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Supplementary Figure 1 | Characterization of the vdW-hybrid synaptic device. a, Optical image of
the vdW-hybrid synaptic device. b, Thickness profiles on WSe> (53 nm)/h-BN (68 nm) and MoS> (33 nm)
h-BN (62 nm) structures (yellow line in Supplementary Fig. 1a), which were confirmed via atomic force
microscopy. ¢, Raman spectra for the potentiation-channel (WSe.) and depression-channel regions
(MoSy). For the WSe; flake, two conventional Raman peaks (E'2q and Asg) were observed near 245 and
255 cmt, corresponding to the in- and out-of-plane vibrations for bulk WSe;, respectively.! For the MoS;
flake, two conventional Raman peaks (E'2q and Asg) were observed near 384 and 409 cm™.
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Supplementary Figure 2 | Measurement setup for the vdwW-hybrid synaptic device.
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Supplementary Figure 3 | Nonlinearity analysis of the LTP/LTD curves. a, LTP and LTD curves with
respect to nonlinearity (B) ranging from 0 to 5. b, LTP and LTD curve fitting, Bep = 2.3/21 (WSez) and =
8.5/2 (MoSy). ¢, Nonlinearity comparison of various synaptic devices reported heretofore and this hybrid
device. See also Supplementary Note 1.
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Supplementary Figure 4 | Symmetricity analysis of the LTP/LTD curves. a, LTP/LTD curves with
2n conductance states and the k™ (red dot) and (2n-k)™" (blue dot) conductance states. b, Asymmetric
(symmetric error = ) and symmetric (symmetric error = 0) LTP/LTD curves. See also Supplementary

Note 2.
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Supplementary Figure 5 | Variation in the linearity and symmetricity of the LTP and LTD curves
with respect to the variation in WSe; and MoS; layers in terms of defect density and doping
concentration. For the WSez and MoS; layers, there are flake-to-flake variations in the vdW channel in
terms of defect density and doping concentration, which consequently affect (i) the injection barrier height
(from source to channel) and (ii) the carrier conductivity (through channel) by changing the energy band
properties of 2D vdW flakes. Here, the conductivity is determined by a field-effect mobility and a doping
concentration. Therefore, such variations will influence the synapse characteristics including the linearity
and symmetricity of the LTP and LTD curves. This is because conductance levels and their changing rate
in the LTP/LTD curves are strongly dependent on the injection barrier height and the channel conductivity.
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Supplementary Figure 6 | Spread of the nonlinearity obtained in multiple devices. a, Long-term
potentiation (LTP) curves for the potentiation channel in five devices (top) and their nonlinearity (bottom).
b, Long-term depression (LTD) curves for the depression channel in five devices (top) and their
nonlinearity (bottom). c, The spread of the symmetricity obtained in three devices.
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Supplementary Figure 7 | Conductance variations for the three types of synaptic devices. a,b,c,
Spike responses for the WSe, synaptic device (a), MoS; synaptic device (b), and vdW-hybrid synaptic
device (c). d, Conductance variation with respect to the type of device. See also Supplementary Note 3.
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Supplementary Figure 8 | Photoluminescence (PL) analysis for h-BN samples without WCL. a, PL
spectra measured on four different h-BN samples without WCL. b, Decomposition of the PL spectrum
(Sample 2). See also Supplementary Note 4.
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Supplementary Figure 9 | Photoluminescence (PL) analysis for h-BN samples with WCL. a, PL
spectra measured on four different h-BN samples with WCL. b, Comparison of PL spectra measured on

the h-BN samples without/with WCL. ¢, Decomposition of the PL spectrum (Sample 4). See also
Supplementary Note 4.
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Supplementary Figure 10 | Micro-XPS analysis for h-BN layers without/with WCL. See also
Supplementary Note 4.
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Supplementary Figure 11 | Electrical transfer curves of the potentiation and depression channels
and their approximate uniform trap density in the WCL. a,d, Electrical transfer curves of the
potentiation (a) and depression (d) channels without/with the WCL formed by CF4 plasma treatment. b,e,
Control voltage range between Gmin and Gmax. C,f, Number of trapped carriers with respect to the length
of one side of the square area. See also Supplementary Note 5.
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Supplementary Figure 12 | Extraction of the injection barrier height in the potentiation and
depression channel. a, Extracted hole injection barrier height in the potentiation channel. b, Extracted
electron injection barrier height in the depression channel. See also Supplementary Note 6.
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Supplementary Figure 13 | PSC response to a negative voltage spike in the potentiation and
depression channels. a, Inhibitory PSC (IPSC) and exhibitory PSC (EPSC) curves in the potentiation
and depression channels. b, Energy band alignment when an inhibitory spike was applied. See also

Supplementary Note 7.
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Supplementary Figure 14 | The operating (reading and updating) energy of the vdwW-hybrid
synaptic device. a, Reading energy of the vdW-hybrid synaptic device. b, Updating energy of
potentiation channel with respect to the amplitude and duration of spike. ¢, Updating energy of depression
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Supplementary Figure 15 | PSC response with respect to the conditions of the spikes and CF4 plasma
treatment. a, EPSC and IPSC curves for the potentiation and depression channels exhibiting AGpotentiation
and AGpepression. D,C, AGpotentiation (D) and AGpepression (C) With respect to the amplitude (1-5 V) and duration
(10-50 ms) of the spikes. d, Illustration of the CF4 plasma treatment on h-BN. e,f, AGpotentiation (€) and
AGpepression (f) with respect to the plasma process time (5-90 s) and reactive ion etcher power in the plasma
process (5-20 W). See also Supplementary Note 11.
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channel polarity. See also Supplementary Note 9.
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Supplementary Figure 17 | LTP / LTD curves and nonlinearity values extracted from three MoSe>
channel synapse devices.
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treatment. a,b, Nonlinearity in the potentiation channel (a) and depression channel (b) with respect to
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Supplementary Figure 19 | Spike response in potentiation and depression channel without WCL. a,
X-TEM images of the potentiation channel (WSez/h-BN heterostructure). b, Electrical transfer curves of
the potentiation (WSez, top) and depression (MoS2, bottom) channels without/with the WCL formed by
CF4 plasma treatment. c, Long-term potentiation and depression curves of the potentiation (top) and
depression (bottom) channels without/with the WCL. d, Spike responses of the potentiation (top) and
depression (bottom) channels without the WCL.
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Supplementary Figure 20 | Cycle-to-cycle variation (CCV) of the synaptic devices. a,b, Potentiation
(a) and depression (b) curves for different CCVs (0.1%, 3%, and 5%). ¢, Potentiation/depression curves
of the hybrid device and the fitted potentiation/depression curves with 0.1% CCV. See also

Supplementary Note 13.
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Supplementary Figure 21 | Endurance of the vdW-hybrid synaptic device. a,b, 500 LTP/LTD cycles
(128,000 (10>°) weight updating) for the potentiation channel (a) and depression channel (b) of the vdw-
hybrid device.
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Supplementary Figure 22 | Dependence of dynamic range and symmetricity on spike conditions. a,
Energy band alignment when a weak (top) or strong (bottom) exhibitory spike was applied. b, Energy
band alignment when a short (top) or long (bottom) exhibitory spike was applied. c, Spike response of
PSC, where spikes with high (1 Hz) and low (0.1 Hz) frequency were applied to the WCT. d, Extracted
nonlinearity for the potentiation and depression channels with respect to the amplitude, duration, and
frequency of spikes, where 128 exhibitory and inhibitory spikes were applied in a row to the WCT. See

also Supplementary Note 14.
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Step #1: Recording & Fourier Transform
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Supplementary Figure 23 | Design for the acoustic pattern and the designed acoustic patterns. See
also Supplementary Note 15.



a Cochleagram (20x20) b Acoustic Pattern (20x20)
Spoken digits (0~9) Spoken digits (0~9)

min DR | Max
Supplementary Figure 24 | Datasets for the spoken digits. a,b, Datasets for the spoken digits (from “0”

to “9”) as type of a cochleagram (20x20) (a) and type of an acoustic pattern (20x20) (b). See also
Supplementary Note 16.
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Supplementary Figure 25 | The hardware version structure to implement the conceptual neural
network comprising the vdW-hybrid synaptic device. a, Schematic of the companion hardware version
to the conceptual neural network comprising the vdW-hybrid synaptic device. b,c, Dynamics for weight
increasing (b) and decreasing (c).
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Supplementary Figure 26 | Acoustic pattern recognition rates and extracted maximum recognition
rates and corresponding variations for the case with the operation of refresh/reprogram (a) and
without the operation of refresh/reprogram (b).
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Supplementary Figure 27 | Recognition rates (top) and extracted maximum recognition rates
(bottom) for the acoustic patterns (20x20) formed with time-domain data (a), with frequency-
domain data (b), and with frequency/time-domain data (c).
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Supplementary Figure 28 | Recognition rate for acoustic patterns with respect to various spike
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and frequency of spikes (d). See also Supplementary Note 17.
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Supplementary Figure 29 | MNIST pattern recognition task. a, Single-layer neural network (NN) with
784 input neurons, 784 x 10 artificial synapses, and 10 output neurons for 28 x 28 MNIST pattern
recognition. b, Multi-layer neural network with the layers of 400 input neurons, 400 x 100 and 100 x 10
artificial synapses, 100 hidden neurons, and 10 output neurons for 20 x 20 MNIST pattern recognition.
c,d, Recognition rates based on single-layer NNs comprising WSez, MoSz, hybrid, or ideal synaptic
devices (see also Supplementary Table 3) (c), and corresponding maximum recognition rates (d). e,f,
Recognition rates based on multi-layer NNs comprising WSe2, MoS,, hybrid, or ideal synaptic devices
(e), and corresponding maximum recognition rates (f). See also Supplementary Note 18.
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Supplementary Figure 30 | Training and inference simulation results for spoken digits datasets. a,b,
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variations (b). c,d, Acoustic pattern recognition rates (c), extracted maximum recognition rates, and
corresponding variations (d).
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Supplementary Table 1 | Comparison of the vdW-hybrid synaptic device and other synaptic devices.
The synaptic device in this work is compared with other synaptic devices reported heretofore, in terms of
weight update linearity, on/off ratio, number of conductance states, cycle-to-cycle variation, Ron, active
area, updating energy, weight increase/decrease pulse, retention, and endurance. ¥The energy will scale
with active area. See also Supplementary Note 19.
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Supplementary Table 2 | Comparison of vdW-hybrid synaptic device and other synaptic devices in
terms of learning accuracy predicted by NeuroSim+ MNIST MLP simulator.?



ap ap fe

Gmax

Gmin

Hybrid
synaptic
device

2.75%107 1.63x107 1.9

122 nS

24 nS

WSe:
synaptic
device

2.01x107 1.7x107 2.3

95 nS

13 nS

MoS:
synaptic
device

2.43x107 1.51x107 8.6

109 nS

38 nS

Supplementary Table 3 | Extracted fitting parameters for pattern recognition tasks.
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Supplementary Note 1. Nonlinearity analysis of the LTP/LTD curves

As shown in Supplementary Figure 3, the nonlinearity () was obtained by fitting the LTP/LTD
curves with the following weight update formula:

Gn—Gmin

Gpi1 =G, + AGp = G, + ape_ﬁPGmax—Gmin,

_ Gmax—Gn

D
G‘I’L+1 = GTL + AGD = Gn — ape Gmax_Gmin.

Here, Gn+1 and Gn represent the conductance values of the synaptic device when the n+1" and n'"
spikes were applied, respectively. Gmax and Gmin represent the maximum and minimum conductance
values. The parameters o and  indicate the step size of the conductance and the nonlinearity, respectively.
As shown in Supplementary Figure 3a, a larger B corresponds to higher nonlinearity. The nonlinearity
values obtained from the fitted LTP/LTD curves were 2.3/21 and 8.5/2, respectively (see Supplementary
Fig. 3b). We also compared the nonlinearity of our hybrid device with the values of artificial synapses
reported heretofore, as shown in Supplementary Figure 3¢.21°

Supplementary Note 2. Symmetricity analysis of the LTP/LTD curves

Supplementary Figure 4a shows the LTP/LTD curves of the vdW-hybrid synaptic device, as well as
its k™ (red dot) and (2n-k)™ conductance states (blue dot). We defined the symmetricity as the reciprocal

of the symmetric error (Ssymmetricity = : ). The symmetric error was defined as follows:

symmetric error

- — yk=n GNR)-GN@N-K)? _ ¢k=n (G(K)=Gmin)=(6(2n—K)=Gmin))* _
Symmetric error = YX=" m = Xk=1 (G —Grm)? =

=n (G(K)—-G(2n—k))? G (K)=Gmin
I]ﬁ:? n(Gmax_Gmin)z ,Where GN(k) - GmaX_Gmin.

Here, Gn, Gmax, and Gmin represent the normalized value of the conductance, the maximum value of
the conductance, and the minimum value of the conductance, respectively. Supplementary Figure 4b

shows the asymmetric (symmetric error = ) and symmetric (Symmetric error = 0) LTP/LTD curves.

Supplementary Note 3. Conductance variations for the three types of synaptic devices

As shown in Supplementary Figures 7a—c, we applied eight spikes in a row for potentiation and
depression (two exhibitory, two inhibitory, two exhibitory, and two inhibitory) to the WCTs of the three
types of devices. Consequently, the conductance of the WSe; and MoS: devices decreased (conductance
variation o = -19.65%) and increased (o = +13.46%), respectively, compared with the initial values. For
the hybrid synaptic device, a conductance similar to the initial value was observed under the same spike
conditions (o = -1.73%).

Supplementary Note 4. Energy distribution of trap states in WCL

The energy distribution of the trap states was investigated via micro photoluminescence (PL) and
micro X-ray spectroscopy (XPS) measurements. As shown in Supplementary Figure 8, the PL spectra
were measured on four different #2-BN control samples without weight control layer (WCL), where
temperature (7) and excitation wavelength (4exc) were 300 K and 325 nm, respectively.

We confirmed eight PL peaks which are expected to be caused by intrinsic defects such as a nitrogen
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vacancy (Vn), a boron vacance (Vg), or an anti-site complex in which the nitrogen occupies the boron site
(NBVn).?! Then, as shown in Supplementary Figure 9, the PL spectra of the four 2-BN samples with WCL
(h-BN/WCL structure) were obtained under the same conditions (7= 300 K and Aext = 325 nm). Similarly
to the control samples without WCL, in the four 42-BN samples with WCL, we also confirmed the eight
PL peaks. The intensity of the PL spectra increased overall, where the PL peaks 7&8 located at relatively
large energy region increased significantly. Thus, it is expected that the energy levels for the trap states
generated by the plasma treatment are mainly distributed in the higher energy region which is closer to
the conduction band of #-BN.

As shown in Supplementary Figure 10, we then confirmed the increase in boron vacancy (Vs) and
anti-site nitrogen vacancy (NeVn), where the atomic concentration of Vg and NgVn increased from 3.39%
to 3.98%. Besides, new compounds with respect to carbon and fluorine were generated after the CF4
plasma treatment. Thus, the energy levels of the newly generated traps seem to be related with the boron
vacancies and/or compounds based on carbon and fluorine.

Supplementary Note 5. Electrical transfer curves of the potentiation and depression channels and
their approximate uniform trap density in the WCL

Supplementary Figures 11a and d show the transfer curves of the potentiation (WSez) and depression
(MoS>) channels. We swept the control voltage from 15 to —15 V (for the potentiation channel) and from
—15 to 15 V (for the depression channel) and then measured the postsynaptic current between the
presynaptic and postsynaptic terminals. Without the WCL, hysteresis was not observed in either channel.
This is mainly because a defect-free heterojunction was created between the h-BN and WSe2/MoS; layers.
In contrast, with the WCL, hysteresis was clearly observed. The WCLs were created via CFs plasma
treatment with a 10-W reactive ion etcher power and 10-s process time.

In the LTP/LTD curves of the potentiation and depression channels, as shown in Supplementary
Figures 11b and e, the control voltage shift (AV) between Gmin and Gmax was 1.6 (WSe;) and 1.55 V
(MoS>), respectively. Assuming that the AV is determined only by AQ;,

—_40i _ _ 1.1 rlox _ _avgd 2 _ .2
AV - Cl - Cl tOX fo xp dx - ZC]tOX (tOX tbn)’
where navg and A represents the approximate uniform trap density in the WCL layer and active area,
respectively, and ty,x = tyn + twa (ton and twe represent the thicknesses of the h-BN and WCL,

: R . _ ConCwa _ AgpnEwcl
respectively). Cjis defined as Cpp, + Cyyal = T Sl v—— where Cpn and Cuwel represent
the capacitances of the h-BN and WCL, and e and ewc represent the permittivity values for the h-BN

and WCL.

Therefore, nayg is obtained as

—2CjtoxAV 3
n = ————— |tm
Ve qA(tix—thy) [em],

which is approximately 5.2 x 10" and 5.8 x 10*" cm™ for A = 25 um? epn = 4.5¢0 and ewe = 4.8¢o,
respectively (for the potentiation channel, ton = 60.1 and twe = 11.1 nm; for the depression channel, to, =
64.1 and twer= 10.5 nm).

Supplementary Note 6. Extraction of the injection barrier height in the potentiation and depression
channel
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As shown in Supplementary Figure 12, we found the barrier height in the potentiation and depression
channel through temperature-dependent electrical measurements in the WSe and MoS; transistor with Pt
source/drain (for WSe>) and Ti source/drain (for MoS>) electrodes. Because the WSe, and MoS; transistor
operates under thermionic emission and diffusion mechanisms, a conventional Richardson plot does not
give a linear fit over the whole temperature range. Thus, we employed a modified Richardson plotting
method based on a thermionic emission-diffusion model.??® As shown in Supplementary Figure 12, the
linearity in the In(lo/T?) — g00?/2(ksT)? versus g/ksT plot was obtained, where lo is the saturation current,
T is the measurement temperature, q is the elementary charge, oo is the standard deviation of the Gaussian
distribution, and ks is the Boltzmann constant. From the slope in the modified Richardson plot, the
injection barrier height of potentiation and depression channel was estimated to be 0.31 and 0.19 eV,
respectively.

Supplementary Note 7. PSC response to a negative voltage spike in the potentiation and depression
channels

We investigated the negative voltage spike response in the current paths of the potentiation and
depression channels in detail. When a negative voltage spike was applied to the WCT for each channel,
the PSCs flowing through the potentiation and depression channels decreased from 68 to 46 nA and
increased from 35 to 45 nA, respectively, as shown in Supplementary Figure 13a. This is because the de-
trapping of the electrons from the WCL increased the number of electrons in the WSe, and MoS; channels,
increasing and decreasing the width of the tunneling barrier (Wyn) from the presynaptic terminal (Tpre)
metal to the TMDs (see Supplementary Fig. 13b).

Supplementary Note 8. Measurement setup for the KPFM analysis

The NX10 (Park Systems Corp.) AFM system was used to obtain the work function. Prior to the
KPFM measurement, the KPFM tip (platinum/iridium (Pt/Ir)-coated Si tip) was calibrated on a highly
oriented pyrolytic graphite (HOPG) surface. The HOPG surface is conventionally used to calibrate the
work function of the KPFM tip owing to its clean surface and well defined work function (4.6 eV). The
average AVcpp values of the WSe, and MoS; flakes were obtained as —260 and —150 mV, respectively.
As AVcpp is the difference between the KPFM tip and sample work functions, the work function values
of the WSe; and MoS; flakes can be calculated using the following equation: @s = ®yip - AVcpp, Where @s
and &yp are the work functions of the samples (WSe2 and MoS;) and the KPFM tip, respectively. Here,
®iip Was obtained from the sum of the HOPG work function (®Horc) and the AVcep between the KPFM
tip and the HOPG surface (@tip = ®Hopc + AVerp_Hors). Therefore, the work function values of the WSe;
and MoS; films can be estimated as approximately 4.86 and 4.75 eV, respectively (see Fig. 2d bottom).

Supplementary Note 9. The linearity of PSC determined by the weight updating origin and the
polarity of channel

[Weight updating origin]

Electron trapping: When excitatory spikes are applied in a row to the WCT, the energy band of the
semiconductor is instantly bent downward, inducing an electrical field that attracts electrons toward the
WCL. Simultaneously, the probability of trap states being filled increases due to the upward movement
of the semiconductor's Fermi level. Therefore, the trap sites at the WCL are partially filled with electrons
for each excitatory spike, which gradually decreases the surface potential of the p- and n-type
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semiconductors (# of holes in WSe> channelf, # of electrons in MoS; channel ).

Electron de-trapping: Meanwhile, when inhibitory spikes are applied in a row after the excitatory
spikes, the energy band of the semiconductor is instantly bent upward, inducing an electrical field that de-
traps electrons. Additionally, the many empty states in the semiconductor’s conduction band allow the
majority of trapped electrons to be released from the WCL during the initial few inhibitory spikes.
Consequently, the surface potential of the semiconductors increases rapidly at first and then gradually
becomes saturated (# of holes in WSe> channel |, # of electrons in MoS; channel?).

[Channel polarity]

WSe: (p-type) channel: After each excitatory spike is applied in a row to the WCT, the energy band
of the WSe» semiconductor gradually moves down because of the trapped electrons, gradually increasing
holes in the WSe: channel and the PSC. For the application of inhibitory spikes, the number of holes in
the channel and the PSC decrease unevenly owing to the non-gradual de-trapping of electrons.

— “Linear potentiation” and “Non-linear depression”

MoS; (n-type) channel: After each excitatory spike is applied in a row to the WCT, the energy band
of the MoS, semiconductor gradually moves down like the above WSe» case because of the trapped
electrons, gradually decreasing electrons in the MoS, channel and the PSC. For the application of
inhibitory spikes, the number of electrons in the channel and the PSC increase unevenly owing to the non-
gradual de-trapping of electrons.

— “Linear depression” and “Non-linear potentiation”

Supplementary Note 10. The operating (reading and updating) energy of the vdW-hybrid synaptic
device

As shown in Supplementary Figure 14, we investigated the reading/updating energy for the
potentiation and depression channels, especially with respect to the amplitude and duration of spike. The
reading/updating energy of vdW-hybrid synaptic device can be estimated using the following formula:

Preading = Vspike X Tduration X IPSC
Pupdating = Vspike X Tduration X Ileakage
Here, Vpike and Tquration denote the amplitude and the duration of the spike, respectively. Ipsc and /icakage
denote the postsynaptic current across the hybrid channel and the gate leakage current flowing across the
gate dielectric layer when a spike is applied, respectively.

Supplementary Note 11. PSC response with respect to the conditions of the spikes and CF4 plasma
treatment

We investigated the EPSC and IPSC responses with respect to the conditions of the spikes and CF4
plasma treatment in the potentiation and depression channels in detail. When a positive voltage spike was
applied to the WCTs for the potentiation and depression channels, the PSCs flowing through the
potentiation and depression channels increased and decreased, respectively, as shown in Supplementary
Figure 15a. As the amplitude and duration of the spikes increased, AGpotentiation and AGpepression in the
potentiation and depression channels, respectively, increased (see Supplementary Fig. 15b and c). This is
because the number of electrons trapped in the WCL increased with the amplitude and duration of the
spikes, inducing a larger width change in the tunneling barrier from the presynaptic terminal metal to the
TMDs. As illustrated in Supplementary Figure 15d, we also varied the conditions of the CF4 plasma
treatment, i.e., the process time and the reactive ion etcher power. As the plasma process time and the
reactive ion etcher power increased, AGpotentiation and AGpepression IN the potentiation and depression
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channels, respectively, increased, as shown in Supplementary Fig. 15e and f. This is presumably because
the number of trap states in the WCL increased with the process time and power.

Supplementary Note 12. Nonlinearity with respect to the conditions of spikes and CF4 plasma
treatment

As shown in Supplementary Figure 18, we investigated the nonlinearity in the potentiation channel
and depression channel with respect to the conditions of spikes and CF4 plasma treatment. When a larger
or longer spike was applied to the WCT, the nonlinearity increased, as shown in Supplementary Figures
18a-b. When spikes were applied, the corresponding current was abruptly increased and then slowly
decreased. This is because the electrons trapped in shallow/fast traps were recovered transiently. On the
other hand, as shown in Figures 18c-d, it was confirmed that the nonlinearity was maintained regardless
of the plasma treatment conditions.

Supplementary Note 13. Cycle-to-cycle variation (CCV) of the synaptic devices

The CCV represents the degree of variation during the conductance potentiation or depression
process. To estimate the CCV, we employed the following weight update formula:

—ﬁp Gn—Gmin
Gn+1 = Gﬂ + AGP = GTl + O-pape Gmax_Gmin,

-B _Gmax=Gn_
Gni1 = Gy + AGp = G, — opape ' Gmax—Gmin,
where gp = CCVp X Randn and o, = CCVp X Randn.

Here, g, and o, are parameters related to the CCVs in the potentiation and depression channels,
respectively. o is defined as the product of the CCV and Randn, and Randn is a normalized random
number ranging from —1 to +1. Supplementary Figures 20a and b show the fitted potentiation and
depression curves, respectively, for different CCVs (0.1%, 3%, and 5%), which were obtained using the
above formula. As a result of fitting the LTP and LTD curves of the hybrid synaptic device, a CCV of
0.1% was obtained for the potentiation and depression channels, respectively, as shown in Supplementary
Figure 20c.

Supplementary Note 14. Dependence of dynamic range and symmetricity on spike conditions

For the dynamic range of LTP/LTD curves, when a larger, longer, or faster spike was applied to the
WCT, this value increased, as shown in Figures 3d-f. It is predicted that the greater number of electrons
trapped by spikes with larger amplitude, duration, and frequency induced higher concentration of holes
in the WSe> and MoS: channels, as shown in Supplementary Figures 22a and b.

For the symmetricity of LTP/LTD curves, when a larger, longer, or faster spikes was applied to the
WCT, this value decreased, as shown in Figures 3d-f. As illustrated in Figures 2e and f and Supplementary
Figure 12a, when an exhibitory spike was applied, the corresponding current was abruptly increased and
then slowly decreased. This is because the electrons trapped in shallow/fast traps were recovered
transiently. When high-frequency spikes are applied in a row, electrons are trapped consecutively before
the electrons are sufficiently released from the WCL, as shown in Supplementary Figure 22c. Therefore,
at the end of LTP or LTD process, the number of unoccupied traps at the WCL is reduced. This
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consequently increases nonlinearity for LTP/LTD curves and reduces symmetricity. In addition, similar
dependence of nonlinearity and symmetricity is expected when spikes with high-amplitude and duration
are applied in a row.

Supplementary Note 15. Design for the acoustic pattern and the designed acoustic patterns

For the simulation task shown in Supplementary Figure 23, we prepared training and inference
datasets with 3000 training and 400 inference acoustic pattern images for five distinct words: “apple,”
“orange,” “kiwi,” “banana,” and “strawberry.” The dataset for each word consisted of 600 training and
80 inference acoustic pattern images.

Supplementary Note 16. Datasets for spoken digits

As shown in Supplementary Figure 24, we prepared two types of spoken digit datasets consisting of
cochleagram patterns or our acoustic patterns, where the Lyon’s auditory model was applied to create the
cochleagram patterns.?* Datasets consisted of 2000 training and 2000 inference pattern images for ten
distinct digits (from “0” to “9”), and each pixel in the pattern images had a grayscale value in range of 0-
255.

Supplementary Note 17. Recognition rate for acoustic patterns with respect to various spike
conditions

As shown in Supplementary Figure 28, we investigated the recognition rate for acoustic patterns with
respect to various spike conditions (number, amplitude, duration, and frequency of spikes). As the number
of spikes increases (from 32 to 128), the recognition rate increased (from 87.5 to 93.1%). This is mainly
because the dynamic range increases (from 96.12 to 178 nS) while the symmetricity is maintained
(between 7.95 and 7.61) as the number of spikes increases. On the other hand, as the amplitude, duration,
and frequency of spikes increase, the recognition rate decreases (amplitude: from 93.1 to 78.5%, duration:
from 93.6 to 82.5%, frequency: from 90.7 to 81.6%). Here, the dynamic range increases as the amplitude
(from 95 to 326 nS), duration (from 91 to 270 nS), and frequency (from 71 to 95 nS) of spikes increase,
and the symmetricity decreases (amplitude: from 91.9 to 83.3%, duration: from 94.1 to 79.2%, frequency:
from 92.2 to 83.3%). In summary, (i) the increase in the number of spikes and the decrease in the
amplitude, duration, and frequency of spikes induce an increase in the recognition of HW-NN, and (ii)
the sensitivity of the recognition rate of HW-NN on symmetricity is larger than that on dynamic range.

Supplementary Note 17. MNIST pattern recognition task

Supplementary Figure 29 shows the MNIST pattern recognition tasks via single-layer NNs and
multi-layer NNs, where they comprised artificial synapses such as WSe2, MoS,, hybrid, or ideal synaptic
devices. For the single-layer NNs with 784 input neurons, 784 x 10 artificial synapses, and 10 output
neurons, the voltage signals corresponding to each pixel of MNIST pattern were assumed to be applied to
the input neuron layer. Those were multiplied by the synapses weight (Wnm) and then summed at the
output neurons, resulting in output currents. The output value obtained via the sigmoid activiation function
was then compared with each label value. Finally, synapse weights were updated on basis of
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backpropagation algorithm (described in Experimental Section). The maximum recognition rates were
68.2%, 70.1%, 76.7%, and 77.2% for the WSe>, MoS,, vdW-hybrid, and ideal synaptic devices (see also
Supplementary Table 3).

For the multi-layer NNs with 400 input neurons, 400x100 and 100x10 artificial synapses, and 10
output neurons, we employed NeuroSim+, which is an integrated simulation framework for benchmarking
synaptic devices in terms of the system-level learning accuracy.!! The maximum recognition rates were
37.1%, 9.8%, 91.5%, and 93.5% for the WSe>, MoS,, vdW-hybrid, and ideal synaptic devices. Here,
ideal synaptic devices feature linear and symmetric conductance change, >10 dynamic range, >128
number of conductance states, and <1% cycle-to-cycle variation, as shown in Supplementary Table 2.

Supplementary Note 19. Evaluation of nonlinearity of the artificial synapses reported to date

As shown in Supplementary Table 1, the nonlinearity of the artificial synapses reported to date was
evaluated. Here, the evaluation of the nonlinearity was performed by fitting the LTP/LTD characteristic
curves with the following weight-update formulas:

Gn—Gmin

Gn+1 = Gn + AGP = Gn + (Xpe_ﬁpamax_amin,

—Bp Gmax—Gn
Gn+1 = Gn + AGD = Gn — ape Gmax~Gmin,

In these equations, Gn+1 and Gn denote the synaptic conductance when the n+1" and n pulses are
applied, respectively. Gmax and Gmin indicate the maximum and minimum conductance values,
respectively. Parameters o and 3 are the conductance change amount and the nonlinearity, respectively.
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