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A B S T R A C T   

Inorganic molecular Crystals (IMCs) is an emerging class of two-dimensional (2D) materials having unconnected 
structural units. In contrast to the conventional 2D materials, Sb2O3 appears in the form of periodically arranged 
van-der-Waals (vdWs) molecular clusters. Besides the specific material’s features, IMCs offer unique features due 
to anisotropy in bonding, packing, electronic and thermal conductivity, and optical characteristics. The work 
reported herein depicts the modification in structural and electronic properties of Sb2O3 trimmed from bulk to 
lower dimensions. The shortening in bond-lengths pointing to variation in inter-cage interactions and decrease in 
band gap are observed with the structural downscaling. The bulk, slab (111), slab (001) and clusters are 
semiconductors with the major contribution arising from Sb and O in formation of conduction and valence bands 
respectively. The electronic properties of the materials pointed to p-p hybridization and hence presence of 
π-bonding and anti-bonding molecular orbitals within the region present between the molecular cages.   

1. Introduction 

The inorganic molecular crystals (IMCs) has been introduced in 2019 
in the form of a new type of 2D vdWs materials comprising of molecular 
clusters or cages [1,2]. Such type of the vdWs materials are based on 
spatially isolated inorganic molecules which are connected via vdWs 
interactions throughout the crystal. This specific crystal configuration 
has motivated the researchers to develop the strategies in order to 
synthesize the vdWs films or relevant interfaces and hetero-structures 
for device applications. However, the synthesis of such crystal struc
tures is challenging task due to several problems particularly when 
fabrication of large scale and reproducible conventional 2D materials 
has not yet been established. 

Considering to the presence of weak vdWs interaction, the layered 
materials could be comparable with the IMCs that would aid to study 
and understand the IMCs. Because of the specific crystal structure of the 
layered materials with weak vdWs interactions, the layered materials 
could be synthesized by the mechanical exfoliation [3–6]. This is due to 
presence of comparatively stronger chemical intralayer bonding but 

weak interlayer vdWs bonding that helps peeling-off the layers via the 
exfoliation. In contrast, however, the 2D IMCs could be hardly synthe
sized via exfoliation of the bulk crystals due to their anisotropic nature 
[7]. Hence, the IMCs could be obtained in distinct crystallographic 
planes upon structurally downscaling the bulk. Besides the exfoliation, 
the commonly employed technique for synthesis of graphene (i.e. 
layered material) is chemical vapor deposition method which is not 
equally instrumental to prepare 2D-IMCs [8]. 

The presence of vdWs interactions in conventional layered materials 
and 2D IMCs doesn’t guarantee the similarity of both the types. The 
layered materials are different from those of IMCs and these could be 
distinguished on the basis of anisotropy. In majority cases of IMCs, the 
cages contain strong covalent bonding with such a configuration that 
makes them inert i.e. no more atoms can be bonded with the existing 
structure. This property of the cages which restrict entry of further 
atoms is not usually available in the conventional layered materials. 

The specific molecular configuration bestows the 2D-IMCs to exhibit 
fascinating characteristics. Considering their diverse structural proper
ties, the improvement in the synthesis strategies as well as the 
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exploration of applications based on the IMCs is of prime research in
terest. Because of insolubility of the inorganic molecules, there are 
problems to realize the large-size self-assembled 2D IMCs. One of the 
most famous IMCs is Sb2O3, which has been successfully synthesized and 
showed its potential in the several applications such as Li/Na ion bat
teries and field effect transistors (FETs) [9,10]. Due to the presence of 
the weak forces, the inorganic molecules could be easily sublime at 
higher vacuum. During the process of the evaporation, the molecular 
configuration could also be sustained and in this way the molecules 
could configure the films that are free from the dangling bonds. The 
Sb2O3, because of its wide band gap, is considered to be a 
high-k-dielectric materials and showed the potential in the vdW 
dielectric that could assist the integration of the higher yield 2D devices 
[11]. 

The properties of the materials are structure dependent and one of 
the most intriguing aspect of first-principles framework is the access to 
structure - property relation at atomic/electronic level [12]. In fact, the 
dawn of the quantum chemistry considers the wave function as well as 
the intrinsic delocalized picture of the electronic configurations based 
on the chemical bonding within the solids and molecules. Consequently, 
the vast variety of the methodologies for the investigations of the elec
tronic configurations has been introduced, which could be vastly cate
gorized in (i) the electronic density in real space, (ii) orbitals based in the 
Hilbert space, (iii) methodologies to include the modelling of the 
experimentally observable quantities, (iv) methods based on the en
ergies. These methods have been broadly utilized but often face limi
tations in the extended systems. One of the most promising technique in 
this regards is the utilization of the energy decomposition analysis (EDA) 
[13] on the basis of the effort by Morokuma [14] along with the 
extension of extended transition state (ETS) presented by the Ziegler and 
Rauk [15]. Besides this, the extension presented recently introduced the 
EDA-NOCV (energy decomposition analysis -Natural Orbitals for 
Chemical Valence) method that provide additional information through 
the analysis of the energy as well as the charge in combined manner. The 
other methods includes the crystal orbital overlap populations (COOP) 
[16], natural bond order (NBO) [17,18], density of states (DOS) and 
partial density of states (pDOS) etc. The robustness of above mentioned 
method lies in its capability to evaluate the bonding contributions by the 
energy terms, out of which the EDA along with NOCV have been utilized 
for study of the periodic systems. 

The nanomaterials exhibited great importance due to their applica
tions in cutting edge technologies and everyday life [19–23]. These 
materials have quickly gained lime light because of their intriguing 
properties and novel aspects dependent on their nature, size and 
morphology. The conventional nanomaterials appear different struc
tures and periodicities, including 3D bulk structures, 2D planar structure 
like slabs, 1D chains, and 0D clusters or quantum dots. These structures 
usually appear in form of networks with repetition of unit cell is one, two 
or three dimensions. However, in contrast to these network structures, 
the synthesis of inorganic molecular crystals (IMC) based nanomaterials 
comprising of isolated cages has been reported [2,24]. The molecular 
units in IMC nanomaterials are not physically bonded but affiliated via 
van der Waals forces due to which these are expected to offer extra 
properties in addition to the conventional nanomaterials. In order to 
realize the IMC nanomaterials, the trimming of their 3D bulks is 
required. The downscaling of IMC’s to lower dimensions to produce 
slabs, chains and clusters needs to be carried out in order to utilize them 
for applications. The downscaling of the materials in order to achieve 
their littler counterparts may lead to novel phenomenon and unknown 
effects. As the thickness of the films reaches to the nanometer scale, the 
surface properties, quantum size effects as well as the interfacial phe
nomenon become prominent [25,26]. The relevant impacts can be un
derstood by investigating the physical properties including structural, 
mechanical and electronic characters of the materials. One of the mo
tivations to downscale the bulk is to prepare free standing films on 
suitable substrates with lower interfacial strain, lattice mismatch and 

other relevant requirements [35]. 
The process of structural downscaling may lead to large number of 

novel applications [19]. The materials in lower dimensions are known to 
exhibit improved performance in microelectronics as the fabrication of 
transistors appeared to ensure greater density in integrated circuits, 
economical, lower power consumption and faster response [27]. The 
inorganic semiconductor nanomaterials are suitable for investigating 
the nano-scale phenomenon and dimensionality dependent properties. 
The structural units of the materials formed by the nanoscale inorganic 
semiconductors with controlled geometries are expected to play an 
important role in future nano-devices [28]. Furthermore, the IMCs based 
nanomaterials may offer novel phenomenon in biosensors, drug de
livery, bio medicines, fuel cells, sensors, catalysis and hydrogen storage 
etc. [29]. 

The downscaling (moving towards lower dimensions) of dimen
sionality has been done for many materials but the same has not yet been 
reported for IMCs. Furthermore, owing the specific crystal structure of 
the IMCs, the downscaling of the bulk of these crystals in lower di
mensions may introduce planes of different miller indices. The realiza
tion of different surfaces in case of IMCs would have the impact on the 
orientation of cages and hence offer the structural diversities. Like the 
conventional crystals, in order to explore the possible applications of the 
IMCs, their study in different dimensions is essentially required. 
Considering the ongoing trend in miniaturization of conventional ma
terials, the predictions on trimming of IMCs and its follow-up experi
mental synthesis is expected to develop technology for future 
requirements. This work is carried out with motivation to investigate the 
downscaling of IMCs to attain most stable configuration in the form of 
slabs, chains and clusters. For this purpose, the bulk Sb2O3 was trimmed 
in different orientations to obtain 2D slabs in the form of (i) (111) plane 
and (001) plane (ii) 1D chains and (iii) 0D clusters. The specific crystal 
structure of Sb2O3 motivated the authors to investigate the interactions 
between the independent molecular units (i.e. cages) by performing the 
pEDA-NOCV calculations. The structural and electronic properties of the 
3D (bulk), 2D slabs in (111) and (001) orientations, 1D chains in (111) 
and (001) orientations and 0D clusters will be discussed in detail in the 
coming sections. 

2. Computational details 

The work being reported here describes the structural and electronic 
properties of Sb2O3 in bulk, slabs (111), slab (001), chains as well as 
clusters as derived from slab (111) and slab (001) and hence termed as 
chains (111), chains (001), clusters (111) and clusters (001) respec
tively. The unit cell of stable cubic structure of Sb2O3 was used as an 
initial structure and completely optimized. The bulk unit-cell contain 
the 4 formula units with 8 atoms of Sb and 12 atoms of O. The unit-cell 
for slab (111), chains (111), clusters (111) contains the 40 atoms while 
the slab (001), chains (001) and clusters (001) contains 80 atoms each. 
The size of super-cell for the bulk and slab is 2 × 2 × 2 and 2 × 2 
respectively. The structural and electronic properties of the work was 
carried out using density functional theory (DFT) based LCAO (Linear 
combination of atomic orbitals) formulism implemented on ADF-BAND 
(2022.103) code whereas the dynamical stability of said materials were 
investigated using Vienna ab-initio simulation package (VASP). The ADF 
uses Slater type orbitals (STO’s) that are well-known for accurate pre
diction in regions close to nucleus [30]. Triple zeta basis sets were used 
for the calculations with the confinement radius of 10 Bohr. First of all, 
the geometry of all the cases were fully relaxed to obtain completely 
optimized structures. Further, the bulk structure was optimized at three 
different levels of theory i.e. GGA-PBE, GGA-PBE-D3 and 
GGA-PBE-D3-BJ. In order to prepare 2D structures, the bulk was sliced in 
two different ways to produce slabs i.e. along (111) plane and (001) 
plane. The slabs in the form of unit cells and respective 2 × 2 super cells 
were optimized at all the above described levels of theory. The elec
tronic properties were then computed during single point runs. The 
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anisotropy is expected for all the cases so the three different level of 
theories are used and all the calculations are performed using GGA-PBE, 
GGA-PBE-D3, GGA-PBE-D3-BJ for the inclusion of the van der Waals 
(vdWs) interactions. [31,32] The Scalar relativistic correction was used 
for the inclusion of relativistic effects [33]. In ADF-BAND module, the 
scalar relativistic effects are not purely first-order correction rather it is 
the quasi-relativistic approach. Considering the electronic configuration 
of Sb and O that are [Kr] 4d10 5s2 5p3 and [He] 2s2 2p⁴, the frozen core 
was taken as “Large” that would freeze the core orbitals and to accel
erate the calculation. The energy convergence criteria was chosen as 
10− 6 eV whereas gradient was 10− 3Å. 

The formation energy per atom of the materials was computed by 
using the formula 

Formation energy
/

atom =
products − reactants

n
.(1) 

Provided that the number of atoms in reactant and product are same, 
where n is total number of atoms present. For instance, the formation 
energy per atom for unit cell could be written as 

Ef =
E(Sb8O12) − 4E(Sb2) − 6E(02)

n
.(2)  

Where n indicates the total number of atoms present in the system. 
Furthermore, the oxygen part in the formula was calculated by consid
ering two cases, (i) the non-magnetic with spin zero, (ii) the para
magnetic behavior for which the spin value of 1 was included. The value 
of formation energy of O2 was found smaller with spin 1 owing to the 
natural paramagnetic behavior. Hence, in order to find the formation 
energy of Sb2O3, the spin was included and the calculated values are 
given in Table 2. 

Furthermore, the bonding of the materials were discussed by the 
electronegativity difference, Pauli formula and the covalent, ionic and 
vdWs radii [34]. In order to investigate the inter-cage interactions, the 
pEDA-NOCV calculations were performed at single point geometries. 
The GGA-PBE-D3-BJ level of theory were utilized and the remaining 
parameters were similar as for other calculations. The pEDA-NOCV were 
performed by considering only the 2 molecular units (cages) each as an 
independent fragment and the remaining atoms were deleted. The 
pEDA-NOCV calculations gives the several energy terms that aids in 
understanding the structure of the materials. The EDA decomposes the 
interaction energies of a molecule AB into two fragment A and B [35, 
36]. The interaction energy is the difference in energy between the 
molecule and the developed fragments (i.e. EA, EB), thus the interaction 
energy is written as the 

ΔEint =EAB − (EA +EB)=ΔEpauli +ΔEelstat + ΔEorb 

Where the term ΔEPauli describes the exchange repulsion in between 
the fragments, which appears in consequence of the Pauli’s principle 
while ΔEelastat presents the quasiclassical electrostatic interaction energy 
in between the charge densities of the fragments. Moreover, the term 
ΔEOrb explains the gain in energy due to the mixing of orbitals from the 
fragment. In addition to this, the ΔEsteric term is added that would present 
the steric interaction energy present in between them [37]. 

In order to model the interactions in Sb2O3, only two cages are 
considered for each periodicity such as the bulk, slab, chains and clusters 
in such a way that each cage is considered as a fragment/monomer as 
shown in Fig. 1 to shed light on the inter-cage interactions. 

3. Results and discussion 

3.1. Structural properties 

The structural parameters are described on the basis of bond length, 
bond angles, bonding and the formation energy. The optimized structure 
for the bulk Sb2O3 is shown in Fig. 2. Unlike the usual bulk structures 

with close packing, the relaxed structure exhibited some modification. 
In this structure, there exists the close cage structures and these cages 
spread out in regular manner in the three directions and all these cages 
are linked with the neighbors via vdWs interactions. This is obvious from 
the bond length analysis where inter-cage bond lengths (i.e. the bond 
length in between the cages) are different from the intra-cage bond 
length (bond length within a cage) as shown in Table 1. The intra-cage 
bond length is as follows, i.e. the bond length Sb–O is 2.047 Å and O–O is 
3.08 Å where no metal-metal bond is observed while the inter cage bond 
lengths Sb–Sb and O–O are 3.07 Å and 4.04 Å respectively, hence the 
inter-cage distance is in the range of 3.07–4.04 Å. However, upon 
repeating the calculations with different functionals, no notable changes 
in bond lengths and bond angles were observed. The observed distinc
tions in values of bond lengths for inter-cages and intra-cages cages 
revealed anisotropy in the structures. Yet, in contrast to the customary 
vdWs material where there is anisotropy in the in-plane and out-of-plane 
bonding [38,39]; in the current material the anisotropy is observed 
throughout the material. Hence for the case of the bulk Sb2O3, there is 
the anisotropy in bonding in three dimension (3D) in line with the 
relevant literature [2]. 

Similarly, the 2D slab is optimized in two different ways. It is done by 
slicing the bulk along (111) plane and (001) plane [2]. Moreover, the 
chains and clusters are optimized accordingly, where (111) chains were 
optimized from the slab (111) and the cluster (111) were initiated from 
the chains (111) as shown in Fig. 3. The slicing along the specific plane 
was performed (i) to obtain the cages in the slab and lower dimensions 
and (ii) to attain most stable and hence most suitable configuration for 
future study. During the sequential downscaling, the obtained optimized 
bond lengths and bond angles are given in Table 1, as we can see that a 
decrease in bond length and bond angle is observed upon downscaling 
that is consistent with the relevant literature [33]. The observations 
revealed that no such impact on bond length and bond angles observed 
as by changing the functional. The anisotropy in bonding can be 
observed for all cases which indicates the presence of anisotropy 
regardless of the dimensions. Moreover, by slicing along the specific 
plane/direction, the cages can be structurally tuned as shown in the 
Fig. 1. Similarly, the structural parameters are computed for chains and 
clusters and given in Table 1 and anisotropy in bonding is observed 
similar to the previous cases. 

3.1.1. Formation energy analysis 
The description of stability of materials at ambient conditions is 

important, while modelling the materials. Hence, the dynamical stabil
ity of the materials will be described in the following to know the 
dynamical stability based on phonon calculations. 

Fig. 1. The formation of fragments in Sb2O3 to perform the pEDA analysis.  
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The formation energy as computed using equation (1) for the various 
cases i.e. bulk, slab (111) and slab (001) as given in Table 2 per calcu
lations using different levels of theory. For instance, for the unit-cell of 
bulk Sb2O3 having 20 atoms is given in equation (2). 

Considering the possible paramagnetic response of oxygen in Sb2O3, 
the spin was taken into account while calculating the formation energy. 
The findings indicated paramagnetic behavior of O2 molecule but no 
such effects were observed in case of Sb2O3 when calculations of for
mation energy was carried out at different levels of theory. Hence, Sb2O3 
appeared non-magnetic as per agreement with the reported literature 
[24]. 

Considering the formation energy of Sb2O3, as this is clear that for 
each case, the energy is minimum as computed by the GGA-PBE-D3-BJ, 
which is considered as best inclusion and representation of vdWs in
teractions, and evident for the presence of the vdWs forces and the 
anisotropy in the structures. Moreover, by comparing different cases, the 
energy is minimum for the bulk Sb2O3 and shows that the most stable 
configuration is bulk/3D Sb2O3. Overall, the energy is more for the case 
of the slab as compared to the bulk but the energy is minimum for the 
slab (111) and hence shows most stable configuration and the slicing 

over (111) is most stable configuration out of the situations discussed 
here. Moreover, the clusters obtained direct from the bulk is least stable 
and the structure is distorted (not given here) so ignored for further 
studies. 

The overall energy trend can be written as bulk < slab < chains <
clusters, although the entire situations upon downscaling are possible 
but there is high possibility of transformation bulk to slab (111) and 
lower possibility of formation of clusters therefore we can conclude that 
there is lower chance of agglomeration and slabs/surfaces could be 
attained experimentally [33]. 

3.1.2. Dynamical stability - phonons 
Besides the formation energy analysis, the phonon calculations were 

performed for bulk and surfaces as the phonons provide the insights 
regarding the dynamical stability of the materials through the lattice 
vibrations. In general, during the theoretical calculations, the atoms are 
considered as stationary/stick at a lattice point, but this is not true in 
actual cases. The atoms vibrate about their mean position to generate 
lattice vibrations [40]. 

The phonon band structures are calculated for bulk and surfaces i.e. 

Fig. 2. The optimized structure of Sb2O3 in bulk/3D, slab/2D – (111) and slab (001) for the purpose of downscaling.  

Table 1 
The values of bond lengths and bond angles of bulk/3D, slab/2D, chains/1D and clusters/0D calculated at different levels of theory.  

Periodicity Structure Structural Properties 

Sb–O (Å) Sb–Sb (Å) O–O (Å) Sb–O–Sb (Degree) O– Sb–O (Degree) 

Bulk GGA-PBE 2.04–2.05 4.04 3.07–3.09 129.4 97.7  
GGA-PBE-D3 2.049 4.04 3.07 129.9 97.7  
GGA-PBE-D3-BJ 2.049 4.04 3.08 128.8 98.8 

Slab (111) GGA-PBE-D3 2.28, 2.06, 1.94 4.28 4.90 134, 128 93.7  
GGA-PBE-D3-BJ 2.20, 2.04, 2.03, 2.00 3.96 4.15 134 89.9 

Slab (001) GGA-PBE-D3 2.03, 2.04, 2.05 4.01–4.02 4.28 129, 130 97.1, 98.3 
Chains from slab (111) GGA-PBE-D3 2.04, 2.07, 2.08, 2.11, 2.20, 2.24     
Chains from slab (001) GGA-PBE-D3 1.9, 2.02, 2.05, 2.20 3.8 2.63 129 96.3, 99.6 
Clusters from slab (111) GGA-PBE-D3 1.94, 1.99, 2.00, 2.02, 2.03, 2.05, 2.11 3.26 2.62 98, 104 102 
Clusters from slab (001) GGA-PBE-D3 2.05, 2.11 3.61 2.88 131 84.7, 90  
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Fig. 3. The optimized structure of Sb2O3 in chains/1D chains (111) and chains (001), clusters/0D – (111) and clusters (001) for the purpose of downscaling.  

Table 2 
Formation energy (eV/atoms) determined for Sb2O3 at different levels of theory.  

Functional Bulk Slab 
(111) 

Slab 
(001) 

Chains from (111) 
slab 

Chains from (001) 
slab 

Clusters from (111) 
chains 

Clusters from (001) 
chains 

Clusters from 
Bulk 

GGA-PBE − 1.19 − 1.04  − 0.88 − 0.86 − 0.89   
GGA-PBE-D3 − 1.32 − 1.15 − 1.02 − 0.88 − 0.77 − 0.89 − 0.67  
GGA-PBE-D3- 

BJ 
− 1.41 − 1.17 − 1.11 − 0.919 − 0.84 − 0.91  − 0.152  

Fig. 4. The phonon band structure and their relevant partial density of states for (a) bulk, (b) slab (111) and (c) slab (001).  
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slab (111) and slab (001) as shown in Fig. 4 (a-c). Since the phonon 
branches are based on the number of atoms in the materials via relation 
i.e. number of phonon branches = 3 N, where N is the number of atoms 
in the structure. The material in bulk periodicity is comprised of 20 
atoms, while in slab periodicity, the material’s cell is comprised of 40 
and 80 atoms for slab (111) and slab (001) respectively. Furthermore, 
the low frequency branches i.e. acoustic branches arise because of the 
heavier Sb atoms while the high frequency branches i.e. optical branches 
appeared due to the lighter O atoms in the material. Moreover, the 
frequency gap in phonon band structure is attributed to the mass dif
ference between different atoms present in such a way that greater the 
mass difference, greater is the frequency gap [41,42]. Hence, the gap 
between the acoustic and optical branches are due to greater mass dif
ference between the Sb and O atoms [43]. This is why, almost similar 
frequency gap is observed in the bulk, slab (111) and slab (001) struc
tures of the material. Besides these, the highest phonon frequency of 
~22 THz in bulk reveals the presence of strong bonding between the 
atoms of Sb and O [39]. Since only positive phonon branches are found 
and no negative branches appeared in case of the bulk and surfaces, 
these structures are stable which points to dynamical stability of mate
rials. The finding is consistent with the literature as these materials have 
been experimentally synthesized [8]. 

3.1.3. Intercage interactions 
The uniqueness of the IMCs lies on its structure, it will be interesting 

to understand the intra-cage and inter-cage interactions. Hence, in this 
sections, in addition to estimations based on theoretical knowledge, the 
findings on inter-cage and intra-cage interactions are given. 

3.1.3.1. Electron localization function (ELF) analysis. The electron 
localization function (ELF) analysis is carried out to describe the local
ization of the electrons to help in understanding the primary bonding in 
the material. Hence the ELF analysis of the Sb2O3 materials at different 
periodicities was performed. The representative diagram showing the 
ELF density plots are given in Fig. 5. It appears that the primary bonding 
(i.e. strong covalent bonding) is present within the cages with absence of 
density between two cages pointing the absence of the primary bonding. 

3.1.3.2. pEDA-NOCV analysis. Besides the explanation based on the 
bond lengths and relevant parameters, the explanation of the interaction 
between the molecular cages is helpful to explore the material’s prop
erties. The interaction between the two molecular cages in different 
cases i.e. bulk, slab, chains and clusters is presented on the basis of 
periodic energy decomposition analysis (pEDA). The aforementioned 
analysis is used to investigate the interaction within the system that 
especially includes the non-bonding interactions. To perform the pEDA 
analysis, the material is divided into the multiple fragments (in which 
the interactions are being studied) and then interactions are studied in 
between these fragment. In the framework of the pEDA analysis, we 
intended to address the inter-cage interactions for which each molecular 
unit (cage) in the IMCs must be considered as an independent fragment. 

Hence, in this perspective, only two cages are considered for each case i. 
e. bulk, slab, chains and clusters and then each cage is considered as 
fragment and the inter-cage and intra-cage interactions are investigated.  

i. Bulk 

The calculated orbital energy is the sum of the kinetic energy (T), 
electrostatic (Elast) energy and exchange correlation energy (XC) of 
above described fragments whose values are − 29.181 eV, 24.789 eV, 
3.337 eV. The overall orbital energy is − 1.055 eV, indicating the fact the 
overall orbital energy is attractive in nature. Similarly, the steric inter
action energy term is composed of the kinetic energy (T), electrostatic 
(Elast) energy and exchange correlation energy (XC), where the values 
are the 34.948 eV, − 28.744 eV and − 6.069 eV respectively [36]. The 
value of the total steric interaction energy is 0.134 presenting that the 
steric interaction is attractive in nature. The overall energy of the system 
is interaction energy (ΔEint). The computed values of the ΔEint is − 1.402 
eV which is sum of the electrostaic, Pauli, dispersion and orbital energy 
where the values of ΔEElastat , ΔEPauli, ΔEdis and ΔEOrb are − 2.928 eV, 
3.062 eV, − 0.481 eV, and − 1.055 eV respectively [30,35,37]. 

The purpose of giving all the energy terms is to provide an insight 
into nature of the interaction present between them. The computed 
values indicate that both attractive (indicated by negative sign) and 
repulsive (positive sign) energy terms are present which balance each 
other and keeps the cages at their equilibrium/optimized separation to 
restrict them for coming further closer. Hence, the computed values of 
interaction energy indicates the equilibrium caused by balance of the 
attractive and repulsive forces between the cages [30,37].  

ii. Slab 

Alike to the bulk Sb2O3, the pEDA analysis were performed for its 2D 
slab which contains the similar structural anisotropy as that of its bulk/ 
3D counterpart. The value of orbital energy was − 1.055 which is sum of 
− 28.939 eV, 24.551 eV and 3.333 eV representing the kinetic, electro
static and exchange correlation terms respectively. Similar to these, the 
steric interaction between the orbitals was computed as 0.141 eV, which 
points to combined kinetic, electrostatic and exchange correlation terms 
having values of 34.949 eV, − 28.739 eV and − 6.069 eV respectively. It 
appears that the kinetic energy term is repulsive while the electrostatic 
and correlation terms are attractive that gives rise to overall repulsive 
term for the steric interaction. Hence it is concluded that the steric 
interaction is repulsive in nature. The bonding energy terms i.e. ΔEint 
which is constituted as the ΔEElastat , ΔEPauli, ΔEdis and ΔEOrb having the 
respective values − 2.920 eV, 3.061 eV, − 0.477 eV and − 1.055 eV give 
rise to total interaction energy as − 1.390 eV [36]. Hence, the electro
static, dispersion and the orbital energies are attractive while the Pauli 
energy term is repulsive in nature that causes an overall attractive en
ergy term. It is therefore found that, in between the two cages, in case of 
2D/slab periodicity, although the attractive term dominates but both the 
attractive and repulsive terms are present which balance each other to 

Fig. 5. The representative diagram of ELF analysis of the bulk, slab-111 and slab-001 facing the cages.  

A. Jabeen et al.                                                                                                                                                                                                                                  



Materials Science in Semiconductor Processing 166 (2023) 107729

7

cause equilibrium [30,37].  

iii. Chains 

In case of chains the total steric interaction energy is 0.141 eV while 
total orbital interaction energy is − 1.054 eV which indicate that steric 
interactions and orbital energies are repulsive and attractive respec
tively. Moreover, the computed interaction energy is − 1.387 eV, 
whereas the value of Pauli energy, dispersion energy, electrostatic en
ergy and orbital energy are 3.062 eV, − 0.473 eV, − 2.922 eV and 
− 1.054 eV respectively. Similar to the previous case, the attractive terms 
dominant and the results are in agreement with the previous cases.  

iv. Clusters 

Similar to previous cases, the pEDA analysis were performed for the 
clusters/quantum dots with zero dimensionality. The steric interaction 
energy computed was equal to the 0.141 where the calculated values for 
the kinetic, electrostatic and exchange correlation energy were 34.948 
eV, − 28.740 eV and − 6.067 eV respectively. Furthermore, the orbital 
energy values are − 28.897 eV, 24.522 eV and 3.320 eV for the kinetic, 
electrostatic and exchange correlation part respectively owns a value of 
~ − 1.054 eV that is attractive in nature [36]. Moreover, talking about 
the main bonding energy terms, the interaction energy is − 1.385 eV, 
that comprise of the values of the 3.062 eV for the Pauli energy term, 
− 0.471 eV for energy dispersion term, − 2.921 eV for the electrostatic 
energy term and − 1.054 eV for orbital energy term. It is concluded that, 
similar to previous cases, the interaction energy terms are attractive in 
nature that helps to stay the molecular units as an independent units and 
there are non-covalent bonding type interaction presents that make 
them stay within a single structure. 

By comparing the respective energy terms from 3D, 2D, 1D and 0D i. 
e. bulk, slab, chains and clusters, it is clear that there is minor difference 
in the energy terms that may be associated to the fact that only two cages 
were considered and interactions were investigated in between the two 
cages. Another reason may be due to the fact that there is a minute 
difference in inter-cage distance as moving from the bulk to slab, chains 
and cluster. Conclusively, the pEDA analysis is carried out to investigate 
the non-covalent inter-cage interactions which are found unchanged by 
structurally downscaling Sb2O3 from 3D to 0D. 

3.2. Electronic properties 

The electronic properties of the investigated materials are specified 
in terms of total and partial density of states as well as band structures. 
The electronic properties were calculated at GGA-PBE, GGA-PBE-D3, 
GGA-PBE-D3-BJ and TB-mBJ levels of theory but the DOS and band 
structures computed by GGA-PBE-D3-BJ are plotted here and a com
parison with the other methods is provided.  

i. Bulk Sb2O3 

The partial DOS chart of bulk Sb2O3 is depicted in Fig. 6, where DOS 
is plotted as a function of energy in eV. The position of Fermi level is 
shifted to 0 eV and is represented by blue dotted line. The respective 
regions on the right and left sides of the Fermi level are conduction band 
(CB) and valence band (VB). The black line represents the total DOS 
from the material while red and blue colors exhibit the total contribution 
from the Sb and O respectively. The analysis of DOS indicates that the 
material is wide gap semiconductor with a band gap of 3.39 eV that is in 
consistent with the relevant literature [2]. 

The orbitals in the VB are occupied which emerged mostly from the 
bonding orbitals and hence have lower energy. On the other hand, the 
orbitals in the CB are unoccupied, originated from non-bonding orbitals 
and hence placed at higher energy. The CBM (conduction band minima) 
and VBM (valence band maxima) is formed by the hybridization of 

orbitals from the Sb and O atoms respectively. The major contributions 
in formation of respective CB and VB appeared from Sb and O [44]. The 
closer inspection of the DOS revealed a hybridization of Sb-5p and even 
Sb-5s orbitals with oxygen orbitals in the VB. The Sb-5px is hybridized 
with O-2py to produce the sigma (σ) bonding orbitals exhibiting pres
ence of other orbital hybridization. Similarly, in the CB, the Sb-5py hy
bridized with O-2pz leading to the formation of π bond. This is evident 
for the formation of π bonds in conduction and valence bond. 

For the further details, the band structure is plotted and showed in 
Fig. 7; and the Brillouin zone formed is cubic with K-points following the 
path Γ, X, W, K, Γ, L, U, W, L, K and U. The VBM and CBM are found at Γ 
and X points respectively which points to indirect wide band gap 
semiconductor with the band gap 3.39 eV that is in agreement with 
literature [45]. Hence, inter band electronic transitions in the material 
triggered by photons must be phonon assisted. 

ii.(111) Slab of Sb2O3 
The chart showing total and partial DOS computed for slab (111) is 

given in Fig. 8 where the Fermi level is set at 0 eV and is represented 

Fig. 6. The DOS calculated for the bulk Sb2O3; where the Fermi level is shifted 
to 0 eV and is represented by blue dotted line. 

Fig. 7. The band diagram for the bulk Sb2O3, where the Fermi level is shifted at 
0 eV and represented by blue dotted line. 
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by the dotted line in blue color. The oxygen and Sb atoms form the 
VB and CB respectively, where the 5p from Sb shows the major 
contribution in CB while O-2p and its sub-orbitals from major part of 
VB. Since the Fermi level is somehow shifted towards the VB so, the 
material can be termed as semiconductor with a band gap of about 
1.40 eV. Moreover, by looking more closely to the states, it was found 
that there is p-p hybridized states present in the VB and CB. In VB, the 
O-2px states hybridize with Sb-5pz and Sb-5s orbital and besides 
hybridized orbitals there is the presence of π bond. There is smaller 
probability of formation of σ bond due to low density of p-orbitals on 
sides of the slab to produce head on overlapping. Similarly, in the CB, 
p-p hybridization is present which indicates existence of π anti- 
bonding molecular orbitals. 

The band structure for the slab (111) is shown in Fig. 9, in which the 
Brillouin zone is cubic and follows the path Γ, M, K. The results reveal 

that the material is a pure semiconductor with a direct band gap of about 
1.4 eV as the both VBM and CBM occurs at K-point. This indicate that the 
movement of electron from VB to CB requires a photon of having energy 
equal or greater than 1.40 eV. 

The partial DOS for the slab trimmed in (001) plane is shown in 
Fig. 10, where the fermi level is shifted at 0 eV and represented by the 
blue dash-dotted line. Here, as we can see that the material shows the 
semiconducting behavior with a band gap of about 1.04 eV. Moreover, 
similar to the previous case, the Sb and O atoms hybridize and their 
hybridized states are present with major contribution of Sb and O in CB 
and VB respectively. 

iii.Sb2O3 chains (111) 
The total and partial DOS for the chains as obtained by the 

downscaling of the slab (111) and denoted by chains (111) is given in 
Fig. 11, where the total DOS are depicted by the black line whereas 
the red and blue line represents the total contribution of Sb and O 
atoms respectively. The results points to semiconducting nature of 
the material with a band gap of 1.37 eV. Moreover, there is the p-p 
hybridization states present both in CB and VB. In case of the VB, the 
major contribution arises from the oxygen atoms while in CB the 
major contribution arises hybridization appeared from the Sb atoms. 
Furthermore, close to Fermi level in the VB, hybridization 2px -2pz 
and 2px -5px appeared which points to the presence of sigma bond in 
valence molecular orbitals. Nevertheless, there is the 5pz-5py and 
5py-5px hybridization and in-turn presence of the π bonds in the CB i. 
e. anti-molecular π orbital is formed. Hence, the electronic structure 
of the chains (111) consists of the σ bonding molecular orbital and 
anti-bonding π molecular orbital.  
iv. Sb2O3 Clusters (111) 

Similar to previous cases, the total and partial DOS of clusters 
as obtained by the downscaling of the chains (111) and denoted 
by clusters (111). The results obtained showed that the material is 
semiconductor with a band gap of 1.8 eV. Now, since there is p-p 
hybridization in VB and CB with maximum contribution from Sb 
in CB and by O in VB. Also, in VB, there is 5px-5pz and 5pz-5py 
hybridization and hence presence of the π molecular orbitals. 
Furthermore, in CB there is a prominent 5py-5pz hybridization, so 
it is evident of π anti-molecular orbital. Besides these, the states 
obtained in case of chains and clusters are sharp, this is due to the 

Fig. 8. The total and partial density of states (pDOS) computed for the slab in 
(111) plane, where the black colored states represent the total DOS while the 
red and blue colored states shows the total contribution from Sb and O 
respectively. 

Fig. 9. The band diagram for the slab (111) of Sb2O3, where the Fermi level is 
shifted at 0 eV and represented by blue dotted line. 

Fig. 10. The total and partial density of states (pDOS) computed for the slab in 
(001) plane of Sb2O3, where the black colored states represent the total DOS 
while the red and blue colored states shows the total contribution from Sb and 
O respectively. 
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quantum confinement effect. This arises because the atoms are 
comparatively less surrounded and hence no formation of bands 
rather they exist as the atomic states (in case of clusters). 

The electronic properties for different cases revealed that bulk, 
slab (111) and slab (001) presents the semiconducting behavior 
with a band gap of ~3.38 eV, 1.40 eV and 1.04 eV respectively. 
There are p-p hybridized states from Sb and O present within the 
VB and CB with the major contribution of Sb and O atoms within 
the CB and VB respectively. 

Besides overall discussion, the band gap for different situations are 
given in Table 3 which indicates that the band-gap obtained by the GGA- 
PBE-D3-BJ is very close to the experimental value for slabs (~3.5–4 eV) 
and the band gap as computed by the TB-mBJ functional is 4.63 eV that 
is close to the experimental values reported in different studies [41,46]. 
Furthermore, the comparison of the values indicated that the band gap 
decreases as the structures are downscaled [25].  

v. Relation between the electronic properties of Bulk and 2D materials 

The electronic properties of the Sb2O3 in the bulk and lower di
mensions are described in details in the previous sections. Here, we are 
going to give comparative picture of electronic properties of the material 
in bulk and 2D. The bulk Sb2O3 is an indirect band gap semiconductor as 
the VBM occurs at K-points and the CBM occurs at the γ-point whereas in 
case of 2D Sb2O3, in the form of slabs (111) and (001), it appeared as 
direct band gap where the VBM and CBM lies at K-points in the band 
diagram. Thus, there is a transition from indirect to direct band gap as 
we move from bulk to 2D periodicity and trend is similar to the TMDs for 
instance MoS2 [47,48],WS2 [49,50], MoSe2 [51], WSe2 [52]. 

Furthermore, the band gap of the material appeared to decreases when 
Sb2O3 is downscaled from bulk to the slabs i.e. the band gap decreases by 
a value of 1.99 and 2.34 for slab (111) and slab (001) respectively. 

4. Summary 

The 3D anisotropy being a specific attribute of inorganic molecular 
crystals (IMCs) has been observed in the structure of Sb2O3. The struc
tural and electronic properties of 3D (bulk), 2D (slab (111), slab (001)), 
1D (chains (111) and chains (001)) and 0D (clusters (111) and clusters 
(001)) are discussed in details. The uniqueness of the IMCs lie in their 
specific structures i.e. covalently bonded cage structure and vdWs 
interaction in between the cages and to deal with that the dispersion 
functional as given by Grimm’s (i.e. D3) and then corrected by Backe- 
Johnsons (D3-BJ) (both Grimm’s and Corrected) are considered to 
investigate the properties. The effects of structural downscaling on the 
properties of the materials are discussed in detail. In this case, the slabs 
are trimmed along (111) and (001) planes and subsequent downscaling 
is carried out. The structural properties revealed that the bond-lengths 
decreases as the dimension decreases. The pEDA analysis revealed the 
presence of inter-cage interactions that keeps these cages linked with 
each other. These interactions, as computed by the interaction energy, 
are based on both attractive and repulsive nature that balances each 
other’s impact and it’s the attractive energy terms that dominates in 
each case (i.e. 3D, 2D, 1D and 0D), hence the interactions between the 
molecular cages would be more attractive than repulsive. Furthermore, 
the formation energy analysis provide information regarding the sta
bility of materials and gave the prospects regarding the possibility of 
conversion to related lower dimension, while the phonon calculations 
put light on the dynamical stability and confirmed the stability of ma
terials. The electronic properties for different cases revealed that bulk, 
slab (111) and slab (001) presents the semiconducting behavior with a 
band gap of ~3.38 eV, 1.40 eV and 1.04 eV respectively. There are p-p 
hybridized states from Sb and O present within the VB and CB with the 
major contribution of Sb and O atoms within the CB and VB respectively. 
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Table 3 
The band gap values (eV) as calculated by different functional.  

Functional Bulk Slab 
(111) 

Slab 
(001) 

Chains 
(111) 

Chains 
(001) 

Clusters 
(111) 

GGA-PBE 3.34 1.40 1.04 1.37 0.41 1.30 
GGA-PBE- 

D3 
3.34 1.03 1.09 1.37 1.09 0.73 

GGA-PBE- 
D3-BJ 

3.39 1.40 1.05 1.37 0.412 1.8 

TB-mBJ 4.63 1.96 4.23 2.52 1.60 2.25  
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