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The two-dimensional (2D) hexagonal group IV-V family has attracted significant attention due to their
unique properties and potential applications in electronics, spintronics, and photocatalysis. In this study,
we report the discovery of a stable tetragonal allotrope, termed the Td4 phase, of 2D IV-V monolayers
through a structural search utilizing an adaptive genetic algorithm. We investigate the geometric
structures, structural stabilities, and band structures of the Td4-phase 2D IV-V monolayers (where IV =
Si, Ge, Sn; V. = P, As, Sb) based on the first-principles calculations. All the investigated 2D V-V
monolayers are dynamically and thermodynamically stable, and exhibit metallic behavior in their pristine

form. Furthermore, we investigate the effects of surface hydrogenation on the electronic structures of
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Accepted 6th November 2024 ese monolayers. Except for the hydrogenated GeSb monolayer, the remaining monolayers
turn into indirect semiconductors, with band gap values ranging from 0.15 to 1.12 eV. This work expands

DOI: 10.1035/d4ra06623e the known structural motifs within the 2D group IV-V family and contributes to the ongoing exploration
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1. Introduction

In recent years, the development of electronic devices has moved
rapidly in the direction of miniaturized and portable devices,
triggering an explosion of interest in low-dimensional
materials."* Research in two-dimensional materials, especially
two-dimensional honeycomb structure materials, was inspired by
the spectacular success of graphene. Due to the unique symmetry
of the honeycomb structure, graphene-like two dimensional
monolayers manifest a variety of novel electronic properties. In
addition to graphene,” atomically thin films of group IV
elements, i.e., silicene,® germanene,® and stanene” have also been
predicted to be quantum spin Hall insulators. For group V
elements, Sb and As monolayers with buckled honeycomb
structures, namely antimonene and arsenene,® are wide-band-
gap semiconductors at their equilibrium lattice constants and
can be turned into quantum spin Hall insulators via tensile
strains.” Pristine Sb and Bi monolayer honeycomb structures
with planar geometry are reported to be topological crystalline
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insulators' while chemically-modified planar Sb and Bi mono-
layers are predicted to be quantum anomalous Hall insulators."*

In addition to elemental monolayers, single-layer honeycomb
lattices of group IV-V compounds have attracted significant
attention in recent years. These 2D group IV-V monolayers
exhibit three hexagonal allotropes designated as a, o, and
B phases, respectively. The o and o' phase in the Pom2 space
group exhibit mirror symmetry, while the B phase in the P3m1
space group possesses inversion symmetry.">** The difference
between the o and o’ phase lies in their stacking sequence. In the
o phase, the four sublayers are stacked in the IV-V-V-IV
sequence, whereas in the o’ phase, they are arranged in the V-IvV-
IV-V sequence.™ Although these hexagonal phases are close to
each other in formation energies, the o phase is energetically
more favorable for most 2D group IV-V monolayers. Over the past
decade, significant efforts have been dedicated to exploring and
tuning the electronic, optical, photocatalytic, and thermoelectric
properties of 2D group IV-V monolayers. These investigations
have demonstrated that hexagonal 2D group IV-V monolayers
possess favorable band gaps and band edge positions for pho-
tocatalytic applications,'>® exceptional power factor for thermo-
electric devices,”” and notable spin-valley splitting'* or hidden
Rashba effects for spintronic applications.

Nevertheless, the hexagonal motif is not the only possible
building block of 2D group IV-V monolayers with 1:1 stoichi-
ometry. Ashton et al. proposed that 2D group IV-V monolayers can
adopt a stable monoclinic Cm phase, which is the 2D derivative of
layered bulk structures of SiP," and is characterized by buckled
IV-V pentagons and hexagons. For 2D group IV-V monolayers
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(where IV = Si, Ge, Sn, Pb and V = As, Sb, Bi), the Cm phase is
more stable compared to the o phase. To date, several C2/m phase
2D IV-V (IV = Si, Ge; V = P, As) monolayers were successfully
exfoliated from their bulk counterparts.® Xu et al. theoretically
designed a tetragonal allotrope of 2D IVBi (IV = Si, Ge, Sn)
monolayers and proved that these structures are dynamically and
thermodynamically stable. This tetragonal phase features alter-
nating square and octagonal rings and exhibit semiconducting
behavior with band gaps ranging from 0.062 to 0.226 eV.*

Considering the diverse structural motifs present in 2D
monolayers with 1:1 stoichiometry, it is reasonable to specu-
late that novel stable or metastable allotropes are likely to exist
within the 2D group IV-V family. Motivated by previous
discoveries of allotropes of 2D group IV-V monolayers, we per-
formed a structural search on 2D IV-V monolayers using
adaptive generic algorithm and found a new stable tetragonal
allotrope (termed Td4 phase) of 2D IV-V monolayers. We report
from the first-principles calculations the geometric structures,
structural stabilities, and band structures of the Td4 phase of
2D IV-V monolayers. All the 2D IV-V (IV = Si, Ge, Sn; V = P, As,
Sb) monolayers exbibit metallic behaviors. We also investigated
the surface hydrogenation effect on the electronic structures of
the 2D IV-V monolayers in the Td4 structure. Except for the
hydrogenated GeSb monolayer, all the other 2D IV-V mono-
layers becomes indirect semiconductors with band gap values
ranging from 0.15 to 1.12 eV.

2. Method

All calculations are performed based on density functional
theory and the projector-augmented wave (PAW) representa-
tions* as implemented in the Vienna ab initio Simulation
Package (VASP).**?* The exchange-correlation interaction is
treated with the local density approximation (LDA). We employ
a kinetic energy cutoff of 500 eV for wave functions expanded in
plane wave basis and allow all atoms to relax until forces are less
than 10~ eV A™'. A tetragonal unit cell was utilized for
modeling the crystal structure and a vacuum of ~15 A was
introduced in the out-of-plane direction in order to avoid
interactions between two periodic monolayers. For Brillouin
zone sampling, we generate a m x m x 1 I-centered grid
according to the Monkhorst-Pack scheme,* with k-point reso-
lution of 0.025 A" for relaxation and 0.01 A~* for self-consistent
calculation. The phonon dispersions were calculated using the
finite displacement approach as implemented in the PHONOPY
code.>® The ab initio molecular dynamics (AIMD) simulations
were carried out in the canonical ensemble with a Nosé-Hoover
heat bath?” for 10 ps with a time step of 2 fs at 300 K using a 4 x
4 x 1 supercell.

3. Results and discussions
3.1 Atomic structure

To identify low-energy 2D group IV-V monolayers, we perform
an adaptive generic algorithm (AGA)*® for the structural
prediction of binary IV-V compounds with fixed chemical
stoichiometry of 1:1 under various formulas. The AGA
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successfully predicts two low-energy orthorhombic structures,
as shown in Fig. 1. Both structures crystallize in tetragonal
lattices with P4/nmm symmetry, each comprising two group IV
atoms and two group V atoms within its unit cell. Fig. 1(a-d)
depict the top and side views of the atomic configurations of the
two tetragonal group IV-V monolayers. From the top views
(Fig. 1(a) and (b)), it is evident that both structures consist of
tetragonal arrangements formed by alternating group IV and V
atoms. However, notable differences arise in the side views. To
differentiate between the two tetragonal structures, we desig-
nate them as Td3 and Td4, respectively. The Td3 phase shares
the same structure with the 2D iron monochalcogenides, as
shown in Fig. 1(a) and (c). This phase features a three-atom-
thick configuration from the side view, with the group IV layer
sandwiched between the two group V layers, hence the desig-
nation Td3 phase. In contrast, the Td4 phase is characterized by
a four-atom-thick structure from the side view, which can be
considered as the stacking of two zigzag IV-V chains along the c-
axis. The two zigzag chains are associated by the glide mirror
operation M, = {mgp1]0.5,0.5,0.0}. The glide line and the
mirror-invariant line are indicated by green dashed line in
Fig. 1(b) and (d), respectively. The green arrows in Fig. 1(a) and
(c) illustrate the structural transformation from the Td3 phase
to the Td4 phase. The transition from the Td3 phase to the Td4

phase occurs when the corner group V atom is shifted by g along

the a-axis, the central group V atom is displaced by g along the

b-axis, and the neighboring group IV atoms are shifted by

hIV—IV

+ along the c-axis, respectively. Here, a represents the in-

plane lattice constant, while A,y denotes the vertical distance
between group IV atoms as shown in Fig. 1(d).

The Td3 and Td4 phases also differ in their coordination
numbers. In the Td3 phase, each IV(V) atom is bonded to four
V(IV) atoms, as shown in the left panel of Fig. 1(a). In contrast,
in the Td4 phase, each IV(V) atom is bonded to five V(IV) atom.
The group IV- or V-atom centered polyhedrons are shown in the
right panel of Fig. 1(b). As a result, the Td4 phase is energetically
more favorable than the Td3 phase. Therefore, we will focus our
discussion on the Td4 phase in the following context. It is
noteworthy that several theoretically designed 2D transition
metal carbides,>?° transition metal borides,* and transition
metal pnictides®*~** crystalize in the same Td4 structure.

Table 1 tabulates the optimized structural parameters of 2D
group IV-V monolayers in the Td4 phase. The equilibrium lattice
constants (a), in-plane and out-of-plane bond lengths of the IV-V
bond (dIV,V“b and dyy_v°), and the vertical distances between V-V
atoms (hy-y) all increase monotonically as the atomic radius of
the group IV and V atoms increases. While the vertical distances
between IV-IV atoms (/y_yy) increases with the row number of
the group IV atom, it fluctuates only within 0.1 A for compounds
with the same IV atom but different V atom.

3.2 Structure stabilities

To assess the energetic stability of the tetragonal structures of
2D group IV-V monolayers, we calculate their cohesive energies

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
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(a and c) Top and side views of 2D group IV-V monolayers in the Td3 phase, (b and d) corresponding ones for the Td4 phase. The group

IV- and V-atom centered polyhedrons are shown in the left panel of (a) for the Td3 phase, and shown in the right panel of (b) for the Td4 phase.
The green arrows in (a and c) illustrate the transformation from the Td3 phase to the Td4 phase. The green dashed lines in (b) and (d) indicate the

glide line and the mirror plane respectively.

Table 1 Structural parameters and cohesive energies of 2D IV-V
monolayers in Td4 phase. The optimized lattice constant (a), in-plane
IV=V bond lengths (d\_y?°), out-of-plane IV-V bond lengths (djy_v°),
vertical distance of IV-IV atoms (hyy_v), vertical distance of V-V atoms
(hy_v), and cohesive energies (E.) calculated at the LDA functional

b

a dgv—va d}v—vc hJV—IV hy—v E.
System  (A) A A) A A) (eV per atom)
Sip 3.380 2.420 2.337 1.955 2.720 —5.874
SiAs 3.550 2.438 2.569 1.892 2.983 —5.437
SiSb 3.811 2.783 2.635 1.942 3.328 —4.990
GeP 3.530 2.530 2.434 2.023 2.845 —5.402
GeAs 3.670 2.650 2.538 2.000 3.074 —5.093
GeSb 3.899 2.848 2.708 1.933 3.423 —4.746
SnP 3.811 2.718 2.651 2.297 3.005 —-5.117
SnAs 3.928 2.823 2.740 2.237 3.244 —4.865
SnSb 4.162 3.016 2.911 2.254 3.567 —4.625

(E.) and compare them with the ones of the a phase. The
cohesive energy of single-layer group IV-V is determined as,
E. = E[IV,V,] — n x Epom — 1 X Eyiom 1)
where E[IV,V,] denotes the total energies of single-layer group
IV-V, n is the number of group IV or V atoms in the unit cell,
Entom and Ex,om are energies of the isolated atoms of group IV
and group V, respectively. As listed in Table 1, the cohesive
energies of 2D IV-V monolayers are all negative, implying that
they are stable in energy. Fig. 2 depicts the differences in
cohesive energies (AE.) of the Td3 and Td4 phases with respect
to the o phase. To ensure the reliability of our calculations, we
also include AE. for the B and Cm phase. Our results show that
Cm phase is more stable than o phase for IV = As and Sb, which
is consistent with previous findings.* It is observed that AE, of

© 2024 The Author(s). Published by the Royal Society of Chemistry

Td3 and Td4 phases decrease with the increasing atomic
number of group IV or group V elements. For the SnSb mono-
layer, AE:%* becomes negative and is more negative than
AES™, indicating that the Td4 is energetically more favorable
than both the a and Cm phases. Consequently, the Td4 phase
emerges as the lowest-energy configuration for 2D SnSb. The
results further indicate that the Td4 phase is energetically more
favorable than the Td3 phase by an energy difference of 100 to
240 meV per atom for the 2D group IV-V (IV = Si, Ge, Sn; V=P,
As, Sb) monolayers. Therefore, we will focus our discussions on
the Td4 phase in the subsequent sections.

We further investigate the dynamical stabilities of the 2D
group IV-V monolayers by performing phonon dispersion
calculations. As illustrated in Fig. 3, all the 2D group IV-V
monolayers examined in this study exhibit no imaginary
frequencies throughout the entire Brillouin zone, indicating

400 mm Ef-EZ
ECm — E2
o EIB - ES
= 3001 EJ® — E2
o
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o
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E
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<1001 ‘ ‘
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Fig. 2 Cohesive energy differences of B-, Cm-, Td3-, and Td4-phase
group V-V (X = Si, Ge, Sn; Y = P, As, Sb) monolayers with respect to
o phase.
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Table 2 Mechanical properties of 2D IV-V monolayers in the Td4
structure. The units of elastic constants (Cyq, C1p, and Cegg) are in N m~*

System Ci1 Cia Coo Stability
SiP 81.30 66.57 57.41 Stable
SiAs 97.34 59.18 56.88 Stable
SiSb 78.86 43.05 46.39 Stable
GeP 115.65 44.18 54.90 Stable
GeAs 62.43 61.58 35.68 Stable
GeSb 37.68 37.68 32.89 Unstable
SnP 99.72 37.54 45.79 Stable
SnAs 68.31 74.71 49.20 Unstable
SnSb 75.21 35.17 44.503 Stable

that the Td4-phase group IV-V monolayers are dynamically
stable. The thermodynamical stabilities of the Td4-phase 2D
group IV-V monolayers are also confirmed by the AIMD simu-
lations. As depicted in Fig. S1,f none of the 2D group IV-V
monolayers exhibits appreciable distortions after heating at 300
K for 10 ps. Additionally, the total energies of these monolayers
exhibit only minor oscillations around their respective average
values, suggesting that all the 9 group IV-V monolayers are
thermodynamically stable at room temperature. We also
examine the structural stabilities of the Td4-phase group IV-V
monolayers under lattice distortions by calculating the elastic
constants, which are evaluated from the second partial deriva-
tive of strain energy with respect to strain as implemented in
VASPKIT code.? For the Td4-phase group IV-V monolayers with
tetragonal symmetry, there are three independent elastic

36176 | RSC Adv, 2024, 14, 36173-36180

(a—i) Phonon dispersions of 2D group IV-V (X = Si, Ge, Sn; Y = P, As, Sb) monolayers in the Td4 structure.

constants Ciq, Cyp, and Cgs, which should satisfy the Born-
Huang criteria as Cgs > 0 and |Cy4| > Cyp to guarantee the
mechanical stabilities of the group IV-V monolayers. The elastic
constants as tabulated in Table 2 show that all the 2D group IV-
V monolayers are mechanical stable except for the GeSb and
SnAs monolayers.

3.3 Electronic structures

The electronic band structures of stable group IV-V monolayers
are illustrated in Fig. 4. Given that the 2D group IV-V binaries
studied in this work contain heavy elements, the spin-orbit
coupling (SOC) effect may significantly influence their elec-
tronic structures; thus, we incorporate SOC interactions in our
band structure calculations. As shown in Fig. 4, all monolayers
exhibit metallic properties. Due to their isoelectronic and iso-
structural nature, these monolayers share similar band struc-
ture profiles. Notably, the SOC effect prominently affects the
bands crossing the Fermi level along the high-symmetry X-M
line. For lighter elements, such as SiP, the two bands remain
degenerate. However, as the atomic mass of the constituent
element increases, the bands split due to the SOC effect,
a phenomenon particularly evident in the SnSb monolayer,
which exhibits the strongest SOC interaction among the 9
monolayers. The elemental and orbital-resolved density of
states (DOS) as presented in Fig. S27 reveal that the energy
bands near the Fermi level are dominated by the hybridization
of py, orbitals of both the IV and V elements and s orbital of IV
element.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Elemental projected band structures of stable group IV=V monolayers in the Td4 structure calculated at the LDA functional level with
SOC. The red and blue lines indicate the contributions from group V and group IV atoms, respectively. The purple lines signify a combined

contribution from both group V and group IV atoms.

3.4 Hydrogenation

Surface functionalization constitutes an effective method to
modulate the electronic structures of 2D materials. We deco-
rated IV elements with hydrogen atoms to create chemically
new materials of H-IV-V monolayers. The optimized atomic
structures of the hydrogenated group IV-V monolayers are
shown in Fig. S3.7 Initially, the hydrogen atoms are positioned
directly above or below the group IV atoms, with the upper-layer
group IV(V) atoms aligned directly above the lower-layer group
V(IV) atoms from a top view. The atomic structures of 2D H-SiP,
H-SiAs, H-GeP, H-SnP, and H-SnSb exhibit minimal changes
after full relaxation. However, for 2D H-SiSb, H-GeAs, H-GeSb,
and H-SnAs, the upper-layer group IV(V) atoms shift away
from their corresponding lower-layer group V(IV) atoms,
resulting in the formation of distorted IV-V hexagonal rings
within the same layer. To investigate the impact of hydrogena-
tion on the thermodynamic stability of 2D group IV-V mono-
layers, we performed AIMD simulations for 2D hydrogenated
group IV-V monolayers at 300 K. As shown in Fig. S4,7 the total
energies of the 2D H-SiSb, H-GeAs, and H-SnAs monolayers
fluctuate within a narrow energy range, and their final struc-
tures exhibit only minor distortions after being heated at 300 K
for 10 ps. This suggests that the 2D SiSb, GeAs, and SnAs
monolayers remain thermodynamically stable at room
temperature upon hydrogenation. In contrast, the 2D H-SiP, H-

© 2024 The Author(s). Published by the Royal Society of Chemistry

SiSb, H-GeP, H-GeSb, H-SnP, and H-SnSb monolayers display
significant structural distortions, indicating that they are ther-
modynamically unstable.

Band structure calculations, as depicted in Fig. 5, reveal that,
with the exception of the hydrogenated GeSb monolayer—
which retains its metallic character—all other hydrogenated IV-
V monolayers exhibit fully gapped electronic structures, with
indirect band gap values ranging from 0.15 eV for hydrogenated
SiSb to 1.12 eV for the hydrogenated SiP monolayer. Notably, for
2D hydrogenated IV-V monolayers that share the same
constituent IV element, the band gaps decrease with increasing
atomic mass of group V element. Conversely, when considering
2D hydrogenated IV-V monolayers composed of the same V
element, no clear correlation emerges between the band gap
values and the atomic mass of the group IV atom. The LDA
functional is known to underestimate the band gaps of semi-
conductors. To better describe the band gaps, we also apply the
Heyd-Scuseria-Ernzerhof (HSE) hybrid functional®”*® to calcu-
late the electronic structures of the 2D hydrogenated IV-V
monolayers. As depicted in Fig. S5, the HSE functional yield
larger band gap values with respect to the LDA functional. For
instance, the band gap of H-SiP is calculated to be 1.12 eV at the
LDA level, whereas it increases to 1.56 eV when applying the
HSEO06 functional. To elucidate the impact of hydrogenation on
the electronic structure of the 2D group IV-V monolayers, we
present in Fig. S67 the orbital-projected DOS for both the SiP

RSC Adv, 2024, 14, 36173-36180 | 36177
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Fig. 5 Band structures of hydrogenated group IV-V monolayers in the Td4 structure calculated with the LDA functional with SOC.

monolayer and its hydrogenated counterpart. The observed
hybridization between the s orbital of the hydrogen atom and
the p orbitals of the IV atoms leads to the opening of a band gap
in the hydrogenated IV-V monolayers.

4. Conclusions

To summarize, we have proposed a novel tetragonal phase of
group IV-V monolayers (IV = Si, Ge, Sn; IV = P, As, Sb) with the
aid of adaptive generic algorithm. We have proved the ener-
getical, dynamical, and thermodynamical stabilities of these
monolayers by the total energy calculations, phonon dispersion
calculation, and AIMD simulations. All the 9 group IV-V mono-
layers exhibit metallic behavior with the inclusion of SOC effect.
After decoration of hydrogen on the IV atoms of the group IV-V
monolayers, all the H-IV-V monolayers becomes indirect semi-
conductor with band gap values ranging from 0.15 to 1.12 eV. Our
studies expand the family of the group IV-V monolayers.
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