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Abstract

Since Novoselov et al. first successfully exfoliated graphene from bulk graphite using
scotch tape in 2004, two-dimensional (2D) materials have emerged as a significant
area of research, recognized for their vast potential applications across various fields,
including flexible devices, sensors, and optics. Among these materials, 2D black
phosphorus (BP) and its monolayer form, phosphorene, have attracted considerable
attention as promising alternatives to graphene. 2D BP not only possesses a bandgap
that lies between that of graphene (0 eV) and transition metal dichalcogenides (TMDs)
(1.0 eV-2.0 eV), but also exhibits a tunable direct bandgap, exceptional carrier
mobility, and a significant on/off ratio. These characteristics position BP as one of the
most compelling research topics within the realm of 2D materials. For the successful
commercialization of BP, it is essential to establish robust techniques for producing
large-area 2D BP-based devices on various available substrates under easily controlled

conditions for further investigation.

In the first part of the thesis, we employed a piezoelectric actuator to conduct the
interfacial biaxial strain engineering, allowing us to investigate the anisotropic Raman
response of the ultrathin BP transferred onto an oxide dielectric substrate. Our findings
revealed that three characteristic peaks exhibit a redshift when tensile strain is applied,
while they display a blueshift under compressive strain. Notably, under a tensile strain
of 0.2%, the By mode experiences a shift of -12.2 cm™/%. Conversely, when a
compressive strain of -0.2% is applied, the Raman shift rate of the B2y mode can
increase to as much as 15.3 cm'/%. Additionally, we calculated the Griineisen

parameters to explore the relationship between tensile or compressive strain and the
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phonon behavior of crystalline BP. The underlying physical mechanism responsible
for the observed Raman response under strain is discussed, highlighting its connection
to variations in bond angles and bond lengths within BP. Furthermore, modulation of
biaxial strain may alter the anisotropic dispersion of BP, underscoring its substantial

potential for innovative polarized light detection applications.

Although exfoliation enables efficient separation of high-quality multilayer 2D BP
from single-crystalline bulk sources, facilitating detailed investigations into their
fundamental properties. However, this method is not ideal for large-scale production
due to challenges in achieving precise control over both the thickness and lateral
dimensions. Consequently, in the second part of the thesis, we developed a clean
transfer strategy to produce centimeter-scale, high-quality few-layer BP films grown
via precisely controlled pulsed laser deposition (PLD) on silicon substrates.
Ethylene-vinyl acetate (EVA) polymer and ethylene glycol (EG) were selected as the
adhesive layer and medium, respectively, to preserve the superior crystalline quality
and properties of BP throughout the transfer process. Importantly, we successfully
fabricated large-scale bottom-gate few-layer BP field-effect transistor (FET) arrays
on Si0,/Si substrates, demonstrating exceptional homogeneity. Our FET device
arrays demonstrated exceptional electrical characteristics, featuring a high carrier
mobility of 295 cm? V! s7! and a significant current switching ratio of 3.6x10°,
comparable to that of as-grown BP films on mica substrates. This work illustrates
that the wet transfer method can effectively create scalable, high-crystallinity BP-
based device arrays while maintaining excellent electrical performance, thus

enabling more complex design possibilities for a wide range of applications.
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Chapter 1 Introduction

1.1 Background of two-dimensional materials

Two-dimensional (2D) materials are defined as a category of extremely thin, sheet-
like crystals that have a thickness at the atomic or molecular level, while their lateral
dimensions are usually in the micrometer range.!? Since the successful isolation of
graphene by Novoselov and his group through the mechanical exfoliation of highly
oriented pyrolytic graphite in 2004, there has been a surge of scientific interest in these
materials due to their promising applications and fundamental properties.> 2D
materials offer several notable benefits compared to their bulk counterparts, such as
enhanced electron mobility, adjustable bandgap energy, a strong optical response,
superior thermal conductivity, exceptional environmental stability, and remarkable

mechanical flexibility. +°

The unique structural characteristics of 2D materials arise from their strong intralayer
covalent bonds coupled with weak interlayer van der Waals (vdW) forces. This
combination allows for easy exfoliation and transfer to flexible substrates without
concerns about crystal lattice mismatches.”® Additionally, the presence of interlayer
vdW forces—rather than dangling bonds—results in minimal point and line defects
between layers. This defect suppression is crucial as it reduces non-radiative carrier

recombination, thereby enhancing photoelectric efficiency and conservation.>!°

In recent years, 2D materials have garnered extensive research attention not only in
the fields of electronics and optoelectronics but also in emerging applications such as

flexible photonics and optics.!""!1 Their ability to facilitate effective energy conversion
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has made them particularly attractive for use in electrochemical energy storage devices,
including solar cells.!*!* The integration of 2D materials into these technologies
promises to enhance performance metrics significantly, paving the way for

advancements in energy efficiency and sustainability. !>

As researchers continue to explore the enormous potential of 2D materials, their
unique properties are expected to drive innovations across various applications.!” From
improving the performance of electronic devices to providing some solutions for
energy storage, the versatility and capabilities of 2D materials hold great promise for
future technological developments.'®!” The ongoing investigation into their synthesis,
material property characterization, and integration into practical applications will
undoubtedly lead to exciting breakthroughs in both fundamental science and novel

applied engineering.?’ %2

1.2 Brief introduction of black phosphorus

Black phosphorus (BP) was first identified as an allotrope of phosphorus with
semiconducting properties over a century ago.”® Its potential remained largely
unexplored until 2014, when researchers successfully exfoliated 2D BP and
phosphorene (monolayer BP) with scotch tape.>* This breakthrough positioned BP as
a promising alternative to graphene, which, despite its high charge carrier mobility,
lacks a bandgap in its electronic structure.?*® This absence of bandgap largely limits
applicability of graphene in various electronic and optoelectronic devices that require

semiconducting characteristics.?’?

In addition to BP, transition metal dichalcogenides (TMDs) have also attracted

significant attention due to their substantial bandgaps and semiconducting
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properties.?*" While the TMD family collectively encompasses a broad spectrum of
large bandgaps, the bandgap tunability of each individual TMD compound remains
limited relative to that of BP, thereby constraining their applicability across a wider
range of applications.?!*? In contrast, 2D BP features a moderate and tunable bandgap,
which lies between that of graphene (0 eV)* and TMDs (1.0 eV-2.0 eV)*33,
effectively spanning a wide range from visible to mid-infrared.*®*” The ability to scale
down BP results in a thickness-dependent direct bandgap, along with impressive hole-
dominated carrier mobility and notable on/off ratios.*® Moreover, the orthorhombic
lattice structure of BP lacks symmetry, which induces in-plane anisotropy.***° This
unique feature allows for modulation of the optical and electrical properties based on
crystal orientation. Due to these diverse and fascinating properties, BP has emerged as
one of the most attractive materials within the 2D materials family.*!*? Its exceptional

characteristics make it an ideal candidate for various applications, including

43 44 45,46 47,48

biomedical devices™™, energy storage™**°, optoelectronics, and photonics

Significant efforts have been made in designing and fabricating high-performance BP-
based devices through various manipulation strategies such as interface and defect
modification®, fabrication of stacked heterostructures®’, and bandgap engineering’'.
Despite the promising application potential of BP-based devices, challenges remain in
scaling up and achieving controlled preparation of few-layer large-area thin films. Also,
there are still several material properties of 2D BP that require more in-depth
investigation. Understanding these properties is essential for optimizing the
performance of BP in various applications. By conducting comprehensive research,
we can better harness the unique characteristics of 2D BP for practical advanced

technological applications.
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1.3 Material structure and fundamental characteristics of BP

Phosphorus is known as one of the most common elements on Earth.> It exists in
several allotropes, including red phosphorus (RP)*?, white phosphorus (WP)>*, and BP.
BP has garnered significant attention among all allotropes due to its unique properties
and potential applications.” Research by Bachhuber et al. utilized quantum
mechanical simulations to reveal that the vdW forces between layers are the primary
attractive forces influencing the stability order of all known phosphorus allotropes.>®
These vdW interactions are crucial for holding the layers together, thereby facilitating
the formation of bulk crystals. Among all the allotropes of phosphorus, orthorhombic

BP is recognized as the most thermodynamically stable structure.’’

As illustrated in Figure 1.1a, the molecular structure of WP consists of P4 molecules
arranged at the corners of a tetrahedron, with each phosphorus atom singly bonded to
the others. This P4 structure contains six P-P single bonds and four lone pairs of
electrons. Unlike the ideal 90° angle formed by pure 3p orbitals, the bond angles
between P-P-P in WP measure approximately 60.31°.°® Consequently, this tetrahedral
arrangement is stabilized by arc-like bonds, which introduce ring strain and contribute
to instability.® In contrast, BP layers are formed from interconnected P4 molecules in
monolayer BP (also referred to as phosphorene). The sp> hybridization process breaks
the individual P4 bonds and results in two distinct bond angles of 99.48° and 103.37°,
as shown in Figure 1b. This alteration enhances the stability of BP as these angles

approach the optimal tetrahedral angle of 109.5°.

Black phosphorus has garnered considerable interest due to its unique crystal structure,
which gives rise to distinct characteristics. Unlike many other 2D semiconductors that

exhibit a direct bandgap only at specific thicknesses, BP maintains a direct bandgap
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feature regardless of the number of layers.®®! This property makes BP an excellent
candidate for applications in effective photoelectric conversion and advanced light-
emitting devices. The strong electronic state coupling within the layers of BP leads to
notable differences in the bandgap across its bulk, single-layer, and few-layer
forms.52% Specifically, the bandgap of bulk BP is approximately 0.3 eV®, while the
theoretical studies suggest that the bandgap for monolayer and multilayer BP ranges
from 1.51 eV to 2 eV, with variations arising from the different calculation methods
employed.®>% Experimental investigations have also been conducted to measure the
bandgap of BP, and similar to theoretical predictions, these results vary based on the
techniques used. For instance, with application of surface-sensitive high-resolution
scanning tunnelling spectroscopy, Liang et al. has reported a bandgap of 2.05 eV for
monolayer BP, focusing on the topmost layer of the material.%” In contrast, defects-
insensitive absorption spectroscopy indicates an optical bandgap of 1.73 eV for
monolayer BP.®® The lack of interlayer hybridization near the top of the valence band
and the bottom of the conduction band is believed to contribute to the increased
bandgap observed in single-layer BP. Despite fluctuations in theoretical and
experimental values, a consistent trend emerges as the number of layers increases, the
bandgap generally decreases due to vdW interactions between layers that promote

band splitting.

Another remarkable property that has attracted significant research interest is the high
carrier mobility of BP compared to other materials in the TMDs family.” Similar to
TMDs, the mobility of 2D BP is also dependent on thickness.”! At a temperature of
120 K, a 15 nm thick BP exhibits hole mobility of 600 cm?*V:s along both light and
heavy effective mass directions. > For a thinner 10 nm BP layer, maximum mobility

can reach up to 1000 cm?/V-s.?* Remarkably, monolayer BP has been reported to
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possess ultra-high hole mobility on the order of 10,000 cm?/V s along with exceptional
elastic properties.”> Additionally, BP demonstrates a moderate current on/off ratio
ranging from approximately 10* to 10°.”*7> At room temperature, transistors employed
from 5 nm thick BP nanosheets have shown a current on/off ratio of 10°> while

exhibiting excellent current saturation characteristics. ’®

Black phosphorus is also characterized by its puckered structure, which results in in-
plane anisotropy and gives rise to unique angle-dependent carrier mobility
properties.”” Previous theoretical studies have indicated that both electron and hole
mobilities in BP are anisotropic and asymmetric, with holes exhibiting higher mobility
along both the zigzag and armchair directions. * Specifically, the mobilities of
electrons and holes in the zigzag direction are generally greater than those in the
armchair direction, except in the case of monolayer BP, where the zigzag direction
shows higher electron conductivity but lower hole conductivity.”®’ This anisotropic
behavior is primarily attributed to the differing effective masses of electrons and holes,
which significantly influence transport characteristics.’® The remarkable angle-
dependent properties of BP provide researchers with a new level of design flexibility
for creating innovative optoelectronic and electronic devices that are not feasible with

existing 2D materials.?!-%?

Overall, these unique structural characteristics and material properties make BP an
attractive material for a variety of applications in electronics and optoelectronics. As
research continues to explore its capabilities and address challenges related to stability
and scalability, BP holds great promise for future technological advancements in these

fields.
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Figure 1.1 Schematic representation of (a) the tetrahedral WP P4 molecule,
(b)molecular structure of monolayer phosphorene, and (c) the properties and

corresponding applications of low-dimensional BP.%*-%°

1.4 Synthesis of 2D BP

Since the identification of its semiconducting properties in 2014, 2D BP has attracted

significant attention as a p-type semiconductor with considerable potential for various
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applications.”! The performance of BP in nanoelectronics is heavily influenced by its
manufacture techniques. Table 1-1 provides a summary and comparison of the
electrical performance of 2D BP nanoflakes and thin films produced through different

manufacturing methods.

Table 1-1 Comparison of 2D BP nanoflakes and thin films produced using various

fabrication techniques.

Manufacture | Thickness | Lateral On/off Hole mobility | Ref.
method (nm) dimension | ratio (em2 V1g71)

(um)
Mechanical 5-10 ~5 10° ~ 1000 [24]
Exfoliation
Mechanical 5 / 10* 286 [68]
Exfoliation
Liquid-Phase | 5-20 Few 10° 0.58 [92]
Exfoliation
Solvent 16-128 Several 10* 50 [93]
Exfoliation
Rapid thermal | 0.6 Several 10° 337 [94]
thinning
Art  plasma | 2-10 Several 10° 1150 [95]
thinning
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Ion 20 <10 ~ 10 ~70 [96]
bombardment-

Free plasma

etching

Ozone ~5 ~ 40 132 59 [97]
treatment

RP to BP|50 4000 200 0.5 [98]
conversion

Epitaxial 5-10 Hundreds 10° 1400 [99]

nucleation and

lateral growth

Pulsed laser | 1.1-12 10° / 213 (295K) [87]

deposition 295 (250K)

One of the key advantages of BP is its weak vdW interlayer interactions, which allow
for easy exfoliation into single or few-layer nanosheets.!”” This method is
straightforward and able to produce high-quality 2D BP with minimal defects, though
at relatively low yields. The thin layers produced through exfoliation typically measure
only 5-50 um?, which is inadequate for meeting the demands of practical applications
like integrated circuits. The pro-thinning treatments are often applied post-exfoliation
to increase yields while allowing for adjustments in sample size, including thickness
and dimensions.!’! However, challenges remain; issues such as plasma bombardment

damage, non-uniform treatment from reactive oxygen species and UV light, and the
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potential for amorphous phases or phase transitions during thermal processes and laser
pruning have not been adequately addressed in the literature. Furthermore, the impact
of surface treatment techniques on the electrical properties of the BP surface and
heterojunction interfaces, as well as their effects on carrier transport in treated BP thin
films and heterostructures, have not been thoroughly investigated. This gap limits the
broader application of BP in innovative engineering solutions. In contrast to top-down
methods that often require additional post-processing steps, there is a growing
emphasis on developing wafer-scale bottom-up growth techniques for high-quality 2D
films. Existing well-established methods for growing typical 2D materials at wafer
scale could provide valuable insights for producing other 2D materials, marking a
primary goal for future advancements in this field. However, achieving uniform
growth of BP over large areas presents a significant hurdle in the fabrication and
integration of various BP-based electronic, photonic, and mechanical devices. This
challenge hinders the full realization of BP's potential in current semiconductor
applications, such as integrated circuits. Although recent studies have made progress
in the large-area development of 2D BP, only a few have successfully achieved large-
scale growth using bottom-up methods. This progress is crucial for advancing research

and application development involving BP.

1.5 Transfer techniques for 2D materials

Transfer techniques are crucial for integrating 2D materials into a variety of functional
applications.'” Among these methods, dry transfer and wet transfer are the two

primary approaches used in device fabrication.'%*!*

Dry transfer methods have emerged as a promising approach for the fabrication of 2D

heterostructures. These techniques typically involve using a polymeric stamp or film

10
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to pick up and transfer 2D material flakes from one substrate to another even without
the use of solvents. These techniques offer several advantages but also come with some
limitations. One of the most notable benefits is the ability to produce ultra-clean
interfaces between layers, which is crucial for achieving optimal electronic
performance in heterostructures.'®> Contamination can significantly degrade device
characteristics, making this cleanliness a key factor in device quality. Dry transfer
techniques also facilitate the creation of complex multilayer stacks with precise control
over layer sequence and orientation, allowing for the fabrication of custom-designed
heterostructures with tailored properties.'®!%7 Another important advantage is the pre-
patterning capability. This method allows for pre-patterning of 2D materials before
transfer, enabling the construction of complex device architectures designed for
specific applications. This feature greatly expands the possibilities for device design
and functionality.!®® Additionally, dry transfer methods minimize chemical exposure,
avoiding the use of solvents and etchants that can potentially damage or contaminate
the 2D materials. This is particularly beneficial for sensitive materials that may
degrade upon exposure to chemicals. However, dry transfer methods also have some
disadvantages that need to be considered. Despite being dry, some transfer methods
still involve polymers that can leave residues on the 2D material surface.'” These
residues can affect the electronic properties of the transferred materials. The process
of picking up and releasing 2D flakes can potentially cause mechanical damage, such
as cracks or wrinkles, especially for large-area transfers.!' This damage can
compromise the electrical and mechanical properties of the transferred materials.
Many dry transfer techniques rely on temperature control to manage adhesion between
the polymer stamp and the 2D material. This temperature dependence can make the

process sensitive and potentially limit the types of materials that can be transferred.'!!

11
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The complexity of dry transfer methods, which often require precise control over
various parameters such as temperature, pressure, and alignment, can make the process
challenging to master and potentially less reproducible.!!? It is also worth noting that
some dry transfer techniques may not be suitable for all types of 2D materials,
particularly those that are highly air-sensitive or have strong adhesion to their growth
substrates.''> While some dry transfer methods are compatible with large-area transfers,
scaling up these processes for industrial production while maintaining the quality and

precision of lab-scale transfers remains challenging. 13

Wet transfer methods, which typically involve an intermediate polymeric carrier like
poly(methyl methacrylate) (PMMA), offer several advantages and disadvantages
compared to dry transfer techniques for 2D materials. One of the primary advantages
of wet transfer is its capability to handle larger areas of 2D materials, making it suitable
for scaling up device fabrication. This is particularly important for applications that
require large-area coverage or mass production.!'®!!'” The polymeric carrier used in
wet transfer also serves as a protective layer during the transfer process, helping to
maintain the integrity of the 2D material as it is moved from one substrate to another.
This protection can be crucial for more delicate or sensitive materials.!'®!" Wet
transfer methods are also known for their versatility, being compatible with a wide
range of 2D materials and substrates. This flexibility allows researchers to experiment
with various material combinations and device structures.'?*!?! Additionally, as a well-
established and widely used technique, wet transfer benefits from extensive research

and optimization, making it a reliable choice for many applications.

However, wet transfer methods also come with significant drawbacks. One of the most

notable disadvantages is the introduction of polymer residues on the transferred 2D

12
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material.'?>!23 The transfer process can also introduce wrinkles, cracks, and other
structural defects in the 2D material, further impacting its quality and
functionality.!**!?> Another concern with wet transfer is the potential for chemical
contamination.'?® The exposure to solvents and etchants during the process can lead to

undesired chemical interactions with the 2D material, potentially altering its properties.

Indeed, the selection of appropriate polymers and solvents for transferring 2D
materials becomes crucial due to the potential for undesired chemical interactions
during the wet transfer process. The polymer must be chemically compatible with the
2D material to avoid reactions or degradation that could alter its intrinsic properties.
Similarly, the solvent used to remove the polymer should effectively clean the surface
without damaging or contaminating the 2D material. Etchants used in the process must
effectively release the material from its growth substrate without causing chemical
modifications or introducing impurities. The combination of polymer and solvent also
affects the mechanical stress applied to the 2D material during transfer, potentially
causing structural defects if not properly managed. Some polymers may leave
persistent residues that are difficult to remove completely, altering the electronic
properties of 2D materials. Furthermore, the transfer process can affect the stability of
sample in ambient conditions, making the choice of polymer and solvent important for

preserving its environmental stability.

Despite the challenges associated with wet transfer techniques, they remain necessary
in 2D material research and device fabrication. Their ability to handle large areas and
compatibility with a diverse range of materials and substrates make them crucial for
numerous applications. Recognizing the limitations of traditional methods, recent

studies are increasingly focusing on tailoring the selection of polymers and solvents to

13
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the unique properties of specific 2D materials and the requirements of intended
applications. This customized approach is essential due to the varying sensitivities of
different 2D materials to chemical interactions and mechanical stresses. For example,
while PMMA is often suitable for transferring graphene, more delicate materials such
as phosphorene or TMDs may necessitate alternative polymers or transfer methods to
preserve their intrinsic properties. Current researches are also aiming to address the
limitations of wet transfer, focusing on reducing polymer residues, minimizing defects,
and improving overall transfer quality. As these improvements continue, wet transfer
methods are likely to remain an important tool in the development and production of

2D material-based devices. 27128

The choice between dry and wet transfer methods ultimately depends on the specific
requirements of the application at hand. For instance, applications demanding high-
quality interfaces and minimal contamination may favour dry transfer techniques,
while those aiming for large area transfer might still rely on wet methods. Recent
advancements have also led to the development of hybrid or quasi-dry transfer
methods that aim to combine the advantages of both approaches.!?130 As the field of
2D materials continues to evolve, we can anticipate the development of novel transfer
techniques. These emerging methods will likely bridge the gap between existing dry

and wet transfer approaches, offering innovative solutions to current limitations.

1.6 Objective of the research

The recent increase in interest surrounding 2D materials and their various applications
has led to a considerable amount of research. Among these materials, substantial
attention has been directed toward the dynamic tuning of interlayer structures to meet

the demands of technological advancements. Strain engineering, due to its low cost

14
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and straightforward implementation, has emerged as a promising strategy for

enhancing the functionality of next-generation optoelectronic devices.

Among the various 2D materials, BP stands out due to its high in-plane anisotropy,
making it an ideal candidate for novel optoelectronic applications that exploit
anisotropic characteristics. The investigation of ultrathin BP nanosheets presents a
unique opportunity to explore these anisotropic properties in greater detail. In contrast
to other 2D materials, the unique structural characteristics of BP enable modified

responses to strain, resulting in improved performance in optoelectronic devices.

The novelty of researching the anisotropic characteristics of ultrathin BP nanosheets
lies in their potential to revolutionize device design and functionality. By
understanding how strain affects these properties, researchers can develop advanced
optoelectronic devices with improved efficiency and adaptability. This focus on BP
not only contributes to the broader field of 2D materials but also positions it as a key

player in the future landscape of flexible electronics.

To comprehensively investigate the various characteristics of 2D BP, it is essential to
study the material across different device categories. A critical prerequisite for such
investigations is the successful transfer of large-scale 2D materials from their growth
substrates to a variety of target substrates. This transfer process is fundamental as it
enables the integration of 2D BP onto diverse substrates, facilitating the exploration of

its properties across multiple device platforms.

Among the various transfer methods available, wet transfer techniques—utilizing
common polymers such as PMMA or polystyrene (PS) as adhesive layers—are widely
regarded as the predominant approach for transferring large-scale 2D materials.

Numerous efforts have been made to address and alleviate the challenges associated

15
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with the wet transfer process for 2D materials. These efforts include optimizing the
transfer process itself, exploring alternative supporting polymer films, and carefully

selecting suitable solvents that aid in delamination.

Despite the widespread adoption of wet transfer techniques and ongoing efforts to meet
associated challenges, there remains a significant need for further research and
development focused specifically on the wet transfer of large-area BP thin films. This
necessity arises from the immense potential and unique properties of BP for a wide
range of device applications. As researchers aim to leverage the capabilities of 2D BP
in practical wafer-scale applications, understanding and refining the wet transfer

process will be crucial.

1.7 Organization of thesis
The organization of the thesis is as follows:

Chapter 1 Introduction: This chapter begins with an overview of common 2D vdW
layered materials, highlighting their unique properties and diverse applications. It then
provides a brief introduction to BP, followed by the discussion of its material structure
and fundamental characteristics. The chapter also explained how synthesis methods
may influence the performance of BP-based nanoelectronic devices. Finally, it

addresses the importance of transfer techniques in the fabrication of BP devices.

Chapter 2 Experimental methods: This chapter outlines the experimental techniques
employed in this thesis. It starts with a discussion of the fabrication processes used to
prepare ultrathin 2D materials. Next, it details the methods used for characterizing
samples and assembling BP-based electronic devices. The chapter concludes with a

description of the setup for evaluating the electrical performance of these devices.

16
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Chapter 3 Strain engineering for tuning polarized Raman spectra of BP nanoflakes: In
this chapter, an electromechanical device is employed for variable biaxial strain

application to explore the anisotropic Raman response of ultrathin BP nanosheets.

Chapter 4 Clean transfer method for preparing centimeter-scale BP thin films on
silicon substrates for field-effect transistors: This chapter present a wet transfer method
that utilizes EVA polymer along with an EG solution to successfully transfer high-
quality BP thin films onto centimeter-scale silicon substrates. After completing this
successful wet transfer, a FET array was created, showcasing remarkable uniformity

and continuity.

17
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Chapter 2 Methodology

This chapter outlines the primary experimental methods employed in this thesis. The
preparation of black phosphorus (BP) nanoflakes was achieved through mechanical
exfoliation, while BP thin films were fabricated using pulsed laser deposition (PLD),

a widely recognized physical vapor deposition (PVD) technique.

Following fabrication, the BP nanoflakes were dry transferred onto the substrate for
device construction, whereas the BP thin films underwent a wet transfer process. The
material characteristics were evaluated using a variety of techniques, including X-ray
diffraction (XRD), Raman spectroscopy, and high-resolution transmission electron
microscopy (HRTEM) to assess the crystalline phase and quality of the materials. To
characterize the surface topography and thickness of the samples, atomic force

microscopy (AFM) was utilized.

For the piezoelectric substrate, we employed single crystalline (1-
X)[Pb(Mg1/3Nb2/3)Os3]-x[PbTi0s] (PMN-PT), which generates strain when subjected to
an electric field. A 532 nm laser served as the excitation source for our experiments.
The current-voltage (I-V) characteristics of the devices were measured using a

semiconductor analyser.

2.1 Preparation methods of 2D BP

Mechanical exfoliation and PLD are two prominent techniques for preparing 2D
materials, each with distinct advantages and drawbacks. Mechanical exfoliation is
known for producing high-quality materials with minimal defects and low-temperature

requirements, but it is labour-intensive and offers limited control over thickness and
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uniformity. In contrast, PLD provides versatility in material deposition, precise control
over film thickness, and the ability to maintain stoichiometry, making it suitable for
complex multi-component films. However, PLD can be more complex and costly due
to the need for specialized equipment. In this thesis, we employed both mechanical
exfoliation and PLD to prepare 2D BP and subsequently fabricated devices for related

testing.

Table 2-1 Comparison summary: Mechanical Exfoliation vs. PLD

Feature Mechanical Exfoliation PLD
Quality High quality but variable High quality with

stoichiometric control

Preparation difficulty Easy Difficult

Scalability Limited More scalable with
automation

Control over thickness Limited Relatively higher

Size of sample Micron order Cm-level

Cost Relatively low Higher due to equipment

2.1.1 Mechanical exfoliation

Mechanical exfoliation is one of the most widely employed methods for fabricating
2D nanoflakes. This technique involves applying a force to overcome the vdW
interactions between the layers of a bulk crystal, typically using adhesive tape.
Importantly, the in-plane covalent bonds within each layer remain intact, enabling the

extraction of monolayer or few-layer 2D flakes.
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The procedure starts with applying the adhesive side of a piece of tape to the surface
of the bulk crystal. The tape, now containing the adhered crystals, is repeatedly pasted
onto and torn away from another adhesive surface to achieve appropriately thin and
uniform nanoflakes. Subsequently, the tape with the exfoliated 2D materials is adhered
to the target substrate. As illustrated in Figure 2.1, some monolayer and few-layer thin
flakes remain on the substrate after the tape is removed. When an appropriate substrate

is utilized, these exfoliated samples can be examined under an optical microscope.

While mechanical exfoliation is fundamentally a random method whose yield is
greatly influenced by different factors, it can produce high-quality samples with clean
surfaces on various substrates at room temperature. The BP nanoflakes utilized in this
thesis were obtained through mechanical exfoliation from bulk crystals purchased

from HQ Graphene.

|
/ |/

Figure 2.1 Schematic illustration of mechanical exfoliation process. '*!
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2.1.2 Pulsed laser deposition approach

Pulsed Laser Deposition is a versatile PVD technique widely utilized for the
fabrication of thin films. In this process, a high-energy pulsed laser beam is focused
onto a target material within a vacuum chamber, resulting in the vaporization of the
target and the formation of a plasma plume. This plume consists of energetic particles
that travel towards a substrate, where they deposit and coalesce to form a thin film
(shown in Figure 2.2). PLD is renowned for its ability to produce high-quality
crystalline films with precise control over composition and thickness, making it

suitable for various applications, including microelectronics and optical devices.

The PLD process can be conducted under ultra-high vacuum conditions or in the
presence of background gases, enabling tailored atmospheric conditions that enhance
film quality. Key advantages of PLD include its adaptability to different materials, the
capability to create multi-component films while maintaining stoichiometry, and
relatively low substrate temperature requirements. However, challenges such as slower
deposition rates and higher costs compared to other methods can limit its use primarily

to high-tech applications.
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Figure 2.2 Schematic diagram of the main components within a PLD system'3?

In this thesis, few-layer BP thin films were prepared using PLD, following established
methodologies. To guarantee a clean interface, a surface-stripped mica substrate

measuring 1 cm by 1 cm was placed directly into the growth chamber for BP deposition.

Throughout the deposition process, the mica substrate was rotated while the BP crystal
holder stayed in place, which ensured uniform deposition and stability of the plasma
plume. After the deposition was finished, dry nitrogen gas was introduced into the
growth chamber, and the sample holder was removed from the heater to promote rapid
cooling of the BP film to room temperature. The samples were then transported in

sealed containers filled with an inert gas to avoid degradation.
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Figure 2.3 Photo of the PLD chamber utilized for BP thin film deposition

2.2 Characterization process for 2D BP

2.2.1 Optical microscope

The optical microscope is a straightforward and effective tool for obtaining
information about the location, shape, and thickness of sample materials. Its operating
principle relies on the interference of reflected light at distinct media interfaces. When
a sample is added, it causes changes in optical paths and disturbances in opacity,
leading to an optical contrast between the bare substrates and the 2D materials. Optical
microscopes utilize visible light to illuminate samples, allowing for the visualization
of fine details. They can achieve magnifications ranging from a few times to several
thousand times, making them invaluable in materials science for characterizing thin

films and nanostructures.
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In comparison to other substrates, silicon covered with 285 nm of silicon dioxide
(S102/Si) is the most frequently utilized for the observation of 2D materials. The choice
of substrate significantly influences the quality of the optical contrast observed. In the
case of SiO2/Si, part of the incident light is transmitted through the silicon dioxide
layer, while another portion is reflected at each interface between the air, SiO2, and
silicon. The intensity of the light that is collectively reflected changes due to
interference effects and is affected by factors like sample thickness, absorption

coefficient, and differences in refractive index.

In comparison, mica is another substrate utilized in this thesis. Mica provides a
relatively flat and smooth surface that facilitates the growth of 2D materials; however,
it generally offers lower optical contrast than SiO./Si due to its transparency and
refractive properties. In our experiments, there is a notable distinction between the

mica with PLD-deposited BP thin film and the bare mica substrate.

2.2.2 X-ray diffraction

X-ray diffraction is a powerful non-destructive technique used to investigate the
crystallographic structure of materials. It operates by irradiating a sample with incident
X-rays and measuring the angles and intensities of the scattered beams that emerge
from the material. A key application of X-ray diffraction (XRD) is the identification
of materials through their distinct diffraction patterns. In addition to phase
identification, XRD provides insights into how the actual structure of a material
deviates from its ideal configuration due to internal stresses and defects. X-rays are a
form of electromagnetic radiation, while crystals consist of ordered arrays of atoms.
When incident X-rays interact with the electrons in the crystal lattice, they scatter, a

process known as elastic scattering. This scattering generates a regular pattern of
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spherical waves, which interfere with one another. Constructive interference occurs at
specific angles, leading to observable reflections in the diffraction pattern, as described
by Bragg's law: 2dsinf=nA, where d is the distance between parallel diffracting
planes, 6 is the incident angle, n is an integer, and 4 is the wavelength of the X-ray
beam. The clarity and intensity of these reflections offer important insights into the
atomic structure and properties of the crystal, such as lattice parameters, strain, grain
size, and phase composition. The wavelength of X-rays generally falls within the same
range as the distances between crystal lattices, from 1 to 100 angstroms, which makes
them especially suitable for producing diffraction patterns. In this thesis, XRD
analyses of the as-deposited BP thin films were conducted using a Rigaku SmartLab 9

kW system with Cu Ka radiation (A = 1.5406 A).
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Figure 2.4 Schematic illustration of the working principle of XRD'??

2.2.3 Atomic force spectroscopy

The AFM measurements were conducted using an Asylum MFP-3D Infinity system in
tapping mode to determine the thickness of the few-layer BPs. It is widely recognized

as one of the most effective techniques for investigating materials at the nanoscale.
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AFM not only provides detailed 3D topographical structures but also offers a wealth
of surface information, making it invaluable for researchers and technologists. This
technique can achieve atomic resolution and measure height variations down to the

angstrom scale with minimal sample preparation.

The fundamental principle of AFM involves a sharp tip attached to a cantilever that
scans the surface of a sample. As the tip gets closer to the material, the attractive forces
between the tip and the surface led to a deflection of the cantilever. When the tip makes
contact with the surface, repulsive forces take over, leading to further deflection. The
two main operating modes of AFM are contact mode and tapping mode, which is also
referred to as dynamic mode. In contact mode, the cantilever is pressed against the
surface, and an electronic feedback loop constantly measures the interaction force to
ensure a consistent deflection while performing raster scanning. This mode is effective
for obtaining high-resolution topography but can potentially damage both the tip and
the sample. In contrast, tapping mode reduces the contact between the tip and the
surface to prevent damage to both. In this mode, the cantilever oscillates near its
resonance frequency, allowing for sinusoidal motion. As the tip approaches the sample,
attractive or repulsive interactions alter this motion. A feedback loop maintains a
constant amplitude of oscillation rather than a static deflection, resulting in precise

topographical mapping.

AFM is particularly adept at measuring surface roughness, which is crucial for
characterizing material properties. It quantitatively assesses roughness parameters
such as arithmetic roughness (Ra) and root-mean-square roughness (Rq) by analyzing
height variations across scanned surfaces. This capability enables researchers to

distinguish between smooth and rough surfaces with high fidelity. Compared to other
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microscopy techniques, AFM offers unparalleled lateral resolution due to its
mechanical probing method, which bypasses the diffraction limit associated with

optical microscopy.

Position-sensitive Mirror

photodiode detector,

Laser generator

AFM probe
Controller
T ¢ Sample
Computer Piezoe_letric
ceramic tube

Figure 2.5 Schematic illustration of the working principle of AFM!3*

2.2.4 Transmission electron microscopy

High-Resolution Transmission Electron Microscopy (HRTEM) is a powerful
analytical technique used to investigate the crystal structure of materials at the atomic
level. In this thesis, HRTEM analyses were conducted using a JEOL 2100F field
emission transmission electron microscope to explore the crystallographic

characteristics of mechanically exfoliated black phosphorus (BP) nanoflakes.

The JEOL 2100F operates at an accelerating voltage of 200 kV, providing high spatial
resolution with a lattice resolution of up to 0.23 nm. This capability allows for detailed
visualization of atomic arrangements within the material. HRTEM utilizes a parallel
beam of electrons that transmits through thin samples, generating images based on

coherent elastic scattering. The resulting high-resolution images enable researchers to
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observe fine structural details, including crystal defects, phase distributions, and grain

boundaries.

During the HRTEM analysis, the samples were prepared to be sufficiently thin to allow

electron transmission, typically below 100 nm in thickness. This ensures that the

electron beam can penetrate the sample without significant scattering losses. The high-

resolution images obtained provide insights into the atomic-scale features of the

nanoflakes, contributing to a deeper understanding of their structural integrity and

potential applications in nanoelectronics.
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Figure 2.6 Schematic illustration of TEM!3?

28



QQUA The Hong Kong Polytechnic University Chapter 2

2.2.5 Raman spectroscopy

Raman spectroscopy is a non-destructive chemical analysis technique that provides
detailed information about chemical structures, phases, polymorphs, crystallinity, and
molecular interactions based on the interaction between incident light and the chemical
bonds of a material. This light scattering method employs a high-intensity laser to
illuminate the sample, leading to the scattering of incoming light by the molecules
within it. In this process, Rayleigh scattering occurs when most of the scattered light
retains the same wavelength as the incident laser, yielding no valuable data. In contrast,
Raman scattering involves a small fraction of light being scattered at different
wavelengths, which is dependent on the chemical structure of the specimen. In a
Raman spectrum, the intensity and positions of the wavelengths of the scattered light
are depicted as a series of peaks. When light strikes a molecule, it causes polarization
within the molecular electron cloud due to the oscillating electromagnetic field
generated by the photon. This interaction elevates the molecule to a higher energy state,
forming a transient complex known as a virtual state. Because of the instability of this

virtual state, the photon is quickly reemitted as scattered light.

Stokes Raman scattering, named after G.G. Stokes, occurs when a molecule absorbs
energy from the photon and is stimulated to a higher vibrational state during scattering.
As a result, the scattered photon loses energy, leading to an increase in. Conversely,
anti-Stokes Raman scattering happens when a molecule releases energy wavelength
by relaxing to a lower vibrational state; in this case, the scattered photon gains energy,
resulting in a decrease in wavelength. Both Stokes and anti-Stokes processes occur at
similar rates on a quantum mechanical level. Nevertheless, because of statistical

distributions, specifically the Boltzmann distribution, the majority of molecules tend
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to exist in their ground vibrational state. Consequently, Stokes scattering is statistically
more probable than anti-Stokes scattering, making Stokes Raman scatter more readily

detectable in Raman spectroscopy.

In this thesis, Raman spectra were obtained using a WITEC Confocal Raman system
equipped with a 532 nm laser as the excitation source to analyze the material
characteristics. Additionally, polarized Raman spectroscopy tests were conducted to
further investigate the properties of mechanical-exfoliated BP nanoflakes under
different strain conditions. The measurements were at the same position on the sample
in 15° increments from 0° to 180°. This range corresponds to the angle between the

polarization direction of the incident laser and the orientation of the sample.
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Figure 2.7 Schematic illustration of Raman spectroscopy >
2.3 Device fabrication process

2.3.1 Photolithography

Photolithography has emerged as one of the most widely used techniques for
patterning polymers for past 30 years, serving as a method to transfer patterns from a

mask to a substrate surface. This technique involves applying a light-sensitive material
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known as photoresist to the surface of a substrate. A photomask containing the desired
pattern is then placed over the photoresist, and ultraviolet (UV) light is shone through
the mask. This exposure alters the solubility of the photoresist in specific areas,
allowing for selective development that removes either the exposed or unexposed
regions, thereby transferring the pattern onto the substrate. Photolithography allows
for the rapid and consistent fabrication of structures with desired shapes at both micron

and nanoscale dimensions, making it invaluable in various fields.

The following section outlines the detailed steps and parameters employed in our
photolithography process. Initially, the substrate was placed on a spin coater, and
suction was applied using a vacuum pump to secure it in place. A positive photoresist,
AZ5214, was then applied to the substrate, which was chosen to achieve higher
resolution in the final patterns. The spin coater's speed was subsequently adjusted: it
accelerated to 500 rpm over 5 seconds and maintained this speed for an additional 5
seconds before increasing to 4000 rpm over 5 seconds and holding that speed for 30
seconds. This spinning process ensured that the thickness of the applied photoresist
did not exceed 1 um. Next, the hot plate was set to 110°C and baked the photoresist
for 3 minutes. After that, we positioned the mask over the photoresist-coated substrate
and aligned it in the desired orientation with the aid of a microscope. Once properly
aligned, UV light was directed through the quartz mask onto the substrate for 8s,
allowing the patterns from the mask to be transferred onto the photoresist. Following
exposure, we applied AZ300MIF developer to selectively remove portions of the
photoresist and create the desired patterns. The sample was immersed in the developer
for approximately 20 seconds before being rinsed with deionized (DI) water to

complete the process.
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Figure 2.8 Overview of photolithography 3’

2.3.2 Electron beam evaporation

Electron Beam (E-beam) evaporation is a type of PVD that utilizes an electron beam
to evaporate target materials, converting them into a gaseous state for deposition onto
a substrate. This process takes place in a high vacuum chamber, where vaporized atoms
or molecules condense to create a thin film coating on the substrate. The direct energy
transfer from the electron beam to the target material allows for the effective
evaporation of metals with high melting points, making E-beam evaporation
particularly advantageous for various applications. A major advantage of E-beam
evaporation is its fast deposition rates, which can vary from 0.1 nm to 100 nm per
minute. This results in denser film coatings with improved adhesion to substrates.
Furthermore, E-beam evaporation offers a high material utilization efficiency relative
to other PVD methods, contributing to cost savings. Unlike traditional methods that
heat the entire crucible, E-beam systems focus energy solely on the target material,
minimizing contamination and reducing the risk of heat damage to the substrate. A

multiple crucible E-beam evaporator can deposit several layers from different target
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materials without breaking the vacuum, making it adaptable for various lift-off
masking processes. In this study, Denton E-beam evaporation was employed to create
metal electrodes. After E-beam evaporation, a lift-off procedure may be required to
remove any excess metal film that does not form part of the pattern electrodes on the
substrate. Typically, the metal films can be removed by submerging the substrate in

acetone solution.

Figure 2.9 Photo of the Denton Explorer E-beam deposition system
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2.3.3 Dry transfer

Multilayer BP nanoflakes were obtained from high-quality crystals sourced from HQ
Graphene and transferred onto SiO/Si substrates through mechanical exfoliation. The
polyvinyl alcohol (PVA) films utilized during this process were prepared by drying a
4% PVA aqueous solution on a CD for 48 hours. To transfer the flakes, they were
mechanically picked up from the SiO./Si substrate using the PVA film. Subsequently,
both the sample flakes and the PVA film were adhered to a polydimethylsiloxane
(PDMS) stamp. To minimize strong interactions between the PVA film and the 2D
flakes, the temperature during the picking operation was carefully controlled at 55 °C
for 5 minutes. High drying temperatures can lead to significant interactions between
the PVA film and the 2D materials, adversely affecting the yield rate. Once the 2D
material flakes were successfully attached to the PVA film, they were oriented onto a
PMNPT substrate that had pre-fabricated electrodes. To ensure effective connections
between the materials and electrodes, the device was heated to 55 °C for an additional
5 minutes after alignment. Finally, to prevent the degradation of 2D BP, a layer of

poly(methyl methacrylate) (PMMA) was applied over the structure.

2.3.4 Wet transfer

Following the BP thin film is deposited through PLD, a solution of EVA (Aldrich, 40
wt % vinyl acetate, 10 wt % dissolved in xylene) was spin-coated onto the sample at
1500 rpm for 60 seconds. The coated sample was then placed in an oven at 80 °C for
60 minutes to cure the EVA layer effectively. Following the curing process, the
EVA/BP film was soaked in EG solvent at 50 °C for half an hour. This step aided in
the separation of the EVA/BP film from the growth substrate with the help of EG. Once

detached, the film was carefully transferred onto the target substrate with ensuring
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alignment and integrity. To ensure proper adhesion of the transferred composite, it was
then placed in a vacuum drying oven at 50 °C for half an hour. Following this, the
sample was soaked in tetrahydrofuran (THF) for 30 minutes to selectively remove the

EVA film, leaving behind the BP layer on the target substrate.

2.4 Device characterizations

After constructing the device, the electrical performance of the samples was evaluated
using a specialized measurement system. This system comprises a probe station
equipped with micro-manipulators and hyperfine micrometer probes situated within a
high-vacuum chamber, and the Keithley 4200A-SCS Semiconductor Parameter
Analyzer. As illustrated in Figure 2.9, the vacuum chamber features a temperature
control system that enables a range of testing conditions for electrical characterization
across different devices. Under microscopic observation, the micromanipulators
facilitate the precise movement and positioning of the micrometer probes. Once the
probes contact the device electrodes, voltage can be applied through the source, drain,
and gate electrodes via the Keithley 4200A-SCS Semiconductor Parameter Analyzer.
This setup allows for the measurement and analysis of various output characteristics
of the device, including source-drain current-voltage (I-V) curves, gate leakage current,

and transfer characteristic curves.

35



QQv The Hong Kong Polytechnic University Chapter 2

MeasureLiNK

Figure 2.10 Photograph of the device electric measurement system
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Chapter 3 Exploring the anisotropic properties

of BP with PMN-PT substrates

3.1 Introduction

Compared to their bulk counterparts, two dimensional (2D) materials exhibit
numerous unique properties that make strain engineering a highly promising approach
for discovery and manipulation.!*® Their ultrathin structure and exceptional
mechanical flexibility allow them to sustain much larger strains without fracturing,
unlike bulk materials which typically crack at low strains. This high deformability
enables a wider tunability of their properties through strain. Moreover, the confinement
of the crystal structure to a two-dimensional plane makes their electronic and optical
properties highly sensitive to lattice distortions induced by strain, enhancing the

modulation of band structure and related properties. .!3%!4°

In addition, most of the atoms in 2D materials are exposed at the surface, so strain
directly alters atomic bond lengths and angles, strongly affecting electronic and optical
responses—effects that are less pronounced in bulk materials where many atoms are
buried inside. '*!'*> The ability to host spatially varying strain patterns, such as
wrinkles or strains induced by patterned substrates, allows nanoscale modulation of
band structure and properties that are difficult or impossible to achieve in bulk
materials. Furthermore, external strain can be precisely applied to 2D materials,
enabling dynamic and reversible control of their behavior, which bulk materials

generally lack due to their brittleness and thickness. 43144
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Strain engineering also enhances the application potential of 2D materials by
improving performance in energy storage, catalysis, and electronic/optoelectronic
devices through optimized adsorption, diffusion, and carrier dynamics. %> To fully
harness these unique strain-dependent properties for device applications, fundamental
research is essential. Therefore, in this section, we focus on investigating the polarized
Raman spectra of 2D materials under biaxial strain to gain deeper insight into their

strain-dependent behavior and potential for tunable device engineering.

There are two primary methods to apply strain to 2D materials. The first involves
stretching or bending a 2D material placed on a flexible substrate, which induces
uniaxial strain along a specific direction.!**!%” The second method employs a
piezoelectric substrate to generate biaxial strain. Unlike mechanically induced uniaxial
strain, biaxial strain can be precisely tuned by adjusting the voltage applied to the

substrate, enabling more accurate modulation,!#%:14°

In this study, we utilize the single-crystalline material [Pb(Mg1,3Nb23)O3]-x[PbTiO3]
(PMN-PT) with x=0.3 as as the piezoelectric substrate due to its exceptional
electromechanical properties and converse piezoelectric capabilities. PMN-PT is well
known for its unique dielectric characteristics, including an exceptionally high
piezoelectric coefficient (ds3) and electromechanical coupling factor. '°%!! The dss
value of single-crystal bulk PMN-PT exceeds 2000 pC/N, which is roughly four times
greater than that of Pb[ZrxTi1x]O3 (PZT) and nearly thirty times higher than that of
BaTiOs (BTO).'>? This outstanding performance makes PMN-PT an ideal choice for

generating strain in 2D materials.
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3.2 Interfacial strain engineering of BP by PMN-PT substrates

Figure 3.1 presents a schematic illustration of the device fabrication process for black
phosphorus (BP) on a piezoelectric PMN-PT substrate. Multilayer BP nanoflakes were
mechanically exfoliated from bulk crystals obtained from HQ Graphene and deposited
onto Si0»/Si substrates. Before the transfer process, 30 nm gold (Au) thin films were
deposited on both sides of the PMN-PT substrate, acting as bottom and top electrodes,
respectively, using electron-beam evaporation. The few-layer BP was then dry
transferred onto the PMN-PT substrate using a polyvinyl alcohol (PVA) film. To
minimize interactions between the BP flakes and the substrate during this process, the
temperature was maintained at 55 °C. Following the transfer, the sample was coated
with PMMA to protect BP from degradation under ambient conditions. A Keithley
2410 Source Meter was employed to apply bias voltage to the PMN-PT substrate,

following an initial polarization with an electric field of 10 kV/cm.

pe PMN-PT
AL
PMN-PT VA

Au
PMN-PT

Figure 3.1 Schematic illustration of device fabrication for BP on a piezoelectric

PMN-PT substrate

Previous studies have indicated that both positive and negative bias voltages can
induce compressive strain.'>* In this study, an in-plane compressive strain was induced
in the PMN-PT substrate by applying a 500 V bias voltage, which concurrently

compressed both the BP nanosheets and the poly(methyl methacrylate) (PMMA). For
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application of tensile strain, we pre-strained the PMN-PT substrate, whose recovery
process takes several hours. During this time, the device was fabricated. Because the
recovery force of PMN-PT is quite small, PMMA served not only to firmly secure the
BP nanoflakes and prevent slipping but also to enhance the tensile strain induced by
PMN-PT. As an elastic polymer, PMMA gradually returns to its original shape after
compression, which amplifies the tensile strain applied to the BP nanoflakes during
the recovery of substrate. As a result, negative and positive bias voltages were applied
with a gradient of 0.04% strain for every 100 V to generate compressive and tensile

strains, respectively, throughout this research.

Moreover, the significantly lower resistance of gold (~0.02 p€) compared to the
PMN-PT dielectric substrate (G range) ensures that nearly the entire bias voltage is
dropped across the substrate. In this configuration—where the BP film resides on the
substrate surface without direct electrical contacts or gating—there is neither
experimental evidence nor theoretical justification to expect a substantial electric field
within the BP layer (shown in Figure 3.2). The voltage gradient primarily develops
across the bulk of the PMN-PT substrate, leaving the surface-mounted BP largely

unaffected by the applied electric potential.

Figure 3.2 Schematic illustration of the device structure for BP on a piezoelectric

PMN-PT substrate
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3.3 Material characterization of BP nanoflakes

As shown in Figure 3.3, the atomic force microscopy (AFM) measurements were
performed in tapping mode to assess the thickness of the few-layer BP flake, which

was found to be approximately 8 nm (~16 layers), exhibiting a smooth and flat surface.

o N b

J
N

Thickness (nm)
A

1
N

Figure 3.3 AFM height profiles of the mechanical-exfoliated BP nanoflakes. Inset:

corresponding AFM image.

To further investigate the microscopic crystal structure of the mechanically exfoliated
BP films, HRTEM analyses were conducted with a JEOL 2100F microscope. The plan-
view image presented in Figure 3.4 reveals a highly ordered arrangement of BP atoms,
with no apparent defects. The lattice constant measured along the 100 direction is

0.327 nm, aligning with findings from prior studies.
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Figure 3.4 HRTEM image of the mechanical-exfoliated BP nanoflakes.

Additionally, the selected-area electron diffraction (SAED) pattern shown in Figure
3.5 indicates that the BP sample is highly crystalline and exhibits a typical orthogonal

lattice structure.

Figure 3.5 SEAD pattern of the mechanical-exfoliated BP nanoflakes.

Raman spectroscopy was employed using a WITEC Confocal Raman system with a

532 nm laser as the excitation source, featuring a spot size of 1 um to analyze the
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vibrational and optical characteristics of the material. To prevent damage to the sample,
a low laser power of less than 0.5 mW was utilized during the experiments. As
illustrated in Figure 3.6, three characteristic Raman peaks were identified at 365 cm™,
442 cm™, and 471 cm™, corresponding to the out-of-plane mode (A,'), in-plane mode
along the zig-zag direction (Bag), and in-plane mode along the armchair direction (Ag?),

respectively. These findings are consistent with previous literature on BP.!>*

AZ

E

Ag1

Raman intensity (a.u.)

oot

| | |
350 400 450 500

Raman shift (cm™)

Figure 3.6 Raman spectrum of the mechanical-exfoliated BP nanoflakes.

3.4 Anisotropic characteristic of BP via polarized Raman
spectroscopy

To explore the electron-photon and electron-phonon interactions in BP, polarized
Raman spectra were systematically collected from a single sample. The measurements
were conducted at the same position, with the polarization direction of the incident

laser rotated in 15° increments from 0° to 180°, as the set-up shown in Figure 3.7. This
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approach ensured better control over variables and enhanced data reliability, as the
angle between the polarization direction and the sample orientation was carefully

managed.

Figure 3.7 Schematic illustration of Raman spectra acquisition using an

electromechanical device that applies external biaxial strain.

Figure 3.8 illustrates that the initial polarized incident laser is aligned parallel to the
analyzer, revealing a significant dependence of Raman intensities for three
characteristic modes on the polarization angles. Notably, both the A,' and A,> modes

exhibit similar trends, diminishing at 0° and reaching their maximum intensities at 90°.

155
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Figure 3.8 Polarized Raman spectra of BP nanosheets obtained at different

polarization angles.

The intensity is governed by the vibrational symmetry of the scattering system, as
dictated by the Raman selection principle. This intensity reaches its peak when the
incident light polarization aligns with the atomic displacement, and its minimum when
perpendicular. In monolayer black phosphorus, the A,> mode exhibits a distinctive
characteristic: atomic vibrations predominantly occur along the armchair (x) direction.
Consequently, the Raman scattering signal is most pronounced when the excitation

beam polarization coincides with this x-axis. !

To highlight this behaviour, a polar plot of the Ag> mode is presented in Figure 3.9.
The intensity fluctuation closely follows a mathematical pattern. The observed

variation can be accurately described by combining a cosine-squared function of :

(a+c)
2

I(Ag) = [%cos(Zw -0)+ cos(6)]? 3.1
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In this context, @ represents the angular difference between the x-axis and the
polarization direction of the incident laser; @ and ¢ present the corresponding
parameters in Raman tensors of A; mode, and w is the angle between the zigzag

direction and scattered light polarization.'”’
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Figure 3.9 Polar plots illustrating the intensity variations of the A > Raman peak

Conversely, the B2; mode displays an inverse relationship. As presented in Figure 3.10,
it achieves highest intensity at 0° and lowest at 90°. The observed intensity variation
of the B2z mode can be accurately described by a mathematical model similar to that

of the Ag mode.
I(Byy) = e*[cos(Qw + 6)]? 3.2

In this expression, e represents the Raman tensor element specific to the B2 mode.
The other parameters retain their meanings from the A, equation.'>’ The observed
variations in intensity among these modes can be attributed to the anisotropic structure

of BP. This anisotropy leads to distinct responses in Raman intensity based on
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polarization angle, underscoring the complexity of electron-phonon interactions within

this material.
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Figure 3.10 Polar plots illustrating the intensity variations of the B2g Raman peak

3.5 Raman spectroscopy of BP under biaxial strain

Zigzag and armchair configurations represent two fundamental types of uniaxial strain
in materials science, particularly in the study of 2D materials. These configurations
provide a framework for understanding how materials respond to directional stress

along specific crystallographic orientations.

Biaxial strain, in contrast, presents a more complex scenario. It can be conceptualized
as the superposition of these two uniaxial strains, resulting in a multidimensional stress
state. While uniaxial strain is relatively straightforward to understand and apply,
biaxial strain introduces additional complexities due to its multidirectional nature. In
the case of biaxial strain, the applied force is not uniform across all directions, often
resulting in varying strain magnitudes along different axes. This non-uniformity

becomes especially significant when considering anisotropic materials, where
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properties differ depending on the direction of measurement. The interplay between
the inherent anisotropy of material and the non-uniform biaxial strain can lead to
complex deformation patterns and property changes. Understanding these strain
configurations is crucial for predicting and manipulating the properties of 2D materials,
as strain can significantly influence their electronic, optical, and mechanical

characteristics.

The typical Raman spectra of BP nanoflakes subjected to various biaxial tensile and
compressive strains are depicted in Figure 3.11. Significantly, the application of tensile
strain leads to a redshift in the three characteristic peaks, whereas compressive strain
causes a blueshift. For a compressive strain of -0.2%, the shifts observed for the Ag!,
B2, and A,> modes were 6.2, 15.3, and 12.2 cm™'/%, respectively. Conversely, under a
tensile strain of 0.2%, the shifts for these modes were -6.2, -12.2, and -12.2 cm™/%,
respectively. The application of strain in two-dimensional materials like BP alters the
lattice constants and vibrational characteristics, leading to these shifts in Raman
peaks.!*® The out-of-plane A,! mode corresponds to vibrations of the top and bottom
phosphorus atoms within the same layer moving in opposite directions, while the Bag
and A’ modes relate to in-plane vibrations of phosphorus atoms in different
orientations. Since the PMN-PT substrate produces in-plane biaxial strain, it was noted
that the horizontal deformation of BP is greater than the vertical deformation,
suggesting that the By, and A,> modes are more sensitive. The Griineisen
parameter y serves as a measure of phonon frequency fluctuations in response to strain

and is defined as:

_ -1 0w
- 2wq d¢
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where wo and o represent the Raman frequencies under zero and finite biaxial strain

conditions, respectively, and ¢ is the applied biaxial strain. This can be simplified as:

Aw

2wq&

y=- 34

In our study, the Griineisen parameters for the Ay', B2, and A> modes with application
of -0.2% compressive strain were found to be -1.28, -1.74, and -1.30, respectively. For
0.2% tensile strain, the parameters were 1.28, 1.39, and 1.30. The Byg Griineisen
parameter under compressive strain is slightly greater than that under tensile strain,
likely due to slippage during strain application; thus, some strain induced by the

piezoelectric PMN-PT substrate may not have fully transferred to the BP nanoflakes.
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Figure 3.11 Raman spectra of the BP sample on a PMN-PT substrate subjected to

various biaxial strains

Comparing these results with those from MoS; (approximately 1.06 under uniaxial

strain)!® and previously reported values for the Ag*> Griineisen parameter in BP

)157

(around 0.01 along the armchair direction)™’, it becomes evident that piezoelectric
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substrate-induced biaxial strain offers a robust method for modifying and investigating

lattice vibrations, as shown in Table 3-1.

Table 3-1 Griineisen parameter of different materials under various strain inducing

conditions.
Material Methods for | Griineisen Ref.
inducing strain parameter

Graphene High pressure 1.4 160
Graphene Flexible substrate 1.9 161

MoS; Flexible substrate 1.06 159
a-In;Ses PMN-PT 1.44 153

BP Flexible substrate 0.01 (A% 157

BP PMN-PT 1.30 (A This work

Figure 3.12 illustrates the BP structure with five key structural parameters: A1, Az, and
A3 denote distances between phosphorus atoms, while 0; and 0. represent angles
between these atoms. The A,' mode primarily involves out-of-plane atomic vibrations
with minimal in-plane contribution and is orthogonal to the Ag*> mode. In contrast, the
By mode is entirely in-plane and shows different dependencies on structural
parameters. Alterations in A, Az, and 0; have minimal impact on A,' vibrations due to
their predominant out-of-plane nature; however, changes in A3z and 0> significantly
influence A,' shifts. The applied strain enhances or diminishes 0, shear-like motion
between adjacent sublayers. Although this increases the restoring force between the
sublayers in-plane, it decreases the force out-of-plane, resulting in a softening of the

A,' mode while strengthening the A,> mode. When tensile strain stretches A; and
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enlarges 01, it extends atom separation along the y-axis, thereby reducing restoring
forces along both x- and y-axes—contributing to significant redshifts observed in both
B2, and A, modes. The interlayer interaction strength is reflected by As; however, its
low intensity indicates that interlayer restoring forces are negligible compared to those
within layers (in-plane and out-of-plane).!®> Thus, modifications to A3 can be

effectively disregarded in this context.

Figure 3.12 The 3D representation of BP structures includes specific definitions for

various structural parameters.

The Raman spectra for BP under various strain conditions are presented in Figure 3.13.
The intensities of the three Raman peaks show an increase under tensile strain and a
decrease under compressive strain. This section concentrates on the in-plane Bz and
A,?> Raman peaks, as the anisotropic optical properties of few-layer BP under biaxial
strain are more responsive than those seen in the interlayer structure. The observed

intensity variations in Raman spectra under strain could arise from three interrelated
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mechanisms. First, strain-induced lattice structure modifications alter the lattice
constants and symmetry of material, which directly affect phonon vibration modes and
their Raman activity by changing the scattering cross-section. Second, the Raman
tensor—which governs the polarization-dependent coupling efficiency between
incident and scattered light—becomes modified under strain, leading to measurable
intensity changes even for identical vibrational modes. Furthermore, in anisotropic
materials like BP, strain modulates optical anisotropy by perturbing the electronic
structure and directional optical response of the crystal, thereby enhancing
polarization-dependent intensity variations that correlate with the strain axis. These
mechanisms collectively demonstrate how strain engineering provides a powerful tool

for probing fundamental material properties through Raman spectroscopy.
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Figure 3.13 Polarized Raman spectra of the BP nanoflake under conditions of no
strain, 0.2% tensile strain, and -0.2% compressive strain. Inset: A magnified view of

the region surrounding the A,' peak.
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Figures 3.14 and 3.15 illustrate polar plots of the polarized Raman intensities for the
B2, and A,? peaks under different strain levels. Notably, the Raman peak intensities for
the A,' and A,?> modes remain out of phase with the B2, mode, consistent with results
shown in Figures 3.6 and 3.7. Following the application of a tensile strain of 0.2% and
a compressive strain of -0.2%, the intensity of the Bz, mode increased by
approximately 35% at 90° but decreased by 14% under compressive strain at the same
angle; however, it remained nearly unchanged at 0°.
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Figure 3.14 Polar plot illustrates the polarized Raman peak intensities for the Bag

mode under various biaxial strain conditions.

In contrast, the Raman intensities of the A,> peaks rose by about 29% and fell by 12%
at 0°, with minimal variation at 90°. The BP crystal shows comparable deformation
behavior in both the armchair and zigzag orientations. It can be inferred that the A,
and Bog modes exhibit stronger electron-phonon interactions under tensile strain, while
these interactions weaken under compressive strain, particularly when subjected to

polarized light at angles of 0° and 90°, respectively. This analysis highlights the
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sensitivity of BP vibrational modes to applied strain, emphasizing their potential

applications in flexible electronics and optoelectronic devices.
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Figure 3.15 Polar plot illustrates the polarized Raman peak intensities for the A,

mode under various biaxial strain conditions.

3.6 Conclusion

In summary, we have shown that the features of polarized Raman spectra of BP can be
effectively adjusted by applying biaxial strain generated by a piezoelectric PMN-PT
substrate. By carefully adjusting the bias voltage on the substrate, we can effectively
generate and apply biaxial strain to BP samples, resulting in significant shifts in the
Raman spectra. To explore the vibrational behavior of ultrathin BP under various strain
conditions, we calculated the Griineisen parameter. The strain response observed in BP
is probably attributed to changes in bond lengths and angles caused by the applied
biaxial strain. Our analysis of the polarized Raman spectroscopy results indicates that

electron-phonon interactions can be adjusted via this strain.
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This research provides an effective approach for examining how the piezoelectric
PMN-PT substrate influences the electrical and optical properties of BP materials.
Moreover, our results could be applied to investigate additional strain-dependent
phenomena and a range of applications in photonics, strain sensing, and energy

harvesting.
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Chapter 4 Preparation of centimetre-scale BP-

based devices on silicon substrates

4.1 Introduction

Two-dimensional (2D) black phosphorus (BP) exhibits remarkable carrier mobility
and the capacity to support high current densities, making it an excellent candidate for
advanced functional devices. !71% The bandgap of BP is tunable, ranging from 0.3
eV in its bulk form to approximately 2 eV in monolayers, positioning it within the
energy range of conventional semiconductors used in transistor applications.
Additionally, its anisotropic electrical properties make BP a promising material in the
field of nanophotonics.!*!%” These outstanding characteristics present potential
solutions to various development challenges and facilitate the integration of 2D
materials into the information technology sector.’’ Earlier research mainly
concentrated on mechanically exfoliated BP-based back-gate FETs on silicon
substrates, where the channel width and device dimensions were naturally limited by
the micrometer size of the nanoflakes. This limitation significantly hindered the
transition to practical electronic circuits and systems. To address this issue, Chen et al.
described the synthesis of single-crystal BP films with sub-centimeter dimensions and
a thickness of approximately 290 nm on SiO2/Si substrates, showcasing remarkable
device performance.'®® Our research group has also successfully fabricated ultrathin
centimeter-scale BP on mica substrates using PLD.?” However, the predominant use
of mica substrates is not typical in the current silicon-centric semiconductor industry,

highlighting the necessity for an effective transfer process that integrates our BP thin

56



QQU The Hong Kong Polytechnic University Chapter 4

films with complementary metal-oxide-semiconductor (CMOS)-compatible substrates

while their high crystallinity and properties can be preserved.

Among the various transfer techniques available, the wet transfer method is frequently
utilized for transferring as-grown 2D materials, typically using poly(methyl
methacrylate) (PMMA) or Polystyrene (PS) as adhesive layers.!!'*!% Nonetheless, this
approach requires immersing samples in aqueous solutions, which is not suitable for
the sensitive nature of BP and may result in degradation or reduced crystal
quality.!”®!7! Additionally, removing large-scale BP thin films from mica substrates
can easily cause cracks or wrinkles because of their fragility, negatively impacting
carrier mobility and overall device performance.!’”>!”> Consequently, there is an
immediate need for focused research to create effective methods for transferring large-
scale BP thin films while preserving their beneficial properties. To tackle the issues
related to wet transfer processes, it is crucial to investigate alternative supporting
materials for transfer, choose suitable solvents, and enable the delamination of BP

films from mica substrates onto silicon substrates.

In this section, we present a clean transfer strategy aimed at producing centimeter-
scale, high-quality few-layer BP films that have been grown on silicon substrates using
precisely controlled pulsed laser deposition (PLD). Ethylene-vinyl acetate (EVA)
polymer and ethylene glycol (EG) have been chosen as the adhesive layer and medium
to maintain the excellent crystalline quality and properties of BP during the transfer
process. Significantly, we have successfully created large-scale bottom-gate few-layer
BP FET arrays on Si0,/Si substrates that demonstrate exceptional uniformity. These
FET device arrays exhibit outstanding electrical properties, such as high carrier

mobility and substantial current switching ratios that are comparable to those of as-
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grown BP films on mica substrates. This study reveals that the wet transfer method can
successfully produce scalable, high-crystallinity BP-based arrays while maintaining
significant electrical performance and allowing for more intricate device design

options across various applications.

4.2 Growth conditions for BP via PLD

The BP crystal source from SMART-ELEMENTS and the mica substrate were
positioned in respective holders approximately 36 mm apart within the chamber. The
growth was conducted at an ultra-high vacuum pressure of around 1.6 x 10~° Torr, with
the mica substrate maintained at a temperature of 300 °C. A 248 nm KrF excimer
pulsed laser, functioning at a repetition frequency of 5 Hz and a laser intensity of 1.2
J/em?, was utilized to create a plasma plume that contained large BP clusters. The
ablated clusters in the physical vapor were then transported to the mica surface, where

a few-layer BP thin film was deposited at a regulated substrate temperature.

4.3 Fabrication process for FETs

After the growth of the BP thin film, a solution of EVA was prepared, consisting of 40
wt% vinyl acetate and 10 wt% dissolved in xylene. This solution was then spin-coated
onto the sample at a speed of 1500 rpm for 1 minute. Following this, the coated sample
was placed in an oven at 80 °C for 1 hour to cure the EVA layer. Subsequently, the
EVA/BP film was soaked in EG solvent at 50 °C for half hour, which aided in detaching
the EVA/BP film from the growth substrate. The detached film was then carefully
transferred onto the target substrate. To guarantee adequate adhesion, the transferred

composite was put in a vacuum drying oven and heated at 50 °C for half hour.
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Following this step, the sample was immersed in tetrahydrofuran (THF) for 30 minutes

to selectively eliminate the EVA film.

For device preparation, standard photolithography using a Suss MA6 Aligner and
electron-beam evaporation techniques were employed to pre-deposit a strip electrode
array consisting of 10 nm titanium (Ti) and 50 nm gold (Au) on a SiO,/Si substrate.
The BP thin film, created through PLD, was subsequently wet-transferred onto the
Si0,/Si substrate with Ti/Au electrodes, ensuring direct contact between the Au

electrodes and the BP thin film for the assembly of FET arrays.

4.4 Characterization of BP and FET arrays

The Raman spectra was examined using a high-resolution confocal p-Raman
microscope (Horiba HR 800), which employed a 488 nm excitation laser source and
featured a spot size of 1 um. To prevent damage to the nanoflakes, the laser power was
maintained at a minimal level of approximately 1 pW. The thickness and surface
topography of the BP films were evaluated using a commercial atomic force
microscope (Asylum Research MFP-3D) functioning in tapping mode. X-ray
diffraction analysis of the as-deposited thin films was conducted using a Rigaku

SmartLab 9 kW system, employing Cu Ka radiation (A = 1.5406 A).

For device characterization, a Keithley 4200 Semiconductor Parameter Analyzer was
used, paired with a probe station (Lake Shore Model CRX-6.5K) that included a
microscope, vacuum chamber, and a micromanipulator featuring precision tips
measuring in the micrometer range. This combination of advanced characterization
techniques allowed for a comprehensive evaluation of the structural and electronic

properties of BP thin films.
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4.5 Clean transfer process of BP

Figure 4.1lillustrates the transfer process for BP thin films. The BP film was first
developed on a mica substrate using the earlier established PLD technique. A polymer
solution was first spin-coated onto the BP film to facilitate the wet transfer. Given the
sensitivity of BP layers to degradation from exposure to oxygen and moisture, EG was
chosen as the wet medium.!”* Notably, before the entire assembly was immersed in the
EG solution at 50°C for 1 hour, one edge of the polymer/BP film was intentionally
scratched to allow easier penetration of the EG solution between the mica substrate
and the as-grown BP film. After this, the polymer/BP film was gently peeled off from
the mica substrate and placed onto the target substrate. To enhance adhesion, any
remaining EG solution at the interface between the BP film and the target substrate
was removed by evaporation in a vacuum drying oven at 50 °C for half hour.

Ultimately, THF was employed to eliminate the polymer layer.

PLD-prepared BP EVQ
e EVA coating _ Dip in EG solution
\ ——) [ ]
/ N
Mica

l Peel it off

with tweezers

Transfer of

EVA/BP stack
N @

Si0,/Si substrate with
pre-fabricated electrodes

Figure 4.1 Schematic diagram of wet transfer process of PLD-deposited BP thin film

with EVA polymer assisted in EG solution.
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4.6 Adhesion analysis of different interfaces

Figures 4.2 present photographic and optical microscopic images of the BP thin film
following its wet transfer onto a Si0/Si substrate via the EVA-assisted method. The
complete separation of the BP film from the mica substrate is evident, with the
transferred large-area BP thin films appearing clean, continuous, and uniform,

exhibiting no noticeable cracks or wrinkles. This indicates a successful transfer from

mica to S10»/S1 substrate.

Figure 4.2 Left: Optical photo and Right: Microscopic images of wet-transferred BP

on Si0»/Si substrate (scale bar:10 pm).

In contrast, when PS was employed as the support layer for transferring BP film, as

shown in Figure 4.3, only minimal transfer from the mica substrate was achieved.
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Figure 4.3 Microscopic image of wet-transferred BP sample on the SiO»/Si substrate

using PS polymer in EG solvent.

A critical element in the successful transfer of large-area BP films from mica substrates
is managing adhesion at the interface between the polymer and the thin film. This
adhesion management is crucial as it directly impacts the integrity, quality, and
functionality of the transferred BP film. Proper adhesion control serves multiple
essential purposes: ensuring clean detachment of the BP film from the mica substrate;
preventing film damage or fragmentation during the transfer process and maintaining

desirable properties of BP while shielding it from environmental degradation.'”

The key to successful transfer lies in achieving a delicate balance of forces, where the
adhesion between the polymer and BP must be greater than that between BP and mica.
This differential adhesion is critical for several reasons. It allows the BP film to be
lifted cleanly from the mica substrate without leaving residues or fragments behind.

Additionally, it provides the necessary mechanical support to maintain the structural
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integrity of the BP film during the transfer process. Furthermore, it helps overcome the
van der Waals forces that bind the BP to the mica, facilitating a complete and uniform

transfer.

The thermodynamic work of adhesion offers a qualitative assessment of adhesion

between different interfaces, calculated using the formula:

Wag =Va+ Ve —Vas 4.1

where y4 and yp correspond to the surface energies of phases A and B, respectively,
while y4p denotes the interfacial energy between these phases. According to Owen-

Wendt, Young's, and Fowkes' equations'’®, this can be further expressed as:
Wap = 2(vivE)"? + 2(ygvg)"? 4.2

where y? and j” indicate dispersion and polar components, respectively. To investigate
the adhesion between different surfaces, we assessed the contact angles of EG and

glycerol on various surfaces, as shown in Figure 4.4.
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Figure 4.4 Contact angle measurements of EG and glycerol (Gly) on different

surfaces.
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Based on the measurements, we compiled the adhesion results between various
surfaces in Figure 4.5. Our findings reveal that adhesion between EVA and BP is
stronger than that between BP and mica, suggesting that EVA can effectively detach
the BP film from its mica substrate. In contrast, the adhesion between PS and BP is
less robust than that between BP and mica, suggesting that the BP film is more likely

to stay attached to the mica substrate.

120

100

o0
=]
I

o
=]
I

Work of adhesion (mJ m™)
o
=
I

20 H

0 - 1 1 1 1 1 1

BP/mica BPFEVA BRPS BPFEG mica’EVA mica/P5
Interface

Figure 4.5 Work of adhesion at various interfaces.

Moreover, as shown in Figure 4.6, EVA is a copolymer containing polar functional
groups such as carbonyl and hydroxyl groups, which promote strong dipole
interactions with BP film, thereby enhancing adhesion. Its rubber-like elasticity also
allows EVA to closely conform to the atomic-scale terraces of the mica substrate
beneath the BP, increasing the effective contact area and further strengthening the
adhesion. In contrast, PS is a rigid, glassy polymer that lacks polar functional groups,

resulting in weak intermolecular interactions with the BP film. Moreover, rigidity of
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PS limits its ability to conform to the uneven mica surface, leading to poorer contact

and consequently weaker adhesion compared to EVA.

= - | (b)
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Figure 4.6 Molecular formula of (a) EVA and (b) PS

We evaluated the transfer efficiency of BP from a mica substrate using two distinct
solvents: isopropyl alcohol (IPA) and EG. These solvents were chosen for their unique
properties that might make them suitable for the transfer process of 2D BP. IPA, widely
used in electronics manufacturing, offers several advantageous characteristics. Its low
boiling point of 82.6°C allows for rapid evaporation post-transfer.!”” Additionally, the
miscibility of IPA with water and polar nature promotes effective interaction with
many 2D materials, potentially facilitating the transfer process.!’”® In contrast, EG
presents a different set of beneficial properties. With a higher boiling point of 197.3°C
and increased viscosity compared to IPA, EG provides an extended window for
manipulation during the transfer process. This characteristic may contribute to
maintaining the structural integrity of the 2D material throughout the transfer.!” Both
solvents serve the primary purpose of reducing adhesion forces between the 2D
material and its substrate, a crucial factor in successful transfers. However, their
distinct properties lead to varying outcomes in the transfer process. Figure 4.7
illustrates a schematic representation of the peeling processes in these two solvents,

highlighting the differences in their mechanisms.
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Figure 4.7 Schematic representation of the delamination process in EG and IPA

solutions during peeling.

Our study found that immersing EVA in IPA solution can led to considerable swelling
of the polymer, increasing its thickness by about 50% compared to its original size.
This effect can be explained by the strong interaction between IPA and EVA, largely
due to the higher polarity of IPA. When EVA is immersed in IPA, the solvent's polar
properties enable IPA molecules to infiltrate the polymer matrix. This infiltration
disrupts intermolecular forces and diminishes the interactions between EVA chains,
causing the polymer network to expand or swell. This swelling makes the adhesive
bond more vulnerable to disruption or failure, resulting in limited transfer of the BP

film from the mica substrate, as illustrated in Figure 4.8.
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Figure 4.8 AFM topography and height analysis of the EVA polymer is presented in
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(a) before and (b) after immersion in EG solvent. A comparable analysis of the EVA

polymer is shown in (c¢) before and (d) after immersion in IPA solvent.

In contrast, when EVA was immersed in the non-polar EG solvent, its thickness
remained almost unchanged, and no penetration occurred. Consequently, EVA and EG
were selected as the adhesive layer and transfer solvent, respectively, to enhance the
transfer of the BP film (see Figure 4.9). As the EVA/BP film is slowly peeled away,
the EG solvent continues to infiltrate the gap, ultimately facilitating the complete

separation of the EVA/BP film from the mica substrate.
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Figure 4.9 Optical image of BP sample on mica substrates (a) after direct growth, (b)

after wet transfer with EVA polymer in EG solvent

4.7 Material characterization of BP thin films

To deduce the thickness and roughness of the few-layer BP sheet, AFM measurements
were conducted both before and after the wet transfer process. As illustrated in Figure
4.10, the thickness and roughness of the as-grown BP on a mica substrate were about

5.2 nm and 46.46 pm, respectively.
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Figure 4.10 The AFM height profile of direct-grown BP thin films on a mica

substrate.
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Figure 4.11 indicates that following the wet transfer, the thickness of the BP thin film
remained almost the same. The slight increase in both thickness and roughness of the
BP thin film after wet transfer can be attributed to several interrelated factors. During
the transfer process, microscopic residues of the transfer polymer (EVA) may remain
on the BP surface, contributing to both increased thickness and roughness. Additionally,
impurities from the solution or the environment can become trapped between the BP
film and the new substrate or on the BP surface, leading to local variations in thickness
and increased surface roughness. The mechanical manipulation involved in the transfer
can also induce strain or create wrinkles in the film, manifesting as increased
roughness and slight variations in thickness. Furthermore, the interaction between the
BP film and the new substrate may differ from its interaction with the original growth
substrate, potentially leading to slight changes in film morphology and thickness.
Water molecules trapped between the BP film and the new substrate during transfer

can contribute to increased thickness and surface irregularities as well.
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Figure 4.11 The AFM height profile of wet-transferred BP thin films onto a SiO/Si

substrate.
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Table 4-1 clearly shows that all 2D materials experience an increase in surface

roughness after transfer, primarily due to polymer residues, wrinkles, and strain

introduced during the process. For instance, graphene, MoS., and WS: transferred

onto various substrates via polymer-assisted wet methods all exhibit roughness

increases reaching several nanometers. In our study, BP transferred from mica

demonstrates a roughness increase from approximately 0.046 nm to 0.23 nm.

Although this represents an increase, the final roughness remains significantly lower

than the values reported for other 2D materials after transfer, indicating a relatively

cleaner and smoother surface in our process.

Table 4-1 Comparison of surface roughness of 2D materials before and after transfer

2D Material | Substrate | Roughness | Roughness | Method Ref.
Before After
Transfer Transfer
(RMS, nm) | (RMS, nm)

Graphene Copper foil | ~0.3-0.5 ~1-5 PMMA-assisted [180]
wet transfer;
polymer residues
and wrinkles
increase roughness

MoS: Sapphire ~0.2-04 ~2-8 Polymer-assisted [181]
wet transfer;
wrinkles and
polymer residues
contribute
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WS: Sapphire ~0.3 ~3-7 Similar to MoS:; | [182]
capillary or
bubbling transfer

methods

BP Mica ~0.046 ~0.23 Wet transfer with | This
EVA  polymers; | work
roughness

increases due to
polymer residues
and transfer-

induced strain

Figure 4.12 displays the XRD patterns for the bare mica substrate, as-grown BP on
mica, and wet-transferred BP on a Si0O»/Si substrate. The distinct diffraction peaks
identified for both the mica substrate and the wet-transferred BP correspond to the
monoclinic structure of mica and the orthorhombic structure of BP, respectively,
offering direct evidence of the high crystallinity of the BP thin films produced by PLD.
It is important to note that the intensity of the XRD peaks for the original as-grown BP
is relatively weak compared to that of mica, making it challenging to identify BP peaks
due to their proximity to those of mica. This issue is addressed after transferring BP
onto the Si02/Si substrate, where the BP peaks appear clear and distinct in the XRD

spectrum, enabling a more precise characterization of the BP thin film.
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Figure 4.12 XRD patterns for the bare mica substrate, as-grown BP, and wet-

transferred BP.

Additionally, Raman spectroscopy was employed to characterize the BP thin films
before and after wet transfer, as shown in Figure 4.13. Based on previous studies, three
characteristic Raman peaks were identified at 365 cm™ (out-of-plane mode, A,'), 442
cm ' (in-plane mode along zig-zag direction, Bag), and 471 cm™ (in-plane mode along
armchair direction, Ag”). The positions and intensities of these three peaks remained
unchanged after the wet transfer process, suggesting that the quality of the sample has
been maintained. These results indicate that the wet transfer technique employed

successfully preserves both the integrity and structural properties of PLD-grown BP

thin films.
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Figure 4.13 Raman spectra of BP thin films before the wet transfer process (on mica

substrate) and after the transfer to SiO/Si substrate.

4.8 Electrical properties of BP-based FETs

To evaluate the homogeneity and electrical performance of the transferred BP thin film,
we created an array of stripe Ti/Au electrodes with different channel lengths. As shown
in Figure 4.14, the lengths of the four channels, highlighted in red, orange, blue, and
green, are 70 pm, 270 wm, 420 wm, and 570 pum, respectively. The fabrication of FETs
with varying channel lengths is crucial as it allow for direct measurement of key
electrical parameters such as carrier mobility, on/off ratio, and threshold voltage,
which are essential for evaluating the quality and potential applications of the BP thin
film. By creating devices with a range of channel lengths, we can assess how the
properties of BP thin films scale with size, demonstrating its potential for large-area

applications. Comparing the performance of FETs across different channel lengths
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provides insight into the uniformity of the BP film over large areas, with consistent
performance indicating high-quality film transfer and excellent material homogeneity.
Through the fabrication and characterization of these FET arrays, we can
comprehensively evaluate the electrical properties, uniformity, and scalability of the

transferred BP thin film.

DCin (0-200V)

Figure 4.14 An optical microscope image of wet-transferred BP FET arrays with

varying channel lengths on a SiO/Si substrate.

The drain current (I4s) against drain voltage (Vgs) characteristics of the as-fabricated
BP FETs with different channel lengths are summarized in Figure 4.15. Notably, the
output current exhibits only a slight decrease as the channel length increases,
indicating exceptional uniformity and continuity of the BP thin film across a large area.
This modest reduction in output current with increasing channel length can be
attributed to several interrelated factors. As the channel length grows, so does its

resistance, requiring carriers to travel a greater distance. This extended path naturally
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impedes current flow and increases the probability of carrier collisions with lattice
vibrations (phonons) and impurities. These scattering events lead to reduced carrier
mobility, thereby diminishing current flow. Additionally, for a given drain-to-source
voltage, the electric field along the channel decreases as the length increases. This
reduced field strength results in lower carrier velocities, further contributing to the
slight current decrease. The observed minimal current reduction across different

channel lengths underscores the high quality and consistency of the BP thin film.
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Figure 4.15 Drain current (Igs) versus drain voltage (Vgs) curves for BP FETs with

channel lengths of 75 um (red), 270 um (orange), 420 um (blue), and 570 pm

(green).

We also examined the I4s-Vs characteristics of BP FETs on SiO»/Si substrates, both
with and without an EVA polymer coating, after being exposed to ambient conditions
overnight to assess the passivation effect of the polymer. The BP FETs with and

without passivation were exposed to the same conditions for an equivalent duration. A
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comparison of the results presented in Figure 4.16 demonstrates that using a polymer
coating as a passivation strategy is highly effective in maintaining the performance of
FETs fabricated with the wet-transferred BP. After 24 hours of exposure to ambient
conditions, the output current of the unpassivated BP FET fell to only 0.01% under a

-3 V bias, whereas the output current of the passivated BP FET decreased to about 75%

of its initial value.
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Figure 4.16 14s-Vs curves under different passivation conditions, presented in both

linear and logarithmic scales in the inset.

Figure 4.17 shows the output currents before and after removing the EVA polymer to
assess the impact of immersing the device in THF solvent during the polymer removal
process. When BP undergoes oxidation upon air exposure, its output current typically
decreases exponentially. However, in our measurements before and after polymer

removal, the output current remains within the same order of magnitude. Such
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variations are common and expected between two BP devices fabricated using the
same method. Therefore, we conclude that the device still maintains its efficiency
despite the observed changes. The results demonstrate that this removal procedure has
a negligible effect on device performance, highlighting the effectiveness of the chosen
method. The successful removal of EVA polymer without significantly compromising
BP device performance can be attributed to several key factors. THF exhibits selective
solubility, effectively dissolving EVA while showing low reactivity with BP. This
selectivity is crucial for preserving the integrity of the BP layer. Moreover, the brief
exposure time during the process is carefully calibrated to be sufficient for EVA

dissolution without risking damage to the underlying BP structure.
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Figure 4.17 14s-Vs curves before and after the removal of the EVA polymer.

Figure 4.18 presents a schematic representation of an as-fabricated BP FET utilizing a

heavily doped silicon substrate as the back gate. This bottom-gate configuration offers
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a multitude of advantages that extend beyond simplified manufacturing processes. One
of the primary benefits of this design is the improved carrier mobility resulting from
reduced surface scattering. The back-gate structure also provides enhanced
electrostatic control over the channel, leading to better overall device performance.
Additionally, the lower parasitic capacitances inherent in this configuration contribute
to improved high-frequency performance, making these devices suitable for advanced
electronic applications. The channel exposed in back-gate FETs offers significant
practical advantages. It facilitates easier material characterization, allowing
researchers to employ various spectroscopic and microscopic techniques without
interference from a top gate structure. This exposed surface also enables direct optical
access to the channel, making these FETs particularly well-suited for optoelectronic
applications and photodetectors. Moreover, this configuration provides a versatile
platform for further innovation. It facilitates the integration of additional components
and the development of more complex structures above the BP thin film, including

dual gates or heterojunctions.
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Figure 4.18 Schematic illustration of the wet-transferred back-gate BP FET.

The well-defined output characteristics of a BP FET with a thickness of approximately

5 nm and a channel length of 75 um, evaluated under ambient conditions, are shown

in Figure 4.19. The inset displays the I4s-Vgs output characteristics close to the origin,

revealing a linear correlation between gate voltage (V) and output current. However,

when a substantial negative gate bias is applied, a non-linear trend emerges, indicating

a small Schottky barrier may arise between the BP thin films and the Au electrodes.
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Figure 4.19 14s-Vs for the BP FET at various Vg, including 0 V, -1V, -2V, -3V, 4V,
-5V,-10V, -20V, and -30 V. The inset provides a zoom-in view of the I4s-Vg4s curves

for a 5-nm BP FET at gate voltages of -2 V,-1 V,0V, 1 V,and 2 V.

The transfer characteristics are plotted in Figure 4.20 on a linear scale, revealing that
the field-effect mobility of the BP FET is calculated to be 293 cm?/V's using the

formula:

L dal

— 4.1
W-CgVas dVg

Urg =

where L stands for the channel length, W is the channel width, Cg indicates the
capacitance density of the back-gate dielectric, and d//dV, represents the field-gating

efficiency determined by aligning the slope of the curve in its linear operating range.

The inset of Figure 4.19 shows a logarithmic-scale relationship between gate voltage

and source-drain current for the BP device on a silicon substrate covered with a 300
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nm SiO> layer, measured under ambient conditions. With a Vg5 of -0.1 V applied, we

observed a modulation of I4¢s by up to 3.6x10? times.

In a previous study, our group fabricated top-gate FETs using 5 nm-thick BP grown by
PLD on mica substrates, employing ionic liquid as the gate dielectric. These devices
achieved a carrier mobility of 213 cm?/V-s and an on/off ratio of 5x10° at 295 K. In
contrast, our current work with wet-transferred BP FETs demonstrates superior
performance, exhibiting a remarkable carrier mobility of 293 cm?/V-s and an on/off
ratio of up to 3.6x10%. This enhancement indicates that the wet-transferred BP thin
films not only maintain but potentially improve charge carrier transport efficiency
while preserving consistent switching behavior. This can be attributed to several
synergistic factors. Primarily, back-gate structures typically yield higher carrier
mobility due to reduced surface scattering and enhanced electrostatic control over the
channel. '%3The silicon substrate likely provides a superior interface quality with the
BP film compared to mica, potentially minimizing interface scattering.'3* Furthermore,
the use of high-quality thermally grown SiO; as the gate dielectric in the back-gate
configuration offers improved interface characteristics and lower trap densities
compared to the ionic liquid used in the top-gate design.'®* Additionally, the exposed
BP channel in the back-gate structure may encounter fewer surface interactions that

could hinder carrier transport, contributing to the overall performance enhancement.
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Figure 4.20 The transfer characteristics of a BP FET with a 75 pm-channel length on

a linear scale with a drain voltage of -0.1 V; the red dashed line indicates the linear fit

of Igs. The inset displays the transfer characteristics for BP FETs with channel lengths
of 75 um, 270 um, 420 pm, and 570 pm on a logarithmic scale with a drain voltage

of -0.1 V.

Figure 4.21 demonstrates the impact of channel length on field-effect mobility and the
on/off ratio. As the channel length increases from 75 um to 570 um, both mobility and
on/off ratio remain relatively stable, with only minor decreases observed. This
reduction could be linked to a rise in defects and traps associated with longer channel
lengths. These results further support the notion that wet-transferred BP thin films

preserve high quality and integrity compared to the original as-grown BP.
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Figure 4.21 Dependence of mobility and on/off ratio on channel length.

The transfer process we developed ensures exceptional surface cleanliness and
preservation of crystal structure, potentially contributing to the observed
enhancements in carrier mobility. Table 4-2 provides a comprehensive comparison of
FET performance derived from BP prepared through various methods and wet-
transferred MoS.. Our large-scale BP preparation technique offers distinct advantages
over direct mechanical or liquid exfoliation from high-quality BP bulk crystals,
including uniform films with significantly larger lateral areas and reduced thickness

while utilizing consistent device structures on silicon substrates.

Our devices demonstrate remarkable performance, achieving a field-effect mobility of
295 ecm?V's™ and an on/off ratio of 3.6x10%. Our devices demonstrate promising
performance, achieving a field-effect mobility of 295 cm?V~!s™" and an on/off ratio of
3.6x10%. These results show an improvement over our previous work on as-grown BP

FETs on mica substrates, which exhibited a mobility of 213 cm?V~'s™! and a similar
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on/off ratio. This improvement underscores the effectiveness of our wet transfer

technique in preserving and potentially enhancing the electrical properties of BP films.

In comparison to other BP-based devices, our FETs show competitive performance.
While CVD-grown BP on SiO»/Si substrates has demonstrated exceptionally high
mobility (6500 cm?*V~'s™") and on/off ratio (around 10°). It is also important to note
that these devices were significantly thicker (290 nm) than our 5 nm films.
Mechanically exfoliated BP devices of similar thickness (~10 nm) showed comparable
on/off ratios but lower mobility, while liquid-exfoliated BP devices exhibited

substantially lower performance metrics.

Notably, our BP FETs outperform widely studied MoS:-based devices in terms of
mobility. Although MoS; devices generally demonstrate higher on/off ratios (10°-10°),
their mobilities typically range from 4.5 to 35 cm*V~'s™, significantly lower than our
achieved 295 cm?V~'s™'. This highlights the potential of BP as a high-mobility 2D

semiconductor for next-generation electronics.

Our findings indicate that the combination of PLD growth and wet transfer techniques
can yield BP FETs with promising characteristics. This approach not only enables the
production of devices with larger lateral dimensions but also achieves a balance
between high mobility and a favorable on/off ratio. Furthermore, our FETs exhibit
impressive sensitivity to minor changes in back-gate voltage, attributed to the unique
properties of BP. This exceptional sensitivity makes BP highly suitable for applications
demanding precise control and manipulation of electrical signals, thereby enhancing

its functionality and performance in electronic devices and circuits.
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Table 4-2 Comparison of thin-film FETs constructed using BP (same material) or wet

transfer (similar preparation methods)

Preparation | Substrate | Thickness | Dimension | On/off | Field-effect Ref.
method (nm) S ratio mobility
(Hm) (cm?V-is)

BP PLD + wet | SiO2/Si ~5 104 3.6x10° | 295 This

transfer work
[185]

BP PLD Mica 5 10* ~5x10% | 213 [87]

BP CvD SiO./Si 290 103 ~10° 6500 [168]

BP Mechanical | SiO./Si ~10 5 ~10* ~100 [186]
exfoliation

BP Liquid SiO./Si 12 0.8 ~103 0.58 [92]
exfoliation

MoS; CVD + wet | SiO/Si 0.91 ~20 10°-10" | 35 [187]
transfer

MoS; CVD + wet | SiO/Si 0.7 ~40 108-10° | 7.6 [188]
transfer

MoS, | CVD +wet | SiOJ/Si | 10 103 10° 45 [189]
transfer

4.9 Conclusion

In conclusion, we present a wet transfer technique that effectively transfers high-

crystalline, PLD-grown BP ultrathin films on a centimeter scale from mica to Si02/Si

substrates, using EVA polymer as the transfer layer and EG as the wet medium. The

85




QQO The Hong Kong Polytechnic University Chapter 4

excellent adhesion characteristics of the EVA transfer layer, enhanced by the presence
of polar groups in its polymer structure, are crucial for facilitating the efficient transfer
of large BP films. Furthermore, obtaining conformal contact between the EVA
adhesive layer and the BP film is essential because of the mechanical properties of the

materials involved.

After successfully transferring large-area BP films, we fabricated few-layer BP FET
arrays that displayed impressive homogeneity. Further investigations revealed that our
FET devices exhibited exceptional electrical characteristics, including high carrier
mobility and a substantial current switching ratio. Overall, the methodology proposed
for preparing uniform large-area BP films on highly compatible silicon substrates
shows significant potential for the future integration of scalable 2D thin films into
electronic and optoelectronic devices. This work underscores the considerable promise

of this approach to advance various fields.
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Chapter 5  Conclusion and future prospectives

5.1 Conclusion

Since the innovative work reported by Novoselov et al. in 2004, which successfully
exfoliated graphene from bulk graphite using scotch tape, two-dimensional (2D)
materials have emerged as a prominent research focus due to their extensive potential
applications in different areas. Initially, exfoliation served as the primary top-down
method for producing monolayer and few-layer nanoflakes during the early
exploration of 2D materials. This technique allowed for the efficient separation of
high-quality multilayer 2D materials from single-crystalline bulk states, enabling
thorough investigations into their fundamental properties. However, its limitations in
achieving precise control over thickness and lateral dimensions hinder large-scale
production, prompting the development of various processes aimed at creating high-
quality, uniform, 2D materials with large area. Among these materials, 2D black
phosphorus (BP) has attracted considerable attention as a promising alternative to
graphene due to its tunable bandgap, which lies between that of graphene and TMDs.
Additionally, 2D BP demonstrates exceptional carrier mobility and a significant on/off
ratio. For successful commercialization, it is crucial to establish robust techniques for
producing large-area BP-based devices on various substrates under easily controlled

conditions.

In this thesis, we first employed a piezoelectric actuator to conduct biaxial strain
engineering, enabling the investigation of the anisotropic Raman response of ultrathin
BP. Our results indicated that three characteristic peaks experienced a redshift under

tensile strain and a blueshift under compressive strain. We also calculated the
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Griineisen parameters to study the relationship between strain—both tensile and
compressive—and the phonon behavior of crystalline BP. The physical mechanisms
behind the observed Raman response under strain were discussed, emphasizing their
connection to changes in bond angles and lengths within BP. Additionally, we
highlighted how modulation of biaxial strain could affect the anisotropic dispersion of
BP, indicating its significant potential for innovative polarized light detection

applications.

In the second part of the thesis, we developed a strategy to clean transfer centimeter-
scale BP films grown via precisely controlled pulsed laser deposition (PLD) from mica
to silicon substrates. We selected ethylene-vinyl acetate (EVA) polymer and ethylene
glycol (EG) as the adhesive layer and medium to maintain the superior crystalline
quality and properties of BP throughout the transfer process. Notably, we successfully
fabricated large-scale bottom-gate few-layer BP field-effect transistor (FET) arrays on
Si02/Si substrates, exhibiting exceptional homogeneity. Our FET arrays demonstrated
outstanding electrical characteristics, including high carrier mobility and a significant
current switching ratio comparable to the as-grown BP films on mica substrates. This
study reveals that the wet transfer method can effectively produce scalable, high-
crystallinity BP-based device arrays while preserving outstanding electrical
performance, thereby enabling more complex design possibilities across a variety of

applications.

5.2 Future Perspectives

The realization of large area 2D BP synthesis represents a critical frontier in the field
of 2D materials. The exceptional properties of BP position it as a key player among

2D materials, offering unique opportunities for next-generation electronic and
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optoelectronic devices. However, addressing the challenges associated with its
scalable production and environmental stability are crucial for unlocking its full

potential in future technological innovations.

Current fabrication methods for high-quality 2D BP primarily rely on bottom-up
techniques, such as mechanical or liquid exfoliation from bulk crystals. While these
methods have been instrumental in early research, they lack the scalability required for
industrial applications. To achieve significant global technological impact, it is
imperative to develop synthesis methods that facilitate the monolithic integration of
transistors with interconnects and other components. This necessitates the production
of BP thin films on a wafer scale, a challenge that remains at the forefront of research

in this field.

A critical aspect of large-area BP synthesis is the interface between BP and the growth
substrate. This interface profoundly influences the growth kinetics, ultimately
determining the morphology and crystallinity of the films. Moreover, substrate
interactions can modulate the electronic properties of BP through charge transfer and
strain effects, offering both challenges and opportunities for material property
modification. Understanding and controlling these substrate-BP interactions is vital for
both fundamental research and application development. By revealing the impact of
different substrates on the properties of BP, researchers can gain deeper insights into
its intrinsic characteristics and behavior. This knowledge, in turn, enables the
optimization of device performance for specific applications in electronics,

optoelectronics, and sensing.

The development of large-area BP synthesis techniques is driven by several

compelling factors. Wafer-scale production is essential for integration with existing
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semiconductor manufacturing processes, ensuring industrial viability. Large-area
growth facilitates the fabrication of multiple devices with consistent properties on a
single substrate, crucial for device uniformity and reliability. Furthermore, continuous
BP films could enable novel applications in flexible electronics, large-area sensors,
and energy harvesting devices, expanding the potential impact across various

technological domains.

As research in this field progresses, several key areas merit further investigation. Novel
growth techniques that mitigate environmental sensitivity of BP while maintaining
material quality are important. In-depth studies of substrate-BP interactions to
elucidate growth mechanisms and optimize interface engineering will be crucial. The
development of passivation strategies to enhance the stability of large-area BP films
without compromising their unique properties remains a significant challenge.
Additionally, the exploration of heterostructures and hybrid systems incorporating
large-area BP holds promise for leveraging its exceptional characteristics in complex

device architectures.

Another critical challenge facing the widespread adoption of 2D BP is its inherent
instability in ambient environments. Although bulk BP is recognized as the most stable
allotrope among phosphorus forms, transitioning to few-layer structures makes it
highly reactive with oxygen and moisture in the air, which can disrupt its crystal
structure. Most protective strategies developed thus far have focused on small-area
applications of 2D BP, leaving a significant gap in addressing its stability for larger-
scale uses. The susceptibility of BP to oxidation poses substantial challenges, leading
to low reliability and repeatability during wafer-scale fabrication. To effectively

harness the unique properties of BP in electronic components, these issues must be
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resolved. Future research should prioritize the development of robust protective
measures that can safeguard BP from environmental degradation while maintaining its
desirable electrical characteristics. This may involve exploring novel encapsulation
techniques, developing more effective passivation layers, or engineering BP-based
heterostructures that inherently enhance stability. Additionally, in-situ characterization
methods to monitor the degradation process and understand the mechanisms of
environmental interactions will be invaluable in designing effective protection

strategies.

In conclusion, while black phosphorus holds great promise as a versatile material for
next-generation electronic devices, overcoming the barriers related to its scalable
production and environmental stability is essential. The realization of large-area, high-
quality BP synthesis methods, coupled with effective strategies to ensure long-term
stability, will be pivotal in bridging the gap between the promising properties of BP
and real-world applications. The journey towards harnessing the full potential of 2D
BP is complex and multifaceted, requiring collaborative efforts across disciplines.
Success in these endeavors will not only advance our fundamental understanding of
2D materials but also pave the way for transformative technologies that harness the
unique attributes of BP. The potential impact of BP in flexible electronics, high-
performance sensors, and novel optoelectronic devices underscores the importance of
continued investment in this field. By overcoming the current limitations, BP could
emerge as a cornerstone material in the next generation of electronic technologies,
potentially revolutionizing areas such as telecommunications, energy harvesting, and

biomedical sensing.
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