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Abstract

Flexible nanogenerators capable of efficiently converting mechanical energy into
electricity have diverse applications in communication, healthcare, environmental
monitoring and beyond. Since the first discovery of piezoelectricity in quartz,
conventional piezoelectric crystals such as lead zirconate titanate (PZT) and barium
titanate (BTO) have attracted great interest due to their exceptional electromechanical
conversion efficiency. Unfortunately, these ceramics suffer from vulnerability in
flexibility and biocompatibility for advanced consumer electronics such as wearable
and bio-implantable devices. Recently, layered materials have emerged as the
promising candidates for flexible electronics due to their ultrathin nature, desirable
electrical and mechanical properties, and attractive biocompatibility. To date, various
layered materials, including hexagonal boron nitride (h-BN), transition metal
chalcogenides (TMDs), and group III-IV metal chalcogenides, have been applied in
developing flexible nanogenerators, but the intrinsic piezoelectricity generally only
exists in the monolayer or few-odd layers due to the polarization cancellation between
adjacent layers, leading to low output signals and poor mechanical stability. While
extensive designs like Janus structures were proposed to enhance the performance by
inducing higher symmetry breaking, the complexity and uncontrollability of these
designs limit their broad practical applications. In contrast, novel multi-layer

piezoelectric materials show great potential in achieving considerable output
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performance and long-term durability for practical applications. Furthermore, the
scalability of these layered materials is highly desired for facilitating the widespread
practical applications.

This thesis delves into the synthesis of novel multi-layer nanosheets, including
strong-piezoresponse layered SnSe and high-entropy MXene, and their application in
advanced flexible nanogenerators. Firstly, SnSe nanosheets were synthesized using
bottom-up vapor transport deposition (VTD). By fine-tailoring the specific growth
parameters, such as the growth temperature, growth duration, carrier gas and so on, the
resulting SnSe nanosheets on mica substrates exhibit large area, homogeneous surface
and high crystalline quality, confirmed by systematically morphological and structural
characterization. In addition, the enhanced in-plane piezoelectric properties of SnSe
nanosheets with varying thickness is evidenced through piezoresponse force
microscope (PFM), which attributes to their unique puckered C>, symmetry.
Specifically, effective piezoelectric coefficient in 10 nm SnSe nanosheet (di1 =~ 45.82
pm/V) surpassed those in most investigated TMDs with odd-even effects, showing great
potential for practical flexible-nanogenerator applications. The electrical properties of
SnSe nanosheets were also investigated by fabricating field-effect-gating devices,
displaying the clear p-type transfer behavior with a considerable hole mobility of 19.35
cm? V' 571, On these bases, the SnSe nanosheets were further developed into flexible
PENG device, exhibiting distinct piezotronic effect, high energy conversion efficiency

and sensibility in energy harvesting and human-motion monitoring, suggesting their
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capability for smart wearable electronics and healthcare applications. In addition to
VTD technique, top-down electrochemical etching approach is also employed for high-
yield synthesis of layered nanosheets, and the target material here is the high-entropy
MXene (TiVCrMoCs3Ty). Different from the commonly used hydrofluoric acid (HF)-
etching method, electrochemical etching can produce MXene with low bio-toxicity,
which is very suitable for the future development of biocompatible devices. Flexible
nanogenerators were further fabricated based on a composite structure of high-entropy
MXene nanosheets with PVA polymer relying on a direct self-assembly path. The
output performance of MXene/PVA self-powered flexible nanogenerators reaches up to
500 mV in voltage and 790 pA in current at 3.47 N, with stable working over 1,500
cycles, indicating the desirable mechanical durability and potential for practical
applications in wearable and bio-implantable electronics.

In summary, this thesis explores the synthesis of high-quality SnSe and MXene
layered nanosheets with high yield and further develops their applications in innovative
flexible nanogenerators and sensors. These findings drive the exploration of novel
multi-layer materials for the advancement of next-generation electronic devices with
attractive high-performance, satisfying energy-efficiency, and desirable flexibility and

functionality across diverse applications and industries.
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Chapter 1 Introduction

1.1 Background of layered materials
1.1.1 Graphene and h-BN

The discovery of graphene by mechanically exfoliation from graphite two decades
ago blooms the exploration of 2D layered materials.! They consist of atomically-thin
nanosheets with robust in-plane bonding and weak coupling between interlayer and
layer-substrate. Attributable to the intriguing electrical, optical, thermal and mechanical
characteristics, many layered materials, such as graphene, hexagonal boron nitride (h-
BN), transition-metal dichalcogenides (TMDs) and beyond, have been widely studied
for various applications.

Graphene is a single layer of carbon atoms structured within a honeycomb matrix.
As shown in Figure 1.1, various other-dimensional graphite materials can be
constructed based on this building block, including zero-dimensional fullerenes, one-
dimensional nanotubes, or three-dimensional layers-stacked graphite.? The carbon
atoms of graphene form strong in-plane ¢ bonds and out-of-plane delocalized 7 bonds
due to sp? hybridization. Notably, graphene possesses an extremely unique electronic
structure, which is characterized by Dirac cones at the corners of the Brillouin zone. As
a result, this characteristic leads to massless Dirac fermions, which indicates that the
delocalized = electrons in graphene can move freely without scattering across the entire

structure.’ As depicted in Figure 1.2, the Brillouin zone has six vertices (known as Dirac
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points or K points), with the conduction as well as valence bands symmetrically
centered around the Dirac points, where the band structure and wave vector exhibit a
linear relationship.* This unique band structure results in remarkable properties, such
as giant carrier mobility of more than 10* cm?® V! s ° outstanding thermal
conductivity (with a thermal conductivity coefficient of up to 5300 W/mK),® excellent
optical characteristics (with an broadband absorption rate of ~2.3%, and ~80%
transparency in appearance);’” and exceptionally high mechanical strength (with an
elastic modulus of up to 1 TPa).'® Moreover, the weak van der Waals (vdWs) interaction
between two neighboring graphene nanosheets is facilitated by z-bonds, enabling for

layer exfoliation and reconstruction for fundamental research and further

nanotechnology applications.

Figure 1.1 Different graphitic forms: fullerenes, nanotubes and graphite.?
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hole

Energy
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E = Tivg “‘ﬂ

Figure 1.2 Band structure of graphene. The energy E is shown as a function of the Bloch
wavevector (kx, k), as demonstrated in the zoom of the energy band close to a Dirac
point K'. There is a linear dispersion relation: E = walﬁ'll, where 7 denotes the
reduced Planck constant, vy is Fermi velocity (1/300 of light velocity), and &

represents the wave vector, respectively.* !!

Although graphene exhibits numerous exceptional properties and offers the
potential for discovering low-dimensional physics and fabricating next-generation
electronic devices, its intrinsic zero-bandgap electronic structure significantly limits its
practical applications. In addition to engineering the electronic properties of graphene
(such as strain, defect and stacking configuration),'? various emerging layered materials
have been explored to address the shortcomings of graphene, such as h-BN, the
bandgap-tunable elemental semiconductor materials (e.g. black phosphorus (BP) and
TMDs), as shown in Figure 1.3. The h-BN, consisting of alternating boron and nitrogen
atoms analog to the structure of graphene, has a wide bandgap of ~6.0 eV, making it an

excellent electrical insulator.!® !4 Its dielectric constant shifts from 3.29 for monolayer
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to 3.76 for bulk h-BN (comparable to that of SiO»). This property makes it suitable for
use as substrate material and gate dielectric, potentially replacing SiO». It facilitates
high carrier mobility in layered channel materials owing to its smooth surface devoid
of dangling bonds and charge traps.!> Moreover, h-BN can function as a tunneling
barrier and can be incorporated into tunneling devices such as tunnel diodes or tunnel
field-effect transistors (FETs) to control electron transport through the barrier via

quantum tunneling effects.'®
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Figure 1.3 Bandgaps in layered materials family.!”

1.1.2 Elemental layered materials in group VA and transition metal dichalcogenides
In the VA group, except for nitrogen, all other elements exhibit layered crystal

structures, such as black phosphorus, gray arsenene, antimonene and bismuthene. As
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depicted in Figure 1.4, two typical structures of elemental semiconductor materials in
this group are demonstrated. The a-phase (Figure 1.4a) exhibits distinctive puckered
interlayer, resulting in a low symmetry in an orthorhombic crystal system. On the other
hand, the crystal structure of B-phase (Figure 1.4b) resembles the buckled structure
similar to graphene. In the bulk material of group VA, black phosphorus stabilizes in
the a phase, while other elements are stable in the B-phase structure. Among them, BP
has garnered significant attention as an outstanding layered material since the first few-
layer BP based p-type FET with a high mobility of up to 10* cm?> V' s! and a drain
current modulation of 10°.!8 Its direct bandgap shows layer-dependent characteristic,
from~2 eV for a monolayer, gradually down to ~0.3eV for bulk BP.!® ' Additionally,
its highly in-plane anisotropy has led to widespread applications.?’ However, BP suffers
from a vulnerability limitation: it is highly susceptible to oxidation in ambient
conditions, leading to performance degradation, which restricts the practical

optoelectronic applications in long-term working.?!

Figure 1.4 Two typical crystal structures of elemental semiconductors in Group VA.??

(a) a-phase (orthorhombic). (b) B-phase (rhombohedral).
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Another typical class of bandgap-tunable materials is transition metal
dichalcogenides (TMDs) with the chemical composition of MX>, where M represents
transition metal elements from Group IV (such as Ti, Zr, or Hf), Group V (such as V,
Nb, or Ta), or Group VI (such as Mo or W); and X denotes chalcogen elements (S, Se,
or Te). The monolayer consists of three stacked layers (X-M-X), involving double
layers of hexagonal chalcogen atoms covalently bonded with one layer of metal atoms.
Few-layer or bulk TMDs are arranged by weak vdWs. There are three common crystal
structures in TMDs: 2H, 1T, and 1T’ (Figure 1.5a). In the 2H crystal structure, transition
metals coordinate in a trigonal prismatic manner, with two layered units rotated by 60°,
resulting in a hexagonal symmetry within a unit cell containing two layered units (ABA
stacking). In contrast, the 1T structure features transition metals coordinating in an
octahedral manner, with one layered unit per unit cell, exhibiting trigonal symmetry
(ABC stacking). Besides, 1T' could be achieved by the distortion of 1T phase
structure.”® Different structures typically lead to distinct properties: The physical
properties of this group varies from metallic, semi-metallic, semiconducting to even
insulating characteristics according to their electronic band structures; The bandgap of
MoS:; shift from 1eV for bulk to ~2eV for the monolayer, with a transition from
indirect to direct bandgap (Figure 1.5b); Compared to the anisotropic 2H MoS», the 1T
ReS> and ReSe> displays significant in-plane anisotropy.>*2® The rich electronic
properties of TMDs offer opportunities for various applications such as optoelectronics,

sensing and beyond. The different stacking patterns also increase the flexibility for
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exploring more unique properties of TMDs.

(a) 2H

PCCCEVVCVIVES S

Q Transition metal @) Chalcogen

(b)

2 layers Monolayer

Energy

3

r K T'T MK I'T

Y

&

MK } rr ™ K ) r

Figure 1.5 crystal structures and band structures of TMDs. (a) Lattice structures of
TMDs in the trigonal prismatic (2H), octahedral (1T), and distorted (1T") phases. The
different stacking configurations lead to different lattice structures. Here, A, C denotes
chalcogen elements and B denotes transition metal. (b) Band structures of MoS; from

bulk to monolayer.? %3

1.1.3 MXenes, group III-VI and group IV-VI metal chalcogenides

In recent years, many other classes of layered materials have been investigated to
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widen the horizon in the 2D family, including metal carbides and nitrides (MXenes),
Group III-VI and Group IV-VI metal chalcogenides.

MXenes are generally etched from their counterpart MAX phases. They could be
expressed as My+1XnTx, where M represents a transition metal component from groups
IV, V, or VI, X is carbon and/or nitrogen, T, denotes the surface functional groups or
terminations (such as hydroxyl (-OH), fluoride (-F), or oxygen (-O)), n is the number
of transition metal layers sandwiched between double X layers. Figure 1.6 depicts the
structure of MXene, showing that the M atoms are sandwiched between two layers of
X atoms and the outer layer is terminated with the surface groups.?’” MXene materials
exhibit exceptional electrical properties, mechanical superiority, as well as chemical
stability, which are key factors in their utility for various technological advancements.
Furthermore, layered MXenes possess a high surface area, facilitating for energy-
storage applications like super capacitors and batteries.”® ?° Their catalytic properties
have shown promise in reactions like water splitting and COx reduction.*® Additionally,
MXenes are being explored in flexible electronics and sensing applications owing to

their unique mechanical and electrical properties.>!

& M: Transition metal

& X: Carbon/Nitrogen

T.: Surface groups

Figure 1.6 The atomic structure of MXene.?’
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In group I1I-VI, indium and gallium chalcogenides have used for broad applications
in electronics and optoelectronics by virtue of unique exceptional properties, including
direct band gap, high carrier mobility and robust light-matter interactions.?® 3> They
have two common formulas: MX and M2X3, where M is In or Ga, X is S, Se or Te. The
typical structure in this group is depicted in Figure 1.7a-b, showing a hexagonal (such
as GaS and InSe) and monoclinic lattice (such as GaTe and InTe). There are diverse
polymorphs in the multilayer hexagonal structure, as demonstrated in Figure 1.7c,
including B, v, 8, and € phases with 2H, 3R, 4H and 2H stacking, respectively. The
various configurations contribute to different symmetry properties, which will exhibit
intriguing electrical properties and nonlinear optical properties for piezoelectric,
ferroelectric and photonic applications.>*** On the other hand, the diversity in structure
also makes it complicate to synthesize the pure phase materials.>> Moreover, the layered
structure in group III-IV exhibit anisotropic properties, with different behaviors along
the different directions.*® The tunable nature of the interlayer interactions and the ability
to manipulate the stacking sequence contribute to the rich variety of electronic, optical,

and mechanical properties.
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Figure 1.7 The Structure of group III-VI metal chalcogenides. (a) Hexagonal structure.
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(b) Monoclinic structure. (c) The B, v, 8, and € phases of hexagonal structure.®’

As an important class of layered materials, group IV-VI metal chalcogenides have
also garnered much attention in recent years. These materials consist of stacked atomic
layers where atoms from group IV elements (Ge or Sn) are bonded to atoms from group
VI elements (S, Se or Te) in different lattice, typically including orthorhombic,
hexagonal and monoclinic phases, as shown in Figure 1.8a-c. Their formula is MX or
MX;. In this group, MX compounds are p-type semiconductors, with both indirect and
direct band gaps that are closely spaced in energy (Figure 1.8d-f, taking SnSe as an
example). Specifically, the energy between the indirect and direct bandgaps of GeS is
close, making it recognized as a direct bandgap material, while the others exhibit
indirect bandgap. Due to their similar orbital composition and structural to that of BP,
the orbitals forming the valence band maximum in MX are primarily non-bonding
orbitals of the lone pair electrons under sp® hybridization of the two atoms. The
electrons occupy the outmost orbital with a higher energy level compared to other
bonding orbitals, facilitating hole doping and exhibiting p-type semiconductor
characteristics in these materials.>® Among layered materials family, few layered
materials (such as WSe>, BP and GaSe) and MX in this group IV-VI demonstrate
intrinsic p-type behavior, while the other materials typically require complicate
strategies to achieve n-p transition, such as interface engineering or chemical doping.**
40 Furthermore, similar to group I1I-VI materials, group IV-VI metal chalcogenides also

exhibit unique anisotropic properties, allowing for exploring the diverse possibilities in
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different orientations.*!

Here, we will focus on SnSe in group I'V-VI metal chalcogenides in this thesis. The
structure of SnSe adopts an orthorhombic crystal system similar to BP (Pnma
symmetry), and will experience phase transition to the higher asymmetry NaCl
structure (Cmcm symmetry). The lower symmetry and lack of inversion center make it
available for piezoelectric applications.*> The electrical properties of SnSe will also

investigated in this thesis.
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Figure 1.8 The layered structure and band structure of group IV-VI. They have three
kinds of typical structures: (a) Orthorhombic, (b) hexagonal and (c) monoclinic phases.
The band structures of monolayer (d), bilayer (e), and bulk (f) SnSe is demonstrated.
The solid (blue) and dashed (red) arrows represents direct transitions and indirect

transitions, respectively, with a small energy difference.*’
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1.2 Piezoelectric in layered materials

layered materials are required to meet some requirements to exhibit potential
piezoelectricity. It was found that piezoelectricity only has the possibility in materials
with non-centrosymmetric structure or a bandgap.*** Figure 1.9 demonstrates the two-
dimensional monolayer structures that could exhibit piezoelectricity. These structures
have a hexagonal or slightly distorted hexagonal lattice, resulting to the piezoelectric in
the in-plane 11 direction, whereas the piezoelectric along the other directions could also
exist based on their layered structure. For instant, the planer layer hexagonal and 2H
hexagonal lattice structures only exhibit the non-zero dii, while the buckled AB type
layer has both non-zero di; and ds1.*® Piezoelectricity was investigated in different
hexagonal structures, such as planar layer hexagonal lattice for semiconductor group
I1-VI and I1I-V in Figure 1.9a,*” 2H hexagonal lattice for TMDs in Figure 1.9b*® and
buckled hexagonal lattice for some SC group (III-V) and (IV-MC) in Figure 1.9¢.*’ The
2H hexagonal TMDs is stable in layered structure and bulk. However, their bulk is non-
piezoelectric as the polarization between the adjacent is opposite and screened by each
other, which indicates the piezoelectric effect is negligible for even multilayers.** As
for zigzag edges nanoribbon layer hexagonal structure in SC group III-MC (Figure
1.9d), its intricate construction and the formation energy for each atom make it flexible
in modifying the combination with X-M-M-X' or X-M-M'-X configuration, which can
contribute to the enhancement for di1 or the appearance of the non-zero dsi.>° In

addition, the puckered hexagonal and rectangular lattice are also studied, as shown in
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Figure 1.9e-f. Different phases with different formation energies could result in

significant piezoelectric properties with different magnitude.*> !

(a) Planar layer () Trigonal prismatic layer (¢) Buckled AB type layer
hexagonal lattice hexagonal lattice (2H) hexagonal lattice
(MX, 1 atom thick) (MX,, 3 atoms thick) (MX, 2 atoms thick)
SC group (II-VI) and (11I-V) TMDO and TMDC SC group (IlI-V) and (IV-MC)
- aQ PR P
q -Qor-q bd4 bpP@ KXo
b4 b4 >4 pd
Q » =

- oi’%e’a’a’a’a’a’a [ aad iaas

(d) Zigzag edges nanoribbon (e) Trapezium puckered layer (f) Trapezium puckered layer
layer hexagonal lattice anisotropic hexagonal lattice rectangular lattice
(XMMX, 4 atoms thick) (MX, 2 atoms thick) (MX, 2 atoms thick)
SC group IlI-MC SC group (IV-MC) SC group (IV-MC)

Figure 1.9 Several kinds of piezoelectric monolayer. (a) Planar hexagonal lattice. (b)
Trigonal prismatic hexagonal lattice. (c) Buckled hexagonal lattice. (d) Nanoribbon
hexagonal lattice. (e) Puckered anisotropic hexagonal lattice. (f) Puckered rectangular

lattice.>?

1.2.1 Intrinsic piezoelectricity
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Since Wang and Zhang first demonstrated the piezoelectricity in single-layer
MoS,* 33 various layered materials have been reported to exhibit piezoelectricity,
including hBN, TMDs, group III-IV metal monochalcogenides. Different kinds of
layered materials are also predicted to possess strong piezoelectric effects. The
piezoelectric coefficient di1 of different groups of layered materials are predicted in
Figure 1.10 and their piezoelectric properties follow some trends.*® Taking the 2H-
TMDs as an example (Figure 1.10a), their di; are in direct proportion to the ratio
between the polarizabilities of the isolated anion and cations, which indicates that the
TMDs with larger anionic and smaller cationic polarizability could exhibit larger
piezoelectric coefficients. Surprisingly, this similar relationship is appropriate for
TMDs from the group V and VI. It was also found that the contributions from anionic
and cationic polarization were opposite, which suggests that the former dominates the
piezoelectric effect while the latter counteracts it.* This relationship also holds for most
hexagonal group III-V materials except AIN, GaN and InN, as shown in Figure 1.10b.
The di; in this group is related to the ratio of the anion and cation polarizabilities, as
well as the product of the Bader charge and lattice parameter, indicating both the change
of the polarizabilities in two ions in response to the mechanical stimuli and the
dislocation in the ions contribute to their piezoelectricity. Compared to the others, the
high electronegativity and small dimension of N element may make those three
different from others in this group.*® The group IV monochalcogenides also has the

similar periodic trends in TMDs and group III-V, as shown in Figure 1.10c. Within this
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group, GeS exhibits the smallest di; value, which increases when moving up in group
14 and group 16. On the other hand, SnSe showcases the highest coefficient at 250.58

pm/V, marking it as the anticipated highest in-plane piezoelectric coefficient to date.*’

(a) (b) (©
Tl S =3 d 20 S Gl E 16 34
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Nb |3.12|3.87|4.45 In [9:50/0.02/0.08|1.15

m.i;.‘;;“ 3.44/3.944.72 Hexagonal group III-V

Metal dichalcogenides

Figure 1.10 Predicted periodic trends for di; in TMDs (a), group III-V (b) as well as

group IV monochalcogenides (c).*> 46

The mechanism of piezoelectricity in layered nanosheets is illustrated in Figure
1.11, taking MoS> as an example. When subjected to an in-plane electric field directed
from the S site towards the Mo site (as illustrated in Figure 1.11a), the MoS; lattice
would elongate owing to the extending of the Mo-S bond.** Under external strain, their
output current at the opposite drain biases is asymmetric. By constructing the
piezoelectric device with metal electrodes, piezoelectric output could be measured by
applying strain. The strain polarization contributes to a change to Schottky barrier
height, thus leading to the piezotronic behaviour as demonstrated in Figure 1.11b. When

the device is stretched, strain-induced negative and positive piezo-charges are at the
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drain and source terminals, respectively. The electrons gathering at the interface

contributes to an increased Schottky barrier height, while the holes gathering results in
a decreased Schottky barrier, which leading to an asymmetrical current. When a
compressive strain is applied to the device, the behaviour of the ionic polarization
charges would be reversed. By contrast, piezoresistive effect with symmetrical current

output could be found in the bilayer and bulk MoS,.%
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Figure 1.11 (a) Elongation of the MoS> under an in-plane electric field applied from the

¢, =, +AE,

S site (yellow) to the Mo site (blue).** (b) Band diagram of piezotronic behaviour in
single-layer M0S>.>* @4 and ¢ is the Schottky barrier heights at drain and source
contacts, respectively. Ej, is the variation in Schottky barrier height resulting from the

ionic polarization charges.*

1.2.2 Piezoelectric engineering
However, the limited intrinsic piezoelectric constants could impede their broader

utilization. Since the influence of the surface of layered materials is significant with
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various intriguing physical phenomena, a series of works have been done to engineer
their piezoelectric response by introducing new atoms, defects or proposing novel
stacking configuration, as shown in Figure 1.12. The surface S vacancies in MoS, were
passivated by S treatment (Figure 1.12a) by reducing free charge carriers, thus
significantly preventing the screening effect of piezoelectric polarization charges
resulted from the free carriers.>* This S treatment was also consistent to an increased
responsivity of a MoS>-based phototransistor by defect repair to suppress free-carrier
screening effect.’® It was also found that the defects at the grain boundaries (Figure
1.12b) could significantly improve its piezoelectric response by changing the symmetry
of its crystal structures and inducing spontaneous piezoelectric polarization along
various directions.>® The pristine bilayer WSe, with very weak piezoelectricity could
be non-centrosymmetric by turbostratic stacking (Figure 1.12c), which increases the
degrees of freedom and thus induces strong piezoelectricity.’’” Similarly, the special
stacking structure of 3R-MoS» endows it promising piezoelectricity regardless of the
stacking thickness.’® By replacing the top-layer S with Se atoms in MoS>, monolayer
Janus MoSSe (Figure 1.12d) was synthesized to break the out-of-plane symmetry.*
Besides, the enhanced piezoelectric response of some other TMDs are also investigated,
such as WS; by a unique solvent-vapour annealing process®® and by applying in-plane
deformation,®' and by fabricating WSe2/MoS; heterostructure,®? and MoTe; by creating
surface corrugation®® and thermal annealing process.®

Inspired by above engineering strategies, it is feasible to explore the enhanced
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piezoelectric response of promising TMDs or other layered materials. For example,
engineered piezoelectricity is also explored in graphene, which does not exhibit
intrinsic piezoelectricity because of the inversion centre-symmetry. Various methods
were employed to break the inversion symmetry and result in possible piezoresponse,
such as stacking control in graphene bilayers, applying inhomogeneous strain, and
chemical doping.®® Although the engineered graphene and TMDs enables to realize
better properties in nanogenerators, the piezoelectric responses are not strong enough

to realize nanogenerators with better performance.
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» e N
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Figure 1.12 Several piezoelectric engineering methods. (a) Point-defect-passivated
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MoS,.%* (b) Grain boundary in M0S5.%® (¢) Turbostratic stacking in bilayer WSe>.>’ (d)

Janus MoSSe monolayer.>’

Apart from extensively-explored TMDs and graphene, different groups of layered
materials are explored with high piezoelectric constant and facile fabrication method,
which is also anther solution to achieve high-performance piezoelectric devices. A class
of layered van der Waals materials like a-InoSes and y-InSe were discovered to exhibit
piezoelectric effects regardless of odd- or even-layer numbers, which is different from
intrinsic TMDs.% It is worth mentioned that In>Ses intrinsically inter-correlated in-
plane and out-of-plane polarization for applications in ferroelectric switching and
piezoelectric nanogenerator devices. The SnS: nanosheets were also investigated to
exhibit intrinsic piezoelectricity and then fabricated a piezoelectric nanogenerator to
display the energy harvesting and active sensing capabilities.®’ In addition, the giant
piezoelectric coefficient of liquid metal produced monolayer SnS was confirmed and it
was applied it into a piezoelectric nanogenerator with high conversion efficiency.®
These studies provide different promising piezoelectric materials for practical
nanogenerator application. The experimentally confirmed piezoelectric coefficients of
layered nanosheets are outlined in Table 1.1. From these results, it could be found that
the experimentally measured piezoelectric coefficients were relatively lower than that
obtained from simulations in Figure 1.10, which is also related to the synthesis method
and quality of the obtained samples. Therefore, the high-quality non-centrosymmetric

layered materials are highly desired for practical piezoelectric applications.
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Table 1.1 Overview of experimentally validated piezoelectric layered materials.

Layered nanosheets Experimental results (Notes)
Monolayer MoS» e =2.9 %1071 C/m*
di1 = 3.06 £+ 0.6 (pristine) and 3.73 = 0.2 pm/V (Defect-
Passivated)™
di1 = 3.78 (armchair) and 1.38 (zigzag) pm/V®
Monolayer WS> dss, e = 11.33 pm/V (originating from flexoelectricity,
sulfur vacancies or the deformation of the nanosheets)””
WSe» di1 =3.26 £ 0.3 pm/V (monolayer-WSe») and 1.5 pm/V
(turbostratic-stacking-WSe,)*’
2H-MoTe» d3zerr = 1.31 pm/V (125 nm thick, introduce out of plane
piezoelectricity by creating surface corrugation)®?
Monolayer MoSe» e = 435 pC/m"!
SnS d3z =~5 pm/V (4 nm, ~ 6 layers, originating from strain
gradient-induced flexoelectricity)®’
di1,er=26.1 = 0.3 pm/V (mono-layer)®®
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Layered nanosheets Experimental results (Notes)

a-InoSes ds33 = 0.34 pm/V (monolayer), 0.6 pm/V (bilayer) and

5.6 pm/V (exceeding 90 nm)’?

MoO» d33 =0.56 pm/V (~8.7 nm)”?

a-Tellurene ds3=1pm/V (1 nm)™

Monolayer Janus MoSSe ||d33 = 0.1 pm/V>’

1.3 Significance of research

Layered materials offer a plethora of advantages stemming from their unique
atomic structure and exceptional properties. One of the standout characteristics of
layered nanosheets is their extraordinary mechanical properties. Despite being
atomically thin, these materials exhibit remarkable strength, stiffness, and flexibility.
The mechanical robustness, coupled with flexibility, enables the integration of layered
materials into a widespread array of applications, such as flexible electronics and
integration systems. Another key advantage of layered materials lies in their tunable
electronic properties. By manipulating different factors, such as strain, doping, and
layer stacking, the electronic characteristics of these materials can be precisely

controlled. This tunability allows for the customization of band structures, carrier
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mobility, and bandgaps, making layered materials versatile candidates for advanced
electronic devices. The ability to tailor electronic properties to specific requirements is
crucial for applications ranging from high-speed transistors to quantum devices,
showcasing the adaptability and potential of layered materials in the electronics industry.
Furthermore, the high surface-to-volume ratio of layered nanosheets is also the
significant advantage that underpins their diverse applications. This unique feature
provides an extensive surface area for interactions with different materials, enhancing
their effectiveness in catalysis, sensing, and energy storage applications. The large
surface area enables enhanced reactivity, increased adsorption capacities, and improved
sensitivity in sensors. By leveraging this exceptional surface characteristic, layered
materials offer innovative solutions for a wide range of cutting-edge technologies. In
summary, the outstanding mechanical properties, tailorable electronic characteristics,
and exceptional surface-to-volume ratio of layered materials collectively underscore
their immense potential for revolutionizing various industries, from electronics and
energy storage to catalysis and beyond. These advantages not only showcase the
versatility and adaptability of layered materials but also highlight their role as key
enablers of future technological advancements and innovations.

In the 2D layered material family, SnSe excels in thermoelectric applications and
offers tailored electronic capabilities, waiting for in-depth study for practical
applications. However, the ability to realize large-scale controllable growth of high-

quality layered SnSe materials has become a crucial requirement for its broad
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application. The high bonding energy makes it hard for obtaining ultrathin SnSe layers
by simple mechanical exfoliation. Besides, there are some contaminants in the as-
prepared SnSe by the solution-phase methods. By comparison, vapor deposition
method with controllability and the potential for large-scale production would be a good
choice. So far, the growth of SnSe using vapor deposition techniques faces challenges
such as small dimensions, mixed phases, and a rapid increase in thickness with
increasing size. These issues will significantly influence the subsequent device
fabrication processes of SnSe and its practical applications. In this thesis, vapor
transport deposition method is employed to synthesize SnSe layered nanosheets with
high quality and large scale. Research into the improved piezoelectric characteristics of
SnSe nanosheets is also being explored. Moreover, self-powered piezoelectric
nanogenerators and electronic devices are well developed, presenting the potential for
applications in next-generation flexible electronics and hybrid device applications.
1.4 Thesis outline

The background of layered materials is first literature-reviewed about their
structure, basic properties and intriguing applications. The group IV-VI
monochalcogenides will be discussed more explicitly in this chapter. Next, the
experimental methods employed in this thesis and their corresponding mechanism are
introduced, including synthesis method, Raman, XRD, SEM, EDX, SHG, TEM, PFM,
the device fabrication process as well as the electrical measurements. The following

chapter demonstrates the growth process and the relevant characterization of SnSe
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nanosheets in detail. In the next chapter, the developed SnSe-PENG will be discussed

in terms of the in-plane piezoelectric properties of SnSe, the piezotronic effect,
electrical properties and the self-powered performance of the nanogenerators.
Subsequently, the next chapter features the synthesis of high-entropy MXene
nanosheets and flexible nanogenerators based on MXene-PVA composite film. The
thesis ends with a brief summary of overall results and a discussion about the promising

prospects of the research.
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Chapter 2 Experimental Methodology

2.1 Synthesis of layered SnSe nanosheets via vapor transport deposition

In previously reported synthesis of layered SnSe nanosheets, mechanical
exfoliation, solution-phase methods (i.e. liquid-phase exfoliation and one-pot method),
and vapor transport deposition have been proposed.””’® In order to obtain large-scale
and high-crystalline SnSe nanosheets in a controllable way, here, we employed vapor
transport deposition (VTD) technique for synthesis.

Vapor transport deposition encompasses both chemical vapor deposition (CVD)
and physical vapor deposition (PVD). The difference between them is that the former
involves chemical reaction, while the latter does not. This method is a bottom-up
growth technique for layered materials. To date, the vapor transport deposition
technique has successfully enabled the synthesis of a diverse range of layered
nanomaterials, such as graphene, h-BN, and TMDCs. These advancements highlight
the versatility and efficacy of vapor transport deposition as a method for fabricating
various layered materials with diverse properties and potential for electronics,
optoelectronics, and beyond. During the vapor transport deposition process (Figure 2.1),
the precursor reactants first flow into the reaction chamber by carrier gases as the
growth temperature is achieved, as the route a shown in Figure 2.1. They could diffuse
through boundary layers or attach to target substrates (route b or c¢). Alternatively, they

could directly achieve the formation of reaction intermediate and byproducts through
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gas-phase reaction (route d), which are then deposited onto the substrate by diffusion
or adsorption (route b or c¢). Finally, the thin film will be formed on the substrate after
the heterogeneous reaction (route e), while the by-products and unreacted substances

will be released from the surface and drained out of the chamber (route f).”

Reactant gas o ©—By-products Boundarly
Gas-phase reaction O layer
(@) Mass transport (@) (d) © _ ©—Intermediate o)
O reactants (@) ©
Desorption and
@ Gas diffusion Q mass transport

Adsorption

© N ©©
0Y0——0 % —@— 0o

Heterogeneous reaction

Figure 2.1 The deposition routes for vapor transport deposition process.”

The vapor transport deposition growth process is subject to control through various
influential aspects. Among these factors, the temperature of substrate emerges as a key
parameter, determining both the reaction rate and the mobility of atoms or molecules.
Elevated temperatures generally facilitate higher growth rates, albeit at the potential
expense of defects and impurities. Conversely, lower temperatures yield slower growth
rates but hold promises for higher-quality films. Another significant factor is the
pressure within the reaction chamber, exerting influence on precursor gas transport and
reaction kinetics. Higher pressures enhance precursor gas transport to the substrate
surface, thereby fostering accelerated growth rates. However, excessively high

pressures may lead to non-uniform deposition and undesired effects. The selection of
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appropriate precursors is also pivotal in governing the growth process. Reactivity and
compatibility with the desired material guide the choice of precursors. Modulating the
composition and flow rate of precursors allows control over the stoichiometry and the
thickness of nanosheets. Additionally, the utilization of catalysts as well as substrates
with specific crystal orientations can exert notable influence on the growth process.
Suitable catalysts expedite nucleation and growth of the desired material, while crystal-
oriented substrates promote alignment and epitaxial growth of the film. Furthermore,
external energy sources (such as plasma or laser irradiation) can be harnessed to
augment the growth process. These energy sources furnish supplementary activation
energy, thereby enhancing sample quality and imparting unique material properties.’:
80
2.2 Synthesis of layered MXene nanosheets

Generally, central to the synthesis of MXene nanosheets is the selective etching
process of the A-group element from MAX phases, typically achieved through the use
of potent acids or specialized etchants, leading to the exposure of MXene layers and
the formation of layered nanosheets with tailored surface functionalities. Figure 2.2
describes the MXene synthesis process, including synthesis of precursors, selective A-
atom layers etching and delamination of MXene multilayers.®! Various top-down
synthesis approaches are employed in the preparation of layered MXene nanosheets,
consisting of HF-related etching, electrochemical etching, alkali-related etching, and

molten salt etching, as well as the delamination techniques. The traditional chemical
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etching method stands out as a prevalent technique, involving the immersion of MAX
phase precursors in etchants, such as HF and HCI, resulting in the delamination of
layers and the production of MXene nanosheets. As shown in Figure 2.2, during the
etching process, the A layers are first etched due to the relatively weak M-A bonds, and
then the freshly etched MXene multilayers are further exfoliated to achieve monolayer
or few layers, with surface terminated by the functional groups from the etchant, while
the A layers are bonded with ligands and dissolved away in the solution. Taking the
synthesis of TizC> nanosheets by HF etching as an example, the etching process begins
with the attachment of H and F atoms to Ti, which will relax the Ti-Al bonds, eventually
exfoliating the Al layers in the form of soluble AlF3, and offering some interlayer spaces
for the subsequent infiltration and etching of HF and H>O. The following reactions
describe the chemical process:®!

TizAlC: (s) + 3H" (aq) — TisCz (s) + AI** (aq) + 3/2Hz (g) 2-1)
A" (aq) + 3F (aq) — AlF3 (aq) and Al**(aq) + 6F (aq) — AIFs® (aq) (2-2)
TisAlC: (s) — TizCa (s)+ 3e” + AI*" (aq) (2-3)

In general, the etching process does not occur simultaneously in all MAX layers
but rather proceeds layer by layer. The surface layer is etched first, while the middle
layers remain intact, which may be due to the strain and deformation generated by the
etching process, limiting the etching efficiency for the simultaneous-etch in MAX

layers. The strength of the M-A bonds in the precursor and the number of MXene layers
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(n value) also affect the etching conditions. Generally, the stronger the M-A bonds, the
longer the time or the more intense the etching conditions required; and the larger the
n value, the thicker the MXene layers, the more stringent the etching conditions
required. In contrast, in situ HF-forming etching strategy using HCI1 and LiF as etchants
facilitates safer control during the etching process.®® Besides, alkaline etching
concentrated alkaline solutions (such as NaOH or KOH) under hydrothermal conditions
to etch the MAX phase, obtaining fluorine-free MXene and enabling the formation of
well-defined nanosheets under specific temperature and pressure conditions.®> 34 In
addition, the molten salt etching method uses fluoride or non-fluoride molten salt
systems to etch the MAX phase with higher energy barrier at high temperatures.®®
Furthermore, electrochemical etching utilizes a mild electrochemical process to
selectively remove the metal layers from the MAX phase, which is simple to operate,
well-controlled, and does not require the use of HF. As a result, this method is employed
for MXene synthesis in this thesis. In the electrochemical system, the MAX phase
serves as the working electrode, and under a certain voltage, the metal atomic layer is
selectively removed to form MXene by breaking the M-A bonds. As the voltage is
further increased, the M layer will also be removed, ultimately forming an amorphous
carbon material. Therefore, by controlling the etching voltage range and time, the
selective removal of the metal layer can be achieved, thereby precisely controlling the

synthesis of MXene layers. To improve the contact between the MAX phase and the

electrolyte, an electrolyte containing chloride ions (such as HCI) can be used to enhance
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the interaction between the metal layer and Cl-containing electrolytes, thereby
improving the etching efficiency.®® At the same time, the addition of substances such as
Tetramethylammonium hydroxide (TMAOH), which can expand the interlayer spacing
of the MAX phase, also helps to improve the etching efficiency.®® In addition, a
thermally assisted electrochemical etching method can also be adopted, where under
certain temperature and time conditions, the HCI electrolyte can effectively etch

different types of MAX phases to obtain MXene layers.®’

Multi-M M, Ax (1 <n<4}

B

N
2% °o m&-

Layered non-MAX phases —= N,
M;X,T, single flakes

%{"ua

1 8 8.

Figure 2.2 Schematic diagram of MXene synthesis by top-down etching: () precursor

synthesis, @) selective A-atom layers etching and ) delamination of multilayers.®!

On the other hand, instead of delamination of the MAX compound, MXene
nanosheets could be fabricated by bottom-up CVD growth.®3*! Compared to selective
etching, MXene nanosheets synthesized by CVD have higher crystal quality.

Furthermore, the CVD method can also synthesize certain stoichiometry of transition
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metal carbides and nitrides, such as WC, TaC, TaN, MoN, and heterojunction structures,
which cannot be obtained by selective etching.®® Although it is currently not possible
to directly grow monolayer transition metal carbides and nitrides, the obtained ultrathin
films still exhibit layered characteristics, such as superconducting transitions.

In comparing these methods, chemical etching emerges as a straightforward and
widely adopted approach, while intercalation and delamination offer precision in
synthesis and modification of MXene properties. On the other hand, hydrothermal
synthesis, although allowing for precise morphological control, is constrained by
specific environmental conditions and longer synthesis times. Understanding the
nuances and intricacies of these synthesis techniques is paramount for advancing
MXene materials research and exploiting their full potential across diverse applications.
Continued research and development in MXene synthesis methodologies are crucial for
unlocking the vast capabilities of these versatile layered materials and propelling
innovations in diverse fields of science and technology.

2.3 Material characterization
2.3.1 Raman spectroscopy

Raman spectroscopy offers comprehensive qualitative and quantitative analysis in
a non-destructive way, providing valuable insights into the chemical compositions and
structural characteristics of target materials. The underlying principle of Raman
spectroscopy is illustrated in Figure 2.3. As the light interacts with the target samples,

the majority of photons are scattered with the identical energy as the incident light (%w0),
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i.e. elastic scattering or Rayleigh scattering (Figure 2.3a). However, a minute fraction

of the scattered light exhibits a distinct wavelength from the incident light, with the
magnitude of this wavelength shift determined by the chemical compositions of the
target sample. This phenomenon is recognized as Raman scattering and encompasses
Stokes and anti-Stokes scattering. In case of Stokes scattering (Figure 2.3b), energy is
transferred from the incident light to the molecule, resulting in the molecule reaching
an excited quantum state and the Stokes scattered photon possessing a lower frequency
than the incident photon. Conversely, anti-Stokes scattering arises when the target
material is initially located in an excited quantum state and returns to ground state after
Raman scattering. Here, the energy of molecular vibrations is transferred to the
scattered photon, causing the frequency of the anti-Stokes photon to exceed that of the

incident photon.®?

- Rayleigh Stokes Anti-Stokes
------ gesp=====¢ Virtual

""" ik e S i Level
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— h }
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Figure 2.3 Schematic energy diagrams of Rayleigh (a), Stokes (b), and anti-Stokes (c)

Raman scattering.®?

A Raman spectrum exhibits multiple peaks that signify the wavelength position

and intensity of the scattered light, serving as indicators of specific molecular bond
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vibrations. According to the displacement of atoms in lattice vibrations, Raman modes
in layered nanomaterials are generally divided into intralayer and interlayer modes. The
intralayer modes arising from chemical bonds within a single layer provide information
about composition and structural phase. On the other hand, the interlayer modes involve
the movements between layers (i.e. layer-layer vdW interaction), which is highly
influenced by the layer numbers and stacking order of layered nanosheets.
Consequently, the Raman scattering process facilitates comprehensive characterization
of chemical structure, crystallinity, and molecular interactions within layered
nanosheets, enabling a nuanced understanding of their properties.
2.3.2 X-ray diffraction

X-ray diffraction (XRD) stands as an essential technique for examining the
physical attributes encompassing phase, structure, and orientation of target samples. By
generating unique diffraction patterns, XRD plays a pivotal role in the identification of
distinct crystalline phases, enabling researchers to compare these patterns with
established reference databases for comprehensive analysis. The resulting constructive
interference yields characteristic diffraction patterns, which are essential for the precise
determination of crystal structures. Rooted in the pioneering work of W.L. Bragg, XRD
delves deeper into the atomic arrangements and electron density within crystals,
offering detailed insights into chemical bonds, structural properties, and disorder
phenomena.”

The principle of XRD is shown in Figure 2.4. Due to their high energy, X-rays
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induce periodic movements of atoms within a crystal upon entry, leading to the
emission of secondary waves in atomic spheres (known as X-ray scattering). These
emitted waves align in frequency with the incident beam. Given the organized atomic
arrangement in the sample, a consistent phase relationship exists among these scattered
waves, causing spatial interference effects. Consequently, in specific scattering
directions, spherical waves reinforce each other, while in others, they will be offset,
resulting in diffraction phenomena. In essence, XRD within a crystal emerges from the
spatial interference of numerous atomic scattering waves, illustrating the complex
interplay of waves within the crystal lattice. This method harnesses the power of X-rays
to discern molecular geometry through the process of elastic scattering from structures
characterized by long-range order, capitalizing on the wavelength resonance with inter-
atomic spacing within crystals to induce diffraction. The geometrical interpretation in

this process could be described by Bragg’s law:*?

ni
2dpg

sinf = (2-4)

Where 8, A and djy; denotes the angle between the incident X-ray beam and the
lattice plane, wavelength of the incident/diffracted beam and the lattice spacing,
respectively.

A diffraction pattern can be viewed as comprising two key elements: one is the
spatial arrangement of diffraction lines, influenced by the dimensions, geometry, and
alignment of the unit cell; the other one is the strength of the diffracted signal, which

correlates with the atomic nature and placement within the unit cell. Through discerning
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the spatial distribution and intensity of diffraction patterns, a detailed relationship can
be established between XRD and the underlying crystal structure, enabling qualitative
and quantitative analyses of crystal properties. In this thesis, XRD analysis was

performed in Rigaku SmartLab 9Kw (Advance mode).

«Q
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Figure 2.4 Principle of X-ray diffraction.”

2.3.3 Scanning electron microscopy and energy dispersive X-ray mapping

Scanning electron microscopy (SEM) serves as a highly effective technique for
analyzing the topography and morphology of nanomaterials. The key components of an
SEM system are depicted in Figure 2.5. High-energy electrons are generated by an
electron gun and subsequently traverse electromagnetic lenses, ultimately converging
on the surface of the target samples, as shown in Figure 2.5a. During the electron-matter
interactions, various signals are generated, including backscattered electrons, auger
electrons, cathodoluminescence, secondary electrons, and characteristic X-ray radiation,

as shown in Figure 2.5b. These distinct signals convey information regarding different
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depths within the target samples and are detected by corresponding detectors operating

in different modes. By employing scan coils to trace a predetermined trajectory, SEM
captures topological information in a point-by-point manner across the sample surface,

ultimately producing a comprehensive SEM image.?> %
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Figure 2.5 (a) Basic SEM layout.”® (b) Electron beam interaction diagram.®’
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The integration of an Energy Dispersive X-ray (EDX) detector within the basic
framework of SEM facilitates the segregation of X-ray characteristics produced by
different elements into an energy spectrum. By analyzing the detailed information
contained within the energy spectrum and chemical composition maps, we could
determine the specific elements present in the scanned materials, along with their
respective concentrations. In this thesis, SEM images and EDX measurements were
acquired using the Tescan VEGA3 SEM instrument. In order to enhance conduction on
the sample surface, the layered nanosheets were sputter-coated with gold.

2.3.4 Second harmonic generation

The second harmonic generation (SHG) technique has garnered significant interest
in the analysis of nanomaterial structures due to its high sensitivity and versatility,
complemented by full-optical detection capabilities. The SHG signal encompasses
multiple types of polarization, including electric dipoles, electric quadrupoles, as well
as magnetic dipoles. These polarization components carry vital details about the
structural, electronic, as well as magnetic properties of the target nanosheets. The SHG
phenomena can be describe as”®

EQw)x PRw=w+w) = y?(w,q) : E(w)E(w) (2-5)

where w and q represent the incident frequency and photon wave vector, respectively.
x®(w,q) is the nonlinear susceptibility tensor. It is observed that the output signal
frequency is twice that of incident electric field, i.e. E(w), as shown in Figure 2.6a.

Since the magnitude of q is generally small,
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XP(@,9) ~ x55(@) + X5g(@)q + 0(q?) (2-6)
where )(,(J%) (w) represents a term related to the electric quadrupole and magnetic
dipole. )(g,) (w) tensor contributes to electric dipole, which is dominant in y® and
extremely sensitive to variations in symmetry. Furthermore, it is exclusively allowed in
non-centrosymmetric materials, highlighting the crucial role of material symmetry in
determining the presence and magnitude of electric dipole-induced effects.”®

The appearance of SHG signal typically indicates the break of central inversion
symmetry within the material and suggests that the material has non-zero second-order
polarizability (¥®). As a result, SHG can effectively characterize the structural
symmetry of two-dimensional materials. For instance, in a few layers of MoS;, odd-
numbered layers lack central inversion symmetry, resulting in strong SHG response; on
the other hand, negligible SHG signal could be detected in even-numbered layers with
central inversion symmetry.” This property also enables the identification of layer
numbers and stack structures. In this thesis, SHG measurements were performed in
Leica TCS SP8 MP multiphoton/confocal microscope under 900 nm laser excitation.
The typical experimental setup for SHG measurements is demonstrated in Figure 2.6b.
The input polarization was adjusted by the rotation of a half waveplate. The generated
SHG signals were collected using a CCD and measured in reflected geometry with a

photo multiplier tube (PMT) spectrometer.
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Figure 2.6 (a) Energy level diagram of SHG. (b) SHG microscopy setup.'?

2.3.5 Transmission electron microscopy and selected area electron diffraction
The transmission electron microscopy (TEM) technique offers atomic-level
understandings into morphology, composition, as well as crystal structure of ultrathin

nanosheets. The configuration of TEM system is illustrated in Figure 2.7a. Initially, the
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electrons are focused into a parallel electron beam through the utilization of two
condenser lenses. Subsequently, they penetrate the sample along the objective lens
system. In the imaging mode, TEM imaging involves Fourier transformation utilizing
a convex objective lens, followed by intermediate lenses and projector lenses to
imaging magnification. On the other hand, in the diffraction mode, the parallel electron
beam illuminates the sample, resulting in the formation of an electron diffraction pattern
at objective back focal plane due to the constructive interference from a specific lattice
plane (hkl), as demonstrated in Figure 2.7b.1°! The selected-area electron diffraction
(SAED) patterns are visualized via a fluorescent viewing screen and transmitted to a
computer via a charged-coupled device (CCD) camera. Due to the nearly parallel
alignment of the reflecting lattice planes with the primary beam, the diffraction angle
in this system is extremely small (typically 6 < 1°). For small angles, we could know
the approximation sinf =~ 0, then Bragg's Law can be expressed as

A =2do (2-7)

Taking into account the geometric relationship among 6, ring radius R, and
equivalent camera length L (Figure 2.7b), we have

AL = Rd (2-8)

Here, AL denotes the camera constant specific to the TEM and could be determined for
instrument configuration and diffraction-lens setting. Equation 2-8 constitutes the
fundamental equation for SAED, enabling the determination of the spacing of lattice

planes by deducing R (i.e. the distance from the central spot of the transmitted light to
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a diffraction spot).!%! In this thesis, high-resolution TEM (HRTEM) imaging and SAED

patterns were acquired using the JEOL Model JEM 2100F instrument.
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Figure 2.7 (a) A schematic diagram of a TEM instrument.!* (b) Diffraction pattern

imaging.'%!

2.3.6 Piezoresponse force microscopy
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Piezoresponse force microscopy (PFM) has been demonstrated as a useful and
indispensable technique for characterizing the electromechanical response of
piezoelectric and ferroelectric materials. This technique capitalizes on the inverse
piezoelectric effect, wherein the mechanical deformations within the target sample are
in response to the application of the external electric field. These deformations are
subsequently probed and detected by a tip. This mechanical-electrical coupling

mechanism of the piezoelectric materials can be elucidated by the equation

Sj = dijEi (2'9)

where S, d, and E denote the field-induced strain tensor, piezoelectric coefficient and
electric field, respectively.!®® The experimental setup of a PFM system is illustrated in
Figure 2.8. A conductive tip, subject to an alternating current (AC) signal, interacts with
the sample during scanning imaging. The scanning process operates in contact mode,
enabling real-time monitoring through a laser beam tracked by a sensitive photodetector.
This tracking captures the motion of the tip in both the vertical and lateral directions,
encompassing deflection, buckling, and torsion. The detected deflection variations of
the tip are further sensitively analyzed using a lock-in amplifier at the same
frequency.'® The quantitative estimation of piezoelectric coefficient could be achieved

from the slope of the amplitude-drive voltage curve accordingly:

Apiezo = deffVAC (2-10)

where Apiez0, derand V4c denote the piezoresponse amplitude, the effective piezoelectric

coefficient and the applied AC voltages, respectively. The PFM technique facilitates the
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simultaneous acquisition of high-resolution topographic maps and domain maps. This
capability allows for detailed investigations of sample morphology, domain structures
and switching behavior, providing valuable insights into the intrinsic electromechanical
properties of piezoelectric and ferroelectric materials. In this thesis, the in-plane
piezoelectricity was examined in lateral PFM (Vector PFM) mode. It is a two-pass
technique, where the vertical (out-of-plane) PFM signal is collected in the first pass and
then another two orthogonal lateral (in-plane) PFM responses are acquired from the
same area by 90° rotations in the second pass. A Pt/Ir-coated tip (Bruker, SCMPIC-V2)

with a spring constant of 0.1-0.2 N/m was used.

Laser

K Photodetector
Lock-in

amplifier PFM tip

| |

Amplitude Phase

Layered nanosheets

AC éignal

Figure 2.8 Schematic for PFM system.

2.4 Device fabrication and electrical measurements
2.4.1 Device fabrication
In this thesis, the process of device fabrication encompasses several key steps,

including material transfer, photolithography, electron-beam (e-beam) evaporation.
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Photolithography technique has been extensively used in semiconductor
manufacture for generating different patterns on the substrate with high efficiency and
precision. A typical UV-lithography process is presented in Figure 2.9. Initially, the
photoresist is spin-coated onto a pre-cleaned substrate (step ii in Figure 2.9) and
subsequently subjected to baking on a hot plate at 105 °C to eliminate the additional
solvent from photoresist. A mask with pre-designed pattern is inserted into the
photolithography machine for precise alignment with the substrate. The substrate with
cured photoresist will experience exposure under UV light under soft contact. After the
exposure, the substrate is removed and placed in the developer for full development, so
that the photoresist in the exposure area is completely dissolved (step iii in Figure 2.9).
Finally, the substrate is washed by deionized (DI) water and dried with dry nitrogen.
After completing the photolithography process, the substrate can be examined under an
optical microscope to determine whether the process has overexposure, underexposure,
pattern drift and other problems. In this thesis, AZ5214E photoresist was used in the
photolithography. This positive photoresist is capable of image reversal, leading to a
negative pattern of the mask. The spin coater was set to work at 3500 rpm for 30 seconds
for uniform spin coating of the photoresist on 300 nm Si0O-/Si and flexible polyimide
(PI). The substrate went through soft-baking at 105 °C for 3 min following spin-coating.
Alternatively, PMGI resists, with superb lift-off properties and good thermal stability,
would be spin-coated under the same parameters prior to the photoresist coating. During

the photolithography, the exposure time was set to be 7 seconds, and the exposure gap
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was 20 pm with soft contact. After that, the substrate was immersed in the AZ300MIF

developer for 30 seconds. The pre-designed patterns would be carefully checked for
several times after the development to prevent the occurrence of any aforementioned
issues.

Subsequent to the photolithography step, the electrodes would be patterned onto
substrates by e-beam evaporation (step iv in Figure 2.9), which is a physical vapor
deposition technique. The e-beam evaporation instrument is illustrated in Figure 2.10.
During the evaporation, the metal source is bombarded by the high-energy electrons
emitted from a filament and then accelerated by an accelerator. The electrons are then
focused into a unified beam by a powerful magnetic field and directed 270° into the
source material crucible. The deposition metal will be evaporated by the transfer of the
high energy into thermal energy upon reaching its melting point.'* To ensure uniform
deposition of the electrodes, a rotator is employed during the evaporation process. Fine
control over the e-beam evaporation process is achieved by adjusting the voltage of the
electron gun and the magnetic field, which govern the energy emission and the focus
of output electron beam. Once the desired thickness is attained, the deposition process
is halted using a shutter. In this thesis, the current energy and evaporation rate for Ti
and Au were 7 % and 0.6 A/s, and 9 % and 0.5 A/s, respectively. Finally, 5/50 nm Ti/Au
(or 50 nm Au) electrodes were evaporated onto the PI film (or 300 nm SiO»/Si). The

work pressure of e-beam evaporation was around 8x1077 Torr.
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Figure 2.9 The flowchart of device fabrication. i-v: back-gate FET. vi-x: top-gate FET.

Following the e-beam evaporation process, a lift-off technique is employed using
acetone to selectively remove the unwanted photoresist (step v in Figure 2.9. This
process ensures that the metal remains exclusively in the desired patterned region,
resulting in well-defined and precisely positioned electrodes. The acetone or
dimethylsulfoxide (DMSO) acts as a solvent, dissolving the photoresist material, while
the metal remains intact, adhering to the substrate surface within the designated areas.
This lift-off step is crucial for achieving clean and accurate electrode patterns,
facilitating optimal electrical performance and device functionality. Alternatively, the
top-gate FET could be fabricated by the corresponding step vi-x, including dielectric
transfer and metallization of top gate. For convenience and clean surfaces, the top gate
electrodes could also be transferred by dry-transfer process, which will be introduced

in section 2.4.2.
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Figure 2.10 Schematic of electron-beam evaporation process.'%’

2.4.2 Transfer process

The transfer process of layered materials typically involves two methods: wet
transfer and dry transfer. In case of wet transfer method, polymethyl methacrylate
(PMMA) used as the supportive layer is spin-coated on substrates (step i1 in Figure
2.11), and then removed by acetone after transfer process (step v in Figure 2.11), so that
the samples could be left onto the target substrate. In this procedure, the PMMA layer
with samples could be separated by water infiltration (step iii-iv in Figure 2.11),
facilitated by the surface energy difference between PMMA and the substrate. Besides,
acid or base solution (such as HF-HNO3 mixture and KOH) could etch away the PMMA
layer on SiO,/Si substrates by chemical reaction with Si.'% This method allows for
transfer materials with relatively strong bonding to the donor substrate, such as those
grown by vapor transport deposition method. In this thesis, the PMMA layer was baked

at 120 °C for 2 min following spin-coating. The donor substrate 1 would be immersed
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Figure 2.11 Schematic of wet transfer process.

The dry transfer process is illustrated in Figure 2.12. For the dry-transfer technique,
a transfer platform (Figure 2.13) is employed to achieve the alignment and transfer in
this thesis. The samples to be transferred are clamped on the sample stage by a vacuum
bump. A film composed of a layer of polyvinyl alcohol (PVA) and a layer of
polydimethylsiloxane (PDMS) is attached onto a glass slide, which is fixed on the
moving stage (step i in Figure 2.12). The PVA/PDMS film would be contacted
completely on to the substrate after the alignment by the adjustment of the knobs on the
moving stage (step ii in Figure 2.12). Subsequently, the sample stage is heated to
enhance the bonding between the samples and PVA film. Once the desired temperature
is reached, the glass slide is gently lifted, leaving the PVA film adhered to the surface
of the substrate. The PVA film is then carefully picked up from the substrate, available

for the subsequent transfer onto target substrate (step iii-iv in Figure 2.12). Finally, the
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PVA film could be removed by DI water or anhydrous solvent, such as DMSO (step v-

vi in Figure 2.12).!%7 This dry-transfer method offers a reliable means of transferring

samples while maintaining their integrity and preserving their desired alignment.

*
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Figure 2.12 Schematic of dry transfer process.
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Figure 2.13 2D transfer platform system.

2.4.3 Electrical measurement

Electrical measurements were performed by a probe station with a Keithley 4200-
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SCS semiconductor parameter analyzer. In order to investigate the piezotronic effect,

uniaxial strains were applied onto the flexible piezoelectric nanogenerator (PENG)

device by a custom-made fixing stage (Figure 2.14a).

Wo

(b)
Layered nanosheets

F h
PI flexible substrate

lo

Figure 2.14 (a) The flexible piezoelectric device bent under a uniaxial strain by a fixed
holder. (b) Initial state of nanogenerator. (c) Bending state of nanogenerator under

mechanical stimuli.

The flexible device could be bent into an arc shape. The original length of the
device is expressed as

lp=7 X260 @-11)

Where r and 6 are the radius and the angle of the initial arc, respectively. Then the

length of the upper surface of the nanogenerator is given by

'=(r+2)x 26 (2-12)
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Since

sind = sin () = — (2-13)

2r

the applied strain could be

=2 (2-14)

A bending system was designed to facilitate periodic bending deformation of the
flexible nanogenerators (as shown in the Figure 2.15). An oscillator (LeCroy
WaveSurfer 62Xs) as well as a low-noise current preamplifier (Stanford Research
Systems Model SR570), were utilized to analysis of the piezoresponse generated by the
flexible device during the bending process. Due to the low-frequency and high-
impedance signal sources, the input impedance is chosen to be 1 MQ for impedance
matching. A 10:1 high-impedance probe (standard oscilloscope probe) is used for
probing output signals. To exclude the influence of the triboelectric effect on the
observed piezoelectric behavior, a series of meticulously controlled experiments were
conducted. The electrodes were maintained in stable and continuous contact with the
sample to minimize interfacial friction, and mechanical deformation was applied
through a uniaxial compressive force to prevent any relative sliding between the film
and the electrodes. Additionally, polarity-switching tests and control experiments using
pure PVA and pure PET films further confirmed that the output signals originated from
the intrinsic piezoelectric response of samples themselves, rather than from triboelectric
artifacts. The switched polarity test could be performed by exchanging the connection

direction of the flexible nanogenerators.
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Figure 2.15 The setup for piezoelectric output measurement.
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Chapter 3 Growth and characterization of SnSe nanosheets

3.1 Introduction

SnSe belongs to the family of IV-VI semiconductors and has gained considerable
attention in materials science and solid-state physics due to its unique properties.'*®
SnSe displays two distinct phases, including a-SnSe and f-SnSe. The atomic structure
of a-SnSe is illustrated in Figure 3.1a, with two Sn-Se bilayers structured in
orthorhombic lattice. SnSe exhibit varied behavior upon temperature fluctuations: As
SnSe cools from its high-temperature phase (B-SnSe, Figure 3.1¢) characterized by a
higher symmetry space group Cmcm (No. 63), it undergoes a transformative displacive
(shear) phase transition at approximately 750-800 K. This transition leads to the
emergence of a lower symmetry phase represented by space group Pnma (No. 62) with
lower symmetry.

The phase transition process involves the mode softening of the low-energy
acoustic branch. This softening arises from the anharmonicity of the lattice, primarily
driven by the orbital instability in SnSe. The 5s? lone pairs of Sn are located in the non-
bonding orbitals of the Pnma phase, resulting from hybridization with chalcogen p-
states (Figure 3.1b). The lone pair is active and interacts with the d electrons of the
surrounding Se atoms in the plane (bond ds in Figure 3.1b), pointing opposite d; in
Cmcm and towards ds in Pnma (see the red “caps” in Figure 3.1c & g, respectively). As

the temperature gradually rises, the equilibrium position of Sn gradually shifts towards
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the center of the four Se atoms (Figure 3.1d). Upon reaching the phase transition
temperature (T.), SnSe undergoes a transformation into the Cmcem phase, wherein Sn
locates itself at the midpoint of the four Se atoms with higher symmetry, as depicted in
Figure 3.1h. However, the lone pair of 5s* electrons of Sn causes a significant non-
parabolic deviation in the potential distribution of Sn from the midpoint, giving rise to
anharmonicity and phonon scattering. Therefore, the combination of the Sn lone-pair
activity and the resonant Se p-bonding results in soft mode and Sn off-centering in the
low temperature phase (Figure 3.1d). Conversely, at higher temperatures, the softening
of lattice vibrations causes Sn to gradually approach the central position.!'% In this thesis,

a-SnSe phase will be elaborated here due to its more stable feature than B-SnSe phase.
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Figure 3.1 Schematic of structural distortion across the Cmcm—Pnma transition in SnSe

and their corresponding electronic densities and atomic displacements. Layered a-SnSe
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in Pnma phase (a) and B-SnSe in Cmcm phase (e). (b, f) The corresponding Sn
coordination polyhedron in two phases. (c, g) Computational valence electron density
for a-SnSe and B-SnSe, respectively. The atomic displacements during the phase

transition between Pnma phase (d) and Cmcm phase (h).!%

In addition to the extensive research conducted on the thermoelectric properties of
bulk SnSe, researchers have delved into the exploration of SnSe thin films and
nanosheets using various synthesis methods. These methods include molecular beam
epitaxy (MBE),''® magnetron sputtering,'!! liquid exfoliation,’® one-pot method!!? and
chemical vapor deposition.''* However, it is worth noting that certain techniques
necessitate special growth conditions and complex equipment. For instance, MBE
requires a specialized system to grow materials under specific pressure and temperature
conditions. Similarly, one-pot method requires multiple purification steps to obtain
high-quality samples. Moreover, mechanical exfoliation has proven inadequate for
obtaining large-size SnSe samples due to the relative high exfoliation energy of 151.8
meV/atom.” To enhance the crystallization of SnSe thin films, post-growth annealing
processes are often employed to increase the structural integrity and film quality grown
by magnetron sputtering. In contrast, chemical vapor deposition offers the advantage
of scalability and controllability in the growth process, making it a promising technique
for growing SnSe nanosheets.

In order to design appropriate growth parameters for the synthesis of crystalline

SnSe, a thorough understanding of the fundamental thermodynamics of SnSe is
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essential. Figure 3.2 displays the Sn-Se binary phase diagram, which offers useful
information of the growth system and aids in parameter selection such as temperature,
precursors, and pressure. The phase diagram reveals the formation of two intermediate
phases, SnSe and SnSe;, within the Sn-Se system. Notably, the melting point of SnSe
(873.7 °C) is higher than that of SnSe; (646.6 °C), indicating that SnSe exhibits better
thermal stability compared to SnSe>. During the growth of single crystals, if the atomic
percentage of Se ranges between 60 at. % and 66 at. %, SnSez begins to precipitate as
the temperature decreases below 646.6 °C. As the temperature continues slowly cooling
down to 613 °C, this system reaches a eutectic point (60 at. %), resulting in
simultaneous precipitation of SnSe and SnSe2. These two phases interlace with each
other, forming layered structures. In the case where the atomic percentage of Se is
between 50 at. % and 60 at. %, SnSe is formed prior to reaching the eutectic point.
Subsequently, SnSe and SnSe; eutectics precipitate at 629°C. It should be noted that
the SnSe formed at this temperature is in the high-temperature Cmcm phase. As the
temperature further decreases to 520.2 °C, a phase transition occurs in the crystalline
structure, leading to the transformation into the low-temperature Pnma phase. As the
atomic ratio of Se is between 44 at. % and 50 at. %, SnSe precipitates as the temperature
decreases from the melting point. The peritectic point is encountered when the
temperature reaches 832 °C. As the system continues to cool down, SnSe also
precipitates gradually, leading to an increase percentage of excess Sn in the melt. As

the cooling process continues, the Se component will be fully consumed, and Sn will
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precipitate on the surface of SnSe once the temperature falls below the melting point.

Similarly, SnSe will experience the phase transition into o phase at temperature below
526.3 °C. It should be noted that a-SnSe exhibits stoichiometric composition, whereas
B-SnSe could dissolves excess Se. Based on the Sn-Se phase diagram, it is advisable to
maintain the Sn content slightly higher than 50 at. % during the SnSe growth. This
ensures the avoidance of the SnSe; eutectoid phase. Additionally, careful control of the
substrate temperature is necessary to prevent the formation of a mixture of SnSe> and
SnSe phases. It is important to approach the synthesis of crystalline SnSe with careful
consideration of these thermodynamic aspects. Understanding the precipitation
behavior and phase transitions allows for precise control over the growth parameters,

ensuring the desired crystal composition and structure are achieved.
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Figure 3.2 The phase diagram of Sn—Se.!!*
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3.2 Growth process

In this thesis, the SnSe nanosheets were synthesized by vapor transport deposition
method. The experimental setup for the deposition system is depicted in Figure 3.3.
SnSe powders (99.999%, Alfa Aesar) were used as precursors, and N> served as the
carrier gas. Mica substrates (12 x 12 mm?) were freshly cleaved. The reason for
choosing mica for substrate is its dangling-bond-free and atomically smooth surface,
facilitating uniform growth. According to the growth temperature of SnSe nanosheets,
the substrates were facing-up positioned at the downstream of the furnace, with a
distance of 10—-12.4 cm to the center of the furnace. The SnSe powders were first ground
thoroughly and put into a quartz boat at the center of the chamber.

Prior to the deposition process, the pressure inside the furnace was initially reduced
to approximately 1 x 107> Pa. Subsequently, N> was introduced to the quartz tube to
purge any residual air or contaminants, continuing purging until to reach the
atmospheric pressure. This meticulous flushing procedure ensured a clean and
controlled growth environment conducive to the synthesis of high-quality layered SnSe.
During the growth, the temperature of the furnace was steadily increased to 670-750 °C
over a period of 30 minutes. Once the desired temperature was reached, it was
maintained for 3-10 minutes to facilitate the growth of layered SnSe nanosheets. The
growth environment was maintained with a N> flow rate of 50 standard cubic
centimeters per minute (sccm). Subsequent to the designated time, the chamber was left

to cool down naturally to room temperature.
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Figure 3.3 The vapor transport deposition setup for SnSe nanosheets growth.

The lateral dimensions and thickness in SnSe nanosheets could be optimized by
cautiously adjusting the growth parameters. Here the influence of growth temperature,
growth time, distance between the precursor and substrates, and the introduction of H»
gas on the lateral size and thickness were investigated. During the deposition process,
a controlled distance was maintained between the furnace center and the mica substrates.
An electric thermometer was employed to record the temperature variation across
different positions of the substrates positioned downstream of the chamber. The
measurements indicated a temperature gradient of approximately 5 °C/cm. From the
previous results, the temperature needs to be controlled ranging from 540 to 570 °C.!'

As demonstrated in Figure 3.4, as the growth time increased, the as-prepared
samples became thicker due to the accumulation of nuclei on the surface of the SnSe
nanosheet. Higher growth temperature resulted in increased growth rates, leading to the
formation of thicker SnSe nanosheets. The thickness would exceed 100 nm when the
growth temperature is higher than 700 °C. Furthermore, the introduction of H» gas had
an additional impact on the thickness of the SnSe nanosheets. A mixed gas of 10 sccm
Ha/Ar (5%/95%) was introduced into the quartz tube during the growth time when the

desired growth temperature was reached (Figure 3.4a). The strong binding energies

YANG Fumei 59



Qb Chapter 3 Growth and characterization of SnSe nanosheets
Q'b THE HONG KONG POLYTECHNIC UNIVERSITY

between the edge structures of the SnSe nanosheets and Hz promoted vertical growth.”
Consequently, thin SnSe nanosheets were favored to form at relatively short growth

times and low temperatures without the introduction of Ho.
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Figure 3.4 Thickness control of SnSe nanosheets under different growth conditions.
The thickness results of SnSe nanosheets are collected at the mica substrates located at

11.2 cm away from the center of the furnace with 50 sccm No.

As for the lateral size, it could reach up to 50 pum as the deposition temperature was
increased, suggesting a positive correlation with the growth temperature, as
demonstrated in Figure 3.5a. This observation is consistent with the previously reported
results.'!® 116 Positioning the substrate further from the center of the furnace resulted in

smaller lateral dimensions and thicknesses of the SnSe nanosheets. However, according
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to the Sn-Se phase diagram, the SnSe> would be also synthesized during the cooling
stage. It could be found that the hexagonal SnSe; nanosheets would be obtained at the
distance is further than 12.4 cm (Figure 3.5b). As shown in Figure 3.5c, two extra blue-
marked Raman peaks correspond to E; and A1z mode of SnSez, which indicates the
formation of a mixed phase of SnSe; at further distance. To avoid the appearance of
SnSe-SnSe; mixture, the distance of the substrate and precursor would be controlled

within 12.4 cm.
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Figure 3.5 (a) Typical images of the as-prepared layered SnSe nanosheets with different
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lateral size under different deposition temperature and positions. Scale bar: 10 um. The
distance refers to the separation between the center of the quartz tube and the mica
substrates utilized for SnSe growth. A more pronounced contrast between the substrate
and nanosheets suggests the presence of thicker SnSe nanosheets. (b) A typical image
of the mixture of SnSe> and SnSe phases obtained at a distance further than 12.4 cm
under 700 °C growth temperature and 50 sccm N> atmosphere. The hexagonal
nanosheet is SnSe», showing different morphology from orthorhombic SnSe. (¢) The

obtained Raman spectra of mixture sample in Figure 3.5b.

3.3 Structure characterization

After the synthesis, the SnSe flakes were characterized using Raman spectroscopy,
SEM, EDX, TEM, SAED, and SHG measurements to investigate their morphological
and structural properties. The microscope images of the SnSe nanosheets are presented
in Figure 3.6, showing predominantly square-shaped nanosheets. However, some
nanosheets exhibited a square shape with a truncated corner, which can be attributed to
differential growth rates on different surfaces. The (010) and (001) planes of the SnSe
nanosheets vanished rapidly due to their large surface energy and rapid growth rate. As
a result, only the (011) planes remained, leading to the characteristic square shape of
the SnSe nanosheets.'!’
The Raman spectra depicted in Figure 3.7 exhibit four distinct peaks positioned at

32 cm™, 70 em!, 105 cm™ 127 em™ and 150 cm™. These peaks attribute to A, A., Bag,

A; and A; , respectively, which are consistent with previous findings on SnSe
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nanosheets.!'® No extra peaks appear in the Raman spectra, such as the peaks related to
SnSe», proving that the as-prepared SnSe nanosheets exhibit pure a phase. Furthermore,
the SEM image presented in Figure 3.8a indicates the surface uniformity and thickness
consistency across the entire nanosheet. The corresponding elemental mapping images
obtained through EDX analysis in Figure 3.8b-c reveal a homogeneous distribution of
chemical elements and consistent composition within the SnSe layered nanosheets. The
quantitative elemental analysis conducted on the EDX spectrum (Figure 3.8d)
demonstrates an atomic ratio of Sn and Se that approximates 1:1, consistent with the
stoichiometric composition of SnSe.

In order to confirm the non-centrosymmetric structure, SHG measurement was
performed. Figure 3.9a displays a typical SHG spectra of SnSe flake on mica substrate
under excitation of 900 nm. Notably, a distinct SHG peak at 450 nm indicates the
intrinsic non-centrosymmetric nature of SnSe, suggesting its potential for applications
in piezoelectric devices. The uniform SHG mapping exhibited in Figure 3.9b further
confirms the high quality and uniform crystalline structure of the SnSe nanosheets.

To corroborate the microscopic structural properties of the SnSe nanosheets,
HRTEM and SAED were employed, as shown in Figure 3.10. The resulting images
reveal clear orthogonal lattice fringes, affirming that the single crystalline structures
with high crystalline quality in layered SnSe nanosheets. The lattice spacing along the
(011) and (011) directions measures to be approximately 3.0 A. The measured

intersection angle is approximately 93°.!'> ' Based on these findings, the

YANG Fumei 63



Qb Chapter 3 Growth and characterization of SnSe nanosheets
Q'b THE HONG KONG POLYTECHNIC UNIVERSITY

morphological and structural analyses unequivocally demonstrate the uniform
morphology and single-crystalline nature of SnSe nanosheets synthesized through the
vapor transport deposition technique, facilitating further exploration of their physical

characteristics and applications.

Figure 3.6 Optical image of SnSe nanosheets grown on mica.
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Figure 3.7 Raman spectra of SnSe nanosheets at 532 nm excitation.
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Figure 3.8 (a) SEM images of SnSe nanosheet. The corresponding EDX elemental

mapping (b: Sn, c: Se) and EDX spectra (d) of the SnSe nanosheet.
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Figure 3.9 SHG spectra (a) and SHG mapping (b) from SnSe nanosheet.
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Figure 3.10 (a) HRTEM image and (b) The corresponding SAED pattern of SnSe

nanosheets.

3.4 Summary

In summary, the synthesis and characterization of SnSe nanosheets using vapor
transport deposition method was discussed. We established a growth system with SnSe
powders as precursors, nitrogen gas as the carrier gas and mica as substrates,
respectively. The growth parameters affecting the lateral dimensions and thickness of
the nanosheets, such as growth temperature, time, distance, and the introduction of H»
gas, are investigated. The structural characterizations of the synthesized SnSe
nanosheets demonstrate their non-centrosymmetric and single-crystalline structure,
facilitating novel possibilities for photonic and electromechanical coupling device

design.
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Chapter 4 Piezoelectric properties of SnSe nanosheets

4.1 Introduction

Due to the environmentally unfriendly nature of traditional energy sources, the
demand for renewable energy continues increasing to meet the requirements of rapid
urbanization and industrial growth. Alternative energy sources, such as solar, wind,
tidal and nuclear energy, have emerged as substitutes for traditional fossil fuels.
Furthermore, with technological advancements, there has been a rise in the popularity
of portable smart devices. Harvesting energy from the surrounding environment is
emerging as an efficient solution to address energy challenges. The emergence of
piezoelectric materials, enabling to achieve the conversion between mechanical energy
and electrical energy, has become significant and ubiquitous in the exploration of novel
energy sources.'?

Piezoelectric materials possessing polarization domains or non-centrosymmetric
structures find extensive applications with electromechanical coupling, such as
actuators, transducers and sensors. The discovery of piezoelectricity in quartz by
Jacques Curie and Pierre Curie in 1880 laid the foundation for subsequent
advancements.'?! Since then, a range of conventional piezoelectric ceramics (i.e. PZT
and BaTiO3) and semiconductors (i.e. ZnO and GaN) have exhibited remarkable
piezoelectric performance, characterized by large charge constants, excellent

mechanical durability, and suitability for industrial applications.!?? Nevertheless, in
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certain application scenarios, such as wearable devices or bio-implantable electronics,
piezoelectric materials must fulfill specific requirements, such as thinness, flexibility,
and ambient stability. Conventional piezoelectric materials typically consist of brittle
ceramics or certain polymers with low thermal stability, thereby impeding their
innovative applications.

Recently, layered nanomaterials have arisen as a novel generation of piezoelectric
materials, exhibiting distinct piezoelectric properties compared to their bulk
counterparts. These layered materials offer numerous surprising advantages,
encompassing their structure and electronic properties. For instance, molybdenum
disulfide (MoS>) demonstrates a direct band gap in its atomic layers, while it is indirect
in its bulk form.'?® Moreover, the atomic thinness of layered materials facilitates their
fabrication and simulation for practical device applications. By harnessing the strong
piezoelectric effect and excellent electronic properties of these materials, they exhibit
enhanced compatibility and ease of integration with integrated circuits and micro-
electromechanical systems, surpassing the capabilities of conventional piezoelectric
materials.

Among these various layered piezoelectric materials, group IV-VI
monochalcogenides have been recognized for their significant intrinsic in-plane
piezoelectric properties, making them highly promising for achieving efficient energy
conversion in practical piezotronic applications. They could be expressed as MX, here

M denotes Sn or Ge, X represents Se or S. Their unique piezoelectric coefficient di;
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(ranging from 75.43 to 250.58 pm/V) originates from their distinctive puckered C>,
symmetry due to the repulsion of lone pair electrons.*> Within this group, SnSe stands
out because of its exceptional electrical and mechanical properties, which make it
particularly well-suited for electromechanical coupling systems.

Recent advancements have been made in utilizing SnSe flakes obtained through
mechanical exfoliation as piezoelectric nanogenerators to drive MoS, multi-functional
sensors.'?* Additionally, SnSe nanowall/microspheres synthesized by a solution-
mediated process have demonstrated a large in-plane piezoelectric coefficient of 19.9
pm/V.!?°> However, this synthesis method faces challenges in obtaining defect-free
single-crystalline structures, which can impede carrier transport in piezotronic devices.

In contrast, the vapor transport deposition technique offers multiple advantages,
including scalability, controllability, and mass production capability, facilitating the
synthesis of high-quality, large-area single-crystalline layered materials. These
advantages make it a highly favored technique for industrial-scale production and the
development of practical devices.*® In this chapter, SnSe nanosheets have been
investigated for their intrinsic piezoelectric properties at the nanoscale using
piezoresponse force microscopy (PFM) techniques. These layered SnSe nanosheets
have been successfully fabricated into piezoelectric nanogenerators for energy
harvesting and human-motion monitoring.

4.2 Piezoelectric properties

The thickness-dependence in-plane piezoelectric properties of layered SnSe
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nanosheets were investigated by PFM techniques, providing insights into the
electromechanical coupling properties of piezoelectric and ferroelectric materials. The
lateral piezoresponse signals were collected in Vector mode. In order to quantitatively
obtain the piezoelectric coefficient dii;, a calibration step was performed using
monolayer MoS», which was synthesized on the Si0,/Si substrate by a conventional
atmospheric pressure vapor transport deposition process.'?® Before PFM measurement,
we characterize the as-prepared MoS> nanosheets first. As demonstrated in Figure 4.1a,
the height of the as-prepared MoS; sample is estimated to be 0.9 nm, which consistent
to theoretical value of single-layer MoS,.!*” Additionally, the Raman spectra (Figure
4.1b) demonstrates two distinguishing peaks located at 384 cm and 403cm’,
corresponding to the in-plane vibration of Mo with respect to S atoms (E,,) and the out-
of-plane vibration of S atoms (Aig), respectively. The frequency difference between
these vibration modes confirmed the presence of a single layer of MoS>.!%® After
confirmation of thickness and single-crystalline of MoS>, PFM measurements were
conducted as demonstrated in Figure 4.1c-d. It could be seen that the piezoresponse
behavior of the monolayer MoS; revealed a significantly stronger response compared
to the substrate. The lateral piezoelectric amplitude increases linearly with the applied
drive voltages. The slope obtained for the monolayer MoS; is approximately 14.70 X
10® arbitrary units V''. According to a previous report, the effective piezoelectric
coefficient di; for monolayer MoS: is 3.78 pm V1% Consequently, the effective di1 of

SnSe with various thicknesses can be calculated by dividing the slope by the di; value
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of the monolayer MoS,.
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Figure 4.1 Characterization of CVD-grown monolayer MoS, for PFM calibration. (a)
The height profile. (b) Raman spectra. (c) Piezoresponse amplitude images obtained at
various voltages ranging from 1.5 V to 4 V. (d) The lateral piezoelectric amplitude as a

function of drive voltage. The lateral piezoelectric amplitudes were extracted by the
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difference between the amplitudes of MoS: and substrate. The dashed line represents

the fitted linear curve from these amplitude results accordingly.

The lateral amplitude signals exhibited by SnSe nanosheets (ranging from 10 nm
to 120 nm) under driving voltages from 1.5 V to 3 V, are depicted in Figure 4.2 to Figure
4.4, respectively. Clearly, these SnSe nanosheets display high lateral amplitudes,
confirming that the observed piezoresponse originates primarily from the SnSe layered
nanosheets instead of the substrate with negligible response. The distinct difference in
piezoresponse between the SnSe layered nanosheets and the substrate underscores
intrinsic in-plane piezoelectricity displayed by the as-prepared SnSe samples. Besides,
the effective amplitude could be extracted by the amplitude signals difference between
those of the SnSe samples and substrates. Based on the amplitude-voltage curve, the
lateral PFM amplitudes of SnSe nanosheets exhibit a linear dependence on the applied
drive voltages. As a result, the effective di1 of SnSe layered nanosheets with varying
thicknesses can be inferred from the slope of these linear curves. The di; outcomes for
SnSe with different thicknesses are illustrated in Figure 4.5a. Notably, for thinner SnSe
nanosheets, the di1 value progressively rises with increasing thickness, suggesting a
gradual improvement in piezoresponse as the SnSe thickness increases. This trend
aligns with previously-reported phenomena in other layered piezoelectric/ferroelectric
materials like PZT films, a-In,Se; and CulnP»Ss nanoflakes.”? 2% 139 This behavior can
be attributed to decreasing constraint arising from substrate clamping effect, which

becomes negligible for thicker nanosheets.
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A comparative analysis of experimental-derived in-plane piezoelectric coefficients
across different layered piezoelectric materials was also conducted, as summarized in
Figure 4.5b. Remarkably, the di1 value of the 10 nm SnSe nanosheet (~45.82 pm/V) is
nearly double that of single-layer SnS within the group I'V-VI monochalcogenides, and
exceeds those of monolayer MoS; and WSez by an order of magnitude.’” ® It reveals
that multilayer SnSe exhibit a greater sensitivity to mechanical deformations, allowing
for various applications, such as sensors that detect pressure, strain, or vibrations. The
piezoelectric improvement in SnSe layers derives from the essential C», symmetry,
which shows smaller elastic stiffness of both clamp-ion and relax-ion compared to the
D3, symmetry piezoelectric materials whose covalence bonds are much stronger.*?
Moreover, SnSe nanosheets grown by vapor transport deposition exhibit good
crystalline quality and low defect density, providing efficient carrier transportation with
less scattering. Consequently, it could be seen that the in-plane piezoresponse of SnSe
nanosheets 1is at least two times stronger than those of mechanically exfoliated SnSe
films as well as Sng—xSex nanowall/p-spheres.'** 1> The robust piezoresponse
observed in SnSe nanosheets highlights their significant potential for practical

piezoelectronic applications.
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Figure 4.2 The piezoresponse of relatively thin SnSe nanosheets. (a) 10 and 25 nm. (b)
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Figure 4.4 The piezoresponse of relatively thick SnSe nanosheets. (a) 71 nm, 92 nm,

and 120 nm. Scale bar: 5 pm.
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of experimental-confirmed in-plane piezoelectric coefficients,3% 37> 6869, 124,125

4.3 Piezotronic effect

In order to perform the direct-current electrical characterization and measure the
piezoelectric output performance, the SnSe layered nanosheet was integrated into
flexible piezoelectric nanogenerator (SnSe-PENG). The structure of the SnSe-PENG is

illustrated in Figure 4.6a. Ti/Au electrodes (5/50 nm) were prepared on 125 um-thick
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flexible PI substrate by standard photolithography and metallization. SnSe was
transferred to the electrodes by dry-transfer method. The electrodes were linked to two
copper wires with sliver paste. As shown in Figure 4.6b, ~60 nm SnSe nanosheet was
transferred onto the device. During the direct-current electrical characterization, a

holder (Figure 2.14a) was used to apply different uniaxial strains onto SnSe sample.

N i = \f‘ .

Figure 4.6 (a) Structure of SnSe-PENG device. (b) The optical image of SnSe-PENG.

Inset: the height profile of SnSe between the electrodes.

The obtained I-V curves are demonstrated in Figure 4.7. The nonlinear curves
reveal the Schottky contacts in the metal-semiconductor junctions. With increasing
strain, the I-V curves demonstrate upward and downward shifts under compressive and
tensile strains, respectively. The distinct asymmetric change in current at -1 Vand 1 V
under uniaxial strains is ascribed to the piezotronic effect in SnSe. Upon the application
of uniaxial strain, the elongation of Sn-Se bonds transpires due to the inherent non-
centrosymmetric distortion of SnSe. This elongation leads to the generation of a
piezoelectric dipole and field. When it comes to multilayer structures, the distinct

piezoelectricity exhibits in both odd and even layers of SnSe, disregarding possible

YANG Fumei 76



Qb Chapter 4 Piezoelectric properties of SnSe nanosheets
Q'b THE HONG KONG POLYTECHNIC UNIVERSITY

cancellation between two adjacent layers. This behavior is analogous to BP with the
similar puckered structure.!®' These intriguing symmetries of SnSe render it more
flexibilities compared to D3, symmetry piezoelectric materials (such as MoS> and WS»),

whose piezoelectricity only exists in the odd layers.
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Figure 4.7 The I-V curves under different strains.

The band diagrams in Figure 4.8 provide a clear illustration of how the Schottky
barrier height (AE}) varies under different stress conditions in SnSe. When the SnSe
lattice experiences deformation in response to mechanical stimuli, piezoelectric
polarization charges will be accumulated at the Schottky interfaces. Specifically, the
positive polarization charges attract electrons towards the interface, effectively
reducing the depletion region and consequently decreasing the Schottky barrier height.
Conversely, the negative polarization charges repel electrons from the interface,
causing additional depletion at the interface and an elevation in the Schottky barrier

height. The asymmetric accumulation of piezoelectric polarization charges at the source
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and drain of the SnSe device gives rise to an asymmetric Schottky barrier height, which
in turn leads to an asymmetrical variation in current. This asymmetric control over
carrier transport resembles a transistor-like behavior, with the SnSe nanosheet serving
as a control gate.’> 1*2 The piezoelectric potential produced by the strain can be utilized
to differentially modulate carrier transport. The high current observed in these devices
indicates a favorable contact between the SnSe flakes and the electrodes, ensuring
efficient charge transport. The distinct piezotronic behavior exhibited by SnSe
nanosheets highlights their promising potential for application in practical flexible

piezotronic devices.

unstrained

000
S00

tensile strain

compressive strain

¢ e lonic polarization charges
Figure 4.8 Band diagrams of piezotronic effect in SnSe nanosheets under tensile strain

and compressive strain. The symbols @q and ¢s is the Schottky barrier heights at the
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drain and source, respectively. 4E, represents the change in the Schottky barrier height

caused by the presence of piezoelectric polarization charges.

4.5 Electrical properties

To further investigate the electrical properties of SnSe layered nanosheets, field-
effect-gating devices were developed based on SnSe nanosheets. The as-prepared SnSe
nanosheets were first transferred onto 300 nm SiO»/Si substrate by wet transfer method.
Then the 50 nm Au electrodes and h-BN were then transferred by dry transfer method
respectively. The optical image of SnSe-based field-effect-gating devices is shown in
Figure 4.9. The Raman spectra showing clear characteristic peaks in Figure 4.10
confirms the co-existence of SnSe and h-BN in the device structure. The thickness of
SnSe and h-BN is measured to be ~33 and 25 nm, respectively, as demonstrated in

Figure 4.11.

Figure 4.9 The optical image of SnSe-based field-effect-gating devices.
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Figure 4.10 Raman spectra of the SnSe (left) and h-BN (right).
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Figure 4.11 The AFM height profiles of h-BN (a) and SnSe nanosheet in the field-effect-

gating devices.

The electrical transport properties were measured with a semiconductor parameter
analyzer (Keithley 4200). As for the back-gate field-effect-gating device, linear output

curves (Igs—Vas) in Figure 4.12 reveal that Ohmic contacts are formed between SnSe
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and metal electrodes. In the transfer characteristic curve, the drain current falls during
a positive V, scan, presenting the clear p-type transfer characteristics. The carrier

mobility could be measured to be ~19.35 cm? V! S™!, using the equation

dlgs L
davy WCgVgs

p= (4-1)

where W = 10.47 um is the channel width, L = 6 um is the channel length and Cy is the
capacitance between the channel and the gate per unit area (Cg = goxer /d; g0 =
8.85x10—"? F-m™!, &si0» = 3.9; d = ~300 nm). The obtained mobility is higher than that
of bottom-gate CVD-grown SnSe FET on SiO»/Si substrates.!!3 133

The interface between layered nanosheets and typical dielectric materials, such as
Si02 and Al>Os, poses challenges to device performance. Specially, the absence of
dangling bonds on the surface of layered nanosheets hinders conformal coatings and
leads to multiple defects at the interface, which will increase the leakage currents in
gate, hysteresis effects, subthreshold swing as well as threshold voltage fluctuation.
One possible solution to this issue is to use the appropriate gate dielectric, for example
h-BN. By forming a defect-free van der Waals interface with the layered nanosheets,
layered h-BN can enhance device performance, particularly by increasing channel
mobility.!® In addition, h-BN offers advantages such as low leakage currents (less than
10 A/em? at 0.6 V for a 1.3 nm thick stack) and high dielectric strength (~ 21 MV/cm
for 3 nm-thick).!3% 13

Therefore, the output performance of top-gate field-effect-gating device with h-BN

as dielectric was also investigated. From Figure 4.13, it could be found that the output
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behavior of the top-gate field-effect-gating device is similar to that of the back-gate
device, showing clear p-type transfer behavior. The hole mobility in the top-gate field-
effect-gating device is measured to be ~ 9.08 cm? V! S (here, enn = 3.5'%). These
two devices demonstrated low leakage current (small Igs) during the V scanning, which

is crucial for low-power applications.
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Figure 4.12 Electrical properties of back-gate field-effect-gating device based on SnSe
nanosheets. (a) The output curves (Iss—Vas) of the SnSe FET device measured at
different gate voltages with a step of 1.75 V. (b) Transfer characteristic curve of the

device at Vgs = 0.05 V, while the Igs was also recorded.
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Figure 4.13 Electrical properties of top-gate field-effect-gating device based on SnSe

nanosheets. (a) The output curves (las—Vgs) of the SnSe FET device measured at
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different gate voltages with a step of 3 V. (b) Transfer characteristic curve of the device

at Vgs = 0.02 V, while the Iy was also recorded.

4.6 SnSe-PENG performance

Owing to the intriguing flexibility, electrical and piezoelectric properties, SnSe
nanosheets have the potential to be utilized in developing flexible nanogenerators for
energy harvesting and motion monitoring. To further evaluate the output performance,
the SnSe-PENG was developed with the same structure as that mentioned in Section
4.3. A linear mechanical system (Figure 2.15) was used to apply periodic strains to
SnSe-PENG for measuring the piezoelectric output signals. The SnSe-based PENG in
this work is designed for low-frequency operation (<10 Hz), targeting applications such
as biomechanical energy harvesting. Thus, we employed impulsive mechanical
excitation rather than harmonic vibration in our characterization. Nevertheless, during
PFM measurements, cantilever tuning (resonating at ~180 kHz) was performed to
identify the resonance behavior of the SnSe flake, indicating the intrinsic mechanical
resonance of the SnSe nanosheet at the nanoscale. This suggests that the piezoelectric
response of SnSe can be further amplified under resonance conditions, although this
resonance is far beyond our operational frequency range. These observations provide
valuable insight into the dynamic response of the material and suggest the possibility
of resonance-enhanced performance in future device designs aimed at high-frequency
applications.

Figure 4.14a-b illustrate the piezoelectric output signals generated by the flexible
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nanogenerators. Positive output signals were collected under tensile strain, while the
release of strain resulted in corresponding negative output voltage and current. At a
strain of 1.03%, the open-circuit voltage and short-circuit current of the flexible
nanogenerators were around 270 mV and 297 pA, respectively. It is worth noting that
the observed open-circuit voltage (~270 mV) corresponds to a SnSe flake thickness of
approximately 60 nm. While this might suggest a seemingly high piezoelectric potential
at such a small thickness, the output voltage of a PENG does not scale linearly with
material thickness. This is due to several contributing factors, including the device
capacitance, internal impedance, charge screening, and non-uniform stress distribution
across the film. Moreover, the Schottky interface between the SnSe and Au electrode
also influences the effective carrier separation and voltage output. In thicker samples,
the mechanical strain may not be efficiently transferred throughout the entire bulk
material, leading to a lower strain-induced potential per unit thickness. Therefore,
extrapolating the voltage to much thicker SnSe layers would not yield proportionally
higher voltages, and the current output level is consistent with known behavior of
nanoscale piezoelectric devices.

To evaluate the durability of the SnSe-based PENG under repeated mechanical
deformation, we conducted a fatigue test by applying impulsive excitation using a linear
motor for 1,600 consecutive cycles at 1.03% strain. As shown in Figure 4.14c, the
output voltage remained consistent throughout the test with negligible degradation,

indicating excellent mechanical and electrical stability. This suggests that the SnSe
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nanosheet can sustain repeated elastic deformation without significant fatigue-induced
performance loss. The result is consistent with the known mechanical resilience of two-
dimensional layered materials, which can tolerate moderate strain due to their high
flexibility and atomically thin nature.’® '** Although direct stress—strain hysteresis
measurements were not performed, the consistent and reversible voltage output
strongly implies minimal energy dissipation and limited mechanical hysteresis under
the working conditions. These findings demonstrate the promising fatigue resistance of
the device, which is essential for long-term applications in mechanical energy
harvesting.

Besides, various external load resistances were incorporated into the circuit to
evaluate the output power. As shown in Figure 4.14d, the voltage was initially small at
small load resistances, and it started to rise as the load resistance was higher than 12
kQ. On the contrary, the output current gradually decreased as the load resistance
increased (Figure 4.14¢). Consequently, the maximum output power was achieved with
a load resistance of 10 MQ under a strain of 1.03%, reaching approximately 21 pW
(Figure 4.14f). The energy conversion efficiency (77)of SnSe-PENG could be calculated
by the ratio of output electrical energy (Wg) and the applied mechanical energy (Wy,).
It is given as

n=Wg/Wy (4-1)

Assuming the output power increases linearly with the applied strain to reach the

maximum value, the output electrical energy could be expressed as>’
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Wg = (P, X5)/2 (4-2)
where P, is the maximum power, s is the working time (here s is 0.05 s). The
applied mechanical energy could be presented as'3®

Wy =1/2X EA(L — Ly)?/Ly = EALye?/2 (4-3)
where E is the elastic modulus of SnSe (E is 20-40 GPa for 2D SnSe'37), A is the cross-
sectional area of SnSe, L, and L represent the length before and after straining,
respectively. The maximum power reached ~21 pW at 10 QM with the applied strain
of 1.03%. As a result, the output electrical energy and the applied mechanical energy
are found to be ~0.525 and ~5.642 pl, respectively. Then the energy convesion
efficiency is about 9.3%.

Moreover, a switched polarity test confirmed that the output signals originated
from SnSe nanosheet rather than noise from background environment, as shown in
Figure 4.15a-b. As the applied strains increase from 0.66% to 1.03%, the output signals
exhibit a rising trend, indicating the good mechanical properties of the SnSe-PENG

device (Figure 4.15¢c-d).

YANG Fumei 86



&

Chapter 4 Piezoelectric properties of SnSe nanosheets

&

(a) 300

Voltage (mV)

w
=3
=

Time (s)

Current (pA)

-400 ~

200 400

1600

(e) 4004{

Current (pA)

0 600 800 1000 1200 1400
Time (s)
9. o
- o,
.
o
‘e
.
-
o
e
10" 10 105 10 10°

Load resistance (Q)

(b)

Current (pA)

(d)

Voltage (mV)

®

Power (pW)

=200 4

-400 +

THE HONG KONG POLYTECHNIC UNIVERSITY

400

20

=}

]

=3

]
T

Time (s)
400 K
300
200 o
o
100
.<°'--°
0{@--9-—---— @99
10' 10° 10° 107 10°

Load resistance (Q)

10

uIP 110-‘ 1;)’
Load resistance ( Q)

10°

Figure 4.14 Output performance of SnSe-PENG at 1.03% strain. (a) Open-circuit output

voltage. (b) Short-circuit output current. (¢) Cyclic durability test, showing good

stability. (d-f) Dependence of the peak output voltage, current, and the corresponding

power as a function of external load resistance, respectively.
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Figure 4.15 (a-b) Switched polarity of SnSe-PENG at 0.77% with forward and reverse
connection, respectively. (c-d) Output voltage current signals at increasing strains

ranging from 0.67% to 1.03%, respectively.

Furthermore, due to the flexibility of SnSe-PENG, this wearable nanogenerator
device was attached to the finger and wrist of the tester, for sensing motion monitoring,
as shown in Figure 4.16. We successfully recorded distinct piezoelectric output signals
without the need for an external power during the bending and releasing movements,
respectively. These signals indicate that the device could work in a self-powered mode.
When the finger was bent, the voltage and current signals measured approximately 0.5

mV and 2.5 pA, respectively (Figure 4.16b-c). Similarly, the obtained output voltage
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and current during wrist bending reached approximately 1 mV and 4 pA, respectively
(Figure 4.16d-e). These piezoelectric output signals indicate that the SnSe sensor
effectively converted mechanical energy from mechanically bending motions into
electrical signals without the requirement of an external power supply. This underscores

its remarkable self-powered sensing capability for monitoring human motion.
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Figure 4.16 Output performance of self-powered piezoelectric sensor. (a) Finger motion
monitoring during release (top) and bending (bottom). (b-c) Output voltage and current
signals corresponding to finger motion. (d) Wrist motion monitoring during release (top)
and bending (bottom). (e-f) Output voltage and current signals corresponding to wrist

motion.

In order to make a comparison to other PENGs based on different layered materials,
the performance in several aspects was summarized in Table 4.1. By comparing the

parameters of PENGs based on different layered materials, we can clearly see that
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SnSe-PENG shows significant excellence. Among these materials, SnSe nanosheets
could sustain at a high strain of 1.03%, indicating that under the same conditions, it can
withstand mechanical deformation better than other materials without losing
functionality. In addition, the high output voltage and current signals reveals its
excellent output capability and efficient charge transport performance. It is particularly
worth mentioning that the maximum power density of SnSe nanosheets reaches up to
538 mW m™, which is the highest value among all materials in the table, which
highlights its huge potential as a piezoelectric nanogenerator material. Furthermore, the
conversion efficiency of SnSe nanosheets reached 9.3%, highlighting significant
potential for future practical applications. These findings imply that the SnSe-PENG
could function effectively as a motion sensor in self-powered wearable devices tailored
for health tracking applications. By harnessing the piezoelectric output generated
during motion, the SnSe-PENG can provide a reliable and self-sustainable energy
source for healthcare in monitoring and tracking human movements.

Table 4.1 Comparison of piezoelectric output performance of PENGs based on layered
materials. Vo denotes the peak open-circuit voltage. Isc is the peak short-circuit current;
Pmax represents the maximum power. PD is the power density. And n stands for

conversion efficiency. 'Some values were obtained from the graph from the references.

Layered material || Strain Voe Ise Prax PD n

Monolayer MoS,>

0.53%

15mV

20 pA

5.53 x 102 pW

2 mW m2

~5.08%
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Layered material || Strain Voe Lse Prax PD n
at~220 MQ
20 mV >30pA
Monolayer MoS>*  (10.48% 2.89 x 107! pW N/A N/A
(armchair) ||(armchair)
<10 mV at~220 MQ
<20 pA
(zigzag)
(zigzag)
Pristine monolayer {|0.48% |22 mV 100 pA 0.07 pW at 500 MQ 7.3 uW m2|[N/A
M08254
Passivated 0.48% ||10 mV ~30 pA 0.73 pW at 500 MQ (|73 pW m™2 |[N/A
monolayer MoS>**
Monolayer WSe» 0.39% ||45 mV 100 pA 2.54 pW at 500 MQ |[N/A 2.41%
turbostratic stacking {|0.89% ||~70 mV 4.05 pW at 500 MQ ||N/A 1.69 %
Bilayer WSe,*’
Monolayer WS,”°  [[1.56% [|65 mV 325 pA N/A 6 mWm2 (N/A
at 500 MQ
SnS*8 0.70% ||~150 mV 160 pA 24 pW at 1 GQ 24 mW m? |[N/A
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Layered material || Strain Voe Lse Prax PD n
Multilayer BP'3! 0.56% ||~7.5 mV ~2.7 pA N/A N/A N/A
7L In2Se3™ 1% 363 mV 598.1 + N/A N/A N/A

19.4 pA
In>Se;% 0.76% ||35.7 mV 47.3 pA N/A N/A N/A
Pbl,!38 0.339% [29.4mV |20 pA 0.12 pW at 1 GQ ~3.2%
Sn-x)Sex Finger |~1.5V ~10nA 20 nW at~1.9 MQ |IN/A N/A
nanowall/p-spheres ||bending
(~35 nm)'»
Mechanical- 0.1% ~14 mV* ~400 pA"  |[5.6 pW at~5 MQ |28 mW m™ ||6.5%
exfoliated SnSe!?*
48 nm 3R-MoS,*®  [10.47%  ||~70 mV ~180 pA 11.8 pW at 200 MQ {|65 mW m |[N/A
SnSe nanosheets 1.03% ||~270 mV ~297 pA ~21 pWat 10 MQ  ||~538 mW |~9.3%

(this work)
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While scaling laws often provide useful insights into the performance trends of
nanogenerators, it is important to recognize that physical behavior does not always scale
linearly, especially when transitioning from the nanoscale to the microscale or
macroscale. In our study, the SnSe flake thickness is within the tens-of-nanometers
range, where surface effects, strain confinement, and interfacial charge interactions play
a significant role. As device dimensions increase toward the micrometer scale, the
influence of surface-to-volume ratio decreases, and certain macroscopic material
properties (such as mechanical stiffness, fracture thresholds, and charge screening)
begin to dominate. Therefore, while theoretical extrapolations are useful for
understanding trends, the actual device performance at larger thicknesses or lateral
dimensions may deviate significantly from nanoscale behavior. For 2D layered
materials like SnSe, this transition is particularly complex due to the anisotropic
bonding and the van der Waals interlayer coupling, which make their behavior at micro-
and macro-scales fundamentally different from conventional 3D bulk materials. Further
investigation into this scaling transition remains a promising direction for both
theoretical and experimental research.

4.7 Summary

In summary, the SnSe layered nanosheets, grown through vapor transport
deposition, exhibit robust piezoelectric properties and have been utilized to create
flexible nanogenerators for energy harvesting and human motion monitoring. These

large-scale, high-quality SnSe nanosheets demonstrate strong layer-dependent in-plane
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piezoelectric characteristics. The electrical properties of SnSe nanosheets were

explored through the fabrication of field-effect-gating devices, revealing distinct p-type
transfer behavior with a significant mobility of 19.35 cm? V! s7'. The enhanced
piezoelectric performance of SnSe was evidenced by achieving a remarkable energy
conversion efficiency of 9.3% and a peak power density of 538 mW cm™ at 1.03%
strain. Moreover, a self-powered sensor for monitoring human motion was developed
using the SnSe PENG, showcasing its potential applications in intelligent piezoelectric

sensors and advanced microelectromechanical devices.
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Chapter 5 High-entropy MXene for flexible nanogenerators

5.1 Introduction

MXene, as an emerging layered transition metal carbide/nitride, has garnered
extensive attention from researchers worldwide due to its excellent conductivity, good
hydrophilicity, large layered structure, tunable composition and so on, showing
tremendous potential applications in fields such as electronics, energy storage,
electromagnetic shielding and sensors.'**> So far, the primary method for
synthesizing MXene is fluorine acid etching, with etchants such as HF,'** LiF+HCI,'#?
and (NH4)HF,.!** This method selectively etches the 'A' layer of the MAX phase using
fluoride-containing ion solutions to achieve etching, offering advantages such as easy
operation, relatively mild etching conditions, large interlayer spacing and less defects.
After etching, different functional groups (T, such as -O, -OH, -Cl, -F) are terminated
to the surface, imparting MXene with advantages such as good hydrophilicity, electrical
conductivity, and outstanding biocompatibility. However, these etchants not only
exhibit high corrosiveness but also pose environmental pollution and safety hazards.!*’
Additionally, terminal groups with fluoride ions would inhibit the reactivity of MXene.
For instance, in electrochemical energy storage, the presence of fluoride ions can
increase the diffusion barrier of lithium ions, inhibiting the reaction stability of the

electrolyte and the MXene electrode interface.'*® Therefore, the preparation of HF-free

MXene is particularly desirable and crucial to address these challenges. In recent years,
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various methods have been reported for the fluoride-free etching preparation of MXene,

t,83

including the alkaline hydrothermal treatment,®® molten salt techniques,'#’ sequential

1 "8and fluoride-free electrochemical etching.®” Given that

bridging with liquid meta
these approaches are free of hazardous fluoride-based substances or severe etching
environments, they present the attractive options for the efficient fabrication of
innovative MXene materials.

Due to the symmetry breaking primarily originating from the multi-atomic
structure and uneven distribution of functional groups, MXene exhibits intrinsic
piezoelectricity and shows great potential for wearable electronics and sensors. 4% 130
Furthermore, high-entropy MXene with usually five or more elements have emerged as
promising materials by virtue of the improved hardness, oxidation resistance and low
thermal conductivity, allowing for application in some harsh environments.'>!"1>* Their
unique structure endows with higher symmetry breaking in high and near equiatomic
concentrations. As shown in Figure 5.1, the single-layer of high-entropy MXene
TiVCrMoCs Ty nanosheet is combined with four metal layers with carbon interlayers in
between.!>* The outermost metal atoms form active bonds with surface functional
groups, whose asymmetric distribution breaks the inversion symmetry of the crystal
lattice. %% 133, This structure complexity provides more possibilities for design tunable
material properties for diverse applications.!>* '>> Therefore, the outstanding bio-

compatibility, mechanical properties and high stability of high-entropy MXene make it

promising for scalable applications in sensors, wearable electronics and beyond. Here,
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high-entropy MXene TiVCrMoCs T, nanosheets were synthesized by fluoride-free
electrochemical etching technique and further developed into flexible nanogenerators

based on MXene-PVA composite film.

O Ti
ov
@ Cr
© Mo
e C
T

Figure 5.1 Structure of high-entropy MXene TiVCrMoCsT,.

5.2 Synthesis of high-entropy MXene nanosheets

The high-entropy MXene nanosheets (TiVCrMoCsTy) were synthesized by a
thermal-assisted electrochemical HF-free etching procedure as the previously
reported.®” 15 The preparation of the high-entropy MXene involved a five-step
synthesis process: initial substrate purification, electrochemical etching, sonication for
delamination, separation of precursor and MXene, MXene purification. The details of
each step will be introduced as below.

Step 1: initial substrate purification. The carbon fiber cloths (W0S1002, CeTech)
used as carbon source and conductive substrate was first cleaned in acetone and ethanol
under sonication to remove the organic contaminant on the surface. Followed by surface

modification with HNO3 (63 wt. %, Sigma) for 6 hours under reflux at 125 °C, they
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were neutralized with 1M NaOH solution. After that, the carbon fiber cloths were rinsed
three times with deionized water and dried in the oven at 60 °C.

Step ii: electrochemical etching. The electrochemical etching worked in a standard
three electrode configuration. The MAX precursor (TiVCrMoAICs, >99%, Laizhou Kai
Ceramic Material Co., Ltd) was first mixed with carbon black in a 95:5 ratios, and then
dispersed in 1% PVA as the adhesion agent, forming a composite electrode. Then the
mixture was uniformly distributed on the carbon fiber cloths. The etching voltage was
set to be 1 V, and the temperature was set at 55 °C to improve etching efficiency and
yield. The 'A' layer in MAX precursor material was etched in the dilute HCI electrolyte.
The etching process could be described as follows:

TiVCrMoAIC; + yClI+ (2x+z)H,0 — TiVCrMoC3(OH)«Cl,O, + AB* + (x + z)Hz + (y + 3)e”
(5-1)

Step iii: sonication for delamination. The sample were first intercalated within
tetrabutylammonium hydroxide (TBAOH) solvents. The mixture was stirred at room
temperature for 24 hours and then subjected to bath sonication for 3 hours at 60 W and
40 Hz.

Step iv: separation of precursor and MXene. After the sonication, the MXene
nanosheets were separated by the centrifuge at 3500 rpm for 15 min. The supernatant
was collected after rest for 5 min.

Step v: MXene purification. The preliminary MXene nanosheets were further

centrifuged at 9500 rpm for 10 min. Then the obtained MXene nanosheets were further
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5
N7
purified with sonication in ethanol for four times to remove any residual etchants or by-
products.

Furthermore, a comparative summary of key parameters associated with various
HF-free MXene synthesis methods is provided in Table 5.1. Operating under mild
conditions (25-80 °C) with diluted HCI in ambient atmosphere, the proposed synthesis
approach offers notable advantages in terms of safety and operational simplicity when
compared to high-temperature techniques that require inert environments. With a
reasonable yield and minimal equipment demands, this method provides a favorable

balance between accessibility, safety, and environmental sustainability, while also

broadening the range of accessible MXene compositions.

Table 5.1 The comparison of common MXene synthesis methods.

Etching |Processing Safety
Method Temperature Yield Scalability
Agent Time concern
Hazardous
Limited by
HF Etching '’ 24-72 hin HF
RT HF ~40-98% safety
158 air handling
concerns
required
LAMS (Lewis Lewis 4-24 h in High Good -
Acid Molten |>550 °C acidic salts|{inert gas  |[~50-75% |[temperature,||Scalable
Salt) 159161 (ZnCl,  |(heating inert gas  |[process
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Etching |Processing Safety
Method Temperature Yield Scalability
Agent Time concern
CuCl,, and required with few
FeCl, cooling safety
etc.) time limitations
excluded)
10-40 mins
in air
(heating High
MS? (salt Molten Not
~700 °C and temperature |[Moderate
shielded) 62 salts reported
cooling process
time
excluded)
Thermal-
assisted ~50% (up Good -
25-80 °C
electrochemical Diluted to ~75% Simple
(optimally at 3-9 hin air Diluted HC1
etching (this HCl with setup,
50 °C)
work and ref. recycling) recyclable
87)
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Etching |Processing Safety
Method Temperature Yield Scalability
Agent Time concern
MS-E-etching Good -
High
(Molten-salt- One-pot
LiCI-KCl |12 hin temperature,
assisted 450°C ~95% process,
melts inert gas inert gas
electrochemical reusable
required
etching) 6 salts

5.3 Characterization of TiVCrMoAICs;, TiVCrMoCsT, and MXene-PVA composite
film

The as-prepared high-entropy TiVCrMoCs;Tr MXene nanosheets were first
characterized to reveal their structural and morphological properties, as shown in Figure
5.2. The XRD patterns depicted in Figure 5.2a illustrate that the peaks of TiVCrMoCsTx
align well with previously reported findings.!** The (00/) peaks of TiVCrMoC;T,
exhibit a leftward shift, with no apparent appearance of Al-Mo peaks in TiVCrMoC3 Ty,
signifying successful delamination from the MAX phase. In the Raman spectra
captured in Figure 5.2b, the augmentation and red shift of characteristic peaks (around
200 and 700 cm-1) in the resulting TiVCrMoC3T, nanosheets validate the elimination
of Al layers from their parent MAX phase.!* 164188 Fyurthermore, the broad peaks
169, 170

within the 1200-1700 cm™ range correspond to the D and G bands of carbon.

These findings provide confirmation of the efficient removal of Al layers from the

YANG Fumeli 101




Qb Chapter 5 High-entropy MXene for flexible nanogenerators
Q'b THE HONG KONG POLYTECHNIC UNIVERSITY

MAX phase and the successful formation of MXene nanosheets. Moreover, detailed
insights into the morphology of MXene nanosheets were provided through SEM images
in Figure 5.2d, showcasing uniform and layered nanosheets with an accordion-like
texture post-etching from the bulk MAX precursor with smooth surfaces (Figure 5.2c¢).
Notably, the synthetic strategy employed in this work deliberately yields multilayered
MXene structures, rather than pursuing monolayer exfoliation, as the multilayered form
is more suitable for integration with polymer matrices in the intended application. TEM
(Figure 5.2g) and AFM characterizations (Figure 5.2h) confirm the successful
fabrication of multilayered MXene with thicknesses appropriate for the

electromechanical functionalities targeted in this study.
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Figure 5.2 Characterization of TiVCrMoAIC3 MAX precursor, the resulting
TiVCrMoCsTy layered MXene nanosheets and MXene-PVA composite film. (a&e)
XRD patterns. (b&f) Raman spectra. (c-d) SEM images of TiVCrMoAIC; (scale bar: 2
um) and layered TiVCrMoC; Ty MXene nanosheets (scale bar: 200 nm). (g) The TEM

image of high-entropy MXene nanosheet. The TEM image confirms the predominantly
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multilayered nature of our MXene nanosheets, with 3 layers and a single layer thickness
of ~1.3 nm. (h) The AFM image and height profile of high-entropy MXene nanosheet.

Scale bar: 1 um.

In order to achieve the scalable application of layered MXene nanosheets, the high-
entropy MXene nanosheets were further developed into flexible films by constructing
composite films within PVA matrix by a direct self-assembly path. The PVA with
flexibility, natural compatibility and degradability, is often used as the matrix material
in composite structures, providing a flexible and durable matrix for embedding
functional materials.!”! It can also improve the mechanical properties of the composite,
making it more robust to mechanical stress and deformation, which is important for
maintaining the structural integrity of the nanogenerators during operation. The —-OH
on PVA chains could guide material self-assemble stacking with strong hydrogen
bonding.!7!-172

As shown in Figure 5.3, the PVA was employed as a cross-linker to form a network
with high-entropy MXene, showing the intermolecular interaction in the strong
hydrogen bonding. Therefore, the MXene-PVA composite film exhibits good stability
with the protection of PVA coat, and high piezoelectric response due to the intrinsic
symmetry breaking structure in high-entropy MXene layer and the structural
complexity by cross-linking with PVA polymer network. In addition, the MXene-PVA

composite film also demonstrates the enhanced biocompatibility and scalability,

endowing the functionality for practical applications.
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Figure 5.3 The schematic illustration of the MXene-PVA composite film with cross-

linked structures.

The preparation of MXene/PVA film and its flexible nanogenerators are introduced
as follows. Specifically, the as-prepared 5 mg/mL MXene solution was mixed with 10 %
PVA aqueous solution with equal proportion and stirred completely by magnetic stirrer.
The homogeneous dispersion was first degassed thoroughly and then poured into a
mold and then dried overnight in drying cabinet to obtain a uniform and flexible
MXene/PVA film (as shown in the inset of Figure 5.4), which was further developed
into flexible nanogenerators device (MXene/PVA-PENG) by connecting to the
conductive Ni tapes and attached onto PI substrate (as shown in the inset of Figure 5.4).
A linear motor system (Figure 5.4) was employed to provide periodic strains to

MXene/PVA nanogenerators for self-powered output measurements.
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Figure 5.4 Experimental setup for output performance testing of MXene/PVA-PENG.
Inset below left: The MXene/PVA-PENG device and the MXene-PVA composite film.

Inset below right: Flexible MXene-PVA composite film.

Following the confirmation of the successful delamination of layered MXene
nanosheets and the interaction between MXene and PVA, we delved deeper into
characterizing the high-entropy MXene-PVA composite film. Comparative analysis
with the XRD pattern of pristine high-entropy MXene revealed that the (002) peak of
the MXene-PVA composite film shifted towards lower angles in Figure 5.2e, indicating

an increase in d-spacing. This shift is attributed to the robust interaction between
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MXene and PVA, facilitated by the formation of hydrogen bonding. In Figure 5.2f, three
primary Raman peaks were identified, corresponding to Ti-C vibrations.!”* !"* Relative
to the pristine materials, the Raman response of the MXene-PVA composite film
decreased and exhibited a blue shift, a consequence of the distinct interaction of PVA
chains. These characterizations underscore the high quality of the layered MXene
nanosheets and the MXene-PVA composite film, holding significant promise for a
diverse array of advanced technological applications.

The mechanical properties of the MXene-PVA composite film were evaluated
using a dynamic mechanical analyzer (DMA1, Mettler Toledo) operating in tensile
mode. From the stress—strain curve (Figure 5.5), the Young’s modulus of the 40 pm-
thick MXene-PVA film is determined to be 2 GPa, whereas that of the pure PVA film
is 1 GPa. This enhancement in mechanical strength is attributed to strong hydrogen
bonding between MXene sheets and PVA chains, indicating the suitability of the

MXene—PVA composite film for practical applications.
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Figure 5.5 The stress-strain curve of MXene-PVA composite film (a) and pure PVA film

(b). The MXene—PVA composite film has a rectangular geometry with dimensions of
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19.28 mm in length, 10 mm in width, and 0.04 mm in thickness. In comparison, the pure

PVA film measures 18 mm in length, 9 mm in width, and 0.02 mm in thickness.

The electrical properties of the films were further assessed via P—E hysteresis
measurements (Figure 5.6) and dielectric analysis (Figure 5.7). The transition from
lossy capacitor behavior in pure PVA to resistor-like characteristics in the MXene—PVA
composite suggests enhanced conductivity and pronounced interfacial polarization,
which contribute to improved piezoelectric charge generation. The incorporation of
MXene slightly increases the dielectric constant, indicating enhanced polarizability
favorable for piezoelectric performance. With increasing frequency, the dielectric loss
initially decreases due to reduced interfacial leakage currents, attributed to suppressed
interfacial polarization, and subsequently increases as a result of dipolar hysteresis
within the polymer matrix.!”® 7>, Furthermore, the leakage current remains at the
picoampere level, effectively minimizing charge dissipation and ensuring reliable

signal output.

(a) &~ g.oJ Pure PVA (b) ﬁ'g MXene/PVA composite film
E S 30
g_ 0.1 U5
c c /\
o 0.0 _g 0+ ‘ .
=1
3 N N
= 01 =
I —— 800 Hz % 30
o 800 Hz a ——50Hz
0 53 1000 Hz 20 Hz
20 Hz
500 300 0 300 600 70 35 0 35 70
Voltage (V) Voltage (V)

Figure 5.6 P-E loops of pure PVA (a) and MXene-PVA composite film (b).
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Figure 5.7 Dielectric constant and loss tangent of pure PVA and MXene-PVA composite

film.

5.4 Flexible nanogenerators based on high-entropy MXene nanosheets

Based on the promising piezoelectric and mechanical properties, the MXene-PVA
composite film was further developed into flexible nanogenerators by connecting Ni
electrodes for self-powered electrical measurements. To analyze the piezoelectric
behavior of high-entropy TiVCrMoCsT. MXene, the polarization charge generation
process under the external stress is schematically illustrated in Figure 5.8. The
TiVCrMoCs T, monolayer features a hexagonal lattice composed of four transition
metals (Ti, V, Cr, Mo) and carbon atoms, terminated by surface functional groups.'>
The multi-element configuration and asymmetric surface terminations break inversion
symmetry in the crystal structure, as previously reported.!’®!”8 In the equilibrium state,
the dipole moments (Pi, P2, P3) within the metal-T; units cancel out (P: + P> + P = 0;

Figure 5.8b, left inset). Upon application of strain, the redistribution of these dipole

YANG Fumeli 109



Qb Chapter 5 High-entropy MXene for flexible nanogenerators
Q'b THE HONG KONG POLYTECHNIC UNIVERSITY

moments—specifically, increased P: and decreased P2 and Ps—shifts the charge centers,
leading to net ionic polarization and the formation of a directional piezoelectric field
(Figure 5.8, right inset). Additionally, stretching of the metal-C bonds perturb the
dipole balance (Pa, Ps, Ps), generating secondary polarization; however, its contribution
is minor compared to that of the metal-Tx bonds (Figure 5.8c). The primary
piezoelectric response originates from non-centrosymmetric lattice distortions induced
by both the terminal functional groups and the asymmetrically distributed metallic
elements.!* 15> Owing to its periodic metal-Tx and metal-C motifs and compositional
asymmetry, TiVCrMoCsT, exhibits robust piezoelectricity under mechanical
deformation. The incorporation of multiple transition metals in TiVCrMoC3Tx MXene
introduces substantial compositional disorder, leading to lattice distortions and
symmetry breaking. This structural complexity, inherent to high-entropy systems,
facilitates the stabilization of single-phase architectures, enhances local polar
asymmetry, reduces elastic stiffness to strengthen electromechanical coupling, and
fosters domain evolution favorable for polarization reorientation.!” Similar phenomena
have been observed in other high-entropy systems, such as high-entropy perovskites
and Mo1xWxS: alloys, where atomic-scale disorder has been shown to improve
functional performance.!8% 8!

In addition, interfacial polarization at the heterogeneous boundaries between

MXene nanosheets and the PVA matrix generates localized electric fields under

mechanical stress. These fields promote dipole realignment within both the polymer
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chains and the surface functional groups of MXene, thereby enhancing strain-induced

polarization. This mechanically driven dipole alignment, facilitated by interfacial
polarization, yields a more efficient and coordinated polarization response within the
composite system.!”> 75 Although the MXene-PVA film does not exhibit
ferroelectricity, its pronounced piezoelectric response is attributed to the combined
effects of interfacial polarization at the MXene/PVA interface, high-entropy lattice
distortion, surface functional groups on MXene, and strain-induced dipole alignment
within the polymer matrix. These synergistic mechanisms collectively account for the

observed piezoelectric behavior in the composite.!*% 182

Piezoelectric field

Unstrained Strain
© ® lonic polarization charges

Figure 5.8 The generation of piezoelectric filed in TiVCrMoC;Ty by an external strain.
(a) Top view of TiVCrMoCs; T structure. (b) Simplified Metal-T, hexagonal structure.
(c) Metal-C hexagonal structure.

In the PENG output measurement, the applied uniaxial force on the MXene-PVA

composite film was measured using an ergometer (in kgf, AIPU ZP-Series). The output
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performance of MXene/PVA nanogenerator is demonstrated in Figure 5.9. At a
compressive force of 3.47 N, the MXene/PVA-PENG exhibited output current and
voltage signals of 790 pA and 500 mV, respectively (Figure 5.9a-b). Notably, a
positive output piezoresponse was generated under the applied compressive strain, with
the output voltage and current shifting towards negative values upon strain removal, as
illustrated in the insets of Figure 5.9a-b. The output signals demonstrated an increase
with the applied compressive force ranging from 1.96 to 3.47 N (Figure 5.9c-d),
showing good mechanical properties. Furthermore, the peak output current remained
stable over 1,500 cycles at 1.96 N (Figure 5.9¢e-f), which is comparable to those of the
previously reported PENGs % 66 124, 176, 181 183 Thege results affirm the remarkable
mechanical durability and functionality of the MXene/PVA flexible nanogenerators,
paving the way for their practical utilization in wearable electronics and self-powered

Sensors.
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Figure 5.9 The output performance of MXene/PVA flexible nanogenerator. (a-b) The
output current and voltage signals obtained at 3.47 N. (c-d) The output signals obtained
at different applied forces. (e-f) Cyclic durability test for 1,500 cycles at 1.96 N and its

corresponding enlarged image from the green box.

The switched polarity measurements on current and voltage signals were also
performed, as shown in Figure 5.10, suggesting that the obtained signals originate from
the MXene/PVA nanogenerator device. The voltage and current under different load

resistances were also measured to observe how the PENG responds to varying loads,
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as shown in Figure 5.11. The voltage increased with the increasing load resistors, while

the current signals were opposite. The output power obtained from multiplying the

voltage and current could reach up to 110.76 pW, allowing for practical applications for

low-power systems.
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Figure 5.10 Switched polarity in current (a) and voltage (b) of MXene/PVA-PENG at

3.47 N with forward and reverse connection, respectively.
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Figure 5.11 Output performance under different external load resistance. (a) Open-

circuit voltages. (b) Short-circuit currents. (¢) Output powers.
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The multi-atomic structure and the surface functional groups of MXene nanosheets
contribute to the generation of piezoelectric polarizations under mechanical stimuli.'**
176 Moreover, while the outer metal layers in TiVCrMoCsT; exhibit various segregation
tendencies, a distinct asymmetric interlayer atom segregation could be observed within
TiVCrMoC;T,.!> This asymmetric behavior may affect the polarization and charge
separation processes in TiVCrMoCsT,, revealing its ability to generate piezoelectric
charges and respond to electric fields or mechanical stimulus. Figure 5.12 illustrates the
fundamental principle of converting mechanical energy into electrical energy in the
MXene/PVA nanogenerator. At the initial state, the charges in the nanogenerator
maintain at an equilibrium state, as shown in Figure 5.12a. As a compressive force is
applied to the device as depicted in Figure 5.12b, the opposite positive and negative
charges in the MXene/PVA nanogenerators will go towards the electrodes respectively
in response to the mechanical stimulus, which induces polarization charges by the
piezoelectric properties of the high-entropy MXene nanosheets. This charges separation
leads to an electric field generation in the internal circuit and then it will be transferred
as the positive output signals (self-powered output without external bias). Once the
force is released, the charges flow back and the negative output signals are obtained, as
shown in Figure 5.12c. Therefore, the mechanical energy could be successfully
converted into electrical energy in this MXene/PVA nanogenerators device. The whole

process could work without the supply of external electrical fields, which confirms the

self-powered capability.
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To eliminate any possible electrical influences from the PVA polymer and

substrates, a pure PVA-based device was also measured under the same condition
(Figure 5.13). It could be found that no induced signals were detected, indicating that
the output signals of the MXene/PVA nanogenerator originate from the high-entropy
MXene nanosheets. On these bases, the flexible nanogenerators based on high-entropy
MXene-PVA composite demonstrated their extensive potential in self-powered energy

harvesting applications.

Electrodes

1. Initial state

l Pressing

MXene/PVA composite film

ii. Compressed state

t Releasing

@ Positive charges

@ Negative charges

111. Released state

Figure 5.12 Schematic illustration for energy conversion process in MXene/PVA

nanogenerators. (a) Initial state. (b) Compressed state and (c) Released state.
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Figure 5.13 The output signals of pure PVA device. (a) Output current. (b) Output

voltage.

In comparison with previously reported MXene-based PENGs (see Table 5.2),'*:
176 the MXene/PVA-PENG exhibits a higher output voltage while maintaining a
comparable output current. Although the overall power density is somewhat reduced
due to the relatively larger device dimensions, the significantly enhanced voltage output
underscores the improved piezoelectric performance of the device. These findings
demonstrate the considerable potential of the MXene/PVA-PENG for future
applications in high-sensitivity self-powered sensing and mechanical energy harvesting.
Table 5.2 Comparison of output performance in MXene-based PENGs (small applied

force conditions). Voc: open-circuit voltage; Isc: short-circuit current.

PENGs Applied Voc (mV) Isc (pA) Power  density
strain/force (mW m?)
Monolayer TizC2Ty|1.08% ~0.27 300 6.5
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(this work)

PENGs Applied Voc (mV) Isc (pA) Power  density
strain/force (mW m?)

MXene-PENG !4

Monolayer  oxide|[1.30% ~1.25 ~1150 £ 200 ||~31.04

Ti3Co Ty MXene-

PENG 7

MXene/PVA-PENG |3.47 N 500 790 0.14

Leveraging its pronounced piezoelectric response, the flexible MXene/PVA-PENG

was integrated onto a finger to serve as a self-powered motion-monitoring sensor.

During finger bending and release (Figure 5.14a), distinct positive and negative output

signals were generated in the absence of any external bias, confirming the self-powered

operation of the device. The sensor delivered output currents and voltages of

approximately 85 pA and 10 mV, respectively (Figure 5.14b-c), demonstrating high

sensitivity and stable performance. These results underscore the promising potential of

the MXene/PVA-PENG for applications in wearable electronics.
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Figure 5.14 Output signals from the self-powered sensor based on the MXene-PVA
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composite film. (a) Real-time monitoring of finger motion during bending and release.

(b-¢) Corresponding output current and voltage signals generated during finger motion.

5.5 Summary

In summary, high-entropy MXene layered nanosheets (TiVCrMoCsT,) were
synthesized via the thermal-assisted electrochemical etching method and further
developed into flexible nanogenerators. The as-prepared multilayered MXene
nanosheets demonstrate high yield and highly crystalline structure. In the MXene/PVA
flexible nanogenerators, the high and stable output signals showcase mechanical
stability and practical application potential for self-powered electronics and wearable

technologies.
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Character 6 Conclusion and future prospects

6.1 Conclusion

Since the discovery of graphene, the layered materials have emerged as the
promising candidates for flexible electronics by virtue of their ultrathin nature,
desirable electrical and mechanical properties, and attractive biocompatibility. The
smooth and flat surface of these layered materials offers advantages such as uniformity,
enhanced electrical properties, ease of integration, improved electromechanical
properties, and enhanced adhesion capabilities. This surface quality ensures consistent
material properties, improved conductivity, and seamless integration into devices.
Accordingly, the reliable and scalable synthesis strategies of layered nanosheets are
highly desired for research investigation and practical applications. In this thesis,
layered SnSe nanosheets grown by vapor transport deposition and high-entropy MXene
synthesized by thermal-assisted electrochemical etching method are proposed to
develop advanced flexible nanogenerators. The details of this thesis are summarized as
follows.

Firstly, the SnSe nanosheets are synthesized via vapor transport deposition by
carefully tailoring various growth conditions, including the precursors, growth
temperature, growth time, carrier gas and substrate distance. The obtained SnSe
nanosheets demonstrate uniform morphology, single-crystalline nature and non-

centrosymmetric structure, suggesting the great potentials for advanced electronics and
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electromechanical coupling devices. The intrinsic in-plane piezoelectricity of layered
SnSe nanosheets is confirmed by PFM results, showing a layer-dependent characteristic
in piezoresponse. The enhanced piezoresponse of SnSe nanosheets attributes to the
unique puckered C>, symmetry and less carrier scattering in the smooth surface. The
effective piezoelectric coefficient in 10 nm SnSe nanosheet (di1 = ~ 45.82 pm/V)
surpassed those in most investigated TMDs with odd-even effects, allowing for
practical flexible-nanogenerator applications. Besides, the carrier mobility of SnSe
nanosheets in the field-effect-gating device reach up to 19.35 cm? V! sl highlighting
the robust electrical properties of SnSe.

On these basis, flexible piezoelectric nanogenerators based on SnSe nanosheets are
fabricated and demonstrate distinct piezotronic effect under mechanical stimuli. The
output signals of SnSe-based flexible nanogenerators reach 270 mV in voltage and 297
pA in current at 1.03% strain, with a maximum power density of 538 mW m™ and a
conversion efficiency of 9.3 %, which reveals the strong piezoresponse and outstanding
electromechanical properties of VITD-grown SnSe nanosheets. Besides, the stable
working of the SnSe-based flexible nanogenerators further confirms the high stability
and mechanical properties of SnSe. In addition to energy harvesting, the SnSe-based
flexible nanogenerators were used for human-motion monitoring, suggesting the
capability for smart wearable electronics and healthcare applications.

Lastly, high-entropy MXene TiVCrMoCsT, nanosheets are prepared by thermal-

assisted electrochemical etching technique. This HF-free etching method enables
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scalable and high yield synthesis of MXene nanosheets, which demonstrates smooth
surface texture in layered structure and high biocompatibility for practical applications.
The layered MXene nanosheets are further developed into flexible nanogenerators
based on a composite structure with PVA in a self-assembly path directly. The hydrogen
bonding is formed between the functional groups of layered MXene nanosheets and the
hydroxyl of PVA, which enables the flexibility and compatibility of the composite film.
The output voltage and current of MXene/PVA flexible nanogenerators could achieve
500 mV and 790 pA respectively, which originates from the high piezoresponse of high-
entropy MXene and the complexity enhancement of the composite film. In addition,
the MXene/PVA flexible nanogenerators could also realize long-term working, showing
promising in practical applications for wearable and bio-implantable electronics.
6.2 Future prospects

While the initial research on layered materials primarily focused on mechanically
exfoliated nanosheets, the limitations of this method, such as low yield and poor
controllability, have hindered their practical applications. In contrast, vapor transport
deposition stands out as a promising avenue for producing high-quality and large-area
layered nanosheets, aligning well with the demands of the current electronic industry.
However, despite the promise of this technique, challenges persist in achieving the
controlled growth of atomically thin layered materials, which underscores the need for
continued research to upgrade the synthesis processes for producing high-quality,

single-crystalline layered materials at scale, with a particular focus on in-situ growth of
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vertical and lateral heterostructures to unlock novel physical properties. Furthermore,
SnSe is a p-type semiconductor with several outstanding properties, including strong
anisotropy, small electron mass and broadband absorption, promising for novel
anisotropic and broadband optoelectric devices.

High-entropy MXene nanosheets exhibit remarkable thermal stability, corrosion
resistance, and tunable electronic properties, making them promising candidates for a
wide range of applications. Their high surface area and tailored surface chemistry
provide opportunities for applications in energy storage, catalysis, sensors, and more.
Their functional groups not only enhance reactivity but also allow for tunability of
conductivity, band gaps, and optical responses, essential for optimizing performance in
electronic and photonic devices. Moreover, the high entropy concept is also appropriate
for other layered materials, such as MoxWi1-—xS2ySex(1-y), showing high tunability of
novel physics.

In terms of flexible nanogenerators, the piezoelectric output of layered materials in
PENGs is typically at the levels of picoamperes and milliwatts based on current
research findings, primarily utilized for detecting small signals such as human motion,
pulses, and water flow. Therefore, it is imperative to broaden their application scope
and explore additional possibilities. They could be integrated into the multifunctional
system, while the signal interference issues need to be considered for system design.
Alternatively, the array configuration could be constructed for performance

improvement. Furthermore, it is feasible to design applications based on the
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characteristics of layered nanosheets; for instance, some layered materials exhibit
anisotropy, enabling the development of detection and signal collection in multiple
directions.

In conclusion, layered nanosheets hold great promise for the future of flexible
electronics, offering a versatile platform for the development of next-generation
multifunctional devices with enhanced performance and functionality. Continued
efforts in controlled synthesis, material engineering, and diversified applications are
crucial in unlocking the full potential of these layered materials in shaping the future of

technology.
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