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ABSTRACT

Atom-vacancy defects existing in various materials yield numerous physical phenomena, hindering high performance in electronic and
photonic devices in some cases. These become more significant in two-dimensional (2D) (atomically) thin van der Waals (vdW) layers.
Meanwhile, their applications to novel devices have gathered significant attention. Neuromorphic (NM) computation, which directly mim-
ics the probabilistic operation of the human brain through ion transport, is such an effective example due to its potential in developing
power- and size-efficient artificial intelligence applications. While magnetic tunnel junctions currently represent the mainstream approach in
NM computation, they require local magnetic fields, posing integration challenges with CMOS circuits. Here, we demonstrate that sigmoid
circuits—representative NM circuits—can be operated only by leveraging low-frequency noises [noise currents (Ix) and power spectrum
density (PSD)]—originating from the stochastic capture and emission of electrons through atom-vacancy defects—in few-atom-layer semi-
conductor molybdenum disulfide field-effect transistors. Modulating the back-gate voltage allows control of the magnitude of electrical
hysteresis loops in the current and Ix (PSDs), thereby enabling and regulating the stochastic electron behaviors and emergence of the observed
sigmoid operation. This work paves the way for the development of NM circuits through defect engineering in vdW 2D semiconductors,
eliminating the need for magnetic fields.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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. INTRODUCTION

The physical behaviors derived from atom-vacancy defects and
their application in highly efficient electronic and photonic devices
are attracting considerable attention in two-dimensional (2D)
(atomically) thin semiconductors [e.g., transition metal dichalco-
genide (TMDC) family such as molybdenum disulfide (MoS)]," "
as even few atom-vacancy defects drastically alter those physical
properties. Various types of atom-vacancy defects have been iden-
tified in these materials [e.g., sulfur (S) vacancies in MoS,; Fig. 1(b)].
These defects result in various defect-derived mid-gap states with
different activation energies (E,) and electric behaviors.

Previously, we reported stochastic electronic properties, as well
as dynamic behaviors such as low-frequency (LF) noise, arising from
atom-vacancy defects in van der Waals (vdW) few-layer MoS; field-
effect transistors (FETs).! We observed stochastic behaviors in large
electrical hysteresis loops in the drain current (I,q) vs back-gate volt-
age (V) curves, applied from the backside of the substrate.! These
findings indicate the presence of S-vacancy defect pairs localized
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near the junction interface of the MoS; flake and the SiO,/Si sub-
strate [similar to Figs. 1(a), 1(b), 1(e), and 1(f)]. Temperature (T)-
dependent measurements and high-resolution transmission electron
microscopy (HRTEM) analysis revealed that the hysteresis loops
primarily originate from pairs of neighboring in-plane S vacancies
[Figs. 1(a) and 1(b)] with an E, of ~0.35 eV.

LF noise measurements [i.e., noise currents (Ix) and power
spectral density (PSD)] of the samples have clarified the presence
of stochastic capture and emission of charge carriers via S vacancy
pairs.! PSD, obtained by Fourier transformation of I, directly
reflects the physical behavior and characteristic parameters of these
defects through LF noise analysis, as described by the following two
equations reported in Ref. 1: Equation (1) comprises two Lorentzian
components used to fit the measured PSD, whereas Eq. (2) is based
on Shockley-Read-Hall (SRH) statistics and describes the defect-
related parameters governing the stochastic capture and emission
of charge carriers via defect states. The T-dependent term f(T) in
Eq. (2) is substituted for the frequency parameter f in Eq. (1), and
the PSD fitting is performed using Eq. (1),
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FIG. 1. (a) Schematic cross-sectional view of the MoS,-FET with S vacancy-pair defects existing around the interface at the SiO, substrate. Vg and Vi, are applied between
the two electrodes (S-D) and from the sample backside, respectively. (b) Atomic structures of MoS,, including S vacancies (left: cross section and right: top view). (c) An
example of an optical microscope image showing a few-atom layer MoS, flake attached to pre-fabricated source (S) and drain (D) (Au/Ti) electrodes on a SiO,/Si substrate
(without a hBN cover layer, only for this image), fabricated using vdW mechanical exfoliation of bulk material with Scotch tape and PDMS sheet transfer technique. (d) Cross-
sectional AFM image of (c). (€) Example of S-vacancy defect pairs (shown by red and yellow circles) observed using a high-resolution transmission electron microscope
(HRTEM) around the MoS,/SiO, interface, which corresponds to (b). (f) Zoomed-in and (g) simulated images of one S-defect pair in the upper part of (e) (indicated by red

arrows and yellow circles).
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where I, is the fixed current, A, and Ag denote the amplitudes of
the Lorentzian components with characteristic corner frequencies fx
and f3, respectively, while C represents a f-independent background
accounting for the intrinsic noise floor of the measurement system,
E is the activation energy of the defect level, N is the defect density,
o is the carrier capture cross section, and v is the electron velocity.
Fitting the experimental data using this model provides detailed and
quantitative information on the LF noise mechanisms.’

These processes generate large hysteresis loops, characterized
by rapid transitions across narrow discrete states with a few-meV
kinetic energy barriers, attributed to spin interactions in the parallel
coupling of the two S vacancies.””’ The observed behavior suggested
that coupled S vacancy pairs—exhibiting high uniformity and inter-
acting with Mo atoms—created electronic states akin to those in
quantum dots, despite the measurements encompassing multiple
S-vacancy pairs at room T.'

The observed stochastic LF noises originating from S vacancy
pairs could be highly suitable for probabilistic neuromorphic (NM)
computation in artificial intelligence (AI), provided that the number,
electronic states, and interactions of these defects can be controlled.
Artificial neural networks (ANNs) with static neuron activation
functions have recently emerged as the leading algorithm in Al In
contrast, NM computation, which directly mimics the probabilistic
operation of the human brain, has garnered considerable atten-
tion for its potential in developing power- and size-efficient sensory
processing, learning, and Al applications.'* "’

A key element driving NM computation is the probabilis-
tic operation—a robust classical mechanism fluctuating between 0
and 1 over time—resembling the stochastic behavior of the human
brain through ion transport across films covering the brain’s sur-
face. However, because conventional CMOS circuits are not well-
suited for stochastic operations, integrating quantum devices [e.g.,
magnetic tunnel junctions (MTJs) that leverage stochastic thermal
fluctuations of electron spins] into CMOS-based NM circuits (e.g.,
sigmoid circuits with gradual changes between “0” and “1”) has
been challenging. While NM circuits employing MTJs have been
widely developed and reported,'” ' they require additional circuits
to generate local magnetic fields, which may hinder their com-
patibility with CMOS technology. Therefore, the development of
alternative stochastic (quantum) phenomena-based devices is highly
anticipated to advance NM computation.

Moreover, although their operation is not inherently prob-
abilistic, memristors—whose resistance varies according to the
history of electrical signals applied to their two terminals—have
attracted considerable attention for NM computation.'””>*’ Because
these resistance states can either persist for long durations or relax
over short timescales, memristors can emulate the functions of elec-
tronic synapses and neurons in NM systems. Memristive behavior
has been reported in a wide range of material platforms, including
two-dimensional dichalcogenides, metal oxides and other ionic con-
ductors, and halide perovskites. In particular, oxide-based systems
such as WO3_,-based nanoionic devices, oxygen-deficient SrTiO3_

pubs.aip.org/aip/aed

(STOx), and HfO; have been extensively studied. In these structures,
ionic transport within the oxide layer between two metal electrodes
gives rise to memristive operation.

In this study, we demonstrate that sigmoid operation repre-
senting NM circuits can be achieved by leveraging the stochastic LF
noises [(In) and PSDs] generated by S vacancy pairs in few-layer
MoS,-FETs. It is revealed that modulating the Vg alters the mag-
nitude of the electrical hysteresis loops and Ix (PSDs), enabling the
emergence and control of the probabilistic sigmoid operation.

Il. RESULTS AND DISCUSSION
A. Sample and measurement-system preparation

In the present research, vdW-fabricated few-layer MoS, flakes
are employed, with a current flow area of ~5 x 10 um” between two
Au/Ti electrodes [Figs. 1(a) and 1(c)]. Before exfoliation, the SiO,/Si
substrate surface is plasma-cleaned for 30 min under high vac-
uum. Few-layer MoS; flakes are mechanically exfoliated from bulk
MoS; (purchased from HQ Graphene Co.) using Scotch tape and
polydimethylsiloxane (PDMS) sheets, utilizing a 2D heterostruc-
ture transfer system (HQ Graphene Co.). The exfoliated flakes are
subsequently transferred onto pre-fabricated Au/Ti electrodes on a
SiO,/Si substrate, leading to the emergence of S-vacancy defect pairs,
as confirmed by HRTEM [Figs. 1(a), (b), and 1(e)-1(g)]. Moreover,
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FIG. 2. (a) The sigmoid circuit used in the experiments, consisting of a MoS,-FET
shown in Fig. 1, an NMOS transistor, a source resistor (Rsource), and an operational
amplifier (op amp). (b) Schematic view for sigmoid operation based on (a) and
stochastic behaviors of LF noises in MoS,-FETs. Reprinted with permission from
W. A. Borders, A. Z. Pervaiz, S. Fukami, K. Y. Camsari, H. Ohno, and S. Datta,
Nature 573, 390 (2019). Copyright Springer Nature. 8
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observation of the T and V1,; dependence of current (conductance)
enabled precise determination of the E of S vacancy defects." The
extracted dominant E values of 0.2-0.35 eV are in good agree-
ment with previously reported theoretical values characteristic of
S-vacancy pairs. Consistent with the TEM observations, these results
reconfirm that S-vacancy pairs are the primary contributors to the
observed LF noise and hysteresis behavior.

The flake thickness (~8 nm) is confirmed via atomic force
microscopy (AFM) [Fig. 1(d)] and Raman spectroscopy. After trans-
fer, each sample is encapsulated with a high-quality hexagonal boron
nitride (hBN) monolayer [Fig. 1(a)]. All fabrication steps are per-
formed inside a glovebox under an Ar atmosphere. A back-gate
electrode for applying Vy, is fabricated on the backside of the
Si substrate [Fig. 1(c)], forming a FET structure. The LF noises
(Ix and PSD) associated with S vacancy pairs are measured at room
T, following the methodology described in Ref. 1.

In the present system, the physical parameters of the defects
(e.g., N1 and E) in the MoS; flakes and the sigmoid operation can
be connected through hysteresis loops and LF noises of the MoS,-
FETs, because these two behaviors arise from the same underlying
mechanism—stochastic electron capture and emission via defect
states—which follows SRH statistics [Eq. (2)] and is governed by
parameters such as Nt and E, as described above. The magni-
tudes of the hysteresis loops and Iy are, therefore, proportional
to the amplitude of these stochastic carrier capture and emission
processes.

The sigmoid circuit employed in this study, which exploits
the aforementioned stochastic behavior, consists of a MoS,-FET,
an NMOS transistor, a source resistor (Rsource), and an op amp
[Fig. 2(a)]. When the Vi, value exceeds the NMOS Vy,, the NMOS
transistor turns on, electrically connecting the stochastic response of
the MoS,-FET to the ground, thereby setting the intermediate out-
put voltage level before the op amp (V'ou) to 0 [lower-left panel
of Fig. 2(b)]. Conversely, when Vi, falls below Vg, the NMOS

Vpg=0V light ="

lsg (WA)

pubs.aip.org/aip/aed

transistor turns off, disconnecting the MoS,-FET from ground and
instead connecting it to V44, setting the Vit to 1 [lower-right
panel of Fig. 2(b)]. It should be noticed that the op amp inverts the
relationship between Vi, and V/ out. As aresult, Voue becomes 1 when
Vin > Vi and 0 when Vi, < Vy, [lower-left and lower-right panels of
Fig. 2(b)].

When the MoS, FET exhibits pronounced stochastic behav-
ior, the transition of Voyu between 0 and 1 occurs gradually across
the transition Vi, region (AVi,). As a result, the time-averaged Vout
increases with Vi, yielding a characteristic sigmoid response with a
large AV, regime [Fig. 2(b), center panel].

This operation has been optimized by varying Rsource (0.1-10
KQ), Vier (0.001-0.1 V), and the NMOS device parameters. The
combination that produced the most pronounced sigmoid behavior
has been selected for the measurements.

Readout/circuit noise has been excluded using Savitzky-Golay
(SG) filtering applied to the measured LF noises, as described in Ref.
1. This filtering has significantly reduced such parasitic noise com-
ponents. Moreover, the amplitude of I and the PSD in the low f
regime increased markedly with increasing fixed S-D current of the
MoS,-FETs, whereas no such dependence was confirmed when car-
bon resistors were used instead. These results strongly indicate that
the observed behaviors here are not associated with conventional
circuit noise.

B. Sample basic properties; V4-dependent
hysteresis curves, Iy, and PSDs

Figure 3 presents the Iyq vs Vg (a) and Iq vs Vg character-
istics [(b) and (c)] measured at room temperature, as fundamental
electrical properties of MoS;-FETs shown in Fig. 1. For light irra-
diation in (a), LED light (AS ONE, AS3000; the wavelength with a
peak around 600 nm and a width between 480 and 780 nm, power
30000 Lx) is used. Consistent with our previous findings in Ref. 1,

FIG. 3. (a) Isg Vs Vg curves measured
at Vpg = 0 V under dark and light
ambient, and [(b) and ()] lsg VS Vig
curves measured at V¢q = —1 V (b) and
+1V (c) at room temperature, as funda-
mental electric properties of MoS,-FET
shown in Fig. 1(a). LED light (AS ONE,
AS3000; the wavelength with a peak
around 600 nm and a width between
480 and 780 nm, power 30000 Lx) is
used for irradiation in (a). Black (Vg
= —10V) and green (Vyy = +5 V) solid
arrows shown on the x-axis in (c) rep-
resent the Vyg positions used for the
measurements in Figs. 4 and 5.
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pronounced hysteresis is observed only in the Iyq vs Vig curves (i.e.,
in the negative Vg region at a fixed Vg of +1 V) when Vg is swept
[Figs. 3(b) and 3(c)]. As discussed earlier, ™ this hysteresis behavior
is attributed to the difference in the stochastic capture and emission
of charge carriers triggered by sweeping Vg along different V' direc-
tions between +V,g and — Vi, regions, through S vacancy pairs at
the MoS; flake/substrate interface, because Vg is applied from the
backside of the MoS; flake [Figs. 1(a) and 1(b)].

Although several alternative sources of LF noise may be con-
sidered (e.g., surface SiO,/interface traps, interface states at Au/Ti
electrode contacts, and carrier mobility fluctuations), the present
results indicate that their contributions are minor. When Vg is
applied, Iq flows through these surface regions and contact inter-
faces; if S-vacancy defects in these areas are dominant, a much larger
hysteresis would be expected in the Iy—V characteristics. Such
behavior was not observed. In addition, mobility fluctuations of car-
riers transported between the S and D electrodes would primarily
depend on V4. The pronounced dependence on the Vi, therefore,
supports the conclusion that S-vacancy pairs located near the MoS,
flake/substrate interface are the primary origin of the observed LF
noise.

Figures 4(a) and 4(b) exhibit an example of LF noise (In)
observed at Vi, = +5 V, where Aypys is minimal [shown by the blue
arrow in Fig. 3(c)], and at Vyg = —10 V, where Apy is maximal
[shown by the red arrow in Fig. 3(c)], respectively, when a constant
I (Ic) of 1 yA is flowed between the source and drain electrodes
at room temperature. The results indicate that the magnitude of Ix
(AIx) at Vg = —10 V is significantly larger than Aly at Vg = +5 V.
PSDs transformed from these Iy are shown in Figs. 4(c) and 4(d),
based on Ref. 1. It is evident that the magnitude of the PSD of (c)
measured at Vi,g = —~10 V is two-order smaller than that of (d) mea-
sured at Vig = +5 V. These are qualitatively consistent with our
previous results," which clarified that the Iy and PSD magnitude are
proportional to the Apys because both the current hysteresis loops
and LF noises originate from the stochastic capture and emission
of charge carriers via the S vacancy pairs, which highly depend on
applied V.

~6.0 p- T
< Vpg=+5V I.=1pA Vpg=-10V le=1pA
o | I
<~ 0] " |X | |
% wwrmmmnen |1\
= 6.0l D3k 300K Dark 300K
8. .
(@0 Tim1e0(ms) 2000)  3i? (ms) 20
1079 e et
?IS/‘IO‘22
@10’% Vog=+5V Vog=-10V "
-3 -
10(c) 102_10% 104 10° 10°102 103 104 10° 10°

Frequency (Hz) (d) Frequency (Hz)

FIG. 4. [(a) and (b)] Example of LF noise current (/y) observed at S-D electrodes
[Figs. 1(a) and 2] at Vg = +5 V (a) and —10 V (b) [in Fig. 3(c)] under a constant
Is¢ = 1 yA. [(c) and (d)] PSDs Fourier-transformed from [(a) and (b)], respectively.
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As mentioned above, the current hysteresis loops are attributed
to the different ratios of these carrier capture and emission of elec-
trons caused by the different Vyg-sweep direction between +Vi,g
regions. Meanwhile, LF noises arise from the thermal emission of
electrons and their capture when the constant Iy flows along the
current channel of MoS,-FETs, depending on the constant Vg for
the different hysteresis-loop positions. The PSDs in Fig. 4(d) indi-
cate the narrow discrete energy states, E ~3 meV, formed in the S
vacancy pairs and defect density, Nt ~10''/cm?, based on Refs. 1
and 3.

C. Sigmoid operation controllable by V4

The MoS,-FET is introduced into the sigmoid circuit shown in
Fig. 2, and the presence of sigmoid characteristics is examined by
modulating Apys through variations in the applied Vyg. Figures 4(b)
and 5(a) display the time-dependent V oy response as a function of
Vin, measured using an oscilloscope, at Vg =+5V and Vig=-10V
in Figs. 3(c)-3(e), respectively. The results show a clear difference
between the two conditions. At Vg = +5 V [Fig. 5(a)], Vou exhibits
an abrupt jump from low (0) to high (1) between Vi, = 1.38 and
1.39 V. In contrast, at Vi, = =10 V [Fig. 5(b)], Vout transition is
more gradual between Vi, = 1.28 and 1.38 V, implying an expanded
transition region for Vi, (AViy). These results imply a strong corre-
lation among Ay, Al (PSDs), and AV, via the stochastic capture
and emission of charge carriers through the S-vacancy pairs. With
the small AIy (PSDs) at Vig = +5V, Vour directly transits from low
(0) to high (1) just according to the changes in Vi, in the circuit
shown in Fig. 2. In contrast, the large Al (PSDs) at Vg = =10 V
leads to the appearance of the intermediate region (AVi,) due to the
stochastic electron capture and emission through S-vacancy defect
pairs.

Representative Vin—Vou characteristics obtained at three dif-
ferent Vyg values (i.e., different Alx) for three different samples
with similar E and Aly are presented in Fig. 5(c), distinguished by
three different symbols and colors. For instance, for the sample cor-
responding to Figs. 5(a) and 5(b) (circle symbols), Vo switches
abruptly (digitally) at Vi, = 1.38 V for Vi, = +5 V (green sym-
bol) without a noticeable transition AVj, region. As Vg decreases
to =5 V (blue symbol), where Apy is slightly larger, Vou transi-
tion becomes more gradual (analog) between Vi, ~ 1.45 V and
Vin & 1.52 V. At Vg = =10 V (black symbol), a clear transition
region AV, emerges between Vi, = 1.28 and 1.4 V, yielding a pro-
nounced sigmoid characteristic. These trends are consistent with
those observed in Figs. 4(a) and 4(b). The other two samples exhibit
nearly identical behavior when Aly is tuned to comparable values
by Vg (i.e., within the same color group). Figure 5(e) shows a rep-
resentative example of the high reproducibility of AV, for the black
circles shown in Fig. 5(c), indicating a narrow distribution of AV,
within 0.04 V for five repeated measurements.

Figure 5(d) presents the dependence of AVj, on Aly for the
three samples, including the results presented in Fig. 5(c) (sur-
rounded by three dashed squares). As Aly increases, AVj, expands
in all three samples, particularly from Aly of ~20 nA. The small
Aln samples show AVi, ~ 0. This trend reconfirms a strong correla-
tion between the stochastic capture and emission of charge carriers
through S vacancy defect pairs, which generate the Aly, and the
observed sigmoid characteristics, AViy, via Apys.
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FIG. 5. Time-dependent Vo response
L\/=138V

as a function of Vi, in Fig. 2-sigmoid
circuit introducing Fig. 3-sample, mea-
sured using an oscilloscope, (a) at Vg
= +5 V [with the minima Ay shown
by the blue arrow in Fig. 3(c) and corre-
sponding to Figs. 4(a) and 4(c)] and (b)

V,=1.30V

0.2 at Vg = =10V [with the maximum Apys
shown by the red arrow in Fig. 3(c) and
corresponding to Figs. 4(b) and 4(d)].

(c) Representative Vi,—Voyt characteris-
tics for three different samples (distin-
guished by symbol type) measured at
three different Vg values (distinguished
by different colors), including the sample
shown in [(a) and (b)] (shown by circle
symbols). For each sample, the V4 val-
ues, which show similar Iy levels among
samples, have been selected. The Vyg
values for the circle symbols correspond
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As mentioned above, the magnitude of LF noises (Aly and
PSD) increases with an increase in Apy. This is because Apy is
governed by the amplitude of stochastic electron capture and emis-
sion through S-vacancy defect pairs, which differently responds to
the different Vi,g-sweep direction between the applied + Vg, while
these stochastic capture and emission processes are also thermally
caused at room T, depending on the constant Vi, values during
noise measurements. As the constant Vi, values are modulated for
an increase in Ay, these processes intensify, leading to an increase
in LF noises. Consequently, the enhanced LF noises (Aly), arising
from the stochastic electron capture and emission through S vacancy
pairs, evidently result in an increase in AVj, and thus allow the
emergence of the observed sigmoid operation.

I1l. CONCLUSION

In conclusion, we have presented that the sigmoid circuits can
be operated by utilizing LF noises—originating from the stochas-
tic capture and emission of electrons through S-vacancy defect
pairs—in few-atom-layer MoS,-FETs. Modulating V1, has allowed
control of the Apys, AIn (PSDs), and appearance of the sigmoid oper-
ation. This work opens the doors for the development of NM circuits
through defect engineering in vdW 2D semiconductors, without
usage of magnetic fields.

40 to the arrows of the same color indicated
on the x-axis of Fig. 3(c). (d) Depen-
dence of the transition Vi, width (AVi,)
on Aly for three different samples (i.e.,
shown by different symbols), including
the results shown in (c). Different sym-
bol colors correspond to different Aly
(Vig) values. The symbols’ data sur-
rounded by the three dashed squares
are shown in (c). (e) Results of five-time
repeated measurements near the wide
AV, regime of the black-circle-symbol
sample in [(c) and (d)], showing the
narrow AVj, distribution within 0.04 V.
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