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Emerging Applications of Elemental 2D Materials

Nicholas R. Glavin,* Rahul Rao, Vikas Varshney, Elisabeth Bianco, Amey Apte, Ajit Roy,

Emilie Ringe, and Pulickel M. Ajayan*

As elemental main group materials (i.e., silicon and germanium) have domi-
nated the field of modern electronics, their monolayer 2D analogues have
shown great promise for next-generation electronic materials as well as poten-
tial game-changing properties for optoelectronics, energy, and beyond. These
atomically thin materials composed of single atomic variants of group llI
through group VI elements on the periodic table have already demonstrated
exciting properties such as near-room-temperature topological insulation in
bismuthene, extremely high electron mobilities in phosphorene and silicone,
and substantial Li-ion storage capability in borophene. Isolation of these
materials within the postgraphene era began with silicene in 2010 and quickly
progressed to the experimental identification or theoretical prediction of 15 of

electronic, and optical) of a large number
of metal monolayers on a variety of
metallic substrates.’l. While the study of
elemental monolayers, and 2D materials,
in general has largely been in the domain
of surface science, the successful isola-
tion and study of the fascinating electronic
and thermal properties of monolayer
graphenel®l have led to a resurgence of
interest in layered 2D materials including
transition metal oxides, chalcogenides, and
MXenes.[*7] This interest has been gener-
ated by the discovery of new and exciting

the 18 main group elements existing as solids at standard pressure and tem-
peratures. This review first focuses on the significance of defects/functionali-
zation, discussion of different allotropes, and overarching structure—property
relationships of 2D main group elemental materials. Then, a complete review
of emerging applications in electronics, sensing, spintronics, plasmonics,
photodetectors, ultrafast lasers, batteries, supercapacitors, and thermoelec-
trics is presented by application type, including detailed descriptions of how
the material properties may be tailored toward each specific application.

1. Introduction

Often regarded as a new area of research, the field of elemental
2D materials is in fact undergoing a reawakening. Research
into elemental monolayers can be traced back to the 1930s to
the pioneering work of Langmuir, who studied the formation
of alkali metal atoms on metal films and laid down the founda-
tions of the field of surface science.l!l In the ensuing years, sur-
face scientists studied the formation and properties (chemical,

physics such as nontrivial topology,®1¥
high-temperature Dballistic transport,[1:12
valleytronics,3 and other optoelectronicl#!
properties that arise predominantly due
to their 2D nature; these have recently
been discussed in a number of excellent
reviews.[01416] Ag a result, atomically thin
materials are being targeted for a number
of potential next-generation technology
relevant applications, such as spintronics,
advanced nanoelectronics, nanosensing,
and many more.

Among layered 2D materials, research interest in elemental
materials has rejuvenated over the past few years, driven largely
by the search for atomically thin materials beyond graphene
that exhibit unique and exciting properties.l'”) The successful
experimental realization of nongraphene elemental 2D-analogs
such as silicene and phosphorene was the beginning of an
ever-expanding list of elements that have been predicted or
synthesized in atomically thin form. To date, the existence of
15 elemental main group 2D materials has been experimentally
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verified or theoretically predicted, with a variety of intriguing
and useful applications, as shown in Figure 1a. Figure 1b depicts
the timeline of successful experimental and, if they have yet
to be experimentally isolated, theoretical predictions the 2D
elemental materials to date in the postgraphene era to the best of
our knowledge.'®31 While many of these were hypothesized to
exist prior to the “reawakening” of 2D materials triggered by the
initial work on graphene, recent work in the 2D materials field
has shaped the future of these atomically thin materials. Last,
note that this review discussion focuses specifically on the main
group elements and does not explicitly discuss 2D elemental
transition metals, which were reviewed elsewhere recently.>3%

Motivated by recent advances in the exciting class of main
group elemental materials, herein we review the applica-
tion literature to date, connect the crystal structure of various
elemental 2D materials to their measured/predicted properties,
and identify their strengths and weaknesses for applications
including electronics, spintronics, optoelectronics, energy
conversion, and more.

2. Crystal Allotropes of Elemental 2D Materials

The material properties (electronic, optical, and thermal, etc.) of
elemental 2D materials are not simply dictated by their chem-
ical makeup but also are strongly correlated to their allotropes,
i.e., how atoms are arranged in the lattice. Similar to their 3D
analogs, all studied elemental 2D materials have either been
shown or been theoretically proposed to possess allotropes of
differing crystal lattices. In this context, Figure 2 showcases var-
ious examples of crystal lattices spanning the range of experi-
mentally or theoretically explored 2D materials reported here.
While all elements in Group IV share electronic features
similar to its lightest element, C, the favorable hybridization
state for Si, Ge, and Sn is somewhere between sp? and sp®. This
leads to buckled crystal lattice structures rather than planar as
observed in graphene %l although a planar polymorph of
2D Sn has also been experimentally synthesized on silver sub-
strates.*?] In a recent study, Matusalem et al. suggested the
MoS,-like symmetry to be most stable for stanene, while large
honeycomb dumb-bell (LHD) geometry (Figure 2) was reported
to be more stable for silicene and germanene.*® For “non-gra-
phene” 2D carbon, Figure 2 shows the two most theoretically
studied polymorphs, namely phagraphene (consisting of penta-
gons, hexagons, and heptagons) and penta-graphene (consisting
entirely of pentagons), among several others, although neither
has been experimentally realized to date. While theoretical
studies predict that these phases are potential stable (although
relatively less so than graphene), external stimuli or intrinsic
defects may substantially reduce their stability. For example,
Rahaman et al. suggested that applying uniaxial loading trans-
forms penta-graphene to a more energetically stable metallic
isomer, biphynylene,*3] while Shahrokhi et al. predicted that
penta-graphene becomes much less stable under strain.*4!
Among group III elements, especially for 2D aluminum
(aluminene) and 2D boron (borophene), a number of allotropes
have been theoretically predicted with somewhat complex
multiatomic unit cells. This complexity may possibly be related
to lower number of valence electrons (3) in group III elements,
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resulting in their unique electronic band structures.*’l Recently,
2D gallium (gallenene) also has shown to possess two stable
polymorphs, one with a buckled and the other with a planar 2D
configuration (Figure 2).

Figure 2 also shows different 2D allotropes for group V
elements, which have been studied in the recent literature.
Among them, buckled (o-form) and puckered (B-form) lat-
tices have been noted as most stable for all group V elements,
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Figure 1. a) Overview of 2D analogues of main-group elements, explored either via experimental or theoretical routes in literature. Each colored circle
within the elemental box is indicative of different application areas explored in the literature. The dark, shaded elements have not been explored so far. It
should be noted that the well-known allotrope of carbon, i.e., graphene, is excluded from consideration in this study. b) A timeline of experimental reali-
zation of several recent elemental 2D materials after the isolation of graphene where “Th.” means theoretical. Data taken from refs. [18-20,22-31,33].

although for arsenene, a yform and a &-form has also been
proposed. The puckered structure of the group V elemental
2D materials arsenene, bismuthene, and antimonene are pre-
dicted to exhibit ferroelectric (and even antiferroelectric in
bismuthene) properties with Curie temperature above room
temperature, an advancement that, if experimentally realized,
would revolutionize the application space of elemental 2D
materials.*®l Of the group V elements, air stability remains a
common issue. Phosphorene, the puckered or “black” phase,
for instance, has been extensively investigated but remains
highly susceptible to oxidation in air, making encapsulation
schemes necessary.*~*! Meanwhile, antimonene crystals with
buckled structure have been shown to be stable in air and
chemically robust.P% In addition, crystal forms of antimonene
have been predicted to have different degrees of anisotropy in
mechanical properties.”! The largest of the group V elements,
bismuthene, has been theoretically predicted and experimen-
tally determined to exist in the buckled (Bi(111)) as well as the
puckered (Bi(110)) phase, with a relatively high degree of air
stability.126-°253]
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A number of 2D allotropic forms have been recently pro-
posed for the group VI elements, Te and Se, including their
bulk-like helical configuration of covalently bonded atoms spi-
raling along the c-axis.® In contrast, Zhu et al. and Xian et al.
both published separate computational studies of 2D Te allo-
tropes!?”%’ predicting similar potential 2D structures with com-
pelling properties and varying stability. Xian et al. suggested
that the most stable low-dimensional allotrope is an isolated
1D helical chain (the building block of the bulk structure) for
both Se and Te; however, some true 2D structures were also
predicted to be attainable such as “rectangular tellurene” and
“square tellurene” (see Figure 2) with their respective cohesive
energies of 0.06 eV per atom and 0.13 eV per atom higher than
1D chains. Synthesized ultrathin Te films by both PLD and PVD
techniques exhibited the o-type stacking along with the exist-
ence of various other polymorphs.”*® Similar to other elemental
2D materials, “square” selenene and tellurene were predicted
to be more stable in their nonplanar (buckled) configuration.
In addition, these metastable phases were proposed to be ener-
getically favorable enough to possibly be stabilized by proper
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Figure 2. Allotropes of various main group elemental 2D materials. Different crystal lattices are shown along with various elemental 2D materials, which
have been either experimentally realized or theoretically proposed for each crystal lattice type. The color of each element in parentheses characterizes
the electronic behavior of a particular lattice type pertaining to that element. Color scheme: metal (pink); semimetal (brown) semi-conductor (purple);
unknown (black). Image for “o-/B-/y-form” (Group VI): Reproduced with permission.[?”} Copyright 2017, American Physical Society. Images for “Buckled-
Ga” (Group Ill) and “Planar” (Group IV): Reproduced with permission.?’l Copyright 2018, The Authors, published by American Association for the
Advancement of Science (AAAS). Reprinted/adapted from ref. [29]. © The Authors, some rights reserved; exclusive licensee American Association for
the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/
licenses/by-nc/4.0/. Image for “y3-Cmmm/B12-Pmm2/Striped” (Group I11): Reproduced with permission.>*l Copyright 2016, Informa UK Limited, trading
as Taylor & Francis Group. Image for “8-Pmnn & Buckled-Al” (Group I1l): Reproduced with permission.*l Copyright 2019, American Physical Society.
Image for “TMD/HD/LHD form” (Group IV): Reproduced with permission.3¢l Copyright 2015, American Physical Society. Image for “Penta-graphene”
(Group IV): Reproduced with permission.’l Copyright 2015, National Academy of Sciences. Image for “Phagraphene” (Group 1V): Reproduced with
permission.*8 Copyright 2015, American Chemical Society. Image for “Square/Chain/Ring”: (Group IV): Reproduced with permission.?*l Copyright IOP
Publishing. Image for “o-(Buckled))/B- (Puckered) /y-/8-form” (Group V): Reproduced with permission.['"!l Copyright 2016, American Physical Society.

epitaxially-matched substrates, such as Au. Zhu et al. predicted
three possible 2D reconstructions of the Te lattice at “magic
thicknesses” of N=3, 6,9, 12, and 15 atoms: a stable hexagonal
o-type, metastable rectangular B-type, and a metastable hexa-
gonal ¥type reconstruction (Figure 2). These “magic” thick-
nesses were attributed to the multivalent nature of Te, in which
the center atoms exhibit a metallic, o-bonding character while
the outer two atoms bond to the central atom with a more
metal-ligand type nature. Recently, predicted allotropes of sele-
nene suggest that C-Se, a tiled 1D chain geometry, may possess
ferroelectric properties with a spontaneous in-plane ferroelec-
tric polarization of about 2.68 x 1071° C m™ per layer.[>%l

3. Synthesis of Elemental 2D Materials

In this section, we provide a brief overview of different synthesis
routes that have led to elemental 2D analogs of different group
III-VI elements, starting with graphene and group IV, then
moving to group III, V, and VI in succession. An atlas of suc-
cessful experimental realization of these materials is shown in
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Figure 3. We start our discussion with one of the first and most
discussed “non-graphene” 2D material, silicene, a main group
IV 2D analog of silicon. Initially, silicene was grown as nanor-
ibbons on metallic substrates, and following this both silicene
as well as its next group IV neighbor, germanene have been
grown by molecular beam epitaxy (MBE) on a variety of sub-
strates.20°7-63 Synthesis of silicene has proven to be rather lim-
ited by this technique, with only a few demonstrations on metal
surfaces,®! graphite,® and silicon.’”) Different polymorphs of
germanene such as flat germanene exhibiting differing surface
reconstructions (on Au (111) and Al (111) surfaces) as well as
distorted germanene (on Pt (111)) has been grown via MBE on
metal substrates (see Figure 2 for various polymorphs).[20:58-60]
In 2016, Zhang et al. demonstrated the first growth of buckled
germanene on nonmetallic substrates (MoS,) affording experi-
mental evidence of the predicted Dirac cone via scanning tun-
neling spectroscopy (STS).[®! Kaloni and Schwingenschlégl
predicted that H-passivation of GaAs (0001) surface and subse-
quent growth could lead to exfoliable germanene.[°®!

Apart from graphene, many different 2D analogues of
elemental carbon!”*7# have been proposed to date theoretically,
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Figure 3. An atlas of experimentally realized elemental 2D materials. Row 1: Borophene: a) STM image of borophene sheets annealed at 650K; b) Atomic
resolution STM image; c) Cross-section high-angle dark-field scanning transmission electron microscopy (HAADF-STEM) image of borophene sheet;
d) Angle-resolved X-ray photoelectron spectrum (XPS) spectra of Si-capped borophene. Gallenene: e) Optical image of gallenene exfoliated from
bulk Ga droplet on SiO,/Si substrate; f,g) High-resolution transmission electron microscopy (HRTEM) images of a;oy and bg gallenene; h) Energy-
dispersive X-ray spectroscopy (EDS) spectrum showing presence of Ga. Silicene: i) Reflection high-energy electron diffraction (RHEED (pattern of
silicene on Ag (111); j,k) STM image of silicene with 4 x 4 and V13 x V13 reconstructions. I) XPS spectra of silicene on Ag (111); m) Raman spectra of
as-exfoliated 2\'3 x 213 silicene. a,b) Reproduced with permission.[5”] Copyright 2016, Springer Nature. ¢,d) Reproduced with permission.] Copyright
2015, AAAS. e-h) Reproduced with permission.?l Copyright 2018, The Authors, published by American Association for the Advancement of Science
(AAAS). Reprinted/adapted from ref. [29]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Sci-
ence. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/.
i,j,k,m) Reproduced with permission.[%8 Copyright 2015, Springer Nature. |) Reproduced with permission.’”] Copyright 2012, Wiley-VCH. Row 2: Ger-
manene: a) STM image of germanene grown on Pt (111). b) STM image of honeycomb lattice of germanene on Ge,Pt. ¢) STM image of germanene
on Au (111) with 0.3 nm steps. d) IV curves from vertex and center of honeycomb lattice in (b). Stanene: e—j) STM images of stanene flakes on Cu
(111) and Bi,Tes. k) XPS of stanene on Ag (111) surface with underlying Ag,Sn alloy. I) Raman spectra of pure and oxidized stanene flakes produced
via liquid exfoliation. Plumbene: j-m) STM images of plumbene on Pd (111) resulting from the formation of a bubble-like surface of Pd;_,Pb, surface
alloy. The plumbene layer shows expected honeycomb structure with lattice constant of 0.49 nm. n) XPS core-level spectrum of Pb 5d showing two
fitted components arising out of the Pd;_Pb, surface alloy and plumbene layer. a) Reproduced with permission.l% Copyright 2014, Wiley-VCH. b,d)
Reproduced with permission.®l Copyright 2014, Institute of Physics. c) Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/).1%% Copyright 2018, Springer Nature. e,f) Reproduced with permission.’0
Copyright 2018, Springer Nature. g,h) Reproduced with permission.?2 Copyright 2015, Springer Nature. i) Reproduced under the terms of the CC-BY
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although none with any experimental success to date. Among
them, penta-graphene has been extensively explored theoreti-
cally. However, it was predicted that penta-graphene may not be
experimentally achievable as it could be difficult to isolate from
the plethora of alternate carbon isomers with similar energies,
which could all rapidly restructure to graphene.””l Furthermore,
viable strategies to stabilize penta-graphene have not yet been
identified. The group IV element stanene has received consid-
erable theoretical and experimental attention in the literature
due to the suggestion of a topological insulator at room tem-
perature as well as spin filtering and giant magnetoresistance,
courtesy of the large spin-orbit coupling from the heavy tin
atoms.B08Y Zhu et al. reported the growth of 0.35 nm thick
buckled diatomic stanene on bismuth telluride via molecular
beam epitaxy (MBE) and the existence of a bandgap within
metallic states via scanning tunneling microscopy (STM).1?
This was followed by the growth of ultraflat layers stabilized on
the metallic surfaces Cu (111) and Ag (111).#27% In the former
study, the presence of Cu resulted in an inversion of the s &
p bands, opening up a topological bandgap of 0.3 eV whereas
in the latter, the buckling was eliminated due to presence of
an Ag,Sn alloy. Saxena et al. have reported the formation of
ultrathin stanene nanosheets in hexane solution by laser abla-
tion of bulk tin crystals.® The 0.33 nm thick sheets displayed
strong optical absorption at 6.23 eV and good resistance to
oxidation.

Among group III elements, only 2D analogues of boron
(borophene) and gallium (gallenene) have been experimen-
tally realized to date. Mannix et al. demonstrated the growth
of buckled, ultrathin borophene sheets with vapor deposition
on Ag (111) in ultrahigh vacuum at 550 °C with anisotropic
metallic properties.?)l The initial deposition of borophene
proved that the 2D material is naturally unstable, but efforts to
encapsulate the films showed a successful delay of oxidation for
days.?3] This was extended by Feng et al. where the as-grown
P12 borophene sheets on Ag (111) with rectangular unit cell
showed a structural phase transition at 650K to the y*-phase
with in-plane zig-zag atomic arrangement.l””) Among other
group III elements, Kochat et al. demonstrated exfoliation tech-
niques to isolate atomically tin gallium, or gallenene, along the
a and b crystallographic directions from melting droplet of bulk
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crystal near room temperature (T;, of Ga = 30 °C).2 The exfo-
liated sheets displayed metallic conductivity and compatibility
with a variety of substrates along with inducing a 2H-1T struc-
tural phase transition when coupled as a heterostructure with
monolayer MoS,. Kamal et al. theoretically studied the stability
of aluminene and observed that the honeycomb lattice similar
to that of graphene was most stable. This aluminene is pre-
dicted to behave like graphene with hole-doping, i.e., metallic
along with potential superconductivity.®’!

In group V elemental 2D analogues, phosphorene is reported
to be rather dissimilar to the remaining group V materials due
to its lighter atomic mass. Liquid shear exfoliation of bulk
black phosphorus has proven successful in isolating multilayer
black phosphorous in solvents such as n-methyl pyrrolidone,
dimethyl sulfoxide, and dimethyl formamide.’?34 Phosphorene
degrades in air via dissociative chemisorption of 0,.®% Cap-
ping phosphorene with a dielectric (Al,0;) or fluoropolymer
improves the stability of devices and transistors with indefinite
air stability.*”] Following a computational work on the exist-
ence of blue phosphorus by Zhu and Tomének,®® Zhang and
co-workers®”] successfully synthesized single-layer blue phos-
phorus via MBE on Au (111) by using black phosphorus as a
precursor. Taking one row down the group, multilayer arsenene
nanoribbons have been synthesized on InAs substrates by expo-
sure to N, plasma.?* Also from Group V, few-layer (4 nm thick)
antimonene has been grown on mica substrates by chemical
vapor transport (CVT).”3l Fortin-Deschénes et al. described the
growth of monolayer B-Sb on Ge (111) substrates!® while Xu
et al. successfully grew monolayer -Sb on PdTe, by MBE.%
Multilayer antimonene nanoribbons were grown on InSb sub-
strates by exposure to N, plasma by Tsai et al.®% Unlike other
group III and V 2D materials, antimonene is likely to possess
much better air stability, as Ji et al.”3 reported that few layer
antimonene grown by CVT on mica substrates were air-stable
up to 30 d. Xu et al. found that monolayer Sb on PdTe, sub-
strates was chemically inert after annealing the substrates after
MBE growth up to 380 K, observing that X-ray photoelectron
spectroscopy (XPS) peaks (indicative of oxidation states) did not
change over time.’% Last, bismuthene, first synthesized in the
1970s, experienced a reawakening recently when it was success-
fully grown by MBE on SiC (0001) substrates.26:°]

3.0 Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).12l Copyright 2018, IOP Publishing Ltd. j-n) Reproduced with
permission.3% Copyright 2019, Wiley-VCH. Row 3: Phosphorene: a) Atomic force microscopy (AFM) image, Raman spectra, and photoluminescence
of exfoliated phosphorene. d) HRTEM image, €) selected area electron diffraction (SAED), and f) core-loss electron energy loss spectrum of shear-
exfoliated phosphorene. Arsenene: g) HRTEM image of few-layer arsenene grown on top of InAs substrate. h,i) Raman spectra of InAs substrate after
N, plasma treatment and annealing at 450 °C showing presence of arsenene. Antimonene: j) Optical image, k) STM image, and |,m) HRTEM image
showing atomically resolved antimonene lattice. m) Raman spectra of antimonene as function of thickness. a—c) Reproduced with permission./”!!
Copyright 2014, American Chemical Society. d—f) Reproduced with permission.’2 Copyright 2016, Institute of Physics. g-i) Reproduced with permis-
sion.33 Copyright 2016, American Chemical Society. j,|,m) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/).73l Copyright 2016, The Authors, published by Springer Nature. k) Reproduced with permis-
sion.P% Copyright 2016, Wiley-VCH. Row 4: Bismuthene: a,b) STM image and line profile of bismuthene on SiC (0001). c) Occupied state STM image
of Bi honeycomb lattice. d) XPS spectrum of bismuthene on SiC (0001). Selenene: e,f) Optical and AFM images of selenene flakes. g,h) HAADF-STEM
image and SAED pattern. i) Raman spectra of selenene showing polarization dependence. Tellurene: j,k) Optical images of PVD-grown and liquid-
exfoliated tellurene. ) AFM image of PVD tellurene on SiO,/Si substrate showing sub-nanometer thickness. m) STM image of tellurene on HOPG
showing rectangular unit cell of beta polytype. n) HAADF-STEM image of PVD tellurene showing alpha polytype. o,p) Cross-sectional HRTEM image
and EDS mapping of PLD tellurene on MgO (220) substrate. q) Raman spectra of liquid-exfoliated tellurene with thickness dependence. a-d) Repro-
duced with permission.[?%l Copyright 2017, AAAS. e—i) Reproduced with permission.[?8l Copyright 2017, American Chemical Society. j,|,n-p) Reproduced
with permission.’®l Copyright 2018, Institute of Physics. k,q) Reproduced with permission.!l Copyright 2018, Springer Nature. m) Reproduced with
permission.[?’] Copyright 2017, American Physical Society.
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For group VI elements, synthesis efforts have focused on
2D analogs of selenium (Se) and tellurium (Te).[27:28:55:91.92]
Tellurene thin films with a thickness, t, =10 nm were grown by
high-vacuum thermal evaporation dating back in the 1970s[°?!
while selenium monolayers were electrochemically depos-
ited on Au (111) in 1997.°Y However, prior to the discovery
of exciting 2D physics, the stability and properties of 2D and
ultrathin (¢ < 10 nm) allotropes were not deeply explored nor
their structures heavily pursued. Recently, Zhu et al. and
Chen et al. have demonstrated the growth of B-type tellurene
on highly oriented pyrolytic graphite (HOPG) substrates while
Huang et al. demonstrated monolayers of tellurene with the
<0001> helical chains oriented in the substrate plane on
graphene/6H-SiC(0001) substrates grown by MBE.[?7192] Wang
et al. showed solution-phase growth of free-standing micron
scale tellurene single crystals tens of nm thick, which could
undergo a postthinning process to near monolayer (=0.5 nm)
thickness. Qin et al. demonstrated vapor phase deposition of
selenene flakes, t = 5-15 nm and lateral dimensions =10 um,
in a tube furnace at =200 °C under flowing Ar.”®! These flakes
exhibited lateral growth along!'2% direction, which was attrib-
uted to the large mean free path of the gaseous Se species at
high temperature.[2891:92:95.9]

4. Unique Properties of Elemental 2D Materials

The lattice structures of elemental 2D materials along with
differences in valence electrons and their relative energies
give rise to a plethora of interesting properties. Below, we dis-
cuss the current state-of-the-art in terms of electronic, optical,
and magnetic properties exhibited by 2D structures and how
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different external stimuli, such as strain, doping, passivation,
functionalization, and stacking arrangements can be employed
to modulate and/or transform such properties.

Bandgap: As we move across the periodic table from group
III to group VI, the general trend of monolayer 2D materials
observed is a transition from metallic to semimetal to semi-
conducting behavior. These specific details for all reported 2D
allotropes are depicted in Figure 4 for materials at the monolayer
thickness and additional details are shown in Table S1, Supporting
Information. For example, borophene, aluminene, and gal-
lenene (all group III) are all either measured or predicted to
be metallic in nature.?*%’ Similarly, all Group IV 2D materials
with buckled lattice structure also possess Dirac cone semi-
metal band structures similar to graphene, with the possibili-
ties of bandgap modulation through various external stimuli
(discussed later).l”8-1% nterestingly, “non-graphene” carbon
allotropes have been predicted to possess varied electronic
band-structures ranging from metallic (o-phographene,” Psi-
graphene,”’l phagraphene,l'!l and others”®) to wide-bandgap
semiconductors (twin-graphene (=1 eV)"%l and penta-graphene
(=3.25 €V)).’¥ Such differences can be attributed to different
degrees of sp?/sp® hybridization, as well as varying degree of
resonance in predicted 2D crystal lattices of elemental carbon.

In group V, monolayer black and blue phosphorous,
respectively, exhibit an experimental bandgap of 1.88 and
1.10 eV.7115] With increasing layers, this bandgap lowers
significantly as is the case with bulk black phosphorus has
a bandgap of 0.3 eV.'™ Arsenene has been predicted to
possess an indirect, quasi-particle bandgap of =2.5 eVI!1®
while antimonene is predicted to have an indirect bandgap
around 2.3 eV.2! Bismuthene, their heavier counterpart,
has been predicted to achieve room-temperature topological
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Figure 4. Electronic bandgaps of monolayer elemental 2D materials and their structural variants. The corresponding symbols depict the following:
Closed symbol—monolayer material has been experimentally isolated; open symbol—monolayer material has yet to be experimentally isolated,
@ metal, A semimetal, ¢ indirect bandgap, B direct bandgap. Error bars are associated with differing predicted values. Bandgap values taken from
refs. [21,27,29,34-36,38-40,74,77,87,91,102-115].
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insulating behavior (see below) with a predicted spin—orbit
monolayer bandgap of =0.3 eVI?®52 and measured bandgap
of 0.67 eV,?®) which disappears in multilayer bismuthene as
it becomes metallic. In group VI elements, o- and f-tellurene
(see Figure 2) has been predicted to have a “nearly direct”
and direct bandgap of 0.75 and 1.47 eV, respectively. Experi-
mentally, monolayers of tellurene with helical chains (<0001>
direction) aligned along the substrate plane have been shown
to have a bandgap as large as =1 eV (vs 0.34 eV in bulk) by
STS, which monotonically decreases toward the bulk value
with increasing Te thickness.[?l Such a behavior opens the pos-
sibility for thickness-dependent optical bandgap tuning from
IR up to near-IR region.

Spin—-Orbit Coupling: Group IV 2D analogues with semi-
metallic band structure have been predicted to exhibit some
degree of spin—orbit coupling (SOC) leading to opening of
a small bandgap around Dirac cone, which increases with
their atomic number, ie., C < Si < G < Sn, giving rise to
possibility for realization of the quantum spin Hall effect
(QSHE).7118 Heavier elemental 2D materials within the
group IV, V, and VI elements (plumbene, bismuthene, sele-
nene, and tellurene) have also been shown to exhibit a large
spin—orbit coupling.?*3%>28) In group IV elements, silicene
is predicted to have a spin-orbit gap of 1.55 meV, while ger-
manene is predicted to have one of 23.9 meV in freestanding
form. Furthermore, this gap is expected to be nearly as large in
freestanding bi- and trilayer germanene.'*! While silicene and
germanene also possess nonzero Z, invariants and therefore
the possibility for the QSHE, their small spin—orbit splitting
makes it only possible at low temperature.'?% Stanene, how-
ever, has been predicted to possess an appreciable spin-orbit
gap of around 70 meV.#041,121,122]

In addition to their intrinsic spin—orbit coupling, sub-
strates and stacking arrangements can modify the energy of
the spin—orbit gap. For example, germanene grown on GaAs
(0001) is expected to have a much larger spin—orbit gap of 175
meV, shifted 268 meV above the Fermi level.®! Similarly, the
spin-orbit gap of silicene is predicted to be up to 57 meV due
to breaking of sublattice symmetry.l'?l The energy of the spin—
orbit gap of germanene on MoS, is predicted to also depend on
the crystallographic orientation of the substrate.'!”) As 2D mate-
rials interact very strongly with their underlying substrate, which
certainly affects the degree of spin-orbit coupling, it has led to
the development of passivation strategies to isolate freestanding
formsl® as well as functionalized derivatives of elemental 2D
materials. For example, Xiong et al. modeled electronic prop-
erties of stanene nanoribbons (NRs) and found that both bare
and edge-hydrogenated NRs were semiconducting in nature,
although including spin—orbit coupling had different response
to NRs.l'?l While SOC opened the bandgap of zig-zag NRs, it
reduced the bandgap for arm-chair NRs. Wang et al. predicted
that QSHE can be induced in stanene under strain, however,
they noted that in addition to tensile/compressive strain, the lat-
tice matching of the substrate is extremely important as well.*”]

In the theoretically predicted buckled square lattice, square
selenene and tellurene (group VI) exhibit anisotropic Dirac cone
dispersions near the Fermi level at P; along the I'u; direction, in
which, upon considering SOC (in both cases), leads to opening
a bandgap of =0.1 eV, similar to stanene.®” These factors are
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the recipe for a 2D topological insulator (TI). TI band topology,
which is also characterized by a nonzero Z, invariant, is calcu-
lated to be one in both square systems. In addition, the =0.1 eV
gap in square selenene and tellurene polymorphs is large enough
to realize the QSHE at room temperature, a discovery that could
revolutionize the field of exotic electronics and spintronics.

Magnetic Properties: Several magnetic characteristics have
been theoretically predicted in elemental 2D materials,
primarily from group IV elements. For example, Wang et al.
predicted that semi-hydrogenated (passivated at one edge)
silicene and germanene to be ferromagnetic semiconductors
with Curie temperatures of T, = 122 K and 145 K, respec-
tively.'?! Zig-zag germanene NRs were predicted to be ground
state antiferromagnetic, while armchair NRs nonmagnetic in
nature. Further, semiconducting zig-zag germanene NRs were
predicted to become ferromagnetic semiconductors (or semi-
metals) with single-atom N or B edge doping.[!2¢!

Xiong et al. modeled the magnetic properties of stanene NRs
and predicted the zigzag NRs to be ground state ferromagnetic
with opposite spin order between the two edges.'?* Xing et al.
modeled the adsorption of a number of transition metals onto
the surface of stanene and suggested that while most metals sur-
vived the magnetic moment on adsorption, Ni, Cu, and Zn made
stanene nonmagnetic. In particular, Fe-absorbed stanene was
found to be a bipolar magnetic gapless semiconductor with up-
spin electrons and down-spin hole carriers. This phenomenon
supports the coexistence of the charge and pure spin current,
which may have great potential for electrically controllable spin-
tronic devices.['””] For stanene NRs, Fu et al. obtained four types
of edge magnetic configurations out-of-plane ferromagnetic
(OP-FM), out-of-plane anti-ferromagnetic (OP-AFM), in-
plane ferromagnetic (IP-FM), and in-plane antiferromagnetic
(IP-AFM).'"] All four magnetic states were predicted to be
~7-8 meV per edge atom lower energy than the nonmagnetic
states, suggesting spontaneous magnetism. On applying trans-
verse electric field, half-metallic states could be induced in nano-
ribbons, which has promising prospects in magnetic control and
spintronics.” ITn a recent study, interaction of various gases
with stanene was investigated by Garg et al. where the author
found that stanene gas systems show Rashba type spin-splitting,
which is very promising for spintronics applications.[128]

He et al. numerically studied the magnetic behavior of penta-
graphene nanoribbons and suggested that their spin moments
can transform from ferromagnetic to antiferromagnetic under
electric field and bending strain, which may have applications
in flexible displays, wearable computation electronics, and dig-
ital memory devices.l'?l In another carbon 2D allotrope study,
Aierken theoretically studied penta-hexagraphene and predicted
that it possesses intrinsic antiferromagnetism, which could
be transformed to ferromagnetism by applied in-plane strain,
also suggesting its potential in metal-free magnetic monolayer
materials for spintronic devices.[3%

5. Modulation of Electronic Bandgap in 2D Materials

Bandgaps in nanoscale materials play a vital role in opto-
electronic properties and dictate their potential future applica-
tions. Similar to modifying degree of spin-orbit coupling in
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semimetals, a number of strategies have been undertaken via
theoretical modeling in all instances unless otherwise stated,
to modulate (or open) the bandgap of elemental 2D materials.
This section specifically addresses the influence of strain,
electric field, functionalization, doping, edge, and/or sur-
face passivation as a means to modulate this bandgap toward
enabling new and exciting applications.

Strain: In semimetallic germanene, tensile strain of up to
16% was predicted to shift the Dirac point above the Fermi level,
inducing p-type behavior due to decreased sp hybridization and
increased Ge-Ge bond length.[131132] Broek et al. suggested that
applying lateral strain on stanene under out-of-plane electric
field can open up the bandgap up to 0.21 eV,*!l while Modarresi
and co-workers suggested that the SOC bandgap of =0.07 eV in
stanene closes under applied strain.'?? Fu et al. studied stanene
and predicted a metal-insulator transition under critical biaxial
strain.''”l For penta-graphene NRs, the bandgap was shown to
decrease with tensile and bending strain.2%133] Shahrokhi pre-
dicted that biaxial tensile strain increases the bandgap of penta-
graphene while compressive strain reduces the bandgap.*
Among other carbon allotropes, psi-graphene was predicted to
be metallic even under in-plane strain,””) while bandgap could
be tuned for semiconducting twin-graphene (=1 eV) via applying
strain.’® For group V elements, monolayer antimonene was
predicted to have a 2.3 eV indirect bandgap that undergoes an
indirect-to-direct transition under strain.?!]

Electric Field: It has been theoretically predicted that applica-
tion of electronic gating (out-of-plane electric field) can manipu-
late the band structure in silicene and germanene,'%134 unlike
graphene, which are unaffected by external vertical electrical
field. For monolayer silicene, a bandgap varies linearly with
electric field strength and a total gap as high as 18 meV was
predicted, which could be increased to 0.25 eV at electric field
strengths of 1 V A~! when sandwiched between h-BN layers.[1%]
Fu et al. studied the electronic and topological properties of
stanene and predicted a topological nontrivial-trivial transition
under a critical vertical electric field.['"”]

Inclusion of Heteroatoms: In addition to strain and electric
field, different strategies of including heteroatoms such as
doping, adsorption, and surface passivation has been pre-
dicted to modify electronic band structure of elemental 2D
materials. For example, Berdiyorov et al. investigated substitu-
tional doping of penta-graphene via Si, B, and N and predicted
a bandgap reduction, although its magnitude depends on the
types and location of the dopants.l'** On the other hand, the
authors, in accordance with a study by Li et al. found that sur-
face termination via F and H increases the bandgap and consid-
erably changes the electronic charge distribution.** Luo et al.
studied doping of B and N in phagraphene NRs and predicted
that while B-doping removed/changed the bandgap depending
on doping position, N or BN doping increased the bandgap.!'3’]
Garg et al. patterned stanene with BN doping and predicted a
bandgap opening of =0.22 eV, and a semiconducting behavior
sustained under applied strain.[!38!

Other routes, such as hydrogenation and transition metal
adsorption, have also been studied for multiple elemental 2D
materials. Wang et al. studied partially hydrogenated (on one side)
silicene and germanene and predicted direct bandgaps of 1.74 eV
and 1.32 eV, respectively.'®] Fan et al. studied a-phographene
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and suggested it to be metallic in nature, which could be con-
verted to wide bandgap semiconductor via hydrogenation.”?!
Wu et al. studied the surface termination of phagraphene and
predicted better stability and bandgap modulation to either semi-
conductor or insulator.'®l Xing et al. modeled the adsorption
of a number of transition metals on stanene toward changing
electronic properties and predicted that V, Cr, Mn, and Cu turn
stanene into a metal, Co into a semimetal, while Ni and Zn open
a narrow bandgap.'?’! Apart from heteroatom inclusion, surface
functionalization has also been used to manipulate bandgap in
silicene, germanene,['3>140 and borophene.[4!

Modifying Nanoribbon Width and Stacking Arrangements: Bor-
rowing concepts well known in the graphene community, 2D
elemental materials may exhibit bandgap opening via quantum
confinement and edge effects from creating nanoribbons.[*2l
Kaneko et al. predicted to open a bandgap of up to =1.0 eV
in germanene NRs with reducing their width from 20 to
3 atoms.'™] Rajbanshi et al. studied penta-graphene nanor-
ibbons and also suggested that the bandgap increases with
reducing nanoribbon width.'*¥l On the contrary, Fu et al.
predicted that for stanene NRs, edge states have a dispersion
width of =83 meV, regardless of ribbon width.''”] Yu et al. sug-
gested that bandgap in penta-graphene could be modulated
by up to a factor of 2-3 by manipulating number of layers,
stacking arrangement as well as their misalignment.[144

6. Electronics and Sensing

The unique and exceptional properties of elemental 2D mate-
rials are poised to enable future advancements in electronics
and sensing for beyond silicon devices. Many of the elemental
2D materials exhibit advantageous properties including high
electron and hole mobilities and on/off ratios, material flexi-
bility, topological insulating behavior, and high sensitivities to
adsorbed molecules that can revolutionize current state of the
art systems. This section discusses applications relevant to
electronic and sensing and provides a groundwork on enabling
these technological developments.

Electrical properties of elemental 2D materials are tradition-
ally evaluated through fabrication and measurement of the mate-
rials during field effect transistor (FET) operation. To date, FETs
with active elemental 2D materials that have been synthesized
include phosphorene, silicene, tellurene, and selenene, all exhib-
iting a wide range of mobilities and on/off ratios, as shown in
Figure 5a. The first of these materials to demonstrate exceptional
FET performance was few-layer phosphorene in 2014. This
material simultaneously displayed a high on-current of 194 mA
mm™!, a high hole field-effect mobility of 286 cm? V™! 571, and
an on/off ratio of up to 10* at room temperature.”!! Shortly after,
Li et al. measured an even higher hole mobility of up to 1000
cm? V7! s71 for 10 nm thick phosphorene FETs.'”! Building off
these initial demonstrations, Gillgren et al. sandwiched the few-
layer material between hBN layers and measured room tem-
perature hole mobilities up to 4000 cm? V! 57!, as shown in
Figure 5b,c.'**l Monolayer phosphorene transistors are currently
under development, predicted to exhibit ballistic quantum trans-
port with a faster switching speed than some monolayer transi-
tion metal dichalcogenides.'*®! One of the contributing factors

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Distribution Statement A. Approved for public release (PA): distribution is unlimited.



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

-
L}
&)

a) 3 ] 6
F 14 nm 10
— B u
n 3 BL
> : .
(\l\ 4- 3
c 10°F
8 i_ 17 nm 3 104 g)
> 13
= F ML
= 107k u i =
F E m
= L QO
S 310° ©
5 10°F
8 E BL
. ] =
LLI r14nm ML -
g 17 nm
A0 10°
& &° &° & F
& ¢ §
() ) <@ er O{D
Q<
10°
f) g)g 10'f Ves =3V
&
ats
a
BB
=
‘® 10"
<X ] S 100 i <
120 100 -80 60 -40 -20 O

Back gate voltage (V)

www.advmat.de

E V=70V
I "n,fagun
[ u
3 V=25V L I
» L ] ug
[ v=15v =
;] " f
FEFTTTT BT B
10 100
T(K)
0.12 25
d) ] e) i
0.10 4 2.0
2 nEs . S 15
2 0.06 g 4
bl < 104
= 0.04 ° « 4
0.02 {v4=20mVv % 0.5
000 +—7—7—7T—+71— 00 4————1—1—1—
-3 -2 + 0 1 2 1 0 1 2
Ve (V) Ve~ Voirae (V)
h) A J) f -
£ 1. 10°F ¢ AN o)
g A A4 A DA S A o o {600 &
£ o 10° Aé@gﬁgoocgm o5l %
E Ul@ o ¥ Q % =l f
- t e s ATHOND I D {400 §
. O PAY ﬁA‘A {200 3
/,\@ 4 | &
N G
A e
10 20 30

Thickness (nm)

Figure 5. FET properties of elemental 2D materials. a) Compiled electron mobilities and on/off ratios of elemental 2D materials from
refs. [39,68,71,91,145,148,149], where ML = monolayer, BL = bilayer, and the number legend corresponds to thickness. b) Optical image of
h-BN/phosphorene heterostructure, and c) resulting electronic behavior at different temperatures. d) Device characteristics of monolayer silicone,
and e) electron mobilities of the same devices. f) Crystallographic structure of 1D chains in 2D selenene with g) device characteristics of 16 nm 2D
selinene. h) Anisotropic mobility behavior in 2D tellurene, i) atomic structure of tellurene, and j) thickness-dependent mobility and on/off ratio of 2D
tellurene. b,c) Reproduced with permission.[*3] Copyright 2014, IOP Publishing. d,e) Reproduced with permission.[%8 Copyright 2015, Springer Nature.
f,g) Reproduced with permission.[?8l Copyright 2017, American Chemical Society. h—j) Reproduced with permission.l Copyright 2018, Springer Nature.

to the exceptional electronic performance in phosphorene and
other monoelemental 2D materials is that unlike the 2D metal
chalcogenide, the intrinsic point defects and grain boundaries in
monoelemental materials are electrically inactive due to homo-
elemental bonding.['+’]

Shortly after the first phosphorene transistor, monolayer
silicene FETs operating in air were demonstrated by Tao et al. in
2015, and exhibited a mobility of 100 cm? V-1 s7! (Figure 5d,¢).[%!
The mobility in this case was limited by acoustic phonon-lim-
ited transport and ambipolar Dirac charge transport similar to
graphene.l®® This transistor demonstration represents the only
FET measurement from a direct synthesized monolayer 2D
elemental materials rather than exfoliated crystals to date, as is
the case for all the monolayer FETs of phosphorene, tellurene
and selenene. The silicene in the case was synthesized in mixed
preferential orientations (4 x 4 and V13 x V13) through epitaxial
growth on Ag (111) coated mica substrates and the devices were
subsequently transferred to SiO,. Additionally, in this study, the
effects of encapsulation with Al,0; was shown to prolong life-
time of the device and allow for transfer of the silicene films
without damage. Further theoretical predictions indicate that
the intrinsic properties of silicene may yield electron mobilities
approaching 1200 cm? V! s71, which would enable even more
applications including RF electronics.’>” Electron—phonon
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coupling matrices predict that interaction of carriers with
phonons is 25x less than in silicene and germanene as com-
pared to graphene, which presumably leads to long momentum
relaxation lengths and high carrier mobility.['>)

Following the demonstration of silicene FETS, transistors of
both selenene and tellurene were fabricated on exfoliated crystals
in early 2017. Devices with 16 nm thick selenene exhibited rela-
tively low mobilities in comparison to other elemental 2D mate-
rials, (0.26 cm? V! s7Y) and low on current (20 mA mm™), as
depicted in Figure 5f,g, but a high on/off ratio =10° at room tem-
perature.?®! This ratio may be critical for logic-type devices where
the on/off ratio is important to ensure low current leakage. Thick-
ness-dependent electrical performance of tellurene crystals, in
contrast, exhibited impressive and widely varying electronic per-
formance and thickness-dependent optical properties not exhib-
ited by typical layered 2D materials.®] FETs with room-temper-
ature mobility of 700 cm? V! s71 (two times higher than initially
measured phosphorene FETS) along the high-mobility (<0001>)
direction (Figure 5h,i) have been shown in 16 nm thick solution-
grown single crystals (Figure 5j). However, this performance is
very sensitive to thickness, decreasing dramatically from 600 cm?
V! s71in 15 nm crystals to 30 cm? V™! s in 5 nm crystals and
continuing to decrease monotonically down to a monolayer. Tel-
lurene crystals of thickness 7.5 nm exhibit p-type behavior with
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Figure 6. Advanced electronic applications of elemental 2D materials
including flexile/low-power systems, spintronics, and sensors, and
example elemental 2D materials of interest for specific applications.
Image for “Phosphorene flexible/low power”: Reproduced with permis-
sion.'31 Copyright 2016, American Chemical Society. Image for “Tel-
lurene flexible low/power”: Reproduced with permission.!l Copyright
2018, Springer Nature. Image for “Bismuthene spintronics”: Repro-
duced with permission.[?8l Copyright 2017, AAAS. Image for “Stanene
spintronics”: Reproduced with permission.lB% Copyright 2013, American
Physical Society. Image for “Phosphorene sensor”: Reproduced with per-
mission.["*®l Copyright 2015, Wiley-VCH. Image for “Arsenene sensor”:
Reproduced with permission.[>”l Copyright 2017, Elsevier.

on current of 300 mA mm™ and on/off ratio of =10°.°l From
detailed Hall effect studies on tellurene thin films dating back
to 1971, Dutton and Muller concluded from the relationship
between mobility (1) and temperature that ionized impurity scat-
tering is the dominant scattering mechanism in tellurene thin
films at room temperature, and from the linear relationship of
u and thickness, it was concluded that ionized impurities exist
at the film surface in concentrations independent of film thick-
ness.'>2 As the thin film is reduced from relatively thick (3D),
to ultrathin or 2D, geometries, surface events such as scattering
become increasingly detrimental and may play a role in future
monolayer tellurene electronic devices.

To date, three key areas of interests, depicted in Figure 6,
have been explored leveraging these exceptional and diverse
properties as future electronic and sensing platforms for 2D
elemental materials: flexible/low power electronics, spintronics,
and gas/chemical sensors. Other 2D materials have shown
great promise in revolutionizing these fields including flexible
low power electronics due to the inherent material flexibility,
low turn-on voltage, and compatibility with polymer sub-
strates.[1>3154 Successful synthesis, processing, and integration
schemes that are demonstrated for 2D transition metal chalco-
genide materials and graphene will be the key to enabling these
same concepts with elemental 2D materials, with potentially
improved performance due to the advantageous properties and
the ease of synthesizing monoelemental materials.

Flexible Electronics: The most challenging barriers to overcome
for commercial development of elemental 2D flexible electronics

Adv. Mater. 2020, 32, 1904302

1904302 (11 of 22)

www.advmat.de

are both in the preparation and synthesis of the materials on
flexible substrates as well as an understanding of performance
under repeated and dynamic strain. Hu et al. demonstrated a
binder-free phosphorene ink by using isopropyl alcohol and
2-butanol as cosolvent that, coupled with the rapid drying of
the solvents after inkjet printing, prevented the oxidation of
the phosphorus, enabling stable inks.'>®! They demonstrated
printed phosphorene inks to operate as switches for ultrafast
lasers, stable against intense irradiation, and as a visible to
near-infrared photodetector with high responsivities. Further
studies have even demonstrated phosphorene as a crucial mate-
rial for flexible radio frequency electronics due to its high elec-
tron mobilities and good performance at high frequencies.!'>’!
Tellurene was suspended in an Na,TeOs;:PVP mixture and
successfully 3D printed onto a flexible substrate, with future
work necessary to optimize device performance on flexible sub-
strates.’!l Incorporating growth and processing techniques that
are commonplace in the flexible electronics community such as
low temperature vacuum deposition or rapid thermal/photonic
annealing may provide the mechanisms necessary to incorpo-
rate high quality materials on soft and compliant substrates,
which cannot accommodate high growth temperatures.['>160]
Alternatively, the direct transfer of materials synthesized on
conventional substrates (i.e., SiO,/Si or sapphire) to flexible
ones, through 2D van der Waals liftoff using materials such as
h-BN, have been shown to enable high performing flexible elec-
tronic systems and may provide the key to flexible, low power
electronics based on elemental 2D materials.[161-163]

Sensors: Gas and chemical sensors based on nanomate-
rials (especially 2D materials) exhibit a high degree of sen-
sitivity from their large surface to volume ratio, high room
temperature mobility, subthreshold swing in FET geometries,
and chemical stability.'*+1®] In particular, phosphorene gas
sensors have demonstrated a high degree of sensitivity and
selectivity in comparison to other nanomaterial sensors.[1%!
Mayorga-Martinez et al. fabricated a few-layer phosphorene
device that proved to be selective to methanol and can detect
as low as 28 ppm of methanol gas.'>®l The phosphorene sen-
sors in this two-terminal device operate on the premise that
molecular adsorption can directly alter its electrochemical prop-
erties, in particular the electrical resistivity.'®”] Phosphorene
was also successful at detecting NO, NO,, CO, CO,, NHj;, and
various other small molecules relying on this same premise of
altering electrochemical and optical properties through mole-
cular adsorption.'17% Other elemental 2D materials are pre-
dicted to exhibit advantageous sensing properties, but have yet
to be fabricated and experimentally tested. Garg et al. modeled
the potential effectiveness of B, N, and BN-doped stanene as a
sensors for several gases, where doping provided both higher
sensitivity and selectivity.l'*®] Arsenene has been predicted to be
a promising candidate for sensing NO, NO, and SO,, as the
molecules interact strongly with the elemental 2D material and
can create a measureable and detectable change in magnetic
moment.'>”171] Semimetal 2D materials such as silicone and
germanene provide for an interesting platform for sensing,
as bandgaps can be opened and controlled specifically from
molecular adsorption. For instance, DFT results predict that
germanene is a candidate for gas sensing of NO and NH; due
to moderate activation energies for chemisorption (-0.51 and
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—0.44 eV, respectively) and opening of the bandgap to a range
of 82-95 meV.['72]

Spintronics: Spintronics is an exciting and potentially revo-
lutionary field that utilizes the spin of an electron to process
relevant data, rather than the charge as is the case for conven-
tional electronics. Elemental 2D materials may be the key to
future spintronics as the spin lifetimes in these materials are
often extended to measureable time scales owing to quantum
confinement and long spin—orbit coupling.!'”?! Of these mate-
rials, bismuthene appears to be one of the more exciting as
it has been experimentally operated as a topological insulator
near room temperature by Reis et al.?®l Other topological
insulators only operate at really low temperatures (<4 K) due
to the small energy gaps, but the large 0.8 eV energy gap in
bismuthene, attributed to the high-atomic number element
and enhanced spin-orbit coupling, can enable detectable spin
currents. Puckered allotrope of bismuth (Bi (110)) has also
been reported to possess 2D topological insulating behavior
in 2 and 4 monolayers, which is sensitive to atomic buckling,
which in turn could be controlled by choosing different sub-
strates for Bi (110) growth.’®l Other elemental 2D materials
such as silicene and stanene have been discussed as new and
emerging spintronic materials. Stanene has been predicted to
exhibit a large-gap quantum spin gap of 0.3 eV, which could
enable room temperature spintronics similar to those hypoth-
esized in bismuthene.®)) More recently, development in the
elemental plumbene have shown an even larger energy gap
of 400 meV, which is greater than that of the other group IV
materials, namely graphene (10~ meV), silicene (8 meV), ger-
manene (23 meV), and stanene (300 meV), approaching the
energies needed for room temperature spintronics.[193107.174175]
Plumbene is predicted to become a topological insulator with a
large bulk gap of 200 meV through electronic doping, which is
robust to externally applied strain.'”! More experimental work
is needed to realize and test the feasibility and reliability of
these spintronic devices, but the mounting theoretical evidence
suggests potential technology revolutions in spintronics based
on elemental 2D materials.

While elemental 2D materials inherently exhibit many
exciting properties that make them strong candidates for future
electronic and sensors, combining these materials in the form
of heterostructures can further enable coupled or enhanced
effects that the materials do not exhibit individually. For
instance, experimental lateral heterostructures were recently
fabricated from borophene/perylenetetracarboxylic dianhydride
(PTCDA), demonstrating metal/semiconductor behavior and
resistive switching due to the abrupt borophene/polymer inter-
faces.'7°] The transition in density of states from borophene to
PTCDA occurred at the molecular length scale because of these
sharp interfaces. Understanding interfacial, excitonic and elec-
tronic properties of these heterostructures with elemental 2D
materials is an exciting field of research still to be explored.

7. Photonic and Optoelectronic Applications

As discussed above and shown in Figure 5, a number of
elemental 2D materials exhibit semiconducting properties, and
hence can emit photons via recombination of excitons (electron—
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hole pairs).'’”’! This emission is thickness dependent and can
be tuned by doping or by applying external stimuli (strain).
Moreover, the puckered or buckled structures of elemental 2D
materials lead to anisotropy in the optical conductivity, which
allow a new degree of freedom for designing conceptually new
optoelectronic and electronic devices that are not possible using
conventional or other 2D materials. Below we describe progress
in three application areas in photonics and optoelectronics
where 2D materials are heavily being investigated.

Plasmonics: Plasmons are collective charge oscillations
that occur in solids in through Coulomb interactions. While
the plasmons in semiconducting 2D materials (graphene,
phosphorene, and so on) appear in the mid/near-infrared fre-
quency range (and generally only upon doping), plasmons
in intrinsically metallic 2D materials such as borophene can
extend into the visible range due to their higher carrier con-
centrations.*”! In addition, the plasmon dispersion in 2D
materials is affected heavily by structural anisotropy (as in the
case of buckled and puckered 2D materials), electron density,
spin—orbit interaction and strain; in-depth reviews on plas-
monic properties of several 2D materials can be found else-
where.'78-189 An example of how structural anisotropy affects
the plasmon dispersion is shown in Figure 7a. Phosphorene
exhibits anisotropic electron masses depending on the crystal
orientation, with the electron mass higher (lower) along the
zigzag (armchair) direction. As a consequence, the plasmon
frequency along the zigzag direction (I' — Y in the Brillouin
zone) is higher than the armchair direction (I' — X). These dis-
persions can be changed by applying biaxial strain resulting in
a reversal in the plasmon frequency.'® Phosphorene-based
devices can therefore be used in anisotropic plasmonic devices
where strain or light polarization induces changes in the device
response.l'® Surface plasmons in 2D materials strongly couple
with light, creating waves termed surface plasmon polaritons
(SPP). Huber et al. demonstrated ultrafast switches on the fs
time scale by making phosphorene/SiO, heterostructures
wherein the surface phonon modes of SiO, hybridize with
surface plasmons in phosphorene. This occurs upon irradiation
with mid-IR light as the interband excitation source, which
creates the hybrid interface polariton. As shown in Figure 7b,
the ultrafast switching of these polaritons can be used for
digital logic circuits involving nanophotonic devices. Finally,
an emerging application involving plasmons is thermoplas-
monics, where light irradiation coupled to surface plasmons
can cause localized hotspots. This technique is particularly
useful for photothermal treatments in medicine, and has been
successfully demonstrated for removing tumors in mice.['83]

Photodetectors: One of the first optoelectronic applica-
tions targeted for 2D materials was photodetection. Semi-
conducting 2D materials have bandgaps ranging from vis-
ible to infrared wavelengths, making them ideally suited for
broadband photodetection.['8201-203] Current photodetection
technology is primarily based on silicon with its high perfor-
mance, low cost, maturity, and high level of integration with
electronics. However, applications involving photodetection
in the infrared, i.e., below the bandgap of Si (1.1 eV) rely on
more exotic semiconductors such as InGaAs or HgCdTe.l'®]
Of particular interest is the detection of wavelengths centered
=1.55 um, the so-called telecom band (C-band, ranging from
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Figure 7. Photonics and optoelectronics applications of elemental 2D materials. a) Plasmon dispersion of phosphorene in the unstrained (left) and strained
(right) states, showing strong anisotropy along the armchair and zigzag directions. Reproduced with permission.®1 Copyright 2015, AIP Publishing.
b) Scattered near-field intensity images of the black phosphorus/SiO, heterostructure, plotted for eight different delay times between the pump and probe
pulses (Scale bar 1 um). The interference fringes indicate motion of the polariton across the interface. Reproduced with permission.'®l Copyright 2016,
Springer Nature. c) Various 2D-material-based photodetector technologies plotted against their corresponding responsivity and time response. The top
left region corresponds to high gain and high bandwidth detectors and should be the ultimate performance target of future technologies. Data from refs.
[28,185-193]. d) Plot of the specific detectivity D* of various photodetectors versus detected wavelength. Data from refs. [191,193-196). e) Integration
schemes for 2D-material-based saturable absorbers, showing: i) a schematic of black phosphorus coated fiber end and ii) its assembly into the photonic
circuit through an adapter. e-i,ii) Reproduced with permission."”] Copyright 2015, American Chemical Society. iii) A black-phosphorus-coated fiber end.
Reproduced with permission.['*8 Copyright 2015, Optical Society of America. iv) Gold electrode. e-iii,iv) Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).'*l Copyright 2016, The Authors, published by Springer
Nature. v) 2D materials coated on D-shaped fiber, and vi) embedded on a microfiber. e-v,vi) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).2%% Copyright 2016, Springer Nature. f) Experimental setup of an ultra-
fast fiber laser using bismuthene as the saturable absorber. The components include a continuous wavelength pump laser diode (LD), wavelength-division
multiplexer (WDM), erbium-doped, and single-mode fibers (EDF and SMF), polarization isolator (ISO) and controller (PC), optical coupler (OC), and the
saturable absorber (SA). g) Nonlinear saturable absorption curve of the microfiber-based bismuthene device (Inset: its corresponding red light image),
h) pulse train output of the laser at 250 mW. f-h) Reproduced with permission.['*Z Copyright 2018, Optical Society of America.
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1.53 to 1.57 um) most commonly used for fiber optic communi-
cations, i.e., around which optical fibers exhibit the lowest loss.
2D materials, including graphene, transition metal dichalcoge-
nides, and elemental materials have bandgaps that span this
wavelength range, from near IR (NIR) to mid-IR (MIR) and
far-IR (FIR), i.e., 1 to 10 um, and are emerging candidates for
such IR detectors. In terms of performance, the ideal photo-
detector must exhibit high responsivity (typically measured in
A W) and low response time (or high frequency bandwidth)
as well as a high specific detectivity.'®” This figure of merit,
labeled D* is measured as the reciprocal of the noise equiva-
lent power (NEP) normalized per square root of the sensor area
and frequency bandwidth and commonly expressed in the Jones
units (cmVHz W).

One of the most heavily studied elemental materials for
photodetectors is phosphorene, a direct gap semiconductor
with bandgaps ranging from 0.3 eV in the bulk up to =2 eV for
a monolayer. This range allows for the detection of radiation
from =600 nm up to =4 um; photodetectors based on multi-
layer phosphorene have been demonstrated at a variety of
wavelengths ranging from 350 nm up to 3.4 yum.[188189.204-206]
However, the oxidative stability of phosphorene remains an
on-going issue that must be addressed to realize large-scale
applicability in IR photodetectors. In addition to phosphorene,
other elemental materials such as tellurene and selenene
have also been studied as photodetectors in the IR and visible
region, respectively. Figure 7c¢,d summarizes the photodetector
performance and figures of merit for several elemental 2D
materials. Also plotted in Figure 7c,d are values for commercial
materials (Si, Ge, InGaAs, and HgCdTe) as well as other 2D
materials including graphene and transition metal dichalcoge-
nides (MoS,, WS, and WSe,). Figure 7c shows that in general
the responsivity of 2D-material-based photodetectors is as high
(0.1-1 A W) or even higher (up to 107 A W) than traditional
materials. However, the average response times are much
slower (ms rather than ns timescales) due to a number of fac-
tors such as photogating, device architecture as well as trapped
charges at interfaces and defects.’”] Future improvements
in device performance should result in lower response times
(higher bandwidths) and higher responsivities. The specific
detectivity (D*) of several 2D materials at their wavelength of
detection is plotted in Figure 7d. Many studied 2D materials
have specific detectivity on par or lower than the D* in existing
photodetector materials. Present and future research efforts
could help towards increasing the D* at longer wavelengths,
IR for instance. Moreover, due to the difficulty in synthesizing
elemental 2D material such as borophene, silicene, germanene,
and stanene, their efficacy as photodetector materials remains
to be studied and further explored.

Ultrafast Lasers: Fiber-based ultrafast lasers typically employ
mode-locking technology whereby a continuous-wavelength laser
is converted into a pulsed laser. This is done using a saturable
absorber (SA), a nonlinear optical material whose light absorp-
tion decreases with increasing intensity. The ideal SA has good
absorption properties (its transmittance increases with increasing
input laser fluence), low mode-locking threshold, high damage
threshold, broad working wavelength range, and short recovery
time. Current commercial ultrafast lasers employ semiconducting
saturable absorber mirrors (SESAMs), a quantum-well structure
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prepared by MBE. SESAM-based SAs are difficult to fabricate,
expensive, and have a narrow operating wavelength range.?%8l
These limitations have prompted the search for alternate mate-
rials such as graphene and carbon nanotubes as SAs.?%l More
recently, 2D materials with their wide range of optical properties
(absorption ranges and bandgaps) have also emerged as prom-
ising candidates for SAs in ultrafast lasers.21-23 In addition
to their optical properties, the layered nature of 2D materials
makes it easy to coat ultrathin films on to optical elements for
integration into laser systems. Figure 7e depicts the integration
of 2D materials as SAs into ultrafast laser setups. The 2D mate-
rials can be directly coated on to the open end of a fiber, or on
to an adapter between two fibers (Figure 7e-iii). Figure 7e-iii,iv
shows two examples of phosphorene SAs coated as a thick film
on a fiber end and as a thin film on a gold electrode, respectively.
Other integration schemes involve coating of 2D materials on
D-shaped fibers or tapered microfibers (Figure 7-ev,vi).

Other than graphene, one of the first elemental 2D mate-
rials to be studied as a SA was phosphorene,[1%:214-220] hich
has been demonstrated as a good candidate for nonlinear
absorption over a broad wavelength range (1-3 um) and used in
mode-locked and Q-switched lasers.?2!l While black phosphorus
has shown excellent nonlinear optical properties as SAs, its
instability under ambient conditions hinders widespread use in
ultrafast lasers; various passivation schemes have been studied
for improving device performance.'®®?22] Other elemental 2D
materials such as bismuthene have recently been investigated
as alternatives to phosphorene. In addition to having excel-
lent mechanical properties, bismuthene is a narrow bandgap
semiconductor and is stable at high temperatures.? Few layer
bismuthene has been used as SAs in mode-locked fiber lasers,
producing stable fs pulses =1550 nm.[92223224 Among other
group V elements, antimonene has also been used as an SA in
passive Q-switched lasers and shown stable ns pulse widths for
laser emission at 946, 1064, and 1342 nm.[??! As the synthesis
of other elemental materials such as silicene, germanene,
stanene, and borophene matures, we can also expect to see
them being used as SAs in ultrafast lasers.

8. Power and Energy

Future power and energy systems will rely on robust, reliable,
and highly efficient strategies that deliver, store, and transmit
power to global communities. In this section, we address
how the exceptional properties of elemental 2D materials are
expected to play a role in new technologies for such systems
and discuss the relevant literature to date.

Batteries: In order to power future electronics and consumer
devices, batteries must increase their gravimetric and volu-
metric storage capacities. At the same time, the miniaturiza-
tion of electronics and the recent focus on flexible and wearable
electronics necessitates the development of light-weight energy
storage devices without sacrificing performance. In this regard,
2D materials are attractive candidates as active electrodes in
existing and next-generation energy storage devices owing to
their form factor and high specific surface areas.

A Li-don battery consists of two electrodes (anode and
cathode) with a separator between them. An ionic electrolyte
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Figure 8. Li-ion battery applications of elemental 2D materials. a) Schematic showing ultrafast Li-ion diffusion along the armchair direction in phos-
phorene. Reproduced with permission.?26l Copyright 2015, American Chemical Society. b) Theoretical diffusion barriers and Li-ion capacities for several
monolayer elemental 2D materials. Data from refs. [227-234]. The inset shows energy profiles of Li diffusion along the armchair and zigzag directions
on phosphorene surface. Reproduced with permission.[?26l Copyright 2015, American Chemical Society. c) Charge—discharge voltage versus Li-ion
capacity curves tested at C/10 rate for phosphorene battery anodes. Reproduced with permission.?3% Copyright 2017, IOP Publishing.

between the two electrodes serves as the medium for diffusion
of Li ions. Most current Li ion batteries employ graphite anodes
and Li-metal oxide cathodes (e.g., lithium cobalt oxide or LCO).
Owing to their anisotropic structures, Li diffusion in elemental
2D materials can be highly directional. For example, Li diffu-
sion is much higher in the armchair direction in phosphorene
than zig-zag direction (Figure 8a).??! Similarly, the barriers
for Li diffusion along the various crystallographic directions
(armchair and zigzag) vary for different 2D material composi-
tions (Figure 8b). Phosphorene exhibits the highest anisotropy
among elemental 2D materials, with antimonene and silicene
also exhibiting Li diffusion with lower barriers along certain
crystallographic directions. Interestingly, this anisotropy does
not necessarily correlate to high Li capacity (bottom panel of
Figure 8b).

Among elemental 2D materials, borophene exhibits the
highest theoretical capacity for Li (1860 mAh g™!).??”] Barring
stanene and antimonene, the theoretical Li-ion capacities for all
elemental 2D materials is higher than for graphene. The large
Li-ion capacity of borophene is due to the ultralow diffusion
barrier for Li (2.6 meV) and large Li adsorption energy
(1.16 eV).2?”] The diffusion barrier is very low along the fur-
rows of the borophene lattice (see Figure 2), but much higher
(325 meV) in the orthogonal direction. This kind of difference
in Li ion diffusion is also present in the puckered structure of
phosphorene, where theoretical calculations reveal ultrahigh
diffusivity of Li ions along the armchair direction,? compared
to the zigzag direction. This results in a relatively high Li-ion
capacity of 865 mAh g .23 While Li-ion batteries based on
borophene have yet to be experimentally realized, multi-layer
phosphorene sheets have already demonstrated potential as
battery anodes (Figure 8c),12*¥ although issues such as capacity
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fading and irreversible loss after the first cycle must be solved
for their large-scale applicability.

One concern with Li intercalation in phosphorene sheets
(similar to Li intercalation in bulk Si) is that it results in a large
volume expansion, as shown by in situ TEM experiments.[?’]
In spite of this, phosphorene-based anodes have shown to
retain their structural integrity upon lithiation and delithiation
process. Interestingly, the large volume expansion of bulk Si is
mitigated in silicene due to its larger interlayer distance, sug-
gesting that silicene is a better candidate for Li-ion storage than
bulk Si.??l Among the other puckered elemental 2D materials,
arsenene also exhibits a high capacity for Li and Na ions (as high
as 1072 mAh g for Li;As) and recent experiments employing
arsenene/carbon nanocomposite anodes have demonstrated a
Li-ion capacity of 1306 mAh g! (after 100 cycles).[2¢!

In addition to replacing anodes in Li-ion battery architec-
tures, elemental 2D materials are also attractive candidates
for electrodes in next-generation battery technologies such
as Li-sulfur and Na-ion batteries. Li-sulfur cathodes offer
high specific capacities for Li and S storage and have recently
attracted much attention.?238 However, they suffer from
drawbacks such as low electrical and ionic conductivities of
sulfur, high volume change upon lithiation, and loss of sulfur
due to dissolution within the electrolyte.?3® Further theoret-
ical and experimental studies have shown that phosphorene
is capable of immobilizing undesirable polysulfides, thereby
prolonging the lifetime of Li-S batteries.[?3?)

Na-ion batteries are also being researched heavily as
alternatives to Li-ion batteries owing to the relative abun-
dance of Na and potential low cost of fabricating Na-ion bat-
teries.2*l However, the larger size of the Na ion compared to
the Li ion (atomic radius 1.16 A compared to 0.9 A) and the
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thermodynamic instability of NaCq and NaCg effectively pro-
hibit the use of graphite anodes as Na-ion intercalation media.
The buckled and puckered structures of Group V elemental
2D materials are thus particularly attractive for Na-ion inter-
calation. Among these, arsenic exhibits the highest theoretical
capacity for Na-ions (1072 mAh g!)23% followed by antimony
(660 mAh g1),2#! phosphorus (430 mAh g),2*2 and bismuth
(386 mAh g1).243] In addition to the high capacities Na-ion dif-
fusivity is anisotropic along the edges of the puckered structures
of the Group V monolayers, and in the case of phosphorene
has been predicted to be fastest along the zigzag direction.*?!
Recently, few-layer arsenene-based anodes have demonstrated
a Na-ion capacity of 750 mAh g after 200 cycles, which is
lower than the theoretical capacity of As and was attributed to
volume expansion.?3®l On the other hand, few-layer P anodes
exhibited a Na-ion capacity of 453 mAh g}, close to the theoret-
ical value.?2% The capacity remained stable and reversible over
50 cycles. Few-layer Sb-based batteries have also demonstrated
a high capacity of 620 mAh g at 0.5C, with a 99.7% retention
of capacity over 150 cycles.[?*

Supercapacitors: While rechargeable batteries remain the top
choice for energy storage due to their high energy densities,
their short cycle life and relatively slow charge/discharge times
result in lower power densities. As a result, supercapacitors or
ultracapacitors have emerged as attractive alternatives to bat-
teries and offer advantages such as superior lifetimes, higher
power densities, and ultrafast charge/discharge rates. Super-
capacitors are composed of two electrodes that can collect and
store charge through electrostatic ion adsorption (electrical
double-layer capacitors, or EDLCs) or through reversible redox
reactions (pseudocapacitors). Owing to their form factor, layered
2D materials serve as ideal electrodes, offering high surface
areas, high power densities, and high flexibility for EDLCs as
well as pseudocapacitors.?*2#’] Among elemental 2D materials,
phosphorene was one of the first materials studied for use in
supercapacitors. A flexible solid-state capacitor based on liquid-
phase exfoliated phosphorene nanosheets was reported to have
a volumetric capacitance of 17.78 F cm™ (59.3 F g 1) at 0.1 Vs7!
and 1.43 F cm™ (4.8 F g7!) at 10 V s7', exhibiting an excellent
rate capacitance.?*®l Moreover, the supercapacitor had a high
capacitance retention (=71.8%) after 30 000 cycles. Hybrids
of black phosphorus with several other materials such as red
phosphorus,?*! graphene,?® polypyrrolel?!l have also been
reported, exhibiting a wide range of specific and volumetric
capacitances. Among other 2D materials, antimonene was
recently employed in supercapacitors—screen printed EDLCs
with carbon electrodes were fabricated with the addition of
antimonene flakes, resulting in a very high specific capacitance
(1578 F g7) at a high current charging density (14 A g™).1%52

In general, the capacitance in an EDLC depends on con-
tributions from the differential electrochemical double layer
as well as the intrinsic quantum capacitance of the electrode,
which could limit the overall performance.?>32>4 In this regard,
a recent theoretical study on silicene suggests that adding
vacancies to a silicene monolayer can increase its quantum
capacitance significantly (by an order of magnitude).?>! This
offers a path forward to designing better supercapacitors
through defect engineering. Such approaches could also help
address one of the biggest drawbacks of supercapacitors, which
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is their lower energy density compared to batteries.*>®! Another
drawback of 2D materials is restacking of layers after exfolia-
tion, lowering the number of sites available for charge accumu-
lation; future studies can improve on device architectures to
enable efficient charge insertion and extraction.

Thermoelectrics: Elemental 2D materials also can play a role
in the formation of new and novel thermoelectronic devices,
as strategies such as nanostructuring and lowered dimen-
sionalities from bulk to 2D or 1D morphologies can influence
the thermal and electrical conductivities (by increasing elec-
tron confinement and phonon scattering) in a thermoelectric
material. 3721 Bi- and Sb-based materials have traditionally
been the best thermoelectric materials, and their buckled and
puckered structures could provide attractive alternatives for
next-generation thermoelectrics.

The structural anisotropy in the layers of the Group V
elements results in anisotropic thermal conductivity along
certain preferred directions. For example, it is predicted that
thermal transport in the armchair direction is much lower than
the zigzag direction in antimonene,?°!l arsenene,?°?l and phos-
phorene.l?53 This anisotropic thermal transport, coupled with
the buckled or puckered structure in the monolayers leads to
very low thermal conductivities due to high anharmonicity, as in
layered SnSe.[?6+26%] Ab initio calculations in combination with
the Boltzmann transport equation for phonons show that anti-
monene has a low lattice thermal conductivity (15.1 W m™ K!
at 300 K), indicating its potential thermoelectric applica-
tions.[2%! Carrete et al. calculated the thermal conductivity of
a few different arsenene structures, i.e., buckled, puckered,
and square, and room temperature values range from =2.5 to
~7 W m™ K7}, with the highest thermal conductivity in the
zigzag direction.?*?l In phosphorene, the thermal conductivities
along the armchair and zigzag direction have been calculated to
be 13 and 30 W m™ K, respectively.?®”] These thermal con-
ductivity values are on par with those found in traditional bulk
thermoelectric materials (typically <5 W m~! K-1).[268]

Importantly, the reduced dimensionality of buckled and
puckered group V monolayers also results in changes in the
other factors that affect ZT, namely electrical conductivity and
Seebeck coefficient. First principles calculations show that lat-
tice electrical and thermal conductivities are orthogonal to each
other in phosphorenel?®®! and arsenene,*’% thereby enhancing
the ratio between the two values and maximizing the ZT.
Recent theoretical studies predict high ZT values approaching
2.1 at 300 KU in buckled antimonene and 2.1 and 2.4 at
300 KI*’Y for n- and p-doped bismuthene, respectively. The ZT
is predicted to be higher for applied strain as well as higher
doping concentrations. Moreover, novel morphologies such as
nanoribbons with preferred edges along their long axes could
further enhance thermoelectric figure of merit by decoupling
the thermal and electronic contributions to ZT.

9. Outlook and Conclusions

Over 15 different 2D elemental analogues of main group ele-
ments have been experimentally and theoretically explored for
a variety of novel applications. Figure 9 (top) shows the current
status of such reported literature as a correlation between the
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Figure 9. PCA analysis of applications for elemental 2D materials.

elements and their reported applications in the broad area of
electronics, energy, and photonics (specific search keywords on
Google Scholar corresponding to words in the manuscript titles
are listed below the application names) in a principal com-
ponent analysis plot. It can be seen that for the three studied
applications variables, the first two principal components can
explain all the variance in the data. Several key concepts can
be obtained from Figure 9 that can help guide future research
efforts. First, while phosphorene and silicene are well studied
to date (as represented by their symbol size), elements such
as gallinene, indiene, aluminene, and plumbene are in their
research infancy. Second, there is no observable correlation
among the applications as variable vectors (applications) as
they are almost equiangular from each other. Third, the spe-
cific location of elemental data point on the PCA plot provides
an insight into what exists in the current literature for that
particular element (in terms of applications) and where are
the next opportunities. For example, if the data point sits at
origin, there are equal number of reported studies in each of
the three investigated application categories. From the plot, one
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can see that most of the research of moderately to well-studied
elemental 2D materials (arsenene, antimonene, germanene,
stanene, and silicene) have been driven toward electronic appli-
cations, suggesting an opportunity to explore their potential
in energy and optoelectronics applications to a greater degree.
Similarly, materials that are still in their research infancy such
as gallinene, indiene, and selenene are located toward one
of the application vectors, which indicates that most of the
handful of studies have focused on one application aspect of
that element. In such cases, there exists extensive opportunities
to continue building a knowledge database in that application
as well as explore other applications. Figure 9 (bottom) further
breaks down the state of the current literature for each spe-
cific application area. A similar analysis can be made for sub-
application areas (using the listed search keywords) in terms
of current application space that has been explored to date and
where the future opportunity space is.

Technological revolutions built around elemental 2D
materials will require a significant amount of research, engi-
neering, and development in the coming years. First, synthesis
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of elemental 2D materials must be better understood at a
fundamental level and developed to ensure reliability during
large-scale production, which may be easier for monoelemental
materials than some of the more chemically complicated
2D materials such as transition metal dichalcogenidess and
MXenes. Future synthesis strategies must be tailored to
the application of interest, with lower cost, more scalable
techniques for applications such as flexible electronics and
batteries, and high fidelity, reliable techniques for applications
such as plasmonics, photodetectors, and spintronics. Second,
the long-term environmental stability and strategies to mitigate
degradation of the materials must be taken into considera-
tion depending on the particular application. For example,
a gas sensor based on black phosphorous will need to physi-
cally interact with the environment by respond to any adsorbed
molecular while also ensuring device longevity. Third, predicted
properties of elemental 2D materials (such as ferroelectricity®))
that are unexplored may be key to unlocking another gamut of
future applications. The exciting and revolutionary properties
need to be not just “one off” experiments but evaluated from a
statistical approach to determine the viability and accessibility
of these properties on a commercial scale. Finally, in order for
elemental 2D materials (and 2D materials in general) to truly
create a stronghold in the consumer market, the benefits of 2D
materials relative to the 3D counterpart need to be explicitly
defined. Taking advantage of the opportunities that nanoscale
materials exhibit such as high surface to volume ratio, long
spin lifetimes, and high storage capacities will require over-
whelming evidence to support commercialization over more
mature 3D materials. However, despite the significant chal-
lenges ahead, there is no doubt that the exceptional properties
of these exciting materials will influence the future technology
space in applications such as nanoelectronics, sensing, spin-
tronics, photonics, thermoelectrics, and energy systems.
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