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Abstract

This work presents an atomic-level mapping of the structures formed upon deposition of
phosphorus on a Cu(111) single-crystal under ultra-high vacuum conditions. A comprehen-
sive overview of the current advancements in the synthesis of black and blue phosphorene is
provided, encompassing both experimental preparation techniques and predictions of degra-
dation processes. The analysis employs atomically-resolved scanning tunneling microscopy
and spectroscopy to examine three distinct structures characterized by varying levels of
phosphorus coverage. Remarkably, this investigation succeeds in identifying a large-scale
single-layer blue phosphorene. Furthermore, an in-situ examination of the stability of these
structures is conducted, revealing the rapid degradation of blue phosphorene even within
an ultra-high vacuum environment.

Abstrakt

Tato prace se zabyva analyzou struktur tvorenych pii depozici fosforu na monokrystal
meédi Cu(111) za podminek ultravysokého vakua. Soucéasti prace je komplexni shrnuti
aktualniho pokroku v oblasti syntézy cerného a modrého fosforenu. Kromé samotnych
metod pripravy je diskutovana také predpovézena stabilita téchto struktur. V praci jsou
prezentovany vysledky analyzy t¥1 struktur pomoci skenovaci tunelové mikroskopie a spek-
troskopie, prokazujici moznost pripravy jednovrstvého modrého fosforenu na médéném
substratu. In-situ analyza stability pripravenych struktur pomoci skenovaci tunelovaci
mikroskopie prokazuje velmi rychlou degradaci modrého fosforenu i za podminek ultra-
vysokého vakua.
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Introduction

In recent years, the study of two-dimensional (2D) materials has emerged as an exciting
and promising field of research, driven by their unique and fascinating properties [1]. Unlike
bulk materials, where all the three dimensions are very large compared to the atomic scale
and which are composed of a large number of atoms, 2D materials are single or few-layered
and, hence, only a few atoms thick. Due to their reduced dimensionality, 2D materials have
a high surface-to-volume ratio and exhibit strong quantum confinement effects. As a result,
they exhibit properties that are essentially different from those of their bulk counterparts,
making them highly attractive for both fundamental research and potential technological
applications [2].

Graphene, probably the most well-known and extensively studied 2D material, is composed
of a single layer of carbon atoms showing a honeycomb arrangement. The in-plane struc-
ture of graphene is based on the strong C-C covalent bonds, while the particular sheets of
graphene are connected together by means of van der Waals interactions to form graphite.
The valence and conduction bands of graphene meet at the so-called Dirac point, which is
located at the corners of the Brillouin zone. The electronic dispersion around the Dirac
point is linear, which gives rise to unusual behavior of charge carriers, adopting properties
of massless Dirac fermions. Along with a number of other interesting consequences, this
gives rise to an exceptionally high charge carrier mobility [3]. The 2D materials, however,
do not need to be composed of only one atom species. TMDs (transition metal dichalco-
genides), for example, are a family of 2D materials composed of a transition metal atoms
sandwiched between two layers of chalcogen atoms. They exhibit a range of interesting
properties, including strong photoluminescence, high electron mobility, and excellent me-
chanical strength. Unlike graphene, the TMDs do have a finite bandgap that can be tuned
by applying an external electric field or mechanical strain [4, 5]. Hexagonal boron nitride
(hBN), another widely studied representative of the 2D materials family, shows a large
bandgap which makes it an excellent insulator [6].

The group of 2D materials thus covers a whole range of material types showing various and
often tunable properties. Large-scale industrial applications will, however, require to over-
come a number challenges. As a consequence of the low dimensionality, the properties of the
2D materials are strongly dependent on the surrounding environment. Even minor defects
present in the prepared materials may result into unpredictable behaviour, introducing a
requirement of an absolutely clean and stable environment. In addition, the conventional
methods for preparation of high-quality 2D materials represent complex, expensive and
time-consuming processes which are usually resulting in products of a very limited scale
and use [7]. In light of this, a major attention of the scientific community has recently been
attracted to the bottom-up synthesis methods (CVD, PVD, etc.). Although being tech-



nically demanding, this approach represents a possible path to the actual industrial-scale
fabrication of the 2D materials.

In this work, we focus on the atomic-level analysis of structures grown by evaporation of
phosphorus on a copper crystal under ultra high vacuum. The first chapter (Theory) intro-
duces the two most stable allotropes of 2D crystalline phosphorus (i.e. phosphorene) which
are both predicted to exhibit a very high carrier mobility while showing an intrinsically
present wide band gap. Furthermore, the chapter builds a systematic overview of the cur-
rent state-of-the-art phosphorene synthesis, taking in consideration both the top-down and
bottom-up methods. The second chapter (Methods) is dedicated to a brief introduction to
the techniques used in the experimental research for this thesis, covering the methods of
substrate and structure preparation and analytical microscopic and spectroscopic methods
(LEEM, STM, STS). In the beginning of the third chapter (Experiment), the results of
Be. Jiri David’s and Dr. Miroslav Kolibal’s in-situ LEEM growth experiments are briefly
introduced in order to build the necessary background. The attention is then focused onto
an atomic-level in-situ STM analysis of the grown structures carried out by the author.
A successful preparation and recognition of a single layer blue phosphorene is reported,
thorough study of the sub-monolayer and few-layer structures growth is also presented.
Finally, an in-situ STM analysis of the blue phosphorene stability is presented.



Chapter 1

Theory

1.1 Phosphorene

Phosphorene is a highly regarded representative of the still growing family of 2D materials,
especially due to its outstandingly high carrier mobility and strong light-matter interaction.
These properties were predicted for both the most attractive allotropes of a two-dimensional
phosphorus, the black and blue phosphorene, which differ notably both in structural and
functional properties. While the black phosphorene is showing a strongly buckled armchair
spatial configuration in one direction, the structure of the blue phosphorene is significantly
less buckled and is represented by a characteristic zigzag pattern observable in the direc-
tions of both the in-plane lattice vectors (see Figure 1.1) [8].
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Figure 1.1: Crystal structure of (a) black phosphorene and (b) blue phosphorene. Atoms in
different planes are denoted by different colors, the Wigner-Seitz unit cell (dashed red) and
the in-plane lattice vectors (a; and ag) are shown in the top views. Black phosphorene
has a four-atom unit cell with an armchair structure along a1 and a zigzag structure along
az. Blue phosphorene has a two-atom unit cell with the zigzag structure along a; and
az. The side views show the armchair and zigzag structures. The lattice constants are
la1| = 4.43 A and |ag| = 3.28 A for black phosphorene, and |ai| = |as| = 3.33 A for blue
phosphorene. Adapted from [9].



In the beginning of 2014, a hundred years after the first successful synthetic preparation of
its bulk version, the black phosphorus experienced a renaissance thanks to an emerging and
quickly developing field of low dimensional materials research [10]. Initial computational
studies predicted previously unseen properties for the new layered thin film material, in-
cluding very high carrier mobility or a variable, layer-dependent and strain induced direct
bandgap covering the energy range of 0.3 eV to 2 eV. In light of these exciting predictions,
black phosphorene has instantly attracted a considerable attention of the experimental
physicists [11, 12].

Not even a year after, the first successful experimental studies of the black phosphorene
preparation were published, proving the previously predicted outstanding properties of the
material. It has been shown it is possible to obtain a single or few-layer black phospho-
rene by means of mechanical exfoliation of bulk black phosphorus [13]. This top-down
method had been previously used for the first preparation of other famous two-dimensional
materials such as graphene [14] and thanks to its accessibility, simplicity and high-quality
outcome, it is used till nowadays particularly in the field of research and development [15].

However, the method of bulk precursor exfoliation is generally not suitable for mass pro-
duction of black phosphorene, which would be needed for any industrial application of
the material. In particular, this is caused by the impossibility of the exfoliation process
automation and relatively small-scale flakes of black phosphorene resulting from the tech-
nique. The method is still being developed and several enhanced subtechniques of the black
phosphorene exfoliation have been discovered, including the microwave/ultrasound assisted
liquid phase exfoliation or electrochemical exfoliation [16-19]. Still, the requirements for
the usage of the material as a functional part of actual electronic devices generally can
not be fulfilled by means of these techniques, particularly because of the need for precisely
defined and large scale phosphorene sheets of a very high quality and purity. However, a
whole class of preparation techniques has experienced a large expansion recently, taking a
completely opposite direction to the one described above, building the desired structures
from single atoms.

The field of bottom-up methods could be described as a rather physical approach to the
nanostructures fabrication, using modern state-of-the-art equipment for a direct growth of
pure, precise and relatively large-scale structures. However, it is still a challenge to develop
appropriate experimental conditions and best practice for the particular structure prepa-
ration, since these methods are usually very sensitive even for small changes of the growth
conditions.

The black phosphorene was shown to be fabricable by several methods, including the chem-
ical vapor deposition (CVD). In 2016, Smith et al. have reported a successful deposition of
large-scale black phosphorus films onto a silicon substrate using a chemical vapor deposition
from amorphous red phosphorus films. However, while the few-layer black phosphorene re-
gions were observed, their surface did not exceed 3.5 ym?. Black phosphorus films of much
larger lateral dimensions were also grown, however, the thickness of the film was already
not sufficiently small to be characterised as phosphorene [20].

Interesting results were achieved by Wu et al. in 2021, who have reported a milimeter scale
double-layer black phosphorene fabrication by means of pulsed laser deposition (PLD) on



a mica substrate. The success of the technique is based on the creation of a localised, high
temperature and high pressure laser ablation induced plasma, activating the region close
to the target substrate surface, and thus bringing the necessary extreme conditions for a
black phosphorene formation. However, the quality of the obtained phosphorene is still not
good enough for the applications in the field of the semiconductor industry [21].

One of the most promising techniques for the large-scale and high quality crystalline black
phosphorene fabrication was presented in 2020 in a work of Wu et al. Here, a direct control-
lable growth of a layered black phosphorus in the epitaxial mode is reported, while taking
advantage of a gas phase deposition technique. The resulting structure can be tuned in
terms of the number of layers as well as the horizontal dimensions, while maintaining a
quality comparable with the the structures obtained by the bulk black phosphorus exfo-
liation processes. However, similarly to the previously mentioned PLD black phosphorus
films fabrication, the true few-layer black phosphorene is obtained only on a micrometer
lateral scale [22].

It is evident that black phosphorene is an intriguing material with a myriad of potential
technological applications. However, the production of wafer-scale sheets that are suit-
able for use in the semiconductor industry presents a significant challenge. Consequently,
considerable attention from the scientific community has been directed towards the sec-
ond most stable crystalline allotrope of two-dimensional phosphorus - blue phosphorene.
This emerging semiconductor was found to be formed in place of previously expected black
phosphorene within a phosphorus on-substrate deposition under the ultra high vacuum con-
ditions. Having no naturally occuring bulk counterpart, the blue phosphorene is exclusively
producible through bottom-up methods and belongs to the family of entirely synthetic 2D
materials, thereby offering the possibility of deliberate tuning of its electronic properties di-
rectly. Analogous to black phosphorene, free-standing blue phosphorene has been predicted
to exhibit a wide bandgap of 2 eV. Given its non-planar structure, the electronic properties
of blue phosphorene are heavily dependent on the magnitude of applied mechanical strain,
which is in turn directly influenced by the type of substrate, interaction strength, and lat-
tice constant. In light of the necessity of substrate use within the bottom-up approach,
a judicious substrate selection process becomes a critical step in the preparation of blue
phosphorene with the desired properties [23].

The emergence of blue phosphorene as a promising 2D semiconductor has sparked numerous
computational studies aimed at identifying appropriate substrates for its epitaxial growth.
According to these investigations, single-crystal noble metal substrates, such as Au(111),
Ag(111), or Cu(111) have been suggested as viable options due to their reasonable lat-
tice constant mismatch with blue phosphorene. However, density functional theory (DFT)
simulations have indicated that a strong interaction between the substrate and blue phos-
phorene could lead to the decomposition and clustering of the phosphorene layer [23].

Zhang et al. [24] and Gu et al. [25] achieved the first successful preparations of blue phospho-
rene using an effusion cell loaded with bulk black phosphorus. The process involves heating
of the black phosphorus, which triggers the generation of P4 clusters forming the molecular
beam. While Zhang et al. employed a clean Au(111) surface as a substrate, Gu et al. re-
ported blue phosphorene growth on a Te monolayer functionalized Au(111) substrate. The
tellurium functionalization resulted in a significant decrease in the substrate-phosphorene



interaction strength, which was confirmed by DFT calculations and PES measurements.
The successful synthesis of blue phosphorene on this substrate represents a promising ap-
proach for future free-standing blue phosphorene preparation. Xu et al. achieved interesting
results in 2017, using a molecular beam epitaxy method with phosphorus vapor generated
through InP thermal decomposition in a Knudsen cell at 470 °C. The beam is expected to
consist primarily of phosphorus dimers (P2), as previously shown using similar experimen-
tal setup [26]. Here, a formation of one-dimensional phosphorus chains as well as standard
two-dimensional blue phosphorene is reported, with the obtained structure similar to the
one seen in the previously mentioned works of Zhang et al. and Gu et al. A single layer blue
phosphorene was recognized, showing an evident tensile strain caused by the mismatch of
the Au(111)/phosphorene lattice constants. The paper describes an interesting behaviour
of the phosphorus adatoms during the structure growth, with various phosphorus clusters
shapes occuring (see Figure 1.2). Furthermore, a sudden phase transformation to the blue
phosphorene structure is reported approaching the 1/3 ML coverage, in contrast to the
continuous growth predicted by a DFT simulation. The growth was found not be spatially
homogeneous, since the chain-like structure can be observed along with terraces/islands
consisting of the blue phosphorene [27]. In contrast with the previously mentioned works
that had presented a single full-coverage structure formation, Zhang et al. have reported
observation of two structures differing in number of bright protrusions visible in the trian-
gular features. Again, the deposition was realised using a Knudsen cell loaded with black
phosphorus. While six protrusions were observed in the initial studies, this work shows the
coexistence of three and six protrusions-composed triangles (see Figure 1.3) [28]. The ob-
served structures were, however, later found to represent 2D Au-P alloy networks instead of
the previously believed blue phosphorene [29]. Additional transformation of the triangular
alloy structure into single-layer blue phosphorene can be done via silicon intercalation of
the Au-P alloy on Au(111) surface [30].

As mentioned above, Ag(111) was also predicted to be a promising substrate for the blue
phosphorene growth. Yin et al. have published a complex computational study, describing
the process of several phosphorus isomers formation under the deposition on Ag(111) crystal
simulated using first-principles methods. It was shown that at a low phosphorus coverage,
one-dimensional armchair-shape chains are the most likely to be formed, followed by a pen-
tameric structure dominant at a medium phosphorus coverage. Increasing the coverage, a
blue phosphorene structure becomes the most probable structure to be formed [31]. The
initial formation of one-dimensional chains and subsequential pentameric structure stabili-
sation was proven experimentally by Wang et al. just recently, along with nanoribbon-like
structures and phosphorus polymers (see Figure 1.4). The blue phosphorene structure ap-
pears, however, only in a modified clusterized form, as was also previously shown in other
experiments [32]. This is believed to be caused by almost a twice as high atom coverage
of standard blue phosphorene compared to the two previously mentioned structures with
similar stability. Furthermore, the clusterisation is believed to be supported by a relatively
high Ag - P interaction strength and the lattice mismatch, even though the mismatch is
considered relatively small [33].

While Au(111) and Ag(111) crystals have been the primary focus of attention as potential
substrates for blue phosphorene growth, Cu(111) has received less attention from experi-
mental scientists, likely due to the above mentioned concerns regarding potential instability
of the phosphorene layer resulting from strong interactions with copper substrate. In light



Figure 1.2: Scanning tunneling microscope images of the sample surface during the phos-
phorus deposition on Au(111): a) chain-like 1D phosphorus structure (image size: 20 x
20 nm? ; Viyies = 0.1 V): 1D chain-like patterns appear as a first structure, intersecting
to form ,Y-like* shapes and mostly avoiding the formation of isotropic ,star-like“ shapes,
b) (v/3xv/3)R30° superstructure (image size: 20 x 20 nm? ; Viiqs = 0.1 V), ¢) mixed regions
of (v/3xv/3)R30° structure and blue phosphorene (image size: 80 x 80 nm? ; Vy;us = 0.1 V),
d) surface fully covered with blue phosphorene (image size: 30 x 30 nm?, Viyiqs = 1 V),
e) closeup image of structure shown in d) (image size: 8 x 8 nm?, Vs = 0.1 V). Adapted
from [27].

Figure 1.3: The model systems of blue phosphorene on the (5 x 5) Au(111): a) 32 P atoms
forming two triangles with six bright protrusions each; the corresponding simulated STM
image. b) Additional 2 x 3 P atoms on the two triangles; the corresponding simulated
STM image. c¢) Filled state STM image corresponding to 1 ML of phosphorus on Au(111)
held at 260 °C (U = -2.0 V, I = 0.44 nA). Two triangles with three and six protrusions
each are highlighted by full and dashed circles, respectively. Adapted from [28].



Figure 1.4: Scanning tunneling microscope images of the sample surface during the phos-
phorus deposition on Ag(111): a) 1D tetragonal chains formed at 0.15 ML (Vi) =-0.8 V,
I = -100 pA, 50 x 50 nm?); b,c) Nanoribbon-like structures and P polymers are observed
at b) 0.6 ML and (c) 1.0 ML [b) Vi, = -0.8 V, I = -100 pA, 50 x 50 nm?; ¢) Vi = -1V,
I =-100 pA, 40 x 40 nm?]; d) An ordered pentamer film obtained by annealing a 0.4 ML
sample at 150 °C (Vi = -0.8 V, I = -100 pA, 40 x 40 nm?); e) Large-scale STM image
of the quasi-BlueP films with a coverage of 0.8 ML and annealing at 150 °C (V) = -1V,
I =-100 pA, 40 x 40 nm?); f) zoomed-in image of the films to resolve the atomical structure
(Viip = -100 mV, I = -1 nA, 6 x 6 nm?). Adapted from [33].

of these concerns, Zhou et al. proposed a new technique involving the transformation of
the copper crystal’s upper layer into a thin CusOs oxide layer prior to phosphorus depo-
sition. This results in the creation of a honeycomb-structured buffer layer that shields the
copper-phosphorus interactions. Supported by promising DFT simulations, the researchers
report successful fabrication of a weakly bound blue phosphorene layer, which exhibits sig-
nificantly reduced mechanical surface strain compared to structures grown on clean metal
crystals. The phases observed during the phosphorus deposition and annealing can be seen
in the Figure 1.5: initially the phosphorus clusters are formed on the CuzOq surface within
the deposition at 350 K, being transformed into a hexagonally packed dotted structure by
annealing at 450 K. Further annealing of the sample at 520 K leads to the formation of
blue phosphorene showing irregular moire pattern in the STM. When deposited on the oxide
layer containing defects, the phosphorus atoms adopt a modified arrangement characterized
by clusters showing a dimeric zig-zag pattern (see Figure 1.6) [34].

Very recently, Kaddar et al. published a paper reporting a successful growth of the blue
phosphorene on bare Cu(111) using a MBE technique realised with bulk black phospho-
rus precursor loaded Knudsen cell. Here, analytical techniques including the Low energy
electron diffraction in combination with Scanning tunneling microscopy/spectroscopy and
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Figure 1.5: Growth of flat phosphorene on copper oxide. (a) Schematic of the evolution
process from P cluster to phosphorene. (b) Atomic-resolution STM image of CuzOsz film
on Cu(111). The arrow indicates the [110] direction of the substrate. (c) Ball and stick
model of the CuzO2(111) surface. White, pink, and red balls represent Cu atoms and O
atoms in the bottom and top planes, respectively. (d) P clusters with an average height
of 0.25 nm after deposition on CuzOy/Cu(111) at 350 K. (e) Zoomed-in image showing
the individual P atoms within the cluster. (f) Hexagonally packed dot arrays formed after
annealing at 450 K. (g) Atomically resolved STM image showing the configurations of the
dots in (f). (h) Formation of large-scale phosphorene after annealing at 520 K for 30 min.
(i) High-resolution STM image of the phosphorene with irregular Moiré pattern. Scanning
parameters: (b,d,e) 2 V, 100 pA; (f) 1 V, 100 pA; (g) 1 V, 1 nA; (h) -1.2 V, 100 pA;
(i) 1 V, 500 pA. Scale bars: 10 and 2 nm for top and bottom panels, respectively. Adopted
from [34].

Figure 1.6: Growth of phosphorene on copper oxide with defects. Formation of zigzag
chains after phosphorus deposition at 350 K and subsequent deposition annealing at 450
K.: a) large-scale image showing the zigzag pattern on top of the phosphorus clusters. The
scale bar is 5 nm wide; b) Close-up image showing the dimer pairs in the zigzag pattern.
A rectangular unit cell is labeled. The acquisition parameters are same for both of the
images with bias voltage of 2.8 V and setpoint of 55 pA. Similar structure is observed in
the experimental part of this work, see Section 3.2.3 and Summary. Adapted from [34]

Angle resolved photoemission spectroscopy are used to characterize the grown structures.
It is reported that the deposition of 1 ML of phosphorus atoms onto a Cu(111) surface held

11



at 260 °C leads to the formation of phosphorene showing a moire effect coming from the
substrate-phosphorene lattice mismatch, observable both with LEED and STM, carrying
the spatial period of 4.3 nm. Further deposition is reported to result into the formation of
phosphorus nanodots over the previously formed phosphorene monolayer, aligned with the
Cu(111) crystallographic axes. The observed nanodots show a lattice constant of 3.3 nm
and the resulting structure is thus characterized as (13 x 13). According to the STS and
ARPES results, the obtained blue phosphorene monolayer shows metallic properties, simi-
larly to the blue phosphorene grown on the CugOs substrate [34]. In contrast to the bare
monolayer, the next structure containing the phosphorus nanodots placed over the phos-
phorene monolayer shows a 0.5 eV wide bandgap. Both phases were shown to adopt a linear
dispersion, pointing out the existence of Dirac fermions in the grown structure [35]. Despite
the remarkable results presented in the work of Kaddar et al., serious inconsistencies were
observed including nonmatching dimensions of scalebars and line profile measurements.
Reported results thus cannot be considered relevant for interpretation of the experimental
results.

As can be seen, various and often contradictory results were reported both in the field of
the blue phosphorene growth experiments and computational studies. This inconsistency
throws the actual growth and analysis experiments results into doubt, encouraging further
systematic and detailed research in the field. In addition, phosphorene was predicted to
undergo strong degradation processes whose understanding is crucial for any future indus-
trial application of the material [36]. Studying of the grown structures stability in various
environments thus becomes an important field of research, introducing another variable
into the future phosphorene fabrication methods development.

12
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Figure 1.7: Blue phosphorene growth on bare Cu(111). Similar structures are observed in
the experimental part of this work, although showing different dimensions than reported by
Kaddar et al. (see Chapter 3.2.2). However, the size of features reported in the following
images does not match the dimensions defined by the included scalebars and thus is not
suitable for a relevant comparison. Atom resolved STM images: a) image corresponding
to the bare Cu(111), U = -0.1 V, I = 3.3 nA, line profile along the line L1; b) image
recorded after deposition of 1 ML of phosphorus atoms, U = -0.01 V, I = 2.5 nA, line
profile recorded along the line L2; ¢) image corresponding to the square in b), U = -0.01 V,
I = 2.5 nA, line profile recorded along the line L3; d) image recorded after deposition of
1.5 ML of P atoms on Cu(111), U = -1 V, I = 1 nA, line profile recorded along the line
L4; HR-ARPES measurements recorded along the I' - K direction at 57 eV photon energy:
e) Linear dispersion observed after deposition of 1 P ML (phosphorene adlayer). f) Bandgap
opening after deposition of P nanodots on phosphorene adlayer. Adapted from [35].
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Chapter 2

Methods

2.1 Ultra-high vacuum cluster

Generally, the bottom-up methods for precise 2D structures preparation require the finest
and cleanest substrate surface possible and a non-reactive environment with a minimal
amount of contamination sources. Similar conditions are usually needed by the analytical
techniques that are suitable for characterisation of the structures. This naturally leads to
the usage of the vacuum techniques.

This being said, the preparation and characterisation of phosphorene requires the use of a
state-of-the-art ultra high vacuum (UHV) equipment, allowing the substrate preparation,
phosphorene synthesis and a whole analysis procedure without leaving the UHV conditions.

The whole procedure of the experimental research was thus held in the Nanocharacterisa-
tion laboratory of the CEITEC nano facility, using the complex set of instruments combined
in a single ultra high vacuum cluster. As can be seen in the Figure 2.1, the cluster con-
sists of nine UHV chambers dedicated to the particular fabrication or analytical techniques,
connected by a magnetically driven linear transfer system. The whole cluster, including
the actual transfer chamber, is maintained at the pressure of 107 mbar and, in addition,
each chamber is equipped with a separation valve, allowing it to be operated or vented
independently on the rest of the cluster.

2.2 Preparation methods

2.2.1 Sample cleaning procedure

To be able to prepare the desired 2D structure while preserving the reference value of the
process for the best practice development, it is crucial that the substrate surface is the
cleanest, finest and most homogeneous possible. In order to ensure consistent initial condi-
tions for all further experiments, a standard substrate preparation procedure was developed,
consisting of Ar ion sputtering and annealing cycles under UHV conditions. The precise
procedure workflow can be found in the Table 2.1.
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Figure 2.1: UHV cluster located in the CEITEC nano facility, Brno, Czech Republic: Be-
sides being equipped with five loadlock chambers securing the sample insertion and with-
drawal processes, the system features two dedicated deposition chambers (labeled CD and
MBE). These chambers are equipped with various deposition cells and evaporators, other
tools include RF plasma source or Reflection High Energy Electron Diffraction (RHEED)
instrument for an immediate structure growth feedback. In addition, the Pulsed Laser
Deposition (PLD) can be done as well, again in a dedicated chamber. The preparation
chamber (PREP) features an Ar ion source as well as a tungsten filament heated sample
manipulator, allowing the development of a standard sample cleaning procedure. The sam-
ple surface condition can be reviewed by an embedded Low Energy Electron Diffraction
(LEED) instrument. The cluster also offers five chambers featuring different instruments
suitable for the characterisation of the prepared samples, such as Low Energy Electron
Microscope (LEEM), Photoemission Spectroscope (PES), Fourier Transform Infrared spec-
troscope (FTIR), Scanning Probe Microscope (SPM) and Low Energy Ion Scattering spec-
troscope (LEIS). Some of the analytical chambers including the LEEM, SPM or FTIR
chamber allow an additional installation of a deposition cell, providing the possibility of
the in-situ analysis of the growing structure. The chambers and instruments used for the
experimental part of this work are highlighted with red, instruments used by Bc. Jit{ David
for the preparation of the analysed samples are marked with the purple frames. Adapted
from [37].

2.2.2 Evaporation

As can be seen in the Chapter 1.1, the Molecular beam epitaxy (MBE) is a powerful
technique suitable for the blue phosphorene epitaxial growth on various substrates. A GaP
decomposition phosphorus cell (MBE-Komponenten DECO) was selected as the phosphorus
source for all our experiments, particularily due to its ability to produce a high-purity Pg
beam (the Py:P4 ratio is reported to be about 150:1 [38]) of a finely tunable flow. As can be
seen in the Figure 2.2, the evaporator is equipped with a PBN cap intended for the residual
Ga atoms trapping. Although being simple, this design assures generation of a very pure
P3 beam, where the Ga flux is more than three orders of magnitude lower than the flux of
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Table 2.1: Cu(111) substrate preparation procedure: the table represents an overview of
one preparation cycle, which is to be repeated multiple times depending on expected level
of initial substrate contamination. 7)., indicates the temperature (determined using a
high temperature pyrometer, emmisivity set to 0.1) at which the sample is maintained for
the time specified as tstqpie. The t,gmpos s refers to the time of the controlled sample cooling
(Toyro = Tinreshold, Where Tipreshola = 349°C is the minimal temperature measurable
by the pyrometer). The surface cleanliness may be checked using LEED (integrated in
preparation chamber).

Cu(111) substrate preparation procedure (1 cycle)
Process Parameters
. Annealing ;[‘é)gro [O C] gstable [mm] trampoff [mm]
. Gas type E [keV] I [mA] Psputter [bar] | @sputter [°]
+ Sputtering | == 2,0 10 11077 23
. Annealing gggro [O C] gstable [mln] t1"amp0‘ff [mln]
. Gas type E [keV] I [mA] Psputter [bar] | @sputter [°]
+ Sputtering | = 2,0 10 1107 23
5. Annealing gggm *Cl E)Stable [min] grgmp(ﬁ [min]

phosphorus atoms. This is supported by the fact that no Ga contamination was detected
in our samples neither using XPS, nor LEIS.

shutter manipulator  mounting flange

shutter
— effusion chamber

] e 7]
/ | Y

power and cooling water ports

Ga trapping PBN cap

Figure 2.2: Schematic of the MBE-Komponenten DECO GaP decomposition phosphorus
source. Thanks to the PBN gallium trap, the cell provides a highly pure phosphorus
molecular beam composed mainly of Py. Adapted from [38].

2.3 Analytical methods

2.3.1 Low energy electron microscopy

Low Energy Electron Microscopy (LEEM) is a powerful analytical technique that uses low
energy electrons to acquire highly surface sensitive images of various samples. At first
glance, the basic principle and structure of the instrument is similar to the conventional
Transmission Electron Microscope (TEM). Both the electron microscopy methods make
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use of the true imaging mode based on a sample irradiation by a broad electron beam,
unlike within the scanning mode used for example in the Scanning Electron Microscopy
(SEM) or Scanning Transmission Electron microscopy (STEM). A direct comparison of
the two techniques can be seen in the Figure 2.3, showing a schematic description of the
instruments.

TEM LEEM / PEEM
Cold FEG Cold FEG
electron source electron source

HV

— Bias voltage

lllumination lllumination
column column
Beam separator
Sample Objective )
lens Light source
Sample
Objective
Projection Projection lens
column column
| |
CCD CCD

Figure 2.3: Simple construction scheme of a Transmission electron microscope (TEM) in
comparison with a Low energy electron microscope (LEEM)

In LEEM, an electron source (typically cold field emission gun) is used to generate high
energy electrons and direct them into the illumination optics column. Here, the electron
beam is being shaped and redirected using a set of electrostatic and magnetic lenses. The
resulting aberrations are being suppressed using various elements of particle optics such as
stigmators (electromagnetic quadrupoles or octopoles). Leaving the illumination column,
the beam enters a bending magnet and, being directed to the objective lens, it hits a con-
ductive sample that itself represents one of the objective lens electrode. The sample is held
on a high negative voltage, forcing the incoming electrons to decelerate before the actual
incidence. The incident electrons thus carry relatively low kinetic energy resulting from the
difference of the acceleration voltage and sample bias voltage.

The electron-matter interaction processes applying for the low-energy electrons show a sig-
nificant difference compared to the high-energy-related processes. Not only the penetration
depth is radically smaller bringing the characteristic high surface sensitivity of the LEEM
technique, but many of the basic interaction model principles do not apply in the field of
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BRIGHT FIELD MODE DIFFRACTION MODE

Figure 2.4: Example of images acquired using two main acquisition modes in LEEM: Bright
field mode (direct space imaging) and diffraction mode (reciprocal space characterization).
Switching between the modes is performed via the projection lens excitation.

low energies, leading to the impossibility to apply several traditionally used approxima-
tions. For example, the first Born approximation for the elastic scattering cannot be used
since with the decreasing energy of the incident electrons, the inelastic scattering and elas-
tic backscattering importancy increases and these processes cannot be disregarded. The
inapplicability of this and some of the other high-energy-related approximations, however,
results into unique properties and capabilities of the technique.

The dominant acquisition signal in LEEM originates from a very strong elastic backscat-
tering process, while its rate depends upon the nuclear charge and the energy in a non-
monotonic manner. Along with number of different complex mechanisms, the contrast is
strongly influenced by the work function of the analysed sample.

Leaving the sample, the reflected electrons travel back to the beam separator, which is in
case of our tool realised as a 180° deflector. Then the beam, shaped by the electromagnetic
lens of the projection column, is directed towards an electron detector. Depending on the
projection lens excitation, either the direct space image occurring in the objective lens
image plane or the diffraction pattern located in the back focal plane is projected onto the
detector surface (see Figure 2.4). This allows to obtain a complex knowledge about the
topological and structural properties of the sample surface [39].

2.3.2 Scanning tunneling microscopy and spectroscopy

The general method of Scanning probe microscopy (SPM) has become one of the funda-
mental analytic techniques for modern nanoscale experimental physics research[40]. If well
understood and handled, it provides a scientist with various information about topological,
electrical and chemical properties of the sample. This being said, the SPM represents a
powerful multi-purpose tool not only for the novel two-dimensional materials characterisa-
tion. As was first shown in 1990 by Eigler and Schweizer at IBM, the technique is also able
to modify the surface intentionally and create desired structure [41].

In general, the scanning probe microscopy may be divided into two categories according
to basic function principle and probe type — the Atomic force microscopy (AFM) and the
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Scanning tunneling microscopy (STM). In the experimental research for this thesis, the
scanning tunneling microscopy was used as one of the techniques for the surface analysis,
the attention will thus now be focused on this method.

The fundamental principle of the theoretical model describing the contrast acquisition in
STM is a pure quantum effect of tunneling. The simplest model suitable for the description
of the situation in the STM is a de Broglie wave impacting a finite height square potential
barrier. Here, the barrier is the vacuum gap between the sample and the probe. Let ()
be a representation of the incident wave. The probability density function of the wave de-
tection behind the barrier can then be expressed in form of Equation 2.1. Here, & is defined
in Equation 2.2, d is the sample-tip distance (barrier width), A is a normalization constant.
In Equation 2.2 m, is electron mass, A is reduced Planck constant, Upgyrier iS the potential
barrier height and Egjectron is energy of the electron incident to the barrier. The current
of electrons flowing between the tip and the sample is then proportional to the tunneling
probability (characterized by the Equation 2.1) and the local density of states (LDOS) [40].

()] = Ae™ (2.1)
2 e arrier — it
o — \/ m, (Ub zeﬁQ pa tcle) (2.2)

A basic scheme of a scanning tunneling microscope construction is shown in the Figure 2.5.
The key component is an extremely sharp metal tip (ideally featuring a single atom at
the very tip), mounted on a manipulator — a tube with piezoelectric properties equipped
with electrodes. A bias voltage is applied between the conductive sample and the tip, then
the tip is slowly approached towards the sample surface using a piezoelectric actuator. A
current of the electrons flowing through the gap between the tip and the surface is carefully
monitored, serving as a crucial parameter for surface-tip proximity determination. Once
the current reaches a predefined critical value, the approaching procedure is stopped, main-
taining the gap of 0.5 to 1.0 nm between the tip and the sample. The tool is now ready for
the measurement.

The microscope can be operated in two general modes - a constant height or a constant
current mode. In the first one, the tip is only moving in in the zy plane, maintaining
a constant z coordinate value. At each point [z,y|, a tunneling current is measured and
recorded, providing a 2D matrix of I(x,y). The second — constant current mode is based
on continuous updating of the z position within a feedback circuit to fulfill the condition
of a previously set constant tunneling current (i.e. setpoint). At first glance, this approach
leads to the acquisition of the sample topography data. However, due to the basic principles
of the tunneling effect, the tunneling current is proportional to the density of states (DOS).
This being said, spots on the sample showing different electrical properties compared to the
rest of the area may induce a varying tunneling current even in case of a perfectly flat sur-
face. This naturally results in an artifact in the obtained heightmap. The topographic data
of z(x,y) thus can not be interpreted without taking other conditions into consideration.
Furthermore, as is shown in Equation 2.3 that comes from a little more complex model of
tunneling (Bardeen model), the tunneling current is characterized by a convolution of the
DOS's of the sample (psampie) and the tip (pup). Here, pup (resp. psample) is the density
of states in the tip (resp. sample), V is the bias voltage and T represents a transmission
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coefficient for the vaccum barrier of thickness d. As a consequence, condition and elec-
tronic properties of the tip show an equally great influence on the resulting image. This
is why the tip condition is usually desired to stay unchanged during the whole measurement.

The fact that the tunneling current is proportional to the DOS of the sample makes possible
to perform mapping of this important quantity. This is done simply by measuring the tun-
neling current at different bias voltages while maintaining a constant surface-tip distance.
The method is called Scanning tunneling spectroscopy (STS) (or Bias spectroscopy). Since
the obtained signal is very weak and thus prone to various types of interference, a lock-in
amplifier is usually employed in order to make the measured data interpretable. As Equa-
tion 2.4 suggests, the product of the DOS's is proportional to the dI/dV function. This is
why the bias spectra are usually presented in the form of dI/dV (V) curves.

dre [V
I = ? / ptz‘p(6 - eV)psample(e)T(fa V, d)dé (23)
0
dl 4re
W = 7ptip(6 - 6v)psample(6)T(eV7 V. d)d6 (24)

For the experimental part of this work, the Specs Aarhus 150 instrument was used for the
STM measurements. Equipped with the Specs KolibriSensor quartz probe, the instrument
is capable of a combined STM and Frequency modulation AFM (FM-AFM) measurement.
However, the FM-AFM method outcome was found to be very probe-condition sensitive
and not appropriate for the current phosphorene structures analysis. The probe was thus
used solely in the STM mode.
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Figure 2.5: Scanning tunneling microscope: basic principles scheme. On the left, an illus-
tration of the finite height (Upgrrier) square potential barrier model is shown. The barrier
represents the vacuum gap between the tip and the sample.. As can be seen, the de Broglie
wave (electron) 1(z) decays exponentially within the barrier, which applies also for the
probability density function |¢)(2)[?. At boundary of the barrier of thickness d, the |(z)|?
does still show a nonzero value, allowing the electron to appear behind the barrier.
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Chapter 3

Experiment

Utilizing the techniques elucidated in the preceding chapter, we executed mapping of the
structures that arise during the deposition of phosphorus onto a Cu(111) single crystal.
The author’s emphasis lays predominantly on scanning tunneling microscopy (STM) analy-
sis of the synthesized superstructures. However, the primary outcomes from the low-energy
electron microscopy (LEEM) measurements carried out by Be. Jifi David have also been
included to construct a comprehensive understanding of the issue at hand.

3.1 Prepared superstructures

In order to systematically observe the phosphorus superstructures formation, in-situ LEEM
analysis was performed. The phosporus was deposited by evaporation from GaP decom-
position cell directly inside the LEEM chamber to allow real time observation. The Figure
3.1 shows a systematic overview of the phosphorus superstructures formation during in-situ
LEEM analysis. The initial state is represented by the bare Cu(111) surface prepared using
the standard cleaning procedure defined in the Section 2.2.1. The findings of both the
diffraction and bright-field mode acquisitions are congruous with the anticipated outcomes,
with the bright-field images showing the presence of large homogeneous copper terraces.
During first 25 minutes following the deposition initiation, first superstructure formation
is being observed. The structure (further referred to as 1st structure) exhibits diffraction
pattern as shown in the corresponding image, the bright-field image shows occurrence of
high-contrast domains covering the terraces of the substrate. Another 1 minute of deposi-
tion leads to a sudden transformation to another superstructure (2nd structure) showing a
diffraction pattern with hexagonal symmetry and a low-contrast bright-field image. How-
ever, while the whole surface seems to be covered by a structure resulting in the homoge-
neously dark bright-field image, the previously seen domains are still visible as a background
of the dark surface. Further deposition does not bring any immediate structural changes
in the sample. Long deposition, however, leads to a continuous growth of bright quasi-
triangular islands and dark clusters visible in the bright-field mode at 7 eV (3rd structure).
The formation of such features on top of the 2nd structure starts approximately 90 minutes
after the deposition initiation, continuing evaporation results in a slow lateral growth of the
islands. A new star-like diffraction pattern is observed after 180 minutes following the de-
position initiation, the bright field shows fully developed triangular islands and phosphorus
clusters as shown in the corresponding image of the Figure 3.1. During the whole experi-
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ment, the sample is held at a temperature of 180 °C by the use of a tungsten filament heater
embedded in the sample holder. The temperature is monitored with a pyrometer with the
sample reflectivity parameter set to the standard value of (0.1). As will be shown below,
the deposition at a higher sample temperature leads to the growth of quasi-triangular is-
lands of larger lateral dimensions in contrast with a significant decrease in the dark cluster
occurrence.

0 25 26 90 180
| 1

Figure 3.1: In-situ LEEM documentation of the growth experiment (Tsqmpe = 180°C):
The initial state is represented by the bare Cu(111) crystal. The bright-field image (6 €V,
FOV 5 pm) shows large homogeneous terraces forming the crystal surface, the diffraction
pattern corresponds to the expected one. The phosphorus deposition is initiated with the
crystal held at the temperature of 180 °C. During 25 minutes, the diffraction pattern of the
first superstructure is observed, the bright-field image (7 eV, FOV 5 pum) shows the exis-
tence of high-contrast domains on top of the Cu(111) terraces. Upon further evaporation,
the structure undergoes a sudden transformation to another structure, with the particu-
lar bright domains in the bright-field image switching to a dark low-contrast structure.
The whole transformation process is finished approximately after 1 minute of continuous
deposition. The resulting structure shows a homogeneous low-contrast dark image in the
bright-field mode (7 eV, FOV 5 pum) with the 1st structure domain contours visible in the
background. The diffraction pattern shows a high symmetry with new hexagonally arranged
spots occuring around the base spots. Further evaporation leads to the formation of new
structures on top of the homogeneous 2nd structure (observed approximately 90 minutes
after the deposition initiation): the bright-field image (7 eV, FOV 5 um) shows slowly later-
ally growing quasi-triangular islands of high contrast and dark narrow clusters growing on
top of the whole surface. At approximately 180 minutes following the deposition initiation,
a star-like pattern appears in the diffraction mode image in addition to the pattern of the
2nd structure.
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3.2 Detailed analysis of the phosphorus structures

To understand better the structural properties of the phosphorus structures, a detailed
analysis using STM was performed in every step of the growth progress separately. In
order to discover the electronic properties of the structures, attempts to perform tunneling
spectroscopy measurements were made as well.

3.2.1 1st structure

Figure 3.2 shows STM images acquired on the 1st structure. In Figure 3.2a, a very low-
coverage modification of the 1st structure can be seen — this linear nanochain-like structure
was observed after heating the bare Cu(111) sample with closed effusion cell shutter and
probably is caused by the redeposition of the residual phosphorus atoms previously de-
posited on the sample holder. A large-scale STM image of the standard 1st structure
prepared by the process defined in the preceding chapter can be seen in the Figure 3.2b.
A linear nanochain-like structure is observed, arranged in three preferred directions. The
domains of this highly ordered structure are covered with an amorphous layer of phospho-
rus disrupted by pathways containing the nanochain-like structure. Figure 3.2c depicts a
close-up view of the border between the amorphous layer and the nanochain-like structure.
The line profile measurements along lines 1 and 2 in the subfigures a) and ¢) show that each
structure has a different inter-chain distance, with the redeposited structure exhibiting a
larger periodicity compared to the standard one.

Analysis of the diffraction pattern (not part of this work) corresponding to the standard
1st structure suggests the coexistence of three different superstructures, as indicated in the
Figure 3.3a. The structure characterized with the smallest lattice (L1) shows the inter-
chain distance of (7.74 + 0.13) A, which corresponds well with the pattern observed in the
standard 1st structure STM measurements with the inter-chain distance of (7.9 4 0.2) A
(presented in the Figure 3.3bc)).

3.2.2 2nd structure

Typical large-scale STM images of the 2nd grown structure are presented in the Figure 3.4:
large terraces covered with a homogeneous structure exhibiting moire effect are observed.
The height of the step between the terraces (peak-to-peak method measurement) was de-
termined to (1.9340.10) A. The step height determination process involved analysis of six
different 2nd structure samples, taking into account the results obtained with different
acquisition settings (bias voltage, setpoint current) since the obtained topological charac-
teristics were proven to be independent of it. The obtained value corresponds well with
the height of terraces observed by STM analysis of the bare Cu(111) crystal surface of
(2.0340.04) A. The Cu(111) crystal was treated with the standard cleaning procedure (de-
fined in the Section 2.2.1) prior to the STM measurements. By means of statistical process-
ing of data obtained in six STM measurement sessions with separately prepared samples,
the distance between the centers of the signal maxima in the observed moire pattern was
determined to (2.7£0.2) nm.

Figure 3.5 shows an atomically resolved STM image showing a detailed view of the 2nd
grown structure. The surface seems to be evenly covered with a well arranged superstructure
corresponding with the expected appearance of the blue phosphorene. Note the local signal
maxima in the image are related to the location of the upper atoms in the buckled zigzag
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Figure 3.2: STM images of the low-coverage phosphorus structures on Cu(111): a) lin-
ear nanochain-like structure (S;) formed upon deposition with closed effusion cell shutter
(Upias = 1.7 'V, ILsetpoint = 50 pA); b) large-scale image of structure grown during first 25
minutes of deposition and simultaneous sample annealing at 160 °© C: visible large regions
with linear nanochain-like structure (Sz) similar to (S1) are observed, ordered in three pre-
ferred directions (blue arrows). Amorphous clustered layer with linear paths containing
the nanochain structure can be seen on top of the surface (example region highlighted
with green shape) (Upigs = 2.22 V, ILsetpoint = 50 pA); c) detailed image of the structure
shown in b): nanochain-like structure protruding into the amorphous layer can be seen
(Upias = 2.26 V, Isetpoint = 50 pA); d) line profile along the line 1 in a); e) line profile along
the line 2 in ¢): The nanochains formed in a) show a larger inter-chain distance than the
ones formed upon a more intense deposition in b) and c).
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Figure 3.3: Modelled structures corresponding to the diffraction pattern of 1st structure:
the blue, purple and yellow spheres represent the phosphorus atoms forming the resolved
structures, the brown spheres correspond to the Cu(111) substrate surface atoms. Three
2D structures with different surface lattices (L1,1.2,L3) were distinguished analyzing the
previously shown diffraction pattern (not part of this work). The distance dy, between
chains in the (\/§ X \/ﬁ)R30° structure labeled L1 corresponds with the inter-chain distance
der found from the STM images of the standard 1st structure. The value of dy, was
calculated considering the geometrical relations and the Cu(111) surface lattice constant of
(2.2140.04) A [42] and determined to be dy, = (7.7440.13) A. The value agrees with the
experimentally determined value of de, = (7.90 4 0.20) A.

structure of the blue phosphorene. The complete image of the phosphorene quasi-bilayer
thus can not be observed with the STM measurement. The primitive cell of phosphorene
is highlighted by cyan circles along with the corresponding lattice vectors (purple) with a
common lattice parameter of (3.7+0.1) A. The previously recognized moire effect is clearly
visible, originating from the geometrical similarity of the substrate and the superstructure.
The unit cell of the resulting pattern is, as was mentioned above, showing the lattice
parameter of (2.7+0.2) nm and is rotated by the angle of 30° with respect to the blue
phosphorene.

3.2.3 3rd structure

In light of the predicted (and experimentally confirmed) strong layer-dependance of the cru-
cial blue phosphorene properties, the urge of multi-layer phosphorene preparation naturally
occurs. Hence, the deposition was not terminated with the single-layer blue phosphorene
formation. On contrary, the deposition parameters (cell temperature, sample temperature,
pressure) were left unchanged and the deposition process was continued even after the blue
phosphorene formation. As is evident from the results of the LEEM experiments, long depo-
sition times lead to the formation of new features on top of the the blue phosphorene layer.
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Figure 3.4: STM images of single-layer blue phosphorene formed on Cu(111): a) typ-
ical large-scale image of Cu(111) terraces covered with single-layer blue phosphorene:
the structure formed on the copper substrate exhibits a clearly visible moire effect
(Ubias = 2.0 V, Lsetpoint = 52 pA); b) closer look at the moire pattern visible on two adja-
cent Cu(111) terraces, showing irregularities in the shape of signal maxima (Up;qs = -2.0 V,
Lsetpoint = 52 pA); c) line profile along line 2 in a): the height of single-layer phosphorene
step is (1.93 £ 0.10) A. The value was determined by a statistical analysis of data acquired
on several samples and agrees with an experimentally determined value of clean Cu(111)
terrace height (2.03 + 0.04) A; d) line profile along line 1 in b): the lattice constant of the
moire pattern was found to be (2.7 £+ 0.2) nm. The value was determined by a statistical
analysis of data acquired on several samples.

In accordance with the LEEM results, the large-scale STM measurements show the presence
of thin quasi-triangular islands on top of the previously characterized moire pattern of the
blue phosphorene. Very tall lamellar phosphorus clusters are spread all over the surface,
maintaining three preferred directions. The occurrence of the tall clusters is significantly
reduced with increased sample temperature during the deposition, which simultaneously
leads to the formation of larger quasi-triangular islands (compare Figures 3.6 a and b).
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(2.7 £0.2) nm

Figure 3.5: a) Atomically resolved close-up image of the surface presented in Figure 3.4
(Ubias = -1.3 V, Lsetpoint = 52 pA); b) zoomed-in image of the reduced area labeled in a):
the moire pattern lattice (labeled with red lattice vectors with size of (2.7 £ 0.2) nm) is
rotated by 30 © with respect to the resolved lattice of phosphorene (labeled with blue circles
and purple lattice vectors with size of (2.7 £ 0.1) A).

Usually the islands do not seem to show any structural ordering and their surface thus
seems to be rather amorphous. However, in several cases a highly-ordered structure was
found to be formed in limited regions of the islands surface, showing an altering and almost
defect-free zig-zag pattern in the STM acquisition. The quasi-topographic height level of
the well ordered structure is not showing any significant increase compared to the adjacent
amorphous regions. The zig-zag pattern is thus considered to be a result of a structure
created by the partial island structural transformation rather than an adlayer grown on the
standard island. A two-dimensional fast Fourier transform (2D FFT) processing of the im-
age presented in Figure 3.6d results in the reciprocal space image shown in Figure 3.7a. A
direct comparison with the LEEM diffraction image acquired on the corresponding sample
type and showing the typical star-like pattern does not reveal any significant similarity of
the two patterns. In light of this finding, the observed zig-zag structure seems to cover only
a small region of the whole sample, thus leading to a small intensity of the corresponding
diffraction pattern.

In order to understand the electronic properties of the grown structures, a large set of
bias spectroscopy (STS) measurements was carried out on the described zigzag structure.
However, the measurements were not successful since no relevant and consistent results were
obtained in the dataset. An example of the obtained spectra is presented in the Figure 3.8,
showing a noise with a clearly visible harmonic component. Several significant signal peaks
were observed in few of the obtained spectra, the position was however not consistent and
thus can not be interpreted.
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Figure 3.6: STM images of structures occurring after further phosphorus deposition on the
structure described in Section 3.2.2: a) Large-scale image of the sample surface formed at
180 °C: the previously described moire structure is observed as a base layer covered with low-
profile islands with no visible regular patterns on their surface. On top of the whole surface,
tall quasi-linear phosphorus clusters (height of 4 to 8 nm) are grown, randomly oriented into
three preferred directions (Upigs = 1.2 V, Isetpoint = 50 pA); b) high-temperature version of
the structure shown in a): an increased temperature of the sample (7' = 230 °C) during the
deposition leads to the reduction of the tall clusters occurence and enlargement of the low
profile islands (Upigs = 2.2 V, Lsetpoint = 50 pA); ¢) high resolution scan of the reduced area
labeled in b): a highly ordered zig-zag structure is visible in a part of the island, the rest of
the island surface appears to be amorphous. No height profile step is observed between the
zig-zag and the amorphous structure carrying regions (Upqs = 2.2 V, [ setpoint = 90 pA);
d) atomically resolved image of the reduced area labeled in c): altering mutually mirrored
quasi-linear asymmetrical-zigzag patterns are observed (Upiqs = 2.2 V, Lsetpoint = 50 pA).
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Figure 3.7: a) Figure 3.6d transformed into the reciprocal space applying 2D FFT (Fast
Fourier transform) algorithm; b) LEEM diffraction pattern acquired on the same sample
type: the typical star-like pattern is visible, showing no significant similarity with a).

3.3 Stability

As mentioned in the Section 1.1, blue phosphorene is predicted to be inherently susceptible
to rapid degradation when exposed to oxidative atmospheric conditions. Although a study
discussing the structure stability under ultra-high vacuum conditions assuring a very low
concentration of the oxidation agents is missing, the knowledge of the structure behaviour
in the highly clean and inert environment is crucial for a deeper understanding of the degra-
dation mechanisms at higher pressures and represents an important step on the way to the
potential future applications of the material. Here, an in-situ experiment was carried out,
employing the UHV-STM technique to analyse the time-dependent degradation of the pre-
pared structures.

The Figure 3.9 shows STM snapshots acquired during the first sixty-four hours following
the deposition end. The sample was left stored in the UHV-STM chamber at the room
temperature and pressure better than 1-10~? mbar. The initial state represents the typical
surface of the 3rd structure, composed of thin quasi-triangular islands and tall amorphous
phosphorus clusters grown on top of the single-layer phosphorene. No structural changes
are observed 16 hours after the initial state. The first signs of degradation are visible on
phosphorene 48 hours after the initial state and adopt the form of slight clusterization of its
structure. The image acquired after next 16 hours already shows massive clusterization of
both phosphorene and triangular islands on top of it. The amorphous phosphorus clusters
do not exhibit any observable morphological changes.
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Figure 3.8: Examples of dI/dV spectra obtained by performing bias spectroscopy in various
spots over the zig-zag pattern regions at Vj, voltage range of (—2,+2) V and (—4,+4) V.
Large number (40) of STS measurements on different spots of the sample was performed,
showing no consistency in the results. Most of the dataset is indistinguishable from a noise
containing harmonic component most probably originating from the lock-in amplifier. Few
datasets show peaks in the high-bias regions, there is however no consistency in the maxima
positions. The experiments were carried out at a room temperature and pressure lower than
10710 mbar.

31



Ty + 16 hours

Enipe-
T, + 48 hours 3 Ty + 64 hours

Figure 3.9: A sequence of STM images acquired on the 3rd structure during first 64 hours
after the deposition. The sample was left in the SPM UHV chamber at 22 °C and pressure
better than 1-107% mbar: a) Image acquired immediately after the deposition (Tp). The
structure appearance is consistent with a typical 3rd structure described in Section 3.2.3
(Upias = 1.3 V, Lsetpoint = 52 pA); b) Image acquired 16 hours after the deposition. No
changes are visible on any of the structures present (Upies = 2.5 V, Isetpoint = 55 pA);
¢) Image acquired 48 hours after deposition: first signs of clusterisation are visible on the
corrugated moire structure, the high phosphorus clusters and thin islands do not show any
significant structural changes (Upigs = 1.5 V, Lsetpoint = 47 pA); d) Image acquired 64 hours
after the deposition: a massive clusterisation of both the moire and thin island structure
is observed, no periodical arrangement can be recognized in the former moire structure
and the islands have lost the compactness. The high phosphorus clusters do not show any
significant changes (Upigs = 1.5 V, Lsetpoint = 48 pA).
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Summary and Discussion

The theoretical part of the bachelor's thesis briefly introduces the black and blue phospho-
rene, pointing out the outstanding properties predicted for both the attractive allotropes
of this promising 2D material. A systematic research on current progress in few-layer black
phosphorene fabrication is presented, discussing both the classical top-down methods and
modern bottom-up approaches. As was found, despite an indisputable progress made over
the last few years, the fabrication of large-scale black phosphorene nanosheets of a quality
sufficient for any industrial application remains a challenge. This induces an increasing mo-
tivation to study blue phosphorene which is exclusively fabricable by means of the bottom-
up methods. A complex research on the current achievements in the quickly developing
field of blue phosphorene synthesis was performed, taking into account the outcome of both
the theoretical and experimental works. The research shows that the preparation of blue
phosphorene was successfully achieved and well documented within the phosphorus depo-
sition on a weakly interacting Au(111) substrate. The moderately interacting Ag(111) was
also shown to allow the blue phosphorene growth, although only in a form of small-scale
clusters. The attempts to lower the substrate-phosphorene interaction led to the exper-
iments showing blue phosphorene growth on metals covered with low-interaction buffer
layer, such as CuzOgz on Cu(111) or tellurium functionalized Au(111). While the compu-
tational studies suggested the impossibility of the blue phosphorene stabilization upon the
highly interacting substrates, the very recent experiments prove the opposite, showing a
successful preparation of a large-scale blue phosphorene by a deposition of phosphorus on
a bare Cu(111) crystal.

In the experimental section of this work, a detailed mapping of the structures formed upon
the phosphorus evaporation onto a bare Cu(111) crystal is presented. Thanks to the co-
operation with Be. Jifi David who conducted the growth experiments with in-situ LEEM
measurements, a detailed real-space analysis of the grown structures using the scanning
tunneling microscopy could be performed. A brief summary of the in-situ LEEM experi-
ments outcome is also included in order to build the necessary background for the hereby
presented results.

Similarly to the results reported by the works employing the Au(111) and Ag(111) crystals
as a substrate (Figure 3.10ab), the sub-monolayer coverage of phosphorus on Cu(111) leads
to the formation of quasi-linear structures (1st structure). In constrast to the first two sub-
strates mentioned, the structure observed on Cu(111) is apparently more compact, showing
much smaller inter-chain distance. Supported by the results of the LEEM experiments, the
linear structure observable in the Figure 3.10c was characterized as (v/3 x v/13)R30°.
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Figure 3.10: Comparison of STM images acquired on the low-coverage structures appearing
upon phosphorus deposition on a)Au(111) [27], b) Ag(111) [33] and c¢) Cu(111). All three
low-coverage structures are showing a linear chain-like phase ordered into three preferred
directions.

As observed in LEEM, further deposition leads to a very fast transformation of the whole
surface to a new well ordered superstructure, homogeneously covering the whole substrate
surface. The STM analysis reveals large terraces covered with a homogeneous structure
exhibiting a hexagonally ordered moire pattern. The atomically resolved STM image re-
veals the lattice parameter of (3.740.1) A. This corresponds with the lattice of the blue
phosphorene dilated by 10-12%, which is possible as a consequence of the significant lat-
tice mismatch between phosphorene and the substrate and the high copper interaction
strength. The resulting moire pattern lattice is rotated by 30° with respect to the actual
superstructure and shows a lattice parameter of (2.7 = 0.2) nm. Considering the constant
terrace height equal to the one measured on the bare Cu(111), the 2nd grown structure
is determined to be a single-layer blue phosphorene. This is in contrary to the results of
Kaddar et al., who have reported the growth of single-layer (1 ML) blue phosphorene and
nanodot covered single-layer blue phosphorene (1.5 ML) on Cu(111), showing the resulting
pattern periodicity of 4.3 nm and 3.3 nm respectively. The reported single-layer phospho-
rene shows a lattice constant of 3.4 A, which is close to the theoretical lattice constant of a
free-standing blue phosphorene (3.3 A). However, the results of this paper show significant
inconsistencies in interpretation of the data (reported size of features does not match the
dimensions defined by the scalebars included in the images) and, hence, the reported con-
clusions can not be directly compared with those revealed in this work. This being said,
further investigation would need to be performed in order to clarify the inconsistencies and
find a way to compare the reported results with those presented here.

Long deposition experiments were performed in order to investigate a potential formation
of double-layer phosphorene. With long deposition times, new features arise on top of the
phosphorene layer. The STM analysis shows a presence of thin quasi-triangular islands
accompanied with tall amorphous clusters of phosphorus, both placed on top of the blue
phosphorene's moire pattern. The thin islands do not usually show any well-ordered struc-
ture and thus appear to be amorphous. However some of them were found to contain
regions exhibiting a highly-ordered zig-zag structure on the surface. The resulting pattern
is similar (yet different if properly analysed) to the one reported within a defect-induced
growth by Zhou et al., who have performed phosphorene growth experiments with CuzOq
buffer layer on Cu(111) as a substrate (see Figure 3.11). In our case, the possibility of local
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oxidation of the Cu(111) substrate and subsequent phosphorus structure growth cannot be
securely ruled out. The obtained pattern, however, shows different periodicity compared to
the one revealed by Zhou et al.

In order to map the electronic properties of the grown structure, large dataset (40 in-
dependent measurements on different spots within a sample) of dI/dV STS spectra was
obtained, focusing on the previously described zig-zag structure. The experiments were,
however, not successful since the measured dataset does not yield a statistically relevant
result. The majority of data shows a noisy background containing a harmonic component,
which is probably originating from the lock-in amplifier modulation. The experiments were
carried out at a room temperature, which is not ideal for the STS measurements due to
the Boltzmann energy spread. Furthermore, the KolibriSensor quartz probe used for the
measurements in the UHV-SPM system is widely used for acquisitions on various sample
types, the requirements of the tip-condition-sensitive bias spectroscopy thus could not be
fulfilled. Further experiments featuring the tunneling spectroscopy on blue phosphorene
will be carried-out in order to characterize the influence of the substrate on the predicted
large band gap. To ensure better results, an Ar™ sputtering will be performed in order to
sharpen the tip and the actual acquisition will be carried out at 100 K.

Figure 3.11: Comparison of the zig-zag structures: (a) reported to occur withing P depo-
sition on copper oxide by Zhou et al., shows a dimeric structure [34]; (b) obtained in our
experiments, shows trimeric structure. Scale bar dimension for a) and b) is 2 nm and 1 nm
respectively.

Last but not least, an in-situ STM survey focusing on the stability of the grown structures
was performed. The sample containing a standard 3rd structure was kept in an UHV
chamber at a room temperature and pressure better than 1 - 1072 mbar for the first 64
hours following the deposition end. Consequently the STM aquisition was performed within
a number of few hours long interval. The first signs of degradation are observable within
the underlying 2nd structure, where a slight clusterization is visible 48 hours following
the preparation. In another 16 hours, a massive clusterization proceeds, resulting with
both the 2nd structure and thin islands loosing the compactness and any signs of spatial
ordering. The blue phosphorene was theoretically predicted to be very sensitive for an
on-air degradation, here it is shown that a substrate-connected phosphorene may not last
stable even under the UHV conditions. This can be either caused by the instability of
the structure itself or by the oxidation caused by the residual pressure in the chamber.
However, it is confirmed that any possible future application of the otherwise exceptionally
interesting material is contingent on finding a mean to stabilize it.
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1D

one-dimensional. 9, 10

2D
two-dimensional. 3-5, 7, 14, 19, 26, 28, 30, 33

AFM

Atomic-force microscopy. 18, 20

CVD

Chemical vapor deposition. 3, 6

DFT
Density-functional theory. 7, 8, 10

DOS
Density of states. 19, 20

FFT

Fast Fourier transform. 28, 30

FM-AFM

Frequency modulation atomic-force microscopy. 20

FTIR

Fourier transform infrared spectroscopy. 15

hBN

Hexagonal boron nitride. 3

LEED
Low-energy electron diffraction. 12, 15, 16

LEEM
Low-energy electron microscopy. 4, 15-18, 22, 23, 26-28, 30, 33, 34
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LEIS

Low-energy ion scattering spectroscopy. 15, 16

MBE
Molecular beam epitaxy. 10, 15, 16

PES
Photoemission spectroscopy. 8, 12, 13, 15

PLD
Pulsed laser deposition. 6, 7, 15
PREP

Preparation chamber. 15

PVD
Physical vapor deposition. 3

RHEED
Reflection high-energy electron diffraction. 15

SEM

Scanning electron microscopy. 17

SPM
Scanning-probe microscopy. 15, 18, 32, 35

STM
Scanning tunneling microscopy. 4, 9-13, 19, 20, 22, 24-30, 32, 34, 35

STS
Scanning tunneling spectroscopy. 4, 12, 20, 28, 31, 35

TEM

Transmission electron microscopy. 16, 17

TMDs

Transition metal dichalcogenides. 3

UHV
Ultra-high vacuum. 14, 15, 30, 32, 35

XPS
X-ray photoelectron spectroscopy. 16
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