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Abstract

Variaty of 2D layered materials has gain tremendous focus of materials scientists, physics, chemistry, and other fields of
science. This is due to the fact that thin films of layered materials often exhibit superior (for a given application) properties
than the parental bulk materials. Thus, in this work, we studied a new family of layered materials with a general composition
of XY; (where X and Y are elements from Group-14 and 15, respectively). Among the proposed materials, 3D bulk
structures of layered GeP; and SnP; are stable, metallic, and already synthesized in the 1970s. We calculated cleavage
energies of mono- and bilayers to be less than 1 J m™, what indicates possibility of exfoliation from the bulk materials. Many
of the investigated monolayers are mechanically and thermally stable. Electronic structure calculations indicate strong
interlayer quantum confinement and consequently a metal-to-semiconductor transition when going from bulk to a mono- or
bilayer. These electronic properties promise interesting applications in nanoelectronic devices.

Keywords: Novel 2D materials, Group 14-15, density-functional theory, metal-to-semiconductor transition

pristine graphene,[22] as high as 10° cm® V' s, comes with
the limitation of the zero band gap. In addition to TMDCs,
several derivatives of phosphorene, i.e., GeP; (8.84x10° cm’

1. Introduction

Ever since the successful exfoliation of graphene,[1]

layered two-dimensional (2D) materials have attracted
considerable attention of various fields of science and
technology, due to their phenomenal electronic, mechanical,
and optical properties[2—4] in the monolayer forms. Up to
date, layered materials with different electronic properties are
available, ranging from semi-metallic graphene[5-7] to
insulating hexagonal boron nitride[8—10] with large variety
of semiconducting systems, such as monolayer phosphorous,
e.g., black phosphorene,[11] blue phosphorene,[12] and its
derivatives,[13—18] transition-metal dichalcogenides
(TMDCs) and oxides.[19-21] Ultrahigh carrier mobility of
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V's™h),[16] InP; (1.9x10° cm® V' s7),[15] CaP; (~2x10* cm?
V' s),[17] and SnP5 (1.15x10* cm?® V' s7),[18] with finite
gaps and high carrier mobilities, have been recently reported.
3D layered materials can be exfoliated to mono- or few-
layered system and their properties may strongly differ from
these of the parental bulks, and even become superior for
different applications.[23] For instance, layered TMDCs
from Group 6 show a transition from an indirect band gap in
the bulk to a direct band gap character in the
monolayers.[24,25]

© xxxx IOP Publishing Ltd
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Recent advancement[26,27] in exfoliation techniques[28—
30] and chemical vapour deposition techniques[31,32]
motivated material scientists to search for potentially
cleavable layered materials.[16,33] Our work is inspired by
work of Jing et al.,[16] where the authors reported theoretical
cleavage energies of GeP; monolayers, potentially enabling
exfoliation of this material from its bulk form. Bulk GeP;
material is known from experiments and its crystal structure
was reported in 1970.[34] It is a metallic system, but
predicted by Jing et al.,[16] to become semiconducting when
thinned to mono- or bilayers, due to a strong vertical
quantum confinement.[16] Another experimental work[35]
reports on the synthesis of SnP;, also a Group 14-15 material.
Recently, in a theoretical report, Sun et al.,[18] anticipated
the metal-to-semiconductor transition for SnP;, similar to the
case of GeP;, when thinned to monolayers. Moreover,
recently predicted potential of GeP; for hydrogen evolution
reaction (HER),[36] gas sensing applications,[37] and as an
excellent anode material for lithium[38] and non-lithium ion
batteries[39] ensures that stable XP; layers will be a vital
addition in the 2D material’s zoo. Thus, an obvious question
arises weather or not other elements in these groups can exist
with the same stoichiometry (XY; where X (Group-14) — C,
Si, Ge, Sn, Pb and Y (Group-15) — P, As, Sb, Bi) with stable
bulk or thin-film forms.

Search for new 2D materials with finite band-gaps for
nanoscale (opto)electronic applications is a very active topic.
Broad collection of 2D materials can significantly accelerate
the advancement in this research area, which is the
motivation of our present research. In this work, we
investigated the stability and electronic properties of a new
class of XY3 layered materials (where X is an element from
Group-14 and Y is an element from Group-15) by means of
ab-initio calculations. We found that all bulk systems are
dynamically stable and exhibit metallic character. Mono- and
bilayers have low cleavage energies, however, not all of
them are dynamically stable after exfoliation. This may
suggest that strong surface reconstruction could occur after
exfoliation. All XP; systems show relatively good thermal
and dynamical stability. Stable monolayers are often
semiconducting in contrast to the corresponding bulk forms,
which might be interesting for nanoelectronics with single-
material logical junctions.

2. Computational Method

All calculations were carried out using density functional
theory (DFT) simulations as implemented in the Vienna ab-
initio simulation package (VASP).[40] We wused the
projector-augmented wave (PAW) method[41] to describe
the electron-nucleus interactions, while generalized-gradient
approximation proposed by Perdew, Burke, and Ernzerhof
(PBE)[42] was adopted for the exchange and correlation
terms, including the dispersion correction D3 approach.[43]

Plane-wave cut-off of 500 eV was used. A vacuum region of
15 A in the c lattice direction was inserted to avoid spurious
interactions between the periodic images in the slab
calculations of mono- and bilayers. All structures were
relaxed until all the forces acting on each atom were less than
2x107 eV A and the total energy change between two self-
consistent steps was less than 1x10™* eV. Both lattice vectors
and atomic positions were fully relaxed. The I'—centered k-
point mesh with 8x8x1 grid was used to sample the Brillouin
zone during geometry optimization of bi- (2L) and
multilayers (of up to five layers, 5L), while 8x8x8 k-mesh
for bulk forms in the hexagonal unit cell representation was
used (see Figure 1). In order to capture the surface
reconstruction that may prevail in the non-planar layered
materials,[44] monolayers (1L) were studied also using
larger, rectangular unit cells, for which 8x4x1 k-mesh was
used. We found that this reconstruction, indeed, takes place
for single layer systems, where rectangular unit cells with
slight out-of-plane distortions of Y atoms have lower
formation energies than in the hexagonal representation with
no distortions. This reconstruction also affects the electronic
properties, as shown in Figure S1 in the Electronic
Supplementary Information (ESI) for the exemplary case of
1L GeP;. On the other hand, such a surface reconstruction
was not observed for bi- and multilayer systems. Therefore,
in this study, we used the rectangular unit cell representation
for the monolayers and hexagonal representation for bi- or
multilayer systems. Electronic structures were calculated
using both PBE functional (for all systems)[42] and the
Heyd-Scuseria-Ernzerhos hybrid functional, HSE06, (for
kinetically stable systems).[45] Finite displacement method,
as implemented in the Phonopy,[46] was used to calculate
the phonon dispersion relations, in order to check the
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Figure 1 Crystal structures of bulk XY; systems in the 2x2x2
supercell representation: (a) side and (b) top views. Purple
and grey represent Y and X atoms, respectively. (c) Top view
of a XY; monolayer. Figures were created using 3D
visualization package VESTA.[54]
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dynamical stabilities. These were performed using
8x2x1,3x3x1,and 3x3x3 k-meshe grids for 1L, 2L, and bulk
systems, respectively. Ab-initio molecular dynamics (AIMD)
simulations within the NVT ensemble were performed in
order to check the thermal stabilities of the XP; monolayers.
For AIMD calculations, a 3x3 supercell was used to lift the
constraint of the unit cells and 400 K (or 300 K) temperature
was held for 10 ps with the time step of 1 fs controlled via
Nosé—Hoover thermostat.[47] For details on the cleavage
energy calculations see ESI.

3. Results and Discussion

3.1 Structural properties of bulk materials

The crystal structures of bulk XY3; (see Figure 1) belong to
the R3m space group. The calculated lattice parameters of
XPs systems are listed in Table 1 together with the interlayer
distances, while selected bond lengths are given in Table S1
(see Tables S2 and S3 in ESI for the data on the XAs; and
XSb; materials). Our relaxed lattice parameters for bulk
GeP;and SnPyarea =b=7.088A,c=9830A anda=b =
7.422 A, ¢ = 10.550 A, respectively, which are in a good
agreement with the experimentally obtained bulk systems (a
=b=7.050A,c=9.930 A for GePyanda = b = 7.380 A, ¢
=10.510 A for SnP5).[34,35] Figures 1(a) and 1(b) show the
top and side views of the XY; crystal bulk structure, where
the layers are stacked in the ABCABC order. Figure 1c shows
the corresponding top view of a monolayer. In each layer,
atoms are placed in the two adjacent hexagonal planes such
that they form a phosphorene-like puckered structure, where
each P atom is bound with two neighbouring P atoms and
one X atom. Each X atom forms three X—P bonds with three
neighbouring P atoms. The in-plane lattice parameters
increase with heavier element, as expected, for all the layered
forms, 1L, 2L, and bulk. This is due to the strong variation of
the X—P bond lengths. Except for CPs, also the interlayer
distances increase for the heavier elements. The apparent
difference in the CP; structure comes from the fact that C
atoms are smaller than P atoms and, thus, the interlayer
distance is rather defined by the distance between P atoms in
the adjacent layers than between X atoms, as it is in the other
XPj3 systems.

Table 1 Calculated lattice parameters of XP; (with X — C, Si,
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Figure 2 Calculated cleavage energies of XP; (X — C, Si,
Ge, Sn, Pb) IL and 2L shown as solid and dashed lines,
respectively, as function of the separation distance between
1L or 2L and the remainder of 5L slab. The distance zero
refers to the equilibrium distance of bulk-like 5L-slab. Grey
dashed line indicates the threshold energy for mechanically
cleavable materials. The calculated cleavage energies fall
below or about the threshold, suggesting that all systems,
except 1L SiP; should be cleavable from their bulk or
multilayer stacks.

3.2 Cleavage energies of 1L and 2L from bulk

Primarily, exfoliating mono- or few-layers from layered
bulk materials is realizable by micromechanical cleavage or
liquid exfoliation techniques, if the cleavage energy is equal
or less than about 1 J m™.[28,48] To assess the possibility of
mono- and bilayer exfoliation from multilayer (or bulk) XP;,
we estimated the cleavage energies (see Figure 2 and ESI for
calculation details) for both 1L and 2L XP; from a bulk-like
5L-slab model, as shown in the inset of Figure 2. Threshold
cleavage energy of the mechanical or liquid exfoliation
methods is indicated with a grey dashed line. We found that
all 1L and 2L XP; fall below the threshold limit, making
them potentially cleavable, except for 1L SiP; (i.e. 1.36 Jm’
2), however, this material is the only unstable 1L XP; system
(see Section 3.3). For comparison, theoretically estimated
exfoliation energies of MoS,,[49] graphene,[50] 1L
SnPs,[18] 1L GePs,[16] and 1L InP5[15] are 0.29 J m?,
0.32] m'z, 0.711] m'z, 1.14] m'z, and 1.32] m'z, respectively.

Ge, Sn, Pb) mono- (a, b), bilayers (a, b), and bulk (a, b, c)

forms. For monolayer (1L), a and b lattice parameters are given for the rectangular unit cell representation, while for bilayer
(2L) and bulk, hexagonal unit cells were used. Interlayer distances (d) along the z-axis are given for 2L and bulks.

System Lattice vectors (A) d(A)

1L rectangular(a, b) 2L hexagonal(a=b) Bulk hexagonal(a=b, c) 2L Bulk
CP; 6.234, 10.806 6.215 6.243,10.438 2.272 2.201
SiP; 6.838, 11.841 6.793 6.938, 8.927 1.742 1.697
GeP; 6.960, 12.055 6.958 7.088, 9.830 1.925 1.886
SnP3 7.156, 12.387 7.252 7.422,10.550 1.894 1.886
PbP, 7.292,12.613 7.418 7.685,10.856 1.937 1.982
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Figure 3 Calculated phonon dispersion relations of bulk (a) CP;, (b) SiPs, (c) GeP;, (d) SnPs, and (e) PbP; using 2x2x2
supercells.

The differences between the cleavage energies of 1L  exfoliate than 1L, whereas, for CP;, these energies are very
(solid lines) and 2L (dashed lines) indicate the material’s similar, indicating that both forms could be obtained (cf.
affinity to be exfoliated either as mono- or bilayers, Figure 2). The corresponding data for XAs; and XSb; are
respectively. For example, 2L SnP; should be easier to shown in Figure S3. In these cases, the cleavage energies for
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Figure 4 Phonon dispersion relations of monolayer (a) CPs, (b) SiP;, (c) GeP;3, (d) SnP;, and (e) PbP; with
5x2x1 supercells for all systems, except 1L CPj, for which we used 6x2x1 supercell. (f) — (j) Phonon dispersion
relations of bilayer XP; with 3x3x1 supercells.
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all systems fall below the threshold, however, as it is
discussed in Section 3.3, not all 1L and 2L of XAs; and XSb;
are dynamically stable.

3.3 Phonon dispersion relation

Next, we have investigated the stability of bulk and
exfoliated 1L and 2L systems. For this, we have calculated
the phonon dispersion relations. All bulk XY systems are
stable with real frequencies throughout the Brillouin zone, as
shown in Figure 3 (refer to Figure S2 for bulk XAs; and
XSb;). The same simulations were performed to check the
stability of the exfoliated layers. Figure 4 shows the phonon
dispersion relations of 1L and 2L XPj; (refer to Figures S4
and S5 for the other materials). Due to the surface
reconstruction in the monolayers, much larger supercells are
required to correctly calculate the phonons. Since degree of
reconstruction is not the same in each system, the required
supercells are, therefore, different. For instance, 6x2x1
supercell is needed to accurately calculate phonons of 1L
CP;, while 5x2x1 supercells is sufficient for other XP;
systems. All real phonon branches indicate mechanical
stability of all monolayers, except for SiP;, which has

1.5

imaginary modes in the entire Brillouin zone, as shown in
Figure 4(b). This may suggest either instability of such a
monolayer or that the material may undergo yet another type
of reconstruction (not taken into account in this study).

The results of 2L XP; systems indicate that all bilayers are
fairly stable. Very small imaginary frequencies close to the I"
point (e.g., for 2L CP3) stem from too small unit cells used in
the finite displacement calculations of phonons and could be
removed by extension of the unit cell size. Larger supercells
are, however, computationally too demanding and not
affordable with our present resources, but our conclusions
should be sound.

While most of the 1L and 2L systems of XP; seem to be
stable, the corresponding XAs; and XSbs are not. Taking into
account the unit cell size argument, we can conclude that the
only stable materials are 1L CAs; (CSb;) and GeAs;
(GeSb;), and 2L CAs; (CSb;) and SnAs; (SnSbs). All the
other systems could be argued that another type of
reconstruction is necessary to stabilize them. On the other
hand, we have not considered thicker films, e.g., 3L, which
might be kinetically stable.

To assess the thermal stability of 1L XP; systems, we
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Figure 5 Band structures of (a) — (e) monolayer and (f) — (j) bilayer CP;, SiP;, GeP; SnP; and PbP; respectively,
calculated at the PBE (solid black) and HSE06 (dashed green) levels of theory. The horizontal dash lines indicate the Fermi
levels, which for practical reasons were shifted to zero. For semiconducting systems, the Fermi levels are additionally shifted

to the top of the valence bands.
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performed molecular dynamics simulations at 300 K and
400 K (see Figures S6-S11). Similar to the results of
phonons, all the 1L XP; are thermally stable at 300 K, while
at 400 K, CP; and SiP; show some instability, indicating that
synthesis of these materials as monolayers, should be
implemented at ambient conditions.

3.4 Electronic properties

All bulk XY; (Y — P, As, Sb) systems are metallic, as
shown in Figure S12. Our expectation was that in most of the
cases, if not all, a metal-to-semiconductor transition will
occur, when reducing the number of layers from bulk down
to bi- or monolayers. While this expectation proofed correct
for XP; systems, it completely failed for XSb;. For As-based
system, only a few materials became semiconducting under
such a confinement.

We found that most P-based systems in 1L and 2L forms
are semiconductors, while systems with three or more layers
are essentially metallic or semi-metallic. Both PBE and
HSEOQ6 levels of theory predict the same band-gap character
of all semiconducting system, with the former method
underestimating the band gap values by maximum of
0.34 eV for 1L GeP; (see Figure 5). In details: Monolayers of
CP; and SiP; are metallic, while monolayers of GePs;, SnPs,
and PbP; are semiconducting. Interestingly, 2L SiP; is
semiconducting, while its single layer is metallic. This also
indicates that 1L SiP; may be unstable in the present
configuration and another surface reconstruction might be
more favourable. This is in accordance with the phonon
dispersion relations for both systems (cf. Figure 4(b) and
(g)), in which 2L SiP; is stable, while 1L is not. For CPj,
both 1L and 2L forms are metallic, while the heaviest PbP;
as 2L has a very small band gap of about 38 meV. All
semiconducting systems are indirect band gap materials, with
band gaps below 1 eV.

For the heavier elements, such as Ge, Sn or Pb, we have
recalculated the band structures of monolayers with spin-
orbit coupling (SOC), however, no significant changes in the
band structures and band gaps were observed. Negligible
SOC in 1L XP; may be related to the stoichiometry, where
heavier elements account for only 25% of the whole
structure. Furthermore, partial density of states (PDOS), as
shown in Figure S13, with indicated frontier bands (i.e.
valence band maximum, VBM, and conduction band
minimum, CBM) are predominantly formed by the P and X
atom 2p-orbitals.

The electronic structures of As- and Sb-based 1L and 2L
systems are shown in Figures S14 and S15. The stable 2L
SnAs; and SnSb; systems become semiconducting, however,
the latter’s band gap is only about 50 meV. We expect that
for 2L GeAs; and PbAs;, the semi-metallic character
obtained at the PBE level might in fact become
semiconducting (similar to 1L forms), if treated at the

HESO06 level. These systems are, however, kinetically
unstable, what was shown in the phonon dispersion
calculations, thus, band structures were not recalculated with
the more expensive HSEO06 (cf. Figure S4).

Applying tensile strain or compression can modulate
electronics of 2D layered materials. Here, we show the effect
of compressive and tensile strain on the band structures of 1L
SnP; and 1L PbP;, as exemplary materials (see Figure S16).
This effect in 1L GeP; has already been studied and reported
earlier.'® Both layers stay in-direct gap semiconductors under
strain, though direct gap at the I" point is very close, at 5%
strain, it is only 8 meV below. Moreover, opposite to effects
observed in transition-metal dichalcogenides, e.g., MoS,,[51]
the band gap increases with increasing strain and decreases
under compression. The same phenomenon was observed for
1L GeP5.[16]

Thickness dependent electronic properties of the proposed
materials could make it possible to fabricate devices on a
single material. For example, field effect transistors with
metallic electrode made of few-layer materials and the
semiconductor channel of a monolayer of the same material,
as proposed earlier for other layered systems.[52,53] This
new family of Group 14-15 materials shows potential for
such applications. Furthermore, unique crystal structure of
few layers XY; anticipates a potential application in gas
sensing and hydrogen evolution reactions, as reported
already for GeP;.[36,37]

4. Conclusion

In conclusion, we report on a new class of layered
materials, XY3 (X — Group-14, Y — Group-15 element),
where metallic bulks turn to semiconducting 1L and 2L
systems, indicating a strong vertical quantum confinement
effects. Small cleavage energies of 1L and 2L forms, less
than 1 Jm™, suggest the possibility of exfoliation from the
corresponding bulk or multilayer phases. All bulk materials
and most of the proposed 1L and 2L structures are kinetically
and thermally stable. Monolayers, however, undergo surface
reconstruction, which has to be taken into account with care,
when optimizing their geometries. Surface reconstruction
also affects the electronics of 1L forms. Surfaces of bi- and
multi-layers are not a subject to such a reconstruction. Many
1L and 2L system become semiconducting, with band gaps
below 1eV, while all the bulk systems are metallic.
Moreover, the band gaps of 1L and 2L materials could be
tuned by tensile strain or compression, because they increase
while the material is strained and decrease when it is
compressed. If the film thickness of these materials could be
experimentally controlled, this new family of 2D materials
would be available to fabricate unique devices, e.g.,
transistors built from a single material, which would strongly
reduce the power losses at the electrode-channel junctions.
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