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Abstract—We present drift-diffusion simulations and analytic
modeling for the qualitative description of the non-linear response
of multi-terminal silicon-on-insulator devices. Such devices are
of high interest as building blocks in neural-network based
and unconventional computing architectures, since they show a
tunable rich non-linear behaviour, including negative differential
resistance. This can be exploited in particular in recently pro-
posed Kolmogorov Arnold Networks, which are based on train-
able nonlinear synaptic functions, in contrast to e.g. Multilayer
Perceptrons where the nonlinear activation functions are fixed.

Index Terms—Silicon-on-Insulator, drift-diffusion, neuromor-
phic computing

I. INTRODUCTION

The rapid growth of data-intensive artificial intelligence
(AI) applications is driving an urgent demand for efficient
computational hardware capable of overcoming the scaling
limitations of conventional approaches. While traditional phys-
ical neural networks often emulate Multilayer Perceptrons
(MLPs), which rely on large arrays of trainable linear weights
and fixed nonlinear neurons, this approach often leads to high
computational cost and hardware complexity. Recently, an
alternative approach in form of Kolmogorov Arnold Networks
(KAN) has been proposed [1], [2]. In this architecture, the
linear synaptic weights are replaced by nonlinear synaptic
functions. By shifting the learnable parameters from large
weight arrays to the synaptic nonlinearity of the individual
devices, this architecture significantly reduces network size
and parameter counts by up to two orders of magnitude
compared to MLPs, while improving interpretability [2].

As a physical implementation of the nonlinear synaptic
function, the Synaptic Nonlinear Element (SYNE) has been
proposed [2], which is a micron-scale, multi-terminal de-
vice implemented on an ultra-thin silicon-on-insulator (SOI)
platform [3]. The simplified scheme of such a device is
shown in Fig. la. The basic idea of the SYNE is to serve
as a highly reconfigurable physical nonlinearity that can be
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directly learned and exploited for information processing.
Fabricated on ultrathin (~30 nm) phosphor-doped SOI layers,
these devices leverage complex electrostatic interactions, non-
equilibrium carrier transport, and interface state effects to
generate diverse, voltage-programmable I-V characteristics,
including negative differential resistance (NDR). The appli-
cability of SYNEs as a building block in KANs has been
succesfully demonstrated already [2]. However, while SOI-
based SYNEs have been experimentally validated, the origin
of their rich nonlinear characteristics as shown in Fig. 1b
has not been fully understood so far. The goal of this work
is therefore to provide support to improve understanding by
means of physics-based simulations.
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Fig. 1: Simulation model of the SYNE (a), using a simplified
geometry. Measured characteristics of one specific device
using one control electrode, with floating back gate (b).

II. SIMULATION MODEL

We employed Synopsys Sentaurus TCAD [4] to perform
drift-diffusion simulations of a representative SYNE device,
in order to help the understanding of the device working
principle, and to pave the way for future device optimisation.
We have concentrated on simulations of simple input-output
characteristics and such with a single control electrode. In a
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Fig. 2: Output current as a function of input voltage, for
different control voltages. If the back gate is at a fixed potential
of 0V, the characteristics do not exhibit NDR, and they are
shifted rigidly in function of the control voltage.

first step, we considered a 2D approximation of the planar
device structure, assuming a roughly homogeneous electron
density throughout the SOI channel. The results of these sim-
ulations show that the spatial current flow in the active layer
is modulated by the input and control electrode potentials,
however they cannot reproduce qualitatively the measured
characteristics, shown for a specific device in Fig 1b. In fact,
it has been found that the vertical MOS-structure plays an
essential role, and that the p-doped substrate and back contact
critically influence device behaviour. The simulation therefore
requires a 3D approach, and appropriate consideration of the
back contact. To limit the computational cost, we included in
the model only the central part of the device, where the SOI
layer is present, and only 150-300 nm thickness of the silicon
substrate

We have adjusted the model parameters based on electrical
characterisation [3]. In particular, we assumed a constant
phosphor dopant concentration of 9x10'7 cm~2 in the SOI
layer, a mobility of 150 cm?/Vs, and an interface state density
of D;; = 10'2 cm~2 at the silicon/top oxide interface. At
the bottom SOI/BOX interface we assumed a lower value of
Dj; = 10" cm™2. Since these are assumed to be due to Py(g)-
centers and the SOI layer is n-doped, we assumed neutral
electron traps with a gaussian distribution in energy around
E, = E. —0.42 eV with o = 42 meV, according to Ref. [5].
With the mentioned parameters we could well reproduce the
experimentally determined effective electron concentration and
the effective channel thickness. Also, we assumed a contact
work function of 4.246 eV, which is compatible with alu-
minum and which lead to the best qualitative match between
simulated and experimental device behaviour.

Since the lightly p-doped silicon substrate (N4 ~ 106
cm™3) is isolated from the SOI layer, we performed simu-
lations both with fixed back gate bias and with floating back
gate, using the fixed-charge boundary condition of Synopsys
Sentaurus for the latter. This approximates a floating back con-
tact, which is capacitively coupled to the other electrodes and
floats therefore at a voltage given by a weighted mean of all

contacted top electrode voltages. Simulated IV characteristics
are shown in Fig. 2 for a fixed back gate voltage of 0 V and
for floating back gate. It can be seen, that the floating back
gate introduces strong non-monotonicity, with NDR appearing
in certain voltage ranges. This behaviour can be explained by
a top-contact induced control of the carrier distribution in the
channel, due to the coupling between front and back contacts,
as shown in Fig. 3.
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Fig. 3: Electron density in the channel between input and
output electrodes, for V;,, = —4 V (a) and V;,, = +4 V (b).
The back gate floats at roughly -3 V and -0.3 V, respectively.

Qualitatively, the device behaviour can be understood as a
combination of two FETs with common source (V,,; = 0
V) and different drain voltages V..; and V;,, and a common
floating gate.
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