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Summary

This thesis examines the growth of two-dimensional gallium nitride (2D GaN) nanocrys-
tals on Si(111) substrate with 7x7 surface reconstruction using the Low-Temperature
Droplet Epitaxy (LTDE) method. 2D GaN holds promise for optoelectronic applications,
but its synthesis remains challenging. The study focuses on how the incident angle of
nitrogen ions and their energy during the postnitridation process influence nanocrystal
growth.

Characterisation using SEM, AFM, Raman, PL, CL, 4D-STEM, XPS, and UHV-
SEM revealed that these parameters could significantly affect morphology and optical
properties. A key finding is the well-defined etching of the Si(111) 7x7 surface in the place
of triangular GaN nanocrystals, caused by nitrogen ion impact and high temperature.

Abstrakt

Tato diplomova prace zkouma riist dvoudimenzionalnich nanokrystalt nitridu gallitého
(2D GaN) na substratu Si(111) s povrchovou rekonstrukei 7x7 pomoci nizkoteplotni kap-
kové epitaxe (LTDE). 2D GaN vykazuje potencidl pro optoelektronické aplikace, ale jeho
priprava je stale problematicka. Tato studie se zabyva vlivem thlu dopadu dusikovych
iontl a jejich energie v pribéhu procesu postnitridace na rist nanokrystali.

Charakterizace pomoci SEM, AFM, Ramana, PL, CL, 4D-STEM, XPS a UVS-SEM
odhalila, ze tyto parametry by mohly dirazné ovliviovat morfologii a optické vlast-
nosti. Klicovym objevem je presné leptéani povrchu Si(111) 7x7 na misté trojihelnikovych
nanokrystaltt GaN, zptisobeno dopadem dusikovych iontl a vysokou teplotou.

Keywords
2D GaN, Si(111), surface reconstruction, LTDE, nanocrystal growth, nitridation, etch-
ing
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Introduction

Bulk materials, such as silicon, have dominated the semiconductor industry for decades.
However, with the rapid development of electronic and optical nanodevices, these mate-
rials are increasingly unable to meet the growing demand for higher performance and
smaller dimensions [!, 2]. This has driven the search for novel materials with extraordi-
nary physical and chemical properties.

Since the first successful isolation of a monolayer of graphite, known as graphene, in
2004 [3], two-dimensional (2D) materials have attracted considerable attention as poten-
tial alternatives to conventional bulk materials [, 5]. Their unique electrical, optical, and
mechanical properties, combined with their atomic-scale thickness, make them promising
for a wide range of scientific and industrial applications, including nanoelectronics, opto-
electronics, medicine, and renewable energy [(—17]. Moreover, many of their properties
can be tailored to suit specific applications.

Beyond graphene, other 2D materials such as phosphorene [18, 19], transition metal
dichalcogenides (TMDs) [20-22], and particularly transition metal nitrides (TMNs) [23—

|, have shown great promise due to characteristics such as wide bandgaps and high
thermal stability [18, 20, 23]. Among TMNs, two-dimensional gallium nitride (2D GaN)
stands out with a tunable bandgap ranging from 3.1eV to 5.6 eV [20], making it a strong
candidate for ultraviolet (UV) nano-optical applications [27, 28].

The first synthesis of 2D GaN was achieved via graphene encapsulation in 2016 [29].
However, due to the presence of the encapsulating layer, the resulting 2D GaN nanostruc-
tures are difficult to transfer and integrate into nanodevices. To address this limitation,
numerous growth methods have since been developed to produce high-quality, large-area
gallium nitride (GaN) thin films and nanocrystals [20, 27, 30-32]. Each technique presents
its own set of advantages and drawbacks, including the requirement for high temperatures,
the low quality of the resulting nanostructures, or the use of toxic precursors, all of which
complicate the synthesis process.

To overcome these challenges, our research group has developed a novel method called
low temperature droplet epitaxy (LTDE) [28], which enables the growth of high-quality
GaN nanocrystals under ultra-high vacuum (UHV) conditions. This technique offers
precise control over the growth parameters while avoiding many of the issues associated
with conventional high-temperature methods.

Manis et al. utilised the LTDE growth method to synthesise crystalline 2D GaN
nanostructures on Si(111) substrates exhibiting the 7x7 surface reconstruction [28]. This
reconstruction plays a crucial role in the growth process, as it facilitates the surface
transformation necessary for the formation of nanocrystals. The resulting nanostructures
differ structurally from bulk wurtzite GaN, confirming the theoretically predicted 2D
configuration. Their chemical composition was investigated using x-ray photoelectron
spectroscopy (XPS) and energy-dispersive x-ray spectroscopy (EDX).

However, the growth process is highly sensitive to various parameters, including the
base pressure in the UHV chamber, the energy of nitrogen ions, the particle flux from
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the sources, the substrate temperature, and the incident angle of nitrogen ions during the
nitridation of gallium.

To further investigate these factors, I focused on the influence of ion incidence angle
in my bachelor’s thesis [33]. Using the same LTDE growth procedure, I synthesised 2D
GaN nanocrystals on Si(111) 7x7 substrates and analysed how the angle of nitrogen ion
incidence affects both the dimensions and preferential growth direction of the resulting
structures. Notably, when the ion beam was aligned perpendicular to the substrate surface
during nitridation, etching effects were observed, resulting in nanometer-deep holes formed
beneath the nanocrystals.

In comparison to the bachelor’s thesis, this work focuses primarily on the influence
of nitrogen ion energy on the growth of GaN nanocrystals, aiming to further deepen
the understanding of the LTDE process. In addition, it investigates the effect of ion-
induced etching on both the nanocrystals and the underlying substrate. Structural char-
acterisation was performed using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The optical response of LTDE-grown GaN nanostructures was anal-
ysed via Raman spectroscopy, photoluminescence (PL), and cathodoluminescence (CL)
while their chemical composition was examined using XPS. Additionally, the structure
of GaN nanocrystals was studied using four-dimensional scanning transmission electron
microscopy (4D-STEM). Together, these techniques provide a comprehensive insight into
how growth conditions affect the structure, properties, and stability of 2D GaN nanocrys-
tals. To enable electrical measurements and facilitate the integration of 2D GaN nanocrys-
tals into devices, a dry-transfer process onto a SiOs substrate was performed, exploring
several different techniques.

The structure of this thesis is organised as follows:

The first chapter focuses on the importance of 2D materials for advanced applications.
It introduces the general properties of 2D materials and provides several examples of
commonly studied representatives. In addition, it discusses the methods by which these
properties can be tuned to suit specific applications. Existing applications that already
utilise 2D materials are also reviewed. Finally, the chapter presents an overview of the
typical preparation methods for 2D materials and transfer techniques, which are crucial
for their integration into nanodevices.

The second chapter discusses the key properties of 2D GaN, both those theoretically
predicted and those experimentally measured. It also compares the bulk structure of
GaN with its 2D form and shows the potential applications of 2D GaN nanostructures.
In the second part, various methods for the growth of GaN thin films and nanocrystals
are described, highlighting their main advantages and disadvantages. Finally, the LTDE
method is introduced and compared to these techniques, as it is the primary approach
used in this work.

In the third chapter, the LTDE method adopted for this work is described, including
the modifications made to the growth parameters. The entire LTDE growth process is
outlined step-by-step, beginning with the preparation of the Si(111) substrate and the
formation of the 7x7 surface reconstruction, followed by the deposition of Ga droplets,
and concluding with the postnitridation process.

4



The fourth chapter focuses on the analysis of the nanostructures grown by the LTDE
method. As the work on my bachelor’s thesis continued even after graduation to complete
the experiments on the effect of the nitrogen ion incident angle on 2D GaN nanocrystals,
these results are presented first. The main part of this thesis is then introduced, focusing
on the effect of nitrogen ion energy on the growth of 2D GaN. This analysis combines
topography measurements (SEM, AFM), evaluation of surface cleanliness and chemical
composition via XPS, optical characterisation using Raman spectroscopy, photolumines-
cence (PL), and cathodoluminescence (CL), and crystalline structure using 4D-STEM. In
addition, the experiments exploring the ion-induced etching of GaN nanocrystals and the
Si(111) substrate are discussed.

The final chapter presents the experiments focused on the dry-transfer of 2D GaN
nanocrystals onto a SiO, substrate. Different transfer techniques were tested, including
the use of transparent adhesive tape, polydimethylsiloxane (PDMS) stamps, and common
nail polish, and their effectiveness is compared and discussed.



1. Two-dimensional materials

With the rapid advancement of the electronics and optoelectronics industries, we are
increasingly approaching the physical and technological limits of existing materials |1,
]. The continuous miniaturisation of electronic devices and the growing demand for
higher performance drive scientists worldwide to explore novel materials with unique,
outstanding, and tunable physical properties. Among these, 2D materials have emerged
as particularly promising candidates.
A pivotal moment in materials science occurred in 2004 when A. K. Geim and K.
S. Novoselov experimentally demonstrated the existence of graphene [3]. Their ground-
breaking discovery earned them the 2010 Nobel Prize in Physics [31]. The isolation of a
graphene monolayer through mechanical exfoliation reignited interest in two-dimensional
(2D) materials, which are distinguished by their unique internal structure and exceptional

properties [24, 35, 36]. Although the existence of 2D materials had been predicted in the
previous century [37], free-standing monolayers were long considered thermodynamically
unstable [3, 38]. The discovery of graphene disproved these assumptions and opened

the door to the exploration of other van der Waals materials, such as transition metal
dichalcogenides (e.g. molybdenum disulfide) [20-22], phosphorene [18, 19], or transition
metal nitrides [23-25].

Despite the immense potential of 2D materials, their synthesis and integration into
practical applications remain challenging [39]. However, several fabrication techniques
have been developed to address these obstacles, such as mechanical exfoliation [3, 10-12],
chemical vapor deposition (CVD) [13-15], or molecular beam epitaxy (MBE) [15], and
some applications have already been demonstrated, for example single-layer molybdenum
disulfide (MoS,) transistor [16], or high sensitivity detectors of visible or UV light [%]. This
chapter explores the key physical properties of 2D materials, current synthesis methods,
and their existing applications across various scientific and technological fields. In the
last part, methods to transfer 2D materials will be described.

1.1. Properties of 2D materials

The characteristics of 2D materials differ significantly from their bulk counterpart. Their
structure consists of only a few atomic layers, each with strong covalent in-plane bonding,
held together by weak van der Waals interactions [7, 22]. This low-dimensional nature
gives rise to distinct electronic, optical, and mechanical properties, making 2D materials
highly attractive for advanced applications.

One of the most defining characteristics of these materials is their electronic band
structure, which determines their electronic and optical behaviour [17, 48]. With the
exception of undoped graphene, which exhibits unprecedented properties, most 2D mate-
rials are semiconductors or insulators [18, 20, 23]. The nature of their bandgap directly
influences conductivity and optical absorption, making them promising candidates for
nanoelectronics and optoelectronics. Furthermore, 2D materials display remarkable me-
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chanical properties, including flexibility, strength, and elasticity due to their atomically
thin structure [19, 50]. However, all of these properties are highly dependent on the
material quality and cleanliness, as impurities and defects can significantly alter their
behaviour. By precisely controlling the synthesis process, it is possible to tailor their
properties, unlocking a wide range of possibilities for advanced technological applications.

1.1.1. Tunning the properties of 2D materials

Beyond the intrinsic properties of 2D materials, they offer exceptional tunability. Sev-
eral factors influence their characteristics, including material thickness, defects, doping,
impurities, and strain, all of which will be discussed in the following section.

A major distinction exists between a single monolayer and multiple stacked layers, as
even a slight increase in thickness can significantly alter the material’s electrical, optical,
and mechanical behaviour [51, 52]. Depending on the material, reducing its thickness can
lead to a transition from an indirect to a direct bandgap (or the other way around), along
with a change in bandgap width [53-55].

Defects in the crystalline structure are generally considered undesirable due to their
uncontrollable and unpredictable influence on material properties [56]. Figure 1 shows
a few examples of these defects and dislocations. However, through precise engineering,
these defects can be exploited to fine-tune material characteristics. For example, vacan-
cies (missing atoms in the crystalline structure) can modify the electrical and chemical
properties of the material by inducing an electric potential that alters the electron dis-
tribution [57, 58]. Purposefully engineered vacancies in 2D materials have been shown to
enhance their electrochemical activity, making them promising electrocatalysts for hydro-
gen evolution [59)].

Another approach to modifying 2D material properties is doping, which involves in-
corporating a controlled amount of impurities (dopants) into the material [17]. Doping
plays a crucial role in electronic device fabrication, allowing for the adjustment of key
properties such as carrier mobility. However, doping 2D materials and van der Waals
heterostructures (layered 2D heterostructures) remains challenging, as the introduction
of foreign particles can damage the atomically thin layer [(1]. To address this issue, re-
searchers are developing advanced techniques, such as remote-controlled charge transfer
from molecular dopants [62] and laser-assisted doping [63]. Despite efforts to achieve a
clean synthesis, unwanted impurities are inevitable. The objective is to minimise their
presence while ensuring that only the desired dopants remain.

Strain engineering offers another method for tailoring the properties of 2D materials.
Without the external strain applied, most 2D materials share a honeycomb-like Bravais
lattice defined by primitive unit cells and a set of basis atoms [17]. However, applying
external strain deforms this lattice, leading to macroscopic changes that influence the
material’s microscopic properties, including its electronic band structure [64—67]. For in-
stance, density functional theory (DFT) calculations predict that increasing tensile strain
in a MoS, monolayer results in a decreased bandgap width, and even suggest that a tran-
sition from semiconductor to metallic behaviour could be achieved under extreme strain
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a) Point defects b) Edge dislocation

Substitutional atom
Vacancy

Interstitial atom

¢) Stacking fault d) Grain boundary

Figure 1: The schematic of crystalline defects and dislocations: a) point defects, b) edge
dislocation, c¢) stacking fault, d) grain boundary. Adapted from [60)].

[68]. Similarly, for graphene, the application of external strain can induce a bandgap in its
otherwise gapless electronic structure, overcoming a major limitation for optoelectronic
applications [69].

Even with their unique properties, free-standing monolayers of 2D materials are often
challenging to utilise directly [70, 71], because they are commonly incorporated into van
der Waals heterostructures, where they interact with other 2D or bulk materials [51,

, 71]. Interface engineering expands the potential applications of 2D materials, as
different stacking configurations yield distinct heterostructure properties. However, this
process tunes the properties of the heterostructure rather than the 2D material itself.
The interface between a 2D material and its substrate is particularly crucial for material
growth. If the lattice constant of the substrate differs significantly from that of the 2D
material, the resulting monolayer may exhibit poor quality, or may not form at all [72,

|. Thus, the choice of substrate is critical in ensuring high-quality material synthesis.

By employing the aforementioned techniques, researchers can design customised mate-
rials tailored for specific applications. The extraordinary intrinsic properties and versatile
tunability of 2D materials make them one of the most exciting topics in modern materials
science.
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1.1.2. Examples of 2D materials and their properties

Since the discovery of graphene, numerous other 2D materials have been identified, char-
acterised, and integrated into various applications, and many more are still being discov-

ered today. Some of the most prominent 2D materials include graphene [3], graphene-like
materials (such as phosphorene [18], silicene [74], and germanene [75]), transition metal
dichalcogenides (TMDs) [70], and transition metal nitrides (TMNs) [24]. Their funda-

mental properties will be discussed in the following sections.

However, it is important to note that the reported properties of 2D materials can vary
significantly due to differences in growth methods, measurement techniques, and theoreti-
cal calculation approaches. These variations may lead to inconsistencies in reported values
and characteristics for the same material, highlighting the need for careful interpretation
and standardised methodologies in experimental and theoretical studies.

Graphene

A single layer of graphite, composed of carbon atoms arranged in a honeycomb lattice, is
considered the marvel of 2D materials. Its unique combination of exceptional electronic
and mechanical properties makes graphene stand out. In its electronic band structure,
the conduction and valence bands meet at a single point known as the Dirac point [17].
Near this point, the energy bands form a conical shape, and the charge carriers behave like
massless relativistic particles with an effective speed of cop ~10° m/s [35]. This relativistic-
like behaviour of electrons gives rise to remarkable phenomena such as the anomalous
quantum Hall effect [77, 78].

Graphene exhibits extremely high electron mobility at room temperature, typically
exceeding 2000 cm?/V - s [35]. Due to its large lateral extension and strong field-effect
response, graphene can be contacted relatively easily [3, 35]. With recent advancements in
graphene preparation techniques, the purity and crystalline quality of monolayers have im-
proved significantly, further enhancing carrier mobility, often surpassing 200 000 cm?/V - s
[79, 80]. These outstanding electrical properties, combined with the ease of tuning the
Fermi level through doping, make graphene a highly promising material for applications
in field-effect transistors (FETs) [21-83].

When reduced to a single atomic layer, graphite becomes highly transparent, with
transparency decreasing linearly with thickness [35]. The unique combination of high
electrical conductivity, mechanical strength, chemical stability, and optical transparency
makes graphene an ideal candidate for transparent electrodes in devices such as solar
cells [13, 81, 85]. Graphene also has extraordinary mechanical properties, it possesses a
Young’s modulus of approximately 1000 GPa and exhibits high flexibility [36, 87].

Graphene analogues

A few years after the experimental isolation of graphene, a wide range of graphene-like
materials was discovered. One of the earliest was phosphorene, a monolayer of black
phosphorus, which shares the same honeycomb lattice structure as graphene but differs
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significantly in geometry due to its nonplanar, ridged surface [18, 19, 88]. Phosphorene
exhibits two principal crystallographic orientations: armchair and zigzag. Its intrinsic
anisotropy governs its electrical, optical, chemical, and mechanical properties, making it
particularly attractive for next-generation nanodevices [15, 19].

Like other 2D materials, phosphorene features a tunable bandgap width ranging from
0.3eV [18] to 2.0eV [36]. It offers a balanced set of material properties that often addresses
the limitations of other 2D systems. For example, while graphene exhibits the highest
carrier mobility among 2D materials, its zero bandgap width results in a low on-off current
ratio [13], hindering its use in FETs. Phosphorene, on the other hand, combines moderate
carrier mobility of approximately 1000 cm?/V - s [18, 36, 89] at room temperature with a
high on-off ratio in the range of 10® to 10° [00], making it an ideal candidate for FETS,
solar cells, and other optoelectronic devices.

Silicene [71] and germanene [75] (monolayer forms of silicon and germanium, respec-
tively) have also gained significant attention due to their semiconducting behaviour and
potential to exhibit the quantum spin Hall effect [75, 91, 92]. Their structures are remi-
niscent of phosphorene, leading to anisotropic material properties [74, 75]. However, both
silicene and germanene are chemically unstable in ambient conditions and degrade rapidly
once removed from UHV environments [93, 91]. Despite this limitation, techniques such
as passivation or encapsulation have been developed to stabilise these materials [95, 96],
enabling their use in various nanodevices.

Transition metal dichalcogenides

Two-dimensional forms of TMDs are promising alternatives to graphene and may even
surpass it in some applications, thanks to their remarkable versatility, which spans from
metallic (e.g., niobium disulfide (NbSy) and vanadium diselenide (VSe;)) to insulating
(e.g., hafnium disulfide (HfS,)) [76, 97, 98] behaviour. The monolayer structure of TMDs
with the general formula MX, (where M is a transition metal from groups IVB to VIII and
X corresponds to S, Se, or Te) [97] consists of three atomic layers bonded in an X-M-X
configuration via covalent bonds. These monolayers are typically a few angstroms thick
and are stacked by van der Waals interactions, making isolation of individual layers feasible
07].

TMDs feature a tunable band structure that varies with the number of layers. Their
broad compositional variety results in a rich palette of electrical, optical, and mechan-
ical properties. A well-known example is MoS,, first described by L. Pauling in 1923
[37], which has a direct bandgap of 2.16eV in monolayer form [99]. In contrast, bulk
MoS, exhibits an indirect bandgap of 0.88¢V [76]. Metallic phases of 2D TMDs offer
excellent electrical conductivity and act as efficient trapping sites for photogenerated
charges—properties that are advantageous in photocatalysis, where they can enhance
quantum efficiency [95].

Mechanically, TMD monolayers rank among the most flexible yet stiff materials known.
Compared to their bulk counterparts, ultrathin TMD films typically exhibit a higher
Young’s modulus and greater breaking strength, owing to the reduced number of defects
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and stacking faults [22]. Furthermore, TMDs are ideal candidates for strain engineering
[76, ]. Tensile strain applied to these materials modifies key characteristics such as the
bandgap, charge carrier localisation, and effective mass, allowing for fine-tuning of their
physical properties for targeted applications [70, ].

Transition metal nitrides

The group of TMNs is primarily known for its wide bandgap properties [22, 24, ]. Key
representatives include boron nitride (BN) [24], aluminium nitride (AIN) [102], indium
nitride (InN) [103], and GaN [29]. GaN, being the primary focus of this thesis, is discussed

in detail in Chapter 2.1.

These TMNs share several structural characteristics. They all adopt a stable hon-
eycomb lattice similar to that of graphene, consisting of alternating nitrogen and metal
atoms (B, Al, Ga, or In) [22, 101]. Strong in-plane covalent bonds ensure structural in-
tegrity, while weak van der Waals forces act between the layers. The bandgap width, in
the absence of defects and impurities, decreases with increasing atomic mass from approx-
imately 5.95eV for hexagonal boron nitride (h-BN) [24, 104] to around 1.2¢eV [105] for
hexagonal indium nitride (h-InN), spanning from excellent insulators to semiconductors.
While h-BN has been widely studied and implemented, 2D AIN and InN have primarily
been investigated theoretically, with experimental realisations remaining a challenge [102,

.

Bulk boron nitride is notable for its exceptional properties: high mechanical strength,
chemical and thermal stability, and low dielectric constant, making it a superb electrical
insulator [1006, |. These characteristics have led to widespread applications including
thermal management in electronics, lubricants, adhesives, cosmetics, and water purifica-
tion [101, 107-109].

Hexagonal boron nitride (h-BN) is the most stable form of BN [110]. Unlike graphene,
h-BN is a polar material due to the difference in electronegativity between B and N atoms,
which gives rise to anisotropic properties [111]. The strong B-N bonding contributes to
its outstanding mechanical durability and thermal insulating capabilities [I11]. h-BN is
also chemically inert, making it ideal for protective coatings in aggressive environments
[107, , . Moreover, it is biocompatible, opening opportunities for medical and
biological applications [107].

The bandgap width of h-BN, which ranges from approximately 4.0eV to 6.0eV [21,

] depending on thickness and defects, can be modulated through doping or defect engi-
neering. The monolayer typically exhibits a direct bandgap of around 6eV [114], placing
it among the strongest 2D insulators. Despite having low absorption in the (250 -900) nm
wavelength range, h-BN shows significant absorption in the deep ultraviolet (UV) region
(200 -220) nm [L 15, 116].

Finally, monolayer h-BN boasts a remarkable Young’s modulus close to 1.0 TPa [114],
placing it among the stiffest known materials on par with diamond [117].
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1.2. Applications and limitations of 2D materials

The driving force in nanotechnology continues to be the semiconductor industry, still
predominantly reliant on silicon [I, 2]. However, the search for a next-generation ma-
terial that could surpass silicon and further advance semiconductor devices is ongoing.
Among the strongest contenders are 2D materials [/, 5]. With their exceptional prop-
erties, including high carrier mobility, tunable bandgaps, large on-off ratios, mechanical
strength, and chemical resistance, 2D materials are poised to revolutionise fields such as
nanoelectronics, optoelectronics, biomedicine, surface coatings, and chemical sensing [52].

Despite their remarkable potential, the practical application of 2D materials faces
several challenges. One of the most significant hurdles lies in the complexity of their
synthesis. The growth of high-quality, stable 2D materials requires precise control over
critical parameters such as surface flatness, cleanliness, and defect density. Moreover,
many 2D materials are highly sensitive to environmental exposure. Although they are
often synthesised in UHV conditions to ensure ideal growth, these materials frequently
degrade, corrode, or undergo phase segregation once removed from such controlled envi-
ronments.

To address these limitations, researchers are developing advanced growth techniques
and protective strategies, as discussed in Chapter 1.3. These efforts are crucial for en-
abling the practical deployment of 2D materials across various industries. This section
will explore both the current and emerging applications of 2D materials, alongside the
remaining obstacles to their broader integration into technology.

The most common way to harness the unique properties of 2D materials is through the
fabrication of van der Waals heterostructures, stacks of atomically thin layers held together
solely by weak van der Waals forces [51]. By the combination of different monolayers in a
defined sequence, it is possible to engineer artificial materials with tailored and often novel
electronic, optical, or mechanical properties. These heterostructures enable functionalities
that are unachievable in individual layers alone. However, the vast potential of such
layered systems is constrained by current fabrication methods, including limitations in
growth techniques, the complexity of transferring delicate nanocrystals or nanosheets,
and, to some extent, the creativity of the researchers designing them.

The core components of most semiconductor-based nanodevices are field-effect tran-
sistors. FETs are three-terminal devices composed of source, drain, and gate electrodes
[118]. A semiconductor channel connects the source and drain, while a dielectric layer
insulates the channel from the gate. The voltage applied to the gate modulates the flow
of electrons through the channel, thereby controlling the current between the source and
drain. However, as the channel length is reduced in pursuit of device miniaturisation,
short-channel effects become dominant [18]. One major consequence is an increase in
off-state currents, where charge carriers continue to leak through the channel despite the
application of a suppressive gate voltage, leading to current leakage [0]. To mitigate these
effects, novel materials and device architectures are being explored. The integration of
2D materials into such systems enhances their performance, reduces device dimensions,
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and enables new functionalities, making them promising candidates for next-generation
nanoelectronics.

The 2D materials commonly used in FET devices include graphene, h-BN, TMDs,
phosphorene, and silicene. While graphene exhibits exceptional carrier mobility, its in-
trinsic zero bandgap width limits its use in FETs without additional doping or bandgap
engineering. In contrast, materials such as MoS,; and phosphorene are more suitable, as
they can be isolated in monolayer form with minimal surface roughness and a low density
of dangling bonds. When combined with h-BN as a dielectric layer, these materials exhibit
almost no interface traps, further enhancing device performance. Key material properties
essential for FET applications include high carrier mobility, a large on-off switching ratio,
and strong drive current, criteria that TMDs, phosphorene, and silicene fulfil. Notably,
the first single-layer MoS, transistor demonstrated a carrier mobility of approximately
200 cm?/V - s [16] and an impressive on-off ratio of 10® [10], underscoring the potential of
2D materials for advanced nanoelectronic devices.

Arranging transistors into arrays creates complex circuits known as integrated circuits,
which are fundamental to the semiconductor industry. A significant milestone in the
integration of 2D materials into these circuits was the development of a 1-bit processor,
composed of 115 2D material-based transistors [7]. This breakthrough highlights the
potential of 2D materials in practical applications. Moreover, recent advances have made
it possible to fabricate large-scale and flexible FET arrays [119]. In addition, high-density
memristors based on 2D materials have been developed, offering promising capabilities
for information storage.

The diverse bandgap widths of 2D materials make them ideal for broadband pho-
todetection. Narrow bandgap 2D materials, with bandgap energies lower than 1eV, are
well-suited for infrared detection. TMDs such as MoS,, tungsten disulfide (WSs), molyb-
denum diselenide (MoSes), and their heterostructures hold promise for infrared optoelec-
tronic applications [15]. The wide bandgap materials like gallium sulfide (GaS), gallium
selenide (GaSe), or germanium selenide (GeSe), on the other hand, present excellent po-
tential for highly sensitive visible and UV detection [3]. The spectrum of wavelengths that
2D material-based photodetectors can detect spans from 0.3 THz to 10'° THz, covering
the range from infrared to near UV.

In addition to light detection, 2D materials are also utilised in light-emmiting devices
(LEDs). Their wide spectrum of diverse materials meets the specific requirements of op-
toelectronic devices. By creating such stacked devices containing graphene, phosphorene,
or TMDs, researchers aim to improve charge transport and extraction, performance, and
interface stability [9].

Renewable energy is currently a widely discussed issue, and nanodevices capable of
harvesting light from the Sun are being rapidly developed. The implementation of 2D
materials plays a crucial role in enhancing the performance of solar cells and energy storage
nanodevices. Transparent conductive electrodes are key components of photovoltaics,
as they determine the amount of light that passes onto the photoactive layer. Unlike
conventional electrodes, the transportation of generated charge carriers to the external
circuit is ensured by the electrical conductivity of the transparent electrode. 2D material-
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based electrodes do not suffer from low flexibility and high structural defects, and their
tunable optical and electrical properties offer unique solutions to the limitations of current
green energy devices [10].

Detection of biomolecules is the cornerstone of disease diagnostics, environmental mon-
itoring, or food safety [11, 12]. Electrochemical biosensors, which are based on conven-
tional FETs, benefit from the enhanced performance of transistors, thus increasing the
effectiveness of biosensors. This is another crucial application of 2D materials. As the
medical and environmental fields progress rapidly, the requirements for biosensors are
growing. These devices must offer high selectivity, sensitivity, and stability while main-
taining cost-effective qualities that 2D materials can provide. Graphene, TMDs, and
phosphorene are actively being explored for biosensing applications [13]. For example, a
single-layer MoSs demonstrates extraordinary sensitivity for detecting trace amounts of
hydrogen peroxide (HyO5), which are secreted by A549 cancer cells in vivo [11].

Composite materials based on graphene or h-BN exhibit exceptional mechanical prop-
erties, such as enhanced tensile strength and elasticity. These polymeric composites
proved effective for high-strength applications [16]. Additionally, graphene has shown
the ability to delay the diffusion process during combustion in gases, significantly reduc-
ing flammability [120]. This property has led to the use of graphene as a coating material
for fabrics, improving their fire resistance [17].

1.3. Preparation of 2D materials

The preparation of free-standing low-dimensional nanostructures or films presents nu-
merous challenges, with various factors influencing the final outcome. To address these
challenges, several techniques have been developed. Broadly speaking, the preparation of
2D materials follows one of two main approaches: top-down or bottom-up.

The top-down approach involves reducing a bulk material into a low-dimensional form
by exploiting the weak van der Waals interactions between layers. Its simplicity and
cost-effectiveness make it an attractive option, often preserving the intrinsic properties
of the material. However, this approach may introduce structural imperfections or limit
scalability [121].

In contrast, the bottom-up approach constructs 2D nanostructures and films atom
by atom or molecule by molecule, enabling greater control over structure and composi-
tion. Nevertheless, the requirements for bottom-up synthesis are much more demanding.
Factors such as material purity, temperature, substrate type, crystalline structure, and
pressure play a crucial role in determining the success of the growth process [121].

In the following sections, key methods for the isolation and synthesis of 2D materials,
such as mechanical exfoliation, CVD, and MBE, will be discussed.

1.3.1. Mechanical exfoliation

The mechanical exfoliation, being the first successful method used to isolate a stable
monolayer of graphite, remains the simplest method to prepare various 2D materials [3].

13



1.3. PREPARATION OF 2D MATERIALS

The genius of exploiting the weak van der Waals interactions between layers is achieved by
applying Scotch tape to the surface, exerting a normal force, and leaving multiple layers of
the material on the tape. By repeatedly applying the normal force onto the bulk surface,
the material gets thinner and thinner until only a monolayer, at best, a few layers remain.
The schematic of the mechanical exfoliation process is shown in Figure 2. Exfoliating the
monolayers from the bulk material results in high-quality, clean, and large-area 2D flakes.
Not only graphene but also other graphene-like materials are prepared using this method,
such as MoS, or tungsten diselenide (WSey) [10].

Mechanical exfoliation, as elegant and easy as it seems, has numerous limitations. The
thickness of the final flake is almost uncontrollable, and one must be skilled and lucky
enough to obtain a homogeneous monolayer. Additionally, the exfoliation process is time-
consuming and labour-intensive, which complicates the implementation of this method
into the industry. To overcome these challenges, multiple modifications and setups were
introduced. For example, Jayasena et al. [12] suggested trimming the bulk material
into a pyramid shape and embedding it in epoxy. Afterwards, a sharp diamond wedge

a) b)

Scotch tape P —
Growth substrate 2D material &
d) 9
——7

|
I\

Target substrate

Figure 2: The mechanical exfoliation process: a) Scotch tape is applied on the bulk
material on the growth substrate. b) The pickup is performed by lifting the tape from
the surface. ¢) The tape with the bulk material is placed on the target substrate. d) By
repeatedly sticking the tape onto the target substrate, the bulk material is thinned down
to a 2D material. Adapted from [122].
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mounted on the ultrasonic oscillation system exfoliates monolayers from the pyramid-
shaped material.

To enable the large-scale production of 2D material flakes, a method utilising son-
ication was developed. This method is based on dispersing graphite powder in specific
organic solvents followed by sonication and centrifugation, resulting in a low-concentration
graphene dispersion. This exfoliation method proved successful, however, it exhibits two
vital imperfections. The number of defects in the monolayer is higher than desired, and
the sonication process does not affect all areas equally, creating flakes of different thick-
nesses [11].

Many other useful methods of acquiring single-layer materials inspired by mechanical
exfoliation are being developed, such as the ball milling technique [123] or fluid dynamics
method [11]. Where one approach fails to satisfy the expectations, the other one fulfils
them, and the other way around. Nevertheless, mechanical exfoliation is still the essential
and commonly used top-down technique for the preparation of monolayers.

1.3.2. Chemical vapor deposition

A leading technique for the bottom-up growth of 2D materials is CVD. The fundamental
principle of the CVD method involves the adsorption of volatile precursor molecules onto
a heated substrate, undergoing a chemical reaction, creating a thin film or a thin flake
[13—15]. The schematic of the CVD system is shown in Figure 3. There is a strong corre-
lation between the parameters set in CVD and the properties of the final 2D materials.
Parameters such as the temperature of the substrate, chamber pressure, source-substrate
distance, and gas molecule flow rate greatly influence the thickness, size of the nanos-
tructures, morphology, and orientation. Therefore, precise control of these parameters is
crucial for achieving the desired 2D nanostructure. Unlike the conventional CVD methods
to grow silica, tungsten, etc., the approaches were modified to grow high-quality, large-
area 2D materials. The modification of the CVD method called metal-oxide chemical
vapor deposition (MOCVD) [124] will be mentioned in the following text.

MOCVD is a technique that enables the growth of large-area thin 2D films on various
substrates using metal-oxide precursors such as trimethylgallium or trimethylaluminum.

Precursors

Carrier gas ——>Purge

Precursors

Figure 3: The schematic of CVD system. Adapted from [11].
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The advantages of such metal-oxide precursors are reasonable vapor pressures for CVD
growth at room temperature, high purity, cost-efficiency, and low toxicity. Nonetheless,
many metal-oxide precursors that meet the purity and vapor pressure expectations are
highly reactive, even pyrophoric. The toxicity and reactivity of some precursors require
for cautiousness while growing the 2D materials via the MOCVD method. Therefore,
using the MOCVD approach requires special safety measures, making the 2D material
growth process more complicated and expensive. Similar to the CVD method, precursor
molecules decompose and are adsorbed on the heated substrate surface. Afterwards, they
fully decompose and are desorbed. The particles move around forming thin nanostructures
and films, replicating the crystalline structure of the substrate. The growth of highly
oriented, large-area MoSy and WSe, was achieved, and the MOCVD method is considered
to be the most favourable 2D material growth method for industry [15, 124].

1.3.3. Physical vapor deposition

A different technique based on vapor deposition called physical vapor deposition (PVD)
is an alternative for the growth of high-quality oxide films in a high-vacuum environment
[125]. The growth is realised via pulse laser deposition (PLD), or sputtering. The laser
energy is a key parameter for the vaporisation of the target. Typically, UV lasers with a
wavelength of around 248 mm are used. The PLD approach is best suited for insulators
because of the high reflectivity and thermal conductivity of semiconductors and metals,
which results in low energy adsorption from the laser into the substrate. Therefore,
this technique proved to be efficient in the growth of amorphous BN films as well as
graphene and TMDs. On the other hand, sputtering PVD uses ion bombardment of the
high-purity target instead of a laser. The incoming ions interact with the target surface
atoms, creating a vapor of solid material at low temperature. The major advantage of the
sputtering approach is that the 2D material can be directly grown from its bulk equivalent.
This method is favourable for the growth of WS,, MoSe,, and other TMDs [15, 125].

1.3.4. Molecular beam epitaxy

MBE is a bottom-up technique used for the epitaxial growth of thin films and nanostruc-
tures of various 2D materials. The schematic of the MBE system is shown in Figure4.
Epitaxial growth is the process of depositing 2D films with a crystalline structure similar
to a substrate. The growth is realised inside a UHV chamber, and the substrate is heated
to the desired temperature. The material to be deposited onto the substrate located in
effusion cells is heated, creating a beam of molecules. These molecules have a high mean
free path, resulting in minimum collisions between the particles. The precursors reach
the substrate and react together, creating the desired thin films or nanostructures. Thin
films of molybdenum ditelluride (MoTey) or MoSs were successfully developed by the
MBE approach. Additionally, TMDs at the wafer scale were grown by MBE as well as a
monolayer of h-BN [415].
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Fluorescent

screen

UHV

Effusion cells Sample

Figure 4: The schematic of the MBE system with reflection high-energy electron diffrac-
tion and a fluorescent screen to detect the RHEED signal for precise control over the
thickness of the deposited layers. Adapted from [33].

MBE exhibits several advantages for the large-area, high-quality thin films and nanos-
tructures. The UHV environment ensures a high mean free path of deposited particles
and minimises the impurities that could appear during the growth process. Additionally,
UHYV enables the use of in-situ electron diffraction techniques to monitor the growth of
2D materials and the state of the substrate surface. The high-purity precursors placed in
effusion cells are vital for the low-defect thin films. Lastly, the very slow deposition rate
of precursors (generally a few A per minute) allows for precise control over the thickness
of the final film or nanostructure. Although the MBE approach proved to be effective
in the epitaxial growth of 2D materials, it is mostly used for research and development
purposes. The requirements for UHV systems are difficult to fulfil, and the growth is
sensitive to various factors, which complicates the industrial applications.

1.4. Transfer of low-dimensional structures

Even though 2D materials can be grown directly on various substrates, the original growth
substrate is often unsuitable for further use, for example, due to its conductive properties.
As a result, thin films often need to be transferred onto a different substrate for subsequent
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characterisation, device fabrication, or integration into van der Waals heterostructures [51,

|. The material must be carefully detached from the original substrate and transferred
without introducing additional impurities, defects, or mechanical damage. The transfer
process is therefore a crucial step in the fabrication of high-quality 2D material-based
devices, and the efficiency of the transfer has a direct impact on the electrical, optical,
and mechanical integrity of the material.

There are two primary methods for transferring 2D materials: wet-transfer and dry-
transfer. In the wet-transfer approach, the material is typically covered by a polymer
support layer and released from the original substrate through chemical etching or disso-
lution [126]. This method is widely used due to its simplicity and effectiveness. However,
etching solutions can sometimes damage or contaminate the 2D material, and the transfer
process may introduce residues or wrinkles, which reduce the final quality of the thin films
or nanostructures. On the other hand, dry-transfer methods minimise the use of chem-
ical solutions and rely instead on mechanical or thermal release mechanisms [126—125].
As a result, dry-transferred materials often exhibit fewer impurities and less structural
damage, making this approach particularly suitable for the fabrication of van der Waals
heterostructures, where high-quality interfaces are crucial. Each method offers distinct
advantages and presents different challenges, depending on the intended application. The
specific techniques and uses of both approaches will be described in the following sections.

1.4.1. Wet-transfer

In the wet-transfer approach, the sample is covered by a polymer protective layer, and
the 2D material is removed from the substrate by chemical etching or dissolution. A
polymer commonly used in the wet-transfer of 2D materials is polymethyl methacrylate

(PMMA) [129, 130]. The process of 2D material transfer using the PMMA layer is shown
in Figure5. The polymer serves as a protective barrier, preventing mechanical damage
to the delicate 2D structure during handling [126]. In the first step, a layer of PMMA

is spin-coated onto the synthesised 2D material on the original substrate, fully covering
the surface. The substrate is then immersed in an etching solution, which removes the
substrate material and releases the PMMA film with the 2D material attached, allowing
it to float freely in the solution [1206].

Next, the PMMA /2D material stack is transferred to deionised (DI) water to rinse
away residual etchants. The floating film is then carefully scooped onto the target sub-
strate, aligning it as needed. Finally, the PMMA is removed, typically using an organic
solvent such as acetone, leaving the 2D material adhered to the desired substrate [120].

This method enables the transfer of 2D materials onto virtually any desired target
substrate, as the protective PMMA layer minimises mechanical damage during handling
[126]. Moreover, it has been reported that large-area transfers, up to 4-inch wafer-sized
films, can be achieved, making the technique promising for industrial-scale applications
[131, ]. However, a major drawback lies in the incomplete removal of residual PMMA,
which can remain on the surface even after solvent treatment [133]. These residues may
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Figure 5: Schematic of wet-transfer process using PMMA protective layer. Adapted from

[120].

degrade the electrical and optical properties of the transferred material, limiting its per-
formance in sensitive applications.

To achieve complete removal of PMMA residues, additional processing steps are often
required. Various strategies have been proposed to enhance the electrical and optical
properties of transferred 2D materials, including extra etching stages, surface treatments,

solvent concentration control, and thermal annealing [131-136]. However, each of these
steps increases the overall complexity of the wet-transfer process and may limit the choice
of compatible target substrates [126]. Despite these efforts, PMMA residues are rarely
eliminated entirely, which continues to pose a challenge for high-performance device ap-
plications.

The use of alternative polymers, such as pentacene [137], polyvinyl alcohol [138], or
polyvinyl carbonate [139], as protective layers in place of PMMA has been explored.

Nonetheless, these polymers often form strong bonds with the 2D material, making the
complete removal extremely challenging [126]. In some cases, polymer molecules may
also unintentionally dope the material, leading to unwanted alteration of its properties.
More recently, a residue-free wet-transfer method utilising paraffin [110] and rosin [111]
has been introduced. Despite its promising results, the residue-free transfer requires
additional solvents and is limited to smaller transfer areas, rendering it unsuitable for
large-scale or industrial applications [126].

1.4.2. Dry-transfer

In contrast to the wet-transfer approach, dry-transfer methods do not require the use
of liquid solvents, thereby minimising contamination of the 2D material. These tech-

19



1.4. TRANSFER OF LOW-DIMENSIONAL STRUCTURES

niques rely on mechanical forces, thermal release, or van der Waals interactions to pick
up and relocate the material. It exploits the difference in adhesion between the original
and target substrates—if the 2D material adheres more strongly to the target substrate,
the transfer proceeds with minimal mechanical damage. Because dry-transfer techniques
avoid direct solvent exposure, they are especially well-suited for applications that demand
high structural integrity and clean interfaces, such as the fabrication of van der Waals
heterostructures or sensitive electronic devices [126-125].

Polydimethylsiloxane transfer

The commonly used polymer for dry-transfer methods is polydimethylsiloxane (PDMS),
a representative viscoelastic material. PDMS is widely chosen due to its combination
of elasticity, flexibility, and transparency, which makes it well-suited for handling 2D
materials. By leveraging the elastic properties of PDMS stamps, 2D materials can be
transferred by applying pressure to the growth substrate, which causes the 2D material to
adhere to the stamp. Once on the PDMS stamp, the material can be precisely positioned
onto a target substrate with minimal damage [126, 142, 143].

The surface energy of both substrates and the transfer medium plays a crucial role in
the transfer process. The lower the surface energy of the transfer medium compared to
that of the target substrate, the higher the probability that the 2D material will adhere to
the target substrate, detaching from the PDMS stamp [126]. PDMS exhibits low surface
energy, which greatly increases the likelihood of the 2D material adhering to the target
substrate [111]. Conversely, increasing the surface energy of PDMS enhances its adhesion
to the 2D material on the original substrate, improving the pickup probability. Several
variations of this technique have been developed to optimise the transfer process. For
example, to increase the surface energy of the PDMS, thus the adhesion to the MoS; film,
dimethyl sulfoxide (DMSO) molecules can be vaporised onto the PDMS stamp surface
at high temperatures [115]. Once the PDMS stamp containing the MoS, film is brought
into contact with the target substrate, the temperature is increased to 70 °C, restoring
the natural low surface energy of the PDMS. This allows the MoSs film to remain on the
target substrate with minimal residues and without the need for solvents.

However, the inherently low surface energy of PDMS complicates the transfer process,
as its adhesion to 2D materials may be weaker than that of the growth substrate [128].
To overcome this limitation, the introduction of an intermediate layer is often necessary.
A commonly used interlayer is polyvinyl alcohol (PVA), which is attached to the PDMS
stamp and serves as the primary support layer, while PDMS provides secondary struc-
tural support [116]. Since PVA lacks viscoelastic properties, it cannot ensure uniform
contact and transfer on its own. Therefore, the secondary support of PDMS becomes in-
dispensable, yet this layered setup introduces additional complexity to the overall transfer
process [128].
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Transparent nail polish transfer

While the dry-transfer of 2D materials using PDMS with additional support layers has
proven effective, it presents a significant limitation: the inability to transfer small areas
or individual nanostructures with precision [1417]. To overcome this challenge, a modi-
fied technique enabling selective transfer has been developed. Interestingly, this method
utilises a commercially available nail polish as an adhesive layer [117, ].

Nail polish significantly improves the probability of successful pickup from the growth
substrate, as its adhesion to 2D materials surpasses that of a plain PDMS stamp [147].
However, if not removed properly, it may leave behind residues that could affect the quality
of the transferred material. Despite its seemingly unconventional nature, the method has
shown promising results in the precise transfer of high-quality 2D nanostructures such
as BN [117] or silver telluride (AgyTe) flakes, which I successfully transferred during my
Erasmus at CIC Nanogune in San Sebastian.

The dry-transfer process using nail polish, described in Figure 6, proceeds as follows:
A small piece of PDMS stamp is placed on a glass slide and secured in position using
transparent tape. Then, using a sharp wire or toothpick, a droplet of transparent nail
polish is extracted and deposited onto the tape covering the PDMS stamp. The viscoelas-
tic nature of the PDMS allows for precise control over the contact between the substrate
and the nail polish droplet. The glass slide is then placed on a hot plate and baked at
90 °C for several minutes to cure and harden the droplet, creating an exceptionally sticky
surface [117].

Once prepared, the glass slide is mounted onto a manipulator, enabling precise move-
ment along the x, y, and z axes. Under an optical microscope, the droplet is aligned with
the desired flake or nanostructure on the growth substrate. The glass slide is slowly low-
ered to make contact with the sample, and the stage temperature is gradually increased.
For a successful transfer, the nanostructure must be fully enveloped in the nail polish.
This can be achieved by lowering the glass slide further or by increasing the stage tempera-
ture to approximately 40-50 °C. Once the nanostructure is fully covered, the temperature
is reduced and the glass slide is swiftly and continuously lifted, causing the 2D material
to detach from the growth substrate [117].

After the pickup, the slide is baked again at 90 °C to reflow the nail polish. The glass
slide is then remounted onto the manipulator, and the nanostructure, visible through
the transparent droplet, is aligned with the desired location on the target substrate.
By carefully lowering the glass slide, contact is established, and the stage is heated to
facilitate coverage of the nanostructure by the droplet. Once the coverage is complete,
the temperature is decreased, allowing the nail polish droplet to delaminate naturally
and adhere to the target substrate. The nail polish is then dissolved in acetone, leaving
minimal residue and completing the transfer process [117].

Polymer-free transfer

While polymer-based transfer techniques, such as those utilising PMMA or PDMS, of-
fer reliable support during the transfer process, they often introduce unwanted residues
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Figure 6: Scheme of dry-transfer using nail polish as an intermediate layer: a) Overview
of the components used for the transfer. b—d) Pickup process: The glass slide is lowered to
bring the nail polish droplet into contact with the 2D material. The stage is then heated to
around 40-50 °C to facilitate adhesion. After heating, the glass slide is retracted, lifting
the 2D nanostructure adhered to the nail polish droplet. e—g) Transfer to the target
substrate: The nanostructure is aligned with the desired position on the target substrate.
The glass slide is then lowered, bringing the droplet into contact with the surface. Heating
the stage to 40-60 °C causes the droplet to delaminate. Finally, the glass slide is retracted,
leaving the droplet and the 2D nanostructure on the target substrate. [117]

that degrade the electrical, optical, or structural quality of the 2D materials [133]. To
overcome these challenges, polymer-free transfer methods have been developed [119-151].
These techniques eliminate the need for sacrificial support layers; therefore minimising
contamination and preserving the intrinsic properties of the transferred materials [120].
Polymer-free transfer approaches typically rely on direct mechanical delamination,
electrostatic interactions, or the use of surface tension forces to pick up and release 2D
materials. Although these methods may require more careful alignment and handling,
they offer the advantage of producing ultra-clean interfaces, making them particularly
suitable for high-performance devices and sensitive heterostructure assemblies [120].
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In summary, this chapter highlighted the unique tunability of 2D materials and in-
troduced several widely studied representatives. Their key applications, limitations, and
common synthesis methods were reviewed, along with various transfer techniques. The
following chapter will focus on 2D GaN, examining its intrinsic properties and fabrication
methods.
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2. Two-dimensional Gallium Nitride

From the family of group Ill-nitrides emerges a fascinating material whose 2D form
was discovered only recently [29], GaN. In its bulk form, GaN is one of the most important
semiconductor materials of the modern era, renowned for its exceptional properties [152—

]. With a wide direct bandgap of 3.4 eV [153, 155], GaN emits visible blue light, making
it indispensable in optoelectronic applications [156—158]. Without GaN, the invention of
colored LEDs would not have been possible. In recognition of this achievement, the Nobel
Prize in Physics was awarded in 2014 to the inventors of GaN-based blue LEDs [159].

While bulk GaN continues to receive widespread attention, the study of its 2D coun-
terpart is still in its early stages. The first successful synthesis of 2D GaN was achieved
in 2016 via the migration-enhanced encapsulated growth (MEEG) method [29], which is
described in detail in Chapter 2.2.1. Since this initial discovery, many other methods have
been developed to achieve thin films and nanocrystals of 2D GaN [26-28, 30-32], each
with its own advantages and challenges, which this chapter describes in detail.

Because the synthesis of high-quality 2D GaN remains complex, experimentally deter-
mining its intrinsic properties has proven challenging. As a result, theoretical models play
a crucial role in shaping our current understanding of its behaviour. These predictions
are essential for assessing the material’s potential in nanoelectronic and optoelectronic
applications. Accordingly, the following sections provide a comprehensive overview of
both the predicted and experimentally measured physical and chemical properties of 2D
GaN, followed by a detailed discussion of fabrication methods.

2.1. Properties of 2D GalN

Similar to other 2D materials, 2D GaN is anticipated to exhibit unique electrical, optical,
and mechanical properties [29, , |. However, it is important to consider that the
properties of 2D GaN are highly dependent on the method of its growth. Impurities and
defects in the crystalline structure can significantly affect the material’s characteristics.
Similarly, theoretical predictions of these properties are subject to the calculation methods
used, which can lead to differing results.

The 2D GaN comes from the TMDs group, sharing similarities in crystalline structure
with other representatives. In contrast to its bulk counterpart, which exhibits the wurtzite
structure [162], 2D GaN exhibits the typical hexagonal structure with strong in-plane
covalent bonds both in thin films and nanocrystals [161, , |. However, Kolobov
et al. suggest that the honeycomb structure applies only for the monolayer of GaN
[163]. Multiple layers exhibit an 8|4 bonding pattern referred to as Haeckelite [163, 16].
The comparison of bulk, monolayer, and few-layer-thick GaN is shown in Figure7. In
contrast to the planar honeycomb structure of the GaN monolayer, Haeckelite is not
planar, and the Ga and N atoms are distributed in sublayers. It exhibits two main
crystallographic orientations: armchair and zigzag, the same as phosphorene. In the top
view (x-y plane), they still show the hexagonal structure, but in the side view (x-z plane),
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wurtzite hexagonal 8|4

Figure 7: Comparison of GaN crystalline structures in side view (x-z plane): a) wurtzite
(bulk), b) hexagonal (monolayer), c) 8|4 haeckelite (few layers thick). Adapted from [161].

they form octagonal and square rings. This means that the layers are connected with
covalent bonds and not van der Waals interactions, making it difficult to obtain a GaN
monolayer, in contrast to natural 2D materials such as h-BN or graphene [163, 164].

It is reported that synthesized 2D GaN nanocrystals exhibit a larger interlayer distance

of (3.15 4 0.09) A [28] than that of wurtzite GaN in the range of 2.59 A [165] to 2.70 A
[31]. The lattice parameter of (3.29 4 0.13) A [28] also convincingly differs from the bulk
GaN (3.18 A) [160].

The thickness of the nanostructure and the crystallographic orientation dictate the
mechanical properties of low-dimensional GaN [164]. The resistance to elastic and shear
deformation is represented by Young’s modulus E and shear modulus G, respectively.
The layer modulus v determines the material’s resistance to stretching. The Poisson’s
ratio p indicates the resistance to shear strain, and the anisotropic factor A represents
the anisotropy magnitude. All the values for the monolayer and a few layers of GaN for
both crystallographic orientations are shown in Table 2.1.

For a structure to be stable, it needs to satisfy the Born criteria [167] for shear modulus
G > 0. Both monolayer and multilayer structures fulfil these criteria, thus, their stability
is theoretically ensured [160]. With the increasing thickness of GaN, Young’s modulus
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Table 2.1: Mechanical properties of monolayer and multilayer GaN from [160].

G (N/m> Earmchair (N/Hl) Ezigzag (N/Hl) Harmchair ,U/zigzag Y (N/I’Il) A

1 layer 25.24 105.10 105.04 0.47 0.47 98.45 0.71
2 layers 40.57 175.97 145.53 0.24 0.20 102.81  0.62
3 layers 50.65 247.71 189.57 0.34 0.26 155.25  0.60
4 layers 66.46 335.65 248.34 0.30 0.23 197.30  0.57
5 layers 81.24 413.75 300.59 0.30 0.22 240.28  0.57

increases for both crystallographic directions. The layer and shear modulus increase with
the number of layers as well, suggesting the elasticity of multilayered GaN. The anisotropy
factor A decreases with the GaN thickness, indicating a possible elastic anisotropy caused
by different values of Young’s and shear modulus in armchair and zigzag directions.

As with other TMDs, an ultrawide bandgap was expected for 2D GaN [29, , ].
The bandgap is a key parameter that determines the material’s electrical and optical prop-
erties. Therefore, numerous ab initio calculations, including DFT [163], density of states
(DOS) [29], and other first-principles methods, have been employed to characterise the
bandgap of 2D GaN. Depending on the computational approach used, reported bandgap
values range from 3.1eV [20] to 5.6eV [20], spanning a range from semiconducting to
insulating behaviour. All experimentally confirmed values, obtained via UV-vis spec-
troscopy or ellipsometry measurements, fall within this range [26, 27, 32]. The variability
in bandgap values is primarily attributed to the coexistence of different structural phases
and the varying number of atomic layers in the material [29]. Lower bandgap values are
often associated with highly defective 2D GaN or multilayered stacks [32]. Compared to
bulk GaN, which has a direct bandgap of 3.4 eV [153, 155], the 2D form typically exhibits
a wider gap, while still maintaining a direct transition [20].

Other calculations uncovered that the strong inherent polarisation field present in the
2D GaN causes the amplification of the quantum-confined Stark effect (effect of an exter-
nal electrical field on the absorption and emission of light) [161]. As a result, the bilayer
of 2D GaN emits light of the same wavelength as bulk GaN. However, the monolayer of
GaN emits in the deep UV region, and the uniaxial in-plane strain enables the emission of
linearly polarised light at room temperature for both monolayer and multilayer 2D GaN

[161].

2.2. 2D GaNN preparation methods

To achieve well-defined, high-quality GaN nanosheets or nanocrystals, the preparation
process plays a crucial role. The growth mechanism directly influences the resulting prop-
erties of the nanostructures, making the choice of a specific method highly dependent on
the intended application. Since research on 2D GaN is still in its early stages, current
efforts are primarily focused on synthesising nanostructures suitable for characterising
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electrical, optical, and mechanical properties, rather than targeting specific device inte-
gration.

A variety of growth methods have been explored for the synthesis of low-dimensional
GaN. These methods share a common feature: the bottom-up approach. Due to the
strong covalent bonding throughout the GaN crystal lattice, mechanical exfoliation is not
feasible. As a result, top-down strategies commonly used for van der Waals materials
like graphene or MoS, [3, 10] are not easily applicable to GaN, thus, the main focus is on
bottom-up techniques that can be employed to fabricate its two-dimensional form. In this
section, various methods used to grow GaN nanocrystals and free-standing nanosheets will
be discussed.

2.2.1. Migration-enhanced encapsulation growth

In 2016, the first successful synthesis of 2D GaN was reported by Al Balushi et al. using
a technique known as MEEG, in which graphene plays a crucial role as an encapsulating
layer [29]. The low-dimensional GaN was grown on a SiC(0001) substrate. However,
direct deposition of GaN onto the SiC surface results in the formation of bulk GaN
islands due to the large lattice mismatch and unfavourable surface energy. To overcome
this, the substrate surface is passivated prior to growth to promote Frank—van der Merwe
(layer-by-layer) growth.

The first step of the MEEG process involves the synthesis of epitaxial graphene via the
sublimation of silicon atoms from the surface of the SiC substrate. This epitaxial graphene
is subsequently transformed into quasi-freestanding epitaxial graphene by hydrogenation.
The hydrogen passivates the dangling bonds between the graphene buffer layer and the
SiC substrate, effectively decoupling them and resulting in the formation of a second
graphene layer. This treatment creates a low-energy interface that is suitable for the
subsequent growth of 2D GaN [29].

Next, trimethylgallium (Ga(CHj)s) is introduced into the chamber at 550°C. At
this temperature, the precursor decomposes into Ga adatoms, which diffuse across the
graphene surface and gradually intercalate into the low-energy interface. Once a suffi-
cient Ga layer is formed, the temperature is increased to 675°C, and ammonia (NHj) is
introduced into the chamber. The NH3 decomposes into N atoms that also intercalate be-
neath the graphene, where they react with the intercalated Ga to form a GaN nanosheet.
The whole growth process is shown in FigureS.

After the MEEG process, the graphene layers remain on the substrate. However,
graphene exhibits numerous defects, which act as intercalation sites for Ga atoms. The
presence of these defects suggests strain or structural modifications, indicating interactions
between the 2D GaN layer and the graphene. Additionally, the 2D GaN exhibits strong
covalent bonding with the SiC substrate. As a result, transferring the thin GaN film onto
other substrates becomes extremely challenging, which currently limits the applicability
of MEEG-grown 2D GaN in device fabrication.

Interestingly, it has been suggested that MEEG-grown 2D GaN does not undergo
oxidation upon exposure to air. During the ammonolysis step, nitrogen atoms are hy-
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a) Sublimation b) Hydrogenation

Ga(CHz)3 precursor NHj3 precursor Formation of 2D GaN

Figure 8: Schematic of MEEG method: a) the sublimation of Si atoms from the SiC
surface creating bilayer graphene. b) the hydrogenation and formation of a low-energy
graphene/SiC interface. c¢) introduction of Ga(CHs)s precursor. d) intercalation of Ga
atoms and introduction of NHj precursors. e) formation of 2D GaN at the graphene/SiC
interface. Adopted from [29].

pothesised to replace hydrogen atoms at the Ga/SiC interface, effectively passivating
high-energy surface sites. This substitution helps maintain charge neutrality and con-
tributes to the ambient stability of the 2D GaN film [29].

2.2.2. Graphene-oxide-assisted synthesis

Inspired by the MEEG approach, a novel method for the synthesis of GaN nanosheets was
developed by Changlong et al. specifically for application in lithium-ion batteries as an
anode material [30]. Lithium-ion batteries require materials with high electrical conduc-
tivity and minimal volume change during insertion/desertion processes. 2D GaN exhibits
properties that align well with these requirements, making it a promising candidate for
next-generation battery technologies. In this method, GaN nanosheets are synthesised
via a wet-chemical approach, using graphene oxide (GO) as a supporting substrate. The
role of GO is crucial in the growth of GaN nanosheets, as it serves as a heterogeneous
nucleus for the gallium oxyhydroxide (GaOOH).

The synthesis begins with the anchoring of GaOOH nanocrystals onto the surface
of GO sheets. This is achieved through a homogeneous precipitation method, in which
functional groups on the GO surface facilitate the attachment of GaOOH. To convert
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the GaOOH layer into GaN, the composite is calcined at 600 °C in an NHj atmosphere,
followed by thermal treatment in air [30]. A schematic representation of the graphene-
oxide-assisted growth process is shown in Figure9.

a) GaOOH precursor b) GaOOH + GO  ¢) Freeze drying d) Nitridation + calcination
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Figure 9: The schematic of graphene-oxide-assisted 2D GaN growth. Adopted from [30].

After the removal of the GO layers, uniform hexagonal GaN nanostructures remain,
with lateral dimensions ranging from 1 um to 5 um. The formation of hexagonal wurtzite
GaN was confirmed, with an average thickness of approximately 14.5nm. The resulting
2D GaN nanostructures exhibit high discharge capacity and ultrahigh rate capability,
both essential attributes for efficient lithium-ion battery performance [30].

2.2.3. Growth of 2D GaN single crystals on liquid metals

Although encapsulation-based methods allow for the synthesis of nanometer-thick GaN
films, the investigation of their intrinsic physicochemical properties remains limited due
to substrate interactions and encapsulation layers [29]. To address this, Yunxu et al.
reported the growth of free-standing, single-crystal 2D GaN via a surface-confined nitri-
dation reaction using CVD [31]. In this method, a tungsten foil serves as a substrate onto
which liquid Ga is spread. Tungsten is widely regarded as a suitable platform for the
growth of 2D materials [168, 169].

The process follows a procedure similar to that described in Section 1.3.2. The tung-
sten foil is used as the substrate, over which liquid gallium is spread. The tungsten foil
is then placed into a CVD furnace and heated to elevated temperatures (approximately
1080°C). Urea (CH4N,0) is employed as the nitrogen source and is introduced into the
furnace subsequently. Upon thermal decomposition, urea (CH4N2O) releases nitrogen
species that react with the liquid gallium, leading to the formation of GaN nanocrystals
at the confined surface [31].

Once the 2D GaN nanocrystals are synthesised, a wet-transfer method using PMMA
as a support layer is employed. First, PMMA is spin-coated onto the sample surface, after
which the remaining liquid Ga layer is selectively etched away using hydrogen chloride
(HC1), as only the surface Ga atoms undergo nitridation. This step leaves only the GaN
nanocrystals protected by PMMA. The PMMA /GaN stack is then transferred onto a
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target substrate, and the PMMA layer is removed using acetone, leaving behind the 2D
GaN nanocrystals on the target substrate.

This method successfully yields free-standing GaN single crystals with lateral dimen-
sions of up to 50 um and thicknesses as low as 4.1 nm. Structural analysis confirmed
the formation of the typical wurtzite structure with a hexagonal plane [31]. While this
method demonstrates a viable approach to the synthesis of 2D GaN, the CVD-based pro-
cess involves high temperatures, precursors, and high-pressure conditions, all of which can
introduce impurities or structural defects in the resulting nanocrystals [26, 27].

2.2.4. Two-step method

The growth of 2D GaN is often constrained by the choice of substrate, which complicates
the transfer of nanocrystals or thin films to desired platforms. Furthermore, the crystalline
structure of the substrate must closely match that of the target material; otherwise,
lattice mismatch can introduce significant defects into the resulting GaN nanostructures.
To address this issue, Hongyuan et al. proposed a modified hydrothermal reaction and
ammoniation two-step method that enables the synthesis of 2D GaN without the need
for a growth substrate [32].

In this approach, gamma gallium oxide (7-GayO3) is employed as a precursor due to
its crystalline structure, which facilitates in-situ exchange reactions with nitrogen atoms
supplied by NH3 gas. Moreover, hexagonal 7-GayO3 nanosheets are relatively easy to
synthesise and offer a low-cost alternative, making this method attractive for scalable
production.

The first step in the two-step method for growing GaN nanosheets is the synthesis
of high-quality 7-GasO3 nanosheets via a hydrothermal reaction. An aqueous solution of
gallium chloride (GaCl;) is combined with hydrochloric acid and DI water in a beaker.
Subsequently, CH4N,O, oxalic acid dihydrate (CoH204+4(2H20)), and polyvinylpyrroli-
done (PVP) are added to the solution. The mixture is thoroughly stirred and transferred
into an autoclave. Urea plays a critical role in this step by inhibiting the formation of
gallium hydroxide (Ga(OH)3), which would otherwise interfere with the crystallisation of
v-GagO3. The hydrothermal reaction is carried out at 230 °C, yielding nanosheets with a
thickness of approximately 10 — 20 nm.

In the second step, the synthesised 7-Gay;O3 nanosheets undergo ammoniation to
form free-standing 2D GaN. The nanosheets are placed on a quartz boat in the centre of
a tubular furnace, which is heated to 850 °C under a flow of NH; gas. The nitridation
reaction facilitates the conversion of GayO3 to 2D GaN. After the reaction, the sample
is cooled to room temperature under an argon flow. The complete synthesis process is
illustrated in Figure 10.

The characterisation of the resulting 2D GaN nanosheets reveals a typical multilayer
hexagonal stacking corresponding to the wurtzite GaN crystal structure. However, UV-
vis spectroscopy measurements show an optical bandgap of 3.12eV, which is lower than
the theoretical predictions for 2D GaN [29] and even below the bulk GaN value of 3.4eV
[153, ]. This discrepancy suggests the presence of a high density of defects, likely stem-
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Figure 10: The schematic of the two-step method (the scale was not stated in the original
article). Adopted from [32].

ming from stacking faults between GaN layers [32]. These structural imperfections can
significantly influence the electronic band structure, potentially introducing defect states
within the bandgap. Furthermore, the defects may serve as trapping sites for impurities
introduced during the ammoniation process. While this two-step synthesis method offers
a low-cost and substrate-independent route to 2D GaN, the resulting material quality
remains a significant challenge for practical applications.

2.2.5. Plasma-enhanced chemical vapor deposition

Ammonia is commonly used as a nitrogen source in the growth of 2D GaN [29, 31, 32].
However, its extreme corrosivity and poor cracking efficiency present significant challenges
[170, 171]. As a result, alternative nitrogen precursors that are non-pyrophoric, non-toxic,
and non-corrosive are desirable for the growth of high-quality 2D GaN. Additionally,
precise control over the thickness of GaN films and nanostructures remains a persistent
challenge. To address these issues, Gehui et al. reported the synthesis of subnanometer-
thick GaN films by utilising plasma in a plasma-enhanced chemical vapor deposition
(PECVD) process [27].

The synthesis begins with two Si/SiOy wafers, which are first cleaned using sonication
baths of acetone, isopropyl alcohol (IPA), and DI water. To ensure complete removal
of organic residues and enhance surface purity, an oxygen plasma cleaning step is subse-
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quently employed. A small droplet of liquid Ga is then placed on one of the wafers and
compressed between the two pretreated surfaces on a hot plate at 50 °C, as schematically
illustrated in Figure 11. Due to the oxygen plasma pretreatment, this process results in
the formation of a thin GayOjs layer on the Si/SiO, wafer. The residual liquid Ga is
removed using a cotton swab dipped in TPA [27].

The wafer bearing the thin Ga;O3 layer is then transferred into a PECVD chamber,
where the nitridation process takes place. Instead of conventional NH3, molecular nitrogen
(N2) is used as the nitrogen source. At a process temperature of approximately 800 °C,
the Gay0O3 layer undergoes a nitridation reaction, converting into GaN. Following the
nitridation, the system is cooled down to room temperature under an argon flow.

Si/Si0,

=> O Ga

GaN
oN
o Ga RF coil
N, plasma
[——=1
Sample

Figure 11: The schematic of the PECVD method. Adopted from [27].

Previous studies have suggested that the thickness of the GaN film corresponds to
that of the GayOs3 precursor layer, making it difficult to achieve precise control over
the thickness-dependent properties of the final GaN film [168]. However, in this work,
the resulting GaN film was found to have a thickness of approximately 0.8 nm, which
corresponds to just two atomic layers of wurtzite GaN [27]. Interestingly, the final GaN
thickness was observed to be significantly lower than that of the original Ga;O3 layer, for
instance, an 8 nm thick GayOg3 layer yielded a GaN film only 0.9 nm thick. This suggests
that the nitridation process is accompanied by simultaneous etching.

The nitrogen plasma not only facilitates the nitridation of GayO3 but also etches
the surface layer, enabling the formation of ultrathin GaN. This etching is highly time-
dependent: it proceeds rapidly at first and slows down as the GaN film becomes thinner.
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This slowdown is attributed to the increasing bond strength between GalN and the sub-
strate, which limits further etching. Once the Ga reservoir is depleted, the growth of GaN
ceases, and the film begins to degrade due to continued etching. Therefore, precise timing
is critical. The process must be halted promptly to preserve a high-quality ultrathin GaN
film.

Remarkably, the as-grown GaN film exhibits an ultrawide bandgap of 4.9 eV, signif-
icantly higher than values typically reported for GaN synthesised using ammonia. This
indicates a high crystal quality and suggests that PECVD-grown GaN films are promising
candidates for deep-UV optoelectronic applications. The PECVD technique thus offers
a controllable, ammonia-free pathway for the growth of ultrathin, high-quality 2D GaN

[27].

2.2.6. Sonochemical exfoliation

Even though the mechanical exfoliation of 2D GaN is infeasible due to the strong covalent
bonding between its atomic layers, a modified sonochemical exfoliation technique has
shown promising results in synthesising free-standing 2D GaN nanocrystals [20].

In this method, bulk GaN crystals are first ground into smaller fragments and subse-
quently dispersed in a solvent. The suspension is then subjected to ultrasonic treatment
in a sonication bath for several hours. This process induces cavitation, leading to the
separation of thin layers from the bulk material. The resulting mixture contains both
residual bulk GaN and exfoliated monolayers or few-layer nanocrystals. To isolate the
2D sheets, the solution is centrifuged, and the supernatant, which contains the exfoliated
GaN;, is carefully collected using a micropipette [172].

The choice of solvent plays a critical role in the efficiency of exfoliation [26]. An effec-
tive solvent should closely match the surface energy between the GaN layers to facilitate
exfoliation while preserving structural integrity. Sahu et al. investigated several solvents,
including acetone, IPA, DI water, N N-dimethylformamide (DMF), and toluene. Among
these, IPA yielded the most favourable results, producing the largest and most uniform
free-standing GaN nanocrystals.

The exfoliated 2D GaN nanocrystals exhibit high purity, and their measured bandgap
ranges from 4.7 eV to 5.3 eV, depending on their crystalline structure and thickness. These
wide-bandgap values indicate strong quantum confinement and excellent optical proper-
ties. Consequently, 2D GaN produced via sonochemical exfoliation is considered a promis-
ing material for next-generation thermoplastic and piezoelectric devices, photodetectors,
and emerging technologies such as 6G wireless communication [20].

2.2.7. Low-temperature droplet epitaxy

The droplet epitaxy (DE) method [173, |, typically carried out in a standard MBE
chamber, was adopted and modified by Manis et al. [25] for the growth of GaN nanostruc-
tures. One of the main advantages of DE lies in the precise control over the deposition
environment, as only desired elements are introduced into the UHV chamber. More-
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over, the accurate tuning of the deposition rate enables the fabrication of ultrathin GaN
nanostructures. In their work, Manis et al. proposed a modified DE method for the
low-temperature growth of GaN nanocrystals, known as LTDE [28]. This technique en-
abled the synthesis of planar, triangular GaN nanocrystals with a crystalline structure
distinct from that of bulk wurtzite GaN and instead resembling the theoretical 2D GaN
configuration.

The LTDE growth process consists of four key steps, as illustrated in Figure 12. The
first step is the thermal annealing of the substrate. A single-crystal Si(111) substrate is
used, which is typically covered with a native oxide layer several nanometers thick and
may also contain surface impurities. Therefore, it is essential to anneal the substrate to
remove both the oxide and contaminants.

Carbon impurities, commonly present on the surface, significantly hinder the growth
of 2D GaN nanocrystals by distorting the substrate morphology. To eliminate these im-
purities and generate large, atomically flat terraces suitable for nanocrystal growth, a
flashing routine is employed. The substrate temperature is rapidly increased to approx-
imately 1250 °C for several seconds and then quickly decreased to 800 °C. This cycle is
repeated multiple times until the surface is clean with large atom-high terraces. Impor-
tantly, this treatment induces the 7x7 surface reconstruction, which is reported to be the
only Si(111) surface reconstruction compatible with the growth of 2D GaN nanocrystals.

Following the surface preparation, deposition of Ga atoms is carried out using an
effusion cell. This results in the formation of small Ga droplets on the surface, which
diffuse and merge into larger droplets. During this stage, the substrate temperature is
maintained at 330 °C.

Subsequently, the postnitridation step is performed. The Ga droplets are exposed to a
nitrogen atom/ion source at a steady temperature of 210 °C. As low-energy nitrogen ions
(E = 50eV) impinge on the droplets, N atoms diffuse across the droplet surface toward
the liquid—solid interface, where they react with Ga to nucleate GaN. As the nanocrystal
grows, the Ga reservoir is gradually consumed, and the growth ceases once the droplet is
fully depleted.

The GaN nanocrystals grown by LTDE exhibit high structural purity, primarily due
to the tightly controlled UHV conditions during the process. The triangular nanocrystals
have a thickness in the range of 6-20 nm, depending on the miscut angle of the Si(111)
substrate. Their crystalline structure corresponds to the theoretically predicted form
of 2D GaN. As a result, the high-quality GaN nanocrystals fabricated by the LTDE
method demonstrate considerable potential for future applications in nanoelectronics and
optoelectronics [28].
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Figure 12: The schematic of LTDE method: a) Si(111) with native SiO, layer, b) annealing
of the sample, c) flashing routine to align and clean the surface and creation of 7x7 surface
reconstruction, d) deposition of Ga atoms, e) nitridation of Ga islands, f) growth of GaN
nanocrystals.
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3. The preparation of 2D GalN via

low-temperature droplet epitaxy
(LTDE)

As mentioned in Section 2.2.7, Manis et al. employed the LTDE method to grow high-
quality GaN nanocrystals, demonstrating significant potential for future nanoelectronic
and optoelectronic applications [28]. However, their synthesis relied on a single set of
fixed parameters: nitrogen ions with an energy of 50eV impinging at an angle of 35°
shown in Figure 13. The influence of different postnitridation angles was already explored
in my bachelor thesis [33], revealing notable effects on the shape, size, and overall growth
behaviour of the resulting GaN nanocrystals. Nevertheless, the nitrogen ion energy used
in that work was relatively high, and at normal incidence (0°), the nanocrystals were
etched away completely.

Sample

Atom/ion nitrogen source

(10-200) eV

=]
— |

Figure 13: The angle («) of the atom/ion nitrogen beam relative to the sample surface
normal.

These findings highlighted the need for a more detailed investigation into the role of ion
energy in the postnitridation process. This became the main focus of the present study.
In the following section, the step-by-step procedure for preparing 2D GaN nanostructures
using a modified LTDE approach, with a particular emphasis on varying the energy of
nitrogen ions during the nitridation step, is described.

3.1. The preparation of Si(111) 7x7

The choice of substrate, and in particular, its surface orientation and quality, plays a crit-
ical role in governing the growth behaviour of GaN nanostructures. In order to replicate
the experimental conditions reported in [28, 33], a comparable Si(111) substrate was used.
However, due to material availability, a wafer with a slightly different miscut angle of 0.5°
was selected, instead of the 0.2° and 4.0° wafers employed in the previous studies. The
miscut angle of the Si substrate has been shown to exert a minor influence on the size
and thickness of the resulting GaN nanostructures [28]. As a result, slight deviations in
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the dimensions of the nanostructures produced in this work, compared to earlier reports,
are anticipated.

The Si(111) substrate was mounted into the sample holder (see Figure 14 a), which is
designed for direct current heating within the UHV apparatus. A schematic of the entire
UHYV system is shown in Figure 14 ¢). Before insertion into the system via the load-lock
chamber, the substrate was cleaned using a flow of nitrogen. The sample was placed
in the load-lock chamber, which was sealed and pumped to the UHV system’s pressure
(typically 1077 Pa). It was then transferred from the storage chamber (Karusel) to the
deposition chamber (Figure 14 b) using a magnetic manipulator. This complex UHV setup
enables not only the clean and controlled growth of GaN nanocrystals, but also surface
characterisation via low-energy electron diffraction (LEED) and chemical analysis through
surface-sensitive XPS.

a) b)
Si(111)

Manipulator
Deposition

chamber

Figure 14: The UHV apparatus: a) the photography of the holder used for direct current
heating of the sample, b) the photography of the deposition chamber used for LTDE
growth, c¢) the schematic of the complex UHV apparatus with Karusel for sample storing,
XPS chamber, and LEED chamber.
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The electrical current running through the sample heated it up to 700 °C, as measured
by an optical pyrometer. The sample was annealed at this temperature for at least 12
hours to fully remove the native SiOy layer. Following the annealing process, a flashing
routine was applied. To achieve the Si(111) with 7x7 surface reconstruction, the sample
was initially heated to 800 °C and then rapidly flashed to a maximum of 1380 °C, close
to the melting point of silicon [175], before being quickly cooled back to the original
temperature. This procedure was repeated for 40 cycles, each lasting one minute, while
maintaining the chamber pressure below 2.0 x 107%Pa. After the final cycle, the sample
was slowly cooled down, allowing the 7x7 surface reconstruction to form [28].

In addition to enabling the reconstruction, the flashing routine offers two key advan-
tages: it flattens the surface, producing atomically flat terraces suitable for the growth of
large-area nanostructures, and it removes SiC impurities, which would otherwise inhibit
the formation of extended flat regions.

3.2. The deposition and postnitridation process

Once the Si(111) surface with the 7x7 reconstruction was prepared, the deposition of Ga
atoms was carried out. Ga was deposited using an Omicron effusion cell onto the Si(111)
substrate, forming small Ga droplets upon arrival. The atomically flat surface enabled the
lateral diffusion of these droplets, which subsequently merged into larger Ga islands. Since
a larger Ga reservoir is expected to result in the formation of larger GaN nanocrystals,
ensuring an extremely smooth substrate surface is crucial. To enhance the mobility of Ga
droplets and support their diffusion, the substrate temperature was maintained at 330 °C
during deposition. The process lasted for 50 minutes, with the chamber pressure kept
below 2.0 x 1077 Pa throughout the procedure.

The postnitridation process is realised to obtain the GaN nanocrystals. The chamber
is filled with Ny molecules until the pressure reaches 1.0 x 1074 Pa. Using the atom/ion
nitrogen source developed by our group [176], nitrogen ions are generated and directed
onto the substrate with low energy. The energy of ions used in this work was in the
range of 20 eV to 50 eV. In comparison with the Manis et al. [28] experiment, the nitrogen
source was perpendicular relative to the sample’s surface. During the postnitridation, the
sample was heated at 210 °C.
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4. Characterisation of LT DE-grown
GalN nanocrystals

To characterise the GaN nanocrystals grown by the LTDE method using different
energies of nitrogen ions, several analytical techniques were employed during and after
the synthesis process. First, XPS was used to verify the cleanliness of the substrate
surface following the annealing and flashing routine (described in Chapter 3). As a surface-
sensitive technique, XPS provides information on the chemical composition of the surface;
therefore, spectra were also acquired after gallium deposition and after the postnitridation
step. After removal from UHV conditions, the sample was inspected using an optical
microscope, and its surface topography was further examined by SEM and AFM.

To investigate the optical properties of the GaN nanocrystals, Raman spectroscopy,
PL, and CL were employed. Finally, to gain insight into the crystalline structure of the
nanocrystals, 4D-STEM was used.

The influence of varying nitrogen ion energies during the postnitridation process on
the resulting GaN nanostructures will be thoroughly discussed in the following sections.
Additionally, the effect of the postnitridation angle will be analysed, thereby extending
and completing the findings presented in my bachelor’s thesis [33].

4.1. The effect of different postnitridation angles

In my previous work, which was based on the study by Manis et al. [28], the influ-
ence of the incident angle of nitrogen ions on Ga droplets was thoroughly investigated
[33]. Multiple samples of GaN nanocrystals on Si(111) 7x7 surfaces were prepared and
characterised using SEM and AFM. The nitrogen ion energy was kept constant at 40 eV
throughout the experiments, and the time of deposition and postnitridation was 50 min
and 120 min respectively. The Ga droplets were nitridised using ions with incident angles
of 0°, 25°, 35°, 55° and 80° (as illustrated in Figure 13), resulting in nanocrystals with
varying shapes, sizes, and orientations.

Each resulting nanostructure consists of four distinct domains: the etched Si surface,
the Ga/GaN interface, the GaN nanocrystal, and, if the Ga droplet was not fully con-
sumed, the residual Ga. An example of a nanocrystal nitridised at 25°, along with its
domain structure, is shown in Figure 15. This image corresponds well to the LTDE growth
mechanism described in Section 2.2.7. The nitrogen ions impinge on the Ga droplet (region
C + D) and initiate the formation of GaN clusters, which then slide down the droplet
to the Si(111) substrate (region E), where they nucleate GaN (region B). As the GaN
nanocrystal (region A) grows, the Ga droplet is gradually depleted in the direction of the
nanocrystal, leaving behind a damaged Si surface (region D).

This damage results from a process known as meltback etching, in which Ga etches the
Si(111) 7x7 surface, as reported by Manis et al. [28] and Khoury et al. [177]. Notably,
meltback etching is not observed within the GaN nanocrystal itself, likely because the
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reaction between Ga and the hyperthermal nitrogen ions dominates, delivering Ga directly
to the Ga/GaN interface [28]. Furthermore, the nitrogen beam consists of both N* ions
and Ny molecules, which are believed to suppress meltback etching [177]. Therefore,
meltback etching was observed only in regions shielded from direct nitrogen exposure.

Figure 15: The SEM image of GaN nanocrystal nitridised at 25° with the highlighted
domains: A) the triangular-shaped GaN nanocrystal, B) the Ga/GaN interface, C) the
residual Ga, D) the etched Si substrate, E) the Si(111) substrate. Adapted from [33].

For incident angles greater than 25°, the growth of GaN nanocrystals was significantly
suppressed: either only small nuclei were formed, or the Ga droplets remained unnitridised
altogether. Consequently, the focus shifted to smaller incident angles, which had a more
pronounced effect on the growth of LTDE-grown GaN nanocrystals. The primary differ-
ences between perpendicular incidence (0°) and an angle of 25° were observed in the size,
orientation, and, most unexpectedly, the thickness of the resulting nanocrystals. Based on
SEM contrast, the nanostructures formed at 0° appeared as holes in the substrate, which
was confirmed by AFM measurements (see Figure 16). Instead of thin GaN nanocrystals,
2—4nm deep holes were formed in the Si(111) substrate, exhibiting the same well-defined
triangular shape as the 25° nanocrystals.

Interestingly, this etching of the substrate occurred only in regions where GaN nanocrys-
tals had formed, suggesting a specific interaction between the nanocrystals and the Si(111)
7x7 surface. This phenomenon is unexpected, as the presence of Ny molecules in the ni-
trogen beam should inhibit meltback etching [177]. To further investigate the formation
of these triangular holes, additional experiments were conducted in which nitrogen ions
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Figure 16: The AFM topography measurement of GaN nanostructure nitrided under the
incident angle of 0°. The height profile uncovers the 2 to 4 nm deep holes in the Si(111)
substrate on the edges of the GaN nanocrystal (highlighted by the blue lines and squares).

impacted Ga droplets at incident angles of 5°, 10°, and 15°. Figure 17 shows the SEM
images of all different nitridation angles.

As previously mentioned, incident angles greater than 25° resulted in the formation of
only small GaN nuclei. At 25°, the resulting nanocrystal was well-defined and exhibited
no visible signs of damage. Nevertheless, its size was noticeably smaller compared to those
formed at 0° nitridation angle, with maximal length reaching approximately 480 nm [33].
In contrast, nanostructures produced at normal incidence reached sizes of around 700 nm.
Interestingly, the nanocrystal formed at a 5° incident angle had a size comparable to that
of the 25° nanostructure, indicating that there is little to no direct correlation between the
nitridation angle and the resulting nanostructure size. Instead, the final size appears to be
primarily influenced by the quality of the Si(111) 7x7 surface, particularly its cleanliness
and flatness, as well as the initial size of the deposited Ga droplet.

At a nitridation angle of 25° (as shown in Figure 17), the Ga droplet was not entirely
depleted, suggesting that a longer nitridation time could be applied without compro-
mising the integrity of the resulting nanocrystal. In contrast, for lower incident angles,
the two-hour nitridation process was sufficient to fully consume the Ga droplet. How-
ever, the resulting nanostructures exhibited inhomogeneous contrast, indicating potential
structural damage confirmed by AFM (see Figure 18).

Once the Ga reservoir was depleted, the thinnest regions of the GaN nanocrystal be-
gan to degrade. The borders of the nanocrystals were etched away, leaving only a faint
outline of their original shape. However, for incident angles of 10° and 15°, AFM mea-
surements revealed no substrate depressions deeper than 1 nm, suggesting that damage
to the underlying Si(111) substrate was minimal. It was reported that for the incident
angle of 0°, the damage to the Si(111) 7x7 surface was significantly higher [33].

Moreover, the AFM height profiles indicate that the Ga/GaN interface (region B in
Figure 15) constitutes the highest point of the GaN nanostructure, reaching over 50 nm.
This is consistent with the proposed growth mechanism, in which GaN clusters nucleate
upon ion impact and subsequently slide down the Ga droplet to form the crystalline inter-
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Figure 17: SEM images of GaN nanostructures nitridised under different incident angles
a in the range of 0° to 80° (please note that 15° has a different scale). 0°, 25°) 35°, 55°
and 80° were adapted from [33].
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Figure 18: The AFM topography measurements of GaN nanostructures nitrided under
the incident angle of 10° and 15° with extracted height profiles (colourful lines labelled
with numbers) of damaged GaN nanocrystal, Ga/GaN interface, and a region of depleted
Ga droplet.

face. The GaN nanocrystal then continues to grow from this elevated base. Consequently,
the maximum height of the nanocrystal must remain below that of the Ga/GaN interface.

To summarise the key findings on the effect of nitrogen ion incident angle on the
resulting GaN nanostructures, additional samples nitridised at 5°, 10°, and 15° were anal-
ysed, complementing the previously studied angles ranging from 0° to 80° [33]. While the
maximal lengths of the nanostructures varied, no direct correlation with the nitridation
angle was observed, instead, the size was primarily influenced by the quality of the Si(111)
7x7 surface and the shape of the nanostructure [33]. For incident angles below 25° the
two-hour nitridation process led to full depletion of the Ga droplet and subsequent degra-
dation of the thinnest regions of the nanocrystals, resulting in shallow substrate etching.
In contrast, the 25° sample retained some Ga residues, and the nanostructure remained
intact and well-defined. These results indicate that at 50 eV nitrogen ion energy, higher in-
cident angles slow down the nitridation process and thus better preserve the nanocrystal.
Therefore, the angle of incidence primarily affects the nitridation rate, and comparable
results may be achieved at different angles by adjusting the nitridation time.
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4.2. The effect of different ion energies

The findings from the previous section provide a solid foundation for the following experi-
ments, which investigate the effect of varying nitrogen ion energies (20 eV to 50 €eV) on the
formation and morphology of GaN nanostructures. All samples were prepared following
the procedure detailed in Chapter 3, using nitrogen ions with the incident angle of 0° and
kinetic energies of 20eV, 30eV, 40¢eV, and 50 V. The different ion energies are expected
to influence both nanocrystal formation and surface etching, offering key insights into
the mechanisms governing GaN nanocrystal growth and surface etching. This section fol-
lows the chemical evolution of the sample, its morphology, and its optical response across
this energy range. Additionally, time-dependent postnitridation and thermal annealing
experiments were conducted to clarify the processes responsible for the etching of the
nanocrystals and the substrate.

4.2.1. Evolution of chemical composition

To monitor changes in the chemical composition during the growth process and to verify
surface cleanliness, XPS measurements were performed after each step. The XPS system
is integrated into the UHV chamber shown in Figure 14, allowing characterisation with-
out exposing the sample to ambient atmosphere. The resulting spectra are presented in
Figure 19, with the final spectrum after nitridation shown separately in Figure 20, high-
lighting the nitridation of Ga into GaN in greater detail.

Figure 19: XPS measurements throughout the synthesis of GaN nanocrystals via LTDE
method: a) the Si/SiO, substrate before annealing and flashing, b) the surface of Si(111)
7T after the annealing and flashing, ¢) the Si(111) 7x7 surface after the Ga deposition.
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The surface of the Si(111) substrate is initially covered by a thin native oxide layer,
as confirmed by two prominent oxygen peaks: O KLL; at 979.9 ¢V and O 1s at 532.0 eV.
The peaks in the low-energy region correspond to the Si(111) substrate.

After prolonged annealing at 700 °C for at least 12 hours and multiple cycles of the
flashing routine between 800 °C and 1380 °C, the XPS spectrum (Figure 19b) shows that
the oxygen peaks (O KLL; and O 1s) were successfully removed from the Si(111) surface,
with only minimal O 1s residues remaining. However, the C 1s peak indicates incomplete
removal of carbon contaminants. These residual carbon impurities can degrade the sur-
face quality, resulting in a rough morphology unsuitable for 2D GaN growth. To fully
eliminate carbon, additional flashing cycles must be performed. Once the C 1s inten-
sity is minimised, a clean and atomically flat surface is achieved, providing the necessary
conditions for gallium droplet deposition.

Figure 20: XPS spectrum of the Si(111) 7x7 surface after nitridation of Ga droplets. The
red square highlights the Ga 2ps/, peak, which is shown in detail in the accompanying
spectrum. The observed shift in binding energy (Egur = 1.3 €V) towards higher values
indicates the formation of Ga—N bonds, confirming successful nitridation.
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Following Ga deposition, the XPS spectrum (Figure 19¢) reveals two key peaks: Ga
2p1 /2 and Ga 2p3/, confirming the presence of Ga droplets. Their relatively low intensities
suggest limited surface coverage, which was later verified by SEM imaging. Notably, the
O 1s peak reappears after Ga deposition, likely due to residual oxygen originating from
the Ga effusion cell.

The XPS spectrum following the nitridation of Ga droplets is shown in Figure 20.
The most notable change compared to the prenitridation spectrum is the emergence of
a prominent N 1s peak, confirming the incorporation of nitrogen into the sample. Addi-
tionally, small increases in the intensities of O 1s and O KLL; peaks are observed, which
can be attributed to residual oxygen present in the nitrogen gas lines. To minimise this
contamination, the gas tubes should be annealed prior to each deposition process.

To verify that Ga nitridation occurred, the Ga 2ps/, peak must be examined in detail.
Upon successful nitridation, a slight shift of this peak toward higher binding energies is
expected [28]. As shown in Figure 20, a shift of approximately 1.3 eV is evident when
compared to the Ga 2ps/, peak measured after Ga deposition, indicating the formation
of Ga—N bonds. Thus, this XPS analysis confirms both the high surface purity of the
Si(111) 7x7 substrate throughout the fabrication process and the successful nitridation
of Ga droplets into GaN nanocrystals.

4.2.2. Morphology of GalN nanostructures

After the XPS measurements, the sample was removed from the UHV system for a quick
inspection using an optical microscope. Although submicrometer-sized structures are
generally hard to spot using optical microscopy, GaN nanocrystals exhibit strong contrast,
particularly in dark-field imaging, making them distinguishable. This allows for a rapid
assessment of surface coverage and identification of areas where GaN nanocrystals are
present, as the surface is not necessarily uniformly covered.

However, to accurately determine the morphology of the GaN nanostructures, high-
resolution imaging techniques such as SEM and AFM were employed. SEM images were
acquired using a high-resolution FEI Verios 460L scanning electron microscope operated
in immersion mode. The imaging was performed at an accelerating voltage of 5kV with
a beam current ranging from 25 to 50 pA. AFM measurements were performed using the
Scanning Probe Microscope Bruker Dimension Icon equipped with ScanAsyst probes.

In Figure 21, GaN nanocrystals grown by the LTDE method using nitrogen ion energies
ranging from 20 to 50eV are shown. Throughout the experiment, the incidence angle of
nitrogen ions was 0°, eliminating any preferential growth direction associated with ion
incidence angle. The resulting nanocrystals exhibit shape variations that depend on both
the surface and the ion energy. At 20eV and 40 eV, the nanocrystals are poorly defined and
do not exhibit the typical triangular morphology observed at other energies. In addition,
they are smaller in size, with average lateral dimensions of approximately 260 nm and
400 nm, respectively.

These differences are attributed to insufficient surface preparation prior to Ga depo-
sition, particularly ineffective flashing. In the SEM images, SiC impurities are clearly
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E =20eV E =30eV

E =40eV E =50eV

Figure 21: SEM images of GaN nanocrystals on Si(111) 7x7 grown by the LTDE method
under the perpendicular incident angle of nitrogen ions.

visible, indicating that the flashing routine did not fully remove them. When the sub-
strate is heated above 800 °C, the Si(111) surface begins to melt, forming large, atomically
flat terraces that facilitate uniform GaN growth. However, the presence of residual im-
purities disrupts this process, leading to bent melting planes and the formation of small
terraces with rough step edges. These features limit the diffusion of Ga droplets, prevent-
ing them from merging into larger reservoirs and ultimately resulting in the reduced size
and irregular shape of the GaN nanocrystals.

In contrast, at 30 eV and 50 eV, the surface was clean and flat, providing suitable con-
ditions for GaN nanocrystal growth. The resulting nanocrystals reached average lateral
sizes of approximately 830 nm and 660 nm (shown in Figure 22), respectively. In this en-
ergy range, the ion energy plays a crucial role in both defining the crystal morphology
and minimising surface damage. As shown in Figure 21, two key differences can be ob-
served. The nanocrystal grown at 30eV exhibits a well-defined triangular shape with no
visible surface damage. Notably, it does not display the circular residual pattern often
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left around the original Ga droplet, indicating minimal etching or redeposition effects
during nitridation. In comparison, the nanocrystal formed at 50eV does exhibit such a
circular pattern, likely caused by a redeposited Ga layer originating from the Ga droplet
impacted by nitrogen ions [33]. This redeposition causes the minor etching of the surface
in the vicinity of the original Ga droplet, as Ga atoms are known to etch the Si(111) 7x7
surface [177]. Nevertheless, the higher ion energy and associated Ga redeposition did not
inhibit the formation of well-defined GaN nanocrystals. To further clarify the origin of the
triangular-shaped holes observed in the Si(111) 7x7 surface, two additional experiments
were conducted and are discussed in Section4.3.1 and Section 4.3.2.

In addition to their lateral dimensions, the vertical profiles of the GaN nanocrystals
were investigated using AFM. The nanocrystals reached heights ranging from 29 nm to
40 nm (see Figure 22), depending primarily on surface quality and, consequently, the size of
the Ga droplets. Therefore, the dimensions of the GaN nanostructures are not governed by
the energy of the incident nitrogen ions. Additionally, these values are significantly higher
than those reported by Manis et al. [28], who observed heights of 13-20 nm and 6-8 nm
on Si(111) substrates with miscut angles of 0.2° and 4°, respectively. This discrepancy is
likely due to differences in the substrate type used in this work, as the surface preparation
procedures were otherwise comparable.

In principle, several strategies could be employed to reduce the height of GaN nanocrys-
tals. Since the vertical dimension is largely determined by the initial Ga droplet size (this
trend is visible in Figure 22), producing thinner Ga droplets could yield flatter nanocrys-
tals. However, this approach was not explored further in this study to maintain consis-
tency with the growth parameters reported by Manis et al. for the sake of reproducibility.
Another possibility is to modify the shape of the nanocrystals post-growth through angled
ion bombardment. In the PECVD method (see Section2.2.5), subnanometer-thick GaN
films were achieved by controlled nitrogen plasma exposure. If a similar effect could be
replicated using low-energy nitrogen ions, it might be possible to produce thinner GaN
nanostructures while preserving high crystalline quality.

The topography of a GaN nanocrystal nitridised by nitrogen ions with a kinetic energy
of 50 eV is presented in Figure 23. In the depleted region, the Ga droplet is fully consumed,
and the underlying Si(111) 7x7 surface exhibits noticeable damage. However, AFM
measurements did not reveal any distinct holes in this area. Instead, the data indicate
the presence of residual Ga that likely underwent nitridation, forming small, bulk-like
GaN nanocrystals. In contrast, the region containing the GaN nanocrystal displays 4 nm-
deep holes in the Si(111) 7x7 surface, shaped identically as the GaN nanocrystal. This
is attributed to the nanocrystal’s pyramid-like morphology, where the thinnest regions,
located along the sides, are etched away faster, while the central strip and the Ga/GaN
interface remain intact on the substrate. Notably, the thickness of these preserved regions
slowly decreases, supporting the hypothesis that the GaN nanocrystal thickness could be
further reduced through controlled ion bombardment.
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Figure 22: The maximal length and maximal height of GaN nanocrystals dependent on:
a-b) nitrogen ion energy, c-d) Ga droplet diameter.

Figure 23: AFM image of GaN nanostructure nitridised by 50 eV ions with the extracted
height profiles of: 1) GaN nanocrystal region and 2) depleted Ga region.

4.2.3. Optical and structural characterisation

Once the quality of the synthesised nanocrystals was confirmed by SEM and AFM, addi-
tional optical measurements were performed to investigate their structural and electronic
properties. To assess crystallinity and identify potential defects, Raman spectroscopy
was carried out using a Witec Alpha 300R. Two laser wavelengths were used: 355nm
(2-4mW) and 633nm (20-30mW), enabling both surface-sensitive and deeper probing
of the nanostructures. Photoluminescence (PL) spectroscopy was also conducted on the
same instrument to determine the optical bandgap of the LTDE-grown GaN nanocrystals.
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These measurements were conducted to obtain complementary insight into the electronic
quality and possible quantum confinement effects within the nanocrystals.

The expected Raman peak exclusive to 2D GaN appears at 566.2cm™", alongside
three characteristic bulk GaN modes at 567.2, 560.7, and 529.3cm™! [31, ]. However,

none of these features were observed in our Raman spectra presented in Figure 24. The
1

1

only prominent peak detected was at 520cm™", corresponding to the silicon substrate.
Similarly, the photoluminescence (PL) measurement yielded no detectable signal. This
suggests that the LTDE-grown GaN nanocrystals are optically inactive under these con-

ditions, or that their bandgap lies below the excitation energy of the 355 nm laser.

a) b)
Si
O
50 pm
c) d)

Figure 24: a) The optical image of GaN nanocrystals in bright-field with the red circle
showing the area where b) the Raman spectrum was measured using the 355 nm laser. c)
The comparison of nanocrystals coverage of the Si(111) 7x7 surface for different nitrogen
ion energies. d) The PL spectrum obtained using the 224 nm laser.

Additional PL measurements were conducted at the Institute of Physics of the Czech
Academy of Sciences in Prague to investigate the optical properties of the LTDE-grown
GaN nanocrystals further. A 224 nm excitation laser was used to excite potential UV
emission from the GaN nanostructures (see Figure24). While a faint signal near the
bulk GaN emission peak was observed, it was barely distinguishable from the noise. The
low signal-to-noise ratio made it difficult to conclusively attribute the emission to the
GaN nanocrystals. As a result, cathodoluminescence (CL) measurements were performed
under various electron beam conditions to improve sensitivity. However, no detectable
signal was observed, suggesting that the nanocrystals remain optically inactive or that
their radiative efficiency is extremely low.
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Another factor potentially contributing to the optical inactivity is the low surface
coverage of GaN nanocrystals on the Si(111) 7x7 substrate. The highest observed cov-
erage (shown in Figure 24), measured on the sample nitridised with 20 eV nitrogen ions,
reached only 5.2 %, and this sample also exhibited poor surface quality and the smallest
nanocrystal dimensions. In contrast, the sample with the best surface quality and nearly
micrometre-sized nanocrystals had a coverage of just 2.7 %. Such limited coverage signif-
icantly reduces the overall volume of optically active material, which may explain the low
or undetectable PL and CL signals.

Additionally, structural analysis of the GaN nanostructures was attempted using a 4D-
STEM detector, developed within a TACR, (Technology Agency of the Czech Republic)
project in collaboration with AdvaScope and TESCAN, mounted on the FIB/SEM Tescan
Amber II. The measurements were carried out by my colleague Be. Viktor Bajo from Brno
University of Technology. This technique enables the acquisition of diffraction patterns
at each pixel of the scan, providing detailed information about the crystalline structure,
such as symmetry and lattice parameters.

To enable electron transmission, thin lamellae (approximately 50 nm thick) had to
be fabricated from the sample (see Figure25). The whole lamellae fabrication process
is thoroughly described in Bajo’s work [179]. However, preparing suitable lamellae from
the small and thin GaN nanocrystals proved highly challenging. No high-quality lamellae
were successfully produced, and preserving the crystal structure during preparation was
also problematic. As a result, no usable diffraction patterns could be obtained. At one
point, a diffraction pattern from a small area of a presumed nanocrystal was acquired
(see Figure 25b—c). However, only a few diffraction spots were visible, and the pattern
exhibited a high level of noise, making it difficult to interpret. As a result, no meaningful
structural information could be extracted.

In addition, precise targeting of individual nanocrystals during focused ion beam
milling was difficult, preventing reliable determination of their thickness and lateral di-
mensions. Alternative techniques such as high-resolution transmission electron microscopy
(HRTEM) or scanning tunnelling microscopy (STM) should be considered to explore the
internal structure of these nanocrystals in future studies.

4.3. Investigation of the Si(111) 7x7 surface etching

Although intriguing, the etching of the Si(111) 7x7 surface is an undesirable effect, as
interactions between the substrate and the GaN nanocrystals may limit their potential
future applications. Until now, the only known mechanism for the etching of this surface
has been meltback etching induced by Ga [177]. However, previous reports indicate that
this process should not occur in the vicinity of triangular GaN nanocrystals [28]. This
discrepancy suggests the presence of an alternative etching mechanism, which has not yet
been described in the literature.

The experimental results suggest that the surface etching occurs only in cases where
the Ga reservoir is fully depleted, indicating that the etching process begins after the
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Pt layer 2
Pt layer 1
7
GaN
Si(111) 250 nm

Figure 25: 4D-STEM lamella prepared with two protective platinum layers deposited by
electron (Pt layer 1) and ion (Pt layer 2) sputtering. a) Bright-field image showing the
lamella structure. (b) Magnified view indicating the point from which the diffraction
pattern in (¢) was acquired.

growth of the GaN nanocrystals has stopped. The etching is most prominent at the
thinnest regions of the nanocrystals, with the resulting holes extending no deeper than
4 nm into the Si(111) substrate. This phenomenon was primarily observed in samples
nitridised with 50 eV nitrogen ions. At lower ion energies, although the nanocrystals ex-
hibited structural damage, no substrate etching was detected. Throughout the nitridation
process, the temperature was maintained at 210 °C. The incidence angle of the nitrogen
ions also proved to be a critical factor: while higher angles (10°-15°) led to significant
damage to the GaN nanocrystals, they did not result in deep etching of the underlying
silicon surface.

To investigate the nature of this phenomenon, two additional experiments were con-
ducted. The first involved time-dependent nitridation to determine when the etching
initiates and to estimate the speed of the etching process. The second experiment focused
on thermal annealing to evaluate the influence of temperature on the stability of the GaN
nanostructures. Both experiments are discussed in the following sections.

4.3.1. Time-dependent postnitridation

To explore the etching mechanism of GaN nanocrystals, the duration of the nitridation
step was reduced from two hours to one hour, with the expectation that the LTDE-grown
GaN nanostructures would display different stages of surface and nanocrystal damage
(see Figure 26). The energy of the nitrogen ions was 50eV, and the other parameters
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remained unchanged throughout the experiment as described in Chapter 3. Surprisingly,
the nanostructures showed a comparable degree of damage to both the GaN nanocrystals
and the Si(111) 7x7 surface, indicating that the etching initiates rapidly and slows down
significantly once specific regions of the nanocrystals are etched. The holes in the surface
were deeper than ever before, reaching almost 10 nm. Notably, the central strip and the
areas surrounding the Ga/GaN interface remained largely intact and exhibited a high
resistance to further etching. In comparison with the profiles illustrated in Figure 23,
the profiles shown in Figure 27 exhibit a relatively unchanged thickness of these regions,
implying that these unetched parts possess stronger or more stable bonding. Furthermore,
the whole Ga reservoir was depleted after one hour of nitridation by 50 eV ions, therefore,
the nitridation process is much faster than initially thought, and the nitridation time was
further lowered for the following experiments.

t = 20 min t = 40 min

t = 60 min t = 120 min

Figure 26: SEM images showing different stages of GaN nanocrystal development as a
function of nitridation time: 20, 40, 60, and 120 minutes.

After reducing the nitridation time to 40 minutes, the GaN nanocrystal appeared to be
in the early stages of the etching process, shortly after the Ga reservoir was depleted. The
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edges of the nanocrystal showed significant damage, however, no holes in the surface in the
place where the GaN nanocrystal was synthesised were detected in the AFM measurement
in Figure 27.

Figure 27: Topography measurements (AFM) of GaN nanostructures nitridised for dif-
ferent times with extracted height profiles: a) 20 minutes, b) 40 minutes, ¢) 60 minutes.
In the c) height profile, a significant hole on the substrate is noticeable.

In contrast, the sample nitridised for 20 minutes displayed a well-defined GaN nanocrys-
tal with no noticeable morphological damage. The Ga reservoir remained partially intact,
supporting the hypothesis that etching begins only after the Ga droplet is fully converted
into the GaN nanocrystal.
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SEM and AFM analysis of the GaN nanostructures revealed notable trends in their
morphology. The lateral size of the nanostructures increases with longer nitridation times,
while the height remains comparable across samples in the unetched regions. This con-
firms that the initial Ga droplet height determines the maximum thickness of the resulting
GaN nanocrystal. Interestingly, even after the Ga reservoir is depleted, lateral growth con-
tinues: nanostructures nitridised for 40 and 60 minutes exhibit mean maximum lengths of
approximately 573 nm and 758 nm, respectively. Since the visible nanocrystals reach just
over 500 nm in length, this suggests that etched nanostructures can be tens of nanometers
larger than their unetched counterparts. We hypothesise that the etching process extends
the nanostructure edges, indicating that the GaN crystal may grow into the substrate,
forming a buried wedge-like feature. Although not directly observable by SEM or AFM,
such a wedge could destabilise the overlying Si(111) structure, making it more susceptible
to ion or thermal etching.

These findings provide valuable insights into the growth mechanism of GaN nanocrys-
tals on the Si(111) 7x7 surface and have significantly reduced the required preparation
time. However, further experiments are needed to investigate the possibility of in-depth
growth of the GaN nanostructures in more detail.

4.3.2. Thermal annealing of GalN nanostructures

To investigate the effect of temperature on pre-synthesised GaN nanostructures, a ultra-
high vacuum scanning electron microscope (UHV-SEM) experiment was conducted. This
setup allows for precise control of the sample temperature and enables in situ imaging
of the nanostructures during thermal annealing. A sample nitridised for 20 minutes was
selected for this study, as thermal treatment could influence both the GaN nanocrystals
and the residual Ga droplet. The sample was mounted on a calibrated ceramic plate and
inserted into the UHV-SEM chamber. The sample was indirectly heated by the electrical
current flowing through the ceramic (pyrolytic boron nitride (PBN)) plate.

Temperature was expected to play a critical role not only in potential etching processes
but also in the stability and evolution of the nanostructures. In particular, changes in the
dimensions and morphology of the nanocrystals were anticipated.

Heating began at low temperatures, as the threshold for morphological changes in the
nanostructures was initially unknown. The sample was incrementally heated to specific
temperatures and held for five minutes at each step to monitor any signs of structural
changes. Up to 490 °C, no noticeable modifications were observed. However, once the
temperature exceeded 500 °C, a contrast change in the SEM image indicated an onset of
morphological transformation, as shown in Figure 28. The longest edge of the nanocrystal
began to disappear.

As the temperature was gradually increased, this defect propagated across the nanocrys-
tal. Upon reaching 600 °C, a rapid degradation of the GaN nanocrystal occurred, leaving
only the stable central region of the GaN nanocrystal and the area around the Ga/GaN
interface intact. The annealing continued up to 620 °C, at which point even these stable
regions were removed, leaving behind a triangular pit in the Si(111) substrate.
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4.3. INVESTIGATION OF THE SI(111) 7x7 SURFACE ETCHING

Figure 28: UHV-SEM images capturing the morphological evolution of GaN nanostruc-
tures during thermal annealing in the temperature range of 490 °C to 620 °C.

Thermal annealing revealed three key findings: first, that etching can occur even in
the absence of nitrogen ions; second, that GaN nanocrystals exhibit relative thermal in-
stability; and third, that the lateral dimensions of the nanostructures change significantly
as a result of the annealing process.

Two possible etching mechanisms were considered: physical etching induced by nitro-
gen ions and thermally driven etching. The results presented in Section 4.2 demonstrate
that varying the energy of nitrogen ions leads to etching of both the nanocrystal and the
Si(111) 7x7 surface, even when the temperature remains constant at 210°C. Remark-
ably, similar etch pits in the substrate were observed under two distinct conditions—at
low temperature (210 °C) with 50 eV nitrogen ions, and in the absence of ions at elevated
temperatures ranging from 500 °C to 620°C. This suggests that both mechanisms can
independently induce comparable surface modifications.

In comparison with bulk GaN, which exhibits thermal stability up to 900 °C [180,

] depending on the substrate used, the thermal stability of 2D GaN nanostructures
grown by the LTDE method is significantly lower. The GaN nanostructures on the Si(111)
7x 7 surface remain stable only up to approximately 500 °C and degrade rapidly once the
temperature exceeds 600 °C. To our knowledge, no experimental or theoretical studies
have yet reported on the thermal stability of 2D GaN, making these findings particularly
unique and noteworthy.

Supporting the hypothesis presented in Section 4.3.1, the GaN nanocrystal exhibited
a maximum length of approximately 500 nm prior to annealing and the onset of mor-
phological degradation. As shown in Figure 29, the nanostructure after the annealing
process reaches a maximum length of approximately 630 nm. This observation suggests
that etching also occurs beyond the original boundaries of the GaN nanocrystal. These
intriguing findings require further experimental investigation and theoretical analysis.
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Figure 29: Morphology of annealed GaN nanostructure: a) SEM image, b) AFM mea-
surement with highlighted lines showing c¢) extracted height profiles.
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5. The transfer of (GalN nanocrystals

In the previous chapters, the growth of GaN nanocrystals on Si(111) substrates was
described in detail. While silicon is well-suited for epitaxial growth, its semiconducting
nature [1582] makes it unsuitable for electrical measurements of LTDE-grown GaN nanos-
tructures. Therefore, transferring the nanocrystals from the original silicon substrate to
an insulating substrate becomes necessary. Moreover, if such a transfer proves successful,
it would open the door to integrating 2D GaN into a wide range of practical applications.
To our knowledge, no literature covered the transfer of 2D GaN nanocrystals from Si(111).

Transfer methods typically rely either on adhesion forces, as in dry-transfer techniques,
or on chemical etching of the underlying substrate, as in wet-transfer approaches, both of
which were described in Section 1.4. The Si(111) substrate is chemically stable and thus
difficult to etch. While etching methods of Si(111) using KOH [183] or NaOH [181] have
been reported, they are unsuitable for the transfer of GaN nanocrystals due to the low
etch rate of Si(111) and the unknown chemical resilience of LTDE-grown GaN under such
conditions. Consequently, dry-transfer methods appeared to be a more feasible and less
invasive alternative for this system.

Three different dry-transfer approaches were attempted on the GaN nanocrystals:
transfer using transparent adhesive tape, PDMS stamps, and common nail polish. All
three methods are described in more detail in the corresponding sections above.

Even before initiating the experiment, several notable challenges appeared. As pre-
viously discussed, the formation of holes in the substrate indicates a strong interaction
between the GaN nanocrystals and the Si(111) 7x7 surface. If the adhesion to the sub-
strate exceeds that to the transfer medium, the transfer will likely fail. These interactions
suggest that the GaN nanostructures are strongly anchored to the substrate, presenting
a significant obstacle. A further limitation is the small size of the nanostructures. Their
low dimensions make them difficult to detect using an optical microscope, complicating
the transfer process, as it provides no immediate visual confirmation of success. In the
following sections, the various dry-transfer approaches are described in detail, and their
outcomes are discussed.

The target substrate chosen for the transfer of GaN nanocrystals was SiOy. The first
transfer attempt employed transparent tape, conducted both at room temperature and
at elevated temperatures up to 90 °C. Subsequently, both the original Si(111) substrate
and the target SiOs substrate were examined using SEM. However, no nanocrystals were
detected on the SiO, surface, and the original substrate showed the presence of impurities
surrounding the nanocrystals. These impurities are most likely residues of adhesive from
the transparent tape.

To improve the outcome, a second experiment was performed using PDMS stamps
and a more advanced setup. Figure 30 displays the configuration of the 4-probe station
Cascade Microtech MPS 150, which includes an optical microscope, a heated stage, and
a glass slide manipulator. A fresh and clean PDMS stamp (5 x 5) mm was placed on
the glass slide and mounted on the manipulator. The pick-up procedure followed the
method described in Section 1.4. Transfers were attempted first at room temperature,
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then at elevated temperatures up to 90 °C. As with the tape method, the nanocrystals
were not removed from the original substrate. However, less contamination was observed
(see Figure31) on the GaN nanostructures following the PDMS experiment.

Figure 30: a) The schematic of the transfer setup consisting of a microscope, a heated
stage, and a manipulator. b) The photography of the Cascade Microtech MPS 150 4-
probe station, used in this work.

To enhance the adhesion between the transfer medium and the GaN nanocrystals, a
small droplet of transparent nail polish was applied to the PDMS stamp and cured on a hot
plate at 90 °C for three hours. Following this preparation, the glass slide was re-mounted
onto the manipulator, and the stage was heated to 50 °C. After aligning the contact
point, the droplet was gently brought into contact with the nanocrystal-covered region,
spreading arbitrarily over the largest possible area. After several minutes of contact, the
glass slide was swiftly retracted, and the droplet was transferred onto the SiO5 substrate.
The stage was subsequently heated to 90 °C to facilitate detachment of the droplet from
the PDMS stamp, leaving it adhered to the SiO5 surface.

To remove the nail polish, the sample was immersed in an acetone bath and left
overnight. SEM images presented in Figure 31 reveal complete removal of the nail polish
droplet from the SiOs surface, and no GaN nanocrystals were observed. Furthermore,
all GaN nanocrystals remained intact on the original Si(111) substrate, confirming the
failure of the transfer process.

However, the temperature during the pick-up process was later increased up to 80 °C
in an attempt to enhance adhesion. At this elevated temperature, the nail polish droplet
prematurely detached from the PDMS stamp during contact, contaminating the Si(111)
surface. Subsequent cleaning with acetone was insufficient to remove the residue com-
pletely. Despite the failure of the transfer, this experiment provided valuable insight: the
GaN nanocrystals remained intact after exposure to acetone and IPA, indicating their
chemical stability in common solvents used during lithographic processing. This observa-
tion is significant for the potential future integration of LTDE-grown GaN nanocrystals
into device fabrication workflows.

To enable higher temperatures during the pick-up process, a piece of tape was fixed
to the PDMS stamp before applying the nail polish droplet. The adhesion between the
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nail polish and the tape was greater than that between the nail polish and the PDMS,
which allowed the transfer process to be performed at temperatures up to 80 °C without
premature detachment. For the subsequent transfer of the nail polish droplet from the
tape to the target substrate, sharp tweezers were used to lift the droplet and place it onto
a fresh PDMS stamp mounted on a glass slide. This step was intended to reduce the
adhesion of the droplet to the transfer medium and facilitate successful release onto the
SiO, substrate. Nevertheless, the transfer attempt was ultimately unsuccessful once again.
However, compared to the PDMS stamp method, contamination of both the original and
target substrates was significantly lower, as visible in Figure 31. This is likely because
the nail polish droplet made contact with only a limited area of the surface.

Figure 31: SEM images of the unsuccessful transfer of GaN nanocrystals from a Si(111)
substrate to a SiOq substrate: a) detail of a GaN nanocrystal on Si(111) after the at-
tempted PDMS transfer, b) detail of a GaN nanocrystal on Si(111) after the attempted
nail polish transfer, c)-d) the SiO, substrate after contact with the PDMS stamp and
after removal of the nail polish droplet, respectively.
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None of the dry-transfer methods were successful in transferring the GaN nanocrys-
tals from the Si(111) substrate to the SiO, substrate. This may be due to the limitations
discussed earlier in this section or the inherently strong adhesion of GaN to the Si(111)
surface. Nevertheless, both wet-transfer and dry-transfer approaches require further in-
vestigation to better understand the transferability of LTDE-grown GaN nanocrystals.
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Conclusion

This thesis focused on the study of 2D GaN nanocrystals grown on the Si(111) 7x7
surface via low-temperature droplet epitaxy (LTDE) based on the findings of Manis et
al. [28]. A range of growth parameters was investigated, with particular emphasis on the
effect of the incident angle of low-energy nitrogen ions during the nitridation process and
the different energies of the nitrogen ions. The first part of this work extended previous
findings from the author’s bachelor’s thesis [33], which explored nitridation angles of 0°,
25°, 35°, 55°, and 80°, by introducing additional angles of 5°, 10°, and 15°.

The resulting nanostructures were analysed using scanning electron microscopy (SEM)
and atomic force microscopy (AFM) to evaluate trends in morphology. It was found that
the incident angle of nitrogen ions had no significant influence on the lateral size or height
of the GaN nanocrystals.

It was found that nitrogen ions with energies around 40-50 eV can induce etching of
GaN, this work confirmed that under low-angle nitridation (0°-10°), nanocrystals were
not only etched but also left behind 2—4 nm deep holes in the substrate, precisely matching
the shape of the original crystals. In contrast, nitridation at higher angles (25°) preserved
the nanocrystal structure entirely. Interestingly, at 25°, residual Ga was still observed,
indicating incomplete nitridation. This suggests that etching of both GaN and the Si
substrate may occur only after full depletion of the Ga reservoir.

For the intermediate case at 15°, the GaN nanocrystals showed signs of etching, but
no corresponding holes were observed in the substrate. These findings contribute valuable
insight into the role of ion incidence angle in controlling not just the formation, but also
the preservation or degradation of GaN nanostructures on silicon substrates.

In addition, the effect of nitrogen ion energy on the nitridation process was also inves-
tigated. GaN nanocrystals were formed using nitrogen ions with energies ranging from
20 eV to 50 eV. It was found that the lateral size (reaching approximately 830 nm) and
height (reaching above 50 nm) of the nanocrystals were primarily determined by the size
of the initial Ga droplets, rather than by the ion energy. However, the quality of the
underlying Si(111) 7x7 surface proved to be a critical factor for the successful LTDE
growth of uniform and well-defined GaN nanocrystals. In cases where the flashing rou-
tine failed to remove carbon contaminants, the formation of large, atomically flat terraces
was inhibited, which limited the growth and quality of the nanostructures. The surface
cleanliness was verified via x-ray photoelectron spectroscopy (XPS), which also confirmed
the successful transformation of Ga droplets into GaN nanocrystals.

Furthermore, etching behaviour was found to correlate with ion energy. Etching of
the nanocrystals was observed only at the highest energy studied (50 eV). At lower ion
energies, the resulting nanocrystals remained mostly intact, with only minor signs of
damage visible in their thinnest regions, as revealed by AFM and SEM imaging.

To investigate the optical properties of LT DE-grown GaN nanocrystals, several char-
acterisation techniques were employed, including Raman spectroscopy, photoluminescence
(PL), and cathodoluminescence (CL). However, none of these methods yielded a de-
tectable signal from the nanocrystals. This is most likely due to the low surface cov-
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erage, which averaged only 3.5 %, or due to the intrinsically low optical activity of the
nanocrystals. Structural characterisation was also attempted using 4D scanning trans-
mission electron microscopy (4D-STEM). Unfortunately, a suitable high-quality lamella
could not be prepared, and as a result, no conclusive information on the internal crystalline
structure of the GaN nanocrystals was obtained.

To explore the etching mechanism and the parameters that influence it, two additional
experiments were conducted: time-dependent nitridation and thermal annealing of GaN
nanostructures. Three samples were prepared by nitridising Ga droplets with 50 eV nitro-
gen ions for 20, 40, and 60 minutes. These experiments revealed the rapid progression of
both the nitridation and etching processes. After 60 minutes, the nanocrystals appeared
almost identical to those nitridised for 120 minutes. In the case of 40-minute nitridation,
damage was observed only at the thinner edges of the nanocrystals, suggesting that the
etching process had just begun. After 20 minutes, the nanocrystals appeared undamaged
and retained a notable Ga reservoir, supporting the hypothesis that etching begins only
after Ga is fully consumed. These findings significantly reduce the required preparation
time for GaN nanocrystals.

The thermal annealing experiment revealed that GaN nanocrystals begin to degrade
when heated above 500 °C. At 600 °C, the nanocrystals were rapidly etched away, leaving
behind shallow triangular holes in the Si(111) substrate. This indicates a relatively low
thermal stability of LTDE-grown GaN nanostructures. Importantly, this etching occurred
without ion bombardment, yet produced holes with the same triangular shape as those
formed by ion-induced etching at lower temperatures. Additionally, an increase in nanos-
tructure size was observed after annealing, further supporting the idea that GaN grows
beneath the Si(111) 7x7 surface, making the edges particularly susceptible to etching.

To enable electrical characterisation or integration into heterostructures and nanode-
vices, attempts were made to transfer the 2D GaN nanocrystals from the Si(111) substrate
to a SiO, target substrate. Three dry-transfer techniques were explored: transparent ad-
hesive tape, PDMS stamps, and nail polish. The experiments were conducted at both
room temperature and elevated temperatures up to 90 °C. However, none of the methods
resulted in a successful transfer, likely due to several limiting factors: the strong adhesion
between GaN and the Si(111) surface, the partial embedding of the nanocrystals into
the substrate, and their small lateral dimensions. These findings suggest that alternative
transfer approaches must be developed in future work to overcome these challenges.

In summary, this thesis provides a detailed investigation of the growth, morphology,
stability, and transferability of 2D GaN nanocrystals prepared via LTDE on Si(111) 7x7.
These findings extend the current understanding of low-energy nitrogen ion nitridation,
revealing unique insights into the etching phenomenon and the impact of growth parame-
ters on nanocrystal preservation. Although the optical and structural characterisation was
limited, and transfer techniques were unsuccessful, these results offer valuable guidance
for optimising LTDE growth and highlight important challenges for further research.
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List of Abbreviations

v-Ga,03 gamma gallium oxide

2D two-dimensional

2D GaN two-dimensional gallium nitride
4D-STEM four-dimensional scanning transmission electron microscopy
AFM atomic force microscopy

Ag,Te silver telluride

AIN aluminium nitride

BN boron nitride

CyH,0,4+(2H,0) oxalic acid dihydrate
CH,N,O urea

CL cathodoluminescence

CVD chemical vapor deposition

DE droplet epitaxy

DFT density functional theory

DI deionised

DMF N N-dimethylformamide

DMSO dimethyl sulfoxide

DOS density of states

EDX energy-dispersive x-ray spectroscopy
FETs field-effect transistors

Ga(CHj); trimethylgallium

Ga(OH); gallium hydroxide

GaCl; gallium chloride

GaN gallium nitride

GaOOH gallium oxyhydroxide
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GaS gallium sulfide
GaSe gallium selenide
GeSe germanium selenide
GO graphene oxide
H,0;, hydrogen peroxide
h-BN hexagonal boron nitride
h-InN hexagonal indium nitride
HCI hydrogen chloride
HfS, hafnium disulfide
HRTEM high-resolution transmission electron microscopy
InN indium nitride
ITPA isopropyl alcohol
LEDs light-emmiting devices
LEED low-energy electron diffraction
LTDE low temperature droplet epitaxy
MBE molecular beam epitaxy
MEEG migration-enhanced encapsulated growth
MOCVD metal-oxide chemical vapor deposition
MoS, molybdenum disulfide
MoSe; molybdenum diselenide
MoTe; molybdenum ditelluride
NbS;, niobium disulfide
NH; ammonia
PBN pyrolytic boron nitride
PDMS polydimethylsiloxane
PECVD plasma-enhanced chemical vapor deposition

PL photoluminescence
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PLD pulse laser deposition

PMMA polymethyl methacrylate
PVA polyvinyl alcohol

PVD physical vapor deposition

PVP polyvinylpyrrolidone

SEM scanning electron microscopy
STM scanning tunnelling microscopy
TMDs transition metal dichalcogenides
TMNs transition metal nitrides

UHV ultra-high vacuum

UHV-SEM ultra-high vacuum scanning electron microscope
UV ultraviolet

VSe, vanadium diselenide

WS, tungsten disulfide

WSe, tungsten diselenide

XPS x-ray photoelectron spectroscopy
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