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A Novel Approach to Implementing Artificial Thalamic

Neurons with Ferroelectric Transistors

Andreas Grenmyr, Jiayuan Zhang, Jingxuan Sun, Kenta Moto, Stefan Wiefels,
Seong-Ryong Koh, Detlev Griitzmacher, and Qing-Tai Zhao*

Artificial thalamic neurons offer significant potential for medical treatment
and neuromorphic computing applications. Their implementation with CMOS
technology typically requires a large number of transistors and capacitors,
leading to increased power consumption and reduced integration density.
This work presents an artificial thalamic relay neuron using only five identical
ferroelectric Schottky barrier field-effect transistors (Fe-SBFETs) based on
silicon CMOS technology, forming a double inverter and a sensing transistor.
The ambipolar switching behavior of Fe-SBFETs not only supports both
excitatory and inhibitory synapses with a single device but also allows for the
construction of inverters with just two identical transistors. The fabricated
thalamic neuron exhibits leaky integrate-and-fire-or-burst (LIFB) functionality
with self-resetting capabilities. The artificial neuron enables the device to
generate spikes with a reset time of 10 ps, a spike frequency of 8.3 kHz, and
an average energy loss of 40 p) spike™". The successful implementation of
artificial neurons is able to develop low-power, compact neural networks with

1. Introduction

Artificial neurons are of great interest for
both medical treatments and neuromor-
phic computing applications. The thala-
mus neuron, a central hub in the brain,
plays a crucial role in sensory perception,
motor control, regulation of consciousness
and sleep, attention and cognitive func-
tions, as well as emotional and pain per-
ception. Beyond the basic science interest,
the broad implications for society include
the fact that 418 million disability-adjusted
life years (DALYs) could be attributable to
mental disorders in 2019 (16% of global
DALYs). The economic burden associated
with mental diseases is estimated at &5 tril-
lion USD.[" With 276 million DALYs, neu-
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rological disorders are the leading cause
of disability.?l The importance of the re-
search on thalamic neurons in healthcare is
underscored by its involvement in various
neurological disorders, such as epilepsy, Parkinson’s disease, and
thalamic pain syndrome. Understanding and replicating thala-
mic functions can lead to advanced treatments and neural pros-
thetics, like deep brain stimulation, pain management, and even
brain-machine interfaces.l>*!

Developing artificial versions of the various biological neurons
is essential since different neuron types working together are
fundamental to neural systems.[*] Moreover, complex artificial
neurons with stochastic properties can enable new probabilis-
tic computing paradigms and perform complex tasks using basic
circuits.l’! For neuromorphic computing, which seeks to emulate
the brain’s energy efficiency, artificial thalamus neurons can en-
hance sensory processing and decision-making algorithms, pro-
viding more accurate and efficient real-time responses in robotics
and autonomous driving.[5-1%

In biology, neurons integrate stimuli from the dendrites
(Figure 1a). When the neuron’s membrane potential reaches a
threshold, it triggers a spike in the axon hillock due to ion flow
across the membrane, which then propagates along the axon to
the synapse, transmitting the signal to the next neuron.['"!?] Tha-
lamic neurons can generate continuous bursts of spikes without
fully decaying to the resting state between spikes. These neurons
can operate in two modes: a typical single spike or a burst when
they are sufficiently depolarized.l"3] Depending on the stimulus,
the potential may drop below the resting voltage (hyperpolariza-
tion) before returning to rest or shifting from tonic to bursting.['*]

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) lllustration of biological neurons connected to synapses. The synapse can be imitated by Fe-SBFET as an excitatory synapse with electrons
as the neurotransmitter b) or as an inhibitory synapse with holes as the neurotransmitter c). EPSC is generated from a single positive d) or a negative
e) presynaptic voltage input pulse. The pulse generates excitatory electrons or inhibitory holes in the channel, enabling dual neurotransmitters, which

results in the EPSC spike.

Thalamic neurons are considered gateways to the brain’s cortex
and are involved in information processing. Signals arriving in
the brain can cause a burst of thalamic neuron activity, storing
the signal during the burst and transmitting it to another brain
region, functioning as a relay. Repeated stimuli can alter spiking
behavior due to Ca?* current activations.[*81315-17]

Current artificial neurons often require numerous transistors
and capacitors. Charges generated by each input pulse are stored
in a capacitor to integrate and release a spike."®2°] An artificial
thalamic relay neuron using CMOS technology consists of 19
transistors and 5 capacitors.®] A recently reported neuron, fab-
ricated with 180 nm CMOS technology, incorporates even more
complex circuitry, including an integrator, comparator, one-shot
pulse generator, and capacitors.l?!) However, due to the difficul-
ties of scaling capacitors and the high number of components,
the CMOS neuron chip requires a large area, involves intricate
fabrication processes, and consumes higher power. Some efforts
have tried to reduce power consumption by utilizing double in-
verters, though the use of capacitors remains a limitation due
to the poor scaling. Ferroelectric field-effect transistors (FeFETS)
offer a promising solution for neuromorphic computing. Ferro-
electric materials store polarization states when an electric field
is applied, requiring minimal current to switch domains, mak-
ing integration more effective by storing polarization rather than
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charge.[??] FeFETs also exhibit stochastic properties (2] though
a reset pulse is needed after a spike, and the spike-to-integration
regime ratio is small.[26:27]

This paper presents artificial thalamic neurons based on fer-
roelectric Schottky-barrier FET (Fe-SBFET) devices, eliminating
the need for additional conventional transistors and capacitors.
These neurons can self-reset within 10 ps. The unique ambipo-
lar properties of Fe-SBFETs allow for inverters with a single de-
vice type.[?®] The designed neuron consists of only 5 Fe-SBFET
devices, demonstrating the characteristics of the biological thala-
mic relay neuron with low energy consumption and providing a
more compact implementation using Fe-SBFETs.[34]

2. Artificial Neurons with Fe-SBFETs

2.1. Fe-SBFETs as Artificial Synapses

Figure 1a illustrates a biological neuron. Dendrites receive input
from other neurons through synapses where the information is
exchanged by inhibitory or excitatory neurotransmitters. If the
excitatory synapse has stronger weights, it increases the poten-
tial at the neuron body (soma). However, the somatic potential
decays if inhibitory synapses have stronger weights or no input
is received.l?”] Synapses store information in a neuromorphic
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system, whereas neurons are necessary for network computa-
tions. Neurons exhibit certain distinctive features that artificial
neurons replicate.

Artificial inhibitory and excitatory synapses can be realized by
Fe-SBFETs utilizing holes or electrons as neurotransmitters, as
illustrated in Figure 1b,c. We fabricated Fe-SBFET devices on
Silicon-On-Insulator (SOI) substrates. The details of the fabrica-
tion process and device characterization are provided in the Ex-
perimental section and Figure S1 (Supporting Information). The
characterization of the ferroelectric material is shown in Figure
Sla (Supporting Information). The Schottky source and drain
enable ambipolar switching, allowing the transistor to function
as either an n-FET or p-FET, depending on the gate voltage (see
Figure S1b, Supporting Information). Leveraging this ambipolar
behavior, a single Fe-SBFET can serve as both inhibitory and ex-
citatory synapses.

Here, we show the characteristics of a Fe-SBFET first as an ar-
tificial synapse by applying a voltage pulse on the gate (presynap-
tic neuron) and measuring the generated excitatory postsynaptic
current (EPSC) at the source (postsynaptic neuron) with a volt-
age applied at the drain, as illustrated in Figure 1b,c. Figure 1d
shows that applying a positive pulse on the gate creates an inver-
sion channel with electrons, increasing the electron-driven con-
ductance. Similarly, as shown in Figure le, a negative presynaptic
spike is applied to the synapse, generating an EPSC due to the ac-
cumulation of holes in the channel. The short retention (decay)
time shown in Figure 1d,e is caused by the low applied voltage
(below the coercive field voltage) and the short pulse duration.[*"]
Under these conditions, only a fraction of the ferroelectric do-
mains in the HZO layer become polarized. Once the voltage
pulse is removed, subsequent depolarization results in a short
retention time, which was also reported in our previous work for
devices using a thicker SOI layer.3!]

The decay of the EPSC is shorter for holes than for electrons
due to the lower absolute threshold voltage of the Fe-SBFET when
operating as an n-FET compared to a p-FET, as shown in Figure
S1b (Supporting Information). Consequently, the effective volt-
age for the positive pulse is higher and closer to the correspond-
ing coercive field, leading to greater polarization and, therefore,
a longer retention time. The long-term memory characteristics
of the synapse are presented in Figures Slc,d (Supporting In-
formation), showing that Fe-SBFET can operate as an excitatory
synapse with electrons as neurotransmitters or as an inhibitory
synapse with holes as neurotransmitters. They are similar to
those of the Fe-SBFET device fabricated with a thicker SOI layer,
as reported in a previous work.’!! Since this paper focuses on
neuron functionality, we do not present them here.

2.2. Double Inverter as Leaky Integrate and Fire Neuron

We designed and fabricated a double inverter-based neu-
ron using Fe-SBFETs with the structure as illustrated in
Figure 2a. Figure 2b,c shows the cross-sectional transmission
electron microscopy (TEM) images for the layer structures at
the source/drain and the gate/channel regions, indicating very
smooth interfaces between the layers. The NiSi, shows very good
single crystalline quality. SiO, interfacial layers are formed at the
HZO/NiSi, and HZO/Si channel interfaces after processing. The
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ambipolar switching of Fe-SBFET enables us to fabricate an in-
verter block using two same Fe-SBFETs instead of requiring a
conventional p-FET and an n-FET.?®] Figure 2d shows the cir-
cuit design of the neuron, which consists of three main building
blocks: two series connected inverters and a single Fe-SBFET. An
SEM image of the neuron circuit and the corresponding config-
urations is shown in the background before final metallization.
NiSi, is used as the source/drain contacts for all transistors and
as the first interconnect metal, while TiN is used as the gate con-
tacts. A clear SEM image is displayed in Figure S2 (Supporting
Information). The DC characteristics of these inverters are pre-
sented in Figure S3a,b (Supporting Information), while Figure
S3c (Supporting Information) shows the response current for T5.
Positive voltage pulses, Vi, applied at the gates of Inverter 1,
consisting of T1 and T2, correspond to excitatory neurotransmit-
ter input (electrons) from an excitatory synapse. However, nega-
tive voltage pulses applied at the input generate inhibitory neu-
rotransmitters (holes). Inverter 1 collects and sums up the input,
functioning as the dendrite.

In the following, we first present the neuron functions pro-
duced by the double inverter using voltage as the output signal.
Stimuli consisting of 30 short pulses (with a pulse width of 17
ps and an interval of 24 us) are applied as input, as shown in
Figure 2e. In Inverter 1, T1 operates as a p-FET in the on-state
due to the large applied positive V, and low input voltage. Ini-
tially, T2 functions as an n-FET in the off-state, as its source is
grounded and the gate receives a small positive pulse. As the
number of positive pulses at V| increases, the remnant polariza-
tion across the ferroelectric layer builds up over time, enhancing
the gate electric field in both T1 and T2. This leads to a decrease
in the gate voltage of T1 and an increase in the gate voltage of T2,
gradually depleting holes in T2. With further input pulses, hole
depletion in the p-Si layer is followed by the formation of an elec-
tron inversion layer, transitioning T2 into n-channel operation.
In contrast, the gate-source voltage of T1 becomes very small. As
a result, the conductance of T2 increases, and T1 is switched off,
causing the output voltage V1, of Inverter 1 to shift from high
to low. Therefore, the complementary operation of T1 as a p-FET
and T2 as an n-FET enables the inverter function.

Vour is applied as the input for Inverter 2. For a high Vqyrq,
T4 is operating in the on-state as an n-FET, and T3 is off because
of the high V, and V1,. However, the decreased Vo, turns
T4 gradually off and T3 gradually on, operating as a p-FET. This
results in an increased output voltage of the Inverter 2 (Voyr,).
Effectively, the more applied input pulses lower V14, and it, in
turn, switches V1, from low to high voltage. When the input
pulses stop, the V1, decays for 2.3 ms due to the memory ef-
fects. This behavior is similar to how the membrane potential of
the soma in the biological neuron reacts when an applied stim-
ulus is removed. Therefore, V1, simulates the membrane po-
tential in the soma of a biological neuron.

One of the standard simplified models for describing the oper-
ational behavior of the neuron is the integrate-and-fire (IF) model
2] or with extensions such as the Morris-Lecar model or the
leaky-integrate-and-fire (LIF) model.*¥] The IF model describes
a neuron that integrates input from the applied stimulus by in-
creasing the potential of the neuron’s membrane. The neuron
generates a spike when the potential reaches a certain thresh-
old, and the membrane potential is reduced to a resting value.
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Figure 2. a) Structure of the Fe-SBFET. b) Cross-section TEM image showing the HZO/NiSi, stack at the source/drain, c) Cross-section TEM image
for the TIN/HZO gate stack on top of the Si channel. Interfacial SiO, layers are formed at both interfaces of HZO/NiSi, and HZO/Si. d)The designed
circuit of the artificial relay neuron, with 2 inverters (T1-T4) and 1 sensing Fe-SBFET (T5). Positive (excitatory) pulses are applied to the gates of Inverter
1, and the output can be read from the output of Inverter 2 or the drain current of T5 (Isense)- The background is the SEM image of the fabricated circuit
before final metallization. e) Applying V,\ with 17 us long pulses (top) generates an increased Vg5, corresponding to an increased somatic potential.
Vour, decays with a decay time constant of 1.4 ms. f) Applying 37 us long pulses (top) saturates the Vgr,, resulting in a longer decay time constant

of 2.1 ms.

However, for a LIF neuron, between the applied stimulus, the po-
tential of the membrane decays.3* We use the LIF model to sim-
ulate the fabricated artificial neuron based on the double inverter.
The threshold fire level in Figure 2 is defined when V1, reaches
Vpp/2. The decay of the output voltage from a double inverter can
be simply modeled with a first-order Resistance-Capacitance (RC)
network.3]

Vour () = Vppe™ +V, 1)

where 7 = RC. Due to the ambipolar behavior, the low out-
put does not reach zero.?83¢371 Thus, a V, is added in Equa-
tion 1. As shown in Figure 2e, the decay of V1, can be per-
fectly fitted with Equation 1, with a time constant of ¢ = 1.4
ms. The decay value is comparable to the typical decay time
(10 ms) of the membrane potential in biological thalamic
neurons.*®

Increasing the pulse width to 37 ps, with an interval remain-
ing at 24 ps, can change the output signal, as demonstrated
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in Figure 2f. After the switch from low to high output volt-
age, Vour, is saturated. When the input pulses are stopped,
Vour, decreases for a decay time 7 = 2.1 ms as fitted to Equa-
tion 1. The decay time constant is 46 % longer compared to
Figure 2e. The longer input pulses in Figure 2f result in stronger
ferroelectric remanent polarization of the gate oxide in the dou-
ble inverter, thereby creating more substantial memory effects.
The saturation of the domain polarization causes Vqyp, satu-
ration. This behavior is similar to the biological thalamic neu-
ron, in which stronger input stimuli increase the recovery time
constant.[3®]

2.3. Artificial Thalamic Relay Neuron

The double inverter stores the neuron’s membrane potential in
the soma. In biology, for spike generation, when the potential in
the soma reaches a certain threshold, a spike is generated in the
axon hillock and transmitted to other neurons via the axon and

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Pulses with a width of 100 us applied at the input of Inverter 1 (top) generate ls.,s. Spikes, corresponding to spikes generated in the Axon
Hillock for a biological neuron. The neuron self-resets during the 50ps-long interval. b) Zoom of the first spike in a), showing four different regimes: 1.
Resting-state; 2. Integration; 3. Fire, and 4. Self-reset. The decay in lg,s. can be fitted using Equation 2 with a time constant of 12 us.

synapses.['>18] This operation is performed by T5, which works
as a sensing device. In the following, we show the neuron results
with the addition of the sensing device T5. In addition to the func-
tions of the LIF-neuron, the neuron exhibits the functions of the
thalamic relay neuron.

As previously shown, the applied voltage at the input of In-
verter 1 is integrated, resulting in an increased Vqyr,. When
Vour, reaches the threshold voltage of TS, a spike is generated in
the drain current of T5 (Ig.,.), as shown in Figure 3. When apply-
ing a single excitatory input pulse as a stimulus for generating a
spike, the length and amplitude of the pulse are the modulation
factors that determine whether a spike is generated. Figure 3a
shows the generated spikes of T5 by applying input pulses with
a pulse width of 100 ps and an amplitude 1 V as stimuli to the
artificial neuron. The generated spikes have a frequency of 6.3
kHz. All spikes generated during the measurement are shown in
Figure S4a (Supporting Information). Different from Figure 2b
where the output is voltage spikes, here the output from TS5 is
current. We define the fire threshold level as half of the generated
peak current. With this definition, the fire threshold in Figure 3
is 5 pA, and the neuron can self-reset during a 50 ps-long pulse
interval.

To better understand the neuron function, we focus on a sin-
gle spike, as indicated by Figure 3b. Four regimes can be de-
fined: resting, integration, firing, and self-resetting. In the first
regime of resting (regime 1 in Figure 3b), there is no applied
stimulus, and the I, is constant. When the stimulus is ap-
plied, the current decreases slowly to a minimum and then in-
creases gradually. This is because T2 is turned off slightly more
by hole depletion with increased input voltage before an inver-
sion layer is created in the channel. Thus, Vo, slightly in-
creases, leading to a reduction of Vqyp, and Ig, .. This corre-
sponds to regime 2 of integration. During the integration, an in-
creasing number of ferroelectric domains in the gate oxides of
T1-4 are switching remnant polarization. When the total rem-
nant polarization reaches the level that generates the thresh-
old voltage for T5 in Vgy,, the integration phase transitions
into the firing phase, and a spike is generated in I, .. As the
input spike reaches 0 V, the neuron starts the resetting phase
(regime 4).

Adv. Funct. Mater. 2025, 35, 2500512 2500512 (5 of 10)

Similar to a single Fe-SBFET synapse, the resetting decay can
be fitted with the following equation:[*"]

Ly, eXP<—M+Wj;_eXP [(f)]) (2)
0 0

where ¢ is the time after the removal of the input spike, ¢, The
dielectric constant of the semiconductor in the channel,@; is the
Schottky barrier between the source and semiconductor, P, The
initial polarization of the ferroelectric material, n is a constant
depending on the dimensions of the ferroelectric domains, and
t, The characteristic time constant. We obtained t, = 12 us from
the fitting results (Figure 3b and Figure S4b, Supporting Infor-
mation). Since Equation 2 is only valid after the applied voltage
on the gate has been removed, the successful fitting indicates the
memory effect. These spike timing characteristics, with a mini-
mum self-reset time of ~10 ps, make it possible to achieve a fre-
quency of 8.3 kHz with shorter 10 us pulse intervals compared
to Figure 3, as shown in Figure S5 (Supporting Information). Al-
though the frequency can be increased with a lowered fire thresh-
old, the spike height would decrease since the integration regime
would be shorter.

The response of T5 depends on the input spikes. For shorter
spikes with an amplitude of 1.0 V, a duration of 20 ps, and a 15
us interval, we achieve tonic spiking from TS5, as demonstrated in
Figure 4a, where the V, for the inverters and Vyg,p for T5 are
3.0 and 2.0V, respectively. I¢,, .. remains at a low level after input
starts. However, after nine input pulses, a neuron spike is sud-
denly generated, lasting for two pulses. Subsequently, I, .. drops
back to the pre-spike level as the neuron resets during the 15 ps-
long pulse intervals. Due to the stochastic nature of Fe-SBFET
devices, additional input pulses do not immediately lead to new
spikes.[?]

One of the essential properties of thalamic neurons is their
function of integrate-or-fire-or-burst (IFB), an extension of the
LIF model. The model includes the option of bursting under cer-
tain conditions rather than only generating single tonic spikes,
allowing for a more accurate simulation of some neurons.!*"’
The effect is a possible shift in the spiking mode from tonic to
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Figure 4. a) The neuron operates in tonic spiking mode, when the pulse train with a longer interval is applied at the input (top). b) A shorter interval at
the input results in a burst of spikes instead of single tonic spikes. The neuron is operating in the burst mode. c) The generation of negative spikes in

Isense; demonstrating the operation of the inhibitory neuron.

bursting, which occurs if the biological thalamic neuron is hy-
perpolarized for a specific time. Thus, the resting potential is
moved closer to the threshold voltage for spike generation. There-
fore, any further stimuli of the neuron will trigger a burst of
spikes.[%]

The burst spiking function of a thalamic neuron can be real-
ized by modulating the stimulus pulses with shorter intervals, as
indicated in Figure 4b, where Vpp, Vipap, and the pulse length
are the same as in Figure 4a, although with shorter 5 ps long
intervals. When the first two pulses are applied at the input,
Igenee remains low. However, a slight increase in current is gener-
ated in the I, after the third pulse. Subsequent pulses gen-
erate spikes with increasing amplitude. After reaching a max-
imum spike amplitude of 9 uA, resulting in a firing thresh-
old level of 4.5 pA, the following generated spikes show stagna-
tion or degradation in amplitude due to saturation of the neu-
ron. This is because more positive pulses applied on the gate

Adv. Funct. Mater. 2025, 35, 2500512 2500512 (6 of 10)

of T1 cause an inversion of the channel, resulting in increased
conductance of T1, which increases V1, and decreases Vo,
thereby decreasing I.,... Despite this effect, each applied pulse
still creates a spike above the firing threshold, resulting in burst-
ing behavior due to the continued generation of spikes. In con-
clusion, in addition to the LIF model, the neuron exhibits the
bursting behavior of the IFB model if the applied input is strong
enough to make the decay constant for the neuron reset larger
than the interval time, thereby generating bursts as a thalamic
relay neuron.

Signal transmission during burst mode is more noise-resistant
than tonic mode, although the latter can transmit signals with
higher accuracy. Biological thalamic neurons are active in burst
mode during rapid eye movement (REM) sleep. This mechanism
is believed to be associated with pattern recognition of misclassi-
fied events experienced during wakefulness, with the bursts pro-
viding intensive training for classifying these events.[1®]

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB0 1 SUoWWOD aAIEaID 8|aedldde ay) Ag peusenob a1e ssjoie O ‘8sN JO S3|nJ Joj Akelq1 8uluO A3|IM UO (SUOHIPUOD-PUE-SLLBIAW0Y A3 | 1M Aleig U1 Uoy/:Sdhy) SUOIPUOD pue SWwie L a1 88S *[S202/2T/20] Uo Akiqiaulju AS|IM ‘IS Uyoresssy HAWD yo1ine wnuezsbunydsiod Aq 215005202 WiPe/z00T 0T/10p/woo" A8 |im Ale.d 1 pul juo"peoueApe//Sdny o) pepeojumoq ‘Of ‘SZ0Z ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Based on these findings, when multiple short pulses are ap-
plied at the input, the neuron’s behavior is similar to that of long
pulses because of the accumulation of polarized ferroelectric do-
mains after each stimulus input. However, the dynamics become
more complex as the time between input stimuli affects the gen-
eration of spikes. Therefore, the interval length between the input
pulses serves as an additional modulation factor, leading to tonic
LIF or LIFB functions as the interval is shorter.

2.4. Excitatory and Inhibitory Neurons

The sensing device operates as an n-FET in the excitatory neu-
ron, with electrons as the neurotransmitters. The output of the
neuron corresponds to a positive sensing current. If spikes of the
sensing current are converted to positive voltage pulses and ap-
plied to the gates of another excitatory neuron, new spikes can be
generated in the other neuron. However, a negative reset spike
can speed up the reset process of ferroelectric domains or can-
cel out the effect of positive voltage pulses. Therefore, the neg-
ative sensing current can be the output from an inhibitory neu-
ron. It can subsequently be converted to negative voltage pulses
to inhibit the function of excitatory neurons. In the case of the in-
hibitory artificial neuron, to conserve the symmetry in the neuron
circuit and fully function, it is necessary to switch the polarity of
all the applied voltages to the neuron.

In Figure 4c, with a fire level of —0.4 pA, the inhibitory neu-
ron behavior is demonstrated with a V, = —3.0 V and Vigap
= -1.5 V, where the applied stimuli are negative values. In the
initial state, the high negative V|, results in T1 operating as an
n-FeFET and T2 being in the off-state. The negative applied in-
put pulses gradually switch the ferroelectric domains in the first
inverter. T5 operates in the accumulation region as a p-FET, with
holes as neurotransmitters. The Fe-SBFETS in the circuit operate
with opposite charge carriers during the integration and firing
regimes compared to the same Fe-SBFET in the excitatory neu-
rons. Therefore, the ambipolar characteristics of the Fe-SBFETs
are necessary to form neuron circuits that could behave as either
inhibitory or excitatory without adjusting the physical circuit.

2.5. Modulation Factors for Stochastic Spiking

One fundamental issue with deterministic neurons is that, ac-
cording to the Nyquist-Shannon theorem, their firing frequency
must exceed twice the external signal frequency to represent in-
formation accurately.l*!] However, by utilizing probabilistic firing
patterns, stochastic neurons offer a different approach that can
help relax the strict requirements of deterministic sampling.[*?]
Furthermore, stochastic neurons can be used for machine learn-
ing with the Restricted Boltzmann Machine.[***4] Key factors af-
fecting the generation of spikes in our neuron include the stim-
ulus amplitude, pulse width, interval between pulses, and the
number of pulses. We study the stochastic impact of these fac-
tors on the generation of spikes by using a spike probability defi-
nition for stochastic artificial neurons.[** The probability of I, .
that exceeds the set fire level of 1 pA at a Vgpap = 2 V for T5 is
extracted from measurements. The spiking probability is calcu-
lated as the number of spikes above the firing level divided by the
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number of input pulses, as illustrated in Figure S6 (Supporting
Information).

The impact of the modulation factors can be seen in
Figure 5a, where the input pulse amplitude remains constant,
and in Figure 5b, where the pulse duration is kept the same. The
probability of generating a spike increases as the pulse width in-
creases and the interval between pulses decreases, as indicated in
Figure 5a. An increase in amplitude significantly affects the prob-
ability of a spike occurring, with a 1 V in amplitude and 100 ps
in pulse width reaching 1 in the probability of generating spikes.
Conversely, at an amplitude of 0.5 V, the probability of generat-
ing a spike is close to 0, even with a short interval, as shown in
Figure 5b. This demonstrates a threshold effect on the input volt-
age required for spike generation. A low voltage pulse below the
threshold cannot generate spikes even if applied for a long time.
Additionally, it is shown that a longer interval between the applied
pulses at the input results in a lower probability of generating a
spike. The impact of the interval on the probability of spike gen-
eration indicates that this neuron exhibits a leaky effect since the
neuron has time to recover its potential if the time between input
pulses is too long. Thereby, there is less probability for the spike
to be generated.

3. Discussion

The artificial relay neuron presented in this work requires only 4
Fe-SBFETs to simulate the somatic potential and the behavior of
the LIF-neuron and 5 Fe-SBFETS to simulate the characteristics
of the thalamic neuron. When benchmarking with other state-of-
the-art artificial neurons (Table 1), this artificial neuron performs
well in terms of key metrics for neuromorphic computing. Its
fast self-reset enables it to produce spikes at a higher frequency
compared to other artificial neurons. Additionally, the effective
operation of the inverters resulted in lower energy consumption
per spike (40 pJ on average), particularly for the LIF-neuron. The
power consumption is ~#50% lower compared to an IF CMOS
neuron fabricated with 180 nm technology 22} which consists
of complex components such as capacitors, an integrator, and a
comparator. Moreover, the scalability of our devices, combined
with the reduced number of required transistors, offers signifi-
cant potential for even lower power consumption and improved
area efficiency. Furthermore, the thalamic relay neurons show
more functionalities than other neurons, with their ability to ad-
just their output and generate either tonic or burst spikes based
on input.

The similarities in operation to the biological thalamic neu-
ron make it feasible that there are plenty of potential future ap-
plications. These applications include relays in brain-machine
interfaces for paralyzed people to help connect with bionic
limbs. In addition, these artificial thalamic relay neurons can
be used as a tool for running real-time simulations to model
this part of the brain and its connection with other cortical ar-
eas. Meanwhile, they can simultaneously provide enough de-
tails on the cellular level, a challenge that even contempo-
rary supercomputers find difficult.?*] An increased understand-
ing of the brain could be useful for medical applications, pro-
viding insight into how to utilize artificial neurons most ef-
fectively. Furthermore, the artificial neuron’s stochastic prop-
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Figure 5. a) Spike probability measured from 40 identical applied voltage pulses at the input with a constant voltage amplitude of 1.0 V. b) Spike
probability distribution for input pulses with a constant pulse width of 100 ps.

erties make it suitable for various stochastic-based computing
paradigms.

4, Conclusion

To summarize, in this work, artificial stochastic thalamic relay
neurons have been demonstrated using Fe-SBFETs. The single
Fe-SBFET device can work as a synapse. A double inverter with
four identical Fe-SBFETSs or with an additional sensing Fe-SBFET
can achieve different neuron functionalities of LIF and LIFB de-
pending on the input spikes, demonstrating the properties of the
biological thalamic neuron. They consume low energy, on aver-
age, 40 pJ per spike for the LIF-neuron, and can operate with a
frequency of at least 8.3 kHz. The complete CMOS technology
with only 4-5 transistors provides a high potential for large inte-
gration and low power consumption. Their applications are not
limited to neuromorphic computing, they can also be used for
running real-time simulations of the brain for medical applica-
tions and brain-machine interfaces. Meanwhile, the relay neuron
opens the door to more advanced systems, where various artifi-
cial neurons with distinct properties can be interconnected and
work together, mimicking the biological brain.

5. Experimental Section

Fabrication of a Single Device: Fe-SBFETs were fabricated on SOI
wafers with a top silicon layer of 26 nm. The Mesa pattern was etched with
dry etching using SFg and O,. After that, a Nickel layer was sputtered with
a thickness of 2.8 nm on top of the Mesa and the surrounding area, with a
4-long gap in the gate region. It was subsequently annealed in forming-gas
(90% N,:10% H,) for 30s using RTP at 800 °C to form single crystalline
NiSi,. The remaining Nickel was removed using Piranha solution (H,SO,4
1:2 H,0,). Then, 11 nm HfysZry 5O, (HZO) was deposited using ALD
followed by 40 nm sputtered Titanium Nitride (TiN). This was followed
by RTP at 550 C° for 30 s in N, to crystallize the HZO into a ferroelectric
phase. The TiN gate was patterned with reactive ion etching using Cl, /Ar
plasma, followed by etching of the HZO using CHF;/Ar plasma and wet
etching using Hydrogen Fluoride (HF). The resulting device structure for
a single device is illustrated in Figure 2a. Subsequently, a passivation SiO,
layer was deposited using PECVD, and vias were etched with dry etching,
followed by aluminum deposition to form contacts.

Fabrication of Neuron Circuit: Figure S2 (Supporting Information)
shows the neuron-integrated circuits* mesa pattern (light gray area). Each
inverter pair of devices shares one Mesa structure with a common source
area in the center. All the steps of this process were the same as for the
fabrication of single devices.

Measurements: The polarization of the ferroelectric HZO was mea-
sured using a TF Analyzer 2000 with positive up negative down (PUND)
measurement. The devices and artificial neurons were measured using

Table 1. A comparison of the prominent figures of merit for an artificial neuron highlights the differences between the different technologies and this

work.

This Work Ref. [19] Ref. [25] Ref. [47] Ref. [45] Ref. [46] Ref. [27]
Technology Ferroelectric Redox Ferroelectric Phase-Change Redox 2D Material 180 nm CMOS
Structure Fe-SBFET Ag/SiO, FeFET Au/VO,/Au Pt/TiO, /Ti Li+/MoS, /Si* MOSFET
Energy/Spike 40 p) 500 n) ~420 p) 9n) 16 nj 10 nj 77.24 p)
Hardware 4/5 Fe-SBFET 1C+2T+1R 2T+1FeFET+1R 1T + 1PCM 1C+ 1R 1T: Electrolyte 1C+3R+CMOS
Frequency 8.3 kHz 100 Hz 100 Hz 2.2 kHz 3.2 kHz 20 Hz 330 kHz
Self-reset Yes Yes Yes Yes Yes Yes No
On/Off Ratio 250 106 4 2.75 2 90 103
Function LIF/LIFB IF LIF Oscillatory LIF LIF/Clock IF
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a Keithley 4200A-SCS Parameter Analyzer with either Source-Measure
units to perform DC-sweep measurement or 4225-PMU pulse measure
units for pulse measurements. The PMU was used to read the current
spikes generated by the artificial neuron. A DLPCA-200 variable gain low
noise current amplifier connected to a Tektronix DPO70604C digital phos-
phor oscilloscope recorded the somatic potential during high-frequency
measurements.

Supporting Information

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