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Abstract: We present a numerical design of the plasmonic memristive switching device operated
at the telecommunication wavelength of 1.55 µm, which consists of a triangle-shaped metal taper
mounted on top of a Si waveguide, with rational doping in the area below the apex of the taper. This
device can achieve optimal vertical coupling of light energy from the Si waveguide to the plasmonic
region and, at the same time, focus the plasmon into the apex of the metal taper. Moreover, the area
with concentrated plasmon is overlapped with that where the memristive switching occurs, due to
the formation/removal of the metallic nano-filament. As a result, the highly distinct transmission
induced by the switching of the plasmonic memristor can be produced because of the maximized
interactions between the filament and the plasmon. Our numerical simulation shows that the device
hasa compact size (610 nm), low insertion loss (~1 dB), and high extinction efficiency (4.6 dB/µm).
Additionally, we point out that stabilizing the size of the filament is critical to improve the operation
repeatability of the plasmonic memristive switching device.

Keywords: silicon photonics; plasmonics; neuromorphic computing; nano-filament

1. Introduction

Integrated photonic chips have been widely studied and applied in photonic science
and engineering, which can efficiently speed up on-chip information processing [1]. How-
ever, owing to the diffraction limit, it is difficult to realize integrated photonic circuits
with a density comparable to the electronic counterpart [1]. In recent years, much research
attention has been paid to plasmonic devices, which have the capability of controlling
the light fieldon a deep subwavelength scale [2–6]. Along with the good development of
the components for the propagation, modulationand detection of plasmon [7–9], explo-
rations of plasmonic devices for logic operation and data storage are also on the road, e.g.,
recently, surface plasmon polaritons (SPP) were introduced into the memristor, making
its resistive state optical readable [10]. This is from the perspective that the combination
of plasmon and the memristor might induce unique opportunities for new functional
plasmonic devices.

The memristor is a device that can be tuned between a high-resistance (HR) state
and low-resistance (LR) state by the external voltage/current signal (Figure 1a) [11]. It
typically consists of a capacitor-like metal–insulator–metal (MIM) or metal–insulator–semi-
conductor (MIS) structure [11–13], which naturallycould also serve as the plasmonic waveg-
uide [14]. Hence, interestingly, the memristor in an HR or LR state could exhibit a discrepant
optical response when interacting with the plasmon, as shown in Figure 1b [10,14,15]. This
system (namely, “plasmonic memristor”), on one hand, has volatile or non-volatile mem-
ory with electrical write/erase and optical readout functionality [10,15,16]. On the other
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hand, noting the potential of the memristor as a basic unit for a chip with the capability of
neuron computation and implication logical operation [17,18], many of the applications,
such as in-memory optical computing, optoelectronic artificial synapses, image recog-
nition and even neuromorphic visual systems, were explored at different wavelength
ranges [10,14,15,19–23]. The plasmonic memristor based on a silicon photonics platform
is especially attractive, due to its emerging chances to realize large-scale interrogation
via a CMOS compatible process [10,14,15,19,20], as well as its potential to fuse its data
processing capability with the strong power of silicon photonics on data transmission at
communication wavelengths around 1.31 µm and 1.55 µm [19,20].
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Figure 1. (a) Memristive behaviors of Ag/SiO2/Si trilayer system; (b) conceptual illustration of the distinct interaction
between plasmon and memristor at HR (upper) and LR (bottom) state; (c) three-dimensional visualization of the designed
plasmonic memristor based on triangle-shaped metal taper on top of a dielectric wave guide (BOX: buried oxide); (d) top
view; and (e) side view of the plasmonic memristor.

There are many memristive mechanisms [24–26], which enable the use of optical
memristive switches at the micro- to atomic scale [16]. In the plasmonic memristor based
on the formation/rupture of the metallic filament in the insulator, its filament induces
absorption and scattering in small volumes at the nano- or even atomic scale [10,14].This, in
principle, is quite beneficial to shrink the size of the plasmonic memristor. In this work, we
numerically design a plasmonic memristor operating at a telecom wavelength of 1.55 µm,
based on filament formation/rupture. The simulation shows that the proposed structure is
rather compact (width ~400 nm, length ~610 nm), and with a relative low loss and high
extinction efficiency [10,14].
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2. Experimental and Methods

The basic structure of the device proposed in this work is a small triangle-shaped Ag
taper on top of a silicon (Si) waveguide, as shown in Figure 1c. The substrate is silicon
dioxide (SiO2), and a SiO2 buffer layer is used to separate the Ag triangle and the Si
waveguide. Such an MIS (Ag/SiO2/Si) structure could guide the plasmon, but to ensure
the device could truly work similarly to a plasmonic memristor, we still experimentally
pre-check the memristive behaviors of the Ag/SiO2/Si tri-layered system. Its preparation
starts from the p-doped Si substrate, which is ultrasonically cleaned successively in acetone,
ethanol, acetone, ethanol, and deionized water for 10 min each, then blown dry by N2 flow
and baked in vacuum oven at 120 ◦C for 2 h. A layer ofSiO2 with thickness of ~30 nm is
deposited by e-beam evaporation (BOC Edward FL400) on the cleaned silicon chip, which
is dipped in 10% HF solution and blown dry by N2 flow to remove the natural surface oxide
layer. After that, the top electrode Ag layer with 100 nm thickness is defined by lithography
plus lift-off process (SUSS MJB4). The electrical tests on the obtained sample are performed
on Keithley-2635A sourcemeter. A voltage sequence (0 V→ 2 V→−1 V→ 0 V) is applied
on the Ag/SiO2/Si trilayer structure and the current is probed, where the positive voltage
is applied from Ag to Si (serves as the grounded bottom electrode). On the other hand, the
numerical design of the plasmonic memristor containingAg/SiO2/Si trilayer structure is
performed in FDTD solution and mode solution from Ansys-Lumerical.

3. Results and Discussions
3.1. The Device Working Principle

As shown in Figure 1a, as the positive voltage reaches ~1 V, the current through the
device presents a sudden increase, which corresponds to the switching of the Ag/SiO2/Si
system from an HR to LR state; while, in the negative voltage regime, a voltage ~−0.8 V
could produce the reverse switching from the LR to HR state. Such inter-switching between
the HR and LR state, under a rational electrical field, is a typical memristive phenomenon,
verifying the Ag/SiO2/Si trilayer structure could be a good memristor. Moreover, the
IV characteristic of the Ag/SiO2/Si device in the LR state seems highly ohmic, which
is a conductive feature of the metal and strongly implies the formation of a metal fila-
ment during the switching. Hence, without the loss of rationality, we assume that the
Ag/SiO2/Si memristor is based on a metal filament formation/rupture mechanism. Under
this precondition, the Ag/SiO2/Si system with a triangle-shaped Ag taperis employed
to design the plasmonic memristor because it is a memristor and could simultaneously
support the HP mode in the SiO2 buffer layer.

In this system, it has been observed that the plasmon can be concentrated to the area
below the apex of the taper (Figure 1d, the top view of the structure), while the loss is low
and the size is small [27,28]. Hence, if the length of the taper is also chosen to maximize the
energy transfer from the incident Si waveguide to plasmonic taper (Figure 1e, the side view
of the structure) [28], these two factors together ensure that the electromagnetic energy of
the incident light could be tightly focused on the SiO2 buffer layer at the area below the
apex of the taper, with a small volume. Furthermore, the Ag taper can also be employed as
the top electrode of the plasmonic memristor, and connected via the Ag line on its upper
side, while the bottom electrode is the silicon with p-doping in the area below the apex
of the taper (note that the Ag taper, the SiO2 buffer layer, and the Si waveguide together
form the memristive Ag/SiO2/Si trilayer structure; the heavy doping level to the silicon at
the ~1020 cm−3 level is suggested to minimize series resistance [29]). Since the memristive
behavior (the filament forms or dissolves) would just take place in the area sandwiched by
the top and bottom electrode [24,26], i.e., the zone in the SiO2 buffer layer below the apex
of the taper (as marked by a red dotted line in Figure 1d,e), the memristive area would be
exactly overlapped with the concentrated light. As a result, the interactions between the
plasmon and the filament are maximized to obtain a high extinction efficiency. Meanwhile,
the device has a compact size (as discussed below), and, consequently, low loss. This is the
core thought of our work.
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The geometric structure of the device is shown in its top view (Figure 1d) and side
view (Figure 1e). We use W to denote the length of the base of the isosceles triangle (metal
taper), and L to denote the perpendicular length from the input side to the apex. For
simplicity, we will call W the (maximum) width of the triangle and L the length of the
triangle throughout this paper. Since the apex of the metal triangle is always rounded up
in real manufacturing, we introduce the radius of curvature R (=20 nm) at the tip, which
is a typical feature size feasible by, e.g., a regular e-beam lithography tool, if no special
measures are conducted to further enhance the fabrication resolution [30].

3.2. Mode Analysis of the Plasmonic Memristor

There are two types of modes existing in the plasmonic taper, TE-like modes and TM-
like modes [28], but the TM-like modes are of more of interest because they can be focused
at the tip of the triangle, as opposed to the TE modes. Hence, in the following, we naturally
focus on the TM-like modes in the taper (Figure 2a). As specified for the incident funda-
mental TM photonic mode of the Si waveguide at a wavelength of 1550 nm (Figure 2b,c),
the HTM, 0 and HTM, 1 super modes can be excited at the input of the plasmonic taper (i.e., at
w = 400 nm, see Figure 2d–g). The width of the taper gradually decreases from w = 400 nm
at the input to w = 0 nm at the apex (their mode profiles at the place near the apex with a
narrow taper width of 40 nm are shown in Figure 2h–k), which can be confirmed from the
dependence of the effective index of these modes on the taper width, as shown in Figure 2l.
It can be clearly observed that for either of the HTM, 0 and HTM, 1 modes, the electrical field
is tightly confined in the SiO2 layer. Meanwhile, their distribution is always under the
metal zone, such that the HTM, 0 and HTM, 1 modes are highly overlapped with each other
in the taper, and, accordingly, they propagate through the plasmonic nano-taper and could
couple via directional coupling mechanism [28].
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Figure 2. (a) The concerned sites (input and apex as marked by red dashed lines) in the mode analysis
to the plasmonic memristor; (b) electrical field and (c) magnetic field profile of the TM mode inputted
from Si waveguide; (d) electrical field and (e) magnetic field profile of the HTM, 0 mode exited at the
input of the taper (w = 400 nm); (f) electrical field and (g) magnetic field profile of the HTM, 1 mode
exited at the input of the taper (w = 400 nm); (h) electrical field and (i) magnetic field profile of the
HTM, 0 mode propagated to the apex of the taper (w = 40 nm); (j) electrical field and (k) magnetic
field profile of the HTM, 1 mode propagated to the apex of the taper (w = 40 nm); (l) mode effective
indices of HTM, 0 and HTM, 1 modes as the function of the width at different sites of silver taper.

As specified for the HTM, 0 and HTM, 1 modes, the beat length (BL), given by the length
over which the relative phase of the super modes differs by 2π, is inversely proportional
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to the real part of the difference between their effective indices, and can be obtained as
follows [28]:

BL(w) = λ/Re(∆ne f f (w)) (1)

where λ is the operation wavelength, and ∆neff is the difference between the effective index
of HTM, 0 and that of HTM, 1. Obviously, BL decreases as the light propagates along the
triangle because the effective index of HTM, 0 increases steeply as the width of the triangle
nanotaper decreases, as shown in Figure 2l. Finally, the effective index of HTM, 0 increases
asymptotically to infinity, as the effective index of HTM, 1 is less than 2.5 (Figure 2l), and,
thus, the BL approaches zero at the apex of the triangle taper, where the group velocity
asymptotically approaches zero. Consequently, the electromagnetic energy is horizontally
focused at the apex of the taper. Such a light localization process is common to most
geometry-induced nano-focusing based on structures such as the plasmonic taper shown
here [31], and serves as one of the main mechanisms to produce extreme light concentration
(Figure 1c). Moreover, we check the light-leaking during the focusing by the adiabatic
theory. Especially, using the Wentzel−Kramers−Brillouin (WKB) approximation, the
aneikonal parameter (also called adiabatic parameter) can be defined as [31]:

δ =
∣∣∣(dw/dx)(d(k0ne f f )

−1/dx)
∣∣∣ (2)

where k0 and neff are the wavevector in vacuum and the effective index of the HTM, 0 mode,
respectively. The eikonal parameter for the HTM, 0 mode (the main adiabatically changing
mode when the width w is tapered down) is less than 0.5 (dw/dx) when w > 16 nm,
indicating quite-low light-leaking generated in this geometry focusing process. Besides
geometry focusing, another critical factor for the light concentration in our plasmonic
memristor is the optimal energy transfer from the dielectric waveguide to the plasmonic
taper [28]. In particular, for a taper with length L, the following applies:

L∫
0

dz
BL(w)

=

 L∫
0

∆ne f f (w)dz

/λ = 1/2 (3)

where z is the position away from the input end, and w is the width of the metal taper
at position z. Here w is determined by the width at the input end (W = 400 nm) and the
taper length L with w(z) = W(L − z)/L, if the shape imperfection due to apex-rounding are
ignored. Then, the light energy could be vertically coupled efficiently into the SiO2 buffer
layer at the apex of the taper (Figure 1d). The combination of geometry-induced horizontal
focusing and optimal energy transfer to the plasmonic taper would maximize the light
concentration in the SiO2 buffer layer at the apex of the taper, which is overlapped with the
memristive area where the filament could form or dissolve. This is the key to achieving a
high extinction efficiency.

3.3. The Properties of the Plasmonic Memristor with Specified Size

The performance of the plasmonic memristor can be evaluated by checking its optical
transmission at the HR stateand LRstate, as well as comparing their difference via a finite-
difference time-domain (FDTD, Lumerical solution) simulation. A mode source (TM0, see
Figure 2b) supported by the Si waveguide is feed in at the input side and propagates to
the taper apex. When the plasmonic memristor is at the HR state, the incident light will
go forwards continuously along the Si waveguide. Consequently, the monitor that detects
the output light would receive a strong signal, i.e., the plasmonic memristor at the HR
state is highly transparent for the TM0 incident source; while, for the device at the LR state,
metal filaments would form in the SiO2 buffer layer, resulting in the light absorbing and
scattering. Accordingly, low light transmission is produced. The transmission difference
between the HR and LR state could be a qualitative reflection of the plasmon–filament
interaction, and could be used to evaluate the performance of the plasmonic memristor.
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Although, in the real device, the size, shape and/or site of the filament could be highly
random, without the loss of generality, here, we set our plasmonic memristor at the LR
state, with a circular filament in the SiO2 buffer layer under the taper apex, located at the
center of the circle, as marked in Figure 2a. The diameter of the filament is set as ~10 nm,
according to Refs. [32–34] (the geometric influence of the filament will be discussed in
detail in Section 3.5).

The specific size of the taper, as well as the Si waveguide, is as shown in Figure 1c,d;
however, since L is governed by an integral equation (Equation (3)), and neff(w) in this
equation is not given in an analytical form, but from the numerical calculated effective
index of the HTM, 0 and HTM, 1 modes at different widths w, it is quite difficult to explicitly
determine the taper length by Equation (3). However, considering that the BL of the
triangular taper can be approached by BL (wavg) [28], where wavg is the average metallic
width over the taper length, corresponding to about 1/2 of the maximum width W of the
taper (i.e., wavg ≈W/2 = 200 nm), we obtain the following:

∆ne f f (wavg)L ≈ λ/2 or L ≈ λ

2∆ne f f (wavg)
(4)

It is noteworthy that from the calculation based on Equation (4), we cannot obtain
a precise value of the optimal L because neff(w) would become very large as w is small,
and the initial phase difference between HTM, 0 and HTM, 1 at the input side is not taken

into account. As a result,
L∫

0
∆ne f f (w)dz would be underestimated by neff(wavg)L, resulting

in the overestimation of the rational taper length from Equation (4). However, such
an approach, as well as the proportional relationship between the taper length and the
wavelength revealed from it, still gives us the clues to obtain the rational initial design
and/or the guideline for further structure optimization. The optimized length L is 610 nm
to produce the maximum extinction ratio at the telecommunication wavelength of 1.55 µm
(the details of the optimization will be discussed, together with the taper length dependence
of the properties of the plasmonic memristor, in Section 3.4). In this structure, geometry-
induced horizontal focusing can be clearly observed in Figure 3a, and the optimal energy
transfer to the plasmonic taper is also achieved (Figure 3b). These two effects co-produce
the strong plasmon–filament interaction as the device is switched to the LR state, as
shown in Figure 3c,d. From the optical transmission features (Figure 3e), it is found that
its LR and HR states correspond to two distinct spectra, TLR (λ) and THR (λ), especially
around the C-band (~1.55 µm). Accordingly, it produces an extinction ratio (defined
as −10l g (TLR/THR)) of 2.8 dB at the wavelength 1550 nm (Figure 3f), equivalent to
the extinction efficiency of 4.6 dB/µm. Moreover, as this design has a compact size
(overall length is 610 nm) much shorter than other structures [10,14,35], the intrinsic
propagation loss of the plasmonic taper, positively correlated to its length, is reduced [36],
resulting in a quite low loss of typically ~1 dB around 1550 nm (Figure 3f). Although the
properties of the device discussed in this work are evaluated based on the simulations, and
are perhaps not suitable to directly compare with the experimental reports summarized
in Table 1 [10,14,19,20,35,37], the achieved results still imply that introducing the small
triangle-shaped metal taper on top of the dielectric waveguide could be a promising design
for a plasmonic memristor with superior performances. However, it is noteworthy that
at the other important communication window (1.31 µm, O-band), the spectra change
induced by the memristive switching is much weaker, and in an even shorter wavelength
range, and the transmission spectra of the device at the HR state become very close to
that at the LR state (see Figures 3e and 4); hence, in the following, we mainly focus on the
1.55 µm range.
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Table 1. Summary of the performances of some reported plasmonic memristors.

Refs Device Length
(µm) Loss (dB) extinction Ratio

(dB)
Extinction Efficiency

(dB/µm)

[10] 3 4.2 0.09 0.03
[14] 5 (10) 18 (23) 6 (12) 1.2
[25] 2.2 25 9.2 4.2

[32] *,# 5 0.2 10 2
[33] 5000 / 10 0.002
[34] 1000 / 16 0.016
This

work * 0.61 1 2.8 4.6

# Employ the epsilon-near-zero media between metal-like (plasmonic dispersion) and dielectric-like response;
* numerical simulation results.
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3.4. Taper Length Dependence of the Properties of the Plasmonic Memristor

Initially, we estimate the optimal taper length (=791 nm) by Equation (4), and simulate
the optical response of this structure at both the LR and HR states. It founds a maximum
extinction ratio at a relatively longer wavelength out of the telecommunication window.
However, as the taper length is gradually reduced, a high ER at the C-band can be achieved,
and, finally, we can obtain the best ER when the taper length is 610 nm, as proposed above.
To further study the influences of the taper length on our plasmonic memristor around the
C-band, in this section, we discuss the transmission spectra of the plasmonic memristor (in
both the HR and LR states) with different metallic taper lengths, from 0.65 µm to 0.45 µm.

Figure 4a shows that the transmission T of the plasmonic memristor (at the HR state)
is generally at a high level (from 0.95 to 0.6, depending on the taper length) at wavelengths
from 1.2 µm to 1.6 µm. Accordingly, the insertion loss of the plasmonic memristor is
typically 1~2 dB at the C-band (Figure 4b). Such a low loss in our design, compared
with other reported structures, is due to the compact size, which reduces the intrinsic
propagation loss of the plasmonic taper as discussed above; while, at the LR state, the
transmission of the plasmonic memristor clearly decreases, indicating the remarkable
extinction due to the formation of the filament (Figure 4a). When the taper length changes
from 0.65 µm to 0.45 µm, the maximum extinction ratio shifts from 1.43 µm to 1.58 µm. This
is because of the positive correlation between the operation wavelength and the optimal
taper length, which can be quantitatively observed from Equation (4). However, along
with the shorting of the taper length, the extinction ratio decreases, as shown in Figure 4b.
This is ascribed to the subsiding of the geometry-induced horizontal focusing for the short
taper. Actually, according to the adiabatic theory based on the WKB approximation [31],
for the long taper with a small dw/dx, its adiabatic parameter δ, defined by Equation (2), is
accordingly small, and, subsequently, the geometric focusing of the light would be close
to the ideal adiabatic focusing, while, for the shorter taper (large dw/dx), the δ increases,
and thus the light concentration becomes non-adiabatic, i.e., not all the light input into the
taper could be concentrated to its apex—some light energy leaks out of the taper and does
not contribute to the plasmon-filament interaction [31].

3.5. Filament Dependence of the Properties of the Plasmonic Memristor

Other than the circular column filament with a radius of 10 nm, considered in the
aforementioned simulations, the filament in the cycled operations to the memristor has
a different size and shape, and forms randomly at different sites of the insulator layer
between the two electrodes [24,26]. The influences of these factors should be investigated.
The recent work, based on kinetic Monte Carlo simulation, shows that the extinction
behavior of the filament should be insensitive to its shape, but mainly governed by its
size [32], so without the loss of generality, we fix the shape of the filament as the circular
column, as conducted above, and check the extinction produced by the filament with
a different radius, to evaluate the filament size-dependent properties of the plasmonic
memristor. On the other hand, to understand the effects of the randomness of the filament
site, which is a regular phenomenon existing in the memristor [24], we also study the
variation in extinction due to the change in the position of the filament.

Figure 5a shows that for the taper with a length of 0.61 µm, as the filament radius
decreases from 10 nm to 6 nm, the extinction peak red-shifts remarkably and moves out of
the C-band. As a result, the extinction ratio at 1.55 µm decreases from 2.8 dB to 0.02 dB
(accordingly the extinction efficiency changes from 4.6 dB/µm to 0.033 dB/µm). Similarly,
for the taper with a length of 0.45µm, as the filament radius decreases from 10 nm to 6 nm,
the extinction peak red-shifts from 1.43µm to 1.53 µm, and the maximum extinction ratio
changes from 2.08 dB to 0.65 dB (corresponding to the change in the extinction efficiency
from 4.62 dB/µm to 1.44 dB/µm). Therefore, it can be concluded that the extinction
induced by the formation of the filament is positively correlated to its size. Meanwhile,
it is noteworthy that the smaller the filament, the longer the peak wavelength of the
extinction. The filament size dependence of the extinction behavior is very similar to



Photonics 2021, 8, 437 9 of 11

the spectra features of the electrochemically programmable plasmonic antennas observed
very recently [32]. Such a similarity indicates that the absorption and scattering of the
filament to the plasmon, as proposed in previous research about the extinction mechanism
of the plasmonic memristor [10,14], may be highly affected by the transition of the localized
resonant plasmonic mode (e.g., in the electrochemically programmable plasmonic antennas,
the formation of the filament results in the transition from a bonding dipole plasmon to a
charge transfer plasmon) [32]. Therefore, checking the possible influences of the resonance
transition of the hybrid plasmon in the MIS structure might be beneficial for us to further
improve the device’s performance.
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Figure 5b shows the extinction behavior that is dependent on the position of the
filament. It was found that, for the filament with a fixed size, the closer its position to
the apex, the higher the extinction ratio obtained. This is a quite natural result, since in
our design, the electromagnetic energy of the plasmon is truly concentrated to the apex,
due to the combination of geometry-induced horizontal focusing and optimal energy
transfer from the Si waveguide to the plasmonic taper, as discussed above. However, other
than the size of the filament, the extinction behavior of the plasmonic memristor is much
less sensitive to the variation in the filament position. Therefore, practically, to achieve
repeatable memristive operation of the plasmon, it is more critical to stabilize the filament
size in comparison with reducing the randomness of the filament site. Fortunately, thanks
to the increasingly deep understanding of the mechanisms of the memristor [24,38,39], as
well as the uninterrupted development of the strategy to control the filament growth in the
memristors over the last few years [40,41], it is believable that the plasmonic memristor
could become more repeatable and stable.

4. Conclusions

In this paper, we propose a design of a plasmonic memristor working at a telecom
wavelength of 1.55 µm, with a compact size (0.61 µm), low insertion loss (1 dB), and high
extinction efficiency (4.6 dB/µm). It consists of a triangle Ag taper integrated on the Si
waveguide with a SiO2 buffer layer. In this structure, the Ag taper serves as both the top
electrode of the memristor and light concentrator, due to the combination of geometry-
induced horizontal focusing and optimal energy transfer to the taper. The rational doping
to the Si waveguide in the area below the apex of the taper defines the bottom electrode and,
accordingly, confines the zone in which the memristive behaviors (formation and rupture
of the filament) occur in the area near the apex. As a result, the interactions between the
plasmon and the filament in the memristor could be maximized. We point out that the key
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to improving the repeatable and stable plasmonic memristor is the effective control of the
filament size. Our work might be valuable to improve the plasmonic memristor, as well as
promote its application in on-chip optical memory, opto-electrical hybrid synapse, etc.
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