolved sig-
nificantly from traditional methods such as Deep Brain Stimula-
tion to many innovative techniques via electromagnetic and ge-
netic interface routes.[?*?’] These advancements are particularly
crucial in addressing complex health challenges, notably those
related to neurological and cognitive impairments often induced
by aging in the human brain.[?®] Here, the electro-modulation
of neural signals is pivotal in addressing a range of neurologi-
cal disorders. Despite its efficacy for various conditions, the re-
quirement for invasive electrode implantation is prone to fail-
ure due to tissue reactions and also faces challenges in achiev-
ing precision targeting.-*2] In addition to traditional electrical
approaches, advancements in neuromodulation include diverse
techniques such as thermal, optical, chemical, acoustic, and mag-
netic modalities, which are often integrated with programmable,
multi-modal systems.!?] In genetic neurostimulation, light, heat,
or chemicals control neural activity by targeting neuron clusters
to modify and express alterations in ion channels for initiating
action. This positions them as powerful tools for high-resolution
interrogation of specific cell types and neural circuits.[?$33] De-
spite its potential, these techniques face challenges in clinical
application due to the complexity of genetic modification and
the need for specialized light or chemical delivery systems.[3¢37]
Recently, demonstrations of sonogenetic modulation have re-
placed opto- and chemogenetics; however, further research is
necessary to fully understand the behavioral outcomes of this
modulation.l?”*8] On the other hand, magneto-neural stimula-
tion stands out as the most prevalent method for therapeutic use,
especially in treating drug-resistant depression. However, its ef-
fectiveness is limited to neurons that lie close to the outer layer
of the human brain, which restricts this technique’s spatiotem-
poral precision and target selectivity.?>*"] Understanding these
inherent merits and limitations underscores the prolonged need
for the development of non-invasive modes of neuroelectronic
modulators for enhanced brain-computer interfaces.

In this aspect, recent demonstrations of artificial synaptic
neuroelectronic modulators have been exhibited using conven-
tional CMOS-based memory devices, where the lack of syn-
chronization with biological synapses complicated the learning—
memorizing process.*144142] Hence, to bridge this gap and im-
prove performance, the development of a new class of semicon-
ductor materials with exceptional switching/processing speed
and sensitivity to ultra-low processing power is mandatory.
Meeting these criteria, QTI materials possess electric field-
induced tunable conduction at edge surface states,****¥] which
are ideal for neuromorphic artificial synaptic neuromodulation.
Their exotic topological quantum properties, such as protected
edge surface states and ultrafast carrier transport, are capa-
ble of supporting artificial synapse functions with a large PPF
index.[*]

In this work, we report on the design and development of a
QT1 bismuth selenide telluride (Bi, Se, Te)-based synaptic neuro-
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electronic device for treating neurological disorders and for neu-
roprosthetic applications. For the proof of concept, we demon-
strate unique performance in the neuromodulation of brain sig-
nals as bidirectional communication for brain—computer inter-
faces in a more biologically plausible manner. By biomimicking
the synaptic neural behavior of the human brain, we demonstrate
the characteristic response of post-synaptic potentials (PSPs) in
our Bi, Se, Te synaptic neuroelectronic device, where we prove the
effective tuning of neural facilitation functions. Moreover, sup-
ported by the topological edge-state dependent quantum switch-
ing properties in our synaptic neuroelectronic device, we demon-
strate the development of flexible tunable PPF/Paired Pulse De-
pression (PPD) index ranges. This flexible neuromodulation be-
havior, being reported for the first time, showcases precise con-
trol capacity in the learning-to-forgetting process of the hu-
man brain by shaping its electrophysiological activities. In addi-
tion, we demonstrate real-time neuromodulation of EEG derived
event-related potentials of elderly individuals with cognitive dys-
functions for brain—computer interface applications. Our find-
ings provide deep insights into the synchronization and memory
function longevity in human brain performance, thereby mitigat-
ing the causes and impacts of aging and neurological disorders
in human life.

2. Results and Discussion

2.1. Quantum Topological Synaptic Neuroelectronic Device
Design

To fabricate the synaptic neuroelectronic device, an electrochem-
ically optimized material design of Bi, Se, Te is deposited with sil-
ver top electrodes and fluorine-doped tin oxide serving as presy-
naptic and postsynaptic neural points, respectively, as shown in
Figure 1a. QTI materials represent a novel class of semicon-
ducting materials characterized by edge state electronic trans-
port properties that are immune to the backscattering of charges
and feature adjustable narrow bandgap edges. These proper-
ties of topological insulator materials arise from their insulating
bulk and conducting surface states, leading to ultralow switch-
ing threshold voltage requirements.’® Matching the require-
ments for low power and high switching speed, QTIs are the
material of choice for the fabrication of synaptic neuroelectronic
devices. Figure la—g displays the materials characteristics and
analysis of the Bi,Se,Te thin film; detailed characteristics of the
developed thin films are shown in Figures S1-S3, Supporting
Information.

The quantum switching performance of the synaptic de-
vices is investigated by their change in device resistance
states, obtained from I-V characteristics. The mechanism in-
volved in the switching process is illustratively represented in
Figure 2a, where the surface edge states of Bi,Se,Te with a
band gap are demonstrated. The initial surface edge states in
Bi,Se,Te demonstrate a quantum resistance level of ~h/e?,
which, under the influence of an exerted internal electric field
induced by the trapped charge densities, results in a higher
order of conduction(~107¢ h e72).5!l This higher order of
conduction is attributed to an increased charge trap density,
causing the formation of additional topological edge states ow-
ing to the strong spin Hall effect. The change in charge density
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Figure 1. Bismuth selenide telluride material fabrication and characterization. a) Demonstration of the electrochemical deposition (ECD) method to
fabricate the synaptic device array. b) Schematic illustration of layered 2D crystal structure of Bi,Se, Te. c) X-ray diffraction (XRD) analysis of the prepared
thin film demonstrating characteristic peaks of Bi,Se,Te. d) Raman scattering plot with characteristic illustration of Eé and Aﬁg peaks. e) Field emission

scanning electron microscope (FE-SEM) micrograph exhibiting nanorod structures. f) Atomic force microscope (AFM) roughness topography and g)
Raman mapping showing homogenous distribution of the Bi,Se, Te thin film.

distribution in the conduction band and the electron localization Following this mechanism, in our developed Bi,Se, Te synap-
along the [100] plane at an applied electric field are shown in  tic device, under the influence of an applied voltage stimulus,
Figure 2b. The charge distribution and electron localization for  the trapped charge density increases, thereby inducing an
Bi,Se, Te demonstrate a prominent increase in levels, proving the  internal electric field to enhance edge state conduction. This
mechanism of a trap-charge-induced internal electric field.[>?! leads to ultra-low voltage synaptic switching properties, where
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Figure 2. Synaptic device characteristics and quantum switching mechanism. a) Illustrative representation of mechanism involved in topological sur-
face edge state changes induced by an applied electric field. b) Simulation of charge density distribution in conduction band minimum and electron
localization function slices of Bi,Se,Te under varied electric field in [100] direction. c) Ultra-low threshold -V switching characteristics of Bi,Se,Te. d)

Change in impedance state of the synaptic device under applied voltage.

the threshold voltage is set at ~0.24 V, as seen in Figure 2¢;
Figures S5-S7, Supporting Information. In addition, to prove
the change in the resistance state of the synaptic device, we
perform impedance analysis, as shown in Figure 2d. With the
increase in the applied voltage stimulus, the impedance level
of the device drops significantly. These characteristic results
support the development of high-performance, low-power topo-
logical neuroelectronic quantum devices. Hence, utilizing the
advantageous properties of quantum switching is most favorable
for the creation of synaptic devices.[*’]

2.2. Quantum Topological Synaptic Device as Neuromodulator

Biologically, neuromodulation in the human brain occurs
through the release of event-specific neurotransmitters such as
serotonin, dopamine, and acetylcholine. By the principle of Heb-
bian synaptic plasticity, upon receiving a request at a neuron’s
presynaptic point, chemical messengers in the form of these neu-
rotransmitters are released from the presynaptic membrane into
the synaptic cleft and bind with their corresponding receptors
at the postsynaptic membrane. This triggers an action poten-
tial as excitatory (EPSP) or inhibitory (IPSP) postsynaptic cur-
rent to control the synaptic dynamics.'%72°) When the mem-
brane potential of the postsynaptic neuron is highly depolarized
(+ve), the EPSP is generated with an increase in the firing rate at
the postsynaptic neuron, causing a rise in their synaptic weight

Adv. Mater. 2024, 2306254 2306254 (4 of 12)

through spike-rate dependent plasticity (SRDP). On the contrary,
a hyperpolarized (—ve) membrane potential causes a reduction in
synaptic weight with respect to the level of IPSP response.[>>->°]
Thus, the synaptic dynamics are directly modulated by the re-
sponse level of EPSP and IPSP, causing potentiation or depres-
sion between two adjacent neurons or clusters during the neural
event.’’=° However, this biological process of neuromodulation
in the human brain deteriorates exponentially with the aging pro-
cess. Thus, from this understanding of the biological neuromod-
ulation process, it is essential to design a synaptic neuromodula-
tor to potentially defy the cognitive functions that are biologically
hindered.

Biomimicking these characteristics of neurotransmitters, in
our designed model of a quantum synaptic device, we demon-
strate prominent synaptic SRDP behaviors with characteristic
EPSP and IPSP responses as a function of applied pulse width
modulated presynaptic electric stimuli, which are represented in
terms of the stimuli ratio in Figure 3a. Here, we define the age-
related postsynaptic response to an applied presynaptic stimulus,
expressed in terms of the stimuli ratio. For a stimuli ratio larger
than 1, it relates to the neural activity of early ages; for a ratio
equal to 1, it relates to that of the mid-age range; and for a ratio
less than 1, it denotes a decline in the synaptic neural response
in elderly individuals. With these presynaptic stimuli ratio clas-
sifications, the characteristic behavior of the human brain with
respect to the aging process and their corresponding learning ef-
ficiency are simulated and represented in Figure 3b.

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Synaptic neuroelectronic device behavior with ageing-related presynaptic stimuli. a) Schematic illustration of pulse width modulated presynap-
tic voltage stimuli relating to human brain aging characteristics represented in terms of stimuli ratio. b) lllustrative demonstration of the postsynaptic
current response change with ageing process of human brain and their corresponding learning efficiency. c) Experimental postsynaptic current response
of Igps and I pg for d) their corresponding presynaptic potentiation and depression pulse stimuli trains and e€) PPF/PPD and PTP/PTD index change for

the varied stimuli ratio. f) Demonstration of synaptic transition from STP to LTP represented in terms of relaxation time.

Emulating these biological characteristics in our device, for
an applied presynaptic potentiation pulse stimulus, the Iy
response is prominent only under the conditions of a stim-
uli ratio equal to 1 representing the brains of mid-age people;
whereas, for the early (>1) and old ages (<1), the latency of
Ipg is larger as shown in Figure 3c. Conversely, Ips responses
for depressive stimuli are the exact inverse of I;pg. This behav-
ior in our quantum synaptic device is analogous to the biolog-
ical synaptic response characteristics with respect to different
ageing conditions. Moreover, these I;ps and I responses are
the important factors accountable for the neuromodulation of
synaptic strengths to establish short-term and long-term neural
plasticity.[60-62]

Adv. Mater. 2024, 2306254 2306254 (5 of 12)

Based on the postsynaptic current responses to our presy-
naptic stimuli, we validate the PPF/PPD indexes, which are
the quantification measures of short-term synaptic plasticity
efficacies, as shown in Figure 3d.[] From the inferred PPF and
PPD indexes, our results demonstrate a high level of efficacies
for the short-term plasticity with respect to their applied stim-
uli ratios. This PPF/PPD index range indicates the ability of
response to establish synaptic strength levels between presy-
naptic transmitters and postsynaptic receptors. As shown in
Figure 3d, in terms of stimuli ratio, the index for potentiation
pulse stimuli for mid-age human brain (i.e., stimuli ratio ~
1) is at the highest peak, whereas for the early and elderly age
individuals’ scenario, the ability to respond to establish synaptic
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plasticity are under-developed and distorted, respectively. A com-
parison of PPF indexes for different synaptic devices is shown
in Table S2, Supporting Information, which demonstrates the
superiority of the Bi,Se,Te synaptic device. For the event of
presynaptic depression pulse stimuli, the PPD index demon-
strates an increasing trend for larger stimuli ratios (>1). Thus,
the PPF/PPD index of our synaptic device illustrates the sim-
ulation response of short-term neural plasticity characteristics
of human brain under age-related conditions. This character-
istic behavior in our synaptic device illustrates the capacity to
modulate or override the responses owing to ageing or neural
disorders in human brain, which can be defined as the process of
neuromodulation.

The efficacies of synaptic plasticity strength are associatively
quantified via the post-tetanic potentiation/post-tetanic depres-
sion index, as illustrated in Figure 3e.® As the PPF/PPD
efficacies play a crucial role in determining short-term synaptic
plasticity, the PTP/PTD index exhibits similar trends, serving
as a longer-lasting neural facilitation function in the synaptic
device. Equipped with these capabilities, our synaptic device
acts as a powerful neuromodulator. We are poised to usher in a
new era of brain-computer interfaces, enabling the tuning and
repair of age-related damages and neural disorders in the human
brain through the control of presynaptic pulse width modulated
stimuli.

On the other hand, the ability to retain the short-term or
long-term neural plasticity weighted path is a major criterion for
a healthy memory system, which governs cognitive functions.
Hence, to understand these abilities in our developed synaptic
device, we adapt the human brain model proposed by Atkinson
and Shiffrin, where the fundamental understanding of memo-
rization events is facilitated through rehearsal learning.!%) The
efficacies of the transition from short-term to long-term plastic-
ity in our devices are examined through the estimation of relax-
ation times for Ij¢ and I;pg levels, with respect to applied stim-
uli, as shown in Figure 3f. Our results imply that increasing the
applied stimuli from 20 to 100 pulse trains causes exponential
enhancements in the relaxation time (Ty), which directly corre-
sponds to the strength of the synaptic weighted path. The relax-
ation time Ty is calculated by the relation: I = I, + Aexp(—Ty/7),
where A is a constant, I; is a current constant, and 7 is a relax-
ation constant.[®! This characteristic increase in synaptic path
weight or strength, observed for both potentiation and depres-
sion pulse stimuli in our synaptic device, denotes the transition
from short-term to long-term neural plasticity. However, this con-
dition applies only to the stimuli ratio of 1 as the relaxation times
for older and younger human brains diminish rapidly due to un-
stable synaptic neural responses.

Though the conversion of the short-term to long-term neu-
ral plasticity can be realized via repeated rehearsal learning pro-
cesses, an increase in the synaptic strength’s decay rate leads to
loss of memory.[?* Hence, to overcome this phenomenon, in our
synaptic device as neuromodulators, irrespective of these stim-
uli ratio conditions, we demonstrate the tuning of these relax-
ation times via modulation of the stimuli potential. As shown in
Figure 4a,b, the decay rate (% s™') of these synaptic strengths in-
creases with respect to the increase in the stimuli potential in
both the cases of potentiation/depression presynaptic stimuli.
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This demonstration of a decrease in the decay rate proves the
ability to induce anti-ageing phenomenon in our design of quan-
tum synaptic neuromodulators. These properties are achieved via
an edge state trapped-charged mechanism, where more charges
are being accumulated/consumed in the developed additional
topological edge states; while, applying potentiation/depression
stimuli. As seen in Figure 4a,b, when applying the potentia-
tion/depression stimuli, the auto-depression behavior decreases
due to the intensification of the charged-trapping effect, which
enhances the synaptic path weightage or strength.[12>7] The ob-
served declining decay rates for the respective response of the
Itps and I;ps levels are represented in Figure 4c. Thus, with an
optimum voltage level, reversal of the ageing process in human
brain can be accomplished via neuromodulating the decay rate of
the synaptic strengths.

However, as PPF indexes are a preliminary factor for modu-
lating synaptic strength from short-term to long-term, we aim to
correlate changes in the PPF index with changes in amplitude-
modulated synaptic pulse stimuli. To do this, we analyze elec-
tric field-dependent paired-pulse facilitation characteristics. The
level of trapped charges in the Bi, Se, Te layers enhances the elec-
tric field, which directly corresponds to an increase in synaptic
strength, thereby decreasing the decay rate in our synaptic neu-
romodulator device. An increase in the internal electric field, ow-
ing to the trapped charge density in the Bi, Se, Te thin films, leads
to variations in the topological band structure, which can be ex-
pressed as:

3/2
1 2m* e 1/2
" (47[660> T @

where, m* is the effective mass of the charge carrier and Ny is
the charge trap density.l*’) The change in the carrier concentra-
tion and the effective mass with respect to the selenium ratios is
shown in Figure S4, Supporting Information.

In the human brain, the magnitude of the PPF function is di-
rectly related to the age factor. As people age, the synaptic PPF
index theoretically shows a consistent decrease in neural activi-
ties, leading to a gradual loss of communication strength between
neighboring neurons. For elderly individuals, slower stimulus
trains lead to a reduction in synaptic weight, which negatively
affects the efficiency of learning activities. In contrast, young in-
dividuals achieve higher learning efficiency with a faster stimu-
lus train rate.['?’] With similar characteristics, our synaptic neu-
romodulator device successfully bio-mimics the human neural
network’s learning activity for both elderly and young individu-
als. The EF-PPF properties of the synapse, as demonstrated in
Figure 4d, are determined via the slope index (I;), which quanti-
fies the PPF index according to the relation PPF = (Af)(s/1%0),
It can be observed that with potentiation stimuli, I index in-
creases; while, applying a higher negative-positive bias. This is
contrary to the negative I, index, which gradually decreases in
parallel with higher positive voltage bias (Figure S13, Support-
ing Information). This flexibility in EF-PPF demonstrates a direct
correlation between the interval of rehearsal events and learn-
ing efficiency under various voltage biases, showcasing the de-
vice’s excellent ability to mimic the neural plasticity of the human
brain. Thus, by decreasing the decay rate or increasing synaptic
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Figure 4. Pulse amplitude modulated synaptic strength tuning in Bi,Se,Te synaptic device. a) Excitatory post-synaptic current relaxation time (decay
rate) for different pulse amplitude range from 0.1 to 0.5 V. b) Inhibitory post-synaptic current relaxation time (decay rate) for different pulse amplitude
range from —0.1to —0.5 V. c) Auto-depression decay rate for pulse amplitude modulated presynaptic stimuli. d) Correlation of electric field-dependent
PPF characteristics (EF-PPF) for the change in synaptic strength which is calculated based on slope index levels.

strength via amplitude-modulated presynaptic pulse stimuli, we
can achieve faster learning and enhance memory longevity in the
human brain.

2.3. Real-Time Neuromodulation of EEG for Brain-Computer
Interface

As a proof of concept, we demonstrate the neuromodulation
of aging-distorted ERP signals deduced from EEG signals of a
group of elderly individuals collected during auditory-cued reac-
tion time tasks. ERPs are the measure of voltage change in the hu-
man brain followed by visual, auditory, or sensory stimuli.[®®! As
illustrated in Figure 5a, characteristic ERP components are rep-
resented with P1/N1 in the region of 100 ms, N2 region around
200-300 ms, P3 region between 300 and 500 ms, and N4 region
between 400 and 600 ms. These characteristic components repre-
sent sensory stimuli processing (P1/N1), attentional monitoring
(N2), memory and decision-making processes (P3), and seman-
tic processing (N4), respectively.®) From deduced ERPs, we can
understand the neural activities to assess the brain’s functional
health levels in persons affected by aging-related and Alzheimer’s
or Parkinson’s diseases.[®]
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From previous reports, it is well observed that, with respect to
brain aging, the levels of attenuation in P3 and N4 components
are seriously distorted, causing major cognitive dysfunctions.®”]
Thus, modulating the ERPs with an effective modulation index
is of utmost importance for brain—computer interfaces in assist-
ing applications such as neuroprosthetics, epilepsy management,
and treating memory impairments in elderly individuals. Fol-
lowing this, we demonstrate real-time neuromodulation of dis-
torted ERPs to establish bidirectional communication as a brain—
machine interface.

Figure 5a demonstrates the mechanism of the neuromod-
ulation process through the steps of EEG acquisition and
processing, ERP component extraction, ERP-PWM encoding,
neuromodulation, and feedback. For the real-time study, we
collect EEG datasets from individuals of different age groups,
from which we extract the ERPs, as shown in Figure 5b. In our
analysis, we interpret an auditory cue reaction time tasks dataset
of 39 ERPs belonging to elderly individuals aged in the range of
55-75 years and a reference ERP from a young individual. The
raw ERPs obtained from elderly individuals illustrate an increase
in the distortion of P3 and N4 components compared to the
reference signal, as shown in Figure 5c. However, the process
of modulating a neural signal requires intelligent event-specific
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Figure 5. Real-time modulation of EEG-ERPs neural signals. a) Step-by-step illustration of neuromodulation process involving i) EEG data acquisition,
ii) ERPs feature extraction and signal sampling, iii) neuromodulation process using synaptic device, iv) signal reconstruction, and v) brain computer
interfacing as neuroprosthetic controls. b) EEG dataset from different age groups of people. ¢) Extracted ERPs. d) modulation index derived from
changing resistance state of synaptic device. e) Reconstructed boosted ERPs for BCI.
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signal modulation, which can only be performed through the
training of neuromorphic synaptic devices. In this case, the
modulation index or factor is obtained from the ratio of the
change in conductance to the reference conductance in our
synaptic device array, as shown in Figure 5d.

To obtain the modulation index, the raw ERP dataset is pro-
cessed into pulse width modulated signals via sampling, similar
to the illustration in Figure 2a, which is then applied as pulse
stimuli to the synaptic device. Further, the neuromodulated sig-
nals are developed using the modulation index together with the
real dataset to make them recognizable without additional re-
sources. This modulation boosts ERPs to similar strengths as
the reference ERPs for every representative peak component, as
shown in Figure 5e. From this process, neuromodulated ERPs
for any specific task can be obtained for brain—computer inter-
face applications.

3. Conclusion

Our developed synaptic neuroelectronic device utilizes the
unique properties of the Bi,Se, Te QTI, marking a significant ad-
vancement in neuromorphic technologies for brain—computer
interfaced neuroprosthetics. The demonstrated synaptic neuro-
electronic device addresses critical aspects of power consump-
tion (picojoules), data switching/processing speed (ms), and neu-
romorphic learning efficiency. These high-class properties arise
from the electronic surface states’ transport characteristics of
Bi,Se, Te to achieve synchronous synaptic switching and a flex-
ible PPF/PPD neuromodulation index that closely resembles the
dynamics of biological neurons. This flexible neuromodulation
behavior in a neuroelectronic device is being reported for the
first time, offering precise control capacity in the learning-to-
forget process of the human brain to shape their electrophysio-
logical activities. To evaluate the neuromodulation performance
of our synaptic neuroelectronic device, we demonstrate real-time
neuromodulation of EEG derived ERPs of elderly individuals
with cognitive dysfunctions to match the healthy neural function
of young individuals for brain—computer interface applications.
Our results prove the possibility of controlled synchronization
and memory function longevity in human brain performance,
thereby mitigating the causes and impacts of aging and neuro-
logical disorders in human life.

4. Experimental Section

Fabrication of the Synaptic Neuroelectronic Device: Topological
insulators-based thin films (Bi,Ses, Bi,Te;, and Bi,Se,Te) were meticu-
lously fabricated on the fluorine-doped tin oxide (FTO) glass substrate,
which imitated the postsynaptic neuron behavior. The functional/active
layer of the synaptic device was deposited utilizing the three-electrode
ECD technique. The emulation of presynaptic neurons was achieved
through the utilization of a top electrode (100 nm), fabricated using a
thermal evaporation technique. Before the deposition, the FTO-coated
glass substrates underwent a cleaning process involving sequential
immersions in DI water, acetone, and ethanol for a duration of 30 min
within an ultrasonic bath. The fabrication of the Bi,Se;, Bi,Te;, and
Bi,Se,Te active layers was accomplished through the implementation
of the ECD method, which was conducted using the Metrohm Autolab
PGSTAT302 instrument. To ensure precise monitoring and control of the
electrochemical potential throughout the fabrication process, the Ag/AgCl
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double junction reference electrode and high-purity platinum counter
electrode were employed. A FTO-coated glass substrate (exposed area of
1cm? and sheet resistance of ~7 ohm sq~') played the role of working
electrode. Throughout each deposition, the distance between the anode
and cathode remained fixed at 0.5 cm. The deposition bath comprised 50
mL of deionized water (>18 Mohm), sourced from a Purite (L300450)
system. First, 2.08 mL of HNO; was added to the DI solution, resulting
in pH < 1. Second, under stirring, 0.485 g of BiNO3;*5H,0 was added
to the solution. Subsequently, the solution underwent sonication for a
duration of a 10 min, continuing until it achieved complete transparency.
Third, stirring of the 0.166 g of the SeO, and 0.08 g of the TeO, was
followed by 10 min sonication process. Then, the mixture was subjected
to a gentle purge with purified nitrogen gas for a duration of 60 min.
This process effectively eliminated any dissolved oxygen present in the
solution. During the deposition process, the bath temperature was
consistently maintained at 60 °C. After the deposition, the samples were
gently washed with deionized water and subsequently annealed in a
nitrogen atmosphere at 300 °C for a duration of 3 h. The fabricated thin
films exhibited a uniform appearance and excellent adhesion to the FTO
substrate.

Material Characterization of the Synaptic Device: The surface morphol-
ogy of the Bi,Se;, Bi,Tes, and Bi,Se,Te thin films was examined and ver-
ified using the Hitachi SU8240 field emission scanning electron micro-
scope (FE-SEM). The structural characteristics of the fabricated thin films
were confirmed through the utilization of powder X-ray diffraction (XRD)
Rigaku Miniflex diffractometer. The surface roughness was confirmed us-
ing the Bruker Dimension HPI atomic force microscope (AFM) with a
scan rate of 0.996 Hz. The Raman properties were validated by the Horiba
Labram HR Raman System, employing a 532 nm laser. The measurement
of carrier density and mobility were performed at room temperature using
the Lakeshore Hall measurement system.

Synaptic Switching and Neuromorphic Characterization of the Device:
The electrical characterization and switching properties of the developed
synaptic neuromodulator device were performed utilizing a probe sta-
tion that was equipped with the Agilent Technologies B1500A Semicon-
ductor Device Analyzer. The digital storage oscilloscope was used for
the data acquisition process. Synaptic switching properties were exam-
ined and verified by applying the sequential sweep voltages to the synap-
tic device to obtain |-V characteristics. SRDP was investigated by apply-
ing a series of ten consecutive pulse stimuli to the presynaptic neuron.
The stimulus pattern was characterized in relation to the stimuli ratio,
represented as a function of the pulse width. The pulse amplitude was
fixed at +100mV/—100mV throughout the measurement. The resulting
inhibitory postsynaptic current (/;pc) and excitatory postsynaptic current
(Iepc) responses were measured and subjected to comprehensive anal-
ysis. PPF/PPD was deeply analyzed by applying two consecutive pulse
stimuli to the presynaptic neuron with relation to the stimuli ratio, repre-
sented as a function of the pulse width. The pulse amplitude was fixed at
+100mV/—100mV throughout the measurement. By evaluating the post-
synaptic current response to the predefined stimuli, the PPF/PPD in-
dex was calculated, providing a quantitative representation of short-term
synaptic plasticity. The PPF/PPD index was determined using the follow-
ing formula PPF/PPD index = A,/A;, where A1 and A2 represent the
post-synaptic current responses elicited by the first and second pulses, re-
spectively. Post-tetanic potentiation (PTP)/post-tetanic depression (PTD)
was investigated by applying ten consecutive pulse stimuli with a pre-
define stimuli ratio (as a function of the pulse width) to the presynap-
tic neuron. The pulse amplitude was fixed at +100mV/—100mV through-
out the measurement. Through the evaluation of the postsynaptic cur-
rent response to the applied stimuli, the PTP/PTD index was calculated,
serving as a quantitative measure of short-term synaptic plasticity. The
PPF/PPD index was determined using the following formula PTP/PTD in-
dex = Ajp/A;, where A, and Ay, represent the post-synaptic current re-
sponses elicited by the first and second pulses, respectively. The transition
process from short-term potentiation/depression (STP/STD) to long-term
potentiation/depression (LTP/LTD) was examined and verified by apply-
ing a sequence of the consecutive presynaptic pulse stimuli, consisting
of 20, 40, 60, 80, and 100 pulses. The pulse amplitude was fixed at +100
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Figure 6. Mathematical modeling of the neuromodulation process.

mV/—100 mV throughout the measurement. The obtained results were
subjected to fitting and analysis using an exponential equation that was
commonly utilized as a forgetting function in psychology. The formula, ex-
pressed as (I = Iy + A x e"[-t/z]) was employed, where A represents a
constant amplitude, Iy represents a constant current, and 7 measures the
relaxation constant, reflecting the rate of decay, which is the value of inter-
est. Synaptic strength tuning (auto-depression rate) characteristic of the
synaptic device was directly influenced by the temporal evolution of synap-
tic strength, a parameter intricately connected to age-related neuroplastic
changes within the brain. This property was investigated through the ap-
plication of five groups, each comprising 20 consecutive pulse stimuli to
the presynaptic neuron. The stimuli were administered with a fixed pulse
interval of 100 ms, a pulse width of 100 ms, and a pulse amplitude range
from —0.1/0.1V to —0.5/0.5V. The time-dependent synaptic plasticity was
examined, and the auto-depression rate was measured and extracted at in-
tervals of 70 s. The comprehensive statistical analysis of 50 devices further
corroborates the trends described above. The minimal variation observed
between devices could be attributed to the uniformity of the thin films fab-
ricated via the electrochemical deposition technique. Contrary to conven-
tional inorganic, organic, and oxide-based devices, the authors’ topolog-
ical insulator-based devices exhibited exceptional synaptic switching per-
formance of ~107% s and a remarkably low energy consumption level of
~17 p) (Figures S8 and S9 and Tables S1and S3, Supporting information).

Neuromodulation of Aging Distorted ERP Signals Deduced From EEG Sig-
nals:  The authors’ study did not involve direct experimentation with hu-
man participants or tissue samples. Instead, publicly available datasets
were utilized from OpenNeuro (https://openneuro.org, license: CC0).[7°!
Therefore, the requirements for ethics committee approval and informed
consent for the authors’ analysis were not applicable. For the author ex-
periment, an EEG dataset associated with auditory cue reaction time tasks
was selected, from which the authors subsequently derived further ERP
signals. Out of the 39 elderly individuals, aged between 55 and 75 years,
five distinctive ERPs were selected for further in-depth analysis. As a ref-
erence point, a sample consisting of a young individual demonstrating
optimal brain function was selected. 64 channels of EEG signals with an
acquisition rate of 500 Hz were provided in the dataset. From all the chan-
nels, FCz electrode was selected for ERPs analysis as it was located over
the mid-front cortex of the brain, which reflected the cognitive processes.
The raw EEG signals for each person were filtered by a band-pass filter
with cutoff frequencies of 0.1-30 Hz, after which, ICA (independent com-
ponent analysis) was applied to remove the artifacts from eyes and mus-
cles. The pre-processed EEG signals for individuals were then segmented
by the onset of the event and the event-related parts of the EEG signals
were averaged to calculate the ERPs. After that, the ERPs were sampled
every 12 ms to get event-related pulses as the inputs of the authors’ de-
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vice for further modulation. The above experiment protocol and method
of real-time modulation of EEG-ERP neural signals made them highly
reproducible.

Mathematical modeling of the neuromodulation is shown in Figure 6
and was expressed as:

Assuming that the authors’ device was working on a fundamental fre-
quency fand the ERP that was received over time was & (t), the procedure
of ERP modulation based on a reference ERP, &, (t), was illustrated in the
following steps:

To begin with, the ERP & (t) was converted into an amplitude-modulated
square wave (AMS) signal S(t) which was expressed as:

St = EW x5t )

where §(f, t) was a PWM function operating at frequency f, producing out-
put values of 1T or 0 in each cycle.

Likewise, the AMS of reference ERP was expressed as S, (t) = &, (t) X
5(f, ), in which the PWM function was identical to the one used in 5(t),
enabling the alignment of S(t) and S,(t). Further, the modulation index
a(t), which presents how much the received ERP should be modulated to
fit with the reference ERP, was calculated by the AMS as:

Is. 0] .
«®)=4 o FtEtn 3)
a(t—1), ftety

where t_, and t g were the on and off periods of the PWM & (f, t). After that,
a(t) was applied back to the original ERP received by the authors’ device
to obtain the modulated ERP &’ () = a(t) X &€(t). The whole procedure of
the modulation was expressed as below:

_lew x s
|€®) x 6(ft)|

& =1 x 6(ft=1)]
|- x 6(ft=1)]

g X E(t) X [t €ty

X E (1) X [t € tog] (4)

where [t € t.,] and [t € tg] were the indicator functions that took the value
of 1 when the condition held true and the value of 0 when it was false.
Statistical Analysis: A statistical analysis was performed on 50 devices
for each topological insulator material (Bi,Se;, Bi,Se,Te, and Bi,Tez) us-
ing Origin and MATLAB software for processing and analysis. The stan-
dard deviation for the data was observed to be within +5%. To ensure
comparability and enhance interpretability across different samples, max
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normalization was applied to scale the data. Subsequently, a t-test was uti-
lized to evaluate the significance of differences between groups, resulting
in a p-value < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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