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Preface

Naming of a novel material is significant to capture wide interests in societies and
to develop the material science in academic and technological fields. Layers of
“graphene” or “silicene” may not have been investigated such vigorously if they
had been called “2D carbon (C)” or “2D silicon (Si).” 2D boron (B) is named
“boraphene” by the theoretical works much earlier than the experimental discoveries
of a monoatomic (monatomic) sheet of boron. Following the rule that elemental
2D materials are named as X’enes where X is the element composing the 2D
material, for example, phosphorene (P) or bismuthene (Bi), the name could have
been “boronene.” With various candidates, the pioneering researchers gathered at
an international conference and discussed the naming including the translations
in Asian countries. Since “borophene” has been already used globally, we accept
using this name. However, to keep our fairness in the nomenclature, we leave these
nominations in the title of our book.

Boron has been an important research subject in theoretical and computational
chemistry because they form a wide variety of chemical bonds with each other,
making a large number of allotropes even in two dimensions. Growths of the
first boron sheet were achieved by the harmonic efforts of experimentalists and
theoreticians who have individually played their parts to achieve perfect B flat
(Fig. 1). Up to now, a large number of boron single atom sheets, borophene,
have been proposed and some of them have already been synthesized on various
substrates. The growths in wide area and unique electronic structures of borophenes
have attracted interests in material science and also for industrial uses. Furthermore,
there have been also many atomic sheets of the boron compounds, such as h-BN
and HB, that have already shown rich functionalities for future technology. The
theoretical and experimental works in investigating 2D materials of elemental boron
and boron compounds are expanding rapidly. For further developments in the field, it
has become important to extensively review the topics by the pioneering researchers.

The book is composed of six chapters. Chapter 1 introduces a brief history of
the theoretical works on boron allotropes in different dimensions: 3D (bulk), 2D
(borphene), 1D (nanotube), and OD (cluster, molecule). Recent computational works
on predicting borophene are described in detail in Chap. 2. In Chaps. 3 and 4,
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Fig. 1 Experimental achievements of the first boron sheet, borophene, were celebrated in mass
media with humor, including music in B flat, to capture the public attentions

synthesis of borophene is described with the atomic structures and the electronic
properties. In Chap. 5, frontier researches of 2D boron compounds are overviewed,
featuring interaction of boron with light elements such as hydrogen, nitrogen, and
oxygen. Chapter 6 reviews researches on 3D boron solids, which helps to understand
the physical and chemical properties of boron.

The editing of this book was done at two sites: Institute of Physics, Chinese
Academy of Science, and the Institute for Solid State Physics, the University
of Tokyo. Appreciation is due to countless people who cannot all be named.
Colleagues who contributed directly in clarifying the arguments presented here,
collecting information, drawing figures, or critical reading of the manuscript are:
Jens Kunstman, Takashi Aizawa, Motoko Yoshizawa, Yusuke Sato, Zhao Yuhao,
Kayoko Sakaguchi (Kacco), and Tadashi Abukawa. The Society of Boron, Borides
and Related Materials of Japan is acknowledged for offering an opportunity to
discuss contents of the book during the international conference. We appreciate
Boris 1. Yakobson for his great contributions in developing this book.
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Chapter 1
A Historical Review of Theoretical Boron  ox
Allotropes in Various Dimensions

Nevill Gonzalez Szwacki and Iwao Matsuda

1.1 Introduction

Despite the great effort made by experimentalists and theoreticians to understand
the structure and properties of boron allotropes, boron remains one of the less
examined elements, not only in its bulk form but also in various molecular or low-
dimensional forms, including clusters, layers, and nanotubes. The vast number of
different atomic networks that boron atoms can form — and, linked to this, atoms
with coordination numbers that vary from 2 to 6 may coexist — makes boron
an extremely versatile material in terms of physical and chemical properties and,
therefore, potential applications. The complex and challenging work of structure
identification would not be possible today without computational modeling. The
best example of the synergy between theory and experiment is a highly anticipated
by computer simulations production of boron in its 2D form. Here, we provide
a succinct yet comprehensive review of present understanding about the different
forms that boron can adopt in various dimensions. To understand the significance of
the discovery of flat boron crystals, we start our discussion with bulk boron and its
several confirmed structures (of about 20 reported), all of them made of different
arrangements of Bj, icosahedral units connected directly or through additional
atoms. Our review continues with planar and quasi-planar small all-boron clusters
and with boron fullerenes. We also mention one-dimensional (1D) forms of boron
like nanotubes. Then, we summarize 2D boron structures which, unsurprisingly, can
also adopt several forms.
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1.2 Bulk Boron

At least three all-boron allotropes are known, namely, the o- and 8-rhombohedral
and the B-tetragonal phases. In addition, a-tetragonal, y-orthorhombic, and several
other boron structures have been reported. Despite the considerable experimental
and theoretical work invested in understanding the structure and properties of bulk
boron allotropes, their exact number remains unknown. The reason for this is that
most of the boron allotropes have a complex structure, and some of them are min-
imally different from others and/or are stabilized by small amounts of impurities,
i.e., they are not pure boron phases. The current state of research on the different
bulk boron phases and the resulting phase diagram of boron can be found in [36].

The almost regular icosahedron By, with B-atoms at the vertices, serves as the
main structural motif not only of boron three-dimensional (3D) allotropes but also
of all known boron-rich compounds.

An isolated regular boron icosahedron is an electron-deficient cluster, and
therefore it is structurally unstable. Twelve atoms of the icosahedron provide
36 valence electrons. For a closo-cluster with n vertices, 2n + 2 electrons are
necessary to stabilize the cluster [45]. Therefore, 26 electrons are used for intra-
icosahedral bonds. If icosahedra are arranged to form a larger cluster or bulk,
another available ten electrons of an icosahedron can be involved in the formation
of inter-icosahedron bonds with neighboring icosahedra. In those larger clusters, the
boron atoms form not only the traditional two-center two-electron (2c-2¢) bonds but
also several centers that may share two electrons — nc-2e bonds. This results in the
complex polymorphism of boron structures in 3D. In those structures in the boron
icosahedron, each atom is surrounded by five neighboring atoms and, in most cases,
with one more atom from the neighboring icosahedron. For this reason, the majority
of boron atoms have a coordination number of five or six.

It turns out that in real boron crystals the situation is even more complex. It
was clearly demonstrated, for example, for S-rhombohedral boron, that bulk boron
phases are often stabilized by the presence of point structural defects (vacancies and
interstitials) and/or impurities.

First-principles studies of the role of the intrinsic defects in thermodynamic
stability and electronic conduction of B-rhombohedral boron using density func-
tional theory (DFT) have shown that the defectless 8-rhombohedral boron with 105
atoms in the unit cell (8-Bgs) is less stable than a-rhombohedral boron, and the
band structure of the S-rhombohedral boron indicates valence electron deficiency
and hence metallic behavior [44]. This is in contrast to the experimental results
according to which the -rhombohedral boron is the most thermodynamically stable
allotrope of boron with a semiconducting nature. This inconsistency of results is
mainly due to the fact that the 8-Bgs structure does not represent the real structure
which has intrinsic defects that increase the number of atoms in the unit cell to a
number between 105 and 108 (in some reports even higher).

In addition to the abovementioned bulk allotropes with the icosahedron as
the main structural motif, several structures have been reported that are not
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icosahedrally related. There are some early experimental reports about the existence
of a cubic allotrope of boron obtained in argon plasma experiments [40].

There are also theoretical studies of boron crystallizing in layered and quasi-
layered bulk phases. In this context, it should be mentioned that the @-Ga type
structure was used to study the nonmetal to superconductor transition in boron at
high pressures [16]. This structure, however, has not yet been found experimentally.
Recently, layered bulk boron was investigated by means of first-principles calcula-
tions in which bilayer borophenes were stacked one on top of the other and bound
via van der Waals interactions [25]. This crystal, which is shown in Fig. 1.1a(left),
is constructed based on the experimentally synthesized 81, boron sheet [9]. (Types
of the boron monolayer are described in Sect. 1.5.)

" ] DFT results

From Buckingham potential

hP20-WB4 buckled a-sheet
Fig. 1.1 Bulk structures based on borophene. (a) The structure of the bulk boron formed by bilayer
P12 sheets via AA-stacking (left). Interlayer binding energy as a function of interlayer spacing
(right) [25]. (Reprinted by permission from D. Li, Q. Tang, J. He, B. Li, G. Ding, C. Feng, H.
Zhou, and G. Zhang, From Two- to Three-Dimensional van der Waals Layered Structures of Boron
Crystals: An Ab Initio Study, ACS Omega 4, 8015 (2019). Copyright (2019) ACS Omega). (b) The
h P20-WBy structure. Large and small spheres represent tungsten and boron atoms, respectively
(left). Side and top views of the buckled boron «-sheet present in the 7 P20-WBy structure (right)
[13]
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In the case of boron-related solids, transition metal borides are a promising
area of research for new superhard materials. Some of the most commonly studied
compounds are the highest borides of tungsten, WB3 . It was recently established
by means of first-principles calculations that this material is built of borophenes
separated by metal atoms. Moreover, the presence of stable boron sheets is
detrimental for its hardness. Very high concentrations of boron (x ~ 1) give rise to a
soft and unstable 7 P20—WBy structure that can be considered to be built of quasi-
planar boron a-sheets (types of the boron monolayer are described in Sect. 1.5.),
separated by graphitic tungsten layers (see Fig. 1.1b).

1.3 Boron Clusters

Although the Bj; is a common motif for all the synthesized bulk allotropes of
boron, as an isolated cluster By, is an unstable structure shown in Fig. 1.2a (left).
A more stable form for a neutral cluster containing 12 boron atoms has an open

Fig. 1.2 Boron clusters. (a) Isolated B, icosahedron (left) and quasi-planar By, cluster (right).
(b) Quasi-planar B3 cluster (left) and its relationship with the boron sheet — borophene (right) [31]
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quasi-planar geometry, shown in Fig. 1.2a (right) [19]. This theoretical finding
was the beginning of systematic computational studies of small all-boron clusters
undertaken throughout the 1990s [3, 5, 18, 34].

From the experimental side, early studies — mainly involving mass spectrometry
observations and chemical reactivity of small cationic boron clusters — were lacking
structural or spectroscopic information [15, 22]. Extensive experimental studies of
the structure and bonding of size-selected boron clusters came at the beginning
of this century [17]. Combined photoelectron spectroscopy (PES) and theoretical
studies have shown that anionic boron clusters, B,, ™, can be two-dimensional up
to n = 38. Ion-mobility spectrometry (IMS) coupled with mass spectrometry and
combined with theoretical calculations has established that cationic boron clusters,
B, T, can be planar or quasi-planar up to n = 15.

According to bonding analyses, all the planar structures feature 2¢c-2e o bonds in
the edge and delocalized multicenter two-electron (nc-2e) bonds between the inner
and peripheral boron atoms [17]. The delocalized o and 7 bonds give rise to the
concept of multi-aromaticity that is responsible for the planarity and high stability
of boron clusters [50].

The history of neutral boron clusters is not straightforward. Initially, it was
established that small B, clusters favor being planar up to n = 18 and larger
clusters prefer 3D double-ring or tubular structural motifs [20]. The 2D-to-3D
structural transition established at By is reminiscent of the ring-to-cage transition
at Cy0, which forms the smallest carbon fullerene [32]. It was suggested that the Bog
double-ring cluster may be considered as the embryo of the thinnest single-walled
boron nanotube. A major breakthrough came with the synthesis of the quasi-planar
B3¢ cluster shown in Fig. 1.2b (left) [31]. Its discovery reveals that the 2D-to-3D
structural transition has not yet been established for neutral boron clusters. On the
other hand, the quasi-planar B3¢ cluster of hexagonal shape with a central hexagonal
hole can be considered as a finite fragment of an extended boron sheet shown in
Fig. 1.2b (right). Therefore, it supports the viability of monolayer boron sheets with
hexagonal vacancies that are common in 2D boron allotropes. Interestingly, recent
studies show that the hexagonal vacancy is common for mid-sized boron clusters,
while By~ is the smallest boron cluster with such a vacancy [28].

The discovery of borophenes was preceded not only by extensive experimental
and theoretical work on planar and quasi-planar boron clusters but also by compu-
tational modeling of hollow boron cages. One of the first works on the topic was
done employing the restricted ab initio Hartree-Fock theory [4]. In this work the
studied hollow clusters were constructed with the help of the “Aufbau Principle”
postulated by Boustani in 1997 [5]. The principle states that a stable boron cluster
(quasi-planar, tubular, convex, and spherical) can be constructed from two basic
units only: a pentagonal pyramidal Be unit and a hexagonal pyramidal B7 unit.
Although the proposed spherical clusters Bz, B22, B3, and B4, were less stable
than the conjugated quasi-planar structures, this was the first attempt to model the
structure and properties of hollow boron cages.

A different strategy was proposed by Szwacki et al. in 2007 [14] consisting of
stabilization of boron clusters with similar structures to those of carbon fullerenes,
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Fig. 1.3 Boron hollow spherical clusters. (a) Binding energy vs pentagon and hexagon hole
density (number of undecorated pentagons and hexagons over 32). The corresponding cages with
I,-symmetry are shown. (b) Projection of the Bgp cage (right) on the «-sheet (left). (Types of the
boron monolayer are described in Sect. 1.5.) Numbered facets represent the 12 pentagons in Bgg
[35]. (By Courtesy of Boris I. Yakobson)

by decoration of the fullerene-like clusters with additional boron atoms. The Bgg
cluster analog of the [,-Cgg fullerene is structurally unstable in the fullerene-like
cage structure. However, it can preserve the [;-symmetry by decoration with 12,
20, and 32 additional boron atoms forming the B7,, Bgo, and Bg, hollow clusters,
respectively, shown in Fig. 1.3a. The B7,, Bgg, and Bg cages are formed by placing
extra boron atoms on top of pentagons, hexagons, and pentagons + hexagons,
respectively, of the Bgp cage constrained to I;-symmetry. Interestingly, all three
decorated cages preserved the I,-symmetry after structural optimization. As shown
in Fig. 1.3a, the Bgg cage has the largest binding energy among the I, clusters. As
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shown in Fig. 1.3b, the Bgg cage can be generated by folding the «-sheet. (Types of
the boron monolayer are described in Sect. 1.5.)

1.4 One-Dimensional Boron Nanostructures

Pure 1D boron nanostructures have attracted considerable attention because of their
potential applications in nanoelectronics and sensor devices. Although various 1D
boron nanomaterials, such as nanowires, nanobelts, nanocones, and nanotubes, have
been successfully synthesized by chemical and physical methods, this group of
structures remains the least understood and seems to be the greatest challenge for
researchers of boron nanomaterials [43].

In 1997, Boustani et al. first reported by using ab initio quantum-chemical and
density functional methods, that nanotubular boron structures may consist of Bog
clusters that can be considered as segments of extended pipes [2]. Calculations also
indicated that the hexagonal pyramid B7 cluster is the characteristic unit of convex
and quasi-planar boron clusters, which may finally form boron nanosheets or boron
nanotubes as shown in Fig. 1.4 [5, 6, 21]. Subsequent first-principles simulations
indicated that boron nanotubes can be made of rolled-up pieces of quasi-planar

Fig. 1.4 Schematic diagram of the boron cluster growth. The key element is the hexagonal
pyramid B7 cluster. Starting from one B7 unit, further atoms can be added to form new By
units, which finally leads to the formation of boron sheets and boron nanotubes [5]. (Reprinted
by permission from I. Boustani, Systematic ab initio investigation of bare boron clusters:
Determination of the geometry and electronic structures of B,, (n=2-14), Phys. Rev. B 55, 16426
(1997). Copyright (1997) by the American Physical Society)
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Fig. 1.5 Raman spectra recorded with “as synthesized” single-walled boron nanotubes. A single-
walled tubular structure is shown in the inset micrograph [7]. (Reprinted by permission from D.
Ciuparu, R. F. Klie, Y. Zhu, L. Pfefferle, Synthesis of Pure Boron Single-Wall Nanotubes, J. Phys.
Chem. B 108, 13, 3967 (2004). Copyright (2004) American Chemical Society)

boron 8¢ sheets [11]. (Types of the boron monolayer are described in Sect. 1.5.)
Theoretical studies have also demonstrated that boron nanotubes show metallic
density of states (DOS) irrespective of their chirality [6].

Ciuparu et al. reported the first successful synthesis of single-walled boron
nanotubes in 2004, by using a mixture of BCl3 and H, as gas sources and a
magnesium-substituted mesoporous silica template (Mg-MCM-41) as a catalyst
(see inset of Fig. 1.5) [7]. The authors attributed the Raman peaks at about 210 cm™!
and 430 cm ™! (peaks a and b, respectively, in Fig. 1.5) to radial breathing modes of
typical tubular structures. However, the structure of these nanotubes has not been
confirmed as consistent with suggestions from early theoretical models.

The theoretical prediction of the new class of boron sheets, composed of
triangular and hexagonal motifs, motivated new theoretical studies using the new
structures as the precursors of boron nanotubes [12, 41]. In this context, Yang
et al. studied boron nanotubes rolled-up from boron sheets (see Fig.1.6) and
demonstrated that the boron nanotubes can be either metals or semiconductors,
depending on their diameter and whether they have zigzag, armchair, or chiral
structure [48]. The nanotubes with diameters larger than 17 A are all metals. Further
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Fig. 1.6 (a) The structure of boron a-sheet and (b) the structure of a related boron nanotube
[48]. (Types of the boron monolayer are described in Sect. 1.5.) (Reprinted by permission from
X. Yang, Y. Ding, and J. Ni, Ab initio prediction of stable boron sheets and boron nanotubes:
Structure, stability, and electronic properties. Phys. Rev. B 77, 41402 (2008). Copyright (2008) by
the American Physical Society)

studies are necessary to determine whether the structure of the nanotubes is as
reported in the experiment [38].

1.5 Two-Dimensional Polymorphs of Boron

A one-atom-thick boron sheet has been known to exist in crystals of metal borides
composed of stacking layers of boron and metal atoms, such as MgB, and ZrB>. In
2010, a surface of the ZrB,(0001) crystal was theoretically found to be composed
of a graphene-like boron layer, shown in Fig.1.7. The boron sheets, including
the surface layer, in the metal borides are named “boraphene” which indicates a
graphitic boron layer [1, 39]. Then, “borophene” was named as an extension of
the 2D cluster, B3g, in 2014 [31]. These atomic models are drawn in Fig. 1.2b. The
report has drawn researchers’ attention to a new atomic layer, besides graphene, but
research into 2D boron sheets was carried out much earlier and can be historically
reviewed in three stages. First, researchers attempted to find the most stable free-
standing boron layer in trigonal lattices. Then, it turned out that atomic defects
or holes in a layer stabilize the system. In the second stage, researchers made
theoretical efforts to arrange atomic holes in various 2D lattices. At the third stage,
efforts have been made to investigate atomic boron sheets on various substrates both
experimentally and theoretically. Then, in 2015-2016, two groups independently
reported layers of borophene on the Ag(111) surfaces [9, 29]. In this section, a
memory of 2D polymorphs of boron is reviewed in terms of these three stages.
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a V3xV3 type b 1x1 type

Fig. 1.7 Atomic structure models of “boraphene” on ZrB,(0001) at the B coverage of (a)
7/6 ML-B (ﬁ x /3 phase) and (b) 1 ML (1 x 1 phase). (¢) Optimized atomic structure for the
/3 x+/3-B on ZrB,(0001). Atomic lengths are given in pm [39]. (Reprinted by permission from S.
Suehara, T. Aizawa, T. Sasaki, Graphenelike surface boron layer: Structural phases on transition-
metal diborides (0001), Phys. Rev. B 81, 085423 (2010). Copyright (2010) by the American
Physical Society)

1.5.1 Free-Standing Layers

Research into bulk boron crystals has found boron atoms take a variety of bonding
configurations, and there are many elemental allotropes with complicated crystal
structures. This is in contrast to carbon atoms that form graphites or diamonds by the
well-defined covalent bonding. Two-dimensional polymorphs of boron have been
investigated based on first-principles calculations by examining various structural
models and using conventional chemistry of interatomic bonding between boron
atoms.

A monolayer boron was initially predicted as a sheet of the planar triangle lattice
[11]. Figure 1.8 and Table 1.1 list a collection of free-standing boron sheets and
their binding energies [23]. Comparing values of binding energy (BE) in the table,
one finds that the graphene-like structure is less stable than the trigonal ones. The
structure is called the {1212} model. Definitions of the terminology are defined
in Fig. 1.8a [24]. Since there are only three valence electrons for a boron atom,
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Fig. 1.8 (a) Definition of 1212 and 1221. Various types of boron sheets: (b) hexagonal graphene-
like, (c) idealized and buckled {1212}, (d) reconstructed {1221}, (e) icosahedral, (f) low symmetry,
(g) hybrid [23]. (Reprinted by permission from K. C. Lau and R. Pandey, Stability and Electronic
Properties of Atomistically-Engineered 2D Boron Sheets, J. Phys. Chem. C 111, 7, 2906 (2007).
Copyright (2007) American Chemical Society)
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Table 1.1 A list of point symmetry, binding energy (BE, eV/atom), relative energy from the
buckled {1212} (AE, eV/atom), and bond Lengths (RB-B, A) for the boron sheets in Fig. 1.8
[23]. (Reprinted by permission from K. C. Lau and R. Pandey, Stability and Electronic Properties
of Atomistically-Engineered 2D Boron Sheets, J. Phys. Chem. C 111, 7, 2906 (2007). Copyright
(2007) American Chemical Society)

Sheet configuration Point symmetry BE AE Rp_3B
buckled {1212} Cy 5.70 0.00 1.61, 1.89
icosahedral-I Cin 5.60 0.10 1.772

1.63°
buckled Ci 5.59 0.11 1.56, 1.61, 1.64
“twisted-helix” 1.78
reconstructed {1221} Cin 5.57 0.13 1.63, 1.66, 2.00
buckled {1221} Cy 5.57 0.13 1.69, 1.76
buckled {1212}-1I Ci 5.54 0.16 1.65, 1.78
icosahedral-IT Cip 5.51 0.19 1.842

1.75°
idealized {1212} Cop 5.48 0.22 1.71
hybrid Cy 5.35 0.35 1.61, 1.68, 1.92
hexagonal graphene-like Coy 4.96 0.74 1.68
a(Rintra)
b<Rinter)

the honeycomb boron layer essentially has an electron deficiency compared to the
interatomic bonding in graphene with both the o (sp?) and 7 (p,) bonds [8]. In
contrast, sixfold coordination of the boron atoms in the flat triangular lattice is not
compatible with symmetry of p orbitals. Then, the buckled structure and buckled
{1212} model were proposed [8, 23, 24] that allow boron atoms to form mixing o
and 7 bonds to reinforce the binding energy, as shown in Table 1.1. Compared to
the ideal flat form of trigonal configuration {1212}, the buckled {1212} one and the
buckled {1212} pair, shown in Fig. 1.8c, consist of chain-wise and pair-wise out-of-
plane displacement, respectively. The reconstructed {1221} model, Fig. 1.8d, can be
depicted as a network of triangle-square-triangle units, as defined in Fig. 1.8a.

K. C. Lau et al. analyzed sheet configurations in the {1212} category and
concluded that they can be described by chemical bonding [23, 24]. The atomic
coordination index, Z (i.e., number of nearest neighbors of a given atom in the
2D network), essentially determines the bonding features and stability of a given
sheet. Varieties of the Z numbers appear due to a network of the combination of
the localized two-center (2¢) and delocalized three-center (3¢) covalent bonds. The
ideal case of a highly symmetrical planar {1212} sheet, Z = 6, is less energetically
stable due to the presence of the degenerate p orbitals (Table 1.1). The electron-
deficient character of the boron atom results in the nearly homogeneous delocalized
bonds (Fig. 1.9-Al).

In the buckled {1212} sheet, breaking the symmetry of the planar sheet results
in stability gains through the bonding configuration of Z = 2 and Z = 4 for the
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cl

Fig. 1.9 Electron density distribution for (Al, AlIl) the idealized {1212}, (BI, BII) buckled
{1212}, (CI) graphene-like, and (CII, CIII) reconstructed {1221} [23]. (Reprinted by permission
from K. C. Lau and R. Pandey, Stability and Electronic Properties of Atomistically-Engineered
2D Boron Sheets, J. Phys. Chem. C 111, 7, 2906 (2007). Copyright (2007) American Chemical
Society)

first and second nearest neighbors. As shown in Fig. 1.9-BI, the buckling forms
anisotropic s-bonds along the infinite boron chains, breaking the degeneracy of
p orbitals. Focusing on the boron chains, in Fig. 1.9-BII, there are “hill” and
“valley” rows connected to each other by delocalized s-p bonds. In contrast to
the ideal {1212} sheet, the buckled {1212} one forms a combination of localized
and delocalized covalent bonds with a network of mixed 2¢ and 3¢ covalent bonds.
Moving onto the reconstructed {1221} sheet, Fig. 1.8d, the layer can be viewed as
a “distorted” honeycomb with new interatomic bonding. In contrast to the Z = 3
for the uniform honeycomb case of the graphene-like sheet, shown in Fig. 1.9-CI,
the indexes are Z = 1 and Z = 2 for first and second nearest neighbors in the
triangular-square-triangular network. As shown in Fig. 1.9-CII, there are directional
localized s-bonds and delocalized 3¢ bonds along the triangular lattice networks.
In the free standing {1212} boron sheets, the mixture of 2¢ and 3¢ bonds is likely
essential for stabilizing the matter [24].
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1.5.2 Free-Standing Trigonal Layers with Hexagon Holes

During arguments on stability of borophene between the triangular and hexagonal
lattice, it was found that there is a surplus of electrons in antibonding states of
flat triangular structures, while the hexagonal boron sheet is electron-deficient and
requires more electrons to reduce the energy [41]. Thus, a type of borophene was
designed by balancing a mixture of the triangular lattice (donor) and hexagonal
lattice (acceptor). Starting with a trigonal lattice, such sheets can be structurally
depicted by removing atoms and leaving hexagonal holes. Then, one can globally
define the following “hexagonal hole density,” 1, to characterize such boron sheets
with a mixture of triangles and hexagons:

a number of hexagonal holes

"~ a number of atoms in the original triangular sheet’

Examples of relationships between 7 and sheets are given in Table 1.2. Figure 1.10a
shows the calculated binding energy of borophene with various 5 values [41].
Between the triangular sheet (n = 0) and the honeycomb one (n = 1/3), there
is a group of stable structures at n = 0.1 ~ 0.15 where the maximum locates
at n = 1/9. The different approach of the cluster expansion method was also
carried out to examine the possible borophene structure of Bj_,O,, where O is
the hexagonal vacancy [30]. It turned out that the low-energy B;_, Oy borophene
structures concentrate in the vicinity of x &~ 0.1-0.15 (n = 0.1 ~ 0.15), as shown
in Fig. 1.10b. It is intriguing that the atomic configurations examined in these studies
have independent approaches but the formation energies follow the general tendency
of hexagon hole density. It is of note that hexagonal borophene of the graphene-type
is more unstable than the trigonal type, as described in the previous section.

Figure 1.11 shows examples of the borophene structures that were found to be
stable from 9000 boron sheet structures, examined by the first-principles particle-
swarm optimization global algorithm [47]. In classifying varieties of borophene,
structures are labeled as «, $, x, for example. These definitions have developed
with a number of the proposed structures. The most recent was established by X.
Wu et al. [47]. The Table 1.2 lists the names with cohesive energy (binding energy),
n values, a number of boron atoms per unit cell (n), and a ratio of coordination of
numbers (CN) in the structure model. The list contains the conventional names taken
from literatures. Types of the boron monolayer sheets are classified as follows:

a-type: CN=5,6

B-type: CN=4,5,6
x-type: CN=4,5

Y-type: CN =3,4,5
3-type: a single value of CN

In the case of a buckled triangle sheet (n = 0), it is CN = 6 and named as §¢-
sheet, while the honeycomb sheet (n = 1/3) has CN = 3 and is called §3-sheet.
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Fig. 1.10 (a) Dependence of binding energy, Ej, with hexagon hole density, n, for sheets that are
composed of evenly distributed hexagons. Ej, for the buckled triangular sheet is indicated by the
dashed line [41]. (Reprinted by permission from H. Tang and S. Ismail-Beigi, Novel Precursors for
Boron Nanotubes: The Competition of Two-Center and Three-Center Bonding in Boron Sheets,
Phys. Rev. Lett. 99, 115501 (2007). Copyright (2007) by the American Physical Society). (b)
Formation energies, Ey, of in the sheet system of B_, O, with various vacancy concentration x
[30]. (By Courtesy of Boris I. Yakobson)

From Table 1.2, one can observe that there are various stable structures of the «, 3,
and x-types, at n = 1/5 ~ 1/9, which is consistent with the results in Fig. 1.10.

It is worth mentioning previous research on stability of the «-borophene. The
a-sheet has large cohesive (binding) energy, as shown in Table 1.2, and it has
been regarded as the stable borophene structure. However, the calculated phonon
dispersion diagram of the a-sheet shows negative phonon frequencies (Fig. 1.12)
[47]. An out-of-plane bending vibration is manifested by the eigenvectors of the
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Fig. 1.11 Various structure model of the boron sheet of the (a) 3, (b) x, (¢) «, and (d) 8 model

[47]. (Reprinted by permission from X. Wu, J. Dai, Y. Zhao, Z. Zhuo, J. Yang, X. C. Zeng, Two-
Dimensional Boron Monolayer Sheets, ACS Nano 6, 7443 (2012). Copyright (2012) American

Chemical Society)
(xe-sheet) to remove the negative frequencies. Absence of the negative phonon

negative frequency mode, followed by formation of the buckled sheet structure
frequency is significant in discussing stability of matter.
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Table 1.2 Cohesive energies (binding energies) of various boron sheets with difference 1 values and
number of boron atoms in a unit cell (n) [47]. The energy is per atom. (Reprinted by permission from
X. Wu, J. Dai, Y. Zhao, Z. Zhuo, J. Yang, X. C. Zeng, Two-Dimensional Boron Monolayer Sheets,
ACS Nano 6, 7443 (2012). Copyright (2012) American Chemical Society)

(@)
Ratios of
Boron sheet E.(PBE) n n CN (4:5:6)
83 4.877 1/3 2
84 5.384 1/4 3
85 (ref 34) 5.684 177 6
8¢ (buckled) 5.662 0 1
X1 5.740 3/17 14 2:5:0
X2 5.740 1/6 10 1:4:0
X3 5.723 1/5 4 1:1:0
X4 5.660 1/6 10 1:4:0
X5 5.638 6 1:2:0
¥ 5.483 1/4 6
(b)
Boron sheet E.(PBE) | E.(PBEO) |n n Ratios of CN (4:5:6)
« (ref 34) 5.760 5.582 1/9 8 0:3:1
a/ (buckled) 5.762 5.619 1/9 8 0:3:1
o] 5.732 5.718 1/8 14 | 0:6:1
a 5.744 5.581 1/8 14 | 0:6:1
o3 5.735 5.528 1/9 8 0:3:1
7 5.696 /11 |10 |0:3:2
a5 (ref 34) 5.629 1712 |11 | 0:6:5
B (ref 34) 5.651 5.560 1/8 7 2:2:3
B 5.746 5.678 1/8 14 | 1:4:2
B> (buckled) 5.743 5.649 1/7 12 | 1:4:1
B3 (buckled) 5.737 5.639 1/6 10 |2:2:1
21/8 (Ba) (ref 37) 5.747 5.617 1/8 21 | 2:5:14
22/15 (Bs) (ref 37) 5.740 5.612 2/15 |26 |2:3:8
Be 5.734 5.600 1/6 10 |2:2:1
B7 5.736 5.573 177 12 | 1:4:1
Bs 5.724 1/9 8 1:1:2
Bo 5.719 1/6 12 | 1:10:1
Bio 5.718 1/8 7 2:2:3
Bi1 5.712 1/6 10 | 3:6:1
B2 (ref 36; original y-sheet) |5.712 1/6 5 2:2:1
B3 5.702 1/6 10 |2:2:1
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Fig. 1.12  Structure models, phonon dispersion plots, and band dispersion plots of the various
a-sheets [47]. (Reprinted by permission from X. Wu, J. Dai, Y. Zhao, Z. Zhuo, J. Yang, X. C.
Zeng, Two-Dimensional Boron Monolayer Sheets, ACS Nano 6, 7443 (2012). Copyright (2012)
American Chemical Society)

1.5.3 Layers on Substrates

The theoretical predictions described in the previous section dealt with free-standing
borophene. It has been pointed out that monolayers have two surfaces and no bulk
in between them, which presents an extreme case of surface science [10]. Thus,
stabilities of borophene layers may change dramatically on substrates, likely leading
to novel atomic and electronic structures. The substrate effect of borophene and
its synthesis have been theoretically examined. One of the landmark studies was
undertaken using first-principles calculations to explore a collection of borophenes
with different hole densities on metal (Au, Ag, Cu) and metal boride (MgB», TiB>)
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Fig. 1.13  Stabilities of 2D boron sheets with various vacancy concentrations on different
substrates [27]. (By Courtesy of Boris I. Yakobson)

substrates [27]. As shown in Fig. 1.13, the calculation shows that borophene layers
on the examined substrates are more stable than the free-standing ones in a vacuum.
The research proposed existence of borophene when it is prepared or grown on
substrates of noble metal or metal borides.

Experimentally, synthesis of borophene has been achieved on various substrates.
Sheets of B12- and x3-borophene were discovered on the Ag(111) substrate [9, 29].
The research also identified scanning tunneling microscope (STM) images of o-
borophene locally [9]. A borophene phase was also synthesized on a Cu(111)
surface with a single-crystal domain size of 100 pm? [46]. Intriguingly, a sheet of
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Fig. 1.14 Change of energy per boron atom of B1_,V, where V is the vacancy in triangular (A)
boron lattice (x = 0), at various doping in the range from O to 1 e/atom [37]. The calculation
was made to describe a honeycomb borophene on a surface of aluminum. (By Courtesy of Boris I.
Yakobson)

honeycomb (§3-) borophene was also observed on Al(111) [26]. This finding stands
in sharp contrast to the fact that the free-standing honeycomb borophene is unstable,
compared to other boron sheets.

Since boron atoms are electron deficient in forming 2D structures, such as a
honeycomb configuration of carbon atoms, electron charging of the boron layers
has been theoretically examined [37, 42]. As shown in Fig. 1.14, optimized density
of vacancy increases though electron charging and honeycomb boron becomes the
most stable structure when there are more than 0.5¢ per atom [37]. This trend
can also be found in different structures of borophene [42]. These results indicate
gate-voltage control of formation of borophene structures [52], opening up a new
freedom when designing borophene-related electronic devices.
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1.5.4 2D Boron Structures with Larger Holes

The role of vacancies in the hexagonal boron structure was studied in detail by
using first-principles calculations at various levels. An early one [12, 41] was
inspired by the theoretical study of the Bgy hollow cluster. However, research on
2D boron structures was evolving rapidly, and as a consequence a polymorphism
of 2D boron structures was studied by using more systematic and sophisticated
numerical methods [30, 47, 49], as described above. At present, we have not only a
vast number of theoretical studies available but also several allotropes of boron are
already obtained experimentally on metallic surfaces [9, 26, 29] and as free-standing
entities [33]. A concise summary of the theoretical and experimental studies is
shown in Fig. 1.15, where we plotted the binding energy, E}, for several borophene
polymorphs as a function of the hole density. As described in the previous sections,
most of the studies consider isolated boron vacancies that are commonly referred
to as hexagonal holes. It is clear, however, that the number of hexagonal holes
depends on the density of the 2D boron structure. For hole densities between 0
and about 0.2, the boron vacancies tend to be isolated from each other. In those
structures interwoven fragments of boron double- and triple-chains (BDC and
BTC, respectively) separate the holes. The most characteristic example of evenly
distributed holes is probably the case of the «-sheet. However, as expected, for larger
hole densities, the boron atoms tend to aggregate what leads to the formation of
nonhexagonal larger holes. Examples of such porous sheets are shown in Fig. 1.16.
The range of hole densities for which such structures were reported spans from
0.2 to 0.4. (Fig. 1.15) The tendency for aggregation of boron atoms is supported
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Fig. 1.15 Binding energy versus hole density for several boron 2D structures described in the
text. The structures with larger holes are shown in Fig. 1.16
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struc-7/25 (p6mm) struc-19/49 (p6mm)

Fig. 1.16 Two-dimensional boron structures with larger holes. In parenthesis the plane symmetry
groups of the structures are included. Structures struc-6/27 and struc-1/4 are illustrated from [51]
and [49], respectively, whereas structures struc-7/25 and struc-19/49 are recalled from [12]

by theoretical results showing that boron atoms in 2D structures tend to be 4, 5,
and 6 coordinated. The threefold coordination is highly unfavorable in terms of
energy. As a consequence the formation of the honeycomb boron structure is not
possible unless the structure is not stabilized by a metallic substrate, like in a recent
experimental study [26]. In general, the geometry of the substrate and the electron
transfer from the metallic substrate to the boron 2D structure limits the number of
boron 2D allotropes that can be synthesized [51]. Interestingly, structures like the
a-sheet that are not only more stable but also more isotropic than 812 and x3 have
not been synthesized thus far.
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Chapter 2 ®
Borophenes: Insights and Predictions Qs
From Computational Analyses

Naiwrit Karmodak, Eluvathingal D. Jemmis, and Boris I. Yakobson

2.1 Introduction

Boron allotropes have attracted interest for decades, due to their exceptional
properties and large number of applications [1-3]. However, the structural com-
plexities and multicentered bonding patterns, in most of them, cause difficulties
in understanding their structure-property relationships. The two-dimensional boron
monoatomic layers discovered recently on metal templates are no exception to
this [4, 5]. Though most of these planar boron phases are not composed of
any polyhedral fragments as that of three-dimensional allotropes, the structural
controversies and possibilities of multiple polymorphs [6, 7] remind one of the early
histories of 3D boron allotropes. Depending upon the crystallization techniques
and the growth temperatures, the 3D boron allotropes are seen to form structures
with varying number of atoms and unit cell symmetry [1-3, 8, 9]. Stability of those
forms also notably varies. For the two-dimensional phases, on the other hand, slight
changes in the choice of boron deposition rate, the nature of the substrate, and its
temperature introduce dramatic variations in the structure [4, 5, 10-13]. This is not
an artifact of experimental uncertainties, with now several laboratories around the
world attempting such experiments. Is there an inherent reason for this variability?
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Much before the experimental reports, several theoretical studies attempted
to understand the structural possibilities of the borophene phases [14-22]. Since
the discovery of graphene, the common approach to achieve the two-dimensional
phases has been starting from smaller precursors and then extending along in
two dimensions or exfoliating the bulk layered allotropes into its two-dimensional
counterparts. However, many fragments of the three-dimensional boron allotropes
are unstable in the isolated form. Moreover, apart from the polyhedral boranes,
planar precursors are not known, which could be related as suitable structural motifs
resulting into the borophene phases upon extension. Thus, the search for alternatives
yielded some initial ideas of the structural possibilities of 2D boron. Inspired by the
resemblance in chemistry of boron and carbon [23], several attempts were made to
construct boron nanostructures based on the frameworks of carbon compounds. This
leads to the emergence of a large number of boron structures different from the 3D
boron allotropes with varying structural possibilities and properties [6, 7, 14, 24].

In this chapter, we focus on the attempts made to understand the chemistry and
physics of two-dimensional boron allotropes, overviewing the theoretical works on
the structural variety and stability of the different borophene phases. The discussion
begins with the studies made prior to the synthesis of these phases on metals, which
includes the chemistry of smaller boron clusters and the different strategies proposed
to extend those clusters to 2D boron phases. This is followed by an analysis of
the forces, regulating and controlling the stability and geometry of boron sheets.
The structural possibilities of the recently synthesized borophene phases on metal
templates are then reviewed. Finally, we summarize with a growth mechanism of the
2D phases on the metal templates focusing on the different experimental conditions,
such as growth temperature, choice of boron sources, and reactivity of the metal
surfaces, that play significant role in bringing the structural variations of the boron
sheets.

2.2 2D Boron Clusters, Borophene’s Conceptual Ancestors

Following the connection between benzenoid aromaticity and polyhedral boranes
[23], several 2D boron clusters have been predicted. The idea of obtaining most
probable geometries for B, where n varies through different values, is that with
higher values of n probable structures of 2D boron phases would be obtained [14, 24,
25]. Structural preferences of aromatic hydrocarbons are often altered by addition or
removal of electrons [26, 27]. This is a familiar situation known for benzene (C¢Hg)
and cyclopentadienyl anion (CsHs™), where removal of two electrons from the
valence shell transforms the planar geometries into pentagonal pyramid and square
pyramid structures for CsHg 12 and CsHs, respectively. In the polyhedral boranes,
each boron atom contributes two of its valence electrons toward skeletal bonding and
one electron is used for exohedral B-H bond formation. Thus, based on the idea that
the removal of H atoms from the polyhedral boranes would provide excess electrons
and favor similar structural transformations to planar forms, attempts for stabilizing
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Bgo Bg, Bio2

Fig. 2.1 The hollow and stuffed boron fullerenes reprinted from ref. [36] (a) The Bgg cluster
obtained from Bgo by adding twenty more B atoms at the hexagonal center. (b) Bg4 fragment of
B-boron allotrope. (¢) The By, fullerene obtained from the Bg4 by adding the 18 extra B atoms, to
satisfy the required number of electrons, upon separating the fragment from the 3D unit cell

the boron clusters without the attached H atoms initiated [28-32]. A systematic
theoretical study by Boustani et al. reported a number of such boron clusters for
the first time [14, 24, 25]. The geometries are formed of triangular networks of
boron atoms. Most of the clusters prefer a cyclic quasi-planar arrangement, with
the peripheral boron rings attached with one or more number of boron atoms in the
center.

Meanwhile, a stable cage cluster with 80 boron atoms, starting from the
structure of Cgp Buckminster fullerene, was predicted as the prototype for the boron
fullerenes by Yakobson et al. (shown in Fig. 2.1a) [33-35]. A simple substitution of
all the C atoms in Cgp with B atoms would result in a B¢ cluster, electron-deficient
and unstable. The required 60 electrons could be provided by addition of 20 more
boron atoms at the centers of the 20 hexagonal rings (green spheres in Fig. 2.1a),
such that each boron atom would give its three valence electrons toward the skeletal
bonding. This yields a total 80 boron atoms cluster, composed of pentagonal and
triangular rings. Though a theoretical study later by Jemmis and coworkers showed
that the stability of such fullerene is further enhanced by stuffing an icosahedral
B> unit inside the boron cage-spheres (Fig. 2.1b—c) [36, 37], the Bgg structure was
indeed the first demonstration that boron nanostructures with only triangular rings
could not be stable, while a more complex pattern can.

In order to reveal the entire structural spectrum of the boron clusters with
varying sizes, several experimental techniques have been developed [38—40]. A laser
ablation method designed by Wang et al. and the accompanying theoretical structure
search methods provide a detailed understanding of the geometries and electronic
structures of these clusters [7, 41, 42], Figure 2.2 shows the structural variations
in the boron clusters as the size increases. The planar clusters are obtained as the
most stable isomers only up to 19 boron atoms. Above this, the cage isomers have
competitive stability with respect to the planar structures. Most of these clusters
also show the emergence of boron rings (denoted as holes) with greater than three
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Fig. 2.2 The structural variations of the boron clusters with the increasing number of B atoms

boron atoms [7]. The structural transformations to tubular clusters are seen starting
from 20 atoms and eventually become a near-spherical cluster with around 30 to 40
boron atoms [43]. The near-spherical clusters preferred stuffing with Iy-Bj2 from
around a hundred or more number of boron atoms. Wang et al. introduced the term
borospherenes for spherical clusters [44, 45], and from the planar cluster with a
hole also the term borophene [46], similar to already used name boraphene for
monoatomic boron layer in earlier Japanese study [47]. The B3¢ cluster is composed
of a hexagonal ring of boron atoms in the center surrounded by 48 triangular
rings. Though the search for larger boron clusters does not always lead to planar
geometries, it makes it more evident that indeed the holes-vacancies are essential
[16, 22, 33] for the stability of boron nanosheets. Besides, the 2D expansion of
planar clusters parallels the shape of things in the realm of 2D boron allotropes. The
interplay between holes (rings larger than three-membered that is atomic vacancies
in the triangular lattice [22]) and the stability of 2D boron polymorphs is discussed
next.

2.3 The Structural Possibilities of Borophene Phases

The structural identity of the borophene phase is subtle and has undergone several
revisions since its conception decades back. Based on the structural patterns of the
planar clusters, a triangular planar sheet was proposed initially out of the graphitic
boron layers present in several metal diborides, especially the MgB, (Fig. 2.3a—)
[48]. Here, Mg atoms occupy the central positions to each hexagon (Fig. 2.3b),
above and below the boron layers. With one electron less than carbon, the hexagonal
unit cell with two boron atoms has a deficiency of two electrons. The electron
requirement is satisfied by the charge transfer of electrons from the metal atoms,
such that Mg gets a formal di-positive charge, whereas the boron becomes negative
B~. An electron added to the boron valence shell makes it isoelectronic to graphene,
resulting in a stoichiometric formula Mg*2(B™),. Therefore, in order to stabilize
these boron layers without any metal and obtain an all-boron sheet, it was thought
that the substitution of Mg by boron would also satisfy the electron count [49, 50].
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Fig. 2.3 A diagram showing the relationship between graphene and borophene. (a) Graphitic
sheet of boron. (b) MgB, layer. (¢) The planar triangular sheet of boron obtained from MgB, by
substitution of Mg by B atoms. (d) The buckled triangular sheet and the nonplanar rearrangement
of boron atoms reducing the antibonding overlap. (e) The a-boron sheet. (Reproduced from ref.

[51D

The addition of the boron atoms introduces several differences relative to MgB,.
Firstly, the added boron atoms at the center remain in the same plane as that of the
other boron atoms of the hexagonal layer, resulting in the planar triangular sheet
with unit cell formula of B-B, (Fig. 2.3c). On the other hand, with the addition of
each extra boron atom, three electrons are brought into the skeletal bonding instead
of two electrons as needed per unit cell. These excess electrons would certainly
occupy the antibonding bands, leading to destabilization of the sheet. The stability
of the boron sheet is found to increase by an out-of-plane rearrangement of the boron
atoms, since the antibonding interaction of the frontier bands is reduced [51-53]. A
qualitative representation of the frontier p bands due to the nonplanar arrangement
of the boron atoms is shown in Fig. 2.3d. Corresponding quasi-planar all-triangular
sheet is also obtained from B7 cluster following the Aufbau principle as proposed
by Boustani et al. (Fig. 2.4) [24]. The hexagonal pyramid B7 unit could extend
to the curved surfaces of the fullerenes (borospherenes) and nanotubes, when the
adjacent apices of the two hexagonal pyramids joined with one another by sharing
a B-B bond are pointed in the same direction (pathway a in Fig. 2.4). An alternating
arrangement of the apices leads to the formation of triangulated quasi-planar sheet
(pathway b in Fig. 2.4).

Further, the Aufbau pyramids are quite conspicuous in cage cluster Bgp, which
also displays B-vacant pentagonal sites [33, 35], importantly suggesting that its
unfolded planar form would also require a portion of B-vacant hexagons. Indeed, on
the heels of this cluster proposal, Tang and Ismail-Beigi realized that in comparison
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Fig. 2.4 The Aufbau principle as proposed by Boustani et al. [24]. for constructing extended
boron nanostructures starting from the smaller B; hexagonal bipyramid cluster. The pathway a
denotes the possible route to obtain the tubular structures, whereas pathway b corresponds to the
quasi-planar boron sheet. (Reprinted from ref. [24] Reprinted by permission from I. Boustani,
Systematic ab initio investigation of bare boron clusters: Determination of the geometry and
electronic structures of By, (n = 2—14), Phys. Rev. B 55, 16,426 (1997). Copyright (1997) by the
American Physical Society)

to the buckling, the planar triangular sheet is better stabilized by the formation of
hexagonal holes [16]. The planar triangular sheet (B-B,) has one excess electron in
each unit cell of three boron atoms. Therefore, the removal of one-thirds of the boron
atoms per unit cell would reduce the excess electron density and result an electron
count similar to graphene or the MgB, [42, 51]. In general, this could be achieved
by the removal of one boron atom from every supercell of nine boron atoms (B-
B;)3 (or B3-Bg), denoted as the a-boron sheet [16]. The sheet thus obtained would
be isomorphic to the unfolded Bgg fullerene structure [33, 35]. The significance of
holes becomes obvious and gives rise to the concept of the hexagonal hole density
(HD), which is defined as [16]:

Hole density(H D)

number of hexagonal holes

" total boron atoms in the original triangular sheet without holes

The triangular planar and buckled boron sheets would have HD = 0, whereas the
a-boron sheet should have HD = 1/9. A number of 2D boron phases are obtained
by varying the number of hexagonal holes and their arrangements within the unit
cell [17, 18, 22]. The structural search methods such as cluster expansion (CE)
and particle swarm optimization (PSO) are employed to reveal all possibilities of



2 Borophenes: Insights and Predictions From Computational Analyses 33

boron phases with different unit cell formula and HD. The boron sheet is assumed
to be a pseudo-alloy composed of boron atoms and hexagonal holes, denoted as
Bi.u[ly [19]. Here v is the hexagonal hole (vacancy, v) density, which is varied
through different values to get the optimum choice. The binding energies per atom
are calculated using the first-principles approach to compare the stability of these
boron sheets. Though highest stability is obtained for the sheets with HD around
1/9, several structural polymorphs are seen for each hole density distribution [19,
22]. A number of semantic classifications are made to name these phases based
on the hexagonal HD per unit cell, the coordination numbers of the B atoms, and
the structural arrangements. Figure 2.5 shows the structural possibilities of a few
boron sheets with varying HD; the corresponding relative stabilities in vacuum,
with respect to a-boron sheet, calculated using density functional theory (DFT)
are given in Table 2.1, also providing the different names used in the literature to
denote these sheets. Among the different nomenclatures, the one proposed based
on the connectivity of the boron atoms by Wu. et al. is used more often to denote
the borophene phases [17]. In the discussion here, we follow this nomenclature.
As per this classification, the monolayer phases are denoted with Greek alphabets
such as a, B, and so on, representing the different coordination numbers (CN) of
the boron atoms, followed by arbitrary roman numerals as the subscript. The sheets
with coordination numbers (CN) of 5 and 6 are named as the a-phases. The pB-sheets
are those having CN varying from 4 to 6, whereas the sheets with CN = 4 and 5
constitute the x-type. The y-type are the sheets with CN = 3, 4 and 5. The sheets

a, sheet (1/10)

ﬁu Sﬁf_—‘i!-tilll»‘-él Xs sheet (1/5)

Bsssheet (5/33)
Fig. 2.5 The monolayer borophene phases with varying holes densities, HD. The boron phases are

denoted using the nomenclature of Wu el. al [17]. The HD values are given within the parenthesis.
(Reproduced from ref. [51])
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Table 2.1 The relative binding energy (BE) of the monolayer borophene phases in meV/atom
with different HD, calculated using DFT-PBE functional. The BE is reported with respect to o-
boron sheet

Sheet Notations in literature HD BE
56 Flat triangular sheet [16], 0 312
36 3¢ [17], buckled triangular sheet [16], W5 [54], Ba [55] 0 96
ag 1/16 sheet [56] 1/16 (0.062) 82
o7 1/16 sheet [56] 1/16 (0.062) 90
og - 1/12 (0.083) 59
oo - 1/10 (0.100) 32
o o/ [17], struc-1/9 [18], a [16] 1/9 (0.111) 0
Bs V15 [191, gon15 [221, Bs [17], 2/15 sheet [18], B3 [54] 2/15 (0.133) 1
B1a 5/36 sheet [56] 5/36 (0.139) 59
B32 - 4/27 (0.148) 50
B33 - 5/33 (0.151) 28
B12 B12 [5, 17], struc-h [18], vise [16], B5 [54],B o [55] 1/6 (0.167) 54
X3 x<3 [5, 17], struc-1/5 [18], %1 [54], B [55] 1/5 (0.200) 43
34 d4 [17] 1/4 (0.250) 313
33 303 [17], W1 [54], hexagonal [16], B [55] 1/3 (0.333) 900

with the single value of the CN are named as 3-types; however, the subscripts in
this case denote the value of the CN number. Therefore, the planar and the buckled
triangular sheets are given the names 8¢ and 8¢ , respectively, since each boron atom
is connected to six other boron atoms, whereas the graphitic boron sheet is denoted
as 33 phase.

2.4 Borophene Phases on Metal Substrates

The metal substrate-template introduces significant effects determining the stability
of two-dimensional boron phases, in addition to the hexagonal hole density and out-
of-plane buckling. The overlap with the metal bands would indeed cause electron
transfer to the boron sheet. Therefore, one can assume initially that the sheets
with higher electron deficiency should have improved stability on metal surfaces.
This is also seen in a theoretical study by Zhang et al., where hexagonal boron
sheet (33) shows greater stability compared to both the planar triangular (8¢) and
a-sheet on metal surfaces, such as Mg(0001), Al(111), Ti(0001), Au(111), and
Ag(111) [57]. However, later on Yakobson and coworkers found that for each metal
surface, the stability would vary drastically depending upon the HD of the sheets
and the experimental conditions [15, 20, 21]. Based upon the binding energies of
the sheets, the metal surfaces are classified into two types. The first type consists
of the metal diborides, such as MgB, and TiB,, which are found to serve as the
promising materials, where the boron terminated surface could provide boron phases
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Fig. 2.6 The energy spectrum of isolated borophene phases and in the presence of Cu, Ag and Au
surfaces as a function of the HD, taken from Ref. [19]. Here v denotes the HD and the structures
of the three most stable phases are shown within the insets

upon its saturation with boron atoms or evaporation of the metal atoms present
underneath the surface boron layers. By tuning the experimental conditions, such
as the temperature or the pressure, or even gate voltage applied to the substrate,
structural preferences of the boron sheets could be varied to large extent [15, 20,
21].

On the other hand, the metal surfaces, i.e., Cu, and noble Ag and Au comprise the
second category, which are suggested as the preferable substrate for the chemical
vapor deposition growth of boron sheets [15, 20, 21]. Employing the structural
search algorithms, the most probable polymorph of the borophene phases for each of
these metal templates is determined [19]. Figure 2.6 shows the relative stability for
different borophene phases with varying HD in the presence of the metal surfaces.
Compared to the isolated sheets, the B> sheet with 1/6 HD has the maximum
stability on Cu surface, whereas the Ag surface shows preferences for several sheets
with varying HD. The binding energy remains similar for a range of HD near 1/6.
The Au surface has similar stability patterns as obtained for the isolated sheets.
Though the sheet with 1/9 HD has the maximum stability, the relative differences in
the binding energies for the other sheets are reduced compared to the values without
the metal templates.

The structural possibilities of boron phases on metal templates are largely
dependent upon the surface energies and work function values of the metal atoms
[19, 58]. The surface energies determine whether the adsorbed boron atoms would
form metal-boron alloys or proceed to the synthesis of extended 2D sheets, whereas
the charge transfer possibility from the metal surfaces to the synthesized boron
sheets is governed by the corresponding work function values. Having the highest
surface energy, the Cu(111) surface prefers the sheets with higher HD. Though for
both the Ag(111) and Au(111) surfaces, the surface energies are slightly lower, the
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lower work function values preferentially stabilizes the electron-deficient sheets on
Ag(111) surface as well. On the other hand, the reactivity for Au(111) surface is
lowest because of having lower surface energy values and higher work function.
Hence, the stability trend of the boron sheets remains unchanged as for the isolated
sheets. Moreover, in order to enhance the interaction with the metal substrates, the
sheets undergo considerable buckling from the planarity [59].

2.5 Experimental Synthesis of Borophene

Influenced by the previous theoretical studies [15] and knowledge available from
the synthetic procedures for the other elemental two-dimensional phases, the first-
ever approach to synthesize monoatomic 2D boron polymorph was reported on
Ag(111) surface. The two different groups succeeded in synthesizing monolayer
boron phases by vapor phase deposition of boron atoms under ultrahigh vacuum
(UHV) conditions. Based on the in situ scanning tunneling microscopy (STM)
images, two phases are detected in one of the studies by Mannix et al. [4], denoted
as striped and homogeneous phase (Fig. 2.7a-b). The lower growth temperature
and higher deposition rate favor the formation of homogeneous phase, whereas with
slightly higher temperature and lower deposition rate stripped phase is synthesized.
The other report is by Feng et al., where the formation of two boron sheets
are also reported, denoted as the S1 and S2 phases (Fig. 2.7c—d) [5]. At a
temperature of around 570 K, the S1 phase is obtained, while S2 phase appears by
annealing the metal template to 650 K. The STM images of both sheets show great
resemblance to the phases obtained by Mannix et al. (Fig. 2.7a—d), but the structures
proposed were different. The incoherence in the borophene structure interpretation
eventually attracted several repeating experiments and characterizations. However,
every experiment results into different consequences (Fig. 2.7e—f), such that either
intermixed phases containing both the S1 and S2 phase domains are obtained [60] or
completely new phases appeared [11]. This observation is generally in tune with the
theory, predicting a number of 2D boron polymorphs to be formed on Ag surfaces
with very similar binding energies [19, 22]

Apart from the growth temperature and the deposition rate, the structural possi-
bilities of boron phases vary, depending upon the template surface. The deposition
of boron atoms on Al (111) surface influences a honeycomb lattice structure, similar
to graphene (Fig. 2.8a) [61]. On the other hand, the boron sheets formed on the
Au (111) surface prefer a herringbone pattern as shown in Fig. 2.8b [10]. Two-
dimensional phases are also obtained on Cu surfaces. The vapor deposition of a
mixture of pure boron and boron oxide mixtures in the presence of hydrogen gas
as the reducing agent led to the formation of icosahedral sheets with a thickness of
around 0.8 nm'2, whereas monolayer phases are formed when only boron vapors
are used at 770 K with a deposition rate of 0.05 monolayer area per minute (ML
min~!) [13]. The growth kinetics and the sizes of the boron sheets varied to great
extent on Cu template, compared to both Ag and Au surfaces (Fig. 2.8c).
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Fig. 2.7 The experimental STM images of the borophene phases obtained on Ag(111) surface
reproduced from ref. [4, 5, 11]. (a) and (b) The stripped and the homogeneous phase reported
by Mannix et al [4]. (Reprinted by permission from A. J. Mannix et al., Science 350, 1513
(2015). Copyright (2015) American Association for the Advancement of Science. (¢) and (d) The
S1 and S2 borophene phases reported in ref. by Feng et al [5]. (By courtesy of Kehui Wu). (e)
The intermixed phase from S1 and S2 phases obtained by Liu et al. The red arrows denoted the
separating regions between the two phases. (f) and (g) The formation of S4 phase along with the
S1 phase reported in Ref. [11] (By courtesy of Kehui Wu)

The structural models of synthesized borophene phases on metal templates
include the following.

2.5.1 Borophene Phase on Ag(111) Surface

S1 Phase and the Striped Phase The structural models proposed for the S1 and
stripped borophene phases brought in some stimulating controversy. The STM
images for both the stripped phase and S1 phase contains parallel arrangement
of lighter and darker protrusions, with periodicities of 3 A along the rows and
5 A across the rows (Fig. 2.6a-b) [4, 5]. The linear arrangement of the lighter
protrusions corresponds to the electron-rich regions, whereas the darker protrusion
denotes the region with electron deficiency. The S1 phase is predicted to match with
the B2 boron sheet with the HD of 1/6, whereas the stripped phase was correlated
to the buckled triangular sheet with zero HD (denoted as 8¢ sheet). However, in
later theoretical and experimental studies, it has been seen that both the phases are
similar, pointing to the 1 boron sheet (Fig. 2.9a) [51, 54, 62], which has been
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Fig. 2.8 (a) The hexagonal boron phase obtained on Al (111) surface [61]. (By courtesy of Kehui
Wau). (b) The herringbone arrangement of the smaller boron islands formed by the deposition of
boron atoms on Au (111) surface [10]. The smaller islands form the extended phases with higher
boron coverage. (¢) The monoatomic boron phases formed on Cu(111) surface at different time
period [13]. (Reprinted from ref. [10, 13, 61] (By courtesy of A. Gozar))

Fig. 2.9 The structure (a), simulated STM image (b), and the electron density distribution plot of
B12 sheet (¢). (Reproduced from ref. [51])

pointed out earlier theoretically as the most favorable phase on the Ag(111) surface
by Zhang et al. [19]. The simulated STM images for the 1, boron sheet is shown
in Fig. 2.9. The filled and vacant (holes) hexagonal units, arranged in linear fashion
for B> sheet, give rise to the linear patterns of lighter and darker protrusions in the
simulated STM image (Fig. 2.9b—c). The filled hexagons in the B> sheet have the
lateral length of 3 A, whereas the longitudinal length is around 5 A.

S2 Borophene Phase and the Homogeneous Phase on Ag(111) Surface The S2
borophene phase has a brick-wall-type arrangement of the electron-rich and -
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deficient regions, as the STM images (Fig. 2.7d) show alternate patterns for the
lighter and darker protrusions [5]. Though much detailed information is not obtained
for the homogeneous phase, STM image shows a similar pattern as the S2 phase,
shown in Fig. 2.7b [4]. The x3 sheet with HD of 1/5 is initially predicted to be
the precise structure for the S2 phase, despite periodicities have slight disagreement
with the experimental values. The interrow periodicity is around 8.41 A, and along
the rows, it is 2.99 A for x3 sheet, while the corresponding experimental values
are around 15 A and 4.3 A, respectively. However, S2 phase could have multiple
structural possibilities, depending upon its growth conditions [51].

The transformation of the S1 phase to S2 phase has been observed during the
experiment upon increase in temperature [5]. This rearrangement is to readjust the
electron requirement due to nonplanar undulations in the sheets with enhancement
of temperature [59]. The overlap between the 1, sheet and the Ag surface would
vary from one surface region to the other, depending upon the arrangement of the
boron and the surface metal atoms. For the regions where the overlap would be
greater, the HD of the sheet would increase further from 1/6 such that the greater
charge transfer from the metal surface could be accommodated. On the other hand,
the HD would reduce for those regions of the sheet where the connectivity between
the sheet and the metal surface gets reduced. The y3 sheet with HD of 1/5 is one
of the possibilities for the phases with enhanced HD. The other possibilities could
be the B (B5, B32and B33) sheets with slightly lower HD and formed of alternating
filled and vacant hexagons as shown in Fig. 2.10. The relative stability of these
sheets on Ag surface is slightly less compared to x3 sheet. Alternating filled and
vacant hexagonal patterns would form a brick-wall-type arrangement for the lighter
and darker protrusions in the corresponding simulated STM images (Fig. 2.10).
The periodicities of Bs sheet is 14.62 A and 5.06 A along and across the rows,
respectively, which are almost similar as obtained for the S2 phase. The other two -
sheets have slightly higher periodic length along the rows; however, the arrangement
across the rows coincides with the S2 phase.

2.5.2 Borophene Phases Synthesized on Cu Surface

The structural possibilities of 2D boron phases on Cu surface are largely dependent
upon choice of boron sources as also evident from the recent synthetic reports [12,
13]. The boron nanostructures formed from deposition of boron oxide vapors on
metal templates have been studied in greater details by Sun et al. [63]. The mecha-
nism follows several complex steps. The initial deposition of the boron oxide vapors
leads to the formation of boron oxide nanostructures on the metal surface. Later
on, when these nanostructures are heated in the presence of the reducing agents,
the oxygen atoms are removed as water vapors, and the nanostructures undergo
rearrangement to metastable phases. During this rearrangement, the boron atoms
prefer the formation of icosahedral units connected among each other. On the other
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Fig. 2.10 The lattice parameter, simulated STM image, and electron density plots, shown from left
to right, for (a) x3 sheet, (b) B5 sheet, (c) B32 sheet, and (d) B33 sheet, respectively. (Reproduced
from ref. [51])

hand, the deposition of boron atoms results into formation of monoatomic layers
with larger domains. In combination of the theoretical studies and experimental
STM images, the most favorable phase is found to have the HD of 1/5; however, the
atomic arrangement differs slightly from the 3 sheet obtained on Ag(111) surface.
The boron layers show corrugation along the perpendicular direction. The unit cell
dimensions of the phase is around 21.84 x 15.96 A, much larger compared to both
the B2 and ¥ 3 sheets [13].

A similar scenario is obtained from the molecular dynamics study of the boron
clusters and extended boron sheets on Cu(111) surface [58]. The icosahedral clusters
disintegrate into planar conformations, but an extended sheet formed of Th-B> units
shows considerable stability and does not undergo any structural transformations.
Therefore, the icosahedral sheet is apparently metastable in nature and would rarely
disintegrate into planar phases after its formation. However, the formation of the
icosahedral sheet would not be possible by boron atom deposition and would need
prior control on the experimental conditions.
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2.5.3 Borophene Phases Synthesized on Au Surface

The Au surface shows differing consequences compared to both the Ag and
Cu surfaces because of its inert nature [10]. The Au (111) surface undergoes
significant reconstruction, depending upon the surface temperatures, while herring-
bone reconstruction is observed during the initial stages with lower temperatures,
which eventually transform to extended triangular networks with the increase in
temperature. Due to the surface reconstruction, the deposition of the boron atoms
results into different consequences as well. The lower temperature favors the finite
clusters on the surface, whereas upon increasing the temperature, initially the
deposited atoms get dissolved with surface Au atoms and diffuse into the bulk Au.
Upon cooling to around the room temperature, the boron atoms move to the surface
and segregate to smaller thombohedral islands of boron phases ranging from 0.9
to 1.4 nm?. Also, the total concentration of boron atoms required for initiating the
formation of the monolayers is higher compared to the Ag(111) surface, due to the
dissolution of the boron atoms with Au. The inspection of the STM images for
the extended borophene phases reveals a periodicity of around 0.66 nm, with slight
resemblance with the S1 phase as obtained on Ag(111) surface.

In order to understand the growth mechanism of boron layers on Au surface,
DFT computations of the adsorption energetics of boron atoms on the surface were
performed. The subsurface near the topmost layer along the step edges was found to
offer the more favorable sites than both the surface locations and the bulk interior.
In the presence of greater surface strain in Au, the subsurface diffusion of the boron
atoms is energetically favored, allowing the formation a stronger Au-B interaction.
The smaller boron clusters also favor the subsurface configurations by expelling
the surface Au atoms. These clusters would eventually extend to the formation of
the larger boron island with more boron atom deposition, removing the surface Au
atoms. Figure 2.11 shows the computed energetics for the B diffusion on the surface
and subsurface locations.

2.6 Interlayer Stacking of the Borophene Layers

The interlayer stacking possibilities and stabilities of borophene phases show large
variations, depending upon the HD and the nonplanar arrangement of the boron
atoms [56, 58, 64]. The monolayers could form interlayer bonds varying from
trivial two-center covalent bonds to complex multicenter connections or prefer van
der Waals interactions. Figures 2.12 and 2.13 shows the most preferred bilayer
possibilities of different borophene phases, while in both sheets with zero HD,
around half of the boron atoms per unit cell are involved in interlayer B-B bonds
(bond density, BD = 1%). The planar triangular phase (3¢ sheet) gets rid of its
one excess electron left behind in boron atoms at the hexagonal center upon the
formation of the interlayer B-B bond [64, 65]. The bilayer sheet attains a similar
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Fig. 2.11 (a) The growth mechanism of boron layers on Au surface at three different temperatures
[10]. The (b) DFT calculations for the energy of boron atoms at different surface and subsurface
locations on Au (111) surface and bulk. (¢) The minimum energy path for the boron atom diffusion
on the surface, penetration, and diffusion in subsurface. (Reprinted from ref. [10])

electron count as the AA-stacked graphene bilayer, such that intersection of the
p bands oriented perpendicular to the hexagonal plane forms two Dirac cones at
the Fermi region (Fig. 2.12a-b). With a slight increase in HD to near 1/16, the
BD reduces to around Y [58]. At further increase of the HD such as in the o-
boron bilayer (HD of around 1/9), interlayer B-B bonds are not observed, since the
sheet is isoelectronic to graphene. Finally, the graphitic boron sheet (1/3 HD) prefer
multicenter B-B bonds between the layers (Fig. 2.13) resembling the three-centered
two-electron bonding patterns in several polyhedral boranes and three-dimensional
allotropes to satisfy the skeletal electron count.

The relative stability of the bilayer sheets in comparison to the monolayer phases
with and without the different metal templates is given in Table 2.2. Without the
metal templates, the highest stability is obtained for ag sheet with the HD of 1/12,
whereas the lowest binding energy is for 34 and 83 bilayers. On the metal templates,
the interlayer interactions are affected by the overlap of the first layer with the
metal surface. Most of the bilayers are destabilized compared to the corresponding
monolayers on Cu surface. The Ag surface also shows a similar trend. The bilayers
formed from the monolayers having higher interaction with the metal surface have
lower stability, whereas the reduction in the interaction with the metal surface
enhances the stability. However, for the Au surface, both the monolayers with higher
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(ev)

Fig. 2.12 Bilayer structures of boron sheets with zero HD. (a) and (b) Structure and band structure
of monolayer 8¢ and AA-stacked 8¢ sheet. (¢) 3¢’ sheet. (d) AB-stacked 8¢’ sheet

and lower HD get stabilized. The 5 and P, bilayers have almost similar stability
as the corresponding monolayers, while for 8¢ and ag bilayer sheets, the stability is
highest.

2.7 The Growth Mechanism of Borophene Phases

Having the thermodynamic data known for the stability of boron phases on different
metal surfaces helps in understanding the growth mechanism of boron phases. The
formation of 2D boron phases on the metal templates initiates with the formation of
2D boron clusters containing triangular units as the building blocks. Therefore, the
nucleation of several 2D metal clusters starting from single boron atoms to around
20 atoms was studied on Cu(111) surface by Liu et al. [66]. The planar clusters
containing only triangular B3 units are found to be the most stable isomers with
up to ten boron atoms. The formation of hexagonal hole initiated with the cluster
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Fig. 2.13 The bilayer stacking possibilities of different monolayer borophenes with varying hole
densities, HD. The interlayer bonds are denoted in blue. The bilayer arrangements of the layers are
indicated by AA or AB stacking. (Reproduced from ref. [58])

having 11 boron atoms. However, with 12 and more boron atoms, the large number
of isomers is obtained with almost similar stability. In most of these clusters, the
belt-like elongated isomers containing triangular networks show higher stability.
The formation of hexagonal holes is found to be favored, when it is enclosed by a
sufficient number of the triangular units surrounding it. The corresponding three-
dimensional isomers have lower stability. The 2D clusters undergo slight buckling
when adsorbed on the surface, thereby effecting their electronic structures. The in-
plane c-orbitals undergo slight destabilization, whereas the m-orbitals gets lower
in energy. The electron density moves from the in-plane molecular orbitals to the
m-orbitals centered on the peripheral boron atoms. The energy per boron atom
decreases initially with increase in N up to around 12 boron atoms. Beyond that,
with the addition of more boron atoms, the formation of energy attains a saturation
limit corresponding to the extended boron sheet. Once the metal template has
sufficiently large islands of 2D boron clusters, the formation of 2D boron phases
continues by joining of these smaller clusters. The molecular dynamics simulations
of the boron clusters on the three metal surfaces (Cu, Ag, and Au) provide a similar
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Table 2.2 The relative binding energies of boron sheets in meV/atom with respect to a-boron
sheet

ABE; ABE, (meV/atom)
Sheet HD (meV/atom) Cu Ag Au BD
d6-AA 0 —-29 - 69 44 2/6
d¢” 0 96 50 13 21
d¢’-AB 0 —109 69 —42 -30 2/8
og 1/12 (0.083) 59 - 5 17
ag-AA 1/12 (0.083) —146 - —-70 —48 24/88
a 1/9 (0.111) 0 0 0 0 -
Bs 2/15 (0.133) 1 -29 —28 6 -
Bs-AA 2/15 (0.133) =27 63 —12 8 -
B5-AB 2/15 (0.133) —64 91 —40 15 Multicenter
B12 1/6(0.167) 54 —78 —49 16 -
Bi2-AA 1/6(0.167) 15 112 39 50 -
Bi12-AB 1/6(0.167) 5 92 19 28 2/10

ABE; denotes the binding energy for the freestanding boron sheets, and ABE; is the binding
energy on metal surfaces. BD denotes bond density, defined as a number of atoms involved in B-B
bond formation/total number of atoms per unit cell. The HD of the bilayer borophene sheets are
denoted in bold

Ops 1.5ps 0ps 3ps

Fig. 2.14 The conformational changes of In-boron clusters of different sizes during simulations
on Cu(111) surfaces at 1000 K temperature. (Reprinted from ref. [58]). The planar structures are
found to be more stable monolayers with the metal surface

overview [58]. When the icosahedral clusters of different sizes are simulated on
the metal templates, the rearrangement of the boron atoms to the planar forms
is observed. Figure 2.14 shows the structural changes of the boron clusters on
Cu(111) surface simulated at 1000 K temperature. For the continuing growth of
an established borophene phase, the nanoreactor theory, originally developed for
graphene [67], becomes well applicable as was recently demonstrated [68], in good
accord with experiments. The formation of bilayers should initiate only after the
complete formation of monolayers and depends upon the relative stability and
interaction of the monolayers with the metal surface.
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2.8 Conclusions and Future Outlook

One can sum up by saying that 2D boron development is a remarkably satisfying,
even learning, example in materials science, where decades after semi-intuitive
musings on such material possibility, the quantitative structure and synthesis
predictions culminated in experimental discoveries. Its notable polymorphism
[22, 69] and electronic structure, rich with topological features [55, 70, 71] and
promise of superconductivity, motivate the accelerating research. Based upon the
first-principles simulations, the most stable 2D boron polymorphs are studied
with several future applications in mind. While the presence of hexagonal holes
along with the triangular network in the borophene phases are found to enhance
the in-plane elasticity and ductility [72], for interconnects in flexible/stretchable
electronics, the fluxional multicenter bonding nature provides suitable platform for
catalyzing a large number of surface reactions and metal ion mobility [73, 74].
Particularly, the B12 sheet with 1/6 HD is theoretically estimated to have a lower
diffusion barrier for the Li and Na ions, thereby predicting excellent materials for
devising Li and Na ion batteries [74]. Moreover, for several of these polymorphs,
the analysis of their phonon spectra and electron-phonon coupling constants reveals
superconducting properties with the critical temperature around 10-20 K [55]. Low-
damped plasmons sustainable up to visible range [75], along with the unique optical
reflectance of borophene layers [76], surpassing in theory even metallic silver, offer
applications in reflecting and light-protective coatings.

Though the potential physics and even electronics and plasmonics applications
are tantalizing, the challenges remain significant in simplifying the synthetic routes,
mostly limited so far to sophisticated beam epitaxy. Separating boron monoatomic
layers from the presently all-metal substrates, or finding the ways to grow borophene
on insulators-semiconductors, would allow more direct and precise characterization
of its intriguing properties, bringing the research to a new level.
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Baojie Feng, Lan Chen, and Kehui Wu

3.1 Introduction

As the fifth element in the periodic table, boron is located between metallic
beryllium and nonmetallic carbon. The ground-state configuration of boron is
[He]2522p1, which means that boron has three valence electrons and four atomic
orbitals. It is obvious that the number of atomic orbitals is larger than the number
of available valence electrons, which prevents fulfillment of the octet rule. In
other words, there are too few valence electrons to occupy all the orbitals of
the classical two-center two-electron chemical bonds, which causes the electron-
deficient state in boron. As a result, various types of chemical bonds can coexist
in boron, including conventional two-center two-electron bonds and unconventional
delocalized multicenter two-electron bonds. The complexity of the chemical bonds
in boron gives rise to tens of bulk polymorphs that consist of interconnected B1,
icosahedral cages [1, 2]. The situation is similar in borophene, in which the thickness
of boron is reduced to a single atomic layer. Theoretically, it is commonly accepted
that freestanding borophene consists of a triangular lattice with hollow hexagons
(HHs) to balance out the two-center and multicenter bonds [3], and the stability of
borophene is directly related to the HH density (v). The different arrangements of
the HHs in borophene produce a number of polymorphs, and, surprisingly, most of
these polymorphs are metallic, in contrast to the semiconducting or insulating nature
of bulk boron [3, 4].

Unfortunately, despite the polymorphism of boron, none of the polymorphs have
a graphite-like layered structure. As a result, it is impossible to obtain borophene
using conventional mechanical exfoliation techniques. Theoretically, the energy per
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boron atom in borophene is much higher than that in bulk boron, which indicates that
borophene is thermodynamically unstable. In other words, large numbers of boron
atoms would preferentially form 3D bulk structures rather than the two-dimensional
(2D) borophene. Furthermore, different borophene polymorphs with similar degrees
of stability tend to coexist because of the intrinsic polymorphism of borophene; this
will also make it difficult to synthesize large-scale single-phase borophene. As a
result, the experimental synthesis of borophene has become a challenging task for
researchers.

One powerful way to synthesize 2D materials is molecular beam epitaxy (MBE),
which requires an ultrahigh vacuum. In MBE, the deposition and diffusion rates of
the atoms on the surface can be controlled well via the temperatures of the sources
and the substrates, respectively. When this control is combined with the catalysis
effects of the substrates, it is possible to suppress the formation of 3D clusters, even
if the 3D clusters are energetically more favorable. The powerful nature of MBE has
enabled the realization of synthetic 2D materials that lack 3D parent structures, such
as silicene and germanene [5, 6]. As a result, MBE is a good choice for synthesis of
borophene. For growth of boron, one of the most important factors is the selection
of the supporting substrate, which is crucial for the stabilization of borophene. The
successful growth of graphene and silicene on metal substrates, such as Cu(111),
Ag(111), and Pt(111), suggests that metal surfaces can assist in the growth of 2D
materials, and these substrates may be applicable in the case of borophene. The
feasibility of the use of metal substrates has already been studied theoretically by
several groups before the experimental realization of borophene [7-9]. For example,
Liu et al. reported that boron preferentially forms 2D flat structures on Cu(111)
and Ag(111) surfaces and noted that a high nucleation barrier could impede the
formation of 3D clusters [7]. Zhang et al. reported that borophene can be grown on
a variety of metal substrates, including Mg, Al, Ti, Au, and Ag [8].

These pioneering theoretical works have stimulated major experimental efforts
aimed at the synthesis of borophene. As expected, various borophene polymorphs
have been synthesized successfully on metal substrates. In the following, we will
briefly introduce and describe these experimental works based on the substrates
used.

3.2 Ag(111)

The synthesis of borophene was first realized on Ag(111) substrates by two indepen-
dent groups. By evaporating pure boron directly onto Ag(111) at 550 °C, Mannix
et al. obtained atomically thin boron sheets, i.e., borophene [10]. Using scanning
tunneling microscopy (STM), they observed two borophene phases that were
dependent on the deposition rate and the substrate temperature: a homogeneous
phase and a striped phase, as shown in Fig. 3.1(a—c). Higher growth temperatures
favored the growth of the striped phase, thus suggesting that the striped phase is
thermodynamically more stable. High-resolution STM measurements showed that
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Fig. 3.1 STM images of different phases of borophene on Ag(111) surfaces. (a—c) (Data from Ref.
[10]. Reprinted by permission from Mannix et al. 2015. Copyright (2015) American Association
for the Advancement of Science. (d—f) Data from Ref. [11])

the homogeneous phase consists of periodic atomic chains (with 0.3 nm periodicity)
with periodic vertical buckling, a short rhombohedral moiré pattern, and a long-
range 1D moiré pattern. The striped phase has a rectangular lattice with lattice
constants of 0.51 nm and 0.29 nm. Combining their results with theoretical cal-
culations, they proposed that both phases have a close-packed borophene structure
without HHs. These borophene sheets have intrinsic corrugations on the Ag(111)
surface because of the instability of the freestanding form, thus resulting in the two
phases shown in their STM images [10].

Almost simultaneously, Feng et al. reported similar experimental results for the
synthesis of borophene, but their structural models were different [11]. They also
obtained two phases of borophene, named S1 and S2 in their paper, as shown in
Fig. 3.1(d and e). The S2 phase shown in their STM images closely resembles the
homogeneous phase reported in the work of Mannix et al. However, despite the
similar rectangular lattice shown in the STM images, the S1 phase has an additional
1D moiré pattern with periodicity of 1.5 nm (Fig. 3.1e); this 1D moiré pattern
is absent from the striped phase in the work of Mannix et al. By annealing at
a higher temperature, the S1 phase can be transformed into the S2 phase, which
demonstrated that the S2 phase is more stable. The higher stability of this S2 phase
has also been reported in subsequent experimental works [12—14]. By considering
their results in combination with first-principles calculations, Feng et al. proposed
that the two phases are triangular boron structures with HHs that were already
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Fig. 3.2 Structural models of borophenes on Ag(111). (a) Freestanding 81> borophene. (b) and (c)
Top and side views of B, borophene on Ag(111), respectively. (d—f) The same images as shown
in (a—c) for x 3 borophene on Ag(111). Orange and gray balls represent the boron and silver atoms,
respectively. (Reproduced from Ref. [11])

proposed in previous works [15]: S1 corresponds to the 82 sheet (v = 1/6) and
S2 corresponds to the x3 sheet (v = 1/5), as illustrated in Fig. 3.2. Interestingly,
both boron sheets remained planar without any obvious vertical corrugations, thus
indicating a relatively weak interaction with the substrate. The calculated formation
energy of the 1> sheet is slightly lower than that of the x3 sheet (Table 3.1), which
agrees well with the greater stability of the S2 phase. In addition, they calibrated the
atomic flux of boron based on the well-known Si(111)-B-,/3 x /3 superstructure
and confirmed that the densities of the boron atoms in the two borophene phases
were approximately 1/6 and 1/5, which match the structural models of the 812 and
X3 sheets, respectively.

The different structural models of borophene proposed by Mannix et al. and by
Feng et al. leave an open question with regard to the correct structure of borophene
on Ag(111). In the freestanding form, the B1 and x3 sheets are more stable than
the triangular structure because of the existence of the HHs, which indicates that the
B12 and x3 sheets have higher stability on Ag(111). Theoretical calculations with
respect to the substrates were performed by Zhang et al. at almost the same time as
the two experimental works, and they found that the 81, sheet is the ground state
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Fig. 3.3 High-resolution XPS results. (a) Boron 1 s core-level spectra for borophene samples
grown at 300 and 400 °C. (b) Silver 3d core-level spectra of clean Ag(111) and borophene samples
grown at 300 and 400 °C. Both plots display the raw data (dots), the fitted peak components (filled
shapes), and fitted envelopes (gray lines). (Reproduced from [12]. Reprinted by permission from
Campbell et al. 2018. Copyright (2018) American Chemical Society)

of borophene on Ag(111) via a global minimum search [16]. Subsequent theoretical
calculations further supported the higher stability of the 812 and yx3 sheets when
compared with the triangular sheet on Ag(111) [17, 18].

The discussions above indicate that the 812 sheet is the correct structural model
for the S1 phase reported by Feng et al. [11]. As noted above, the S1 phase has
a 1D moiré pattern with a periodicity of 1.5 nm that is absent from the striped
phase reported by Mannix et al. [10]. A closer inspection of the STM images of the
two phases shows that the relative angle between the rectangular unit cell and the
Ag(111) surface is different in the two cases. In the triangular structure case [10],
the [110] direction of Ag(111) coincides with the short edge of the rectangle, while
there is a 30° rotation in the case of the S1 phase [11]. Therefore, it is simple to
assign the striped phase to the 812 sheet with a 30° rotation angle with respect to
the S1 phase. This striped phase was also observed recently by Zhong et al. and has
been labeled S3 [19].

X-ray photoelectron spectroscopy (XPS) is a powerful technique for study of the
chemical bonding properties of borophene [12] and can provide useful information
to support the structural models of borophene on Ag(111). The XPS spectra of the
S1 and S2 phases are shown in Fig. 3.3. These spectra show three peaks for the
S1 phase and two peaks for the S2 phase. The fitted intensity ratios show that the
300 °C sample is composed of ~90% S1 phase and ~10% S2 phase, whereas the
400 °C sample is composed of 10% S1 phase and 90% S2 phase. Furthermore, the
ratios of the peak intensities are ~2:2:1 for the S1 phase and ~1:1 for the S2 phase,
which are consistent with the predicted ratios of fourfold, fivefold, and sixfold
coordinated boron atoms contained in the 817 and x3 borophene crystal structures.
In contrast, the XPS spectra of the Ag 3d peaks are indistinguishable from those of
clean Ag(111), which indicates the weak interaction between borophene and the Ag
substrate.
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Fig. 3.4 (a) Schematic of XSW (blue lines) generated by interference between incident (I) and
reflected (R) X-ray beams during Bragg diffraction from a Ag(111) single crystal with a x3
phase borophene layer. (b), (¢) Data (circles) and model fittings (black lines) for the incident X-
ray energy dependence of the X-ray reflectivity and the normalized B 1s photoelectron yields of
samples grown at 300 and 400 °C, respectively. The total B 1s is shown along with the chemically
distinct boron species from Fig. 3.3(a). (d), (e) Structural characterizations for the 81, phase and
the x3 phase from XSW as derived from the 300 and 400 °C sample growths, respectively. (f), (g)
Atomic models of Ag(111)-supported borophene in the 815 and x3 structures, respectively. The
enlarged models show the low-energy electron diffraction (LEED)-derived 812 and x3 2D unit
cells over each phase with the boron atomic coordination numbers labeled. (Reproduced from Ref.
[12]. Reprinted by permission from Campbell et al. 2018. Copyright (2018) American Chemical
Society)

These XPS spectra only provide evidence of the chemical coordination of the
boron atoms in borophene, which represents an indirect approach to determination
of the atomic structure of borophene. To determine the structures of borophene
precisely, Campbell et al. used the X-ray standing wave (XSW) technique, which
can enhance XPS with high spatial resolution, as illustrated in Fig. 3.4. The heights
of the atoms within the distinct chemical environment can be determined by fitting
of the peaks. Full details of the measurements and the fitting process used can be
found in Ref. [12]. An analysis of the Ag 3ds5/» XSW-XPS results shows that all
silver atoms located within the 10 A sampling depth are unaffected by the presence
of boron. For borophene, despite the distinct in-plane registry between the surface
silver atoms and the boron atoms in both the 812 and x3 structures, the fitting
results show that all the boron atoms are highly coplanar. The distance between
the borophene and the topmost Ag(111) layer is 2.4 A, with a negligible corrugation
of Az~ 0.1 A. These results indicate weak B-Ag hybridization, which is consistent
with the recent discovery of metallicity and Dirac fermions in these structures [20—
22].
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Fig. 3.5 (a, b) STM images of 817 borophene acquired with a bare tip and a CO-functionalized
tip, respectively. (c) AFM image of 1> borophene acquired with a CO-functionalized tip. (d)
Simulated CO-AFM image of 82 borophene. (e, f) STM images of x 3 borophene acquired with a
bare tip and a CO-functionalized tip, respectively. (g) AFM image of x3 borophene acquired with
a CO-functionalized tip. (h) Simulated CO-AFM image of x3 borophene. (Reproduced from Ref.
[13]. (By courtesy of Boris I. Yakobson))

Atomic force microscopy (AFM) with a CO-functionalized tip provides a
powerful technique to resolve the atomic structures of materials and can provide
higher spatial resolution than conventional STM. Recently, Liu et al. studied the
atomic structure of borophene using a CO-functionalized AFM tip [13]. Figure
3.5(a, e) shows the STM images of the 81, and x3 borophenes, respectively, where
only the periodicity of the two phases can be resolved. When the tip is adsorbed with
a CO molecule, the STM spatial resolution is slightly improved, as illustrated in Fig.
3.5(b, f). The AFM mode can further improve the spatial resolution and directly
resolve the HHs (Fig. 3.5(c, g)), which is consistent with simulated results (Fig.
3.5d, h, respectively). These results thus confirmed directly that the two observed
borophene phases were the B12 and yx 3 sheets.

In addition to the dominant 1> and x3 borophenes on Ag(l11), several
metastable borophene phases are present on Ag(111). Zhong et al. reported two
metastable phases, designated the S3 and S4 phases, and STM images of these
phases are shown in Fig. 3.6. In combination with first-principles calculations, the
S3 phase was identified as the 812 phase with a 30° rotation with respect to S1,
while the S4 phase was the well-known « sheet, which was predicted to be the most
stable freestanding borophene. As discussed above, the S3 phase is likely to be
the striped phase that was reported by Mannix et al. [10]. These S3 and S4 phases
always coexist with the S1 and S2 phases, but their ratios on Ag(111) are much
smaller, which indicates the lower stability of these two phases. In fact, these two
phases are hardly seen by low-energy electron diffraction (LEED) measurements
because of their negligible ratios with respect to the S1 and S2 phases. According
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Fig. 3.6 STM images of two metastable 2D boron sheets on Ag(111). (a) STM topographic image
of boron structures on Ag(111). The boron islands are labeled as the “S1” and “S3” phases. (b)
Derivative STM image of (a). (¢) High-resolution STM image of the S3 phase. The S3 unit cell is
marked using a black rectangle. (d) Top view of the S3 model, which corresponds to a 81, sheet
of 2D boron on the Ag(111) surface. (e) STM topographic image of boron structures on Ag(111).
The boron islands are labeled as the “S1” and “S4” phases. Most boron islands shown in the image
are of the S1 phase. (f) STM image acquired on the area marked by the red-dotted rectangle shown
in (d). (g) High-resolution STM image of the S4 phase. The S4 unit cell is marked using a black
rhombus. (g) Top view of the S4 model, which corresponds to the o sheet of 2D boron on Ag(111).
(Reproduced from Ref. [19])

to the calculations, both S3 and S4 remain relatively flat on the Ag(111) surface,
thus indicating their weak interaction with the substrate. The coexistence of these
multiple borophene phases on Ag(111) confirms the polymorphism of borophene.

To provide a better understanding of the stability of borophene on Ag(111), it is
desirable to compare the formation energies of the different phases. The calculation
results for the formation energies are presented in Table 3.1. Among the freestanding
borophenes, the most stable phase is the well-known o sheet with v = 1/9 [24].
However, on Ag(111), the total formation energy includes the adhesion energy of
the substrates, and the total formation energy of the o sheet therefore becomes
lower than that of the 812 and x3 sheets. As a result, on Ag(111), the 812 and
x3 sheets become more stable than the « sheet, which is again in agreement
with the experimental results. These results also demonstrate the power of MBE,
which can be used to synthesize metastable and even unstable 2D materials in their
freestanding forms.

In addition to the S1-S4 phases, Liu et al. [13] found several other borophene
phases on Ag(111): B812-22°, x3—6°, x3-9°, and x3-22°. Interestingly, the overall
trend is that the borophene growth process transitions from rotationally commen-
surate phases to incommensurate phases at higher growth temperatures. Note that
all phases of borophene on Ag(111) are 81, and x3 phases, except for a metastable
a sheet. The difference that separates each of these borophenes is their rotation
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Table 3.1 Formation S1 S2 S3 S4
energies for freestanding and
Epg | 6.23 |6.19 |6.23 |6.27

epitaxial S1-S4 phases
Egg | 6.32 |6.35 |6.24 |6.29

Extracted from Ref. [11, 19]

Erp is the formation energy per
atom of freestanding borophene.
Egp is the formation energy per
atom for the epitaxial borophene on
Ag(111)

angle with respect to the Ag(111) surface. The existence of these rotationally
incommensurate phases provides corroborating evidence that the borophene layers
are chemically discrete from the underlying Ag surface.

From the discussions above, we see that B12 and x3 borophenes are the
predominant phases on Ag(111). Over a large growth temperature range, these
two phases coexist on a Ag(111) surface with rich line defects, as shown in Fig.
3.7(a, b) [23]. These line defects arise from the B12-812, B12-X3, Or x3-x3 domain
boundaries. The registry of 812 and x 3 sheets along the HH rows allows these sheets
to connect seamlessly and thus exhibit an atomically smooth phase boundary (Fig.
3.7d). In other words, the line defects are formed by intermixing of the 812 and 3
rows.

The perfect lattice matching of the 812 and x3 sheets along the HH rows at the
phase boundaries results in a negligible interface energy, in contrast to the more
substantial interface energies in other configurations that are caused by large lattice
mismatches (Fig. 3.7¢). Furthermore, the two borophenes are highly anisotropic,
which will lead to a well-defined defect formation. These defect-induced phases blur
the distinction between the borophene crystals and the defects. Because the crystals
are defined by their atomic ordering and structural periodicity, borophene domains
containing periodic assemblies of B1 and x3 rows can be viewed equivalently as
new borophene phases. For example, Fig. 3.7(e) shows a borophene domain that
displays different regions that are defined by line defects with distinct periodic
lengths and are separated by the white-dashed lines. Detailed analysis shows that
two more borophene phases are formed at the domain boundaries with HH densities
of v = 4/21 and 7/3, respectively. In addition, low-temperature measurements
showed subtle electronic features that are consistent with a charge density wave and
are modulated by the line defects. Recently, by depositing perylenetetracarboxylic
dianhydride (PTCDA) molecules on borophene/Ag(111), Liu et al. produced lateral
heterostructures with electronically abrupt interfaces [25]; their work may inform
emerging efforts to integrate borophene into materials for nanoelectronic applica-
tions.

In addition to the large area borophene sheets on Ag(111), Zhang et al. found
that reduction of the growth temperature and the chemical potential of boron can
enhance the kinetic anisotropy in a manner that promotes the growth of ultra-narrow
boron nanoribbons [26]. The formation of these boron nanoribbons originates from
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Fig. 3.7 (a and b) STM images of line defects in 817 and x3 borophene sheets, as indicated by
the blue and red arrow heads, respectively. (¢) Schematic models of interfacing 81, and y3 sheets
(shaded red and blue, respectively) with mismatched and perpendicular boron rows. The large
lattice mismatch causes high interfacial energies. (d) Structures of the 812 and x3 rows (top and
middle, respectively) and an example of a new boron phase formed by assembling 817 and y 3 rows
(bottom). (e) Borophene sheet that contains domains with different periodic assemblies of 812 and
X3 rows, including two new phases of borophene (v7/3¢ and v4/2; sheets). Here, Vg = —1.3 V.
(Reproduced from Ref. [23]. (By courtesy of Boris I. Yakobson))

the unique borophene growth kinetics on Ag(111). Their theoretical calculations
showed that the growth kinetics follow multiple energy pathways with close barriers
along each edge but with strong anisotropy across the different edges. Therefore,
the kinetic equilibrium shapes of borophene are a series of elongated hexagons, or
nanoribbons.
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3.3 Ag(110)

The successful growth of borophene on Ag(111) demonstrates that the interaction of
boron and silver is appropriate for stabilization of 2D boron sheets without causing
either clustering or alloying. Therefore, it is reasonable to assume that the other
facets of silver crystals, e.g., Ag(110) and Ag(001), may also be good candidate
materials for the growth of borophene. Because of the polymorphism of borophene,
it is possible to realize other borophene phases when the symmetries and the
lattice constants of the substrates change. In particular, the (110) surface is strongly
anisotropic and is more reactive, which could favor the growth of 1D nanoribbons
along the [110] direction. For example, Ag(110) and Au(110) surfaces have been
used to grow graphene and silicene nanoribbons [27-29]. It is thus possible that
borophene can also be used to form nanoribbons on Ag(110).

Based on these assumptions, Zhong et al. deposited boron on the Ag(110) surface
at 570 K [30] using similar methods to those used for deposition on Ag(111).
As expected, they obtained borophene nanoribbons (BNRs) that run along the
[110] direction of Ag(110), as shown in Fig. 3.8. These BNRs were approximately
10 nm wide and could run as long as several hundred nanometers. Furthermore,
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Fig. 3.8 (a) Derivative STM image showing boron nanoribbons grown on Ag(110). The image
size is 100 x 100 nm?. The nanoribbons run across the substrate steps without losing their
continuity. (b) Systematic statistics for the nanoribbon width. A Gaussian fitting is shown as a
black line. (¢) The dI/dV spectra of borophene nanoribbons (BNRs) on Ag(110). The green, red,
and blue curves represent the dI/dV spectra that were obtained on P1, P3, and P4, respectively. (d—
g) High-resolution STM images of P1-P4, respectively. The unit cells of P1-P4 are marked using
different dotted patterns. (h—k) Top views of the optimized P1-P4 BNRs on the Ag(110) surface,
respectively. Color codes: B, small orange spheres; topmost Ag, large white spheres; lower Ag,
large blue spheres. (Reproduced from Ref. [19])
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the BNRs could even cross steps on the substrate without loss of continuity, which
demonstrates the strong 2D characteristics of the BNRs.

To determine the atomic structures of these BNRs, Zhong et al. performed high-
resolution STM measurements and found four different BNR phases. By combining
their results with theoretical calculations, the atomic structures of the four BNRs
were elucidated: the y 3 sheet, the B sheets with two inequivalent directions, and the
Bs sheet. In fact, all these borophene polymorphs have previously been predicted
to be stable in their freestanding form [15], which again proves the polymorphism
of borophene. In particular, the x3 sheets can be synthesized on Ag(111) substrates
and have been found to host anisotropic Dirac cones [22]. The restriction of massless
Dirac fermions in a 1D nanoribbon could produce various exotic material properties.
Therefore, the synthesis of x3 BNRs could stimulate the ongoing efforts to study
the unusual properties that originate from quantum size effects.

3.4 Al(11)

Among the polymorphs of borophene, the honeycomb phase has the highest hole
density (v = 1/3) and resembles the well-known graphene, which hosts massless
Dirac fermions and numerous other exotic properties. Furthermore, the honeycomb
boron structure exists naturally in the well-known high-T,. superconductor MgB,
and is believed to be the origin of the superconductivity in MgB,. Therefore, real-
ization of honeycomb borophene could provide a good platform to investigate the
interplay between the topological and superconducting orders. However, previous
calculations show that the energy per boron atom is the highest of all the borophene
polymorphs [31], thus indicating that freestanding honeycomb borophene is quite
unstable.

One effective approach to increase the stability of honeycomb borophene is the
use of electron doping, because the external charge will change the occupation of
the bonding or antibonding orbitals and in turn will reorder the energies of all the
polymorphs [32]. For honeycomb borophene, the energy per boron atom decreases
continuously with increasing electron doping [32, 33]. Honeycomb borophene
finally reaches the ground state when the doping reaches 0.5-1.0 e/atom. In other
words, if we assume that each boron atom receives one electron, then the boron atom
will become a “carbon” atom and the conventional 2c—2e o bonds will dominate.
Heavy electron doping of this type has been discovered in MgB», which consists of
alternating honeycomb boron layers and triangular magnesium layers. It is accepted
that the honeycomb boron layer contributes to the superconductivity, while the
magnesium atoms act as the electron donors.

To achieve heavy electron doping of borophene, a suitable substrate will be
required. According to the theoretical calculations for 81, and x3 borophenes on
Ag(111), the charge transfer from Ag(111) to boron is quite small (<0.1 e/atom)
and is thus insufficient to stabilize the honeycomb borophene. Recently, Li et al.
used Al(111) as a substrate to grow borophene [34]. Because of the low work
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Fig. 3.9 (a) STM image (180 nm x 180 nm) of borophene islands on Al(111) surface. (b) STM
image (15 nm x 15 nm) showing the large-period triangular corrugation. (¢) High-resolution
STM image (2.4 nm x 2.4 nm) of the area marked by the black rectangle in (b), showing a flat
honeycomb lattice. (d) 3D STM image (4 nm x 4 nm) of the area marked by the white rectangle
in (b). (e-g) Structural models and the electron density of honeycomb borophene on Al(111) and
Ag(111) surfaces. (e) and (f) Top and side views of honeycomb borophene on Al(111), respectively.
(g) Electron density map of honeycomb borophene on Al(111). (Reproduced from Ref. [34])

function of aluminum, the electron doping of boron was as high as 0.7 e/atom,
which made it possible to realize honeycomb borophene. The substrate temperature
was maintained at 500 K during the growth process. Using STM, they observed
borophene islands with a height of 320 pm, which corresponds to the height of a
single-layer borophene. The measured height varied little when the bias voltage
was varied between —6 V and + 6 V. Their high-resolution STM images of
borophene showed a perfect honeycomb lattice (Fig. 3.9c), and the lattice constant
(0.29 nm) was very close to the calculated results for both freestanding honeycomb
borophene (0.3 nm) and the Al(111) surface (0.286 nm). However, the small lattice
mismatch also induces strain in borophene, which produced a periodic corrugation
pattern in the STM images. Their theoretical calculations of the borophene/Al(111)
structure confirmed the honeycomb lattice nature of the borophene. In addition, the
honeycomb borophene remained flat on unreconstructed Al(111), similar to the case
of borophene on Ag(111). In addition to the large charge transfer from Al(111),
the nearly perfect lattice matching between honeycomb borophene and the Al(111)
surface provides another reason for the stabilization of the honeycomb borophene.
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To determine the mechanism underlying the enhanced stability of honeycomb
borophene on Al(111), Zhu et al. investigated the structural, energetic, electronic,
and lattice dynamic properties of this structure via first-principles calculations
[35]. They found that the lowest energy configuration for honeycomb borophene
on Al(111) is the FCC-HCP configuration, which differs from the predominant
TOP-FCC configuration of graphene on metal surfaces. The calculated vertical
spacing between the borophene and the Al(111) surface was as small as 1.54 A,
which is also much smaller than that in the graphene case. Most strikingly, the
adhesion energy of the honeycomb borophene in the FCC-HCP configuration is as
high as 1.05 eV/atom, which indicates that the interaction between the honeycomb
borophene and the substrate is not a weak van der Waals-type interaction. A
Bader charge density analysis revealed that there was pronounced charge transfer
of approximately 1.0 e per B atom from the top Al(111) layer to the borophene.
This significant charge transfer, along with the covalent bonding interaction in the
interface region, resulted in a strong adhesion energy that could ultimately stabilize
the Al(111)-supported honeycomb borophene.

3.5 Au(111)

Gold is another noble metal and has lower chemical reactivity than silver. By
depositing boron atoms on the Au(111) surface at 550 °C, Kiraly et al. [36] found
that the herringbone reconstruction of the Au(l111) transformed into a trigonal
network to relieve the strain, as shown in Fig. 3.10a. Interestingly, small nanoscale
borophene islands emerged at the nodes of the trigonal network, as indicated by the
white-dashed lines in Fig. 3.10c. Theoretical calculations show that these borophene
islands are v1,/1> sheets [16]. The trigonal network shows a characteristic periodicity
within the 5.5 to 8.0 nm range and acts as a template for nanoscale borophene island
growth. Increasing the boron coverage led to the breakdown of the trigonal network
and formation of larger borophene islands, but these larger borophene islands were
embedded in the topmost Au(111) layer. As the boron dose increased, the borophene
sheets increased in size to produce domains that extended for at least several tens of
nanometers.

During the growth of boron on Au(111), the total atomic boron dose required to
observe the nanoscale borophene islands is an order of magnitude larger than that
required for growth on Ag(111), which indicates that the boron may dissolve into the
Au(111) bulk. When boron is deposited at room temperature, it will form clusters on
the Au(111) surface, and the XPS spectra show a clear peak in the B 1 s core level
(Fig. 3.11a), which is expected as a result of the limited solubility of boron in Au
at room temperature. However, when the substrate temperature reaches 550 °C, the
B 1s peak is significantly reduced, thus indicating that the boron surface coverage
is much lower in these cases. This scenario has also been confirmed by time-of-
flight secondary ion mass spectrometry (ToF-SIMS), as illustrated in Fig. 3.11b.
The boron signals for the boron cluster sample are higher in the SIMS spectra when



3 Synthesis of Borophene 65

a Clean Au{111} c

B deposition

Fig. 3.10 (a) STM image of a clean Au(111) surface that shows a herringbone reconstruction
(V= —15 YV, I = 100 pA). (b) Following boron deposition at 550 °C, the herringbone
reconstruction is modified to form a trigonal network, where nanoscale borophene islands (one
is highlighted using a white-dashed line) emerge at the nodes and result in templated growth
across the surface (V = —0.1 V, I = 200 pA). (¢) Atomic structure of borophene vy/j» that was
computationally modeled and predicted for Au(111) (left, top-down view; right, cross-sectional
view). (d) Increasing boron dose results in breakdown of the trigonal network and growth of larger
borophene islands (top panels, V = —2 V, I = 100 pA; bottom panels, V = 3.4 V, I = 60 pA).
(Reproduced from Ref. [36]. (By courtesy of Boris I. Yakobson))

compared with those of the trigonal network sample, thus indicating a higher surface
concentration of boron. This observation agrees well with the XPS B 1s level results.
Depth profiling of the four samples revealed that the boron concentration in the
trigonal network sample only decays after a depth of 30 nm into the bulk, whereas
the boron signals decayed more rapidly in the three other cases after the surface was
sputtered. Therefore, during borophene growth on Au(111), the boron atoms will
dissolve into the Au(111) bulk at high temperature and are then segregated to the
surface to form borophene when the sample cools down, as shown schematically
in Fig. 3.11c. This growth mode is similar to that of graphene on a metal substrate
such as Cu(111).

To provide further understanding of the growth mode mechanisms of boron
on Au(111), Kiraly et al. [36] performed density functional theory calculations to
quantify the adsorption energetics of the boron atoms. Their calculation results indi-
cated that while both the bulk solutions and the surface locations are energetically
favorable, they are both significantly higher in energy than the near-surface disso-
lution of the boron atoms. In particular, the most stable configurations composed of
isolated boron atoms are located in subsurface sites in the topmost layer, with sites
along the Au(111) step edges being favored by 0.3 eV over the planar subsurface
sites. These energetics differ significantly from those of boron on the Ag(111)
substrate. Additionally, this behavior marks a significant difference from the 2D
surface growth motif of the borophene overlayers on Ag(111), thus confirming the
experimental observations.
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Fig. 3.11 (a) B Is core-level spectra for room-temperature B deposition (orange), trigonal
network with low dose (green), trigonal network with high dose (red), and clean Au(111) (blue).
(b) SIMS spectra showing that boron is limited to the surface when deposited at room temperature
but penetrates 30 nm into the subsurface region in the trigonal network sample that was prepared
at high temperature. (¢) Schematic illustration of borophene growth dynamics. At a low substrate
temperature, the boron is predominantly located on the surface and forms boron clusters. For higher
substrate temperatures, the boron dissolves into the bulk and is then segregated to the surface
upon cooling to form 2D borophene sheets. (Reproduced from Ref. [36]. (By courtesy of Boris I.
Yakobson))

3.6 Cu(111)

Despite the promise of the material’s unique chemical and physical properties,
borophene still faces the critical issue that the sizes of its domains are limited.
When borophene is grown on Ag(111), Al(111), or Au(111) surfaces, the borophene
domains range in size from several to hundreds of nanometers, which is far below
the limits required for device fabrication. Therefore, there is a strong demand
for synthesis of large-scale borophene domains that are feasible for use in device
applications.
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To produce larger domains, it is desirable to explore candidate substrates that are
less inert than Ag, i.e., substrates that are potentially able to promote the growth of
larger domains, but not so reactive as to form metal-boride compounds. With this
aim, Wu et al. used Cu(111), which was a more reactive substrate relative to Ag(111)
and Au(111) [14]. The substrate temperature was maintained at 770 K during
growth. They used low-energy electron microscopy (LEEM) and LEED to perform
simultaneous real-time growth monitoring and k-space structural characterization.
With increasing boron coverage, the borophene/Cu(111) domain size can reach 10—
100 wm?, and some of the borophene flakes even crossed several of the step edges
of the substrate, as shown in Fig. 3.12(a). The borophene/Cu(111) atomic structure
was further characterized using STM with a CO-functionalized tip. Combining
the LEED and STM results with theoretical calculations, they proposed that the
borophene on Cu(111) structure would be composed of a triangular network with
an HH concentration of v = 1/5, i.e., the same as that for the x3 borophene, as
illustrated in Fig. 3.12b. In addition, their first-principles calculations showed that
there was no significant covalent bonding between borophene and Cu(111), despite
the occurrence of charge transfer from the Cu(111) surface to borophene.

Detailed studies of the growth process of borophene on Cu(111) show that it
is a self-limiting process. This is advantageous for the synthesis of heterostructures
based on atomically thin layers. Indeed, beyond the 1 ML coverage, the growth rates
on Cu and Ag both decrease dramatically, even if the boron flux is substantially
increased.

The successful synthesis of borophene on Cu(111) makes future borophene
transfer and device applications possible, because Cu can easily be dissolved into
chemical solutions such as FeClz. However, Cu(111) single crystals are usually
small and expensive, making them unsuitable for the study of either transport
properties or device applications. Wu et al. addressed this issue by growing
borophene on nanometer-thick Cu(111) films on sapphire [37]. They grew high-
quality Cu(111) thin films on a sapphire substrate by the secondary-grain growth
method, as follows: an amorphous copper film is first grown on the sapphire
surface and is then crystallized in situ by post-annealing at an elevated temperature.
The borophene layer that they obtained can cover the entire copper film surface,
which may stimulate further experimental efforts to fabricate borophene devices by
transferring borophene onto other substrates.

Recently, Yue et al. performed independent experiments by depositing boron on
a Cu(111) surface and obtained samples with an unexpected herringbone-like struc-
ture [38]. Their combination of STM measurements and DFT calculations showed
that boron and copper formed a 2D copper boride: CugB14. Furthermore, they also
found that this copper boride forms a single phase with metallic conductivity, akin to
borophene grown on Cu(111). These results challenge the formation of borophene
on Cu(111).
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Fig. 3.12 (a) Sequence of bright-field LEEM images acquired at 7 = 770 K, which reveals that
the borophene islands nucleate preferentially from the down-step edges of the Cu terraces (i.e., in
the direction marked by the arrow in the first panel at + = O s); additionally, the growth proceeds
more quickly along the step-edge direction at 97 As~! compared with 20 As~! in the perpendicular
direction. These two panels, along with the image at 468 s, also show that the down-step nucleation
is followed by borophene growth across the upper-step edge. In contrast to the down-step growth,
the up-step growth generates arc-shaped islands, indicating more isotropic growth kinetics (see the
arrow in the 468 s panel). A continuous monolayer (ML) emerges that reproduces the Cu(111)
terrace structure faithfully. The growth rate was ~0.05 ML min~!. (b) Left: ultrahigh-resolution
STM data for borophene (set-point parameters: I, = 50 pA and V, = +20 mV). The rhomboid
corresponds to the borophene unit cell, and the red-dashed lines serve as visual guides along the
zigzag pattern characteristic of all STM data. Middle: density functional theory (DFT)-simulated
constant tunneling current isosurface of the proposed borophene structure while assuming a p,
tunneling state for the tip. Right: pictorial view of the borophene structure with the boron atoms
and bonds shown in green. The red-dashed lines continue the basic zigzag motif from the left
panel obtained from the DFT simulations (middle panel) and the proposed ball-and-stick structure.
(Reproduced from Ref. [14]. (By courtesy of Adrian Gozar))



3 Synthesis of Borophene 69
3.7 Ir(111)

Another suitable substrate for borophene growth is Ir(111). When submonolayer
boron atoms were deposited on Ir(111) at substrate temperatures ranging from
~300 °C to 600 °C, a single borophene phase formed on the surface [39].
Figure 3.13(a, b) show the LEED patterns of pristine Ir(111) and borophene on
Ir(111), respectively. A detailed structural analysis showed that this borophene
phase could be described as a (6 x 2) superlattice with respect to the 1 x 1 lattice
of Ir(111). Figure 3.13c shows a large-scale STM image of the borophene/Ir(111)
structure, where approximately 80% of the surface was uniformly covered with
a striped, complex-structured planar overlayer. There are three 120° rotational
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Fig. 3.13 (a) LEED pattern from clean Ir(111); £ = 85 eV. (b) LEED pattern from
borophene/Ir(111); E = 85 eV. Reciprocal unit cells of Ir and borophene are sketched in (a) and
(b), respectively, while three equivalent orientations of borophene are indicated in (b) as the red,
light blue, and green reciprocal unit cells. (¢) Comparison between the size and the geometry of
the Ir (blue) and borophene (red) unit cells on the (111) Ir face. (d) High-resolution STM image of
borophene (Vs = 1V, I =500 pA). (e) Top view of x¢ borophene on Ir(111), where the boron
atoms are green. The unit cell is enclosed within the red line. (f) Top panel — Left: DFT-simulated
constant tunneling current isosurface of the x ¢ borophene structure in (a). Integration energy range
[0, +1] eV, isostate density = 0.0023. Right: a cut from raw experimental data, with V;, = 1 V and
I; = 350 pA. In the center of the panel, a proposed atomic arrangement from (a) is overlaid. Bottom
panel: a (100) view of the isosurface plot (0.065 e A=3) of the charge redistribution between Ir and
borophene. The excess electron density (negative charge) is shown in red, and the corresponding
lack of electron density (positive charge) is shown in blue. (Reproduced from Ref. [39]. Reprinted
by permission from Vinogradov et al. 2019. Copyright (2019) American Chemical Society)
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domains because of the sixfold symmetry of the substrate. The stripes are oriented
along the equivalent [101], [110], and [011] directions of Ir(111).

The magnified STM image in Fig. 3.13d shows that each stripe consists of two
bright undulating curves that are matching in registry. The periodicity of the stripes
was determined to be approximately 1.45 nm, and the period of the undulation along
an individual stripe was approximately 0.55 nm. The proposed structural model for
borophene on Ir(111) is x¢ borophene, which is shown in Fig. 3.13e. The stability
of x¢ borophene on Ir(111) was confirmed by DFT calculations. Additionally, the
simulated STM images agree well with the experimental results, as illustrated in the
top panel of Fig. 3.13f.

The charge transfer between borophene and Ir(111) can be studied based on a
Bader analysis, as shown in Fig. 3.13d. Interestingly, the calculation results show
that the x¢ borophene donates approximately two electrons per unit cell to the
metal substrate. Therefore, x¢ borophene is hole-doped on Ir(111); this is in stark
contrast to borophene on Cu(111), where the metal substrate donates electrons to
the borophene. This difference in electron doping for x-borophene on Ir(111) and
on Cu(111) originates from their different HH densities of v = 1/6 and v = 1/5,
respectively. This behavior correlates with the Pauling electronegativity scale, which
indicates that borophene should donate electrons to Ir and attract electrons from Cu.

3.8 Summary and Outlook

In this chapter, we see that various borophene polymorphs have been synthesized by
MBE in an ultrahigh vacuum. By appropriate selection of the substrates and careful
control of the growth parameters, including the substrate temperature, the B flux,
and the coverage, it is possible to synthesize certain borophene phases selectively.
However, it is still difficult to synthesize large-scale single-phase borophene because
of the polymorphism of borophene.

To date, borophenes can only be synthesized on metallic substrates, including Ag,
Au, and Al surfaces. The metallic substrate enables investigation of the structures
and the electronic properties of borophenes using spectroscopic techniques, such
as STM, LEED, XPS, and angle-resolved photoemission spectroscopy (ARPES).
Experimental works on the electronic structures of borophenes will be discussed
in the next chapter. However, from a practical viewpoint, the electrical shorting
of the metallic substrates hampers the transport measurements, which makes it
impossible to fabricate borophene devices on these metallic substrates. Therefore, it
is highly desirable to transfer the borophenes from metallic to insulating substrates
or fabricate borophenes directly on insulating substrates.
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Chapter 4 ®
Electronic Structures of Borophene e

Baojie Feng, Osamu Sugino, and Kehui Wu

4.1 Metallicity

Located between metallic beryllium and nonmetallic carbon, boron has only
three valence electrons. In its bulk form, boron has a large family of crystalline
polymorphs, and most of these polymorphs have icosahedral B, cages as their
fundamental building block [1, 2]. Because of this special structure, almost all the
bulk boron crystals are insulators or semiconductors at ambient pressure. In the two-
dimensional (2D) limit, most borophene polymorphs share a triangular lattice with
periodic hollow hexagons. This unique material structure favors multicenter bonds,
which makes most of the borophene polymorphs metallic [3—6]. It should be noted
here that 2D metallic materials are quite rare, despite the recent upsurge in the study
of 2D materials. For example, graphene is a semimetal with a vanishing density
of states near the Fermi level; phosphorene is a semiconductor with a moderate
band gap; and single-layer hexagonal boron nitride is a complete insulator. From
this viewpoint, metallic borophenes could serve as ideal compensation structures
for other 2D materials and could be used as ultrathin electrodes or other conductive
parts in future quantum devices.

The recent synthesis of borophenes makes it possible to verify the metallicity of
these materials [7, 8]. To date, several borophene polymorphs have been synthesized
successfully on noble metal substrates via molecular beam epitaxy, including
the B12 phase [8, 9], the x3 phase [8], the o phase [10], and the honeycomb
phase [11]. Because of the presence of the metallic substrates, traditional transport
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measurements were quite difficult to perform because of the electrical shorting
properties of the substrates. In addition, the oxidation of the borophenes [8],
although weak, also hampers measurement of the intrinsic properties of borophene
via ex situ measurements.

The first experimental evidence of the metallic character of borophene was
obtained by in situ scanning tunneling spectroscopy (STS) measurements [7, 8].
STS can detect the local density of states (LDOS) near the Fermi level and can thus
provide evidence for the existence or absence of an energy gap at the Fermi level.
Typical STS spectra for §1> and x3 borophenes are shown in Fig. 4.1(a, b). The
spectra show that there is still a considerable LDOS around the Fermi level in both
borophenes, which is a signature of the metallic character of these materials. These
results show good qualitative agreement with the calculated LDOS, as illustrated in
Fig. 4.1(c—).

However, given that both the 81> and x3 borophenes were grown on Ag(111),
it is possible that the electrons tunnel through the borophene from the STM tip
to the substrates, or vice versa. Therefore, the measured STS signal may originate
from the electronic states of the tip or the substrate and not from the borophenes.
Furthermore, the possible band hybridization of the borophene and the Ag(111)
substrate makes it difficult to untangle the contribution from the borophene and
the substrate. These facts indicate that the STS results do not provide conclusive
evidence for the metallic character of borophene. Another more powerful technique
that can be used to investigate the electronic structures of materials is angle-resolved
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Fig. 4.1 (a, b) Scanning tunneling spectroscopy measurements of 81 and x3 borophenes. (c—
f) Calculated densities of states for the Bi2 and x3 borophenes and the Ag(111) substrates.
(Reproduced from Ref. [7, 8]. Reprinted by permission from Mannix et al. 2015. Copyright (2015)
American Association for the Advancement of Science)
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Fig. 4.2 (a) ARPES intensity plot of Fermi surface of 812 borophene on Ag(111). The black solid
arrow indicates the bulk sp band of Ag(111). The green hexagon indicates the Brillouin zone (BZ)
of Ag(111); the black, purple, and red rectangles indicate the BZs of monolayer boron for the
three equivalent directions. (b) Constant energy contours at different binding energies. (¢) ARPES
intensity plots along Cut 1 and Cut 2, as indicated by the black lines shown in (b). (d) Schematic
drawing of the Fermi surfaces with the Brillouin zone of the boron sheet. (Reproduced from Ref.

[12])

photoemission spectroscopy (ARPES). By combining ARPES with first-principles
calculations, it is possible to distinguish the electronic band structure of the substrate
and that of the borophene.

Figure 4.2(a, b) show the ARPES spectral weight of the Fermi surface and the
constant energy contours (CECs) of the 812 borophene on Ag(111) [12]. The Fermi
surface consists of pocket-like bands denoted by B1, B2, and B2'. These bands
can be better resolved from the band structures along specific momentum cuts, as
shown in Fig. 4.2(c). From the ARPES results, it can be summarized that several
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Fermi pockets exist in the Brillouin zone, where one electron pocket is centered at
the S point and a pair of electron pockets exist inside the X point, as indicated by
the blue and red circles shown in Fig. 4.2(d), respectively. In addition to the Fermi
pockets, the remnant signals of the Ag(111) bulk sp band can also be identified, as
indicated in Fig. 4.2(a, c). Because the Ag(111) substrate bands are well separated
from the electron pockets of the borophene and maintain their original dispersion,
any hybridization of the boron sheet with Ag(111) appears to be weak, which agrees
well with the previous theoretical and experimental results [8, 13, 14]. Therefore, the
ARPES results provide compelling evidence for the metallic character of borophene.
Subsequently, the metallic character of the x3 borophene was also confirmed via
ARPES measurements [15].

The experimental works on Bi> and x3 borophene have stimulated further
theoretical studies of the intriguing metallic behavior of borophene. Recently, Zhang
et al. reported that the intrinsic resistivity of borophene can be tuned easily by
simply adjusting the carrier densities, in contrast to the behavior of graphene and
conventional metals [16]. Liu et al. reported that the intrinsic resistivity of both 812
and x 3 borophene shows a nontrivial anisotropy that amounts to at least 28% [17]. In
addition, the two borophenes have complex Fermi surfaces with multiple branches
that lead to the breakdown of the Bloch-Griineisen theory. These works indicate that
monolayer boron can serve as an intriguing platform for realization of tunable and
anisotropic two-dimensional electronic devices.

4.2 Dirac Cones

In a wide range of materials, i.e., Dirac materials, low-energy excitations behave
as massless Dirac fermions rather than as conventional fermions that obey the
Schrodinger equation [18-20]. One prototypical feature in the electronic structures
of Dirac materials is the existence of gapless Dirac cones (Fig. 4.3a) with unique
spin or pseudospin characteristics that generate exotic properties, including high
carrier mobility, the quantum spin Hall effect, and extremely large magnetoresis-
tance. As a result, Dirac materials have attracted major attention in recent years, and
the search for new Dirac materials is at the forefront of materials science research.

Because of the polymorphism of borophene, the possibility that some borophene
phases will host Dirac cones has been studied intensively. The first borophene that
was found to host Dirac cones was the 8-Pmmn borophene that was predicted
theoretically by Zhou et al. in 2014 [21]. Further theoretical studies have shown
that the existence of these Dirac cones endows 8-Pmmn borophene with various
exotic properties [22-25], which makes it a promising material for use in device
applications. Subsequently, several other borophene phases have been predicted
to host Dirac cones, including the P6/mmm phase [26] and the honeycomb phase
[27]. However, experimental synthesis of these borophene phases remains a major
challenge and will require further experimental effort.
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The first borophene that was experimentally confirmed to host Dirac cones
was the B12 phase [28]. Feng et al. performed in situ ARPES measurements on
B12 borophene that was grown on Ag(111) and discovered a pair of Dirac cones
inside the X point, with Dirac points being located 0.25 eV below the Fermi
level. Linear dichroism ARPES measurements show that the Dirac bands are only
made visible using p-polarized photons, as shown in Fig. 4.4(g). A simple analysis
based on photoemission matrix element effects shows that the Dirac bands are
mainly derived from the p, orbitals of boron, which was also the result of the first-
principles calculation. The calculation was analyzed to derive a tight-binding (TB)
model mainly comprised of the p, orbitals of boron. The TB model shows that the
appearance of Dirac cone is due to the existence of two equivalent sublattices A and
B. The amplitude of wave function on one sublattice (A) is either 1, exp[2mi/3],
or exp[4mi/3], while the amplitude on the other sublattice (B) vanishes because the
amplitudes of A destructively interfere on B as 1 4+ exp [27i/3] + exp [47i/3] = 0.
The destructive interference occurs on f1; lattice as on honeycomb lattice, although
the former has additional site ¢ at the center of the hexagon, where the amplitude
is vanishing as in the sublattice B as illustrated in Fig. 4.4(a—c). Therefore, like
graphene, Dirac cone appears in the Brillouin zone equivalent to the K point of the
honeycomb lattice on the 81, structure. Note that the Dirac cones at the K points of
the honeycomb lattice will be folded into the Brillouin zone of the 1> borophene,
as shown in Fig. 4.4(d).

The TB model above reveals the existence of one Dirac cone inside each X point
(Fig. 4.4d, e), while the ARPES measurements show a pair of cones. The reason for
this is that the TB analysis above is based on freestanding 1> borophene. When
the 12 borophene is grown on Ag(111), striped moiré patterns emerge because of
the lattice mismatch between the borophene and the substrate. The effects of the
moiré pattern can be treated as external periodic perturbations in the TB model. The
modified TB model shows that the Dirac cones will be split into a pair because of
the breaking of the sublattice symmetry, which agrees well with the experimental
results. Similar substrate-induced splitting of Dirac cones has also been observed in
silicene on Ag(111) [29].
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Fig. 4.4 Calculation and ARPES results for 81, borophene. (a, b) Wave functions of each boron
atom, as indicated by the amplitudes near the red balls; the blue balls represent the boron atoms
with a vanishing amplitude. The boron atoms at site ¢ will always have a vanishing amplitude. The
red balls are equivalent to the sublattices of the honeycomb lattice shown in (c). (d) Schematic
drawing of the band folding process. The green hexagon and the black rectangles indicate the
BZs of the equivalent honeycomb lattice and the B sheet, respectively. The blue dots represent
the original Dirac cones from the honeycomb lattice; the red dots represent the folded Dirac
cones. (e) Band structures of freestanding 12 borophene from the TB model. (f) Fermi surface
of B2 borophene on Ag(111). The black, green, and blue rectangles indicate the BZs of the
three equivalent domains; the grey hexagon indicates the BZ of Ag(111). The black and red
arrows indicate the bands of the boron layer. The pink lines indicate Cuts 1-3, where the ARPES
intensity plots in (g) were measured. (h) Schematic drawing of the Dirac cones in 812 borophene.
(Reproduced from Ref. [28])

The discovery of the Dirac cones in 12 borophene showed that Dirac cones
can exist in non-honeycomb-type 2D lattices. Subsequently, Ezawa et al. derived
a Dirac theory for 812 borophene [30]. They found that the Dirac cones in S1;
borophene are gapless, when the inversion symmetry is preserved, while the cones
are gapped when the inversion symmetry is broken. Additionally, they found that
B12 borophene also hosts pseudospin triplet fermions because of the presence of
three-band touching points. Lee et al. later studied the bonding characteristics of 812
borophene via first-principles calculations and X-ray photoelectron spectroscopy
(XPS) [31]. They found that the boron atoms at the centers of the honeycombs
act as nearly perfect electron donors without forming any additional in-plane bonds,
thus forming a hidden honeycomb structure. The novel bonding characteristics of
B12 borophene resulted in an unusual energy sequence for the core electrons, which
has subsequently been verified via XPS measurements [31].

Another borophene phase that has been confirmed to host Dirac cones is the
x3 phase. Feng et al. used ARPES and first-principles calculations to study the
electronic structures of x3 borophene and confirmed the existence of a Dirac cone
at each corner of the BZ [15]. The fact that these Dirac cones are strongly anisotropic
is of particular interest: the highest Fermi velocity is approximately three times that
of the lowest Fermi velocity. Additionally, linear dichroism ARPES measurements
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confirmed that the Dirac bands were mainly derived from the p, orbitals of boron,
similar to the case of 81, borophene. These findings indicated that x3 borophene
can be used to create quantum devices with anisotropic properties.

4.3 Dirac Nodal Lines

In addition to the Dirac cone, the Dirac/Weyl nodal line (Fig. 4.3b) has also been
studied intensively in modern condensed matter physics [32, 33]. These unusual
topological band structures are protected by crystal symmetries, such as the (glide)
mirror reflection symmetry, and are thus resistant to external perturbations. To date,
topological nodal lines have been found in numerous 3D materials and have been
found to host a variety of exotic properties, including ultrahigh carrier mobility,
drumhead surface states, and extremely large magnetoresistance. In the 2D limit,
however, such nodal lines are quite rare, and only a few 2D nodal line materials
have been found, including monolayer Cu,Si [34], CuSe [35], and GdAg, [36].
Therefore, the search for new 2D nodal line materials is also at the forefront of
materials science research.

Because of the polymorphism of borophene, the possibility of the existence of
Dirac nodal lines has also been studied intensively. Shortly after the discovery of
the Dirac cones in 812 borophene, Gupta et al. predicted that there was also a Dirac
nodal line in 817 borophene [37], as shown in Fig. 4.5(a—c). The Dirac nodal line
originated from the inversion of the band ordering that occurs along the I"-X and I'—
Y directions, and it was protected by the mirror reflection symmetry. Interestingly,
their calculation results showed that the Dirac nodal line remained intact when the
borophene is grown on Ag(111). The coexistence of the nodal lines and the Dirac
cones in 817 borophene means that its electronic properties are important for both
fundamental and applied research.

Another borophene polymorph that hosts Dirac nodal lines is the bilayer P6-
mmm borophene, as shown in Fig. 4.5(d—f) [38]. In this phase, the Dirac nodal
line is created by the edge states, and this line is also quite robust against both
perturbations and impurities. In addition, breaking the crystal symmetries of bilayer
P6-mmm borophene could split the nodal line, rather than open a gap. In addition
to B12 and P6-mmm borophene, Dirac nodal lines have also been predicted to exist
in several other 2D boron structures, including P 6-boron [39], hr-sB [40], and B
borophene [41]. Despite fruitful theoretical results, experimental observations of
such nodal lines in borophenes have not been reported to date.

4.4 Superconductivity

Superconductivity is a phenomenon where a material displays zero electrical
resistance and excludes magnetic fields below a critical temperature (7). The
initial discovery of superconductivity can be dated back to one century ago.
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To date, numerous superconductors have been discovered, including conventional
Bardeen-Cooper-Schrieffer (BCS)-type superconductors, cuprate superconductors,
and iron-based superconductors [42, 43]. In the 2D limit, the superconductivity
that accompanies long-range correlation of the order parameter is forbidden by
the well-known Mermin-Wagner theory. However, the occurrence of the Kosterlitz-
Thouless-Berezinskii (KTB) transition, which is compatible with the Mermin-
Wagner theory, allows quasi-long-range correlation of the order parameter to be
established and thus makes it possible to realize 2D superconductivity [44, 45].
Recently, superconductivity has been discovered in several 2D systems, including
ultrathin metal films, FeSe monolayers on SrTiO3z, and magic-angle graphene
superlattices [44—46].

The discovery of the high-temperature superconductor MgB, (7, ~ 39 K)
[47, 48] has stimulated significant research interest in the AB, (where A = Mg,
Al...) family of materials [49]. Notably, the MgB, family of materials consists
of alternating honeycomb borophene layers and hexagonal metal layers. The o-
bonding boron orbitals are strongly coupled with the in-plane B-B stretching phonon
modes in the borophene layers [S0-53], which is essential for the occurrence of
high-temperature superconductivity. Therefore, the borophene layers are believed
to be the origin of the superconductivity in the MgB, family of materials, and this
indicates the possible existence of superconductivity in the freestanding borophenes.

No evidence of superconductivity under ambient pressure has been reported for
bulk boron, however, despite the existence of a superconducting transition in bulk
boron at high pressure. Therefore, the emergence of superconductivity in 2D boron
was largely unexpected before the synthesis of the borophenes. Shortly after the
experimental realization of the 812 and x3 borophenes [7, 8], several independent
groups reported superconductivity in these borophenes based on theoretical calcula-
tions [54-56]. Figure 4.6(a) shows the band structure of freestanding 81, borophene
[56]. The figure shows that the bonding (o) and antibonding (o*) states are separated
by a ~3.5 eV gap and nearly all the o states are filled. In contrast, the p,-derived
states are partially filled. As a result, the Fermi surface consists of two py -derived
hole pockets near I", one p,-derived ellipsoidal electron pocket centered at Y, and
a narrow width-modulated strip along the line X—M, as shown in Fig. 4.6(a). The
calculated total electron-phonon coupling (EPC) constant is A ~ 0.8. The critical
temperature can then be estimated using the McMillan equation:

kpTe = (hhwiy/1.2) exp [—1.02(1 + A1) / (A — u* — 0.6214*1) ]

where the wj, prefactor is an appropriately defined logarithmic average frequency
[57] and p* is a parameter with a typical value of ~0.1 that accounts for the effective
Coulomb repulsion. The estimated 7, value is approximately 16 K. Approximately
half of X is caused by coupling to low-frequency phonons with wq, < 200 em™!
and particularly to the out-of-plane mode B3g. However, a 20% contribution to A
originates from the higher-frequency optical branches and is mostly related to the
Ag and Bj, in-plane modes when w > 600 ecm~!. A similar analysis also applies
to the x3 borophene (see Fig. 4.6(c,d)), and the T, estimated using the McMillan
equation in this case is approximately 12 K.
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Apart from the B12 and yx3 borophenes, various borophene polymorphs have
been predicted to be superconductors. Zhao et al. reported that conventional BCS
superconductivity is a ubiquitous phenomenon in borophene [54, 58] and the T,
values for most borophene polymorphs are above the liquid-helium temperature
(~4.2 K). The B2 and yx3 borophenes have estimated 7, values of 13.8 K and
12.1 K, and their calculated electron-phonon coupling constants are 0.82 and 0.67,
respectively. These results show qualitative agreement with the results of Penev et
al. [56], in spite of slight differences.

Despite the large numbers of theoretical works on the superconductivity of
borophenes, no experimental evidence of superconductivity in borophenes has been
reported to date. Indeed, the high T, values were calculated based on freestanding
borophenes that are still quite challenging to realize experimentally. To date,
the most appropriate substrates for borophene growth are noble metals, such as
Ag(111). Taking the 812 borophene on Ag(111) as an example, significant charge
transfer occurs from the Ag atoms to the B atoms [8, 31]. In addition, the lattice
mismatch causes tensile strain in the borophene lattice. These substrate-induced
effects, including the charge transfer and strain, are expected to suppress the T,
of borophene [55, 59], thus making it difficult to detect experimentally. However,
different values for the calculated T of the borophene/Ag(111) structure are given in
different papers. For example, Gao et al. reported that the 7, was very high (>10 K)
[55], while Cheng et al. reported that the 7, had been suppressed significantly to
0.09 K [59]. Therefore, further theoretical and experimental works are required to
clarify this issue. Because borophenes host topological band structures such as the
gapless Dirac cones and Dirac nodal lines as discussed in the previous sections, the
coexistence of these topological band structures and superconductivity indicates the
existence of unusual properties that originate from the interplay between the Cooper
pairs and the topological properties in the 2D limit.

Although experimental research into the superconductivity of borophene is still
on the way, techniques such as Raman spectroscopy can be used to investigate
the vibrational properties and the electron-phonon coupling (EPC) in borophene.
The EPC constant in particular is an important parameter for superconductivity.
Figure 4.7(a) shows a typical Raman spectrum for the 812 borophene on Ag(111)
[60]. The spectrum shows multiple Raman peaks, particularly in the low-frequency
region. This Raman spectrum is in stark contrast with that of boron powder, which
corresponds to the B-rhombohedral phase of bulk boron. When combined with
theoretical calculations, the experimental Raman peaks of 812 borophene can be
assigned and explained well, as shown in Fig. 4.7. For example, the two peaks at
1148 cm™! and 856 cm™! are the Ag1 and Ag2 modes that originate from in-plane
stretching, while the 264 cm~! and 296 cm™! peaks are the B! (X) and B 12
modes, respectively (Fig. 4.7).

The EPC constant can be estimated using the Allen formula:

Ty = (1/g) 7N (ef) M
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Fig. 4.5 (a) Band structure of freestanding 81> sheet calculated along &, (at k, (27/b) = 0.15),
showing the inversion in the characteristics of the bands. (b) Nodal points extending throughout
the 3D energy-momentum space to form a closed loop with a peculiar topology similar to that of a
knot. (¢) 3D band structure showing the band crossing responsible for the nodal line (NL) (marked
using a magenta solid line). A projection of the location of the nodal line on the k,—k, plane (dotted
line) is also shown. (d) Band structure of 6B:P6 mmm showing the contributions of the different
orbitals using different colors. Blue and red circles represent the Dirac cones that are related to
the electrons and holes, respectively. (e) 3D plot of the band structure of 6B:P6 mmm calculated
by density functional theory near the Fermi level around the K point. (f) Berry potential of the
valence band for 6B:P6 mmm around the K point. (Reproduced from Ref. [37]. (By courtesy of
Boris 1. Yakobson). Reproduced from Ref. [38] Reprinted by permission from M. Nakhaee et al.
2018. Copyright (2018) by the American Physical Society)

where I'; is the Raman line width, g; is the degeneracy of the ith mode, w; is the
unrenormalized discrete-phonon frequency of the ith mode, and N(gy) is the density
of states at the Fermi level. The EPC constant calculated from the far-field Raman
spectrum is approximately 0.53. This value is comparable to but slightly smaller
than the theoretically predicted value for freestanding B12 borophene [56]. This
slight suppression of the EPC may be caused by the interactions with the Ag(111)
substrate. The estimated T, of the 812 borophene based on the McMillan equation
is 7.1 K. Similar measurements and analyses of the x3 borophene gave an EPC
constant of 0.59 and a T, of 9.8 K.

Tip-enhanced Raman spectroscopy (TERS) is a powerful technique that provides
dramatic signal enhancement and high spatial resolution and can be used to detect
the vibrational properties of materials on the atomic scale. When the STM tip moves
closer to the 812 borophene, a dramatically tip-enhanced Raman spectrum can be
observed, as shown in Fig. 4.7. The out-of-plane vibrational modes B3g2 in the low-
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Fig. 4.6 (a) Band structure of B> borophene (left panel) and projected density of states (right
panel). The orbital characteristics of the bands are thickness and color encoded. (b) Fermi surface
of the 812 borophene in the extended BZ scheme (the first BZ is shown as a bold rectangle with
its irreducible part shaded). The separate Fermi contour segments are colored in accordance with
their band origins. The lower left quarter shows the magnitude of the effective k-resolved electron-
phonon coupling parameter Ax. (¢) and (d) show the same information as (a) and (b), but for the
x 3 borophene. (Reproduced from Ref. [56]. (By Courtesy of Boris I. Yakobson))

frequency region are strongly enhanced and dominate the spectra. The By,! and
B1.2 modes are also significantly enhanced, while the other modes, such as the high-
frequency A modes, show negligible enhancements. This selective enhancement
effect can be understood well because TERS mainly enhances the out-of-plane
vibrational modes [61, 62]. These results confirmed the vibrational modes of 81,
borophene.

4.5 Edge Magnetism

The edges of graphene can produce additional electronic states near the Fermi level.
These states at the Fermi level then lead to the emergence of edge magnetism [63],
which has important applications in spintronics. Recently, edge magnetism has also
been discovered in several other 2D materials, including silicene, black phosphorus,
and transition metal dichalcogenides. Edge magnetism has also been predicted in
borophene. Vishkayi et al. studied the electronic and magnetic structures of 812
and x3 borophene nanoribbons (BNRs) via first-principles calculations [64, 65].
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Fig. 4.7 (a) In situ far-field Raman spectrum of monolayer S1> borophene (laser power of
27.5 mW, data acquisition time of 40 min). (b) Raman spectrum of boron powder used to grow
the borophene. (¢) Calculated phonon dispersion curves for §12 borophene and the corresponding
vibrational density of states. (d) Gap distance-dependent TERS spectra of 812 borophene on
Ag(111) (laser power of 11.5 mW, data acquisition time of 50 s). (Reproduced from Ref. [60])

They found that the magnetic properties of both BNRs were strongly dependent
on the cutting direction and the edge profile. Moreover, both BNRs showed strong
spin anisotropy at their edges, which indicates their potential for applications in
next-generation spintronic devices. Meng et al. studied the electronic and magnetic
properties of §¢ BNRs and found that BNRs with an orientation along one specific
direction can adopt a magnetic ground state that is either antiferromagnetic or
ferromagnetic, depending on the width of the ribbon [66].

4.6 Chemical Functionalization

Because of its unique bonding structure and chemical reactivity, borophene is
prone to adsorption of atoms or molecules that could then change its chemical
and physical properties. From this perspective, chemical functionalization provides
an effective approach to manipulate the electronic structures of borophenes. For
example, hydrogenation can not only improve the stability of metastable borophenes
but can also change their electronic structures [67-69]; pristine 2-Pmmn borophene
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shows a metallic band structure, while fully hydrogenated 2-Pmmn borophene hosts
a Dirac cone at its Fermi level along the I"—X direction in the Brillouin zone [69].
The Fermi velocity is as high as 3.5 x 10° m/s, which is even higher than that of
graphene.

In addition, 2D ferromagnetic materials have stimulated considerable interest in
materials science research since the recent discovery of intrinsic 2D ferromagnetism
in several van der Waals crystals, including Cr,Ge,Teg, Crlz, and VSe, [70-72].
Because boron is a nonmagnetic element, there is no intrinsic ferromagnetism
in borophenes. However, the functionalization of borophenes using transition
metal atoms can produce a long-range ferromagnetic order [73-78]. Although this
magnetic order can emerge near the edges or the defects of borophene, almost none
of the known borophenes are intrinsically magnetic, which severely hinders their
application to spintronic devices. Therefore, the realization of robust ferromag-
netism in borophene is highly desirable. Li et al. predicted that the adsorption of
3D transition metal atoms such as Ti, V, Cr, Mn, and Fe on §¢ borophene can lead to
robust ferromagnetism that is dominated by the 3D orbitals of the transition metal
atoms [78]. By embedding these transition metal atoms into the intrinsic hexagonal
vacancies of borophene, it is possible to realize room-temperature ferromagnetism
[77].

In addition, functionalization of borophene using other atoms or molecules has
also been explored, and a variety of novel properties have been predicted in these
materials [79-83].

4.7 Summary and Outlook

In this chapter, we have seen that borophenes host a variety of unusual properties,
including metallicity, topological band structures, and superconductivity. In particu-
lar, different novel properties have been shown to coexist within a single borophene
polymorph. For example, the 81, borophene hosts both gapless Dirac cones and
superconductivity, which makes it a promising platform for study of the interplay
between Dirac fermions and Cooper pairs in the 2D limit. Therefore, borophenes are
of significant importance for both fundamental research and practical applications.
However, there is still a lack of experimental research on borophene, and only a
few of the exotic material properties, such as Dirac fermions, have been confirmed
experimentally. There are several major difficulties restricting the experimental
research into borophene. First, the polymorphism of borophene makes it difficult
to synthesize large-scale single-phase borophene specimens. Second, the borophene
growth method is limited to molecular beam epitaxy (MBE), and the substrates that
can be used are mainly metals. These metallic substrates tend to interact strongly
with the borophenes and destroy their intrinsic properties, leading to phenomena
such as the suppression of superconductivity in 812 and x3 borophenes by the
substrate. In addition, transport measurements are not feasible in borophene because
of the electrical shorting behavior of the metallic substrates. Therefore, the synthesis



86

B. Feng et al.

of large-scale single-phase borophenes on insulating substrates is a prerequisite for
transport measurements and the fabrication of borophene-based devices.
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Chapter 5 ®
Chemically Modified Borophene Qs

Takahiro Kondo and Iwao Matsuda

5.1 Hydrogenated Borophene (Borophane)

Among two-dimensional (2D) materials that have great potential in various appli-
cations [1-3], boron-related materials have unique characteristics of exhibiting
polymorphisms [4-6] owing to the ability to form multi-center bonding configura-
tions of boron [7]. There are a wide variety of stable 2D phases of borophene [7-12]
and chemically modified borophene. These layers are expected to have different
functionalities and to be building blocks from the viewpoint of large-scale material
production [13]. Here, we start our chapter with a description of hydrogenated
borophene (borophane) [6].

In previous studies, the 2D polymorph phases of borophane [6, 14-16], hydro-
genated boron clusters [17], and boron monohydride under high pressure [18] have
been theoretically predicted. Borophane with a local structure corresponding to a
predicted structure has been then experimentally synthesized in powder form [19-
22]. Herein, theoretically predicted borophane sheets, experimentally synthesized
borophane sheets, and the predicted applications of borophane are described.

5.1.1 Theoretically Predicted Borophane Sheets

In 2011, the Zhang group proposed a borophane structure as a layered hydro-
genated borophene using first-principles calculations [14, 15]. The geometric and
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Fig. 5.1 Theoretical prediction of single-layer BoH; [14, 15]. (a) The relaxed structure with bond
angles and bond lengths. (b) The band structure. The Fermi level is at 0 eV and is shown with the
dotted line. (¢) Projected density of states (PDOS) for B 25 and H 1s and (d) that for B 2py, B 2py
and B 2p,. The Fermi level is at 0 eV. Units are in states/eV/cell. Total density of states (DOSot) is
shown together. (e) The phonon dispersion. The labels at I" are the nine optical phonon modes. (f)
The phonon polarization vectors of the optical phonons at I". Boron is denoted by large spheres and
hydrogen by small spheres. (Reprinted by permission from Abtew et al. [14]. Copyright (2011) by
the American Physical Society. Reprinted by permission from Abtew and [15]. Copyright (2011)
by the American Physical Society)

band structures of the borophane, single-layer BoHj, are shown in Fig. 5.1a, b,
respectively. The structure consists of a graphene-like hexagonal boron network and
bridge hydrogens, which form 3c2e-like multicenter B-H bonds. Compared to the
band structure of MgB,, which consists of Mg cations and an anionic graphene-like
hexagonal boron network, that of borophane shows that it is metallic as MgB», but
the degeneracy of the p-o bands at the I" point in MgB5 is reduced following the
lowered symmetry from Dgj, to Dyj,. As aresult, only one p-o band crosses the Fermi
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level and the hole pocket near the I" point comes from the upper p-o band. The
degeneracy of the p-w bonding and antibonding states near the Fermi level is also
removed. Similar to MgB», the Fermi surface of BoH; consists of both a p-o derived
hole pocket and a p-m derived electron pocket. The projected density of states
(PDOS) also exhibits significant involvement of the hydrogen o states in bonding
(Fig. 5.1c). The electronic states near the Fermi level are derived from bonding B-
py and antibonding B-p, states (Fig. 5.1d). Further detail of the semimetal nature
of the borophane will be described in Section §5.1.3. The phonon dispersion of
single-layer BoH» does not exhibit any soft phonon modes (i.e., imaginary phonon
energies), thus confirming the dynamical stability of the proposed structure (Fig.
5.1e, f). The Zhang group has also predicted that charging the structure significantly
softens hydrogen-related phonon modes (Ag*, By, B3g*, and B3z phonons). Boron
modes, in contrast, are either hardened or not significantly affected by electron
doping. Furthermore, self-doping the structure (bonding with additional boron
atoms) considerably reduces the energy barrier against hydrogen release. The results
suggest that electrochemical charging or self-doping mechanisms may facilitate
hydrogen release while maintaining the underlying boron network for subsequent
rehydrogenation.

In 2016, the Du group reported other stable phases of borophane [6]. Figure 5.2
shows the predicted structures. In every case, no imaginary phonon mode can be
found in the first Brillouin zone, indicating their dynamical stability. The “ladder-
like cluster [17] extended BH layers” (C2/m, Fig. 5.2a) have 3c2e-like multicenter
B-H-B bonds like BoH> in Fig. 5.1, while single B-H bonds are apparently formed
in a multicenter bonding configuration of boron for the “buckled B7 cluster [23]
extended BH sheet” (Pbcm, Fig. 5.2b) and “hydrogenated borophene (triangular
monolayer borophene) [8]” (Pmmn, Fig. 5.2c). All the structures shown here (C2/m,
Pbcm, and Pmmn) have been predicted to have a characteristic Dirac cone in their
electronic band structure, indicating an intriguing structure for device applications.
In addition, their mechanical properties have also been examined by estimating the
2D Young’s modulus and Poisson’s ratio, revealing the high mechanical strength of
these borophane sheets.

The Pmmn borophane (Fig. 5.2¢) structure has also been reported [24-27]. Kou
et al. reported that borophane with the structure shown in Fig. 5.3a—c has direction-
dependent Dirac cones [24]. Specifically, as shown in Fig. 5.3d, most states near
the Fermi level were removed after hydrogenation, and the remaining band states
exhibit perfect linear dispersion along I" to X, with the valence and conduction
bands meeting at a single point at the Fermi level. The Dirac fermions possess an
ultrahigh Fermi velocity of up to 3.5 x 10% ms™!, which is 4 times higher than that
of graphene. The Dirac cone is distorted and asymmetric as shown in Fig. 5.3e. The
two crossing bands at the Fermi level are mainly caused by the px and py orbitals of
the boron atoms (Fig. 5.3f, g). In the real space, the Bloch states at the Dirac points
clearly confirm that in-plane px and py orbitals lead to the formation of a Dirac cone.
The bonds between py orbitals form a o-conjugated linear chain, while the coupling
between py orbitals leads to the formation of a m bonding-like framework. The
energy band crossings between px and py are responsible for the production of the
Dirac cones. In particular, the Dirac cones of most 2D hexagonal materials mainly
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Fig. 5.2 (a—c) C2/m, Pbcm, and Pmmn structures, top and side views. (Drown based on Ref. [6])

originate from the orbitals along the vertical direction of the 2D plane, such as the p,
orbital of graphene. In borophane, however, its Dirac cone is formed from in-plane
orbitals but not orbitals along the z direction. Kou et al. concluded that in-plane state-
induced Dirac states are expected to be stable and tunable under in-plane strain but
robust against vertical electric fields. In their study, Young’s moduli were 190 and
120 GPa nm along the x (armchair) and y (zigzag) directions in Fig. 5.3a, which
are comparable to those of steel. The ultrahigh Fermi velocity and good mechanical
features thus indicate that borophane is ideal for nanoelectronic applications [24].
Padilha et al. reported the transport property of borophane with the same structure,
which was evaluated through Landauer—Biittiker formalism using a first-principles
calculation study. They found that the electronic current is two orders of magnitude
smaller for borophane compared to borophene [25]. The electronic current was
found to be approximately double along the x (armchair) direction compared to



5 Chemically Modified Borophene 93

z
C
>

Energy (eV)

Energy (¢V)
(SRS AN!

C]

Energy (¢V)

Borophane

Fig. 5.3 Geometric and electronic structure of borophane [24]. (a) Top and side views of the
optimized borophane. The unit cell is marked with a red box. The large (green) and small (white)
balls represent B and H atoms, respectively. (b) Typical B-B bond lengths in borophane and
borophene unit cells where the unit of bond length is A. (¢) ELF (electron localization function)
schematic of the borophane (110) surface where the electron transfer is shown after hydrogenation
in the charge unit of e. (d) The band structures of borophane based on the Perdew—Burke—Ernzerhof
(PBE, green curves in figure) and Heyd—Scuseria—Ernzerhof (HSE06, purple curves in figure)
hybrid functionals where the Fermi level is shifted to zero. (e) Distorted 3D Dirac cone formed
in the vicinity of the Dirac point. (f) Orbitals of the linear dispersion relation along I” to X. The
Fermi level is set to zero. (g) Bloch states of the px and py orbitals of boron atoms at the Dirac
points of borophane. (Reprinted by permission from Xu et al. [24]. Copyright (2016) ROYAL
SOCIETY OF CHEMISTRY)

that along the y (zigzag) direction in Fig. 5.3a. The stretching of the borophane
sheet was suggested to increase this direction dependence of the electronic current
of borophane [25]. Zheng et al. reported that the mechanical properties and phonon
stability of this borophane are both highly anisotropic [27]. Specifically, the ultimate
tensile strain along the x (armchair) direction is only 0.12, but it can be as large as
0.3 along the y (zigzag) direction in Fig. 5.3a. Wang et al. reported that the intrinsic
lattice thermal conductivity of this borophane is also highly anisotropic and is twice
as high along the y (zigzag) direction compared to that along the x (armchair)
direction in Fig. 5.3a [28]. In 2018, the tight-binding model for this borophane in the
two-center approximation was reported, where the anisotropic Dirac cone described
above is found in the calculated band structure of borophane [29].

In 2017, Zheng et al. reported four types of new stable hydrogenated borophane
conformers (B-borophane, TCB-borophane, T-borophane, and W-borophane) as
shown in Fig. 5.4, based on first-principles calculations [16]. Compared with chair-
like borophane (C-boropane, the same structure as Figs. 5.2c and 5.3a), all four
new conformers were found to be much lower in total energy. In the calculated
phonon dispersions, no imaginary frequencies along the high-symmetry directions
of the Brillouin zone were found, indicating that they are all dynamically stable. By
analyzing the atomic arrangements and the total energies in different conformers,
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C-borophane B-borophane TCB-borophane T-borophane W-borophane

Fig. 5.4 Crystal structures of borophane [16]. Side and top views of: (a, b) C-borophane, (c, d)
B-borophane, (e, f) TCB-borophane, (g, h) T-borophane, and (i, j) W-borophane. The numbers are
the B-B bond lengths in A. The large red and green balls represent B atoms; the small light pink
balls represent H atoms. (CC BY: Wang et al. [16])

they found that the configuration in which B atoms are staggered in the zigzag mode
along the y direction and in the up-and-down wrinkle mode along the x direction is
the most stable (Fig. 5.4). The most stable conformer of W-borophane has an energy
difference of about 113.41 meV/atom lower than C-borophane. The band structures
of the four new conformers all have a Dirac cone along the I"-Y or I'-X direction.

5.1.2 Experimental Synthesis of Borophane Sheets

In 2017, Kondo et al. reported the experimental synthesis of borophane by ion-
exchange between protons and Mg cations in MgB», [19]. Specifically, as shown
in Fig. 5.5a, ion-exchange was conducted by adding MgB, powder to methanol
(or acetonitrile) in the presence of an ion-exchange resin; this entire process was
conducted with nitrogen at room temperature and ambient pressure with stirring
because MgB; is sensitive to the presence of water [30]. Hydrogen boride (HB)
sheets were then obtained in the form of a yellow powder as the ion-exchange
reaction product at an average reproducible yield of 42.3%.

Scanning electron microscopy (SEM) images of the HB sheets exhibit clear bent
and/or folded sections as shown in Fig. 5.5b, indicating the flexible nature of the
exfoliated 2D sheets. No Mg signal was detected from the HB sheets by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. 5.5¢, while a significant amount
of hydrogen (H,) was detected as the major desorption species in thermal desorption
spectroscopy (TDS) measurements (Fig. 5.5d). These results indicate that the Mg
cations of MgB, were completely exchanged for protons. Considering the TDS
results and weights for 10 different sample lots, the elemental ratio of the HB sheets
was determined to be H:B = 1:1.02 £ 0.18. These results show that HB sheets with
a H:B ratio of 1 were formed by following a stoichiometric ion-exchange reaction
at room temperature:
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Fig. 5.5 Ion-exchange between protons and Mg cations of MgB; produces HB sheets [19]. (a)
Synthesis scheme for HB sheets. (b) SEM images of HB sheets. Left: powders of HB sheets
mounted on Si wafer. Right: HB sheets obtained by drying the supernatant of the solution shown
in panel (a) on a TEM grid. (¢) XPS B 1s and Mg 2p core-level spectra for MgB, and HB sheets.
(d) TDS of HB sheets, where the elemental ratio of H:B is approximately 1:1 based on TDS data
and weights for 10 different sample lots

MgB, 4+ 2H" — Mg>* + 2HB

It is well-known that XPS core-level binding energies reflect the charge states of
surface elements in terms of chemical shift and from the XPS B 1s spectra the
charge states of surface boron atoms before and after the ion-exchange process
were determined. As shown in Fig. 5.5c, there are two peaks in the B 1s region
for the starting material (MgB»). The peak at the lower binding energy (188.2 eV)
corresponds to the negatively charged boron species in MgB;, while the peak at
the higher binding energy (193.2 eV) corresponds to the positively charged boron-
forming boron oxides such as BoO3 on the MgB, surface, as reported previously
[31]. The Mg 2p peak from MgB, at 51.3 eV is also in accordance with the value
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reported in the literature, which is known to reflect the positive Mg charge of
greater than O but less than 42 (B is thus negatively charged) [31-33]. Note that
the negatively charged boron species can be clearly observed after the ion-exchange
process (HB sheets) as a peak at 187.4 eV. The presence of a negatively charged
boron peak without the Mg peak in Fig. 5.5¢ further indicates that the Mg cations
were exchanged with protons by this ion-exchange process to form HB sheets.

The sheets feature an sp>-bonded planar boron structure without any long-range
order. A hexagonal boron network with bridging hydrogens (structure shown in Fig.
5.1) is then suggested as the possible local structure, where the absence of long
range order was ascribed to the presence of three different anisotropic domains
originating from the twofold symmetry of the hydrogen positions against the sixfold
symmetry of the boron networks, based on X-ray diffraction, X-ray atomic pair
distribution functions, electron diffraction, transmission electron microscopy, photo
absorption, core-level binding energy data, infrared absorption, electron energy loss
spectroscopy, and density functional theory calculations [19]. Quite recently, an
improved structure analysis for pure HB sheets was reported together with atomic
force microscopy analysis as well as conductivity measurements [21].

It is interesting to focus on the charge state of boron and hydrogen in this
particular borophane (graphene-like borophane or HB sheets) because it is coun-
terintuitive from the electronegativity difference between boron and hydrogen. In
the case of experimentally synthesized HB sheets (Fig. 5.5), the charge state of
boron is negative because the XPS B 1s peak is located at 187.4 eV, which is almost
the same position as (or a slightly more negatively charged position compared to)
that of MgB, (188.2 eV) (Fig. 5.5c). Moreover, the HB sheets are prepared by ion-
exchange between protons and magnesium cations. Thus, the HB sheets shown in
Fig. 5.5 must be called “hydrogen boride” rather than the traditional borane name
of “boron hydride.” The charge states represented by the B 1s core level have also
been shown using first-principles calculations. Specifically, as shown in Fig. 5.6,
only the derived local structure (and the structure named borophane-I) shows a deep
position of the B 1s state compared to that of the other borophane structures, which
is consistent with the experimental result that it is composed of negatively charged
boron (herein, the discussion was based on the B 1s core-level states rather than the
charge estimated using the theoretically calculated Bader charge [34]). On the other
hand, the structure shown as borophane-III corresponds to the structures shown
in Fig. 5.4a (C-borophane), Figs. 5.2c and 5.3a, where clear charge transfer from
boron to hydrogen was reported [16, 24, 35] (e.g., see the charge states in Fig. 5.3c),
which qualitatively agrees with the shallow Bls energy in Fig. 5.6. By comparing
the electronegativity of boron and hydrogen, we can see that the electronegativity
of hydrogen (2.20) is larger than that of boron (2.04). Therefore, the charge transfer
from B atoms to H atoms is reasonable for borophane-III. Similarly, charge transfer
from silicon (1.90) to hydrogen (2.20) atoms has been found in hydrogenated
silicene [36]. However, although the electronegativity of carbon (2.55) is larger
than that of hydrogen (2.20), charge transfer from H atoms to C atoms has been
observed in graphane [37]. Thus, we should not determine charge state only from
the electronegativity difference.
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Fig. 5.6 B 1s core-level binding energies of HB Sheets [19]. The optimized structure used for
the calculation is shown above. The relative energy difference compared with B 1s of B(OH)3 is
shown, since the absolute value needs careful treatment such as correction of the so-called final
state effect (effect of incomplete screening of created holes during photoemission)

In the case of the hydrogen boride sheet, the boron energy position is deeper
compared to that of a single boron atom due to the formation of a huge boron
network with sp>-like bonding configurations (boron-boron hybridizations) [38]
and the boron atoms bond with hydrogen atoms via three-center two-electron bonds,
which are composed by occupied hydrogen orbital and occupied and unoccupied
orbitals of boron. Consequently, the boron network is negatively charged. Detail
of this picture will be carefully examined in our future work. At least, the
experimentally measured acid function of the HB sheet (below 1.5 and above 0.43)
[19] and the experimentally revealed solid-acid catalytic property of the HB sheets
[39] indicate the protonic state of hydrogen in the HB sheets.

5.1.3 Semimetallicity of Borophane Sheets

During the formation of graphene-like borophane (HB) sheets (structure shown in
Fig. 5.1), hydrogenation of the borophene layers energetically results in the three-



98 T. Kondo and I. Matsuda

c total DOS BDOS H DOS band dispersion
6 — .
tot. —

s
1P

E-E; [eV]

~
|
—

0402 0402 T K S 5
state/eV

Fig. 5.7 (a) A structure model of the HB layer (borophane). Boron and hydrogen atoms are
indicated by green and light pink balls, respectively. Drawings of chemical bonds are defined by
interatomic distance. (b) 2D Brillouin zone and (c) calculated band diagram between the symmetry
points in the Brillouin zone. (Reprinted by permission from Tateishi et al. [38]. Copyright (2019)
by the American Physical Society)

center two-electron bond between the H and B atoms, as realized in a diborane
(B2Hg) molecule. In this case, the HB structure is built with the BoyH; blocks with
even numbers of valence electrons, 2(NB + NH) = 12, where NB and NH are
the number of valence electrons in a boron atom (NB = 5) and a hydrogen atom
(NH = 1), respectively. Thus, a HB sheet has an even number of electrons in a unit
cell and the electronic structure is semimetal or insulating.

Figure 5.7 gives an example of the band diagram of a HB sheet that is composed
of six-membered rings. There is a hole pocket and an electron pocket at the T’
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Fig. 5.8 Structure models of monolayers of (a) (5-7)-a-borophene, (b) (5-7)-a1-B1gHj¢, and (c)
(5-7)-a2-B16Hj6. Boron and hydrogen atoms are shown as blue and light pink balls, respectively.
The 2D Brillouin zone and the unit cell are shown in the figure. Locations of the five-membered
rings are indicated with red pentagons [78]. (d, f) Electronic band diagrams and (e, g) spatial
distributions of wave functions of W1 and W, bands at the I" point, respectively. Dirac points of
the nodal loop are indicated as DP. The parity of mirror reflection symmetry with respect to the
x—y plane (layer plane) for the ¥; and W, bands are labeled with + and — signs, respectively. The
sign of wave functions is indicated by the light blue and light green color [78]

and Y points, respectively, confirming the semimetallic nature [14, 38]. Figure
5.8 shows other examples. Two types of borophane are formed by hydrogenation
of a borophene of the five-membered and seven-membered rings, and they have
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different configuration of hydrogen atoms. We name them (5-7)-a1-BigHje and
(5-7)- a3-BigHjis. The 2D band structures, presented in Fig. 5.8, again show the
semimetallicity of borophane. It is worth noting that dispersion curves of the hole-
and electron-pockets cross each other and form the Dirac points (DP). In the 2D
Brillouin zone, the DP are arranged in a circle around the I" point, and forms the
Dirac nodal loop (DNL). Existence of the DNL can be understood from wave
functions of the bands, as depicted in Fig. 5.8. Since borophane maintains mirror
symmetry with respect to the layer plane, there are even and odd parities for the
electronic states. A wave function of the W band has even symmetry, while that of
the W, band has odd symmetry. The difference in the parity symmetrically restricts
hybridization between the two types of electronic states, making the crossing
dispersion curves.

An argument with respect to symmetry develops further to intriguing predictions
of DNL, Fig. 5.9a, based on topology. The discussion requires a little knowledge
of the space groups. When the structure of a crystal belongs to a non-symmorphic
space group, Ppam (layer group No. 44 or 3D space group No. 55), the electronic
states have even and odd parities caused by mirror symmetry with respect to the x—y
plane, as in the case of Fig. 5.8. When the electronic bands are doubly degenerate,
it has also been proven that the two degenerate bands have the same parity. For
example, along the zone boundaries, including the X, Y, and S points as well as
the symmetry lines along X—S-Y, in Fig. 5.8, bands are degenerate and the product
of the parities of the wave functions is always even. In contrast, a product is either
even or odd at the I point since there is no restriction of degeneracy. Thus, when
one takes the product of parities from the lowest band, there is a band gap, as shown
in Fig. 5.9c, and a material is insulating when the product is even. There can be
crossing of bands with different parities between the I" point and the zone boundary
(Fig. 5.9b). In the latter case, a material is semimetal with a DNL, as drawn in Fig.
5.9a.

The presence of the DNL can be predicted by topology based on the Z,
topological index, defined as

1 (even:0,2,4...)
2= [ fie {—1 (odd:1,3,5...)

occupied

where o, is the mirror operation of an x—y plane and I";(o ;) is the mirror eigenvalue
of the i band. The product is taken for all the occupied bands at the I" point. The
cases in Fig. 5.9b, c correspond to Z, = — 1 and Z, = 1, respectively. When one
applies this topological formula to borophane in the forms (5-7)-a1-B1¢H16 and (5-
7)-ap -B1sHig, one finds the Z, = — 1 for both cases, confirming the semimetallicity
with DNLSs in the band calculations (Fig. 5.8). Figure 5.9e, f presents other examples
of borophane with the non-symmorphic space group, Ppam (layer group No. 44
or 3D space group No. 55), that allows application of the topological formula.
These borophane layers result from the hydrogenation of borophene with the five-,
six-, and seven-membered rings, Fig.5.9d. (5-6-7)-y1-borophane has Z, = —1, and
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Fig. 5.9 (a) A drawing of the DNL. (b, ¢) Dispersion curves of electronic bands in the layer
group No. 44. Odd and even symmetries of the electronic bands are labeled + and —, respectively.
Appearance of DNL, depending on symmetries of the wave functions [78]. Structure models
of monolayers of (d) (5-6-7)- y-borophene, (e) (5-6-7)- y1-B24Ho4, and (f) (5-6-7)- y2-B24Ho4.
Boron and hydrogen atoms are shown as blue and light pink balls, respectively. Locations of the
five-membered and six-membered rings are indicated with red pentagons and purple hexagons,
respectively. Parities of mirror reflection symmetry with respect to the x—y plane for the W and
W, bands are labeled with + and — signs, respectively
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the calculated band structure is semimetal with a DNL (Fig. 5.9¢), while (5-6-
T)-y2-borophane has Z, = 1 and the calculated band structure is insulating (Fig.
5.9f). These calculation results justify the topological predictions of a DNL in the
borophane layers.

Up to now, samples of borophane have been synthesized in powder form using
the liquid exfoliation method, as described in the previous section. The electronic
states of such samples can be directly probed using X-ray absorption spectroscopy
(XAS) and X-ray emission spectroscopy (XES). In the optical absorption of a
sample, there is an increase of the X-ray absorption at an energy that is specific to
each element, followed by a spectral fine structure. The edge is called the absorption
edge, and one can obtain information about the boron compound when the photon
energy is tuned at hvxas = 190 eV for boron. When one focuses on the near-edge
region (Ahvxas = 20-50 eV from the absorption edge), the spectroscopy is called
near-edge X-ray absorption fine structure (NEXAFS) or X-ray absorption near-edge
structure (XANES). NEXAFS spectra directly reflect the unoccupied electronic
states of a sample. On the other hand, there is also an increase of the X-ray emission
when the emission photon energy with matches that of the absorption edge, for
example, about hvxgs = 190 eV for boron. The X-ray emission spectra directly
reflect the occupied electronic states of a sample. Thus, a combination of the XAS
and XES measurements unveils both the unoccupied and occupied electronic states
of boron compound samples.

Figure 5.10 shows a collection of the B K-edge XAS/XES data of powder
samples of the HB sheet, the B(OH)3 sheet, the BoO3 grain, and the MgB, crystal.
For comparison, the C K-edge XAS/XES spectra of the HOPG crystal are also
shown. The insulating samples of B(OH)3; and B,O3 apparently show energy gaps,
while the XAS and XES spectral features of the metallic MgB, sample overlap.
This spectral overlap is also found in the HB sheets. The appearance is the same
as that of HOPG, which is the standard reference for a semimetallic sample. These
data provide direct evidence that the HB sheet has a gapless electronic structure
at the Fermi level, which is consistent with the band calculation result of the
semimetallicity in Fig. 5.7.

5.1.4 Application of Borophane

C-borophane (Figs. 5.2c, 5.4a, and 5.3a) was studied theoretically for several
applications such as batteries [40], sensors [41], and catalysts [42]. Specifically,
when used in Li and Na ion batteries, superior anode properties were reported [40]
by which the maximum Li content is estimated to be Lip445B,H>, which gives rise
to a material with a maximum theoretical specific capacity of 504 mAh/g together
with an average voltage of 0.43 V versus Li/Lit. Likewise, for Na ion batteries, the
maximum theoretical capacity and average voltage were estimated to be 504 mAh/g
and 0.03 V versus Na/Na™, respectively. C-Borophane has also been reported to be
useful for sensing alcohol vapor using the band gap widening caused by alcohol
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Fig. 5.10 XES and XAS spectra of powders of a HB sheet, B(OH)3, B,O3, and MgB, at the B K-
shell absorption edge. The XES measurements were made at the excitation energy (Egx ), indicated
in the figure. For a comparison, XES and XAS spectra of HOPG, taken at C K-edge, are shown.
(Reprinted by permission from Tateishi et al. [38]. Copyright (2019) by the American Physical
Society)

adsorption on borophane [41]. The superior properties of C-borophane have also
been reported through computational exploration of its application as a catalyst
support material in the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) [42]. By combining defect induced C-borophane with single metal
atoms of Fe or Co, the ORR electrocatalytic property is expected to be superior
to the current most active catalyst Pt(111), and by combining with Rh, the OER
electrocatalytic property is expected to be superior to the current most active catalyst
Rqu.
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In the case of graphene-like borophane (hydrogen boride, HB sheet, Fig.
5.1), intriguing giant thermal conductance [43], controllable hydrogen release
temperature by self-doping or charging (see section §5.1.1) [14, 15], reversible
hydrogen storage ability by Li-decoration [44], excellent anode properties for ion
batteries [45, 46], band engineering for electronic devices by applying mechanical
loading [47, 48], and promising properties as a current limiter and photodetector
[49] have been reported theoretically. Specifically, it exhibits a comparable lattice
thermal conductance (4.07 nWK~! nm~—2) to graphene (4.1 nWK~! nm~2) and an
electron thermal conductance (3.6 nWK~! nm~2) which is almost ten times that
of graphene. As a result, the total thermal conductance of 2D hydrogen boride is
about twofold that of graphene and is the highest value in all known 2D materials.
Moreover, tensile strain along the armchair direction (x direction in Fig. 5.1a)
leads to an increase in carrier density, significantly increasing electron thermal
conductance. The increase in electron thermal conductance offsets the reduction
in phonon thermal conductance, contributing to an abnormal increase in thermal
conductance [43]. It has also been reported that the HB sheet shows an unexpectedly
high affinity for Li in comparison to other alkali and alkaline earth metals (Na, K,
Ca, Mg, and Al) with a binding energy of —2.38 eV, which is much larger than
its bulk cohesive energy (—1.63 eV). The energy barriers of Li diffusion on an
HB sheet are determined to be around 1.12 eV, showing both high dynamic and
thermodynamic stability without the issue of cluster formation. Moreover, a Li-
decorated HB sheet is expected to achieve a high theoretical gravimetric density
of 11.57 wt% with an average H» adsorption energy of —0.17 eV, demonstrating it
holds great potential in massive hydrogen storage under ambient conditions [44].
As an anode battery, the HB sheet was also theoretically reported to lead to a high
specific capacity of 861.78 mA h g~! for Li ions [45]. In contrast, the H vacancies
that emerged in the HB sheet electrodes were reported to improve both potassium
ion intercalation and potassium ion hopping, yielding a high theoretical capacity
(1138 mAh/g), which was among the highest reported value in the literature for K
ion anode materials. Moreover, the HB sheet was reported to present an ultralow
out-of-plane bending stiffness, rivaling that of graphene, which endows it with
better flexibility to accommodate the repeated bending, rolling, and folding when
applied in wearable devices. It also has a high in-plane stiffness (157 N/m along the
armchair and 109 N/m along the zigzag, which are the x and y directions in Fig.
5.1a, respectively). The HB sheets can thus be used as a brand-new flexible and
lightweight potassium ion battery anode material with high capacity, low voltage,
and desirable rate performance [46]. The mechanical response of the HB sheet was
reported to be anisotropic, with an elastic modulus of 131 N m~! and a high tensile
strength of 19.9 N m~! along the armchair direction (x direction in Fig. 5.1a). By
applying a mechanical loading, the metallic electronic character of the HB sheets
can be altered to direct band gap semiconducting, which is very appealing for
application in nanoelectronics [47].

The solid-acid catalytic property of graphene-like borophane (hydrogen boride,
Figs. 5.1 and 5.11a) synthesized as a powder has been experimentally revealed
[39] as well as its ability to release hydrogen molecules using ultraviolet-induced
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Fig. 5.11 Solid-acid catalytic property of graphene-like borophane [39]. (a) Photograph of HB
sheets in powder form and schematic of the proposed local structure. (b) Conversion of ethanol
vs. temperature. The results for HB, B,O3, and MgB, are plotted for various W/F (g min/mmol)
conditions. (c¢) Conversion of ethanol on HB sheets as a function of reaction time at 573 K and
W/F = 7.3 g min/mmol, estimated from hydrocarbon production (circles) and ethanol consumption
(triangles). (d) Selectivity vs. reaction time. (e) Selectivity of ethanol reformation by HB as a
function of temperature at W/F = 6.7 g-min/mmol. (f) Selectivity of ethanol reformation by HB
at 573 K and W/F = 6.7, 13.6, and 27.2 g-min/mmol. (g) Arrhenius plot of the ethanol-reforming
reaction rate in the presence of HB sheets for W/F = 27.2, 13.6, and 6.7 g-min/mmol. (h) Schematic
image of the catalytic reaction
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decomposition at room temperature [50]. Figure 5.11b shows the conversion of
ethanol as a function of temperature at various W/F conditions (contact time);
W/F (g min/mmol) is the weight of the catalyst (g) divided by the flow rate of
C,H50H (mmol/min). In every case, the sample was heated at 573 K under an
Ar flow for 1 h prior to the measurement. It is clear that the HB sheets exhibit
distinct ethanol conversion. The conversion remains constant for a long period
(Fig. 5.11c). In the case shown in Fig. 5.11c, the total amount of hydrocarbons
at 13.4 h is 3.2 mmol, which is approximately half of the total number of B atoms
used in the HB sheets. The conversion estimated from the ethanol consumption
(Fig. 5.11c) and that from the hydrocarbon production are almost the same at 12 h
(approximately 40%), indicating that the hydrocarbon product does not accumulate
on the catalyst (HB sheets) during the steady-state catalytic process. Hence, these
results indicate that the HB sheets catalytically convert ethanol. The catalytically
converted products were predominantly ethylene (CoHy4) and water as shown in Fig.
5.11d. The same characteristics were observed at all of the measured temperatures
and W/F conditions, as shown in Fig. 5.11e, f; that is, CoH4 was always the main
product, and the selectivity for the total hydrocarbon obtained was almost the same.
These results indicate that the major catalytic reaction of ethanol reformation by the
HB sheets is the dehydration reaction: CoHsOH — CyHy 4+ H,O (Fig. 5.11h). It is
known that if a catalyst promotes the dehydration reaction of ethanol, it is a solid
acid; however, if the dehydrogenation reaction occurs, producing an acetaldehyde,
the catalyst is a base catalyst. The HB sheets are therefore solid-acid catalysts.
Figure 5.11g shows the Arrhenius plot of the ethanol-reforming reaction rate k,
which was calculated by assuming a first-order reaction, for the results obtained
using the HB sheets under various W/F conditions. As the obtained linear plots
are almost the same and are independent of W/F, the reaction can be (at least
apparently) considered a first-order reaction. From the slope and the intersect, the
apparent activation energy E, and pre-exponential factor A were estimated to be
102.8 + 5.5 kJ/mol and 3.5 x 10* s~!, respectively. The derived E, is comparable to
the reported activation energies for the catalytic dehydration of ethanol over Al,O3
(53-155 kJ/mol), silica—alumina (125.5 kJ/mol), microporous Fe-ZSM-5 (137.7—
271.1 kJ/mol), and the Lewis acidic Zr-KIT-6 catalyst (79 kJ/mol). The formation
rate of ethylene on the HB catalyst at 573 K and W/F = 7.3 g-min/mmol was
2.4 £ 0.1 mmol/g-h (Fig. 5.11c). Chen and co-workers reported that the formation
rate of ethylene from ethanol using the commercial SynDol (Al,O3—MgO/SiO,)
catalyst was 7.8 mmol/g-h at 591 K, with a weight hourly space velocity (WHSV)
of 0.23 h™! in a fixed-bed reactor (this value is calculated using the reported yield
of ethylene, which is 0.22 g/gcat-h). They also reported a higher formation rate
of 535 mmol/g-h on Ti/y- Al,O3 at 633 K and a WHSV of 26 h™! using the
microreactor (calculated using a value of 15 g/gcat-h). The formation rate of the
HB sheets is, thus, lower than that of state-of-the-art catalysts but is in the same
order as that of the commercial SynDol catalyst.
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5.2 Boron Compound Sheets

5.2.1 Boron Nitride Sheets

Boron nitride (BN) is a solid chemical compound of boron and nitrogen that has
been used as an electric insulator, a heat resistor, and in the cutting tool industry
[51-54, 58]. There are two well-known crystalline forms, hexagonal boron nitride
(h-BN) and cubic boron nitride (c-BN). A crystal of h-BN has stacked BN planes,
Fig. 5.12, with in-plane sp? covalent bond is, just like graphene, and has been called
“white graphite” [55]. The calculated band structure of a h-BN sheet is shown in
Fig. 5.12 [56, 57]. The layer is insulating.
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Fig. 5.12 A structure model of h-BN. Black and green circles represent nitrogen and boron atoms,
respectively. A structure model of layer stacking in h-BN. Black and green circles represent
nitrogen and boron atoms, respectively. Calculated band diagram of a h-BN layer. (Reprinted by
permission from Mir6 et al. [57]. Copyright (2014) ROYAL SOCIETY OF CHEMISTRY)
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Fig. 5.13 STM images of h-BN on Ni(111): (a) wide and (b) local area. In (b), the structure model
of h-BN is also shown [60, 81-83]. Black and green circles represent nitrogen and boron atoms,
respectively. (By courtesy of Thomas Greber)

Atomic sheets of h-BN can be synthesized via two routes: top-down exfoliation
and bottom-up growth. There are a variety of exfoliation methods including
mechanical and chemical [53, 54]. It is worth mentioning that a high-quality 3D
crystal of BN is achieved by growth under high pressures (GPa) using solvents of
metal-BN such as Ba-BN, in Japan, and is delivered to frontier laboratories all over
the world by Takashi Taniguchi and Kenji Watanabe [59]. Mechanical exfoliation,
using Scotch tape or a ball milling process, is simple but significantly limits the
flake size. Chemical exfoliation is essentially a process of liquid-phase exfoliation
that disperses the h-BN sheets in organic solvents, such as chloroform and DMEF,
with the assistance of sonication. This quick and easy approach leads to high yields
but suffers from surface contamination and small flake size. The limited sample
size using exfoliation methods currently hinders application in large surface-area
devices.

A route using bottom-up growth is carried out by self-assembly of ordered h-
BN sheets on specific substrates using deposition methods, in particular using a
chemical vapor deposition (CVD) method. Mono- or few-layer 2D h-BN grows
through decomposition of boron-based gas molecules, such as borazine (B3N3Hg)
and trichloroborazine (B3N3H3Cl3), on transition metal surfaces, such as Ni, Pd,
Ru, Pt, or Rh. The CVD growth method has the advantage of synthesizing a wide
area of h-BN sheets that are high-quality [53, 54]. A typical scanning tunneling
microscope (STM) image is shown in Fig. 5.13 [60, 81-83]. However, it also uses
catalytic substrates at high temperatures and requires transfer of the processes to
other substrates for application. These restrictions currently require improvement
before construction of high-performance devices can be achieved.

An atomic sheet of h-BN is chemically inert, mechanically robust, thermally
conductive, and electrically insulating (a band gap of 6 eV). Because of these
unique properties, it has attracted significant interest in the study of 2D materials
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Graphene (G

Fig. 5.14 Design of an all monoatomic (monatomic) sheet FET transistor with a layer of h-BN as
the insulator. (Reprinted by permission from Roy et al. [61]. Copyright (2014) American Chemical
Society)

and its technical application as a component in atomic or nano-devices has been
explored. For example, in combination with layers of graphene and MoS,, the h-
BN sheet can act as an insulating layer building block in a transistor with a van
der Waals heterostructure [61], Fig. 5.14. Applications of such 2D electronics have
been widely explored, such as memory devices, capacitors, filters, and sensors. The
layer on metal substrates are also versatile templates for atoms, molecules, and
nanostructures [84]. New research fields are still on the rise today and sheets of
h-BN are expected to be a key material for these new developments.

5.2.2 Boron Carbon Nitride Sheets

In the graphenic 2D systems, a layer of graphene (honeycomb lattice of C) is a zero-
band gap semiconductor and that of h-BN is an insulator. A semiconducting layer
has been investigated for graphenic BCN, which is a ternary network based on atoms
of boron, carbon, and nitrogen that occupy the graphenic sites in a 2D sheet [62].
Theoretical research has predicted various models of such 2D BCN compounds
and reported a variety of properties, which depend on the chemical stoichiometry
and the atomic arrangement of B, C, and N [63—67]. There have also been many
attempts of experimental realization [68—72]. Figure 5.15 shows an example of the
atomic model that has been found to be stable using first-principles calculations
and that to be realized on Ir(111) [62]. The three neighboring B, N, and C atoms
take the configurations of, BoNC, BN, C, or BNC5. The band calculation shows that
the 2D BCN layer is semiconducting with a direct band gap of 1-1.5 eV and is
dependent on the DFT functional (Fig. 5.15) [62]. These results demonstrate that
the electronic structure of BCN is intermediate to those of graphene and h-BN.
Since sheets of graphene and h-BN have been adopted as conductive and insulating
layers, respectively, those of h -BCN are a promising semiconducting layer for 2D
electronic materials.
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Fig. 5.15 (a) A possible h-BCN model, BCN_v1, that has a boding network of B—C, B—N, and
C—N, shown as the precursor molecule [62]. The red circles and blue hexagons indicate units with
different compositions of B, C, and N atoms. (b) The electronic band structures of a freestanding
sheet (BCN_v1), calculated using density functional theory with the two types of functional, blue
curves, and red points. The zero energy corresponds to the Fermi level [62]. (¢) STM images of a
BCN layer on Ir(111) and a comparison with the BCN_v1 model with its structural corrugation.
(Reprinted by permission from Beniwal et al. [62]. Copyright (2017) American Chemical Society)
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Fig. 5.16 Structure models of BjxOx sheets with different tuples of oxygen fraction, x, and
mixing energy, Enix, as indicated in the parentheses. Boron and oxygen atoms are indicated by
green and red balls, respectively [74]. (By courtesy of Jens Kunstmann)

5.2.3 Boron Oxide Sheets

Boron has a high chemical affinity for oxygen, and there are various compounds of
boron oxides, such as boron trioxide (B»0O3) and boron suboxide (B¢O). Layers of
borophene have also been reported to be easily oxidized, but little is known about
the oxidizations or properties of 2D boron oxides (2D BO). Currently, theoretical
research has been performed for sheets of BxO (x = 4 ~ 8) [73] and B1.4xOx
(x =0~ 0.6), where BoO3 at x = 0.6 [74].

In the case of 2D boron oxide, B.4xOx, stability is examined theoretically from
borophene (a’-sheet) at x = 0 to BoO3 at x = 0.6 [74]. As shown in Fig. 5.16a, boron
atoms in borophene have high in-plane coordination numbers (N¢oora = 5 and 6). On
the other hand, N¢gorg = 3 for boron atoms, while Ngoorg = 2 for oxygen atoms
in Fig. 5.16b. The first-principles calculations of the 149 boron-oxygen system
shows that there are only stable freestanding layers of borophene and B»O3. At the
intermediate composition, the 2D layer is composed of a heterogeneous mixture, as
shown in Fig. 5.16c—g. These findings indicate that oxygen atoms prefer twofold
coordination in 2D boron oxide.

Predictions of 2D boron suboxides have also been performed using a global
search based on first-principles calculations [73]. Figure 5.17 shows a collection
of the lowest-energy structures of 2D boron oxide with different B/O ratios,
B/O =4 ~ 8. All of them have a nonplanar structure. Layers of B5O, B70, and BgO
consist of boron ribbons that are connected to each other by B-O-B bonds. These
layers have triangular lattices and hexagonal holes. In the B5sO and B;O layers,
there are hexagonal holes with B and O atoms at the edges, while in BgO there are
additional hexagonal holes with only B edges. In B4O, boron ribbons are connected
by the B-O square lattice and there are hexagonal holes with B and O edges. 2D
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Fig. 5.17 Structure models of suboxide sheets, BxO, with different x values. Boron and oxygen
atoms are indicated by green and red balls, respectively. (Reprinted by permission from Zhang et
al. [73]. Copyright (2017) American Chemical Society)

crystals of B¢O have quite a distinctive structure; they are composed of two boron
layers of the buckled triangular lattices that sandwich a layer of oxygen atoms. The
authors of the paper [73] mentioned that, for B/O = 5 ~ 8, 2D boron oxide can be
achieved by insertion of oxygen atoms between the B-B bonds, while, for B/O = 4,
the tetrahedral configuration shows possible bonding of one O atom with three B
atoms. This tendency indicates variations in the chemical coordination number of O
atoms are caused by the chemical stoichiometry. Calculated band structures of 2D
boron oxides show that BsO, B;70, and BgO are metallic. In the case of B4O, the
layer is semiconducting with anisotropic band edges. The strong optical anisotropy
of B4O may be applied in 2D polarization-sensitive photodetectors. BcO is a 2D
DNL semimetal, as shown in Fig. 5.18. Recently, a B,O monolayer of honeycomb
borophene oxide was proposed as illustrated in Fig. 5.19 [75]. The calculation shows
that the electronic band structure is composed of a nodal loop centered around the
symmetry point that can be characterized by the nontrivial topological property
(Fig. 5.19). Since 2D DNL semimetals are rarely studied, these electronic states
of the unique Dirac ring in BgO and B,O may show intriguing quantum transport
phenomena. It is of note that the existence of a crystal of BoO has been debated;
however, the possible synthesis of honeycomb B,O is proposed by oxidization of
honeycomb borophene on Al(111). Layer growth on substrates often results in 2D
boron layers that do not exist in nature in the freestanding manner. There have been
varieties of borophene reported on various substrates that can be used as starting
materials to synthesize the novel boron oxide or suboxide layers.
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Fig. 5.18 (a) Calculated band structure and (b) optical absorption spectra with two types of
polarization for the B4O model [73]. (a) Calculated band diagram and (b) density of states of the
B¢O model [73]. (¢) Band dispersion curves around the Fermi level. (d) The 2D Brillouin zone.
(Reprinted by permission from Zhang et al. [73]. Copyright (2017) American Chemical Society)

5.3 Summary and Outlook

In this chapter, we present the theoretical predictions of various chemically modified
borophene polymorphs and note several intriguing physical and chemical properties
that have been reported, including superiority as battery materials, application as
hydrogen storage materials, and electronic and/or mechanical applications (such
as memory, sensor, and/or high hardness materials). There are other predictions
of the polymorphs for 2D boron phosphides [76] and boron chalcogenides [79,
80]. The experimental synthesis of hydrogenated borophene in powder form has
only recently been reported, in which a top-down synthesis method employing ion-
exchange of protons with Mg cations in MgB; was used. The method used for
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Fig. 5.19 (a) Structure models of sheets of h (hexagonal)-B,O. Boron and oxygen atoms are
indicated by green and red balls, respectively. The conventional and primitive cells are shown
in the blue (rectangular) and orange (rhombus) areas, respectively. (b) The 2D Brillouin zone. The
irreducible Brillouin zone is colored in red [75]. (¢) Calculated band structure of the h-B,O model.
(d) Charge densities at D1 and D2 in (c). (e) The energy difference of the B + O py and B + O p,
bands around the I" point. The white curves indicate the location of the nodal loop. (Reprinted by
permission from Zhong et al. [75]. Copyright (2019) ROYAL SOCIETY OF CHEMISTRY)

this synthesis can be categorized as an alternative route for the production of 2D
boron materials [20, 22], which may open new avenues to achieve an increase in
the number of chemically modified borophenes. A recent report for the preparation
of freestanding borophene may further accelerate such a top-down approach [77]
to prepare other types of chemically modified borophene. Simultaneously, we
can expect the appearance of well-defined chemically modified borophene sheets
produced using a bottom-up approach through the modification of borophene sheets
prepared on a metal substrate using evaporation in an ultra-high vacuum. As in the
case of graphene, both bottom-up and top-down approaches are required in order to
apply the material in a wide variety of fields.
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Chapter 6 ®
Physical and Chemical Properties Qs
of Boron Solids

Ryosei Uno and Kaoru Kimura

6.1 Basic Data about Boron Atom

The boron atom has atomic number 5 and electronic configuration 2s>3p! and is a
group 13 (IIIb) first-period atom in the periodic table. There are two stable isotopes
10B and !!B, the abundance ratios are 19.9 at% and 80.1 at%, and the atomic weight
of the natural element is 10.811. '°B has a large neutron absorption cross section
(3840 barns) and is used as a neutron absorber. The first ionization potential of
the boron atom is 8.298 eV, the second ionization potential is 25.155 eV, and the
covalent radius is 0.88 A. The melting point is 2077 °C, the boiling point is 3870 °C,
and at room temperature boron is usually a black metallic luster solid.

6.2 Crystal Structures

a-thombohedral, p-rhombohedral, a-tetragonal, B-tetragonal, and y-orthorhombic
boron have been reported as solid boron crystals with By, icosahedron. Boron
solids are usually made by bringing hydrogen containing gaseous boron halide into
contact with a hot tantalum wire and depositing the hydrogen reduced boron on
the tantalum wire surface. When the temperature of the tantalum wire is 900 to
1000 °C, a-rhombohedral boron is deposited with amorphous boron through the
TaB; layer; at 1200 °C or more, f-rhombohedral boron are deposited; and at 1150
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to 1200 °C, B-tetragonal boron are deposited in a narrow range [1, 2]. Recently,
the temperature-pressure phase diagram of pure boron has been constructed [3,
4] as shown in Fig. 6.1. At ambient pressure, f-rhombohedral boron is stable in
all temperature range. a-rhombohedral and B-tetragonal boron are stable at high
pressure and low- and high-temperature range, respectively. At higher pressure, y-
orthorhombic boron is stable, and then a-Ga-type crystal without By, icosahedron
becomes stable. Although a-tetragonal boron was confirmed to be B5oCy or B5oN»
instead of pure boron, recently, it’s surface energy has been found to be lower than
those of the other crystals [5], and it was realized as the form of nanostructure such
as nano-belt [6].

The a-rhombohedral boron is made of only Bj, icosahedra, and the @-
rhombohedral and B-tetragonal boron each include a Bjg structure and a By
structure, in which a plurality of By, icosahedra is merged. In addition, it has a B
single atom in the void in a skeletal structure formed from B> and Byg or By;.
There are reports of cubic crystals produced by plasma discharge [7].

6.2.1 o-rhombohedral Boron

The crystal structure of a-rhombohedral boron is shown in Fig. 6.2(a) and (b).
Figure 6.2(b) is a projection of the rhombohedral crystal onto the (111) plane
[hexagonal (0001) plane]. There is one By, regular icosahedron at the vertex of
the rhombohedron, and the threefold symmetry axis of B, faces the rhombohedral
body diagonal direction. This B is slightly distorted and connected by a B-B bond
between the B atoms at the vertex, and the direction of the B-B bond between
B is slightly shifted from the direction of the edge of the rhombohedron. The
rhombohedral crystal has a lattice constant of a = 5.074 A and a = 58.0 deg., and
the unit cell contains twelve B atoms [8]. The B atom that connects B, with the two-
center covalent bond is called a polar atom (p), and the other B atoms are arranged
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Fig. 6.2 (a, b) Crystal structure of a-rhombohedral boron. At each vertex of the rhombohedron,
there is a regular icosahedron made of B atoms, and its threefold axis is parallel to the
rhombohedral body diagonal. In (a), three B, icosahedra are shown at the vertices, and the
others are omitted to make the figure easier to understand. The six atoms involved in the bonds
along the rhombohedral edges between B, are called polar atoms, and the other six atoms are
called equatorial atoms. B1; is distorted and the interatomic distance is shown in A. (b) shows the
(111) rhombohedral coordinate plane. It corresponds to the bottom plane in hexagonal coordinates.
(Reprinted by permission from R. Uno, K. Kimura, Chap. 1, Fundamentals and Applications of
Boron, Borides and Related Materials (CMC Publishing Co., LTD. 2008). Copyright (2008) CMC
Publishing Co.)

in a zigzag regular hexagon in the plane perpendicular to the threefold symmetry
axis and are called equatorial atoms (e). The average length of the B-B bond in B,
is 1.79 A, but the length of the B-B bond between By, is 1.64 A, so it is difficult to
think of it simply as a By, icosahedron bond. This crystal also has a large void in
the center of the rhombohedron.

6.2.2 B-Rhombohedral Boron

B-rhombohedral boron has a complex structure with 20 types of B atom sites in
the rhombohedral unit cell. The lattice constant of the rhombohedral crystal is
a=10.143 A, a = 65.22 deg. [9]. The basic structure is formed of 15 types of atomic
sites B1 to B15 shown in Table 6.1 [9] and has 105 B atomic sites per unit cell (315
for hexagonal unit cell). The structure is made up of a B, icosahedron, a structure
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Table 6.1 Position coordinates of B atom in -rhombohedral boron [9]

Hexagonal coordinates

B atom site Wyckoff position X y z Occupancy %
B1 36i 0.1730 0.1741 0.1767 100
B2 36i 0.3191 0.2957 0.1294 100
B3 36i 0.2614 0.2175 0.4197 100
B4 36i 0.2349 0.2516 0.3469 100
B5 18h 0.0545 2x 0.9437 100
B6 18h 0.0865 2x 0.0132 100
B7 18h 0.1098 2x 0.8860 100
B8 18h 0.1705 2x 0.0280 100
B9 18h 0.1287 2x 0.7666 100
B10 18h 0.1020 2x 0.6985 100
BI11 18h 0.0564 2x 0.3266 100
BI2 18h 0.0897 2x 0.3990 100
B13 18h 0.0579 2x 0.5538 74.5
B14 6¢ 0.0 0.0 0.3855 100
BIS 3b 0.0 0.0 0.5000 100
Bl16 18 h 0.0546 2 x 0.1176 27.2
B17 18 h 0.0833 2 x 0.4760 8.5
B18 18 h 0.1440 2 x 0.5239 6.6
B19 18 h 0.1805 2 x 0.5347 6.8
B20 361 0.2067 0.2280 0.0711 3.7

where half of the B¢ pentagonal pyramids are merged, and an isolated B single atom.
There are two ways to understand the structure. The first is centered on Bj,, with
a pentagonal pyramid connected to each vertex, with a Bgs4 structure similar to a
soccer ball at the vertex of the rhombohedron, and with a B¢ structure merged with
three pentagons and an aggregate with a Bjo-B-B1g chain structure consisting of B
single atoms in the center of the rhombohedron. The other is an assembly of four
B1», three Bj; merged Bog structures, and a Bog-B-Bog chain structure consisting of
B single atoms.

The latter structure is shown in Fig. 6.3(a). The figure also shows the main
voids of this structure. Figure 6.3(b) shows a Bjg structure composed of three
B, sharing three surfaces. Figure 6.3(c) shows the bonds between the B atoms
that represent the connections between the structures. The positions of the B atom
sites are classified into 15 types based on symmetry, and the positions indicated by
hexagonal coordinates are shown in Table 6.1. Of these, the B13 site is in a state of
stable deficiency, and most of the deficient atoms occupy B16 of the B16 to B20 sites
that correspond to the voids in the basic structure. The B13 and B16 site occupancy
rates are 0.745 and 0.272, respectively. 105.1 B atoms occupy the B1 to B16 sites.
There are a few other B atoms that occupy B17 to B20 sites, and when they are
added, there are 106.9 B atoms per rhombohedral unit cell.
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Fig. 6.3 (a,b, ¢) B-rhombohedral boron. Since the unit cell has 105 atomic sites and has a complex
structure, (a) shows a conceptual diagram with a relatively large void, A1 site, D site, and E site.
(b) shows the Bag structure as seen from the body diagonal direction. The numbers indicate the B
atom site numbers. (¢) shows the connection between B atoms and the interatomic distance [9] 7,
8, and 9 are average values. Unnecessary B1,s are omitted to make the figure easier to understand.
The single atom at the center of the rhombohedron between Bsgs is the B15 atom. (Reprinted by
permission from R. Uno, K. Kimura, Chap. 1, Fundamentals and Applications of Boron, Borides
and Related Materials (CMC Publishing Co., LTD. 2008). Copyright (2008) CMC Publishing Co.)

6.2.3 «-Tetragonal Boron

Although it is not a pure boron structure, it is closely related to the boride structure.
The structure is shown in Fig. 6.4. The lattice constants are a = 8.75 A, c=5.06 10\,
and there are four B, in the unit cell and two B single atoms in total at the vertex
and body center of the unit cell, for a total of 50 B atoms. Furthermore, it has a total
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Fig. 6.4 Crystal structure of a-tetragonal boron. A projection view on the (001) plane. 1(a) and
1(b) are the positions of the body center, and 1(c) and 1(d) are the positions shifted by c/2 in
the c-axis direction, occupied by C atoms or N atoms. The center of 4(i), 4(j), and 4(i) is a void
where different atoms can easily enter. (Reprinted by permission from R. Uno, K. Kimura, Chap.
1, Fundamentals and Applications of Boron, Borides and Related Materials (CMC Publishing Co.,
LTD. 2008). Copyright (2008) CMC Publishing Co.)

of two C single atoms or N single atoms in the center of the c-axis direction, where

B single atoms are arranged, and there is a total of 52 atoms in the unit cell [10].
Recently discovered nano-belts of pure boron have this crystal structure (50 per

unit cell) [6] because the surface energy of this structure is lower than others [5].

6.2.4 B-Tetragonal Boron

It has a complex structure consisting of a two-center or three-center covalent bond,
in which two or three B atoms share two electrons each. The lattice constants
are a = 10.14 A and ¢ = 14.17 10%, and the unit cell contains 190 B atoms. A
projection of a structure in which four chain structures of Bj, icosahedra are
arranged, penetrate the unit cell perpendicular to the c-axis, and increase in height by
0.25c¢ perpendicular to each other is shown in Fig. 6.5(a), together with a projection



6 Physical and Chemical Properties of Boron Solids 127

OB in B;; (z=0.10) @B in By;; (z=0.35) @B in B;x (z=0.60)
eB in By (z=0.85) ®interstitial B26

Fig. 6.5 (a, b) Crystal structure of p-tetragonal boron. It has a very complex structure with 190
atoms in the unit cell. Both (a) and (b) are projections onto the (001) plane, each showing part
of the structure. (a) is a projection of a cluster atom chain connected by Bjzs and two single
atoms (B26 filling rate 0.5), with four chains penetrating the unit cell. (b) is a projection of four By}
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of two single atoms per unit cell on a plane perpendicular to the c-axis (four sites
with an occupancy of 0.5) [11]. There is a total of eight By, icosahedra, two for
each chain per unit cell. In the opening of this chain structure, the B structure, in
which two B1s are joined together by sharing a triangular surface, places its center
in the void near (1/4, 1/4, 1/4), (3/4, 3/4, 3/4), (1/4, 3/4, 1/2), and (3/4, 1/4, 0). The
projection onto the (001) plane is shown in Fig. 6.5(b) together with the projection
of eight single atoms per unit cell. Eight of the twelve single atom sites are said to
be in a stable deficient state. The occupancy ratio is 0.5 for (a) B26 in the Figure,
and (b) B25 and B25p in the Figure, respectively. B23 has an occupancy ratio of 1.

6.2.5 y-Orthorhombic Boron

The phase is stable under the pressure of 19-89 GPa, and it can be quenched to
ambient condition [3]. The space group is Pnnm, and there are 28 atoms in the
unit cell, consisting of icosahedral By, clusters and B, dumbbells in a NaCl-type
arrangement, as shown in Fig. 6.6(a) [83]. The structure was determined by X-ray
diffraction experiment. Because of the charge transfer between these two cluster
components, y-Byg can be regarded as a boron boride, (B2)5+(B12)8'. The phase
indicates ionic high-pressure form of elemental boron [3].

6.3 Characteristics of Boron Icosahedral Clusters

Boron crystals are based on the Bj; icosahedron. The icosahedron is one of the
five regular polyhedrons in the convex polyhedrons of Euclidean space: regular
tetrahedron, regular hexahedron (cube), regular octahedron, regular dodecahedron,
and regular icosahedron. As shown in Fig. 6.7, the regular icosahedron has five,
three, and two axes of symmetry, but the fivefold symmetry is incompatible with
the translational symmetry of the crystal. It is therefore a problem to fill the space,
and the icosahedron is distorted as a whole in the crystalline structures described in
the previous section. The icosahedral By, cluster has a structure with two missing
valence electrons, as will be described later, and is distorted due to the Jahn-Teller
effect. It is thought that the symmetry is lost, the orbital degeneracy is solved, and
the empty orbital is separated from the orbitals occupied with electrons.

Figure 6.8 shows the experimentally obtained electron density distribution in
the a-rhombohedral boron, in which two-center and three-center covalent bonds

<
<

Fig. 6.5 (continued) structures and eight single atoms (B25, B25p filling rate 0.5) in a four-chain
void. By is a paired structure of By, sharing one surface. (Reprinted by permission from R. Uno,
K. Kimura, Chap. 1, Fundamentals and Applications of Boron, Borides and Related Materials
(CMC Publishing Co., LTD. 2008). Copyright (2008) CMC Publishing Co.)
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b

Fig. 6.6 Atomic structures of (a) y -Bog [83]. A crystal of (b) a -Bj; is shown for comparisons.
The ionic y -Bjg structure is composed of the two cluster components of By, icosahedra and By
dumbbells with the opposite charges, as a boron boride, (B2) S+ (Bn)d . (Reprinted by permission
from U. Héussermann and A. S. Mikhaylushkin, Structure and Bonding of y -Bog: Is the High
Pressure Form of Elemental Boron Ionic? Inorg. Chem. 49, 11,270 (2010). Copyright (2010)
American Chemical Society)

Fig. 6.7 B, icosahedron In the projection from the threefold axis direction, the axis connecting
the vertices of the pentagonal pyramids facing each other is the fivefold axis. The axis connecting
the midpoints between the B atoms on the left and right sides of the Figure is the twofold axis.
(Reprinted by permission from R . Uno, K. Kimura, Chap. 1, Fundamentals and Applications of
Boron, Borides and Related Materials (CMC Publishing Co., LTD . 2008). Copyright (2008) CMC
Publishing Co)

are clearly observed [12]. In the a-rhombohedral boron made of Bj; alone, in the
regular triangle surface formed by B, atoms, the electron density is higher in the
center of the triangle than in the center of the lines connecting the atoms as shown
in Fig. 6.8(c), and By, is joined with a three-center covalent bond. The triangular
faces formed by the By, Bp, B atoms and the By, Be, B atoms are also joined by a
similar three-center covalent bond. Also, between By, Be, Be, Be atoms shown in
Fig. 6.8(b) are joined by a weak three-center covalent bond.
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2¢ bond

[001] AXIS

Fig. 6.8 MEM charge densities of a-rhombohedral boron [12]. (a) The MEM charge density for
110 plane. The Bp-B) 2c intercluster bond is located on this plane. (b) The MEM charge map
for 001 plane. The 3c intercluster bond is located on this plane. (¢) The MEM charge density of
intracluster bonds. (Reproduced from Ref. [12])

The three-center covalent bond is unique to group III elements. A normal two-
center covalent bond appears to double the number of electrons due to two atoms
sharing each other’s electrons. As shown in Fig. 6.9 [13] (a)—(c), the atoms of groups
IV, V, and VI appear to have eight valence electrons by making four, three, or two
such bonds. The s and p orbitals are occupied completely by the eight electrons
(closed shell structure). However, as shown in Fig. 6.9(d), group III atoms have only
six valence electrons even if they form three covalent bonds, and the bonds cannot
be completed. Therefore, as shown in Fig. 6.9(e), two valence electrons are used for
the three-center covalent bonds that share electrons with three atoms, appearing to
triple the number of electrons, and one valence electron is used for the usual 2-center
covalent bond. By saving electrons in this way, the atom can appear to have eight
valence electrons. A regular icosahedron cluster is composed of regular triangular
faces. It is a convenient structure to realize the above situation by using two valence
electrons for bonds inside the cluster and one valence electron for bonds outside the
cluster. Therefore, the icosahedral cluster of twelve atoms is suitable for group III
elements to form covalent bonds.

On the other hand, an icosahedral cluster of 13 atoms with an atom at the center
of the cluster has a packing fraction close to that of a close-packed structure and is a
structure suitable for metallic bonding. For these reasons, the icosahedral cluster of
boron and aluminum at the boundary between the element that forms covalent bonds
and the element that forms metallic bonds in the periodic table causes a metallic-
covalent bonding conversion due to the presence of the central atom [14, 15].
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Fig. 6.9 Schematic diagram of two-center and three-center covalent bonds [13]. (Reproduced and
translated from Ref [13])

More precisely, in the molecular orbital calculation for an isolated By icosa-
hedron cluster, there are twelve orbitals in the fivefold direction used for bonding
to the outside of the cluster, and 13 orbitals inside the cluster, so that 12 + 13 x
2 = 38 electrons are needed to satisfy the orbitals, but there are only 12 x 3 = 36
valence electrons, and there are still two electrons deficient [16]. This induces the
fact that the band structure of a boron crystal has an acceptor level with a high
density. In the calculation result by the self-consistent molecular orbital method for
the B12Hj2 cluster, which approximates the state in the crystal by bonding H atoms
to the outside of each B atom of B, the highest level, which is degenerate fourfold
when there is no distortion, becomes no longer degenerate due to the Jahn-Teller
effect and the symmetry changes from Th to D3d or D2h [17]. In the D3d symmetry
corresponding to the B-rhombohedral boron, the icosahedron that is stabilized by
molecular orbital calculation has the same distortion as B, of the B-rhombohedral
boron. At this time, the level of fourfold degeneracy is divided into a twofold
degenerate level and a single level complete with electrons and an empty single
level. Therefore, in the rhombohedral crystal, the orbital of the highest level of the
valence band is separated due to the Jahn-Teller effect, and the intrinsic acceptor
level with a large density of states is about 0.2 eV above the full valence band [18].

In the a-rhombohedral boron, electrons can be saved by the three-center bond
between clusters, so the number of electrons used for bonding outside the cluster is
reduced to ten and the orbitals in the cluster are completely filled. For this reason,
there is no intrinsic acceptor level.
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6.4 Physical Properties of f-Rhombohedral Boron

The boron solids that are usually made are B-rhombohedral boron. Room-
temperature -rhombohedral boron is chemically inert, light, and hard and has
a large elastic constant and a high sound velocity. Boron fibers are expensive
but have high performance as composite reinforcements and are used in aircraft
materials.

6.4.1 Basic Properties

The density is 2.34 x 10> kg/m?, the Mohs hardness is 9.3, the Vickers hardness
is 49,000 MPa, the bulk modulus is 185 GPa, and the sound velocity reaches
16,200 m/s. The thermal conductivity at room temperature is 27.4 W/m-K, and the
coefficient of linear thermal expansion is 5 to 7 x 1076 /K.

6.4.2 Doping Sites (Crystal Structure Voids)

If the covalent bond radius rg = 0.88 A is assumed for the size of the boron atom,
this structure has many voids because the packing fraction of a B-rhombohedral
boron is only 0.36. The main positions are shown in Table 6.2 [19, 20]. These
voids first attracted attention because, in the structural analysis of sample CrB.41,
which investigate the solid solubility of Cr, the position of B atoms was almost the
same as B-rhombohedral, and the Cr atoms were statistically distributed in the two
voids Al and D [21]. Later, many metal atom solid solutions were investigated, and
it was found that the positions of the voids distributed differed depending on the
type of atom, and even when the same voids were occupied, the positions shifted
slightly. The main results are shown in Table 6.3, and the main positions are shown
in Fig. 6.10(a) and (b). The atom occupying A3 has not been found. The different
atoms occupying the voids supply electrons to the band of the f-rhombohedral
boron and change the electrical properties. V atoms are not strongly doped, and
the semiconductor-metal transition occur without the crystal structure changing
significantly. In general, when the number of dissolved atoms increases, valence
electrons are supplied to the electron-deficient B, structure, and the complex
skeleton structure of the B atoms changes.

6.4.3 Electrical Properties

6.4.3.1 Electrical Conductivity

The B-rhombohedral boron is a semiconductor, and the electrical conductivity of
a pure sample at room temperature is 1076 to 1077 ! ecm™! and the activation
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Table 6.2 Doping sites (voids) of B-rhombohedral boron [19, 20]. G is the unoccupied remaining
void of B16 (occupancy approximately 25%). The position coordinates change slightly depending
on the type of atom being doped

Number of adjaceont B
Void site Wyckoff position Hexagonal coordinates atoms Distance (A)
Al 6¢ 0.0; 0.0; 0.135 12
2.15-2.19
A2 18 h 0.108; 0.216; 0.100 12
2.06-2.14
A3 361 0.279; 0.248; 0.046 12
1.91-2.20
D 18 h 0.205; 0.411; 0.174 1; 14
2.01;
2.28-2.45
E 6¢ 0.0; 0.0; 0.245 15
2.23-2.53
Fl1 18 h 0.065; 0.130; 0.245 7;2
1.95-2.18;
2.79
F2 18 h 0.117; 0.233; 0.252 3;13
2.12;
2.39-2.66
G 18 h 0.055; 0.109; 0.117 8;6
1.79-1.85;
2.54-2.62
H 18 h 0.208; 0.792; 0.412 1151
2.19;
2.29

energy is 1.56 eV. The carriers are holes and exhibit p-type electrical conduction.
In silicon, which is a typical semiconductor, doped impurity atoms replace silicon
atoms to create acceptor levels and donor levels. But in B-rhombohedral boron,
as suggested by the By, icosahedron structure, the acceptor level concentration is
large even in a pure solid, and p-type conduction is exhibited for most of the doped
impurities at low concentrations. However, even samples doped with relatively high
concentrations of Fe or low concentrations of V, etc. exhibit n-type conduction [26—
28].

Figure 6.11 [29] shows the temperature dependence of electrical conductivity
for high-purity p-rhombohedral boron together with samples containing various
impurities. The activation energy of a pure sample is 1.56 eV. Figure 6.12 (a) [30]
and (b) [27] show the temperature dependences of various samples below room
temperature. This result shows that the electrical conduction follows the following
formula, which shows Mott variable range hopping conduction.

o(T) = opexp {—(TO/T)1/4} Ty = 603 /7 N (Ef) kp
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Fig. 6.10 (a, b) Main voids in B-rhombohedral boron. The A1, D, and E sites are shown in (a), and
the D, E, and F sites are shown in (b). Also, (a) shows that the f-rhombohedral boron can be seen
to be composed of a B4g structure consisting of four B>s at the vertex of the rhombohedron and a
Bs7 structure consisting of Byg-B15-Byg contained in the rhombohedron. (Reprinted by permission
from R. Uno, K. Kimura, Chap. 1, Fundamentals and Applications of Boron, Borides and Related
Materials (CMC Publishing Co., LTD. 2008). Copyright (2008) CMC Publishing Co.)
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Fig. 6.11 Temperature dependence of electrical conductivity of B-rhombohedral boron??°.1, 2:
High-purity boron. 3: Surface polishing. 4: BcO surface layer. 5: Mn dopant. 6: Fe dopant. 7: 3%
C dopant. 8: FeBjg 5. 9: C dopant (p = 3 x 1020/cm3). (By courtesy of H. Werheit)
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Fig. 6.12 (a) [30], (b) [27] Temperature dependences of electrical conductivity when various
amounts of Li (in (a)) or V (in (b)) are doped into B-rhombohedral boron. (Reproduced from
Ref. [30, 27])

Here, kp is the Boltzmann constant, N(Er) is the density of states at the Fermi
level, and « is the damping constant (the inverse of localization length) of the
wave function in that state. The fact that p-type conduction is hopping conduction
shows that the holes are localized due to large disorder (defects and impurities) and
electron-lattice interactions. This is despite the relatively large density of states at
the top of the valence band due to By,.

It also suggests that hopping conduction and band conduction coexist near
150 °C, and even if the Hall effect is observed, the contribution of carriers that
perform band conduction is large, so problems remain in the carrier concentration
and mobility obtained from the Hall constant calculated by the current including the
contribution due to hopping conduction [31].

When the DC applied voltage at room temperature reaches about 10* V/cm,
the resistance suddenly becomes low, and the so-called switching phenomenon is
observed in which a high resistance state and a low resistance state are repeated
with a recovery time of about 10 ps. However, in the measurement using a single
pulse voltage with a width of 10 ps, no switching phenomenon is observed up to
60 kV/cm even at a low temperature of 98 K, which is considered to be due to the
temporarily trapped carriers at the hopping sites [32].

Doped atoms rarely enter interstitial doping sites to replace boron atoms, and
their valence electrons are considered to enter the acceptor level due to By, clusters
and defects. However, the site to enter depends on the type of atom, and not only
the size but also the contribution to the bond with the B atom is assumed to be
different. It is considered that metallic-covalent bonding conversion occurs in the
doped samples of V atoms [14], and the semiconductor conduction approaches
metallic conduction with about 1 at% doping.
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Fig. 6.13 Temperature dependence of the Seebeck coefficient of f-rhombohedral boron [29]. The
measurement data from various samples is shown. 1. Sh. Z. Dzhamagidze et al., 2. O. A. Golikova
et al., 3. H. Werheit et al., 4. Industrial samples J. Jaumann et al., 5. R. Uno 6. A. Zareba et al., 7.
Fe doped, 8. C doped A. A. Berezin et al., 9. C doped A. A. Berezin et al., 10. G. Majni et al., 11.
Fe doped J. M. Dusseau et al. (By courtesy of H. Werheit)

When doping with Li, Cu, Ni, Mg, etc., the amount varies depending on the
element, but the conductivity becomes maximum when the doping amount is 2 to 5
per unit cell, and if it is doped more, it has been observed that the conductivity may
decrease instead [27, 30]. In the range of the doping amount where semiconductor
conduction is observed, variable region hopping conduction is observed for all
elements as shown in Fig. 6.12(a) and (b).

The thermoelectric power data varies widely. The Seebeck coefficient is positive
(p-type conductivity) for most samples, and the samples that seem to have a high
C concentration have a higher coefficient at higher temperatures, such as boron
carbide. High-purity samples, etc. decrease from 400 to 500 K at a peak of about
700 wV/K at higher temperatures [29]. The accumulated data is shown in Fig.
6.13. Samples doped with Fe, V, etc. exhibit negative values. A unique feature is
that it shows about 200 wV/K even at high temperatures exceeding 1000 K. As a
thermoelectric material, the p-type is not as effective as boron carbide that maintains
300 wV/K without reducing the Seebeck coefficient even if it exceeds 1500 K, but
samples doped with V are n-type and have a performance close to boron carbide
[33].
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Fig. 6.14 Temperature T j T j T j T j T j
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(Reproduced from Ref. [35])
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Regarding the Hall effect, it can be said that there is no reliable data for high-
purity samples because the effect at room temperature is small. However, positive
Hall effect showing p-type conduction at a high temperature of 600 K has been
reported [34]. Since the Hall effect does not occur in hopping conduction, it is
considered that a current occurs due to band conduction at high temperatures. When
determining the Hall coefficient, it is necessary to estimate the current due to band
conduction alone.

In electrical conduction, carrier mobility is the most interesting physical quantity,
but very different values are reported depending on the phenomenon used in
the evaluation, and the values at room temperature range from 107> to 3 x
1072 cm?/V-s [29]. Since there is a high possibility that hopping conduction and
band conduction coexist, future research is required to evaluate mobility. As for the
value of drift mobility, the most reliable measurement value can be obtained if an
elementary process can be measured with a very short pulse of light in transient
photoconduction. The reported value is about 8 x 1072 ¢cm?/V-s at 300 K for
holes. Figure 6.14 shows the temperature dependence of the drift mobility for holes
obtained from transient photoconduction. The drift mobility has an activation energy
of 240 meV, indicating that it is not normal band conduction [35].

Furthermore, in measurements below room temperature, the space charge pro-
duced by carriers trapped at the trap level is considered to be steady state or take
a long time to disappear after measurement, and there is a hysteresis phenomenon
that seems to be originated from the space charge. For this reason, there is often a
problem in the reproducibility of data, and evaluation of data is often difficult. In the
case of industrial use, it can be processed with data according to the practical state,
but it is difficult to process the data for academic use.



6 Physical and Chemical Properties of Boron Solids 139

Fig. 6.15 Structure and several sites of the B-rhombohedral boron, Bigs [37]. (a) The major
doping sites or crystal structure voids are indicated. The small, medium, and large spheres
correspond sites for single B atoms, dopants, and B, clusters, respectively. Recalling Fig. 6.10,
structures of (b) Byg cluster, (¢, d) Bs7 cluster are shown with the site labels. In actual the B-
rhombohedral boron, Bjpee, the occupancies of B13 and B16 sites are approximately 75% and
25%, respectively, while those of B17 to B20 are approximately 3—10%. (Reproduced from Ref.
[37D)

B-rhombohedral boron has been found to transition from a nonmetal to a
superconductor under a high pressure of 160 GPa at a temperature of 4 K [36].
The transition temperature is 6 K below 175 GPa and 11 K below 250 GPa.

6.4.3.2 Self-Compensation Properties

As described above, the f-rhombohedral boron is a semiconductor with about 1.5 eV
band gap. There is an intriguing electronic property, the self-compensation, that
only occurs in this material among the crystalline elemental semiconductors [37].
Recalling the crystalline structure, as shown in Fig. 6.15(a), the atomic arrangement
is composed of (b) four By, icosahedral clusters at the corners and edge centers of
the rhombohedral unit cell, (c) a single B atom at the center of the unit cell, and two
Bog clusters arranged symmetrically relative to the center atom along the main body
diagonal. Ideally, chemical formula of the p-rhombohedral boron is (B12)4(B2g)2B,
i.e., B1os; however, the actual formula has known to be B1gg.¢ [9]. The discrepancy
is understood by the self-compensation of carriers in the p-rhombohedral boron.
The electron deficiency of the B, cluster and the electron excess of the Bog cluster
are self-compensated by structural defects (interstitial B atoms at the B16 to B20
sites and a vacancy at the B13 site, respectively). The defect sites are indicated
in Fig. 6.15. The self-compensation occurs even after electron doping by external
impurities, such as Li or Mg atoms, by removing interstitial B atoms at the B16 site
and the generation of vacancies at the B13 and B4 sites. The p-rhombohedral boron
keeps the semiconducting nature even by high concentration of Li as shown in Figs.
6.12(a) and 6.16.



140 R. Uno and K. Kimura

Fig. 6.16 Temperature Temperature (K)
dependence of electrical o 300 250 200 150
conductivity of Li-doped 10 T 1 T T
B-rhombohedral boron [37]. & Li-doped B-B
Li-B-x-SPS means LixBjos 10 - -
sintered sample using spark
plasma sintering (SPS). The 1021 Vo tbﬁb ba N
reference number [20] = O 0 O
corresponds to [30] in this E =
article and shown in Fig. & 10° - Vi 9
6.12(a). (Reproduced from o
Ref. [37]) = 10° 4 (B |
= A Li-B-12-SPS
2 10° O Li-p-13-SPS
- ~ e 0§ |
E v Li-B-14-SPS
; 10°6 O Li-B-15-SPS
£ . Y Lis7Bys 1201
B * ® Li, B2
= 07 .. A7.9Byos 120]
= - -
 J
’0
109 - * 4
‘s
107 . 1 . 1 e . L7
1.4 1.5 1.6
(lo.ln.]l'.. [kl-l]

6.4.3.3 Photoconduction

When steady light irradiation corresponding to the excitation from the valence band
to the conduction band is performed, photoconduction increases over a long time,
and it takes more time to reach a steady state the lower the temperature as shown in
Fig. 6.17. Although Fig. 6.17 shows the case of irradiation with 1.5 eV light, there
is a similar phenomenon at other wavelengths, which makes it difficult to measure
photoconductivity in boron [38]. Furthermore, an oscillating current with a period
exceeding 1 min has been observed, which becomes unstable when a high electric
field of 2 kV/cm or higher is applied at a low temperature of 220 K or less, which is
similar to the switching phenomenon in electrical conduction [39].

A further hysteresis phenomenon was observed in photoconduction, and the
results are shown in Fig. 6.18. When irradiating 1.3 eV light at 286 K, it takes
about 3 hours for the photocurrent value to reach a steady value. Figure 6.18 shows
a photocurrent decay curve measured immediately after the light irradiation was
stopped. It can be seen that it is composed of a component that decays rapidly in
about 10 seconds (A process) and a component that decays slowly after 3 hours (B
process). Figure 6.19 shows the result of measuring the thermal stimulation current
when irradiating 1.3 eV light at 167 K for 3 hours and raising the temperature at
a constant speed after stopping the irradiation. Two peaks are observed at about
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200 K and 300 K. This indicates that there are at least two types of electron traps.
Therefore, Fig. 6.18 shows a rapid decay component that is thermally excited in
the conduction band and immediately recombines and disappears from a shallow
trap corresponding to the 200 K pea, and a slow decay component that is slowly
thermally excited from a deep trap [40].

Figure 6.20 shows a spectrum of photoconduction caused by weak light irra-
diation at room temperature. The 0.8 wm (1.55 eV) peak is thought to be due to
excitation from the valence band to the conduction band. The 5.64 pm (0.22 eV)
peak may be due to excitation from the valence band to the acceptor level. The
transition involved in the 0.35 pm (3.54 eV) peak is unknown [29].

It has been reported that, if electrons are accumulated in traps by pre-excitation
prior to photoconductivity measurement with the fundamental absorption light at
155 K, the spectral structure of electrons trapped in traps appears at the bottom of
the low-energy side of the fundamental absorption measured at 90 K. However, at
320 K, pre-excitation reduces the photoconduction instead. The results are shown in
Fig. 6.21 [41].
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Fig. 6.18 Attenuation curve after stopping irradiation of the photoconductivity of -rhombohedral
boron saturated by irradiation with 1.3 eV of steady light for 3 hours at room temperature [40]. The
figure shows that the fast decay A process coexists with the slow decay B process. (Reprinted by
permission from 11th Int. Symp. Boron, Borides and Related Compounds 1993)
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6.4.3.4 Dielectric Constant

The reported DC dielectric constants are 10.0 & 0.5 [42], 10.6 [43], and 11.55 [44]
and drop to 8 + 0.5 at 9.5 GHz [45].
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6.4.4 Optical Properties
6.4.4.1 Optical Absorption

Fig. 6.22 shows the absorption coefficient and reflectance data compiled by H.
Werheit, and Fig. 6.23 shows the real and imaginary parts of the absorption
coefficient, refractive index, and dielectric function of all regions calculated from
these data [46]. Since the reflectance measurement ends at 40 eV, extrapolation
to 700 eV where absorption measurements are made requires assumptions about
dispersion. However, since dispersion based on classical theory is not practical, it
is assumed that there is no dispersion. Although this assumption has a small effect
on the imaginary part of the dielectric function, the real part which is constant in
this energy region gives different results, depending on the assumption regarding
dispersion.

In the light absorption spectrum of boron, similarly to other semiconductors, a
region due to transition between energy bands and a region due to lattice vibration
are clearly separated. The maximum absorption is the fundamental absorption due
to inter-band transition. From 2.5 to 5.5 eV, an absorption coefficient larger than
the graph shown here has also been reported. Absorption in the phonon region,
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Fig. 6.21 Effect of preliminary excitation by fundamental absorption light on the photoconductiv-
ity of B-rhombohedral boron [41]. The 155 K data is the photoconduction caused by pre-excitation.
Trap 1 to trap 5 indicate the positions of electron capture levels estimated by H. Werheit. (Reprinted
by permission from R. Uno, K. Kimura, Chap. 1, Fundamentals and Applications of Boron, Borides
and Related Materials (CMC Publishing Co., LTD. 2008). Copyright (2008) CMC Publishing Co.)

which occurs mainly with phonons in the regular icosahedron, is smaller than that
of ion crystals. This indicates that the bond of B-rhombohedral boron is weak in
ionic bonding and is mostly covalent bonds. In the region between above the two
regions, the absorption is weak, and the absorption that depends on the individuality
of the sample and impurities, particularly the carbon content, is observed. The
high-purity sample shown here has a carbon content of only 66 to 90 ppm. In the
low-energy region (<0.04 eV), the absorption depends strongly on the individuality
of the sample. In high-purity samples, absorption decreases even beyond the phonon
region, but in low-purity samples, absorption increases due to high-frequency
conduction. In the far-infrared region, the dielectric function can be extrapolated
to the DC dielectric constant, indicating that there is no observable dispersion [46].

Near the absorption edge, anisotropy due to the direction of the polarization
plane is observed, and the results at room temperature are shown in Fig. 6.24.
When the polarization plane is perpendicular to the c-axis, a fine structure is seen
in the infrared region [47]. Similar to photoconduction, optical absorption has a
hysteresis when measured at room temperature or lower, and the measured value is
affected by light irradiation performed before the start of measurement. Therefore,
a reproducible result may not be obtained. It has been found that the effects of this
light irradiation can be eliminated by heating the sample to 100 °C or higher under
dark conditions [48].
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Fig. 6.22 Measurement data of optical absorption coefficient and reflectance of f-rhombohedral
boron at room temperature [46]. (a) The subscripts of the absorption coefficient k and (b) the
reflectance R indicate data from different references. (By courtesy of H. Werheit)

6.4.4.2 Photoluminescence

Photoluminescence is observed at low temperatures below about 100 K. Figure 6.25
shows the spectrum at 4.2 K for several excitation energies. The spectrum is broad
but the peak position is 1.14 eV, which is considered to be the light emission due to
recombination of the electrons in the first electron capture level and the holes in the
intrinsic acceptor level described in “band structure” [49].
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Fig. 6.23 Absorption coefficient and refractive index of f-rhombohedral boron at room tempera-
ture and real part and imaginary part of dielectric function [46]. (By courtesy of H. Werheit)

6.4.4.3 Infrared Absorption/Raman Scattering

Information on lattice vibration can be obtained from infrared absorption and
Raman scattering, but according to group theory analysis, infrared active modes
include A, 31 modes and E; 52 modes, and the measurement results have a
complex structure as shown in Fig. 6.26 [44]. Raman activity modes also include
Ajg 31 modes and E, 52 modes, and the Raman shift data shows the same structure
as infrared absorption [50].
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Fig. 6.24 Anisotropy of light absorption spectrum near the absorption edge of f-rhombohedral
boron at room temperature [47]. Samples with 66 and 92 ppm carbon content are shown. (By
courtesy of H. Werheit)
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6.4.5 Magnetic Properties
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Pure B-rhombohedral boron is a diamagnetic material and has a magnetic suscepti-
bility of about —0.8 x 10~ emu/gOe. Doping metal adds a temperature-independent
Pauli paramagnetic xp and Landau diamagnetism ¥, and temperature-dependent
Curie-Weiss paramagnetism and ferromagnetism. If there is no ferromagnetism due
to the doped metal or impurities, the magnetic

susceptibility x becomes

x(T) = xo+C/(T —6p)
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Fig. 6.26 Infrared absorption spectrum of B-rhombohedral boron at room temperature [44]. The
reflectance R and the absorption coefficient K are shown. (By courtesy of H. Werheit)

where y g is the temperature-independent component. x (T) is measured by changing
the doping amount, and the change of x( depending on the doping amount and the
Curie constant C can be obtained by parameter fitting of ¢, fp, and C. The change
in xg, Axois

Axo = Axp + AxL
= jp? AN (Ep) {1 = (1/3) (m/m*)?}

Here, up is a Bohr magneton, AN(EF) is a change in density of state at the Fermi
level Ep, and m and m" are the mass and effective mass of electrons. If m" is
known, AN(EF) can be obtained. Also, the effective Bohr magneton number can
be calculated from C. These are used as one of the means of band structure research
[30].

6.4.5.2 Magnetic Resonance

Electron spin resonance is used as one of the methods for obtaining information on
the number of unpaired electrons and their states. The g factor obtained at room
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temperature is 2.003, indicating that the orbital angular momentum is small. The
spin resonance signal gradually increases with the light irradiation of the GaAs
diode and takes about 3 hours to reach a steady state. Attenuation after cessation
of light irradiation is similar to photoconduction and consists of a rapid process that
decays in about 10 seconds and a slow process that lasts about 3 hours [51].

6.4.6 Maossbauer Effect

The valence of a transition metal element doped in the $-rhombohedral boron is
important for understanding the function of the element. Measurements were made
using the fact that the valence of Fe ions is determined by the Mdssbauer effect. Fe
atoms are doped at Al site and D site, but the Mdssbauer effect was measured for
Fe-doped and Al and Fe 2 elements-doped samples using the fact that Al atoms are
more easily doped into the A1l site than Fe atoms. As a result, it was found that Fe
at the A1 site was Fe3T and Fe at the D site was Fe2* [28].

6.5 Band Structure of f-Rhombohedral Boron

The band structure proposed by H. Werheit is very complex [38], and the existence
of six electron capture levels distributed at almost equal intervals in the band
gap is inconsistent with the existence of at least two groups of electron capture
levels indicated by thermally stimulated current data. The simplified model adopted
to explain photoluminescence only assumes two types of electron capture levels.
Furthermore, since fast transition recombination seems difficult to achieve in
cascade-type recombination through six electron capture levels, which is consid-
ered as the recombination process, it is thought that future research is required.
Therefore, the previously proposed band structure [29] is slightly modified to have
a structure in which two electron capture level groups and one acceptor level group
are placed in the band gap. The band gap value is 1.56 eV, with the intrinsic acceptor
level at 0.2 eV above the valence band and the first electron capture level at 0.2 eV
below the conduction band. Although it is difficult to determine the energy position
of the electron capture level only from the peak of the thermally stimulated current,
the second electron capture level is estimated to be around 0.35 eV below the
conduction band [52]. The electron capture level is created below the conduction
band due to electron-lattice interaction, and the acceptor level is separated from the
valence band by the Jahn-Teller effect of the B, icosahedron and defects. A specific
band structure diagram is shown in Fig. 6.27. Even in the latest first-principles
calculation [53], the band gap is 1.4 eV and the position of the intrinsic acceptor
level is 0.35 eV above the valence band, which is not completely consistent with
experimental results.
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Fig. 6.27 Band structure of $-rhombohedral boron. (Reprinted by permission from R. Uno, K.
Kimura, Chap. 1, Fundamentals and Applications of Boron, Borides and Related Materials (CMC
Publishing Co., LTD. 2008). Copyright (2008) CMC Publishing Co.)

In terms of its electrical properties, f-rhombohedral boron is a unique substance
that exhibits a hysteresis phenomenon with an unusually long relaxation time. It is
doubtful whether this peculiarity can be explained by the high density of electron
capture levels and acceptor levels and the strong localization of their wave functions.
In addition, future research is required to determine the characteristics that give
rise to the features of B atoms, such as their complex crystalline structure, atomic
positions with a filling rate that is not 100%, and wide variety of doping sites for
metal atoms.

6.6 Physical Properties of Other Crystals

6.6.1 o-Rhombohedral Boron

a-Rhombohedral boron B, has the simplest structure among boron crystals and has
attracted attention as an academic research subject. In particular, it is theoretically
predicted that a large density of states in the Fermi level, which is particularly related
to superconductivity, may be obtained by doping with Li [54], and experiments
aiming at superconductivity are being carried out [55]. The critical temperature of
superconductivity about 7 K is realized for Lig3B12 [56].

a-Rhombohedral boron is made by heating amorphous boron at around 1200 °C
for a long period, but no large crystals are formed. It is red at room temperature and
has a relatively large electrical conductivity (1073(§2-cm)™!) as a semiconductor,
and mobility is 120 cm?/V-s. However, it easily turns into -rhombohedral boron at
high temperatures and is unstable, and applications have not been developed [57].
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Boron carbide B;C3, which has a three-atom chain of C-B-C in the center
void of the thombohedral unit cell of a-Bj;, completely compensates for deficient
electrons in the valence band and is an example of one stable boride system. B12C3
is relatively stable even at high temperatures, has a large Seebeck coefficient, and
is promising as one type of thermoelectric generating element. BjoP> and B1,0;
containing a P-P atom chain or two O atoms instead of a C-B-C chain are also
stable boron compounds.

6.6.2 Amorphous

Since the radial distribution function obtained from X-ray diffraction measurement
is very similar to that calculated from the structure of $-rhombohedral boron, the
local structure is considered to be close to f-rhombohedral boron [58]. The electrical
conductivity at room temperature is 10~*(Q2cm)~!, and the Seebeck coefficient is
420 wV/K [59]. The drift mobility is obtained by transient photoconductivity at
250 K, and the electron mobility is 2 x 10~! cm?/V-s and the hole mobility is 2 x
10~2 cm?/V-s. Both show activation energy, which is thought to be due to hopping
conduction [35].

6.6.3 Quasicrystal and Approximant

A quasicrystal is a solid that has an ordered structure but lacks periodicity. Since
it is neither crystal nor amorphous, it has attracted interests not only in condensed
matter physics but also in mathematics. Then, there have been discoveries of various
quasicrystals but only in metallic alloy systems. The extensive research in boron-
rich materials was motivated to synthesize semiconducting quasicrystals in covalent
bonding system. This is based on the fact that varieties of crystalline structures with
icosahedral clusters (By») are semiconducting and some of them have a unit cell that
is almost as same as the prolate rhombohedron, which is one of the two unit cells
in the three-dimensional Penrose pattern (the model of icosahedral quasicrystal)
[60, 61]. Fig. 6.28 shows example of the two unit cells of icosahedral quasicrystal,
(a) prolate and (b) oblate thombohedra, which are theoretically constructed by
analyzing B-rhombohedral boron [62, 63]. The icosahedral By, cluster, the main
structural unit in boron crystals, is stable enough to form various types of structure
based on icosahedral networks. The a- and B-rhombohedral boron, in fact, show
direct relevance to the quasicrystal structure, i.e., they are the 0/1-2/0 rhombohedral
crystalline approximants of the icosahedral quasicrystal [64, 65]. Furthermore,
theoretical investigations have also been carried out in boron compounds, such
as boron-carbon materials and metal boride structures [64], and the 1/0-1/0-0/1
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Fig. 6.28 Structure models of two unit cells of the icosahedral quasicrystal. (a) prolate and (b)
oblate (b) rhombohedra, constructed from the unit cell of B-rhombohedral boron [62]. Reproduced
from Ref. [62]

Fig. 6.29 Electron
diffraction pattern of the
rapidly quenched
B4oTij2Ruys alloy [66]. A
distance from the center spot
can be scaled by the golden
mean T = (1 + /5)/2.
(Reproduced from Ref. [66])

orthorhombic crystalline approximant, which is higher approximant than the 0/1—
2/0 rhombohedral one, was found in B-several at.% C system as a metastable phase
[63].

The first quasicrystalline boride was found in the B4gTijoRusg alloy, formed
by the rapid solidification [66)]. As shown in Fig. 6.29, the diffraction pattern
clearly reveals a tenfold rotational decagonal symmetry. The decagonal structure
is described in terms of periodically stacked quasiperiodic atomic planes. A
quasicrystal now becomes one of the boron compound forms, but the other examples
are not yet discovered.
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6.7 Chemical Properties of Boron Solids

Boron, like silicon, is inert in air at room temperature. It is insoluble in water,
hydrochloric acid, and hydrofluoric acid and is also hardly soluble in concentrated
nitric acid, concentrated sulfuric acid, and molten alkali. However, it reacts with
many elements at high temperatures to produce many unique compounds.

When molten boron is cooled and solidified, it becomes f-rhombohedral boron,
which is stable at higher temperatures. a-Rhombohedral boron is more stable at
1200 °C or lower and can be formed by heating amorphous boron to 1200 °C for a
long period.

Stable B,O3 is very difficult to crystallize, which is thought to be due to the
boron atom. Boron is sometimes used as an additive when making glassy materials.

6.7.1 Boron Valence

From the electron configuration of boron atoms, the valence is thought to be
trivalent, producing hydrides, fluorides, oxides, phosphides, arsenides, etc.

There is a unique group of compounds with nonmetallic elements that should be
called B4C compounds. In B4C, a-rhombohedral boron has a large void in the center
of the unit cell, C-B-C chains are arranged in the rhombohedron diagonal direction
(c-axis of hexagonal coordinates), and an extra C replaces one B atom in the adjacent
icosahedron. In this system, when B increases according to the number ratio of B
and C, a part of C-B-C changes to C-B-B, and B;3C, becomes a complete C-B-B
chain. When B further increases, the C replacing the icosahedron B decreases, and
the compound dissolves to Bg 3C. In the void of a-rhombohedral boron, two atoms
of phosphorus, arsenic, oxygen, or sulfur can enter adjacently on the diagonal line,
resulting in BgP, BgAs, BgO, or BgS. In this case, the distance between O-O and
S-S is relatively large, and it is thought that there is no bond between the two atoms.

Boron has a high electronegativity among group 13 (IIIb) elements and forms
a wide variety of compounds with metal elements. In metal borides, if the number
ratio of metal atoms to boron atoms is R, R takes a wide range of values from 16/1
of Nd,Fe 4B, a permanent magnet material, to 1/66 of YBgg. B tends to form short
B-B bonds, and when R > 3 with many metal atoms, B becomes arranged in an
isolated state in the lattice formed by the metal atoms. With R of around 3/2, B-
B diatomic groups are formed. When R = 1, B forms a one-dimensional chain,
and as B increases, a side chain is formed. When R is around 5/6, a double-chain
structure is formed. When R becomes even smaller, B forms a two-dimensional
layered structure like graphite, and when R is around 1/2, B forms a crystal in which
the B layer and the metal atomic layer are stacked. When R is around 1/4, B begins
to form a three-dimensional structure, and when R is around 1/6, B forms a three-
dimensional structure in which cubes are stacked with an octahedron at the vertex,
with metal atoms in the void. When R is around 1/12, metal atoms are incorporated
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into the icosahedron formed by 12 Bs or the three-dimensional structure based on
a cubic octahedron. At R < 1/12, it can be considered that the metal atoms have
been incorporated into the void of the icosahedron and the three-dimensional boron
structure consisting of a By unit, B> unit, Byg unit, etc. that unite half of the
pentagonal pyramid.

In addition to the above, many borides, such as hydrogen compounds and
organoboron compounds having a three-center bond, have been recognized. Con-
sidering boron in these boron compounds as an ion, its valence is very complex, and
it is necessary to extend the concept of structural chemistry to the properties of the
three-dimensional structures created by boron in order to understand it [67].

6.7.2 Reaction with Hydrogen

Heated a-rhombohedral or 3-rhombohedral boron and molten boron adsorb a large
amount of hydrogen. Solid boron reacts slowly with hydrogen at 1000 °C or higher
to form many hydrides such as diborane (BoHg) [68].

6.7.3 Reaction with Halogen Elements and Halides

All halogen elements react with solid boron to form boron halide. Fluorine reacts at
room temperature, chlorine and bromine react at 400 °C or higher, and iodine reacts
at 1000 °C or higher. Boron halide reacts with solid boron at 1000 °C or higher. For
example, BCl3 becomes subchloride BCI by the following reaction [69].

2B (solid) + BCl3 (gas) — 3BCl (gas)

6.7.4 Reaction with Oxygen and Oxides

B-Rhombohedral boron forms a thin film of B70 or BgO exhibiting p-type conduc-
tivity on the surface in oxygen at 500 °C and 10~* mbar. Therefore, electrical con-
duction increases, thermoelectric power decreases, and light absorption increases
[70]. When crystalline boron is heated in air, it becomes coated with a B,O3 film at
600-1000 °C, and at 1000 °C or higher, BoO3 evaporates and oxidation proceeds.
Amorphous boron is oxidized more intensely than crystalline boron, and BN is also
formed during the oxidation process at 1100-1300 °C in air [71].

At high temperatures, boron reacts with B>O3 to form suboxide (BO),, and B¢O
is formed at 1500 °C. The reaction formula is as below [72].
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16B 4+ B,03 — 3B¢O

Boron reacts with molten SiO; to form Si, SiB;, and SiB4. NO and N,O react
with boron to form B>O3 and BN. At 1000 °C or above, boron reacts with transition
metal oxides to form B,O; and transition metal borides [73]. The reaction is as
below.

MO, + 4B — MB; + B0, (M = Ti, Zr, Hf)

6.7.5 Reaction with Sulfur, Sulfides and Selenium

Boron reacts with sulfur at high temperatures to form glassy B,>S3. Furthermore,
boron reacts with B2S3 to produce (BS), [74].

Boron reacts with H,S at 700 °C and 1 atm to form HBS,. HBS, decomposes
into glassy B2S3 and H»S at 300 °C and below [75]. Low-pressure H,S reacts with
boron at 1150-1300 °C to form gaseous HBS and Hj [76]. Metal sulfides, such as
Cr,S3, V2853, and TipS3, react with amorphous boron and f-rhombohedral boron at
700-1000 °C to form the metal borides CrB,, VB,, and TiB, [77].

Boron reacts with selenium at 850-950 °C to form B;Se3 [78].

6.7.6 Reaction with Nitrogen, Phosphorus, and Arsenic

Nitrogen reacts with a-rhombohedral and B-rhombohedral boron at 1200-1600 °C.
In the reaction with a-rhombohedral boron, BN is formed. In the reaction with -
rhombohedral boron, BgN is formed first, and BgN reacts with nitrogen to form
BN.

Boron reacts with gaseous phosphorus at 1000 °C to form BP, B14P, and B, P».
It is thought that BP is produced first and then decomposes to become stable B> P»
[79].

Boron reacts with arsenic at 800 °C to form BAs, and at higher temperatures,
BAs decompose into B12As; [80].

6.7.7 Reaction with Metals

The bond between boron and metals is generally weaker than the bond with
nonmetals. Borides are mostly made by reacting directly with metals. More than
200 borides have been made, and their molecular formulas extend from MBqg, a
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metal-doped boron, to MgB. Common borides are MB, M3B4, MB,, MBy4, MBg,
and MB, [74].

In order to dope metals into boron crystals with many voids, one method is vapor
diffusion, where boron crystals heated to around 1000 °C are exposed to metal
vapor for a long time and metal atoms are diffused from the crystal surface. The
second method is where metal is added to molten boron and solidified and then made
uniform using a zone melting method. Although many metals, such as alkali metals,
alkaline earth metals, and transition metals, can be doped, there are differences in
the amount that can be doped by the metal, and some metals have limits in terms of
the voids that can be doped. For example, in B-rhombohedral boron, Mg partially
occupies D, E, F, and H sites simultaneously, Zr partially occupies D and E sites,
and V almost completely occupies only Al sites (see “Physical Properties™).

The reactivity between boron and alkali metals decreases as the atomic weight
of the metal increases. The temperatures for complete reaction are 700 °C for
Li, 900 °C for Na, and 1100 °C for K. When the particle size is the same, a-
rhombohedral boron is more reactive than p-rhombohedral boron [81]. Binary
borides or ternary borides are formed by adding rare earth elements or transition
elements, etc. to boron melted by arc or argon plasma [82].
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