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Abstract

Two-dimensional (2D) materials exhibit a wide range of atomic structures, compositions,
and associated versatility of properties. Furthermore, for a given composition, a variety of different
crystal structures (i.e., polymorphs) can be observed. Polymorphism in 2D materials presents a
fertile landscape for designing novel architectures and imparting new functionalities. The objective
of this Review is to identify the polymorphs of emerging 2D materials, describe their polymorph-
dependent properties, and outline methods used for polymorph control. Since traditional 2D
materials (e.g., graphene, hexagonal boron nitride, and transition metal dichalcogenides) have
already been studied extensively, the focus here is on polymorphism in post-dichalcogenide 2D
materials including group 11, IV, and V elemental 2D materials, layered group III, IV, and V metal
chalcogenides, and 2D transition metal halides. In addition to providing a comprehensive survey

of recent experimental and theoretical literature, this Review identifies the most promising
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opportunities for future research including how 2D polymorph engineering can provide a pathway

to materials by design.
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1. Introduction

1.1. Polymorphism

Polymorphism is a fundamental principle of nature and a widespread phenomenon affecting
various scientific disciplines. In the context of crystallography, polymorphism is the “occurrence
of different crystal structures for the same chemical entity.”! Herein, the “chemical entity” can
include small variances in chemical composition to account for non-stoichiometric defective or
doped compounds. Readers may also be familiar with polymorphism from the field of genetics,
where it refers to variants in a particular DNA sequence,” or in organic chemistry, where it
describes supramolecular isomerism, which has been the subject of concentrated research efforts

in pharmacology.’~

Whereas in the aforementioned fields the importance of polymorph
engineering is well-established, this concept is still incipient for two-dimensional (2D) materials.
However, 2D materials exhibit rich polymorphism that has profound implications for higher-order

materials engineering in the atomically thin limit. Polymorphism is at the root of crystal

engineering and the materials science paradigm — i.e., to control structure is to control properties.



Therefore, polymorph engineering offers a unique pathway to the grand challenge of rational

design of 2D materials with predefined architectures and functionalities.

The manifestation of polymorphism presents both a challenge and an opportunity. For
instance, competing polymorphs can make the synthesis of pure phases difficult as is the case for
several 2D materials discussed here (e.g., borophene and indium selenide), where single-phase
synthesis has not yet been mastered. On the other hand, polymorphism provides opportunities for
additional structure and property control beyond chemical composition, thus enabling the
discovery and engineering of novel 2D polymorphs. Similar to bulk materials, various processing
conditions exert structural control over 2D polymorphic materials including temperature, pressure,
and related environmental variables. However, the 2D regime also offers additional environmental
variables to influence the occurrence of polymorphs, particularly the dominance of surface effects
(e.g., the influence of thickness or substrates) in the 2D limit. Consequently, structures that are not
observed in the bulk can be stabilized in the 2D regime, which implies fundamentally different

opportunities for polymorph engineering in atomically thin materials.

Polymorphism encompasses several different categories of structural variation. The most
intuitive notion of polymorphism is when a single composition can form different crystal structures
of entirely different symmetry and periodicity. The archetypal example of this is bulk elemental
carbon, which can take the form of graphite (space group P63/mmec, lattice constants a = 2.46 A
and ¢ = 6.71 A) and diamond (space group Fd3m, a = 3.56 A) among others.® The various
structures of carbon are also referred to as “allotropes,” a term used to describe polymorphs of
elemental materials.! More subtle forms of polymorphism also exist such as polytypism.
Polytypism applies to close-packed or layered materials, where polytypes are characterized by

constituent layers with identical structures but different periodicities perpendicular to the layer



plane (i.e., different stacking).” Since van der Waals (vdW) layered materials have weak interlayer
interactions, polytypism is a commonly observed and highly relevant form of polymorphism for
multilayer 2D materials. Taking the example of graphite, the hexagonal (2H) polytype with a
bilayer unit cell accounts for most naturally occurring crystals, but a higher-energy rhombohedral
modification with a trilayer unit cell can be obtained via mechanical grinding.® For 2D materials,
this concept can be taken further to artificial polytypes, as was recently demonstrated in twisted
bilayer graphene. By stacking two graphene layers with a small twist angle (magic angle of ~1.1

9,10

°), a moiré pattern appears that results in the formation of flat bands™" and unique correlated

.12 including superconductivity.'>!* The aforementioned examples of carbon

electronic states,
polymorphism are instances where the various forms can coexist over a range of experimental
conditions. In contrast, some polymorphs are effectively exclusive to different environmental
conditions. For example, sp’-coordinated glassy carbon can be compressed into an amorphous

high-pressure sp*-coordinated allotrope, but unlike diamond, it rapidly recovers its original sp’

coordination upon return to ambient conditions. !

Implicit in the discussion of polymorphism is the concept of (meta)stability. It is possible
to observe higher-energy metastable structures other than the ground state structure(s) under the
right conditions. The energetic discrepancies between polymorphs can range from effectively
degenerate to barely experimentally feasible, but compounds recognized as being concomitantly
polymorphic generally exhibit structures with similar lattice energies. In addition, kinetic
influences are also crucial to the observation of polymorphs. Kinetics often dictate whether
polymorphs are observed to coexist or are exclusive, and whether individual structures are

effectively stable (i.e., long-lived metastable state) or transiently observed.

1.2. Polymorphism in Post-Dichalcogenide 2D Materials



This Review explores the identity and control of 2D polymorphs in the recent post-dichalcogenide
2D literature — namely, recently emerging 2D materials following the advent of the transition metal
dichalcogenides (TMDs) such as MoS2, WSz, MoSe2, WSe2, and MoTe2. TMDs also exhibit
polymorphism with their structures and phase engineering already having been detailed in previous
reviews.!®22 In contrast, the focus of this Review is 2D polymorphism in group III, IV, and V
elemental materials, layered group III, IV, and V metal chalcogenides, and vdW transition metal
halides (TMHs). For each class of materials, the emphasis is placed on polymorphs that are 2D or
vdW-layered in nature, rather than non-layered three-dimensional (3D) structures. The covered 2D
materials exhibit a wide range of polymorphic variations including entirely different monolayer
structures, multilayer stacking polytypes, as well as polymorphs that coexist under the same
conditions or are mutually exclusive. Furthermore, 2D materials also demonstrate substrate-
induced monolayer reconstructions such that many monolayer materials have calculated ground
state freestanding forms that are altered when interacting with a substrate, resulting in novel
polymorphs in the ultrathin limit. The increased contribution of surface energy in 2D materials
also enables thickness-induced structural transformations. In addition to substrate and thickness
effects, more conventional means of polymorph control such as manipulation of synthesis
conditions (e.g., temperature and pressure) or post-synthesis processing (e.g., thermal annealing)
will be discussed. We do not discuss 2D structural variations arising from complex ground states
or other complex physical phenomena (e.g., charge density wave formation or superconductivity),
even though the formation of such a ground state may result in commensurate or incommensurate
lattice distortions that could fall under the definition of polymorphism. Currently, the 2D materials
literature generally does not refer to these phases as polymorphs and instead treats them from a

physical perspective 22325



For each material class, the 2D structures and polymorph-dependent properties are
presented, followed by a discussion of methods for achieving polymorph control. The Review
includes both experimental and theoretical work, which are interwoven throughout. The Review
concludes with a discussion on outstanding challenges and opportunities in polymorph engineering

for 2D materials by design.
1.3. Experimental Distinction of 2D Polymorphs

Resolving the structure of 2D polymorphs often presents its own challenge. In particular, X-ray
diffraction (XRD), which is commonly employed for bulk crystals, has limited applicability to the
ultrathin and platelet nature of 2D films or individual exfoliated crystals, reducing both the number
and intensity of Bragg peaks for indexing. Polytypes tend to be particularly difficult to distinguish
using diffraction experiments since they often show similarities in overall symmetry in addition to
identical intralayer structures. Since the occurrence of stacking faults is also associated with
polytypic crystals, it is important to reliably differentiate between polymorphs and local defects.
Techniques that have proven to be particularly beneficial in clarifying the polymorphs of 2D
materials include grazing incidence XRD, scanning tunneling microscopy (STM), selected area
electron diffraction (SAED), and transmission electronic microscopy (TEM), especially high-
angle annular dark-field (HAADF) scanning TEM (STEM). These techniques are especially
powerful when paired with other methods that provide complementary information, such as Raman
spectroscopy and second harmonic generation (SHG). Furthermore, many 2D materials are
currently limited to synthesis and characterization in ultrahigh vacuum conditions, such that the
elucidation of their structures is almost exclusively reliant on STM. In these cases, carbon
monoxide (CO)-functionalized atomic force microscopy has been a powerful tool in interpreting

the observed 2D structures.



1.4. Nomenclature

The nomenclature used to denote polymorphs of an element or compound is not uniformly
standardized, which can lead to confusion. As Herbstein aptly puts it, the research community
generally treats “well-intentioned suggestions with disdain, leaving its practitioners to sort out the
confusion for themselves.”! The nomenclature for 2D polymorphs is no exception. To minimize
ambiguity, this Review uses descriptive nomenclature that invokes the structure discussed, in
addition to providing the space group for each polymorph. This nomenclature breaks down into
two main approaches: (1) the use of structural prototypes as reference points (e.g., “Cdl2-type”),
(2) the use of descriptive names such as “hexagonal buckled” (4b) or “asymmetric washboard”
(aw). This practice helps identify common structures among 2D materials. For example, this
nomenclature makes clear that the group V elements and group IV metal chalcogenides both
exhibit similar structures (kb and aw, specifically), which might not be apparent under different
conventions. Furthermore, the naming and recognition of polymorphs is highly dependent upon
literature precedent, so alternate names for single polymorphs that appear in the literature are
provided whenever possible. In particular, other common naming schemes utilize colors,
Strukturbericht designation, or lowercase Greek letters (which are usually given alphabetically in
order of discovery, stability, or temperature). For instance, the most stable structure of arsenic can
be described as grey arsenic, A7-arsenic, or a-arsenic. In this Review, the structure will be referred
to as hb-arsenic since it is composed of layers of hexagonal buckled atoms. Despite this effort at
consistency in nomenclature, some minor exceptions will be employed: (1) notations for overlayer
structures are given as the overlayer unit cell periodicity with respect to the substrate unit cell (n
x m), and (2) vacancy-concentration-based nomenclature is used for borophene and will be

introduced in the corresponding section.



Polytypes also have their own nomenclature. Here, Ramsdell notation?® is used in addition
to ABC notation. The former takes the form nZ, where n is given by the number of vdW layers in
aunit cell and Z is given by the crystal and lattice systems of the structure: H indicates a hexagonal
crystal and lattice systems, T indicates a trigonal crystal system with a hexagonal Bravais lattice,
and R indicates a trigonal crystal system with a thombohedral Bravais lattice.?’ Additionally,
subscripts can be used in Ramsdell notation to denote different stacking orders of the same unit
cell size and symmetry (e.g., 2Ha, 2Hb).”?® In this Review, the Ramsdell notation is used with
respect to the vdW layers of a material (i.e., the ensemble of strongly bonded atomic sheets
separated by vdW gaps), in contrast to some literature that refers to the individual atomic layers
within a vdW layer.?” Additionally, ABC notation is employed to denote the relationship between
vdW layers in the unit cell of a polytype. Using graphite as an example, the most common polytype
is known as 2H-graphite, where two atomic layers of carbon are stacked in a translationally offset
AB sequence to form a unit cell of a hexagonal lattice. Furthermore, the expanded “AbACaC”
notation is used to detail the relative position of cations (usually lowercase letter) and anions
(usually uppercase letter) in different vdW layers. This notation is commonly used for TMDs. For
example, AbACaC stacking implies that the unit cell consists of two layers in the out-of-plane
direction, namely an AbA and a CaC layer separated by a vdW gap. The layers are shifted or
rotated such that cations in the latter layer (a) are located on top of anions in the former layer (A).
Therefore, AbACaC stacking indicates three distinct columns of atoms in the out-of-plane

direction, whereas an AbABaB stacking pattern would only have two.

Lastly, while the terms “dimorphs” or “trimorphs” are sometimes used to denote the
occurrence of two or three polymorphic forms of a compound, respectively, this Review foregoes

this specification and instead uses the general term “polymorphs” to denote any number of

10



polymorphic variations. This terminology is more accommodating to the future discovery of

additional structures for a given compound.

2. Elemental 2D Materials

2.1. Group III Elements

With the synthesis of 2D boron (i.e., ‘borophene’) in 2015,3%3! the 2D material family expanded
to include group III elements. Beyond boron, potential structures and synthesis conditions have
been investigated for other 2D group III elements such as Al,*>** Ga,3* and In,® but the literature
is quite limited. Consequently, borophene currently represent the most reliably synthesized

monolayer group III element.
2.1.1. Structures and properties of 2D boron polymorphs

In the bulk, boron exhibits complex structures and several different polymorphs, although none of
these structures are layered. The complexity of boron structures is attributed to its trivalent
electronic configuration, forming highly diverse bonding motifs that have attracted the interest of
researchers for decades.’®*” As a result, several 2D boron polymorphs were predicted far before
the experimental realization of borophene using molecular beam epitaxy (MBE) on Ag(111).3%3!
The borophene structures that have been synthetically realized thus far are based on the triangular
buckled lattice shown in Figure 1, which has a calculated unit cell of dimension a = 1.62 A and b
= 2.85 A with a buckling height of 0.86 A.*® While this 2D structure was believed to be the most
stable for almost a decade,***’ later work determined that a periodically defective derivative of the
triangular buckled lattice, known as the a sheet, was more energetically favorable.*'*? The a sheet

is a flat structure composed of hollow hexagons (HHs) with a vacancy concentration v = m/N =

11



1/9 (Figure 1), where m is the number of HHs for N triangular lattice sites. The structures of
borophene are often referred to by their HH concentration, such that the pristine triangular buckled
structure and the o sheet correspond to voand vi9 phases, respectively. The a sheet has a calculated
unit cell of dimension a = b =5.05 A, and Wu et al. found that a slight buckling of + 0.17 A makes
the structure more stable.** Since the HH regions act as electron acceptors and the pristine
triangular regions acts as donors, the two motifs complement each other to form a more stable

overall structure.*!

Subsequent studies found polymorphs with higher vacancy concentrations (v > 1/9) to be
slightly more energetically favorable.***® A computational study by Penev ef al. indicated that
buckling is present for structures of v < 1/9, while higher HH concentrations are flat,** although
slight buckling can occur when placed on a substrate.*’ Calculations show that HH-based
structures are separated by small energetic differences, implying that coexistence of polymorphs
can be expected at finite temperatures.***® Indeed, the observed MBE-synthesized structures
contain HHs, with the most commonly reported structures being the B2 sheet (vi/6) and the 3 sheet
(vis) on Ag(111). The vi/6 and vi/s phases are also referred to as the S1 and S2 phases, respectively.
The HH concentration notation is used in this text to identify the polymorphs shown in Figure 1.
However, multiple HH arrangements can exist for a certain HH concentration.** In the case of
borophene on Ag(111), the viss and vi/s exhibit the specific arrangements of the B2 and 3 sheets
shown in Figure 1. The vi/s monolayer has a rectangular unit cell (calculated lattice parameters of
a=292 A, b=508 A), while the vi/s monolayer has a hexagonal unit cell (calculated lattice
parameters of a = b = 4.55 A).3® While the exact structures of the borophene phases on Ag(111)
were ambiguous when initially observed with conventional STM, Liu ef al. later used atomic force

microscopy with a CO-functionalized tip to directly image the spatial distribution of HHs.* The

12



authors determined that the vi/s and vi/s models account for all observed phases on Ag(111), with
crystallographic rotations with respect to the substrate giving rise to the various STM observations.
Overall, experimental efforts have confirmed polymorphism in borophene, and the challenge now

lies in realizing synthetic conditions that enable phase purity or periodic polymorph superlattices.

The 2D boron polymorphs observed experimentally are all metallic in character, which is
consistent with multiple computational studies.***!3%4%3% A potential exception is the a sheet (vi59),
which Wu et al. calculated to be a narrow bandgap semiconductor,* but the experimental
observation of this structure requires further investigation.”! In a study by Silvestre ef al., the vo
structure was found to exhibit a more anisotropic band structure than the vi/s and viss structures.>
Additionally, the authors found that the ©* states in the vi/s structure are more localized than in the
viss structure. However, the distinctions are subtle and experimental measurements show that the
viie and viss structures on Ag(111) are electronically similar.>* Evidence of Dirac fermions in the

viie and viss structures has also been reported,>*>*

although a large mismatch exists for the vise
structure between the observed and predicted Dirac point with respect to the Fermi level. Gupta et
al. proposed that the observation of the Dirac-like dispersion in the vi/s phase on Ag(111) is due to

a predicted topologically nontrivial Dirac nodal line.>® The authors also predicted the existence of

two Dirac cones in vi/6 borophene, which become gapped on Ag(111).

Superconductivity has also been predicted for the vo, vi/9, vi/6, and vi/s borophene structures
with the transition temperature being polymorph dependent.’*->® While the predicted transition
temperatures are around 10-20 K in the freestanding monolayers, the interaction with an Ag(111)

59,60 and

substrate could reduce the values down to below 5 K. The presence of Dirac fermions
superconductivity®! is also predicted for other borophene polymorphs that have not yet observed

experimentally but could be stabilized by a metal substrate. The HH concentration also has an

13



effect on the thermal and mechanical properties of borophene.®?-%* In particular, the vi/s polymorph
has been calculated to possess an exceptionally high in-plane modulus to bending stiffness ratio
(568 nm™), indicating a highly flexible material. Additionally, reports by Kulish et al.®> and Xiang
et al.% detail the polymorph-dependent chemical properties of borophene, which include surface
reactivity and metal ion adsorption and migration. Kulish ef al. found that the vi/s phase is generally
more reactive than the vi/o and vo phases, while Xiang et al. contend that the vo phase shows more
anisotropic metal ion migration pathways in comparison to other borophene structures. For further
reading on the synthesis, properties, and applications of borophene, please see the reviews by

Mannix et al.,>® Zhang et al.’” and Li et al.%’

3 buckled triangular (v,) By (V)
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Figure 1. 2D polymorphs of borophene. Commonly reported monolayer polymorphs of borophene. The
vie and vyss structures have been experimentally observed on Ag(111). Modification of the buckled
triangular (vo) structure with various HH concentrations results in the other presented polymorphs.

2.1.2. Polymorph control of 2D boron

2.1.2.1. Substrates. Since 2D boron is metastable, its growth requires the presence of a stabilizing
substrate. So far, metallic substrates have played that role and are thus critical in experimentally
accessing 2D borophene polymorphs. In particular, borophene is thought to be stabilized by the
charge transfer and chemical hybridization provided by metal substrates.®® Silver was predicted as

a suitable substrate prior to its use in the first borophene growth experiments. Liu et al. had

14



suggested the use of Ag or Au based on the lack of boride formation and sufficiently strong
interaction with boron for surface adhesion while still promoting a 2D, rather than 3D, growth
mode for boron superstructures.®” Furthermore, depending on the type of metal, different HH
concentrations are favored.®® In this manner, the substrate can provide a borophene polymorph
selection mechanism. Since Ag, Cu, and Ni donate electrons to borophene, these substrates are
expected to favor the formation of borophene with a high HH concentration. On the other hand,
since Au withdraws electrons, lower HH concentrations are expected. This trend is supported by
the observation of vi/s and vi/s structures on Ag(111)* and vi/12 structures on Au(111).>° Currently,
Ag(111) is the most prevalent substrate for borophene growth. The observed borophene phases on
Ag(111) can be assigned to either vi/s or viss structures, both of which can adopt various rotational
orientations with respect to the metal substrate.*® A report by Campbell ez al. verified that the viss
and vi/s polymorphs on Ag(111) are chemically discrete from the Ag(111) substrate and described
by a relatively weak film-substrate interaction. Experimental images of the vi/ and vi/s structures
obtained from atomic force microscopy using a CO-functionalized tip are shown in Figure 2a.
Furthermore, multiple studies report the coexistence of the vis and vi/s structures, attesting to the
polymorphism of borophene.?>=%317% An STM image of a region containing intermixed vi/ and
vi/s domains is presented in Figure 2b. As suggested by Silvestre et al., the formation of
periodically alternating domains of the vi, and vi/s phases could be leveraged to form electronic

stripes or transport channels.>

In contrast to Ag(111), Vinogradov et al. observed only a single a phase of borophene
grown via MBE on Ir(111).”! The proposed structure for their STM observations consists of a HH
density of v = 1/6, however the HHs are arranged differently from the vi6 polymorph discussed

above. The authors calculated the exfoliation energy for borophene on Ir(111) to be five times
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greater than borophene on Ag(111), indicating a stronger film-substrate interaction. Similarly, Wu
et al. reported the synthesis of single-phase borophene on Cu(111), where the single crystal
domains are microns in lateral size.”” The observed STM topography and its proposed structural
model are presented in Figure 2c-e. The proposed structure on Cu(111) corresponds to a HH
density of v = 1/5 but the HH arrangement differs from the vi/s polymorph discussed above.
Calculations by the authors indicate that there is significant charge transfer between borophene
and Cu(111) but no covalent bonding. Additionally, honeycomb (i.e., graphene-like) borophene
has been reported on Al(111).”> However, borophene synthesis on substrates other than Ag(111)
still need to be reproduced, which will allow their structures to be verified and investigated in more
detail. Given the convolution of electronic and structural information obtained in STM,
complementary methods such as atomic force microscopy using a CO-functionalized tip will aid
in confirming the structural models for new borophene phases. Ultimately, the synthesis of
borophene on diverse substrates with a variety of structures supports the notion that substrate

choice is a key strategy for engineering the polymorphism of borophene.

2.1.2.2. Synthesis conditions. Borophene synthesis has been most commonly demonstrated on
Ag(111) compared to other substrates. Recently, the temperatures for which the various phases of
borophene are obtained was detailed by Liu et al. as depicted in Figure 2f.*® Specifically, the
formation of the vi/6 polymorph is favored at substrate temperatures below 450 °C. Above 450 °C,
a mixture of vi/6 and vi/5 phases are observed until the vi/s structure dominates at ~500 °C. At ~525
°C and above, the vi;s phase coexists with 30°rotated vis and vis domains in addition to
incommensurately rotated vi/s phases. This trend is in agreement with simulations performed by
Karmodak et al.” and a report by Wu et al.,”® both of which determined the vis structure to be

formed on Ag(111) at lower temperatures than the vi/s structure.
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While similar temperatures are used for the synthesis of borophene on Au(111), Kiraly et
al. reported that the total dose of boron required was an order of magnitude greater than on
Ag(111). The authors attributed this discrepancy to dissolution of boron into the bulk of the Au
substrate, which later segregates to the surface upon cooling. Similarly, dissolution of boron into
Ir(111) was reported by Vinogradov et al., such that 3D boron clusters segregate to the surface
after excessive boron dosing.”! Recrystallization from subsurface boron in Cu(111) was also
reported by Wu et al.” Further studies are needed to fully understand the surface segregation

synthesis mechanism for borophene and its implications for polymorphic control.

2.1.2.3. Post-synthesis processing. The structure of borophene can also be modified through
additional processing following boron deposition. For example, thermal post-annealing of
borophene domains at 650 K has been demonstrated to convert most vis domains to the viss
structure,?! which is in agreement with the vi/s phase being favored at higher temperatures during
growth. Moreover, Zhang et al. suggested that charge doping via a gate voltage could alter the HH
concentration of borophene monolayers.”> This concept is based on the previously discussed
formation of HHs in borophene as a self-doping mechanism that contributes to structural stability.
External control of the charge doping with a gate voltage could provide a dynamic method for
polymorph control in borophene, although this intriguing possibility has not yet been demonstrated

experimentally.
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Figure 2. Experimental demonstrations of polymorphic control in borophene. a) Ultra-high vacuum
atomic force microscopy images obtained using a CO-functionalized tip of the vis — 30° and vy/s phases of
borophene grown on Ag(111) via MBE. The simulated atomic force microscopy images, overlaid with the
structural models, are shown on the left of each image, and the experimental images are shown on the right.

The scale bars for the vi/s — 30° and vy/simages are 5 A and 2 A, respectively. b) Bare-tipped STM image
of the coexistence of the vy (red) and viss (blue) borophene phases on Ag(111). The scale bar is 2 nm. ¢)
STM image obtained with a CO-functionalized tip of borophene grown on Cu(111) via MBE. Growth on
Cu(111) is reported to promote large domains of single-crystal borophene without competing phases. d)
DFT-simulated image of the constant tunneling current isosurface corresponding to the proposed borophene
structure in e). The proposed structure has a HH concentration of v = 1/5, but the HH arrangement is
different from the vi5 phase of borophene on Ag(111). The unit cell is outlined in black and has a dimension
of 15.96 A x 21.84 A. f) Phases of borophene obtained via MBE on Ag(111) at different temperatures.
Increasing the substrate temperature during deposition results in the coexistence of multiple phases,
including vi;s structures that are rotationally incommensurate to the underlying Ag(111) substrate
crystallography (denoted by vis-o. where a is an arbitrary angle). a), b), and f) are adapted from Ref.*®
Copyright 2019 Springer Nature under a Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0. c-¢) are adapted with permission from Ref.”” Copyright 2018
Springer Nature.

2.2. Group 1V Elements

2.2.1. Structures and properties of 2D group IV elemental polymorphs
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While graphene adopts a planar honeycomb structure, the other 2D group IV elemental materials
(e.g., Si, Ge, Sn) form a buckled honeycomb arrangement that will be referred to here as the
hexagonal buckled (/4b) structure (Figure 3a). This structural disparity arises from the ability of
carbon to maintain © bonding through sp? hybridization, while this bonding motif is weakened in
heavier group IV elements. As explained by Sahin ef al.,, the bond distance between nearest
neighbor atoms increases with increasing atomic mass.’® In turn the p. orbital overlap decreases
and weakens the © bond. Since the weaker m bond can no longer maintain the planarity of the
structure, out-of-plane buckling arises that is stabilized by an increase in sp®> bonding character.
Consequently, the degree of buckling and sp* bonding character in the 2D structures of group IV
elements increases as the atomic mass increases, approaching the pure sp®> bonding observed in
their bulk face-centered cubic structures.”’~”° In other words, the 2D group IV elements become

more 3D-like when moving down the periodic table from carbon to tin. Nevertheless, 2D &b
structures are predicted to be stable for Si, Ge, and Sn.*%763182 One report also found 2D Pb to be
stable in a highly buckled b structure,®® although another study claimed that it was unstable.* In
light of the inconclusive results on 2D Pb, the discussion in this text will focus on 2D Si, Ge, and
Sn. A summary of the calculated freestanding structures and bandgaps for the discussed 2D group

IV elemental materials is provided in Table 1. For further reading on the synthesis, properties, and

L ’77 l., 84

applications of these materials, please see the review articles by Molle et al.,”” Vishnoi et a

l. 85 l 86

Glavin et a and Si et a

Similar to graphene, Dirac cones are expected for #b group IV elemental materials.?*%’

However, due to significant spin-orbit coupling (SOC) for heavier elements, a gap opens at the
Dirac point (Table 1) and distorts the linear Dirac cones.® In addition, as studied computationally

by Liu et al., the buckled honeycomb structure exhibits much larger SOC in comparison to planar
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graphene. As a result, in tandem with the intrinsically larger SOC due to higher atomic mass, the
gap is significantly larger in silicene, germanene, and stanene than graphene.’® The quantum spin
Hall effect in /b Si, Ge, and Sn is also predicted at temperatures above that of liquid nitrogen.”®
The SOC is sensitive to the degree of buckling such that higher buckling angles result in greater
gaps at the Dirac point. The gap is thus expected to be largest for stanene with a magnitude of ~0.1
eV.”®8! The gap can be enhanced with further structural and chemical modification, such as
chemical functionalization.**#1:°%! In particular, halogens such as iodine have been calculated to

increase the bandgap of stanene to 0.3-0.4 eV.

In addition to the 4b polymorph, structures composed of dumbbell units have also been
proposed for Si, Ge, and Sn.*>*” The formation of a dumbbell unit is presented in Figure 3b. For
silicene, an array of dumbbell units has been suggested at high Si deposition conditions.”> In
addition, Matusalem et al. found the dumbbell arrangements to be more energetically favorable
than the Ab structure for freestanding Si, Ge, and Sn.”® Tang et al. explained that the dumbbell
geometry enables more sp’-like hybridization in the atoms to stabilize the 2D structure.”® The
structures based on dumbbell units are predicted to be semiconductors with indirect bandgaps.

However, robust experimental verification of these dumbbell structures has not yet been achieved.

The structures of 2D group IV elemental materials are further affected by the substrates
upon which they are grown. Whereas most 2D materials can be exfoliated from the bulk, this
method is not readily available to the 2D group IV elements due to a lack of layered bulk allotropes
and the favoring of sp*-like coordination that precludes true vdW interlayer coupling in multilayer
hb structures. Therefore, the use of substrates has been crucial in stabilizing the ultrathin layers of
hb group IV elements.”® Specifically, the synthesis of 2D group IV elemental materials is mostly

restricted to MBE, although top-down chemical exfoliation methods are being explored.”® The
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strong film-substrate interactions in MBE-grown group IV elemental films can result in
reconstructions that deviate from the structure of their calculated freestanding forms.
Consequently, polymorphism in the 2D group IV elements includes the various reconstructions or
superstructures observed due to coupling with their substrates. Moreover, the sensitivity of these
materials to ambient conditions limits most of their characterization to STM and other in situ ultra-
high vacuum (UHV) techniques, which complicates the verification of their observed 2D
structures. Consequently, significant controversy exists in the literature concerning the structures

and compositions of the materials reported as silicene, germanene, and stanene.

The structural modifications induced in 2D group IV elements by growth substrates in turn
affect their symmetry and electronic properties. For example, Lin ef al. found that the 4 x 4 silicene
superstructure on Ag(111) breaks the symmetry of pristine 4b-silicene resulting in a loss of Dirac
fermion characteristics.'” While /b-stanene is predicted to exhibit a narrow bandgap, the growth
of stanene on BixTe3(111) renders it metallic due to the topologically metallic states of the
substrate.'?! While the influence of the substrate often leads to discrepancies between observations
and theoretical predictions of the free-standing material, these discrepancies sometimes provide
enhanced functionality. For example, Liao ef al. recently demonstrated superconductivity in few-
layer stanene on PbTe(111)/Bi2Tes substrates where the thickness of the PbTe(111) layer enabled

modulation of the superconducting behavior.'??
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Figure 3. 2D polymorphs of group IV elements. a) Structure of monolayer group I'V elemental materials.
The severity of the buckling increases with the atomic number and approaches the bulk sp’ structure. b)
Formation of the proposed dumbbell unit structure as an alternative energetically favorable 2D structure.
However, it should be noted that periodic 2D structures made from dumbbell units have not yet been
robustly substantiated through experimental observations. Adapted with permission from Ref.”* Copyright
2014 American Physical Society.

Table 1. Calculated structures and bandgaps of freestanding monolayer group IV elements.

structure space lattice buckling bandgap  bandgap, with
type group  parameter (A) distance (&) type SOC (eV) ref(s)
Si hb P3ml 3.83 0.44 Semimetal’  0.0016-0.0079  7®78
Ge hb P3ml 3.97 0.64 Semimetal’  0.024-0.093 %78
Sn hb P3ml 4.67 0.85 Direct 0.073-0.129 %%

“The inclusion of SOC in the calculations opens narrow bandgaps in Si and Ge.

2.2.2. Polymorph control of 2D group IV elemental materials

2.2.2.1. Substrates. The synthesis substrate plays an essential role in stabilizing the 2D structures
of group IV elements. For silicene in particular, most reports of its synthesis have been using MBE
on Ag(111),'9-197 where it forms three reproducible superstructures: (3 x 3)/(4 x 4), (N7)/(2V3 x
273)R30°, and (N7 x V7)/(N13 x V13)R13.9° with respect to freestanding 2b-Si/Ag(111) unit cells
given as (i x j)/(n x m), respectively.!®®!% In this text, the notation of the superstructure with
respect to the substrate unit cell (n X m) will be used. The three reproducible phases of silicene on

Ag(111) are thus the 4 x 4, (2V3 x 243)R30°, and (V13 x V13)R13.9° superstructures, where the
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RO° notation indicates a rotation of the overlayer lattice of 8 degrees with respect to the substrate
lattice. Pawlak et al. recently utilized atomic force microscopy with a CO-functionalized tip to
image these three structures (Figure 4a).!% The 4 x 4 phase is the most stable and studied phase,'®
and is generally believed to correspond to 4#b-Si with a buckling of about 0.8 A.'%® Additionally,
the synthesis of silicene has been reported on Ir(111),!° Ru(001),!"! ZrBr2(001),!'? ZrC(111),!3
and Pb(111).!'* Compared to silicene, the number of studies of germanene synthesis are fewer, but
most of them also employ metallic substrates. Germanene was first reported using MBE on Pt(111)
as a V19xV19 superstructure.'!® Subsequently, germanene synthesis has been pursued using MBE
on additional metal substrates such as Au(111),'"%118 Ag(111),'1%120 A1(111), 127123 Cu(111)!%
and Sb(111).!? Stanene synthesis has also been reported on metallic substrates such as Sb(111),!2¢
Cu(111),?7 Ag(111),'*® and Au(111), where multiple phases have been observed in the latter
case.'?”13% Additionally, stanene synthesis has been achieved on semiconducting substrates. Due
to commensurate lattices, the synthesis of #b-stanene without a reconstruction was achieved by
Zhu et al. with MBE on a Bi2Te3(111) substrate,'”! although compressive strain increased the
buckling of the /b structure to 1.2 A instead of the expected value of 0.85 A for freestanding /b-
stanene. In this case, stanene was found to be metallic due to metallic Bi>Te3 surface states. In later
reports, the epitaxial growth of #b-Sn on PbTe(111)/Bi2Tes3(111) was also demonstrated where the
stanene p: orbitals are hybridized with both the substrate on the bottom (Te-terminated PbTe(111))
and presumed hydrogen functionalization on top. The authors attribute the resulting sizeable
bandgap of 0.32 eV to the presumed hydrogen passivation, which also imparted high chemical
stability in ambient conditions. Since stanene grows epitaxially on PbTe(111), Zang et al. were
able to change the lattice constant of the stanene from an estimated 4.46 A to 4.52 A by changing

the thickness of the underlying PbTe(111) layer on Bi2Tes. Liao ef al. similarly used the thickness
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of the PbTe(111) substrate to tune the superconducting transition temperature of passivated
multilayer stanene on PbTe(111)/Bi2Tes(111).!%% The epitaxial growth of few-layer stanene films
has also been investigated on semiconducting InSb(111), where evidence of 2D Dirac-like cones

131

were observed by Xu et al.,””" and a topologically nontrivial band structure was observed by Xu

132

et al.’*? and Rogalev et al.'* Finally, vdW substrates such as highly oriented pyrolytic graphite

(HOPG)"** and M0S>'*° have been utilized for the growth of silicene and germanene, but the results

have been mixed, presumably due to insufficiently strong film-substrate interactions.'3¢137

In contrast to pure vdW materials, the 2D group IV elements require additional
stabilization, which explains why metal substrates have been most widely employed. For example,
Gao et al. studied the growth mechanism of silicene on Ag (111) and found that initial silicene
clusters were stabilized by the Ag(111) surface as a result of the passivation of unsaturated edge
Si atoms by Ag free electrons and the p-d hybridization between inner Si atoms and the Ag
substrate.'*® Hence, strong film-substrate interactions appear necessary to obtain the 4b structure
in group IV elements.!* When weakly interacting vdW substrates are used, the formation of bulk-
like silicon or germanium clusters has been reported.!*¢!137:140 While metal substrates can provide
the strength of interaction necessary for stabilization, they strongly disturb the Dirac states and
other intrinsic properties. Indeed, many reports suggest that the Dirac-like cones for silicene are

destroyed on Ag(111) substrates by Si-Ag hybridization,!4!-142:100.143.144

although the topic is still
debated.'*® Similarly, a computational study by Wang ef al. concluded that many metal substrates

destroy the Dirac cones in germanene,'*® which may explain why conclusive experimental

observation of Dirac-like cones in germanene have not yet been achieved.

Strong substrate interactions also make the 2D group IV elements susceptible to the

formation of surface alloys. Along these lines, several studies of the structure of (V3 x V3)R30°
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silicene on Ag(111) obtained at high temperatures have suggested that this phase is a bulk-like
silicon terminated with a Ag surface alloy rather than multilayer silicene.!*’!5? Similarly, the
observed structures of germanene and stanene on several metal substrates are purportedly surface

alloys, rather than hb-germanene or hb-stanene reconstructions, including germanium on

Pt(111),"5315% Au(111),'5>136 and Al(111),'57-15% as well as tin on Ag(111).1%

The strength of interaction between the group IV element and the substrate also has
implications for the degree of buckling observed. Deng ef al. used a strongly interacting Cu(111)
substrate to synthesize a planar honeycomb stanene film instead of the buckled structure (Figure
4b).'%! The planar structure is not reconstructed and corresponds to a 2 x 2 Cu(111) supercell. The
authors calculated the adsorption energy of the Sn atoms to the Cu(111) substrate as ~1.16
eV/atom, which is considerably higher than the calculated binding energies for Si on Ag(111) of
~0.7 eV/atom. The authors thus attribute the stanene planarity in this case to the energetically
favorable maximization of all Sn atoms in contact with the Cu(111) surface. This structure has
been predicted to enable topologically derived boundary states, which is consistent with the
scanning tunneling spectroscopy (STS) results shown in Figure 4c¢. In particular, STS indicates
the presence of an edge state in an energy range that matches the energy of the SOC-induced gap
observed in angle-resolved photoemission spectroscopy (ARPES) experiments (—1.25 eV £+ 0.15

eV).

Overall, the search for substrates that can stabilize the 2D group IV elemental materials
without destroying their predicted intrinsic properties remains a challenge. Future experimental
efforts may be guided by the many substrates that have been predicted to preserve the Dirac-like
dispersion expected from the freestanding hb structures of the group IV elements including

A1203(001),'*° H-terminated SiC,'®? Cl-terminated SiC,!®> epitaxial graphene on SiC,!6%165
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hBN, 62166 CaF,!3 and CdTe.!®” A more detailed discussion on the prospects of synthesizing
ultrathin films of group IV elements on non-metallic substrates is given in a review by Galbiati et

al.168

2.2.2.2. Synthesis conditions. The deposition conditions used during the synthesis of 2D group
IV elements also affect their structure and composition. For example, the deposition temperature
of Si on Ag(111) can be used to select for one silicene superstructure over another, although the
control is limited since coexistence of phases is often observed. In particular, a dominant 4 x 4
phase can be obtained at lower substrate temperatures around 470-600 K.'9-'97 The (2V3 x
273)R30° and (V13 x V13)R13.9° superstructures are reported to coexist with the 4 x 4 phase at
higher temperatures with the (2V3 x 2V3)R30° phase generally becoming dominant with increasing
temperature.'%®!% Increasing the deposition temperatures above 600 K results in the formation of

bulk-like silicon terminated with a Ag-Si alloy,!3!1%170

while exceedingly low temperatures (<
400 K) result in disordered deposition.!”! Similarly, the formation of Ge alloys with the substrate
is reported for temperatures above 900 K on Pt(111)"** and 600 K on Au (111).!"7 For the synthesis
of stanene on PbTe(111), a deposition procedure has been developed to prevent diffusion of Sn
atoms into the substrate lattice. Specifically, Zang et al. used a low-temperature deposition of Sn
on PbTe(111) at 150 K followed by a post-anneal a 400 K to obtain hb-stanene.'’> A previous
study by Liang ef al. also found that alloying of Sn on Cu (111) could be prevented by decreasing
the substrate temperature from 300 K to 100 K. While alloy formation was not discussed by Deng
et al., their procedure entailed Sn deposition on Cu(111) at 200 K.'®! The authors report that

temperatures below 243 K are necessary to maintain the planar structure of stanene and that

domains of the buckled phase are obtained at higher temperatures. However, the previous study
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by Liang et al. suggests that Sn-Cu alloy formation is another factor that dictates the optimal

deposition temperature, in addition to the planarity of the stanene structure.

Structural control over 2D group IV elements can also be achieved using the deposition
rate and/or coverage. For example, the silicene (V13 x V13)R13.9° structure on Ag(111) can be
obtained at the same conditions as the 4 x 4 superstructure for longer deposition times.!* A study
by Arafune ef al. on the phase evolution of silicene structures on Ag(111) illustrates the dynamic
nature of silicene growth as a function of deposition time. The authors observed that a film of
primarily 4 x 4 hb-silicene on Ag(111) transitioned to a mixture of 4 different superstructures upon
further deposition of Si.!°” Similarly, a structural evolution of silicene from a herringbone
arrangement to a honeycomb V7 x 7 superstructure on Ru(001) has been reported upon increased
Si coverage.'!! The effect of deposition coverage on the structure of germanium domains on
Ag(111) was investigated by Lin ef al., which considered the interesting case of dealloying. Initial
Ge deposition (< 1/3 of a monolayer) proceeded via the formation of an Ag2Ge alloy with further
deposition resulting in a dealloying process.!'” The dealloying began with a highly strained striped
germanium phase (Figure 4d, top) commensurate with the Ag(11 1)-(\3 x V3)R30° unit cell, where
further deposition resulted in the conversion of the striped domains to an incommensurate
honeycomb phase (Figure 4d, bottom) that resembles freestanding germanene. The authors found
that the structural change to the quasi-freestanding phase was accompanied with a transition to a
band structure resembling germanene, although Dirac cones were not observed. This structural
evolution was also observed by Chiniwar et al.'?° Dealloying processes have also been reported
for stanene synthesis on Ag(111)!?® and Au(111).!3° Hence, it is possible to obtain films of /b

group IV elements on metal substrates that initially form an alloy through a dealloying process
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upon additional deposition. However, this relatively complicated phase evolution leads to

challenges in achieving high homogeneity in the resulting 2D materials.

2.2.2.3. Post-synthesis processing. Most reports of structural control in the 2D group IV elemental
materials exploit control during synthesis. However, a few accounts focus on the manipulation of
the structures after deposition. Using post-annealing at 523 K, Grazianetti et al. were able to
convert a network of small silicene domains with various superstructures on Ag(111) into large
domains of the 4 x 4 and (V13 x V13)R13.9° superstructures.'”® Additionally, Huang et al.
proposed the application of pressure to transform germanene and stanene bilayers into

topologically nontrivial flat honeycomb structures with a bulk gap of ~0.1 eV.!™

e *
i
R 5

Edge State

b

48 -16 -1.4 12 -1.0 08
Sample bias (V)

Figure 4. Experimental demonstrations of polymorphic control in 2D group IV elemental materials.
a) Ultra-high vacuum atomic force microscopy images obtained using a CO-functionalized tip of the three
reproducibly observed reconstructed silicene phases grown via MBE on Ag(111). Adapted with permission
from Ref.'® b) STM image of planar stanene grown via low-temperature MBE on Cu(111) and ¢) STS of
the edge (red) and center (blue) of a planar stanene domain, indicating the presence of an edge state in an
energy range that matches the energy of the SOC-induced gap observed in ARPES (—1.25 eV £ 0.15 eV).
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The stabilization of the planar polymorph was attributed to the strong interaction of Sn with the Cu(111)
substrate. Adapted with permission from Ref.'®" Copyright 2018 Springer Nature. d) Coexistence of a
partially commensurate “striped” phase (top) and quasi-freestanding incommensurate honeycomb phase
(bottom) of germanene grown via MBE on Ag(111). The quasi-freestanding phase is reported to form after
the striped phase by dealloying of Ge from the Ag(111) surface upon further Ge deposition. Adapted with
permission from Ref.!'"* Copyright 2018 American Physical Society.

2.3. Group V Elements

2.3.1. Structures and properties of 2D group V elemental polymorphs

Many of the group V elemental materials (P, As, Sb, Bi), or pnictogens, exist as layered
polymorphs in the bulk that can be exfoliated into 2D form. In particular, there are three types of
monolayer structures observed in the layered elemental group V materials: hexagonal buckled
(hb), symmetric washboard (sw), and asymmetric washboard (aw) (Figure 5a). The ib structure
is the most symmetric of the three polymorphs and is analogous to that observed in the group IV
elemental 2D materials. Recall that this structure resembles the planar hexagonal lattice of
graphene, but with significant out-of-plane buckling such that there are two distinct atomic planes
in the monolayer structure. The monolayer /b structure can be converted to a graphene-like planar
hexagonal lattice if the buckling is eliminated with external forces, such as strain or chemical
functionalization.!”>~'” In its bulk form, the layered /b structure is known as the rhombohedral
A7 (Strukturbericht designation) or a-As structure type. At this point, it is important to make a
note regarding nomenclature of group V elemental structures. In the 2D material literature, the “p”
designation is often used to refer to the monolayer 4b structure while “o” is used to refer to the
monolayer sw structure, which can cause confusion. For example, atomically thin a-As is
sometimes referred to as “B-As” in the 2D material literature, even though they both correspond

to the Ab structure. To avoid this confusion, the “a” and “f” designations will not be used here to
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identify 2D group V elemental polymorphs. The bulk A7 structure can be derived as a distortion
of the simple cubic structure with a rhombohedral shear and displacement along the [111]
direction.'®® The distortion is explained by the existence of a Peierls electronic instability from the
half-filled p bands.'®! While the intralayer bonding in the A7 (multilayer 4b) structure is of much
greater strength than the interlayer bonding, the layers are not explicitly vdW-bonded and have a

weakly covalent nature that increases from As to Bi.!8*!%?

The monolayer sw structure is also composed of six-membered rings, but they are puckered
into a chair-like confirmation. The result is an orthorhombic lattice with two distinct atomic planes.
This puckered structure is best known as the structure of monolayer black phosphorus
(phosphorene). The bulk black phosphorus structure is also referred to as the A17 structure
(Strukturbericht designation).'®* The aw structure is similar to the sw structure, but with an
additional out-of-plane offset or buckling between neighboring atoms in the two atomic layers. As
a result, the aw polymorph is lower in symmetry with four distinct atomic planes in the monolayer.
The relationship between the A7 (hb) and A17 (sw/aw) polymorphs was investigated in a study by
Boulfelfel et al.'® The authors predicted the observation of sw/aw structures in other group V
elements with 4b ground state structures (As, Sb, Bi). These predictions were later corroborated

1.'85 in their computational assessment of the stability of 2D structures of the group

by Zhang et a
V elements and have since been confirmed experimentally. A summary of the commonly observed
monolayer group V polymorphs is presented in Figure Sb. Additionally, the existence of a square-
octagon polymorph for this class of materials composed of tiled square and octagonal rings of
atoms has been predicted by many but has yet to be observed experimentally.!-1°" In contrast to

the other pnictogens, nitrogen does not exhibit a layered bulk solid. While nitrogen is usually

observed in a molecular form, a report has synthesized a covalently bonded cubic gauche phase of
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nitrogen at extreme temperatures and pressures.'®! The existence of a solid 2D phase of nitrogene

7

in the hb'? or square-octagon'®’ structure has been predicted, but not yet confirmed

experimentally, although attempts have been made in this direction.'”?

Phosphorus is the most widely studied of the group V elemental materials in the 2D
material literature. The layered sw polymorph, known as black phosphorus or a-P, is
thermodynamically stable at ambient conditions and usually formed at high pressure, although
synthesis at lower pressures has also been achieved.!** The investigation of 2D sw-P was enabled
in 2014 via mechanical exfoliation from bulk black phosphorus.!*>~'°” At high pressures, the black
phosphorus structure transitions to the A7 structure (layered b structure).'”® While the 4b structure
of phosphorus, named “blue phosphorus”, was predicted by Zhu ef al. to be stable in the monolayer

9 top-down exfoliation is not possible for 2D hb-P since the bulk A7 structure is

form,!
thermodynamically unstable in ambient conditions. Consequently, the realization of 2D 4b-P was
not achieved until 2016 through MBE on Au(111).2% As of now, MBE on Au(111) remains the
sole pathway through which 2D Ab-P can be obtained, and a recent report has called this structure

into question.?’! Outside of the sw and #b monolayers, several other 2D polymorphs have been

proposed in computational studies**>2% beyond the square-octagon structure. '8

For the heavier group V elements (As, Sb, Bi), the most stable polymorph in the bulk is the
A7 (layered hb) structure.?’’ This form is also termed gray arsenic, gray antimony, and metallic
bismuth.?!? In the bulk, elemental arsenic can also adopt a metastable layered sw (A17) structure.?!!
For 2D arsenene, several computational studies have predicted both the #b and sw monolayers to
be stable.?!221418 Similarly, 2D antimonene and 2D bismuthene have been predicted to be stable
in the monolayer 4b structure as well as the aw structure, the latter of which is not observed in the

bulk.2!>2!% For bismuthene, the sw form may also be obtained when stabilized with appropriate
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substrates,?!8-22° but the asymmetric structure is more common in the 2D form. Furthermore, the

application of strain to #b-antimonene and Ab-bismuthene is predicted to yield planar hexagonal

lattices.! 782!

Whereas the #b monolayer structure is isotropic, the sw and aw monolayers are both
anisotropic and result in anisotropic properties. Several computational studies have reported
anisotropic electrical conductance, thermal conductance, and mechanical properties along the

armchair and zigzag directions in sw-phosphorene and sw-arsenene.?!%?2>224 Furthermore, linear

dichroism in light absorption of sw-phosphorene has been predicted.”*? These attributes have since

been verified experimentally,!%>225-228

with 2D sw-As demonstrating extreme charge carrier
anisotropies. In sw-As, the ratio of the hole carrier mobility in the armchair direction (10,606 cm?
V-1s) to the zigzag direction (60.7 cm? V-!'s) is ~175.22% Anisotropic hole carrier mobilities have
also been confirmed in sw-P.!"> A report by Chen et al. further compared the properties of the /b
and sw/aw monolayer polymorphs.?” In their calculations, the authors observed that the Ab
structure of As, Sb, and Bi generally had lower electrical conductance but higher thermal
conductance than the sw/aw counterpart. Furthermore, the Seebeck coefficient is greater in the 4b
structure, with the exception of As where the two polymorphs are comparable. Altogether, these
results suggests that 45-Sb is a promising thermoelectric material with a predicted ZT of 2.15 at
room temperature. Based on the calculated electronic properties of the b and sw structures of
monolayer phosphorene and arsenene, the sw polymorph is expected to have significantly higher
mobilities (up to orders of magnitude in disparity for arsenene).!®>212230.231 The lesser degree of
undulation in the monolayer 4b polymorph compared to the sw/aw polymorphs may also have
implications for their chemical reactivity and interaction with molecules due to different steric

environments.?3?
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While both the #b and sw polymorphs are centrosymmetric, the aw structure is
noncentrosymmetric. The breaking of inversion symmetry in the aw polymorph holds promise for
the emergence of spontaneous polarization. A report by Xiao et al. on aw-structured group V
elemental monolayers predicted sizable in-plane ferroelectricity and antiferroelectricity with Curie
temperatures above room-temperature.’** The aw-structured materials are also expected to display
other spontaneous polarization phenomena such as piezoelectricity, although the magnitude of
these additional polarizations is not yet known. In addition, a recent computational study by Guo

et al. has predicted large intrinsic SHG in aw monolayers.**

As atomic mass increases, SOC becomes more significant. Consequently, Ab-Bi is
predicted to be a topological insulator.?*>2*7 The existence of these topological nontrivial states is

also expected to be sensitive to structural modifications. For example, the application of strain in

hb-arsenene and hb-antimonene has been reported to result in topologically nontrivial states.?*3-24!

Furthermore, hexagonal planar structures of antimonene and bismuthene have been proposed as
2D topological crystalline insulators.!”® Accordingly, several studies have reported the observation
of conductive edge states in planar bismuthene,?*? hb-bismuthene,*** and Ab-antimonene films.?**
In contrast, monolayer aw-Bi is anticipated to be trivial. However, Lu et al.*'" reported the
existence of topological edge states when the aw structure of bismuthene approaches the higher
symmetry sw structure through weakening of out-of-plane buckling. The effects of different
stacking configurations in the 2D group V polymorphs have been studied in several computational

reports but not yet corroborated with experimental studies.?!#?43-24¢ A

summary of the structures
and bandgaps for the discussed 2D group V elemental materials is provided in Table 2. For further

reading on the synthesis, properties, and applications of these materials, please see the review

articles by Gusmao et al.,'”* Zhang et al.,**’ Ersan et al.,**® Vishnoi et al.,’ and Wu and Hao.?*’
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Figure 5. 2D polymorphs of group V elements. a) Monolayer polymorphs of layered group V (pnictogen)
elemental materials. The aw structure differs from the sw structure by an out-of-plane buckling in the two
atomic planes of the sw structure (see side view). b) Summary of the commonly observed polymorphs for

each element. Although reports exist of sw-bismuthene grown on substrates,*'**?° the freestanding form has
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Table 2. Structures and bandgaps of monolayer and bulk group V elements.

Monolayer Bulk
structure lattice bandgap structure space lattice bandgap
parameters name parameters ref(s)
type i (eV) type group i (eV)
A) A)
_ a 2_3a, ¢ blue = a= 3324a ac 199,250
hb @=3326" 1| onAu(lil) | phosphorus AT R3m— 5 630 L1
P
— a ab a,b a=3.3164
sw Y igé 151 2’b1'94 h(')f’slaﬁlgms Al7 Cmeca  b=10.484 0.335" 2227251-253
' pRosp c=43793
_ a ac grey 3 a=3.7598 : 213,214,254
hb a=3.607 2.10 arsenic A7 R3m ¢ = 10.5475 Semimetal
As
_ “ a=3.74¢
sw a=3.677" 1.47% black Al7 Cmeca  b=10.76" 0.31% 211213214228
b =4.765 arsenic . "
c=4.36
hb a = 4.04° 0.76%¢, 1.55%¢ grey A7 R3m a=431 Semimetal 215216
antimony c=11.27
Sb
a=428" ac ac distorted 215216
aw b= 474 0.28*¢, 0.34 - Al7 - - -
_ a 0.32‘1’[], metallic 5 a=4.546 . 218,255,256
hb a=438 0.450¢ bismuth A7 R3m c=11.863 Semimetal
Bi
a =455 e distorted 218,255
aw b = 4.94° 0.39 ) Al7 - - "

“calculated value
b direct bandgap
¢ indirect bandgap
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2.3.2. Polymorph control of 2D group V elemental materials

2.3.2.1. Synthesis conditions. Since many group V elemental materials exhibit several
polymorphs, including non-layered structures, precise control of the synthesis conditions is
necessary to prevent the formation of other phases. For example, a report by Smith ez al. describes
the formation of red and pyrophoric white phosphorus during attempts at the vapor-phase synthesis
of 2D black phosphorus.”®’” The possibility of pyrophoric competing phases implies that the
formation of black (sw) phosphorus during vapor-phase synthesis is difficult and dangerous. As a
result, efforts at the synthesis of phosphorene have mostly focused on the conversion of thin films
of red phosphorus to the black phosphorus structure. This polymorphic conversion typically
requires high pressures and recent attempts have yielded thick films or thick nanoflakes, rather
than the desired continuous monolayer.?*’2> Rajabali et al. avoided the high pressure pathway by
instead using plasma treatment at 300 °C to crystallize red phosphorus films into thick black
phosphorus nanoflakes.?®® Meanwhile, synthesis of #b-P has been limited to MBE on Au(111),
where the typical substrate temperature during deposition is between 180 °C and 350 °C.200.250.261

The lack of reports of 4b-P on other substrates suggest that film-substrate interactions are the

dominant factor in realizing this phase as is discussed later in section 2.3.2.2.

The vapor-phase synthesis of 2D /b-As is also subject to the formation of alternate phases.
A recent report by Hu ef al. concerning PVD of /b-As nanoflakes states that the growth
temperatures were specifically chosen to avoid impurity phases.?®? In particular, temperatures
above 300 °C are required to prevent a mixture of b and sw arsenic, while slow cooling prevents
the formation of metastable and light-sensitive yellow arsenic. Consequently, the authors used a
growth temperature of 325 °C in their study. This temperature range is in agreement with a

subsequent report on the MBE of monolayer #b-As on Ag(111) using substrate temperatures of



200 °C to 350 °C.%%3 On the other hand, the bottom-up synthesis of 2D sw-As has yet to be achieved.
Due to its metastability, the synthesis of bulk sw-As (black arsenic) requires stabilization by the
presence of impurities. While black arsenic is usually found as a rare mineral, Antonatos et al.
recently reported the synthesis of bulk sw-As using growth temperatures of 100-200 °C with
mercury vapors.’* These bulk synthetic crystals can then be used as a source of 2D sw-As
following exfoliation.??®2% For bismuthene, the role of the substrate temperature during synthesis
has also been demonstrated to favor the formation of one polymorph over another. In particular,
pulsed laser deposition (PLD) of bismuth on substrates at room temperature resulted in aw-Bi,
whereas substrate temperatures of 100 °C resulted in #b-Bi.?*® Additionally, the authors of this
study found the film thickness to be an essential parameter in the polymorphic control of
bismuthene. Typically, the aw structure only exists below a few layers, as discussed further in
section 2.3.2.3. However, Jankowski et al. were able to obtain exclusively aw-Bi films up to 14
nm in thickness by cooling the substrate to 40 K during UHV growth using a Bi source.?$” Growth
at a higher temperature of 400 K resulted in a competition between aw-Bi and 4b-Bi domains,

while growth at 450 K and above favored /4b-Bi exclusively.

2.3.2.2. Substrates. The role of the substrate has proven to be one of the main methods of
polymorphic control in the group V elemental materials. In the case of 4b (blue) phosphorene, its
synthesis has only been achieved on Au(111), which suggests that this substrate plays a crucial
role in stabilizing the 4b structure for phosphorus. A computational study by Han et al. showed
that the formation energy (Ef) of #b-P on Au(111) is significantly lower than freestanding /4b-P,
and that /b-P is favored over sw-P on Au(111).2® The interaction of #b-phosphorene with the
Au(111) surface is also believed to strongly modulate its properties. Specifically, the structure of

hb-phosphorene is reconstructed as shown in Figure 6a, resulting in a significant difference
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between the observed and theoretical lattice parameters and bandgaps.?>® A recent study by Zhao
et al. has called into question the structure of 4b-P on Au (111).2°! The authors instead explain the
experimental STM images as Au-P complexes formed from a strong interaction of the P atoms
with the Au substrate. The formation of Au-P complexes has been further corroborated by a recent
independent report by Tian e al.*®® In their STM study, the structures formed upon deposition of
phosphorus at ~250 °C (within the typically reported 4#b-P synthesis window) are attributed to Au-
P networks, which are calculated to have lower Ef than 4#b-P on Au(111). Given the previous
controversies regarding elemental monolayer structures on metals (section 2.2.2.1), further
investigation into the role of the substrate in #b-phosphorene synthesis is warranted. For example,
it would be valuable to explore alternative substrates for the synthesis of hb-phosphorene,
particularly substrates that are likely to possess weak enough interactions with phosphorus to
prevent alloying but strong enough interactions to stabilize the 2D structure. This ‘goldilocks’
problem was previously explored in a computational study by Gao et al.?”° Suggested alternative

substrates include Ag(111) and GaN(001).268271

Experimental studies into the role of the substrate in obtaining sw-phosphorene are scarce.
However, given its orthorhombic lattice, a rectangular substrate is most likely to yield the sw
polymorph. For example, the rectangular-latticed surface of Sn(100) was computationally
determined to be a suitable substrate for sw-phosphorene growth instead of sb-phosphorene.?’?
The use of a substrate template in the synthesis of sw-P was recently demonstrated by Xu et al.
(Figure 6b).2” In their growth scheme, templates of AuzSnP7 domains were used to yield large
crystals (up to millimeters) of sw (black) phosphorus. The resulting crystals were fairly thick (10+

nm), but exhibited high crystallinity and field-effect mobilities (1200 cm? V' s7!) exceeding

previous attempts at 2D sw-phosphorus growth (160 cm? V! s71).2° Although the synthesis of
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continuous monolayer films of sw-phosphorene remains elusive, this report indicates the

importance of substrate/template choice for future growth efforts.

Recent experimental efforts towards the growth of antimonene best illustrate the ability of
the growth substrate to exert polymorphic control. Three polymorphs of antimonene (%b-Sb, aw-
Sb, and planar hexagonal Sb) have been realized through the use of different substrates. Several
substrates with hexagonal symmetry have been used to grow Ab-antimonene, including Bi2Tes and
SbaTes, 2™ Ge(111),2" PdTe2,27¢ Cu (111),2#4277 Pb (111),27® Cuz02,2" and graphene.?®® An STM
image of 4b-Sb on PdTe:z is shown in Figure 6¢. In contrast, when substrates with rectangular
symmetry are used, the aw polymorph of antimonene is formed. In a report by Shi et al., monolayer
aw-Sb was templated by a rectangular-latticed Ta-WTe: substrate.?®! As shown by the STM image
in Figure 6d, the Sb overlayer possesses a rectangular lattice indicative of aw-Sb. Additionally,
Mirkl et al. observed the coexistence of aw-Sb and 4b-Sb when deposited on aw-Bi.?%? As reported
by Shao ef al., when a more strongly interacting substrate such as Ag(111) is used, planar
hexagonal antimonene can be formed.?®> An STM image of planar antimonene on Ag(111) is
shown in Figure 6e. However, metallic substrates often alter the intrinsic properties of the overlaid
materials. Therefore, Zhang et al. has proposed the use of hBN and hydrogenated SiC as substrates
for planar antimonene. Indeed, planar bismuthene on SiC has been achieved experimentally with
conductive edge states and a bandgap of ~0.8 eV. However, the bismuthene was covalently bonded

to the SiC, which helps explain the relatively large bandgap.?*?

The strength of the substrate interaction also has implications for the structures of ultrathin
bismuth films. On some substrates, a pseudocubic structure is observed. Yagunima ef al. suggested
this structure to be aw-Bi when the interaction between the Bi and the substrate is relatively

weak.?%* The authors observed that bismuth films on Si(111)-7 x 7 would easily delaminate from
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their substrate, suggesting the presence of a vdW gap between the film and substrate. The substrate
dependence in the formation of this vdW aw-Bi structure in ultrathin bismuth films was further
investigated by Kokubo et al., who found no explicit dependence on substrate symmetry.?®> The
2D aw-Bi structure has also been reported for the MBE growth of bismuth on NbTe2,2*>28¢ TaS,,%7
TiSe2,?®® and EG/SiC.?* Furthermore, a report by Lu et al. indicates that the degree of out-of-
plane buckling in aw-Bi is dependent on the degree of charge transfer from the growth substrate.
In their observations, significant charge doping from the HOPG substrate reduced the buckling or
“asymmetry” in aw-Bi. As a result, the authors observed gapless edge states and an insulating gap
at 77 K, which they attributed to the low buckling of the aw-Bi that approached the sw structure
(Figure 6f).>'° Low-buckled sw-like 2D Bi on HOPG was also observed by Kowalcyk et al.,**°
along with Dirac-like band dispersions. The structure of monolayer aw-bismuth, and potentially
other group V elements, is thus sensitive to subtle effects in the film-substrate interaction.

2.3.2.3. Thickness. In the MBE growth of ultrathin bismuth, a thickness dependence in the
structure of the film has been observed. Specifically, below a critical thickness of 2 vdW
monolayers, bismuth films tend to grow in a pseudo-cubic mode different from the bulk A7 (b)
structure.?42°02%! This phenomenon was first investigated by Nagao et al. with bismuth deposition
on Si(111)-7 x 7, and the structure was determined to be the nanoallotrope of aw-Bi.?*° Beyond 2
vdW layers, the entire film was observed to transform into #b-Bi with additional deposition. Nagao
et al. and Yagunima et al. proposed that the origin of this thickness-dependent structural
transformation is a surface effect rather than a substrate effect.?’“?®* In particular, the aw
polymorph is the result of a minimization in the energy of the ultrathin film through the saturation
of out-of-plane dangling bonds in the vdW aw-structure. As the films grow thicker, this surface

effect becomes less dominant and starts to favor the stable bulk /b structure, which is not purely
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vdW layered. This phenomenon is in contrast to a substrate effect where a strong film-substrate
interaction forces a new structure. In fact, a pseudo-cubic structure explained by bulk-like 4b
bonding, rather than aw bonding, is proposed for ultrathin bismuth films grown on more strongly
interacting substrates like B-\3 xV3-Bi.?**?%5 Moreover, the observation of the aw-Bi structure
does not appear to depend explicitly on the substrate symmetry. For example, orthorhombic aw-
bismuthene was observed when grown via MBE on vdW-layered NbSe2 with six-fold symmetry
(Figure 6g). These observations support the mechanism of aw-Bi stabilization being a thickness
effect and prompts the question of how this phenomenon could be leveraged further. For example,
a report by Walker ef al. proposed that the initial growth of vdW aw-Bi enables the facile dry
transfer of large-area single-crystal 4b-Bi films from the Si(111) substrate.”®* Overall, the
thickness-induced structural transformation in ultrathin bismuth films gives credence to the search
for 2D polymorphs not observed in the bulk.

2.3.2.4. Post-synthesis processing. Thermal treatments after the synthesis of 2D bismuth films
have been shown to result in structural conversions. For example, Kawakami et al. found that
annealing of aw-Bi films on Au(111) at 470 K transformed them into the /b structure.?* Jankowski
et al. observed a similar transitional temperature of 450 K with ultrathin bismuth films on c-plane
sapphire.?%” These results indicate that the /b structure is more stable than the aw polymorph in
bismuth films, which is consistent with the absence of bulk aw-Bi. Given that the various 2D
polymorphs of phosphorene, arsenene, and antimonene also have different stabilities,>**!821¢ the
use of cooling or heating could also be used in these cases to access different structures. However,
thermally induced structural transformations between polymorphs in these 2D materials have yet
to be investigated. Other post-synthesis treatments for controlling the structure of 2D group V

elements have been considered computationally. For instance, the functionalization of /Ab-
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structured As, Sb, and Bi monolayers with hydrogen or halogens was predicted to convert the
structures to a planar hexagonal form.!7>177-2%5 Additionally, the application of mechanical forces

or the introduction of defects have been suggested as pathways to access several novel

phosphorene polymorphs.'?%-2%
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Figure 6. Experimental demonstrations of polymorphic control in 2D group V elemental materials.
a) High-resolution STM image of /b (blue) phosphorene grown via MBE on Au(111). Due to strong
interaction with the Au(111) substrate, hb-phosphorene is reconstructed in this case. Adapted with
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permission from Ref*” Copyright 2016 American Chemical Society. b) The growth of large crystal
domains of sw (black) phosphorus down to 10 nm in thickness was realized using Au3;SnP; template
crystals, which have comparable structural features to sw-P. Adapted with permission from Ref.*”
Copyright 2020 Springer Nature under a Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0/. c-e) STM images of the various polymorphs of antimonene
obtained via MBE on different substrates: ¢) #b-antimonene on hexagonal PdTe, (adapted with permission
from Ref.?’® Copyright 2016. John Wiley and Sons), d) aw-antimonene on orthorhombic WTe, (adapted
with permission from Ref.?®' Copyright 2018 John Wiley and Sons), and e) planar antimonene on Ag(111)
(adapted with permission from Ref.*** Copyright 2018 American Chemical Society). f) Buckling height (h)
dependent energy gap at the Dirac point of monolayer aw-bismuthene. As the buckling is reduced and
approaches the sw structure, non-trivial topological properties emerge. Adapted with permission from
Ref.?"” Copyright 2015 American Chemical Society. g) STM image (left) and its fast Fourier transform
(right) obtained from the orthorhombic lattice of aw-bismuthene grown via MBE on a NbSe; substrate with
six-fold symmetry. The preference of the aw polymorph over the /b structure in bismuth films below a few
vdW layers in thickness has been observed on many substrates. Adapted with permission from Ref.?*
Copyright 2019 American Chemical Society.

3. Post-Transition Metal Chalcogenides

3.1. Group III Metal Chalcogenides

3.1.1. Structures and properties of 2D group III metal chalcogenide polymorphs

The group III metal chalcogenides adopt many stoichiometries with a general formula M",.X,,
where M= Ga, In and X =S, Se, Te. However, most of the layered group III metal chalcogenides
are of the stoichiometry M:X> = M"X and M™,X3. These structures consist of hexagonal single
layers stacked with out-of-plane vdW bonding. The vdW single layers have an internal atomic
layer arrangement of the form X-M-M-X and X-M-X-M-X for the M"'X and M™,X; compositions,
respectively (Figure 7a). An exception is GaTe, which is most stable in a monoclinic structure
(Figure 7b). The layered group III metal chalcogenides demonstrate various stacking polytypes,>®’
which is well documented for InSe, GaSe, a-In2Ses, and B-In2Ses. Group III metal chalcogenides
that possess layered polymorphs but have not been significantly studied in the 2D materials

community include In2S3,%® In3Ses,?*® In4Se3,*® InTe,**! In2Tes,**? and GazTes.**? Consequently,

43



the following discussion will focus on the layered group III metal chalcogenides that have been
heavily studied by the 2D community — namely, those of composition MZX = GaS, GaSe, GaTe,
and InSe and M";X; = In2Ses. A summary of the structures and bandgaps for these 2D group III
metal chalcogenides can be found in Table 3. For further discussion on the synthesis, properties,
and applications of 2D group III metal chalcogenides, please see the review articles by Wasala et

al.’® Yang et al.,’** and Cai et al >

3.1.1.1. M'"'X compounds. Most of the layered M"’X compounds exhibit a ground state InSe-type
intralayer structure. These compounds include GaS, GaSe, and InSe. GaTe can also exist in the
hexagonal InSe-type structure (4-GaTe) at high pressures, but its stable structure in the bulk is the
more complex layered monoclinic structure (m-GaTe) depicted in Figure 7b.>®3%7 For the InSe-
type structures, three stacking polytypes are commonly observed: 2Hb, 2Hc, and 3R, which are
known as the €, B, and y polytypes, respectively. The B and y designations are also used in the
M:X3 literature but denote different intralayer structures instead of stacking polytypes. To avoid
confusion, we will use the Ramsdell notation (e.g., 2H, 3R) to denote polytypes. Here, we
differentiate the InSe-type 2H structures (2Hb and 2H¢) in analogy to the TMD literature, wherein
the 2Hv and 2Hc structures have AbACaC and AbABaB atomic layer stacking motifs,
respectively.?® Both the 2Hb and 3R polytypes correspond to translational offsets between layers
with AB and ABC vdW layer stacking, respectively. The 2Hc polytype has a 60° rotation between
layers, such that the chalcogen atom column lies above the metal atoms and vice versa (AA’ vdW
layer stacking). In terms of the individual atomic layers, the 2H» and 2H. stacking in InSe-type
M"Xs exhibit AbbACaaC and AbbABaaB arrangements, respectively. The 2Hp, 2Hc, and 3R
stacking polytypes for InSe-type M"Xs are depicted in Figure 7¢, and the polytypes most

commonly observed for the materials discussed are summarized in Figure 7d. While most of these
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compounds show polytypism, GaS and h-GaTe have only been reported in the 2Hc form.3%
Additionally, a first-principles calculation report by Kou et al. suggests that InSe may be stable in

other monolayer structures, although these structures have not been observed experimentally.®®

Since the polymorphism in most of the M Xs arises from differences in stacking, the
distinction in their properties primarily results from differences in their symmetries. Both InSe-
type and m-GaTe monolayers are noncentrosymmetric. However, for the InSe-type materials,
different symmetries can be achieved via the different stacking orders in their polytypes. In
particular, the 2H» and 3R polytypes for the InSe-type M/ Xs are noncentrosymmetric, whereas
the 2Hc stacking is centrosymmetric for even numbers of vdW layers. Since noncentrosymmetric

materials are applicable for nonlinear optics’!?

and anticipated to display spontaneous
polarizations,’!! much attention has been directed at studying the noncentrosymmetric M"X
polytypes. Indeed, InSe-type monolayer M"'Xs are predicted by Li et al. to demonstrate

312 and in contrast to centrosymmetric TMDs, the 2Hb and 3R polytypes of the

piezoelectricity,
InSe-type M"’Xs sustain a piezoelectric response in the multilayer form. In-plane piezoelectricity
has also been confirmed in 3R-InSe by Dai et al.3'* Furthermore, SHG in the M’ Xs has been the
subject of many recent studies. Zhou et al. observed enhanced SHG in 2Hv-GaSe bilayers grown
using chemical vapor deposition (CVD) and nearly zero SHG signal in synthesized 2Hc.-GaSe
bilayers.?!* This result demonstrates the promise of noncentrosymmetric multilayer M"/Xs in high-
intensity SHG, which has since been confirmed experimentally in multilayer 3R-InSe*!® and 2Hp-
InSe,?'6!1% in addition to being further investigated computationally!**?° Electronically, the 2Hp,
2H., and 3R polytypes of the InSe-type M Xs are expected to be similar.*?!32* However, Sun et

al.*** calculated the carrier mobilities of 2Hc-InSe to be larger than 3R-InSe (up to ~1.5% in the

thick limit).
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In contrast to the InSe-type monolayer structure, m-GaTe exhibits in-plane anisotropy.
Huang et al. experimentally verified the anisotropy in exfoliated 2D flakes of m-GaTe using optical
extinction and Raman spectroscopy.*?> Since m-GaTe has broken inversion symmetry, it has also
been shown to exhibit SHG.>?® In addition, a recent density functional theory (DFT) study by
Kosobutsky et al. suggests that m-GaTe shows a lesser degree of bandgap tunability as a function

thickness than 4-GaTe.>?’

3.1.1.2. InzSes. There are two monolayer structures of vdW-layered In2Ses polymorphs — namely,
a-In2Ses and B-In2Ses, the latter of which shares the same intralayer structure as Bi2Tes (see section
3.3.1.1). Bulk In2Ses also has non-layered polymorphs.*?® Similar to the InSe-type M7X
compounds, the layered structures of In2Se3 show stacking polytypes. a-In2Ses stacks in both the
2H and 3R polytypes, while B-In2Ses stacks in the 1T, 2H, and 3R polytypes (Figure 7d).32%33°
The 1T polytype corresponds to AA stacking where the single layers are stacked directly on top of
each other with no offset. 1T B-In2Ses is also known as the high-temperature 8-In2Se3 phase.*! The
2H polytype for In2Ses has an AB stacking pattern with a 60° rotation between layers, while the
3R polytype has an ABC stacking pattern with only a translational offset between the layers.
Additionally, distorted B structures, denoted as B’°, have been observed for 2D In2Ses. One of the
structures reported is the result of a 1D periodic modulation along the high-symmetry

332,333

direction, and the other is a new structure with a rectangular lattice, although both are not yet

fully understood.34-33

Since the a-In2Ses structure is noncentrosymmetric and B-In2Ses is centrosymmetric, the
two polymorphs have significant distinctions in their properties. Firstly, a-In2Ses is predicted to
demonstrate robust room-temperature spontaneous polarization,**’ including intrinsic in-plane and

out-of-plane ferroelectricity that persists down to monolayer thickness.**® This behavior is in
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contrast to conventional ferroelectric thin films in which the effect is supressed past a critical
thickness. Xiao ef al. experimentally confirmed the room temperature out-of-plane ferroelectricity
of 2D a-In2Ses,** while Xue et al.*** and Cui et al>*! showed the room temperature in-plane
ferroelectricity of 2D a-In2Ses. Out-of-plane and in-plane piezoelectricity have also been
experimentally confirmed in 2D a-In2Ses.?**3%3313 In contrast, centrosymmetric f-In2Ses does not
exhibit ferroelectricity or piezoelectricity. However, if the B-In2Ses structure is distorted and the
inversion symmetry is broken, it could result in spontaneous polarizations. In particular, Zheng et
al.>** showed room temperature in-plane ferroelectricity in distorted B’-In2Se3 multilayer crystals.
In terms of electronic transport properties, Tao and Gu*** and Feng et al.>* both found p-In2Ses to

be more conductive than a-In2Ses.
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Figure 7. 2D polymorphs of group I1I metal chalcogenides. a) Monolayer polymorphs of InSe-type M"'X
compounds (i.e., GaS, GaSe, #-GaTe, and InSe) and In,Ses. b) Structure of monoclinic GaTe (m-GaTe). ¢)
Stacking polytypes for the InSe-type structures. The shaded yellow rectangle and dashed lines indicate the
stacking to equivalent layers. The 2Hp and 3R polytypes corresponds to AB and ABC stacking, respectively.
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metal atoms are stacked directly on top of the chalcogen atoms. The stacking polymorphs for In,Ses are not
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Table 3. Structures and bandgaps of monolayer and bulk group III metal chalcogenides.

Monolayer Bulk
lattice stacking lattice
structure parameters bandgap polymorph or order space parameters bandgap ref(s)
type A) (eV) polytype group (A) (eV)
GaS InSe a=3.64"  235%-3325% 2H. (B) AA>  P6ymmc ca=:135'548510 2.53 (I) 346349
= a=3.755 1.786“¢
ZHb (¢) AB Pom2 ¢ =15.946 2.065¢
_ a 1‘77a,c,d - . a=3.755 1.949a,c,d 323,348-352
GaSe InSe a=3.82 30014 2H: (B) AA P63/mmc ¢ = 15.940 2117
a=3.755 1.963%¢
3R () ABC R3mo 2302 2.065¢
a=17.32
a=23.14 1.370%" - b =4.05 1.620% 353,354
m-GaTe 5 _ 4 050 2.063%" m-GaTe - C2/m c=10.54 1.66
GaTe B=104.4°
InSe _ a ac ac 2HC (B) . a=4.06 0.79 @e 346,348,355
(h-GaTe) a=4.13 1.44%¢-2.30 (h-GaTe) AA P63/mmc ¢ =16.96 i
- a=4.00 1.6974"
2Hb (¢) AB P6m2 = 16.640
B . e , a= 400 1.232a,b 323,348,356
InSe InSe a=4.10 2.97 2H: (B) AA P63/mmc o= 16.640 358
a=4.00 1.204¢°
3R () ABC R3m c=2532 1.26"
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structure agﬁ:ﬁfers bandgap polymorph/  stacking space all'ztlfllgteers bandgap ref(s)
type P (A) (eV) polytype order group P (A) (eV)
2H-a AA’ P6mc f:f;ozz% -
a-In,Se; _ a 1.46 % -1.92%¢ ' 329,338,356,359,360
a=4.106 1 55¢
3R-0, ABC  R3m ;’::2‘;‘()72560 1.365"
In:Ses IT-B AA - P3mi O304 i
B-In,Ses _ § 1.15%¢,1.29%¢ i , a=4.06 i 330.338.356.360-
(BisTertype) ¢ +048 1.55¢ 2H-p AA Pésme —  _19.48 362
3R-p ABC  R3m MO 108

¢ calculated value
b direct bandgap
¢ indirect bandgap

“the indirect bandgap value is close to the direct bandgap value
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3.1.2. Polymorph control of 2D group III metal chalcogenides

3.1.2.1. Synthesis conditions. Due to competing polymorphs or stoichiometries, small changes in
growth conditions can significantly affect the phase of synthesized group III metal chalcogenides.
As studied by Huang et al., the successful CVD of 2D InSe was restricted to a narrow region with
low Se sublimation temperature and high Hz content in an Ar carrier gas (Figure 8a).°'¢ In
conditions of excess Se (from high Se sublimation temperatures) or in the absence of Hz gas, 2D
In2Ses was formed. On the other hand, too low a concentration of Se or too high a concentration
of Hz resulted in overall poor-quality growth. For the indium-selenium system specifically, it is
common to observe the formation of different compositional phases where the reaction
temperature is one of the primary parameters used to control the phase of the deposited material.
This method of control is well illustrated by the work of Balakrishnan ef al., wherein four different
phases of indium chalcogenides were obtained by varying the physical vapor deposition (PVD)
growth temperature.’®® They exploited the temperature gradient of a tube furnace to obtain thick
nanoflakes of y-In2Ses, B-In2Ses, a-In2Ses, and 3R-InSe along a substrate temperature gradient of
580 °C to 500 °C. It is important to note here that there is also an implicit precursor concentration
gradient in the PVD method used. The reaction temperature was also tuned by Hu et al. for the
chemical vapor transport (CVT) of 2D 2Hc-InSe on mica at 400 °C, while 2D a-In2Ses was
synthesized at 450 °C.2% Both of these reports suggest a narrow temperature region in which these
various structures can be obtained and attest to the difficulty in achieving single-phase growth. In
the MBE of 2D GaSe, higher temperatures of 575 °C resulted in pure epitaxial 2Hb-GaSe on GaN,
while lower temperatures (350-450 °C) improved continuity of the films but resulted in a mixture
of 2Hv-GaSe and 2Hc.-GaSe.*% This behavior is consistent with reports that the 2Hp polytype of

GaSe is more stable than 2Hc-GaSe.*® Similarly, #-GaTe is metastable*®” but can be obtained
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using PVD on mica at lower temperatures (600 °C) than the more stable m-GaTe polymorph at

760 °C.**® A mixture of the two polymorphs are obtained between these temperatures.

A recent report on the CVD of indium chalcogenides demonstrates the combination of
various parameters for specific polymorphs. Using a high temperature of 850 °C for the In source
(In203) and 750 °C for the substrate, Liu et al. obtained nanoscale structures of 2H a-In2Se3 on
Si02 for upstream substrate positions and y-In2Ses when the substrate was positioned further
downstream.**° By decreasing the temperature of both the In203 and substrate by ~100 °C, 1T p-
In2Ses was synthesized. On the other hand, switching the substrate to HOPG under those same
conditions resulted in 2H B-In2Ses. Overall, precise level of control over these In2Ses polymorphs
is difficult to achieve. As demonstrated by Figure 8b, CVD of In2Ses on SiOz can result in a

mixture of 1T B-In2Ses, 3R B-In2Ses, and 2H a-In2Ses.

The cooling rate of materials grown at elevated temperatures presents another parameter
for controlling the ultimate structure of 2D M7, X, crystals. In a report on the CVD of 2D In2Se3
by Cui et al., slow cooling (0.1 °C/min) favored the formation of a-In2Ses over B-In2Ses.**! Crystals
synthesized with fast cooling were instead dominated by B-In2Ses. This result is consistent with
previous accounts of bulk B-In2Ses as a high-temperature phase of a-In2Ses that reverts back to
bulk o-In2Ses upon cooling.’®® In combination with a 2D thickness effect (section 3.1.2.3),*%
quenching may help to isolate the high-temperature form at room temperature. In another report,
Lin et al. observed that slow cooling rates (< 5°C/min ) following PVD resulted in a-In2Se3 while

fast cooling rates (>100 °C/min) resulted in a In2Ses superlattice phase.*”°

3.1.2.2. Substrates. The choice of substrate in the growth of 2D M, X, crystals has been shown
to affect the synthesized structure. By using c-plane sapphire and Si(111) as substrates in the metal-

organic CVD (MOCVD) of In2Ses, Zhang et al. obtained epitaxial 2D B-In2Ses.’”! In contrast, the
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use of amorphous SiOz resulted in nonlayered y-In2Ses. Similarly, Bae et al. attributed the MBE-
growth of 4-GaTe on GaAs(001) to a better match in symmetry to the GaAs(001) surface than the
m-GaTe polymorph.’”> However, upon further GaTe deposition, the additional growth was
monoclinic, presumably due to relaxation of the structure into its more stable form as the epitaxial
strain near the interface with the GaAs substrate diminished. Despite the existence of a quasi vdW
gap, Yonezawa ef al. reported a GaSe film with an alternative structure to the expected InSe-type
structure (also referred to as ‘wurtzite-like’).>” Instead, the GaSe layers near the interface with a
Ge(111) substrate showed a zinc blende-like structure where the top and bottom Ga-Se bonds point
in opposite directions. The authors thus make the case that despite the vdW gap, the substrate can
still significantly influence the structure of the deposited 2D material. Structural preferences are
also affected by substrate pre-treatments. As reported by Diep et al., the MBE growth of GaSe
films on GaAs(001) favored 2Hb-GaSe, whereas growth on Se-terminated GaAs(001) resulted in

2H.-GaSe.’*

3.1.2.3. Post-synthesis processing. The processing of 2D group III metal chalcogenides after
synthesis is a frequently used method of phase conversion. In particular, thermal annealing is a
prevalent way to transform one 2D group III metal chalcogenide into another. Tao and Gu
converted exfoliated 2D a-In2Ses into B-In2Ses by annealing the flakes in argon at 533-633 K,
depending on the flake thickness.>** The authors also observed a superlattice with the conversion
to B-In2Ses, as has also been observed for other reports of 2D B-In2Ses.*** Furthermore, a dramatic
decrease in resistivity is accompanied with the conversion into B-In2Ses. This result was
corroborated by Feng et al>* who followed the same procedure to obtain higher field-effect
mobilities (18% greater to 22.8 cm?V-'s!) and better photodetector performance from multilayer

B-In2Ses flakes that were thermally converted from a-In2Ses. A favorable increase in current was
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observed, but the Ion/Ioff ratio was severely compromised due to metallic behavior. Interestingly,
this behavior was also observed by Feng et al. in annealed 2D 2Hc-InSe.?” In their report, an
exfoliated 2Hc-InSe flake was annealed at 573 K in an Hz/argon reducing atmosphere, and the
annealed crystal demonstrated an increased mobility (4x greater to 299.1 ¢cm?V's!) and
photoresponsivity, but orders of magnitude lower lon/Ioff ratio. The authors determined the effect
to be the result of the formation of an InSe superlattice. In contrast, a prior report by Osman et al.
on annealed 2D 2H.-InSe found degradation of mobility (4% reduced from 10.32 cm*V-'s! to 2.37
cm?V-'s ) and photodetector performance after thermal processing.’’® In that case, the exfoliated
2Hc-InSe was annealed at 200-400 °C in an argon atmosphere without H2, which resulted in partial
conversion of the crystals to y-In2Ses. Thermally induced phase transitions can also be monitored
using the SHG signal intensity as has been demonstrated for the conversion of noncentrosymmetric
a-In2Ses to centrosymmetric B-In2Ses. Xue et al. observed a loss of SHG intensity after annealing
an exfoliated a-In2Ses crystal to 573 K,*** and Xiao et al. observed the dramatic decrease of SHG
signal intensity during annealing of a 4-layer thick exfoliated a-In2Ses crystal to 700 K (which is
presumably due to a transition to p-In2Ses).>* In addition to thermal annealing, laser annealing can
be used to induce a phase transformation and holds the considerable advantage of patternable
conversion. As shown in Figure 8¢, Yu ef al. demonstrated this concept using a femtosecond laser

368 which is the more stable polymorph.3¢’

to partially convert 4-GaTe into m-GaTe,
Cooling can also lead to structural phase transitions in the 2D group III metal chalcogenides. Zhang
et al. recently reported the reversible phase conversion between -In2Ses at room temperature and
a distorted B> In2Ses structure at 77 K.33% As shown in the STM images of Figure 8d, the hexagonal

lattice of B-In2Ses transformed to a rectangular lattice at low temperatures. The hexagonal lattice

is recovered upon warming to room temperature. A subsequent report by Dong et al. on B-In2Ses
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grown on WS> demonstrated the existence of a thickness dependence for this phenomenon,**¢ with
the transition temperature increasing with an increasing number of layers.

While the application of hydrostatic pressure is a commonly employed method to control
polymorphism in bulk group III metal chalcogenides, relatively few reports use pressure as a
structural tuning parameter for the 2D group III metal chalcogenides. Su et al. recently used
hydrostatic pressure to alter the symmetry of 2Hp-InSe.?”” They observed a continuous transition
from three-fold symmetry to mirror symmetry as a hydrostatic pressure of up to 8.2 GPa was
applied. The symmetry was monitored via the polarization of the SHG signal from the 2D 2Hp-
InSe sample and was found to be reversible upon return to atmospheric pressure. Su et al. attributed
the change in symmetry to sliding of adjacent vdW layers under pressure.

The application of an electric current has also been shown to control In2Ses polymorphs. Choi et
al. demonstrated the reversible electrically-driven conversion between B-In2Ses and y-In2Ses.*”®
This transformation is mediated by Joule heating from the applied current, which is consistent with
the previous understanding of y-In2Ses as a higher temperature phase compared to B-In2Ses.*®
Starting with an exfoliated a-In2Ses crystal, the device was annealed to 250 °C to convert the
crystal to B-In2Ses. Pulses of 3 V and 0.7 V were then used to RESET or SET the device into its
high (y-In2Ses) or low (B-In2Ses3) resistance states, respectively. Lastly, a report by Kou et al.
suggests that charge doping, such as through electron injection or alkali metal adsorption, can be
used to stabilize yet unrealized polymorphs of InSe with different intralayer structures.>*

3.1.2.3. Thickness. Another factor in the polymorph control of 2D group III metal chalcogenides
is the thickness of the material. Upon exfoliation of bulk m-GaTe crystals, Zhao et al. observed its
spontaneous transformation into 4-GaTe.>”” As shown in Figure 8e, the selected area electron

diffraction (SAED) patterns of bulk GaTe and exfoliated 2D GaTe were of a monoclinic and
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hexagonal lattice, respectively. The transformation occurred below a critical thickness of 4 layers.
The authors performed first-principles calculations, which supported the explanation that the
transformation occurred due to the balance between the interlayer interactions and surface energy
shifting toward s-GaTe as the surface energy contribution becomes more dominant in thinner
layers. Furthermore, nanoscale thicknesses in In2Ses have been found to stabilize the B-In2Ses
polymorph at room temperature.*****> In the bulk, the high-temperature p-In2Ses phase normally
reverts back into o-In2Ses at room temperature,®® but a study by Tao and Gu suggests that the
nanoscale thickness of the crystal may stabilize the metastable phase at room temperature. The
authors observed that the annealing temperature required for the phase transformation

demonstrated a clear thickness dependence with higher temperatures required for thinner crystals.
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Figure 8. Experimental demonstrations of polymorphic control in 2D group III metal chalcogenides.
a) Synthesis conditions for the CVD growth of InSe and In,Ses. Low Se sublimation temperatures and high
H, content favor InSe over In,Ses. Adapted with permission from Ref.*'® Copyright 2018 John Wiley and
Sons. b) HAADF STEM image showing the coexistence of a-In,Ses, f-InzSes, and their stacking polytypes
in a crystal synthesized via CVD. Reprinted with permission from Ref.>*" Copyright 2019 American
Chemical Society. ¢) The laser-induced transformation of a section of a monolayer 4#-GaTe crystal to m-
GaTe. Left: optical microscopy image of the partially converted monolayer 4-GaTe domain. Right: Raman
spectroscopy maps of the two domains in the optical microscopy image, showing significant m-GaTe A,
Raman mode signal in the converted region (top) and #-GaTe Raman A’; Raman mode signal in the pristine
region (bottom). Adapted with permission from Ref.**® Copyright 2019 John Wiley and Sons. d) Atomic
resolution STM image of exfoliated B-In.Se; at RT (left) and distorted B’-In,Ses at 77 K (right). The
temperature-driven transformation is observed to be reversible. Adapted with permission from Ref.**
Copyright 2019 American Chemical Society. €) The thickness-induced transformation of m-GaTe to A-
GaTe upon exfoliation down to a few layers. The SAED patterns of the bulk (left) and exfoliated (right)
crystals show the patterns expected for m-GaTe and h-GaTe, respectively. Adapted from Ref.>”” Copyright
2016 Royal Society of Chemistry.
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3.2. Group IV Metal Chalcogenides

3.2.1. Structures and properties of 2D group IV metal chalcogenide polymorphs

The layered group IV metal chalcogenides primarily exist in two compositions: M X and M X,
where M = Ge, Sn and X =S, Se, Te. In contrast to the group III metal chalcogenides, the group
IV metal chalcogenides have relatively simple binary phase diagrams, which implies that the M"VX
and M"X; stoichiometries dominate the stable binary compositions.*®>*! However, the

polytypism exhibited by the M!"Xas creates a rich phase space,?$?3%

although this range of
structures is relatively underexplored in the 2D literature. In addition to the M""X and M'"X>
stoichiometries, the existence of layered GasSes has been reported.*®® Silicon chalcogenides are
seldom studied, ambient unstable, and generally do not form layered structures.>®” The exception
is Si>Tes, which crystallizes in a layered structure belonging to the P31c space group.’®® The
existence and structures of other silicon tellurides remain controversial.**°3° Lead chalcogenides
also do not form layered structures in the bulk.*! The following discussion will focus on the stable
2D materials of M'"X = GeS, GeSe, GeTe, SnS, SnSe, SnTe and M X> = GeS2, GeSe2, SnSa,
SnSe>. A summary of the structures and bandgaps for these group IV metal chalcogenides is
provided in Table 4. For further discussions on the synthesis, properties, and applications of 2D
group IV metal chalcogenides, please see the review articles by Xia et al.,*** Hu et al.,*>* and

Boschker et al.>**

3.2.1.1. MX compounds. For the monochalcogenides of GeS, GeSe, SnS, and SnSe, the most
stable polymorph in ambient conditions is a vdW-layered GeS-type orthorhombic structure of the
space group Pnma, which is known as the a phase of the aforementioned compounds.’®* The

corresponding monolayer structure is the asymmetric washboard (aw) structure (Figure 9a). This
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structure was calculated to be the most stable monolayer configuration for 2D GeS, GeSe, SnS,
and SnSe.**>3% While bulk SnTe exists in a cubic NaCl-type structure (space group Fm3m) at

) 383
3

ambient conditions (B-SnTe it transforms into the Pnma (aw) structure at high pressures (y-

395 and was confirmed

SnTe).*7 In the 2D limit, the aw structure was predicted to be stable for SnTe
experimentally in ultrathin films grown using MBE.**® Bulk GeTe crystallizes in an R3m
rhombohedral structure at ambient conditions (a-GeTe), which corresponds to a distorted NaCl
structure that is also known as the A7 structure (Strukturbericht designation).’**% The A7
structure is similarly adopted by several group V elemental materials (section 2.3.1) and is shared
by the low-temperature (< 100 K) SnTe phase (a-SnTe). The corresponding monolayer structure
is the hexagonal buckled (40) structure (Figure 9a). Moreover, the /b structure has been predicted

1.,*°" and has been observed experimentally

to be stable for monolayer GeTe in a study by Li ef a
for both ultrathin GeTe and SnTe. The aw structure has also been predicted to be stable for
GeTe,**>*% but has yet to be observed. While bulk A7 (hb) GeTe displays short in-plane bonds
and long out-of-plane bonds for a layered-like structure, it is not truly vdW bonded.**® It should
also be noted that for low-temperature bulk A7 (hb) SnTe, the rhombohedral distortion is much

smaller than in GeTe, such that its lattice parameters are very close to its room temperature NaCl-

type structure (B-SnTe), which is not vdW bonded in the out-of-plane direction.***

A summary of the structures observed in the group IV metal monochalcogenides is
presented in Figure 9b. Many additional monolayer structures have been proposed but remain to

be confirmed experimentally.*?>—#11:396412 The stacking order in 2D M'Xs is predicted to affect
their properties,*'>!® but the observation of polytypic variation is not well documented in contrast

to the M X> compounds that show a variety of polytypes. The monolayer aw and Ab structures of

the M Xs are the same as the aw and hb structures observed in the group V elemental 2D materials
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(e.g., phosphorene, bismuthene), except that the atoms alternate between the metal and chalcogen.
Similarly, these compounds have 10 electrons for each atom pair. As a result, the M?"Xs are known
405,417

as analogues and isoelectronic counterparts to phosphorene and other group V elementals.

In contrast to the /b structure, the aw monolayer demonstrates in-plane anisotropy,*!8-4?2

including anisotropic spin-orbit splitting of the bands for applications in spin-transport devices.**>

Among the 2D aw M""X compounds, GeS shows the greatest degree of in-plane anisotropy in its
properties.*!%*24425 The 2D aw MVX compounds are predicted to have large piezoelectric
coefficients exceeding those of other 2D vdW materials due to their noncentrosymmetric structure
in tandem with their flexibility along the armchair direction, which is the main polar direction. The
2D aw M"X compounds are also predicted to be multiferroic, exhibiting both ferroelectricity and
ferroelasticity.***?” Additionally, Wang et al. predicted large SHG susceptibility in these
multiferroic compounds.*?® The first observation of 2D in-plane ferroelectricity was reported by
Chang et al. in ultrathin aw-SnTe.*?° The Curie temperature was found to be much higher than in
bulk SnTe, owing to the orthorhombic structure.3*® In-plane ferroelectricity, along with SHG, was
also recently confirmed in ultrathin SnS by Bao er a/.*** However, due to the vdW layer stacking
arrangement, even-numbered layers of the aw SnS structure, as well as the bulk form, are
centrosymmetric with no net polarization or SHG. The bulk forms of other aw M’ X compounds
are also centrosymmetric. Lastly, the lone electron pairs of the puckered aw structure are believed
to be responsible for the difficulty in exfoliating and synthesizing single layers of these

crystals. #1432

Since the rhombohedral distortion in the /b structure also results in a noncentrosymmetric
structure, a-GeTe is well known as a ferroelectric material, including in the nanoscale limit. #3343

Furthermore, GeTe is a phase change material with a sharp contrast in properties associated with
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an amorphous to crystalline transition. This contrast is due to the presence of resonant bonding in
the crystalline phase, although this bonding character is weakened by the rhombohedral distortion.
This nuance to the GeTe bonding character imparts a high degree of electronic polarizability.**’
Although not as well studied, some characteristics of resonant bonding also exist in SnTe.*> For
2D SnTe, the implications of the aw versus &b structure for its ferroelectric behavior was
investigated by Kaloni et al.**® In particular, they observed antiferroelectric coupling in ultrathin
SnTe layers (< 6 layers), which converted to ferroelectric coupling with an increasing number of
layers due to a transition from an orthorhombic (aw) to rhombohedral structure (4b). Furthermore,
the cubic polymorph of SnTe was experimentally shown to be a topological crystalline insulator
by Tanaka et al.**’ The authors suggested that despite the small rhombohedral distortion in /b-

SnTe, which breaks the symmetry of one of the two mirror planes, it could also be a topological

crystalline insulator.

3.2.1.2. M"X; compounds. For the M""X> compounds, two types of monolayer structures have
been observed. The two germanium dichalcogenides (GeS:2 and GeSe») crystallize in the layered

monoclinic m-GeS: structure, 843

whereas the tin dichalcogenides (SnS2 and SnSez) instead form
a Cdlz-type structure. The two structures are depicted in Figure 9a and summarized in Figure 9c.
The monoclinic m-GeSz-type structure is known as the 3 phase for both GeS: and GeSe: since it
is a high-temperature modification, although it is stable at ambient conditions.**#*! Additionally,
GeS:z and GeSez exhibit other polymorphs (some layered) at different pressures and temperatures,
but these structures are not yet studied in the 2D literature. Specifically, GeS: exhibits another
monoclinic low-temperature structure with space group Pc,**? not to be confused with the m-GeS:

structure (space group P2i/c) referred to here. The m-GeS: structure is anisotropic**® and was

shown by Yang et al. to have relatively weak interlayer coupling.*** Calculations by Yan et al.
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also found a nearly layer-independent bandgap in 2D GeSe2 with experimental investigations

revealing an anisotropic optical response.**

The Cdlz-type structure of SnS2 and SnSe: is sometimes referred to as the 1T structure in
the 2D literature, as derived from the TMDs.**® The most common multilayer polytype for SnS2
and SnSe: is 1T, although a plethora of other stacking polytypes exist in the bulk.*”*° In a
computation study by Seminovski et al., the 1T polytype in SnS2 was found to have a slightly
larger indirect bandgap than the other common 2H polytype.** It should be noted that many texts
refer to the 1T and 2H polytypes for SnS2 and SnSe> as ‘2H’ and ‘4H’, respectively, in reference
to the arrangement of M-X atomic layers within the vdW layer.?’ Hence, when reviewing the
literature, it is helpful to refer to the lattice parameters for polytype clarity. In contrast to the m-
GeS: structure, 2D SnS> and SnSe: are predicted to exhibit stronger interlayer coupling, as well as
excitonic effects.*”! Additionally, superconductivity has been reported when 2D SnSe> was
interfaced with graphene*? or SrTi03,*? gated by an electric-double-layer,*** or intercalated with

lithium compounds.**

62



side view

top view

asymmetric washboard

© Group IV metal (M")
Chalcogen (X)

hexagonal buckled

>}>~ >— )

i:?vﬁ

8NN

SN

>>>>§>>>>
000,
pledede!

pYe e e >§>

M VX

Monolayer Polymorphs

GeS GeSe GeTe SnS SnSe SnTe

w %
" 7

777
Z_

Figure 9. 2D polymorphs of group IV metal chalcogenides. a) Monolayer polymorphs of layered group
IV metal chalcogenides with composition M"X (left) and M""X; (right). b,¢) Summary of commonly
observed polymorphs for (b) M""X and (¢) M""X> compounds. The asymmetric washboard and hexagonal

Cdl,-type m-GeS,-type
T, < RAPPTrRA,
P3N s WA Vel 9
et caa A e
QELEQE T YT
02,203,202 Y C W S AT o
GELELE Thebd DA
M"X,

) GeS, GeSe, SnS, SnSe,

Cdl,-type %%

m-GeS,-type % V/A

buckled structures are abbreviated as aw and hb, respectively.
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Table 4. Structures and bandgaps of monolayer and bulk group IV metal chalcogenides.

Monolayer Bulk
structure lattice bandgap structure space lattice bandgap
parameters name parameters ref(s)
type " (eV) type group i (eV)
A) A)
a = 4.40%8 a=4.30
GeS aw b =3 .68“'8 1.69 - 2.32%¢ a-GeS GeS Pnma b=3.64 1.54-1.8¢ 417,436
) c=10.47
4= 4260 a=4.39
GeSe aw A o0a 1.14 - 1.544b a-GeSe GeS Pnma b=3.83 1.14%4 417,457
b =3.99%¢ _
c=10.83
GeTe hb a =3.96° 2.354%¢ a-GeTe A7 R3m aj 4.156 0.3-0.8 401,458,459
c =10.663
a = 4.24%¢ a=4.334
SnS aw i 1.40 - 1.96%¢4 a-SnS GeS Pnma b=3.987 1.07 - 1.18%¢ 417,436
b=4.07¢ _
c=11.20
4= 4360 a=4.445
SnSe aw b= 4'30% 1.01 - 1.44acd a-SnSe GeS Pnma b=4.153 0.96¢ 417.460461
' c=11.501
=4.574 a=4.48"
aw Z _ 4'56" 0.70 - 1.02%¢ v-SnTe GeS Pnma b=437° 0.3%¢¢ 418,462,463
SnTe ’ c=11.59
a=633° 404,464
hb - - a-SnTe A7 R3m ¢ =633 -
a=6.720
GeS: m-GeS; - - B-GeS» m-GeS; P2i/c [Z : }?igé 3.65% 438,443
B =90.88°
a=17.016
a =17.104¢ b b =16.796 b 439,445 465
GeSe2 m-GeS; b = 17.095 2.96 B-GeSe» m-GeS, P2i/c c=11.831 2.7
B =90.65°
Cdl, - a 2.41%¢ 2 a=3.64 ¢ ¢ 451,466-468
SnS: (1T monolayer) a=3.68 2 34¢ 1T-SnS, Cdl, (1T) P3ml ¢ =588 2.06¢, 2.157
Cdl, - a 1.69%¢ 3 a =338l ¢ 451,452,467,468
SnSe: (1T monolayer) a=3.83 1.8¢ on graphene 1T-SnSe» Cdl, (1T) P3m1 ¢ =614 1.02

64




“ calculated value

b direct bandgap

¢ indirect bandgap

“the indirect bandgap value is close to the direct bandgap value

¢ Obtained at high pressure

f The rhombohedral distortion is small enough to approach a cubic structure

€A structural transition to a square lattice (a = b) is predicted above certain temperatures

469-471
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3.2.2. Polymorph control of 2D group IV metal chalcogenides

The following discussion reviews recent efforts toward controlling the structure of 2D group IV
metal chalcogenides. For the sake of experimental clarity, MiyX and MyX, compounds will be
discussed together despite not being polymorphs of each other. For example, while SnS and SnS> are
considered different chemical entities, the synthesis of 2D SnS is intimately related to the synthesis

of 2D SnS: and are thus reviewed together.

3.2.2.1. Synthesis conditions. Most demonstrations of phase control in 2D group IV metal
chalcogenides are based on manipulating the synthesis conditions. Firstly, the synthesis
temperature in the CVD of 2D group IV metal chalcogenides is a crucial parameter in determining
the resulting phase. Mutlu ef al. used SnO2 and S powders for the CVD of 2D tin chalcogenides
and found that SnS> grows at lower temperatures of ~425 °C, whereas SnS forms at a higher
temperature of ~550 °C.*”> Huang et al. observed a similar phenomenon in the CVD growth of
SnSe and SnSe2,*”? where 2D SnSe> was formed at ~430-470 °C, whereas SnSe was formed at
~510 °C. Both of these results are in agreement a previous study on the CVT of bulk tin
chalcogenides wherein SnS grew at high temperature, SnS> at medium temperatures, and non-
layered Sn2Ses at low temperatures.*’* Additionally, a precursor concentration gradient can give
rise to a variety of phases. Li ef al. observed the presence of 2D nanocrystals of SnS, SnS2 on top
of SnS, and SnSz on mica substrates positioned from upstream (SnS) to downstream (SnSz).*”
Since the temperature of the substrates was comparable, the authors attributed this phase evolution
to the decreasing SnS:S vapor concentration from upstream (excess SnS) to downstream (excess
S), although the exact precursor concentration ratios were not quantified. This concept was also

corroborated in a study by Wang and Pang where thick SnSe or SnSe: flakes were obtained

depending on the Se:SnO: precursor powder loading ratio.*’® SnSe was synthesized at a precursor
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loading of 50 mg Se:20 mg SnO2, and SnSe2 was synthesized at a loading of 300 mg Se:20 mg
SnOz. A report by Zhang et al. mapped the phase of the synthesized 2D tin sulfide as a function of
the CVD precursor concentration and temperature (Figure 10a).*”” In agreement with the
previously mentioned accounts, the formation of SnS was favored at high temperatures, whereas
SnS» was favored at lower temperatures. Counterintuitively, the relative increase of the sulfur
precursor (H2S) to the tin precursor (SnCls) favored the formation of SnS. After further
investigation, this effect was found to be due to the reduction of SnS2 into SnS by H2 gas formed
from the decomposition of the H2S precursor. Thus, increased H2S concentration resulted in
increased Hz concentration for the reduction of SnSz into SnS, enabling the deposition of SnS at
even lower temperatures. This mechanism is in agreement with a previous report for the CVD of
tin chalcogenide nanoflakes by Ahn et al.*’® The authors reported that SnS could be grown instead
of SnS: at reaction temperatures of 620-680 °C when H> was added to the N2 carrier gas. When
pure N2 carrier gas was used, SnS2 was synthesized. The structure of 2D SnTe can also be tuned
via the reaction temperature. As shown in Figure 10b, Chang et al. observed higher percentages
of aw-SnTe coverage on graphene with higher growth temperatures and low thicknesses.*”® At
thicknesses greater than 8 vdW layers, either the cubic or 2b-SnTe structure is favored (depending
on the temperature of the measurement). This observation is in agreement with previous
calculations by Chang et al., which determined the aw phase to be more stable than /b at low

thicknesses.

Notably, the aforementioned accounts of phase control in the synthesis of 2D group IV

metal chalcogenides are concentrated on tin chalcogenides. With the exception of a recent report

480

by Sutter et al., in which a bulk Ge surface was sulfurized to form GeS and GeS2,*” phase control
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of 2D germanium chalcogenides is limited, which may be due to the generally limited number of

reports on the vapor-phase synthesis of 2D germanium chalcogenides.

3.2.2.2. Substrates. The role of the substrate in the structure of MBE-grown ultrathin GeTe films
was recently studied. In particular, the growth of 2D GeTe films initiated as an amorphous layer
on Si(111)-(7 x7) and Si(111)-(1 x 1)-H instead of crystalline #b-GeTe.*8!*2 A study by Wang et
al. revealed the spontaneous crystallization of GeTe films into 4b-GeTe after a critical thickness
of 4 layers when deposited on Si(111)-(1 x 1)-H.*¥? The authors attributed this phenomenon to the
emergence of resonant bonding, which their simulations suggested could only take place above a
critical thickness. In contrast, the immediate crystallization of ultrathin GeTe was observed for
deposition on Sb-terminated Si(111).*8* However, the periodicity in the initial layers was slightly
larger than expected for 1b-GeTe. The authors suggested that this alternate phase in GeTe films
below 2 layers is either the cubic (without rhombohedral distortion) high-temperature structure of
GeTe or is the result of disorder in the bonding. Hilmi ef al. recently investigated the MBE growth
of 2D GeTe on SbaTes-buffered Si(111) and also found an immediately crystalline 4#b-GeTe
ultrathin film.*3* Furthermore, the SboTes-buffered substrate enabled the formation of crystalline
films at lower substrate temperatures than Si(111), which is supported by a previous study by
Simpson et al.*®® The authors also observed lower GeTe post-deposition crystallization
temperatures using SbaTes substrates. For the formation of aw-SnTe, the role of the substrate is
still unclear since all reports on 2D aw-SnTe have thus far only used epitaxial graphene on silicon
carbide. 393429436479 Additionally, the use of confined epitaxy was recently reported to achieve 2D
GeTez. GeTez is a metastable structure that has not been observed in the bulk due to its
decomposition into GeTe and Te.*3¢ However, Wang et al. reported the formation of a monolayer

of Cdlz>-type GeTe: by templating its growth in a matrix of Te-rich GeSb2Tes.*s” Hence, the use of
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substrates and their ability to template or apply strain to 2D materials may enable access to

metastable structures.

3.2.2.3. Post-synthesis processing. The conversion of group IV metal chalcogenides from one
structure into another has been demonstrated using thermal and irradiation processes. Zhou et al.
converted SnSz2/graphene nanocomposites grown using hydrothermal synthesis into SnS/graphene
nanocomposites using a 600 °C annealing step in a tube furnace with argon gas flow.*®® The
proposed mechanism is the loss of sulfur during the annealing. This mechanism is supported by

the findings of Tian et al.,**’

shown in Figure 10c,d. In their report, a mechanically exfoliated 2D
CdlLz-type SnSez crystal is partially converted into aw-SnSe by vacuum annealing in a tube furnace
at 300 °C. The partial conversion is achieved by encapsulating a section of the SnSe> crystal with
exfoliated hBN. As verified by Raman spectroscopy, the encapsulated area remained as SnSe»,
while the exposed region was converted to SnSe and accompanied by a reduction in thickness of
~4 nm. The implied mechanism of the SnSe: phase preservation is thus the prevention of selenium
loss. The reverse conversion of 2D SnS into SnS2 has been demonstrated by Sutter et al. using
thermal annealing in excess sulfur.**® The authors used a Knudsen cell to evaporate SnS powder
and deposit 2D SnS domains on a bulk SnS: crystal substrate in UHV. At both higher and lower
substrate temperatures than ~300 °C, only SnS deposition was observed. However, at
approximately 300 °C, the conversion of deposited SnS domains into SnS2 was observed, resulting
in 2D SnS> with a twisted orientation with respect to the original SnS: substrate (Figure 10e,f).
The authors suggested that this conversion can be attributed to the availability of excess sulfur
from both the SnS: substrate and single sulfur species from the SnS powder source at temperatures

of ~300 °C. They support this explanation by demonstrating the conversion of 2D SnS crystals

deposited on MoS:2 into 2D SnS: crystals following post-annealing in a tube furnace in the presence
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of excess sulfur. This work demonstrates a pathway to twisted homostructures facilitated by phase

conversion.

In addition to thermal annealing, the use of irradiation has also been shown to transform
the structure of 2D group IV metal chalcogenides. Electron-beam irradiation in a TEM was used
by Sutter et al. to convert Cdla-type 2D SnS: and SnSe: into their aw monochalcogenide
counterparts.*”! This conversion is driven by the loss of the chalcogen and was further promoted
using increased substrate temperature. Using laser irradiation, Jeon et al. observed the evolution
of GeTe structures in 80-nm-thick GeTe films.*>® In addition to #b-GeTe, the authors propose the

existence of other structures, such as a monoclinic Cm structure, as calculated using DFT.

3.2.2.3. Thickness. As demonstrated by the phase diagram in Figure 10b for the growth of 2D
SnTe, the structure of some 2D M?"X compounds can be affected by their thickness. As previously
discussed, thickness has a significant effect on stabilizing aw-SnTe versus cubic (or /b)
SnTe.*#4” Similarly, the thickness of GeTe films also plays a role in the crystallization of 4b-
GeTe. On non-passivated substrates, films below a critical thickness of a few monolayers are
amorphous before they crystallize into hb-GeTe above the thickness threshold.*¥>#* Additionally,
several computational studies have investigated the effect of thickness on the structure of aw-
structured 2D M""X compounds. For GeS, GeSe, SnS, and SnSe, reports have predicted the
structural transition from the rectangular aw structure (a # b) to a square lattice (@ = b) in the
monolayer.***#7! Mehboudi et al. calculated the critical temperatures for this transition to be T =
175 = 11K for SnSe and Tc =350 + 16 K for GeSe, where the monolayer aw structure exists below
Tc and the square lattice structure above Te.*®® Due to the higher symmetry in the square lattice,

the material should be paraelectric. However, the direct observation of the square-latticed structure
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in 2D GeS, GeSe, SnS, and SnSe has not yet been reported. The lattice parameters of SnTe and

GeTe were also calculated to depend strongly on their thickness.**?
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Figure 10. Experimental demonstrations of polymorphic control in 2D group IV metal chalcogenides.
a) Synthesis conditions for the CVD growth of 2D SnS and SnS,. High growth temperatures and high
H,S:SnCly ratios favor SnS over SnS,. Adapted with permission from Ref*”” Copyright 2018 Royal Society
of Chemistry, which included data from Ref*”* (encompassed by the dashed green rectangle). b) The
percentage of aw-SnTe (compared to cubic or 4b-SnTe) as a function of the substrate temperature and
average thickness of MBE-grown SnTe films. Adapted from Ref.*”” Copyright 2019 AIP Publishing under
a Creative Commons Attribution 4.0 International License https://creativecommons.org/licenses/by/4.0/. c)
Formation of a lateral heterojunction via thermal transformation of the hBN/SnSe, heterostructure shown
in the optical image. d) Annealing the structure in ¢) results in SnSe, under the hBN and SnSe in the
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unencapsulated region, as evidenced by the Raman maps showing significant SnSe, A'; Raman peak
intensity under the hBN (left) and significant SnSe A;; Raman peak intensity in the unencapsulated region
(right). Adapted with permission from Ref.**” Copyright 2018 American Chemical Society. ) Low-energy
electron microscopy (LEEM) image showing the deposition of SnS (red square) and twisted-SnS; (yellow
triangle) on the SnS, substrate (blue circle). f) Micro low-energy electron diffraction (LEED) of the
hexagonal single crystal SnS; substrate (left), orthorhombic SnS islands upon SnS deposition (center), and
a twisted hexagonal SnS; domain from sulfurization of deposited SnS (right). The sulfurization occurs from
further SnS deposition at a temperature of ~300 °C. Adapted from Ref.**° Copyright 2019 Springer Nature
under a Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0/.

3.3. Group V Metal Chalcogenides

3.3.1. Structures and properties of 2D group V metal chalcogenide polymorphs

Layered vdW group V metal chalcogenides mostly exist in the composition MV2X3, where MY =
As, Sb, Bi and X =S, Se, Te. Additionally, layered structures can be obtained from a continuous
set of composition (M2)m(MV2X3), for the Sb-Te, Bi-Se and Bi-Te systems. More recently,
metastable As¥X and MVX> compounds with layered structures have been accessed using high-
pressure and high-temperature processing, and observed to persist at atmospheric pressure. These

cases are discussed in further detail in section 3.3.2.

3.3.1.1. MV,X3 compounds. Among the group V metal chalcogenides, a-Sb2Tes, a-Bi2Ses and o-
Bi2Tes3 are the most explored and crystallize in the Bi2Tes-type structure at ambient conditions.***
49 The BizTes structure type is also observed for B-In2Ses (section 3.1.1.2), and consists of
quintuple X-M-X-M-X layers stacked along the ¢ direction with nearly octahedral coordination of
the metal atoms (Figure 11a). Contrary to group III and IV metal chalcogenides (sections 3.1 and
3.2) and transition metal halides (section 4), polytypism is not common for group V metal
chalcogenides. The BixTes-type structure for these compounds is mostly observed in the 3R

configuration (ABC stacking pattern with translational offsets between layers).
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In contrast, the As2X3 compounds exhibit various layered structures at ambient conditions.
For the sulfides (As2S3), only the monoclinic orpiment (a-As2S3, space group P21/c)*’3% and the
triclinic anorpiment (space group P1)*°! polymorphs are layered. For As2Ses, the only polymorph
at ambient conditions is a-As2Ses, which is isostructural to orpiment.’°>3% The crystal structures
of orpiment and anorpiment are based on corrugated layers of six-membered rings of corner
sharing [ AsS3] pyramids (Figure 11a). The polymorphs differ by the arrangement and orientation
of the [AsS3] pyramids within the layer as well as by the stacking of the neighboring layers.>"!
Anorpiment has ~4% lower density in comparison to orpiment, which suggests weaker vdW
interactions.’°! Both are naturally occurring minerals that are relatively hard to prepare in the
laboratory since synthesis from elemental As and S yields amorphous glasses. While Espeau et al.
successfully obtained orpiment by crystallizing a glass sample at 523 K for 1 year,’** many
researchers instead use naturally mined samples despite potential elemental contaminants such as
Sb.394-506 For As2Tes, three layered polymorphs are reported: o-As2Tes, B-As2Tes and B'-As2Tes.
The a-As2Tes structure (space group C2/m) consists of complex zig-zag layers stacked along the
a axis (Figure 11a)."°%® B-As;Te; has a BixTes-type structure (space group R3m), which
transforms to o-As:Tes upon heating to ~520 K.3%% Upon cooling to ~200 K, B-As:Tes
undergoes distortion and a 4-fold modulation along the b axis, yielding B°-As2Tes (space group
P21/m).>% No experimental reports exist yet for layered nitrogen or phosphorus chalcogenides.
However, recent theoretical studies predicted that monolayer forms of nitrogen or phosphorus
chalcogenides could adopt the orpiment structure as well as another 2D polymorph that differs
from the orpiment structure by the arrangement and orientation of the [AsS3] pyramids, yet not of

anorpiment type.>!%->!!
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A brief summary of the monolayer polymorphs of the of layered M"2X3 compounds (M" =
As, Sb, Bi and X = S, Se, Te) is presented in Figure 11b. The details of their structures and
electronic properties are given in Table 5. The group V metal chalcogenides of composition
MY 2.X3 are well known as thermoelectric materials. The recent reviews by Wittig et al.,’'> Hong et

al.,’® Heremans et al.,’'* and Xu et al’"

summarize the efforts of doping, alloying, and
nanostructuring of isostructural a-Bi2Ses, a-Bi2Tes, a-Sb2Te for maximizing thermopower. In
particular, the formation of solid solutions among these compounds is widely exploited for
optimizing their thermoelectrical properties.’'*>*'* For chalcogen ratios of X1:X2 = 1:2, careful
control over the growth can result in an ordered phase with X1 atoms occupying the middle
chalcogen layer for an X>-M-X;-M-X> quintuple layer (tetradymite structure). Such phases are
reported for BizTezS, BizTezSe, BiaSez2S, Sb2TezS, and Sb2TezSe, and are detailed in the review by
Heremans et al.°'* Additionally, isostructural B-As2Tes3 has also been explored for thermoelectric
properties, with a ZT value up to 0.7 at 423 K for ~1% Bi substitution.’!®>!® While a-As>Te3 has
a lower ZT of 0.001, it can be significantly increased to 0.8 at 523 K with 2.5% Sn

substitution.>'%320

Concurrent with theoretical predictions in 2009,%?! a-Bi>Ses, a-Bi>Tes and a-Sb2Tes were

experimentally reported to be 3D topological insulators,32? 526

which is discussed in detail by
Hasan and Kane’?’ and Heremans et al’'* Given that 3D topological insulators feature
topologically protected metallic surface states compared to an insulating bulk, the vdW-layered
nature of a-Bi2Ses, a-Bi2Tes and o-SboTe; enables thickness tunability for controlling the
contribution of the surface versus bulk states. In particular, experimental studies of gate-tunable

conductance in thin crystals of a-Bi2Ses and a-Bi2Tes were able to resolve the contribution of

surface and bulk currents.’?®332 Thickness-dependent experimental studies indicate that the
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topological surface states persist down to 4 layers in a-Sb2Tes,*** 6 layers in a-Bi2Se3,>**3% and 2

layers in a-BizTes.>*’

The thermoelectric properties of a-Bi2Ses, a-Bi2Tes and a-SbaTes are strongly related to
their topological nature>*® and hence also vary with crystal thickness. Multiple theoretical studies

339545 and solid solutions,’*%® although

predicted enhancement of Z7T in few-layer samples
experimental studies reveal more complex behavior. While enhancement of thermoelectric
properties was found for few-layer a-Bi2Se3** and 0-BizTes,>*%>! later studies by Hinsche et al.
and Guo et al. report the decrease of thermopower for thin samples of ALD-grown o-SbaoTes*>
and MBE-grown a-Bi2Ses > respectively. Further studies are needed to understand the effect of

the larger contribution of metallic surface states on the thermoelectric properties of topologically

nontrivial thin MV2X3 samples.

Meanwhile, studies into the properties of 2D arsenic chalcogenides remain limited.
Recently, Sikins er al. exfoliated orpiment down to monolayer thickness and studied its
mechanical and optical anisotropy. These researchers found a Young’s modulus ratio for the a and
c directions of Eo/Ec = 1.7, which is similar to black phosphorus.’” Few-layer orpiment and o-
As2Ses have also been studied computationally and predicted to have indirect bandgaps of 3 - 3.3

eV and 2.3 - 2.6 eV, respectively.*>* 6

3.3.2.1. (MY2)m(MV2X3), compounds. A continuous set of composition (MY2)u(M¥2X3)n is
observed for the Sb-Te (referred to as § and y phases in early works),”*”>® Bi-Se,>*%% and Bi-
Te 62756 systems. The structures are composed of various ratios of stacks of MV2X3 blocks (atomic
quintuple layers of X-M-X-M-X in the Bi>Tes-type structure) and M"> blocks (atomic bilayers of

Sb or Bi). The MY structure can be recognized as the 4b arrangement of elemental Sb and Bi

(Figure 5a). The most studied members of the series include the 1:1 MV:X composition (m =1, n
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= 2) of SbTe’®, BiSe’** and BiTe**>*¢ (Figure 11c), 2:1 MV:X composition (m = 2, n = 1) of
SbaTe’®” and BizTe, 6% (Figure 11c), and 4:3 M":X composition (m = 1, n = 1) of SbsTes3,>”°
BisSe3*’!, BisTes.’’? Since there are two types of building blocks in these crystal structures, three
interlayer gaps are possible between the blocks: the gap between quintuple layers (M2X3 to
MV2X3), the gap between the metal atomic bilayers (MV2 to M"2), and the gap between the two
aforementioned blocks (MV2X3 to M"2). The nature of the interlayer bonding between the blocks
differs for Sb and Bi compounds. In the case of antimony tellurides, all three gaps are vdW in
nature>>®7357% and the SbyTes-SbaTes, Sb2-Sbz, and SbaTes-Sby interlayer distances are 2.7 A, 2.2-
2.3 A, and 2.4-2.5 A, respectively. For comparison, the Sb2Tes-Sb2Tes interlayer distance is 2.8 A
in the a-Sb2Tes structure.>®® In the case of bismuth selenides and tellurides, the distances between
Bi2X3 blocks remain large (2.6-2.7 A) and hence the bonding is vdW. In contrast, the Bi2X3-Bi2
interlayer distances are shorter (2.2 A) as compared to the Sb-Te system and the bonding is
considered to be weakly covalent.®>>7> As a result, the crystal structure of BiTe features vdW gaps
between adjacent Bi2Tes blocks (Figure 11c), whereas the crystal structure of BisTes, which
consists of alternating Biz and Bi2Tes blocks, does not feature any vdW gaps. While in most cases
a given (M"2)m(M"2X3), composition corresponds to a specific structure, the n, m pair does not
uniquely define the stacking order. For example, the structure of SbaTes has been observed both
with>’® and without®”” the Sbz-Sb2 sequence, and MBE growth results in the mixture of both.’”
The Biz2-Bi2 sequence is less common in comparison to the Sb2-Sbz sequence in the antimony
tellurides, although reports exist of Bi2Te as well as further members of the series featuring Biz-
Bi2 neighbors. %% In accordance with the trend for the Ab-structured group V elements (section
2.3.1), the interlayer interaction (i.e., hb-hb interaction) for Bi2-Bi2 sequences is stronger than for

Sb-Sbo.
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Similar to the MY>X3 compounds, members of the (MV2)m(M'2X3)n series show
topologically nontrivial properties and are thermoelectrics.®®>74378-582 Different surface
terminations and termination-dependent electronic properties have been identified for cleaved
SbaTe’”® and BisSes*® crystals by ARPES studies where a complex interplay between structure
and surface electronic properties was discovered. BiTe was recently discovered to be a dual 3D
topological insulator (weak topological insulator and topological crystalline insulator phases
simultaneously) and also showed termination-dependent surface states.’®>>’> These findings
suggest ample opportunity for further study of the members of (M"2)m(M"2X3)n series in the 2D

limit.
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Figure 11. 2D polymorphs of group V metal chalcogenides. a) Structures and b) summary of monolayer
polymorphs for the layered group V metal chalcogenides of composition M",X3. As,Te; also exhibits a
distorted BiyTes-type structure not pictured here. ¢) Illustration of the modular structures of the
(M"2)n(M"2X3), infinite series using BiyTes, BiSe, and Sb,Te as examples. The structures are composed of
blocks of MY, atomic bilayers in a hexagonally buckled arrangement and M",.X; atomic quintuple layers in
a BiyTes-type structure with a ratio of m:n M">: M",X; blocks The dashed lines in the BiSe-type structure
indicate the variable nature of the bonds, which are weakly covalent for Bi compounds and vdW for Sb
compounds.
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Table 5. Structures and electronic properties of group V metal chalcogenides of composition M"2.XG;.

structure

space

name type group lattice parameters (A) electronic properties refs
a=11.48
opiment | - orpiment | - P2yle e ctocron mobity of - Teme vt |
B=90.7°
a=5.758
As:Ss bulk b=8.717
. . = ¢=10.268 o . 01587
anorpiment | anorpiment P1 w="78.15 indirect bandgap of ~ 2.4 eV .
B=7582
v =89.86
monolayer - orpiment - a=113° indirect bandgap of 3 - 3.3 eV 505,554-556
a=12.077
bulk 0-As:Ses orpiment P2i/c b=9.904 direct bandgap of 1.75-1.85 eV 503,583,585,588
As2Ses3 c=4.284
B =90.46°
monolayer - orpiment - a=12.1° indirect bandgaps 0f 2.3 - 2.6 eV* 334-536
a=14337
a-As;Te; a-As;Te; C2/m cb:_‘;%;% banzdﬁipf (:f)oog?_(oRﬁ?)fV’ 507,508,520
B =95.06°
' B a=4.047 bandgap 0f 0.24-0.3 eV©,
As,Tes bulk B-As;Te; BiyTes3 R3m o= 29' 498 Hall mobility of ~50 cm? V! 57!, 508,516,589,590
: ZT of ~0.2 (RTY
a=6.996
B'-As;Tes B'-As;Tes P2i/m 5;11%224;1‘ bandgap of 0.39 eV* 308,590
B =103.43°
monolayer - Bi;Tes - - indirect bandgap of 1.1 eV 335
- orpiment - a=13.1° indirect bandgap of 1.8 eV 336
topological insulator,
B 0=4264 bulk bandgap of 0.24 eV, Hall
bulk a-SbyTe; Bi,Tes R3m o= 3046 mobility on the order of 10> cm? V! s- 494,591-593
Sb:Te; ' '(RT),
zT of ~0.3 (RT)”
monolayer® ) Bi,Tes B 4=430 indirect bandgap of 0.7 eV, 533.540,541.594.595

ZTup to 2 (RT)*

80




topological insulator,
bulk bandgap of 0.3 eV,

ZTupto 1¢

. . - a=4.143 Hall mobility on the order of 103 cm? | 4965,
BisSes bulk a-BixSe; BiyTe; R3m o =28.64 V- s (RT) and 10° cm? V-1 57 (~ 2 96,523,596,597
K),
zT of ~0.1 (RT)*
monolayer® - BirTes - a=4.1 indirect bandgap of 0.9 eV¢ 534-536,598,599
topological insulator,
B a=4395 bulk bandgap of 0.14-0.165 eV,
bulk a-Bi,Tes BixTe3 R3m _3 O 44 Hall mobility on the order of 10? cm? 495,512,522
Bi:Te; ¢ ' V-igl (RT),
zT of ~0.6 (RT)?
monolayer‘ ) Bi,Tes B a=44 indirect bandgap of 0.5 eV, 537,542-544

“ calculated value
> doping, alloying and nanostructuring is reported to improve the ZT value, please refer to the text and references
“ Properties of the few layer samples are also reported, see references in the text
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3.3.2. Polymorph control of 2D group V metal chalcogenides

3.3.2.1. Growth. Polymorph control via growth is mostly realized for the Sb-Te, Bi-Se, and Bi-
Te systems within the (M"2)m(M"2X3)n series. In contrast, the growth of arsenic chalcogenides

primarily results in amorphous films®®

and hence polymorph control via growth remains
challenging. A review by Ginley et al. summarizes efforts in growing a-Sb2Tes, a-Bi2Ses, and a-
Bi2Tes compounds using MBE.®®! Precise control over the beam flux allows access to
stoichiometries beyond M"2.X3 to other phases belonging to the (M"2)m(M"2X3), series as has been
demonstrated for the MBE growth of SboTe and SbTe,>”® SbaTes,””® Bi-Se®*? and Bi-Te 70-382:603
compounds. While it is possible to achieve growth of compounds with small m and n, the pure
growth of other members of the series is highly challenging due to disorder. These polymorphs are
close to each other in composition and thus even small variations in the flux or other growth
conditions result in a formation of stacking faults and disorder.’’%%?26% The growth of MV2X3
phases and control over (M"2)m(M"2X3)n stoichiometry have also been realized with CVD,%04605
MOCVD,%%6-608 MOVPE,®*” PLD,®'%-¢12 PVT,°13 sputtering,®'+®!> and other methods.®'¢

While polytypism is not common for the group V metal chalcogenides, Rotunno ef al. grew
the 1T polytype of Sb2Tes (space group P3m1) in the form of nanowires using MOCVD.%!7 The
structure consists of Te-Sb-Te-Sb-Te quintuple layers stacked exactly on top of each other in
contrast to the translational offset observed in the typical 3R stacking arrangement. The 1T
polytype is believed to be stabilized by the nanowire geometry and surface energy of the facets.
3.3.2.1. Pressure and Temperature. The application of hydrostatic pressure, often in combination
with elevated temperatures, is a common strategy for altering the structures of bulk group V metal

chalcogenides. These studies may provide a starting point for future work into 2D polymorph

control. Several layered polymorphs of group V metal chalcogenides accessed at high pressures
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are stable at ambient conditions upon releasing the pressure, and the existence of such polymorphs
indicates a possibility of achieving the structures in the 2D form.

a-As2Ses is reported to transition to P phase (a-As2Tes) at pressures of 3-5 GPa and
temperatures of 300-650 °C, and subsequently changes to y-As2Ses at 7 GPa and 950 °C, both of
which are stable at room temperature and atmospheric pressure.®'®¢!° The structural details of y-
As2Ses are unknown. At 1050 °C and 7 GPa, As2Ses is reported to disproportionate to AsSe and
AsSe», the latter of which has an MoSa-type structure (space group R3m).%!° Similarly, orpiment
(As2S3) disproportionates above 6 GPa and 600 °C to AsS and AsS2.5%° The structure of AsS (space
group Pca21) has As—As bonds of 2.4-2.6 A and consists of washboard-like layers separated by
vdW gaps reminiscent of the sw/aw structure motif observed in the group V elements and group
IV monochalcogenides.®?! AsS: (space group P21) is composed of chains with S—S bonds (2.0 —
2.1 A) that are separated by vdW gaps.5?? Early studies report a transition of a-As>Tes to B-As2Tes
at 6-8 GPa.%?® However, later reports assigned the 6-8 GPa transition to metallisation of a-As>Te3
followed by a structural transition to non-layered y-As2Tes (isostructural to y-Bi2Tes, space group
C2/c) above ~13-17 GPa 62462

Bulk SbaTes, Bi2Ses, and Bi2Tes display rich polymorphism at high pressure, which is
detailed in the reviews by Manjon et al.®*® and Morozova et al.?” The o phase (BizTes-type) is
reported to transition to a B-phase at 8-10 GPa, which is the only layered high-pressure polymorph
and features heptacoordinated M cations. It is worth noting that at ~4 GPa, a-SbaTes, a-Bi2Ses and
a-Bi2Tes undergo isostructural phase transitions associated with anomalies in mechanical,
electrical, and thermodynamic properties. This transition is often assigned to an electronic
topological transition (i.e., a second order isostructural phase transition associated with the change

of the Fermi energy surface topology),%2° although recent reports suggest alternative mechanisms
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with no change of the electronic topology.®?*$2° Additional layered polymorphs of Sb2Tes, Bi2Ses
and Bi2Tes can be accessed under both high pressure and temperature. At 4 GPa and 400-850 °C,
a-Sb2Tes transitions to a structure of space group C2/m that resembles a-As2Te3.0%%! BiSes and
Bi2Tes can adopt alternate structures belonging to the P21/m and R3m space groups, respectively,
by quenching from 7.7 GPa and 400-1127 °C.%¥>33 These polymorphs are metastable at ambient

conditions and transition to a-Bi2Tes structure upon heating.

While no bismuth chalcogenides of composition BiX> are reported at ambient conditions,
high-pressure and high-temperature synthesis (5.5-7.5 GPa, 650—1200 °C) has enabled access to
novel layered BiS2 and BiSe: polymorphs (space group C2/m), which feature S-S or Se-Se
bonds.®*%3> Although the individual layers are formally neutral, the gap between layers (1.7 A) is

much smaller in comparison to other MX> chalcogenides such as MoS: (3.2 A).

4. Layered Transition Metal Halides

Layered vdW transition metal halides (TMHs) have a general formula of a MYa, where M
is transition metal, Y is CI, Br or I, and n is typically 2 or 3. However, there are examples of
intermediate stoichiometries (e.g., n = 8/3) as well as n > 3 (see section 4.3). With the exceptions
of ZrC12%%¢ and Zr12%%7-3® where Zr has trigonal prismatic coordination, the transition metal cations
in MYn compounds are octahedrally coordinated and the edge-shared octahedra form layers that
are separated by vdW gaps. For n = 2, all the metal sites in the layer are occupied, resulting in a
triangular net of cations (Figure 12a). Lowering the metal content (n > 2) can be considered as the
formation of ‘vacancies’ in the n = 2 triangular cation net structure. This concept is analogous to

the hollow hexagon polymorphs of borophene (section 2.1.1). For n = 3, the honeycomb net of
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cations is formed (Figure 12b). The voids can be occupied by the same metal cations to form solid
solutions of MY2-MY3% or by other guest cations. The former was experimentally observed in
single crystals of VIz*%! and VBr3,°* although the partial occupancy was attributed to the

presence of stacking faults in the crystals.

In comparison to metal chalcogenides, metal halides feature more ionic bonding and hence
greater charge separation between the metal and halogen atoms. Such charge localization generally
results in lower charge carrier mobilities. In fact, most of the TMHs are Mott insulators. Moreover,
the angular momentum associated with partially filled d orbitals of the transition metal cations
gives rise to magnetic order. As a result, layered vdW TMHs present a rich spectrum of
possibilities related to 2D magnetism and spintronics. Theoretical studies predict low cleavage

643-646 guggesting the possibility of monolayer TMHs via

energies for most layered vdW TMHs,
exfoliation from the bulk or bottom-up vdW epitaxy. The exploration of 2D TMHs is relatively
nascent and thus much work is still required to investigate the structures and properties of their 2D

forms. For more details regarding the magnetic properties of bulk TMHs please see the review by

McGuire.%’

Due to the low vdW interlayer binding strength, stacking faults or polytypes are commonly
observed in layered MYn. compounds, although they are often difficult to distinguish
experimentally. Stacking variations can occur during heating or cooling of MYx crystals through
structural transition temperatures or during growth, ®** as well upon mechanical deformation such
as during micromechanical exfoliation.®**6° Similarly, atomic force microscopy studies of layered
vdW TMHs have shown that the applied tip force can alter the structure of TMH crystals. For
example, Bengel et al. report drastic changes of the atomic force microscopy images of transition

metal trichlorides produced with large applied forces and explain their observation by tip-force-
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induced surface corrugation.®*! A recent single-spin magnetometry study also reports a strong
change of magnetization (most likely caused by a structural change) after physical puncture of the
Crls flake on the substrate.®>? These results indicate that even if the structure of the bulk crystal is
well established, control over the symmetry and stacking becomes vital for 2D TMH samples that
are often produced by scotch-tape exfoliation and thus undergo mechanical deformation during

preparation.

It should also be noted that most layered vdW TMHs are not stable in ambient conditions,
adding further complexity to their characterization. Reaction of the TMH with ambient water starts
from the edge until the entire crystal is ‘dissolved’ in the absorbed water.®>> As a result, most
experimental studies on exfoliated TMHs are performed in gloveboxes and vacuum chambers
and/or with encapsulation schemes (e.g., sandwiching the TMH flake between hBN flakes) to

protect the crystals from ambient exposure.
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Figure 12. 2D transition metal halide polymorphs. Monolayer and stacking polymorphs of layered
transition metal halides of composition a) MY> and b) MY;. The shaded brown rectangles and dashed lines
indicate the alignment of equivalent layers.

4.1. Transition Metal Dihalides

4.1.1. Structures and properties of 2D transition metal dihalide polymorphs

Most bulk layered MY> halides crystallize in the Cdlz-type or CdCla-type structures, which share

the same monolayer structure and differ only in their layer stacking sequence (i.e., they are
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polytypes). The Cdlz-type structure corresponds to the 1T polytype (AA stacking, space group
P3m1), and the CdClz-type structure corresponds to the 3R polytype (ABC stacking, space group
R3m). However, ZrCl> adopts an MoSa-type structure®*® and Zrl> adopts both MoTex-type and

WTex-type structures,®37-638

all of which correspond to trigonal prismatic coordination of the Zr
cation. Limited experimental studies exist of first-row TMHs in the 2D limit, and computational
studies predict octahedral coordination of the metal cation for most of these materials (Table 6),
except the aforementioned zirconium halides as well as TiCl2 and FeY>. For the latter compounds,
computational studies suggest that the monolayers can adopt both trigonal prismatic or octahedral

coordination of the metal cation,5* 6%

although a recent study by Zhou et al. only observed
octahedrally coordinated Fe in the FeCl> monolayer grown by MBE.%® In the 2D literature, the
monolayer MoSz-type structure with trigonal prismatic metal coordination is often referred to as a
‘2H’ (or sometimes ‘1H’) monolayer, and the monolayer Cdl2-type or CdClz-type structures with
octahedral metal coordination are referred to as ‘1T’ monolayers. Although the topology of the
bond network in CrY> halides is similar to other CdCl2-type and Cdlz-type compounds, the Jahn-
Teller effect leads to strong distortion of the [CrYs] octahedra,%%%° which was directly observed
in the STM studies of the Crl> monolayer grown by MBE.661.6¢2

Transition metal dihalides show diverse forms of magnetic order, although they remain
relatively less explored compared to the trihalide family (section 4.2). In addition, most of the
studies of transition metal dihalides to date have been limited to bulk materials. MY> compounds
typically possess antiferromagnetic (AFM) or complex helimagnetic (HM) order with various spin
structures and orientations. In particular, VC12°6376> and VBr,662:664666 have so-called Néel 120°

magnetic structure (120° angle between neighboring spins) with spins in the ac plane in the bulk,

while theoretical studies predict similar Néel 120° structure in monolayers but with the spins in
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the ab plane.®®” MnBr2%®® and Fel.%° ¢! have stripes of spins running through the crystal where
the stripes are arranged with AFM order. The iron, cobalt, and nickel chlorides and bromides all
exhibit ferromagnetically (FM) coupled intralayer spins with AFM interlayer interactions,
although the spin orientations differ among these compounds (Table 6).6”>¢7 Finally, Mnla,8¢7-
676 Col2,77¢7 Nil2677:%% and NiBr2%!-%%5 possess complex HM ground state order. These halides are

also reported to show multiferroic behaviour,676:67%:685

which opens the possibility for electrical
control of magnetism. Moreover, iron halide monolayers have been predicted to show half-
metallicity (i.e., metallic behaviour for one spin orientation and insulating for another).®4>-6%¢ A
summary of the structures, properties, and magnetic ordering of MY> compounds in the bulk
(experimental data) and in the monolayer form (calculated values) is presented in Table 6.
Additionally, a review by McGuire contains further details on the magnetic properties of bulk MY>

compounds.®*’
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Table 6. Structures, magnetic properties, and electronic properties of monolayer and bulk transition metal dihalides.

structure type lattice . . temperature .
magnetic order and spin . electronic
(space group) at parameters orientation of magnetic properties ref(s)
RT (A) order (K)
TiCl bulk Cdl, (P3m1) a=3.561,c=5.875 AFM 85 - 687-689
* | monolayer | trigonal prismatic - AFM |l ¢ - - 64
TiBr bulk Cdl, (P3m1) 4=3.629, c = 6.492 - - - 688690
’ | monolayer octahedral - AFM |l ¢ - - 64
Til bulk Cdl, (P3m1) a=411,c-682 - - - 688,689,691
: monolayer octahedral - AFM |l ¢ — - 654
7 bulk MoS; (R3m) a=3.382,c=19.378 — - - 636,688,689
rCl monol . . . - a a a 654
onolayer | trigonal prismatic
a=6.821,b = 3.741, B B B R
bulk a-Zrl, | MoTe, (P2;/m) c=14.937, B = 95.66
Zrls a=3.744,b =6.831, ¢ s
bulk B-Zrl, WTe, (Pmn2,) — 14886 — - -
monolayer | trigonal prismatic - - - - 634
Vel bulk Cdl, (P3m1) a=3.60,c=5.83 AFM-120°, || ac plane 36 - 663-665,692
> | monolayer octahedral a=3.6 AFM-120°, L ¢ - insulator 643,654,667,693-695
VBr bulk Cdl, (P3m1) a=3.76,c=6.18 AFM-120°, || ac plane 30 - 663,664,666,691
> | monolayer octahedral a=3.81 AFM-120°, L ¢ - insulator 643,634,667,693-695
Vi bulk Cdl, (P3ml) | a=4.057,c=6.760 AFM 16.3, 15 - 663,664,696
: monolayer octahedral a=4.08 AFM-120°, L ¢ - insulator 643,634,667,693-695
a=711,b=3.65 c= 659
CrBr: bulk C2/m 6.22, B =93.88 - - -
monolayer octahedral a=23. AFM - half-metal 643,695
a=17.55b=393 c= 660
Crlz bulk C2/m 751, B=115.52 - - -
monolayer octahedral a=39-42 FM - insulator 661,662
MnCl bulk CdCl, (R3m) a=3.711,c=17.59 AFM stripe L ¢ or HM 2,1.8 insulator 669,697,698
> | monolayer octahedral a=3.64 multiple structures proposed - insulator 643,654,693-695,699
MnBr bulk Cdl, (P3m1)* a=3.868,c=6.272 AFM stripe L ¢ 2.3,2.16 insulator 668,669,700
* | monolayer octahedral a=3.84 AFM-120° or stripe 1 ¢ — insulator 643,634,693-695
5 _ _ 3.95, 3.8, insulator 668.669.674-676
Muls bulk Cdl, (P3m1) | a=4.146,c=6.829 HM e e
monolayer octahedral a=4.12 AFM-120° or stripe L ¢ - insulator 643,634,693-695
FeClz bulk CdCl, (R3m) a=3.598,c=17.536 AFM |l ¢ 24 insulator 669,672,701
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octahedral a=3.4-3.5 643,654~
monolayer trigonal prismatic 4=336 FMl c 100-160 half-metal 658.686.693,694.702
bulk Cdl, (P3m1) a=3.776,c=6.227 AFM |l ¢ 14 insulator 669,672,703
FeBr: monolayer . octaheqral . 2= 3.69 FM |l ¢ 80-200 half-metal 643,654,636,693,694
trigonal prismatic a=3.57
bulk Cdl, (P3m1) a=4.03,¢c=6.75 AFM || c, stripes 9 insulator 669-671
Fels monolayer . octaheqral . 2= 3.98 FM |l ¢ 40-120 half-metal 643,654,636,693,694
trigonal prismatic a=3.87
CoCl bulk CdCl, (R3m) a=3.553,¢=17.359 AFM L ¢ 25 insulator 672
> | monolayer octahedral a=3.49 multiple structures proposed — half-metal 643,634,693-695
bulk Cdl, (P3m1) a=3.728,¢c=6.169 AFM L ¢ 19 insulator 672
CoBr2 . _ 643,644,654,693
monolayer octahedral a=3.63 multiple structures proposed - insulator 695,704
3 = = insulator 677-679
Cols bulk Cdl; (P3m1) a=3.985, c=6.664 HM 11 multiferroic
monolayer octahedral a=3.92 AFM — insulator 643,634,693-695
bulk CdCl, (R3m) a=3.483,¢c=17.40 AFM Ll ¢ 52 insulator 673,705,706
NiClL ] 643,654,693
monolayer octahedral a=23.45 FM | ¢ 60-200 insulator 695.707-709
bulk CdCl, (R3m) a=3.704, ¢ =18.31 AFM 1 ¢, HM 52,23 insulator 681-685.710
. multiferroic
NiBr: 643,654,693~
monolayer octahedral a=3.64 FMl c 130-170 insulator 695.707-709
bulk CdCL (R3mY | a=3.922,¢=19.808 HM 75 insulator 677,680
. multiferroic
Nil 643,654,693~
monolayer octahedral a=3.92 FMl ¢ 130-180 insulator 695.707-709.711

Entries for bulk structures are based on experiment and monolayer entries are based on calculations

‘Octahedral’ indicates a Cdl,-type or CdCl,-type monolayer structure with octahedral coordination of the metal cation
“Trigonal prismatic’ indicates an MoS,-type monolayer structure with trigonal prismatic coordination of metal cation

“MnBr; transitions to CdCly-type structure above 623 K
bNil, transitions to monoclinic structure below 60 K
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4.1.2. Polymorph control of 2D transition metal dihalides

Reports of 2D transition metal dihalide growth are limited to UHV-MBE Crl2¢!%? and FeCl,.%%®
In both cases, the structure of the 2D layer resembles the bulk (i.e., octahedrally coordinated Cr
and Fe), although a number of theoretical studies predicted trigonal prismatic coordination for
monolayer FeCl.65-657-702 Stacking order as well as its influence on the magnetic and electronic
properties of these 2D films remain to be explored. Similarly, limited studies have experimentally
demonstrated polymorph control for 2D transition metal dihalides. However, the reports of
structural manipulation in the bulk provide a basis for such control in the ultrathin limit. Several
MY> compounds are reported to undergo temperature-induced transitions from one polymorph to
another. In particular, MnBr: transitions from the Cdlz-type to CdClz2-type structure above 623
K.”'2 Furthermore, Nil2 adopts a monoclinic structure below ~60 K, along with the emergence of
helical antiferromagnetic order, although the exact structural details of this low-temperature Nil2
phase are not yet reported.®’” Liu et al. report a slight decrease of the Néel temperature with

decreasing thickness in PVD grown Nil,”!3

although it remains to be seen whether the thickness
of other MY> crystals affects the transition temperatures observed in the bulk. Multiple reports of
such thickness dependencies in the transition metal trihalides (section 4.2.2) and group III metal
chalcogenides (section 3.1.2.3) suggest its likelihood.

The application of hydrostatic pressure has been explored to induce structural and phase
transitions in bulk MY> compounds. FeCl: transitions from the 3R polytype (CdClz2-type structure)
to the 1T polytype (Cdl2-type structure) at 0.6 GPa.”®! Two more phases of FeCl> have been
reported at higher pressures, although both are of the Cdlz-type structure. Specifically, at pressures

above 32 GPa, the spins cant away from the ¢ axis and the Fe d electrons delocalize, leading to an

insulator-to-metal transition and collapse of magnetisation at higher pressures.”'* A similar
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insulator-to-metal transition has been observed for Fel2.”'* CoClz was shown to transition from the
3R polytype (CdClz-type structure) to a 2H polytype (Cdl2-type modification) at 0.5 GPa followed
by another transition to the 1T polytype (Cdl2-type structure).”!® Further pressurization results in
an insulator-to-metal transition at ~70 GPa. Interestingly, metallization of CoCl2 was found to
occur due to p-d charge-transfer bandgap closure with the 3d electrons still localized, meaning that
metallization and magnetism can coexist until the occurrence of 3d electron delocalization at 180
GPa. An insulator-to-metal transition was also found for Nil2 at 16 GPa and is associated with
charge-transfer gap closure.®® Since Nil2 is non-magnetic above 19 GPa, the existence of a new
antiferromagnetic-metallic phase has been proposed between 17 and 19 GPa.”!¢

Alloying has also been used to tune the structures of MY2> compounds. Specifically, since
all nickel halides have the same CdClz-type structure, full solid solutions exist between NiBr2 and
Nilz. This strategy has been demonstrated to decrease the Néel temperature upon Br substitution
in Nil..”'” Additionally, NiBr2 has been shown to change from the CdCl-type structure to the
Cdlz-type structure upon Co substitution (around 56-76% of cobalt). The temperature-composition
phase diagram of the magnetic transitions shows that increasing the Co content decreases the Néel
temperature of the first NiBr2 transition (from a non-commensurate to a commensurate

antiferromagnetic structure) to 21 K at 56% Co concentration.”'®

4.2. Transition Metal Trihalides

4.2.1. Structures and properties of 2D transition metal trihalide polymorphs

Most layered transition metal trihalides have Bils-type or AICI3-type structures.®*” In both cases,

the monolayer structure is based on the honeycomb cation sublattice, which can be constructed
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from the MY> monolayer by ‘removing’ every third metal cation. Both MY3 polymorphs have
similar stacking sequences: strictly 3R for Bils-type (ABC stacking, space group R3) and ‘3R-
like’ for AlCIs-type (ABC stacking, space group C2/m). The latter has a different layer shift
direction compared to the Bils-type structure (Figure 12b). Furthermore, the AICI3-type structure
has two types of crystallographic halide sites that allow for distortion of the [MYs] octahedra and
hence several different M-Y and M-M distances. In most cases, the distortion is minimal such that
the Bils-type and AlCIs-type structures can essentially be considered polytypes. However, if the
distortion is strong (e.g., a-MoCls in section 4.2.1.4), then Bils-type and AlCIs-type structures
should be considered as polymorphs rather than polytypes.

Polymorphism and polytypism in vdW-layered MY3 compounds play a crucial role in
determining their properties. Similar to the previous discussions on group III and IV metal
chalcogenides (section 3.1.1 and 3.2.1, respectively), the absence of an inversion center results in
strong SHG. Moreover, differences in the layer stacking order yield different topology of magnetic
exchange interactions, which in some cases causes different magnetic orders in two polytypes of
the same material (e.g., Crls in section 4.2.1.2). Similar to the layer-dependent ferroelectric
properties of SnS and SnTe,**%43¢ thickness-dependent magnetism is observed in CrBr3 and Crls.
Furthermore, multiple MY3 compounds are reported to transition from one polymorph to another
upon cooling. For many MY3 compounds, this transition is crucial in determining their properties,
especially in the few-layer limit. A summary of the structure type, properties, and transition
temperatures of MY3 compounds is provided in Table 7.
4.2.1.1. Vanadium triiodide. Various crystal structures for the room-temperature and low-
temperature forms of VI3 have been proposed.®*®7!72l Recent Raman spectroscopy studies

) 721,722
3

indicate a high-temperature AlCls-type structure (C2/m which transitions to a Bils-type
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structure (R3) upon cooling.”'®7?! In contrast, a recent X-ray diffraction study suggests that VI3
adopts a Bils-type structure at room temperature and transitions to a monoclinic phase at 79 K and
to a triclinic phase at 32 K,”** although the exact structural details are unknown.”* Furthermore,
two FM transitions are reported at ~50 K (second-order) and ~36 K (first order) that merge at a
pressure of 0.6 GPa.%!724 At 2 K, VI3 has large out-of-plane magnetic anisotropy with four-fold
symmetry and weak in-plane magnetic anisotropy with six-fold symmetry, but the exact ground
state magnetic structure remains unknown.”?® Recent computational studies of bulk and monolayer
samples suggested that VIs is a 2D Ising ferromagnet (easy c-axis magnetization).”?® Wide-field
nitrogen-vacancy microscopy measurements allowed the imaging of magnetic domains and
domain reversal (at fields < 1 T at 5 K) for few-layer VI3 flakes encapsulated using hexagonal
boron nitride.””” The authors observed magnetic signal down to bilayer samples but no
magnetization was observed for monolayers, possibly due to imperfect encapsulation and
degradation. Moreover, for few-layer VI3 (2-9 layers), the authors observed lower magnetization
in comparison to bulk VI3 that could be explained by AFM interlayer coupling, as supported by
computation modelling.”?” In line with these findings, Wang and Long considered two possible
structures of the VI3 bilayer and concluded that either the FM or AFM ground state is favored
depending on the stacking order.”?® These results imply that stacking sequence (i.e., polytypism)
in VI3 has a dramatic influence on its magnetic configuration. In contrast, Long et al. predicted
stacking-independent ferromagnetism in bilayer VI3.7> Therefore, more experimental studies are
needed to clarify the magnetic order in VI3 in the few-layer limit.

Experimental studies report that bulk VI3 is a semiconductor with a bandgap between 0.6
and 0.7 eV.%4%72% Correspondingly, theoretical studies predicted that bulk VI3 is a Mott-insulator

with a gap of 0.9 to 1 eV.”1%720.726728 However, some studies predict half-metallicity with no
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bandgap.5#73%731 While there are no experimental reports on electronic transport in 2D VI3, recent

726-7128.732 and bilayer’?” VI3 are Mott insulators while the

theoretical studies predict that monolayer
trilayer is a half-metal.”?’ Long et al. predicted bilayer VIs to also be a half-metal.”®

4.2.1.2. Chromium trihalides. Chromium halides are the most studied of the transition metal
halides. A number of unique properties are observed in these materials including thickness-
dependent and stacking-dependent magnetism, giant tunneling magnetoresistance, and electrical
control over the magnetic state. From Cl to I, the increase in atomic number results in larger SOC
as well as larger Cr-Cr distances that result in weaker direct exchange and dominant super
exchange interactions. All bulk CrY3 halides possess a high-temperature AICl3-type structure and
transition to a Bils-type structure upon cooling, although this transition occurs above room
temperature for CrBr3. The transition temperatures are given in Table 7. Notably, contrary to the
bulk, micromechanically exfoliated CrCl3 and Crls do not show the transition into the
rhombohedral Bils-type structure and instead show signs of the monoclinic AlCIz-type structure at
low temperatures. A discussion on the proposed mechanisms for this discrepancy between bulk
and exfoliated samples of CrCls and Crls is provided in section 4.2.2.

Chromium halides possess different degrees of ambient stability with the chloride being
the most stable and the iodide being the most reactive with moisture.”**> Exfoliated Crl3 flakes
degrade in air within minutes, and the degradation is accelerated under optical illumination.®3All
halides show insulating behavior and therefore their properties are often probed by fabricating
tunneling devices. These measurements typically use graphene contacts in addition to sandwiching

between two hexagonal boron nitride flakes, where the flake stacking is performed in inert

environments, in an effort to minimize ambient degradation.
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Chromium halides possess a range of magnetic ordering behavior, especially in the 2D
thickness regime. Bulk CrCls establishes its magnetic order in two stages (at 17 and 14 K),73473
and the ground state magnetic structure has interlayer AFM coupling with FM ordered in-plane
spins with weak magnetic anisotropy.”**”*¢ In few-layer CrCls crystals, the interlayer exchange
has been observed to be an order of magnitude larger in comparison to bulk CrCls (Figure 13a).
Furthermore, exfoliated CrCls flakes do not exhibit the monoclinic to rhombohedral structural
transition that occurs at 240 K for bulk crystals (Figure 13b).%° Both bulk CrBr;”*’ and

Crl3648738739 establish FM order at low temperature (37 K and 60.5 K, respectively) with the spins

740

lying along the c¢ axis. Recent magnetometry’®’, photoluminescence’*! and tunneling

742

measurements’*~ on exfoliated flakes have shown that CrBr3 remains FM down to the monolayer

limit. However, exfoliated Crls crystals instead exhibit AFM order below 45 K as measured by

745,746 and

magnetooptical Kerr effect (MOKE),”* photoluminescence’** and Raman spectroscopy,
single-spin microscopy.®>?> While the spins in exfoliated Crls are still of FM order within the layer,
the layers are instead AFM coupled. As a result, exfoliated Crls crystals with an even number of
layers show net AFM behavior, whereas flakes with an odd number of layers show net FM order
due to the uncompensated magnetisation of a single layer. This observation has triggered
significant attention for Crl3 despite of its high ambient instability.

As discovered in spectroscopic and computational studies, the origin of the distinct
magnetic behaviour of thin Crl3 flakes (AFM below 45 K) compared to bulk crystals (FM below
60.5 K) lies in polymorphism, and more specifically, the layer stacking arrangement. Similar to
CrCl3, Raman spectroscopy and SHG showed that thin flakes of Crls remain in the monoclinic

AlCls-type structure and do not undergo the structural transition at 210 K to the rhombohedral

Bils-type structure as observed for bulk crystals.”*”7*® This insight is consistent with theoretical
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studies showing that the interlayer exchange interactions of the AlICls-type structure favor AFM
order while those of the Bils-type phase favor FM order.”*-7>? Stacking-dependent magnetic order
(FM versus AFM) has also been observed in bilayer CrBr3 grown using MBE (Figure 13c¢,d) as
discussed further in section 4.2.2.7>

The fabrication of devices from exfoliated chromium trihalide crystals has enabled further
investigation into their unique 2D magnetic properties. CrCls has been exfoliated down to the
monolayer limit”>*"3> and fabricated into tunneling heterostructures for probing the tunneling
current through CrCls as a function of its thickness, applied magnetic field, and temperature.®>%754
736 These studies allowed the construction of the magnetic phase diagram of exfoliated CrCls and
proposed a theoretical model for the spin-flip and spin-flop transitions.”>*”*> Ghazaryan et al.
discovered magnon-assisted tunneling through CrBr3, which opens the possibility for spin filtering
and spin injection.”* At room temperature, exfoliated Crls shows n-type semiconducting
behaviour with charge carrier field-effect mobilities on the order of 0.001 cm? V™' s, whereas Crl3
is insulating at low temperatures where magnetic ordering emerges.”’ Additional studies of few-
layer Crls flakes showed giant tunneling magnetoresistance due to the spin-filtering effect as a
result of AFM order,””’7®° memristive behavior,’®! spin tunnel field-effect transistors,’®? in

addition to other phenomena.”® Furthermore, electrostatic control of magnetism in bilayer Crls

has been achieved by switching from AFM to FM order at an electron doping level of ~3 x 10'3

764-766 767-769

or with an electric field on the order of 1 V nm™ in a dual-gated geometry.
4.2.1.3. Ruthenium trichloride. The exact structures of RuCls are still under debate due to
stacking faults in the crystals and similarities between possible polytypes. Both a trigonal phase
(space group P3;12)"7%772 and a AICIs-type monoclinic phase’”® have been reported at room

temperature. Cao et al. reported that the monoclinic structure persists throughout the whole

98



temperature range in RuCls single crystals with minimal stacking faults.””* However, recent reports
suggest a broad hysteretic transition (from 60 to 170 K) from the monoclinic AlCls-type high-
temperature phase into a rhombohedral Bils-type structure, similar to CrY; halides.””>”7"
Additionally, a recent study by Dai et al. revealed reconstruction of the surface monolayer of bulk
RuCls crystals using surface-sensitive LEED.”’® The authors proposed that Cl vacancies on the
surface of the flakes likely induced surface monolayer buckling and concomitant braking of the
inversion symmetry. Hence, the surface of RuCls crystals may be different from the bulk structure,
which is a phenomenon also suggested for Crl3 as discussed in section 4.2.2.

RuCls crystals show stacking-dependent magnetic transitions. Crystals with a minimal

amount of stacking faults generally show only one sharp transition at 7 K,”’774

which corresponds
to the so-called in-plane zigzag order and AFM alignment of layers with ABC stacking. RuCl3
crystals that posses more stacking faults instead show a magnetic order transition at 14 K, or both
14 K and 7 K.”"177477 RuCl3 powders show only the broad 14 K transition. Moreover, crystals that
show the transition at 7 K can be transformed into crystals with only the 14 K transition via
mechanical deformation.””!-774

RuCls has attracted significant theoretical and experimental attention as it was identified
as a candidate for the realization of a Kitaev spin liquid state.”8*782 Signatures of the Kitaev spin
liquid state in RuCl3 (fractional magnetic excitations, Majorana fermions) have been observed by
a number of techniques including neutron scattering,’s>7%* NMR,”®* and half-quantized thermal
Hall effect.”®%787 For more details on the topic of realization of Kitaev spin liquid states, please see

the recent review by Takagi et al.”®?

Magnetic fields can induce the transition from the ordered
zigzag phase into a disordered state possibly related to the Kitaev quantum spin liquid, although

the exact magnetic field—temperature phase diagram of RuCls is not fully established.”8%788.789
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Studies of exfoliated RuCls flakes have uncovered the effect of flake thickness on the
emergence of the spin liquid state. Raman spectroscopy measurements have shown the presence
of the magnetic scattering continuum down to monolayer thicknesses, indicating a persistent
proximate quantum spin liquid state in the 2D limit.””*"*? Additionally, these measurements
indicated a lowering of the symmetry in exfoliated RuCls through in-plane distortions, which was
found to correlate with the observed enhancement of anisotropy in the Kitaev exchange
constants.””! RuCls is a Mott insulator with a bandgap of 0.25 eV,”” and conductivity
measurements on single flakes indicated that it becomes insulating at low temperatures.®*’
Therefore, in order to access the magnetic properties of thin flakes, indirect measurements have
been explored by making a heterostructure of RuClz with graphene.”* "’ These measurements
demonstrated electron transfer from graphene to RuCls, allowing the investigation of proximity
effects (e.g., strain) and doping on the magnetic interactions in RuCls. Additionally, while a
number of electrical circuits have been proposed to probe the spin liquid state in RuCls,”® this
experimental strategy may prove to be challenging due to the low conductivity of RuCls at low
temperatures.
4.2.1.4. Other MY3 halides. TiCl3 exhibits multiple polytypes at room temperature. Early work
by Natta et al. reports a, B and y polymorphs, as well as a 6 polymorph which was obtained by
prolonged grinding of a- or y-TiCl3.” The o (Bils-type) and y (space group P3;12) structures are
both are layered and differ only by their stacking order (i.e., they are polytypes).” Later work by
Troyanov et al. identified four different layered polytypes of TiCls at room temperature: I (Bils-
type), I (space group P312), III (space group P31c), and € (space group P3m1).803%1 These

polytypes were first reported to transition into the monoclinic AlCI3-type structure below 220 K8
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although a later study by the same group assigned triclinic low-temperature structures to TiCls and
TiBr3 and revealed the presence of Ti-Ti interactions.30!-802

Early reports showed that layered TiCls polymorphs are paramagnetic at room
temperature.®**%* The magnetic susceptibility has a broad maximum at 260 K (suggesting AFM

order) that quickly drops below 217 K.*** No magnetic order is present at 4 K, which is possibly

explained by the formation of Ti-Ti bonds below the phase transition at 217 K.3%° Cavallone et al.

1806 1807

performed electrica and optical™’ measurements of a-TiCls and found semiconducting
behavior, and recent theoretical work showed that layered TiCls polymorphs are Mott insulators.3%®
No experimental studies of TiCls in the few-layer limit are reported, although Zhou et al. predicted
half metallicity in monolayer TiCl3**” and Geng et al. predicted that TiY3 are FM insulators.5!?

I as well as

Multiple polytypes of FeCls are reported at room temperature: Bils-type,®!
structures of space group P312 and P3.%'2 FeCls has been shown to have a HM ground state with
the AFM coupled layers coupled below ~9 K 312814 although a higher temperature of 15 K was
reported in an early neutron diffraction study.®'® Subsequent studies report a field-induced spin-
flop magnetic phase transition at ~4 T.3!® Based on Mdssbauer-effect measurements, FeBr3 has
been shown to have a transition at ~16 K and an AFM ground state similar to FeCl13.8!” While no
experimental results have been reported for iron halides in the few-layer limit, recent theoretical
studies predict that the monolayers of all iron halides are half-metals with FM order below 116 —
175 K.318819 Another study by Liu et al. has explored possible magnetic structures of monolayer
FeCls and FeBr3 under strain, which led to the proposal that FeCls may host a spin liquid state.®?
For MoCl3, two polymorphs are observed at room temperature: o- and B-MoCls, both of

which belong to the C2/m space group®?!¥?? Specifically, a-MoCl3 is of the AICI3-type structure,

whereas -MoCls is reported to have different stacking sequence with a higher density of stacking
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faults and higher degree of disorder.®?!¥23 At room temperature, 0-MoCl3 is diamagnetic due to
dimerization of the Mo cations in the honeycomb lattice. Above 585 K, MoCls is reported to

821.823 where the Mo-Mo dimers are broken such that the

transition to another AlCIs-type structure
Mo cations form a nearly regular honeycomb lattice, resulting in the sharp increase of the magnetic
susceptibility. Interestingly, McGuire et al. suggested the presence of strong AFM exchange within
this high-temperature MoCl3 phase, and calculated an order of magnitude higher magnetic
exchange interaction in comparison to CrCls and CrBr3.*** This observation suggests that if a
dimerization structural transition in a-MoCls is avoided and the high-temperature phase can be
retained, much higher magnetic transition temperatures can be expected in a-MoCls compared to
Cr halides.

All Rh and Ir halides crystallize in the AICls-type structure, and they are non-
magnetic.”>824826 2D Rhls was recently investigated through optoelectronic measurements and
found to exhibit a responsivity of 11.5 A W! and specific detectivity up to 2x10'° Jones at 980
nm.%?’ A computational study showed that semiconducting non-magnetic RhY3 monolayers can
display indirect-to-direct bandgap transitions upon application of in-plane strain and can develop
net magnetic moment upon electron doping.®?

Multiple metal halides do not have vdW-layered bulk structures, but monolayers of these
compounds have been constructed and explored computationally. These materials could
potentially be accessed via bottom-up growth methods. Recent theoretical studies derived the
monolayer structures of RuBr3 and Ruls from the RuCls structure and agreed on the possibility of
realizing these structures experimentally, but predicted different magnetic order and transition
temperatures.®?>#3% MnY; monolayers were predicted to be intrinsic Dirac half-metals with high

charge carrier mobilities in addition to exhibiting FM order with high Curie temperatures.’!
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Motivated by the search for candidates that show the quantum anomalous Hall (QAH) effect at
room temperature, Ni, Pt, and Pd halides have recently been studied computationally. All NiY3
monolayers were identified to be intrinsic Dirac half-metals with high mobility and high-
temperature ferromagnetism, which are requirements for the room-temperature QAH effect #3283
Similarly, PdCls has been predicted to be a Dirac half-metal with a high Curie temperature in the
monolayer form,* and predicted to transition to a half-metal in the bilayer form and a
ferromagnetic metal with increasing number of layers.** Monolayers of palladium and platinum
bromides and iodides have also been identified as ferromagnetic semiconductors and candidates
for the high-temperature QAH effect.**’ In search of other topologically non-trivial materials,

PtCls was recently predicted to be a 2D Weyl half-semimetal.®*®

103



Table 7. Structures, magnetic properties, and electronic properties of monolayer and bulk transition metal trihalides.

structure type lattice magnetic temperature .
o order and . electronic
(space group) parameters phase transition . of magnetic . ref(s)
at RT A Spin order (K) properties
(A) orientation
bulk Bil; (R3) a=06.153,¢c=17.599 P1 below 220 K” ~b - insulator 799-801,803-808
o-TiCls monolayer Bils a=6.1-6.3 - FM - ha}lf—metal [? r 809,810
insulator
o-TiBr bulk Bil; (R3) a=06.478,c=18.632 P17 below 180 K* b - insulator 801,802,839
* | monolayer Bil; a=6.7 — FM 75 insulator 810
val bulk Bil; (R3) a=6.012,c=17.34 - AFM - — 673,840
3 monolayer Bils a=628 — FMLl¢c 80-425 half-metal 730,809
. 5 _ _ 90 K, details of LT . 642
VBrs bulk Bil; (R3) a=6371,c=18.376 phase are unknown AFM |l ¢ 26.5 insulator
monolayer - — — - — - —
_ Monoclinic between
bulk Bil; (R3)? a=06.914,¢c=19.902 79 K and 32 K, FM? 50, 36 insulator 640,641,719-727
VI L b
triclinic below 32 K
few-layer Bil; a=17.07 - FM - insulator 727-730,732
bulk | AICK (C2/m) | @~ >93%b=1032L 1 g low 240 K AFM L ¢ 17, 14 insulator 734736841
CrCls ¢=6.114, 3 =108.50
few-layer AICIL;? a=5.985 no phase tra1'1s1t[1)on AFM 1 ¢? =17 insulator 650,754,842,843
upon cooling
bulk Bil; (R3) a=6.26,c=182 AICl; above 420 K FM | ¢ 37 insulator 737,844
CrBrs few-layer Bil; a=6.3 — FM Orci‘FM I ~27 insulator 740,742,753,845
bulk | AICL (C2/m) | @~ 68660 =11.886 | po 0 ow 210K FM | ¢ 61 insulator 645.738.739
¢=6.984,3=108.51
Crls » no phase transition B . 652,661,743~
few-layer AICl3 a=6.95 upon cooling? AFM |l ¢ ~ 45 insulator 745,846,847
a=6.112,b=9.782, ¢ b » » . ©21-823
a-MoCls? bulk AlCl; (C2/m) — 6315, B=108.16 AICI; above 585 K AFM 585 insulator
few-layer | AICL (C2/m) - - — - — 848
bulk Bil; (R3)" a=6.056,c=17.41 - HM 9-15° insulator 811-816
FeCls monolayer Bils a=591 - FM 175 Dirac half- 818,820
metal
FeBr; bulk Bil; (R3) a=6.397,c=18.38 — AFM 16 insulator 817,849
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monolayer Bil; a=629 FM 140 Dirac half- 818-820
metal
bulk - — - - - _ _
Fels monolayer Bils - - M 116 Dirac half- 818
metal
_ _ . " AFM, Kitaev
bulk AIC (bCZ/ m 510;56%7163, bﬁ; 18832% Bils belog; 60-170 spin liquid 14, 7° insulator 770-771,779
a-RuCl3 B ’ state®
649,790
few-layer AICI;® a=6.0,b=104 150-180 K* b 12-35% insulator | 795704 705,850,851
“Multiple polymorphs are reported at room temperature, see text

b See text

105




4.2.2. Polymorph control of 2D transition metal trihalides

Since the study of 2D transition metal halides is just beginning, the extent of experimental
polymorph control in 2D MY3 compounds is relatively limited. However, the significant influence
of structures and polytypes on magnetic properties suggests that polymorph control will be a
crucial engineering parameter for this class of materials. For both exfoliated CrCls and Crls, the
structural transition from the high-temperature AlCIs-type structure to the Bis-type structure that
is observed in the bulk is supressed. The mechanism behind the absence of this structural transition
in exfoliated samples is still under investigation. However, two of the leading proposed
explanations are: (1) preservation of the AICI3-type structure through mechanical deformation and
stacking fault generation; (2) the AlCI3-type surface reconstruction that dominates the behavior of
2D samples.

Similar to what was discovered in RuCl37"1"747 and Rhl3,%? it has been suggested that
the mechanical stress generated by the exfoliation process can induce defects such as stacking
faults and grain boundaries that pin the high-temperature phase. This argument suggests that thick

exfoliated flakes should also show no structural transition, which was in fact observed for CrCls.%°

However, a study by Niu et al.®?

used cryogenic magnetic force microscopy to probe the
magnetisation in Crls flakes thicker than 25 nm and found the coexistence of both 2D-like AFM
order below 45 K and bulk-like FM order below 60.5 K. The former AFM order was assigned to
approximately 20 layers (i.e., 13 nm thick), whereas the bulk of the crystal was asserted to be FM.
Together with the earlier studies, this work suggests that below 45 K, the surface of the thick flakes
has monoclinic symmetry (AlCls-type structure), whereas the bulk is rhombohedral (Bils-type). A

study by Li et al. suggested that this structural transition is triggered by magnetic order — namely,

at the onset of magnetic order, the surface layers change to the monoclinic stacking sequence while
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the bulk of the crystal remains rhombohedral.®>* Overall, further work is necessary to fully
understand the mechanism behind the preservation of the AICls-type structure in ultrathin
chromium halides and its influence on magnetic properties.

A recent study concerning the MBE growth of bilayer CrBr3 provides a rare example of
polytype and property control in vdW TMHs using synthesis methods.”>* As depicted in Figure
13c¢,d, the authors observed AFM interlayer ordering for bilayer samples where the CrBrs layers
were stacked in the same orientation (rhombohedral stacking, in analogy to AlCIs-type and Bils-
type structures) and FM interlayer ordering when the layers were stacked with a relative 180°
rotation (hexagonal stacking). The hexagonal stacking is not reported for bulk CrBrs crystals and
is thus a unique polytype for thin stacked samples. In this manner, the authors achieved explicit
control over interlayer magnetic ordering in 2D CrBr3 via assembly of distinct polytypes using
bottom-up methods. This study demonstrates the promise of vapor-phase growth efforts for
polymorph control in TMHs, although such synthesis of MY3 compounds remains challenging and
is limited to MoCl3,%*® CrBr3’>* and Crl3.%¢!

The application of pressure and strain has also been employed to induce polymorph
conversions in MY3 compounds. Hydrostatic pressures of ~2-3 GPa were shown to irreversibly
change the AlCIs-type stacking order to Bils-type in bilayer and few-layer Crl3 crystals, inducing
an AFM to FM phase transition (Figure 13e).83*%5 Theoretical studies of strained few-layer Crl3
indicate the possibility of achieving other magnetic ground states including zigzag, Néel, and stripy
phases as well as states with in-plane spins.®3¢ %% Indeed, strain tuning of the spin-flip transition
in bilayer Crls was recently demonstrated.®® In the case of bulk RuCls, the application of
hydrostatic pressure resulted in a phase transition into the triclinic structure followed by Ru-Ru

dimerization from the overlap of the Ru 4d orbitals and complete suppression of the
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860,861

magnetization, similar to the Mo and Zr trihalides (section 4.2.1.4). Raman spectroscopy

studies of exfoliated RuCls flakes revealed in-plane distortions of the RuCls lattice in the 2D
limit,”*°? and a recent theoretical study indicated that monolayer RuCls becomes strained when
in proximity to graphene.”’

Irradiation of 2D transition metal trihalides may also provide another means for polymorph
control. Rodriguez-Vega et al. predicted that low-frequency IR light pulses can coherently drive
Raman phonon modes in bilayer Crls, which can cause relative displacements between the layers
and hence affect the exchange interactions and magnetic order.®®> Similarly, a recent theoretical
study predicted that optical pumping of RuCls monolayers could change the spin liquid phase to a
ferromagnetic phase due to doping-induced lattice strain and itinerant ferromagnetism.®*°

The use of doping and lithiation of TMHs has been explored both experimentally and
computationally to tune their structure and properties. Tartaglia et al. constructed a triangular
phase diagram of CrY3 compounds, which allowed tuning of the magnitude of the spin-orbit
interactions in the solid solutions.?®® More studies should be performed to reveal the structural
details and properties of these compounds in the 2D limit. Recently, Cr doping in bulk RuCls was
shown to destabilize the zigzag RuCls order in favor of the spin glass state at 10% Cr doping.®®*
Lithiation of bulk RuCls was explored with both LiBH4*® and Lil, % resulting in a decrease of the
temperature of the AFM order. It should be noted that the former account of lithiation with LiBH4
also included an exfoliation and restacking procedure following lithiation. Lithiation of mono-,
bi-, and trilayer Crls has also been predicted to fill the empty sites in the cation honeycomb lattice

and induce half-metallicity,%¢’

while lithiation of monolayer CrBr3 has been predicted to induce
asymmetric Jahn-Teller distortions of the [CrBrs] octahedra for multiferroicity.’® A recent

theoretical study explored doping of V into monolayer VI3 (essentially a monolayer VI2-VI3 solid
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solution) and found that the doping level can tune the electronic bandgap. For a doping level of

1/16 to 1/4, the FM state is favored, whereas a fully-doped monolayer (i.e. VI2) shows AFM

order.%%
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Figure 13. Experimental demonstrations of polymorphic control in 2D transition metal halides. a)
Plot of the normalized magnetoresistance (MR) of a 2D CrCl3 crystal as a function of the in-plane magnetic
field (HJ|). The crystals show a thickness-dependent saturation field for tetralayer (4L), trilayer (3L), and
bilayer (2L) CrCl;. The AFM to FM transition occurs at much higher magnetic fields than bulk crystals
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(0.2-0.25 T). b) The high-temperature monoclinic structure of CrCl; crystals is preserved at low
temperatures for 2D flakes, whereas bulk CrCls transitions to a rhombohedral structure, as evidenced by a
discontinuity in the Raman peak difference value. The figures for a) and b) were adapted with permission
from Ref.*®® Copyright 2018 Springer Nature. ¢) FM versus d) AFM ordering in polytypes of bilayer CrBr;
synthesized via MBE on HOPG. The STM images are shown on top, while the bottom panels show the
spin-polarized tunneling spectra as a function of applied magnetic field as measured by a Cr-coated
magnetized tip. Adapted from Ref.”>* Copyright 2019 The American Association for the Advancement of
Science. e) Plot of the tunneling current (I;) in a bilayer Crl; magnetic tunnel junction as a function of
magnetic field (H). A pressure-induced structural transition results in AFM to FM ordering in bilayer Crls.
Adapted with permission from Ref.** Copyright 2019 Springer Nature.

4.3. Transition Metal Halides of Other Stoichiometries

A number of layered vdW transition metal halides have stoichiometries different from MY> and
MYs3. Inspired by the properties of RuCls, McGuire et al. studied crystals of layered osmium
chloride. Since osmium prefers a higher oxidation state, the authors observed crystals of the
formula Os0.55Cl2 (equivalent to OsCls6 or Os0.8Cl3).8”° The structure was indexed as CdCla-type
with partial occupancy of the metal sites where the Os vacancies tend to obey 3-fold symmetry.
Osmium chloride is an insulator, and the magnetic susceptibility data indicate antiferromagnetic
interlayer interactions, although no magnetic order is observed down to 0.4 K. A recent theoretical
study predicts monolayer OsCls to be ferromagnetic, but with a different structure from the
aforementioned experimental work.®’!

B-MoCls was recently reported to have a layered vdW structure.®’? Similar to osmium
chloride, the structure is CdClz-type with 50% occupancy of metal sites following three-fold
symmetry. Based on diffraction experiments, the authors proposed two distinct models of vacancy
ordering that differ by the metal site occupancy, although further studies are needed to clarify the
exact structure. Contrary to a-MoCls, no Mo-Mo dimers were observed, and Weiss temperatures

indicate moderate antiferromagnetic interlayer interactions.®’?
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Niobium halides are known to crystallize in the NbsYs stoichiometry. Their layered
structure consists of [Nb3Y13] clusters that are arranged in the triangular lattice. Kennedy et al.

873 although only two are observed

reported five possible polytypes of clustered M3Ys compounds,
for Nb halides: a-type (2T, space group P3m1) is reported for Nb3Cls, and B-type (6R, space group
R3m) is reported for NbsBrs and Nbals, as well as intercalated Nb3Cls (i.e., B-ANbsClg where 4 is
alkali metal).8”3-877 q-Nb3Cls has been observed to transition from the room temperature trigonal
phase to a monoclinic C2/m structure at 90 K.87887 This structural transition causes a paramagnetic
to nonmagnetic transition, and potential mechanisms include charge disproportionation®”® and
second-order Jahn Teller distortion.?”® A recent study on exfoliated o-NbsCls flakes revealed
insulating behavior and thickness-depended conductivity.®*° B-NbsBrs was found to possess the
same paramagnetic to nonmagnetic transition as o-NbsClg at 387 K.87® Moreover, Pasco et al.
showed that the temperature of the phase transition can be tuned by varying the Cl/Br ratio in
NbsCls«Brx.!’® Recent studies of exfoliated monolayer B-NbzIs*®! have reported semiconducting
behavior with a bandgap of ~1 eV,*®? and a theoretical study predicted FM order in NbsYs
monolayers with Curie temperatures of 30-90 K 3% Another theoretical report predicted thickness-
dependent magnetic properties of 2D Nbsls as well as a Curie temperature near room temperature
for the monolayer.®®* Contrary to niobium, bulk vanadium halides do not adopt the M3Y3
stoichiometry. However, it may be possible to obtain 2D forms of composition V3Ys. In particular,
a recent computational study by Xiao et al. predicted that monolayer V3Cls, V3Brs, and Vsls are

stable, with monolayer V3Cls being an intrinsic AFM semiconductor, and monolayer V3Brs and

Vslg being FM half-metals.®°

5. Conclusions and Outlook
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The exploration and manipulation of structural diversity in emerging post-dichalcogenide 2D
materials has only recently been undertaken and provides ample opportunity for 2D materials
engineering. This polymorphism encompasses several categories of structural variation: entirely
different monolayer structures (e.g., the group V elemental materials), stacking polytypes (e.g., the
group III metal chalcogenides and TMHs), and substrate-induced monolayer reconstructions (e.g.,
the group IV elemental materials). Since material structure dictates properties, this structural
diversity gives rise to a diversity in properties. In turn, the development of precise polymorphic
control methods enables explicit control and realization of desired material properties. For the
discussed 2D materials, the most powerful methods of polymorph control were achieved using
vapor-phase synthesis methods through the manipulation of growth conditions (e.g., temperature,
pressure, and precursor concentrations) and the synthesis substrate. As a result, progress in
polymorph control of post-dichalcogenide 2D materials relies on developments in their synthesis
via vapor-phase methods. Therefore, further work in developing improved vapor-phase synthesis
of post-dichalcogenide 2D materials, especially the TMHs, is necessary. Furthermore, non-
equilibrium synthesis methods such as pulsed laser deposition provide opportunities for targeting
metastable 2D material polymorphs.3%

Moreover, while the phase diagrams and structures of bulk materials have been studied
systematically and thoroughly, this understanding is often not directly translatable to the 2D
regime. As surface effects become important — if not dominant — in the atomically thin limit, the
balance of forces that dictate the stability of different structures can change. For example, several
of the discussed 2D materials go through thickness-driven structural transformations as they enter
the 2D thickness regime. These materials include GaTe,*”® SnTe,****”° bismuthene,?*® and some

vdW metal halides.557437448¢9  Fyrthermore, several materials exhibit 2D polymorphs that are
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stable at standard temperature/pressure conditions even though they are only observed in the bulk
at high temperatures/pressures, if at all. Specific examples in this category including several

3031 antimonene,?!>?'® bismuthene®!'®) as well as

elemental 2D materials (e.g., borophene,
In2Ses.>**3% Therefore, opportunities exist for the re-evaluation of phase diagrams in the 2D

regime, which may accelerate the discovery of entirely new 2D polymorphs.

5.1. Discovery of 2D Polymorphs

The discovery of new 2D polymorphs can be guided using computational prediction.
Computational structure prediction underlies the fundamental mission of the Materials Genome
Initiative®’ and has been specifically recognized as a pathway for the identification of metastable
polymorphs in the 2019 ‘Materials by Design’ roadmap.3*® As machine learning, high-throughput
screening, and non-empirical search algorithms are becoming increasingly accessible,
computation methods are well positioned to uncover novel 2D structures that are beyond
experimental intuition.®®® For example, several recent studies have focused on high-volume
prediction of 2D structures (Figure 14a).3°%%! Moreover, several 2D polymorphs have been
experimentally synthesized with the help of computational efforts. These materials include
borophene,*'**>** blue phosphorene,'” and 2D selenium and tellurium.%*?># In addition to the
elemental materials covered in this text, their alloys (e.g., IV-V) could provide another emergent
class of polymorphic 2D materials, where computational investigations allow for efficient
exploration of an experimentally daunting phase space.®* %% However, as evidenced by purely
synthetic 2D materials such as borophene, it is imperative to widen the search for 2D polymorphs
to non-vdW-layered parent materials. This concept is underlined by a computational study into

‘spontaneous graphitization’ by Sorokin et al., wherein the authors found that the structural
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preference of bulk materials with 3D bonding may spontaneously shift to a layered structure below
a specific thickness (Figure 14b).%°7 Alternatively, a computational study by Liu et al. found the
substrate to play a significant role in facilitating interdimensional structural transformations.®*?
Hence, substrate and thickness effects alter the energetic playing field in the 2D regime and justify

a reconsideration of potential 2D material candidates.

5.2. Stabilization of 2D Polymorphs

Along with polymorph discovery, tactics for stabilizing metastable 2D polymorphs require further
research. A powerful and promising tool is substrate engineering. As discussed above, the use of
substrate symmetry or the strength of film-substrate interactions are essential methods in selecting
the desired 2D polymorph of a material. To template specific structures, the nature of the
interaction can range from pure vdW interfaces (e.g., ground-state #b-antimonene on hexagonal
PdTe»?’® versus metastable aw-antimonene on orthorhombic Ta-WTe2?®!) to covalent interfaces
(e.g., planar bismuthene on SiC?*?, as shown in Figure 14¢). Due to their lack of dangling bonds,
many 2D materials can grow via vdW epitaxy, enabling their deposition on a variety of substrates.
However, substrate engineering for 2D polymorph control is limited and requires further work,
especially as vapor-phase synthesis methods are being developed for emerging 2D materials. In
contrast, the principle of pseudomorphism, wherein metastable phases are stabilized via epitaxy,
has long been explored using MBE for 3D materials.?*® Furthermore, more innovative forms of
epitaxy and templating have shown promise for 2D polymorphs. Specifically, confined epitaxy,
wherein the 2D layer is embedded within another structure, has resulted in novel 2D polymorphs.
Notably, 2D GaN was grown by Al Balushi et al. in between a bulk SiC substrate and a bilayer

graphene overlayer.%®® Similarly, Wang et al. reported the growth of a Cdl2-type monolayer of
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metastable GeTe> in a matrix of GeSb2Tes+x.**” In a more unconventional scheme, Gonzalez et al.
achieved the tailorable growth of 2D metal halides of formula MY> inside metal-organic framework
templates (Figure 14¢).”"

Alternatively, the use of additives, dopants, or alloying presents another strategy to
stabilize metastable 2D polymorphs. For the 2D TMDs, lithium intercalation has been
demonstrated to stabilize both undistorted and distorted Cdlz-type (1T) structures of monolayer
MoS2, while alloying with analogous elements (i.e., introduction of other transition metals or
chalcogens) has been shown to more subtly tune their structure.'® Additionally, the use of an alkali
element additive (potassium) during CVD of monolayer MoS: has been reported to stabilize the
distorted CdIz-type (1T’) phase,”! and could prove useful for polymorph selection in other 2D
metal chalcogenides. However, with the exception these specific examples in 2D TMDs, the use
of additives, dopants, or alloying is under-investigated in the 2D materials research field.

In contrast, these strategies have worked well for bulk materials, highlighted here by
several recent reports. For perovskites, the incorporation of different organic ligands has been
shown to select between different metastable structures of CsPbls.”’> Rare-earth metal dopants
have been used to stabilize metastable structures of bulk materials such as AgoWO4°% and
LaV04,”* while mercury impurities have been employed to stabilize black As single-crystals.?®*
Furthermore, Zakutev and Lany et al. have recently investigated the implications of alloying
materials with different ground-state structures for the purpose of stabilizing metastable phases.’®
For example, they realized wurtzite-type MnSeosTeos by alloying rock-salt-type MnSe and

nickeline MnTe (Figure 14d).°% Lastly, surface functionalization of 2D materials such as the

group V elements has been predicted to enable structural control.!”>"'772%5 This principle was
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recently exemplified in a study by Fu ef al., who obtained metastable cubic formamidinium lead
iodide at room temperature using surface functionalization with organic ligands.”®’

The search for suitable synthesis substrates, templates, or additives lends itself well to
combinatorial methods, which could accelerate efforts aimed at polymorph stabilization and
epitaxy. For example, Tomada et al. recently used combinatorial methods to explore different
molecular seeds for the growth of distinct chiralities of single-walled carbon nanotubes,’®® while
Wittkamper et al. used a polycrystalline CoNb20s substrate to search for grain orientations that
stabilize the metastable scrutinyite-type SnO2 polymorph over the ground-state rutile-type SnO2
structure (Figure 14e).°” Furthermore, the use of compositional or substrate temperature gradients
can be used to combinatorially investigate narrow dopant concentrations or synthesis temperature
windows where particular metastable structures are obtained. The insight from combinatorial

synthesis can then feed directly into computational materials design and discovery, which is often

hindered by a lack of reliable and high-volume experimental data.

5.3. Polymorph Engineering and Functionality

Higher-order materials engineering and functionalities can be enabled by the variety of accessible
2D polymorphs and the methods used to stabilize them. Specifically, directed structural designs
can be achieved by integrating different polymorphs of a single material, as can be pursed through
either patterned conversion or self-assembly and growth. For instance, the patterned conversion
(using methods such as thermal annealing®® or irradiation with photons®® or electrons*!) of a
high-resistance polymorph into a low-resistance polymorph has the potential to realize functional
homojunctions for contact engineering.”!® The phase transformations themselves can also be

functional, as demonstrated by Choi et al. with switchable polymorph conversions in exfoliated
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In2Ses for phase-change-memory devices.>’® Using self-assembly of polymorphs during growth,
novel nanostructures or superlattices can also be realized. This concept is best illustrated by the
self-assembly of borophene into striped periodic arrangements of its various polymorphs (Figure
14f),>> which could be leveraged to form nanoscale transport channels.’? The case of Crls
illustrates the possibility of functional surface reconstructions wherein the surface layers are of a
different structure from the bulk and impart different magnetic order to the material 325>
Furthermore, the vapor-phase assembly of phosphorene polymorphs can enable the formation of
phosphorus fullerenes, nanotubes, or nanoribbons,”'! the latter of which were recently reported
using a top-down method.’'?> However, an outstanding obstacle on the path to directed design of
2D polymorphs will be the technological feasibility of processing these materials. In particular,
the 2D materials community consistently faces challenges in the transfer or low-temperature

growth of 2D materials required for electronics fabrication processes.”!3™!

Artificial 2D polytypes can also be fabricated using directed stacking of vdW layers of a
single material or several isostructural materials. As has been recently demonstrated with graphene
layers, the angle at which 2D materials are stacked can potentially have a dramatic effect on their
properties (Figure 14f). In the case of bilayer graphene, ‘magic angles’ (e.g., 8 = 1.1°) exist where
the Fermi velocity goes to zero. Cao et al. found magic-angle twisted bilayer graphene to exhibit
superconductivity, whereas conventional twist angles in bilayer graphene do not show this
behavior."? This approach is also utilized the report by Chen et al. wherein the authors synthesized
a bilayer CrBr3 polytype not observed in the bulk and leveraged the intralayer stacking orientations
to control the 2D magnetic order of the crystals. Furthermore, a recent study by Liu et al.

investigated a method for large-area mechanical exfoliation of monolayer TMDs and their
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reassembly into artificially stacked heterostructures.”’® This method could thus provide a
promising pathway to investigate the benefits of 2D artificial polytypes and related twistronics.
Lastly, the ability to engineer a specific polymorph leads to the refinement of structure-
specific device performance. For example, Jiang et al. created novel spin tunnel FETs based on
vdW heterostructures by controlling the number of layers in ultrathin Crls crystals, wherein the
stacking sequence gives rise to antiferromagnetic interlayer coupling that can be switched to
ferromagnetic with a gate voltage.”®® Further experimental work in identifying and tailoring 2D
polymorphs for targeted applications is warranted, although some recent studies have undertaken
this effort computationally.*?*171% A recent study by Cheema et al. places the entire hierarchy of
polymorphic design into perspective. The authors were able to push the limits of ultrathin
ferroelectricity in bulk-like Zr-doped HfO2 (down to 1 nm in thickness) that was grown using ALD
on SiO2/Si (Figure 14g). This result was achieved by stabilization of a metastable polar phase of
Hfo.3Zr0202 (HZO).”?® In this case, the engineered stabilization mechanism was two-fold: (1) a
thickness (i.e., surface energy) effect that favors the higher symmetry polar phase of HZO in the
ultrathin limit as opposed to the bulk-stable nonpolar phase; (2) a metal layer was deposited on the
ultrathin HZO films prior to a rapid thermal annealing step to provide confinement of the structure.
When both of these strategies were in place, the polar HZO phase was stabilized, resulting in
ultrathin enhancement of the ferroelectric effect. Moreover, the fabrication scheme was shown to
be easily integrated with SiO2/Si, demonstrating the potential for monolithic fabrication of
polarization-driven low-power memory applications. Therefore, this study illustrates the promise

of polymorphic engineering in the 2D limit for enhanced and novel functionalities.
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Figure 14. Outlook for 2D Polymorphs. Discovery of 2D Polymorphs: a) Algorithmic methods can be
used to suggest novel 2D polymorphs. For example, Mounet ef al. used high-throughput algorithmic
screening to identify easily exfoliatable materials. The top 10 most common 2D structural prototypes are
depicted. Adapted with permission from Ref. **° Copyright 2018 Springer Nature. b) Additionally, the
search for 2D polymorphs should be expanded to include non-layered parent materials. Using DFT, Sorokin
et al. studied the ‘spontaneous graphitization’ of non-layered bulk materials, here depicted with the
preference of certain diamond-, zincblende-, and rock-salt-type bulk structures to form layered planar
hexagonal structures (graphite-like) in the ultrathin limit. Adapted with permission from Ref.*’ Copyright
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2014 American Chemical Society. Stabilization of 2D Polymorphs: Accessing a variety of 2D polymorphs
will require the stabilization of metastable structures, which can be achieved using several strategies: ¢)
The use of substrate epitaxy (i.e., pseudomorphism) and confined epitaxy methods have been shown to
template the growth of 2D materials. Left: Reis et al. used epitaxy to stabilize planar bismuthene on SiC.
Right: Gonzalez ef al. templated the growth of various monolayer transition metal dihalides confined inside
metal-organic frameworks. The left figure was adapted with permission from Ref.?** Copyright 2017 The
American Association for the Advancement of Science. The right figure was reproduced from Ref’”
Copyright 2019 Springer Nature. d) The use of additives, such as dopants or alloying, can stabilize
metastable structures as demonstrated by Siol ef al. by alloying rock-salt-type (RS) MnSe with nickleline
(NC) MnTe to obtain metastable wurtzite-type (WZ) MnSe;Tex. Adapted from Ref.’*® Copyright 2018
The American Association for the Advancement of Science under a Creative Commons Attribution-
NonCommercial 4.0 International Public License https://creativecommons.org/licenses/by-nc/4.0/. e)
Combinatorial synthesis methods will accelerate the exploration of 2D polymorph stabilization, illustrated
here with a study by Wittkamper et al, wherein the authors used a polycrystalline substrate to
combinatorially investigate the role of substrate crystallinity in obtaining metastable scrutinyite-type (s-)
SnO, versus stable rutile-type (r-) SnO,. Adapted with permission from Ref.”*' Copyright 2017 The
American Association for the Advancement of Science. Polymorphic Engineering and Functionality:
Higher-order materials engineering and functionalities can be enabled by accessing and engineering 2D
polymorphs. f) Right: the self-assembly of lateral ‘stripes’ of 2D borophene polymorphs could lead to
nanoscale transport channels.’? Adapted with permission from Ref.*> Copyright 2018 Springer Nature. Left:
the artificial polytype of bilayer magic angle graphene (e.g., § = 1.1°) has been shown to exhibit novel
properties such as superconductivity."> Adapted with permission from Ref.”*? Copyright 2016. American
Chemical Society. g) Precise polymorph control will enable novel functionalities, as demonstrated by
Cheema et al. Depicted here is ultrathin (down to 1 nm) ferroelectricity in Zr-doped HfO, (HZO) achieved
by stabilizing the metastable polar polymorph using both thickness and confinement effects. The enhanced
ultrathin ferroelectricity is enabled by this 2D polymorph, whereas 3D materials like HZO usually lose
ferroelectricity beyond a critical thickness. Adapted with permission from Ref. **° Copyright 2020 Springer
Nature.
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