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Abstract

Since the discovery of graphene, the family of 2D materials covering insulators,
semiconductors, and metals has been extensively studied in the field of
optoelectronics and provides an excellent platform to explore fantastic physical
phenomena at the atomic level. As a subgroup, 2D piezoelectric and ferroelectric
materials offer an additional degree of freedom to modulate the optoelectronic
properties of the material and multifunctionalize the device with the help of

ferroelectricity and piezoelectricity.

In this thesis, firstly, the controllable biaxial strain is experimentally imposed
on a-In2Sez nanosheets by an electromechanical device. A red shift of Raman spectra
of the nanosheets is observed under the strain. The Grineisen parameter is calculated
to analyze the strain effect on the vibrational behavior. Photoluminescence shows a
blue shift which can reach up to 215 meV per 1% strain. Such tunability of optical
characteristics observed from a-In;Ses nanosheets is much higher than that of
conventional semiconductors. Physical mechanism behind the observation is
investigated, which is related to the variations in energy band and photoexcited

carriers under piezoelectric field and laser power.

Secondly, 2D ferroelectric a-InxSes is utilized as the channel to construct a
novel artificial neuron with an easy-to-prepare structure. And both of linearly
separable and nonseparable logic can be performed at the single device level rather
than a network based on the principle of combinational and stateful logic,
respectively. Compared to the traditional design based on CMOS, the transistor

resource can be decreased to 1/6 for XOR logic gate. In addition, as artificial neurons,
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there is a high demand for implementing flexible and adaptable behaviors. Thus, the
behaviors of multi-terminal synapses are exhibited and the ability to modulate
synaptic weights is investigated. Specifically, controlling food intake as a complex
nervous system-level behavior is integrated to carry out positive and negative

feedback in our device for the first time.

Thirdly, a novel multifunctional synaptic device based on ferroelectric a-
In2Ses/GaSe vdW heterostructure is proposed to emulate the entire biological visual
system. Essential synaptic behaviors were observed in response to light and electrical
stimuli; additionally, the retina-like selectivity for light wavelengths and the
achievement of Pavlov's dog experiment demonstrate the device's capacity for
processing complex electrical and optical inputs. Beyond the optoelectronic synaptic
behaviors, the device incorporates memory and logic functions analogous to those in
brain's visual cortex. The results of artificial neural network simulations show that
the vdW heterostructure-based device is completely capable of performing logic

operations and recognizing image with a high degree of accuracy.

In conclusion, our work demonstrates the ability of piezoelectric fields induced
by strain to modulate the energy band structure of 2D materials, and the working
mechanism is analyzed in detail. Electronic and optoelectronic synaptic devices are
designed based on 2D ferroelectric a-In2Sesz which exhibits great potential for
breaking the bottleneck of von Neumann computers and simplifying current artificial

neural networks as well as artificial vision systems.
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Chapter 1 Introduction

Due to the asymmetry of the unit cell of piezoelectric materials, the
accumulated charge can be observed on the surface of the material under external
stress, which is known as the piezoelectric effect. The phenomenon is an
advantageous tool to modulate the properties of the material and is of great benefit
to improve the performance of the devices. As a special piezoelectric material,
ferroelectric materials with spontaneous polarization can not only respond to the
applied pressure, its polarization direction also can be reversed under the external
electric field. Therefore, since the discovery of ferroelectric materials, its unique
properties have attracted extensive research interest and have been widely studied in
the fields of memory, field-effect transistors (FET), photovoltaic cells, and so on.*®
With the growing demand for miniaturization in devices and the continuous
development of neuromorphic computing, two-dimensional (2D) ferroelectric
materials show great advantages to improve device performance and

multifunctionalize devices.

1.1 Background of ferroelectricity and piezoelectricity

1.1.1 Basic concept

When an external force is applied to a piezoelectric material, accumulated
charges appear on its certain surfaces due to deformation, which is known as the
piezoelectric effect. The piezoelectric effect was first discovered by brothers Cuire

in 1880.* Due to the excellent performance and stability, a-quartz crystals as a
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representative of piezoelectric materials are still widely utilized in piezoelectric

devices until today. Therefore, here, the piezoelectric effect in a-quartz is chosen as

an example to illustrate this unique phenomenon.

Based on symmetry, all crystals can be classified into 32 point groups and 7
crystal systems.® The a-quartz possesses one axis of threefold symmetry and three
axes of twofold symmetry, therefore, it is categorized as three-two point group of the
trigonal crystal system. In general, the threefold rotational axis of a-quartz is defined
as the Z-axis, while the twofold rotational axis is considered as the X-axis and the
third direction is the Y-axis. The Figure 1-1 shows a top-view atomic distribution.
The oxygen atom is extremely electronegative, so the silicon atom exhibits a positive

charge while the oxygen atom is negatively charged. It can be seen from the figure,

the center of the positive charge is located in the center of the triangle formed by
silicon atoms, while the center of the negative charge is located in the center of the
triangle composed of oxygen atoms. For a-quartz, in the absence of applied forces,

its positive charge center coincides with the negative charge center.

Figure 1-1 A top-view atomic distribution of a-quartz®

GUO Feng 2



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 1

£
Ny

However, the external force will cause a distortion in the unit cell structure, the
positive and negative charge centers of the unit cell will move as shown in Figure 1-
2, where the positive and negative charge centers no longer coincide. From a
macroscopic view, the accumulated charges will be observed on the surface of the
material, which is known as direct piezoelectric effect. P is generally introduced to
describe the macroscopic polarizing state in the material, which represents
macroscopic polarization vector per unit volume according to Equation 1-1. Under
mechanical force, the relationship between P and stress o is shown in Equation 1-2,
where d is the piezoelectric coefficient. In contrast, when an applied electric field (E)
is imposed on the piezoelectric materials, mechanical deformation (S) is generated
in certain directions of the material, which is defined as the inverse piezoelectric

effect as shown in Equation 1-3.°

P = lim EAV Pmicro (1_1)
AV—0 AV
P=do (1-2)
S=d, E (1-3)
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pressure load
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mechanical mechanical
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Figure 1-2 Unit cell under mechanical stress®

In contrast to conductors and semiconductors, there are no free carriers in an
ideal dielectric material. Under the external electric field, the positive and negative
charge centers of the non-polar molecules in the dielectric material are separated,
which result in the formation of dipoles. Due to driven by the imposed electric field,
the dipole tends to be aligned along the direction of the external electric field, the
phenomenon is called polarization of the dielectric. Simultaneously, a large amount
of so-called polarization charges can be observed on the surface of the dielectric
material. When the applied electric field is removed, the positive and negative charge
centers of the molecules are coincident again and the polarization of the dielectric
material will disappear. The generation process of dipoles in dielectric materials and
the influence of the external electric field on the dipole alignment are shown in

Figure 1-3.7

I. distortion §
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Figure 1-3 Polarization process of dielectric materials’
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However, as a special type of dielectric material, ferroelectric materials with
spontaneous polarization can remain in the polarized state even after the applied

electric field is removed. There are many small areas inside the ferroelectric material,
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and their internal polarization directions are the same, but the polarization directions
between each area are different. These small regions are denominated as ferroelectric
domains, and the boundaries between the domains are called domain walls. Because
of the randomly oriented domain, no polarization charge can be observed on the
surface of ferroelectric materials in the absence of an external electric field. When
an external electric field is gradually applied to the ferroelectric material, the
polarization directions of the domains are aligned, the dependence of polarization P
on electric field E is shown in Figure 1-4.2 The saturation polarization (Ps) means
the maximum polarization that the material can achieve. And the remnant
polarization (Pr) represents the remaining polarization in the material when the
external electric field is removed, which is an important parameter for characterizing
the ferroelectricity of the material. In addition, the coercive field (Ec) as a special
electric field value plays a role in minimizing the polarization of ferroelectric
materials to zero. Thus, with the variation of the applied electric field, a ferroelectric

hysteresis loop (P-E loop) can be obtained.®
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Figure 1-4 Ferroelectric hysteresis®
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Due to the non-centro-symmetric property, the piezoelectric material generates
an electrical potential at the surface as a response to the applied force on it. As a
subgroup of piezoelectric materials, some materials possess a special polar axis
which can be spontaneously polarized and an electrical potential can be obtained
with changes in temperature, the phenomenon is called pyroelectricity. Ferroelectric
materials are a subgroup of pyroelectrics, thus, piezoelectric and pyroelectric effects
can also be observed in ferroelectric materials,*° the relationship among them is as

shown in Figure 1-5.

Piezoelectric

Pyroelectric

Ferroelectric

Figure 1-5 The relationships among piezoelectric, pyroelectric and ferroelectric

materials®®

1.1.2 Conventional materials

Although pyroelectric effects have been discovered in ancient times, the time
for investigating ferroelectric and piezoelectric effects is not very long, especially
the discovery of ferroelectric is only one hundred years. Rochelle salt (potassium
sodium tartrate tetrahydrate, KNaCsH4Os 4H20) was first successfully prepared by

Pier Seignette from La Rochelle France, in 1672, and the compound played an
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important role in the history of ferroelectric and piezoelectric developments. In 1880,
brothers Pierre and Paul-Jacques Curie discovered piezoelectricity in Rochelle salt
and identified a series of other piezoelectric crystals, the classical work demonstrated
that piezoelectricity in Rochelle salt is far more active than a-quartz. However, it
took another forty years until its ferroelectricity was discovered. From 1919, Joseph
Valasek as a master candidate under the supervision of Prof. W. F. G. Swann
conducted a systematic study of electrical properties of Rochelle salt and analogized
it to the magnetic properties of ferromagnetics. Later, he presented the results of his
research at the meeting of the American Physical Society, although the term
"ferroelectricity” had not yet been adopted, the key feature of ferroelectricity was
pointed out by him, namely "permanent polarisation is the natural state”. In addition,
he also presented the first hysteresis curve of a ferroelectric material at the

conference as shown in Figure 1-6.1
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Figure 1-6 The ferroelectric hysteresis curve of Rochelle salt*

For a while, it did not attract much research interest, primarily for the reason
that the Rochelle salt was the only crystal in which ferroelectricity could be observed

at that time, and even a slight deviation in the complex chemical composition would
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lead to the disappearance of the phenomenon. The breakthrough came in the 1940s

when the first man-made, structurally simple ferroelectric material barium titanate
(BaTiOz) was discovered, and a series of piezoelectric devices based on it were
investigated. The Figure 1-7 depicts a schematic diagram of ABOs perovskite
structure. 12 Since then, a large number of ferroelectric materials in perovskite crystal
structure with excellent properties have been synthesized, among them the most
notable one is lead zirconate titanate (PZT) which is first reported by G. Shirane in
1952.12 Despite the environmental concerns caused by the lead element in it, PZT is
still one of the most widely used ferroelectric materials so far, and the search for a

lead-free alternative is a popular research topic at present.

Figure 1-7 ABOs cubic perovskite structure!?

In addition to the rigid and fragile inorganic ferroelectric materials, the
piezoelectricity in organic polymer ferroelectric polyvinylidene fluoride (PVDF)
was reported by Kawai in 1969.%* The structure of PVDF is as shown in Figure 1-8,

which shows the molecular repeat unit (CH>—CF2).®® The polymers is highly
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stretchable, bio-compatible, and capable of self-healing which provide the

opportunities for flexible ferroelectric and piezoelectric devices.
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Figure 1-8 Chemical structure of PVDF®®

For a long time, ferroelectrics were just an interesting academic topic, and it
was until World War 11 that ferroelectric materials began to be used as sonar to detect
submarines. Subsequently, other applications such as high capacitance, photovoltaic
cells, etc. have been extensively studied. Due to its unique spontaneous polarization
properties, ferroelectric materials also attract great research interest in the field of
electronic devices. In 1997, S. Mathews et al. reported a novel ferroelectric field-
effect transistor (FET) which offers the possibility for ferroelectric nonvolatile
memory devices. In their work, semiconducting Lao7Cag3sMnO3 was used as a
channel whose doped rare-earth manganates exhibited colossal magnetoresistive
properties, and PbZro2TiosOs was selected as ferroelectric top gate. The device
demonstrates a tunable channel conductance of at least a factor of 3 and retention
on the order of hours.*® In addition, ferroelectric tunnel junction (FTJ) throw light on
the way for breaking the current bottleneck of low speed and high energy

consumption of silicon-based electronic devices. Recently, Ma et al. reported a high-
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performance ferroelectric tunnel junction based on a Ag/BaTiO3/Nb:SrTiOs whose

operation speed can reach up to 600 ps, and synaptic behavior such as spike-timing

dependent plasticity was achieved.’

In addition to the conventional ferroelectric materials, semiconducting
piezoelectric materials with wide band gap, such as ZnO, GaN and CdS, are more
suitable as active layers and have been significantly developed in the field of
electronic devices. Utilizing the piezoelectricity of materials to modulate the
electrical properties of devices was first proposed by Zhonglin Wang. In 2006, his
team measured the electrical transport properties of a long ZnO nanowire in the
bending state. A decreasing conductance was observed with the continuous bending
of the nanowire, and the results indicated that the piezoelectric potential generated
in the ZnO under external forces was able to affect the carrier transport.*® The
following year, the term “piezotronics” was created by him. Besides, the
piezoelectric potential can also play a role in promoting the separation of
photogenerated carriers, thus improving the performance of optoelectronic devices,
and a series of research have been conducted. In 2010, Wang et al. proposed a
photodetector with metal-semiconductor—metal ZnO micro-/nanowire structure,
and the piezoelectric effect on the responsivity was investigated. Their results
showed that piezo-phototronic effects can increase detection sensitivity by more than
5 times for pW levels of light detection.® Thus ferroelectricity and piezoelectricity
have great potential in applications for improving the performance of electronic and

optoelectronic devices, and provide inspiration for multifunctionalized devices.
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1.1.3 2D materials

2D material refers to the material whose one dimension is restricted.
Nanomaterials have been a popular research topic in materials discipline for a long
time, and many novel phenomena are found in these materials due to the restriction
of one or several dimensions. For a material, the different number of restricted
dimensions not only affects the morphology, but also determines its properties, such
as 0D fullerenes, 1D nanotubes, 2D graphene and 3D graphite are all composed of
carbon. Before 2D materials, one-dimensional materials and zero-dimensional
materials have been well explored, such as quantum confinement in semiconductor
quantum dots and so on.?%?2 Although their bulks have been discovered for many
years such as graphite and MoS,, they did not attract much attention for a long time
due to the difficulty of preparing their 2D single-atomic layer counterparts until the

discovery of graphene with atomic-level thickness.

Graphene was the first 2D material with a single atomic layer to be successfully
prepared, and although many previous efforts have been made, only multilayer
graphene was obtained. Andre Geim's group in 2004 reported a simple method to
prepare graphene by repeated mechanical exfoliation using tapes.?® Despite the
method cannot prepare large-area graphene for the purpose of application, it will
provide a good platform for physical research. Inspired by the discovery of graphene,
a series of 2D materials have emerged including transition metal dichalcogenides
(TMDs),?* h-BN,?® MXenes® and so on. More importantly, as a big family, 2D

materials cover metals, semiconductors and insulators, which provides the
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possibility to fabricate electronic devices and optoelectronic devices based on 2D

materials to break Moore's law.

Because electrical potential can be generated under applied stress and an
applied electric field can also induce deformation in the material, piezoelectric
properties are highly desired for flexible electronic devices such as sensors or
nanogenerators. But the conventional oxide dominant piezoelectric materials are not
suitable for flexible devices due to their brittleness. Although organic ferroelectric
materials can be stretched, they also suffer from the critical thickness problem, for
example, there is no ferroelectricity and piezoelectricity in PVDF with the thickness

below 100 nm.?’

The 2D piezoelectric material becomes intriguing due to its robust
electromechanical response even in single-atom thickness, which is promising for
flexible nanoelectronics and optoelectronics for energy harvesting, health
monitoring, etc.?® 2% In addition, 2D piezoelectric materials also provide a favorable
platform for studying piezoelectric phenomena in ultrathin materials. Due to the
opposite orientation in the two adjacent layers, the bulk MoS; does not exhibit
piezoelectric properties, but according to predictions, piezoelectricity can be
obtained in monolayers and thin odd layers of MoS>. In 2014, the first experimental
results on the piezoelectric properties in monolayer MoS; were reported by Wu et al.
The piezoelectric voltage and current output were observed in odd-layer materials in
the case of periodic external stresses, which was not obtained in even-layer. The peak
output of a single monolayer flake under 0.53% strain can reach up to 15 mV and 20

pA, and a device based on piezotronics was demonstrated.®® In the following year,
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Zhang's group also reported obtaining piezoelectricity in a free-standing single layer

of MoS,, and the piezoelectric coefficient was measured to be 2.9 x10° C m?.3
Subsequently, a series of TMDs materials were identified as piezoelectric. The
structure of TMDs is shown in the Figure 1-9. From the top view, the distribution of
atoms is similar to that of quartz, so that an intrinsic in-plane piezoelectricity can be
observed. From the side view, the metal atom is sandwiched between two S atoms,
and the symmetric structure leads to there is no piezoelectric effect in the vertical

direction.®?

In addition to TMDs (including MoS,, MoSe2, WS; and so on),**-*¢ h-BN, and
graphene nitride have also been confirmed experimentally to be the intrinsic in-plane
piezoelectricity. 2D boron nitride (BN) with a stable planar hexagonal structure is
one of the few insulators in the 2D material family. Theoretically, the piezoelectric
coefficient of h-BN is predicted to range from 118 to 139 pC/m.3"=° The optical
second-harmonic generation (SHG) reveals its non-centrosymmetric structure,
which indirectly confirms the existence of piezoelectricity in h-BN.*° 2D graphene
nitride (g-CsNa4) is a semiconductor with wide band gap that is often used in
photocatalysis. Unlike TMDs, robust in-plane piezoelectricity can still be observed
in its multilayers and even in the bulk material, which is primarily attributed to the

unusual stacking mode.**
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Figure 1-9 Top view and side-view of 2H-MoS;*

Excluding ferroelectric materials, there is no intrinsic out-of-plane
piezoelectricity discovered in 2D materials. Due to the atomic-level thickness, the
decorated surface has a significant impact on the properties of the material, and
therefore a great deal of effort has been made to modify the surface of the material
in order to introduce new properties. In 2014, Mohammad et al. predicted that the
adsorption of hydrogen and/or fluorine atoms on the surface of h-BN would lead to
an out-of-plane dipole moment and the piezoelectric response could be comparable
to that of conventional 3D piezoelectric materials.*? Lu et al. reported in 2017 a
method for synthesizing Janus monolayers of TMDs by substituting Se atoms for S
atoms in the top-layer, which breaks the out-of-plane symmetry of TMDs and the
out-of-plane piezoelectricity is directly confirmed by second harmonic generation

and piezoresponse force microscopy.*

Ultra-thin ferroelectric materials have great potential for applications in the
field of electronic devices, therefore a great deal of effort has been made to solve the
critical thickness problem of conventional oxide dominated ferroelectric materials.

Currently, numerous experiments have shown that ferroelectricity can still be
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observed in conventional ferroelectric materials with thicknesses of a few
nanometers, such as BaTiOs down to 2.4 nm.** However, ferroelectricity in
conventional ferroelectric materials is greatly affected by lattice mismatch, thus there
is a very high requirement for substrates. In recent years, ferroelectric HfO> thin films
have attracted a lot of research interest because of its robust ferroelectric properties
as well as compatibility with silicon-based semiconductor technologies. In 2020,
Suraj et al. reported a method to prepare ferroelectric HfO, films using atomic layer
deposition, and more importantly, ferroelectricity can still be observed at a thickness

of one nanometer.*®

Compared to the oxide ferroelectric materials mentioned above, the 2D layered
van der Waals (vdW) ferroelectric materials have many unique advantages, such as
free of dangling bonds, tunable band structure, and more flexibility. Although a large
number of 2D materials are predicted to be ferroelectric, only a few have been
experimentally confirmed so far, including a-In2Ses, CulnP2Se, SnTe, d1T-MoTe,
and WTe. Itis interesting to note that the few 2D ferroelectric materials cover metals,
semiconductors and insulators. In 2018, Fei et al. reported that ferroelectricity was
observed in the topological semimetal WTe, which showed that a sufficiently thin
polar metal can be permeated by an external electric field and the polarity can also
be reversed. The ferroelectricity at room temperature in the semiconducting MoTe>
with distorted 1T phase was confirmed by Yuan et al., and MoTe.-based vdwW
heterostructures are capable of achieving high ON/OFF resistance ratios.*® In 2016,
the in-plane spontaneous polarization of tin telluride (SnTe) of 1 unit cell limit is

reported by Chang et al., the works may lead to a wide variety of applications.*” The
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insulating ferroelectric 2D CulnP2Se (CIPS) was first reported by Liu et al, whose

transition temperature can be up to 320 K. The excellent insulating properties are

particularly suitable for application in ferroelectric field-effect transistors.*®

Among these 2D ferroelectric materials, currently the most reports and research
available are about a-InzSes. This is attributed to its stable ferroelectricity even in
monolayer at room temperature, as well as the nature of the semiconductor with
bandgap ~1.4eV which means the absorption of visible and near-infrared light. In
2017, Zhu's team successfully predicted the in-plane and out-of-plane ferroelectricity
in a-In2Ses. Subsequently, several reports of experiments confirmed this prediction.
In the same year, out-of-plane piezoelectricity and ferroelectricity in a-InzSes
nanosheets was reported by Zhou et al.*° In the following year, Li's team reported
that interrelated out-of-plane and in-plane polarization were observed.® Due to its
unique in-plane and out-of-plane ferroelectricity, a-1n.Ses shows great potential for

applications in electronic devices as well as optoelectronic devices.

1.2 Strain engineering in 2D materials

Strain engineering is an effective strategy to modify the electronic structure of
a material to affect its many properties such as optical and electrical characteristics.
Also, strain engineering provides a way to extend the application of materials in
flexible electronic devices and optoelectronic devices as well as improve their
performance. The study of the effects of strain engineering has been carried out for
decades, for example, strain is confirmed to play a significant role in enhancing the

carrier mobility of silicon. However, conventional semiconductors can only
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withstand a limited level of strain, which greatly limits the application of strain

engineering. In contrast to conventional semiconductor materials, 2D materials can

withstand extreme loads even at atomic level thickness.

1.2.1 Uniaxial strain effect

Uniaxial strain can be effectively imposed on the 2D material through the
deformation of the flexible substrate under external forces. Currently, a wide variety
of flexible substrates are available, such as PMDS, PET, PI, etc. In general, there are
two methods that can cause deformation of the flexible substrate, one is to elongate

it and the other is to bend it.

As shown in the Figure 1-10, after the 2D material is placed on the flexible
substrate, a tensile force is applied to the substrate in one of horizontal directions,
and the uniaxial strain can be effectively transferred to the 2D nanosheet due to
friction and the adhesion between the 2D material and the substrate.®® In the early
research of strain engineering on 2D materials, this approach provided an

advantageous tool to modulate the physical properties of the materials.

TTT—
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Figure 1-10 Apply strain by elongating the flexible substrate®*
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Graphene offers a promising future for electronics due to its unique and
excellent physical properties, but before it can be applied, one problem has to be
solved that is how to open its energy band gap at K point in the Brillouin zone. In
2008, Ni et al. successfully applied 0.8% uniaxial tensile stress to graphene by
elongating a flexible substrate. The elongated carbon-carbon bonds lead to the
redshift of the Raman peaks. Their results show that the energy band of graphene can
be opened by strain and provide an efficient way to dynamically tune the electronic
structure of graphene.>® A similar experiment was also performed in WS,, and a
direct-indirect bandgap transition was obtained at 2.5% uniaxial strain when the
flexible substrate was elongated. The density-functional-theory calculations further

confirm this result.>®

Bending substrates is another more widely used method to induce strain in 2D
materials. As shown in the Figure 1-11,°! when an external force is applied to a
rectangular flexible substrate, a tensile strain along the direction of the force will be
generated on the upper surface, and an opposite compressive strain will appear on
the lower surface. The method is not only used to modulate the physical properties
of materials, but also widely applied in flexible electronic and optoelectronic devices

to improve their performance.

Neutrallaxis SRS, | _ JISSasee ‘h
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Figure 1-11 Inducing strain in 2D materials by bending the substrate®

Uniaxial strain provides a favorable tool for improving the performance of
flexible devices based on 2D materials, especially for piezophototronics. In 2016,
Wou et al. reported a strain-gated flexible optoelectronic device based on piezoelectric
2D MoS», where the piezoelectric potential induced by the strain promotes the
separation of photogenerated carriers and greatly improves the photoresponse of the
device.> In addition to photodetectors, solar cells based on 2D materials have also
been investigated theoretically based on single-layer MoS, metal-semiconductor
contacts. This work demonstrates that piezophototronic effects can increase the
open-circuit voltage of solar cells, and also provides theoretical guidance for the

design of related devices.>®

1.2.2 Piezoelectric biaxial strain effect

Applying a voltage to a piezoelectric substrate provides a more precise and
controlled method of inducing strain than bending a flexible substrate by mechanical
means. When the external electric field is applied in the Z-axis direction, the
piezoelectric biaxial deformation will be generated in the X-Y plane based on the
inverse piezoelectric effect. Due to the large piezoelectric coefficient, PMN-PT is

often selected as a substrate.

In 2007, the effect of the reversible biaxial strain induced by PMN-PT on
epitaxial ferromagnetic films Lao7A03MnOs was investigated by Thiele et al. The

strain causes a 19 K shift in the Curie temperature of the ferromagnetic film, and the
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working mechanism has also been quantitatively analyzed. The effective

magnetoelectric coupling coefficient up to 6x10°8 s m™ is achieved due to the

variation of M caused by strain. Their results show the ability of electrical control in

a permanent magnet by piezoelectric biaxial stress.*®

In addition to ferromagnetic thin films, controlled strain by electric field also
shows great promise in modulating luminescence. Zhang et al. in 2012 reported an
electric-field-controllable luminescence of ZnS:Mn/PMN-PT system, whose light
emission originated from the piezoelectric potential in the epitaxial film caused by
the deformation of substrate.>” Unlike traditional mechanisms of light-emitting
diodes, their work proposes a new strategy to modulate the luminescence.
Subsequently, Bai et al. reported a tunable near-infrared luminescence of Ni?* doped
SrTiO3z (STO:Ni) thin film on a PMN-PT substrate. The emission wavelength and
bandwidth are tuned by varying the thickness of the film, which can be attributed to
the effect of the strain in the film on the crystal field. Moreover, dynamic modulation
of the strain in the thin film is achieved by the inverse piezoelectric effect of the
piezoelectric substrate under an external electric field, as shown in Figure 1-12.5¢ A
similar result was also obtained by Wu et al. in upconversion photoluminescence of

BaTiOs:Yb/Er thin films on piezoelectric PMN-PT substrates.*

7 (b) Excitation Emission

* ,.."

s Vv
Substrate STO:Ni
PMN-PT —> <+—— Strain 4

PMN-PT

GUO Feng 20



Qb THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 1

N

Figure 1-12 (a) Schematic of strained thin film of STO:Ni on PMN-PT. (b) The setup

for measuring the NIR emission under an external electric field®®

For 2D materials, biaxial strains generated by piezoelectric PMN-PT substrates
also exhibit an extreme ability to modulate their physical properties. Compared to
other methods of applying strain whose tunability of the band gap is within 100 meV
per 1% strain, a blue shift of 300 meV per 1% strain is achieved by inducing biaxial
strain, and an enhanced PL intensity is observed.®® Besides, the effect of controlled
biaxial strain on monolayer graphene was reported by Jie et al. The Raman spectra
of graphene exhibit reversible and real-time manners and the physical mechanism
about the variation of Raman is discussed.®! The exceptionally high tunability of
strain in the electronic structure of 2D materials promises a wide range of

applications in the dynamic tuning of nanodevice performance.

1.3 Overview of neuromorphic devices

As Moore's Law approaches its limits, it faces a huge challenge to further scale
down the size of devices and decrease the power consumption of computing. On the
one hand, the emergence of atomic-scale 2D material families, including
semiconductors, insulators, and metals, offers the possibility of replacing current
silicon-based chips. Therefore, a large number of research on devices based on 2D
materials has been carried out, and 2D materials also offer great prospects for
designing novel devices due to their ability to be arbitrarily stacked. On the other
hand, brain-inspired computing (neuromorphic computing) provides a promising

strategy to lower the consumption of computing power and increase the speed of
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computing in the device and circuit levels. As the basic unit of artificial neural
networks, a series of neuromorphic devices have been designed to emulate the
behaviors of biological neurons. In 2016, AlphaGo's victory over the world
champion was an important milestone in the history of Artificial Intelligence (Al),
which means that Al has the computing power to match that of the human brain.
However, unfortunately, AlphaGo's design is still based on the traditional von
Neumann architecture, whose memory and processor are separated, and such a
mechanism leads to signal latency and high-power consumption. The human brain is
a vast neural network composed of numerous neurons connected by synapses. Each
neuron is responsible for both storing information and performing logical operations.
Such in-memory computing allows the brain to have the ability to process multiple
complex tasks flexibly and efficiently in real time. Therefore, recently the study of
devices that mimic the synapses of neurons in the brain has attracted widespread

interest.

1.3.1 Electrical synapse

In a neural network, neurons are connected by synapses, as shown in the Figure
1-13.%2 After the neurotransmitter released from the pre-synapse is delivered to the
post-synapse, an excitatory signal will be evoked in the post-neuron, and if it exceeds
the threshold, the excitatory signal will continue to be transmitted. The weight of the
synapse implies the degree of tightness of the connections between neurons, which
are plasticized by neural activity. Therefore, numerous synaptic behaviors such as

short-term plasticity (STP), long-term plasticity (LTP), and paired pulse facilitation

GUO Feng 22



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 1

&
&
(PPF) are emulated by the electronic synapses where electrical pulses play the role

of neural excitation. And a series of electrical synapses have been proposed based on

different physical mechanisms.

Post-synaptic neuron

Pre-synaptic neuron

Synaptic cleft
Figure 1-13 Schematic diagram of a synapse®?

As a two-terminal device, when an electrical pulse is applied to a memristor,
the resistance of the device will change in response, implying that the device has the
capacity to record the previous activities, which is similar to the plasticity of the
synapse. Therefore, synaptic devices based on memristors have been widely studied.
The memristor as a phenomenon, in fact, involves abundant working mechanisms,

as shown in Figure 1-14.%3

Semiconductor

Mechanisms

Defect Phase Vacancy Filament SE & DT Charge
migration transition migration formation transport trapping
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Figure 1-14 A schematic illustration of general mechanisms in memristor®

The memristor as the missing circuit element was first predicted theoretically
in 1971 by L. Chua.® However, it was until 2008 that memristors were
experimentally obtained in nanoscale electronic devices based on titanium dioxide
(TiO2) due to the motion of charged atomic or molecular species.®® Forming
conductive filaments in channel of electronic devices between two electrodes is a
convenient and controllable method to prepare artificial synapses based on
memristors. For example, Liu et al. proposed a synaptic device consisting of TiO>
films and Ag nanoclusters to achieve enhanced memristor performance. In their work,
beyond simple synaptic behaviors, comprehensive synaptic functions such as the
transition from short-term memory to long-term memory have also been investigated
in depth. The observation of Ag distribution by high-resolution transmission electron
microscopy further confirms the formation of conductive filaments under external
electric field.®® Similar results were also obtained by Chen's group, who proposed a
method to regulate the formation of conducting filaments by modulating the
orientation of mesopores in the dielectric silica layer, thus achieving varying the

relaxation time of memory.%’

Migration of defects and vacancies in materials provides an additional
mechanism to prepare memristor-based artificial synapses. In 2015, Hersam et al.
reported a novel memristor based migration of grain boundaries in monolayer MoS;.
Experimental results show that the variation of resistance is tunable and repetitive,
and switching ratio up to ~10° are achieved. Moreover, the gate terminal in the FET

provides an additional degree of freedom to modulate the performance of the
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device.®® Subsequently, they prepared a multi-terminal memristor based
polycrystalline MoS, film in a scalable fabrication process. Apart from the
conventional neural learning behavior of long-term potentiation/depression, MoS;
memtransistors with six terminals feature gate-tunable heterosynaptic capability,
which is not possible in two-terminal memristors. More importantly, the migration
of defects in the material is observed by in situ scanning probe microscopy, which
reveals the process of dynamically changing the resistance by applied electrical
pulses.®® Although the mechanism for migration of oxygen vacancies was discovered
at an early stage in memristors, it generally requires a large operating current. Thus,
a memristor consisting of WS> with high performance and low power consumption
based on the migration of sulfur and tungsten vacancies was demonstrated by Liu et
al. A low set (reset) energy is obtained which originated from fast switching times
of 13 ns (14 ns) and low program current of 1 A in ON state. Except for synaptic
behaviors that are mimicked, defect states formed by sulfur and tungsten vacancies

are also identified by the authors through density functional theory calculations.”

Additionally, 2D memristors based on phase transition were proposed in 2015.
Their results show that various metastable states appear in 1T-type tantalum disulfide
(1T-TaS) as the thickness decreases, and several nonvolatile states are obtained by
applying in-plane electrical pulses. However, the temperature requirement of 25 K
hinders its application at room temperature.” In 2021, a nonvolatile memory based
on the reversible phase transition of SrCoOyx was proposed by Mou et al. and the
selective stabilization of developing synapses was emulated. The image recognition

accuracy of the neural network composed of the device can reach up to 99%.
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Unfortunately, the device still needs to be operated at a low temperature, so the

development of a synaptic device based on the phase transition mechanism where it

can be operated at room temperature is highly desired.

The Schottky emission (SE) to direct tunneling (DT) transition is usually
observed in ultra-thin materials which refers to the transport conversion from SE to
DT. Due to the atomic-level thickness, vertically structured memristors based on this
mechanism show great potential in the field of low-power devices. For example,
Chen et al. reported that a ferroelectric tunnel memristor whose synaptic plasticity
can be tuned by interfacial modifications, the large range of potential barriers with
1.28 eV can be modulated to achieve controllable carrier transport.” However, there
are still few reports on devices with this mechanism. In contrast, charge trapping is
a more general mechanism for artificial synapses, and it has been applied in a variety

of materials such as Cgo, carbon nanotube, van der Waals materials.”* "6

Due to the controlled surface-bound charge, ferroelectricity provides a unique
mechanism for artificial synapses to mimic synaptic behaviors. The conventional
ferroelectric field-effect transistor is a typical device structure, as shown in the
Figure 1-15. When the gate voltage is applied, the ferroelectric domains are gradually
reversed, which leads to a change in the conductance of the channel, thus enabling
the emulation of synaptic behavior. In 2019, Lee and his colleagues demonstrated a
synaptic transistor consisting of a ferroelectric film and an oxide semiconductor.
Synaptic potentiation and depression properties are observed in their devices, and a
91.1% accuracy for handwritten digits is achieved.”” Similar functions can also be

achieved by organic ferroelectric polymer. For example, Tian et al. reported a
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synaptic device using ferroelectric PVDF as the gate insulator and 2D MoS: as the

channel material, which exhibited a high switching ratio.”

D

it It §p

Figure 1-15 Schematic diagram of ferroelectric thin-film transistor’”

1.3.2 Optoelectronic synapse

For humans, 80% of the information acquired comes from vision, and the high
throughput of visual information requires a vision system that can respond in real
time and with flexibility. Conventionally, the light signal is converted into an
electrical signal through the optical sensor and then transmitted to the von Neumann
architecture computer for processing, the signal latency and high energy
consumption significantly limit its further development. While the human visual
system shows a high degree of flexibility and sophisticated behavior in processing
visual information due to its parallel computing capabilities. Besides, there is a
difference between photodetectors and optoelectronic synapses, which not only
convert light signals to electrical signals but also retain the memory induced by light

stimuli for a period of time. Thus, in recent years, the study of optoelectronic
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synapses has attracted a great deal of interest, but it is noteworthy that the field is

still in its initial stages.

At present, a large number of materials have been investigated to prepare
optoelectronic synaptic devices, including inorganic semiconductors, organic
semiconductors, perovskite, 2D materials, etc., but their working mechanisms can be
generally classified into modulation of trapping and de-trapping processes of
photogenerated carriers and persistent photoconductivity (PPC).” The intrinsic trap
state inside the material or at the interface can be exploited to modulate the
recombination process of photogenerated carriers, which leads to a change in the
conductance of the device. The approach can be used to mimic the biological
synaptic response to light stimuli. For example, Li et al. proposed an optoelectronic
synaptic device based on InGaZnOx-Al2Os thin film structure. In their work,
ultraviolet (UV) light was utilized as a stimulus for presynapses, and currents in the
transistor represented the excitatory signal of the synapse. Under light stimuli,
behaviors of synaptic plasticity such as paired-pulse facilitation, transition from
short-term memory to long-term memory was obtained, which resulted from
trapping and de-trapping processes at the IGZO/AI>Os3 interface and/or in the Al2O3
layer.8° Additionally, Dai and his colleagues have proposed a simple method to
design optoelectronic synapses by exploiting the interface charge trapping effect in
organic field-effect transistors, where the organic OSC was used as the conductive
channel and the PAN was used as the dielectric material. Due to the polar functional

groups in PAN, remarkable charge trapping effect can be observed at the interface
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of OSC/PAN. Thus, under light pulses, learning and forgetting processes in the brain

are successfully emulated in their devices.®

By designing the heterostructure rationally, the energy band alignment at the
interface can serve to separate the photogenerated carriers and prevent them from
recombining, which leads to a decayed behavior analogous to that of a synapse under
stimuli. Recently, Wang et al. reported a multi-functional synaptic device based on
MoS2/PTCDA hybrid heterostructure, which can respond to electrical and optical
pulses. The elaborated energy band structure at the interface of the heterostructure
can effectively modulate the carrier transport. Their results provide great inspiration
for the design of multifunctional synaptic devices.®? A similar design principle was
also adopted by Qian et al. to design the solar-stimulated optoelectronic synapse
based on organic heterostructure. At the interface of CuPc/p-6P heterostructure,
photogenerated electrons are trapped in the p-6P insulating layer while holes move
to CuPc, and the separation of carriers causes an increase in the channel current. A
linear increase in the channel conductance is obtained and maximum recognition rate

of 78% is achieved for MNIST digit patterns by their device.®

Persistent photoconductivity (PPC) is commonly observed in oxide
semiconductors, and it is related to the vacancies in the materials. In contrast to
carriers trapped which is discussed above, for PPC when the light pulse is removed,
the increased conductance can be maintained for a long time or even days. In 2017,
Lee et al. designed a brain-inspired photonic neuromorphic device consisting of
amorphous oxide semiconductors based on PPC. Moreover, the dynamic processes

of photogenerated carriers are systematically analyzed and their results indicate that
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activation energy for the neutralization of ionized oxygen vacancies plays an
important role in the behavior of PPC.34 In addition to oxide semiconductors,
recently PPC has also been identified to contribute to the behavior of optoelectronic
synapses in 2D materials. Seo et al. constructed a flexible optoelectronic synapse
based on vdW layered rhenium disulfide (ReS>). By first-principles calculations,

sulfur vacancies in ReS; are thought to be responsible for the PPC effect.®

1.4  Significance of research

Since the discovery of piezoelectricity more than a hundred years ago,
piezoelectric materials have been extensively studied and utilized in the field of
sensors and actuators due to the piezoelectric and inverse piezoelectric effects. In
addition to piezoelectric applications, as a subclass of piezoelectric materials,
ferroelectric materials with spontaneous polarization have also attracted a great deal
of research interest for the preparation of electronic devices such as ferroelectric field
effect transistors, ferroelectric tunneling junctions, etc. However, as Moore's Law
approaches its limits, it faces a great challenge to miniaturize devices based on
conventional ferroelectric and piezoelectric materials because of the critical
thickness problem, which means that ferroelectricity will disappear as the thickness
of the material becomes thinner. Although great efforts were made to break the
critical thickness bottleneck, and new oxide ferroelectric materials have been found
to be intrinsically ferroelectric even down to atomic thickness, the compatibility with
silicon-based chips is still an issue. Besides, the wide forbidden band of conventional

ferroelectric materials also limits its application in optoelectronic devices. The
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discovery of monolayer graphene sparked research interest in 2D layered vdW
materials due to their unique physical and chemical properties such as tunable energy
bands and absent dangling bond on the surface. This means that there is no concern
about lattice mismatch between the material and the substrate. In recent years, a
series of piezoelectric and ferroelectric 2D materials have been predicted and
experimentally confirmed, which offer the possibility to design novel electronic
devices such as artificial synapses. Among these materials, a-In,Ses is an outstanding
candidate because of its robust in-plane and out-of-plane ferroelectricity,
semiconductor properties and suitable energy bands for absorption of visible and

near-infrared light.

Strain engineering is an effective tool to modulate the physical properties of
materials, and it has been investigated in conventional materials for decades.
Graphene is very promising for electronic devices due to its high carrier mobility,
but the zero-band gap in graphene hinders its practical application. The successfully
opening band gap of graphene by strain engineering has boosted the research about
the influence of strain on 2D materials. Especially for 2D piezoelectric materials, the
piezoelectric potential induced by strain can play a role in promoting or inhibiting
carrier transport, so the phenomenon has been widely used in electronic devices and
optoelectronic devices. However, so far, most of the generation of strain in the
material relies on the mechanical deformation of the flexible substrate. The
piezoelectric substrate PMN-PT provides an additional strategy to generate biaxial
strain that can be precisely controlled by inverse piezoelectric effects. In addition, a-

In2Ses provides an excellent platform to discuss the relationship between strain and
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piezoelectric potential in deformed 2D piezoelectric materials, which has not been

investigated before.

Although research in the field of Al has been extremely successful, the von
Neumann architecture of the computer whose memory and processor are separated
has hindered its further development due to the latency of signals and high-power
consumption. The human brain is a neural network composed of numerous neurons
that can handle complex tasks in efficient and flexible manners. Therefore, great
efforts are devoted for designing artificial synapses, which are the basic elements of
neural networks. So far, diverse materials including conventional semiconductors,
organic perovskite, and 2D materials have been attempted to prepare Synaptic
devices. However, a long-standing problem has not been solved properly, and it ever
triggered the first Al winter. For a single neuron, it cannot perform linearly non-
separable logic, and generally a multi-layer neural network is required which leads
to a huge amount of operations. Therefore, it is highly desirable to implement linearly
separable and non-separable logic at the single device level in order to simplify the

current redundant artificial neural networks (ANN).

In contrast to photodetectors, biological synapses not only convert light stimuli
into electrical signals but also process the received information. Although artificial
vision systems based on traditional photodetectors and von Neumann architecture
computers have been widely used in the fields of autonomous driving, image
recognition, etc., processing high throughput information in a timely manner is still
a problem that needs to be solved. Therefore, a large number of optoelectronic

synaptic devices have been designed to mimic synaptic behaviors under illumination.
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However, most research up to now has only demonstrated the emulation of simple
optical synaptic behaviors, and few of them have reported on the
multifunctionalization of synapses by integrating logical functions and information
storage in order to mimic the complete human visual system. The emergence of

semiconducting 2D ferroelectric materials offers the possibility to achieve this goal.

1.5 Structure of thesis

The chapters of this thesis are organized as follows:

Chapter 1: Introduction. In this chapter, the basic principles of ferroelectricity and
piezoelectricity and recent advances in 2D ferroelectric and piezoelectric materials
are introduced. Moreover, their potential applications in the field of strain
engineering and artificial synapses are presented. In order to better understand this
work, the significance of the research is arranged subsequently, and the structure of

this thesis is written to facilitate reading.

Chapter 2: Experimental methods. This chapter provides detailed descriptions of
methods for the preparation of 2D materials and related devices. The material
characterization methods including structural characterization, ferroelectric and
piezoelectric characterization, etc., as well as the electrical measurement methods

for the devices are carefully discussed.

Chapter 3: Piezoelectric biaxial strain effects on the 2D a-In,Ses nanosheets. This
chapter describes the effect of biaxial strain induced by piezoelectric substrates on

the PL and Raman spectra of ferroelectric 2D material. In addition, the role of strain
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and piezoelectric potential in the material is analyzed through the laser power

dependent phenomenon.

Chapter 4: Brain-inspired artificial neuron based on 2D ferroelectric semiconductor.
In this chapter, an artificial neuron is carefully designed consisting of 2D
ferroelectric material. Linearly separable and non-separable logic are performed in
the device. In addition, controlling food intake as a nervous system-level behavior is

successfully mimicked for the first time.

Chapter 5: Multifunctional optoelectronic synapse based on 2D ferroelectric
material. In this chapter, a multifunctional artificial optoelectronic synapse based on
a ferroelectric vdW heterostructure is proposed to emulate the entire human visual
system. Beyond the successful emulation of synaptic behaviors, logical operations
and information storage analogous to those of the human brain have also been

integrated at the single device level for processing complex visual information.

Chapter 6: Conclusion and future prospect. This chapter provides a summary of the
experimental results in this thesis, meanwhile an outlook on 2D ferroelectric and

piezoelectric materials and their related applications is described.
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Chapter 2 Experimental Methods

2.1 Fabrication methods of 2D material

2.1.1 Exfoliation

Mechanical exfoliation is one of the most convenient and easy methods to
prepare monolayers of 2D materials, and it was first reported in the successful
preparation of graphene. Currently, numerous 2D materials including TMDs, h-BN,
etc. have been prepared in this way. The preparation process is shown in the Figure
2-1.%% Firstly, a piece of 2D material crystal is placed on the scotch tape, and after
repeated taping, a large number of 2D nanosheets will be obtained. Next, the tape is
placed in contact with a rigid substrate, and the 2D material of the monolayer can be
found among the numerous nanosheets on the substrate. The success of this strategy

mainly originates from the weak interactions between vdW layers.

Figure 2-1 Schematic diagram of the mechanical exfoliation process®
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The method has successfully prepared a series of 2D vdW materials, providing

an excellent platform to investigate their unique physical properties, but the
uncontrollability, yield and lateral size limit its practical application. Recently,
Huang et al. reported a universal mechanical exfoliation method for the preparation
of large-area 2D crystals with the help of Au. Their results show that 40 types of
single-crystalline monolayers can be successfully exfoliated with centimeter-scale
size. The approach provides a new idea to solve the drawbacks of the mechanically

exfoliating nanosheets.®’

Compared to mechanical exfoliation by tape, sonication-assisted exfoliation
provides a method of preparing single or few-layer 2D materials with high yields. In
2018, Coleman et. al first reported the preparation of monolayer or few layer
graphene by this simple method in different solutions such as N-methyl-pyrrolidone
(NMP) and di-methyl formamide (DMF), and graphene dispersions with
concentrations up to ~0.01 mg mlI~* was obtained. In the process of ultrasound, the
ultrasonic waves and the bubbles produced by ultrasound in solution can exfoliate
the 2D material crystals into nanosheets. A monolayer yield of ~1 wt% demonstrates
the feasibility of the method, meanwhile X-ray photoelectron, infrared and Raman
spectroscopies confirm the high quality of the exfoliated nanosheets. Inspired by the
successful exfoliation of graphene through sonication-assisted exfoliation, the
method has also been attempted to exfoliate other 2D materials including h-BN, WSo,

MoSy, etc. In addition, for sonication-assisted exfoliation, the yield of the nanosheets
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is also highly dependent on the choice of solution with a matching surface energy

between the layered material and the solution based on the Hansen solubility

parameter theory.

To enhance exfoliation, a method based on shear forces was proposed by Paton
et al. in 2014.% Unlike ultrasound, a rotor is immersed in the solution containing the
2D material and the high shear rate exceeds 10* s provides sufficient energy to
allow the layered material to be exfoliated, and the yields of few layered graphene
can reach up to 5.3 g h™. More importantly, their results show that the exfoliation
process can be performed in several hundred liters of solution, which offers the
possibility of preparing 2D nanosheets in large quantities. Ball milling-assisted
exfoliation is another method to prepare 2D layered materials with high production
based on a shear force. During the high-speed rotation of the container, the balls and
the 2D material crystals collide with each other at a high frequency inside the
container, and a shear force is applied to exfoliate the 2D material when the direction
of motion of the balls is consistent with the in-plane direction of the material.
However, the size of the nanosheets obtained by this method is generally smaller
because the force with random orientation is also applied in the out-of-plane

direction of the material.

Intercalation provides an alternative method of exfoliating layered materials,
which can be used alone or in combination with sonication-assisted exfoliation to

further improve yields. Strong oxidative agents can be used for intercalation, such as
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in electrochemical processes where SO4% is introduced into the gallery of 2D

materials, resulting in expanding the interlayer spacing between layers. Meanwhile,
the bubbles generated during the reaction can further separate the layered nanosheets.
For 2D materials which have a small space between layers, alkali metals are good
choice due to their small size. After the layers are intercalated, the increased spacing
between the layers causes a decrease in vdW force, so it is easier to be exfoliated by
the methods such as ultrasound. For example, Loh's team reported a high-yield
exfoliation process based on lithium, potassium and sodium naphthalenide. The
expansion and intercalation method resulted in large monolayer of nanosheets with
size up to 400 pm? obtained.®® However, for ceramic MAX phase materials, there is
a very strong bonding between the ion and host layers, so etching is required first. In
2011 Naguib et al. reported that TisAlIC> was etched into 2D layered Ti3C: in
hydrofluoric acid at room temperature. This approach opened the door for exfoliating
over 60 currently known MAX phases.®°A summary of the methods for exfoliating

2D materials is shown in the Figure 2-2.%
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Figure 2-2 A summary of the methods for exfoliating 2D materials®*

2.1.2 Chemical vapor deposit growth

In contrast to the exfoliation method mentioned above to prepare 2D materials,

currently bottom-up fabrication is the mainstream technology to prepare
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semiconductor devices. Among the many bottom-up preparation methods including
CVD, sputtering, MBE, etc., CVD is chosen as an example to be introduced here due
to its widely applications. Before 2D materials can be commercially applied, a series
of fundamental issues such as controlled growth, doping, defect density, etc. need to
be addressed for preparing high-quality electronic devices. However, currently it still
faces great challenges to achieve the goal. The challenge arises firstly from the
complex relationship between the numerous growth parameters and the
thermodynamic and kinetic processes of crystal growth of 2D material. During the
growth of the material, each parameter such as growth temperature, carrier gas flow
rate, and precursor concentration can have an important influence on the
crystallization quality of the material. More importantly, when one growth parameter
is changed, the other parameters are also affected. For example, the partial pressure
of the precursor in the reaction depends on the volatile temperature of the precursor,
the carrier gas flow rate, the amount of the precursor, etc. When the carrier gas flow
rate is increased, not only the total reaction gas pressure is increased, but also the
volatilization rate of the precursors and the partial pressure of the precursors are
changed, which may lead to a shift in the growth pattern of the material. Such a
complex relationship between the growth parameters and the crystalline quality of
the material leads to poor reproducibility and it generally requires a long time to
optimize the growth parameters. Another challenge is that unlike the growth of
conventional semiconductors which has been studied for decades, the research in the

growth of 2D materials has only been going on for a very short period of time.
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Therefore, the kinetic and thermodynamic mechanisms regarding the growth of 2D

material crystals have not been revealed. For example, the nucleation mode in
conventional semiconductor growth should not be appropriate for 2D materials due
to its van der Waals forces with the substrate. Hence, a systematic understanding in
2D material growth is highly desired and it will be helpful for guiding the design of

experiments.

Besides the modulation of growth parameters, the rational design of the growth
system also plays a crucial role for the crystalline quality of the material. For example,
Li et al. proposed a simple, low-cost method for the synthesis of high-quality
monolayer and multilayer MoS, by in situ thermal annealing. In their reaction
chamber, the precursors Mo and S are sandwiched by two Si/SiO> substrates and
placed in the heating zone where the 2D material is grown in a confined space. In
contrast to conventional CVD, the growth system they designed does not involve
complex transportation of precursors, and only very little precursor is required. The
characterization of the material also confirmed the reliability of the growth
system.*?Additionally, a reactive-barrier-based growth method was reported by Lim
et al. for the growth of large-area monolayers of MoS,. In their work, the sapphire
substrate is placed above the precursor MoOg, and it is interesting to note that a NiO
foam is placed between them. The porous NiO foam ensures that the precursor can
be deposited on the substrate and limits the precursor flux. The obtained 2D materials

with larger size up to 170 pm are mainly attributed to the restricted number of
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nucleation on the substrate.”® The results show that a suitable chemical potential

barrier contributes to the growth of the material in the lateral direction. In order to
prepare large-area thin films of 2D materials, Zhang's team attempted to fabricate
wafer-scale monolayer MoS; by CVD. The high-quality epitaxial films obtained
demonstrate the feasibility of the growth process in CVD, and their proposed simple
stamp transfer method enables the stacking of films on arbitrary substrates, which is

beneficial for the preparation of large-area and diverse devices.®*

Apart from the growth parameters discussed above as well as the structure of
the growth system, the choice of substrate is also crucial for the growth of 2D
materials in CVD. Conventional substrates used in epitaxial films were first
attempted to prepare 2D materials. In 2014, Xiao et al. reported their successful
preparation of high-quality large-sided MoSez on SiO2/Si, mica and Si substrates by
atmospheric pressure CVD. The thickness of the monolayer and multilayer is
confirmed by AFM, and the PL spectrum demonstrates the transition from an indirect
to a direct bandgap as the film thickness decreases.®® MoS; as a very promising
candidate in the field of electronics and optoelectronics, it has also been tried to be
prepared on SiO2/Si substrate through CVD by Terrones et al. The photodetectors
based on CVD-grown MoS; exhibit a photoresponsivity of up to 1.1 mA W and are
operated at a low voltage at room temperature.®® Additionally, in contrast to the
triangular MoSz, Liu's group successfully synthesized dendritic MoS; on SrTiOs

single crystals. The dendritic monolayer MoS: can be transferred intact to Au foil
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electrodes for efficient electrocatalysts for hydrogen evolution reaction due to the
abundance active sites at the edges.®’ Similarly, monolayer dendritic MoS; was also
obtained on LaAlO3z (100) substrates by a low-pressure CVD. The undulated
substrate exhibited a strong substrate modulation effect that led to unique dendritic
morphologies and tunable nucleation densities.®® Subsequently, Zhang et al.
successfully revealed that monolayer dendritic MoS2 can be attributed to a prominent
diffusion anisotropy of monomer precursors by experimental results and theoretical
calculations.®® Compared to the solid-state substrates mentioned above, the growth
and nucleation of graphene on liquid substrates such as melted Cu and Ga exhibit
better controllability due to the easier migration of carbon atoms on the substrate
surface. However, for preparing devices, transfer of graphene from metal substrates
to insulated substrates is required, and the process usually results in breakage of 2D
materials. To avoid this procedure, Chen et al. proposed to prepare graphene on
liquid insulating molten glass substrate by CVD. The uniform and well-dispersed
graphene disks is obtained. Moreover, molten glass also serves to increase the
nucleation uniformity as well as to improve the growth rate of graphene.’®® The
discussion above demonstrates that the selection of a suitable substrate plays a

crucial role in the growth of 2D materials by CVD.

2.2 Fabrication methods of heterostructures

Currently, the discovery of the 2D material family has covered insulators,

semiconductors and conductors, which offers the possibility to construct diverse
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heterostructures for the physical research and potential applications. Due to the

layered structure and the absence of dangling bonds, 2D materials as a building block
can be assembled arbitrarily, and the thickness of atomic layers also motivates new
physical phenomena discovered originating from layer-to-layer interactions. In
addition, the abundant choice of 2D materials for energy band alignment also paves
the way for the design of high performance electronic and optoelectronic devices.
Therefore, extensive research has been carried out to prepare 2D material-based

heterostructures by in situ growth methods and mechanical stacking.

2.2.1 Direct CVD growth

For heterostructures, which can generally be classified as lateral
heterostructures and vertical heterostructures, different from mechanical stacking,
both of them can be prepared by in situ growth, and in this section, heterostructures
fabricated by CVD will be discussed. Graphene, as the first discovered layered
monolayer 2D material with high carrier mobility and metal-like properties, received
extensive research for 2D material based heterostructure. For example, in 2014,
McCreary reported the synthesis of vertical large-area and uniform MoSz-graphene
heterostructures by direct CVD growth. First, high-quality large-area graphene is
grown on Cu foil by CVD, and then, the graphene is transferred to a Si/SiO> substrate.
For cleaning the surface of graphene, the sample is annealed in forming gas. Finally,

MoS: is deposited directly on top of graphene, using S and MoCls as precursors, as
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shown in Figure 2-3. A series of characterizations including AFM, Raman

spectroscopies and so on confirmed the uniformity and high quality of monolayer

MoS,. 1%

0 a mgpm
U |

Figure 2-3 Schematic diagram of the furnace for MoS; growth on graphene!®

Recently, a novel method to prepare graphene on MoSz was reported by Lee et
al. In their work, 1,2,3,4-tetraphenylnaphthalene (TPN) was spin-coated on the
prepared MoS; films as a precursor of graphene. The UV/ozone treatment for the
TPN films served to increase the adhesion between the films and further improved
the quality of the heterostructures. The Figure 2-4 shows that a sharp interface
between graphene and MoS: can be obtained, and devices based the heterostructure

exhibit excellent electrical and mechanical characteristics.%?
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Figure 2-4 High-resolution cross-sectional TEM image of graphene/MoS;

heterostructure'®?

For heterostructure based on 2D semiconductor materials, Li et al. proposed
one-step CVD method to prepare the vertical SnS2/SnS heterostructures. During the
growth process, SnS and S powders as precursors were transported to the mica
substrate by the carrier gas and high-quality vertical n-p SnS,/SnS heterostructure
was obtained. Photodetectors based on the heterostructure exhibit a high
photoresponsivity and on/off ratio, which can reach up to 27.7 A W™ and 2.2 x103
respectively.1® In order to improve optoelectronic performance of monolayers of
MoSz, a MoS2/MoSe; heterostructure was designed through direct vapor growth by
Pan's team. The high-resolution TEM confirms the high quality of the heterostructure
and shows that there is no atomic alloying at the interface of the heterostructure. An
enhanced photoresponsivity of 36 A/W is obtained in the photodetector based on
vertical vdW MoS,/MoSe; heterostructure.®* Due to the atomic-level flatness and
chemical inert, 2D insulating h-BN is an outstanding and promising substrate to
prepare 2D semiconductor materials. Yan et al. presented the direct growth of single-
and few-layer MoS> on tape-exfoliated h-BN, and different growth mechanisms of

them are analyzed and discussed.'%®

Compared to vertical 2D heterostructures, it is more difficult to prepare lateral
2D heterostructures due to a strict requirement for lattice matching at the interface

between the two kinds of materials. According to a thermodynamically stable
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manner, it is easier to form TMD alloys, therefore, an alloy region is often discovered
at the interface of two materials, which greatly disrupts the design of the energy band
alignment and hinders the research of the intrinsic lateral heterostructure. To solve
this problem, Li et al. reported a two-step epitaxial method to achieve atomic-level
sharp interfaces in lateral p-n junction. As shown in the Figure 2-5, the monolayer
WSe; was first grown on the sapphire substrate due to the requirement of a higher
growth temperature compared to MoS,. Then, MoS; was deposited in a separate
furnace. The experimental results show that a suitable ratio between the relative
vapor amount of MoOs and S plays a key role to avoid the formation of alloy.'%® A
further experiment was carried out by Xie et al. to fabricate a lateral 2D material-
based superlattice where different monolayers of transition metal dichalcogenide
were repeatedly integrated in 2018. Precise modulation of the strain at the interface
of the two kinds of materials is achieved by changing the supercell dimensions,
which can be used to tune the photoluminescence peak of the superlattice with a

range of 250 millielectron volts.’
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Figure 2-5 Schematic diagram of preparing lateral monolayer WSez-MoS;

heterostructure'©®

2.2.2 Mechanical stacking

Compared to growth in situ, mechanical stacking is a more flexible way to
prepare vertical 2D heterostructures due to the disregard of lattice mismatch. And
numerous devices composed of heterostructure made by mechanical stacking such
as photodetectors, field effect transistors have been widely investigated. Moreover,
novel physical phenomena such as piezoelectricity, superconductivity, etc. have also
been discovered in elaborately designed stacks of 2D heterostructures. Generally
speaking, mechanical stacking can be divided into three steps including transfer,

stacking and removal of the carrier, as shown in Figure 2-6.1%®
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Figure 2-6 Steps for preparing vertical 2D heterostructures by mechanical

stacking'%

In the process of fabricating a heterostructure, first of all, the bottom material
should be placed on a target substrate. For 2D materials grown on an insulating
substrate such as Si/SiO2 by CVD, it can be used directly for stacking 2D materials
if there are no special requirements for substrate. However, for those 2D materials
grown on metal substrates, such as graphene on Cu foil, they need to be transferred
to the target substrate in order to prepare electronic devices. Also, monolayer or
multilayer nanosheets exfoliated from their bulk counterparts can be placed directly
on the target substrate via tape as previously discussed. In general, carriers can be
classified into three categories: amorphous polymers membranes such as polymethyl
methacrylate (PMMA), poly-propylene carbonate (PPC) and polycarbonate (PC);
viscoelastic stamps, such as polydimethylsiloxane (PDMS); and metal films, such as
Au, Pt films. The uniform thickness, high transparency of polymer membranes and
viscoelastic stamps enable them the most popular carriers currently. Recently, thin
films of metals have also been used to transfer 2D materials because of the strong

adhesion between them.

In the next step, the top 2D material is transferred and stacked onto the bottom
2D material, thus forming a heterostructure. The working platform usually consists
of a microscope and two sets of three-axis micrometer stages, where the position of

the 2D material can be observed by the microscope, and two sets of three-axis
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micrometer stages are used to modulate the position of the bottom and top nanosheets,
respectively. Among the working platforms, some are also fitted with a rotary table
to stack two kinds of materials at a specific angle. For example, Cao et al. reported
intrinsic unconventional superconductivity in stacking two sheets of graphene where

they are twisted relative to each other by a small angle.1%

After stacking, carriers will be removed normally by one of three methods,
including controlled release, thermal decomposition, and dissolution of carriers.
Controlled release is a preferred option due to less contaminant residues, such as in
the case of the PDMS carrier. For thermal decomposition, a suitable temperature is
usually required to remove the carriers and not to cause damage to the 2D nanosheets.
In addition, since most carriers are organic, they can also be dissolved in volatile

reagents such as acetone, etc.

In order to prepare electronic devices, electrodes of metals need to be deposited
on heterostructures. However, for ultrathin 2D heterostructures, the conventional
method will induce the damage in the interface between the material and the
electrodes due to the high-energy particles during the process of E-beam. In 2016, Li
et al. reported an efficient and low-cost method to prepare and transfer metal
electrodes for the fabrication of nano electronic devices. The electrical measurement
results of the devices also confirm the feasibility of the method.!*® Furthermore,

Duan's team reported that creating atomically flat interfaces between metal
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electrodes and 2D materials by transferring electrodes which approaches the

Schottky—Mott limit, as shown in the Figure 2-7.11!

Transferred Au Evaporated Au

Diffusion and Glassy
Defects - layer broken layer

Figure 2-7 TEM images of the transferred and electron-beam-deposited Au electrode

on MoS,1

2.3 Characterizations

2.3.1 Structural analysis

Transmission electron microscopy (TEM) is a powerful tool to observe
structures of material at the atomic level, which greatly reveals the relationship
between microscopic structures and macroscopic phenomenon. The working
principle of TEM is shown in the Figure 2-8.112 A beam of electrons is transmitted
through an ultra-thin sample, which is typically less than 100 nm and supported on
a copper mesh. As electrons are incident on the sample, they interact with electrons
and nuclei via Coulomb forces. The scattered electrons can be collected and

refocused by the lens to produce a pixel point, which is similar to the behavior of an
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optical microscope for photons. Compared to optical microscopy, the higher

resolution of TEM primarily originates from the smaller de Broglie wavelength of
electrons. In addition to image mode, the multifunctional TEM can also work in
diffusion mode and scanning transmission electron microscopy (STEM) mode for
the diffraction pattern and annular dark-field imaging, respectively. With the
increasing research on 2D materials, the TEM plays a more and more important role

to observe defects, vacancies and interfaces in 2D materials.

Electron Source
Condenser Lens

Sample

Objective Lens

First Image

Intermediate Lens

Second Image

Projector
Lens

Screen/Camera e Final Image

Figure 2-8 Schematic diagram of TEM structure!?

Raman spectroscopy is another commonly accepted method to analyze the

structure of a material and the vibrations of its molecules or atoms, also known as
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phonons. It is also a unique fingerprint to identify and distinguish different materials.
Raman scattering was first observed by C. V. Raman as well as his colleague K. S.
Krishnan in 1928. When light reaches the surface of the sample, the energy of most
scattered photons will not be changed, and this process is called Rayleigh scattering
which is a kind of elastic scattering. However, for a minority of photons whose
energy are increased or decreased due to their interaction with phonons, they are
called anti-Stokes Raman scattering and Stokes Raman scattering, respectively. For
the research in 2D materials, Raman spectroscopy is often used to identify the
material and to distinguish different phases of one material. Moreover, it can also be
used to determine the thicknesses for example there is a noticeable difference in their

Raman spectra for monolayer and multilayer MoS;.

2.3.2 Optical characterizations

The optical microscope is a tool based on the lens system to magnify the image
of an object through visible light, and its output can be directly observed by the
human eyes. Observing samples through an optical microscope is a convenient and
time-saving method to determine location, size, and approximate thickness of
material. Optical microscopes typically are comprised of two optical systems,
namely an eyepiece and an objective lens. When the object is placed on the stage,
the scattered light on the sample surface is collected by the objective lens and a

magnified real image is produced. Normally, a revolver will be installed at the
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bottom of the microscope, where several objective lens are fixed, and the user can
rotate the revolver to select an ideal objective lens for the appropriate magnification.
The eyepiece is at the top of the microscope tube, bringing a magnified virtual image
to the eyes for the purpose of observation. In some cases, an electronic camera is
integrated into the optical microscope system to acquire the image and present it on
the computer screen. For 2D materials, the nanosheets exfoliated from the bulk are
usually transferred to the Si/SiO; substrate via tape. The strongly contrast in color
between the nanosheets and the substrate is very helpful for finding the location of
nanosheets. Moreover, the different colors of 2D material nanosheets can also be

used to estimate its thickness empirically.

Photoluminescence Spectroscopy (PL) is a nondestructive, contactless method
of probing materials. When light is directed to a material, photons will be reflected,
transmitted or absorbed by the material. If the energy of the photon is less than the
forbidden band width of the material, the absorbed photon will cause a more intense
crystal lattice vibration or intraband transition. For photons with sufficient energy,
its absorption will cause band-to-band transitions of carriers in the semiconductor.
According to the energy band structure, semiconductors can be classified into direct
band gap and indirect band gap, which means that the carrier transition in the indirect
band gap typically requires the help of one or several phonons due to the change in
momentum in contrast to the direct band gap. PL is a spontaneous emission of

photons when the carriers transition from the excited state to the ground state,
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band.

2.3.3 Piezoresponse force microscopy

The atomic force microscopy (AFM) is a powerful tool to probe the surface of
a material based on the interaction forces between the probe and the material surface
atoms, and it has greatly advanced the research in the nanoscale. As a variant of AFM,
piezoresponse force microscopy (PFM) not only acquires information on the surface
morphology of a material, but more importantly, it has the capacity to sense the
piezoelectric deformation of the material under electric field of the tip and to image
the pattern of ferroelectric domains. The schematic diagram of the PFM structure is
shown in Figure 2-9. On the left side is a standard AFM structure to depict the surface
morphology of the sample, while on the right side are additional components for

PFM including a lock-in amplifier (LIA) and function generator.t*3 114

Topography PFM-Signal
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Figure 2-9 Schematic diagram of the PFM structure!!?
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When AFM is operated in a contact mode, a conductive probe of PFM can
provide an oscillating voltage applied to the piezoelectric or ferroelectric material,
which can induce a deformation in the material based on the inverse piezoelectric
effect and be detected by the probe. However, in general, for nanoscale materials
even conventional oxide ferroelectric materials, its deformation amplitude may also
be lower than the sensitivity of AFM, so LIA is used to extract the deformation signal
from the noise. In order to visualize the ferroelectric domains, an AC voltage
generated by the function generator is imposed on the material by the tip, and a
contrast can be observed originating from the different PFM signals obtained from
the different domains. The maximum PFM signal contrast can reach as high as 180°
between two domains. Moreover, the polarization direction of the ferroelectric
domains can also be reversed by applying a DC voltage through the conducting probe.
Therefore, PFM provides an efficient method to confirm the piezoelectricity,
ferroelectricity in materials and enable the manipulation of ferroelectric domains at

the nanoscale.

2.3.4 Electrical measurement

In our experiments, in order to apply a uniform electric field to the piezoelectric
substrate PMN-PT, metal films are first deposited on the bottom and top surfaces of
the substrate. Silver paste and copper wires are used to connect the two surfaces of

the substrate with the sourcemeter Keithley 2410 which can supply a voltage up to
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1100V. The high voltage ensures that the piezoelectric substrate can provide a large

enough strain to the 2D material on its surface. For measuring the electrical
performance of the synaptic device, it is placed in a probe station equipped with four
probes. The metal shell of the probe station provides excellent shielding against
external interference, so an accurate signal is obtained by Keithley 4200.
Measurements for devices are performed in quiet mode, which is a suitable trade-off
between measurement speed and accuracy. And the light pulse of LED or laser is
controlled by a function generator in order to measure the optoelectronic

performance of the device.
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Chapter 3 Piezoelectric Biaxial Strain Effects on the 2D

Ferroelectric a-1n2Se; Nanosheets

3.1 Introduction

Due to their unique physical properties and ideal energy band structure,
optoelectronic devices based on 2D semiconducting materials, such as nano laser
devices, light emitting diodes, photodetectors, and so on, have been continuously
developed.!*>17 For fulfilling the demands of technological growth, significant
efforts have been committed to the dynamically tuning of material band structure.
Strain engineering provides an excellent platform to investigate and modulate the
optical and electrical properties of optoelectronic 2D materials due to its low cost
and straightforward manufacturing process. 118 11 In addition, strain engineering is
also a promising strategy for improving the performance of next-generation
optoelectronic devices. Due to their ultrathin layered structure, strain has surprising
effect on 2D materials in particular. Strain engineering, for example, has been
utilized to open a tiny band gap in graphene's Brillouin zone in order to achieve the
potential application of graphene. Specifically, the influence of strain on optical and
vibrational properties of a variety of 2D piezoelectric materials, such as MoSz, WSy,
and MoSey, has been extensively studied and the majority of research attribute the
change in energy band to strain.> 20 However, the relationships between strains and

the effects of strain induced piezoelectric electrical field on the optical characteristics
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of I11-V1 layered semiconductors as an important class of 2D materials remain
unexplored. As a result, it is extremely desirable to investigate strain engineering of
emerging 2D piezoelectric materials in order to obtain a better understanding of the
underlying mechanism. Recently, the 111-VI compound a-In2Ses was confirmed to
be a layered van der Waals 2D material with a 1.4 eV band gap and excellent
piezoelectric and ferroelectric properties, implying possible applications for
photodetectors and infrared LEDs.*® 12 122 However, there are only very few
publications on dynamically controlling the optical and luminescence properties of

o-In2Ses.

3.2 Experimental

3.2.1 Design of measurement setup

In general, there are two methods for imposing strain on 2D materials. The first
is to apply uniaxial strain by stretching or bending flexible substrates such as PDMS,
PMMA, and PET. Another method is to place 2D materials onto a piezoelectric
substrate to introduce biaxial strain. When compared to uniaxial strain imposed by
manually bending a flexible substrate, biaxial strain can be controlled more precisely
because it is modulated by applied voltage. As a result of its superior
electromechanical and converse piezoelectric capabilities, the single crystalline (1-
x)Pb(Mg13Nb23)03]-x[PbTiO3] (PMN-PT) was employed as the piezoelectric
substrate in this work.>” 2 The Raman and photoluminescence (PL) spectra of

mechanical exfoliated layered a-In,Ses nanosheets under biaxial strain triggered by
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PMN-PT (001) substrate were studied in this work, which provides an effective

method to modulate and investigate 2D material properties using an in-situ and

dynamical approach.

Mechanical exfoliation of bulk crystal a-In.Sez bought from 2D semiconductor
Co. was used to produce nanosheets. Prior to the transfer process, a 100 nm-thick Au
layer was coated on the backside of the substrate as a bottom electrode, and a 20 nm-
thick Pt film was sputtered on the polished side of the substrate as a top electrode.
The resistance of Au and Pt is only a few Ohms, which is substantially lower than
that of the PMN-PT substrate. As a result, the majority of the bias voltage was
dropped on the substrate. The schematic diagram of Raman and PL measurements is

shown in Figure 3-1.
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Figure 3-1 Schematic diagram of Raman and PL measurements via an

electromechanical device
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3.2.2 Characteristics

As illustrated in Figure 3-2, the thickness of the nanosheet was determined
using an Asylum MFP 3D Infinity atomic force microscope (AFM) in tapping mode.
As shown in the figure, the thickness of sample is about 30 nm. The Raman and PL
spectra were analyzed by a WITEC Confocal Raman system with a laser spot size of
1 pm and an excitation wavelength of 532 nm to evaluate the optical property and
vibrational behavior. In order to prevent damaging the sample, we employed a lower
laser power of less than 0.5 mW in our experiment. A Keithley 2410 Source Meter
provided the bias voltage on the piezoelectric substrate. For polarization, an electric
field (E) of 10 kV/cm was applied to the PMN-PT substrate prior to the

measurements.

Figure 3-2 AFM image of a-1n2Ses nanosheets
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3.3 Effect of biaxial strain on Raman spectra

According to the research, Raman peaks were discovered at 89, 104, 180, and
196 cm,'2* while Zhang et al. reported four peaks at 90, 104, 180, and 195 cm™.'%°
The Raman spectrum was measured to investigate the vibrational behavior of ao-
In2Ses on PMN-PT substrate, as shown in the inset of Figure 3-3. The Raman peaks
correspond to the phonon modes of a-In.Ses and are centered at 88, 104, 180, and
194 cm™™. The characteristic peak, which is centered at 104 cm™, can be identified as
the strongest peak and is attributable to A(LO+TO) phonon modes (inset of Figure
3-4). As a result, in the following measurement, the strongest A(LO+TO) phonon
mode will be employed as a reference measured on the samples under low laser

power excitation.
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Figure 3-3 The Raman peak position as a function of the applied voltage from 0 to

500 V and inset shows the Raman spectrum of a-In>Ses

GUO Feng 62



Qb THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

Ny

A positive sign is defined as applying a positive voltage to the top of the

substrate (the polished side with Pt). A compressive strain can be produced by a
negative or positive bias voltage with a slope of -0.04 % strain per 100 V, according
to the prior study.®® The A(LO+TO) phonon mode shifts toward higher frequency
when the applied voltage increases from 0 to 500 V, as illustrated in Figure 3-3,
while the opposite tendency is observed when a negative voltage is applied. For
positive voltage, the relationship between the Raman shift and strain remains

approximately linear at a rate of about 3.1 cm™/ %.
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Figure 3-4 The Raman peak as a function of the applied voltage from 0 to -500 V.

The shift in the Raman peak is highly indicative of the variation in lattice

constant and phonon vibrational activity that is typically observed when strain is
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applied on 2D materials. The Grineisen parameter is a useful quantity for describing

the rate of phonon frequency variation as a function of strain. It is defined as follows:

2wg de

where o and ® are Raman frequencies under no strain and finite biaxial strain,
respectively, and € is the biaxial strain applied on a-In,Ses. In this case, it can be

simplified as

Aw
2(1)08

Yy=- (3-2)

The obtained Griineisen parameters for positive and negative voltage are 1.5
and 0.4, respectively. However, the piezoelectric PMN-PT substrate deformation
may not have been entirely transferred to the top a-InoSes layer. The actual strain
delivered to the 2D material is about -0.011 % per 100 V using the calibration where
graphene was placed on PMN-PT in our previous work.®! Hence actual Griineisen
parameters are 5.4 and 1.44, respectively, assuming that the strain can be totally
transferred to a-InySes via the Pt layer. The Griineisen parameter in the negative
voltage case is slightly less than that of the positive voltage. This could be
attributable to a minor slippage during the strain application process. In other words,
the data from the positive voltage example more clearly reveals strain's modulation
capacity on the Raman frequency. When compared to the reported Griineisen

parameters for graphene '**!27 and MoS,,'?° piezoelectric substrate-induced biaxial
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strain can provide a more powerful tool for modulating and investigating lattice

vibration, as shown in the Table 1.

Table 1. Comparison of inducing strain on material phonon

Graphene High pressure

Graphene  Flexible substrate 1.9 127
MoS, Flexible substrate 1.1 120
a-In,Se; PMN-PT 5.4 This work

3.4 Effect of biaxial strain on PL spectra

To investigate the evolution of electronic structure in few-layered o-In2Ses
nanosheets under biaxial strain, the PL spectra were measured and normalized using
their respective maximum values. With 0.1 mW laser power, a PL peak at 833.5 nm
was observed under 0 V after polarization, as shown in Figure 3-5(a). When the
positive voltage is increased, the PL peak shows a blue shift, and the overall variation
can reach up to 6.6 nm (11.87 meV). Similarly, as the negative voltage varies from
0 to -500 V, the PL wavelength decreases linearly from 831.6 to 826.3 nm in Figure
3-5(b). The inset shows the PL emitting-wavelength as a function of applied voltage
on the PMN-PT substrate, demonstrating that the behavior of the PL peak shift is
similar under positive and negative voltages due to voltage-driven piezoelectric

induced biaxial compressive strain.
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Figure 3-5 PL spectra under various applied voltages from (a) 0 V to 500 V and (b)
0 V to -500 V with 0.1 mW laser power. The inset shows the PL peak position as a
function of applied voltage from -500 V to 500 V.

It is worth noting that the tunability of the blue shift in the PL peak under strain
can reach nearly 215.82 meV/ %. This value measured from the a-In,Ses nanosheets
is significantly higher than that measured from conventional semiconductors such as
ZnO microwire,'?® silicon nanowire,'?® and GaAs/AlGaAs quantum dots,** as

shown in the table below.

Table 2. Effect of strain on the PL shift

Tunability of PL by strain (meV/%) Ref.

ZnO nanowire 8.5 128
Silicon 100 129
GaAs/AlGaAs 70 130
quantum dots
o-In,Se, 215.82 This work
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3.5 Strain induced piezoelectric field

In general, applied strain can cause variations in band gap of semiconductors,
and the imposed electric field can also play a role. In graphene, for example, a band-
gap open of 200 meV was observed under an electric field of 1 V/nm.*3! To rule out
the effect of the electric field on a-In2Ses, we used a careful design of the a-In2Ses
/Pt/PMN-PT/Au structure. The electric field was essentially imposed on the Pt/PMN-
PT/Au structure in this configuration, with no applied electric field through the a-
In2Ses nanosheets. As a result, the applied electric field had little effect on the
variation of the band gap. It should be noted that the strain can also induce a
piezoelectric field in a-In2Ses, and detailed discussions about the relationships
between the piezoelectric electric field and band gap will be shown in the following

sections.

The evolution of PL peaks as a function of laser power is shown in Figure 3-6
under various polarization and electric field conditions. Before the substrate is
polarized, nanosheets exhibit a slight blue shift with increasing laser power, as shown
in Figure 3-6(a). This is attributable to the Burstein Moss Effect, which is common
in semiconductors with narrow band gaps.*3? As the laser power increases from 0.1
to 0.5 mW after polarization, a red shift from 833 to 836 nm can be seen in Figure
3-6(b). The behavior is analogous to that of an electric field applied to the PMN-PT
substrate. Despite the fact that no voltage is applied to the substrate, remanent

polarization causes some biaxial strain. Here, a positive voltage case is taken as an
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example. The variation of red shift becomes larger and larger as the applied voltage

increases from 0 to 500 V under laser power ranging from 0.1 to 0.5 mW. Clearly,
when the voltage reaches 500 V, the laser power-dependent red shift from 826.9 to

836.5 nm can be seen in Figure 3-6(c).
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Figure 3-6 PL spectra under various laser powers (a) before polarization, (b) 0 V
after polarization, and (c) 500 V after polarization

The relationship between the PL red shift and laser power clearly demonstrates
the effect of the piezoelectric field on the o-In.Ses band gap. Logically, biaxial
compressive strain and strain induced piezoelectric field can both influence the band

gap of nanosheets. When an electric field is applied to the PMN-PT substrate, the
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induced strain on a-In>Ses remains constant regardless of the intensity of the incident

laser. However, as laser power was increased, we observed a gradual shift of the PL

peak towards the wavelength for the fully relaxed nanosheet case in Figure 3-7.
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Figure 3-7 PL peak position as a function of laser power at various applied voltages

As a result, it is possible to speculate that the tuning of the a-In>Ses band gap is
not directly induced by biaxial compressive strain. The PL peak shift can be
attributed to the screening of the piezoelectric field by the photoexcited carriers, and
the analysis of excitation power dependent PL spectra is a common way to determine
the relationship between piezoelectric effect and band gap variation of a piezoelectric
material, such as GaN self-assembled quantum dots on AIN,*3 InAs quantum dots
grown on GaAs substrates,’* and InGaN quantum wells.®*® Due to the non-
centrosymmetric structure of a-In.Ses, experimental studies have confirmed the

coexistence of out-of-plane and in-plane piezoelectricity. There were two types of
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electric fields in the nanosheets in this study: the piezoelectric field and the built-in

electric field induced by the Pt/a-In.Ses Schottky junction. Because the Schottky
contact built-in potential remains constant under varying strain, the piezoelectric
field is the only factor influencing the PL peak shift. Polarization-induced charge

density n can be calculated as follows:

__2dYe
T e

(3-3)

where d is the piezoelectric constant, Y is the Young's Modulus, € is the strain
and e is elementary electric charge. According to the references, dss=5.6 pC/N,?
d11=2.55 pC/N;**® Y001=36.47 GPa, Y100=105.48 GPa.*" When a -0.055% strain
was imposed in-plane under 500 V, a 0.11% strain along the c-axis was induced
simultaneously, assuming the volume of the a-In>Ses unit cell was constant. As a
result, the polarization induced charge concentration is 2.8>10%*3 cm™ and 1.8x10%3

cm2along in plane and out of plane, respectively.

To better understand the effect of photoexcited carriers on the piezoelectric field,
a semiquantitative estimation of the number of e-h pairs present in a-In.Sez at 0.5
mW laser power is performed. The absorption of a-In,Ses is 60%,® and the lifetime
of the e-h pair is 70 ms.?° In this case, we assume that each photon absorbed by the
nanosheet produces an electron-hole pair. When compared to the polarization-
induced charge concentration, the generated photoexcited carriers have a much
higher charge density on the order of 10?2 cm™. The calculation above shows that

photoexcited carriers can effectively screen the strain-induced piezoelectric field. In
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practice, the quantum yield cannot be 100%, and the Schottky contact-induced space

charge can recombine with photoexcited carriers. As a result, the blue shift of the PL
peak with increasing voltage is caused by the strain-induced piezoelectric field, and
the laser power dependent red shift implies that the piezoelectric field effect on the

a-In2Sez band gap can be effectively eliminated by photoexcited carriers, as shown

in Figure 3-8.
I Ec l
Strain Induced Screening of the Piezoelectric Field
Piezoelectric Field by the Photoexcited Carriers

l \ I
Figure 3-8 Schematic energy band structure under piezoelectric fields and laser

powers

3.6  Summary

In conclusion, we showed that the o-In.Ses Raman spectra and PL
characteristics are highly tunable under compressive biaxial strain induced by a
piezoelectric PMN-PT substrate. Biaxial strain can be generated and delivered to a-
In2Ses nanosheets by precisely modulating bias voltage on the substrate, resulting in

a noticeable shift in Raman and PL spectra. The vibrational behavior of a-In.Ses is
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investigated using the Grineisen parameter. Furthermore, the effect of a strain-

induced piezoelectric field on the a-In2Ses energy band is discussed, and the laser
power dependent PL shift is attributed to the screening of the piezoelectric field by
photoexcited electron-hole pairs. This study sheds light on the piezoelectric PMN-
PT substrate's promising potential as an ideal platform for tuning the electronic

structure and optical properties of 2D I11-VI compound materials.
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Chapter 4 Brain-Inspired Artificial Neuron Based on

2D Ferroelectric Semiconductor

4.1 Introduction

Over the last several decades, the rise of brain-inspired computing systems has
resulted in spectacular success in a variety of fields, including image recognition and
machine learning which is a promising candidate to overcome the current bottleneck
in von Neumann architecture computers.4%-144 Nonetheless, implementing a large
number of logical functions and neural responses analogous to those in the human
brain continues to be extremely difficult. It is widely believed that a multilayered
neural network is required for XOR functions (linearly nonseparable problem),
regardless of whether they are implemented in hardware, algorithms, or the human
brain. Frank Rosenblatt proposed the Perceptron (a single artificial neuron) in 1958
for supervised learning of binary classifiers capable of performing linearly separable
logic operations.1* At the time, mainstream researchers were optimistic that this was
the start of the process of creating intelligence. However, the first artificial
intelligence (Al) winter occurred in 1969 as a result of the publication of Marvin
Minsky and Seymour Papert's book Perceptrons, in which they demonstrated that a
single artificial neuron was incapable of learning XOR functions.!#® It's worth noting
that, until recently, the XOR function still required a multilayered neural network to
execute, and the problem was solved at the expense of using a considerable amount

of computational resources, severely impeding the development of Al with energy-
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efficient and sophisticated behaviors. Intriguingly, Larkum's team reported in 2020
in Science that a single human layer 2/3 cortical neuron is capable of performing the
XOR operation, which has never been observed in any other species.'*’ This
discovery challenges previously owned beliefs about how biological neurons
compute and serves as a crucial source of inspiration for the construction of an

artificial counterpart.

On the other hand, as a neural device, emulating the complicated activities of
biological neurons enables the Al to respond appropriately and flexibly to various
conditions encountered in the actual world.*® Controlling food intake, for instance,
is a synergy of positive and negative feedback that typically involves the
collaboration of several organs and neurological systems.4® 1 When a person is
hungry, food can provide a sense of pleasure and motivate him to seek out additional
food. In comparison, if he or she is satiated, food reduces the level of pleasure in the
brain, signaling the individual to quit eating. The ability of a single stimulus to evoke
a range of responses under a variety of conditions indicates the human brain's
capacity to manage complex tasks. However, no previous effort has demonstrated

such an emulation of the nervous system.

Creating an artificial neuromorphic computing system with the capabilities of
the human brain has been a critical source of Al innovation throughout history. As a
result, considerable effort has been made to design artificial neural devices using a

variety of mechanisms, including ion migration, phase transition, and electron/hole
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transfer, 1113 and a wide range of materials, including conventional semiconductors,
two-dimensional (2D) materials, and organic perovskite, have also been extensively
investigated.>1%8 However, current research only focuses on mimicking and
enhancing the simple behaviors of biological synapses, few previous work has
attempted to functionalize their artificial neurons in order to achieve complicated
logical functions and flexible behaviors such as food intake control. The primary
reason that only a subset of fundamental biological behaviors can be accomplished
in electronic devices is because even a single neuron also has an enormously
complicated structure that enables it to conduct a variety of actions. Ferroelectric
materials with spontaneous electric polarizations can give another degree of freedom
for device functionalization, and have been widely employed in memory and logic
devices for decades.’®®16! At room temperature, the discovered 2D ferroelectric
semiconducting a-In.Ses exhibits exceptionally robust ferroelectricity, even down to
a single layer.4% 162163 Dye to the coupling between in-plane (IP) and out-of-plane
(OOP) polarizations, various functionalities can be achieved in a single artificial

neuron.

In this work, an artificial neural transistor based on 2D ferroelectric a-In»Ses
was proposed to mimic the human brain cortical neuron. Specifically, linearly
separable and nonseparable logical functions can be performed at the device level
rather than through a neural network, and the underlying mechanism is analysed in

this chapter. Additionally, fundamental synaptic behaviors such as short- and long-
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term plasticity are demonstrated. The bottom gate can act as a pre-synapse and

neuromodulator when equipped as a third terminal. Our proposed device-based
artificial neural network (ANN) achieves an accuracy of 85 percent for both small
and MNIST handwritten digits images. Due to the robust IP and OOP ferroelectricity
of a-InxSes, our device is capable of successfully mimicking human food intake
control. This prototypical demonstration presents a novel approach for implementing
complex tasks analogous to those found in the human brain through an artificial

neuron and effectively simplifying the current artificial neural network.

4.2 Experimental

4.2.1 Device fabrication

Au electrodes (30 nm) were fabricated using a standard lithography method and
electron-beam evaporation on a Si/SiO2 (300 nm) substrate. The nanoflakes were
mechanically exfoliated from the bulk supplied from HQ Graphene onto Si/SiO;
(300 nm) substrate. Then, employing dry transfer, Au electrodes were picked up and
deposited on the nanoflakes to generate vdW connections which avoids the
destruction of the interface by energetic particles during the E-beam process.!!! The

artificial neural transistor is schematically illustrated in Figure 4-1.
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Figure 4-1 Schematic diagram of the device structure

4.2.2 Characterizations to verify ferroelectricity

Due to the asymmetry of the lattice, only the a-phase of In.Sez shows IP and
OOP ferroelectricity. A Raman spectrum was utilized to verify the lattice structure
of the material used in this experiment. Four Raman peaks are shown in Figure 4-2a
at 88, 104, 180, and 193 cm, which correspond to the E, A(LO+TO), A(TO), and
A(TO) modes of 2D layered a-In,Ses, respectively.®* Additionally, the top image of
a high-resolution TEM confirms hexagonal symmetry of a-In,Ses (Figure 4-2b). The
PL measurement shows a semiconducting band gap of 1.4 eV in Figure 4-2c. The a-
In.Ses exhibits two distinct stacking modes, rhombohedral (3R) and hexagonal (2H),
which correspond to the space groups R3m and P63/mmc, respectively.®®
Fortunately, they are both intrinsically ferroelectric. Our previous research indicates
that the crystal employed in this experiment belongs to the R3m space group. The

schematic diagram of crystal structure is shown in Figure 4-2d.
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Figure 4-2 a) Raman spectrum of a-InzSes, the peaks are located at 88, 104, 180 and
193 cm, respectively. b) Top-view high-resolution TEM of the a-In,Ses nanosheet
with 3R structure in this work, which shows its hexagonal symmetry. c) PL spectra
of a-In2Ses nanosheet on Si/SiO2 substrate under 532 nm laser are measured. The
peak location of 880 nm indicates the semiconductor nature of the material. d) The
crystal structure of a-In;Ses with rhombohedral (3R) stacking mode. The

ferroelectricity can be attributed to the central Se atom's lateral movement.

The interlocked OOP and IP ferroelectric polarizations are generated by the
lateral movement of the central Se atom driven by an applied external voltage, which
demonstrates robust ferroelectricity at room temperature and even at the atomic scale.
The ferroelectricity of a-In.Ses nanoflakes was investigated using piezoresponse

force microscopy (PFM) after they were transferred on a conductive Pt substrate. As
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illustrated in Figure 4-3a, both OOP and IP phase images exhibit the opposite

ferroelectric polarization directions of different domains. Additionally, Figure 4-3b
shows the phase and amplitude hysteresis loops generated using Dual AC
Resonance-Tracking (DART) mode of PFM, which are typical in ferroelectric
materials. The polarity of ferroelectrics can be reversed with the external electric
field, as shown by the sharp change in the parallelogram-like piezoelectric response

loop and butterfly-like amplitude loop.
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Figure 4-3 a) The topographic, OOP and IP PFM phase images are used to verify the
ferroelectricity of the material. b) PFM phase and PFM amplitude hysteresis loops
of a-In2Ses on a conductive substrate indicate its domain can be reversed under
external electric field

In Figure 4-4a, four-stage |-V curve loops are generated under varying
maximum sweep Vps. After stage 1, the ferroelectric polarization directions of
domains were aligned with the external electric field. A positive voltage converts the
channel from the high resistance state to the low resistance state by stage 2 to 3.

According to previous research, IP ferroelectricity, rather than OOP, is responsible
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for inducing the 1-V curve loop with the stages sequence depicted in the figure.

Additionally, Figure 4-4b illustrates the transfer curve of a ferroelectric transistor
based on a-InzSes with bidirectional sweep gate voltages ranging from -30 V to 30
V witha fixed Vps of 1 V. And a clockwise hysteresis loop is obtained,
which demonstrates the ability of OOP ferroelectricity to modulate the carriers in the

channel of device.
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Figure 4-4 a) 1-V hysteresis curves under Vps sweep of 2V, 4V and 6 V due to the
IP ferroelectricity. b) The transfer curve of transistor, the clockwise hysteresis loop

is induced by OOP ferroelectricity

4.3  Working principle

For conventional ferroelectric FETS, the gate dielectric is typically a high-k
oxide-based ferroelectric material, and the carriers in the channel are controlled by
the polarization bound charges at the gate dielectric-channel interface. The devices
can exhibit a variety of conductance states by changing the polarization direction of

the domains in ferroelectric materials. In comparison, the device employing
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ferroelectric semiconductors a-1n2Ses as the channel demonstrates an entirely unique
working principle. When an external electric field polarizes a-InzSes, the
polarization bound charges emerge on the upper and lower surfaces of channel. Both
positive and negative bound charges impose an impact on the majority carriers
(electrons) in semiconducting n-type a-1n2Ses, thus controlling the magnitude of the

drain current in a field effect transistor.

The polarization of the channel can be categorized as entirely polarized or
partially polarized in terms of the equivalent oxide thickness (EOT). According to
previous research, the 300 nm SiOz insulator used in our study has a high EOT,6®
which results in a weak electric field across the channel and insufficient polarization
switching of a-In2Ses. When a positive voltage is applied to the bottom gate, the
device enters a ferroelectric polarization up (Pre) state, in which the free electrons
are forced away from the channel by the positive bound charges and the energy band
at the interface bends upward, resulting in a low conductance state (Figure 4-5a, b).
In comparison, as depicted in Figure 4-5c and d, a negative gate voltage can induce
a polarization down state, resulting in the high conductance state. This is the reason
why the transfer curve presents a clockwise loop, and the results contribute to
understanding the mechanism of emulating complicated biological neuronal

activities in the next sections.
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Figure 4-5 The working mechanism of artificial neuron based on ferroelectric 2D a-
In,Ses. a) After applying positive voltage, the channel is in a state of ferroelectric
polarization upward and low conductance, b) The corresponding energy band
diagram. c) After applying negative voltage, polarization direction is switched, the
channel shows high conductance, and d) Energy band at the interface bends

downward

4.4  Perform logics in the device

4.4.1 linearly nonseparable logic

Figure 4-6 shows the structure of a biological neuron, which comprises of
dendrites, nucleus, soma, axon, and axon terminal. There are two states of a neuron
in terms of excitation and non-excitation, which can be denoted by the numbers 0
and 1. A synapse is the connection between the dendrites and axon terminals of other

neurons; the weight of the synapse indicates the degree of influence that other
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neurons can apply. When signals, such as neurotransmitters and electrical stimuli,
are input via the dendrites, the soma responds synchronously. If the total of all inputs
exceeds the threshold, the excitatory signal is delivered through the axon terminal to

other neurons.

Neocortical pyramidal neuron

Soma )
[ )/ Axon %

L - I —0 o
/ Ly
9
f ?
[ el

, e > "
=  J - ®
p 4‘
\ \’,<\ b : a)
| / ' Axon terminal

Dendrite (Pre-synapse)
(post-synapse)

Nucleus

Figure 4-6 Schematic diagram of neocortical pyramidal neurons in brain

The artificial neuron is a biological analogue that is utilized for supervised
learning of binary classifiers, as seen in Figure 4-7. The inputs (X;) are multiplied by
their respective weights (W), and then the multiplied values and the constant b are
added to produce a sum, with b acting as a bias to move the sum away from the origin.
Finally, the activation function will convert the total value to a single binary output
value (0 or 1), emulating the excitation and non-excitation states of biological

neurons.
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Figure 4-7 Working mechanism of Perceptron

In other words, if the sum value exceeds the specified threshold, the artificial
neuron outputs 1, and vice versa, if the sum value is less than the predefined threshold,
the artificial neuron outputs 0. The linearly separable logic gates AND, OR, and NOT
are depicted in Figure 4-8, where the blue circle represents output O, the red cross
represents output 1, and the axes represent the inputs. The AND logic gate is used as
an illustration; as can be seen from the figure, the outputs O and 1 are linearly
separated by at least one straight line in the plane. As a result, O is on one side of the
line, while 1 is on the other. For the XOR logic gate, however, one curved line is

required. This indicates that a single artificial neuron cannot perform an XOR gate.
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Figure 4-8 Logic gates of AND, XOR, OR and NOT

Stewart et al. proposed the 'stateful' logic and implemented it in resistive
memory using the sequential logic principle, where the device can both store and
perform logical functions.'®” In comparison to combinational logic, the output of
sequential logic is not only dependent on the current input, but also on the previous
input level in the device, a process that requires multiple stages. To perform the XOR
function of Boolean logic, sequences of signals are applied to the device's source and
drain electrodes. The logic function should begin with IN1 to define the device's state,
followed by IN2 to operate the XOR logic and perform a nondestructive read-out
defined as OUT. Ten repeatable cycles of executing the XOR function are depicted

in Figure 4-9a, demonstrating the reliability of our artificial neural transistors.
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As an example, the fifth cycle is chosen as presented in Figure 4-9b. For IN1, a

voltage of 20 V is deemed to be 1, while a voltage of -10 V is considered to be 0.
IN2's 0 and 1 are determined by two voltages, 2 V and -2 V, respectively.
Additionally, the current from IN2 is used as an output, with a value greater than the
threshold (1 nA) corresponding to a "1" and a value less than the threshold
corresponding to a "0". When 20 V is imposed on the device (IN1=1), the
ferroelectric domain is aligned by the external electric field, the IN2=0 and 1 will
lead to OUT=1 and O, respectively. After a -10 V voltage applied, the ferroelectric
polarity of a-In2Ses is reversed, and the opposite output result can be obtained. The
results demonstrate that the XOR operation can be performed successfully in a single
artificial neural transistor based on 2D ferroelectric material with repeatable and
stable performance. In comparison to traditional CMOS design, which typically
requires six devices, our method has the potential to considerably reduce the size of

the logic circuit.
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Figure 4-9 a) Demonstration of 10 cycles to execute the XOR logic. In top panel, the

drain voltage represents the input, and the drain current represents the output in lower

panel. b) The fifth cycle is chosen as an example to demonstrate the details

4.4.2 linearly separable logic

In addition to linearly nonseparable logic, linearly separable logic gates such as
AND, OR, and NOT logic gates are implemented in our designed device. Unlike
conventional insulating oxide ferroelectric materials with a broad energy band,
semiconducting nature of a-In2Ses and 1.4 eV band gap enable it to function as a
FET channel, and its performance can be controlled by illumination. On the basis of
the combinational logic principle, Figure 4-10 illustrates the implementation of AND
and OR logic gates with photoswitchable outputs.®® In this case, 6 VV and 0 V of Vps
are defined as 1 and 0, respectively for IN1, whereas applying 3 V of gate voltage or
not is defined as 1 or O for IN2. To read the output, a bias voltage of 1 V is applied
to Vps. For clearly distinguished, the blue line denotes the AND logic function,
whereas the red line represents the OR logic gate. The 2 nA of threshold is
determined for the two types of logic discussed above. In the dark, the AND logic
function is performed, and the output current is greater than the threshold value only
if both IN1 and IN2 are equal to 1. Under illumination, with the help of
photogenerated carriers, only one of them has an input value of 1, resulting in an

output value of 1. Compared to the case in dark, the photocurrent caused by Vps is
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greater than that of the gate voltage, implying that the channel voltage is more

suitable for separating photogenerated carriers.
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Figure 4-10 The two panels on the left represent the input IN1 and IN2. The panel
on the right depicts that the device can perform OR logic under illumination, while

in the dark the device is switched to AND mode
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Figure 4-11 The gate voltage is defined as the input and the Vps is used to read the

output (Ips) to demonstrate the NOT logic

The NOT logic gate is demonstrated in Figure 4-11, where 30 V gate voltage is

defined as 1, -30 V as 0, and 2 V of Vps is used to read the output value. When a 1of
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gate terminal is input, an output value of O is obtained, conversely, if a 0 is input, a
1 is obtained, thus achieving the NOT logic in the device. It's worth noting that if the
read voltage is set to -2 V, the equivalent function will be executed. The
implementation of NOT logic gate can be attributed to capacity of the OOP

ferroelectricity to control the channel conductance, as discussed in Figure 4-5.

4.5 Synaptic behaviors

As the terminal of a nerve cell, a synapse is responsible for connecting neurons
to form neural networks. The weight of a synaptic connection indicates how firmly
two neurons are coupled, or how much influence one neuron can apply on another.
Synaptic weights are plastic and can be increased or decreased in response to
neuronal activity, resulting in memory and forgetting in the brain. In a neural network,
a synapse connects many neuronal terminals. Figure 4-12a illustrates a schematic
diagram of synaptic connections, in which the pre-synapse delivers signals to the
post-synapse by the release of neurotransmitters; the synapse can also act as a
modulator, controlling the activity of neighboring synapses. Similar to a synapse of
neuron, the source and drain electrodes serve as the pre- and post-terminals,
respectively, while the gate electrode serves as both a pre-synapse as well as a

modulator in our proposed device (Figure 4-12b).
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Figure 4-12 a) A schematic diagram of three-terminal biological synapse. b) The
side-view of device structure

Synaptic plasticity can be classified into short- and long-term memory (STM
and LTM) in terms of time, the transition from STM to LTM depicted in Figure 4-
13a. The postsynaptic current (PSC) is used to determine the synaptic weight. The
figure illustrates a large increase in PSC following the application of a series of
electrical pulses (5 V, 270 ms). When the number of electrical pulses is increased
from 10 to 30, the PSC can be sustained at a greater value for an extended length of
time, indicating that the electrical stimulus is capable of modulating synaptic weights
effectively. To mimic synaptic dynamics such as long-term potentiation/inhibition
(LTP/LTD), the conductance state of the device channel is dynamically modulated
by switching the ferroelectric domains of a-InzSes. As presented in Figure 4-13b,
there is a noticeable rise in conductance from 142 to 290 pS following 50 successive
electrical pulses (6 V, 270 ms), and 50 discrete conductance states are achieved

during the LTP process. When -3 V electrical pulses are applied to the channel of
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device, the polarity of some ferroelectric domains is reversed, resulting in decreased

conductance.
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Figure 4-13 a) The PSC triggered by 10, 20 and 30 consecutive Vps electrical pulses
(5V, 270 ms), a 2 V voltage is set as bias. b) Long-term potentiation and depression
are obtained by applying 50 consecutive 6 V and -3 V electrical pulses at the source
and drain electrodes, respectively

Additionally, the capacity of bottom gate to modulate the conductance of
channel was investigated using a variety of different amplitudes of electrical pulses
based on the OOP ferroelectricity of a-1n2Ses, as seen in Figure 4-14. To observe the
channel conductance variation, a 2 V voltage was applied to the source and drain
electrodes and the PSC values were read. After 10 positive electrical stimuli from
the gate electrode, there is a little decrease in PSC; however, when negative gate
voltages are applied, there is an increase in PSC, which is caused by the inversion of

OOP polarization direction.
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Figure 4-14 The PSC triggered by 10 gate electrical pulses from 2 V to 10 V and -2

Vto-10V, Vpsissetto 2V

4.6 Artificial neural network

The crossbar, as a hardware-based artificial neural network (ANN), is a
promising candidate for overcoming the von Neumann computer's bottleneck by
minimizing data transmission between processors and memory. Figure 4-15a shows
the schematic diagram of a crossbar, where the input terminals represent the input
layer in an ANN, the output terminals represent the output layer, and the conductance
of the neural device channel serves as the weight. When an external voltage is applied
to the programmable neural device, the crossbar emulates the behavior of the
biological neural network due to the additive nature of the current, and the weights
in ANN are also changed simultaneously. To verify the reliability of the crossbar
established by our proposed device, an ANN was constructed using the
experimentally determined LTP/LTD characteristics. Crossbar operation and
performance are simulated and analyzed using the CrossSim platform, as seen in

Figure 4-15b.1%° A recognition accuracy of approximately 85 percent can be obtained
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for both small and MNIST handwritten digits images, indicating the feasibility of

crossbars based on ferroelectric a-InzSes (Figure 4-15c,d).
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Figure 4-15 a) The principle of crossbar based on our device, where the conductance
of the channel is defined as the weight of the synapses. b) A three-layer ANN is built
for image recognition based on our proposed device. Accuracy rate of ¢) small digit

image and d) MNIST digit image as a function of training epoch

4.7 Emulation of controlling food intake

Controlling food intake is a critical ability for biological survival since it helps
maintain energy balance, but its complexity involves close collaboration between the
central nervous system, many organs, and hormones. In a starving state, fat is broken
into free fatty acids to stimulate the central nervous system; at the same time, the

brain has a low level of pleasure, which promotes food-seeking behavior. Food can
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contribute to eliciting a sensation of reward and enhancing our sense of satisfaction.
Consumption of food also stimulates the pancreas to release insulin, which enters the
brain via circulation and inhibits energy intake. It is self-evident that the brain's
satiety information reduces the degree of pleasure associated with stopping eating.
Thus, food intake as the only stimulus can provide both positive and negative
feedback in states of hunger and satiety, depending on the degree of pleasure
experienced. The varied gate voltages in this work indicate the condition of hunger
or satiety, and the current modulated by the gate voltage in the device channel
represents the brain's level of pleasure. To measure the Ips, a 2 V voltage was applied
to the source and drain electrodes, followed by ten successive 6 V electrical pulses

to simulate the effect of food on the central nervous system.

As presented in Figure 4-16a, when the gate voltage is -5 V, only a low Ips is
observed, indicating a state of starvation with a low degree of pleasure. When
electrical pulses representing food are applied to the channel, the current increases
to 1.55 times, and the increased pleasure in the brain encourages the search for
additional food. However, as the gate voltage is increased from -5 V to 2 V, the
variation in channel current induced by the electrical pulses becomes less noticeable,
which simulates the process of gradual satiation of humans (Figure 4-16b, ¢). When
the gate voltage is greater than 5 V, negative feedback can be obtained following the
application of electrical stimuli, indicating that eating too much food causes the brain

to experience discomfort, as illustrated in Figure 4-16d, e. The interconversion
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process depicted in Figure 4-16f shows how energy homeostasis is dynamically
established through the combined influence of positive and negative feedback on the
brain. As discussed above, the successful emulation of food intake control is due to
the increase in channel conductance caused by inversion of IP ferroelectric polarity
and the modulating influence of OOP ferroelectricity on channel conductance. The
results demonstrate that it is possible to integrate complicated nervous system-level

functionalities in a single artificial neuron with a compact device architecture.
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Figure 4-16 Emulation of controlling food intake. The variation of the drain current
is observed after 10 electrical pulses of 6 V applied under different gate bias voltages
a)-5V,b)-2V,c)2V,d)5V,e) 10 V. f) A diagram to illustrate the principle of

controlling food intake in the brain to maintain energy homeostasis
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4.8 Summary

In summary, an artificial neuronal electronic device based on 2D vdW
ferroelectric a-1n2Sez was carefully designed to mimic the complicated behaviors of
cortical neurons in the human brain. Due to the robust ferroelectricity, artificial
neurons can classify linearly separable and nonseparable inputs at the single device
level, rather than through a multilayered neural network. In comparison to the
conventional CMOS design, the XOR logic gate, which operates based on the
stateful logic by reversing the IP ferroelectric polarity, effectively conserves
transistor resources. Additionally, this single electronic device integrates linearly
separable logic functions such as AND, OR, and NOT. Beyond logical functions,
essential behaviors of biological neuron are demonstrated, and unlike other three-
terminal neural devices, the gate terminal in our designed device can not only serve
as a pre-synapse but also modulate the weights of other synapses. An ANN was built
to simulate the performance of the crossbar made up of our artificial neurons for
image recognition to demonstrate the reliability of device. More importantly, for the
first time, control of food intake as a nervous system-level complicated behavior was
successfully emulated using ferroelectricity in a-In;Ses. The results present a
significant step toward effectively simplifying current artificial neural networks in
order to overcome the von Neumann bottleneck and offer a flexible strategy for Al

to handle real-world problems.
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Chapter 5 Multifunctional Optoelectronic Synapse

Based on 2D Ferroelectric Material

5.1 Introduction

Anrtificial visual systems have been applied to image recognition, autonomous
vehicle driving, and robotics, all of which require not only the conversion of light
signals to internal information, but also the processing and rapid response to sensor
inputs.t’%13 In general, vision sensors such as charge-coupled device (CCD)
cameras or complementary metal-oxide silicon (CMOS) imagers transform external
light inputs to electrical signals for image identification using neural network
algorithms in the computer.}’® This means that the processors and memories of
current artificial visual systems are unable to respond directly to external light stimuli,
and signal conversion and transmission in the vision sensor cost additional energy
and introduce signal latency. As a result, there is a great need for multifunctional
artificial visual devices that combine vision, data storage, and processing into a
single device capable of handling complex tasks. Additionally, because von
Neumann computers have a separated processing unit and memory, it is difficult for
current artificial visual systems to implement real-time and accurate processing of
continuous, high-throughput input signals generated by vision sensors while
consuming minimal energy.’” In comparison, the human visual system, which is
composed of the retina, optic nerve, and visual cortex, is remarkably flexible and

sophisticated. After the retina processes visual signals, the optic nerve transmits them

GUO Feng 97



THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5

to the visual cortex, where visual information can be processed in parallel and
responded to in real time with a great degree of efficiency and elegance. As with

176

other bionics success stories,”” an artificial visual system that mimics humans

presents a reasonable alternative for visual signal processing.

As a result, much effort has been devoted on constructing artificial visual
devices that mimic biological neural behaviors such as synaptic short-term plasticity
(STP) and long-term plasticity (LTP).1> 7 Photonic synaptic behaviors such as
light signal interpretation and extraction of pertinent information such as intensity
and frequency have been achieved in an optoelectronic synaptic device via the
photogating effect or persistent photoconductivity phenomenon.144 1%. 178 179 pqp
example, a fully photon modulated device based on a ZnO/PbS heterostructure and
a solar-blind SnO nanowire photosynapse have been proposed to emulate plasticity
functions.®®® 181 Apart from traditional semiconductors, researchers have been
attracted by two-dimensional (2D) layered materials due to their superior
optoelectronic capabilities since the discovery of graphene and transition metal
dichalcogenides (TMDs).*82-184 photogating effect is easily realized in 2D materials-
based optoelectronic synaptic devices since there are no concerns about lattice

mismatching in van der Waals (vdW) heterostructures.

However, currently the most of proposed optoelectronic synaptic devices only
mimic the synapses that connect neurons, and few previous works have attempted to

functionalize them beyond their synaptic behaviors, such as by integrating them with
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data storage and processing functions similar to those found in human visual cortex.
Additionally, the optoelectronic synaptic device with a simple structure may be a
powerful option for future emulation of more complicated neural systems. For
decades, ferroelectric materials based on conventional oxides with spontaneous
electric polarizations have been extensively employed in memory and logic circuits.
Unique ferroelectricity adds another degree of freedom for device functionalization,
and synapses made of conventional ferroelectrics and 2D materials have also been
explored.”” 1 Nonetheless, the oxide ferroelectrics' low conductivity and broad
energy band gap restrict their application in optoelectronic synapses. Fortunately, the
recent discovery of semiconducting vdW layered a-In.Sez with a narrow band gap
of 1.4 eV demonstrates robust ferroelectricity at room temperature and even at the
atomic scale, allowing for efficient visual perception and emulating the complete

human visual system.

Here, an optoelectronic synaptic (OES) device based on n-type ferroelectric a-
In,Ses and p-type 2D material GaSe heterostructure is developed, which includes
biological behaviors of synapse, memory, and logic functions. Mimicking the retinal
and electrical synapses enables the detection of light stimuli and the transmission of
electrical stimuli, respectively. Additionally, the success of well-known Pavlovian
classical conditioning experiments designed to mimic associative learning in the
human brain indicates that the OES device is completely capable of processing

multiple input signals. Furthermore, the development of logic and memory
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capabilities enables optical sensing and neuromorphic visual cortex functions to be

combined into a single device for multifunctionality.

5.2 Design of the device

5.2.1 Experimental methods

Device Fabrication: Ti/Au (10 nm/50 nm) metal electrodes were prepared on
Si/SiO2 (300 nm) substrates by a standard lithography technique and E-beam.
Mechanical exfoliation was used to produce a-In.Sez and GaSe nanosheets from
their bulk counterparts purchased from HQ Graphene company. To construct o-
In2Ses/GaSe vdW heterostructures, nanosheets of a-In.Ses were placed on source
and drain electrodes, and then GaSe nanosheets were transferred to connect a-1n2Ses
channels and gate electrodes, the fabrication processes were carried out by a dry

transfer system equipped with a microscope.

Characterizations: Raman and PL spectra of the material were obtained by
WITEC_Confocal Raman system with a 532 nm laser at room temperature, and the
laser intensity was set to less than 1 mW for avoiding causing damage.
Ferroelectricity was confirmed by PFM images of a-In2Ses on a conductive Pt
substrate using Asylum MFP 3D Infinity. The transmission electron microscope
(TEM) image from Jeol JEM-2100F were used to analyze the lattice structure of a-
In2Ses. Electrical characteristics were measured by Keithley 4200 in quiet mode. A
waveform generator (Keithley 3390) was applied to produce light pulses. The power

density of LED and lasers were calibrated by a power meter (Sanwa).
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Neural Network Simulations: The program code was written in Python and

combined with the neuron cores provided by the CrossSim platform. The program

ran under Spyder, a free integrated development environment (IDE).

5.2.2 Structure of device and material characterization

A biological synapse is the most essential component of a brain neural network,
sending excitatory signals from the presynaptic terminal to the postsynaptic terminal
via chemical neurotransmitters.’® The timing and strength of spikes can affect the
tightness of the connection, referred as synaptic weight. Synapses transfer electrical
signals generated by the retina in response to light stimuli to the visual cortex of the
brain for information storage and signal processing in the human visual system
(Figure 5-1a).1® The purpose of this study was to develop a vdW-hybrid synaptic
three-terminal device capable of successfully mimicking the entire biological visual
system's response to external light stimuli as well as the processing of input signals
with outstanding synaptic features. The OES device structure is displayed in Figure
5-1b, where three Au electrodes were first produced on a Si/SiO- substrate, with the
source and drain specified as presynaptic and postsynaptic terminals, respectively,
and another employed as a top gate. Prior to connecting the channel and top gate
with GaSe, a-In.Ses was deposited as a channel on the source and drain electrodes

using dry transfer for the purpose of transferring synaptic excitation.
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Figure 5-1 a) Schematic of entire biological visual system. b) The structure of
proposed multifunctional optoelectronic synaptic device

Ferroelectric materials have been widely used as memory devices, pressure
sensors, and photovoltaic solar cells due to its intrinsic spontaneous polarization.'8’
3,188 Dye to the critical thickness problem, it is difficult to sustain Moore's law with
the downsizing of devices made of conventional oxide dominated ferroelectric
materials.’®® The development of 2D vdW ferroelectric materials offers a solution
to the challenge. Unlike other 2D ferroelectric materials, which only display
reversible spontaneous electric polarization in pure in-plane (IP) or out-of-plane
(OOP) orientations at room temperature, semiconducting a-1n>Sez exhibits it in both
IP and OOP orientations.*% 162163190 The close coupling between the IP and OOP
polarizations is attributed to the lateral displacement of the central Se atomic layer
generated by an external electric field. Additionally, the ferroelectric a-In2Ses
exhibits two distinct stacking modes, rhombohedral (3R) and hexagonal (2H), as

illustrated in Figure 5-2a, which belong to the space groups R3m and P63/mmc,
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respectively.'®® According to the high-resolution side-view TEM images (Figure 5-

2b) and the crystal structure model, the a-In2Ses used in this study is the 3R mode.

Figure 5-2 a) Two different stacking modes of ferroelectric a-In,Ses: rhombohedral

(3R) structure and hexagonal (2H). b) TEM of a side-view a-In,Ses nanosheet

To investigate the ferroelectricity of a-1n2Ses, a nanosheet exfoliated from the
bulk was transferred to a conductive Pt substrate and the amplitude and phase were
measured using piezoresponse force microscopy (PFM), which were determined by
the magnitude of the local piezoelectric response and the polarization orientation of
the ferroelectric domain, respectively. The topography, phase, and amplitude images
acquired using Dual AC Resonance-Tracking (DART) mode of PFM demonstrate a
clear phase and amplitude difference in the area marked by the arrow. The change in
amplitude and phase at the locations of the arrows is obvious in Figure 5-3a.
Additionally, piezoelectric and amplitude loops are typical ferroelectric material
behaviors that show the dynamic process of ferroelectric domain reversal. The sharp

shift in polarity observed in parallelogram-like piezoelectric response loops and
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butterfly-like amplitude loops suggests that the polarity is driven up or down by the

writing voltage (Figure 5-3b). In summary, the PFM measurements and crystal
structure analyses performed in this work indicate that the a-In,Ses nanosheets

employed in this investigation are intrinsically ferroelectric.
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Figure 5-3 a) Topography, OOP PFM phase and OOP PFM amplitude images show
opposite domain orientation (arrow location), scale bar is 500 nm. b) PFM phase and
PFM amplitude hysteresis loops of a-In2Ses on Pt substrate indicate the switchable
ferroelectric nature under external voltage

For determining the light absorption capability of o-In,Ses and GaSe,
photoluminescence (PL) spectra were obtained using a 532 nm laser. To avoid
damaging the 2D materials, the laser power was set to 1 mW. According to Figure
5-4a, b, the PL peak of a-InySes is 870 nm, whereas the GaSe peak is 620 nm,
showing that the hybrid structure of device can absorb both visible and near-infrared

light.
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Figure 5-4 PL spectra of a) a-In2Ses and b) GaSe under 532 nm laser

5.3 Mimicking the behaviors of biological synapse

5.3.1 Emulation of optic nerve

The optic nerve structure and a schematic diagram of the OES device are
depicted in Figure 5-5a, b. When the presynaptic neuron is excited, neurotransmitters
are released into the postsynaptic neuron, and its concentration affects whether the
postsynaptic neuron generates postsynaptic current (PSC) or not. The weight of a
synapse represents the strength of the connections between neurons, and it may
change in response to neuronal activity, a phenomenon known as synaptic plasticity.
Between the source and drain electrodes, the channel conductance is defined as the
synaptic weight that may be modulated by electrical and light inputs. The following

section illustrates the electrical synaptic behaviors.
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Figure 5-5 a) Schematic of optic nerve and b) A side-view diagram of the OES device

Paired-pulse facilitation (PPF) is a kind of short-term synaptic plasticity that
describes the effect of two successive spikes on synaptic weights. The device is
triggered by two electrical pulses (2 V, width 90 ms, interval 270 ms) in the inset of
Figure 5-6, and the PSC generated by the second electrical pulse is much higher,
suggesting considerable facilitation. The PPF index can be calculated as the ratio of

two PSCs, i.e. PPF index = [(A2-A1)/A1]x100 %. As seen in figure, the PPF index

can reach up to 41% when the interval duration is minimum, and the index drops
exponentially with increasing interval time. The behavior is similar to that of

enhancing neurotransmitter release in a synapse.
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Figure 5-6 PPF index as a function of electrical pulse interval time At, the fitting

curve shows that PPF decreases exponentially with the increase of At. The inset
displays PSC triggered by two consecutive electrical pulses; A is defined as the
amplitudes of PSC

The switch of ferroelectric polarization (Pre) can be used to control the
electrical characteristics of the material. Thus, the conductance of OES devices using
ferroelectric semiconductor as the channel can be controlled by modulating the
amplitude of the electrical pulses. It is used to switch the domains of a-InzSes,
mimicking synaptic dynamics such as long-term potentiation/depression (LTP/LTD).
As seen in Figure 5-7, the conductance of the device channel increases from 6.21 to
9.70 nS after 20 consecutive electrical pulses (1 V, width 175 ms), and the LTP
process exhibits 20 discrete conductance states. When negative voltage pulses were
applied during LTD, orientations of some domains were reversed, resulting in a
gradual decrease in conductance. To quantify and examine the performance of OES
devices, we extracted nonlinearity (NL), cycle to cycle variation (cyc), and symmetry
from the above LTP/LTD curves. The NL and cyc values were calculated by fitting
the LTP/LTD curves using Equations below,*®* where G.tp and GLtp denote the
conductance of the LTP and LTD curves, respectively. The number of pulses applied
is denoted by P, while the highest value is represented by Pmax. Additionally, Gmin
and Gmax are the minimal and maximum conductance values. A indicates the
magnitude of the nonlinearity in the LTP/LTD curve. Furthermore, because the

symmetry is defined as LTD NL/LTP NL, the ideal symmetry is 1.
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Figure 5-7 LTP and LTD operations under 1 V (175 ms) as well as -3 V (175 ms) 20
applied pulses, respectively

Here, 20 consecutive 1 V and -3 V voltages applied as an example has been
shown in the Figure 5-7 named as casel. Additionally, the 2 V, -4 V (case 2) and 3
V, -5 V (case 3) voltages are also determined. The details are presented in the radar
plot (Figure 5-8a), which demonstrates that all NLs remain below 4, with a minimum
value of 2.21, that is very close to the ideal value of 1. Moreover, regardless of the
amplitude of the electrical pulse, cycs are always less than 2% and the maximum
symmetry value is less than 1.6, indicating that the performance of device does not

change significantly with applied voltage, which is advantageous for reducing noise
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interference caused by read and write voltages. To increase the accuracy of

hardware-based neural networks, 100 electrical pulses were applied to the OES
device, as illustrated in Figure 5-8b. When compared to 20 consecutive pulses, the
increased number of pulses has no obvious influence on the performance of device,
and the related parameters will be explored and applied in the following part

regarding the neuromorphic computing simulation.
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Figure 5-8 a) Nonlinearity (NL), cycle to cycle variation (cyc) and symmetry of LTP
and LTD under different cases: casel(1 V, -3 V), case2 (2 V, -4 V), case3 (3 V, -5
V). b) LTP and LTD operations under 3 V (175 ms) as well as -3 V (175 ms) 100

applied pulses, respectively

5.3.2 Photonic synapse mimicking the retina

Figure 5-9a depicts the working mechanism of retina schematically. Light
stimuli were used to explore the response of a photonic synapse that mimics the
retina (Figure 5-9b). When the OES device was subjected to a light pulse, an increase

in conductance was seen, exactly as the retina can translate visible light into neuronal
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excitement. When the light stimulus was removed, the conductance declined over

time due to the photogating effect of the a-In.Ses/GaSe heterostructure.

Light

Retina

Light

Figure 5-9 a) Working mechanism of the retina. b) Schematic of OES device under
light pulses to mimics the retina

As shown in Figure 5-10a, b, the PSC produced by the second optical stimulus
is much greater than that of the first, and the PPF index declines exponentially to a
low value as the time interval between the two stimuli increase. It is worth noting
that the OES device has a longer decay period when exposed to light pulses than

subjected to electrical pulses due to two distinct mechanisms. The one is induced by
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the reversal of ferroelectric domains, whereas the other is caused by the photogating

effect.
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Figure 5-10 a) The PSCs triggered by a pair of light pulses (808 nm wavelength, 7.8
mW cm, width 1 s) with At=0.5 s. b) PPF index as a function of light pulse interval
time At

Figure 5-11 displays the evolution of the PSC of the OES device over time when
exposed to 5, 10, and 20 light pulses, respectively (808 nm wavelength, 5.7 mW cm-
2,1 s). There is no doubting that the PSC grows as the number of light pulses
increases and the decay period becomes longer. This is similar with the phenomena
known as persistence of vision, which describes the fact that an image stays in the
biological visual system for a period of time following the removal of a light stimulus

and served as the inspiration for the development of cinema.
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Figure 5-11 The PSC triggered by 5, 10 and 20 consecutive light pulses (808 nm
wavelength, 5.7 mW cm?, 1s)

The biological retina not only converts light stimuli into electrical signals, but
also identifies different colors, which is referred to as wavelength selectivity.
However, the majority of current artificial optoelectronic synapses only respond to
the density, number, and duration of light pulses. To perform color recognition with
traditional vision sensors, additional accessories are generally necessary.'% 1% |n
this case, the OES device combines the capabilities of sensing and color recognition.
To investigate the operation of OES devices, light pulses of 450 nm, 808 nm, and
980 nm with the same density of 5.7 mW cm were used. As illustrated in Figure 5-
12a, when a 450 nm light pulse is applied to the OES device, the photocurrent rapidly
saturates and can reach up to 52 nA, which is significantly higher than the 808 nm

example (Figure 5-12b). Additionally, there is almost no photogenerated current
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measured at 980 nm (Figure 5-12c). According to the PL spectra and the energy band

structure of p-n junction (Figure 5-12d-f), the distinct PSC patterns are mostly
attributable to the two materials' different absorption capacities at different light
wavelengths. Thus, the perceptive capability of the biological retina with color

recognition is successfully implemented in this OES device.
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Figure 5-12 The different responses of PSC under 10 light pulses (5.7 mW cm2, 1)
with a) 450 nm, b) 808 nm and c) 980 nm wavelength, respectively and related

diagram of band structure d-f)

5.3.3 Emulation of Pavlov's dog experiment

The famous Pavlov's dog experiment was successfully executed in the device
to mimic the classical conditioned reflex, which is commonly utilized by animals
and humans to associate diverse stimuli together, as illustrated in Figure 5-13. Light

pulses, according to the previous experimental results, can more easily create larger
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PSCs than electrical pulses. Light pulses are therefore identified as food

(unconditioned stimulus) to promote salivation (unconditioned response), whereas
electrical pulses are employed to simulate the bell (conditioned stimulus) to trigger
a conditioned reaction for the dog. A PSC of 7 nA is utilized as a threshold in this
case to determine whether the device has learned to correlate electrical stimuli with

light signal.

Prior to training, 20 electrical pulses were utilized to simulate bell ringing (3 V,
width 175 ms), as shown in Figure 5-13a, and the PSC was eventually maintained
below the threshold, indicating that it did not promote salivation. A PSC of 10 nA,
on the other hand, indicated that salivation could be sustained for a long period in
response to a light pulse (18.7 mW cm2, width 7 s, 450 nm wavelength), showing
that the dog's unconditioned response to food was distinct and powerful (Figure 5-
13b). Following that, Figure 5-13c displays the dog's training process, in which
ringing the bell while feeding formed an association between the food and the bell.
After training, 20 electrical pulses were delivered to the OES device, and the PSC
can reach up to 8.9 nA, which is above the threshold value, as shown in Figure 5-
13d. After that, the electrical pulses were applied every 120 seconds. The PSC
gradually declines with increasing time, as seen in the figure, which is similar with
the forgetting process in the biological nerve system. The photogating effect is
primarily responsible for the success of mimicking the classical conditioned reflex,

in which a large number of photogenerated carriers are separated under light by the
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built-in electric field of the a-In2Ses/GaSe heterostructure, and the carriers require a

period of time to recombine after the pulses are removed.
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Figure 5-13 Pavlov's dog experiments to associate electrical and light stimuli
together. a) 20 electrical pulses were applied, the PSC was below threshold of 7 nA
(no response). b) A PSC of 10 nA was in response to a light pulse (18.7 mW cm?2,
width 7 s, 450 nm wavelength) (salivation). ¢) In order to couple different stimuli,
the coincidence stimuli consist of electrical and light pulses were imposed on device.
d) After training, electrical pulses alone can induce above-threshold PSCs. A

forgetting behavior was observed with increasing time.
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5.4 Information storage

Ferroelectric materials are promising candidates for memory due to their
reversible polarization orientation that can be controlled with an applied electric field.
Besides the conventional oxide ferroelectric materials, the emergence of 2D vdW
semiconducting ferroelectric materials enables device miniaturization. The memory
function of the OES device based on ferroelectric a-In,Ses is examined in this section,
and the mechanism behind is discussed and analyzed carefully. To investigate the
ferroelectric domain switch in response to an applied electric field, 1-V curves were
measured by sweeping the voltage between -2 V and 2 V, -4 V and 4 V, and -6 V
and 6 V in the dark, as shown in Figure 5-14. Under various sweep voltages, typical

hysteresis loops are observed, with the arrows denoting the sweep direction.
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Figure 5-14 1-V hysteresis curves under sweep from 2 VV to 6 V
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As far as we know, there are two distinct directions of current variation in the
hysteresis loop with respect to the applied sweep voltage for devices based on the a-
In,Ses channel. Figure 5-15 illustrates one case in which the currents in stages 1 and
3 of the hysteresis loops are less than those in stages 2 and 4. Such hysteresis loops
are observable in devices where metal electrodes are prepared on a-In,Ses using E-
beam, bringing the surface and sides of a-In>Ses into contact with the metal, and
energetic particles produced during the electrode preparation process may damage
the interface between the metal and a-1n2Ses.!!! IP ferroelectricity is thought to have
a significant role in this case, according to the literature.’® In this investigation,
however, a-InSez was added after the electrodes were prepared to form vdwW
contacts. Currents are greater in stages 2 and 3 of hysteresis loops than in stages 1
and 4. We speculate that the difference in direction of current change is principally
determined by the presence of OOP ferroelectricity, in which bound charges on the
top and bottom surfaces can operate as a gate. Gu et al. presented a planar device
based on a-In,Ses with one electrode on the bottom surface of the left side and the
other on the top surface of the right side, considering that both IP and OOP
ferroelectricity have an effect on the device.*®® Their work also obtained a hysteresis
loop similar to ours, implying that our speculation regarding the influence of OOP

ferroelectricity on the I-V curve is reasonable.
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Current A

Figure 5-15 The I-V curve where the currents of stage 1 and 3 in hysteresis loop are
smaller than those of stage 2 and 4

When a high voltage is applied to the device, diode-like rectification behavior
is observed, and the forward and reverse directions can be switched. As displayed in
Figure 5-16a, when a -20 V electrical pulse (width 5 s) is applied, the direction of
ferroelectric polarization (Pre) switches to the left, promoting current flow at
negative voltage bias. In Figure 5-16b, the 50 periodic photoresponses up to 0.1 pA
are shown under zero bias and light pulses (18.7 mW cm?, 0.1 Hz, 450 nm
wavelength). The ferroelectric photovoltaic effect is responsible for the self-power
characteristic. When a voltage of 20 V was applied to the device, the ferroelectric
polarization direction was reversed to the right, and the rectification of the diode was
also switched (Figure 5-16c). Figure 5-16d exhibits a lower photoresponse current

than Figure 5b, which may be attributable to the fact that some ferroelectric domains
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are not completely reversed. Thus, the information stored in the OES device as

memory can be read nondestructively using light pulses.

a 20 | | 0 light pulses
0 L
E 20}
T 40}
o
360f
-80 F
OO A ~
-1.5 -1.0 -0.5 0.0 0.5 1.0 15 0 100 200 300 400 500 600
Voltage (V) Time (s)
c d
35} 0.02 | |50 light pulses
28l
s ~ 0.00} - - -
T 2
= = -0.02
o 14 &
a7t 3 -0.04}
ol
e -0.06F
1.5 -1.0 0.5 0.0 0.5 1.0 1.5 0

0 100 200 300 400 500

Voltage (V) Time (s)

Figure 5-16 a) 1-V curve under ferroelectric polarization orientation shown in inset.
b) Photoresponse at zero bias voltage under 50 light pulses (18.7 mW cm2, 0.1 Hz,
450 nm wavelength) and the ferroelectric polarization orientation in a). c) The |-V

curve after a positive voltage applied, and d) corresponding photoresponse
5.5 Information processing
Apart from sensing external inputs and storing data, logic functions built into

synaptic devices are very desirable. Here, light and electrical pulses are defined as

input signals, and the PSC is utilized to represent the output value. Figure 5-17 shows
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how light and electrical pulses are used to implement AND logic. To ensure the logic

function's precision, "0" and "1" are carefully defined. The logic input's "1" and "0"
are determined by light switching (9.1 W cm, 450 nm), and for electrical signals,
the 0.1 V bias is considered as the "0," while the 3 V electrical pulse is considered
as the "1." Whena"1" of lightand a 1" of electrical signal are applied to the synaptic
device simultaneously, the "1" of PSC output over the threshold (30 nA) can be
observed. The large difference between the "0" and "1" states of PSC currents allows
for a wide range of threshold definitions while also improving the precision of logic

operation.
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Figure 5-17 The “AND” logic function of device under light and electrical pulses
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Another logic function is proposed based on the ferroelectricity of a-InzSes, in

which the top gate separates the channel into left and right halves. Figure 5-18a
illustrates the 1-V curve of the p-GaSe/n-In,Ses heterostructure. The rectification
behavior is due to the built-in electric field in the heterostructure, and the hysteresis
loop is attributed to the polarization inversion characteristic of ferroelectric
heterostructures.'®: 1% When the polarization orientations of left half channel are
identical to those of the right half, Figure 5-18b shows a photoresponse (0.1 pA) to
light pulses (450 nm wavelength, 18.7 mW cm, period 10 s, width 3 s) at zero bias.
As illustrated in Figure 5-18c, when an electrical pulse (15 V, 5s) is applied between
the top gate and the drain, the polarity of the ferroelectricity in the right half of the
channel is inverted, and no rise in PSC is observed under the light pulse. The
coincidence of electrical and optical signals may create further opportunities for

synaptic devices to expand their logic functionalities.
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Figure 5-18 a) The I-V hysteresis curves of ferroelectric a-In;Ses/GaSe vdW

heterostructure. Photoresponse at zero bias voltage when the polarization
orientations of two parts of channels are b) the same or c) opposite. The orientation
of polarization is indicated by the arrows

A crosshar composed of synaptic devices, such as the OES device used in this
study, is a promising candidate for resolving the bottleneck problem associated with
von Neumann-based computing systems. Crossbar can significantly reduce signal
latency by avoiding data travel and allowing for parallel computation. In Figure 5-
19, each input terminal is defined as a neuron in the input layer (X;), and each output
terminal is described as a neuron in the output layer (Y;). Additionally, Wijj is used to
represent the weight of the synaptic device that connects the neurons. When voltage
is applied to a programmable synaptic device, the conductance changes in response
to the external voltage, and the crossbar can be used to simulate a neural network

because the current is additive.
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Figure 5-19 The basic principle of crossbar
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To verify the feasibility of the crossbar made up of OES devices, an artificial

neural network (ANN) was developed using the extracted device parameters. The
ANN was then used to simulate and evaluate the crossbar's behavior. Due to its
unique nonlinearity in comparison to other logics, XOR is used to train ANN in this
case. As seen in Figure 5-20a, the ANN is composed of three layers: the input layer,
the hidden layer, and the output layer. The program code was written in Python using
the back propagation algorithm and the crosssim platform's neural core. In the first

step, the computer generates an 8x3 array and a 3x4 array at random to represent

the weights between the input and hidden layers, as well as between the hidden and
output layers. Following that, the input values are propagated through the ANN
(using the sigmoid activation function) to produce the output values. After the
difference between the output value and the target output value is multiplied by the
input value and the learning rate (0.2), it is added to the original weight array to
complete the update. The process above is repeated until the convergence
requirement is satisfied or the output value of ANN meets the specified target value.

The accuracy rate is computed in this case using:
—_ _ z:?=1 |Y0i_YTi| 0 —
Accuracy rate=|1 == X 100% (n=4) (5-4)

Where Yo denotes the output and Y represents the target value. As illustrated
in Figure 5-20b, the accuracy of the crossbar made up of OES devices for XOR logic
can be maintained at 90% after 1000 trainings, which is comparable to the accuracy

achieved under ideal software conditions (96%). To further validate the reliability of
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crossbar, we introduce Gaussian write noise into the weight update process. The

results indicate that the pace of convergence is reduced, but the ultimate accuracy
can still be close to 90%. Indeed, ANNs can make right judgments as long as their
accuracy rate exceeds 50%. As a result, our proposed synaptic device-based neural

network is capable of performing logical computations.
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Figure 5-20 a) An ANN built to perform XOR logic. b) Accuracy rate as a function

of training number

5.6 Summary

In conclusion, a novel multifunctional optoelectronic synaptic device based on
ferroelectric a-1n2Sesz/GaSe vdW heterostructures is presented to imitate the entire
human visual system at the device level. By switching the ferroelectric domains, the
plasticity of biological synapses such as PPF, LTP, and LTD are realized. The
photonic synapse's wavelength selectivity implies that our OES device not only

converts light stimuli to electrical signals, but also has the ability to detect colors in
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the same way that the retina does. Additionally, the success of Pavlov's dog
experiment demonstrates the ability of our device to couple light and electrical
signals, emulating assisted learning in the human brain. More importantly, in
addition to synaptic behaviors, logic functions and memory are integrated in the
device with the help of unique ferroelectricity, thus accomplishing the task of
mimicking the visual cortex. In a simulated ANN, a high accuracy rate for XOR
logic was attained, demonstrating the robustness of crossbar. Our work makes a
substantial advancement toward emulating the entire human visual system using
ferroelectric vdW heterostructures, and the multifunctional synaptic device
presented in this study has tremendous potential for processing complicated visual

information.
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Chapter 6 Conclusion and Future Prospect

6.1 Conclusion

The emergence of 2D layered piezoelectric and ferroelectric materials offers the
possibility to solve the problems of conventional oxide dominated ferroelectric
materials. For example, the 2D ferroelectric o-In2Ses can exhibit robust
ferroelectricity even at the atomic level, which effectively addresses the critical
thickness problem of ferroelectrics. Although HfO- has also been reported to show
intrinsic ferroelectricity in monolayer thickness, lattice matching is still a great
challenge for preparation of heterostructure, whereas vdW contacts of layered
materials do not need to concern about this issue. On the other hand, compared to the
wide forbidden band gap in conventional ferroelectrics, the semiconductor properties
of ferroelectric a-InSez show great potential in the field of electronics and
optoelectronics. In this thesis, the effect of piezoelectricity on the physical properties
of a-In2Ses is investigated and discussed, and electronic and optoelectronic synaptic

devices based on a-1n;Ses are proposed for neuromorphic computing.

Firstly, controllable biaxial strain was imposed on the a-In2Ses nanosheets by
an electromechanical device which consists of a piezoelectric substrate and metal
electrodes. When applying strain, a red shift of Raman spectra can be observed. The
Grineisen parameter is used to analyze the effect of strain on vibrational behavior.
Photoluminescence characterization shows that there is a blue shift can reach up to

almost 215.82 meV per 1% strain which is much higher than conventional
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semiconductors. The effect of strain induced piezoelectric field on band gap is
elaborated in detail. The method provides a powerful tool to investigate the effect of
biaxial strain on the band gap of 2D materials and promise a wide range of

applications in nanostructured optoelectronic devices.

Secondly, with the help of ferroelectricity in 2D vdW a-In,Ses, an artificial
neuronal device was elaborately designed. And the linearly separable and
nonseparable logic functions can be performed in a single artificial neuron based on
the principle of combinational logic and stateful logic, respectively. Besides, a
photoswitchable manner between AND and OR logic is observed in the device due
to the semiconducting nature of ferroelectric a-In2Ses. On the other hand, as a
neuronal device, complex functions analogous to that of the brain are highly
desirable for Al to handle diverse tasks in the real world. Therefore, the essential
synaptic behaviors of multi-terminal devices are demonstrated, and the gate terminal
not only serves as a pre-synapse but also a modulator. An artificial neural network is
built based on our proposed device for handwritten digital image recognition to
verify the reliability of the device. Moreover, successful emulation of desiring or
refusing food-intake allows the device to carry out positive and negative feedback
when faced to complicated situations. The experimental results make an important
step toward simplifying the current redundant artificial neural networks and provide

an adaptable strategy for Al to solve complex tasks in the real world.
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Thirdly, a multifunctional optoelectronic synapse based on 2D ferroelectric a-
In2Ses/GaSe vdW heterostructure is proposed to emulate the entire biological visual
system. Visual perception and color recognition can be achieved in the device by
photogating effect for mimicking the retina. Electric modulation mode plays the role
of transmitting excitatory signals. Moreover, beyond synaptic behaviors, logic
functions and memory are incorporated in the device thanks to the help of unique
ferroelectricity, which achieve the objective of emulating the visual cortex in the
brain. The success of Pavlov's dog experiment further validates our device's ability
of handling multi-input signals. Furthermore, a high accuracy rate for XOR logic and
image recognition is obtained in a simulated artificial neural network. With visual
perception, logic function and memory enabled at the single device level, our
proposed multifunctional optoelectronic synapse can process complex visual

information and may simplify the design of artificial visual systems.

6.2 Future prospect

The discovery of 2D vdW ferroelectric materials is a significant milestone
towards tackling the challenges faced by conventional ferroelectric materials, such
as critical thickness, wide forbidden band width, etc. Among the several 2D
ferroelectric materials discovered so far, a-In2Ses due to its 1.4 eV band gap and
robust ferroelectric properties even in monolayers at room temperature shows great
potential for applications in multifunctional, ultra-thin electronics and

optoelectronics. In 2016, ferroelectric properties in a-In2Sez were successfully
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predicted, in the following years preparation of a-InoSes by CVD and MBE was
reported and some simple devices such as FETs were demonstrated. However, it
should be noted that the exploration and application of a-In,Ses is still at an initial

stage, and many issues as well as challenges need to be addressed.

First of all, most of the current devices based on a-In,Sez are prepared using
mechanically exfoliated nanosheets. The exfoliated nanosheets derived from crystals
ensure the high crystalline quality of the material, but it greatly limits the preparation
of devices at the circuit level. Moreover, the size of the nanosheets obtained so far
from bottom-up methods such as MBE and CVD can only be maintained at the
micron scale. In addition, the piezoelectric properties in ferroelectric a-In,Ses also
provide abundant opportunities for the preparation of flexible devices, such as
pressure sensors, etc. For a-In;Ses, a great advantage over conventional ferroelectric
materials is its semiconducting properties and high response to visible light, therefore,
how to design electronic and optoelectronic synaptic devices in order to facilitate the
development of neuromorphic computing is also an interesting topic. Anyway, in our
opinion, there is still a lot of work that needs to be done to exploit ferroelectric o-

In,Ses, especially in the field of multifunctional devices.
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