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Summary

Low-dimensional nanomaterials, such as Wurtzite structured materials (ZnO, GaN, etc.),
and transitional metal dichalcogenides (MoS2, WSey, etc.), have been widely studied for
their unique physical properties which result from strong coupling effect among
piezoelectric, semiconducting, and optical characteristics. In depth understanding of the
physical properties could promote development of various novel functional devices,

energy harvesters, etc.

The piezoelectricity in 3R (3 Rhombohedral) MoS; has been predicated by theoretical
studies. To our best knowledge, no experimental observation has been reported so far.
In this thesis, the piezoelectricity of 3R MoS: flakes has been studied systematically.
Two kinds of flexible 3R MoS; based piezoelectric nanogenerator (PENG) have been
fabricated. One is aligned 3R MoS: device, in which the zigzag direction is aligned to
the electrodes direction, and another is non-aligned 3R MoS; device. The aligned 3R
MoS2 PENG shows superb electrical and excellent power density values. The crystal
orientation dependent piezoelectric polarization generation can be clearly observed by
the fact that the piezoelectric polarization depends on whether the strain is applied along
the zigzag or the armchair direction. Specifically, the high piezoelectric response from
3R MoS:; is firstly confirmed using Piezoresponse Force Microscopy (PFM) at room
temperature. The out-of-plane piezoelectric coefficient dzz is measured around 0.7 to 1.5
pm/V for multilayer 3R MoS,. From lateral PFM measurement, we observe a strong

piezoelectric response due to the coupling of in-plane and out-of-plane piezoelectricity.

Subsequently, we find that the intrinsic thermal conductivity of 3R MoS; flake is slightly
changed under mechanical strains. A strong modulation of heat transport is observed on
3R MoS; flake and its metal contact junctions under biased strains. This is the first
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experimental observation which shows that heat transport of low dimensional
piezoelectric material can be modulated through a mechanical strain. In addition, a
flexible a-1n>Ses/3R MoS; van der Waals (vdWs) p-n heterojunction is fabricated for
photodetection from the visible to near infrared region. It exhibits an ultrahigh
photoresponsivity of 2.9 x10® A/W and a substantial specific detectivity of 6.2 x 10%°
Jones under a compressive strain of -0.26%. The transport of photon generated carriers
is clearly modulated by mechanical stimuli through the piezoelectric effect at the

heterojunction interface.
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Chapter 1 Introduction

1.1 Background and Motivation

Nowadays, the demand for piezoelectric devices has been growing very fast since it
enables a vast range of applications from energy harvesters to self-powered sensors. In
the recently released market research reports, i.e., “Piezoelectric Devices-Global Market
Trajectory & Analytics” and “Piezoelectric Smart Materials-Global Market Trajectory
& Analytics”, piezoelectric devices and materials are expected to a continuous increase
in the future [1, 2], as shown in Figure 1-1. The global market for piezoelectric smart
materials, which is currently estimated at around USD 36.5 Billion in 2020, is expected
to be double in a market size of USD 83.3 Billion by 2027 to cover, piezoelectric
materials, devices and applications. Piezoelectric materials include piezoelectric
crystals, ceramics, polymers and composites [3]. Among the markets for piezoelectric
devices like sensors, actuators, motors, transducers and generators [4], the market for
piezoelectric generators is expected to grow at the highest annual growth rate. On basis
of the applications, piezoelectric devices are widely utilized in healthcare, consumer
electronics, industrial and manufacturing, automotive, aerospace and defense, and so on

[5-7].



Global Market for Piezoelectric Devices Global Market for Piezoelectric Smart Materials
Market forecast to grow at CAGR of 4.6% Market forecast to grow at CAGR of 12.5%

USD 36.4 Billion USD 83.3 Billion

USD 26.5 Billion n

USD 36.5 Billion
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THE WORLD'S LARGEST MARKET RESEARCH STORE

Figure 1-1 Global market for piezoelectric devices and smart materials — a forecast for

2027.

Although conventional piezoelectric materials have already found a broad spectrum of
applications, only a few piezoelectric materials are appropriate for specific purpose
applications. For instance, flexible and wearable electronics have attracted numerous
interests including e-skin, sensors, healthcare monitors and epidermal electronics over
the past few years [8-10]. The frontier flexible electronics should endure large strains or
stresses with excellent mechanical properties and self-power capabilities to extract
energy from the surrounding environment, including human body, like irregular motions,
vibrations, etc. [11, 12]. Obviously, piezoelectric materials selection and device design
are crucial for flexible and wearable electronics. Recently merging two dimensional (2D)
piezoelectric materials (PMs) could satisfy the above high demands of next generation
flexible electronics, owing to their large surface ratio, high flexibility, incredible

mechanical robustness, and excellent intrinsic electromechanical coupling [13, 14].

Since graphene was discovered in 2004 [15], 2D materials have gained explosive
popularity due to their unique electronic, optical and mechanical properties. The 2D

materials with piezoelectricity are promising candidates for a vast of applications stated



above. Compared with conventional piezoelectric materials, like quartz, ceramics, PZT,
wurtzite materials ZnO and GaN, etc., 2D PMs are of significant advantages in
multifunctionality, miniaturization, low power consumption and easily integrated into
complex flexible electronics, etc [16, 17]. Recently theoretical studies reveal that 325
potential 2D monolayers with the noncentrosymmetry structure and non-metallic
properties are piezoelectric [18]. However, the experimental studies of intrinsic 2D
piezoelectric materials at present are limited to several materials, like monolayer 2H-
MoS;, bilayer WSe, and o-In.Ses, due to the difficulties in the synthesis and
piezoelectricity characterizations of 2D PMs [19-21]. The piezoelectricity of 2H MoS>
is restricted to odd and few atomic layers. In sharp contrast, 3R (3 Rhombohedral) MoSs,
another phase of MoS,, has been theoretically predicted to be of higher in-plane and out-
of-plane piezoelectricity at any thickness. Unfortunately, no experimental studies of the
piezoelectricity of 3R MoS: flakes, have ever been reported to our best knowledge [22].
No attention has been focused on the coupling effects of the thermal, semiconducting

and piezoelectric properties of 2D PMs.

Hence, this Ph.D. project is motivated to explore 2D PMs, especially 3R MoS;, and the
novel devices design for the in-depth understanding of their piezoelectric properties and

development of novel piezoelectric devices.

1.2 Objectives

The main objective of this thesis is to study the piezoelectric, semiconducting, thermal

and optical properties of several 2D PMs. The research attention is focused on:



characterizing novel and multifunctional 2D piezoelectric materials, like 3R
MoS; and a-1n2Ses, using electrical and optical characterization methods and
advanced Piezoresponse Force Microscopy (PFM) technique, etc.

investigating the thermal conductivity modulation and coupling effect between
the heat transport and piezoelectric properties in the metal-piezoelectric
semiconductor-metal (MPSM) structure under mechanical stimuli.

exploring optoelectronic applications of the van der Waals heterojunction built

from 2D PMs.

1.3 Major contributions

The contributions of this thesis are mainly on the systematic studies of the piezoelectric

properties of 3R MoS; flakes and In.Sez flakes, the heat transport through metal/3R

MoS; flakes/metal under strains and the flexible o-In,Ses/3R MoS; vdWs p-n

heterojunction for photodetection. They are summarized as follows:

The vertical piezoelectric coefficient dsz of multilayer 3R MoS; flakes was
measured to be around ~ 0.7-1.5 pm/V by a vertical PFM for the first time. The
coupling of the in-plane and out-of-plane piezoelectricity was proved using the
lateral PFM technique. Two kinds of piezoelectric nanogenerators (PENGS)
based on 3R MoS; flakes were fabricated and demonstrated larger atomic
orientation dependent electrical outputs than previously reported so far. The
above results have provided an in-depth physics understanding of the
piezoelectric properties of 3R MoS: flakes and expanded PMs selection for

piezoelectric devices.



The first experimental observation of strain modulated heat transport through an
Au/3R MoS; flakes/Au structure, i.e., metal-piezoelectric material-metal
(MPSM) structure, was obtained. The heat transport through the MPSM was also
systematically studied under various strains and crystalline orientation. These
results suggest that heat transport could be significantly modulated through the
interface of the MPSM structure, rather than in the intrinsic 3R MoS; flakes
themselves. This finding may provide a viable heat management strategy for
flexible and miniaturized devices.

The piezoelectricity properties of a-In.Ses flakes were studied using the PFM
technique. A high-performance flexible a-In.Ses/3R MoS; vdWs p-n
heterojunction was fabricated for photodetection from the visible to near infrared
region. The transport of photon generated carriers is clearly modulated by
mechanical strains through the piezoelectric potential at the heterojunction
interface. The heterojunction exhibited an ultrahigh photoresponsivity in the
near IR and visible range with a much higher sensitivity than most of the other

reported 2D heterojunctions so far.

1.4 Thesis organizations

This thesis consists of 6 chapters and it is organized in the following way:

Chapter 1 presents a brief introduction to the increasing demands for novel PMs
and the device designs, especially 2D PMs. The motivations, objectives, and

major contributions are stated in the chapter.



Chapter 2 briefs the fundamental knowledge of piezoelectricity, piezoelectric 2D
materials and their fabrication and piezoelectric characterization methods. The
state-of-art research of 2D PMs is extensively reviewed.

Chapter 3 shows the piezoelectricity characterizations of 3R MoS; flakes,
including the synthesis and devices fabrication of 3R MoS; flakes, the
methodology and experimental setups. The piezoelectric output and PFM
measurement results are analyzed and discussed.

Chapter 4 discusses the thermal conductivity measurements of intrinsic
piezoelectric 3R MoS; flakes and the MPSM structure, with detailed device
fabrication processes and experimental conditions.

Chapter 5 demonstrates an o-In2Ses/3R MoS; heterojunction, which shows a
strong photoresponse to the visible and near infrared light. The mechanism of
the photocurrent modulation by the strains is proposed.

Chapter 6 concludes the main findings in this Ph.D. project and recommends

some advisory opinions for future research work.



Chapter 2 A review on the 2D piezoelectric materials
property and applications

2.1 Fundamental of piezoelectricity

2.1.1 Piezoelectric effect

Piezoelectricity was firstly discovered by brothers Pierre Curie and Jacques Curie, in
1880, who observed electric surface charge in certain materials, especially quartz and
Rochelle salt under a stress [23]. This phenomenon is defined as the direct piezoelectric
effect of a piezoelectric material, in which electric charges or potential could be
generated in response to applied mechanical stress. In the next year, Lippmann
predicated, from thermodynamics calculation, that reverse piezoelectric effect should
also exist [24], which was experimentally confirmed by the Curie brothers in the
following year. That is, when an electric field is applied on piezoelectric materials (PMs),
a mechanical deformation or strain is induced [25, 26]. This is known as the reverse
piezoelectric effect. Both direct and reverse piezoelectric effects could be observed from
piezoelectric materials with noncentrosymmetric crystal structures in corresponding to
the applied electrical field or mechanical stress. Currently, the commercial piezoelectric
materials are in the form of ceramics, polymers, and crystalline materials, for example
lead zirconate titanate (PZT), barium titanate, polyvinylidene fluoride (PVDF),
crystalline quartz, BaTiOs, LiNbO3, etc [27, 28]. The piezoelectric materials could be
further divided into two groups, the polar (where a net dipole moment depends on the
poling direction) and non polar materials (in which a non-total electric dipole moment
is determined by the crystal orientations). The above ferroelectric ceramic or polymers
are polar piezoelectric materials. On the contrary, several non-ferroelectric

semiconductors, like zinc oxide (ZnO) or gallium nitride (GaN) wurtzite-structured



materials, etc., belong to non-polar piezoelectric materials [29]. The direct piezoelectric
effect is widely utilized in sensing, energy harvesting and modulating electrical and
optical performance of integrated materials and devices, etc. The reverse piezoelectric

effect is accountable for fabricating actuators using piezoelectric materials.

In summary, the relationship of the polarization, electric field, stress and strain is
illustrated in Figure 2-1a [30]. Piezoelectricity is related to the electrical and elastic

behaviors of PMs.

2.1.1.1 Variables related to the mechanical properties:

The variables related to the elastic behavior are introduced here in Einstein notation [31]:

The u; is the Cartesian components of the infinitesimal mechanical displacement at a
point in the material. Strain tensor S;; is determined by the symmetric portion of the

spatial gradient of the mechanical displacement and written as:
1
Sy =3 (U +u;,) (2.1)

where u; ; = du;/du;, a comma followed by an index denotes partial differentiation

with respect to a space coordinate. The traction vector T; is defined as the force per unit

area acting on a surface. The stress tensor T/; is related to traction vector T; as:

where n; denotes the components of the outwardly directed unit normal to the surface

across which the traction vector plays. Evidently, T;; is a second rank Tensor [32].

2.1.1.2 Variables related to electrical field and polarization:
Assuming that the magnetic effects could be negligible compared to electrical effects,

the electric field E and electric displacement D are related as:



D=¢E+P (2.3)

where P is the polarization vector, and the permittivity of free space ¢, is 8.854x107?

F/m. The polarization vector is expressed as:
P = g xE (2.4)

where y is the dielectric susceptibility of material and a second rank tensor. Combining

equations (2.3) and (2.4),
D =¢yE+ eoyE =€y (1 + y)E = €E (2.5)

where ¢ is the dielectric permittivity of the materials, the relative dielectric permittivity

Ei = 1 — y is also named the dielectric constant of the material.
0

2.1.1.3 The basic mathematical formulation for piezoelectric effect:

Based on the linear theory of piezoelectricity [31], the piezoelectric materials exhibit a
linear behavior, under a low electric field and mechanical stress levels [33]. When a
piezoelectric material is mechanically strained, the generated polarization charges is

proportional to external stress can be formulated as:
Pye=dXxT (2.6)

where P, is the piezoelectric polarization vector, d is the piezoelectric strain

coefficient and T is the stress applied to the piezoelectric materials. For simplifying
discussion, the subscript ‘pe’ represents the polarization, stress and strain generated by

piezoelectric effect. The reverse piezoelectric could be formulated in a similar way as:

Spe=dXxE (2.7)



where S, is the mechanical strain raised from reverse piezoelectric effect, E is the

applied electric field. Considering the elastic properties of the materials, the direct and

reverse piezoelectric effects could be in other forms as:
Ppe=dXT=dXcxS=eXxS§ (2.8)

Tpe=CXSpe=cXdXE=exE (2.9)

p

where c is the elastic constant connecting the generated stress and the applied strain
(T = c x S), s is the compliance coefficient relating the generated strain and the applied

stress (§ = s X T), and e is the piezoelectric stress constant.

2.1.1.4 Linear piezoelectric constitutive equations and its compressed notation formats:
According to the linear theory of piezoelectricity and conservation of energy [31, 32],

the piezoelectric constitutive relations in the extended tensor notation are formulated as:

Ty = Cgkl X S — epijEx (2.10)
D; = eyq X Sy + e4Ex (2.11)

all superscripts represent the quantity under constant electric field, stress or strain. When
the material symmetry is considered, the compressed matric notation is adopted, by
replacing ij or kl by p or q, where i, j, k and [ take the values 1,2,3, and p or q take the

values 1,2,3,4,5,and 6, as shown in Table 2-1.

ij or kl porgq
11 1
22 2
33 3

23 or 32 4

10



3lor13 5

12 or 21 6

Table 2-1 Compressed matrix notation.

Therefore, cijxi = Cpq, €ikt = €ip, Tij = T).

By employing the compressed matrix notation, also called as Voigt notation [34], the

constitutive equations are written as:

T, =Chy X Sy — €rpEx (2.11)
D; = e;g X Sy + €5 Ey (2.12)

where T, is the mechanical stress in p direction, cgq is the elastic constant tensor at a
constant electric field, S, is the mechanical strain in q direction, e, and e;q
piezoelectric stress coefficient constant tensor, Ey is the electric field in k direction, D;
is the electric displacement in i direction, and &, is dielectric constant tensor under

constant strain. The constitutive relations defined tensor directions are shown in Figure

2-1b.

Since the stress and strain are related, the constitutive equations could also in the format

as:
Sp = Spg X Tq + diEy, (2.13)
D; =d;; X T, + €, Ey (2.14)

where S, is the mechanical strain in p direction, s,’fq is the elastic compliance tensor at
constant electric field, T, is the mechanical stress in g direction, dy, and d;,

piezoelectric strain coefficient constant tensor, E}, is the electric field in k direction, D;

11



is the electric displacement in i direction, and €], is dielectric constant tensor under

constant stress.

Polarization

Strain

Stress

(b)

Elasticity

~
]

Figure 2-1(a) Piezoelectricity-An interaction of electric field, polarization, mechanical

stress and strain. (b) Directions of Tensors in the constitutive equations [1].

2.1.2 Piezoresistive effect
Besides piezoelectric effect, electro-mechanical interactions in certain materials could
be accomplished through piezoresistive effect, which was first applied by Cookson in

1935. Piezoresistive effect refers to electrical resistivity change, not electric potential

12



change, in a metal or semiconductor under an applied mechanical strain [35]. When the
piezoresistive materials are applied with a voltage and mechanical strain, the induced
current changes as a consequence of the change in the resistance, in accordance to
Ohm’s law: R = pl/A, where p is the material resistivity, [ is the material length and
A is the cross sectional area [36]. The change in resistance, which is relative to the strain

and resistivity, is described by Gauge factor:

F=%=1+ZU+A—p (2.15)
€ P

where ¢ is the strain, v is Poisson’s ratio, AR/R is relative resistance change. The
relative change in resistance is related to the geometric effects 1+2v and the relative
resistivity change Ap/p. It was found that the strain Gauge factor of germanium and
silicon is two orders of magnitude larger than that of metals, showing several
semiconductors are of stronger piezoresistivity [37, 38]. Due to larger piezoresistive
effect, piezoresistive semiconductors have been widely used, especially in the
application of mechanical sensors. This kind of piezoresistive effect based sensors is
defined as “active sensors” and are different from “passive sensors”, in which
spontaneous electric signal is generated under exerted forces without applying a voltage

[39].

To explain the large semiconductor piezoresistive effect, the prevailing theories are
based on the description of carrier transport change in strained crystalline structures.
When the strain is applied, the crystal symmetry is reduced and lattice constants are
modified, resulting in a change in the energy bands (shifting, warping or bending). These
factors, including non-uniform density of states, changes in electrons mass and energy

band, contribute to the carrier mobility changes [40, 41].

13



2.1.3 Electronic and optoelectronic device performance modulated by strains or
piezoelectric potentials

Strains induce piezoelectric potentials which in turn could significantly affect the
performance of electronic and optoelectronic devices based on piezoelectric materials.
These phenomena were later called the piezotronic and piezo-phototronic effects by
Wang in 2007 [42] and 2010 [43]. As illustrated in Figure 2-2, the three-way couplings
of piezoelectric, semiconducting and optoelectrical give rise to the piezotronics,
optoelectronics and piezo-phototronics. The piezotronic effect utilizes the inter
piezoelectric potential as a “gate” to tune or control the charge carrier transport at the
interfaces of metal/semiconductor or semiconductor/semiconductor contacts. The
wurtzite structure materials, like ZnO, InN and GaN, have been widely used in the
piezotronic devices, representing a wide range of potential applications in active
electronics, micro-electromechanical system (MEMS) and sensors, etc. [44, 45]. The
piezo-phototronic effect utilizes the piezo polarization charges to modulate the
generation, transport, separation and/or recombination of photoexcited carriers ata p-n
junction or Schottky contact, which successfully improves the performance of

optoelectronic devices, like photodetectors, LEDs and solar cells [46-48].
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< |
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Figure 2-2 The relationship of three effects between piezoelectricity, semi-conductivity,

and photo-excitability [49].

In Figure 2-3, the energy band diagram of the metal-semiconductor Schottky contact is
plotted under strains, for better understanding of the mechanism of piezotronic effect.
Here, the n-type piezoelectric semiconductor with a much smaller electron affinity is in
contact with the metal with a higher work function (¥semi < ®metar)- A depletion range
is formed in the semiconductor near the interface and the Schottky barrier (SB) results
in an abrupt discontinuity at the interface. If an external voltage applied on the two
terminals of metal and semiconductor is larger than a critical value, electrons could pass
through the barrier and flow from the metal into the semiconductor. Assuming that
negative piezoelectric polarization charges are generated near the metal-semiconductor
(MS) interface under a compressive strain, the negative piezoelectric polarization
charges could repel electrons away from interface, causing an increase in the height of

the SB (SBH) and a broaden depletion range. On the contrary, the positive piezoelectric

15



polarization charges are formed near the interface under a tensile strain, resulting in a
lower SBH and a reduced depletion range. Consequently, the charge carriers transport
through the MS interface and contact characteristics are effectively modulated by the

piezoelectric polarization charges, or more specifically, the applied strains [50, 51].

(a) (b)
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Figure 2-3 Schematic of piezotronic effect on a Schottky junction at a metal-

semiconductor interface under (a) compressive strain and (b) tensile strain [51].

In Figure 2-4, when an n-type piezoelectric semiconductor is contacted with a p-type
semiconductor, electrons in the n-type side and holes in the p-type side diffuse into the
opposite side, creating charge depletion range near to the junction and formation of a p-
n junction. The ionized donors and acceptors are then left behind after the diffusion
process to induce a built-in electric field. The electric field drives charged carriers
moving in the opposite of the diffusion, till the diffusion current is balanced with the
drift current and a thermal equilibrium is reached. Considering that the positive
piezoelectric polarization charges are generated near the junction interface under a strain,
the positive piezoelectric polarization charges attract electron from the p-type side,
causing the trapping or accumulation of electrons. The energy band is lowered down at

the junction interface, which might promote the electron-hole recombination.
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Oppositely, under a reverse strain, negative piezoelectric polarization charges are
generated near the junction interface and they repel electrons from the n-type into p-
type, causing a steeper energy band profile at the interface so that electron-hole

recombination is suppressed.
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Figure 2-4 Schematic illustration of the piezo-phototronic effect on a p-n junction. The
presence of (a) positive and (b) negative piezoelectric polarization charges at the

interface [51].

2.2 Piezoelectric 2D materials and their piezoelectric properties

The first reported piezoelectric nanogenerator (PENG) was fabricated using nanoscale
wurtzite material, ZnO nanowires in 2006 [52]. Motivated by this innovative work,
research on piezoelectricity has been focused on nanoscale configurations of
piezoelectric three dimensional (3D) materials with wurtzite structure. However, it is
difficult to implement 3D wurtzite materials into integrated applications due to their

inhomogeneous behaviors, when these materials are scaled down into nanoscale [53].
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In 2014, the piezoelectricity of single layer MoS; were observed by Wu et al [19] and
Zhu et al [54] separately and independently using different characterization methods.
After that, the searching for 2D PMs and their applications attract much attention.
Several 2D PMs, including hexagonal boron nitride (h-BN), transition metal
dichalcogenides (TMDCs), groups Il and IV monochalcogenides, group IlI-IV
chalcogenide material, and chemically modified graphene, are indeed of unique
piezoelectric properties as evidenced by theoretical simulations and experimental

approaches [14, 17, 35, 55, 56].

2.2.1 Intrinsic piezoelectric 2D materials

The simplest crystal of 2D PMs is h-BN, which has been predicated with planar
piezoelectric polarizations in stable planar hexagonal nanostructure [57, 58]. The
theoretical piezoelectric coefficient e11 of h-BN is estimated around 120 pC/m [59]. The
second harmonic generation (SHG) was applied on atomically few layers h-BN. Strong
SHG intensity from monolayer to few odd layers was observed, while no SHG signal
from even layers could be detected [60]. The SHG results suggest a non-
centrosymmetric structure of h-BN flakes and the existence of piezoelectricity indirectly.

[61].

The most promising 2D piezoelectric material is hexagonal transition metal
dichalcogenides (2H-TMDCs), where 2H represents the Ramsdell notification for the
AB stacking sequence, including MoS,, WS, and WSe; et al [62]. For the bulk 2H-
TMDCs, they are not piezoelectric in multilayers, because symmetry structure of
stacking sequence in a top-to-tail configuration [63]. When the 2H-TMDCs are thinned

down few atomic layers and monolayer, they reveal piezoelectric property, owing to the
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non-centrosymmetric structure and loss of the inversion center. Here, we adopt
monolayer MoS, (m-MoS) as an example to describe the piezoelectricity of 2H-
TMDCs. The m-MoS; crystal is of the structure of Dan symmetry, where one layer of
Mo is sandwiched between two layers of S, formed into a hexagonal lattice. When an
external electric field is applied from S atom to Mo atom, in asymmetrical rhombic
prismatic unit cell, the Mo-S bonds are stretched and accumulated to generate internal
piezoelectric polarization charges shown in Figure 2-5a. The m-MoS: thus has an in-
plane piezoelectricity and no out-of-plane piezoelectricity due to its symmetry structure
along the z-axis perpendicular to in-plane. The superimposed lattice orientation of CVD
growth m-MoS; was confirmed from SHG measurement and plotted, shown in Figure
2-5b. To detect the piezoelectricity of m-MoSz, an m-MoS; flake on a flexible substrate
was fabricated for direct strain testing, shown in Figure 2-5c [19]. Another device of a
free-standing m-MoS, was fabricated for exploring piezoelectricity by applying
horizontal electric field at the two terminals of m-MoS; flake. The resulted vertical
piezoelectric vibration Ag,, = —e;; E; Was monitored by an atomic force microscope
(AFM) tip, as illustrated in Figure 2-5d [54]. This measurement excludes the substrate
effects like doping and parasitic charges. The piezoelectric stress Aa,, should be in linear
relationship with applied driving voltage, and the piezoelectric coefficient of e1; was
measured around 2.9x1071° C m™. The piezoelectric coefficients were measurable for
the monolayer and three layers, but not for the double layers, as shown in Figure 2-5e,
f. From the theoretical simulations and calculations, piezoelectric coefficients of

TMDCs should be larger than that of h-BN and 3D wurtzite structure materials [59, 64].

Similar to TMDCs, the piezoelectricity properties of transition metal dioxides (TMDOSs)
with chemical formula MX> have been theoretically investigated using first principles

calculation based on density functional theory (DFT). Besides Mo-based or W-based
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materials, the other materials with M= Cr, Tiand Zr (X=0, S, Se, Te) also exhibit strong
piezoelectricity, especially CrTe, with the largest in-plane piezoelectric coefficients and

TiO2 with comparable e1; values with Mo-based TMDCs [65].
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Figure 2-5 (a) Schematic of an atomic structure of monolayer MoS. (b) Optical image
of monolayer MoS; with lattice orientation confirmed from the SHG. (c) Optical image
of a flexible MoSz PENG [19]. (d) Schematic of the experiment setup for probing the
piezoelectric property of a MoS: flake. () Measured piezoelectric stress vs increasing
driving voltage and (f) Calculated piezoelectric coefficient e11 of one layer, two layers

and three layers of MoS; [54].

Another group of 2D PMs is group 11 monochalcogenides, such as GaS, GaSe and InSe.
As depicted in Figure 2-6a, the structure of group Il monochalcogenides GasS is similar
to that of 2H-TMDCs and both groups are Dsn point group symmetry. The two metal
layers are sandwiched between two chalcogen layers. The group 11 monochalcogenides
therefore are piezoelectric due to non-centrosymmetric structures and possess same
order of magnitude of piezoelectricity with h-BN and MoS> monolayers. The theoretical
piezoelectric coefficients of monolayer GaS, GaSe and InSe are 2.06, 2.30 and 1.46

pm/V [66], respectively.

Although h-BN and MoS; are promising piezoelectric materials, their piezoelectric
coefficients are relatively small and the mechanical to electrical conversion rate is only
about 5% [19]. One group of 2D materials, group IV monochalcogenides (M= Sn or Ge,
X=Se or S), was verified with anisotropic and enhanced giant piezoelectricity property
by Fei et al [67]. Based on the theoretical DFT calculations, the piezoelectric
coefficients di1 of group IV monochalcogenides (e.g. GeS, GeSe, SnS and SnSe are
75.43, 212.13, 144.76 and 250.58 pm/V, respectively) are about two orders larger than
that of 2D PMs, like h-BN and 2H-TMDCs. The Cay symmetry puckered structure,
shown in Figure 2-6b, contributes to giant piezoelectricity by softening themselves
along armchair direction. In addition, there is zero piezoelectric coefficient along zigzag

direction, owing to the mirror symmetry. The piezoelectric effect in group IV
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monochalcogenides was also confirmed in another work, in which the electronic
structures were studied [68]. Recently, large area monolayer SnS, fabricated using a
liquid metal-based technique, has been measured out a large piezoelectric coefficient of
26 pm/V through a piezoresponse force microscope (PFM). The PENG based on the

SnS showed a maximum output voltage of 150mV at 0.7% strain [69].

The 2D group 111-V honeycomb monolayers are non-centrosymmetric in the Dam point
group, with the polar axis perpendicular to the in-plane monolayer [70], shown Figure
2-6¢. This unique bucked structures results in non-zero e11, €31, di1 and ds; piezoelectric

coefficients, and these theoretical values are slightly smaller than that of m-MoS; [71].
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Figure 2-6 Atomic structure of (a) group Il monochalcogenides GaS [66] (b) Cov
orthorhombic group IV monochalcogenides [67] (c) group I11-V buckled honeycomb

monolayers in top and side views. Reproduced from [71].

Black phosphorous (BP) is 2D materials with strong in-plane anisotropy in the optical,
electrical, thermal and mechanical properties [72, 73]. The piezoelectricity coefficient
di1 of BP is estimated around -9.48 pm/V, resulted from the linked and non-

centrosymmetric structure [74].
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Another theoretical reported 2D family materials, Janus MXY (M= Mo or W, X/Y =S,
Se or Te) monolayer with in-plane or multilayer with out-of-plane piezoelectricity using

ab initio calculations [75].

In addition to the materials discussed above, an attractive material In.Ses of the group
[11-V1 chalcogenide material has been widely theoretical and experimental proved with
in-plane and out-of-plane piezoelectricity and ferroelectricity in a and B phases, due to

its unique atomic structure [76-79].

2.2.2 Engineering modified 2D materials with piezoelectricity

Graphene is the first mechanical exfoliated 2D materials, with a planar sheet of sp?
bonded carbon atoms in a honeycomb structure, and thus non-piezoelectric material
intrinsically [80]. To make graphene into piezoelectric materials, several engineering
methods are implemented, including coaxing, chemical doping or alternative graphene

based materials [81-83].

One of the methods is to create holes in the dielectric graphene nanoribbons, shown in
Figure 2-7a. When a strain is applied on graphene with triangular shaped holes, a non-
zero piezoelectric polarization charges should be induced due to the symmetry broken
holes [81]. Chemical doping is the most common method to functionalized graphene
into a piezoelectric material [82, 84-86]. The famous flexoelectric response of graphene
is realized by doping its surface with various atoms, shown in Figure 2-7b. Besides,
several alternative graphene based materials, like graphene nitride (C3N4) and graphene
oxide (GO), also behave piezoelectric response under strain [83, 87, 88]. In Figure 2-7c,
the graphene nitride nanosheet shows a non-centrosymmetric pores structure and its

piezoelectric coefficient e11 is estimated around 0.758 C/m?.
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A fascinating study of doped piezoelectric graphene was accomplished by placing single
layer graphene on a trenched SiO- substrate [89]. An apparent vertical piezoelectricity
was probed by AFM tip and the piezoelectric coefficient was measured around 1.4 nm/V,
which is much larger than values of other reported 2D PMs. The strong piezoelectric
response is originated from the interactions between carbon atoms in graphene and

oxygen atoms in SiO, which induces dipolar surfaced states.
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Figure 2-7 () Pristine graphene and graphene sheet with triangular hole [81] (b) Various
chemical doped graphene [82] (c) atomic layer of tri-s-triazine [83] (d) Graphene

supported on trenched SiO- substrate [89].
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2.2.3 Piezoelectric coefficients of 2D piezoelectric materials

To describe 2D PMs piezoelectric effect, the basic mathematic formulas of piezoelectric
coefficient are deduced according to their atomic symmetry structure and linear
piezoelectricity theory. Here, the derivation of piezoelectric coefficients of 2H-TMDC
of Dan point group is introduced here as an example [90, 91]. The linear piezoelectric
effect could be considered as a first order relations between polarization P;, the stress

Ty or strain Sj; tensor in the following relationship:

dy = 2P (2.16)
Uk dTy, '
_ 9P, (2.17)
ei]-k = dS]k .
The third rank piezoelectric tensors e;j;, and d;j are related:
eijk = dijkCjjii (2.18)

Where Cjy, is the elastic stiffness tensor, i, j, k and [ take the values 1,2,3. For the Dan
point group materials, like h-BN and 2H-TMDCs, only one d- and one e-coefficient
need to be considered due to the uniqueness raised from the symmetry structure. By
adopting the Voigt notation to reduce the number of the indices, the allowed non-zero

piezoelectric d-coefficient and e coefficients are [34, 59]:

di11 = dqq
dizp = dip = —dyy

1
dyip = dypy = Edzs = —dy,

€111 = €11
€ =€ = —€11
€212 = €221 = €26 = —€711 (2.19)

For the monolayer 2H-TMDC, the d11 and e; are related as:
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(2.20)

2.2.4 Influential factors on the piezoelectric properties

Through extensive investigations of 2D PMs have been conducted for several years,
several factors that influence the piezoelectric properties, including the periodic trends,
crystal orientation direction and diameter/layer number, are discussed here. This
discussion provides an in-depth understanding of 2D PMs and a principal guide in

choice of piezoelectric materials and design of novel piezoelectric devices.

2.2.4.1 Periodic trend dependence:

The major periodic trend is a well-known phenomenon for materials, in aspects of
ionization energy, electron affinity and ionic radius et al. Based on theoretical
simulation, the piezoelectric properties of compound 2D PMs also follow the periodic
trend [62, 67], as illustrated in Figure 2-8. It is observed that piezoelectric coefficients
for the 15 kinds of 2H-TMDCs become larger, when the TM elements move upward or
the dichalcogenides elements move from left to right, until the piezoelectric coefficient
di1 of CrTez reaches to 13.5 pm/V in Figure 2-8a. It also highlights that a good linear
proportionality between the piezoelectric coefficient di1 and the ratio of the anion and
cation polarizabilities a. The higher piezoelectric coefficient di1 is achieved for larger
anion and smaller cation combination, which might be attributed to the amplification of
e11 due to smaller difference of elastic stiffness coefficients Ci1 and Ci2, shown in
Equation 2.12 [59]. The hexagonal group 111-V and group IV monochalcogenides also
obey this periodic trend, shown in Figure 2-8b, ¢ [62, 67]. In addition, the group I1-VI

SC monolayers di1 follow a similar trend proportional not only to the anion and cation,
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but also to the product of the Bader charge and the lattice parameters, see Figure 2-8d,e

[62].
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Figure 2-8 Periodic trends for d11 in (a) metal dichalcogenides, (b) Hexagonal group I11-

V, (c) Group IV monochalcogenides [62]. Proportional trend between the piezoelectric

coefficient di1 (d) of TMDC and (e) group 11-VI SC monolayers [67].

2.2.4.2 Polarization direction and crystal orientation dependence:

Polarization charges are generated at piezoelectric materials by application of an electric

field or a mechanical strain. The polarization direction could be coupled with the electric

field and mechanical strain direction, and described with axes number 1,2 and 3,
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corresponding to the x, y and z directions. The piezoelectric 2D materials could be
categorized with the polarization directions as in-plane, out-of-plane or both. Besides,
crystal orientation and atomic structure of materials also play role in the polarization
charges generation, and render the materials with in-plane anisotropy piezoelectric

properties.

The h-BN could be either in the form of nanosheets or nanotubes, in which the tube
chirality is described by the chiral angle 6, as displayed in Figure 2-9a. When the electric
field is applied along the zigzag direction, only the axial polarization will be generated
with an axial piezoelectric coefficient e,,.. While, the electric field applied on the
armchair direction gives rise to a shearing polarization and a shearing (or torsional)
piezoelectric coefficient e,, for h-BN nanosheets and nanotubes [92]. From theoretical
simulation, the h-BN nanostructure with chirality 0° < 8 < 30° will have both axial and
shearing piezoelectricity, and the axial piezoelectric coefficient e;; and shearing

piezoelectric coefficient ey, fit the following relations [92]:

€11 = exx Sln(39)
14 = ey, c0s(36) (2.21)

From the experiments, the crystal orientation dependent piezoelectricity has also been
found on the monolayer MoS;, which show reverse signs of output piezoelectricity
under different strains applied along armchair and zigzag directions [19]. Another
experiments showed that piezoelectric coupling strength of m-MoS; is angular-
dependence, from 0° < & < 60°, shown in Figure 2-9b [54]. This similar crystal
orientation dependence is also observed on the Group 1V monochalcogenides [67]. As
introduced above, some modified 2D materials exhibit out-of-plane piezoelectricity, like
graphene on a SiO- substrate [89]. The material a-In.Ses shows both in-plane and out-
of-plane piezoelectricity, owing to its atomic structure [77].
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Figure 2-9 (a) Electric field induced deformation of h-BN nanosheet and nanotube [92].
(b) Measured piezoelectric coupling strength of m-MoS; as a function of crystal

orientation [54].

2.2.4.3 The nanotube diameter and layer number dependence:

The h-BN and h-ZnO nanotubes are piezoelectric materials, which could be considered
as a result of rolling up nanosheets. It is found that the piezoelectric coefficients of h-
ZnO and h-BN nanotubes build a linear and inverse relationship with the diameter and

square of the diameter, respectively [93, 94], as shown in Figure 2-10a.

Based on theoretical studies, the multilayer h-BN have piezoelectricity in odd layers and
non-piezoelectricity in even layer, due to its AA’ stacking symmetry. The piezoelectric
coefficient e;; of odd layers h-BN decrease with increased layers, shown in Figure

2-10b, and fit the equation as [95]:

en = o (2.22)
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where e}, is the piezoelectric coefficient of monolayer h-BN nanosheet with a value of

1.38 x10°C m*[59].

Multilayer 2H-TMDCs materials are centrosymmetric without piezoelectricity at even
layer number and non-centrosymmetric with piezoelectricity at odd layer number. The
m-MoS; PENG devices proved this layer number dependence well shown in Figure
2-10c, where piezoelectric currents were generated at odd-layered samples. Overall, the
piezoelectricity or piezoelectric coefficients are decreased with increasing layer

numbers.
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Figure 2-10 (a) Piezoelectric coefficient of h-BN and h-ZnO vs their diameter [93, 94].
(b) Piezoelectric coefficient of h-BN nanosheets as a function of the layer number N. (c)

The output piezoelectric current of m-MoS; PENG device [19].
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2.3 Fabrication and characterization methods of piezoelectric 2D
materials

2.3.1 Fabrication of 2D piezoelectric materials

Up to now, fabrication of 2D materials could be categorized into two major approaches,
I.e., “top-down” and “bottom-up” [96]. Much attention and effort are put into the
fabrication of large-area, high-quality 2D materials. In this section, the fabrication of

2D PMs is discussed.

2.3.1.1 Mechanical exfoliation

The mechanical exfoliation, in which an adhesive tape is adopted to split the bulk
layered materials into mono or few layers, is a general “top-down’ method. It was first
applied to obtain graphene in 2004. Since then, this method has been widely used in
fabricating 2D materials, like h-BN, TMDCs, etc. to achieve high quality crystalline and
clean surfaces of the materials. To overcome the disadvantages of low production
efficiency and small yields, several derivative methods are developed like mechanical
cleavage, mechanical force/ion intercalation or exchange-assisted liquid phase
exfoliation, etc. [96]. The liquid shear-exfoliation of MoS, nanosheets in an aqueous
surfactant solution was demonstrated using a blender [97]. Inspired by and taking
advantage of the piezoelectric property of bulk TMDCs, microfluidic nebulization with
high frequency acoustic waves placed the layered TMDCs under a combination of a
larger mechanical stress and electric field and exfoliated them into high yield mono and
few layer nanosheets shown in Figure 2-11a [98]. This method was further improved by
using surface acoustic wave (SAW) device, and an extraordinary monolayer yield of 58%

was achieved [99].
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2.3.1.2 Vapor phase deposition

Vapor phase deposition belongs to the “bottom-up” approach, in which the desired
compounds in vapor gaseous form are deposited onto a specified substrate to form a
good coverage and uniformity atomically thin layer or flake. Chemical vapor deposition
(CVD) and physical vapor deposition (PVD) are the two main techniques to be
employed in this approach. Due to precise control of thickness and convenient for the
integration of van der Waal heterostructures (vdWs), CVD has been extensively used to
fabricate 2D PMs, like MoS2, WS and WSe; [96]. In 2002, the CVVD growth of large
area few layer MoS> was firstly achieved on a variety of insulating substrates by Li et
al, shown in Figure 2-11b [100]. An insulating layer was immersed into the (NH4)2MoS;
solution, following by a two-step annealing process in a homemade furnace system.
Various 2D PMs could also be prepared through PVD process, and here the synthesis of
2D InySez is taken as an example. The first controlled growth of mono and few layers
InoSes was reported by Lin et al [101]. They successfully deposited atomically thick
In2Ses on various substrates, like graphene and mica, by using PVD technique. After
controlling the cooling rate and improving growth condition, Zhou et al achieved high-
quality growth of monolayer In,Sez for the first time, as shown in Figure 2-11c. The
Raman and PL signals suggested that 2D In,Sez is not only a good candidate for the

piezoelectric application but also a suitable choice for the optoelectronics [102].

2.3.1.3 Liquid metal-based synthesis

For some 2D PMs including GaPOs, In2Ses and SnS, it is difficult to fabricate using
conventional synthesis method, like mechanical exfoliation, etc. Especially for the
monolayer SnS, the exfoliation process is hindered by strong interlayer forces caused
by the long-pair electrons of S, which are much stronger than vdWs forces [103]. A

novel liquid metal-based technique was reported to synthesis larger area and
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homogenous monolayer SnS by Khan et al, as shown in Figure 2-11d [69]. A molten
droplet of Sn is exposed to an atmosphere containing a Sulphur source at 350°C.
According to the self-limiting Cabrera-Mott reaction, a sulphide skin is formed at the
Sn droplet surface. Then, the ultrathin SnS nanosheets are exfoliated onto a specific
substrate from the ultra-smooth liquid metal surface. Similar to the monolayer SnS
synthesis process, piezoelectric GaPO4 was also synthesized using the liquid metal-
based technique and subsequently phosphatized process. First, thin layer Ga>Os skin that
forms on the surface of liquid gallium, is transferred onto desired substrates. The Ga>03
nanosheets are then phosphatized by a chemical vapor reaction using phosphoric acid.
The vertical piezoelectricity dsz of 2D GaPO4was measured to be around 7.5 pm/V using

PFM, in consistent with the theoretical DFT calculations [104].
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Figure 2-11 Schematic illustration of (a) liquid exfoliation of quasi-2D materials using

acoustic waves [98], (b) CVD method for the synthesis of MoS: thin layers [100], (c)
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PVD process of In,Ses synthesis, the crystal structure and optical image of In.Ses
monolayer or flakes [102], (d) liquid metal assisted synthesis of monolayer SnS and its

application on a nanogenerator transducer [69].

2.3.2 Characterization methods

Generally, a variety of methods have been employed to study the piezoelectric
properties of 2D materials from macroscale to nanoscale. The experimental techniques,
including PFM, SHG and direct strain testing, are reviewed and discussed here. By
utilizing various methods, it is possible to build a full and comprehensive picture of
piezoelectric 2D materials, which could enhance our understanding of piezoelectric

properties in nanoscale and provide insights into new applications.

2.3.2.1 Piezoresponse force microscope (PFM)

Piezoresponse force microscope (PFM) is a powerful and direct technique for observing
piezoelectric and ferroelectric response from piezoelectric or ferroelectric material, for
its advantages such as simple sample preparation and scanning operation, fast scanning,
high resolution and non-destructive to the samples [105]. The basic physical principles
of PFM mapping and several examples of PFM mapping on 2D materials are discussed

as follows.

In conventional PFM, the conductive AFM tip is in contact with the sample surface and
monitors the mechanical deformation i.e. surface volume change generated by an
applied ac bias voltage on the tip. This working mechanism is based on the reverse
piezoelectric effect mentioned before. The conductive AFM tip here plays two important
roles: one as an actuator to allow electric field interacted with the sample surface in

nanoscale, another as a sensor to measure the piezoelectric response by monitoring the
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cantilever mechanical vibration, as displayed in Figure 2-12a. The voltage on the tip is

described as [106]:
Viip = Vae + Vyesin(wt) (2.23)

Where w and t are the frequency of the ac voltage and time, V., V,. are the amplitudes
of the dc and ac components. The cantilever displacement resulted from piezoelectric

response is:
z = zgc + A(®, Ve, Vac)Vae sin(wt) (2.24)

When tip voltage is driven at a frequency below that of the contact resonance of the

cantilever, it is further expressed as:
Z = d33VdC + d33Vac Sln(wt) (225)

where d; is the typical vertical component of the piezoelectric tensor, a direct coupling
among the vertical piezoelectric response, applied electric field and vertical motion of
the cantilever [107]. Not only the vertical component information provided by tip
vibrations, the cantilever could also detect the lateral mechanical deformation, like
torsion or bending shown in Figure 2-12b,c. Both vertical and lateral piezoelectric
response therefore could be mapped by PFM, with a proper calibration process of
vertical and lateral PFM signals. This approach is termed as vector PFM, allowing
construction of 2D polarization with the in-plane and out-of-plane components [108].

The measured piezoresponse could be generally written as:
PRy, = derfVye sin(wt) (2.26)

where PR, and d.sr are the piezoresponse at a specific frequency and effective

piezoelectric coefficient, respectively.
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Figure 2-12 Schematic of (a) single frequency PFM set up, and working principles of

(b) vertical PFM (c) lateral PFM. Reproduced from [109].

The conventional PFM still faces various challenges and issues, like surface parasitic
charges, image construction and difficulty in precise data interpretation. To distinguish
real piezoresponse from artifacts and get comprehensive information from the PFM
mapping, several advanced modes of PFM, like vector PFM, resonance-enhanced PFM,
switching spectroscopy PFM and Band-excitation PFM, have been developed [108,
110-112]. One important resonance-enhanced PFM, Dual AC Resonance-Tracking
(DART) PFM mode, is frequently used in characterizing the materials with intrinsically
weak piezoelectric properties, i.e. 2D PMs, for its superior sensitivity by improving

several orders of magnitude of piezoresponse [77, 113].

Bulk MoSz shows no response to any strain or electric field applied vertical on its surface,
owing to symmetry structure. However, there exists flexoelectricity that arises from

strain gradient in contrary to uniform strain in m-MoS;. In Figure 2-13a, the vertical
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PFM was used to measure the out-of-plane piezoresponse of m-MoS; using a vectorial

background subtraction technique [114]. The measured effective out-of-plane

piezoelectric coefficient, d?;f , was estimated around 1.03 pm/V on an Au/Si substrate

and 1.35 pm/V on Al>0s3/Si. The out-of-plane PFM measurement was also performed
on monolayer Janus MoSSe in Figure 2-13b, from which the out-of-plane piezoelectric
coefficient was estimated around 0.1pm/V [115]. In Figure 2-13c, vertical and lateral
PFM images of a multilayer a-1n>Ses flake were displayed, which proves the coexistence
of out-of-plane and in-plane piezoelectricity in a-In.Ses from monolayer to multilayer.
Another enhanced and advanced PFM technique adopted a lateral excitation scanning
probe microscopy (SPM) to directly measure the piezoelectric response of atomically
thin WSe> on a substrate [116]. A pair electrodes deposited on the two terminals of the
WSe: provides in-plane stimuli and result in out-of-plane piezoelectric response due to
Poisson’s effect, which could be probed by the SPM tip. The vertical PFM amplitude
images of ultrathin CdS films, were abstained using single and DART PFM in Figure

2-13d. The out-of-plane effective piezoelectric was estimated as high as 33 pm/V [117].
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Figure 2-13 Topography, PFM amplitude images of (a) monolayer MoS; [114], (b)
monolayer Janus MoSSe [115], (c) Multilayers o-InoSez [77], (d) Vertical PFM

amplitudes images with tip voltages from 1 to 6V [117].

2.3.2.2 Second harmonic generation (SHG)

Second harmonic generation (SHG) is the most fundamental non-linear optics (NLO)
process, in which one photon with certain frequency (w) is interacted with nonlinear
materials, resulting in a generation of output photon with double frequency and half the
wavelength of the incident photons, as illustrated in Figure 2-14a [118]. The SHG occurs
in the materials with non-symmetry crystalline structures and nonzero nonlinear
susceptibility tensors. The SHG therefore is a powerful and sensitive tool for the
characterization of piezoelectric and ferroelectric materials, especially in the field of
layered 2D materials with broken inversion symmetry [55]. It could provide the

crystalline orientation of the 2D materials.

In 2013, Malard et al reported an observation of highly efficient SHG from odd layers
2H MoS; flakes and presented a method for imaging the underlying crystalline structure,
which revealed the broken symmetry atomic structure [119], displayed in Figure 2-14b.
This SHG results from layered 2D PMs were confirmed on h-BN and MoS; with one to
five layers. In Figure 2-14c, the six-fold polarization dependence patterns were
characterized for both h-BN and MoS; [60]. Different from 2H MoSz, 3R (3
Rhombohedral) MoS; possesses broken inversion symmetry from monolayer to bulk,
regardless of the thickness. The SHG polar plots and lattice pattern are displayed in
Figure 2-14d, demonstrating that 2D 3R MoS: is a promising nonlinear optical and
piezoelectric material [120]. Inspired by the excellent SHG results and due to lack of

systematical and comprehensive study, we put our efforts into the piezoelectric
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properties and related application study of 3R MoS». In addition, the a-In,Ses also

showed six-fold SHG pattern from the exfoliated and PVVD growth flakes [79].
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Figure 2-14 (a) Schematics of the SHG mechanism. (b) Topography and SHG intensity
mapping of mono, two and three layers MoS» [119]. (c) SHG polar plot of h-BN and
MoS; and SHG intensity vs layer number from one to 5 layers [60]. (d) SHG intensity
polar plots of monolayer, bilayers, triple layers and bulk 3R MoSy, integrated
polarization contrast of the SHG signal in the parallel for various thickness 3R MoS»
and its lattice structure [120]. (¢) SHG spectral insensitivity reflected from exfoliated a-
In2Ses, PVD growth a-In2Ses and bulk GaAs and SHG polar plots of PVD growth a-

In2Ses and exfoliated a-1n2Sesz [79].

2.3.2.3 Direct strain testing

Direct strain testing, or called lateral bending testing, is the most straightforward way to
observe piezoelectricity by measuring generated electric potential or charge under a
tensile or compressive strain on 2D nanostructures. It requires an ultrasensitive low
current/voltage measurement setup, due to the low amplitudes of output voltages or

currents.

In the direct strain testing, a 2D material nanostructure is generally laid on a flexible
substrate, while two electrical contacts are fabricated at the two terminals of the material,
connected to a current preamplifier for current acquisition. The piezo polarization
charges could be induced by the strain owing to the piezoelectric effect and therefore
determined from the acquired current. The fabricated devices can also function as
mechanical to electrical energy harvesters or/and self-power sensors. From Wu et al ’s
experiments shown in Figure 2-15a and b, the m-MoS; devices were applied strains
through stretching and releasing, which induced an oscillating current and voltage. Both
the current and voltage presented positive outputs when a tensile strain was applied
along the x direction (armchair), and negative outputs when a tensile strain was applied

along the y direction (zigzag) [19]. Due to the symmetry of the Dsn point group of
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monolayer MoS, the piezoelectric polarization charges P; along the x axis could be

written as:

P = e11(&11 — &22) (2.27)

where £;;, and &,, are strain along x and y axis. This equation well interprets the
dependency of the strains on the piezoelectric polarization direction. In contrary to the
strain direction testing for m-MoS, the positive current occurred at multilayer a-In,Ses
when a stretching strain was applied along both x or y direction as shown in Figure
2-15c¢ [77]. No evident dependency between the strain and piezoelectric polarization
direction is observed in multilayer a-In2Ses, most likely due to the coupling of in-plane
and out-of-plane piezoelectricity [77]. Another form of strain testing was done on CVD
growth triangular m-MoS; device, and the strain was provided by placing AFM tip on
the m-MoS,. The strain was provided by placing an AFM tip on the m-MoS;. The
current was observed an increasing trend and decreasing trend under a compressive and
tensile strain, respectively, as shown in Figure 2-15d. These opposite trends were
probably caused by the locally strain-induced piezoelectric polarization charges, which

may alter the interfaces barrier height [121].
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Figure 2-15 (a) Schematic of a direct strain testing setup, (b) Output voltages and
currents of an m-MoS; device [19]. (c) Output currents of a multilayer a-In.Ses device
[77]. (d) 1-V curves of the CVD MoS: device at different forces under compressive and

tensile strain [121].

2.3.2.4 Characterization of thermal conductivity

Till now, the coupling effects among piezoelectricity, semi-conductivity, and photo-
excitability have been studied extensively. Few theoretical and experimental studies pay
attention to the coupling effect between heat transport and piezoelectric properties.
Thermal conductivity measurement at nanoscale of 2D materials is important and useful
for thermal management yet challenging. The challenges are from handling tiny samples,
poor accuracy of temperature measurement at nanoscale and complex experimental set
ups and devices fabrication processes. Several methods have been reported till now,
including optothermal Raman method, suspended pad method, time-domain

thermoreflectance (TDTR), scanning thermal microscopy (SThM), etc [122-125].

Optothermal Raman method utilizes a laser light beam as a heat source. When the light
beam is focused on a 2D material flake, a radial temperature gradient in the basal plane
of the flake is generated, as shown in Figure 3-17a. Balandin et al. firstly used this
method to characterize the in-plane thermal conductivity of a single layer graphene flake
[126]. The temperature rise of the flake can be extracted from the Raman characteristic
peak shifts. The thermal conductivity can be assessed through the temperature variation
prolife away from the beam location on the 2D materials, especially MoS; [127, 128].
However, optothermal Raman method faces relatively high experimental errors, which
might be incorporated from inaccurate estimation laser light power absorption by the
2D materials and thermal conductance of the supported area. Suspended pad method,

which was first developed to measure carbon nanotubes (CNTSs) thermal conductivity
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in 2001 [129], has a relatively high accuracy for low dimensional materials. A 2D
material flake is usually suspended on two silicon nitride (SiNx), on which metal lines
are patterned. The metal lines function as micro-heaters and micro-thermometers,
providing joule heating and monitoring the temperature variation. Due to reliable
calibration on temperature variation with high resolution, the suspended pad method has
been utilized to measure the in-plane thermal conductivity of 2D materials, like MoSo,
SnS; and BP, shown in Figure 3-17b [130-132]. The above methods are designed for
measuring intrinsic and in-plane thermal conductivity. For the cross-plane thermal
conductivity of 2D materials and interface thermal transport, time-domain
thermoreflectance (TDTR) is a powerful and straightforward method. As illustrated in
Figure 3-17c, TDTR is a ‘pump-probe’ optical method, in which a mode-locked laser is
splited into a ‘pump’ beam and a ‘probe’ beam. The ‘pump’ beam causes a temperature
rise of ~3K near the transducer metallic surface and the ‘probe’ beam monitors
temperature from the change of the optical reflectivity. Pop et al. adopted TDTR to
study the cross-plane thermal conductivity and thermal interface resistance of MoS; thin
layers [133]. Scanning thermal microscopy (SThM) is a method to provide spatial
resolution of temperature profile on the assessed material surface at the nanoscale. The
method utilizes the topography function of atomic force microscopy (AFM) with the
temperature mapping by using a specially designed AFM probe, which is equipped with
a temperature sensor near the apex [125, 134], as shown in Figure 2-16d. The SThM
method was used to study the interface thermal resistance between MoS; and WSe,

[135].
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Figure 2-16 Schematic illustration for different thermal conductivity measurement (a)
Optothermal raman method [122], (b) Suspended pad method [123, 131], (c) Time-
domain thermoreflectance (TDTR) method [124], (d) Scanning thermal microscopy

(SThM) method [134].

2.3.2.5 Other characterization methods
To better characterize piezoelectric materials and fabricate piezoelectric devices, several

conventional characterization methods are frequently used.

The optical microscopy is the simplest and efficient method to locate the 2D PMs and
collect information about the shapes and rough thickness [96]. The accurate thickness
could be confirmed by AFM and Raman spectroscopy. Because piezoelectric materials
lose the inversion symmetry, Raman and photoluminescence (PL) spectroscopy, X-ray
Photoelectron Spectroscopy (XPS) and scanning transmission electron microscopy
(STEM), are widely used. Raman spectroscopy could fast provide information about the
material structures and electronic information noninvasively [136]. XPS is used to
characterize the material elemental composition [137]. To characterize atomically
structural information of 2D materials, like grain sizes and boundary, interfaces, phase
and chemical composition information at the nanoscale, STEM is the most efficient

technique [138].

2.4 Applications of 2D piezoelectric materials

Numerous 2D materials have been theoretically predicated with piezoelectric property.
In fact, it is just few years since the piezoelectricity of 2D MoS; has been proved
experimentally. After that, a series of 2D PMs and 2D piezoelectric applications have

been demonstrated, owing to the unique piezoelectric polarization charges and superior
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material characteristics, like extraordinary semiconductor properties, outstanding
mechanical durability, good flexibility, high crystallinity and excellent optical
properties. Here, we will discuss the foremost 2D PMs applications, like energy
harvesters, piezotronics and piezoelectric sensors, piezo-phototronic devices [16, 56,

139].

2.4.1 Energy harvesters

The piezoelectric polarization charges play a crucial role in energy harvesters based on
2D materials, which is also usually named as piezoelectric nanogenerator (PENG).
TMDCs is one the most important family group of 2D materials, and great efforts are
put into the researches of TMDCs based PENG. In Figure 2-17a and b, the CVD MoS>
flakes are used to fabricate PENG with a triangular shape. To boost the piezoelectric
output, four m-MoS> devices were fabricated and connected either in parallel or series
to enhance output voltages and currents [19]. In addition, the m-MoS device, in which
the electrodes are located along the armchair direction, generate larger piezoelectric
output voltages than that of devices with electrodes located along the zigzag direction
[140]. For CVD monolayer MoS, there exists a large density of point defects, especially
sulfur (S) vacancies, and those defects could play a role in screening piezoelectric
charges and hence degrade PENG performance. After sulfur treatment on the pristine
MoS; surface, the S vacancies were effectively passivated and the output current and
voltage were found to increase 2 and 3 times, respectively, as shown in Figure 2-17c
[141]. For CVD monolayer MoSy, it could grow into large-scale area with many grains
and grain boundaries (GBs) with different crystalline orientations, not only in the shape
of triangles. The butterfly-shaped m-MoS; PENG showed a 50% improvement on the
output currents and voltages, because the deformable GBs promotes the generation of

piezoelectric polarization charges along various directions in Figure 2-17d [142].
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Mechanical exfoliated even layers TMDCs do not show any piezoelectric due to their
stable stacking structures with opposite orientation between neighboring layers. Lee et
al manipulated bilayer WSe; stacking order with enhanced polarization in one direction
(called turbostratic stacking) by transferring synthesized monolayer WSe> onto another
monolayer. The piezoelectric coefficients di1 for various stacking orders are stimulated
with zero coefficients for alternating bilayer stacking and non-zero for same orientation
stacking, in Figure 2-17e. The bilayer WSe, PENG generated a maximum output voltage
of 85 mV and exhibited an excellent mechanical reliability up to a strain of 0.95%, in
contrast the monolayer WSe; output voltage and current started to decrease upon the
strain of 0.65% [20]. This approach has provided a feasible and artificial way to build

reliable and high output PENG devices.
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Figure 2-17 (a) The optical image of the array, and voltage and current outputs of
integrated m-MoS; devices [19]. (b) The optical images of CVD m-MoS: devices and
current outputs along armchair and zigzag direction, respectively [140]. (c) Schematic
and current outputs of pristine MoS, with intrinsic S vacancy and passivated MoS; after
treatment [141]. (d) Schematic and current outputs of SC-MoSz and GB-Mo0S,[142]. (e)

Schematic of a PENG based on monolayer WSe,, piezoelectric coefficient di1,
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piezoelectric voltage outputs, durability tests of monolayer WSe> and bilayer WSe>

devices [20].

In addition to TMDCs, excellent piezoelectric outputs are achieved from several other
2D layered materials. a-1n2Ses and y-InSe, belonging to the group of indium selenides,
are thermodynamically stable in ambient with non-centrosymmetric structures (AA
stacking) from monolayer to multilayers. The simulated in-plane piezoelectric
coefficients ez, are increased with layer numbers. The highest piezoelectric output
voltage of 0.363 V for a 7-layer a-In,Sez device, with the highest output current of 598.1
pA under 1% strain, was one order of the magnitude higher than that of other reported
PENG [143], as displayed in Figure 2-18a. Recently, Group IV layered material SnS,
that is predicated with high intrinsic piezoelectric coefficient, has been experimentally
synthesized in monolayer with a measured piezoelectric coefficient of 26 pm/V, as
shown in Figure 2-18b. The PENG fabricated with the SnS monolayer achieved the
highest output voltage of 150 mV at 0.7% strain [69]. In Figure 2-18c, a novel material
lead iodide, Pbly, of the 2D structures was found to possess piezoelectricity from 2, 3
and 5 layers. The peak output voltage and current were 29.4 mV and 20 pA with a

1Gohm load resistor [144], respectively.
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Figure 2-18 (a) Atomic structures, layer dependence of simulated piezoelectric
coefficient da2, piezoelectric outputs with different layers of a-In.Ses and y-InSe [143].
(b) Optical image, piezoelectric voltage output under various excitation frequency from
[69]. (c) Atomic structure of monolayer and multilayer Pblz, piezoelectric outputs of

Pbl> devices [144].
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2.4.2 Piezotronics and piezoelectric sensors

As discussed in Section 2.1.3, piezoelectric potential can be utilized to gate the electrons
or holes in the channels of transistors, i.e. piezotronics devices. Hence, piezoelectric
semiconductors can have numerous applications in sensing, like force/pressure/strain
sensors, gas sensors, humidity sensor, chemical and biological sensors [44, 145-150].
2D PMs, such as MoS; and indium selenide group materials, are suitable candidates for
piezotronics and piezoelectric sensors owing to the excellent piezoelectric and
semiconducting properties. In Figure 2-19a, The first piezo potential modulated MoS>
device was implemented by constructing two back-to-back Schottky barriers on
monolayer MoS; in the metal-semiconductor-metal (MSM) structure. The m-MoS>
device exhibited asymmetry changes in the output I-V characteristic curves in the
presence of piezotronic effect, sharply different from a bilayer device with the same
metal/semiconductor structures, in which only piezoresistive effect existed [19].
Subsequently, a piezotronic effect enhanced humidity sensor, which was also based on
the back-to-back Schottky barrier m-MoS>, was reported in Figure 2-19b [151]. To date,
flexible and long term sensors can find many applications for healthcare monitoring. A
piezoelectric sensor, fabricated by multilayer a-In.Sez on PDMS with back-to-back
electrodes, was used to monitor pulse and breath, as shown in Figure 2-19c. This self-
powered sensor achieved a good sensitivity on pulse counting like a commercial pulse
sensor and recognition of various breath states, including normal, ragged and deep
breaths [143]. In Figure 2-19d, a pressure sensor, integrated of a ZnO nanorod array
with a 2D indium selenide (InSe) based field effect transistor (FET), could sense a

minimum weight of 0.1g equivalent to a piezoelectric potential of 0.2 mV [152].
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Figure 2-19 (a) The I-V characteristics and band diagrams for explaining the piezotronic
effect of m-MoS; and bilayer MoS: devices under a tensile or compressive strain [19].
(b) Optical image and the performance of an m-MoS: humidity sensor [151]. (c) Self-
powered a-In,Ses piezoelectric sensor [143]. (d) Schematic and piezopoetntial
modulation on the performance of a pressure sensor based on ZnO nanorod arrays and

2D indium selenide (InSe) field-effect transistor (FET) [152].

2.4.3 Piezo-phototronic devices

In addition to the piezoelectric properties, 2D piezoelectric materials also show superb
optical properties. Thus, a certain number of innovative optoelectronics have been
reported using 2D PMs, and piezoelectric potential modulated 2D optoelectronic and
photonic properties have been observed. These devices are called piezo-phototronic
devices. The first 2D piezo-phototronic device was fabricated by transferring
mechanically exfoliated MoS; flake onto a flexible substrate in 2016, as depicted in
Figure 2-20a . Before transferring, the MoS; flake orientation was confirmed through
SHG and then Pd/Au electrodes were deposited along the armchair direction. Then, the
piezopotential modulated photoresponse was systematically characterized under various
strain and illumination intensities. When a -0.38% compressive strain at low
illumination light, a maximum photoresponsivity of 2.3 x 10* A/W was measured, a 26-
fold enhancement over the previously reported highest photoresponsivity from m-MoS;
device [153]. For piezo-phototronic devices, the interfaces play crucial roles in the
modulation. In Figure 2-20b, a flexible van der Waals photodiode, fabricated by
stacking monolayer n-MoS; and few layers p-WSez, achieved an increased 86%
photoresponsivity under a -0.62% compressive strain along MoSz armchair direction

[154]. Solar cells are another important category of optoelectronic devices. A 2D piezo-
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phototronic solar cell model, based on a monolayer MoS; with Schottky and Ohmic

contact, was theoretically studied. The open circuit voltage could be increased by 5.8%

at strain of 1%, caused by piezo-phototronic effect, shown in Figure 2-20c [155].

Furthermore, a recent study proved that the piezo-phototronic effect could also improve

multijunction solar cells [156].
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modulated relative output power as a function of voltage under various strain, open
circuit voltage and maximum output power under various strain of 2D piezo-phototronic

solar cells [155].
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Chapter 3 Piezoelectricity of 3R MoS: flakes

3.1 Introduction

For decades, conventional piezoelectric materials, like ceramics, PZT, wurtzite

materials ZnO and GaN, etc. have been widely used in actuators, sensors, energy
harvesters, etc [157-160]. When the devices are scaled down to nano/macro sizes, the
conventional piezoelectric materials are in general very brittle and difficult to
miniaturize, and thus it is challenging to fabricate flexible and high integrated
electronics [161]. To overcome these obstacles and meet the new application
requirements, novel piezoelectric materials with several advantages over the
conventional materials, like ultrathin, flexible and chemically stable, are demanded with
comprehensive and systematic studies of their piezoelectric properties and geometries

of structures.

Very recently, atomic layered materials, like h-BN and monolayer TMDCs with
flexibility and ultrathin properties, which have been theoretically and experimentally
proved with piezoelectric properties due to their broken inversion symmetry, could solve
the obstacles and satisfy the new demands [19, 59, 140]. The piezoelectricity of
monolayer MoS; was firstly experimentally proved by We et al in 2014, in which the
piezoelectric nanogenerator (PENG) was developed [19]. In the following year, the in-
plane piezoelectricity coefficient of e;1 = 2.9 x 101° C m™ was estimated by AMF
probing of a free-standing MoS. on a membrane [54]. After that, several monolayer
TMDCs devices have been fabricated and tested [20, 140-142]. However, there are still
several bottlenecks to drive monolayer TMDCs into practical applications: (i) their
piezoelectricity output is small due to its small effective volume, (ii) the piezoelectricity
only exists in odd layers and it decreases significantly as layer numbers increase. For
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example, the piezoelectricity is not observable when the number of layers of MoS: is
more than 5 layers [19], (iii) Poor mechanical stability of monolayer TMDCs cannot
guarantee their performance under large elastic strains and long-term durability. To
solve these issues, a turbo-static approach was used in fabricating bilayer WSe; [20]
piezoelectric devices manually for enhanced piezoelectric performance and long-term
usage. However, the uncontrollable performance and complicated fabrication process

hinder this artificial device in more applications.

Herein, another stacking structure of MoS;, 3R (3 Rhombohedral) MoS; have been
theoretically predicated with large in-plane piezoelectric coefficients dz2 = 3.6 pm/V (e22
=0.64 C m for five layers), ds1 = -0.21 pm/V and out-of-plane piezoelectric coefficient
of d33=0.27 pm/V [22, 162]. This material therefore possesses a large piezoelectricity
and excellent mechanical properties and could be affordable for long-term usage in
multilayer structures. To our understanding, direct observation of the piezoelectricity of
3R-Mo0S2 flakes has not been reported yet. Here, we present the first proof of a strong

piezoelectricity of exfoliated 3R-MoS: flakes.

In this chapter, 3R MoS; flakes were fabricated by mechanical exfoliation and their non-
centrosymmetry atomic structure was characterized and evidenced. The 3R-MoS; flakes
based piezoelectric nanogenerators (PENG) were developed for the first time with
enhanced piezoelectric outputs and high mechanical energy to electricity conversion
efficiency. The piezoelectric coefficients dss and lateral excited in-plane and out-of-
plane piezoelectricity were obtained using piezoresponse force microscopy (PFM).
These findings reveal a promising performance of the piezoelectricity of 3R-MoS>
flakes and pave the way to develop novel ultra-high frequency piezoelectric devices for

various promising applications.
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3.2 Materials synthesis and devices fabrication

3.2.1 3R MoSzsingle crystal

3R-MoS; single crystal was synthesized in an argon-filled glove box with low oxygen
and moisture levels below 0.1 ppm. 3R MoS; single crystals were grown using chemical
vapor transport (CVT) method. The materials Mo (powder, 99.99%), S (powder,
99.99%), and MoCls (powder, 99.99%) were purchased from Sigma Aldrich. The
stoichiometric amounts of Mo: S: MoCls at 9:20:1, with a total weight of 450 mg, were
sealed in an evacuated 20 cm long quartz tube under vacuum of 107® Torr. The sealed
tube was placed in a three-zone furnace and pretreated at 850 °C for 30 hours, while the
grown zone was maintained at 920 °C to prevent the diffusion of samples. The
temperature in the reaction zone was then increased to 1080 °C, while the growth zone
was maintained at 920 °C for 6 days to generate a temperature gradient at the place,
where the growth of single crystals took place. At last, 3R MoS; single crystals were
collected in the growth zone after the furnace and tube were cooled downed to room

temperature [120].
The 2H MoS; single crystal was purchased from 2D SEMICONDUCTORS.

3.2.2 MoS2 devices for PFM and piezoelectric measurements

3.2.2.1 Devices for lateral excitation PFM and piezoelectric measurements

In Figure 3-1a and b, a silicon oxide (280 nm) coated silicon wafer (500 pum) and a
polyimide (PI) thin film (125 pm) substrates were firstly cleaned by acetone, isopropyl,
and deionized water. 3R MoS; and 2H MoS; flakes were mechanically exfoliated onto
the SiO2/Si wafer or polyimide thin film using the CVD growth 3R MoS; crystal or
commercial 2H MoS: single crystal, respectively. A Ti/Au thin film (20/150 nm) was

deposited using an electron beam evaporator (Edwards Auto 360) on the MoS2/SiO>/Si
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samples, followed by a lift-off process to define a pair of electrodes on the two terminals
of the MoS: flakes. Then, the samples for lateral excitation PFM characterization were
annealed in argon gas at 180°C for 1.5 hours. For the PENG devices, an Au thin film
(150nm) was deposited on the MoSz/polyimide samples. Then, a pair of electrodes at
the two terminals of the MoS: flakes were fabricated with the standard photolithography
etch-down process using gold etchant through a photoresist (AZ5214E) as a protecting

layer.

3.2.2.1 Devices for piezoelectric coefficient D33 PFM measurement

In order to measure ds3, MoS; flakes were firstly mechanically exfoliated onto a SiO2/Si
substrate. A layer of PMMA was spin-coated on the samples at 3000 rpm for 45 s, and
then pre-baked at 105 °C for 5 minutes. The KOH solution was adopted as the etchant
to remove SiO; layer. The PMMA/3R-MoS; flakes was transferred on a Ti/Au (20/150
nm) coated silicon wafer. Then, the PMMA was cleaned with acetone solution. The

sample was also annealed in argon gas at 180 °C for 1.5 hours, as shown in Figure 3-1c..
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Figure 3-1 Schematic illustration of the sample fabrication processes for (a) in-plane

PFM measurement, (b) direct strain bending measurement and (c) out-of-plane PFM

measurement.

3.3 Methodology and experimental facilities set up

3.3.1 SHG measurement

The SHG measurement utilizes a mode-locked Ti:sapphire laser (output wavelength:
800nm and repetition rate: 76MHz) to generate tunable wavelength light ranging from
500 to 1600 nm filtered through optical parametric oscillator (OPO), then circularly
polarized by a quarter-wave plate, attenuated and focused on a sample by a microscope
objective lens (100x, NA = 0.95). The SHG signal can be collected by the same lens
using a dichroic mirror and filtered by a short pass filter before entering a spectrometer
(P1-Acton 2500i with a liquid nitrogen cooled charge coupled device-CCD camera), as
shown in Figure 3-2.
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Figure 3-2 Second Harmonic Generation Experimental setup [120].

3.3.2 Characterization of the PENG

For MoS; based PENG, the dimension of MoS; flakes was significantly smaller than
that of the polyimide substrate. Hence the mechanical strain was induced by bending the
substrate. One end of the MoS2 PENG was clamped on a movable holder that was driven
by a linear motor (LinMot E1100-GP) controlled translation stage, and the other end
was fixed onto a stationary stage. The strain applied to the MoS flake was realized by
compressing the flexible substrate and releasing it through the movable holder. The
relative motion distance was acquired by a commercial software and used for calculating
the bending angle of the substrate, from which the strain applied to the MoS; flake was
determined. A Low-Noise Current Preamplifier (SR570, Stanford Research Systems),
up to a sensitivity of 10? with a 1IMQ impedance, and a Low-Noise Voltage
Preamplifier (SR560, Stanford Research Systems) were employed. The circuit
connection for the voltage and current measurements and setup are displayed in Figure

3-3. The output signals were collected by a Multifunction DAQ and home-built software
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programmed by LabVIEW, and a 3 Hz low-pass filter was engaged in the current and

voltage measurements to reduce the noises.

e e e

b o o e

Resistor

@

Figure 3-3 (a) Schematic of the circuit connection and (b) the experiment setup for

PENG devices under different strains.

Since the dimensions of the MoS; flakes (~20 pum long and a few tens of nanometer
thick) are much smaller than the polyimide substrate (50 mm x 50 mm x 125 um), the
tensile and compressive strains exerted onto the flakes deposited onto the Pl substrate
could be given by € = h/2r, where h is the thickness of the PI substrate, and r is the
bending radius. Figure 3-4 and Table 3-1 present the strain calculation in details, where
the L is the bended length of the substrate. The bended length L and rending r fit the

relation as: L=2rsin(0), where 0 is the bending angle.
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Lo =50 mm
h=125 um

Figure 3-4 lllustration of a mechanical strain applied onto the MoS; flakes.

H (um) L (mm) r (mm) €

125 45 31.78 0.20%
125 40 22.10 0.28 %
125 35 17.73 0.35%
125 30 15.06 0.42 %
125 25 13.19 0.47 %

Table 3-1 Calculated strains in the MoS; flakes and the related parameters.

3.3.3 PFM measurements

3.3.3.1 Calibration of PFM

The Asylum Research Periodically Poled Lithium Niobate (PPLN) was employed to
calibrate our Asylum Research PFM. The reference sample has strip domains
permanently polarized for easy identification and optimization of PFM parameters. It
consists of a 3mm x 3 mm x 0.5 mm LiNbOs3 transparent die. Alternating patterns of
oppositely poled strip domains were in parallel to the one axis of the die and covered

the entire die surface. The pitch of the domains was 10 pm.
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3.3.3.3. Out-of-plane piezoelectric coefficient dsz measurement methodology

The out-of-plane piezoelectric coefficient measurements were performed using the same
Asylum AFM with a dual AC resonance tracking PFM mode (DART-PFM). A Pt/Ir
coated conductive tip with a force constant of 2.8 N/m was used to apply an electric
field to the MoS: flakes. By applying a Vac sweep from OV to a certain voltage like
1.5V at a step of 0.25V between the tip and the back electrode, the deflection of the
conductive tip caused by the expansion and contraction of the flakes could reveal the
different amplitude and phase of the piezo generated vertical displacement. The

amplitude images were analyzed with selected area to calculate dz3 [117, 163].

Here, the working mechanism of DART-PFM is illustrated in Figure 3-5. Different from
single frequency PFM using the phase lock loop (PLL) as the input to frequency
feedback [164], DART adopts the amplitude difference (A2-Az) as the input feedback.
The two amplitude A; and A> are generated from two individual lock-in amplifiers,
which receive cantilever deflection and two separate frequencies f1 and f.. The AFM tip
is driven by the f1 and f2 frequencies, which are close to the resonance frequencies.
When the tip is scanned over the surface, the resonant frequency would shift to a low
frequency or high frequency. The amplitude difference is no longer be zero, as the A
and A, move into opposite direction. The drive frequencies therefore will shift as a
response until the amplitude difference become zero again, where the differential of
drive frequencies (fo-f1) is constant around 10kHz [117]. By taking DART-PFM, the
crosstalk, which is usually raised from larger AC voltage in conventional PFM for

boosting small piezoresponse, could be highly reduced [113].
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Figure 3-5 Schematic of DART experiment setup and the working principle of the dual-

frequency excitation based resonant-amplitude tracking.

3.3.3.2 Lateral excitation PFM measurement

The lateral piezoelectric measurements were performed using a single frequency PFM
mode using a non-conductive tip with a very low force constant of 0.02 to 0.77 N/m.
Here, the non-conductive tip was used to measure only the deformation of 3R MoS>
flakes by applying a AC voltage sweep of up to several volts through the electrodes
covered the ends of the MoS: flakes on SiO2 substrates, as depicted in Figure 3-6. Then,
the surface of the 3R MoS: flake was scanned with the tip to obtain a distribution of
vertical displacement in amplitude images and phase image as a function of the applied
voltage. The average of piezoresponse amplitude was calculated from the vertical

displacement [116].
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Figure 3-6 Illustration of the lateral excitation PFM measurement.

3.3.4 Raman and STEM Characterizations
The Raman scattering measurements (WITec alpha 300 confocal Raman microscopy)
were carried out under a laser light of 532 nm, laser power of 0.1 mW and beam diameter

of 400nm with a 100X objective lens.

The MoSz samples for TEM were mechanically exfolited from the 2D crystals by using
toluene (99.85%, Acros Organics) and then transferred onto the TEM grids (Quantifoil
Mo grids). The high-resolution transmission electron microscopy (HRTEM) and the
SAED pattern were performed with a FEI Tecnai F20 operated with an acceleration

voltage of 200 kV.

3.4 Results and discussion

3.4.1 Structure of 3R MoS2
The layered MoS; could be in three stacking configurations (phases), 2H, 3R and 1T,
where 2H and 3R MoS; phases are naturally semiconducting, while octahedral 1T phase

is metastable metallic [165, 166]. The conventional 2H phase MoS, displayed in Figure
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3-7a in AB-AB stacking configuration (in reverse direction), shows a centrosymmetry
of the hexagonal structure with the space group of 6mm (Dsn point group) [167]. When
the strain is applied on multilayer 2H MoS;, the generated dipoles have reverse
directions in neighboring layers such that the polarization charges are neutralized
between alternating layers. As a result, the significant piezoelectricity only exists in few
and odd layers, and disappears in even layers [19]. Such a characteristic greatly hampers

MoS; based piezoelectric application [168, 169].

On the contrary to 2H MoS,, 3R MoS; has been theoretically predicted with
piezoelectricity from monolayer to bulk, because of its non-centrosymmetric structure
(Csv point group) [22, 162]. In Figure 3-7b, 3R MoS> possesses a ABC-ABC stacking
layers, in which the strain-induced dipoles are in the same direction, contributing to the
strong piezoelectricity. A strong in-plane piezoelectric coefficient d2; of 3.6 pm/V and
out-of-plane piezoelectric coefficients ds1 and dss, -0.21 pm/V and 0.27 pm/V,
respectively, have been predicted [22]. As 2D layered materials is highly flexible, 3R
MoS; based piezoelectric devices could thus be easily integrated with other flexible
electronic devices. As shown in Figure 3-7c, the atomic lattice structures of the
monolayer, bilayer and trilayer were confirmed their ABC-ABC stacking configuration
in the unit cells of S-Mo-S, adopting scanning transmission electron microscopy (STEM)
annular dark-field (ADF) images. The simulated structure (to the right of the STEM
image) agrees well with the structure illustration of 3R-MoS2 flake. The inset in Figure
3-7c shows the selected area electron diffraction (SAED) patterns. The atomic
arrangement in the form of hexagonal symmetry manifests that the MoS sheets are in

the single crystal domain.
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Figure 3-7 Atomic structure of (a) 2H MoS;, (b) 3R MoS; in top and side views. (c)

STEM images of monolayer, bilayer and trilayer 3R MoS..

The broken lattice symmetry of 3R MoS> was confirmed by SHG using a femtosecond
optical parametric oscillation (OPQ) laser as the excitation source, with a wavelength of
Xex = 800nm and normal incident on the sample, shown in Figure 3-8a. It has been well-
accepted that natural 2H MoS: flakes have no SHG due to their central symmetry, while
3R MoS: flakes break the inversion symmetry, and thus should in principle have SHG
[60, 170]. As shown in Figure 3-8b and c, the 3R MoS; with a thickness around 30 nm
shown obvious SHG signals, in consistency with the previous study [120]. Since angle-
resolved SHG is crystal-orientation dependent, the SHG intensity versus the sample
rotation angle should be able to unveil the underlying crystalline symmetry of 3R MoS;
flakes. The angle between the incident laser polarization and the sample orientation
(perpendicular to upper edge) was defined as 6, and the SHG peaks at 400 nm were
observed and any incident laser angle, which is half of wavelength and double frequency

of incident polarization light. The minimum SHG intensity at 6 = 30° represents the

71



zigzag direction, while 6 = 60° corresponds to the armchair direction of the 3R MoS;
flake. The polarization-resolved SHG in 360° clearly shows a six-fold rotational
symmetry, consistent with previous reports [60]. For the 3R MoS; flakes used in this
work, their lattice orientations were determined by fitting their angle-dependent SHG
intensity with lo = sin2h, where h represents the angle between the light polarization
direction and the armchair edge of the flakes, and lo is the peak intensity of the

polarization.

(a) (b)

Sample Polarization

Intensity (arb. unit)

380 390 400 410
Wavelength (nm)

Figure 3-8 SHG measurement of a 3R MoS: flake; (a) Optical image with polarization
angle 0, (b) the SHG intensity at polarization angle 6 = 30°, 45° and 60°, (c) Angle

dependence of the SHG intensities.

The Raman spectra of 3R MoS; flakes were characterized using a confocal Raman

spectroscopy. In Figure 3-9, the Raman spectra for a 20 nm and 80 nm thick 3R MoS;

flakes, show E;, peaks are at ~ 383 cm™L and the Ay 4 peaks are at ~ 408mL. These are

the typical Raman spectra of thick 3R MoS: flakes as reported [120, 171].
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Figure 3-9 Raman spectra for 20 nm and 80 nm thick 3R MoS; flakes.

3.4.2 Piezoelectricity of 3R MoS:

3.4.2.1 3R MoS, PENG devices with distinguishing crystal orientations.

The piezoelectricity of 3R MoS; flakes was characterized by applying mechanical
uniaxial strains to the 3R MoS2 PENG devices, in which the two terminals of the 3R
MoS:; flakes on a polyimide substrate were buried underneath a pair of Au (150 nm)
electrodes, as shown in Figure 3-10. The x and y axis correspond to the direction parallel
and perpendicular to the electrodes, respectively. 3R MoS; devices were fabricated with
same channel width of ~ 6.5 pm and length of 50 um, but different atomic orientation
and thickness. Some of 3R MoS; PENG devices, in which zigzag axis of the flakes was
lied along to the electrodes direction, are simply named as the aligned 3R MoS; PENG
devices. The rest are named as non-aligned 3R MoS, PENG devices, as their flakes were
neither perpendicular to the armchair nor zigzag axis. The atomic orientations of the two

devices were measured and confirmed using SHG.
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(a) (b) (c)

i T Armchair
X T Zigzag

Figure 3-10 (a) Illustration of the PENG device under a tensile strain, (b) an aligned 3R
MoS2 PENG device with the electrodes parallel to zigzag axis, (c) a non-aligned 3R
MoS; PENG device with the electrodes neither parallel nor perpendicular to the
armchair or zigzag axis. The scale bar is 5 um. The red arrows and black arrows stand

for the armchair and zigzag orientations.

In Figure 3-11, the morphologies of aligned and non-aligned 3R MoS; PENG devices
were characterized by AFM. The thicknesses for aligned and non-aligned devices, are

around 48 nm and 110 nm, respectively.
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Figure 3-11 AFM measurement of 3R MoS,; PENG. Morphology image and Height
profile of the (a-b) aligned and (c-d) non-aligned 3R MoS; flake (The red arrow marks

the x direction).

3.4.2.2 Piezoelectric outputs of aligned and non-aligned 3R MoS flakes

When 3R MoS:; flakes are subjected to a mechanical strain, effective polarization
charges could be induced at the edges and surfaces. The positive and negative
polarization charges could accumulate at the two interfaces separately, forming an
electric field in the flake, attracting electrons to the positive polarization charges and
giving rise to a transient current through the external circuit that is in contact with the
two electrodes. When the strain is released, the piezoelectric polarization charges vanish
immediately and the attracted electrons flow back, leading to an opposite direction

transient current. Besides, the Schottky contacts between n type semiconducting MoS;
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and the Au electrodes could fully block the electron injection from the metal electrodes
to the MoS; flakes. The above phenomenon was also observed from monolayer 2H
MoS; and other 2D piezoelectric materials [19, 69, 77]. When the substrate was bended
along x axis or y axis, one tensile strain is applied to the MoS; flakes and the strain is

constrained to a maximum magnitude of 0.48%, in order to avoid sample slippage [172].

The piezoelectric response of an aligned 3R MoS2 PENG device was comprehensively
studied and displayed in Figure 3-12. When the 48 nm thick aligned 3R MoS: flake was
subjected to a tensile strain of the magnitude from 0.2% to 0.48% along the x axis (the
zigzag orientation), the average peak output voltage and current increased from ~ 25
mV to ~ 102 mV and ~ 60 pA to 210 pA, respectively. Meanwhile, the 3R MoS: flake
gave a peak output voltage and current from ~ 20 mV to ~ 90 mV and ~ 25 pA to 120
pA, respectively, under a uniaxial strain along the y axis (armchair orientation). It is
observed that the piezoelectric output voltage and current increased almost linearly with

the strain in a step of ~0.07%, from the chart plotting in Figure 3-12e, f.

For a non-aligned 3R MoS:; flake with a thickness of 110 nm, the strain was also
performed along from the x-axis and y axis. The angle between armchair and x axis is
10°. The peak piezoelectric output voltage and current only increased from ~ 11 mV to
~39mV and ~ 42 pA to 116 pA along the x-axis, and from ~ 10 mV to ~ 45 mV and ~
33 pAto 97 pA along the y-axis for a tensile strain from 0.2% to 0.48%. It is seen clearly
that the piezoelectric outputs of non-aligned 3R MoS; were also proportional to the

strains, but weaker than those from the aligned devices, as shown in Figure 3-13.

Our aligned 3R MoS; device achieved a significant improvement of nearly two times
larger than the output voltage and current from the reported MoS; and WSe: flakes. [19,

20, 141]. The large piezoelectricity of the 3R MoS; flakes might be attributed to the
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larger in-plane piezoelectricity and non-zero out-of-plane piezoelectricity [22, 162].
More importantly, as depicted in Figure 3-14a, when an aligned 3R-MoS; flake was
stretched along x direction for 1 s and released for 1.5 s, the polarities of the generated
current and voltage were clearly opposite to those caused by stretching along its y
direction. This is because a tension strain applied along its zigzag direction would cause
an effective compression strain in the armchair direction, leading to induction of
opposite piezo-charges to the two electrodes and, in turn, opposite voltage and current
polarities. For a non-aligned 3R MoS; in Figure 3-14b in contrast, the polarities of the
generated current and voltage were consistent under a strain along the x or y axis, which
might be attributed to the unique coupling function of the in-plane and out-of-plane
piezoelectricity in 3R MoS,. This is also observed in the previous studies of a-In>Ses

flakes, which also owns in-plane and out-of-plane piezoelectricity properties [77, 79].

To illustrate this phenomenon, the third-order relation of the induced polarization

charges and stress tensor is expressed as:
Pi = eijkgjk (31)

where P; is the polarization charges along i direction, e; ;. is the third-order piezoelectric

coefficient and gy, is the strain tensor. The i, j, k and [ take the values 1,2,3.

Since the stress tensor ¢;; is symmetry, the two-index natation (j,k in the stress tensor)

is replaced by a single index ranging from 1 to 6 as:
11-1;22-52;33-53;23-54;31-5;12-6

Therefore, the tensor multiplication in equation 3.1 is rewritten as [173]:
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The e-piezoelectric coefficient tensor for the C5,, point group 3R MoS; is expressed as
[22]:

0 0 0 0 e —ex
(—622 822 O 315 O 0 > (33)

e3; €33 ez 0 0 0

The P; polarization charges becomes:

P, 0 2ei58s  —2€5,8&
<P2> = (291554 —€22& €228 ) (3.4)
Py €31&1 €318 €33€3

According to theoretical calculation, the e,,, e34, e33 and e, are 0.64, -0.045, 0.14 and

-0.079 C/m?2. Due to e, is much smaller than e,,, the P, could be expressed as:

Py = e3,(&; — &1) (3.5)

where g,and &, are strain along x, y axis. The polarization P, output signs could be
reserved when strain is rotated 90 degrees, which is inconsistent with our experimental
results. The crystal orientation-dependent polarization generation of multilayer 3R
MoS: is different from monolayer 2H MoS,, in which the experimental study showed
that polarization could reverse signs along armchair direction when strain is rotated
90°[19]. While, for multilayer 3R MoS;, the polarization revere signs along zigzag
direction under the same condition. Besides, the 3R MoS: is able to generate polarization

charges under applied strain at any directions.
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Figure 3-12 Piezoelectric outputs of an aligned 3R MoS; flake. Piezoelectric current and
voltage under various strains applied along (a, ¢) the x axis (zigzag) and (b, d) the y axis
(armchair). The summary of the piezoelectric current and voltage outputs as a function

of strain along (e) the x axis (zigzag) and (f) the y axis (armchair).
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Figure 3-13 Piezoelectric outputs of a non-aligned 3R MoS; flake. The piezoelectric
current and voltage under various strains applied along (a, c) the x axis (horizontal) and
(b, d) the y axis (vertical). The summary of the piezoelectric current and voltage as the

function of strain along (e) the x axis (horizontal) and (f) the y axis (vertical).
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Figure 3-14 Voltage (Voc) and current (lsc) responses of aligned and non-aligned 3R

MoS; flakes under a periodic strain. Top: The external strain as a function of time,

Middle: corresponding several piezoelectric output cycles along the x axis (zigzag or

horizontal), Bottom: corresponding several piezoelectric output cycles along the y axis

(armchair or vertical) of (a) aligned and (b) non-aligned 3R MoS: flake, respectively.

To exclude the electrical influence from the substrate, a bare polyimide substrate and a

2H MoS: flake on polyimide were characterized under 0.47% tensile strain, respectively,

and no obvious output voltage and current were detected, as shown in Figure 3-15.
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Figure 3-15 Electrical measurements on a bare polyimide substrate and 2H MoS:; flake
on polyimide. The current and voltage output of (a,b) bare polyimide substrate (without
any flake) and (c,d) 2H MoS; flake on polyimide substrate under a strain of 0.47%,

respectively.

In addition, a probe connection switching test was conducted on the aligned MoS; flake
under 0.47% strain. A reverse output current occurred when the connection polarity was

switched, proving that the electrical output from 3R MoS: flakes, in Figure 3-16.
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Figure 3-16 Polarity switching test of the aligned MoS; flake under 0.47% strain with

(a) forward and (b) reverse connections.

In a comparison of monolayer PMs, multilayer MoS; flakes have a high Young’s
modulus and are promising for energy harvesting applications [13, 174]. A mechanical
durability test was performed on an 3R MoS: flake with a frequency of 0.25Hz cycling
bending test, as shown in Figure 3-17. After 720 cycles, the output current decreased
from ~210 pA to ~180 pA, about 85.7% of the initial values, suggesting that multilayer
MoS: flakes are of a high mechanical durability, a very good material for flexible sensors,

etc.
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Figure 3-17 Mechanical durability and stability test of an aligned MoS; flake under a
strain of 0.47% (a) The output current as a function of time. (b) The extracted output

current from 1500s to 1545s.

To better evaluate the mechanical to electric power conversion performance, the peak
piezoelectric output voltage and current were measured as a function of external
resistance at a tensile strain of 0.47% in Figure 3-18a. The maximum instantaneous
power was around 11.8 pW at a load resistance of 200 MQ, as displayed in Figure 3-18b.
The whole size of the aligned 3R MoS:; flake was estimated around 182 um?, and the
power density was calculated around 65 mW/m?. To our best knowledge, this power
density was at least one order larger than any other m-MoS; based PENG devices
reported so far, as listed in Table 3-2 Comparison of 3R MoS; piezoelectric response
with 2D material based PENG devices. To further improve the power density, doping

of the MoS; flakes might be adopted [141].
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Figure 3-18 (a) The piezoelectric peak output voltage and current and (b) the

instantaneous power of a 3R MoS; based PENG.
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2D V (mV) | 1(pA) Maximum Strai | Power | Refere
materials instantaneous n density nce
power (Load (%) | (MW/m?)
resistance)
m-MoS; 18 (Vo) | 27 (Isc) 0.64 [19]
3.5 12.5 | 55.3fW (220 MQ) | 0.53 2
(calc) (calc)
m-MoS; 20 0.4 (1GQ) 0.5 [140]
(1GQ)
(armchair)
m-MoS; 10 0.2 (1GQ) 0.25
(1GQ)
(zigzag)
Bilayer- 57 71 4.05 (0.1 GQ) 0.89 0.8 [20]
WSe,
S-treated 20 100 0.73 (500 MQ) 0.7 0.073 [141]
MoS; (1G6Q) | (1G6Q)
7L-In2Ses 363 185 67.2 0.31 224 [143]
4L-InSe 22 63 1.39 0.31 4.6
m-SnS 150(1 160 (1 24 (1GQ) 0.7 24 [69]
GQ) GQ)
3R MoS: | 97(Vo) 210 11.8 (200 MQ) | 0.47 65 This
(Isc) work

Table 3-2 Comparison of 3R MoS; piezoelectric response with 2D material based PENG

devices.

3.4.2.3 3R MoS; based PENG monitoring finger motion

Due to superior flexibility and easy integration, 2D piezoelectric materials have a great

potential in wearable electronics, biosensing and bio-energy harvester [175-177]. Here,

finger motion monitor can be achieved by attaching a 3R MoS; based PENG on a finger,

85



see Figure 3-19a. Once the finger clenched and released, the device could immediately
give positive and negative voltage/current pulses. The amplitudes of the voltage/current
pulses were proportional to the degree of bending, as despicted in Figure 3-19b. The
device could immediately and constantly provide outputs as the finger bended at

different frequencies, as shown in Figure3-19c.
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Figure 3-19 3R MoS2 based PENG monitoring finger motion (a) Optical image of the
3R MoS: PENG attached onto a finger. (b) Piezoelectric output of current at different
curvatures of the finger clenching and releasing. (c) Piezoelectric output of current at

different frequencies of the finger clenching and releasing.

3.4.3 Piezoelectric coefficients of 3R MoS2
When an electric field is applied to a piezoelectric material, mechanical stress/strain

must be induced (reverse piezoelectric effect). Here, the out-of-plane piezoelectric
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coefficient dzs and excited lateral piezoresponse were measured and observed through
PFM. In fact, for thin piezoelectric film applications in nanoelectronic devices,
piezoelectric coefficients are the most important piezoelectric parameters. The dss here
is the induced strain in direction 3 (z) while the flakes are polarized per unit electric

field applied in direction 3 [105].

3.4.3.1 Out-of-plane piezoelectric coefficient dss of 3R MoS;

Prior to the DART PFM measurements of 2D materials, our PFM was calibrated using
a piece of periodically poled lithium niobate (PPLN), one of the conventional inorganic
piezoelectric materials, provided by our AFM/PFM manufacturer specially for the
calibration purpose. As illustrated in Figure 3-20, the PPLN was implemented with a
sweep of AC drive amplitude from 0V to 1.5V at a step of 0.25V [178]. The results
showed a good out-of-plane piezo response of PPLN and clear 180° phase change

between the adjacent and opposite orientation polarization charge.

(@) . . (b)

Amplitude @ 0V AC Phase @ OV AC

(d)

Amplitude @ 1V AC Phase @ OV AC Amplitude @ 1.5V AC Phase @ 1.5V AC

Figure 3-20 PFM images of the out-of-plane piezoresponse amplitude and phase for the

PPLN at a AC drive amplitude of (a) 0V, (b) 0.5V, (c) 1.0V and (d) 1.5V.
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Several areas were selected from the PFM amplitude image to quantitatively evaluate
ds3. The inverse optical lever sensitivity (InvOLS), a necessary parameter for the
cantilever spring constant calculation, was calibrated. The tip moving distance could be
derived by multiplying the InvOLS with the deflection signals. Due to the AFM sharp
tip, the electric field is not uniform between the tip and conductive substrate. As a result,
the relationship between the piezoelectric amplitude and effective piezoelectric

coefficient des is given by the equation:
Amplitude = Vy X 0 = Q X dgrs X V¢ (3.6)

where Vy is the vertical deflection signal, o is the calibration constant of InvOLS, Q is

the quality factor and V. is the applied AC bias voltage. The AFM tip was in weak
indentation with the flakes, and therefore, the dsz and dess follow the relationship of dss
= 2 % def [117, 179]. The dess was estimated around 3.52 £ 0.11 pm/V and 2.09 + 0.13
pm/V for the PPLN ‘up’ and ‘down’ domains, respectively, as shown in Figure 3-21.
The ‘up’ and ‘down’ domains represent opposite piezoelectric polarization directions of
PPLN. The higher piezoelectric amplitude domain was considered as ‘up’ domain and

the lower piezoelectric amplitude domain was considered as ‘down’ domain.

The measured piezoelectric coefficient ds3 of PPLN was 7.04 £ 0.22 pm/V and 4.2 +
0.26 pm/V for ‘up’ and ‘down’ domains, which were in consistent with previously
reported value [180, 181], as shown in Figure 3-21. This calibration suggested that our
DART-PFM measurement system was in a good condition and it was employed to

determine dss of the 2D materials studied in this work.
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Figure 3-21 PPLN piezoelectric coefficient dsz estimation.

The out-of-plane piezoresponse of an 18 nm thick 3R MoS; flake was conducted using
the DART-PFM technique, as displayed in Figure 3-22. The PFM images show a strong
piezoelectric response, proving the existence of out-of-plane piezoelectricity in the thick
multilayer 3R MoS: flake for the first time. For comparison, the 2H MoS; flakes were
also mechanically exfoliated and transferred on the Au surface for DART-PFM
measurement. The 2H MoS: flakes of 15 nm and 56 nm thickness did not show any out-

of-plane piezoelectric response, as shown in Figure 3-23.

0.0 0.5 1.0 15

Distance (um)




Figure 3-22 Out-of-plane piezo response of a 18 nm thick 3R MoS; flake. (a) AFM
topography, (b) PFM amplitude, (c) PFM phase images at a bias voltage of 0.75 V and

(d) Height profile of the 3R MoS: flake.
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Figure 3-23 Out-of-plane piezo response of 15 nm and 56 nm thick 2H MoS: flakes (a)
AFM topography, (b) PFM amplitude, (c) PFM phase images at a bias voltage of 0.75
V, (d) Height profile of the 15 nm 2H MoS: flake and (d) Height profile of the 56 nm

2H MoS: flake.

To determine dss of 18 nm thick 3R MoS: flake, the AC voltage sweeping from 0 V to
1.5V at a step of 0.25V were applied on the flake. The calculation method is the same
used in the PPLN das calibration. In the experiments with the 18 nm thick 3R MoS;
flake, the ders was estimated around 0.44 + 0.02 pm/V as illustrated in Figure 3-24. The

dsz hence was around 0.88 + 0.04 pm/V for 18 nm 3R MoS; flakes.
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Figure 3-24 Piezoelectric coefficient dess fitting of 18 nm thick 3R MoS; flake.

Furthermore, the values of dzs of 3R MoS: as the function of the flakes thickness plotted
in the Figure 3-25. There was no an apparent dependence relation between dsz and the
thickness. But the dss increase and saturate around 1.0 pm/V when the thickness increase
more than 20 nm. It should be pointed out that our results are three to five times larger

than the theoretical value of 0.27 pm/V [22].
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Figure 3-25 The das piezoelectric coefficients as a function of 3R MoS: thickness.
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3.4.3.2 Lateral excitation PFM of 3R MoS;

As illustrated in Figure 3-25a-d, the lateral field excitation on a 78 nm thick 3R MoS;
flake could transform the in-plane strain into out-of-plane detectable mechanical
deformation, which was probed by the non-conductive tip. In comparison, no piezo
response was observed from 150 nm thick 2H MoS; when it was subject to a lateral
electric field, owing to its centrosymmetry structure in Figure 3-26e-h. These
experimental results proved again the 3R MoS; flakes are of the in-plane and out-of-

plane piezoelectricity, irrespective of the thickness.

Distance (jim)

. ()

Height {am})

Figure 3-26 Lateral excitation PFM of a 78nm thick 3R MoS; flake. (a-d) AFM
topography, PFM amplitude, PFM phase images and Height profile of the 3R MoS;
flake. (e-h) AFM topography, PFM amplitude, PFM phase images and Height profile of

the 2H MoS: flake at a bias voltage of 8 V.

The lateral excited piezo amplitude as function of the applied voltage is shown in Figure
3-27. It was found that the across the lateral excited piezo amplitude was hyperbolically,
rather than linearly increased with the voltage. This might be attributed to stronger

coupling of enhanced in-plane strain at high field and out-of-plane deformation.
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Figure 3-27 Lateral excited piezo amplitude as function of lateral drive amplitude of the

78 nm 3R MoS; flake.

The limitation here is hard to quantify precisely the piezoelectric coefficients d2> and
d13, which requires improved device structure and novel methods. The findings from
PFM experiments provide us with an in-depth understanding of the piezoelectric
properties of this new 2D material, with which a new generation of advanced piezo

devices could be developed.

3.5 Conclusion

In this chapter, the strong piezoelectricity of 3R MoS: flakes is clearly observed for the
first time with several thicknesses. The broken inversion symmetry structure of 3R
MoS; was evidenced and characterized using SHG, STEM and Raman spectroscopy.
The 3R MoS: piezoelectric nanogenerators have been successfully fabricated and
produced oscillating piezoelectric voltage and currents under tensile strain and

compressive strain. For an aligned 3R MoS; device, a peak output open circuit voltage
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Voc of ~102 mV and a short circuit current of ~ 210 pA were achieved at a uniaxial
strain of 0.47% along x-axis (zigzag direction), whereas the output revised its sign when
the strain direction is rotated to y-axis (armchair direction). The crystal orientation-
dependent polarization generation of 3R MoS; is along the zigzag direction, which is
unique and different from a monolayer MoS; flake. The highest power density was
measured around 65 mW/m?2 with 200 MQ load resistance, which achieves the highest
mechanical to electric energy conversion efficiency among piezoelectric TMDCS so far.
This device also exhibited an excellent mechanical stability. In general, the 3R MoS;
PENGs demonstrate the large piezoelectricity in 3R MoS; flakes and suitability in the
low frequencies. The amplitude and phase images obtained from PFM measurements
suggest an apparent piezoelectric response from 3R MoS: flakes, in a sharp contrast to
2H MoS; without vertical piezoelectric response. The piezoelectric coefficient dsz were
measured around from 0.7 pm/V to 1.5 pm/V for multilayer 3R MoS, and the lateral
excited piezoelectric images confirm that a coupling of a strong in-plane and out-of-

plane piezoelectricity.
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Chapter 4 Thermal transport property of 3R MoS: flakes
under strains

4.1 Introduction

As introduced in Chapter 2, low-dimensional piezoelectric nanomaterials, such as
Wurtzite structured materials (ZnO, GaN and CdS), and transition metal
dichalcogenides (TMDCs) (like MoS2, WS> and WSe;), have been extensively studied
for their strong coupling among piezoelectric, semiconducting and optical properties

and provide paths for novel and functional flexible devices [19, 20, 54, 182].

Alongside the electronic and optical properties, thermal transport properties of low
dimensional materials, like h-BN, graphene and MoS,, have attracted much attention.
They are not only good candidates for future flexible electronics but also suitable for
thermal control and management for miniaturized and integrated devices [123, 183, 184].
Especially for atomically thin MoS,, extensive studies have been focused onto the
influences of grain boundaries and layer-thickness and isotopes on the thermal transport
[185-189]. Several theoretical studies showed that the intrinsic thermal conductivities
of MoS: flakes could be enhanced or weaken by uniaxial strains [190-192]. In addition,
it has been suggested that the heat transport property of the monolayer GaN could be

modulated by the electric field owing to its piezoelectric characteristics [193].

For the devices based on low dimensional materials, the electrical contacts are usually
made of metals in contact with the materials on supporting substrates. Thus, interfacial
thermal conductance (ITC) between metals-2D materials and 2D materials-substrate
deserves in-depth study. Several theoretical and experimental kinds of research have
been focused on ITC measurements of vertical MoS: on various substrates or their 2D

materials heterostructure [133, 194-197]. For metal/MoS; contacts, the ITC is
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dominated by the interface interactions from van der Waals (vdWs) bonding at the side
contact and\or covalent bonds at the edge contact [198, 199]. The theoretical calculation
found that the ITC also depends on the interface orientation at the MoS2/Au contact.
Especially for both MoS2/Au (111) and MoS2/Au (110) contacts, the ITC decreases
significantly when @ increased from 0° to 30°, where @ is the angle between the Au (011)
direction and the contact line of MoS2/Au [200]. However, to our knowledge, no
experimental studies about strain modulated thermal transport across piezoelectric MoS»
devices until now. In this chapter, we present our results of the intrinsic thermal

conductivity and ITC of metal/3R MoS; contacts under uniaxial strains.

In this chapter, we present the study of intrinsic thermal conductivity of 3R MoS: flakes
measured under uniaxial strains. The intrinsic thermal conductivity is slightly changed
around 3% to 4% under a uniaxial strain of +0.26%. The thermal conductivity of metal-
piezoelectric semiconductor-metal (MSPM), which is influenced by the intrinsic
thermal conductivity and ITC, was measured using a novel laser heating method. The
thermal conductance of metal/3R MoS: flake contacts displayed a significant change
under a uniaxial strain, in comparison with metal/2H MoS; flake contacts. These
findings are the first time experimental observation of strain-modulation heat transport
in the metal-piezoelectric semiconductor-metal structures, which would help us to better
understand the underlying physics of low-dimensional piezoelectric materials heat
transfer and offer a thermal management strategy for piezoelectric nanomaterials-based

devices.
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4.2 Devices fabrication and Characterization

4.2.1 Preparation of MoS:2 flakes
Before being mechanically exfoliated, the flexible polyimide substrate was fabricated

by spinning coating Poly (pyromellitic dianhydride-co-4,4'-oxydianiline), amic acid

solution (Purchased from Sigma Aldrich) on a piece of flexible polished stainless steel
at 3000rpm for 45 seconds, and then was annealed in argon gas at 250 °C for 2 h. All
mechanically exfoliated crystal 2H or 3R MoS: flakes were successively identified by
optical microscopy. The morphology and orientation of the flakes were determined by

AFM imaging and SHG.

4.2.2 Preparation suspended 3R MoS:

The suspended 3R MoS; samples were fabricated by conventional photolithography
process as follows: One layer of thermal stable negative resist around 3.5um thick (AZ®
nLOF 2035, Microchemicals GmbH) was firstly spin coated on a polyimide substrate at
4000rpm for 45 seconds, and then soft baked at 110 °C for 60s. Then, a series of straight
trenches with the width of 3 um were transferred to the photoresist and developed.
Subsequently, the 3R MoS; flakes were mechanically exfoliated on a SiO2/Si substrate
and transferred from the SiO./Si surface using PMMA to the prepared flexible
polyimide surface with photoresist trenches. The PMMA was removed by acetone. The
3R MoS:; flakes suspended on the trenches were located using optical microscopy. A
pair of Au (150 nm) electrodes were deposited on the two terminals of the flake using a

conventional lift-off process.

Next, the 3R MoS: flakes were mounted at a stage in a sealed chamber, in which the

sample temperature could be modulated by liquid nitrogen and a heater. The

97



temperature-dependent Raman spectra were measured from 220 K to 460 K with a step
of 20 K using WITec alpha 300 confocal Raman microscopy. The laser power was
controlled to be less than 0.05 mW to avoid flake self-heating effect. After the
temperature-dependent Raman measurements, the samples were brought out and bent
to achieve a certain degree of tensile strains. They were then put back into the sealed
chamber and performed laser power-dependent Raman measurements, in which the

power was tuned from 0.05 mW to 0.36 mW with a step around 0.05 mW.

The thermal conductivity of the 3R MoS2 samples were also studied using a laser
heating thermal couple technique The samples for this technique were fabricated by
conventional photolithography process as follows: Firstly, a flexible polyimide substrate
was cleaned by acetone, isopropyl alcohol, and deionized water. Then, the polyimide
substrate was dried by nitrogen gas and baking at 105°C for 10min. The multilayer 3R
MoS: flakes with typical thicknesses of 30-100nm and side lengths of 10-30 pum were
mechanically exfoliated on polyimide substrate were selected. Then, a layer of 150nm
Au thin film was deposited with an electron beam evaporator system (Edwards Auto
360). Au microelectrodes were fabricated by etching through photoresist (AZ5214w,
photoresist image reversal, Microchemicals GmbH) patterns. The samples were then
annealed in argon gas at 180 °C for 2 hours. After that, a 200 nm Ni film was deposited
by a sputtering system (Elite sputter) at a DC power of 300W with 100 sccm Argon gas
on top of the bottom Au microelectrodes to form a microthermal couple. In addition, Ni,

Pd and Ag were deposited onto the bottom Au microelectrodes to microthermal couples.

For the thermal conductivity measurements, two Keithley 197A Autoraning Microvolt
Digital Multimeters (DMMs) were used to measure thermal induced voltages on two
thermal couple electrodes, respectively. The exaction laser of 532nm (WITec alpha 300
confocal Raman microscopy) on the Raman measurement system was used as a heating
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source on one thermal couple electrode. The laser power was measured by a digital

optical power and energy meter (Thorlabs’C-series Power Meter PM100D).

As 3R MoS; flakes (~20 um long and a few tens of nanometer thick) were much smaller
than the PI substrates deposited on the stainless steel (15 mm x 15mm x 30 um), the
tensile and compressive strains exerted onto the flakes deposited onto the PI substrate
could be given by & = h/2r, where h is the thickness of the PI substrate, and r is the

bending radius. The strain & was calculated and shown in Table 4-1.

Table 4-1 Parameters for calculating the applied strains.

h (um) r (mm) €
30 11.74 0.13%
30 5.68 0.26%

4.2.3 Optical and electrical characterization of 3R MoS: devices.

All Raman, AFM and SHG measurements were conducted with the same processes as
those stated in section 3.3. The laser light absorbance, transmittance and reflectance
spectra of the metal thin films and polyimide substrate were measured by UV-Vis
spectroscopy (SHIMADZU UV-2450). The I-V characterizations were measured by

Agilent B1500a semiconductor analyzer.

99



4.3 Results and discussion

4.3.1 In-plane thermal conductivity of MoS: flakes under strains

4.3.1.1 Sample structure and calibration of 3R MoS: flake light power absorption

To investigate the influences of strains on the in-plane thermal conductivities of 3R
MoS; flakes, the Raman spectroscopy-based thermal conductivity measurement was
performed on the suspended 3R MoS flakes. This optothermal Raman method has been
widely used to determine the thermal conductivities of 2D materials, recently for
monolayer, bilayer and multilayer 2H MoS; [186, 201]. Figure 4-1a shows the optical
image of a 3R MoS; flake suspended on a photoresist trench which was 3.2 um wide
and 3.5 um deep on a flexible polyimide/stainless steel substrate. The length and width
of uncovered flake are around 25 um and 5 um, respectively. In Figure 4-1b, a focused
laser was incident on the center of the 3R MoS, which was suspended on trench. The
Raman measurements were carried out using WITec alpha 300 confocal Raman
microscopy with an excitation wavelength of 532 nm. The SHG plotting confirms that
the armchair orientation of 3R MoS2 was perpendicular to the electrodes in Figure 4-1c.
To precisely determine the laser light power absorbed by the 3R MoS; flake, a similar
thickness 3R MoS: flake was mechanically exfoliated on a quartz substrate, as shown in
Figure 4-1d. As illustrated in Figure 4-1e-h, the 3R MoS; flake suspended on the trench
and quartz substrate were measured using AFM, and the height profiles showed that

both two flakes were around 35 nm thick.
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Figure 4-1 (a) Optical image of a 3R MoS; flake (35nm thickness) suspended on a 3.2
pHm wide photoresist trench (The scale bar is 10um). (b) Schematic of Raman thermal
measurement experiment set up for the suspended 3R MoS; flake. (c) The angle-
dependence SHG plotting of 3R MoS; flake. (d) Optical image of the 3R MoS; flake on

the quartz substrate (three absorption spectra measurements are performed on points 1,
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2 and 3. The scale bar is 5 um). (e) AFM topography image and (f) height profile of the
3R MoS: flake suspended on the photoresist trench. (g) AFM topography image and (h)

height profile of the 3R MoS: flake on the quartz substrate.

The laser light absorbance spectra were obtained from the transmittance measurement
of the 3R MoS; flake by using WITec alpha 300 confocal Raman microscopy at a
wavelength of 532 nm. The small reflectance was neglected here [202]. Light incident
from bottom to top, and was collected by Raman system after passing through MoS:.
The transmittance (T) values throughout the flake, was obtained from dividing the
transmitted power through the flake and the quartz by that through quartz substrate near
to the flake. The weighted average absorbance spectrum was acquired (from points 1,2
and 3) and calculated from the transmitted optical power, and the absorbance at 532nm
around is 0.47 = 0.01, as shown in Figure 4-2a. Absorbance is the logarithm of incident
to transmitted optical power through a material (absorbance = 2 — logi0%T). Here, the
reflection light from MoS: is neglected and the absorbance is dimensionless [203]. From
the absorbance spectra, two prominent peaks at wavelengths ~620 nm (B excitonic
transition peak) and ~665 (A excitonic transition peak) nm is related to the absorption
due to the direct transitions at the K point of the Brillouin zone, were suspected [204].
Another C excitonic transition peak is at ~440 nm and its origin is still a subject of
debate [205, 206]. The absorption peaks reflect that 3R MoS; flakes have high
absorption of violet, orange and red light [207]. To estimate total incident laser power
exposed on the 3R MoS; flake, the laser light reflectivity of bare polyimide substrate
and polyimide with trenches were measured by using the same Raman system. The light
incident from top to bottom and was collected by Raman system after reflecting from
polyimide surface. The light transmission through polyimide was neglected. The total

incident laser power was calculated using the following equation 4.1, with a reflection
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coefficient R,,; at the wavelength 532nm from trench bottom and transmission
coefficient Tmos2 = 34% measured on same thickness 3R MoS: flake on the quartz

substrate [208]:

liotar = 10(1 + Rpor X Tmosz) (4‘-1)

where lwtal, Standing for the total incident laser power, is 1.054lp and lo is the source
laser power read from power meter. For the reflectivity spectra, the reflectivity is
steadily increased from a wavelength of 450 nm and saturated ~ 600 nm [209]. The
reflectivity of trenched polyimide area is decreased, which might be caused by the

surrounding photoresist absorption.
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Figure 4-2 (a) Weighted average absorbance spectrum for the 3R MoS; flake on the
quartz substrate. (b) Reflectivity spectra of polyimide substrate itself and under area at

the trench bottom.

4.3.1.2 Calculation of intrinsic in-plane thermal conductivity under strains

Two kinds of measurements, i.e., the temperature-dependent Raman measurement and
the power-dependent Raman measurement, were carried out to determine the intrinsic
thermal conductivity of a 35nm thick 3R MoS; flake. The laser beam was focused on

the center of the flake using a 100xobjective lens (numerical aperture NA=0.95), with
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Gaussian beam width of 2\o/(tNA) = 357 nm for both measurements. Compared with
the dimensions of the flake, it could result in a quasi-radial steady and uniform heat
conduction in the flake laterally [126]. For a temperature-dependent measurement, a
first-order temperature coefficient was obtained from the substrate temperature
modulation induced Raman shift, where the substrate temperature was controlled by a
heat stage [128]. For the laser power-dependent measurement, a first-order power
coefficient was acquired from the laser power induced Raman shift, where the flake was

heated up by the laser.

The Raman peak shifts of the MoS; frequency modes result mainly from thermal
expansion or volume contribution and the temperature contribution caused by
anharmonicity. The following equation describes the phonon frequency as a function of

volume and temperature:

(alna)) _ aan) <Olna)> +(61na)>
oT /, \ aT J,\ ov /Jp T /v
_ y(Oho dlnw
__E( oP >T ar v “2)

where y = (0InV /dT), and k ~ — (dInV /dP)r are the volume thermal coefficient
and isothermal volume compressibility [210]. In addition, MoS, phonon frequency
modes shift to lower frequency w as the lattice expands with a rate which is given by

the Grilineisen parameter y,,, for a phonon mode m (which could be Exg or Asg):

1 dw,y,

Y= e (4.3)

where the strain e = €, + €, [211].

In Figure 4-3a, the Raman spectra were measured from a 3R MoS; sample whose

temperature was increased from 220 K to 460 K. Two prominent peaks at about 383 and
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480 cm™ could be attributed to the in-plane Ez¢' mode (in-plane opposing motions of
sulfur and molybdenum) and out-of-plane Aig mode (out-of-plane relative motions of
sulfur atoms). Apparent linear red shift of the peaks with the temperature could be
observed, as shown in Figs 4-3b,c [127, 201]. Since the Aig mode is much stronger than
that of the Exq' mode and less sensitive to in-plane strains, the Aiq peak shifts were
chosen to calculate temperature coefficient [212]. The Raman peak position w (cm™) of

A1g mode follows a linear function of temperature:

where w1 is the frequency of the Ayq at absolute zero temperature and y, the slope of
temperature dependence for Aig mode, is the first-order temperature coefficient. Higher
order temperature coefficients are only significant at high temperatures and these terms
are not considered here [127]. The A1y peak values, extracted from Lorentzian fitted
Raman Spectra from 200 K to 460 K with each step of 20 K with fixed laser power,
showed a reasonably good linear relation under different strains in Figure 4-3b. yr was
found to be weakly dependent on the strains applied to the 3R MoS; flake and its values

are listed in Table 4-2.

Similar to temperature-dependent Raman spectra measurement, the Raman spectra were
collected with increasing laser power at room temperature of 300 K. A linear relation of

Az1g phonon peak with the laser beam power could be described as:

where wpy, is the frequency of the Aiq at zero power and yp, the slope of the power
dependence for Aig mode, is the first-order power coefficient. As seen in Figure 4-3c,
xp under different strains was extracted from linear fittings. The values of y; and
xpare summarized in Table 4-2.
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Strain-biased 3R Temperature coefficient Power coefficient yp(cm”
MoS: (%) yr(cm/K) Ymw)
+0.26 -0.01167+0.00012 -1.70749 + 0.06947
0 -0.01145+0.00026 -1.66466 + 0.06604
- 0.26 -0.01073+0.00032 -1.51399 + 0.07312

Table 4-2 First-order Temperature coefficient y;, and Power coefficient yp extracted

from the Aig Raman peak shifts with the strains applied.

Based on yr and yp, the intrinsic in-plane thermal conductivity k can be estimated using
two models. Considering radial heat flow, Balandin et al derived an simple expression
for calculating k for a single layer graphene, i.e., k = (1/2mh)(AP/AT), where h is the
thickness of graphene [126]. This expression could be further modified for MoS; flakes

as.
k= 1,1 (4.6)
AT (Znt) X '

where t is the thickness of the MoS; flake. The k therefore was estimated around 31.1 +
1.5,31.3+1.9and 32.2 + 2.4 W/mK for the 3R MoS, with a strain of +0.26%, 0% and
-0.26%, respectively. Since the contact interfacial thermal resistance and power
absorption are not involved in this expression, the value of calculated k may have a large

error.
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Figure 4-3 (a) The Raman spectra of a 3R MoS2 flake measured at different
temperatures. (b) Temperature-dependent and (c) power-dependent Raman peak
position shift of Aig under a tensile (blue square +0.26%), zero (red circle 0%) and

compressive (green triangular -0.26%) strain, respectively.
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In the following, we use another model to calculate the thermal conductivity, in which
the light absorbance in the flake and heat transport in the suspended and supported flake
are taken into account Note that from the absorption spectrum discussed above, the value
of the absorption was around 0.47 = 0.01 at the wavelength 532 nm. The heat convection
to the air could be ignored here as it only accounts the maximum up to 0.1 % of the total
heat conduction [128]. Three specific assumptions are introduced in the modeling in
order to simplify the analysis process: (i) the heat transfers radially from the center to
edge of the flake, (ii) the heat deposited at the center of the flake under the laser light
illumination is equal to the heat absorbed in a steady state and (iii) the temperature of
the 3R MoS; flake under an Au thin film is considered to be the same as the ambient
temperature far away from the center of the flake. Therefore, the heat dissipation

equations of cylindrical coordinates in the suspended and supported area are [128, 201,

213]:
%[r dgir)l +q(r)=0 forr <R (4.7)
1d]| dT. G
K ——|r ;ﬁr)l -2 -T]=0  forr>R (4.8)

where T;(r), k and T,(r), k' are the temperature distributions and corresponding
thermal conductivities of the suspended and supported flake, respectively, R = 1.6 um
is pseudo-radius obtained from our trench structure, r is the radial distance from the
flake center, Ta = 300 K is the ambient temperature, G is the ITC between the flake and
supported AZ2025 photoresist, and t is the thickness of 3R MoS; flake. The heat
absorbed q(r) in the above equations is the volumetric Gaussian beam heating and

given as [214]:
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_a r? 40
q(r) _TeXp(_%) (4.9)

where a = 0.47 represents the flake absorbance at the wavelength 532 nm, ro=0.18 pm
is the radius of Gaussian laser beam radius. | = P/ (m ro?) is the laser power per unit at
the center of the laser beam spot, with P is the incident laser power. The general

solutions to Equation (4.7) and (4.8) are written as:

2

r
Ty(r) =cl+c2In(r) + c3Ei(— r—z) forr <R (4.10)
0

T,(y) = c4ly(y) + c5ko(y) + T, forr >R (4.11)

where Ei(x) is the exponential integral and y =r x (G/k't)Y/?, I,(y) and k,(y) are
the zero-order modified Bessel exponential function of the first and second kind,
respectively, and c; (i= 1-5) are the constants which can be determined with the

following boundary conditions:

T1(R) = To(¥)| r=r (4.12)
T,(r > o) =T, (4.13)

dT drT.
—k 1 (1) - ) >(¥) (4.14)

dr dr
r=R
dT.
—ZnRtk’% = aP (4.15)
r=R

the constants are solved by programmed python codes, and the weighted average

temperature in the beam spot T;,, can be approximated by using the calculated T, (r) and

q(r):

e Tq@rdr
" J;° q@dr
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T,, could be used to extract the thermal conductivity k from different thick 3R MoS;

flakes by fitting T;,, with P obtained from Raman measurements.

The thermal conductivities of the suspended and supported flake, are considered equal
(k = k'), and we assumed G = 2 MW/m?K, Ta =300 K, t = 35 nm, and o = 0.47 for the
flake to achieve the thermal conductivity under zero strain about 70.6 W/mKk. In Figure
4-4, the calculated temperature distribution is shown for k =4 W/mK and G ranging
from 0.5 MW/m?K to 50 MW/m?K, respectively. The intrinsic thermal conductivities
were 70.2 £ 4 W/mK ,70.6 + 4 W/mK and 72.9 + 4 W/mK for 0.26%,0% and -0.26%
strain, respectively, by fitting AT,, with AP using this method. If the absorption
coefficient was also considered in equation 4.6, the intrinsic thermal conductivities for
the 3R MoS: with a strain of +0.26%, 0% and -0.26% were 66.1 + 3, 66.6 + 4 and 68.6
+ 5 W/mK, respectively. Both of the results calculated using above two modes were
consistent with reported thermal conductivity of multilayer 2H MoS; thermal
conductivities [186, 213]. More importantly, we emphasize here that the intrinsic
thermal conductivity of piezoelectric 3R MoS: flakes under different external strains did

not show a significant change.
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Figure 4-4 The calculated temperature distribution under a 0.3mW laser power, is
calculated for a suspended 3R MoS; flake with k = 70.6 W/mK and G ranging from

0.5 MW/m?K to 100 MW/m?K, respectively.

The slightly intrinsic thermal conductivity modulation of 3R MoS, might be raised from
modified phonon dispersions and interlayer interactions under strain, or change of the
phonon group velocity as reported based theoretical studies [190-193, 215]. It should be
pointed out that the actual strains applied on the MoS: flakes in our experiments were
much smaller than those used in these theoretical studies. This could be the reason why
the observed intrinsic thermal conductivity modulation was much weaker in our

experiments.

4.3.2 In-plane thermal conductivity of a metal/MoS: flakes/metal structure under
strains

4.3.2.1 The sample structure and calibration

In addition to the Optothermal Raman method for determining the thermal conductivity

of 2D materials under different strains, another novel method can be applied. For this
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purpose, a focused laser beam is engaged to generate a local heat spot on one side of the
MoS: flake, creating a temperature gradient across it. As illustrated in Figure 4-5a, a pair
micro-thermal couple electrodes (150 nm Au/150 nm Ni) on the two ends of the MoS;
flake were fabricated using the standard photolithography and metallization process. A
laser beam with a wavelength of 532 nm and a spot size of 380 nm was focused on the
one thermal couple electrode. The temperature increase of the two electrodes was
monitored by measuring the voltage difference between the Au and Ni layer, as shown
in Figure 4-5b. The channel length L, between the two thermal couple electrodes E1 and
E2, was 5 um and the width W of the 3R MoS; flake was 19.6 um. Since the piezoelectric
property of a 3R MoS: flake is related to its crystal orientation. The angle resolved SHG
of the 3R MoS:; flake in the sample shown in Fig 4-5b exhibited a six-fold symmetric
anisotropy SH response in consistent with previous study, which reveals that the 3R
MoS: flake belongs to the Cay point group with the broken inversion symmetry, as shown
in Figure 4-5c. The armchair axis of the 3R MoS; flake was confirmed to be
perpendicular to the thermal couple electrodes. To compare 3R MoS; with 2H MoSo,
the 2H MoS> samples with the same suspended sample structure of 3R MoS: were also
fabricated, as shown in Figure 4-5d. From the AFM image of the 3R MoS: flake (Fig 4-
5e) and the 2H MoS; flake (Fig 4-5g), the flake thicknesses were found to be 75nm (Fig

4-5f) and 78 nm (Fig 4-5h), respectively.

The heat dissipation process through the sample can be described by the following

equation:

(4.17)

|~

Q
AT ==
kX

where Q is the rate of the heat flow analogous to the electric current in Ohm’s law, K is

the total thermal conductivity analogous to the electric conductivity, A is the cross-
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sectional area of the sample normal to the direction of the heat flow, L is the sample
length and AT is the temperature difference analogous to electric voltage. In the
measurement, the heat could flow from one thermal couple electrode exposed to the
laser beam to the other electrode. Hence, k is contributed from two factors, i.e., the
intrinsic thermal conductivity k;,,; (W/mK) of the flakes and the interfacial thermal

conductance (ITC) Ginterface (K/m2W) of the two metal-semiconductor interfaces.
AT = AT, + AT, (4.18)

L 2
AT = ¢ i RS ¢ . (4.19)

kint Amosz Ginterface Ainterface

where AT, AT; and AT, are temperature difference between two thermal couples, two

terminals of flakes and two metal-semiconductor interfaces. A, is the cross-sectional
area of the flakes normal to the direction of the heat flow, L, is the flakes channel
length and A, cerface 1S the contact area of the thermal couple electrode with the MoS;

flake. To simplify discussion, the A;p¢erfqace IS cOnsidered the same at the two interfaces.
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Figure 4-5 (a) Schematic of our thermal conductivity measurement set up. The heat was

generated using a laser beam incident onto one thermal couple electrode. (b) An optical
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image of 3R MoS; flake with a pair of thermal couple electrodes E1 and E2. (c) The
polarization dependence plot of SHG intensity of the 3R MoS; flake in (b) The red dots
are experimental data and the blue solid lines are fitting lines. (d) An optical image of
2H MoS; flake with two thermal couple electrodes E1 and E2. (e) AFM topography
image and (f) height profile of 3R MoS: flake in (b). (g) AFM topography image and

(h) height profile of 2H MoS: flake in (d).

To understand the thermal conductivity of the polyimide substrate, a dummy sample in
which a pair thermal couple electrodes E1 and E2, were fabricated on the polyimide
substrate without any MoS; flakes, as shown in Figure 4-6a, was prepared. With the
laser beam was incident onto one of the electrodes E1, the temperature of the electrode
with the laser beam was found to be increased linearly with the laser power. In contrast,
the temperature of the other electrode maintained unchanged within the experimental
error, as described in Figure 4-6b. These findings were not affected by any strains
introduced by bending the substrates. These results suggest, the polyimide substrate was

a thermal insulator no matter it was under strain-free and strained bias situations (see

Figure 4-6¢). The slope ofAQ—T is around 26.7 pw/K for the plain thermal couple

plain
device. Thus, in the following discussion, heat is regarded to transport only through the
MoS: flakes, while heat conductance through the substrate is ignored. The laser power
through objective lens was measured using a power meter. The absorption spectra of
thermal couple was obtained by measuring continuous Ni/Au metal thin film on
polyimide substrate with UV-Vis spectrophotometer. The absorbance of Ni/Au surface
at the wavelength of 532 nm is around 0.42, see Figure 4-6d. Thus, the total power
absorbed by the metal surfaces was calculated by multiplying the power read from

power meter with the absorbance factor.
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Figure 4-6 Thermal measurement of thermal couple device without flake (a) Optical
image of laser heating thermal couple device without flake. (b) Temperature profile and
temperature variation thermal couple electrodes E1 and E2. (c) Temperature variation
profiles under uniaxial strain applied. (d) Absorptance curve of Ni/Au thin film on

polyimide.

4.3.2.2 Thermal conductivity calculation of metal-MoS; flakes-metal structure under
strains

Prior to calculation of thermal conductivities, we define that the forward direction is
along the heat flow direction from thermal couple electrode E1 to E2. On the contrary,
the reverse direction is from E2 to E1, opposite to the heat flow direction. To simplify
calculation, the equation for the effective thermal conductivity of this structure is

modified as:
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Q Lm052
x _—

kquasi—total = ﬁ Amosz (4.20)

where kg asi—torar the effective thermal conductance of metal-semiconductor-metal
structure, with the contribution from intrinsic thermal conductivity of MoS; flakes here

and the MoSz/metal ITC. The kgyqsi—totar Was characterized in the forward and reverse

directions. The ratio ofAQ—Tstands for the heat transfer through the MoS: flake on the

substrate byg minus through the substrate only, L . The temperature
ATMoS2+plain ATplain

difference AT between the two thermal couple electrodes increased linearly with the
laser light power, and it was maintained at a constant value under the laser heating.
When a strain was applied on the structure, AT was monitored in the two uniaxial
directions, where heat transfer from E1 to E2 or vice versa, as shown in Figure 4-7a and

b. It was observed that AT in the forward direction increased (decreased) under a tensile
(compressive) strain and the ratio of AQ—T decreased (increased) by a maximum around
8.9% (6%) at a tensile (compressive) strain of +0.26% (-0.26%). In contrast, the
temperature variation AT showed an opposite change in the reverse direction with a
decrease (increase) under a tensile (compressive) strain. These findings suggest the
uniaxial strain could affect heat transport and modulate kgy,45i—totai, @S Summarized in
Figure 4-7cand d. kgyqsi—totar Was changed from 52.7 £ 2 W/mK at zero strain to 39.6
+ 1 W/mK under under a tensile strain of 0.26%, decreased by around 24.7%. Note that
the value of kg, qsi—tota 1S CONtributed from k;,, of the flake and the ITC Giprerpace- AS
ki, of the MoS; flakes is not change evidently under strains applied, the modulation of

k quasi—totar May be dominated by the ITC Gipterrace:-
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Figure 4-7 Evaluation of the thermal conductivities of a 3R MoS; flake with
symmetrical thermal couple electrodes (Ni/Au/ 3R MoS2/Au/Ni) (shown in Fig 4-5b) in
the uniaxial direction under tensile (positive) and compressive (negative) strains.
Temperature variation as a function of the laser light power in (a) the forward direction
and (b) the reverse direction. Thermal conductivity kgyqsi—torar @S @ function of the

strains in (c) the forward direction and (d) the reverse direction.

For the purpose of comparison, kgyasi—torar OFf @ 2H MoS: flake were also characterized
in the forward and the reverse directions under different uniaxial strains, as shown in
Figure 4-8. The AT showed a slight increase in the forward direction and decrease in the
reverse direction under either compressive or tensile strains. Consequently, kgyqsi-totar
of the 2H MoS: flake decreased in the forward direction and increased in the reverse

direction upon applying both tensile and compressive strains. These observations
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suggest that the strain modulation on kgy4si—totar Of the 2H MoS; flake was much

weaker than that for the 3R MoS: flake in the range of applied uniaxial strains.
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Figure 4-8 Evaluation of the thermal conductivities of a 2H MoS: flake with symmetry
thermal couple (Ni/Au/ 2H MoS2/Au/Ni) (shown in Fig 4-5d) in the uniaxial direction
under tensile (positive) and compressive (negative) strains. Temperature variation as a
function of the laser light power in (a) the forward direction and (b) the reverse direction.
kquasi—totar @S @ function of the strains in (c) the forward direction and (d) the reverse

direction.
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Figure 4-9 (a) Optical image, (b) AFM topography image and (c) height profile of a 3R

MoS: flake with an asymmetric thermal couple structure (Ni/Au/3R MoSz/Al/Ni).

To further investigate the strain effect on heat transport in the metal-semiconductor-
metal structure, a pair asymmetric thermal couples, in which one is Ni/Au/3R MoSzand
another is Ni/Al/3R MoS,, were fabricated and examined as shown in Figure 4-9. In this
structure, Au was in contact with the 3R MoS; flake on one side and Al was in contact
with the 3R MoS; flake on the other side. kgyq5i—tora: OF the asymmetric Ni/Au/3R
MoS2/Al/Ni structure was also characterized as shown in Figure 4-10. The heat
transferred across the Ni/Al/3R MoS; contact, ~126 nm 3R MoS; flake and the
Ni/Au/3R MoS; contact. Similar to the symmetry structure of the Ni/Au/ 3R

MoS2/Au/Ni, strain-modulated kgyq5i—totq Was observed. In Figure 4-10, a maximum

120



23.4% increase in kgyqsi—torar Was found with applying a tensile strain of 0.26% in the
forward direction. The significant modulation of k,,q5i—rotq; cOUld be attributed to the
modulation of the strains on ITC between 3R MoS; flakes and contacted metals, since
the intrinsic thermal conductivity of 3R MoS; flakes does not show evident changes
under external strain as studied in section 4.3.1. The interfacial thermal conductance
(ITC) in the metal/ MoS: interfaces, also known as Kapitza resistance, was theoretical
studied [199, 200, 216, 217]. It has been suggested that the ITC could be tuned by
interfacial interactions, e.g., the weak van der Waals (vdW) interaction at the contacted
surfaces of MoS; flakes and metals, or the covalent bonds formed at the contacted edges
of MoS: flakes and metals. Generally, the phonon-phonon coupling changes, like in the
mismatch of phonon density of states or phonon vibration spectra under strains may play
a main role in the ITC vibrations. Besides, theoretical studies have confirmed that
efficient injection of electrons may mainly occur at the contacted edges from the metal
to the MoS:; flake, and the piezoelectric polarization charges formed at the interfaces
might alter the electrons injection efficiency [199, 218, 219] and, in turn the heat
transport properties under strains. From the results obtained in this chapter, we thus
suggest that the electron-electron coupling might also play a role in the heat transfer in

addition to phonon-phonon and electron-phonon coupling.
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Figure 4-10 Evaluation of the thermal conductivities of a 3R MoS; flake with
asymmetry thermal couple (Ni/Au/ 3R MoS2/Al/Ni) (shown in Fig 4-9a) in the uniaxial
direction under tensile (positive) and compressive (negative) strains. Temperature
variation as a function of the laser light power in (a) the forward direction and (b) the
reverse direction. kg qsi—totq: @ @ function of the strains in (c) the forward direction

and (d) the reverse direction.

The 1-V curves of above three device configurations were also measured with strain. For
the symmetric Ni/Au/3R MoS,/Au/Ni sample (Fig 4-5b, two back-to-back Schottky
barriers with a similar barrier height under zero strain were formed, and the reverse
Schottky barrier limited electron transport [220, 221], so that the I-V curve should be
symmetrical to the applied bias voltage between the two electrodes. However, these

symmetrical potential barriers would not exist once a strain is applied because the
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piezoelectric polarization charges would be enhanced at one contact and weakened at
the other such that the I-V current was found to be asymmetric, as shown in Figure 4-11a,
similar to the results reported in monolayer MoS; [19]. In the symmetric structure of
Ni/Au/2H MoS,/Au/Ni configuration, the Schottky I-V curves showed little change in
the 1-V curve upon strains applied, see Figure 4-9b, due to the negligible piezoelectricity
of 78 nm 2H MoS:; flake. The minor I-V curves is caused by the strain-induced bandgap
change, known as piezoresistive effect [222]. For the asymmetric structure of Ni/Al/3R
MoS2/Au/Ni configuration, evident strain-modulated I-V curves were observed, as
shown in Figure 4-11c, due to the piezoelectric polarization charges formed at the
interface of Au/ 3R MoS.. The above results suggest that the thermal modulation of 3R
MoS; under applied strain might be raised from the polarization charges at the MS
interface. The physics underlying this phenomenon might need further and deep

investigation.
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Figure 4-11 I-V characteristics curves of (a) a 3R MoS; flake with symmetry thermal

couple (Ni/Au/3R MoS2/Au/Ni, Figure 4-5), (b) 2H MoS; flake with symmetry thermal

couple (Ni/Au/2H MoS,/Au/Ni, Figure 4-5), and (c) 3R MoS; with asymmetric thermal

couple structure (Ni/Au/3R MoS,/Al/Ni, Figure 4-9).

4.4 Conclusion

In this chapter, heat transport in piezoelectric 3R MoS; flakes was studied using the
Optothermal Raman method and laser heating thermal couple method. The thermal
conductivity of intrinsic 3R MoS: flakes was observed to be around only 3% ~ 4%
variation upon applying uniaxial strains of 0.26%. The thermal conductance of the
metal/3R MoS2/metal structures was found to be changed with a maximum 24.7 % upon

applying the uniaxial strains. These findings suggest that the 2D piezoelectric potentials
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induced by the piezoelectric polarization changes under strains at the two contacts
modulate not only electron injection into the flakes, as reported by many groups with a

variety of piezoelectric material/metal contacts, but also heat transport through the

modulated electrical junctions.
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Chapter 5 Photoelectric responses from a flexible a-
In2Ses/3R MoS:2 heterojunction under strain

5.1 Introduction

2D layered materials, like graphene, h-BN, and TMDCs, etc. have been successfully
assembled in the vertical direction and held together through van der Waals forces, to
uncover their unique physical properties and develop novel electronic, optoelectronic,
ferroelectric, thermoelectric and electrochemistry devices [223-226]. In addition, these
2D materials are of excellent mechanical properties which endow them a huge
advantage in flexible electronic applications over conventional crystalline
semiconductors which are very brittle. With appropriate stacking of these 2D vdW
materials, p-n junctions can be formed for the sake of development of flexible electronic
and optoelectronic devices. Among these 2D materials, several ultrathin layers with
non-centrosymmetric structures, like monolayer MoS», bilayer WSe», etc, are of
piezoelectricity and they are the most promising for mechanically modulated electronic
and optoelectronic applications through mechanical agitations, like wurtzite structure

material ZnO [52, 227].

Monolayer MoS> has been employed to develop optoelectronic devices in which strain-
induced piezoelectric polarization charges are utilized to modulate photoexcited carrier
transport and recombination at the Schottky barrier or p-n junction interfaces [153, 154,
228, 229]. However, the piezoelectricity of 2H MoS; flakes is restricted in odd few
layers and it is significantly weakened with increasing the thickness [19]. In contrast,
due to broken inversion symmetry, 3R MoS: flakes exhibit piezoelectricity from bilayer
to thick multilayers, having a promising potential for nonlinear optics, valley-dependent

spin polarization, and advancing flexible wearable electronics [120]. In addition, indium
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selenide, a direct bandgap and layered structure I11-V compound, has recently attracted
enormous attention, due to its superior electric, piezoelectric, thermoelectric,
photoelectric and electrochemical properties [102, 230-234]. Ding et al theoretically
revealed that In.Ses and other I112-V3 van der Waals materials exhibit room-temperature
ferroelectricity, originated from both spontaneous in-plane and out-of-plane electric
polarization [235]. It is widely accepted that all ferroelectric materials are also
piezoelectric [26, 29]. Indeed, the in-plane and out-plane ferroelectric and piezoelectric
properties have been confirmed and characterized experimentally in o and B phase
In2Ses [77-79, 236, 237]. Theoretically speaking, controllable energy band alignment in
the 3R MoS>/In,Ses heterostructure could be realized through an applied electric field,
to achieve a broad spectrum of light absorption for novel tunable optoelectronic

applications [238].

In this chapter, we report on the first self-powered n-type a-In>Ses / p-type 3R MoS;
heterojunction photodetector built on a flexible substrate. Our attention is focused on

the mechanism study of the photocurrent modulation by the strains.

5.2 Experimental devices and methods

5.2.1 Synthesis of a-1n2Se3/3R MoS2 heterojunction

The device substrate was fabricated by spinning coating polyimide on a flexible polished
stainless steel at 3000rpm for 45 seconds, and then annealed in argon gas at 250 °C for
2 h. 3R MoS; flakes were mechanically exfoliated from a chemical vapor deposition
(CVD) synthesized bulk 3R MoS: crystal onto the polyimide thin film. The surfaces of
the MoS:; flakes were then doped with CHF3 plasma treatment in a PlasmaThermo 790
MF Reactive ion etch (RIE) system. For the plasma doping, the RF power, gas pressure,

precursor gas flow and process time were 100 W, 10 mTorr, 10 sccm and 45 s,
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respectively. Bulk a-In,Ses crystals were bought on the market. The a-In2Ses flakes were
then mechanically exfoliated onto the plasma treated 3R MoS:; flakes/polyimide. The
overlapped a-In>Ses/3R MoS: flakes were identified using optical microscopy. A Cr/Au
(10/150nm) pad was deposited on the a-In,Ses flake and a Pd/Au (10/150nm) pad was
coated on the 3R MoS: flake, using an electron beam evaporator system (Edwards Auto

360) and then patterned through photolithography process.

5.2.2 Materials characterizations

The atomic force microscopy (AFM) and piezoresponse force microscopy (PFM)
characterizations (Cypher S Asylum Research Oxford Instruments) were carried out
using the non-contact mode and DART-PFM mode. XPS measurements were conducted
on a Kratos AXIS Supra X-ray photoelectron spectrometer. The SHG measurement was
described in Chapter 2. The Raman scattering measurements (WITec alpha 300 confocal
Raman microscopy) were carried out under the laser light of 532 nm, laser power of 0.1

mW and beam diameter of 400nm with a 100X objective lens.

5.2.3 Electrical, optoelectronic, and mechanical characterizations

The electrical characteristic measurements were performed using a Keysight B1500A
Semiconductor Device Parameter Analyzer. 532 nm and 800 nm wavelength light with
tunable intensity were obtained from a Quartz Halogen light system and a
monochromator for the photovoltaic and photo-sensing measurement. For the spatial
photocurrent mapping, the sample was fixed on the motorized stage in WITec alpha 300
confocal Raman microscopy with a continuous 532 nm laser with a beam diameter of
400nm. The photocurrent was measured using Keithley 2450 source meter, and a Femto

DLPCA-200 universal low noise current amplifier.
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Since the dimensions of the a-In.Sesz and 3R MoS; flakes (~20 pm long and a few tens
of nanometer thick) were much smaller than the PI substrate deposited on the stainless
steel (15 mm x 15mm x 30 pm), the tensile and compressive strains exerted onto the
flakes deposited onto the P1 substrate could be given by & = h/2r, where h is the thickness
of the PI substrate, L is the bended length of the device and r is the bending radius, refer
to Chapter 3.3.2 for the details. The strain &€ was calculated and shown in Table 5-1

Parameters for calculating the applied strains.

L (mm) r (mm) €

14 11.74 0.13%
11.5 5.68 0.26%
8.5 4.31 0.35%

Table 5-1 Parameters for calculating the applied strains.

5.3 Results and discussion

5.3.1 Atomic structure and PFM measurement of a-In2Ses flakes

The atomic structure and piezoelectric characterizations of 3R MoS; flakes are discussed
in Chapter 3. The atomic structure and PFM measurement of a-InySes flakes are
discussed here in comparison of 3R MoS, as shown in Figure 5-1. Hexagonal a-InzSes
flakes at any thickness possess non-centrosymmetric property along the vertical
direction, leading to the out-of-plane piezoelectricity (ds3). In a single quintuple layer,
one In atom and two Se atoms are located at nonequivalent sites of the hexagonal
structure, generating the in-plane (di1) piezoelectricity under a planar strain. Bilayer
hexagonal o-In,Ses constructed by two dislocated quintuple layers results in the

reservation of non-centrosymmetry, so does a multilayer hexagonal a-In,Ses flake. Thus,
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hexagonal a-1n,Sez is of in-plane and out-of-plane piezoelectricity at any thickness [21,

77, 235].
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Figure 5-1 Atomic structures (the side and top views) of (a) 3R phase MoS; and (b)

Hexagonal a-InSes.

To confirm the piezoelectricity of a-1n2Ses, a 50nm a-In.Ses flake was exfoliated on an
Au coated substrate and characterized with PFM measurements, as shown in Figure 5-2.
The PFM images showed an evident mechanical response under a vertical electrical field,
and the piezoelectric coefficient ds3 was estimated 1.53 + 0.5 pm/V, similar to the
theoretical results 1.23 pm/V of bulk a-In2Ses and nearly half of the value of 3.6 pm/V

for a 50 nm a-In.Ses flake reported other groups’ experimental work [77, 239].
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Figure 5-2 Out-of-plane piezo response of a 50 nm thick a-InSes flake. (a) AFM
topography, (b) PFM amplitude, (c) PFM phase images a bias voltage of 1 V and (d)
Height profile of the a-In,Ses flake. (e) Piezoelectric coefficient dzs estimation of 50 nm

thick a-In>Ses flake.

5.3.2 a-1n2Se3/3R MoS: heterojunction photoelectric performance without strains
To prepare a heterojunction of 3R MoS & a-1n>Ses flakes, the flakes were mechanically
exfoliated from 3R MoS; and a-In,Ses crystals and then deposited on a clean flexible
polyimide thin film in sequence. As illustrated in Figure 5-3a, a location with a 3R MoS;
flake overlapped with an a-In,Ses flake was selected with help of an optical microscope.
A Cr/Au (10/150 nm) electrode and a Pd/Au (10/150 nm) electrode were deposited on
the side of the a-In>Se and 3R MoS: flakes, respectively. The experimental setup for the
photoelectric measurement is illustrated in Figure 5-3b The flexible heterojunction was
characterized by a semiconductor parameter analyzer (Agilent B1500A) under different

wavelength illumination and intensities from a Quartz Halogen light system through a
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monochromator. To study the strain-modulation on the p-n heterojunction, the uniaxial
compressive and tensile strains were applied through bending the flexible device
downward and upward, see the insets in Figure 5-3b. The morphology and height
profiles of the heterojunction showed that the thickness of the 3R MoS: and a-1nzSes

flakes were 30 nm and 206 nm, respectively, in Figure 5-3 c-e.

(b)

532nm light

5 L L L L .
1.0 15 0.00 0.25 0.50 0.75 1.00 1.25
Distance (um) Distance (um)

Figure 5-3 (a) Optical image, (b) Electrical measurement setup and (c) AFM image of
the a-1n2Ses/3R MoS:z heterojunction. (d) Height profile of the a-1n2Ses flake. (e) Height

profile of the 3R MoS; flake.

In Figure 5-4, four characteristic Raman peaks at 90, 104, 180 and 195 cm™ and XPS
spectra of In 3d and Se 3d core orbital peaks from the top flake (shown in Figure 5-4a-
c) indicate a hexagonal structure of an a-In.Ses flake. Among the four Raman peaks, the
peak at 90 cm™ always occurs in the Raman spectra of hexagonal structure a-In.Ses and
disappears for rhombohedral a-In,Ses [240, 241]. Two characteristic Raman peaks

shown in Figure 5-4d, attributed to in-plane mode (Ezlg) and out-of-plane mode (4,4),
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were observed from the bottom 3R MoS; flake. The polarization-resolved second-
harmonic generation (SHG) measurement evidenced a non-centrosymmetric structure
from 6-fold pattern (see Figure 5-4f), confirming that the bottom flake was indeed a 3R
MoS:; flake. Furthermore, the bottom 3R MoS: flake was p-type semiconducting after
CHF3 plasma treatment and the top a-InSes was n-type, as characterized by the XPS.

The plasma doping is the common method to obtain p-type MoS, [242-244].
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Figure 5-4 (a) The Raman spectrum of the a-In>Ses flake. (b, ¢) The XPS spectra of In
3d and Se 3d core orbital peaks from the a-In.Ses flake. (d) The Raman spectrum of the
3R MoS; flake. (¢) Mo 3d core orbital peaks from the 3R MoS; flake before and after
CHF3 plasma treatment. (f) Polarization dependence plot of SHG intensity of 3R MoS;

flake in the heterojunction (Figure 5-3a).

To exclude the possible influence of the metal/semiconductor contacts on device
performance, Cr and Pd were selected as the electrode metal with the n-type a-1n.Ses
and p-type 3R MoS,, respectively. In general, for a metal in contact with an n-type

semiconductor, a rectifying Schottky contact is formed when the work function of the
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metal ®w is larger than that of the semiconductor @s, i.e, &, > ®g, and an Ohmic
contact is formed when ®,, < @,. Similarly, for a metal and an p-type semiconductor,
the MS contact will be rectifying Schottky when @,, < &g, and Ohmic contact when
d,, > dg [245]. It was reported that the n-type In.Ses formed Ohmic contacts with low
work function metals, like In, Ti, Ag and Cr. The p-type MoS2 showed Ohmic contacts
with high work function metals, like Au, Pd [240, 246, 247]. As illustrated in Figure
5-5a-b, we have fabricated symmetrical metal electrodes in contact with In,Ses flake
and MoS; flakes with the same annealing process, i.e, Au/Cr/n-type In,Ses/Cr/Au and
Au/Pd/p-type MoS2/Pd/Au as our testing structures. The I-V characteristics of the two
testing structures showed very good linear Ohmic responses with various strains, in

Figure 5-5c¢-d.
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Figure 5-5 Optical images and I-V characteristics of a-In.Ses and 3R MoS; flakes. (a)

One pair of Cr/Au (10/150nm) electrodes were deposited on an a-InzSes flake. (b) One
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pair of Pd/Au (10/150nm) electrodes were deposited on a 3R MoS; flake. (c) I-V
characteristics of the a-In,Ses sample shown in (a) with no strain, a tensile strain of
+0.26% and a compressive strain of -0.26%. (d) I-V characteristics of the 3R MoS>
sample shown in (b) with no strain, a tensile strain of +0.26% and a compressive strain

of -0.26%.

The dark /-V characteristic from the heterojunction device (Figure 5-3a) was measured
under the strain-free condition, as shown in Figure 5-6a. The ideality factor was found
to be 1.72 and the rectification factor under bias voltages of 0.5V was 1(0.5)/I(-0.5) =
405. The observed excellent rectification characteristic indicates formation of a high-
quality p-n junction between the a-In,Ses and 3R MoS: flakes, rather than the
contributions from the Cr/a-In2Ses and the Pd/3R MoS: contacts. Under 532 nm light
illumination with an intensity of 0.47 mW cm™ and a bias voltage of +0.5 V, a 4-fold
rise in the current, Igs, from 123 nA in the dark to 415 nA was observed in Figure 5-6b.
The I-V characteristics measured under the light intensity from 0.07 to 0.47 mW/cm?
and bias voltage of £0.1V are shown in Figure 5-6¢. To evaluate the device performance,
a set of photodetector performance indicators are introduced and discussed here. The
photoresponsivity, the ratio of the photocurrent over the incident optical power, is given
as:

_ Ilight - Idark
P, x A

(5.1)
where P; and A are the illumination intensity and effective area of the heterojunction
lgari and Ijjgpne are photocurrent without and with light illumination, respectively.
Without strain applied, the highest value of R was around 2.1x10°> A/W at an intensity

of 0.47 mW/cm? and a bias voltage +0.5V. The key performance indicators of our p-n

heterojunction with those reported by other groups are listed in Table 5-2 for
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comparison. Our heterojunction has showed an ultrahigh photoresponsivity at very low
bias voltages, owing to a higher photocurrent generation efficiency and lower power

consumption [243, 248]. The specific detectivity is defined as:

R
D" = ——— (5.2)

2qldark
\I A

where R and ¢ are the responsivity and elementary charge. It is used to evaluate the
capability of detecting the incident photons. The D* value for our device was about 5.7
x 10" Jones at the intensity of 0.47 mW/cm?, showing a good sensitivity to the light.
The R and D* under a bias voltage of +0.5 V and several illumination intensities from
0.07 mW/cm? to 0.47 mW/cm? are given in Figure 5-6d. All these performance
indicators suggest that this a-InoSes/3R MoS» heterojunction could function as a self-

powered photodetector.
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Figure 5-6 Electrical characterization and photoresponse from the a-In2Ses/3R MoS;

heterojunction under zero strain. (a) I-V characteristic in the dark with the logarithmic

and linear scale. (b, c) I-V characteristics in the dark and under illumination of 532 nm

wavelength under different light intensities from -0.5 Vto 0.5V and -0.1 Vto 0.1V

with the logarithmic and linear scale, respectively. (d) Responsivity and detectivity at a

bias voltage of 0.5 V as a function of illumination intensities. (e) Current vs time under
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532 nm illumination with several intensities and zero bias voltage. (f) Current vs time

extracted from (e) under the illumination intensity of 0.27 mW/cm?

The photocurrent as a function of time under several illumination intensities and zero
bias voltage is shown in Figure 5-6e. The photocurrent could stabilize from ~100 pA to
~500 pA under a series illumination light from 0.07 mW/cm? to 0.47 mW/cm?. The
device showed a rise and fall time of 20 and 24 ms with an illumination light of 0.27
mW/cm?, as shown in Figure 5-6f, suggesting a faster light response than most of the

In2Ses based photodetectors developed by other groups [233, 249-252].

Materials A Vbias  Responsivity Detectivity  Response Refs
(nm) (V) (A/W) (D*) time (ms)
a-In2Ses/3R 532 0.5 2052 5.7 x 1010 20 This
MoS> work
MoS> 442 2 2.3 x10* NA NA [153]
Monolayer
MoS> 532 -10 1162 1.7 x 10*? NA [228]
Monolayer
MoS> 532 1.2 59 NA 0.042 [243]
Multilayer
a-In2Ses 532 2 340 NA 6 [102]
Monolayer
a-In2Ses 300 5 395 2.3 x 102 18 [231]
Nanosheets
In2Ses 532 5 20.5 6.0 x 101 24.6 [232]
nanosheets
B-InSesflake 650 20 3.8 1 x 1010 3870 [233]

138



WSe,/ CdS

MoS2/ WSe;

B-In2Ses /
MoS;

MoS;/ GaN

B-In2Ses/ GaN

CuO / MoS;

WSe, / o-
In2Ses

GaN / a-In2Ses

680

532

450

365
1685

365
1685

432

650

365

/850

NA

20

20

10

334

1.8 x 103

4.47

127 @ 365

33 @ 685

1.6 @ 365
0.3 @ 685

NA

0.026

127 @ 365
33 @ 850

NA

NA

1.1 x 10°

1.1 x 101t

1.6 x 10°

3.3 x 108

NA

3.6x10°@

850

NA

NA

52

1500 @ 365
8000 @ 685

210 @ 365

2300 @ 685

NA

2.3

130 @ 365
200 @ 850

[248]

[154]

[249]

[250]

[250]

[229]

[251]

[252]

Table 5-2 Comparison of the characteristic parameters of our present heterojunction

devices with other 2D materials-based photo devices.

Recent theoretical calculation predicts that the photocurrent generation from a a-

InySes/3R MoS; heterojunction could cover from visible light to near infrared region,

with a higher optical absorption coefficient and current density than an isolated In>Se;

layer [238]. Indeed, infrared photoresponse from few layer B-In;Ses/monolayer MoS»

heterojunctions showed an extended detection range from the visible to near infrared

region [249], due to the relatively small bandgap of B-InoSes. As illustrated in Figure

5-7, the photoresponse from our a-In,Sesz/3R MoS» heterojunction did cover the visible

and near infrared regions. Our device showed a superior performance with three orders
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higher responsivity and detectivity than that of [-InoSes/monolayer MoS;
heterojunctions. It is easily found from Figure 5-7b, c that the photocurrent under 532
nm illumination was around four times larger than that under 800 nm illumination, very

likely due to weak light absorption in the near infrared region [253].
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Figure 5-7 Photoresponse from the a-InzSes/3R MoS; heterojunction under several
different light intensities under zero strain. (a) I-V characteristic under illumination
intensity of 0.47 mW/cm? with different wavelengths. (b) Current vs time under the 532
nm illumination intensity of 0.47 mW/cm?, and (c) Current vs time under 800nm

illumination intensity of 0.47 mW/cm? with zero bias voltage.

To confirm the photoresponse was dominated the heterojunction, rather than from the
a-In2Sez or 3R MoS:; flake, a scanning photocurrent microscopic image (SPCM) was
performed on the entire area between the two electrodes using a WITec Raman system
with laser light of 532 nm at a power of 0.1 mW. The SPCM images shown in Figure
5-8 clearly displayed that it was only in the heterojunction area where the photocurrent
was apparently generated when the a-1n2Ses/3R MoS: heterojunction was applied with
a reverse bias of -0.25V, zero bias and a forward bias of 0.25 V. The photocurrent was

evidently large with forward bias.
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Figure 5-8 The optical scanning photocurrent images of the a-In.Sez/3R MoS;
heterojunction. (a) The optical image. (b-d) Photocurrent mapping of the heterojunction
under zero bias, reverse bias of -0.25 V and forward bias of 0.25 V at 532 nm with a

laser power of 0.1mW and a spot waist radius of 400 nm.

5.3.3 a-1n2Se3/3R MoS: heterojunction photoelectric performance with strain

The a-In2Se3z/3R MoS> heterojunction was characterized under various strains in dark,
to especially observe the piezoelectric modulated carrier transport as shown in Figure
5-9. Apparent strain-modulated 1-V characteristics can be seen with enhancing
(weakening) rectification characteristics under compressive (tensile) strains. The
enhancing (weakening) rectification might be attributed to the energy barrier decrease
(increase) at the interface due to the piezoelectric polarization charges. With a bias
voltage of +0.5V, the current lgs was increased from 136 pA to 200 pA under a

compressive strain of -0.26% and decreased to 65 pA under a tensile strain of +0.35%.
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Figure 5-9 |-V characteristic of the a-In;Ses/3R MoS; heterojunction under several

strains in dark.

Then, the a-In2Sez/3R MoS: heterojunction was measured under the dark and various
532 nm light illumination intensities with the strain of +0.13%, +0.26%, -0.13% and -
0.26% from -0.5V to 0.5V, and -0.1V to 0.1, respectively, as depicted in Figure 5-10
and Figure 5-11. The corresponding responsivity, detectivity, and relative change of the
responsivity or detectivity were also extracted from the I-V characteristic curves and
plotted. Upon a compressive strain of -0.26%, the responsivity increased from 1.5x103
A/W to 2.9x10° A/W, by 88%, while the detectivity rose from 4.3x10%° Jones to
6.2x10%° Jones, by 46% with a bias voltage +0.5V. Under a bias voltage of -0.1 V, the
strain-modulations of the responsivity and detectivity occurred at a low illumination
intensity of 0.07 mW/cm? were much more significant than at a high intensity of 0.41
mW/cm?, as shown in Figure 5-11e and f. The responsivity and detectivity decreased by
80% (from 5.9 A/W to 1.2 A/W) and 80% (3.4 x10° Jones to 6.9x108 Jones), under a

compressive strain of -0.26%. This power-dependent modulation was also observed in
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the relative changes in the responsivity and detectivity of the heterojunction under a bias

voltage of -0.5 V.
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Figure 5-10 (a-d) I-V characteristics of the a-In2Ses/3R MoS; heterojunction (Fig 1c)

from -0.5 V to 0.5 V under the dark and various 532 nm light illumination intensities
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with the strain of +0.13%, +0.26%, -0.13% and -0.26%. (e-f) Responsivity, detectivity,
relative change of the responsivity and relative change of detectivity with respect to that

under zero strain as a function of the light intensities and strains under +0.5 V bias.
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Figure 5-11 (a-d) I-V characteristics of the a-In2Ses/3R MoS: heterojunction (Fig 1c)

from -0.1 V to 0.1 V under the dark and various 532 nm light illumination intensities
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with the strain of +0.13%, +0.26%, -0.13% and -0.26%. (e-f) Responsivity, detectivity,
relative change of the responsivity and relative change of detectivity with respect to that

under zero strain as a function of the light intensities and strains under -0.1 V bias.

Extracted from Figure 5-11a-d, the open circuit voltage Vo and short circuit current Isc
were increased with increasing the tensile strain but decreased with increasing the

compressive strain as shown in Figure 5-12.
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Figure 5-12 (a) Open circuit voltage Voc and (b) Short circuit current Isc under various

light intensities and strains (The data were extracted from Figure 5-11).

The I-t of the heterojunction was measured under zero bias and several strains under a
low illumination of 0.27 mW/cm? and a high illumination of 1.08 mW/cm?, shown in
Figure 5-13a and b, respectively. In Figure 5-13c, , under a low light intensity of 0.27
mW/cm?, the photocurrent was increased from 220 pA to 360 pA (by 64%) up on a
tensile strain of +0.35%, but decreased from 220 pA to 130 pA (by 41%) with a
compressive strain of -0.26%. In contrast, under a high illumination intensity of 1.08
mW/cm?, it was only increased from 710 pA to 750 pA (by 5.6%) under the tensile strain

and decreased from 710 pA to 650 pA (by 8.5%) under the compressive strain. All the
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above results showed that the strain-influenced photocurrent was apparent under low

intensity than under high intensity.

[llumination intensity dependent strain-modulation of the photocurrent may not be
accounted for by the strain induced optical light absorption coefficient change in the 2D
vdWs flakes, as the theoretical calculation has indicated that only a small change in light
absorption coefficient in a 2% strained In2Ses/MoS> heterojunction from ultraviolet to
near-infrared light range [253]. As the strains applied in this study were much smaller
than 2%, the strain induced optical light absorption coefficient change in the 2D flakes
can be ignored. In Figure 5-5, the InSes and MoS; devices with good Ohmic contacts
did not show detectable electrical transport modulation under mechanical strains. It
implies very little change in the energy bandgaps of InoSez and MoS; under the same
magnitude of the strains. In addition, in one previous study, the Raman shift became
apparent for a monolayer MoS; flake only when applied strain was larger than 0.6%
[212]. For our devices, the maximum strain applied was 0.35%, much smaller than 0.6%.
These phenomena rule out the contribution from piezoresistive effect. Instead, the
findings could be well interpreted using a piezoelectric potential originated from the

piezoelectric charges at the heterojunction interface.
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Figure 5-13 (a, b) I-t of the heterojunction under zero bias and several strains at the 532
nm light intensity of 0.27 mW/cm? and 1.08 mW/cm?. (c) Average photocurrent as a
function of strains under zero bias at the illumination intensities of 0.27 mwW/cm? and

1.08mW/cm? respectively.

5.4 Working Principle

To explain the strain-modulated photoresponse, the energy band diagrams of the
heterojunction are plotted in Figure 5-14. When a 3R MoS: flake (with an indirect band
gap of 1.29 eV and a higher electron affinity of 4.0 eV) is in contact with an a-InzSes
flake (having a direct band gap of 1.55 eV and a lower electron affinity of 3.6 eV) [240,
253-257], a negative (positive) space charge region in the 3R MoS; (a-InzSes) flake is
established, forming a p-n heterojunction in the thermal equilibrium under zero strain.

The widths of the depletion region located in 3R MoS: and o-In,Ses sides can be
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estimated using the depletion model for a conventional p-n heterostructure, as given

below:

xp — 2Nd£1n2563£M052Vbl (5.3)
qNa (SInZSegNa + gMoSZNd)
2N, e € Vyi
X, = acIn,Se3<MoS, ¥V bi (5'4)
qu(gIn25e3Na + gMoSZNd)

where N, and N, are the doping concentrations in the 3R MoS; and a-In,Ses flakes,
respectively; Vj; is the built-in voltage; g is the elementary charge, &y, and &, s¢, are
the permittivity of 3R MoS; and a-In.Ses flakes, respectively [245, 258-260]. As the
carrier concentration, layer thickness and permittivity for the MoSz (In2Ses) flake are
p=~23x10"% (n~12x10") cm? tyes, = 30 (tin,se, = 206) NM, &yps, =

6.9 X €0 (&rn,se, = 17 X &g) [261-264], where &, is the permittivity in vacuum, the

n

~57x10% (N, =—L—=~

doping concentration could be estimated as N, =
tln25e3 tMOSZ

7.7 x 10*7) cm™. The built-in voltage V,,; ~ %ln (NZ—Z") ~ 0.61 V, for the type Il

band alignment, and the depletion width in the 3R MoS; (o-In2Ses) flake should be x,, ~

130 (x, = 9.7 ) nm. As the depletion width in the MoS; flake exceeded the thickness
of MoS: flake, the 3R MoS; could be fully depleted. Since the theoretical diz magnitude
of a-In2Ses is 3.08 pm/V, a factor of 15 times larger than that of 3R MoS, we could
ignore the out of plane piezoelectric polarization in the 3R MoS: flake for simplicity of
discussion [22, 239]. Under a tensile (compressive) strain in dark, positive (negative)
piezoelectric charges could emerge at the bottom surface of the a-In,Ses flake [261].
The positive (negative) piezoelectric charges lower (raise) the energy band near the

interface of the a-In.Ses flake, as shown in Figure 5-14b, c. The total internal electric
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field is enhanced (weakened) so that the potential barrier height is increased (decreased)
in comparison with the condition of zero strain. As a result, the current under a forward
bias would be reduced (enhanced) so that the rectification factor was found to be smaller
(larger) under a tensile (compressive) strain, as shown in Figure 5-9. Upon illumination,
only those electron-hole pairs created in or near the heterojunction could be separated
by the built-in electric field so that the electrons (holes) could be swept into a-In,Ses
(3R MoS»), giving rise to a photocurrent, see Figure 5-14d. Upon a tensile (compressive)
strain applied, the total internal electric field is enhanced (weakened) and the electric
potential difference is then increased (decreased) in the heterojunction as discussed
above, in favor of (weakening) separation of the electron-hole pairs and injection
efficiency in or near the heterojunction, as illustrated in Figure 5-14e and f, causing Voc
and lsc increasing (decreasing) with raising tensile (compressive) strain, as shown in
Figure 5-12. At a high illumination intensity, the number of electron hole pairs in or
near the heterojunction is greatly increased so that the piezoelectric polarization charges
could be effectively screened. This could equivalently reduce strain modulation effect
[153, 154, 228], in consistence with our experimental finding of the light intensity

dependence of the photocurrent modulation.
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Figure 5-14 The energy band diagrams for the a-In2Ses/3R MoS: heterojunction
with\without the strains and light illumination. The energy band diagram (a) in thermal
equilibrium with zero light illumination and no external strain (b) under zero light
illumination and a tensile strain (c) under zero light illumination and a compressive
strain (d) under light illumination, and no strain applied (e) under light illumination and

a tensile strain (f) under light illumination and a compressive strain.

5.5 Conclusion

In this chapter, we successfully fabricated a high performance flexible heterojunction
photodetectors by stacking an a-1n.Ses flake with a 3R MoS: flake. The devices showed
clear photocurrent response to visible and near infrared light. These heterojunction
devices exhibit an ultrahigh photoresponsivity of 2.9 x10® A/W and a substantial
specific detectivity of 6.2 x 10 Jones under a compressive strain of -0.26%. The
photocurrent response was found to be enhanced (reduced) with a tensile (compressive)
strain and the strain modulation of the photocurrent response was much more
significantly under weak illumination than that under strong illumination. Under a low
light intensity of 0.27 mW/cm?, the photocurrent was increased from 220 pA to 360 pA
(by 64%) up on a tensile strain of +0.35%. The strain modulation could be caused by
strain-induced piezoelectric polarization charges, which alter the total internal electric

field in the heterojunction, promoting (weakening) collection of the photocarriers
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Chapter 6 Conclusions

6.1 Conclusions

In the thesis, a systematic study of 2D piezoelectric 3R MoS; flakes has been conducted
to characterize their piezoelectricity; intrinsic thermal conductivity, interfacial thermal
conductance and to develop 3R MoS; van der Waals heterojunction for near-infrared to

visible range photodetection.

Firstly, the 6-fold polarization dependence observed in multilayer 3R MoS; flakes with
the SHG technique provides a clear evidence of broken symmetry structure of the
multilayer material. The polarization charges generated in the flakes are dependent on
both the crystalline orientation and mechanical strain directions. The piezoelectric
polarization clearly depends on whether the strain is applied along the zigzag or the
armchair direction. The 3R MoS. piezoelectric nanogenerator exhibited excellent
electrical outputs of ~102 mV and ~210 pA and an outstanding power density of 65
mW/m?, which is at least one order larger than the previous transition metal
dichalcogenides based piezoelectric nanogenerators due to the higher in-plane and out-
of-plane piezoelectricity of 3R MoS, from monolayer to bulk. The out-of-plane
piezoelectric coefficient ds3 has been determined to be around 0.7 to 1.5 pm/V for
multilayer 3R MoS> using the DART-PFM technique, about five time larger than the
theoretical value. We suggest that a strong piezoelectric response exists due to the
coupling of in-plane and out-of-plane piezoelectricity, from lateral PFM excitation

measurement.

Secondly, the in-plane intrinsic thermal conductivity of 3R MoS; flakes exhibits a 3%
to 4% change under a uniaxial strain of 0.26%, by adopting Optothermal Raman method.

The thermal conductance of metal/3R MoS2/metal structures could decreased a
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maximum 24.7% under a tensile strain of 0.26%, using a laser heating thermal couple
method. We suggest that the interfacial thermal conductance could be modified by
strains, through electron-electron coupling in addition to the phonon-phonon and
electron-phonon coupling. This is the first experimental observation of strain-modulated

thermal conductance from the structures of the metal/2D 3R MoS; contact.

Lastly, our 3R MoS:z /a-InzSes heterojunction achieved an ultrahigh photoresponsivity
of 2.9 x10® A/W and a substantial specific detectivity of 6.2 x 10'° Jones under a
compressive strain of -0.26%. It yields a wide spectrum response to the visible and
infrared light. This flexible heterojunction achieved a better photodetector performance
than most other MoS> and In,Ses based devices. The photocurrent response of a-
In2Ses/3R MoS; shows clear strain modulation under weak illumination, compared with
that under high illumination. The photocurrent was increased from 220 pA to 360 pA
(by 64%) under a tensile strain of 0.35%, under a light intensity of 0.27mW/cm?. This
modulation is attributed to the potential barrier height modulation by the generated piezo

polarizations at the interface.

6.2 Future work

According to the present results obtained and showed in this thesis, several aspects of
3R MoS:z properties are still unclear, like the values of in-plane piezoelectric coefficients
d22 and di3; the dominant heat modulation mechanism at the metal-piezoelectric
semiconductor structures, etc. Hence, several recommendations for future work are

summarized here:

¢ In the lateral PFM measurement, AFM tip probes the out-of-plane deformation

that results from lateral voltage-induced strain. There are several factors that
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might affect and amplify the tip detection, like substrate-sample charging effect
and coupling of in-plane and out-of-plane piezoelectricity, etc. To avoid the
substrate effect, a suspended 3R MoS: could be fabricated for the measurement.
In addition to the piezoelectric coefficients, other possible influential factors or
parameters, like polarization of charges at multidirectional 2D PMs, the flakes
size and shape, and surface modification, etc. should be investigated for in-depth
understanding of the 2D PMs.

To drive the 2D piezoelectric materials for practical application, the 2D
piezoelectric nanogenerators can be integrated with other electronic devices, like
energy storage devices, sensors and other wearable electronics, to construct
advanced self-powered flexible systems.

For the thermal conductivity measurement, apart from the two methods used in
this thesis, the time-domain thermoreflectance (TDTR) is another optical
method to measure thermal transport at the atomic level. Due to heat penetration
at the nanoscale, TDTR is also a power technique for the interface thermal
transport measurement, especially focusing on metal-semiconductor interfaces.
Using TDTR, we could further investigate the interfacial thermal conductance
of various metals and piezoelectric combinations under external strains.

In addition to the experiments, theoretical study should be carried out for the
heat transport at the metal-piezoelectric semiconductor interfaces using first
principle calculation, Density functional theory and MD simulations, etc.

For 2D piezo-phototronic devices, the interest is not only limited to the physics
and devices performance, but also the potential in the practical applications. The

stability and durability of the piezo-phototronic devices, and the metal-
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semiconductor contact under strains, ambient environment influences and the
passivation methods, could be further studied.

Unique scientific merits may come from the atomic stacking structures of 2D
piezoelectric materials. It is highly worthy to study the physical properties, like
ferroelectricity, ferromagnetism and quantum spin, of the coupling effects

relevant to the stacking.
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