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ABSTRACT: Oscillatory neural networks (ONNs) can handle
image processing and combinational optimization problems with
high biological plausibility. Coupled oscillators in ONNs mimic
the neuronal oscillations and communication in the human
brain. In this study, we demonstrate edge detection and graph
coloring using a network of oscillatory neuromorphic devices
comprising silicon nanosheet (NS)-gated diodes and series
resistors. Silicon NS-gated diodes modulate the energy band
structure in the channel through electrostatic doping, which
tunes the amplitude and frequency of the oscillatory
neuromorphic devices. Coupled oscillatory neuromorphic
devices with capacitors can be in- or out-of-phase, enabling
edge detection. Horizontal and vertical edge detections were
performed using the coupling configuration. Furthermore, an
ONN using oscillatory neuromorphic devices with resistive and
representing the coloring solutions as phase differences. This
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capacitive couplings can solve graph coloring problems by
study provides a method for achieving a compact silicon-
based ONN that acts as a solver machine, as well as an image processor.

KEYWORDS: oscillatory neural network, silicon nanosheet-gated diode, positive feedback loop mechanism, edge

detection, graph coloring

1 Introduction

Oscillatory neural networks (ONNs), inspired by nature, have
attracted considerable attention as power-efficient neuromorphic
computing architectures. Coupled oscillators in an ONN can mimic
neuronal oscillations (e.g., brain waves) and communication in the
human brain for processing and learning [1-4]. In an ONN, rich
data mapping with high energy efficiency can be achieved by
carrying information in the phase and frequency domains [5-8].
Recently, researchers have demonstrated the wide applicability of
ONNs s in image recognition and vowel classification through the
phase synchronization of coupled oscillators [9-11]. Furthermore,
ONNs have been extensively researched to solve combinational
optimization problems (COPs) such as graph coloring and MAX-
cut; the coupling strengths between oscillators in ONNs determine
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their phases to minimize the total energy of a system, which is
known as the Kuramoto model [8, 12-15].

Compact oscillators have emerged as novel alternatives to
oscillators comprising complementary metal-oxide-semiconductor
(CMOS) circuits, which have disadvantages such as a large
footprint area and high power consumption [9, 12—22]. Compact
oscillators have been proposed using various emerging devices,
including VOx or NbOjx-based metal-insulator transition (MIT)
devices and filamentary resistive switching devices [12-15, 18-22].
However, these oscillators encounter fundamental variation issues
originating from their operating mechanisms. The electrical
characteristics of MIT devices are highly temperature dependent
(ie, Joule heating), and the negative differential resistance and
oscillating characteristics vanish at high temperatures [23, 24].
Resistive  switching devices have considerable variations in
switching voltages and high/low resistances because of filament
formation and elimination mechanisms [25]. Although compact
oscillators exhibit improved efficiency and CMOS compatibility,
reliability issues remain, which cause fabrication nonuniformity
[12,20,22].

Hence, we propose new oscillatory neuromorphic devices
comprising series resistors and silicon nanosheet (NS)-gated diodes

8) Nano Research, 2025, 18, 94907214
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that have reliable electrical characteristics and high fabrication
uniformity owing to mature CMOS technology. The gated diodes
exhibit steep switching and bistable characteristics owing to their
positive feedback (PF) loop and energy band modulation [26].
Unlike other oscillators, our oscillatory neuromorphic devices can
tune the oscillation amplitudes and frequencies owing to the
modulation of the energy band and carrier injection of the gated
diodes. Furthermore, coupled oscillatory neuromorphic devices in
ONN s are suitable as image-edge detectors and graph-coloring
problem-solvers.

2 Results and discussion

Figure 1(a) shows the schematic and microscopic images of a
silicon NS-gated diode on a silicon-on-insulator (SOI) wafer
(180 nm x 80 nm). The gated diode is composed of heavily p-
doped (p*) drain, n-doped (n*) source, and intrinsic (i)-channel
regions. As shown by transmission electron microscopy (TEM), the
SiO, gate oxide and two poly-silicon gates (2.0-um wide) surround
the i-channel region; thus, the omega-shaped gate stack enhances
electrostatic doping. Gates 1 and 2 voltages (Vi and Vg,
respectively) induce electrostatically n-doped (n*) and p-doped (p*)
regions in the i-channel region via electrostatic doping, respectively,
modulating the energy band structure of the p*~n*-p*-n’* layer.

The band structure is crucial for the PF-loop mechanism and
tunable oscillations. The drain-source voltage (Vp) injects holes
into the i-channel region from the p* drain region. The gated diode
exhibited steep switching and bistable characteristics owing to the
PF loop mechanism, as shown in Fig. 1(b). With the forward sweep
of Vps, the hole injection increases so that the PF loop is generated
ata Vpgof 1.82 V (called latch-up voltage, Vi, ), showing that the
drain-source current (Ipg) abruptly increases with a subthreshold
swing of below 1 mV/dec. In contrast, the hole injection decreases
during the reverse sweep of Vg therefore, Ig abruptly decreases
with the elimination of the PF loop at a latch-down voltage
(Viateh-down) Of 1.04 V. Figure 1(c) shows the oscillation operation of
an oscillatory neuromorphic device with an input voltage (Vyy) of
30V,a Vg of 1.0 V,and a Vg, of -1.0 V. The device comprises a
gated diode and a series resistor (Rg = 10 M(Q) connected to the p*

drain electrode. The operating mechanism of the oscillatory
neuromorphic device is illustrated in Fig. 1(d) with the
corresponding energy band structures of a gated diode. As the
output voltage (Viyr) increases to 2.0 V, the energy level of the p*
drain region decreases and hole injection increases, which is similar
to the forward sweep of V. When Vi1 reaches 2.0 V to generate
the PF loop, the gated diode is turned on with a response time of
26 ns, and charge carriers flow through the diode (see Fig. S1 in the
Electronic Supplementary Material (ESM)). Subsequently, Vo
and hole injection from the p* drain region abruptly decreased until
the PF loop was eliminated, which is similar to the reverse sweep of
Vps. Therefore, the oscillation characteristics stem from the
oscillating energy band of the gated diode, and the PF loop
mechanism of the silicon NS-gated diode guarantees reliability [27].
Furthermore, the silicon NS structure of the gated diode is critical
to the oscillation characteristics stemming from the sequential
switching operations of the gated diode (i.e., turn-off from the ON
to OFF states and turn-on from the OFF to ON states). The NS
structure contributes to rapid accumulation (recombination) of
charge carriers by enhancing the gate controllability and reducing
the demand of charge carriers for generation (elimination) of the
PF loop. Hence, the NS-gated diodes are turned on and off more
rapidly, enabling their oscillation behaviors with the fast-switching
characteristics.

The tunable characteristics of an oscillatory neuromorphic device
comprising a silicon NS-gated diode were achieved via energy-band
modulation. V;; modulates the energy level of the n* region of the
gated diode through electrostatic doping; herein, the potential
barrier for hole injection from the p* drain region is built into the
n* region (Fig. 2(a)). Viyen.p is positively shifted with the increase in
Ve in the Ing—Vpg curves, as shown in Fig. 2(b). As the potential
barrier for hole injection increases, a PF loop is generated at a larger
Vps. The oscillation frequency (f,) is expressed by Eq. (1), in which
the oscillation amplitude is directly related to the Vi, and
‘/latch-down [28]

Vi 1
= — 1
Sose 7 = (D

where C,,; includes the intrinsic and parasitic capacitances of the
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Figure1 Oscillatory neuromorphic devices comprising silicon NS-gated diode. (a) Schematic and microscopic images and (b) switching curve of gated diode. (c)
Oscillating operation and (d) mechanism of oscillator comprising gated diode and series resistor (R = 10 MQ) with energy band structure.
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silicon NS-gated diode and the measurement equipment. The
capacitance of the gated diode comprises the barrier and diffusion
capacitances in the OFF and ON states, respectively. The
capacitance components were analyzed in detail using a technology
computer-aided design simulation (Sentaurus, ver. T-2022.03-SP1)
(see Fig. S2 in the ESM). f,. was also proportional and reciprocal to
Vin and Rg, respectively (see Fig. S3 in the ESM). Vi, and
Viatch-down are adjusted by modulating the potential barrier height for
hole injection; thus, the oscillation properties are tunable by varying
V1> as shown in Figs. 2(c) and 2(d). However, the switching and
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oscillation properties are irrelevant to Vi,; V5, modulates the depth
of the potential well in the p* region, where the injected holes
accumulate (Figs. 2(e)-2(h)). The generation and elimination of the
PF loop were mainly affected by carrier injection rather than by
carrier accumulation. Moreover, the silicon-gated diode can utilize
electrons as the major charge carriers for the PF loop mechanism
(see Figs. S4 and S5 in the ESM). Unlike previously reported
oscillators, the proposed oscillatory neuromorphic device can tune
the oscillation properties by electrostatic doping owing to the PF
loop mechanism of the diode. Consequently, the tunable oscillatory
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neuromorphic device is a promising candidate for the construction
of a reliable ONN because it is free from fabrication non-
uniformity.

To investigate the feasibility of the ONN using oscillatory
neuromorphic devices as edge detection filters, we coupled two
devices with a coupling capacitor (Cc = 10 pF), as shown in Fig.
3(a). The time delay (ATyy) of two input voltages (Viy; and Vi) of
the coupled oscillatory devices corresponds to the difference
between two adjacent pixel values in an input image. Figure 3(b)
shows the in- and out-of-phase states. If the values of two pixels are
the same (i.e., ATy = 0.0 ms), the phases of the oscillatory devices
are the same (i.e,, in-phase synchronization). Thus, the two pixels
were not at the edge of the image, and the pixels were processed as
black. In the other cases (AT = 0.5 and 1.0 ms), the oscillatory
devices settle to out-of-phase in which the two pixels are in an edge
part of the image so that the pixels are processed as white. The
coupled oscillatory devices can perform edge detection by
processing the pixels of an input image in the time domain (ie.,
ATyy) and settling to in- or out-of-phase according to the ATy [12].
Figure 3(c) shows the results of the edge-detection simulation, in
which the oscillatory devices coupled in the vertical (horizontal)
direction detect the horizontal (vertical) edges of the image. Thus,
edge detection depends on the configuration of the filters, even
though they process the same part (window) of the input image. In
this study, the oscillatory neuromorphic devices comprise the
silicon NS-gated diodes with capacitive coupling function as an
edge detection filter in the image processing. As a first step of the
image processing, the filter takes the image pixels as input voltages
of oscillators and detects the edge parts of the image by leveraging

the phase differences of the coupled oscillators. Thereafter, the
image processing such as anti-aliasing is performed selectively to
the edge parts, which reduces the workload and improves the
performance of graphic processing units [29, 30]. Consequently, the
proposed ONN can be utilized as a hardware-based edge detection
filter for high-performance image processors.

Furthermore, the ONN comprising the oscillators can solve the
graph coloring problems that belong to the class of
nondeterministic polynomial-hard combinatorial problems. Hence,
the ONN can be used in applications including scheduling or
register allocation in compliers as well as map coloring. In ONN,
the coupling configurations of the oscillators determine the phase of
the coupled oscillators to minimize the total energy of the system.
The coupling strength depends on the coupling configuration. As
shown in Figs. 4(a) and 4(b), the oscillators coupled with a
capacitor (Cc) with 100 pF settle to out of phase. When the gated
diode of the left-side oscillator was turned on, Vyyr, decreased
abruptly as charge carriers flowed to the ground (GND). Then, the
Vour, drops because charge carriers in the output node of the right
oscillator leak to GND through the C¢, and vice versa. In contrast,
the oscillators coupled with a resistor (R¢) with 100 kQ) show the in-
phase synchronization as represented in Figs. 4(c) and 4(d); the
output nodes share charge carriers by voltage division because the
R is smaller than the Ry and off resistance of the gated diode. In
short, Re (C) represents a strong (weak) coupling between the
oscillators because of voltage division (current leakage).

Figure 5(a) shows the coupling configuration in the ONN used
to solve the graph-coloring problem, where each vertex (1-4)
corresponds to an oscillatory neuromorphic device (DO1-DO4),
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Figure3 Edge detection of two coupled oscillatory neuromorphic devices. (a) Circuit diagram and (b) synchronization of two coupled oscillatory neuromorphic devices
according to ATy (c) Horizontal and vertical edge detection simulations.
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Figure5 ONN using oscillatory neuromorphic devices comprising silicon NS-gated diodes for a graph coloring problem. (a) input graph and circuit diagram. (b)
oscillating operations, (c) time-dependent phase plot, and (d) phase differences of four coupled oscillatory devices.

and the connections between the vertices are represented as the
coupling strengths (i.e., R for strong coupling and C for weak
coupling) between the oscillatory neuromorphic devices. We note
here that in the graph coloring, there are no two adjacent vertices
with the same color. A timing diagram of the output voltages of
four coupled oscillatory devices is shown in Fig. 5(b), where the
dashed lines represent the phases of four oscillatory devices. The
line patterns reveal that DO1 and DO4 (DO2 and DO3) are

(& 27w | Sci@pen
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stabilized in phase because they are strongly coupled with R¢y,
(Rcu3)- The phases of DO2 and DO3 differ from those of DO1 and
DO4. The phase differences between four coupled oscillatory
devices that vary with time are plotted in Fig. 5(c), using the phase
of DOLI as a reference. The passage of time is expressed as the
radius of the circle, whose center and circumference are 10 and
55 ms, respectively. The phases were stabilized in the two cases over
time because four coupled oscillatory devices mutually interacted
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with each other. In this graph, the vertices are assigned different
colors (red and blue) if the oscillatory devices have phase
differences greater than +90°. Figure 5(d) shows the phase
differences of the oscillatory devices extracted at 50 ms. DO2 and
DO3 have phase differences of approximately 120° compared to
DO1 and DO4. The graph-coloring problem (i.e., vertices 1 and
4 for red and vertices 2 and 3 for blue) was successfully solved using
the phase differences of the oscillatory devices that map the input
graphs.

Various graph-coloring problems can be solved using ONN.
Figure 6(a) illustrates various input graphs that can be mapped to
ONNEs in the same manner as that shown in Fig. 5(a). The time-
dependent phases of the coupled oscillatory devices sustain the
differences between them (Fig. 6(b)); herein, the time scale is the
same as that shown in Fig. 5(c). In some cases, time is required to
stabilize the phases because of the interactions between the coupled
oscillatory devices corresponding to the input graphs. Regardless of
the input graphs, the proposed oscillatory devices can simplify the
ONN coloring algorithm, which assigns colors to vertices with

() Input graph

(b) Time-phase plot

phase differences. In this sense, the proposed ONN is superior to
previous ONNs that require appropriate algorithms depending on
the input graphs [15, 18]. For all cases in Fig. 6(c), the vertexes in
the same color have phase differences within +45°. Hence, the
oscillatory devices can solve the graph coloring problems by taking
the phase difference of +45° as a standard. Consequently, the ONN
using our oscillatory neuromorphic devices comprising the silicon
NS-gated diodes demonstrated the feasibility of compact silicon-
based solver machines.

Table 1 presents a comparison between our oscillatory
neuromorphic device comprising the silicon NS-gated diode and
other oscillators comprising various emerging devices [5, 16, 21, 23,
24]. The oscillation characteristics of the oscillators arise from the
sequential state transitions of the comprising devices, and thereby
the endurance and reliability of the devices are critical properties for
implementing oscillators. In this regard, there is the advantage of
the silicon NS-gated diode since the unique operating mechanism
of the gated diode does not cause any degradation of the diode. In
terms of the auxiliary circuit, which is closely related to the area
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Figure6 Various graph coloring problems. (a) Input graphs. (b) Time-dependent phase plots and (c) phase differences of our oscillatory neuromorphic devices coupled

according to input graphs in the same manner as those in Fig. 5(a).
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Table 1 Comparison between our oscillatory neuromorphic device and other oscillators

Devices, auxiliary circuit Oscillation mechanism

Operating voltage (V)

Number of coupled oscillators

(experimental) Application

NbO, MIT device [5], IR Metal-insulator transition

VO, MIT device [16], IR + 1C Metal-insulator transition

Ag/h-BN* memristor [21], IR+ 1C  Resistive filament formation
TaOx RRAM" [23], 1T
SiOy RRAM [24], IR

Silicon NS-gated diode (this work), 1R

Resistive filament formation
Resistive filament formation

Energy band modulation

4.0 2 Pattern recognition

5.0 9 Graph coloring, MAX-cut,
MAX-3SAT*

0.28 4 Graph coloring, MAX-cut

7.0 2 —

3.0 2 Pattern recognition

3.0 4 Edge detection, graph coloring

*h-BN: hexagonal boron nitride. "RRAM: resistive random access memory. 3SAT: 3-satisfiability.

efficiency of the ONN, the proposed oscillatory device is similar to
or superior to the others. The operating voltage and number of
experimentally coupled oscillators were comparable or superior to
those of the other methods. Furthermore, the ONN comprising our
oscillatory neuromorphic devices demonstrate wide applicability to
edge detection and graph coloring. Besides, the proposed oscillatory
neuromorphic devices allow for tunable oscillation amplitude and
frequency by modulating the gate voltages of the gated diodes,
unlike other oscillators. Additionally, the ONN comprising the
silicon NS-gated diodes holds promise for seamlessly implementing
neuromorphic hardware because they are fully compatible with
CMOS  fabrication  processes. ~ Consequently,  oscillatory
neuromorphic devices constructed with the silicon NS-gated diodes
can be used to realize compact silicon-based ONN for image
processors and solver machines.

3 Conclusions

In this study, we designed a network of tunable oscillatory
neuromorphic devices to perform edge detection and solve the
coloring problems. The tunable oscillatory devices comprise silicon
NS-gated diodes and series resistors, and energy-band modulation
enables tunable oscillation characteristics. In the edge detection of
capacitively coupled oscillatory neuromorphic devices, the
configuration of the device determines whether the pixels of the
input image in the time and phase domains are processed via
horizontal or vertical edge detection. Furthermore, the coloring
problems are solved using the phase differences of the resistively
and capacitively coupled oscillatory devices that map the input
graphs. Consequently, the proposed ONN consisting of oscillatory
neuromorphic devices is a promising candidate for reliable
neuromorphic computing, which enables image processing and
COP solving.

4 Experimental

4.1 Device fabrication

The silicon NS-gated diodes were fabricated using full CMOS
processes from a p-type (100)-oriented SOI wafer with a 100 nm
thick top silicon active layer (doping concentration of 10* cm™) and
2-um thick buried oxide layer. First, a silicon NS layer with a width
of 180 nm was formed via photolithography and dry etching. Then,
two poly-silicon gate electrodes (thick = 400 nm and width = 2 um)
were formed with a 1-um wide gap by low-pressure chemical vapor
deposition (LPCVD) on a SiO, gate oxide layer, which was
thermally grown on the intrinsic channel region at 850 °C. The p*
drain and gate2 regions were heavily doped with difluoroboron
ions at a dose of 3 x 10* cm™ and jon energy of 30 keV. The n*
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source and gatel regions were heavily doped with P* ions at a dose
of 3 x 10® cm™ and ion energy of 50 keV. Afterwards, the rapid
thermal annealing process was carried out at 1050 °C for 30 s to
activate the implanted dopants. Finally, a Ti/TiN/AI/TiN metal
alloy was deposited in the drain, source, and gate contact regions
after interlayer dielectric deposition using LPCVD-based tetraethyl
orthosilicate, followed by an alloying process at 400 °C for 30 min.
Subsequently, the wafer was first annealed at 1000 °C for 30 min in
a nitrogen atmosphere, followed by rapid thermal annealing at
1050 °C for 30 s to activate the implanted dopants with uniform
diffusion and eliminate defects. Finally, a Ti/TiN/Al/TiN metal alloy
was deposited in the drain, source, and gate contact regions after
the interlayer dielectric deposition using LPCVD-based
tetraethylorthosilicate (TEOS).

4.2 Measurement

The switching characteristics of the silicon NS-gated diode were
measured using a semiconductor parameter analyzer (HP4155C,
Agilent). Keithley 2636A and 2636B source meters were used to
measure the tunable and coupled characteristics of the oscillatory
neuromorphic devices. The morphology of the fabricated diode was
observed by optical microscopy (Nikon, Eclipse L150) and TEM
(JEOL JEM-2100F, FEG).

Electronic Supplementary Material: Supplementary material
(further analysis of the switching and oscillation characteristics) is
available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907214.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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