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Abstract

The unique electronic and optical properties of newly discovered 2D crystals such as
graphene, graphene oxide, molybdenum disulfide, and so on demonstrate the tremen-
dous potential in creating ultrahigh-density nano- and bioelectronics for innovative
image recognition systems, storage and processing of big data. A new type of memristors
with a floating photogate based on biocompatible graphene and other 2D crystals with
extremely low power consumption and footprint is considered. The photocatalytic oxida-
tion of graphene is proposed as an effective method of creating synapse-like 2D memris-
tive devices with photoresistive switching for nonvolatile electronic memory of ultrahigh
density. Particular attention is paid to the new concept of the formation of self-assembled
nanoscale memristive elements interfacing artificial electronic neural networks. 2D pho-
tomemristors with a floating photogate exhibit multiple states controlled in a wide range
of electromagnetic radiation and can be used for neuromorphic computations, pattern
recognition and image processing needed to create artificial intelligence.

Keywords: 2D memristor, graphene, graphene oxide, molybdenum disulfide, resistive
memory, photoresistive switching, photomemristor, artificial neural networks

1. Introduction

Memristive electronic systems, similar to biological synapses in neural networks, are a new
type of electronic logic switches and memory with extremely low energy consumption and
footprint. These new electronic components can solve the problem of physical and techno-
logical limitations of modern CMOS technology and create an elemental base for artificial
intelligence. The unique electronic and optical properties of newly discovered atomic two-
dimensional (2D) crystals, such as graphene, graphene oxide, molybdenum disulfide, and so
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on demonstrate a huge potential for designing ultrahigh density nano- and bioelectronics for
innovative information systems.

The chapter consists of the Introduction (Paragraph 1) and five sections that describe a brief
history of the memristor and nonlinear effects in semiconductor electronics (Paragraph 2), the
discovery of 2D crystals and a multilevel ultrafast nonvolatile memory based on graphene
oxide (Paragraph 3), a memristor with a floating photogate (Paragraphs 3 and 4), a photonic
chip with a photon synapse (Paragraph 5), a 2D TMD memory obtained on large-scale sub-
strates (6) and Conclusion (Paragraph 7). Here we present a modern state of memristive sys-
tems, where signaling is analogous to signaling in biological neural networks. The focus is
on 2D nonvolatile resistive memory based on molybdenum and graphene/graphene oxide
(G/GO), which is biocompatible and allows the use of a neuromorphic architecture for analog
computation and self-assembly technology. Photocatalytic and electron-beam oxidation-
reduction of graphene/graphene oxide is considered as an effective method of manufacturing
2D memristors with photoresistive switching for nonvolatile memory of ultrahigh capacity. A
new type of multifunctional memristor with a photogate, controlled electrically and optically
over a wide range of wavelengths, can be used for image processing, pattern recognition and
recognition of sounds, movements and speech needed to create artificial intelligence.

2. Memristor and nonlinear effects in solid state electronics

The definition of the memristor as a nonlinear resistive element was introduced by Leon
Chua in 1971 to describe the missing fourth base element of the electrical circuit [1]. The
memristor, along with other known circuit elements, such as a capacitor, a resistor and an
inductor, could describe nonlinear effects in solid state electronics that were already well
known. In 1922, Oleg Losev observed a new phenomenon of negative differential resistance
in a two-electrode point device—a cristadyne [2, 3] —which was then used to generate and
detect a signal for radio broadcasting around the world. Losev’s cristadyne allowed to work
at frequencies up to 100 MHz, at that time not conceivable and not understandable for appli-
cations. Later, Oleg Losev improved his cristadyne, adding to it a third electrode, which
could control the current in this device. The article on the new nonlinear three-electrode
device, sent by Losev to the “Physical Review” in 1942 from besieged Leningrad was lost
and not published. The great interest in this topic was also in other laboratories. In 1948, John
Bardeen of Bell Labs received a patent for a point-contact three-electrode element [4] and,
together with Walter Brattein, described the physical principles of the transistor effect [5-9].
In 1956, for the discovery of the transistor effect, William Shockley, John Bardeen and Walter
Brattein received the Nobel Prize in Physics. In 1957, Leo Esaki demonstrated independently
a similar nonlinear device—a tunnel diode—and in 1973 received for the discovery of this
effect the Nobel Prize in Physics.

Interest in the nonlinear two-electrode memristive device increased sharply in 2008, when
the memristor was detected experimentally in the HP laboratory [10]. This device consisted
of two nanoscale regions, doped and undoped, the relative displacement of which controlled
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the on and off states. The first matrix of memristors was made on the basis of TiO, on a
CMOS chip in the HP laboratory in 2012. A memristor with two platinum electrodes was a
nonlinear dynamic structure whose resistance depended on the electric field and the current
flow (Figure 1). This nonlinear device made it possible to form nonvolatile states that allow
storing information with the power supply off, had the ability to obtain ultrahigh recording
density, low switching energy, high operating speed, long storage time and the possibility of
multilevel recording using discrete or continuous states.

The memristor is a memory resistor with variable resistance and is described by the con-
ductivity depending on the flux and field. In 2016, Fujitsu Semiconductor and Panasonic
Semiconductor demonstrated the first serial product of 4 Mb RRAM. Using a nonlinear
dynamic approach allows you to effectively solve a number of complex computational
problems for image processing and pattern recognition. For example, a commercial product
Toshiba Smart Photo Sensor with a universal chip based on a cellular neural network (CNN)
is capable of processing images, similar to the human brain, which allows to calculate the
elementary problems of image recognition within nanoseconds. It was shown that the CNN
chip is so fast that it can detect a bullet in flight and have enough time to program another
bullet in order to knock it down.

Memristors, which are similar to synapses in biological neural networks, can become an
elemental base for creating high-performance intelligent machines and computers with a
neuromorphic architecture similar to the brain. It is known that the human brain, containing
10" neurons and 10' synapses (Figure 2), processes analog information and consumes only
about 20 Watts. A modern supercomputer with digital processing of information to simulate
the operation of a neural network of only 1% of the number of neurons of the human brain
requires about 10° Watts. To simulate the work of the human brain within 1 s, the supercom-
puter “K Computer” (up to 10 petaflops, 10" billion operations per second, 1 petabyte of
RAM)—the development of the Japanese corporation “Fujitsu” —takes about 40 min. Thus,
an analog processor based on a neuromorphic memory system is much more efficient than a
modern digital supercomputer. The key moment of this system is special processes of signal
transmission in neural networks, which are paid great attention to by researchers. In 2000, the
Nobel Prize in Physiology was awarded to Arvid Karlsson, Paul Gringard and Erik R. Kandell
for “discoveries in the transmission of signals in the nervous system.” Neural networks have
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Figure 1. Memristors on CMOS chip (HP 2012) and the I/V-characteristic of Pt/TiO,/Pt memristor.
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Figure 2. Neural network.

associative memory and the ability to learn deeply, the knowledge of which was laid down in
the works of the Russian physiologist Ivan Pavlov, who received the Nobel Prize in Physiology
in 1904. The study of digestion pushed him to the idea of conditioned reflexes. Such acquired
reflexes arise under certain conditions and disappear when conditions are not observed.

3. Atomic 2D graphene crystal

Graphene is a crystalline two-dimensional layer of carbon with the thickness of one atom
(Figure 3). A huge interest in this material appeared in 2004 after the joint publication of
researchers from IMT RAS and Manchester University on the effect of an electric field in
atomic-thin carbon films [11]. Six years later in 2010, Andrei Geim and Konstantin Novoselov
were awarded the Nobel Prize in Physics for “pioneering experiments with 2D graphene
material.”

Graphene consists of two symmetric carbon sublattices that form the Dirac cone of the lin-
ear energy dispersion of the electrons, which are called Dirac fermions. The peculiarity of
these particles is that they are massless and behave like photons. In consequence, graphene
demonstrates magical properties. Graphene transparent (97.7%), resistant to an extremely
high current density (one million times higher than that of copper), has the highest elec-
tron mobility of known materials (~10° cm? B s, three orders of magnitude higher than in
silicon) and a very high thermal conductivity (K >5 x 10° W/(m x K)), which is higher than
that of a diamond. Graphene is a well stretchable (25%) material with a unique mechanical
strength E > 10" Pa (six times higher than steel). In addition, graphene shows very good
biocompatibility.

3.1. Memristor based on graphene/graphene oxide

In 2010, researchers from IMT RAS and Dongguk University demonstrated a graphene/
graphene oxide (G/GO) memristor that switched at 0.7 V and 1 nA, with an on/off ratio of
about 10° (Figure 4) [12, 13]. The electron beam-induced current method made it possible to
reveal, with a high spatial resolution, the formation of randomly distributed current filaments
(Figure 5) and to study the switching mechanism in this device like a synapse. The resistance
of this device varied nonlinearly in the electric field, and the values of high and low resistance
were nonvolatile.
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Figure 3. The crystal lattice of graphene.
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Figure 4. Resistive switching of the Al/GO/Al structure, performed at 5 V [12].

3.2. The mechanism of resistive switching in graphene/graphene oxide

The mechanism of resistive switching in G/GO was studied in detail in a number of works
[12-17] in which it was shown that the migration of oxygen-containing groups in GO plays
an important role. One sp® carbon-oxygen or carbon-hydroxyl bond on 10° sp? bonds reduced
conductivity in carbon nanomaterials by 50% [18]. Graphene oxide with a sp® carbon configura-
tion possessing low electrical conductivity was switched in an electric field locally in the sp?
configuration of carbon (Figure 6), which led to high electrical conductivity. This process can be
controlled both by adsorption/desorption of oxygen and by migration of oxygen-related groups.

3.3. Self-organization of memristors based on graphene/graphene oxide

The photocatalytic oxidation of graphene coated with a layer of 10-15 nm ZnO nanoparticles
under ultraviolet (UV) irradiation conditions led to the formation of self-organized G/GO
memristors with very high density (10'* cm™) [16, 17]. Figure 7 shows the scheme of photo-
catalytic oxidation of graphene with ZnO nanoparticles. A 2-3-layer graphene coated with
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Figure 5. Scanning electron microscope (SEM)-remote induced current (REBIC) images of the Al/GO/Al structure with
the modulation of the built-in potential barrier near the negatively biased Al electrode at different bias (V,) and forming
(V) voltages. (a) V, =0; V, =0 (SE mode); (b) V, =0; V,=0 (REBIC mode); (c) V, =0; V,=5V (REBIC mode); (d) V, =0;
V,=5V (SE mode); (e) V,=0.2V; V=7V (REBIC mode); (f) V, =0.5 V; V,=7 V (REBIC mode, same area as in (e)). A
scale mark of 100 pm (e) and (f), 50 pum in (a)—(d). The images in (a)-(d) were obtained by sequentially switching signals
of secondary electrons (SE) and remote induced current (REBIC) during scanning of the electron beam [12].

Figure 6. sp® (left) and sp? (right) of the carbon configuration.

particles was irradiated in a moist air stream at room temperature or above (80°C) using a
quartz UV lamp with a light flux of 0.03 ] min™ x cm?® Light with a wavelength exceeding
365 nm was filtered. The time of ultraviolet irradiation ranged from 5 to 90 min. After ultra-
violet treatment, the ZnO nanoparticles were dissolved in dilute 0.1 M HCI, the graphene
substrate was washed with deionized water and dried in nitrogen.

ZnO nanoparticles play a key role in the process of photooxidation of graphene. Figure 8
shows the electronic diagram of graphene/ZnO interface under UV irradiation. The bending
of the bands upward in the ZnO nanoparticles is caused by a lower electron work function in
ZnO (3.6 eV) compared to graphene (4.5 eV). Electron-hole pairs generated in ZnO (3.3 eV)
under UV irradiation (reaction 1) are separated in a built-in electric field at the graphene/ZnO
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Figure 7. Scheme of photocatalytic oxidation of graphene coated with ZnO nanoparticles under UV light to form G/GO
heterostructures on a Si/SiO, substrate [17].
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Figure 8. Schematic electronic diagram of the G/ZnO interface under UV irradiation. Electron-hole pairs generated in
Zn0O (3.3 eV) under UV irradiation (reaction 1) are separated in a built-in electric field at the G/ZnO interface, providing
a flux of holes to graphene [16].

interface, which provides a hole flux (3.3 eV) to graphene. As a result, graphene is decorated
with highly reactive hydroxyl radicals (- OH) through O,” and H,O, (reactions 3-5) processes
of photodecomposition of water molecules from moist air.

3.4. Memristors based on graphene with a floating gate of ultrahigh density

Controlling the distribution of ZnO nanoparticles on graphene with a well reproducible size
(10-15 nm) makes it possible to create highly scalable nanoheterojunctions of G/GO for ultra-
high-density memory (up to 10> cm™ or 1 Tb on a chip for the vertical geometry of crossing
electrodes, Figure 9).

Memristors with a floating photogate are electrically read with or without optical excitation.
The I-V curve of the graphene sample before oxidation demonstrates linear behavior and high
conductivity of graphene (Figure 10(a), black curve). The photocatalytic process leads to a
decrease in current through the sample by two orders of magnitude and a nonlinear behavior
indicating the formation of a bandgap in the oxidized graphene (Figure 10(a), red curve).

The rise in the temperature of moist air reduces the oxidation time of graphene. The G/GO
heterostructures obtained by photocatalytic oxidation by blowing moist air at room tem-
perature for 30 min and at 80°C for 5 min demonstrate a nonlinear behavior with a GO band
width of about 3 eV, which reduces the conductivity of oxidized graphene by two orders
of magnitude compared to graphene. The formed G/GO nanostructures demonstrated good
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Figure 9. Scheme of arrays of G/GO photomemristors in vertical geometry obtained by photocatalytic oxidation of
graphene with ZnO nanoparticles [17].

e REREES EAREAR - I o).
3*- 50l | _g 1107 | RESET
= - = 8x10°}
- o s —] & 6x10°f
£ &= | HRS
= i G| S 4x10° ) —
o -50 28 - RESET
3 A~ Au electrodes o (] 2x105. LRSD
AU - graphene: ZnQ NPs. 0 | e w— LRS
00 b [+ ol SET e
4 -3 2 101 2 3 4 b y i SET,
Voltage (V -
102 b : : : : ? '( ') » 5 =_ -(d) h ._
1 (0) s A 2 I | I
il A ] 2 [ i | i
2 10°} O 0
St 1 e i i i
E n2f £ | [ [ |
s 10 1 z bt
O 4o3f - : ! :
10.4:_ .. S T T - P AR ST BT SR B
4 2 0 2 4 0 50 100 150 200 250 300
Voltage (V) Time (sec)

Figure 10. (a) I-V characteristics of the 2-3 layer G/ZnO structure before (black) and after (red) photocatalytic oxidation
in moist air for 30 min at room temperature. Insert-scheme for measuring the structure with lateral gold electrodes. (b)
I-V characteristics for the G/GO nanostructure preliminarily polarized (+5 V, 15 min) with white light (black) and in the
dark (red). (c) Resistive states of the G/GO photomemristor, which are switched by a voltage of -3.8/3.3 V (Reset/Set) in
the dark and -3.5/4 V (Set/Reset) under white light pulses (d) and read at 2.5 V [17].

photosensitivity to white light and photoresistive switching. The photocurrent increased
approximately six times at a bias voltage greater than 3 V. This indicates that the electron-
hole pairs generated by light are effectively separated in the biased G/GO heterojunctions.
Figure 10(b) shows the I-V characteristics of the preformed G/GO nanostructure (+5 V,
15 min) when sweep voltage of —4 to 4 V under white light (black) and in the dark (red). Well
reproducible bipolar hysteresis indicates a resistive switching of the structure with an on/off
ratio of about 10 for 4 different resistive states HRSD, LRSD, LRSL and HRSL in the dark and
light with switching voltages of -3.8/3.3 V (Reset/Set) and -3.5/4 V (Set/Reset), respectively
(Figure 10(c) and (d)). To form vertical memristive structures, ZnO nanorods (NR) grown on
graphene can also be used instead of ZnO nanoparticles (Figure 11) [16].
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The vertical structure of the G/GO/ZnO nanorods (NR) allows selective excitation with UV
light of 380 nm. Resistive switching in heterostructures of G/GO/ZnO NR was observed at

voltages <1 V with the ratio of high/low resistance of 10° after the forming process at 1 V
(Figure 12(b)).

The structure of resistive memory based on graphene and ZnO NR is promising for memris-
tive devices with high density and low power consumption.

3.5. Graphene/graphene oxide memristors formed by an electron beam

Electron beam annealing GO stimulates a radical mechanism for the reduction of GO due
to the formation of hot electrons. These electrons destroy the weak C-O and C-H bonds
(in comparison with strong C-C bonds) and form highly reactive radicals O and H’, which

—=— Si/Si05/G/ZnO
—=— Si/Si05/G/GO/ZnO_after UV
—4—S8i/Si0o/G/GO

’ - electrode (Nb) I - electrode (graphene)

D -Zn0 nanorod o - graphene oxide

Figure 11. Scheme of arrays of G/GO/ZnO NR photomemristors in vertical geometry (left) and a SEM image of the
structure (lower right) with their current-voltage characteristics (upper right) [16].
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Figure 12. I-V characteristics of the vertical structure G/GO/ZnO in a semilogarithmic scale (a) without forming and (b)
after the forming process [16].
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recombine in H,O, H,, O,, and the uncompensated charge in GO is used to restore the
sp? carbon bond. It should be noted that the electron beam annealing process excites the
electronic subsystem selectively, and the energy of the generated hot electrons can be reso-
nantly absorbed by the functional groups of graphene oxide. To remove oxygen groups,
several eV are required, which is comparable to the energy between orbitals. Primary beam
electrons are high-energy and can participate in annealing only through the process of
energy absorption by graphene oxide to form hot electrons with an energy close to the GO
bandgap (E)). Electron-stimulated annealing of GO can occur due to the generation of a
high concentration of charge carriers in this material (Eg =1-6 eV) (an electron beam with
an electron energy of 3-10 keV creates 10° electron-hole pairs per incident electron). The
process of electron-stimulated annealing by an electron beam is more effective than laser
annealing, in which one photon produces only one electron-hole pair, and therefore the
thermal effects in laser annealing make the main contribution. Electron beam annealing
allows the direct formation of rGO/GO memristive nanostructures with controlled reduc-
tion without the use of a mask. Figure 13 shows a SEM image of a GO film with a superim-
posed stripe pattern (green) for electron-beam exposure (a) and a rGO/GO/rGO structure
obtained by direct “writing” by an electron beam with a dose of 150 mA x s/cm? (b, c).
The change in image contrast in the secondary electron emission (SEE) of graphene oxide
after electron beam processing (b, c) indicates a change in composition and its electronic
properties.

The electron beam annealing of GO allows for more efficient formation of a resistive switch-
ing structure. The lateral structure of rGO/GO/rGO obtained by electron beam irradiation
with a dose of 200 mA x s/cm? exhibited soft resistive switching without the forming pro-
cess. The curve of the I-V structure, after irradiation, was nonlinear with a small hysteresis

Figure 13. SEM images of a GO film on a SiO,/Si substrate with Pt electrodes (white) and superimposed stripe pattern
(green) for electron beam writing (a) and rGO/GO/rGO structure after irradiation with an electron beam (b, c). The
narrow bands of the brighter SEE contrast are regions of the reduced rGO after irradiation.
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Figure 14. -V characteristics of the Pt/GO/Pt structure after electron irradiation before (a) and after (b) the forming
process.

(Figure 14(a)). The forming process at 20 V led to an increase in the conductivity of the struc-
ture by several orders of magnitude and to a pronounced nonlinearity. A bipolar hysteresis
was observed that indicated a resistive switching of the structure from the high-resistive resis-
tive state (HRS) ((1.2 £ 0.1) x 10! Q) to the low-resistive resistive state (LRS) ((6.7 + 0.4) x 108
Ohm) (~2 orders of magnitude) at a low switching voltage of 0.8-0.9 V (Figure 14(b)). The
electron beam annealed structures showed good reproducibility with a small spread of
switching voltages (0.05-0.1 V).

3.6. Multilevel ultrafast nonvolatile memory based on graphene oxide

Memory with the ability to store more than one bit per cell, that is, having multilevel memory
states, is very attractive, since it offers a simple and economical way to increased memory
capacity (e.g., modern CMOS NAND-Flash usually stores 2 or 3 bits per cell). Combining
this capability with tiered storage with extremely high scalability is especially effective for
implementing memory with ultrahigh storage volumes. Access to four very well-separated
and stable memory states in nanoscale GO cells by monitoring the duration and amplitude
of the write pulse was recently demonstrated at IBM [19]. Excitation pulses with amplitudes
from 2 to 6 V and duration from 20 to 80 ns were used to determine the conditions for success-
ful recording and erasing of multilevel memory states in Pt/GO/Ti/Pt and monitoring of the
resulting cell resistance, see Figure 15(a) and (b).

The cells were completely switched from the RESET state, which can be considered as state
00 to memory states 01, 10 and 11 using pulses of —2.5 V/60 ns, =3.5 V/60 ns and — 4.5 V/60 ns
respectively (Figure 15(a)). Erasing of cells from 01, 10 and 11 states back to state 00 was suc-
cessfully achieved for pulses +3 V/60 ns, +4 V/60 ns and +5 V/60 ns, respectively (Figure 15(b)).
Separation of intermediate resistance levels is very good (see Figure 15(a)), which allows a
reliable reading process. Intermediate levels showed excellent reliability (Figure 15(c)) and
were stable over time (Figure 15(d)), both on rigid and flexible substrates. The reversible resis-
tive switching observed in these devices was due to the migration of oxygen, which led to a
change in the conductivity.

77



78

Advances in Memristor Neural Networks — Modeling and Applications

(a) [ T T T T T ] (b) T T T T
106 - 106 = 00 HRS E
a I S
o 10°F ® 10°F
[&] - 8 -
=
ol 8
‘® 10°E 2 10°E
2 x
10°F 10°
20 40 60 80
Pulse width (ns)
(c) 10 ] (d) 10'F ' ‘ "3
: 3 V,.=05V ]
— 106 iyt o :.,,,_-.a i —_ 105 » 00 "
S g ikl
o ;
8] Q F 01
B -25V,60ns - 1 5 :
[0} 4 : @ 4 10
x 10 g g 12 10°F 10 o o 9009, 0000 WA
-3.5V,60ns 11 :
10° eS| 107 009900000 ARSI
-45V,60ns ]
0 30 60 90 120 150 180 10° 10’ 10? 10°

Number of cycles Retention Time (s)

Figure 15. (a) Record and (b) erase multilevel states in a 75 nm GO memory cell (8 nm-thick GO layer) by controlling the
amplitude and pulse width. (c) reliability and (d) storage of states of a multilevel, nanoscale graphene oxide cell [19].

4. Memristor with floating MoS, photogate

A memristor with a floating MoS, photogate polarized in an electric field under different
lighting conditions demonstrates a multilevel switching [20]. Figure 16 shows the current-
voltage curves (I-V) of the Au/MoS /Au structure (an inset in Figure 16(a)) after polarization
at 3 and 6 V. The nonlinear characteristics of a device with hysteresis indicate a memristive
behavior. Furthermore, the memristor demonstrates a high photoresponse when illuminated
with white light. When the device is polarized at 3 V, a smooth switching from HRSL3 to
LRSL3 is observed under light illumination and from HRSD3 to LRSD3 in the dark with a
ratio of on/off currents of about 2 and 4 at 1.2 V and 0.7 V, respectively (Figure 16(a)). At a
higher voltage (6 V), the device shows a sharp switching when excited by white light, from
HRSL6 to LRSL6 at —2.9 V with an on/off ratio of about 10 and a smooth switching from
HRSD6 to LRSD6 in the dark with an on/off ratio of about 3 at 0.7 V (the SET process of
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writing the ON state, Figure 16(b)). When the applied voltage changes from 0 to positive
voltage (4.2 V), the device returns to HRSL6 (RESET operation to clear the state ON to OFF).
The memristive behavior of the device in darkness and in light is well reproduced up to
1000 cycles (Figure 16(c) and (d)) and demonstrates the possibility of obtaining in the device
a multilevel resistive switching and its control by means of an electric field in the dark and
when excited by light.

It should be noted that resistive switching controlled by the polarization of MoS, nanospheres
is a faster process than ion transport, and the frequency of optical access is much higher than
electrical addressing.
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Figure 16. Resistive switching of the nanospheric photomemristor Au/MoS,/Au. I-V characteristics in the dark or under
white light (spectral maxima at 2.7 eV and 1.8 eV; device diagram on the inset in Figure 16(a) with light excitation).
The arrows on the curves indicate the direction of the voltage sweep; (a) I-V curves after 3 V voltage polarization. The
device smoothly switches from HRSL3 to LRSL3 under light and from HRSD3 to LRSD3 in the dark with an on/off ratio
of about 2 and 4 at 1.2 V and 0.7 V, respectively; (b) I-V curves after a 6 V voltage polarization. The device shows abrupt
changeover of resistance when excited by light, from HRSL6 to LRSL6 at -9.2 V with an on/off ratio of about 10 and a
smooth transition from HRSD6 to LRSD6 without light excitation with a switching factor on/off about 3 at 0.7 V. (c)
Memristive characteristics of the device without excitation by light after several cycles. (d) Memristive characteristics of
the device when excited by white light after several cycles [20].
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4.1. 8-Level memristor system with an MoS, floating photogate

The diagram of the operation of the 8-level memristor system with the MoS, floating photo-
detector is shown in Figure 17, where the resistance states formed after the SET/RESET opera-
tion of the MoS, memristor polarized at voltages of 3V and 6 V in the dark or when excited by
light are shown. A memristor polarized at 3 V in darkness or in white light demonstrates four
states that are read at a voltage of 0.7 V (HRSD3 and LRSD3) and 1.2 V (HRSL3 and LRSL3) in
the dark or in white light (Figure 17(a)).

Polarization of the memristor at 6 V in darkness or under light leads to the formation of
four more states that are read at a voltage of 0.7 V (HRSD6 and LRSD6) and 4 V (HRSL6 and
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Figure 17. The operation of the MoS, photomemristor, polarized at different voltages in the dark or when excited by
light. (1) high and low resistive states obtained using SET/RESET operations at =3 V/3 V and -6 V/+6 V in the dark
(HRSD3, LRSD3 and HRSD6, LRSD6) and under white light (HRSL3, LRSL3, LRSL6 and HRSL6). (2) reading diagram
under impulse voltage. Resistive states are read at 0.7 V (HRSD3, LRSD3, HRSD6 and LRSD6), 1.2 V (HRSL3 and LRSL3)
and 4 V (LRSL6 and HRSL6) in dark (D) or white light (L). (3) excitation scheme by pulses of white light. SET/RESET
and the READ operation is controlled by switching off the light pulses (black) (HRSD3, LRSD3, HRSD6 and LRSD6) and
turned on (blue) (HRSL3, LRSL3, HRSL6 and LRSL6). A 3 V polarized memristor demonstrates four states that are read
as HRSD3, LRSD3, HRSL3 and LRSL3, while a memristor polarized at 6 V demonstrates the other four states: HRSD6,
LRSD6, HRSL6 and LRSL6, which can be read in the dark or in the light [20].
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LRSL6) in darkness or in light (Figure 17(a)). These states are controlled electrically and opti-
cally, which is confirmed by the iterative operation of the memristor under various conditions
of writing and reading (Figure 17(c) and (d)) Polarization of nanospheres in a photomemris-
tor using an electric field and light pulses creates multilevel states. An analysis of the conduc-
tivity in these states of resistance shows that the polarization of nanospheres when excited by
light leads to the formation of conductive paths. Reducing the gap between the electrodes can
greatly minimize the operating voltage of the device. Modulation of the barrier height at the
boundaries of the nanospheres in an external electric field by light due to repolarization is a
highly efficient process for high-speed signal processing. The memristor polarized at 3 V and
6 V has different states that can be electrically read at optical excitation in the form of four
high-resistance states and four low-resistance states. The optical and electrical polarization of
the memristor provides several nonlinear dynamic processes that allow us to build a system
with a neuromorphic architecture, similar to a neural network.

5. Photonic chip with photon synapse

A photonic chip containing 70 photon synapses was demonstrated in 2017 by a team from the
universities of Oxford, Miinster and Exeter [21]. The recording, erasure and reading of infor-
mation in this case are carried out completely by optical methods (Figure 18). The photon syn-
apse consists of a cone-shaped waveguide (dark blue) with discrete islands of phase-change

Pre-neuron

Ea

pre

synapse

Figure 18. Photon synapse on a crystal. (A) The structure of the neuron and the synapse. Insert: [llustration of the synapse
junction. (B) Scheme of the integrated photon synapse resembling the function of a neural synapse. The synapse is based
on a cone-shaped waveguide (dark blue) with discrete PCM islands from the top, optically connecting presynaptic
(preneural) and postsynaptic (postneural) signals. The red open circle is a circulator with port 2 and port 3, connecting
the synapse and postneuron; weighing pulses are fed through port 1 to the synapse. (C) An optical microscope image of a
device with an active region (red rectangle) as a photon synapse. The optical input and output of the device is carried out
through apodized diffraction couplers (white rectangles). Box: A typical photonic chip containing 70 photon synapses
is smaller than a coin. (D) Scanning electron microscope image of the photon synapse active region corresponding to
the red rectangle in (C) with six Ge,Sb,Te, (GST) strips (1 x 3 um, yellow) at the tip of the waveguide (blue). Insert: An
increased conical waveguide structure, marked with a white dotted frame [21].

81



82 Advances in Memristor Neural Networks — Modeling and Applications

material (PCM) from the top optically connecting the presynaptic (preneuronal) and post-
synaptic (postneuronal) signals. The use of purely optical means provides ultrafast operation
speed, virtually unlimited bandwidth and no loss of electrical power on interconnects. It is
significant that the synaptic weight can be randomly installed simply by changing the number
of optical pulses that create a system with continuously changing synaptic plasticity, reflect-
ing the true analog nature of the biological synapses.

5.1. Synaptic weight and plasticity

Synaptic adjustment of the device when switching between crystalline and amorphous states
of GST islands with a recorded change in the relative transmission coefficient is shown in
Figure 19. Five weight states of the photon synapse are obtained by switching the energy of
the optical pulse (404.5 p]J, 50 ns). The photon synapse demonstrates good reproducibility of
weight numbers with cyclic measurements (Figure 19(B)). In this case, the photon synaptic
weight is determined by the number of optical pulses (Figure 19(C)).
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Figure 19. Synaptic weight and plasticity. (A) Demonstration of the differential synaptic weight of the device in Figure 18
when switching between crystalline and amorphous GST island states with recorded relative coefficient change (AT/
T)). Each weight can be achieved with the same number of pulses (50 ns at 243 pJ, 1 MHz) from any previous weight.
(B) Weight repeatability for several cycles. Box: Statistical analysis of the change in readings for the weight “0,” “1”
and “4”. The applied pulse was 50 ps at 320 pJ, slightly larger than in (A). (C) Five weights of the photon synapse are
obtained when the energy of the optical pulse is switched (404.5 p], 50 ns). Dotted blue (yellow) rectangles correspond to
the first (last) weight cycle. The up and down arrows in the rectangles are the weighing directions. (D) Photon synaptic
weight (AT/T) as a function of the number of optical pulses. The left (right) panel corresponds to the data of the marked
blue (yellow) field in (C). Painted triangles (not filled squares) represent data from the upward (downward) direction of
weighing. The dashed lines represent the exponential curves closest to the experimental data [21].
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6. 2D Transition metal dichalcogenides (MoS,, MoSe,, WS, and
WSe,) memory

MOCVD growth of semiconductor monolayer MoS, films and tungsten disulfide (WS,) on
silicon oxide at 500°C on a 4-inch wafer allows to obtain excellent electrical characteristics and
structure for 2D memristors (Figure 20).

6.1. Atomistor: nonvolatile atomic resistive TMD memory

In 2017, the Argonne National Laboratory demonstrated an atomistor: a nonvolatile atomic
resistive 2D TMD (MoS,, MoSe,, WS, and WSe,) memory (Figure 21), which scales to a sub-
nanometer [23]. New device concepts in nonvolatile flexible memory and brain-like (neuro-
morphic) computing can significantly benefit from the tremendous possibilities for designing
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Figure 20. Single-layer transition metal dichalcogenides (TMD) films on 4-inch wafers. a, b, photos of MoS, (a) and WS,
(b) monolayers of films grown on 4-inch substrates with diagrams of their respective atomic structures. The left halves
show a quartz substrate for comparison. (c) Photo of a patterned monolayer MoS, film on a 4-inch SiO,/Si wafer (the
darker areas are covered with MoS,). (d) Optical absorption spectra of the MOCVD-grown monolayer MoS, (red line)
and WS, (orange line) in the photon energy range from 1.6 to 2.7 eV. (e) The Raman spectra of the grown monolayer
MoS, and WS, normalized to the intensity of the silicon peak. (f) Normalized photoluminescence spectra of monolayers
MoS, and WS, grown. The peak positions in d—f are consistent with the positions of the peaks obtained from the peeled
samples (diamonds). (g) SEM image and photoluminescence (PL) (bottom insert, at 1.9 eV) of monolayer (ML) MoS,
membranes suspended on a SiN TEM mesh with holes of 2 um (the suspended film scheme is shown in the upper
inset). Label, 10 microns. (h), (i) Optical images (normalized to the area of a clean substrate) of the patterned monolayer
MoS, (h) and WS, (i) on SiO, taken from films with a wafer-scale pattern. The insets show photoluminescent images for
energies of 1.9 eV (h) and 2.0 eV (i). Scale mark, 10 microns [22].
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Figure 21. Scheme of a TMD sandwich based on MoS, grown on Au foil (left) and a representative curve of I-V behavior
of bipolar resistive switching in a MoS, monolayer with a lateral area of 2 x 2 um? (on the right). Step 1: The voltage
increases from 0 to 1.2 V. At ~ 1V, the current rises sharply to the limiting current, indicating the transition (SET) from
the high resistance state (HRS) to the low resistance state (LRS). Step 2: The voltage decreases from 1.2 to 0 V. The device
remains in the LRS. Step 3: The voltage increases from 0 to 1.5 V. At -1.25 V, the current drastically decreases, indicating
a transition (RESET) from LRS to HRS. Step 4: The voltage decreases from —1.5 to 0 V. The device remains in HRS mode
until the next cycle [23].

2D materials. A new large application, a static radio frequency (RF) switching, was demon-
strated using a MoS, monolayer operating at 50 GHz.

Multilayer atomic materials [24] can be used to construct the elemental base of neuromor-
phic computers. One of the new directions is the creation of solid-state memory of the next
generation with phase changes and TMO devices. The devices from 2D crystals have cer-
tain advantages in obtaining vertical scaling up to the atomic layer. When replacing metal
electrodes with graphene, the entire memory cell can be scaled below 2 nm. In addition,
the transparency of graphene and the unique spectroscopic features of 2D materials make
it possible to obtain a direct optical characteristic of the device on the production line. At
present, manual testing of the device’s durability (Figure 22(a) and (b)) is not enough to
meet the requirements for solid-state memory and is a reflection of the emerging state of 2D
atomistors in comparison with TMO memories [25]. Through engineering or doping, the
durability of the device can be improved, similar to what was observed for amorphous car-
bon storage devices [26]. Retention of nonvolatile states tested up to a week (Figure 22(c)) is
already sufficient for certain neuromorphic applications with short-term and medium-term
plasticity [27]. The subnanometric thickness of monolayers is promising for the realization
of ultrahigh densities. With a free step of 10 nm, the atomic density of 10"°/mm?’® would
provide sufficient space to simulate the density of human synapses (~10°/mm?) [28]. For a
single-bit single-level storage device, this corresponds to a theoretical surface density of
6.4 Tbit/inch?®.

6.2. High-frequency 2D MoS, memristors

Modern switches are implemented using transistor or microelectromechanical devices, both
of which are volatile, and the latter also requires a large switching voltage that is not suitable
for mobile technologies. Recently, phase change switches have attracted interest [29], but the
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requirements for high-temperature phase melting and long switching times have limited
their use. 2D memristors offer unprecedented advancement for high-frequency systems due
to their low voltage operation, small form-factor, high switching speed and low temperature
integration compatible with Si or flexible substrates. Nonvolatile RF switches show promis-
ing results with acceptable insertion loss of ~ 1 dB and isolation of >12 dB up to 50 GHz
(Figure 22(d)). The extracted resistance when the state is On, R = 11 ohms and capacitance
when the state is Off, C,, = 7.7 fF. This results in a cut-off frequency, which is used to esti-
mate the RF switches (a figure of merit (FOM)) [29, 30] f =1/2nR C.;) = 1.8 THz. Further
improvements, especially in terms of scaling, are expected to lead to a significant increase
in FOM. A unique combination of independent LRS resistance and area-dependent HRS
capacity gives a FOM that can be scaled to 100 s of THz by reducing the area of the device
that determines advantages over phase-change switches [29, 30], where the capacitance is
proportional to the width, but R is inversely dependent, hence, prevents frequency scaling
without significant compromise losses. In addition, the high stress of mechanical rupture
and the easy integration of 2D materials onto soft substrates enable the production of flex-
ible nonvolatile digital and analog/RF switches capable of withstanding mechanical cycling
(Figure 22(e)).
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Figure 22. Characteristics of the atomistor. (a, b) Resistance spread of MoS, crossbar MIM devices for 150 manual dc
switching cycles. (c) Time-dependent measurements of the MoS, switch with stable storage of information for a week
at room temperature. Resistance of HRS and LRS is determined by measuring the current at a small bias voltage of
0.1 V. The area of this transverse device 2 L-MoS, is 2 x 2 um? (d) Experimental, nonvolatile RF switches based on a
1 x 1 um? MoS, monolayer show promising characteristics with an insertion loss of ~1 dB and isolation >12 dB up to
50 GHz. The cut-off frequency is ~1.8 THz. (e) Stable resistance of states with high resistance and low resistance after
1000 cycles of bending at 1% strain [23].
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7. Conclusion

Memristive systems based on 2D-crystals, a new class of nonvolatile electronic components,
are capable of solving the problem of scaling. Self-organized synapse-like memristive systems
controlled by transitions between sp® and sp*-configurations of carbon in an electric field can
be applied in artificial neural networks and intelligent machines. The high-efficient switching
of nonvolatile resistance in atomic single-layer TMD (MoS,, MoSe,, WS, WSe,) memory is
due to the inherent nature of layered crystallinity, which creates clear interfaces and clean
tunnel barriers, which prevents excessive leakage and creates stable states. 2D memory can be
used for existing applications in the memory/calculation area, as well as in new applications
for radio frequency switching with extremely low power consumption. 2D photomemristors
with a floating photogate show multiple states controlled in a wide range of electromagnetic
radiation and can find application for a wide range of tasks related to neuromorphic com-
putations, image processing and recognition of sounds, movements and speech necessary to
create artificial intelligence. The future development of 2D memristive systems should use
the possibility of self-organizing technology to form artificial neural networks and hetero-
interface interactions of biocompatible 2D crystals, such as graphene, with natural neurons.
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