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Abstract

Non-centrosymmetric two-dimensional (2D) layered materials are explored toward the
piezoelectric and ferroelectric applications. Monolayer tin sulfide (SnS), an emerging
2D material with a purely in-plane spontaneous polarization, is investigated from
material synthesis to device applications. The objective of this work is to demon-
strate piezoelectric and ferroelectric devices based on 2D SnS, and investigate their
mechanisms.

Since the discovery of graphene and other 2D materials, van der Waals (vdW)
materials have attracted a great deal of interests on their unique properties at the
atomic-thick scale, from the perspectives of science and engineering. Especially, the
research fields of their electrical and optical applications have been rapidly growing
after the first demonstration of graphene field-effect transistors (FETS) in 2004. Al-
though graphene has no piezoelectricity due to its centrosymmetric atomic structure,
some 2D materials lack the centrosymmetry, which gives a birth of piezoelectricity.
In 2014, the first experimental demonstration was reported for piezoelectric nanogen-
erators based on a monolayer molybdenum disulfide (MoS,). This achievement has
given a new insight to the researches on 2D materials into the piezoelectric appli-
cations, enabling self-generated functional devices for the Internet of Things (IoT).
However, the mechanism of 2D piezoelectric materials is unidentified, and the output
power density is still at the order of several hundred nW/cm?, much smaller than the
required power for the IoT devices.

Monolayer SnS has been theoretically expected to have a large piezoelectric con-
stant d = 145 pm/V, which is two order larger than that of MoSs (d ~ 4 pm/V) and
comparable to that of PZT (d ~ 300 pm/V), owing to the puckered structure with
quite a small Young’s modulus. Given that PZT and other piezo-ceramics are break-
able due to their brittle fracture, 2D SnS is superior to these conventional piezoelectric
for the sake of wearable device applications. Furthermore, SnS has been theoretically
expected to exhibit a ferroelectricity unlike MoSs,, suggesting a potential for applica-
tions such as nonvolatile memory and nonlinear optoelectronics. Despite the novel
characteristics of monolayer SnS, experimental demonstrations are still challenging



due to the difficulty of monolayer fabrication.

Unlike other vdW materials of graphene and MoS,, it is difficult to isolate the
monolayer SnS via mechanical exfoliation due to the ionic interlayer interactions along
with vdW forces. This strong interlayer force is found to be caused by the lone pair
electrons in Sn atoms, which also contribute to the puckered structure of Sn along the
armchair direction. These lone pair electrons constitute the top of the valence band
of SnS, resulting in a favorable bonding with oxygen. Thus, the SnS surface is easy to
be oxidized during the thinning process, though this oxidation is self-stopping owing
to a robust feature of SnO, layer, and a steep interface is identified at SnO, /SnS.
When a bulk SnS is treated by an oxygen annealing intentionally, a self-passivated
hetero-structure SnO, /monolayer-SnS is achieved.

Together with the top-down process, bottom-up crystal growth is proposed, where
he SnS adsorption/desorption is precisely controlled. For the first time, micrometer-
size SnS crystal down to the monolayer has been grown wvia physical vapor deposition
(PVD) on mica substrate, whose surface is atomically flat. Monolayer SnS grown
via PVD reveals high crystalline quality better than that obtained wvia top-down
methods: peculiar Raman peaks are observed only for the PVD grown monolayer.
Further strikingly, PVD-SnS exhibits a strong interaction with mica substrate: x-ray
diffraction measurement confirmed that the lattice orientation of SnS tends to aligned
for that of mica. These results suggest that mica is a promising platform for 2D SnS.

An electromechanical response of 2D SnS is described. Flexible devices are demon-
strated on mica, which is used as a platform throughout the whole process from crystal
growth to the device fabrication. This approach leads to the highly sensitive elec-
tromechanical response of SnS, with a gauge factor of approximately 130 much higher
than that of metal strain gauges and graphene sheets.

Note that 2D piezoelectric materials (SnS and MoS,) are semiconductor materi-
als, different from the typical piezoelectric insulators. For the piezoelectric generator,
Schottky contact is necessary at the metal/semiconductor interface to prevent the
carrier injection from electrode to semiconductor. When the piezoelectric charges are
generated, they are expected to be accumulated at the Schottky barrier contact. Al-
though the piezoresistive effect have no polarity at source/drain, the piezoelectric ef-
fect modulates the Schottky barrier height (SBH) asymmetrically at the source/drain
(S/D). To clarify this asymmetric modulation of the SBH, static Ipn—Vp curve is mea-
sured under an external strain for MoSy; as a model material. In this work, metal
electrodes are fabricated with a transfer process, because a strong Fermi level pin-
ning is crucial at the metal/MoS, interface when the metals are evaporated. When
bilayer MoS, with different stacking sequences are investigated, transport character-
istics of AA-parallel and AB-antiparallel stacked MoS, are found to be dominated
by piezoresistive and piezoelectric effects, respectively. These results suggest that
piezoelectricity can be preserved in the stack-controlled multilayer MoSs, so that the
output power density per unit area can be improved overcoming the monolayer limit.
For further understanding, top-gated MoS, FETs are fabricated wvia the defect-free
transfer method. Under the positive gate bias accumulating the channel region, a
polarity of conductivity is observed reflecting the asymmetric SBH modulation at

S/D.



Finally, an in-plane ferroelectric device is demonstrated for a micrometer-size
monolayer SnS grown wvia PVD. Polarized Raman spectroscopy for monolayer SnS
indicates high crystalline quality and strong anisotropy, and second harmonic gen-
eration (SHG) spectroscopy reveals that monolayer SnS is non-centrosymmetric un-
like bulk SnS. Ferroelectric switching is successfully demonstrated for the monolayer
device at room temperature. Remarkably, for thin SnS below a critical thickness
(~ 15 layers), the SHG signal and ferroelectric switching are observed in both odd-
and even-number layers, thus overcoming the odd—even effect, which suggests that
ultra~-thin SnS is grown in an unusual stacking sequence lacking centrosymmetry.
A cross-sectional TEM observation of multilayer SnS directly proves the transition
of staking sequence from AA to AB staking. Given that SnS is the semiconductor
with multiferroicity, innately exhibiting pyroelectricity and piezoelectricity, this first
demonstration of the ferroelectricity in SnS will open up possibilities of providing
novel multifunctionalities in vdW heterostructure devices.
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Chapter 1

Introduction

In the past decade, cost-effective and environmentally friendly electronic devices has
become increasing important for a sustainable society. To realize a low carbon soci-
ety, ultra-low power electronic devices are required. Moreover, high-efficient energy
harvesting technology is an urgent issue to satisfy the growing up demands of internet
of things (IoT). A great deal of enthusiasm has been given in diverse fields of circuit
design, mechanical system, and softwares, in order to realize Trillion Sensor Uni-
verse. Also new material platforms have been anticipated for a game-changing break-
through. Two-dimensional (2D) layered material is one of the promising candidate for
multifunctional device applications. Some non-centrosymmetric 2D materials posses
piezoelectricity, pyroelectricity, and ferroelectricity, which can be applied to non-
volatile memories or energy harvesters that can constitute self-powered IoT devices.
This chapter is dedicated to brief introductions of the IoT, fundamental principles
of piezoelectricity and ferroelectricity, and historical reviews of non-centrosymmetric

materials.

1.1 Internet of Things

The word Internet of things is now a common word that people use in the various fields
of engineering, economics, and industry. Not a few people believe it is a fashionable

term and gives us new insights for the future world, though the origin of this word
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goes even further to 30 years ago, and it has been often misunderstood away from its
original definition and implication. As far back as September 1985, Peter T. Lewis
coined the term Internet of Things (IoT) in a speech to the Congressional Black
Caucus Foundation 15th Annual Legislative Weekend (Washington, D.C.). Lewis
defined IoT as "The integration of people, processes and technology with connectable
devices and sensors to enable remote monitoring, status, manipulation and evaluation
of trends of such devices." This definition includes three important features of IoT as

follows:
e [0T enables us to get to know about the status of things remotely.
e We can manipulate and communicate with the devices.
e Things can communicate with each other interactively and seamlessly.

Even now, these concepts are regarded as the fundamental significances of IoT. How-
ever, [oT had not been featured for over 10 years after it was firstly coined, because
it was too early for the internet to be far reaching in 1980’s.

The internet widely spread all over the world with a remarkable development of
optical fibers in 1990’s. Fig. 1-1 shows the information-carrying capacity with time
[1]. Back to 1880’s that the telephone line was firstly constructed, the relative infor-
mation capacity was ~1 bit/s. From 1980 to 2000, the information-carrying capacity
had grown up remarkably, owing to the development of technologies such as communi-
cation satellite and optical fiber systems. In the early 2000’s, the information-carrying
capacity increased to ~10'2 bit/s. Based on the Cisco VNI Global IP Traffic Forecast,
the global internet protocol traffic is reaching to 3.0 zettabytes (ZB) per year in 2020
(1 zettabyte = 1 trillion GB = 10! B), as shown in Fig. 1-2.

IoT had to wait to be widely recognized until 1999, when Kevin Ashton had a
presentation titled as "Internet of Things" at Procter & Gamble (MIT Auto-ID Labs).
Together with the fundamental features that Lewis mentioned, Kevin implied the
importance of things rather than information. Actually the information technology

was reaching maturity at that time, though it left the physical world including human
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beings behind. Kevin’s suggestion was a paradigm shift from Internet for Information
to Internet for Things, which gathers the information of whole things without any help
from people so that we can know everything as the physical world is [2]. Despite of
his prospect, IoT had been misunderstood to be a mere digitalization or distribution
of things, in the early 2000’s. But its potential to make the world better became
gradually recognized in various fields.

Since around 2010, IoT is taking on reality with the development of technology in
sensors and wireless communications [3, 4]. In 2009, IBM proposed "Smarter Planet"
framework, where the physical things are monitored and processed intelligently [3].
Recently, In the last few years, the emerging technologies of artificial intelligence,
machine learning, and 5G networks, has been boosting the IoT area [5, 6]. A massive
amount of data and high-speed data analysis of it will enable us to realize the veiled
information that difficult to extract directly from the real world.

This section exclusively focuses on the current statuses of two key technologies for

[0T; low power consumption and energy harvesting devices.

1.1.1 Trillion Sensor Universe

In the developed 0T society, sensors will be embed in an enormous number of phys-
ical things, and all of them are connected to the internet |7]. The demand of sensors
per year has been predicted to be scaled up to trillion by 2021 or more a few years
later, as whon in Fig. 1-3 [8]. This phase was coined as "Trillion Sensor (T'Sensor)"
universe by Janusz Bryzek, who is the Chairman and CEO of TSensors Summit. In
his T'Sensor vision, the number of sensors will exceed over 10 trillion in the next 15
years [8]. From the World Population Prospect (by United Nations, 2019), the total
world population is expected to be approximately 7.79 billions in 2020, which means
that people use ~128 sensors per person and per year in the one trillion sensor uni-
verse. The TSensors initiative has been pursuing the possibility of solving worldwide
problems from environmental, food, education and medical problems. However, there
are still lot of issues to to solve. With increasing the number of sensors people use,

it is no realistic to operate them wia power supply wiring or on batteries. In such
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Figure 1-3: Forecast of the number of sensors demand per year [8].

a situation, the IoT devices has to be wireless and self-powered. Actually, EnOcean
has been producing self-powered wireless switches and sensor modules since 2002 [9].
In these devices, power generators are embed, witch are based on electromagnetic
induction, solar cells, or thermoelectric generators. Also EnOcean focuses on the
one-channel wireless communication with randomized signals to prevent mixing mul-
tiple signals. These devices has been already utilized in the building automation for
over one million buildings all over the world [9], though their application region and
functionalities would further improve if further low power consumption, high efficient

power generation, and miniaturization are realized.

1.1.2 Power Consumption and Supply

Fig. 1-4 shows trend and forecast of power consumption and supply in the electronic

devices. There are three phases:

1. Intermittent operated closed devices without wireless communication, for health

care and body-iplanted device applications.
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Figure 1-4: Worldwide trend of power consumption and supply for the electrical
devices (IEICE-ICD, Japan).

2. Intermittent operated IoT device, for monitoring agricultural and infrastruc-

tural objects.
3. Always-on IoT devices, for smart meters and home energy management systems.

The power consumption of these IoT devices is decreasing and larger power is re-
quired for the upper phase. It is expected that the power consumption of single IoT
device will decrease down to at the order of 100 pW even at the Phase 3 (Fig. 1-4).
Currently, the power consumption of commercially available intermittent devices is
several-tens mW per device: 52 mW on average for Apple Watch (Apple), and 60 mW
at maximum for ZigBee (Texas Instrument). For the always-on devices, the average
power consumption is below 100 pW: 33 nW for a heart pace maker Medtronic Ad-
visa MRI A3DRO1 (Medtronic), and 88 nW for a timer IC TPL5010/TPL5110 (Texas
Instruments). As an end-of-phase goal of this work, 100 ptW class of ultra-low power

consumption functional devices and energy harvesters are focused.
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1.2 Low Power Consumption Devices

Fig. 1-5 shows an example of memory hierarchy in an information and communication
technology (ICT) system (LEAP, Japan). For the data processing and computations,
there are four types of functions: high capacity data storage, high speed storage for
data transfer, main memory, and logic circuit such as transistor or switching devices.
Here, this work focuses on a non-volatile memory (NVM) for the main memory. NVM
is a memory that can retain the data even at the off-state, and composing the present
electronics. For example, Flash Memory is one of the NVMs, which is widely used as
memory card, USB, and SSD.

In this section, various kinds of researches on the NVM are reviewed. Especially,
the mechanism and perspective of random access memories (RAM) based on ferro-

electric materials are discussed.

High speed data storage

High capacity data storage

Figure 1-5: Example of memory hierarchy in an ICT system (LEAP, Japan).

1.2.1 Non-volatile Memories

Currently, NVMs are used for secondary/external storages. For most of main storage,
a volatile RAM is usually used, which means that all the data will be erased when it is
shut down. That is why we have to take a sequence of shutdown PC in order to save all

the tasks, otherwise main memory has to be always on-state. NVM have an advantage
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of low-power operation, however, it has not reached the industrial application because
it is still expensive and unstable for the main memories. Table 1.1 shows the typical
figure of merits and market situations for the volatile and non-volatile memories
[10]. The volatile memories of static RAM (SRAM) and dynamic RAM (DRAM) are
usually used for the main memory. SRAM has an advantage of high-speed operation,
though its device structure is complicated so that SRAM is more expensive than
DRAM. There are various kinds of NVMs such as NAND flash memory, resistive
RAM (ReRAM), ferroelectric RAM (FeRAM), phase-change memory (PCM), and
spin-transfer torque RAM (STT-MRAM) [11, 10]. From the point of view of the
writing time, energy consumption, retention, and endurance, FeRAM is a promising
candidate for the NVMs, owing to its operation mechanism as discussed later (see
details in Section 1.2.2). However, it is more expensive and has much smaller data

capacity, compared to other NVMs.
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1.2.2 FeRAM

FeRAM'’s fundamental mechanism is the spontaneous polarization in the ferroelec-
tric materials. If a polarization is formed in a dielectric under an external electric
field and the polarization disappear without the electric field, this dielectric is not
a ferroelectric, but just a paraelectric. For the ferroelectricity, rigid characteristics
of structural non-centrosymmetricity and switchable spontaneous polarization are re-
quired. In this case, the polarization formed under the external electric field will be
maintained as a remanent polarization even after the electric field becomes zero. Fer-
roelectricity has an advantage in the durable polarization switching, which is owing to
the ionic displacement at an atomic scale, as shown in Table 1.1. Though it has been
a critical issue that ferroelectric materials is difficult to be thinned down due to a
size effect [12, 13, 14], especially a depolarization field [15] (see details in Section 4.1).
Due to the limitation of thickness and footprint for FeERAM, the data capacity per
unit are is much smaller than other NVMs. For further progress in FeRAM, material

breakthrough is necessary overcoming the depolarization field and other issues.
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1.3 Energy Harvesting

Table. 1.2 shows the list of energy sources and their power densities. Among the
environmental energies, vibrational energy has a high power density 10-1000 times
larger than other energy sources: optical, thermal, electromagnetic energies [16]. Also
the vibrational energy is less influenced by the change of environment, while solar and
thermal power usually have preferences of the location. Therefore, this study focuses
on the vibrational energy harvesting toward the self-generated IoT devices.

Up to date, the high-efficiency and ultra-low energy consumption devices have
been developed not only in the laboratory, but also commercially. For example, 100
W is enough to work the temperature and humidity sensors. However, most of
the energy harvesters are still low-efficiency, and their power density is below several
pW/em?. A game-changing generator has been expected in order to change the IoT

devices form wired /battery-powered to self-generated.

Table 1.2: Power densities of different energy sources [16].

Energy source  Examples Power density (W/cm?)
Vibrational Walking, motors, bridge 1073-104

Light Room light, solar 1074

Thermal Human body, automobile 107°
Electromagnetic Micro wave, wireless LAN 1076

1.3.1 Approaches for Mechanical Energy Harvesting

Table 1.3 summarize different approaches for energy harvesting from the mechani-
cal energy. Each method has both advantages and disadvantages, thus it prefer the
device application and environment. To satisfy a demand of huge and stable power
supply for the modern society, basically electromagnetic induction is used in the ther-
mal and wind power generation systems. Electromagnetic induction is composed of a
heavy magnet and bundled coils, which are rotated by steam or wind turbines. These

large systems can stably produce megawatts electricity per single unit, though elec-
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Table 1.3:

Comparison of the principles for mechanical energy harvesting [19].

Approaches| Electromagnetic | Electrostatic Piezoelectric Triboelectric
Principles | Electromagnetic | Electrostatic in- | Piezoelectric ef- | Contact elec-
induction duction fect and Electro- | trification and
static induction | Electrostatic
induction
Impedance | Resistive Capacitive Capacitive Capacitive
type
Pros High efficiency, | Light weight Easy scale down | High efficiency,
easy to scale up to nanoscale cost effective
Cons Heavy mag- | Pre-charge Low output, | Pulsed output,
net required, | required, low efficiency, | high  matched
low output | low output, | pulsed output, | impedance
for small-scale | high  matched | high  matched
devices impedance impedance

tromagnetic induction is unfavorable for the small-scale devices due to a fundamental
principle of miniaturization (see discussions in the next Section 1.3.2).

In the point of view of miniaturization that is necessary for the energy harvester
on IoT devices, electrostatic, piezoelectric, and triboelectric generators are superior
to electromagnetic method. These three energy harvester’s output power density per
unit volume increase with decreasing the device size unlike as the electromagnetic
induction. This difference can be clearly understood with using Trimmer’s equation
[17], as discussed in Section 1.3.2. Also, the classification, electromagnetic versus
the others, are originated from a simple Maxwell’s equation [18, 19|, as described
in Section 1.3.3. Complementing these different principles, hybrid energy harvesters
have been investigated with an integration of solar cells and piezoelectric generators

[20]; and triboelectric, pyroelectric, and piezoelectric generators [21].

1.3.2 Miniaturization of Generators

When an object is scaled-down or scaled-up, the world looks different from the human
being’s life. For example, a typical ant can easily lift up a bait weighted several times

heavier than its body weight, and never die even if it falls freely from the height
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of 100 m. This is because the forces and weight changes in the different way with
scaling; the weight increases cubically with size, while the muscle strength and air
resistance increase quadratically with size. This kind of concept can be generalized to
the scaling laws for the power density of mechanical energy harvesters with different

methods. The scaling principle was postulated by W. Trimmer in 1989 [17].

As a first step, a matrix formalism is introduced to describe the scaling results.
Here, a scale variable s represents the linear scale of system. As an assumption, all
dimensions of the system are changed in the same factor as s. When s is changed from
1 to 10, all the dimensions are scaled-up by 10 times. The forces such as electrostatic,
pressure, and electromagnetic forces, scale in different ways: [s'], [s?], [s*], [s*] [17].

e [s!]: electrostatics where E = [s795].

e [s?]: piezoelectric and electrostatics where E = [s°], electromagnetics where

J =[s71].

e [s%]: electromagnetics where J = [s7%5].

[s*]: electromagnetics where J = [s°].

These four different force laws can be shown in one equation as follows:

The scaling of the acceleration a and transit time ¢ can be given,
a = F/m=[s"][s" (1.2)
t = (2z/a)? = (2am/F)"? = ([s"][s*)[s""])"? (1.3)
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When the scalings of force is given as Eq. 1.1, @ and ¢ can be transformed,

gl gl §15 05
52 st 571 52
& gl 405 §3:5
st st s0 s?

05 R §25
P 52 573 st
= = _ (1.7)
35 ¢3 {05
s° 73 52

Eq. 1.7 means that when the scaling factor of force is F' = [s'], [s?], the power density
increases with miniaturizing the device; while for F' = [s3], [s%], scaling-up is necessary
to increase the power density. When the external electric field E = 0, whose scaling
factor is E = [s"], the power density of piezoelectric and electrostatic generators has
a negative scaling factor [s7!], resulting in the benefit of scaling down for the sake of
efficiency. In contrast, the power density of electromagnetic generators has a positive

scaling factor, thus scale down has no benefit for its efficiency.
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In conclusion, mechanical energy harvesters based on the principles, electrostatic
induction, piezoelectricity, and triboelectricity, have advantages in the miniaturiza-

tion.

1.3.3 Maxwell’s Displacement Current Giving Birth of Piezo-

electricity

The fundamental theory of the nanogenerators starting from the Maxwell equations

were postulated in Ref. [19, 22]. The first and second terms in the Maxwell’s displace-

ment current, ¢,2€ and 22

5 50> are the origin of electromagnetic wave and piezo/tribo-

electric generator, respectively, as discussed below. The Maxwell’s equations are

shown below:

V-D = p; (Gauss's Law) (1.8)
V-B = 0 (Gauss's Law for magnetism) (1.9)
VxE = —88—? (Faraday’s Law) (1.10)
VxH = Ji+ 88—1: (Ampere’s law with Maxwell’s addition)  (1.11)

where D is the displacement field, B is the magnetic field, E is the electric field,
H is the magnetizing field, p; is the free electric charge density, and J is the free

electric current density. The displacement field can be written as,
D=c¢E+P (1.12)

where P is the polarization field and ¢j is the dielectrics permittivity. J.C. Maxwell

has introduced the Maxwell’s displacement current defined as [18]

D E P
g, 0D _ 0B 0

o~ tar (1.13)

The first term in Eq. 1.13 eo%—f generates the electromagnetic wave, thus is the fun-

damental law for the wireless communication devices, which are necessary technology
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nowadays. Here, the latter term 88—1; is featured because it determines the polariza-
tion induced current, which is the fundamental mechanism for the piezoelectric or
triboelectric generators. The piezoelectric equation and constituter equations can be

written as follows [23]:
B = (eij)(sjr) (1.14)

where e;;;, is the piezoelectric tensor and s is the mechanical strain. From Eq. 1.13

and 1.14, the displacement current from the piezoelectric polarization is:

or;, 0s
Jpi = ot (€)ijk (w)jk (1.15)

This relationship indicate displacement current density is proportional to the variation
rate of the strain. When the external electric field is assumed to be zero, and the

polarization is along the z-axis, the polarization vector is:
D, =P, =o,(x) (1.16)

where 0,(z) is the surface density of piezoelectric polarization charges. Thus the
variation rate of surface polarization charge density directly means the piezoelectric

output current. The open circuit voltage Voo can be give as follows:

Voo = zop(x) /€ (1.17)
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1.4 2D Materials

In 2004, Andre Geim and Konstantin Novoselov (Manchester Univ. in England) has
investigated the graphene field-effect transistors (FET), for the first time [24] (Fig.
1-6a). The mechanical exfoliation method by the Scotch tape, which they proposed to
isolate a single layer from bulk graphite, has been commonly used all over the world
for graphene, transition metal dichalcogenides (TMDCs), and other two-dimensional
(2D) layered materials. In 2011, Kis’s group (EPFI in Switzerland) has demonstrated
FETs based on monolayer MoSs, a member of TMDC family, for the first time [25]
(Fig. 1-6b). Before that, MoS,’s advantage of layered structure was used only in
the very limited applications such as solid lamella lubricants [26]. Owing to these
discoveries of the potentials in 2D layered materials at the atomic thickness, lots of
novel research areas in science and engineering have been emerging. However, their

device application has been limited to the electronic and optical devices.

Figure 1-6: FET devices based on (a) graphene and (b) monolayer MoS, (24, 25].

Although the crystal structure of graphene is centrosymmetric, monolayer and
odd-number-layer MoS, lacks the centrosymmetry, resulting in a piezoelectric effect.
In 2014, Z.L. Wang’s group (Georgia Tech in US) has demonstrated piezoelectric
generators based on 2D MoS, [27]. Fig. 1-8 shows the thickness dependence of
piezoelectric response under the repeated strain. The current is generated only in
the odd number layers (1,3, 5...), though even number layers have no piezoelectricity
due to an odd—even effect, as discussed later. The piezoelectric coefficient di; of

MoS, is maximized in the monolayer [28] and its power density was experimentally
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Figure 1-7: Non-centrosymmetric 2D materials. Piezoelectricity and pyroelectricity
are innate property of ferroelectricity.

determined to be ~200 nW /cm? [27], which is still insufficient to make present low-
power consumption IoT devices work. To improve the power density beyond 100
nW /cm?, which is enough large to operate the IoT devices, a breakthrough of material
is necessary.

2D layered tin sulfide (SnS), one of the group-IV monochalcogenides (MX), is
theoretically expected to have a large piezoelectric coefficient two order larger than
MoS, and comparable to conventional piezo-ceramics [29]. Moreover, ferroelectricity
is expected in monolayer SnS in addition to the piezoelectricity and pyroelectricity
[30, 31].

In this section, literature reviews are summarized for graphene and other 2D
materials. As non-centrosymmetric 2D materials, TMDCs and MXs are discussed

with previous theoretical and experimental references.

1.4.1 Graphene and TMDCs

The first demonstration of graphene FET by Geim and Novoselov has boosted the re-
search and industrial interests for graphene and other layered materials [24|. Graphene
has advantages in high mobility over 200,000 ¢m?/Vs (at room temperature) [32]
and quite high in-plane and stiffness [33, 34]. Although some fabrication procedures
of graphene have been reported, remarkably, especially a high-quality graphene is

obtained wia a simple mechanical exfoliation method, which utilize a commercially

44



x
1" 2 3 4 5 6 3

Number of layers

Figure 1-8: The first demonstration of piezoelectric generators of MoS, [27]. (a) A
typical flexible device with single-layer MoS, flake and electrodes at its zigzag edges.
Inset: optical image of the flexible device. (b) Evolution of the piezoelectric outputs
with increasing number of atomic layers in MoS, flakes.

available Scotch tape to exfoliate a single layer from a bulk graphite [24]. Different
from other semiconductors, graphene have the linear energy dispersion and carriers
with zero mass, which attribute to its high mobility [35]. A single layer graphene
has no bandgap, which can be an issue for electrical application because off-state is
inevitable; while it is possible to open a bandgap in bilayer graphene with applying
an external field [36]. Even recently, new physics are still unveiled in graphene and
bilayer graphene, for example, superconductivity in a twisted bilayer graphene with

a magic angle [37].

2D materials have also attracted much attention with their unique electrical, op-
tical, and mechanical characteristics. Their monolayer can also be isolated from bulk
materials in the same way as exfoliation of graphene. As a representative of 2D mate-
rials, TMD has been a hot topic in science and engineering for these ten years [25, 38|.
MoS,, a member of TMDs family, is an indirect semiconductor in bulk and down to
bilayer, while transit to direct bandgap in monolayer [39]. These properties of non-
zero bandgap and layer number dependence are reasons why MoS, is expected to be a

promising candidate in the application to electrical [40] and optical [41] applications.
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1.4.2 Non-centrosymmetric 2D Materials

One of the fundamental feature that monolayer MoS,; has but graphene does not
is a structural non-centrosymmetry [42|. The definitions of "centrosymmetric" and
"non-centrosymmetric" are as follows [43|: a centrosymmetric material has points of
inversion symmetry throughout its volume, and a material that does not is said to be
non-centrosymmetric. The non-centrosymmetry is required for the piezoelectricity,
pyroelectricity and ferroicities. Here, note that a non-centrosymmetric material is
not always piezoelectric (Class 432 is a non-centrosymmetric but not a piezoelectric
[43]), and piezoelectric effect requires non-zero bandgap. To clarify how many and
which materials have non-centrosymmetric, Evan J. Reed’s group (Stanford Univ.
in US) has investigated over 50,000 inorganic materials with using a data mining
method: among non-zero bandgap materials, 325 materials were found to be non-
centrosymmetric materials [44]. They have also theoretically investigated piezoelectric
2D layered materials in 2012: a series of TMDs and h-BN was calculated, and found
to show an intrinsic piezoelectricity [28]. For example, the theoretical piezoelectric
coefficient d of monolayer MoS, is d = 3.73 pm/V, comparable to that of bulk a-
quartz [28].

Two years later, following Evan’s theoretical works, Z.L.. Wang’s group has exper-
imentally demonstrated MoS, piezoelectric nanogenerators [27]. One more year later,
for further investigation, Qi et al. reported a work on piezoelectric charge polarization-
induced electric field in a monolayer MoS, by atomic force microscope (AFM) probe
[45]; and Zhu et al. reported an electromechanical actuation of free standing mono-
layer MoS, sheet [46]. Moreover, Sang-Woo Kim'’s group (SKKU in Korea) has been
exploring monolayer WSe, and bilayer WSe, with different stacking sequences, and

demonstrated their piezoelectric generators [47].

In another approach, surface modification methods has been investigated to induce
a piezoelectricity into centrosymmetric materials, black phosphorus (BP) [48, 49| and

graphene [50], which are non-piezoelectric itself.

Among intrinsically piezoelectric material, group-IV monochalcogenide (MX: M
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= Sn, Ge and X = S, Se) is theoretically expected to have a remarkable piezoelec-
tric coefficient [29]. For SnS, SnSe, GeSe, and GeS, the piezoelectric coefficient is
expected to be approximately d = 251,145,212, 75 pm/V, respectively [29]. Fig. 1-9
shows a comparison of piezoelectric coefficients d and ¢ for SnS, MoS,, and conven-
tional piezoelectric materials [28, 29, 51|. Each coefficients correspond to the energy
conversion efficiency from mechanical to electrical, and from electrical to mechanical,
for g and g, respectively (also see the discussion in Section 3.1). These values of SnS
are almost two order larger than MoS, and comparable to the conventional. Thus,
SnS is a promising platform for the piezoelectric generator. Furthermore, the crys-
tal structure of monolayer SnS exhibits a spontaneous polarization, and theoretically

expected to be a ferroelectric (Fig. 1-7).

1.4.3 2D SnS

Bulk SnS has been investigated as a semiconductor with moderate band gap F, =
1.1 — 1.3 eV [52, 53, 54, 55, 56|, for the application of solar cells [57], thermoelectric
[58], and p-type FETs [59, 60, 61]. As different phases of tin sulfide: SnS, SnzSy,
SnyS3, and SnS,, have been studied theoretically and experimentally [62, 63]. Only
for the SnS, multiple phases have been predicted and discovered [64, 65]; in this work,
the orthorhombic SnS is focused that belongs to Pnma in bulk (Pmn2; in monolayer)
and shows piezoelectricity in odd-number layers. All the notations SnS shown below
means the orthorhombic SnS unless otherwise noted.

With a lots of works on various properties in 2D SnS, mostly focusing on mono-
layer, SnS is expected to be a promising candidate for functional device applications
such as FETs [59, 66|, optical [67, 68, 69, 70|, energy harvesting [29, 71|, memories
[72, 73, 74], gas sensing |75, 76, 77|, and medical applications |78, 79].

In this work, piezoelectric and ferroelectric properties of 2D SnS is investigated
toward nanogenerator and FeRAM applications in TSensor universe. Given that SnS
is composed of Sn and S, both of which are earth-abundant and eco-friendly material,

it has much potential to be a game-changing material.
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Figure 1-9: Piezoelectric coefficients of 3D and 2D materials.

1.4.4 Odd—even Effect

The piezoelectric effect in MoS; and SnS appears when they are thinned down to
odd-number few-layer, while disappears in even number layers and bulk states. This
effect is called odd—even effect in this thesis. Fig. 1-10 illustrate the origin of odd—
even effect. In an energetically ground state, bilayer MoSy and SnS are stacked in
anti-parallel direction, as shown in Fig. 1-10, which cancel out the piezoelectric
effect. As in the same way, the ferroelectricity in SnS is expected only in the odd-
number few-layer. These situation is opposite to that of conventional piezoelectric and
ferroelectric 3D materials, whose ferroelectricity disappears in the nanoscale owing to
the depolarization field or interfacial effects [15, 80, 81] (see details in Section 4.3).
The downscaling property in MoSs and SnS means that nanogenerators and FeRAMs
based on these 2D materials can be achieved at an ultimate atomic thickness along
with the remarkable flexibility, which can be applied to wearable devices and shape
memories in soft robots.

This odd-even effect is not applied to all the non-centrosymmetric 2D materials.

There are some materials, whose multilayers also posses the non-centrosymmetry:
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Figure 1-10: Schematic illustration of odd—even effect in the MoS,

tellurene [82], InySes [83], and SnTe [73]. Moreover, in a parallel stacking sequence,
multilayer MoS, or WSe, can be piezoelectric even in the even number layers and
bulk [84, 47, 85]. These results suggest that it can be possible to realize a piezo/ferro-
electricity in SnS regardless of the number of layers, if we can control the stacking
sequences. In Chapter 3 and 4, stacking-controlled multilayer MoS, and SnS will be

discussed.
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1.5 Thesis Goal and Outline

The goal of this thesis work is to understand the mechanism of 2D piezo /ferro-electric
materials, and demonstrate piezo/ferro-electric devices based on the monolayer SnS.
As will be seen, the fundamentals of piezo/ferro-electricity in 2D materials, fabrication
methods for monolayer SnS, characterization of electromechanical response of SnS,
and the first demonstration of purely in-plane ferroelectricity in few-to-monolayer SnS

will be described.

In Chapter 2, the origin of strong interlayer forces in SnS is discussed starting
from its structural configuration. A significant role of lone pair electrons in Sn atoms
are portrayed to explain the structural distortion, interlayer interaction, and chemi-
cal/thermal stabilities of 2D SnS. Fabrication methods of monolayer SnS are inves-
tigated from a top-down thinning to bottom-up crystal growth. Comparing each
fabrication procedures, structural, optical, and electrical characterizations will be
discussed to evaluate the crystalline quality. A monolayer SnS is achieved wvia sur-
face oxidation thinning method, with forming a robust self-passivation of SnO,. Also,
bottom-up crystal growth is studied with physical vapor deposition (PVD). The PVD
grown monolayer SnS exhibits higher crystalline quality and less extrinsic defects than
monolayer via top-down thinning. As a key technology of monolayer growth, impor-

tant roles in mica substrate will be discussed.

In Chapter 3, fundamentals and experimental results for the piezoelectric devices
are described. Modulation of Schottky barrier height at the interface between metal
and SnS are found to be critical, for applying it to the piezoelectric and ferroelectric
devices. A fundamental mechanism for the piezoelectric effect in the 2D materials
is investigated with using 2D MoS; as a model material. An important techniques
in the device fabrication, metal transfer method to create the van der Waals gap
between metal /MoS, free from Fermi level pinning, is discussed in detail. The origin
and of piezoelectricity in 2D materials are found to be an asymmetric modulation
of Schottky barrier height at the 2D/metal interface. Furthermore, an electrome-

chanical response of 2D SnS is investigated, under both static and dynamic external
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strains. As an analogy of the piezoelectric effect, the piezoresistive effect is precisely
distinguished from the piezoelectricity. Piezoresistive and piezoelectric effects are
characterized with a symmetric and asymmetric change of Schottky barrier height
at source and drain. A novel approach in characterizing piezoelectric charge at the
2D /metal interface, transport measurement of top-gated field effect transistor under
the strains, is describes. As an important finding, the piezo-charge can be unveiled
by modulating channel property.

In Chapter 4, the first demonstration of room temperature (RT) ferroelectricity is
shown. As a prerequisite property for ferroelectricity, a structural non-centrosymmetry
is confirmed for the monolayer by second harmonic generation (SHG) measurement.
A angular resolved SHG and Raman measurements are also performed to reveal a
strong anisotropy in SnS. Also, a dependence of SHG intensity on the number of
layers is investigated. A remarkable finding for the layer number dependence that the
intrinsic property of odd-even effect in 2D SnS is broken for the few-to-monolayer
SnS PVD grown on mica substrate, is discussed in detail. An electrical transport
characterization of a two-probe device with modulating the Schottky barrier height
is described, as a direct proof for the ferroelectricity in SnS. A ferroelectric resistive
switching under an external electric field is demonstrated at RT and 1 Hz. The layer
number dependence of ferroelectric switching will be discussed in comparison with
the results of SHG measurement.

Finally, a summary with knowledge and findings in the 2D SnS are given. Future
outlooks for the functional nano-devices based on 2D SnS are also be shown.

Appendixes contain fabrication methods, theoretical analyses, and other addi-

tional experimental results.
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Chapter 2

Fabrication and Characterization of

2D SnS

Two-dimensional tin sulfide (SnS), one of the group-IV monochalcogenides (MXs;
M = Sn/Ge and X = S/Se, has recently attracted interests in the application to
flexible piezoelectric generator, because it is theoretically predicted that SnS has a
large piezoelectric coefficient dy; = 145 pm/V that is comparable to conventional lead
zirconate titanate (PZT, ds3 ~ 300 pm/V) [29]. For MXs, the piezoelectricity exists
only in the odd-number layers, since the broken inversion symmetry disappears in
the even-number layers. The piezoelectric coefficient increases with decreasing the
layer number, and is maximized in the monolayer [27]. However, the fabrication of
monolayer SnS has only been achieved by liquid phase exfoliation with smaller lateral
size than 500 nm [52|. Although relatively large SnS layers can be fabricated by
mechanical exfoliation and thin film growth methods, SnS layers thinner than 5.5
nm have not been realized yet [86]. This is probably due to the strong interlayer

interaction by lone pair electrons in Sn atoms [87].

In this chapter, fundamental characteristics of 2D SnS is discussed structurally,
chemically, optically, and electrically, starting from the crystal structure of SnS. To
realize the monolayer fabrication, different approached were performed from mechan-

ical exfoliation to crystal growth.
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2.1 Fundamentals of Group-IV Monochalcogenides

2.1.1 Distortion from NaCl Structure

Fig. 2-1 shows top and cross-sectional views of crystal configuration of SnS (mono-
layer and bilayer SnS are shown for top and side view, respectively). The crystal
orientation, b and c here, are commonly called as zigzag and armchair directions,
which represent the shapes of atomic configuration at the edge. Also, the crystal
structure along armchair direction is called puckered structure in this thesis, express-
ing rows of two orthogonally coupled hinges similar to black phosphorus (BP). The
piezoelectricity and ferroelectricity in SnS are expected along the armchair direction

prominently [29], owing to the remarkable flexibility of puckered structure.

Fig. 2-2 shows nine combinations of group-IV atoms (Ge, Sn, Pb) and group-VI
atoms (S, Se, Te). Among them, only the combination of (Ge, Sn) and (S, Se) can be a
layered materials, which are called as group-IV monochalcogenides (MXs). The other
combinations of GeTe, SnTe, PbS, PbSe, and PbTe has a NaCl structure as shown in
Fig. 2-2. The puckered structure of MXs are originated from a distortion from NaCl
structure [88, 89|. This phase transition will appear in Section 4.1 to explain the
ferroelectric switching in SnS. Distorting from NaCl to puckered structure, lone pair
electrons are created in Sn atoms (Fig. 2-3), as a result of broken covalent bondings
in NaCl structure. The lone pair electrons are responsible for not only the structural
distortion from NaCl structure, but also a strong interlayer forces and oxidizable

features, as discussed in the following sections.

BP is regarded as a very unstable materials due to an oxygen favorable features
of lone pair electrons [90, 91|. There are common characteristics between BP and
SnS, as being the puckered structure and lone pair electron materials, however, SnS
is expected to be more stable than BP because SnS has lone pair electrons only in Sn

atoms but all P atoms have lone pair electrons for BP [92] (see details in Fig. 2-6).
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Figure 2-1: Crystal structure of orthorhombic group-IV monochalcogenides. Sn and
S atoms are shown in gray and yellow, respectively.
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Figure 2-2: Combinations of group-IV metals and chalcogenides.
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Figure 2-3: Schematic illustration of the lone pair electrons in Sn atoms: (a) SnS and
(b) BP.
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2.1.2 Strong Interlayer Force

For graphene and MoS,, it is not difficult to isolate a single layer from bulk materials
due to a weak van der Waals (vdW) interlayer force [24]. In the case of SnS and other
MXs, however, the monolayer isolation is quite difficult [87]. As shown in Fig. 2-4, the
thinnest pm-size SnS is 5.5 nm via growth [86], and 64 nm via mechanical exfoliation
[59], thus the properties of few-to-monolayer SnS has been unveiled. To visualize the
interlayer forces in MX and TMDs, Song et al. investigated density functional theory
(DFT) calculations [87]. In Fig. 2-4, electron density distributions are illustrated for
MoS, and SnSe;. Compared to MoSs, larger distribution can be seen in the SnSe,
resulting in strong ionic bonding in addition to vdW bonding. As discussed above,
the strong interlayer interaction originated from the lone pair electrons has been a

bottleneck for the experimental researches on 2D SnS.

2.1.3 Oxidizable Features

Fig. 2-5 shows calculated electronic-structure of SnS [94]. As illustrated, the lone
pair electrons forms the top of the valence band, which dominantly contribute to the
chemical reactions. Owing to this chemical favorability, SnS is easy to be oxidized,
compared to other stable layered materials of graphene and MoS,. Figure 2-6(a) shows
the relationship between the activation energy barrier for O, molecule to chemisorb
on the monolayer MXs or black phosphorus (BP) [92], and the elastic energy barrier
of these materials which is related to the order-disorder transition [95]. The order-
disorder transition indicates the structural stability. There is a trade-off between
the structural stability and the resistance against oxidation. In MXs, GeS is the
only material which is structurally stable at room temperature (RT), but is the most
oxidizable material. In contrast, SnS is the most structurally unstable material in
MXs, while has the largest resistance against oxidation. Figure 2-6(b) shows melting
temperatures of two-dimensional materials (SnS, GeS, BP and MoSs,) and their oxides
(SnO,, GeO, P205 and MoOs3). For the Ge oxides, GeO is known to easily desorb
at low temperature of 400-600°C [96, 97|. SnS, GeS and BP are more unstable than
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Figure 2-4: Comparison of MXs and other 2D materials: TMDs and BP. (Upper)
Fabrication of monolayer MoSy, BP [93|, and SnS [86, 59]. (Middle) Electron density
difference of bulk MoSs, BP and SnSe, calculated by DFT [87|. The yellow part
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Figure 2-5: Calculated electronic-structure of SnS and SnS, [94].
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Figure 2-6: (a) The relationship between activation barrier energy for Oy molecule
to chemisorb on the material surface [92] and elastic energy barrier (E.) which is
related to the order-disorder transition [95]| for monolayers of group-IV monochalco-
genides and black phosphorus. The top transverse axis is obtained by dividing F.
by the Boltzmann constant. Calculated piezoelectric coefficients dy; (pm/V) [29] are
also shown. (b) Melting temperatures of two-dimensional materials (T3p) and oxide
materials (7Thide)-

MoSs, though SnOs is more stable than any other oxide materials. Thermally unstable
materials tend to be easily decomposed with chemical reaction even at RT owing to
the weak bonding energy between constituent elements. On the other hand, it can be
expected that SnO, works as a stable passivation layer for SnS layers. The thermal
and the chemical stabilities of SnS and SnO,, however, have not been investigated
experimentally. Fundamental understanding is required on the stability of ultrathin

SnS layers toward the realization of its piezoelectric device.
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2.2 Mechanical Exfoliation

Mechanical exfoliation is performed to fabricate ultrathin SnS layers, and chemi-
cal /thermal stability of SnS layers is discussed in comparison with GeS, toward piezo-
electric nanogenerator application. Both SnS and GeS are difficult to be exfoliated
under 10 nm using tape exfoliation due to strong interlayer ionic bonding by lone
pair electrons in Sn or Ge atoms. Au-mediated exfoliation enables to fabricate larger-
scale ultrathin SnS and GeS layers thinner than 10 nm owing to strong semi-covalent
bonding between Au and S atoms, but GeS surface immediately degrades during Au
etching in an oxidative KI/I5 solution. Although the surface of SnS after the Au-
mediated exfoliation reveals several-nm oxide layer of SnO,, the surface morphology
retains the flatness unlike the case of GeS. The SnS layers are more robust than GeS
against the thermal annealing as well as the chemical treatment, suggesting that SnO,
works as a passivation layer for SnS. Self-passivated SnS monolayer can be obtained

by a controlled post-oxidation.

2.2.1 Gold-mediated Exfoliation

In this study, Au-mediated mechanical exfoliation is used to fabricate ultrathin SnS
layers. For MoSs, Au-mediated exfoliation has been found to be effective to fabricate
a large-scale monolayer owing to the strong semi-covalent bonds between Au and S
atoms [98|. In the Au-mediated exfoliation process, a KI/I; oxidative solution is used
to etch the Au residue, which might oxidize the SnS surface. In order to evaluate the
chemical /thermal stabilities of SnS layers, effects of the chemical oxidation and laser
annealing are studied on SnS layers in comparison with GeS.

SnS and GeS thin layers were transferred on 90-nm SiO,/n*-Si substrates by the
tape exfoliation and the Au-mediated exfoliation. In the Au-mediated exfoliation,
the Au residue was etched in the KI/I, solution for 5 min, followed by a rinse in
deionized water. The thickness and surface morphology were measured by atomic
force microscopy (AFM). In order to investigate the effect of the Au etchant on the

surface oxidation of exfoliated thin layers, Auger electron spectroscopy (AES) and
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X-ray photoelectron spectroscopy (XPS) were used.

Micro-Raman spectra of the tape-exfoliated bulk SnS and GeS were measured
in air at RT. The excitation laser wavelength and power were 488 nm and 5.3 pW,
respectively. Magnification of the objective lens to irradiate sample surface was x 100,
and the laser diameter on the surface (1/e* intensity in the Gaussian-shaped spatial
distribution) was normally 1 pm. The laser annealing (LA) was performed in air for
the tape-exfoliated bulk SnS and GeS to evaluate the thermal stability. The laser
was irradiated in air for 1 min with the same system of the Raman measurement.
The power of LA was changed between 5.3 and 5.9x10% pW. After the LA, a Raman
spectrum at the annealed spot was measured with the laser power of 5.3 pW.

Figure 2-7(a) shows an optical image of tape-exfoliated SnS flakes. The typical
size and thickness were several pm and several tens of nm, respectively, as shown in
Figure 2-7(e). By the Au-mediated exfoliation, much larger SnS flakes were obtained,
compared to the tape exfoliation, as shown in Figure 2-7(b). The flake thickness
exhibits a wide distribution down to 1.1 nm, which is close to the thickness of mono-
layer SnS (~0.6 nm), as shown in Figure 2-7(e). This relatively larger ultrathin SnS
flake can be attributed to the strong semi-covalent bonding between Au and S atoms.
AFM images of thin flakes by the tape exfoliation and the Au-mediated exfoliation
are shown in Figures 2-7(c) and 2-7(d), respectively. Atomically flat surfaces were
obtained for thin flakes with both exfoliation methods. Typical RMS roughness of
the bulk flakes by tape exfoliation and Au-mediated exfoliation were 0.07 and 0.13

nm, respectively.

2.2.2 Chemical and Thermal Stability

Au-mediated exfoliation was not applicable to GeS unlike SnS due to the surface
degradation as described below. In order to investigate the effects of the Au etchant
on the surface of SnS and GeS, tape-exfoliated layers were dipped in the Au etchant
for 5 min. Figures 2-8(a—d) compare the morphology of bulk SnS and GeS flakes
before and after the Au etchant treatment. Even after the Au etchant treatment, the

SnS flake maintained a flat surface as shown in Figure 2-8(c), while the GeS surface
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Figure 2-7: Optical images of SnS flakes obtained by (a) tape exfoliation and (b) Au-
mediated exfoliation, and AFM topographic images of SnS flakes obtained by (c) tape
exfoliation and (d) Au-mediated exfoliation. (e) The relationship between thickness
and surface area of exfoliated SnS flakes. Average size is calculated as the square root
of the surface area.

was etched ununiformly as shown in Figure 2-8(d). Typical Raman spectra of the
tape-exfoliated bulk SnS and GeS are shown at the bottom of Figures 2-8(f) and 2-
8(g), respectively. For SnS, two Raman peaks are observed at 162.0 and 191.2 cm—1.
These values agree with the reported values [99]. Although other specific peaks of
SnS at around 96 and 220 cm™! [99] were not observed due to the detection limit
at the excitation power of 5.3 nW, those peaks were certainly observed under the
strong excitation at 500 pW. On the other hand, for GeS, four Raman peaks were
observed at 111.7, 213.7, 237.3, and 269.9 cm~!. These values agree with the reported
values [100]. After the Au etchant treatment, there was no change in the spectrum
shape of SnS, whereas for GeS, an additional broad peak was clearly observed at
~370 cm™!, as shown in Figures 2-8(f) and 2-8(g). The additional peak is very
similar with the Raman spectrum of GeO,S, [101], indicating the existence of an
oxide layer. The chemical etching of GeS in Figure 2-8(d) is probably attributed
to the low oxidation energy barrier and the chemical instability of GeO, as shown
in Figure 2-5(b). Additionally, GeO, dissolves in the water even at RT. When the

Au-mediated exfoliation was used for GeS, worm-eaten thin layers were obtained as
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shown in Figure 2-8(e).

Compared with GeS, it is evident that SnS is chemically stable. To further in-
vestigate the origin of the chemical stability of SnS in detail, AES measurements
were carried out for bulk and 3.5nm-thick flakes obtained by the Au-mediated exfo-
liation. As shown in Figure 2-9(a), the Auger signals of Sn and S were detected for
the bulk SnS, while for the 3.5nm-thick flake, only the Sn signal was observed and
the S signal was missing. In this measurement, the probe acquisition depth is deeper
than flake thickness since the signal from SiOy substrate was detected. AES results
suggest that the flakes thinner than 3.5 nm obtained by the Au-mediated exfoliation
are totally oxidized. Figure 2-9(b) shows typical XPS spectra of bulk SnS obtained
by the tape exfoliation and the Au-mediated exfoliation. For the tape-exfoliated SnS,
a clear Sn 3ds/, peak was observed with slight asymmetry. The asymmetric shape
is caused by the surface oxidation due to air exposure or/and residual oxygen in the
XPS chamber. By Gaussian fitting with binding energies of Sn-S (486.6 eV) and Sn-O
(487.4 eV) from the reference values [102], the intensity ratio Isno/Isns for the raw
data was determined to be 0.1. For the Au-mediated exfoliation, a strong additional
peak was observed at 487.4 eV, which corresponds to the binding energy of Sn-O.
The ratio Is,o/Isns for the raw data was determined to be 3.2, which is much larger
than that of the tape-exfoliated SnS. Although the SnS surface was oxidized after the
Au-mediated exfoliation, the Sn 3ds/, peak from Sn-S was still observed as well as
the peaks of S 2p3/» (~162 eV) and S 2p; /2 (~163 eV), indicating that the oxidized
layer was limited within the escape depth of photoelectrons; several nm in thickness.

These results suggest that the surface oxidation of SnS is self-limited unlike the case

of GeS.

Figure 2-10(a) shows typical Raman spectra of SnS after the LA at different
laser powers between 5.3 and 5.9x10% pW. With increasing the LA power, the peak
intensity and the full-width at half maximum (FWHM) were constant up to 1.2x10?
pW. However, the peak intensity decreased over 1.7x10% pW as shown in Figure
2-10(c), with increased FWHM. After the LA at 5.9x10° pW, the peak intensity
decreased to ~20% of 5.3 pnW and the Raman peak from the Si substrate was observed
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Figure 2-8: (a, b) Optical images of tape-exfoliated bulk flakes of SnS and GeS. (c, d)
Optical images of SnS and GeS treated in the Au etchant for 5 min. (e) Optical image
of GeS after Au-mediated exfoliation. (f, g) Typical Raman spectra of tape-exfoliated
bulk SnS and GeS before/after the Au etchant treatment for 5 min.
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Figure 2-9: (a) Typical differential AES spectra for bulk and 3.5nm-thick SnS after
the Au-mediated exfoliation. (b) Typical XPS spectra of Sn 3d and S 2p for bulk SnS
after the tape and Au-mediated exfoliation. Dashed lines represent Gaussian fits to
the data, with the binding energies of SnS and SnO [102].
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at ~518 cm~!. These results indicate that the upper layers of bulk SnS evaporated
due to the excess heating with the stronger LA power than 1.7x10% pW.

On the other hand, the Raman spectrum of GeS was found to be easily degraded
after the LA; the Raman intensity decreased over 57.7 pW, which is much lower than
the critical LA power for SnS; 1.7x10% pW. After the LA at 5.9x10% yW, Raman
peaks from GeS disappeared as shown in Figure 5(b). In addition to the narrow Si
peak at ~518 cm ™!, a sharp peak at ~299 cm~! appeared, which is possibly from the
Ge-Ge bond. Moreover, a peak of GeO,S, was observed at ~376 cm™" in the same
way as the GeS oxidized in the Au etchant (Figure 2-8(g)).

Based on these results, SnS is revealed to be chemically and thermally stable. The
key feature is the formation of the SnQO, passivation layer on the SnS flake, which is
chemically and thermally stable because of its high melting temperature of 1630°C
(SnO3) or 1080°C (SnO) [103]. This is completely opposite situation from GeS, where
GeO is quite unstable. So far, in the case of BP and WSe,, layer-by-layer oxidations
have been realized by oxygen plasma [104] and ozone treatment [105], respectively,
since the oxidation rate is limited by the oxygen diffusion in the oxide layer when the
oxide thickness is moderately increased. Therefore, monolayer SnS self-passivated
with the SnO, layer will be realized by precisely controlling the surface oxidation.

Au-mediated exfoliation of SnS and GeS, and chemical /thermal stability of exfo-
liated flakes were investigated. The Au-mediated exfoliation enabled relatively large
SnS layers thinner than 10 nm, but is not applicable for GeS due to unstable surface
oxides during the Au etching process. Although the SnS surface is also oxidized,
SnO,, is much stable and the oxidation is self-limited. As well as the chemical stabil-
ity, SnS also shows thermal stability owing to the robust SnO, layer that works as
the passivation layer. The present findings indicate that SnO,/SnS hetero-structure

is a promising candidate for the nanogenerator.

2.2.3 Surface oxidation of SnS layers

Fig. 2-11a shows an optical image of SnS flakes fabricated via Au-exfoliation. From

the AFM image (Fig. 2-11b), the flake thicknesses were determined to be 13.8, 10.5
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Figure 2-10: (a, b) Typical Raman spectra of laser-annealed bulk SnS and GeS flakes.
The laser annealing was performed in air under different laser powers between 5.3
and 5.9-10% pW. The laser power for Raman measurement was fixed at 5.3 pW. (c)
Normalized Raman intensity versus laser power of annealing for bulk SnS and GeS.
The dashed lines are guides to the eye.

and 4.3 nm at the points A, B, and C, respectively. With decreasing the flake thick-
ness, the Raman spectrum from SnS suddenly disappeared below a critical thickness

of 4.3 nm owing to the surface modification, as shown in Fig. 2-12.

To investigate the surface modification of Au-exfoliated SnS in detail, Fig. 2-
11c shows the cross-sectional HAADF-STEM image along the dashed line in Fig.
2-11b. For the point A (13.8 nm), combined with the EDS analysis in Fig. 2-11d, the
formation of amorphous SnO, (a-SnO,) is revealed at the surface of the intrinsic SnS
single crystal during the Au-exfoliation process. Moreover, the a-SnO, /SnS hetero-
structure was also observed for the point B (10.5 nm), whereas only the a-SnO, layer
was observed for the point C (4.3 nm), lacking apparent crystallinity, as shown in Fig.
2-13. These behaviour is consistent with the Raman data. This chemical instability
of SnS originates from the lone pair electrons in Sn atoms, which favor the oxygen
bonding [92, 106]. The sharp a-SnO,/SnS interface suggests that the oxidation is a
self-limiting layer-by-layer process [104, 105]. This is different from GeS, whose oxide
layers (GeO and GeOs) are chemically/thermally unstable and successive oxidation
degrades GeS rapidly and non-uniformly [71]|. Once the SnS surface is oxidized, excess

oxidation is limited by the oxygen diffusion in the SnO, layer, which is supported by
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the similar thicknesses of SnO,, layers at the points A and B. These results indicate

that SnO, can function as a self-passivation layer for the SnS layer underneath.

In the Raman spectra of the bulk flake (~432 nm thick) at RT, as shown in Fig.
2-12, specific peaks of SnS were observed at 161.7, 189.6 and 218.3 cm™!, which are
consistent with the reported values [86, 99, 107]. With a reduction in the thickness
from bulk to A to B, the sharp spectrum became broader with a redshift. The
broadening and redshift are considered to be due to a phonon confinement owing
to the thinning effect [52, 108]. When the flake thickness further decreased to 4.3
nm (point C), Raman spectrum suddenly disappeared at RT and was not recovered
even at 3 K. In contrast, a clear spectrum was observed for the bulk SnS with a
smaller full-width at half-maximum and larger intensity at 3 K, compared with that
at RT. These results indicate that the disappearance of Raman peaks below a critical
thickness of 4.3 nm originates from the surface modification rather than the detection

limit of Raman measurement.

The a-SnO,/SnS hetero-structure was also observed for the point B (10.5 nm),
as well as point A (13.8 nm), whereas only the a-SnO, layer was observed for the
point C (4.3 nm), lacking apparent crystallinity. Notably, the HAADF-STEM image
of the point B is more ambiguous than that of the point A, because it was difficult
to obtain a clear electron diffraction image with the decrease in the flake thickness
owing to the in-plane fluctuation, which originates from the surface roughness of the
SiO4/Si substrate. As shown in Fig. 2-13c, the atomic configurations of SnS layers
correspond to those of 2D SnS grown wia physical vapor deposition and bulk SnS
along the armchair ¢ axis direction [86, 103, 107, 59, 109, 110, 111], where the largest
carrier mobility can be obtained [53, 112].11,12 The lattice constants were determined
to be a = 10.7 A and ¢ = 4.2 A, consistent with the reported values[103, 110, 111].
The numbers of SnS layers at the points A and B were determined to be 17 and 11
(17L and 11L), respectively.
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Figure 2-11: (a) Optical image of SnS flakes via Au-exfoliation. (b) AFM topographic
image of selected area in Fig. 2-11a. The height profile along the solid line is shown
in the inset. (c¢) Cross-sectional HAADF-STEM images of SnS flakes at the points
A in Fig. 2-11b. (d) EDS depth profiles of SnS flake along the dashed lines in Fig.

2-11c.
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Figure 2-12: Raman spectra measured at the points A, B, and C in Fig. 2-11b. The
Raman spectrum of the SiO5/Si substrate is also shown.

2.2.4 Electrical Characteristics

To investigate the electrical characteristics of the SnO,,/SnS hetero-structure obtained
via Au-exfoliation, two-probe FET devices were fabricated for various numbers of SnS
layers. Note that the transport characteristics of SnO,/SnS hetero-structure were
measured without removing the SnO, layer, as shown in Fig. 2-14. The number
of SnS layers (Np,) was estimated as N, = (diotal — doxide)/d11, Where dtotal is the
flake thickness, doxide is the thickness of SnO,, and d;;, is the monolayer thickness
of SnS. The values of doxide and dy; were determined to be 4.3 nm and 5.4 A,
respectively, from HAADF-STEM images. Fig. 2-15a shows the I4—V3 curves of 9
layers (9L) SnS at different temperatures. At RT, the I3V curve exhibited a linear
characteristic, but it became nonlinear at temperatures below 150 K, which indicates
that the contact barrier height is approximately as small as the thermal energy at
150 K, i.e., ~13 meV. Fig. 2-15b shows the electrical transport characteristics as a
function of the back-gate voltage at Vq = 1 V, for different SnS thicknesses: 9L, 12L,
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Figure 2-13: (a) Cross-sectional HAADF-STEM images of SnS flakes at the points A,
B, and C in Fig. 2-11b. (b) EDS depth profiles of SnS flakes along the dashed lines
in Fig. 2-13a. (c) Crystal structure of SnS from a, b, and ¢ axis. Enlarged cross-
sectional HAADF-STEM image at the point A is also shown in comparison with a
crystal structure model along the armchair direction. Sn and S atoms are shown in

grey and yellow, respectively.
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and 16L. Although all FET devices showed p-type characteristics, the device was not
turned off with the back-gate modulation even for 9L. So far, owing to the difficulties
associated with substitutional doping of 2D materials, the electron transport in most
2D-FETs with a global back gate and metallic contacts is claimed to be governed by
the gate control of the Schottky barrier (SB) [113, 114]. However, a recent study has
suggested that accumulation-depletion mode at the channel is dominant especially
for highly doped 2D materials as the metal /2D channel contact does not control the
transport properties owing to narrow SB width [115]|. Therefore, this poor gate-tuning
characteristic is due to heavy doping in SnS, resulting in a limited depletion width
[109, 59, 116, 115|. To estimate the acceptor density of SnS, a simple calculation was
performed using the depletion width Wp as follows:

dekgTIn (]Z{*)
p— ! 2-1
WD $ €2NA ( )

where kg is the Boltzmann constant, e is the elementary electron charge, Ny is the
acceptor density of SnS, and p; is the intrinsic carrier concentration. Furthermore, € is
the dielectric constant of SnS, roughly estimated using the relative dielectric constant
g; ~ 10 of bulk SnS [54, 117]. The pi of thin SnS is estimated using the equation
pi = 10%exp(—E,/2kgT) [118] with the bandgap E, = 1.1 eV [52, 53, 54, 55, 56],
where T' = 300 K yields a value of p; = 5.8 x 10® cm™3. In Fig. 2-16¢, the relationship
between Wp and Ny of SnS at 100 K is shown. In the I3V, curves at 100 K, the off-
state was observed for 9L and 12L, but not for 16L (see Fig. 2-15¢, 2-16a and 2-16b).
Therefore, by equating Wp to these SnS thicknesses, N, is roughly estimated to be
of the order of 10! cm™2, which is consistent with the previous estimation [119, 109].
but larger than other experimental /theoretical values (10'-10'® cm™3). This heavy
doping level originates from Sn vacancies (Vg,) [120, 121, 67|. The field-effect mobility

1 was estimated using the following equation:

= £ Ym where = %
T W Vi m =y,

p (2.2)
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where L and W are the length and width of the channel, respectively, and C,, is
the gate capacitance. The typical p values for 9L, 121, and 16L SnS at RT were
determined to be 0.47, 0.18, and 0.05 cm?V~!s™!, respectively, which are comparable
to the reported u values for ~10-nm-thick SnS ranging from 0.2 to 1.1 cm?V s~ [66].
For the completely oxidized 3.5-nm-thick flake, the current flow was not observed,
indicating that the /4-V, observed for the a-SnO, /SnS hetero-structure results from
the current flow through SnS channel, but not through the a-SnO, layer. Moreover,
the non-conductive SnO, layer existing between SnS and metal electrode could work
as a depinning layer for the Fermi level pinning observed typically for 2D /metal

contact [122, 123], resulting in the ohmic characteristics of I4—Vj.

As N, was determined, let us now obtain the activation energy of the acceptor
level for Vg,. Fig. 2-15d shows the Arrhenius plot of conductivity for 9L SnS at V
= -30, -15, 0, 15, 30 V. The activation energies (F,) were determined to be in the
range 43-239 meV. The off-state appeared only when the temperature was decreased,
as shown in Fig. 2-15c¢, which is in contrast to that of typical 2D channels, such
as MoS,. This is because the carrier concentration is significantly reduced by the
freeze-out of holes from acceptors, but not because the nearest-neighbor hopping is
suppressed. Therefore, the estimated F, indicates a shallow acceptor level, which

is consistent with that obtained from experimental/theoretical works (E, = 42-300

meV) [109, 120, 67, 124].

When the low temperature range 150-80 K is applied for 9L SnS, Fig. 2-15e
shows the so-called metal-insulator transition (MIT) at ~10 nS (also see Fig. 2-17).
As recent studies have suggested that the MIT in monolayer MoSy; FET is extrinsic
[125, 126], the origin of MIT is not discussed here. Experimentally, the extrinsic MIT
can be observed intuitively by the combination of (i) the increase of the mobility and
(ii) positive (for n-type) or negative (for p-type) shift of the threshold voltage with
the decrease in the temperature. For MoS,, the extrinsic MIT is only observed for
the samples with high mobility, i.e., high crystallinity [127, 128]. The observation of
extrinsic MIT in the present a-SnO, /SnS FET suggests that the SnS layer underneath

possesses high crystallinity, as supported by the TEM image in Fig. 2-11c. In the
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Figure 2-14: (a) Typical optical image and (b) cross-sectional illustration of back-
gated SnO,/SnS FET.

temperature range 300-150 K, the electrical transport characteristic can be explained
by the temperature dependence of carrier concentration, whereas, in the range 150-80
K, 1 could be limited by the phonon scattering; p o< T~ where v is approximately
2.1 for 9L SnS (see Fig. 2-15f).

As discussed above, after the Au-exfoliation, a ~4-nm-thick self-passivation SnO,
layer is formed on the surface of SnS, and the SnS layer underneath has high crys-
tallinity down to 9L at least. The monolayer SnS should have been obtained via
surface oxidation; however, it was not obtained after Au-exfoliation. All flakes thin-
ner than 5.3 nm (~2L SnS with SnO,) were inactive optically and electrically. One
of the possible reasons for this is that the monolayer SnS is more unstable than the
thicker one and degenerates in the Au etchant even though the a-SnO,, layer protects
the SnS layer to some extent. A more moderate oxidation method than the use of

the KI/I5 solution is required to realize SnO, /monolayer-SnS.
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Figure 2-15: (a) I4—V4 plots of 9L SnS at V, = 0 V in the temperature range 300-100
K. Inset: Enlarged I4-V; plots. (b) I4-V, plots of SnS flakes with the different number
of layers at RT and V4 = 1 V. The non-conductive characteristic of 3.5-nm-thick SnO,
is also shown. (c,e) Two-probe conductivities as a function of V, in the temperature
range (c) 300-150 K and (e) 150-80 K. (d) Arrhenius plot of conductivity for 9L SnS
from Fig. 2-15¢ at V, = —30, —15, 0, 15, 30 V. (f) Field-effect mobilities of 9L SnS
in the temperature range 150-80 K.
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Figure 2-16: 14~V plots of (a) 12L and (b) 16L SnS FETSs in the temperature range
300-100 K. (c) Relationship between depletion width Wp and acceptor density Na
at 100 K. Ny, is the number of SnS layers, which corresponds to Wp. The highlighted
region shows the estimated N of SnS.
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Figure 2-17: Two-probe conductivity as a function of temperature for the 9L SnS
fabricated via Au-exfoliation.
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2.3 Post-thinning via Oxygen Annealing

Remarkable optical and electrical features are expected in two-dimensional group-IV
monochalcogenides (MXs; M=Sn/Ge and X=S/Se) with a uniquely distorted lay-
ered structure. The lone pair electrons in the group-IV atoms are the origin of this
structural distortion, while they also cause a strong interlayer force and high chem-
ical reactivity. The fabrication of chemically stable few-to-monolayer MX has been
a significant challenge. We have observed that, once the SnS surface is oxidized,
the SnO, top layer works as a passivation for the SnS layer underneath. In this
work, the SnO, /SnS hetero-structure is studied structurally, optically, and electri-
cally. When a tape-exfoliated bulk SnS is oxygen-annealed under a reduced pressure
at 10 Pa, surface oxidation and SnS sublimation proceed simultaneously, resulting in a
monolayer-thick SnS layer with the SnO, passivation layer. The field-effect transistor
of nine-layer SnS prepared via mechanical exfoliation exhibits a p-type characteris-
tic because of intrinsic Sn vacancies, whereas ambipolar behavior is observed for the
monolayer-thick SnS obtained via oxygen annealing probably owing to the additional
n-type doping by S vacancies. This work on monolayer-thick SnS fabrication can be
applied to other unstable lone pair analogues and can facilitate future research on

MXs.

Two-dimensional (2D) orthorhombic group-IV monochalcogenides (MXs; M=Sn/Ge
and X=S/Se), which are compound analogues of black phosphorus (BP), possess sig-
nificant features such as strong optical/electrical anisotropies [86, 129, 130, 59, 109,
107, 131, 132|, noncentrosymmetry in the odd-layers [29]|, and native p-type conduc-
tivity with a high theoretical carrier mobility over 10,000 cm?V~1s™! [67, 53, 112].
These properties are theoretically expected to appear in monolayer MXs distinctively.
The orthorhombic MXs belong to the space group Pnma in bulk and even-number
layers, and Pmn2; in odd-number layers, which are distorted from the NaCl struc-
ture. Stereochemically active lone pair electrons in Sn 5s or Ge 4s play an important
role in this structural distortion, resulting in the anisotropic and layered structure

[89, 72, 133]. In the past decade, 2D MXs and related materials have been investi-
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gated for various applications, such as field-effect transistor (FET) [59, 66, 61|, pho-
tonic |67, 68, 69, 70|, piezoelectric |29, 71|, thermoelectric [131, 132, 112, 134], and
ferroelectric devices |72, 135, 73]. So far, however, there have only been a few reports
on few-to-monolayer MXs [136, 52, 55, 137, 138| because the isolation of monolayer is
prevented by a strong interlayer force owing to the lone pair electrons, which generate
a large electron distribution and electronic coupling between adjacent layers [87, 139).
Song et al. calculated the interlayer binding energy of SnSe as 146 meV /atom, which
is much larger than those of graphite (24 meV /atom) and MoS, (38 meV /atom) [87].
As a representative MX, SnS with fewer than 10 layers has not been obtained either
via tape exfoliation [59, 71| or crystal growth [86, 107, 132, 137, 109, 140]. The fab-
rication of few-layer SnS down to monolayer has been achieved only via liquid phase
exfoliation, and its lateral size is usually too small for it to be applied to devices
owing to the harsh exfoliation process with prolonged ultrasonication [52, 136, 55].
A reliable fabrication process of large-scale few-to-monolayer MXs will uncover their

undemonstrated diverse properties.

For other 2D materials (graphite, MoSs, WSey, BP, etc.), monolayer has been
successfully obtained by using post-thinning techniques such as plasma treatment
[104, 141, 142, 143, 144], ozone treatment [105]|, thermal annealing [145, 146|, and
laser annealing [147]. For MXs, in contrast, only a few cases of successful post-
thinning of micrometer-sized monolayer SnSe and GeSe have been reported by using

thermal annealing [137] and laser annealing [138], respectively.

Alternatively, Desai et al. reported an Au-mediated exfoliation method (Au-exfoliation)
to fabricate monolayer MoSs, whose lateral size is much larger than that of the tape-
exfoliated one owing to the strong semi-covalent bonds between Au and S atoms [98].
Recently, we demonstrated that Au-exfoliation is effective for the thinning of bulk SnS
with micrometer-size, but Au-exfoliated flakes thinner than ~4 nm were completely
oxidized [71]. In the Au-exfoliation, the Au residues are etched in a KI/Iy oxidative
solution, which is inactive for MoS, but easily causes the surface oxidation of SnS. In
the electronic band structure of SnS, the lone pair electrons constitute the top of the

valence band, resulting in favorable bonding with oxygen [92, 94|. In spite of the oxi-
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dizable feature of SnS, the bulk SnS flake obtained after the Au-exfoliation shows an
atomically flat surface and chemical/thermal stabilities, which are different from the
instability of GeS, GeSe, and BP 92, 104, 71, 138, 106, 90]. This difference originates
from the following advantages of SnX and its oxide. From the previous calculation
studies by Guo et al., the oxidation energy barriers of SnS and SnSe were 1.60 and
1.56 €V, respectively, which are larger than those of GeS (1.26 V), GeSe (1.44 eV),
and BP (0.70 ¢V) [92]. The lowest energy barrier of BP can be explained by the exis-
tence of the lone pair electrons in all the P atoms of BP, but only in the constituent
atoms of M in MXs. In addition to the relatively large oxidation resistance of SnX,
the well-known transparent conductive SnO, (1<x<2) [148] has robust stability with
high melting points, e.g., 1080°C (SnO) and 1630°C (SnOz), much higher than those
of GeO, GeOs, and P,05 [103]. Once the SnX surface is oxidized, the SnO, layer
can work as a passivation layer. Therefore, reliable monolayer SnX self-passivated
with an SnO,, layer will be realized via the post-thinning techniques mentioned above
because more precise control is possible owing to the stable surface oxidation.

In this paper, an SnO,/SnS hetero-structure is studied structurally, optically,
and electrically. The SnO,/SnS structure exhibits a sharp interface after the Au-
exfoliation and the ultra-thin SnS layer down to nine layers present underneath is
characterized as a well-defined crystal. To further reduce the SnS thickness, a post-
thinning method is performed for the bulk SnS using oxygen annealing. The sublima-
tion of SnS layers occurs along with the formation of SnO,, resulting in a successful
thinning down to 0.7 nm, close to the monolayer thickness [103, 111, 110]. The elec-
trical transport properties of SnS FETs with the thickness ranging from bulk to 0.7

nm are systematically discussed.

2.3.1 Experimental Procedure

Mechanical exfoliation of SnS layers: High-quality SnS single crystals were grown
via the horizontal gradient freeze method [110] and chemical vapor transport method
using iodine as the transport agent [149]. Although these bulk SnS crystals exhibited

comparable crystallinity, SnS grown wvia the horizontal gradient freeze method was
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Figure 2-18: SnS layer with the monolayer thickness was realized with a stable SnO,
passivation layer via mechanical exfoliation, followed by moderate oxygen annealing.

mainly used because relatively large flakes were exfoliated. SnS thin flakes were
fabricated from bulk SnS wvia tape exfoliation and Au-exfoliation [98, 71]. The SnS
flakes were transferred onto 90-nm SiO/n™-Si substrates. In the Au-exfoliation, the
Au residue was etched in an oxidative KI/I solution for 5 min, followed by rinsing

with deionized water for 10 min.

Post-thinning method: Post-annealing of the tape-exfoliated bulk SnS (~100 nm
thick) was performed in an O,/Ny mixture gas (Og : Ny = 1 : 4) at 10 Pa. The
samples were heated in a home-made tube furnace, which was first preheated at
100°C for 10 min, and thereafter heated to target temperatures in the range 300—
900°C for 10 min. The furnace was maintained at the target temperature for 5 min
to 12 h. Subsequently, the furnace was naturally cooled to room temperature (RT). In
this method, oxidation and sublimation are expected to be moderate and controllable

with a well-crystallized SnO, passivation layer formed at the high temperature.

Characterization: Atomic force microscopy (AFM) was used to identify the flake
thickness and surface morphology. Raman spectra were measured using a 488-nm
excitation laser. An optimal laser power of 0.5 mW was used to avoid degradation of
SnS owing to laser heating [71]. Moreover, X-ray photoelectron spectroscopy (XPS)
was used to investigate the surface modification. The sample structure, crystallinity
and chemical composition were determined using high-angle annular dark-field scan-

ning transmission electron microscopy (HAADF-STEM) and energy-dispersive X-ray
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spectroscopy (EDS).

Device fabrication and electrical characterization: Back-gated FET devices were
fabricated with electrode patterning using the standard electron beam lithography
and Ni/Au electrode formation via thermal evaporation. As a contact metal, Ni was
used for ohmic contacts owing to its high work function [150]. Au was used to prevent
the oxidation of Ni. Electrical transport measurements were performed at different

temperatures in the range 80-300 K.

2.3.2 Optimization of Annealing Condition

As post-thinning methods, three kinds of oxidation processes were tested at different
temperatures: O, plasma, ozone treatment, and oxygen annealing. In the case of the
former two processes, a rougher surface was obtained after the oxidation (see details in
Section A), compared with that obtained with oxygen annealing, suggesting localized
oxidation owing to the high oxidation rate [90, 144|. Therefore, oxygen annealing was
selected as a moderate post-thinning method. Table 2.1 shows typical etching rate
of oxygen annealing with different temperatures. Fig. 2-19a shows a typical optical
image of the tape-exfoliated bulk SnS (~100 nm thick) with a bright contrast to the
substrate. Notably, an SnS surface freshly cleaved in air is intrinsic unlike the oxidized
SnS surface after the Au-exfoliation [71]. Fig. 2-19b, ¢, and d show the optical images
after oxygen annealing at 380°C, 410°C, and 430°C for 6 h, respectively. At 380°C,
most of the flakes were light blue in color. At 410°C, a dark-blue flake with a similar
contrast to the substrate was observed in addition to the light-blue flakes. In contrast,
at temperatures greater than 430°C, all the flakes were almost transparent, similar
to those observed after oxygen annealing at 900°C above the melting point of SnS
(880°C [103]). This indicates that SnS layers were completely oxidized to SnO, with
high melting points [103], which is transparent owing to the wide bandgap (E, = 3.6-
4.0 eV [151, 152]). It has been reported that the oxidation of SnS to SnO, through
the reaction SnS + (1 4+ 2/2)O2 — SnO, + SO, occurs at temperatures above 325°C
[148].

To investigate the change in flake color systematically and quantitatively, optical

79



Table 2.1: Typical etching rates of SnS in the early stage of annealing (<20 min) at
different temperatures.

Temperature (°C) 350 380 410 430
Eting rate (nm/min) | <0.1 0.9 2.0 >10
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Figure 2-19: (a—d) Optical images of the tape-exfoliated SnS flakes (a) before oxygen
annealing, and after oxygen annealing at (b) 380°C, (c¢) 410°C, and (d) 430°C for 6
h. (e) Optical contrast versus annealing time at different annealing temperatures. (f)
AFM topographic image of selected area in Fig. 2-19¢. (g) AFM height profile for
the annealed SnS along the dashed line in Fig. 2-19f. (h) Red value profile for the
annealed SnS along the dashed line in Fig. 2-19c.
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contrasts were calculated for each color scheme-red, green and blue (RGB)—using

[ ake T [su .
C; = % (i=R, G, B) (2.3)
sub

where Igue and Iy, are the RGB values of the annealed SnS and the substrate,
respectively. By comparing the RGB images, Cr was observed to be preferable to
recognize the annealed flakes. Fig. 2-19e shows the time evolutions of Cg at different
temperatures for the thinnest flake on the substrate. At temperatures below 350°C,
Cgr was almost constant within the range 1.00-1.12 even after 6 h. With the increase
in the annealing temperature, the Cg value tended to change rapidly and significantly.
At the temperature of approximately 410°C, negative Cr values were obtained over
the large time window of ~3-6 h. This negative Cg corresponds to the dark-blue
flake in Fig. 2-19c. At temperatures above 430°C, Cg suddenly dropped at 5 min
and was thereafter saturated to the value of fully oxidized SnO,, i.e., 0.03. It can be
expected that the negative Cg is a footprint of the non-transparent monolayer SnS
(Ey = 1.5-2.4 eV [52, 53, 55|), which can survive over a long lifetime at the moderate
temperature of ~410°C. This is supported by a previous report, which indicated
that the interaction between the substrate and monolayer materials stabilizes the
monolayer during the post-thinning process [137|. To further examine the thinned SnS
with negative Cr, an AFM image was obtained for the selected area in Fig. 2-16c. As
shown in Fig. 2-16f and g, the surface of annealed SnS was atomically flat; the typical
root-mean-square surface roughness was 0.28 nm. The total thickness of the flat area
was 6.6 nm, including the thicknesses of SnS and SnO,. As the initial thickness
of SnS flakes was ~100 nm, it is suggested that the oxidation and sublimation of
SnS occur simultaneously and the thickness of SnO, will remain constant during the
post-thinning process. Elevated regions at the edge and throughout the flake are
probably the thick oxide, as the defective edges and grain boundaries are much easily
oxidized than the surface without any dangling bonds. Fig. 2-19h shows the optical
line profile at the position corresponding to the height profile. Along with a uniform
height profile, the thinned flake showed optical uniformity, suggesting the uniformity
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of thickness of the SnS layer below SnO,.

To investigate the surface oxidation of SnS, surface-sensitive XPS measurement
was performed. Fig. 2-20a shows the XPS spectra before/after oxygen annealing at
410°C. For the pristine SnS immediately after tape exfoliation, a peak of Sn 3ds,, was
observed at 486.6 eV, which is consistent with the reference value for the intrinsic SnS
[102]. In addition, a peak was observed at approximately 162 eV, which can be decom-
posed into two peaks: S 2p;/ and S 2p3/; at 162.5 and 161.5 €V, respectively. After
oxygen annealing for 5 min—3 h, the Sn 3ds,, peak shifted to the higher binding energy
of 487.4-487.5 eV, which corresponds to the binding energy of Sn-O [102]. However,
the S 2p peaks were not observed after oxygen annealing for over 5 min. Thus, it
can be concluded that the SnS surface was completely oxidized with a thickness at
least several nanometers, which is the escape depth of photoelectrons [153, 154]. To
evaluate the effect of oxidation on the crystallinity of SnS layers underneath, Raman
spectra were obtained for the bulk flakes after tape exfoliation, Au-exfoliation, and
oxygen annealing at 410°C for 6 h, as shown in Fig. 2-20b. In this measurement,
the bulk thicknesses were much larger than the penetration depth of ~20 nm for the
excitation wavelength of 488 nm, and hence the crystallinity near the surface can
be estimated from the Raman spectrum. For the tape-exfoliated SnS, Raman peaks
were observed at 94.6, 161.7, 190.0, and 218.4 cm™!, which corresponded to the re-
ported peaks of A, and B3, modes for SnS [86, 107, 99]. These peaks were observed
even after the surface oxidation via Au-exfoliation and oxygen annealing, indicating
that the SnS layers underneath retain their high crystallinity. Although the Raman
peaks of SnO, (SnO, SnzOy4, SnyO3, and SnO;) have been reported to exist in the

range 50-800 cm™?

in theoretical and experimental works [155, 156, 157|, there were
no other peaks than those of SnS and SiO,/Si substrate for the oxidized SnS after
Au-exfoliation and oxygen annealing. The discrepancy between the results of Raman
and XPS measurements regarding the existence of an oxide layer is possibly due to

the very small thickness of SnO, and the detection limit of Raman measurement.

To investigate the thinned SnS with the negative CR, a cross-sectional TEM image
was obtained along the dashed line in Fig. 2-19f. As shown in Fig. 2-21a, a hetero-
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Figure 2-20: (a) Typical XPS spectra of Sn 3d and S 2p for the tape-exfoliated SnS
before/after oxygen annealing at 410°C for 5 min and 3 h. (b) Typical Raman spectra
of pristine bulk SnS wia tape exfoliation and Au-exfoliation, and bulk and 0.7-nm-
thick SnS obtained after oxygen annealing at 410°C for 6 h. The Raman spectrum of
the SiO4/Si substrate is also shown.

structure was observed: an ultrathin underlayer on the SiO,/Si substrate and an
upper SnO,, layer with a thickness of ~6 nm. The thickness of the underlayer was
determined to be ~0.7 nm, very close to that of monolayer SnS [103, 111, 110]. To
verify the existence of Sn and S atoms in the underlayer, EDS measurement was
performed. Although S atoms were undetectable in the 0.7-nm-thick underlayer,
both Sn and S were observed in the 2.3-nm-thick underlayer obtained after oxygen
annealing, as shown in Fig. 2-21b. In addition to the Sn and S atoms, Ni and Au
contaminations were detected, which were used for the metal marks on the substrate.
In addition, other elements such as C, O, Si, and Ga were detected owing to the
signals from the substrate and contamination during the focused ion beam process
and electron beam irradiation. From the quantitative analysis, the atomic % ratio
was estimated to be S : Sn = 1 : 7.2. Although one of the main reasons for the much
larger content of Sn atoms than that of S atoms is that the signals from SnO, are
included, the existence of S defects induced during annealing cannot be excluded. As
shown in Fig. 2-20b, specific Raman peaks were not observed for the 0.7-nm-thick
SnS. The absence of Raman signals has been reported for the SnSe layers thinner
than 9 nm and monolayer SnSe [132, 137]. Therefore, the Raman signal from 0.7-
nm-thick SnS is probably under the detection limit. The SnO, layer was partially

83



1x10™"" :
< 0
-1x10™" . .
-1 0 1
Va (V)
(@)
3x107° I
/(/? Element Weight % Atomic %
I SK 3.57 12.24 ~
§ SnL 96.43 87.76 ox10-10 [} ~0-7 nm SnS
0 —~
= <
? 50 + Sn 1 :U/ .
e 1x10°™ L
Q
£
excess annealing
0 0 excess annealin:
° -30 0 30

Vg (V)

Figure 2-21: (a) Cross-sectional TEM image of 0.7-nm-thick SnS along the dashed
line in Fig. 2-19f, obtained via oxygen annealing at 410°C for 6 h. (b) Typical cross-
sectional EDS spectrum of 2.3-nm-thick SnS obtained via oxygen annealing at 410°C
for 6 h. (c) Is-Va at Vg = 0 V and (d) 14—V, at Vq = 3 V for the 0.7-nm-thick SnS.
The non-conductive characteristic of 0.7-nm-thick SnS after the excess annealing at
410°C for 40 min is also shown. The channel length and width were 0.65 pm and 2.16
pm, respectively.

crystalized, as shown in Fig. 2-21a. This is in contrast to the wet oxidation at RT
during Au-exfoliation process. With oxygen annealing, the quality of crystallized
SnO, (c-SnO,) should be better than that obtained with the RT oxidation; hence,

moderate oxidation/sublimation were realized.

2.3.3 Electrical Characterization of Monolayer SnS

To investigate the electrical characteristics of 0.7-nm-thick SnS, a two-probe FET
device was investigated. Fig. 2-21c shows the I;—Vy curve of 0.7-nm-thick SnS at RT
and V; = 0 V. Notably, the TEM image in Fig. 2-21a was obtained for this device after
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the transport measurement. Although the SnS layer was indirectly contacted with
the metal through the c-SnQO,, layer, the 14—V curve exhibited a linear characteristic
indicating an ohmic contact because the Fermi level pinning observed commonly in
any 2D /metal contacts [122, 123| is possibly released due to the ¢-SnO, layer. Fig.
2-21d shows the I3V, curves at Vg = 3 V. The 0.7-nm-thick SnS exhibited ambipolar
behavior, even though the SnS FETs thicker than 9L exhibited p-type characteristic
as shown in Fig. 2-16b. When the dark-blue 0.7-nm-thick SnS flake was annealed
excessively for 40 min, it became transparent and non-conductive, as shown in Fig.
2-21d. These results indicate that the ambipolar characteristic of annealed SnS is
attributed to the transport characteristic of 0.7-nm-thick SnS. The same situation
has been reported for the monolayer SnSe obtained wvia Ny annealing [137] in spite
of the p-type nature of bulk SnSe [121]. For both cases of SnS and SnSe, the native
p-type characteristics originate from Vg,, whereas the S/Se vacancies might be the
origin for the n-type conduction [158].

Conculusion The structure distortion caused by the lone pair electrons produces
unique anisotropic structural /optical /electrical properties in MXs. The lone pair elec-
trons also cause a strong interlayer force and high chemical reactivity, which prevent
the isolation of the monolayer MX wia simple mechanical exfoliation. In this study,
the SnS layer with the monolayer thickness was realized with a stable SnO, passiva-
tion layer via mechanical exfoliation, followed by moderate oxygen annealing. The
field-effect transistor of monolayer-thick SnS exhibited ambipolar behavior probably
owing to the combined p- and n-type doping with Sn and S vacancies, respectively.
This work on the monolayer-thick SnS fabrication can be applied to other unstable

lone pair analogues and can facilitate future research on MXs.
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2.4 Physical Vapor Deposition

As described in Section 2.3, the top-down thinning methods including the oxygen
annealing, oxygen plasma, and ozone treatment, has been revealed to be difficult to
fabricate a high-quality monolayer SnS due to the external defects. The self-passivated
SnO, /SnS heterostructure has been succeeded via the oxygen annealing, however, its
FET behavior exhibited the extrinsic defects of Vg,,.

For further improvement of the crystalline quality of monolayer SnS, a bottom-
up fabrication process is proposed in this Section. Fig. 2-22 shows a conceptual
illustrations of top-down and bottom-up fabrication processes. So far, the bottom-
up material syntheses of 2D SnS have been reported, though no reliable method
for monolayer growth has been established [109, 86, 107, 159]. The present oxygen
annealing method in this work, moderate SnS desorption has been achieved at the
reduced pressure of 10 Pa and the optimized temperature at around 410°C (Fig. 2-
19). Considering an analogy between the desorption-like conditions in the top-down
thinning and bottom-up growth methods. In this section, a physical vapor deposition
(PVD) is investigated, where SnS adsorption and desorption are precisely balanced
based on the findings in the thinning viaoxygen annealing. For the PVD growth of
SnS, the thinnest thickness has been 5.5 nm (>10 layers) [86], which was realized
under the growth pressure of 10* Pa. Here, the pressure is reduced to 10 Pa, which

has been found to be effective to decompose the SnS.
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Figure 2-22: Conceptual illustration of bottom-up/top-down fabrication methods for
the monolayer SnS.
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2.4.1 Growth Procedure

Fig. 2-23a shows the schematic illustration of a home-built three-zone PVD growth
system. A SnS source, powder or grains, was placed at the high temperature and a
growth substrate was set at the downstream. A Nj gas was used as a carrier gas.
Each heaters were independently controlled to make a gentle temperature gradient.

Detailed preparation and growth procedure is described as follows.

1. Preparation of Sn sources: two types of SnS source was used. One is a commer-
cially available SnS powder (99% up). The other is an amorphous bulk SnS,
which was obtained via a purification of sulfur sources [110]. The amount of
SnS source was fixed at 0.1 g. As the bulk SnS has a small specific surface area,

it was crushed by a mortar.

2. Preparation of substrate: SiO,/Si and mica substrates were used as a growth
substrate. The SiO4/Si substrate was treated in diluted HF solution, followed
by a rinse in deionized water, to eliminate contaminations at the surface. While
mica’s top layers were mechanically exfoliated with the Scotch tape instead of
a solution treatment. Mica is a 2D layered material so that a fresh surface can

be obtained with cleaving the top layers.

3. Both SnS source and substrate were set at upstream and downstream, respec-

tively.

4. Ny purge was performed for three times to minimize the oxygen and H,O

residues.

5. A growth recipe was operated. Fig. 2-23b shows a typical time evolution
of temperatures. Initially, the source and substrate were heated at 100°C to
eliminate the HoO physically adsorbed on the substrate surface. After that,
substrate was preheated at the growth temperature beforehand, followed by
a heat up of source to the target temperature. The typical growth time was

ranged between 2-10 min.
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Figure 2-23: Growth conditions for monolayer SnS. (a) Schematic diagram of three-
zone PVD chamber by separately controlling the heaters at high, middle, and low
temperatures (T, Ty, and T7). (b) Typical temperature profiles for monolayer
growth. After the growth, the chamber was air-cooled at the rate of ~50 °C/min.
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Figure 2-24: Strategies of monolayer growth: (a) control of SnS adsorption and des-
orption during the growth, (b) mica substrate with atomically flat surface.

6. An air-forced cooling was operated down to RT. Then the sample was took out

from the chamber.

7. To clean-out the growth tube (quartz), a baking was operated at 900°C with

the source boat and substrate stage.

As shown in Fig. 2-24, the mica substrate has an atomically flat surface enhancing
the atomic migration during the growth, compared to the SiO5/Si substrate. Thus a

lateral growth rate is expected to be enhanced for the mica substrate.
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Figure 2-25: Powder XRD of different SnS sources: (Upper) high-purity crystal and
(Bottom) commercially purchased SnS powder (>99.9%)

2.4.2 Purity of SnS Source

Fig. 2-25 shows typical results of XRD measurement for the powder and bulk SnS. For
the powder source, additional peaks were observed except for the specific peaks from
SnS. Each peaks were determined to belong to SnOs and SnySs. In contrast, for the
purified bulk SnS, only SnS’s peaks were observed. These results agree with previous
works on the SnS growth wia EB or thermal evaporations toward the solar cells
applications [160, 57|. The purchased SnS powder sources usually contains multiphase
contaminations (SnSy, SnyS3). In Ref. [57], a 3.88% efficient SnS solar cells were

achieved by eliminating the S-rich contaminations with post annealing.

Generally, the contamination are regarded to be obstacles for the high-quality
growth. Interestingly, however, the SnyS3 contamination plays an important role in

the monolayer growth of SnS, as discussed blow.
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2.4.3 Surface Morphology of SnS Crystals

Here, SnS growth is discussed based on the crystals grown from the SnS powder. The
surface morphology of SnS crystals were categorized into two types: 2D nucleation
growth and stepped growth. Fig. 2-26 shows the series of AFM morphologies with
changing the source/growth temperature. The SnS surface was flat and no step/ter-
race was found. When the temperatures of source (Ty,,) and substrate (Tg,s) were set
at 590 and 530°C, the crystal shape showed a very clear diamond-shape (Fig. 2-26e).
With decreasing Ty, and Tg,g, the SnS thickness was modulated down to 0.8 nm,
which is close to the monolayer thickness [161] (Fig. 2-26b). For the SnS crystals
with step/terrace, monolayer-thick steps were observed for the different SnS thick-
nesses, as shown in Fig. 2-27. Similar morphology was found in the MBE growth of
SnS; Bao et al. observed the wedding-cake shaped SnS multilayers [159], while Sutter
et al. determined the screw dislocation assisted spiral growth [162]. For both growth
mechanism, their SnS thickness tends to be thicker than 10 layers, probably due to
a high perpendicular growth rate. Also in this work, no few-layer SnS with stepped
structure was obtained. These results suggest that the 2D nucleation is necessary for

the growth of few-to-monolayer SnS.

The AFM topography of monolayer usually included some tiny holes with a di-
ameter below 1 pm, which becomes apparent when a post-growth annealing was per-
formed. Fig. 2-28 shows AFM images for the SnS annealed at 440 and 410°C. Square-
shaped etch pits were clearly observed, which are probably reflecting the atomic con-
figuration of SnS. This result indicate that the thin SnS crystals posses a uniform
crystal orientation in the micro scale despite of their rounded shapes. Furthermore,
this uniformity was determined for the different growth mechanisms: 2D nucleation

(Fig. 2-28a) and stepped growth (Fig. 2-28b).

Interestingly, from the purified bulk SnS source, few-to-monolayer SnS was not
realized below ~2 nm thickness. Fig. 2-29 compares AFM images of the thinnest
SnS crystals. For the bulk source, a SnS crystal was surrounded by flat mica surface,

while for the powder source, pm-size monolayer SnS was surrounded with sub-micron
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Figure 2-26: Evolution of crystal morphology for different SnS thicknesses. (a) pure
mica, (b) 0.8 nm, (c) 1.4 nm, (d) 3.5 nm, (e) 16.2 nm, and (f) 37.3 nm. The scale
bars represent 1 pm.

8 A L . A A
0 500 1000 1500 0 1000 0 500 1000
Position (nm) Position (nm) Position (nm)

Figure 2-27: Wedding-cake morphology of SnS multilayers. The scale bars represent
1 pm.

91



_____ { /0.54 nm
_____ _1/058nm i
t / 0.56 nm

200 400 600
Position (nm)

e
0 (nm) 50

e ]
0 (nm) 10

Figure 2-28: AFM topographic images of multilayer SnS after post-growth annealing
in Ny atmosphere at (a) 440 °C and (b) 410 °C. The scale bars represent 500 nm. (c)
Height profile along the dashed line in Fig. 2-28b.
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Figure 2-29: Comparison between SnS crystals grown from powder and purified bulk
SnS sources.

grains, whose size is approximately 100 nm or below and which tends to be triangle-

shaped.

2.4.4 Composition evaluation of SnS

For further characterization of SnS crystals and sub-micron grains, EDS spectra were
measured for them. In Fig. 2-30a, typical cross-sectional EDS spectra for trilayer
SnS crystal and sub-micron grains are shown. Clear EDS peaks from Sn and S were
confirmed. The other additional signals are from the contaminations of substrates and

owing to the FIB/EB irradiation processes. The ration of atomic% was determined

92



to be 1 : 0.81 for Sn : S, excluding other possibility of S-rich phases such as SnS,
and SnyS3. On the other hands, for the sub-micron grains, the ratio of Sn : S was
determined to be 1 : 1.36, suggesting that these grain is different from the SnS crystals.
Considering that the sub-micron grains were peculiar to the PVD growth with powder
source, which initially contains S-rich phases; the existence of S-rich states possibly
contribute the monolayer growth. One of the possible explanation is that the S-rich
grains cover the mica substrate at first and then they increase the wettability of SnS

molecules against the substrate. Otherwise they would work as a precursors of SnS.

In order to prove the difference of composition between the large SnS monolayer
crystal and small grains around SnS for powder source, nanoscale electron spec-
troscopy for chemical analysis (nano-ESCA) was performed. Figs. 2-31 shows the
optical and AFM topographic images for the SnS/mica sample. In order to prevent
the charge-up on mica insulator during the ESCA measurement, Ni/Au electrodes
were fabricated via a standard EB lithography and metal evaporator. Comparing the
optical images before and after the electrode, optical contrast of SnS crystal turned
to be transparent near the bottom-right edge after the metal liftoff. This change of
optical contrast is probably due to the chemical modification of SnS into SnO,: the
bandgap of SnQO, is larger than that of SnS. As shown in Fig. 2-31c, the surface

roughness for the transparent region is larger than the inner intrinsic region.

Figs. 2-32a,b show the System setup of 3D nano-ESCA (SPring-8). This system
enable the nanoscale spatial resolution three-dimensionally. The earth wire was ex-
tended with Ag paste and Cu wire as shown in Fig. 2-32c. Figs. 2-33a,b shows the
AFM topographic and phase shift images, respectively. At the bottom-right region,
phase shift image indicated the larger phase shift compared to the inner intrinsic
region. This should be caused by the change of adhesion property due to the oxida-
tion, which agree with the optical change. Fig. 2-33c¢ shows intensity mapping image
with using the Sn 3d peak intensity. The intensity difference is probably both owing
to the inhomogeneous composition and thickness. In Fig. 2-33d, ESCA spectra at
different points as shown in Fig. 2-33a-c are shown: (A) inner intrinsic SnS region,

(B) oxidized edge region, and (C) small grains outside the SnS crystal. With using
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Figure 2-30: Typical cross-sectional EDS spectrum of (a) trilayer SnS and (b) grains.
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Figure 2-31: Optical images of SnS samples (a) as grown, and (b) after the device
fabrication. (c¢) AFM topological image for the monolayer-thickness SnS with elec-
trode.

multi-curve fitting, single main peak and small sub peak were found for the point A.
The peak position for the main peak was around 485.9 eV, which corresponds to the
Sn 3ds,2 peak position for Sn**. This main peak was also confirmed at the point B
and C. In addition to the Sn?* peak, main peak at around 486.5 ¢V was found for the
point B and C, which corresponds to the Sn*™ peak. For bulk SnS and SnS,, single
peak has be observed at 485.6 and 486.5 eV; and two main peaks have been observed
at 485.8 and 486.4 eV for SnyS3[94|. These results indicate that the inner region of
large crystal (point A) is SnS, while the outside region (point C) is SnyS3. For the
degraded edge region of large crystal (point B), further investigation is necessary to
determine the composition, though it is possibly SnO,., considering together with the

optical contrast change [161].
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Figure 2-32: (a,b) System setup of 3D nano-ESCA (SRRO, University of Tokyo). (c)
Sample preparation for nano-ESCA measurement.
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Figure 2-33: AFM (a) topological, and (b) phase shift images for the sample. (c)
Intensity mapping of Sn 3d peak. (d) ESCA spectra for each point A, B, and C in
Fig. 2-33a—c.
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2.5 Characterization of Monolayer SnS via PVD

In this section, optical and electrical characterizations are described for the few-to-
monolayer SnS prepared via PVD growth in order to evaluate the crystalline qualities.
For optical measurement, Raman spectrum is studied. With focusing the excitation
laser in a micro-meter diameter, light-induced heat sometimes cause the sample mod-
ification [71]. For electrical measurements of SnS on the mica insulator, FET devices
require the fabrication of top-gates or transferring SnS from mica to the global back-
gated substrates such as SiOy/Si. As discussed in Section 2.1, SnS is easy to be
oxidized due to the oxygen favorability of lone pair electrons that constituting the
top of the valence band [94]. Therefore, negative effects of the optical measurements
and device fabrication processes have to be carefully considered.

In this work, for the optical measurement, the SnS samples are measured in vac-
uum to prevent the surface oxidation during the measurement. Moreover, top-gated
FETs are investigated rather than the transfer method, for the sake of utilizing the
mica substrate as a straightforward platform from crystal growth to the flexible de-
vices, as will be discussed in Section 3. For the top-gate insulator, atomic layer deposi-
tion (ALD) has been commonly used with an assistance of buffer layers [163, 164, 165].
However, ALD process usually requires high temperature deposition at around 200°C,
which might degrade SnS. To prevent the thermal effect on the channel, TG fabri-
cation via h-BN transfer below 90°C [166] will be effective, though it takes quite a
bit of care. In this works, Er,O3 deposition at RT is examined as a damage-less and

efficient TG fabrication method.

2.5.1 Raman Measurement

p-Raman spectrum was measured in vacuum with using a 488-nm excitation laser.
The optimal laser power below 0.5 mW was used to avoid degradation of SnS owing to
laser heating [71]. A 40x objective lens was used, whose nominal 1/e? spot diameter
on the sample surface is 2.5 pm. Fig. 2-34a shows typical RT Raman spectrum of

PVD grown SnS from bulk to monolayer thickness. There are overlaps between the
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Raman peaks from SnS and mica at around 120, 190, and 270 cm~!. For bulk SnS,
specific Raman peaks from SnS were observed at around 150, 180, and 220 cm™!.
With decreasing the thickness, the Raman peaks between 120-190 cm ™! become am-

biguous, while the peak at 220 cm™!

can be clearly found down to the monolayer.
To increase the Raman intensity, the temperature was decreased, as shown in Fig.
2-34b. At 3K, Raman peaks were observed apparently even at 120-190 cm~!. For the
monolayer, specific peaks were observed at around 150, 220, and 290 cm™!. This re-
sult guarantees the high-quality of SnS crystals. For further understanding, polarized

Raman measurements and Ab initio Simulation of phonon modes are investigated, as

will be discussed later 4.
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Figure 2-34: Typical Raman spectra for SnS with different thicknesses from bulk to
monolayer, measured at (a) RT and (b) 3K.

2.5.2 Fabrication Procedure of Top-gated FETs

In order to deposit the insulating materials, a home-built oxygen pressure controlled
thermal evaporator was used [167]. A schematic illustration of system setup is shown
in Fig. 2-35. The feed source and deposition chamber are separated by an aperture

of » =5 mm and can be evacuated independently. Here, EryO3 is selected as a gate
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Figure 2-36: (a) Optical image and (b) Device structure of TG-gated FETs.

insulator, whose effective dielectric constant is ¢ = 4.5 — —6.0 and vapor pressure is
relatively higher than other metals such as Y. After SnS crystals were grown via on
mica substrate, source/drain electrodes were fabricated with using Ni/Au. Then top-
gate patterns were drawn by EB lithography, followed by an Er,O3 deposition. The
temperatures of source and sample stage was set at 1090°C and RT, respectively. The
thickness of EryO3 layer on SnS was estimated from a x-ray reflectivity measurement
of Er,O3 on a dummy Si substrate, which was placed next to the target samples.
After depositing a dielectric layer, Al top-gate electrode was deposited via a standard
resistance heating evaporator. Finally, all the Er,O3 and Al layers were lifted off in

acetone solution. As a results, top-gated FET was obtained, as shown in Fig. 2-36.
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Figure 2-37: (a) Ip—Vrq plot at VD = 1 V and (b) Ip—Vp plot at Vg = 0 V of 5L
SnS at RT.

2.5.3 Electrical Characterization of Few-to-monolayer SnS

Fig. 2-37 shows the electrical transport characteristics of PVD grown 5L SnS as a
function of the top-gate voltage at RT and Vp = 1 V. In contrast to the thick SnS
(>9L, Fig. 2-15), 5L. SnS exhibited the off-state at RT. Herein, for the first time,
the intrinsic p-type and fully depleted FETs was demonstrated for few-to-monolayer
SnS. Given that the few-to-monolayer SnS via showed ambipolar FET behavior due
to the extrinsic defects Vg, (see details in Section 2.3), the intrinsic p-type behavior
of PVD grown few layer SnS indicates the highly crystalline quality. This is probably
because of the continuous supply of SnS sources during the PVD growth.

Fig. 2-38a summarizes the SnS thickness dependence of current modulation
Ion/Iopr from this work, including PVD grown and mechanically exfoliated SnS,
and the reported thinnest SnS FET [66]. The transition occurs at ~5 nm, which
is much smaller than MoS,; FETs (48-55 nm [115]), suggesting the heavy doping in
SnS to limit the depletion width Wp. To estimate the acceptor density Na of SnS,
a simple calculation was performed using the maximum depletion width Wp as fol-
lowing Eq. 2.1. In Fig. 2-38b, the relationship between Wp and Na of SnS at RT
is shown. By equating Wp to these SnS thicknesses, /Ny is estimated to be of the

order of 10" e¢m™, which is consistent with the previous estimation [67]. Although
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Figure 2-38: (a) Current modulation Ioyn/lopr versus thickness. (b) Relationship
between depletion width W and acceptor density Ny.

Iox/Iorr ~ 10% of 5L was much higher than thicker ones, further performance can
be expected since the high-crystallinity for as-grown crystals has been confirmed by
Raman measurement. Improvement of device fabrication process enables to extract

original features of few-to-monolayer SnS.

SnS has been recently attracted attention for its strong anisotropy and p-type
conductivity with a high theoretical carrier mobility over 10,000 cm?V~!s~!, which is
comparable to the high mobility of BP [53]. Compared with MoS, with large effective
mass due to Mo-d orbital, SnS and BP have small effective mass due to S-p and P-p
orbitals, respectively. Furthermore, the deformation potential of SnS is smaller than
that of BP, which results in higher mobility along the armchair direction [53]. Despite
of the outstanding theoretical estimation, the present 2D SnS FETs showed much
poor conductivity than the theoretical value even at the accumulated region. One of
the possible reason is the extrinsic defects induced during the source/drain electrode
deposition even though the damage due to the insulator formation was prevented with
RT deposition. Also the kinetic energy of Er vapor is decreased by a collision with

oxygen molecules. Fig. 2-39 summarize the melting points (7},) and theoretical carrier
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Figure 2-39: Melting point and theoretical carrier mobility versus donor/acceptor
density.

mobility for variable 2D materials. With increasing the acceptor/donor density, the
mobility tends to increase, while T}, decreases. In the case of monolayer SnS, T}, is
880°C [103], much lower than TMDCs, suggesting the relatively lower stability among

2D material family.

In order to minimize the damage during the deposition of source/drain metal,
a gentle deposition method has been investigated. As shown in Fig. 2-40a, metal
deposition was performed in the Ar atmosphere (P = 0.6 Pa). At P = 0.6 Pa,
the mean free path is 1.19x1072? m, enough smaller than the length of evaporator
(L ~ 0.25 m). Fig. 2-40b shows Ip—Vp characteristics of ~5L-thick SnS with different
ways of source/drain fabrication. Ni electrodes were deposited in vacuum at 4x107*
Pa and in Ar (P = 0.6 Pa). The gentle deposition in Ar successfully increased the

conductivity compared to the vacuum evaporation.
For further understanding of the electrical stability of 2D SnS, the effect of air

exposure was investigated. Fig. 2-41 shows the time evolution of surface morphology
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Figure 2-40: (a) Schematic view of metal deposition in Ar. (b) I3V characteristics.
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Figure 2-41: Time evolution of AFM image for the bulk SnS surface.

of bulk SnS mechanically exfoliated via a Scotch tape. The relative humidity was
stabilized at around 27%. When the AFM measurements were performed 24 min to
34 h after the mechanical exfoliation, there was no surface modification. When the
similar experiment is performed for BP, an analogous of SnS, it is well known that
BP’s surface immediately oxidized in air, resulting in the increase of RMS [90, 91].
These facts indicate that SnS is much more stable than BP.

To investigate the effects of air exposure on the electrical transport characteristics,
Ip—Vp curves were measured befor and after the air exposure with relative humidity
at 35% for 24 h. Note that the device structure was without a top-gate, thus only
source/drain electrodes. Fig. 2-42a shows typical change of ~5L-thick SnS. Even
though the initial measurements in vacuum before the air exposure exhibit a good
reproducibility of Ip—Vp curve, the conductivity dramatically decreased after the air

exposure. Fig. 2-42b shows thickness dependence of the Iy value under Vp = 10 mV.
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Figure 2-42: (a) Ip—Vp characteristics of bilayer SnS, and (b) change of resistance for
bulk and few-layer SnS, measured in air before and after the air exposure for 24 h

with the relative humidity at 35%.

For the bulk SnS thicker than 10 nm showed similar I before/after the air exposure,
however, that of SnS thinner than 3 nm revealed a significant decrease by up to
one order. These results indicate that the few-to-monolayer SnS is more unstable
than bulk SnS, so that we have to carefully treat and measure the 2D SnS, and
crucially a surface passivation is necessary to achieve high mobility and highly efficient

piezoelectric generators or ferroelectric memories operating in the atmosphere.
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Chapter 3

Mechanism of Piezoelectric Devices

Based on 2D Materials

In this chapter, 2D piezoelectric materials are investigated toward the generator ap-
plication. Firstly, the discussion starts from the fundamentals of piezoelectricity:
origin, coefficients, and equivalent circuit for the piezoelectric generators. From the
analysis on equivalent circuit, an equation for the out-put power will be extracted.
Secondly, Schottky barrier height modulation is discussed as a key engineering to
demonstrate the high-efficient nanogenerators based on 2D piezoelectric materials. A
new methodology of metal transfer is proposed instead of deposition in order to form
a Schottky contact at metal/piezoelectric interface. Finally, experimental results for
the electromechanical responses are shown. A key finding is that the piezoresistive
effect is also observed together with the piezoelectric effect. These two effects are
characterized from the modulation of Schottky barrier height at source and drain.
The dynamic electromechanical responses will be also discussed for the sensor and

generator applications.
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3.1 Fundamental of Piezoelectricity

3.1.1 Origin of Piezoelectricity

Piezoelectric materials are widely applied to the generator, microphone, and surface
acoustic wave filter applications (Fig. 3-1). Not only for the electronic devices, the
piezoelectric effect also exists in human body: bones [168|. The piezoelectric effect
originate from the ionic displacement in the non-centrosymmetric materials under
an external strain, as shown in Fig. 3-2. Also, the piezoelectric can deform with
applying electric field. The former is called as direct piezoelectric effect, and the
latter is converse piezoelectric effect. A similar phenomenon can be observed in the

flexoelectricity, which does not require the non-centrosymmetry [169, 170].

Fig. 3-2 shows the displacements of each ions in BaTiO3 at room temperature.
When a positive (Ti*", Ba?") ions and negative ion (O?7) are displaced like as Fig. 3-
2, the direction of polarization is defined as a vector from negative to positive charge.

The electric displacement for the dielectric materials is

= g F (3.2)

where F is the electric field, and P is the polarization charge. Eq. 3.1 can be

Mechanical—Electrical Electrical—>Mechanical

Generator

Actuator

Sensor SAW filter

Speaker

Microphone

Figure 3-1: Applications of piezoelectric materials.
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Figure 3-2: Origin of piezoelectricity and the definition of polarization direction
(BaTIO3)

transformed as
D—-P
€0

E = (3.3)

This equation means that a net electric field is formed with subtracting the polariza-

tion charge P form the total amount of charge D.

3.1.2 Piezoelectric Constants

The piezoelectric effect includes both electrical and mechanical properties: the electric
displacement D, the electric field F, strain S, and stress T'. Firstly, a non-piezoelectric
dielectric materials is assumed. Under S = 0 or T' = 0, the electric displacement is

proportional to the electric field,

oD

where ¢ is the dielectric constant. Note that the value of € will different for the differ-

ent boundary conditions, S = 0 or 7' = 0. In such a manner, there is a relationship:

83
6 = 0T =0T (3.5)

where s is the elastic compliance.

For the piezoelectric materials, the piezoelectric basic equation in d-form is written
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Figure 3-3: Basic equations of piezoelectric materials.

as follows:
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These equation is called as a basic piezoelectric equation in d-form. there are also

other forms with €, 5 (the inverse dielectric constant), s, and ¢ (the elastic stiffness).

A summary of basic equations are summarized in Fig. 3-3. The d-form will be

exclusively focused in the discussion below.

In three dimensional structure, the basic equation is expressed as follows:
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These equation might be complicated to analysis, however, they can be simplified

with considering the crystal symmetry in a practical case. For example,

53 = 83E3T3—|—d33E3 (311)

D3 = d33T3+€§3E3 (312)

for BaTiOg3. In ceramic and polymer piezoelectric materials, usually dss3, d3;, and dyy
are considered, while dy; is important for 2D piezoelectric materials (e.g. SnS and

MOSQ).

Fig. 3-4 shows the relationship between the relative permittivity €, and the piezo-
electric coefficients d, g for PZT, quartz and BaTiO3 [171]|. In the long history of
piezo-ceramics, most of efforts forcused on controlling ¢,. There are tradeoff between
d and g, which means that it is difficult to increase both d and g with the improve-
ment of dielectric constants. This is because d and g are ideally proportional to /=
and 4/1/e, respectively. From Eq. 3.8, d can be expressed with using the dielectric

constant €, the Young’s modulus o, the lattice strain e:

0D  e0F

1= 55 = voc

(3.13)

Although large £ was necessary for large d, this is not true for SnS. As shown in Fig.
1-9, for monolayer SnS, both d and g show outstanding values owing to the structural

flexibility (small o) and relatively small relative permittivity e, ~ 10 [172].
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Figure 3-4: Tradeoff between piezoelectric d and ¢ constant for PZT, PVDF, and

quartz [171].

Assuming 7' = 0 (no external force), Eq. 3.6 and 3.7 can be

S = dE

D = ¢'E

Total input energy Uy, is quall to the electrical energy,

D DD D2 TR
Um:/ EdD:/ Yap= = -
0 o T 2eT 2

On the other hand, output mechanical energy is written as,

S s 8 52 s2F?
out — T = / Nl = 5. F
Uout /0 ds o sF a5 2sF 2sE

Then the electromechanical coupling factor k can be defined as,

o Ui _ PE2257
U; eTE2/2 el'sk

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

This mean the energy conversion efficiency between electrical and mechanical energies.
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3.1.3 Equivalent Circuit of Piezoelectric Devices

An equivalent circuit for the piezoelectric nanogenerator can be extracted, starting
from Eq. 3.6 and 3.7 [173]. Under the boundary condition 7" = 0, as shown in Fig.
3-5,

d2

D fnd STE —= <5S _|_ SE) E (319)
The total charge @ is
d? ab d

_ _ s _ S

Q = abD =abd <€ + S—E> E=c¢ TEZ + ablS—EEl (3.20)
gab d*(ab)? sPl < 5 1 )

—V —V=(Chj+A= |V 3.21
1T GERE 1T (3:21)

where

1
K = SEalb : spring constant (3.22)
El =V (3.23)
b
C;, = €& aT : damper capacitor (3.24)
dab
A = T force factor (3.25)

Eq. 3.21 means that the piezoelectric device, which is composed of electrical and
mechanical prats, can be expressed in an simple electrical circuit, as shown in Fig.

3-6. In this equivalent circuit, the maximum out-put power can be extracted as

173, 174],
V2 wAdT)?

Pmaa: = 5 T 31/ ~ Db 9
RL 1+ (WGdRL)Q

xdxg (3.26)

Thus, both d and g is necessary to be large for the high-efficiency piezoelectric gen-

erators. In this perspective, SnS is a promising candidate because of its large d and

g (Fig. 1-9).
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Figure 3-5:

field.

Schematic illustration of piezoelectric device under the external electric

H o -~

R C L

Figure 3-6: Equivalent Circuit of Piezoelectric Devices.
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Table 3.1: Comparison between piezoelectricity and piezoresistivity [175].

Piezoresistive effect Piezoelectric effect

e Linear IV curve e Non-linear "rectifying" IV curve
e Symmetric effect in end-contacts o Asymmetric effect on end-contacts
e No polarity e With strong polarity

e "Volume" effect e "Interface" effect

e No stitch function e Switch function

3.1.4 Literature Review of MoS, Piezoelectric Devices

Fig. 3-7 shows the first demonstration of piezoelectricity in monolayer MoS, by Wu
etal. [27]. They used the Pd as electrodes in order to create Schottky contacts at the
metal /MoS, interface. Considering that MoS, is a semiconductor, carrier injection
from electrode into the channel is crucial for accumulating the polarization charges
at the interface. Assuming the ideal condition: the Schottky barrier height (SBH)
at source and drain is same under no strain (Fig. 3-7a). When an external strain is
applied into the monolayer, polarization will appear at the interface, resulting in an
asymmetric change of SBH at source/drain. SBH increase at drain, and decrease at
source in this case. This characteristic can be observed in the Ip—Vp curve under the
static strains. As shown in Fig. 3-7b, for monolayer, the resistance changes asym-
metrically in the negative and positive drain bias. This rectification means that the
contact resistance is different at source and drain as a result of piezoelectric charges.
In contrast, for bilayer MoS,, Ip—Vp changes symmetrically under a strain. The resis-
tance decrease with increasing the strain, which is caused by the piezoresistive effect

in the channel region. These characteristics are summarized in Table 3.1.
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Figure 3-7: Experimental demonstration of piezoelectric device based on 2D MoS,.

(a) Schottky barrier height modulation. (b) Static Ip—Vp measurement for mono-
and bi-layer MoS, [27].
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3.2 Interface Engineering at Metal /Semiconductor
Interface

Fig. 3-8 shows a temperature dependence of MoS,; FET at 100-400 K. In the high
temperature region, the conductivity is high even under the depletion region, which
means a thermionic emission current. With decreasing the temperature, the resistance
is very high unless the assist of positive gate bias. At low temperature, the voltage
drop only occurs at the metal/MoS, contact, and a flat band is formed in the channel
region. These results indicate that the transport in 2D MoS, is dominated at the
contact.

Among the 2D materials, MoSs is relatively stable, chemically and thermally.
However, not a few defects are induced when we deposit a metal to fabricate the elec-
trode. In Fig. 3-9, a cross-sectional TEM image is observed for the metal deposited
MoSs. Even for the "stable" MoS,, defects, glassy region, and metal diffusion into
MoS, are created, resulting in a strong Fermi level pinning (FLP). For MoS,, the S
factor is known to be ~ 0.1 [113, 176/, which is smaller than Si and Ge [177].

In order to prevent the FLP, Liu et al. utilized a metal transfer method in the same
manner of transfer method for layered materials. Strikingly, very steep, completely
defect-free, interface is formed as shown in Fig. 3-9. The S factor for the metal
transfer was determined to be 0.96. Even now, it is a mystery the origin of FLP in
metal /2D system, disorder induced gap state (DIGS) [178], metal-induced gap states
(MIGS) [179], or anything else; though the metal transfer method will reduce both
DIGS and MIGS owing to the defect-free and vdW gap.

In this work, the metal transfer method is investigated for the piezoelectric char-

acteristic in MoSy as a model material.
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Figure 3-8: Electrical transport in 2D materials is contact limited [113].
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Figure 3-9: Metal deposition versus transfer for MoS, [176]. (a) Illustrations and
TEM images for metal/MoS, interface. (b) Strong Fermi level pinning for MoS,
[113]. (c¢) Depinning of Fermi level by metal transfer method [176].
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3.3 Experimental Methods of Electromechanical Char-

acterization

3.3.1 System Setup

For the sake of electromechanical characterization, two kinds of measurement systems
were built-up. Firstly, a picture of static electromechanical measurement system is
shown in Fig. 3-10. In this system, Ip—Vp and IV characteristics were investigated
with bending the sample by vise. The sample and probes were placed in an electro-
magnetic shield to reduce unexpected signals. The relative humidity was reduced to
40% by a standard dehumidifier in order to prevent the sample oxidation assisted by
a Joule heating during the transport measurement. The other measurement system
is designed for a measurement under a dynamic strain, as shown in Fig. 3-11. Instead
of linear actuator, rotated actuators was used to apply a strain uniformly on the sub-
strate. Also, the present system enable it to switch tensile/compressive strains easier
than the linear actuator. To minimize background noises, electromagnetic shield was
used. Without the shield, the noises exceed several-hundred pA (Fig. 3-12a). This
value is has to be reduced to several pA, given that the maximum output from single
device of monolayer MoSs and WSey are several-tens pA [27, 47]. When the shield is

used, the noise was successfully reduced below ~5 pA (Fig. 3-12d).

Figure 3-10: Electrical measurement under static strains.
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(a)— Rotated actuator

Figure 3-11: Electrical measurement setup for electromechanical response under dy-
namic strain.
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Figure 3-12: Reducing background noise. (a) Variety of causes of the noise. Mea-

surement setup (b) without and (c) with electromagnetic shield and earth wires. (d)
Back ground noise applying a repeated external strain.
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3.3.2 Fabrication of Flexible Devices

The mica substrate, which is used for the 2D growth of SnS as described in Section
2.4, is also a 2D layered materials. When the mica thickness is thinned, it becomes
flexible and thus can be directly applied to a flexible device without any process of SnS
transfer from mica to other platforms. After the growth of 2D SnS on mica substrate
(600 pm thickness), mica was thinned to 10-50 pm, which is flexible and easy to
treat by tweezers. To thin the mica below 50 pm, a knife was used to exfoliate
the top surface with ~100 pm thickness, followed by Scotch tape exfoliations for
a few times to exfoliate the bottom mica. The mica thickness was measured by
micrometer. The electrodes was fabricated by a standard electron beam lithography
and metal deposition. Initial electronic transport characteristics was measured in
vacuum at 1073-1072 Pa to compare with the characteristics in the atmosphere,
where the electromechanical measurements are performed. Some effects of air are
expected such as a material degradation due to oxidation, charge transfer from the

adsorbed molecules, and mechanical destruction during bending.

In order to apply a strain in SnS and mica, PET substrate was used (Fig. 3-13).
They were stacked with commercially available double sided tape after fabricating

electrodes. The strain € applied in SnS was assumed to be

e =+d/2r (3.27)

where d is the thickness of mica, r is the curvature radius of mica substrate. When
the substrate is bent as shown in Fig. 3-13b, tensile and compressive strains are
applied on the top and bottom sides, respectively; they can be reversed when the
substrate is bent toward the opposite direction (Fig. 3-13a). Here, a strain on the
PET surface is assumed to be totally relaxed due to the existent of soft double sided
tape. The stress was applied by a vise, as shown in Fig. 3-14. The curvature radius
r was measured with the arch-shaped cross-sectional image of the flexible device, as
shown in Fig. 3-14. The image was analyzed in the digitizer software (PlotDigitizer
X, macOS) to extract the shape of bent substrate. This digitized curve was fitted
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Figure 3-14: Estimation of applied strain. (a) Desitization of the curvature. (b)
Curve fitting with quadratic function.

with parabolic function written as,
f(z) =ax* +bx +c (3.28)

The curvature radius r(x) at the point of (z, f(z))is calculated by the following equa-

tion:

(L+ fx))>
£ ()]

Especially at the vertex of the parabola, where the SnS is located, the curvature

radius is simplified to be r(—b/2a) = 1/|2al.

r(z) = (3.29)
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3.4 Piezoresistivity in 2D Materials

In this section, electromechanical response of 2D SnS is studied. Especially, the
piezoresistive strain gauge is demonstrated as a preliminary step for the piezoelectric
application. As discussed in Section 3.1, piezoelectricity and piezoresistivity co-exist
when the piezoelectric material is strained. Especially, for the piezoelectric 2D ma-
terials SnS and MoS,, piezoresistivity should be more effective than the conventional

piezo-ceramics because they are semiconductors. The purposes of this section are;

1. Demonstration of piezoresistive strain gauge to verify the operation of elec-

tromechanical measurement system and flexible device.

2. Characterization of piezoresistivity in 2D SnS to distinguish it from the piezo-

electricity.

The flexible devices were fabricated with few-to-monolayer SnS, as described in
Section 3.3.2. In this section, Ni was used as a contact metal for SnS because it has
an ohmic contact and preferable to observe the change of resistivity caused by the
piezoresistivity. Actually, Schottky barrier height at the metal/piezoelectric contact
is critical to observe the piezoelectric charge accumulated at the contact, as will be
discussed later (in Section 3.5). Moreover, modulating Schottky barrier height is also

important for ferroelectric devices, as discussed in Chapter 4.

3.4.1 Optical Characterization of Strained SnS

After fabricating source/drain electrodes for ~10 layers SnS, p-Raman spectrum was
measured at the channel region (Fig. 3-15a). The electrodes were designed along the
armchair direction, identified by a polarized Raman measurement, as shown in Fig.
3-15b,c (see details in Section 4).Fig. 3-16 shows a typical Raman spectrum before
and after applying a tensile strain at 0.5%. Under a flat condition (¢ = 0%), Raman
peaks were observed at around 160 and 230 cm ™!, which agree with the Raman modes
of bulk SnS along out-of-plane and armchair directions, respectively [107]. The other

1

peaks at around 140 and 190 cm™ are from the substrate. When the tensile strain
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was applied along the armchair direction, Raman peaks at 160 and 230 cm~! shifted
toward positive and negative, respectively; indicating that tensile strain was applied
along the in-plane direction, while compressive strain was applied along the out-of-
plane direction. This result suggest that the crystal structure transformed elastically

like as the inset of Fig. 3-16.

3.4.2 Piezoresistive Response under a Static Strain

To investigate the pirzoresistive response of bulk SnS, static Ip—Vp measurements
were performed in air under an external strain applied by the vice. Fig. 3-17a
shows Ip—Vp characteristics of ~10 layers SnS under tensile and compressive strains
+1.7%. When the tensile strain was applied, the conductivity decreased indicating
the increase of resistivity. In contrast, the resistivity decreased under the compressive
strain. These results agree with the theoretical estimation of the bandgap against the
lattice strain; the bandgap increases with increasing the strain in the strain region
of £3% (Ref. [180]). Interestingly, the sensitivity under the compressive was much
larger than the tensile strain. In Fig. 3-17, a systematic strain dependence of Ip at
the fixed drain bias V, = 0.1 V. Although, in the negative strain region (compressive),
the conductivity linearly decreased with increasing the strain; in the positive region,
the current saturated at around 590 nA. This significant discrepancy was not observed
for metal strain gauge, which was strained in the same vice as for SnS and revealed
almost the same sensitivity at tensile/compressive strains (see details in Section 3.3).
This difference is probably owing to a smaller influence of the tensile strain on the
electronic band structure of SnS due to a decreased charge transfer from Sn to S,

compared to the compressive strain [180].

3.4.3 Anisotropy of Gauge Factor in SnS

In order to investigate the effect of lattice orientation on the piezoresistive response,
two sets of source and drain electrodes were orthogonally aligned, as shown in Fig.

3-18. The orientation was determined before designing the electrodes pattern, from a
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Figure 3-15: Angular dependence of Raman spectra from (a,c) bulk (~665 nm) and
(b,d) ~10 layers SnS.
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Figure 3-16: Typical Raman spectrum from ~10 layers SnS with strains ¢ = 0 and
0.5%.
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Figure 3-17: Piezoresistive response of ~10 layers SnS under tensile and compressive
strains. (a) Ip—Vp. (b) Ip value at Vp = 0.1 V.
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Figure 3-18: Anisotropy of piezoresistivity in bulk SnS, along armchair and zigzag
directions: (a) experiment in this work and (b) theory in Ref. [180].

distorted diamond shape of SnS crystals reflecting the atomic structure. The Ip—Vp
characteristic was measured in air under tensile and compressive strains at +0.17%.
The piezoelectric sensitivity was quantified with AR/Ry, where Ry is an initial re-
sistivity and AR is a change of resistivity after applying strain. For 1~10 nm SnS,
AR/ Ry was approximately 0.2 both for armchair and zigzag direction under the ten-
sile strain, while larger value was obtained along zigzag direction under the compres-
sive strain. This is probably because of the anisotropy of band structure dependence
on the lattice strain. In Ref. [180], the relationship between bandgap E, and lattice
strain ¢; stronger dependence was determined along the zigzag direction than the

armchair direction due to an anisotropic in-plane elastic stiffness.

3.4.4 Gauge Factor

Gauge factor (G'F') is usually used to compare the strain gauges between different

materials and measurement conditions. GF is defined as follows:

_ AR/Ry
N 3

GF (3.30)
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Table 3.2: Calculated Poisson’s ration of monolayer SnS [181].

V21 V31 V19 V39 V13 Va3
monolayer 0.097 0.277 0.025 0.861 0.067 0.419

When the crystal structure is regarded to be isotropic, Eq. 3.30 can be written as

the total of geometric effect and resistivity effect.

1AL AA  Ap

o =t (33
A

= 1+w+ i/p (3.32)

where L is the channel length, A is the cross-sectional area of channel, p is the
resistivity, and v is the Poisson’s ratio. The GF can be approximated to be the
geometric terms GF = 1 + 2v for some metals, whose piezoresistive effect is very
small. This geometric piezoresistivity is very small because v is usually below 0.5
for most of metals, thus the GF is limited below 2. For Si, v is 0.28 comparable
to metals, though the GF exceeds 200 owing to the resistivity effect Ap/p. For the
piezoelectric material, GF sometimes includes not only the piezoresistive effect, but
also the piezoelectric effect [27], though the later effect is absent in this measurement

because the bulk SnS is not a piezoelectric.

Based on the relationship between strain and resistance, the GF are determined.
From the results of bulk SnS as shown in Fig. 3-17, the GF was determined to be 12.4
and 1.3 for compressive and tensile strains, respectively. Table 3.2 shows calculated
Poisson’s ratios for bulk and monolayer SnS with x,y, z axises along out-of-plane,
zigzag, and armchair directions, respectively. The value of v is 0.861 at maximum,
thus the geometric effect contribute to the GF as large as 1-2. The large GF in the

compressive region is probably owing to the change of resistivity Ap/p.

For further understanding, thickness dependence was investigated. Although the
In—Vp curve of bulk SnS (>10 layers) was measured in air, that was measured in vac-

uum to minimize the surface modification because few-to-monolayer SnS electrically
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Figure 3-19: Typical piezoresistive characteristic of few-to-monolayer SnS. (a) In—Vp
curves under different strains. (b) Gauge factor for SnS and other materials [27].

measured in air is easy to be degraded in air (Fig. 2-42). For each measurements,
SnS surface was cleaned by IPA solution to eliminate the HoO molecules physically
absorbed on it. In Fig. 3-19, Ip—Vp curves under different strains are shown. The
strain was changed systematically from 0 to 0.36% of compressive strain, which has
a larger effect on the electrical properties than tensile strain [180]. Similar with bulk
SnS, resistivity of bilayer SnS decreased under the compressive strain. The maximum
GF ~ 130 was obtained at bilayer, which is much larger than metals and graphene
sheet, and comparable to crystal Si. This improvement from the bulk SnS as dis-
cussed above (see details in Section 3.4.2), should be owing to the single grain of
SnS crystal rather than multi-grained bulk SnS (Fig. 3-15). Fig. 3-20a shows strain
versus Ip at Vp = 10 mV for different few-to-monolayer SnS (N = 7). The gauge
factor varied from 51 to 130. This dispersion is probably caused by the crystalline
quality and number of layers. In Fig. 3-20 shows the relationship between GF and
SnS thickness. In the region between monolayer to trilayer, the maximum GF was
131, and comparable value was also obtained at 13.1 nm (GF = 122). In this experi-
ment, the lattice orientation of SnS was unidentified before designing electrodes, thus
the large distribution in thin layers should also suggests the orientation dependence.
For further investigation, the crystal orientation has to be determined preliminary to

the fabrication of electrodes, by using polarized SHG or Raman measurements.
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Figure 3-20: (a) Variation of GF for few-to-monolayer SnS. (b) Number of layer
dependence of GF of SnS.

3.4.5 Piezoresistive Response under a Dynamic Strain

In order to investigate a time-resolved piezoresistive response of SnS, electromechan-
ical response was measured under a dynamic strain. The SnS was the bulk SnS (~10
layers) exactly same as the sample measured in Section 3.4.2. The Ip—time measure-
ment was performed in air by the rotated actuator (FIg. 3-11). As shown in Fig.
3-21, tensile and compressive strains at ¢ = +0.58% were applied repeatedly with a
time interval of 5 sec. When the drain bias was fixed at Vp = 1 V, the drain current
was approximately Ip = 560 nA. Under the tensile strain, the channel resistance
increased due to the increased bandgap, and vice versa. These results are consistent
with the piezoresistive characteristics of SnS under the static strain. The resistivity
changed reproducibly with time, indicating the stability of the sample and measure-
ment setup. However, when the strain exceeded over 1%, it became less reproducible.

One of the possible reasons is plastic deformation of the mica and PET substrates.
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Figure 3-21: Time-resolved piezoresistive response under the repeated bending.
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3.5 Piezoelectricity in 2D Materials

When the piezoelectric materials are strained, piezoelectric charges are accumulated
near the contact metals. For two-dimensional materials, piezoelectric generators
based on MoS,; and WSe; have been reported [27, 47|. Most of the conventional
ferroelectrics such as PZT or BaTiO3 are insulators, however, 2D piezoelectric ma-
terials (SnS, MoSsy, and WSe,) are semiconductor. Given that the generated current
can flow in the conductive channel, Schottky barrier height is necessary to prevent the
carrier injection from the contact metals [182, 183]. Wu et al. used Pd as a contact
metal for MoSs to form a Schottky barrier [27]. With applying an in-plane strain
into monolayer MoS,, positive and negative piezoelectric charges are accumulated at
source and drain. Owing to the charge polarity, the Schottky barrier height at source
and drain changes asymmetrically. Actually, it has been reported that the Schottky-
like Ip—Vp curve changes asymmetrically at negative and positive drain bias, under
the lattice strains [27]. In contrast, in the case of bilayer MoSs, only the symmetric
change is observed because bilayer is not piezoelectric, but just piezoresistive [27].
These characteristics can be determined by a static Ip—Vp measurement under the
strain [184], as discussed in Section 3.1. This model of the Schottky barrier height
modulation has originally been proposed to explain the piezoelectric properties of zinc
oxide (ZnO) nanowires [184|. The mechanism of piezoelectricity in ZnO is valid and
reproducible, however, the piezoelectric generators based on 2D materials has been
reported only by a few groups and there is still a room to discuss the mechanism of

2D piezoelectric devices.

One of the considerable concerns is the place where piezoelectric charges are ac-
cumulated. There has been a theoretical investigation of the piezoelectric charges for
Pd/MoS, system [185, 186]. In their calculation, the Pd contact was assumed to half-
cover MoS, edges. There are two possible regions where the charge is accumulated;
the MoS, edge, and the metal edge near MoS, channel. Just under the Pd electrodes,
electronic characteristics of MoSs is totally different from the intrinsic MoSs, so that

the piezoelectric charges are absent in these regions. As a results, the charges are
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Figure 3-22: Schematic illustrations of accumulated region for the piezoelectric
charges: (a) metal edges and (b) MoS, edges.

theoretically expected to be mainly accumulated near the metal edges, where the
MoS, preserves its electronic property [186]. If this model is authentic, it is possible
to improve the power density by shortening the channel length and increasing the
density of electrode edges, though there has not been reported any experimentally
direct proof for the piezoelectric charge model.

In this section, mechanism of 2D piezoelectric device is discussed for MoS; as
a model material. For metal/MoS,, there is a strong Fermi-level pinning near the
conduction band minimum. Therefore, it is difficult to form a large Schottky barrier
height even if the metal work function is changed. In order to overcome the Fermi

level pinning, metal transfer method was utilized [176].

3.5.1 Material Preparation: Non-centrosymmetric Multilayer

MOSQ

Fig. 3-23 shows typical optical images of bilayer MoS, grown by chemical vapor depo-
sition (CVD) on SiO,/Si substrate. There are two kind of stacking sequences; 3R and
2H structures. The triangle shape reflects the atomic configuration of MoS,, and the
second layer are grown on the first layer in anti-parallel and parallel direction for 2H
and 3R structures, respectively. As the bilayer 2H MoS, has the centrosymmetricity
due to the anti-parallel stacking sequence, it has no piezoelectricity. In the bilayer
3R MoS,, top and bottom MoS, layer keep the piezoelectricity owing to the parallel
stacking. Here, these 2H and 3R staking are called as AA and and AB stacking for
simplicity.

So far, the largest output power density of monolayer MoS, is approximately

200 nW /cm? [27]. With using the AA stacked multilayer MoS,, the power density
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Figure 3-23: Optical images of CVD grown bilayer MoS, with different stacking
sequence: AA (3R) and AB (2H) stackings.

should increase with the number of layers, beyond the monolayer limit [84, 85]. In
this work, AA and AB stacked MoS, were used to investigate the stacking effect
on the piezoelectric property, and to improve the power density of 2D piezoelectric

generators.

3.5.2 Metal Transfer and Deposition Procedures

Firstly, MoS, flakes were transferred on the mica from SiO,/Si in order to fabricate

a flexible device. The transfer procedure is described as follows:

1. CVD growth of MoS, with solid sources, sulfur and MoO3z powders. SiOs/Si

was used as a growth substrate.

2. Spin coating PMMA on the substrate MoSy was grown, followed by a baking
at 120°C for 10 min.

3. Preparing a home-made PDMS film (2-5 mm thickness) with a hole, which
is for the sake of releasing the strain in PMMA film. If the PMMA is fully
covered with PDMS, large strain is induced in MoS, flakes during a following

wet process; finally cracks and wrinkles are formed in MoS,. Transferring PDMS

on PMMA for the easy handling.
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4. Etching SiOs layers by KOH solution (KOH : DIW = 3 : 2). The upper layers
will be lifted off [128].

5. Rinsing with DIW to remove KOH residue, followed by drying in vacuum at
RT.

6. Transfer the dried MoSy on mica substrate. To improve the adhesion, the
sample was heated at 120°C for 10 min. The hole of PDMS was filled with
PDMS hollowed out at Step. 3, and it was pressed with an 100 g weight.

7. Liftoff the PMMA and PDMS in acetone for ~12h. After the liftoff, MoS, flakes
remain on mica. Rinsing the sample in IPA, followed by Ny blow. To minimize

the deformation due to the blowing, its flow rate should be gentle.

Secondly, source and drain electrodes are prepared as flowing procedures:

1. Fabricating electrodes on a sacrificial substrate of SiOy/Si substrate by using
standard EB lithography and metal deposition. Gold was selected as an elec-
trode because of its chemical stability during the following wet process or trans-

fer process in atmosphere.

2. Spin coating PMMA and transferring PDMS in the same way as for MoS,
transfer. Here, windows for measurement probes were fabricated on PMMA by

EB lithography.
3. Liftoff and cleaning process in the same method, as described above.

4. Transferring metals in atmosphere by a home-built transfer system. The source
and drain electrodes were aligned towards the armchair direction of MoSs, where
the piezoelectric effect is maximized. During the transfer, the mica substrate
was heated at 120°C, which can reduce an adhesion between PMMA and PDMS,
so that finally a two-probe device can be obtained sandwiched with mica and

PMMA (Fig. 3-24).
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mica

Figure 3-24: (a) Schematic illustration and (b) Optical image of two-probe device via
metal transfer.

The transferred metals located at the MoS, surface and had no overlap with MoS,
edge. The strain was applied toward the armchair direction, then the piezoelectric

charges are expected to be accumulated at the source/drain electrodes.

3.5.3 Electromechanical Response of MoS, with Metal Depo-
sition

When the Au electrodes were fabricated for monolayer MoSs via deposition instead
of transfer method, the symmetric change of Ip—Vp curve was observed under the
tensile and compressive strain, as shown in Fig. 3-25a. Even if the contact metal
was replaced to Ni, Pd, and Cr, the Ip—Vp curve changed symmetrically as like Au.
For the AA and AB stacked bilayer MoSs, symmetric changes were obtained like
as monolayer. The piezoelectricity is absent in the AB stacked bilayer, thus the
symmetric change is apparently caused by the piezoresistive effect. Although the
monolayer and AA stacked bilayer are ideally piezoelectric, the asymmetric change of

Schottky barrier height at source/drain probably have a small effect on the electronic
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Figure 3-25: Ip—Vp under strains for (a) monolayer, and (b,c) AA/AB bilayer MoSs.
The electrodes were fabricated via evaporation.

transport characteristics due to a strong Fermi level pinning [176]. These results
suggest that the piezoresistive effect is more dominant than the piezoelectric effect

for MoSs with deposited metal electrodes.

3.5.4 Piezoelectric Response of Two-probe MoS, Device via
Metal Transfer

Fig. 3-26 shows Ip—Vp characteristics for AA and AB stacked bilayer MoSs under
compressive strain. For the AB stacked, symmetric change due to the piezoresistive
effect was obtained as similar as the results of MoS; with deposited metal. In contrast,
for the AA stacked, Ip—Vp curve changed asymmetrically in the negative and positive
drain bias. This is probably because of the piezoelectric effect; a strong Schottky
contact was formed as a results of Fermi level depinning owing to a defect-free van
der Waals gap between metal electrode and MoS, [176]. The piezoelectric behavior
was achieved for the AA stacked bilayer, indicating the piezoelectric property in the
monolayer can be preserved with AA stacking sequence even though it is stacked with
other monolayer.

For the monolayer, however, the asymmetric change was not observed unlike as
the bilayer. This is probably because the piezoelectric charge in the monolayer is
smaller than the bilayer and piezoresistivity is still dominant for the carrier transport

characteristic.
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Figure 3-26: Asymmetric and symmetric change of Ip—Vp curves for AA and AB

stacked MoS,, respectively.

3.5.5 Electromechanical Response under a Top-gate Modula-
tion

For further investigation of the piezoelectric charge in the monolayer MoSs,, top-
gated field-effect transistors were fabricated with the metal transfer method. The
source/drain and top-gate electrodes were fabricated on the sacrificial SiO5/Si sub-

strate as follows:

1. As a gate insulator, 2D h-BN (several-tens-nm thickness) was used. h-BN was
transferred on the sacrificial substrate via the Scotch tape and a commercially
available PDMS film. To improve the adhesion, the substrate was heated at
180°C for 10 min.

2. To eliminate the tape and PDMS residues, the sacrificial substrate was treated

in UV ozon for 5 min.

3. Selecting a BN flake with a suitable size for the MoS, crystal, the top-gate and

source/drain Au electrodes were fabricated at the same time with using EB
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lithography and metal deposition.

4. All the layers were transferred from the sacrificial substrate to the mica substrate

in the same, as described in Section 3.5.2.

5. Transport characteristics were measured with an external strain, applied toward

the armchair direction.

Fig. 3-27 shows the Ip—Vrg at Vp = 10 mV with and without the tensile strain of
0.15%. Under the flat condition, this FET exhibited an n-type behavior, which is
the intrinsic property of MoS;. When the source and drain was reversed, usually
the In—Vrq curve is different from the initial curve before reversing the source/drain.
This means that the contact resistance is not the same at source/drain, probably due
to the geometric difference of electrodes or fluctuation of fabrication processes. To
simplify the analysis, a sample that has the almost same contact resistance at source
and drain, as shown in Fig. 3-27. Under the tensile strain, a discrepancy was found
in the accumulated region when the source/drain were reversed. In contrast, in the
depletion region, these two curves traced almost the same line. The total resistance
of this FET device can ve written as R = R, + R, where R, and R, are contact
and channel resistances, respectively. When the negative TG bias is applied, the R,
increase and is more dominant for the carrier transport than the R.. For the positive
bias, the R, and the transport characteristic is dominated by the R.., in other words,
the asymmetric change of SBH can be effectively detected as a polarity, as shown in

the inset of Fig. 3-27.

3.5.6 Origin of Piezoelectric Charge in Metal /MoS,

The asymmetric modulation of SBH due to the piezoelectric effect has been deter-
mined by the static transport measurement for monolayer and AA-stacked bilayer
MoS,, as described above. In the present experiments, the source/drain electrodes
were transferred onto the MoS, surface, without overlapping at the MoS, edge, as
shown in Fig. 3-28a. Thus the piezoelectric charges induced by the strain are accu-

mulated at the metal/MoS, interface rather than the MoS; edge. When the drain
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Figure 3-27: (a) Optical image and cross-sectional illustration of TG/SD transferred
device. (b) Ip—Vrg characteristics of monolayer MoS, with applying the tensile strain
along the armchair direction.
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Figure 3-28: Schematic illustrations of (a) transferred and (b) deposited metal elec-
trodes.

voltage is applied, the current flow should be through the metal edge near the channel,
so that the piezo-charge accumulated at the interface between the MoS, channel and
source/drain metal edge has been detected in Figs. 3-26,3-28. These experimental
results agree with the theoretical estimation [185, 186].

Given that the piezoelectric effect in 2D materials appears at the interface between
contact metal and 2D material, their power density can be improved with the methods

as suggested below,

e Post-fabrication SBH engineering: although the SBH at the facial interface
between metal and 2D material’s surface, the metal edge near the channel can

be modified. For MoS,, Ti has an ohmic contact, though a Schottky contact
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is formed when Ti is oxided to TiO [187]. This Schottky contact is owing to
the increase of SBH from ®,, = 4.33 eV (Ti [188]) to ®,, = 4.9 — 5.5 ¢V (TiOq
[189]). Even if the electrodes are fabricated via a deposition, the effect of strong
Fermi level pinning will be neglected in the channel region and Schottky contact

at the metal edge should be realized.

e Refinement of electrodes: the output current is proportional to the channel
width. With minimizing the cannel length, the number of devices per unit area
increase. Conpared to the conventional piezoelectrics, which has to be sand-
wiched by electrodes because of the out-of-plane polarization, the refinement of

electrodes on MoS; is much easier because of its in-plane piezoelectricity.

In order to investigate the piezoelectric generator based on MoS,, two-probe de-
vice was fabricated, as shown in Fig. 3-29a,b. For this generator, Ti electrodes were
fabricated via metal evaporation. The sample was exposed in air after the metal
deposition to oxidize Ti into TiO,, probably resulting in a strong Schottky barrier
contact. Fig. 3-29c¢ shows the short circuit output current of MoS; monolayer with
applying compressive strain repeatedly. The output current was approximately 30
pA, which is comparable to that of Pd/MoS, system [27]. In the first demonstration
of piezoelectric generator of monolayer MoSs, the source and drain electrodes were
fabricated with the channel length of ~10 pm, and its power density was approx-
imately ~200 nW/cm? When the channel length is minimized, the power density
can be larger than 1 pW /cm?. For further understanding, it is necessary to investi-
gate the relationship between piezoelectric output and channel length. Also, defect
treatment in the ferroelectric material will be effective to improve the piezoelectric
property. For MoS,, sulfur vacancies are the origin of its n-type property. S. Han
et al. has demonstrated the improvement of piezoresponse in the monolayer MoSs by
sulfur treatment [190].

Moreover, if the piezoelectric material is replaced with SnS, whose piezoelectric
coefficient is 10-100 times larger than MoS,, its generator will exceed over 10-100

pW/cm?.
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Figure 3-29: (a) Schematic illustration of a piezoelectric generator based on MoSs.

(b) Optical image of two probe device. (c¢) Piezoelectric output current for monolayer
MoS, under the repeated external strain.
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Chapter 4

Ferroelectricity in SnS

2D van der Waals ferroelectric semiconductors have emerged as an attractive building
block with immense potential to provide multifunctionality in nanoelectronics. Al-
though several accomplishments have been reported in ferroelectric resistive switching
for out-of-plane 2D ferroelectrics down to the monolayer, a purely in-plane ferroelec-
tric has not been experimentally validated at the monolayer thickness. Herein, a
micrometer-size monolayer SnS is grown on mica by physical vapor deposition, and
in-plane ferroelectric switching is demonstrated with a two-terminal device at room
temperature (RT). SnS has been commonly regarded to exhibit the odd—even effect,
where the centrosymmetry breaks only in the odd-number layers to exhibit ferro-
electricity. Remarkably, however, a robust RT ferroelectricity exists in SnS below
a critical thickness of 15 layers with both an odd and even number of layers. The
lack of the odd—even effect probably originates from the interaction with the mica
substrate, suggesting the possibility of controlling the stacking sequence of multilayer
SnS, going beyond the limit of ferroelectricity in the monolayer. This work will pave
the way for nanoscale ferroelectric applications based on SnS as a new platform for

in-plane ferroelectrics.
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4.1 Fundamental of Ferroelectrics

In this section, the fundamental principles of the ferroelectricity and the literature
review of ferroelectric downscaling are described. The mechanism of ferroelectric
effect is discussed with the conventional 2D materials as a model material. The
significance of Schottky barrier for the ferroelectric semiconductor is shown. Also,

the strategy for the Schottky contact at 2D /metal interface will be discussed.

4.1.1 Origin of Spontaneous Polarization

As discussed in Chapter 1, ferroelectricity requires non-centrosymmetricity and spon-
taneous polarization. The spontaneous polarization directly means that the positive
and negative ions are displaced in the material despite the zero electric is zero. Con-
sidering the elastic energy, this displacement will give a birth of unsuitability, though
actually the spontaneous polarization is stable, as will be discussed below [171].

Fig. 4-1a shows an initial state of cubic crystal structure for perovskite. Figs.
4-1b—d show the different state as a result of normal lattice vibration. There are
no dipole moment in (d), though (c¢) and (d) have dipole moments and these modes
are called as acoustic and optical modes, respectively. If these modes are stabilized,
they correspond to the state of (c) ferroelectricity and anti-(d) ferroelectricity. At
the Currie temperature T, the frequency of these phonon modes becomes zero and
increase above T..

The local field £ induced by surrounding polarizationP can be written as,

e
360

ple=_Lp (4.1)

where 7 is the Lorentz term (e.g. 7 = 1 for the isotropic cubic crystals), €, is the
dielectric constant of vacuum. If the ionic polarizability is «, the dipole moment per

crystal unit cell p can be written as,

pu=-—"P (4.2)

144



Figure 4-1: Normal modes of vibration in perovskite crystal.

Thus, the energy of dipole moment is

a
Waip = —pPE" = —9—:(2)]32 (4.3)
N 2
Waip = —Nwgip = — &;y p? (4.4)
9¢5
(4.5)

where NN is the number of atoms per unit volume.

For the elastic energy, the increase of energy per unit volume is [191]

Wetas = N <§u2K + %u‘l) (4.6)

where k and k' are force factors and w is a displacement. The displacement can be

transformed with electrical charge ¢ as follows:
P = Nqu (4.7)

Thus, the total energy W, can be extracted as,
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VVtot = Wdip + Welas (48)
k Navy*\ K,

= — P P 4.9

<2Nq2 9¢ ) * AN3g* (4.9)

This relationship is illustrated in Fig. 4-2, indicating that the spontaneous polariza-

tion is stabilized where 0W;,,/OP = 0.

4.1.2 Downscaling Ferroelectrics

Fig. 4-3 shows the thickness dependence of the ferroelectricity in SnS and BaTiOj [12,
80]. For BaTiOg, the ferroelectric polarization is along the out-of-plane direction (Fig.
4-4), so that it has to be sandwiched with contact metals for the device application.
In other words, the ferroelectric makes no sense when the electric field is applied
perpendicular to its polarization. When the thickness of ferroelectric layer decrease
below several-tens nm, the depolarization field is dominant and the ferroelectricity
disappears. In contrast, monolayer SnS is a purely in-plane ferroelectric, as shown in
Fig. 4-4. For the in-plane ferroelectrics, electrodes will fabricated aligned toward in-
plane direction. With an enough space between source and drain, the intrinsic region

of ferroelectric can be preserved even at the atomic thickness. From the theoretical
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Figure 4-3: Downscaling of ferroelectric materials [12, 80].

calculation the spontaneous polarization P, of 2D SnS is expected to increase with
decreasing the number of layers, and be maximized at monolayer with a large P
comparable to BaTiO3 [51]. Also, it is a unique property that the ferroelectricity can
be only observed in the monolayer and odd-number layers, as discussed in Section

1.4.4.

Not only the polarization direction, there are another difference between SnS and
the conventional ferroelectrics. As shown in Fig. 4-4, the polarization switching
of SnS is in the way of bond-switching unlike as the BaTiO3 and most of other
ferroelectrics, which change the polar direction with the ionic displacement. The
switching mechanism in SnS can be also explained the phase transition between NaCl
and puckered structure (Fig. 2-2): SnS has to take a step to transform into the NaCl

structure in order to switch the polarization.

As discussed above, SnS is a promising material to realize a robust ferroelectricity
at the atomic scale. Although not a few 2D ferroelectrics have been discovered and

demonstrated, most of 2D ferroelectrics have an out-of-plane vector for its polarization
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Figure 4-4: Schematic illustration of ferroelectric polarizations: in-plane versus out-
of-plane.

[192, 193, 194, 195, 196, 197, 198, 199, 73, 200, 201, 202, 203, 204]. One of the
advantage of 2D layered materials is it has no dangling bond on the surface, which
reveals an ideal interface at the interface of heterostructure. However, this advantage
does not work well for the ferroelectric downscaling. As in the same way of out-
of-plane 3D ferroelectrics, out-of-plane 2D ferroelectrics are also suffered from the
depolarization field when they become thin [83]. These difference between the in-
plane and out-of-plane 2D ferroelectrics can be understood like as the conceptual
illustration in Fig. 4-5. 3D materials has two kind of characteristics, interface and
bulk, due to the existence of dangling bonds at the surface. The out-of-plane 2D
ferroelectrics inherits the "interface" properties from the two-faced feature of 3D
materials because the depolarization field is effective; while in-plane 2D ferroelectrics

inherits the intrinsic "bulk" properties.
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Figure 4-5: Conceptual illustration of downscaling of in-plane and out-of-plane ferro-
electrics.

4.1.3 Depolarization Field at Metal /Ferroelectric Interface

The origin of depolarization field has been described in the previous works, for ex-
ample, in Ref. [15, 205]. When the charge ¢ is induced in the parallel capacitance
in vacuum, the electric field is E = g/eo. When a dielectric is inserted between the
electrodes, F' is E = q/keo, where k is the relative permittivity of the dielectric. This
can be regarded that the surface charge decrease from ¢ to ¢/k: a part of the surface
charge (1 — 1/k)q is used to screen the polarization charge, and the rest of charge
generate the internal electric field in the dielectric. These two types of charges are
called as "polarization charge" and "free charge", respectively. For the ferroelectric,
the polarization charges are released when a coercive electric field is applied to switch
the polarization, which can be detected as displacement current. Assuming that the
remnant polarization in ferroelectric is 16 nC/cm?, the surface density of electrons is
necessary to be over 10 ¢cm™ to screen the polarization charge [205]. If the electron
density of contact metal is not enough, the dielectric flux into the metal, resulting in

the decrease of ferroelectric polarization.
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Figure 4-6: Schematic illustration of the origin of depolarization field [15].

4.1.4 Overcoming the Depolarization Field

A great deal of effort has been devoted to overcome the depolarization field [30, 206,
80, 207, 208, 209, 210, 73, 211, 192, 212|. For example, Sai et al. has investigated a
theoretical calculation to achieve a ferroelectricity for 1 nm thick PbTiO3 by using Pt
electrode with a short screening length of 0.1 A [208]; Liu et al. has demonstrated ~4
nm CulnP,Sg with using the ferrielectric ordering, which can reduce the polarization
[200]. Despite of these contributions, there has not been any established approach to
escape from the depolarization field. As a novel approach, the in-plane ferroelectrics
are attracting much attention because it should be free from the out-of-plane pertur-
bations. Already in-plane ferroelectricity has been demonstrated in the monolayer
SnTe, however, the Currie temperature of it is below room temperature and it also

has a out-of-plane polarization: not a purely in-plane ferroelectric [212].

4.1.5 Schottky Barrier Height Modulation for Ferroelectrics

A Schottky barrier height (SBH) modulation is important for the metal/ferroelectric
structure as similar with piezoelectric devices, as discussed in Chapter 3. A direct

proof for the ferroelectricity is to observe the displacement current at the coercive
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Table 4.1: Literature review of the strategy to overcome the depolarization field in a
ferroelectric system.

Materials ~ Methods P, (nC cm™2) OOP/IP T. (K) d (nm) Ref.

Group-IV  In-plane 36.2-96.8 P >RT 0.5 [30, 206|

monochalco- polarization?

genides

BaTiOs;  SrRuOs NA OOP  =RT 24  [80]
electrode”

BaTiO; Pt NA OOP  ~RT 1.2 [207]
electrode”

PbTiO; Pt NA OOP  =RT 04  [208]
electrode”

PbTiO;  Chemical NA OOP =700 12  [209]
absorbate”

PbTiO; 180° stripe NA OOP =700 1.2 [209]
domain®

YMnOj; Improper 6.2 010) NA 23 [213]
ferroelectricity”

BaZrO; SrRuO; NA OOP NA 0.4  [210]
electrode”

Monolayer  In-plane NA P 270 0.63 [73]

Sn'Te polarization®

1T-MoS, Improper 0.28 010) NA 0.63  [211]
ferrielectricity”

CulnPySg  Ferrielectric 4 OOP >RT 4 [192]
ordering”

Monolayer  Ferrielectric 0.2 OOP >RT 0.6 [212]

AgNiOySes  ordering”

P;: Polarization; OOP /IP: Polarization direction of out-of-plane and in-plane; T,
Currie temperature; d: thickness; T: Theoretical; and F: Experimental.
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Figure 4-7: [-V characteristic for PZT with different metal contacts.

electric field. As an analogous of SnS, a conductive PZT is considered here. Figs.
4-7 shows a series of Ip—Vp curves for n-type PZT with different conbination of
electrode (Ta or STRuO3) [182]. When the PZT is sandwiched with double SrRuOs,
a normal displacement current and ferroelectric hysteresis are observed, though with
using the ohmic contact of Ta electrode, it becomes leaky and difficult to detect the
displacement current. In order to efficiently detect the small signal of displacement
current, Schottky contacts are necessary to prevent the carrier injection from metal

to ferroelectric channel.
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4.2 Second Harmonic Generation from 2D SnS

Second harmonic generation (SHG) is a nonlinear optical phenomenon that an excita-
tion light, whose frequency is w, generates a new photon with a frequency of 2w [214],
as shown in Fig. 4-8. The existence of SHG guarantees the non-centrosymmetry in
the piezoelectric and ferroelectric materials. In this works, SHG measurement is used
for a direct evidence for the structural non-centrosymmetry in monolayer SnS. In this

section, a theoretical backgrounds and experimental setup will be briefly summarized.

lens
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Figure 4-8: Schematic illustration of SHG measurement.

4.2.1 Theory and Experiments of SHG

To understand the difference between centrosymmetric and non-centrosymmetic ma-
terials, discussion will start from the relationship between an optical polarization
and potential energy of electrons [214|. Assuming a centrosymmetric material, the
potential energy of electron can be written as,

V(z)=V(—x) = %w%ﬁ + %Bf + - (4.10)

where w2 and B are constants and m is the electron mass. The equation V(z) =

V' (—x) is reflecting the crystal symmetry. The restoring force on an electron is written
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as,

oV ,

F = o = WoT — mbz® (4.11)

Considering a low frequency electric field F(t), its Fourier components are smaller
than w?. The excursion z(t) induced by the field is shown by equation the total force

on the electron to be zero:

—eB(t) — mwjz(z) = 0 (4.12)
Thus,
o(t) = —mZZE(t) (4.13)

This means the induced optical polarization is proportional to the external electric

field (Fig. 4-9a).
For non-centrosymmetric materials, the relationship V(z) = V(—z) is no longer

correct, then the potential energy of electron now include the odd powers as follows:

2
Viz) = %:ﬁ + %D:p?’ (4.14)

where D is a constant. The restoring force on electrons can be written as,

= —(mwir +mDx* + ) (4.15)

Assuming D > 0, the relation between the optical polarization and the external

electric field are shown in Fig. 4-9b.

As a results, the optical polarization under an electric field E“)coswt will be
like as Fig. 4-9. A Fourier analysis on the nonlinear polarization wave in the non-
centrocymmetric material, will contain the SHG. The optical polarization P in non-

centrosymmetric material can be written with electric susceptibility y™ as follows:

1
P = §X(2)E20032wt (4.16)
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which means that the SHG intensity is to the squared electric field. Thus, especially
for the thin material such as 2D materials, very strong excitation laser is necessary
to detect the SHG signal. Usually for the SHG measurement of few-to-monolayer
sample, a pulsed laser is used to prevent the degradation during the measurement

215, 216].
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4.3 Demonstration of Ferroelectricity in SnS

Nanoscale ferroelectrics have been explored for decades in areas such as nonvolatile
memories, sensors, and nonlinear optoelectronics. For 3D ferroelectrics, only a few
successes have been reported in downscaling the film thickness: ~1 nm BaTiOj
[217, 218] and 1.2 nm PbTiOz [209]. Otherwise, ferroelectricity disappears in the
nanoscale owing to the depolarization field or interfacial effects [15, 80, 81|. In
contrast to the 3D materials, 2D layered materials have a dangling-bond-free sur-
face with van der Waals (vdW) gap, and hence, they maintain the intrinsic prop-
erties even at an ultrathin thickness. Recent intensive works on 2D ferroelectrics
[192, 193, 194, 195, 196, 197, 198, 199, 73, 200, 201, 202, 203, 204| have experimen-
tally demonstrated stable ferroelectricity down to the ultimate monolayer thickness
for out-of-plane ferroelectrics (MoTey [192] and WTey [193]) and in-plane/out-of-
plane intercorrelated ferroelectrics (a-In2Se3 [198, 199] and SnTe [73]). Even in 2D
ferroelectrics, however, the spontaneous polarization is also degraded with decreasing
thickness when the 2D ferroelectric layer is vertically sandwiched with metals, owing
to the depolarization field at metal/ferroelectric interfaces [83], as in 3D ferroelectrics.
Therefore, in-plane ferroelectrics are superior to the out-of-plane and intercorrelated
ferroelectrics in terms of preventing the depolarization field, given that the in-plane

device structure enables a large gap between the electrodes.

The orthorhombic group-IV monochalcogenide (MX; M = Sn/Ge and X = S/Se), a
purely in-plane 2D ferroelectric, has attracted considerable interest [30, 206, 219, 220,
51, 135| because ferroelasticity and ferroelectricity have been predicted as multifer-
roicity with a larger spontaneous polarization (P, = 1.81-4.84x1071° C/m) [30, 206],
compared with the above-mentioned 2D ferroelectrics. Moreover, the existence of
spontaneous polarization guarantees piezoelectricity, and a remarkable piezoelectric
coeflicient of d ~ 75-251 pm/V has also been predicted [206], which is much larger
than that of MoSs (d ~ 4 pm/V) [28] and comparable to that of Pb(Zr,Ti;_,)O3 (d
~ 300 pm/V). These properties dominantly originate from a puckered structure along

the armchair direction as a strong anisotropy analogue of black phosphorus. Given
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that MX is not a typical insulator for 3D ferroelectrics but a semiconductor, these
properties will provide multifunctionalities in nanoscale devices. Among the MXs,
SnS is the best because SnX is more chemically stable than GeX [71, 92] and the
Curie temperature of SnS is higher than that of SnSe [135]. Very recently, Bao et al.
reported a ferroelectric device of bulk SnS (~15 nm), breaking the centrosymmetry by
applying an external electric field [159]. As the few-to-monolayer SnS has been investi-
gated only by piezoresponse force microscopy (PFM) owing to its small size of several
tens of nanometers, the demonstration of a ferroelectric device for monolayer SnS has
been challenging. Ferroelectricity in SnS has the odd—even effect owing to the stacking
sequence of the centrosymmetric AB staking, as shown in Fig. 4-10a. The centrosym-
metry exists in the even-number layers so that ferroelectricity is expected only in the
odd-number layers and becomes prominent in few-to-monolayer SnS [30, 51, 159].
However, the synthesis of a high-quality monolayer SnS in the micrometer-size scale
suitable for device fabrication has not been achieved [109, 86, 107|, because the in-
terlayer interaction is strong due to the lone pair electrons in the Sn atoms, which
generate a large electron distribution and electronic coupling between adjacent layers

87, 161].

Here, we report an in-plane ferroelectric device of a micrometer-size monolayer
SnS grown by physical vapor deposition (PVD), where the growth conditions are pre-
cisely controlled to balance the adsorption/desorption of SnS. The Raman spectrum
for monolayer SnS indicates high crystalline quality and strong anisotropy. Second
harmonic generation (SHG) spectroscopy reveals that, unlike bulk SnS, monolayer
SnS is non-centrosymmetric. Ferroelectric switching is successfully demonstrated for
the monolayer device at room temperature (RT). Remarkably, for thin SnS below
a critical thickness (~15 layers, L), the SHG signal and ferroelectric switching are
also observed in the even-number SnS, thus overcoming the odd—even effect, which
suggests that ultrathin SnS is grown in an unusual stacking sequence lacking cen-

trosymmetry.
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4.3.1 Experimental Methods

PVD growth. SnS crystals were grown by a home-built PVD growth furnace with
three heating zones (Fig. 2-23). A commercially available SnS powder was used as a
source. To promote lateral growth, we used a freshly cleaved mica substrate sized 1
cm X 1 cm x 0.5 mm, whose surface is atomically flat. Ny carrier gas was introduced
into the furnace through the mass flow controller and the growth pressure was reduced

to 10 Pa by a vacuum system to enhance the SnS desorption during the growth.

Optical characterizations. p-Raman spectra were measured using a 488 nm
excitation laser, whose penetration depth is ~20 nm in SnS. The nominal 1/e? spot
diameter and laser power on the sample surface were 2.5 pm and 0.5 mW, respec-
tively. To avoid degradation of SnS during the measurement, the samples were mea-
sured in the vacuum. The SHG measurements were conducted using a mode-locking
Ti:sapphire laser (wavelength: 850 nm, pulse width: ~150 fs and repetition rate:
80 MHz) in a home-built optical microscope under the backscattering configuration.
The laser pulse was focused to a spot size ~1.1 pm on the sample by a 100x ob-
jective lens. The backscattered SHG signals were sent into a 0.75-m monochromator
and detected by a nitrogen-cooled CCD camera. For polarization-resolved SHG, the
sample was mounted on a motorized rotational stage. The linear polarization of the
excitation laser and SHG signals was selected and analyzed separately by polarizers

and half-wave plates.

Ab initio Simulation. We have used the Vienna ab initio simulation package
(VASP) to perform first-principles calculations based on density functional theory to
study geometric and electric properties [221]. The exchange and correlation potentials
are the Perdew-Burke-Ernzerhof (PBE) functional and is treated using the generalized
gradient approximation (GGA) [222]. We employed the Monkhorst-Pack scheme to
sample reciprocal space with I'-centered 16 x 16 x 1 grid for geometry relaxations of
2D systems and 16 x 16 x 4 grids for that of bulk system. The plane-wave basis cutoff
energy is set to be 500 eV. The convergence criterion is set to be 10-5 eV for energy in

SCF cycles. And the full relaxation is continued until the residual force is less than

158



0.01 eVA~1. We set 25 Avacuum perpendicular to the 2D plane is used to avoid the
interaction between replaced atoms. In addition, Grimme’s DFT-D2 [223] method
implemented in VASP is invoked to correct the vdW-like interaction existing in these
systems. Moreover, we calculated phonon dispersion at I'-point based on density
functional perturbation theory. In addition, the calculation of phonon dispersion and
irreducible representation has been implemented using phonopy [224].

Device fabrication and transport characterization. Two-terminal devices
were fabricated with electrode pattering using standard electrode beam lithography.
Electrode metals (In, Al, Ag, Cu, Ni, Pd, and Au) were deposited via thermal evap-
oration, followed by additional Au deposition as passivation for the source/drain
metals. The electrical transport characteristics were measured in vacuum to avoid
sample degradation. The Q)—F curves were measured by a ferroelectric evaluation

system (FCE-1A, Toyo corporation) with samples set in vacuum.

4.3.2 Growth of few-to-monolayer SnS

SnS has the puckered structure along the armchair direction distorted from the NaCl
structure (Figs. 4-10a and b), leaving the lone pair electrons in the Sn atoms. The
lone pair electrons contributes to the strong interlayer force [87, 161]. Therefore, the
in-situ observation of SnS growth has confirmed a very high growth rate in the per-
pendicular direction [162]. Thus, monolayer SnS has been realized by molecular beam
epitaxy growth, although only with a limited crystal size of several tens of nanome-
ters [159]. Otherwise, the minimum thickness was 5.5 nm via PVD growth [86]. To
suppress the perpendicular growth rate, SnS desorption during the PVD growth was
precisely controlled with growth pressure and temperature (Fig. 2-23). Consequently,
a thickness controllable PVD process was realized from bulk to monolayer thickness
(Fig. 4-10c and 4-11). Fig. 4-10d and Fig. 2-26 show atomic force microscopy
(AFM) topographic images of SnS grown on mica substrates. For bulk SnS thicker
than ~16 nm, the SnS crystal has a sharply defined diamond shape that reflects the
thermodynamically stable crystal facets (Fig. 4-10b). With decreasing temperatures
of the SnS source powder (Tsouree) and substrate (Ty,;), the SnS thickness decreased
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and the corner became rounded. The typical temperatures (Tsource, Tsup) for the SnS
crystals with thicknesses of ~36 nm and ~3-4 nm were (590°C, 530°C) and (530°C,
410°C), respectively. Finally, at Tspuree = 470°C and Ty, = 410°C, monolayer-thick
SnS was realized with micrometer size of up to ~5 Atm, which is a reasonable size for
the device fabrication. Note that monolayer-thick SnS has an atomically flat surface
without wedding cake morphology owing to the Stranski-Krastanov growth mode
[159] or spiral growth assisted by a screw dislocation [162]. The rounded shape could
be caused by the SnS desorption during the growth and an insufficient growth time

to reach the thermodynamic equilibrium state for thin SnS {107, 162].

The small "holes" found in the AFM image of monolayer-thick SnS are probably
etch pits created during the growth. When a post-growth annealing was performed
for the SnS crystals, aligned square-shaped etch pits were created, indicating a single
crystalline nature (Fig. 2-28). Moreover, a lattice matching of SnS with the mica
substrate was detected by the in-plane X-ray diffraction (XRD) measurement, sug-
gesting a strong SnS/mica interaction (Fig. 4-12) [225]. Fig. 4-12a shows in-plane
XRD ®-scan for PVD grown SnS on mica measured with the samples tilted at an
angle of x = 23.3°, which corresponds to the angle between SnS(016) and (001) planes
[225]. The growth time was changed from 2 to 15 min. The 15-min grown sample
was full covered with >20 nm SnS crystals, whereas the 2-min grown sample has
small coverage with isolated multi-layer SnS crystals. As a reference, the ®-scan of
intrinsic mica substrate is shown at the bottom. For mica, six peaks were observed
with an interval of 60°. The fluctuation of diffraction intensity is probably owing to
an inhomogeneous distribution of SnS crystals on mica substrate. Fig. 4-12b shows
a ®-scan for few-layer SnS with the selected region as shown in 4-12a. The ®-scan of
SnS(016) plane indicates 12 peaks with an interval of 30° for few-layer and >20 nm
SnS, which agrees well with the reported data for SnS on mica [225]. These results
indicate a strong interaction between SnS and mica probably due to a lattice match-
ing. Although the crystallographic interaction between SnS/mica may disappear with
increasing the SnS thickness, there is still a preferred orientation for SnS growth as

long as the thickness is several-tens nanometers.
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Figure 4-10: Characterization of few-to-monolayer SnS. (a) Cross-sectional crystal
structures of SnS along the armchair direction with different stacking sequences:
noncentrosymmetric AA and centrosymmetric AB staking. (b) Top view of crys-
tal structure of monolayer SnS, whose two-fold axis is along the armchair direction.
Highlighted area shows thermodynamically stable facets. (c¢) Thickness versus lateral
size of PVD grown SnS with changing Tsource and Tgyp. (d) AFM topographic images
of SnS crystals with different thicknesses from bulk to monolayer. The scale bars
represent 1 pm. (e) Cross-sectional STEM image of trilayer SnS. (f) Cross-sectional
TEM image of monolayer SnS along the armchair direction. As guide to the eye,
all of the region except the SnS crystal is shaded, and the atomic model is overlaid
on the TEM image. (g) Thickness dependence of Raman spectrum for SnS at 3 K.
The peaks in the hatch come from the mica substrate. (h) SHG spectra for SnS with
different thicknesses from bulk to monolayer at RT.
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Figure 4-11: Thickness distribution of PVD grown SnS. (a) Typical optical image and
(b) thickness distribution histogram of SnS on mica with different thickness obtained
via the same substrate and growth conditions (Fig. 2-23).
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Figure 4-12: XRD analysis of SnS grown on mica.
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Fig. 4-10e shows a cross-sectional bright-field scanning transmission electron mi-
croscopy (STEM) image of trilayer SnS. For trilayer SnS, the composition ratio Sn : S
was 1 : 0.8 from energy-dispersive X-ray spectroscopy (EDS) (Fig. 2-30a), indicating
the absence of other S rich phases (e.g., SnSy; and SnsS3). Interestingly, from the
TEM image of trilayer SnS, the monolayer thickness d;; was determined to be 5.8
A, larger than that of the mechanically exfoliated bulk sample (dy;, ~ 5.4 A[161]).
This expansion suggests the possibility of an unusual stacking sequence rather than
the AB stacking. From an ab initio simulation, the AA stacked bilayer SnS (Fig.
4-10a) indicates dy;, = 6.34 A, larger than dy;, — 5.85 Afor the AB stacking. For the
TEM observation of monolayer SnS, the crystal orientation was determined before-
hand by polarized Raman spectroscopy, as discussed later, because the TEM image
of monolayer SnS is much more indistinct than that of the bulk crystals owing to the
degradation during the sample preparation by the focused ion beam (FIB) process
and the TEM observation itself. By adjusting the zone axis, it can be observed that
two sub-layers have a monolayer structure, which matches well with the configuration

along the armchair direction (Fig. 4-10f).

Fig. 4-10g shows Raman spectra for PVD grown SnS with different thicknesses
from bulk to monolayer, measured at 3K. For a bulk SnS (~37 L), specific peaks
were observed at 153.7, 188.3, 227.6, and 291.8 cm™! in addition to the peaks from
mica substrate at ~131, 198.9, 276.0, 312.8, 322.9, and 372.5 cm~!. These peak
positions are well consistent with those of bulk SnS wia mechanical exfoliation or
PVD [109, 86, 107, 161|. With a decreased thickness from trilayer to monolayer, the
Raman peak positions at approximately 230 and 293 cm ™! almost coincided with each
other, while those between 140 and 190 cm™! changed significantly. For monolayer
SnS, a Raman peak was observed at ~145 cm™!, and also at 232.4 and 295.0 cm™'. A
similar trend was also obtained at RT (Fig. 2-34). Those values will be discussed later

with the results of polarized Raman spectroscopy and the phonon mode calculation.
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Figure 4-13: Typical RT SHG spectra for SnS with different thicknesses.

4.3.3 Non-centrosymmetry in Monolayer SnS

To determine the non-centrosymmetry, which is required for ferroelectricity, p-SHG
spectroscopy [226, 215] was carried out for different thicknesses, from bulk to mono-
layer (Fig. 4-10h). An 850-nm laser was used as the excitation source. The bulk SnS,
thicker than ~21L, showed no SHG signal, while SnS under the critical thickness of
~15L showed SHG signal at A = 425 nm. Although the odd-even effect was expected
for the AB stacked SnS, it was found that all the ultrathin SnS flakes, including the
even-number layers, showed SHG signals below the critical thickness (Fig. 4-13). For
confirmation, mica substrate was measured under the same conditions. Although it
is known that a weak SHG signal can be generated even for the centrosymmetric
material due to the surface SHG effect [226], no SHG signal was detected from the
mica surface (Fig. 4-10h). These results suggest an unusual stacking sequence of the

PVD grown SnS, along with the results of interlayer distance from the TEM image.

Fig. 4-14 shows the result of SHG measurement for 9L SnS after the annealing
at 410°C. As shown in the inset AFM image, a square-shaped etch pit were formed
near the crystal edge. Even though no other etch pits were found in much of the SnS

surface region, SHG signal was undetectable for the annealed sample probably due to
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Figure 4-14: SHG measurement for 9L SnS after the annealing at 410°C. The scale
bars represent 500 nm.

the introduction of extrinsic defects. This result confirms that non-centrosymmetry

and ferroelectricity are very sensitive to the crystalline quality.

4.3.4 Optical Anisotropy in SnS

In monolayer SnS, the dipole moment along the armchair direction leads to sponta-
neous polarization [30, 206|. Different from the thick SnS, it is difficult to identify the
orientation of the present few-to-monolayer crystals from their shape, as mentioned
above. To characterize the in-plane anisotropy, the angular dependences of both Ra-
man and SHG have been investigated (Fig. 4-15a). Fig. 4-16a shows the polarization
dependence of the Raman spectrum for monolayer SnS under the parallel polariza-
tion configuration at 3 K. Specific peaks were observed at approximately 234 and
294 cm™!, which are consistent with the results of the unpolarized Raman measure-
ment, although it was difficult to determine the precise peak position between 100
and 200 cm ™! because of the overlaps with peaks from the substrate. To investigate
the relationship between the Raman active modes and stacking sequences for SnS, an
ab initio calculation was carried out using the Vienna ab initio simulation package
(VASP) |221]. Fig. 4-17a shows a typical example of phonon dispersion along the path

passing through the main high-symmetry k-points in the irreducible Brillouin zone of
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Figure 4-15: (a) Schematic diagram of polarized Raman spectroscopy. The polariza-
tion angle was changed through rotating the polarizers. The second polarizer was
set to be parallel or perpendicular to the polarized incident light for Raman mea-
surement. (b,c) Polarized Raman spectroscopy for bulk SnS at 3K under the parallel
polarization.

monolayer SnS. Fig. 4-17b and Fig. 4-18 summarize the Raman active phonon modes
for the AB and AA stacked SnS with different number of layers. For bulk SnS, the
experimental results almost agree with the calculated results, whereas there are large
differences between experiments and calculation for the few-to-monolayer SnS. The
origin of this difference is probably the strain incorporated through the interaction
with the mica substrate, as discussed above. By comparing the calculated Raman
active modes and experimental results, the Raman signals of the monolayer at 234
ecm ™! is attributed to the A; mode of the Cy, point group (Fig. 4-18). As expected,
the Raman peak intensity at 234 cm~! shows a significant change as a function of
the rotation angle (Fig. 4-16a). The Raman tensor R for the A; mode of Cy, point

group can be written as [227]

|Ale?#2 0 0
R(A) = 0 |Blets 0 (4.17)
0 0 |Cleive

which is the same as the A, mode of bulk SnS (Dy, point group) that shows
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Figure 4-16: Optical anisotropies of monolayer SnS. (a,b) Polarization dependences of
Raman (3 K) and SHG (RT) spectrum of monolayer SnS, with parallel and perpendic-
ular polarization, respectively. The gray shaded region of Raman spectra represents
Raman peak from mica substrate. (c,d) Polar plots of Raman intensity at ~234.0
cm ! and SHG intensity at 425 nm, respectively. The inset axes show the armchair
and zigzag directions.
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a strong anisotropy [109, 86, 107]. The unitary vector of incident light is e; =
(cosB, sind,0), where 0 is the polarization angle defined as the angle between the
incident light and the zigzag direction of SnS crystal. The unitary vector of scattered
light is e5 = (cosb, sinf,0) and (sind, cosd,0) for the parallel (||) and perpendicular
(L) polarization, respectively. For the polarized Raman intensity of the A; peak, the

angular dependences can be calculated using the following equations [107]:

Iy o |A]Pcos’d + | B|*sin*0 + 2| A|| B|cos*0sin*0cosppa (4.18)
Al +|BJ]? - 2|A||B
I [AF + |B] 4‘ 1Blcosepa sin?20 (4.19)

where pp4 = |5 — a4l is the phase difference between the Raman tensor elements
|Ale??4 and |B|e'®. By fitting the experimental data with Eq. 4.18, the crystal ori-
entation was revealed (Fig. 4-16¢). As in the polarized Raman spectroscopy, Fig.
4-16b shows a strong angular dependence of SHG for monolayer SnS with perpendic-
ular polarization configuration. For the polarized SHG intensity under parallel and
perpendicular polarization, the angular dependence in the Csy, point group is written

as |228]

A7 = (8 + ) sinbeos?d + x{3sins (4.20)
W= xZeosd (xZ, — 12),) cosbsin®6 (4.21)

where Xg,)f is the SHG susceptibility tensor element along the different directions.
We fitted the experimental data based on Eq. (5) to determine the zigzag/armchair
orientation, as shown in Fig. 4-16d. The measured patterns agree well with the
theoretical model. The anisotropy revealed from the polarized Raman and SHG

spectra indicates again the high crystallinity of monolayer SnS.

To compare the angular dependence for bulk with the monolayer, polarized op-

tical measurements were performed for 10L SnS, as shown in Fig. 4-19. Note that
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Figure 4-17: Theoretical calculation of phonon dispersion and Raman active modes.
(a) Phonon dispersion of the monolayer SnS. (b) Comparison of calculated Raman ac-
tive modes and experimental Raman peak positions for SnS with different thicknesses
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Figure 4-19: Angular dependence of optical measurements for 10L. SnS: Raman in-
tensity at ~226 cm™! under (a) parallel and (b) perpendicular polarization, and SHG
intensity under (c) parallel and (d) perpendicular polarization.

different 10L SnS samples were used for each measurement. A strong anisotropy was
confirmed for the SHG intensity, though angular dependence were slight for the Ra-
man measurements. This discrepancy is probably due to the difference of crystalline
quality, which also resulted in the large distribution of SHG intensity even for the

same thickness, as discussed later (Fig. 4-29)

4.3.5 Metal Selection for Schottky Contact

Switching of the spontaneous polarization and SHG is required to prove the ferro-
electricity in SnS. A tip poling experiment by using scanning probe microscopy is

an effective way to observe the polarization switching for the local area. However,
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Figure 4-20: Fabrication method of multiple metal depositions. (a) Bird’s-eye view
and (b) cross-sectional view of sample stage with PET shield. (c¢) Step-by-step depo-
sition of multiple metals.

it is more difficult to detect the trace of spontaneous polarization in SnS than that
in out-of-plane ferroelectrics because in-plane ferroelectricity does not respond to the
out-of-plane electric field applied by the probe tip. To demonstrate the in-plane po-
larization switching, in-plane two-terminal devices with source/drain electrodes on
SnS crystals were fabricated (Fig. 4-20 and 4-21). After the EB lithography for the
electrodes, the sample was set on a home-made stage with hollow (Fig. 4-20a,b).
The sample surface was partially covered with the PET shield, which was placed
approximately 1 mm apart from the sample. Each metal was deposited step-by-step
with changing the position of the PET shield by using a standard thermal evaporator
(Fig. 4-20c). Finally, SnS devices with different electrode metals were obtained on
the same wafer, as shown in Fig. 4-21a. During the fabrication process, the exact
locations of SnS crystals were captured by optical images so that only one crystal
were contacted by two adjacent electrodes. Note again that SnS is a semiconductor
with energy gaps of 1.5 eV for monolayer and 1.1 eV for bulk [52|, where channel

conductance makes it difficult to identify the very small displacement current. To
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Figure 4-21: (a) Left: Photograph of mica substrate after the deposition of various
metals with different work functions. Right: Cross-sectional schematic and optical
images of two-terminal SnS devices. Typical channel length [, and width w,, were
len, = 0.4-0.8 pm and wy, = 3-5 um, respectively. (b) Ip—Vp curves for bulk SnS with
different metal contacts: Ag, Ni, and Au.

prevent the channel conductance by forming an insulator-like interface, the Schot-
tky barrier height (SBH) has been investigated by changing the metal work function
(®). After bulk SnS (~20 nm) was grown on the mica substrate, a standard electron
beam lithography was performed followed by multiple metal depositions with a series
of metals (In, Al, Ag, Cu, Ni, Pd, and Au), as shown in Fig. 4-21. Assuming that
the metal/SnS interface is ideal and free from Fermi level pinning [176], the SBH will
strongly depend on ®,,. In such a case, the metal with smaller ®,, is preferable to
increase the SBH for the p-type semiconductor SnS [109, 161, 67, 150]. At RT, ohmic
Ip—Vp curves were obtained for bulk SnS with metals of In, Cu, Ni, Pd, and Au,
while Schottky Ip—Vp with Al and Ag (Fig. 4-21, and Fig. 4-22).
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Figure 4-22: Typical Ip—Vp curves for bulk SnS with different contact metals: (a) Al,
(b) Cu, (c) In, and (d) Pd.

4.3.6 Ferroelectric Switching in Few-layer SnS

Fig. 4-23 shows Ip—Vp curves for 9L SnS with the Ag contact measured by increasing
the Vp sweep range at RT. Unlike the Ip—Vp curve without hysteresis for the ohmic
Ni metal contact (Fig. 4-24), the Schottky Ag contact exhibited a well-reproducible
hysteresis (Fig. 4-25). Although it is known that Ag could give memristor behavior
owing to its high diffusivity [229, 230], no significant Ag diffusion was confirmed from
the AFM images at the low resistive state (Fig. B-4). Moreover, the larger drain bias
led to a larger window of hysteresis loop, distinguishing a maximum conductivity at

approximately Vp = £1V.

To confirm that this hysteresis originates from the ferroelectric switching, a double-
wave measurement was performed [231]. When Vp was applied from 0 to 2 V for two
times, a current peak was observed only in the first sweep and it turned to be a highly
resistive state in the second sweep (Fig. 4-26). Similarly, a negative Vp sweep (0 to
—2 V) showed a current peak only once in the first sweep. This is because polar
switching results in the current peak in the first sweep, but never in the second sweep
because the direction of polarization is steady. Therefore, this result of double-wave
measurement is strong evidence for the switching of spontaneous polarization, that
is, ferroelectricity. It should be emphasized that that the crystal orientation of SnS
was not determined before the electrode fabrication. Despite the fact that sponta-
neous polarization exists along the armchair direction, the Ip—Vp hysteresis loop was
observed regardless of the initial crystal orientation that the external electric field

is applied. This result suggests that the more flexible polarization switching due
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Figure 4-23: Ferroelectric switching behaviors of few-layer SnS.
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Figure 4-24: Typical Ip—Vp curve with Ni contact for few-layer SnS below the critical

thickness for ferroelectricity.
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Figure 4-25: Ferroelectric switching characteristic of Ip—Vp for Ag/9L-SnS cycled
7 times at RT. Inset: Ip—Vp for a dummy sample without SnS. Ferroelectric hys-
teresis was absent for the dummy device without SnS. The reproducible switching
characteristic was observed in the multiple measurements, indicating the stability of
ferroelectricity.
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Figure 4-26: Double-wave measurement from 0 to 2 and 0 to —2 V. Top: applied
voltage along time. The voltage was applied two times at the positive and negative
bias repeatedly. Bottom: Ip—Vp curves for different sweeps (i)—(iv). The red and blue
lines represent the first and second sweep, respectively.
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Figure 4-27: (a) Ferroelectric measurement system. (b) Ferroelectric resistive switch-
ing for Ag/SnS: current and charge versus nominal electric field measured by ferro-
electric measurement system at 1 Hz and RT.

to the possible existence of the domain structure. Furthermore, even an external
electric field along the non-ferroelectric zigzag direction could induce ferroelectricity
with structural rearrangement into the armchair structure|232| in a similar way as
ferroelasticity [30, 206].

To further analyze this switching behavior quantitatively, Q—F (Q is charge, and E
is electric field) curve was measured using a ferroelectric evaluation system. When the
AC bias at 1 Hz was applied (0 - 42 — —2 — 0 V), an [-FE curve drew a hysteresis
loop very similar to the In—Vp curve under DC bias (Fig. 4-27). Here, E is assumed
to be Vp/l.n, where Ich is the channel length, which should overestimate E because
there is also a voltage drop at the Schottky contact. The Q—FE loop corresponding
to the I-F loop is shown at the bottom of Fig. 4-27. A distinct hysteresis loop was
obtained with the charge of ~9 pC, which is a characteristic of ferroelectrics in general
when the external electric field switches the polarization to generate the displacement
current. However, the remnant polarization P, = Q/w,p,, where w,, is channel width,
was determined to be P, ~ 3 nC/m, which is almost four orders of magnitude larger

than the theoretical value of P, = 260 pC/m [206], as shown in Fig. 4-28. This
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Figure 4-28: Comparison between theoretically [219] and experimentally (this work)
determined spontaneous polarization and conceive electric field of SnS.

discrepancy suggests that the hysteresis loop is not mainly due to the displacement
current. The hysteresis loop can be dominantly caused by the contribution of other

factors in addition to the displacement current, as discussed below.

Considering it has been suggestively pointed out that the closed )—FE loop can
be artificially obtained even for non-ferroelectric materials when they are lossy or
leaky [233, 234], the large discrepancy on the remnant polarization for SnS is care-
fully discussed as follows. One possible case is for films with a large concentration of
traps near the metal/film interface [234]. The number of traps required to reproduce
the Q—F loop in Fig. 4-27 was estimated. As it corresponds to one in three of the
total number of atoms in the SnS channel material, the traps are not the origin for
the large P (see details in Chap B). The other case is the resistive switching [235],
where a hysteresis loop similar to that in Fig. 4-27 has been discussed as an effect of
SBH modulation at the metal/ferroelectric interface owing to the reversed polariza-
tion for the previous works on ferroelectric 2D materials (MoTey [192], WTey [193],
a-In2Se3 [198, 199, 202, 203], SnTe [73], and CulnPySg [200, 201]). In the present
study, the current flowing through the SnS channel was drastically suppressed by
selecting the strong Schottky contact metal. Nevertheless, the present ferroelectric
(Q—F hysteresis loop is considered to be owing to the resistive change at the metal /SnS

Schottky interface accompanied with polar switching because the displacement cur-
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rent level for in-plane 2D devices is negligibly small. Moreover, the coercive electric
field Ec, which originates this switching, was found to be ~25 kV /cm for 9L SnS.
This value is comparable to the experimental value for bulk SnS with gate-induced
non-centrosymmetry (~10.7 kV/cm) [159], whereas it is much smaller than the the-
oretical value for monolayer (1.8 x 10% kV/cm) [219]. This discrepancy between the
experiment and calculation is probably related to the existence of a mobile domain
wall or lattice strain in SnS caused by the difference in thermal expansion coefficients

between SnS and the mica substrate in the real system [206].

4.3.7 Mechanism of Broken Odd—even Effect

For further understanding the dependences of SHG and ferroelectric switching on the
number of layers, the SnS thickness was systematically changed. Fig. 4-29a shows Ip—
Vp curves measured in the same way as that in Fig. 4-23. For the monolayer, bilayer,
and trilayer, the ferroelectric switching was realized as in 9L SnS, as discussed above.
For SnS thicker than 151, the current leakage through the SnS channel dramatically
increased and it was difficult to observe the ferroelectric hysteresis loop. To quantify
the effect of polar switching on the resistivity, the conductivity ratio for the low
resistive state (ON) and high resistive state (OFF) at Ec was calculated. Fig. 4-29b
shows the dependence of the ON/OFF ratio on the number of layers together with
the SHG intensity. A large distribution was found in the SHG intensity for each
number of layers, which is probably caused by the variation of crystalline quality
due to the desorption-controlled PVD growth. This heterogeneity was also found
when a different batch of SnS powder source was used. That is, the maximum SHG
intensity for SnS grown via one batch exceeded that grown via the other batch. This
result suggests the possibility of further increase in the SnS crystalline quality with
the improvement of the SnS powder source. Despite of these dispersions, the SHG
intensity tends to increase with a number of layers up to ~10L, then it decreases, and
finally quenches above 21L. The ferroelectric switching only occurs below this critical
thickness. These results indicate that there is a change in the stacking sequence from

the AA to AB stacking, which determines the existence of ferroelectricity.
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field of Ip—Vp for Ag/SnS device. (c) Cross-sectional HAADF-STEM image of 16L

for different thicknesses. The ON/OFF ratio was determined at the coercive electric
SnS along the armchair direction. The scale bars represent 1 nm
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Figure 4-30: Schematic illustration of a model for interlayer coupling in multilayer
SnS. The red and blue lines indicate the excitation laser (A = 850 nm) and SHG
signal (A = 425 nm), respectively.

Fig. 4-30 shows a possible model for the thickness dependence for SHG intensity
and ferroelectric resistive switching. In this model, for the thin SnS crystals, the
stacking sequence is dominated by AA stacking probably due to the effect of strain
introduced through the interaction with the mica substrate. In contrast, above the
critical thickness of ~15L, the stacking sequence is gradually changed to AB stacking,
which is a thermodynamically stable state. In the SHG measurements, an 850-nm
excitation laser, whose penetration depth in SnS is at least of several-hundred-nm
[236, 237|, was used to generate the SH signals. Thus, in the case of SnS thinner
than ~20L as discussed in this work, the whole region is excited. When the SnS
thickness reaches the critical thickness at (iii), the SHG signal is maximized. Above
the critical thickness, although the volume of noncentrosymmetric region does not
change, the self-absorption of the SHG signal at 425 nm becomes effective because
its penetration depth is much shorter than 850 nm [236, 237|. As a result, the SHG

intensity decreases with increasing SnS thickness and is finally annihilated.

In order to prove the stacking transition, cross-sectional structure was further
investigated for 16L. SnS by TEM observation. For this sample, the crystal orienta-
tion was determined from the diamond-shaped-like crystal structure so that we can
observe the atomic configuration along the armchair direction, where AA and AB

stackings can be identified (Fig. 4-29c¢ and 4-31). Fig. 4-29c shows high-angle an-
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nular dark-field (HAADF) STEM image of 16L SnS along the armchair direction.
The stacking transition from AA to AB is clearly observed at the thickness of 6L.
Even though this transition plane was steeply continuous through a selected region
of several tens of nanometers, it can be possible that the transitions occur at differ-
ent thicknesses in a micrometer scale and from sample to sample, resulting in the
discrepancy between critical thicknesses determined from TEM and SHG measure-
ments. This unusual growth mode is probably due to the substrate effect, such as
lattice strain and electrostatic surface charges. In the previous work on bulk SnS
(~15 nm) [159], an Ip-Vp hysteresis loop similar to that in the present work was
observed for in-plane two-terminal Au contact devices, where the ferroelectricity in
bulk SnS was achieved by extrinsically breaking the inversion symmetry through the
perpendicular electric field from the back gate. It should be emphasized that the
intrinsic ferroelectricity is observed for monolayer SnS in this study.

In conclusion, monolayer SnS with micrometer size is grown by precisely control-
ling the growth pressure and temperature in PVD. The lack of the centrosymmetry
and a strong anisotropy rooted from the puckered structure is confirmed based on
polarized Raman and SHG spectroscopies. After the current flowing through the SnS
channel in two-terminal devices was suppressed by selecting the strong Schottky Ag
contact, RT in-plane ferroelectric switching was realized by the double-wave method.
Remarkably, the robust RT ferroelectricity was identified in SnS below the critical
thickness of ~15L, probably due to the interaction with the substrate. This result sug-
gests a possibility of controlling the stacking sequence of multilayer SnS, going beyond
the limit of ferroelectricity in monolayer SnS. Given that SnS is the semiconductor
with multiferroicity [30, 206], innately exhibiting pyroelectricity and piezoelectricity,
this work will open up possibilities of providing novel multifunctionalities in vdW

heterostructure devices.
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mica sub.

Figure 4-31: Cross-sectional TEM observation of PVD grown SnS on mica. (a)
Optical and (b) AFM topographic images of 161, SnS. The sample was cut along the
armchair direction, as shown in a dashed blue line. (c) Bright-field STEM and d
HAADF-STEM images of 16L SnS.
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Chapter 5

Summary and Outlook

5.1 Summary

The piezoelectricity and ferroelectricity in the non-centrosymmetric 2D materials have
been explored in this thesis. As a promising material platform, this work has focused
on monolayer SnS especially.

In Chapter 2, the origin of strong interlayer forces in SnS was discussed starting
from its structural configuration. The significant role of lone pair electrons in Sn
atoms were portrayed to explain the structural distortion, interlayer interaction, and
chemical /thermal stabilities of 2D SnS. Fabrication methods of monolayer SnS have
been investigated from a top-down thinning to bottom-up crystal growth. Comparing
each fabrication procedures, structural, optical, and electrical characterizations will be
discussed to evaluate the crystalline quality. The micrometer sized monolayer SnS has
been, for the first time, achieved via surface oxidation thinning method, with forming
a robust self-passivation of SnO,. Also, bottom-up crystal growth was studied with
physical vapor deposition (PVD). The PVD grown monolayer SnS exhibited higher
crystalline quality and less extrinsic defects than monolayer via top-down thinning.
As a key technology of monolayer growth, important roles in mica substrate has been
discussed.

In Chapter 3, fundamentals and experimental results for the piezoelectric devices

was described. Modulation of Schottky barrier height at the interface between metal
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and SnS was found to be critical, for applying it to the piezoelectric and ferroelectric
devices. The fundamental mechanism for the piezoelectric effect in the 2D materials
has been investigated with using 2D MoS, as a model material. The important tech-
niques in the device fabrication, metal transfer method to create the van der Waals
gap between metal/MoS, free from Fermi level pinning, was discussed in detail. The
origin and of piezoelectricity in 2D materials were found to be an asymmetric mod-
ulation of Schottky barrier height at the 2D /metal interface. Furthermore, an elec-
tromechanical response of 2D SnS was investigated, under both static and dynamic
external strains. As an analogy of the piezoelectric effect, the piezoresistive effect has
been precisely distinguished from the piezoelectricity. Piezoresistive and piezoelec-
tric effects were characterized with a symmetric and asymmetric change of Schottky
barrier height at source and drain. The novel approach in characterizing piezoelec-
tric charge at the 2D /metal interface, transport measurement of top-gated field effect
transistor under the strains, was describes. As a key finding, the piezo-charge was

unveiled by modulating channel property.

In Chapter 4, the first demonstration of room temperature (RT) ferroelectricity
was described. As a prerequisite property for ferroelectricity, the structural non-
centrosymmetry was confirmed for the monolayer by second harmonic generation
(SHG) measurement. The angular resolved SHG and Raman measurements were
also performed to reveal a strong anisotropy in SnS. Also, the dependence of SHG
intensity on the number of layers was investigated. The remarkable finding for the
layer number dependence that the intrinsic property of odd—even effect in 2D SnS
is broken for the few-to-monolayer SnS PVD grown on mica substrate, has been
discussed in detail. The electrical transport characterization of a two-probe device
with modulating the Schottky barrier height was described, as a direct proof for the
ferroelectricity in SnS. The ferroelectric resistive switching under the external electric
field has been demonstrated at RT and 1 Hz. The purely in-plane ferroelectric down
to monolayer limit is highly motivated because it can preserve the ferroelectricity
free from the out-of-plane perturbation. All other 2D ferroelectrics, which have been

experimentally demonstrated at the moment, includes the out-of-plane polarization,
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as shown in Fig. 5-1. The first observation of purely in-plane ferroelectricity of SnS

in this work will pave the way for vdW heterostructure with novel functionalities.
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Figure 5-1: Summary of 2D ferroelectrics: SnS and other materials from this work
and Ref. [73, 192, 193, 202).

185



5.2 Outlook

Fig. 5-2 shows potential applications of SnS with novel functionalities: piezoelec-
tricity, ferroelectricity, and ferroelasticity. Firstly, the discovery of broken odd—even
effect in the SnS will pave the way for further improvement of piezoelectric genera-
tors based on non-centrosymmetric 2D materials. In this work, the broken odd—-even
number effect was found to be limited up to ~15 layers. In order to control the
stacking sequences of the 2D materials, screw dislocation assisted spiral growth will
be effective [238, 239, 240, 241]. With using the spiral growth in the manner of AA-
stacking, the out-put power can increase with increasing the number of layers, beyond
the monolayer limit. When the thickness increase, the mechanical properties such as
elastic stiffness will change. Thus, there should be a tradeoff between the amount of
polarization charge and mechanical flexibility. Analyses on the figure of merit for the

flexible generator are also significant.

Secondly, given that SnS is ferroelectric and semiconductor, nonvolatile memories
such as ferroelectric RAMs (FeRAMs) and ferroelectric tunnel junctions (FTJs) are
possible applications for SnS. Recently, not a few works have been reported on in-
plane FeRAM and FTJs [74]. H. Shen etal. has proposed a device structure for
in-plane FTJs based on the group-IV monochalcogenides (Fig. 5-2), which has an
advantage of a faster reading operation and a nondestructive reading process [74]. In
this work, non-centrosymmetric SnS was realized on mica substrate. To demonstrate
the in-plane FTJ device, as shown in Fig. 5-2, transfer techniques on to the conductive

substrate will be necessary.

Finally, as an analogy of ferroelectricity, theoretical works have predicted ferroe-
lasticity [30, 206], which enable polarization switching with external strain, instead of
electric field for ferroelectricity. For SnS, the spontaneous polarization direction can
be rotated by 90°: the atomic configuration as zigzag transform in to the armchair
structure under a moderate tensile strain. Together with the electrical and optical
anisotropies that have been demonstrated in this work, the ferroelasticity will open up

possibilities for an opto/electrically readable shape memory toward the soft-robotics
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applications.
In conclusion, this work on the exploration of the piezoelectric and ferroelectric
characteristics in the non-centrosymmetric 2D materials indicates their promising

potential for the novel optical, electrical, and mechanical applications.
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Figure 5-2: Potential applications of SnS with novel functionalities [30, 74, 206].
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Appendix A

Post-oxidation methods

A.1 Oxygen Plasma

Bulk SnS was prepared via Au-mediated mechanical exfoliation on SiO,/Si substrate.
A high frequency oxygen plasma was used to oxide and physically etch the bulk sur-
face. The RF power and oxygen pressure was fixed at 300 W and 50 Pa, respectively.
In order to investigate the crystalline quality of SnS before and after the oxygen
plasma, p-Raman was used. The excitation wavelength and laser power was 488 nm
and 0.1 mW, respectively.

In Fig. A-la, an atomic force microscopy (AFM) images of SnS surface before and
after the oxygen plasma treatment for 300 sec. Even after the oxidation, the RMS
roughness is stable at around 0.2-0.4 nm, and the SnS thickness decreased by 2.6 nm.
This is a result of surface oxidation and physical etching of SnO, surface (Fig. A-1b).
Fig. A-2 shows the time evolution of optical contrast of SnS along with the oxygen
plasma. The optical contrast decreased with time, while the SnS thickness increased
initially increased up to 60 sec, and then turned to decrease. This is probably caused
by a following process. In the early time of oxidation, the formation of transparent
SnO, exceed the decrease of thickness by physical etching. After the enough time,
forming a SnO, layer, the oxidation rate is dominated by the oxygen diffusion in
SnO, layer, and the system reach to the equilibrium of oxidation and etching. At

the equilibrium phase (>60 sec), the etching rate was 30 sec/layer, which is easy to
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Chemical
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Figure A-1: (a) AFM images of SnS before/after Oy plasma treatment for 300 sec.
(b) Schematic view of self-passivated SnS layer.

control the thickness.

In order to investigate the effect of the plasma treatment on the crystalline quality,
Raman spectra were measured. To eliminate the volume effect, the thick SnS flake
was used: ~ 130 nm, SnS, which is enough tchicker that the penetration depth of 488-
nm laser in SnS (~ 20 nm). In Fig. A-3, Raman spectra before/after the oxidation
for 30 sec. For the as-exfoliated SnS, specific Raman peaks were observed at 95, 164,
192, and 219 cm™!, but other peaks of SnO, or SiO,/Si substrate were not observed.
After the oxidation, there was no significant change in the intensity or peak shape,

thus the quality of SnS just under the SnQO, layer is probaly preserved.
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A.2 Ozone

In spite of the robust features in bulk SnS, the oxygen plasma method was found
to be unacceptable for its damage. As shown in Fig. A-4a,b, for the thin SnS, the
oxygen plasma treatment resulted in the surface roughness. This is probably owing
to a localized oxidation [90].

In order to decrease the localized oxidation, more mild method of ozone treatment
was tries. In Fig. A-4, the optical image before and after the ozone treatment at 200°C
for 1 h is shown. Similar with the oxygen plasma treatment, the surface roughness
was apparently observed. These features indicate the oxygen favorable nature of thin
SnS, and the requirement for the careful treatment for top-down thinning or device
fabrication. As shown in the Section 2.3, the oxygen annealing was found to be the

most reliable post-thinning method.

Figure A-4: (a,b) AFM topographic images of SnS flakes (a) before and (b) after O
plasma treatment at RT with the radio frequency power of 300 W for 450 sec. (c,d)
Optical images with Normarski interference contrast of SnS flakes (c) before and (d)
after ozone treatment at 200°C for 1 h.
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Appendix B

Quasi-ferroelectricity in

Non-ferroelectric systems

B.1 Carrier Emission from Trapping Sites

False ferroelectricity in nonferroelectric systems has been theoretically investigated
based on the carrier trapping model [234]. In this model, the following properties
are assumed; 1) the sample is a semiconductor with Schottky contacts on both the
source and drain contacts, 2) a large concentration of trap sites is located over a finite
thickness w; at the semiconductor/metal interfaces, 3) the normal leakage current is
neglected and the carrier emission from the traps is dominant, and 4) the displacement
current due to the space charge near the contacts produced by the trapping/detrap-
ping is neglected. Based on this model, the carrier emission from the traps I, can be

written as

qAw; N V
I, = - B.1
o= ey (- ) (B.1)

where A is the area of the electrode, N is the initial concentration of occupied
traps, 7 is the emission time constant from the traps, V' is the applied source-drain
voltage, V, is the amplitude of the applied signal (Fig. B-1a), and f is its frequency.

To exclude the possibility that the present ferroelectric switching behavior is due
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Figure B-1: Theoretical analysis of -V hysteresis loop based on the carrier trapping
model. (a) The schematic diagram of applied voltage. (b) Calculated relationship
between voltage and current from carrier emission. The emission time constant 7 was
changed from 1 ms to 10 s.

to the carrier emission from the traps, we discuss the suitability of carrier trapping
models assuming that the present device is not ferroelectric. When the relationship
of current and voltage is calculated based on Eq. B.1, the shape of the I-V curve
strongly depends on 7, as shown in Fig. B-1b. Comparing the I-V shapes of the
calculated and experimental results (Figs. 4-26, 4-27 and 4-29), the value of 7 is
approximately estimated to be in the order of 100 ms. The maximum current .,
can be obtained when the voltage is close to zero. Substituting V' = 0 V into Eq.

B.1, the total number of traps Aw;N can be expressed as follows,

AwN = 21 e (B.2)
q

From the experimental results, I, is ranged up to 150 pA (Fig. 4-27e). When we
substitute 7 = 100 ms and I,,,,, = 150 pA, the total number of traps is determined to
be 9 x 107 states near the Ag/SnS interface in the SnS channel (the channel thickness,
length, and width are 5.4 nm, 0.4 pm, and 3.0 pm, respectively). In this case, the
number of traps corresponds to one in three of the total number of atoms in the
SnS channel, which is too large intuitively. From these results, the effect of carrier
emission from the traps can be neglected for the present ferroelectric I-V hysteresis

loops.
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B.2 Excluding the Effect of Ag diffusion

It is well-known that Ag have a high reactivity with sulfides, and easy to diffuse.
These characteristics can show a memristor behavior. For example, in a Ag/SnO,
system, a memristor property has been observed [242]|. In this memristor, firstly
an Ag filament is formed with applying the electric field, then there is a transition
from high-resistive state to low-resistive state. This switching is similar with the
present data in this work, however, these hysteresis trace different curves with each
other. For Ag/SnO, memristor, the hysteresis draws a crossed 8-shape, while Ag/SnS
ferroelectric switching hysteresis shows non-crossed 8-shape. This difference is one of

the supporting data to exclude the quasi-ferro from silver’s properties.

This work: Resistive switching
Ferroelectric resistive switching by filament formation
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Figure B-2: Comparison between ferroelectric and ReRAM behaviors.

Formation of conductive filament has been reported in the Ag/2D-material struc-
tures, as shown in Fig. B-3 [230]. In this work, AFM topographic image was observed
after the Ip—Vp measurement. In order to observe the SnS surface at the low resistive
state (LRS), the drain voltage was swept from —1 V to 800 mV just before the AFM
measurement (Fig. B-4a). No significant Ag diffusion was confirmed in the channel

region at the LRS compared with the AFM image before the electrical measurement
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Vo (V)

Figure B-4: Exclusion of Ag diffusion into SnS. (a) Ip-Vp curves for 2.6 nm (~4L)
SnS with Ag electrodes. A single sweep from —1 V to 800 mV stopped at the low
resistive state is shown in a red line. For comparison, (b) double sweep is shown in
a gray line. AFM topographic images a before and (c) after applying the external
electric field. The scale bars represent 500 nm.

(Fig. B-4b,c).
In conclusion, the effect of Ag diffusion and filament formation are not dominant

for the experiments on Ag/SnS.
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