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Elemental Graphene Analogues

David J. Fisher

One of the greatest revolutions in materials science in recent years has been the literal
renaissance of age-old materials in new and unexpected guises and possessing
correspondingly astounding properties. There was once a time, for instance, when
textbooks declared that only metals could offer any progress in superconduction. Since
then, familiar perovskites — and even humble magnesium boride — have been recognised
as being so-called ‘room-temperature’ superconductors. Carbon in particular has
benefited from this revolution and has now found application as routinely deposited
diamond coatings and as C60 ‘buckyballs’.

The most recent innovation has been the discovery and preparation of graphene; single-
monolayer carbon having a remarkable strength. This success has naturally led
researchers to ask whether other materials might also be prepared in an analogous
monolayer form and offer similarly amazing properties.

The present monograph summarizes all of the work carried out on such monolayer
materials up to the beginning of 2017, with attention being restricted to those, like
graphene, being composed of a single element. Most of the work done so far on these
‘elemental graphene analogues’ has been theoretical, but the existing experimental data
suggest that they may well become as useful as graphene.
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Introduction

Graphene has entered the public consciousness as few other ‘non high-street’ materials
have done in the recent past; even being mentioned in the TV comedy series, The Big
Bang Theory'. Engineers already dream’ of using super-strength graphene to realize
science-fiction writer Arthur C.Clarke’s ‘space elevator’®. Much of the initial public
interest in graphene was probably piqued by the fact that its discovery earned a Nobel
prize for Andre Geim and Konstantin Novoselov.

But scientists never rest on their laurels, and it was only natural to seek other analogous
materials which might offer similarly spectacular properties. In barely more than half a
decade, this search has already yielded a large amount of information; albeit much of it
based upon computer modelling rather than experimental investigation. Density-
functional theory computations in particular are a powerful tool for investigating the
electronic structure (especially the ground state) of nanomaterials. By using this method,
many graphene-like materials have been explored, and amazing properties have been
revealed.*

Monolayer materials in general have been among the ‘hottest’ topics in condensed-matter
physics ever since the experimental fabrication of graphene. The new classes of
monolayer materials to be manufactured experimentally include the group-IV elements
(yielding ‘silicene’, ‘germanene’ and ‘stanene [tinene]’), the group-V elements (yielding
‘phosphorene’) and transition-metal dichalcogenides. The group-IV monolayers are
predicted to be topological insulators’, while the transition-metal dichalcogenides are
potentially useful for valleytronics. Monolayer materials can be used as field-effect
transistors and are expected to be a key feature of future nano-electronic devices.

Opto-electronic applications require materials having suitable band-gaps and high
mobilities. The broad range of band-gaps and high mobilities offered by two-dimensional
semiconductors composed of monolayers of group-15 elements (phosphorene, arsenene,
antimonene, etc.) thus offers great promise. The calculated binding energies and phonon
band dispersions of these allotropes reflect thermodynamic stability. The energy band-
gaps range from 0.36 to 2.62eV, and phosphorene, arsenene and bismuthene in particular
have carrier mobilities which are as high as several thousand cm?/Vs.®

This work is summarised in the present book. The contents are however restricted to
analogues consisting of a single element, thus being closest to graphene in nature, and so
the transition-metal dichalcogenides will not be covered here.
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Elemental Graphene Analogues

Chapter 1

Silicene

0.454A

116.134°

The advent of graphene ushered-in a new era in materials science. Graphene is a two-
dimensional planar honeycomb array of carbon atoms in sp>-hybridized states. A natural
question to ask was whether other elements of the group-IV elements of the periodic
table, such as silicon and germanium, could also form graphene-like structures. Silicene
was theoretically predicted in 1994 and has been created experimentally much more
recently, in the face of some skepticism’. Like graphene, silicene exhibits electronic and
mechanical properties that can be exploited in nano-electronic applications. That is,
silicene shares many of the intriguing properties of graphene; such as so-called Dirac
electronic dispersion. The different structure, compared to that of graphene, also offers
the ability to open a band-gap in the presence of an electric field, or when deposited onto
a substrate. These are important properties from the viewpoint of digital electronics
applications. Experimental evidence nevertheless indicates that silicene is very different
to graphene in terms of its stability, atomic structure, electronic properties and
processing. Some of these differences impair the use of silicene for practical application.
It is necessary to consider the tendency of silicene to exhibit multiple structural forms,
and the role played by strong hybridization with substrates with regard to the electronic
band structure of silicene.

There was once doubt over whether graphene could be prepared, because its existence
contradicted the Landau-Peierls-Mermin-Wagner predictions that there could exist no
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stable flat form of such crystals®. The so-called flat shape of graphene arises due to
microscopic buckling at the finest interatomic scale. There were similar misgivings over
the feasibility of silicene and other analogues.

As long ago as 1994, the possibility of corrugation in the silicon analogue of graphite had
already been theoretically examined. There was however very little study of silicene
before 2009, when silicene with a low-buckle structure was proved to be dynamically
stable using ab initio calculations. The buckling amounts to 0.454A, as indicated in the
figure at the head of this chapter. In spite of the buckled geometry, silicene exhibits most
of the good electronic properties of planar graphene: such as a high Fermi velocity, a
Dirac cone (figure 1) and carrier mobility. Silicene moreover offers some distinct
advantages. There is better tunability of the band gap, which will facilitate the
preparation of an effective room-temperature field effect transistor. It has a much
stronger spin-orbit coupling which thus promises the occurrence of a quantum spin Hall
effect at experimentally useful temperatures. Silicene permits easier valley polarization,
and this aids valleytronics experimentation.

It can be shown however that silicene and other two-dimensional crystals are stable due
to transverse short-range displacements of certain atoms. The distortions are small and
form various patterns. As the temperature decreases, two transitions - disorder to order
and order to disorder - can occur. The ordered state of graphene takes the form of stripes,
where carbon atoms are shifted regularly with respect to the plane. The flat graphene,
silicene and germanene planes look like microscopic so-called washboards with a
wavelength of a few interatomic spacings. Because of an up-down asymmetry in such
two-dimensional crystals, deposited on a substrate, a mini band-gap can appear. Mini-gap
formation is related to the buckling and to interaction with the substrate.

Molecular dynamics simulations, using the Lennard-Jones potential, of a two-
dimensional array of silicon atoms at various temperatures and densities shows that the
radial distribution function does not change as the parameters change, and resembles the
corresponding (111) surface of the face-centered cubic structure. The liquid phase
appears at very high temperatures, suggesting that the system is very stable in the solid
phase.9

For silicon, which is usually sp’-hybridized, silicene is an unusual and rare structure.
Silicene was theoretically proposed and its structure was subsequently calculated as a
possible candidate for nanoribbons of silicon grown onto the anisotropic Ag(110) surface.
Since 2012, monolayer silicene sheets with various superstructures have been synthesized
on many substrates, including Ag(111), Ir(111), ZrB,(001), ZrC(111) and MoS,.
Multilayer sheets have also been grown onto Ag(111). A silicene field effect transistor



