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Abstract—In this work, the charge trapping-based Gate 

All Around Transistor (GAA) technology is utilized for the 

artificial synapse due to its superior performance in terms of 

low power consumption and high speed. The controlling of 

state transformation of electronic synapses from short-term 

potentiation (STP) to long-term potentiation (LTP) is crucial. 

We have investigated the effect of metal gate workfunction 

and channel doping on state transformation by using a 

feedback mechanism (impact ionization). This mechanism 

regulates channel potentiation and the level of charge 

trapping in the nitride layer. Our simulation results indicate 

that this approach can effectively control the STP to LTP 

transition, while also achieving long STP retention and 

better dynamic range. This study presents a promising 

direction for developing advanced electronic devices based 

on charge-trapping-based GAA transistors. 
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I. INTRODUCTION 

Neuromorphic computing is a promising candidate for 
overcoming the limitation of Von-Neumann computing by 
simultaneously solving the logic applications and storage 
of the information [1]–[4]. In neuromorphic computing 
systems, artificial neurons and synapses are essential parts, 
which mimic the biological nervous system [1]–[4]. A 
synapse is a junction of two neurons that transfers the 
information from pre-neuron to post-neurons and vice 
versa. Therefore, it is important that the artificial device 
should mimic the synapse features, such as short-term 
potentiation, long-term potentiation, and long-term 
depression. Synaptic plasticity is an intrinsic property of 
the human brain, and plasticity can be controlled through 
external stimuli [5], [6]. Short-term plasticity is analogous 
to short-term memory (STM), which means the capacity of 
the brain to remember information only for a short period. 
In contrast, Long-term memory is intended for storing data 
over a long period. STM can be transformed into LTM 
through consolidation, involving rehearsal and meaningful 
association [7]. Therefore, it is important to control the 
transformation and enhance the retention time of short-
term memory. In this work, a mature technology silicon-
oxide-nitride-oxide-silicon (SONOS) based Gate All 
Around Transistor memory is utilized to show the synapse 
behaviour (STP and LTP). Also, the results highlight how 
we can control the transformation from STP to LTP by 
optimizing the device metal gate workfunction and channel 
doping and enhancing STM retention time. 
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Fig. 1. Schematic representation of (a) Gate All Around transistor based 
SONOS memory and (b) Hebbien’s learnig rules. (c) Schematic 
illustration of biological synapse mimics excitatory postsynaptic current 
(EPSC). Calibration of simulation results with experimental result. 

II. RESULTS AND DISCUSSION 

The simulated device through the Silvaco ATLAS 
simulator is shown in Fig. 1 (a) [8].  The device is 
simulated with a gate length (Lg) of 200 nm and a channel 
thickness (RSi) of 20 nm. The device consists of Oxide-
nitride-Oxide (ONO) between silicon and gate electrode. 
The blocking oxide layer (SiO2) of the ONO is Tblox = 6 nm 
thick, followed by a nitride layer (Si3N4) of Tnit = 4 nm 
thickness and a tunnelling oxide layer (SiO2) of Tox 2 nm 
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thickness. The metal gate workfunction varies from 4.7 eV 
to 5.0 eV and channel doping (NA) from 1016 cm-3 to 1018 
cm-3. Fig. 1(b) shows the mechanism of short-term to long-
term memory transition [7]. 
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Fig. 2. Transient analysis and trapped charge in the nitride layer of the 
device during potentiation operation.  
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Fig. 3. Physical resaons of state transformation. (a) Variation of energy 
band diagram and (b) controur plots of the device during different pulses  
(1st, 2nd, and 3rd pulse) of the potentiation. 

In this work, we are showing only excitatory synapse 
current (EPSC) as shown through the biological synapse 
(Fig. 1(c)). The artificial electronics synapse operations are 
based on charge trapping and de-trapping mechanism. 
Therefore, we have calibrated the simulated models as 
shown in Fig. 1(d). Fig. 1(d) shows the comparison of 
simulated transfer characteristics with experimental 
transfer characteristics, and it conveys that simulated 
models are well-calibrated with experimental data. The 
simulation models for this work are Fowler-Nordheim, hot 
carrier injection models. These models are used to simulate 
the behaviour of carriers in the silicon layer of the ONO 
structure. The non-local band-to-band tunnelling (BTBT) 
model describes the tunnelling of electrons across a 
potential barrier in the silicon layer, while the impact 
ionization (II) model describes the generation of electron-  
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Fig. 4. Transient analysis of the different potentiaion pulses during 
inference operation for different gate workfunctions of (a) 4.7 eV, (b) 4.8 
eV, (c) 4.9 eV, and (d) 5.0 eV. Inference operation is performed at VD = 
0.1 V. 

hole pairs due to high electric fields. The SRH model 
describes the recombination of electrons and holes due to 
defects in the silicon lattice, while the Auger generation 
recombination model describes the recombination of 
carriers due to interactions with other carriers. By 
incorporating these models, the behaviour of carriers in the 
ONO structure can be accurately simulated and analyzed.  
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Fig. 2 shows the transient analysis and variation of 
trapped charges (Qt) in the nitride layer of the device 
during the potentiation operation. We applied repetitive 50 
pulses for the potentiation operation by applying a positive 
drain voltage (VD = 1.0 V) and negative gate voltage (VG = 
-1.6 V) with a pulse and interval time of 1 µs. As shown in 
Fig. 3(a) and 3(b), the first pulse of potentiation generates 
electron-hole (e-h) pairs due to band-to-band tunnelling. 
Subsequent pulses increase the generation of e-h pairs 
through the impact ionization mechanism, as shown in the 
energy band diagram and contour plot of the device. The 
holes generated through impact ionization get enough 
energy to tunnel from the tunnelling oxide and get trapped 
in the nitride layer, leading to a transformation from STP 
to LTP [9]. This is also reflected in Fig. 2 through the 
sharp transition in the drain current. Thus, it confirms that 
the device archives the LTP state at the 3rd pulse of the 
potentiation. 

10-1010-8 10-6 10-4 10-2 100 102 104
10-18

10-16

10-14

10-12

10-10

10-8

10-6

10-4

D
ra

in
 C

u
rr

e
n

t 
[A

]

Time [s]

 ϕm = 4.7 eV

 ϕm = 4.8 eV

 ϕm = 4.9 eV

 ϕm = 5.0 eV ������ 

� ~ 
��� � 
������ � ~ 
. � � 

STP Retention

(a)
 

4.7 4.8 4.9 5.0
105

106

107

108

109

1010

1011

ϕm [eV]

D
R

L
T

P

100

101

102

103

104

R
e

t S
T

P
 [

m
s

]

�� �
��� ���� �� ��� �����������

���� ���� �� ��� �����������

������

� ���� ���� ������� � �� ���������

(b)
 

Fig. 5. Transient analysis (estimation of retention) of the 1st pulse of the 
potentiaion pulses during inference operation for different gate 
workfunctions. (b) Variation of DR and Ret_STP states with 
workfunciton. 

Figs. 4(a)-(d) show the effect of the metal gate 
workfunction (φm) (4.7 to 5.0 eV) on the transition pulse, 
dynamic range (DR), and retention time (Ret) of each pulse 
of the potentiation during inference operation of the 
device. The dynamic range can be estimated through the 
equation (1) and theses parameters are essential for the 
neural network simulation [10].  
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where GLTPFirst and GLTPLast are the first and last pulse of the 
conductance values.  
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Fig. 6. Transient analysis of the different potentiaion pulses during 
inference operation for different channel doping (NA) of (a) 1016 cm-3, (b) 
1017 cm-3, and (c) 1018 cm-3. (d) Variation of DR and Ret_STP states with 
NA. 

The inference operation is performed at a lower drain 
voltage (VD) = 0.1 V. Pristine device defines the device at 
equilibrium condition (no charge in the nitride layer and 
floating body). The increase in φm accumulates holes in the 
silicon channel at the tunneling oxide and silicon interface, 
and thus increases the electric filed in the channel of the 
device at zero bias conditions. An increase in the electric 
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field increases the generations of electron-hole pairs due to 
band-to-band tunnelling and impact ionization in the 
device. 

Therefore, the device archives LTP at a lower pulse. At 
the same, an increase in φm increases the barrier (potential 
depth) for charge storage in the floating body, which helps 
to enhance the retention time of the first pulse of short-
term potentiation and dynamic range of LTP as shown in 
Fig. 5(a) and Fig. 5(b), respectively [11]. Thus, the 
analysis confirms that a higher metal gate φm is suitable for 
the maximum STP retention (Ret), requiring less pulse to 
achieve LTP and better dynamic DR of the synapse. 
Further, the effect of channel doping (NA) with fixed φm 
=5.0 eV is also analysed to estimate the retention time, 
dynamic range, and transition pulse as shown in Figs. 6(a)-
6(d). Increase in NA increases the electric field, which 
shows that the device can achieve LTP at a lower pulse for 
higher doping as shown in Fig. 6(c). The device is in an 
LTP state from the first pulse of potentiation.  The device 
also shows that the device achieves higher retention time 
for STP state due to deeper potential well for higher 
workfunction and channel doping. 

III. CONCLUSION 

This work demonstrated the short-term and long-term 
memory operations through Gate all-around-based SONOS 
memory. The generation of holes through band-to-band 
tunneling and impact ionization controls the transformation 
state from STP to LTP. The device shows that the 
workfunction and channel doping control the electric field 
of the device and thus, the transition state.  The device LTP 
at lower pulse at high gate workfunction and channel 
doping. 
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