
PHYSICAL REVIEW RESEARCH 3, 043231 (2021)

Two-dimensional oxides assembled by M4 clusters (M = B, Al, Ga, In, Cr, Mo, and Te)

Yu Guo, Qiuying Du, Pengju Wang, Si Zhou,* and Jijun Zhao†

Key Laboratory of Materials Modification by Laser, Ion and Electron Beams (Dalian University of Technology),
Ministry of Education, Dalian 116024, China

(Received 22 June 2021; revised 27 October 2021; accepted 6 December 2021; published 30 December 2021)

Cluster-assembled materials have long been pursued as they provide unprecedented opportunities to integrate
desired functionalities in technological devices. However, patterning clusters in ordered phases in avoid of
agglomeration remains challenging. Here we propose a strategy to construct stable two-dimensional (2D)
superlattices by using tetrahedral clusters covalently linked by oxygen atoms. When satisfying the closed shells
of both molecular and atomic orbitals for the clusters and oxygen linkers, respectively, the assembled 2D
superlattices exhibit outstanding energetic, dynamic, and thermal stabilities. Following these criteria, monolayers
of B4O2, Al4O2, Ga4O2, In4O2, Cr4O2, Mo4O2, and Te4O2 were assembled, which possess application-desired
physical properties, such as moderate band gaps, small carrier effective masses, and strong optical absorption in
the visible regime. These critical insights pave a new avenue to fabricate new materials and devices using cluster
building blocks with precise structures and functionalities.
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I. INTRODUCTION

Nowadays, two-dimensional (2D) atomic crystals, such as
graphene, silicene, group-V monolayers, etc., are raising in-
creasing attention for their extraordinary physical properties
in terms of electronic band structure, charge-carrier mobility,
and magnetic and optical properties [1–7]. Extensive exper-
imental and theoretical efforts have been made to design
and synthesize novel 2D crystals with unprecedented func-
tionalities for technological devices [8–12]. Compared with
individual atoms, subnanometer clusters can serve as building
blocks with highly modulatable electronic structures for as-
sembling 2D materials and devices [13,14]. As the structures
and fundamental properties of clusters vary with their sizes,
compositions, oxidation states, and the emergent behavior
sensitively depend on their architecture, the cluster assemblies
offer the attractive proposition of sculpturing nanostructures
with the combinations of desired functionalities [15–17].

To date, some cluster-assembled nanomaterials have been
synthesized in the experiment. For instance, CdTe magic-
sized clusters were assembled into 2D quantum confined
nanoplatelets with the growth process influenced by the pres-
ence of long hydrocarbon chain primary amines [18]. The
van der Waals (vdW) Re6Se8 clusters were assembled into
a 2D hierarchical semiconductor, exhibiting tunable transport
properties from semiconductor to metallic behavior and to su-
perconductor upon n doping through Cl dissociation [19–21].
Ag12 clusters were successfully assembled into a periodic
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crystal in the trigonal space group by linking with bidentate
pyridine ligands with luminescence regulated by adjusting
the structure of clusters and ligand species [22]. C60 with
Co6Se8/Cr6Te8/Ni6Te8 clusters were patterned into a simple
crystalline array, such as the CdI2 structure type [23,24]. On
the theoretical side, Du et al. examined 27 dimers of endohe-
dral cage clusters and predicted that M@X16 (M = Ti, Zr, or
Hf; X = Si, Ge, or Sn) are potential zero-dimensional vdW
Lego blocks [25]. The assembled 2D superlattices exhibit
rich electronic band structures from doped semiconductors to
antiferromagnetic Mott insulators. They also proposed several
stringent criteria for searching clusters as vdW-type building
blocks in terms of geometrical and electronic structures.

Among the clusters, “superatoms” possess extraordinary
stability and are most promising for assembling nanostruc-
tures and solids. As described by the jellium model, molecular
orbitals generated by the valence electrons in highly symmet-
ric clusters have shapes just like atomic orbitals. Therefore,
a cluster will have enhanced stability when its number
of valence electrons coincides with a closed-shell structure
(namely, magic number), and the cluster is called a superatom.
For clusters with lower symmetries, the molecular orbitals
split in energy. The splitting pattern is related to the structural
symmetry and can be completely determined by the point-
group theory. Some more sophisticated theories based on the
shell model have been developed, such as the symmetry-
adapted orbital model [26], which explicitly illustrates the
electronic configurations of clusters with Ih, Oh, and Td sym-
metries and the corresponding magic numbers.

As one of the simplest superatoms, the tetrahedral P4

cluster with Td symmetry has the magic number of 20 va-
lence electrons in its ground state [26]. P4 is the building
block of the most stable solid allotropes of phosphorus. The
best-known white phosphorus is composed of P4 molecules,
which transforms to the red phosphorus under heat, light, or
X-radiation. P4 is also an important unit of liquid phosphorus
formed at moderate temperatures [27]. The black phosphorus
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layer can be regarded as deformed P4 clusters covalently link-
ing with each other [28].

Inspired by the P4 molecule, herein we proposed a simple
rule for constructing stable 2D materials by using tetrahedral
clusters (M4) covalently linked by O atoms. This cluster-
assembling rule takes into account both the closed electronic
shells for the M4 cluster and O atom as well as the electron
transfer between them. According to this, the tetrahedral clus-
ters of group-IIIA (B, Al, Ga, and In), group-VIB (Cr and
Mo) and group-VIA (Te) elements are suitable building blocks
to form stable oxide monolayers with a chemical formula
of M4O2, which are indeed verified by our high-throughput
screening of the periodic table and global optimization of
crystal structures by the CALYPSO methodology. The dynam-
ical and thermal stabilities of these cluster-assembled 2D
monolayers were assessed, and their electronic properties
were discussed. The molecular orbitals and superatom char-
acters of the tetrahedral clusters were examined to gain deep
insights into their high stability and bonding nature with O
atoms. These findings open a route for the discovery of 2D
atomic crystals and provide useful building blocks for the
bottom-up design of functional materials.

II. COMPUTATIONAL METHODS

Density functional theory calculations [29] were per-
formed by using the Vienna ab initio simulation package
(VASP) [30]. We used the plane-wave basis set with an energy
cutoff of 500 eV [31], the projector augmented-wave poten-
tials [32], and the generalized gradient approximation (GGA)
parameterized by Perdew, Burke, and Ernzerhof (PBE) for the
exchange–correlation functional [33]. Since the conventional
GGA functionals, such as PBE usually underestimate the band
gap, a hybrid HSE06 functional [34] was used to compute the
electronic structures and optical absorption properties of the
assembled sheets. The convergence criteria for total energy
and force were set to 10−7 eV and 0.01 eVÅ−1, respectively.
Uniform k-point meshes with spacing of ∼0.015 Å−1 were
adopted to sample the 2D Brillouin zones. A vacuum region
of 15 Å was added to the vertical direction to avoid inter-
actions between the neighboring layers. Phonon dispersion
analysis was performed by using the PHONOPY code inter-
faced with the density functional perturbation theory [35] as
implemented in VAASP. The electron density of the frontier
molecular orbitals and natural population of the on-site charge
were calculated using the PBE functional accompanied with
6–311 + G(d) [36] and SDD [37] basis sets, implemented in
the GAUSSIAN16 package [38]. The particle-swarm optimiza-
tion (PSO) method implemented in the CALYPSO code [39,40]
was employed to search for low-energy structures of (M2O)n

(n = 1 − 3) monolayers. In our PSO search, both the popula-
tion size and the number of generations were set to 30. The
required structural relaxations were performed by using the
PBE functional.

III. RESULTS AND DISCUSSION

To explore the possible cluster-assembling rules, we con-
sider a simple square lattice formed by the tetrahedral M4

clusters each coordinated with four O atoms as shown in

FIG. 1. Schematic for assembling M4O2 monolayer structures
by using tetrahedral M4 clusters and O atoms. Thick gray arrows
represent electron transfer. The required electronic structures of M4

clusters and O atoms for assembling stable 2D superstructures are
shown in the bottom panels.

Fig. 1. There will be electron transfer from M4 clusters to the
neighboring O atoms. To reach a stable electronic structure
for the whole monolayer, each M4 cluster should retain a
magic number of electrons (8, 20, 34, 40, etc.) to satisfy a
closed electronic shell following the symmetry-adapted or-
bital model [26,41] as illustrated in Fig. 1. The O linkers
should have their atomic orbitals fully filled, which requires
the gaining of two electrons from M4 clusters. This further in-
dicates that the difference of electronegativity between M and
O atoms should be sufficient large to guarantee the electron
transfer to form strong M − O bonds.

According to the above criteria, group-IIIA atoms (B, Al,
Ga, In, and Tl) have the electronic configuration for valence
electrons of s2 p1. Their tetrahedral clusters will carry eight
valence electrons after donating four electrons to the two
neighboring O atoms in the unit cell, satisfying the magic
number of tetrahedral clusters with fully occupied superatom
orbitals of 1S21P6. As Tl is highly toxic and pollutant, the
assembled Tl4O2 monolayer will not be discussed in the
following content (its stable phonon dispersions and good
thermal stability are demonstrated in Fig. S1 of the Supple-
mental Material [42]). The group-VIB atoms (Cr, Mo, and W)
and group-VIA atom (Te) can also meet the above require-
ment, which have six valence electrons with the electronic
configurations of d5s1 (d4s2 for W) and s2 p4, respectively.
The M4 clusters of these elements will carry 20 electrons upon
the donation of four electrons to the two O linkers in the unit
cell, endowing the M4 cluster with a closed electronic shell
of 1S21P62S21D10. The nonmetallic elements S and Se are
excluded as their electronegativity is close to that of O and
would not be suitable to form oxide monolayers.

The structural optimization confirms the stable 2D as-
sembled monolayers of B4O2, Al4O2, Ga4O2, In4O2, Cr4O2,
Mo4O2, and Te4O2, as displayed in Fig. 2. Their geometrical
parameters are given by Table I. The B4O2, Al4O2, Ga4O2,
and In4O2 monolayers possess a square lattice with p4m plane
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TABLE I. Lattice parameters a and b (Å), bond length l (Å), and bond angle θ (°) of M4 clusters in the 2D assembled crystals, bond
overlap population β of the M − O bond, the number of valence electrons for M (CTM) and O (CTO) atoms, formation energy �H (eV/atom),
band-gaps Eg (eV), and carrier effective masses for holes mh and electrons me (in the unit of m0, m0 is the electron rest mass) for assembled
M4O2 monolayers. The symbol “d” in parentheses indicates a direct band gap, and “x” and “y” indicate effective masses along the x and y
directions, respectively.

B4O2 Al4O2 Ga4O2 In4O2 Cr4O2 Mo4O2 Te4O2

a 4.11 5.79 6.08 7.11 2.80 3.08 6.14
b 9.70 10.67 11.64
l ∼1.70 ∼2.62 ∼2.70 ∼3.20 2.20–2.70 2.50–2.99 2.74–3.28
θ ∼60 ∼60 ∼60 ∼60 58–71 51–69 49–66
β 0.67 0.46 0.46 0.45 0.67 0.61 0.55
CTM 2.14 2.21 2.25 2.29 5.27 5.34 5.25
CTO 7.85 7.80 7.76 7.71 7.75 7.79 7.87
�H −0.79 −0.90 −0.55 −0.31 −0.45 −0.38 −0.45
Eg 4.26 3.11 (d) 3.39 (d) 2.84 (d) 1.49
mh 1.54 0.52 6.36 1.01 0.78 (x)

0.26 (y)
me 5.33 3.07 3.51 3.68 0.24 (x)

0.33 (y)

symmetry group [43]. The lattice parameter a in the range of
4.11–7.11 Å increases with the atomic number of M. Mono-
layer Te4O2 exhibits a lower symmetry of the cm plane group
[43] with orthorhombic lattice parameters of 6.14 and 11.64 Å
along the x and y directions, respectively. Cr4O2 and Mo4O2,
monolayers with the cmm 2D plane symmetry group [43] also
have an orthorhombic structure with lattice parameters of 2.80
and 3.08 Å along the x direction and 9.70 and 10.67 Å along
the y direction, respectively. In particular, the d orbitals of
adjacent Cr4 or Mo4 clusters in the oxide layers are prone
to overlap to form δ bonds [44–46], yielding an edge-sharing
geometry along the x direction as depicted in Fig. 2(b). Also
with six valence electrons, the tetrahedral cluster of W can be
assembled into the same 2D oxide structure as that of Cr4O2

and Mo4O2. However, the phonon dispersion of the W4O2

monolayer is not stable, showing imaginary phonon band and
meaning that it is dynamically unstable (see Fig. S2 of the
Supplemental Material) [42]. This may be related to the 6s2

outermost shell of W, making it unfavorable to share electrons
with O atoms compared with Cr and Mo. For all the other
metallic elements in the periodic table, the 2D superlattices of
M4 clusters linked by O atoms are not stable upon structure

FIG. 2. Atomic structures of cluster-assembled oxide monolay-
ers: (a) B4O2, Al4O2, Ga4O2, and In4O2; (b) Cr4O2 and Mo4O2;
(c) Te4O2. The top and bottom panels are the top and side views,
respectively. The lattice constants a and b are indicated by black
boxes. The B/Al/Ga/In, Cr/Mo, Te, and O atoms are shown in pink,
blue, brown, and red colors, respectively.

optimization. They either collapse during the structural relax-
ation, or form compounds with O atoms without retaining the
M4 cluster feature (as displayed in Fig. S3 of the Supplemen-
tary Material [42]), implying the necessity of satisfying the
magic numbers of M4 clusters with O linkers for assembling
stable 2D structures.

The bond nature and charge transfer between M4 cluster
and O linker are analyzed. The bond overlap population [47]
of M − O bonds in the assembled M4O2 monolayers ranges
from 0.45 to 0.67, suggesting the covalent nature of M − O
bonds. The Bader charge analysis further confirms that the
O, group-IIIA, group-VIB, and Te atoms in the M4O2 mono-
layers each carries about eight, two, five, and five valence
electrons (Table I), respectively. This manifests our proposed
assembling rule of electronic-shell closure for the O atoms
and tetrahedral M4 clusters, i.e., eight electrons for B4, Al4,
Ga4, and In4, and 20 electrons for Cr4, Mo4, and Te4 after
charge transfer with O linkers. Note that free Al4, Mo4, and
Cr4 clusters have the tetrahedral structures as the ground state
[48–50], whereas free B4, Ga4/In4, and Te4 clusters favor the
planar rhombic, rhombic squared, and orthorhombic geome-
tries, respectively [51–53]. We have used the M4 clusters of
their ground-state structures to construct the 2D assembled
models. However, they all relax to the tetrahedral configura-
tions shown in Fig. 2 upon structural optimization, indicating
the preference for the Td symmetry when M4 clusters carry
the magic number of electrons in the assembled oxide
monolayers.

To characterize the thermodynamic stability of the assem-
bled M4O2 monolayers, we define the formation energy �H
as

�H = (Etot − n1 × EM − n2 × EO)/n, (1)

where Etot is the energy of M4O2 monolayer; EM and EO

are the energies of a M atom in its solid phase and an O
atom in the gaseous O2 molecule, respectively; n1 and n2

are the numbers of atoms of each element in the unit cell
of M4O2 monolayers, and n is the total number of atoms in
the unit cell. All the M4O2 monolayers show negative �H
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FIG. 3. (a) Chemical potential phase diagram of surface free
energy in the unit of area at the xy plane for our predicted B4O2

structure (pink line), previously proposed B2O monolayer (blue line),
and bulk B2O structure (green line). (b) Phonon dispersion of B4O2

monolayer as a representative. (c) Variations of temperature and
energy with the time of AIMD simulation for the B4O2 monolayer.
(d) Snapshots of the equilibrium structures of monolayer B4O2 (or
Al4O2, Ga4O2, and In4O2) from AIMD simulations with temperature
controlled at 300 K.

of −0.25 to −0.90 eV per atom, suggesting that their for-
mation is exothermic. In particular, there are several reported
stable phases of the B2O monolayer from both experiment and
theory, whose stability can be compared with our predicted
assembled materials. Note that the previously proposed B2O
monolayer [54,55] and B2O bulk system [56] in Fig. S4 of the
Supplemental Material [42] have formation energies of −0.69
and −0.49 eV/atom, respectively, both higher than that of
our proposed B4O2 structure (−0.79 eV/atom). Figure 3(a)
plots the free-energy (�G) curves for various B2O source
conditions, demonstrating the easy formation of the present
B4O2 monolayer with the chemical potential of μB2O in a
rather wide range of −4.28 eV to 1.90 eV. Therefore, the
cluster-assembled B4O2 monolayer can exist in the experi-
mental condition with moderate supply of B and O atoms.

The dynamic stability of the assembled seven M4O2 mono-
layers is confirmed by their phonon dispersions without
imaginary bands as shown in Figs. 3(b) and S5 of the Supple-
mental Material [42]. We also performed ab initio molecular
dynamics (AIMD) simulations [57] to assess their thermal
stability [see Figs. 3(c), 3(d), and S6 of the Supplemental
Material) [42]. The evolution of the energy and temperature
with the simulation time is plotted in Fig. 3(c). After 10 ps
of AIMD simulations, all the M4O2 monolayers well maintain
their planar structures at 300 K. To further confirm the relative
stability of the cluster-assembled 2D materials among various
structure phases of the same stoichiometry, we employed the
CALYPSO code to search the most stable structures of 2D B4O2

and Te4O2 as representatives. After a systematic structural

FIG. 4. Molecular orbitals referred to the vacuum energy level
as zero and a classification of orbital pattern into superatomic 1S, 1P,
1D, 2S, and 1F states for (a) Te4

4+ and (b) P4 cluster. The solid and
dashed lines refer to occupied and unoccupied orbitals, respectively.
Blue and red colors denote positive and negative phases of the wave
function, respectively. The isosurface value is ±0.05 a.u.

search, hundreds of isomers were generated with four rep-
resentative low-lying geometries presented in Fig. S7 of the
Supplemental Material [42]. Intriguingly, the global minimum
search by the CALYPSO code produced the same geometrical
structures of B4O2 and Te4O2 monolayers as we predicted
above. All these results support that our proposed assembling
rule can indeed serve as a compass to construct new 2D
materials in the ground state and having outstanding dynamic
and thermal stabilities, which thus are promising to realize in
the experiment.

To gain further insights into the high stability of the present
cluster-assembled 2D oxide monolayers, we examined the
molecular orbitals of a free Te4

4+ cluster in the tetrahedral
geometry. Its electronic configuration resembles that in the
Te4O2 monolayer with each Te+ species (2s22p3) holding
about five valence electrons upon the donation of one electron
to a O atom. As demonstrated in Fig. 4, the Te4

4+ cluster
with high symmetry exhibits the superatomic characteristics.
Compared with P4, the Te4

4+ cluster has a smaller high-
est occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) gap of 2.58 eV and much deeper
energy level due to the positive charges carried by the cluster.
Remarkably, the Te4

4+ cluster presents the highly symmetric
superatomic orbital properties with valence electron con-
figuration of 1S21P62S11D10||1P0 (the double vertical line
separates the gap between occupied and unoccupied orbitals).
The superatomic behavior of Te4

4+ is similar to its isoelec-
tronic counterpart (i.e., P4), which satisfies the requirement of
closed electronic shells.

It is worth mentioning that the jellium model treats the
cluster as a positively charged ionic core surrounded by free-
electron-like valence electrons [58,59]. It assumes not only
a delocalized nature of valence electrons, but also a small
atomic core of the cluster compared to atomic volume with
a weak core potential [41]. The jellium model is mostly
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FIG. 5. (a)–(c) Electronic band structures and local density of
states (LDOS) for B4O2, Cr4O2, and Te4O2 monolayers, respectively.
Eg is the band gap denoted by solid blue arrow. High-symmetry
points in the first Brillouin zone are � (0,0,0), Y (0,0.5,0), Q
(0.5,0.5,0), and X (0.5,0,0). (d) Optical absorption coefficients for
B4O2, Al4O2, Ga4O2, In4O2, and Te4O2 monolayers. λ is the wave-
length of light. The area between the red and the purple dashed lines
represents the visible range.

applicable for simple metal clusters, coinage metal clusters,
and ligated clusters. Here, the tetrahedral M4 clusters of
group-IIIA elements should fulfill the above requirements
by the jellium model. The localization degree of valence
electrons can be described by the electron localization func-
tion (ELF) [60,61]. The ELF takes values in the range of
0 to 1, where 1 corresponds to perfect localization and
0.5 corresponds to perfect delocalization. For the assem-
bled B4O2, Al4O2, Ga4O2, and In4O2 monolayers, all their
ELF reveals a delocalized behavior of electron density en-
compassing the whole M4 cluster instead of localizing on
individual atoms with ELF values around 0.5 in the regions
between M ions (see Fig. S8 in the Supplemental Mate-
rial for details) [42]. Therefore, the jellium model is valid
for the group-IIIA M4O2 monolayers. On the other hand,
the core potential is not weak in Cr4, Mo4, and Te4 clus-
ters. The ELF is about 0.8 in the assembled Cr4O2, Mo4O2,
and Te4O2 monolayers, indicating some localization of the
valence electrons. Nevertheless, the high symmetry of M4

clusters leads to an ordering pattern of electronic levels sim-
ilar to that of the jellium model but with shell splitting
and even reverse order between shells. A complete filling
of the electronic shells renders the M4 clusters with super-
atom characteristics based on the shell model [62] and, thus,
results in high stability for the assembled M4O2 monolay-
ers. Besides the electronic configuration, a cluster’s stability
can also be associated with aromaticity, HOMO-LUMO gap,
spin excitation energy, the presence of ligands, and so on
[61,63–66]. These factors have to be carefully taken into
account when assembling clusters of other symmetries into
certain superlattices.

The electronic band structures of the assembled M4O2

monolayers are presented in Fig. 5 and Fig. S9 of the
Supplemental Material [42], and their theoretical band gaps
at the HSE06 level are given in Table I. Cr4O2 and Mo4O2

exhibit typical metallic character. In contrast, B4O2, Al4O2,
Ga4O2, In4O2, and Te4O2 are semiconductors with band gaps
ranging from 1.49 to 4.26 eV, which can be comparable to
the values of other predicted semiconducting 2D metal oxides
(in the range of 1.22–6.48 eV) in our previous work [8]. Es-
pecially, Al4O2, Ga4O2, and In4O2 possess direct band gaps,
desired by optical devices. Remarkably, our cluster-assembled
B4O2 monolayer possesses a wide band gap of about 4.26
eV, rather than the metallic nature for the previously proposed
B2O monolayer and bulk systems [54–56]. From analysis of
the LDOS of B4O2, the bottom conduction band stems mainly
from the 2p orbitals of B atoms and partially from the 2p
orbitals of O atoms, whereas the 2p orbitals of O and B atoms
together contribute to the top valence band. Furthermore, the
substantial overlap of LDOS near the Fermi level implies
strong hybridization between the orbitals of B and O atoms,
i.e., stable B−O bonding. Such wide-gap semiconductors are
potentially useful for electronic and optoelectronic devices to
operate at much higher voltages, frequencies, and tempera-
tures than the conventional semiconductor materials, such as
silicon and gallium arsenide [67–70].

Based on the band structures, the carrier effective masses
were calculated for the semiconducting 2D assemblies, sum-
marized in Table I. The effective masses are in the range
of 0.26–6.36 m0 for holes, and 0.24–5.33 m0 for electrons,
respectively. The lower limit of the effective mass (0.24 m0)
indicates that the carriers in some of these 2D sheets are rather
mobile. Additionally, there are large differences between hole
and electron effective masses, which can be utilized to sep-
arate electrons and holes in electronics. Furthermore, these
assembled monolayers present good optical absorption be-
havior. The optical absorption coefficients are obtained by
computing the complex dielectric functions based on the
HSE06 functional as depicted in Fig. 5(d). The semicon-
ducting M4O2 monolayers exhibit strong optical absorption
in the visible and ultraviolet regimes with the absorption
coefficient up to 105 cm−1. Moreover, the band-edge posi-
tions of these assembled 2D semiconductors can straddle the
water oxidation and reduction redox potentials (Fig. S10 of
the Supplemental Material) [42]. Therefore, B4O2, Al4O2,
Ga4O2, In4O2, and Te4O2 monolayers have a wide range of
applications from electronics, optoelectronics, and optics to
photocatalysis of water splitting.

IV. CONCLUSION

To summarize, we proposed a simple strategy for assem-
bling stable 2D materials using tetrahedral clusters linked by
O atoms, based on the criteria of close shells of molecular and
atomic orbitals for the cluster and O atom, respectively, as
well as proper electron transfer between them. Following this
assembling rule, the tetrahedral clusters of group-IIIA (B, Al,
Ga, and In), group-VIB (Cr and Mo), and group-VIA (Te) ele-
ments were selected to assemble oxide monolayers in the form
of M4O2. For all these 2D structures, the M4 unit carries either
8 or 20 magic numbers of valence electrons after donating
four electrons to the neighboring O atoms, thereby satisfy-
ing the superatomic orbital configurations by considering Td

symmetry within the shell model. These cluster-assembled
monolayers are dynamically stable and robust at room

043231-5



GUO, DU, WANG, ZHOU, AND ZHAO PHYSICAL REVIEW RESEARCH 3, 043231 (2021)

temperature. The assembled B4O2 and Te4O2 monolayers are
demonstrated as their ground-state structures, suggesting the
feasibility for experimental synthesis of these 2D materials. In
addition, their physical properties are suitable for many device
applications: wide band gaps ranging from 1.49 to 4.26 eV,
small carrier effective masses as low as 0.24 m0 and strong
optical absorbance in the ultraviolet-visible regime. These
theoretical results open unprecedented opportunities for the
discovery of new materials and exploiting atomic clusters for
assembling devices with advanced functionalities.
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