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This study examines the fundamental electronic, structural and quantum transport properties of a novel
inorganic molecular crystal (IMC), considering both the three-dimensional (3D) bulk and two-
dimensional (2D) surfaces/slabs with (001) and (110) surface terminations. The structural properties and
bonding analysis carried out using electronegativity differences, bond length analysis, and the Pauling
formula reveal strong 3D anisotropy in the bonding of the structure, characterized by strong
intramolecular bonding in the distinct molecular units and weak Van der Waals (vdW) interactions
between them, confirming the IMC nature of the material. These results were also confirmed by
interaction studies, ie. periodic energy decomposition analysis (pEDA-NOCV). Electronic structure
computation reveals that the bulk and slab-(110) exhibited semiconducting behavior with band gaps of
~1.54 eV and 0.9 eV, respectively. However, the slab-(001) surface termination corresponds to a narrow
band gap of ~0.54 eV. Considering this key feature, the potential of slab-(001) as a nano-electronic
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Accepted 24th July 2025 device was investigated using the non-equilibrium Green's function (NEGF) strategy. Investigation of
frontier orbitals, current—voltage (/-V) characteristics, and transmission spectra shows the promising
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1. Introduction

The increasing demand for functional materials with tailored
characteristics at the molecular level has resulted in inorganic
molecular crystals (IMCs) being at the forefront in the fields of
material science, physics and chemistry.'™ In contrast to
conventional solid-state periodic materials, IMCs are periodic
materials consisting of distinct, well-defined inorganic molec-
ular units connected through comparatively weak forces/
interactions such as hydrogen bonds or Van der Waals (vdW)
interactions.*® However, due to the absence of H-atoms, vdW
interactions are regarded as the primary interactions. Addi-
tionally, strong short-range forces are present in each single
molecular unit. The presence of these strong short-range forces
in the molecular unit and weak long-range forces between the
molecular units creates anisotropy in the bonding within
a single molecule. This unusual structural feature provides
IMCs with a diverse range of properties that act as a bridge
between periodic materials and distinct molecules, offering
excellent opportunities to design materials with tuned
magnetic, electronic, catalytic and optical properties.”®

The intrinsic adaptability of IMCs, as a result of the broad
inorganic and organometallic molecular building blocks,
enables the preparation of 2D materials with rational designs
along with atomic-level precision. The synthesis methods of
conventional vdW crystals, such as layered materials, have been
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well developed to date.’ Taking advantage of the layered struc-
ture, owing to the enormous mechanical anisotropy, 2D
conventional layered materials can be synthesized through the
mechanical exfoliation strategy, as with the in-plane chemical
bonds within the single layers, slender flakes could persist
through the exfoliation processes. In contrast to this, 2D-IMCs
are not amenable to preparation through the mechanical exfo-
liation strategy of the respective bulk counterparts due to the
isotropic crystal structure. IMC crystals could be cleaved into
distinct crystallographic planes owing to their homogeneous
nature; however, the exfoliation process typically results in
small particles rather than flakes. In addition, the finely-tuned
chemical vapor deposition (CVD) technique, used for layered
materials, cannot be used for the preparation of 2D-IMCs
because of the isotropic nature of the IMC materials. The
growth of layered materials by CVD significantly depends on the
major thermodynamic difference, which is experienced by the
chemical precursors for out-of-plane and in-plane growth. This
synthesis method also faces serious challenges, as the synthesis
and preparation of the 2D-IMCs are under investigation. The
periodic vdW forces within IMCs often result in energetic isot-
ropy within the growth kinetics, resulting in problems in the
growth of the respective 2D counterparts. For the synthesis of
2D-IMCs, the disruption of the isotropic growth kinetics is
crucial for the out-of-plane as well as the in-plane growth.
Thanks to the surface-passivation method, 2D non-layered
flakes can grow.® Several chemicals, such as Cl and Se, were
included in the CVD procedure in order to passivate the surface
of the nucleated flakes of Sb,0; in addition to suppressing the
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growth mechanism in the out-of-plane direction.? Slender flakes
of the well-known IMC antimony oxide (Sb,03), were prepared
with lateral sizes in the range from a few micrometers. Among
these, some flakes with thicknesses down to a single layer
(~0.64 nm) were also produced on a mica substrate.*

In addition to experimental techniques, theoretical studies
of vdW solids, such as layered materials and IMCs, face distinct
challenges, including the accurate prediction of the material's
environment and the incorporation of both short-range strong
forces (covalent or ionic bonding) and long-range vdW
forces.'' For the accurate prediction of a material's properties,
the choice of accurate input parameters is crucial. For example,
the use of accurate exchange-correlation functionals is vital to
studying a material's prospects. For the inclusion of vdW
interactions, various dispersion corrected functionals such as
D, D2, D3, and D4 have been developed according to theory. The
D3 theory and functional have been proven to have better
results compared to the others, and D4 has shown inferior
results compared to D2. Hence, the appropriate functional for
the inclusion of the vdW interactions is the D3 functional."”"°

The intrinsic inherent anisotropy in bonding in IMCs could
result in highly direction dependent properties making them
potential candidates for several applications with specific
dimensionalities in mechanical response, charge transport,
optical absorption, etc.>»** Furthermore, due to their unique
structural attributes, IMCs exhibit specific properties, such as
the formation of a distinct dangling, free vdW layer, as observed
in the well-known IMC Sb,0;. This material is considered
a high-k dielectric material and finds applications as an
extended vdW dielectric material that could support the inte-
gration of 2D devices with excellent performance.>**** Besides
this, vdW dielectric materials could be deposited onto 2D
channel semiconductors in order to prepare a field-effect tran-
sistor (FET). Furthermore, the vdW interface between an IMC
and conventional 2D materials is free from trap states as well as
dangling bonds. The vdW dielectric surface of Sb,O; has
resulted in greater mobility of the charge carrier and greater
device switching stability of the MoS,-based FET. Inorganic
molecular units lead to the formation of a dense film, conse-
quently blocking the gate leakage current within the FET. The
exceptional dielectric properties of the Sb,0; surface affect the
device performance.”

The A,B; molecule's structure (where A = As, P; B=Se, S) has
been obtained from the tetrahedron A, through the insertion of
bridging B atoms, i.e. chalcogen atoms, into the three bonds of
one P or As atom at the corner of the equilateral triangle made
by the remaining three As or P atoms.*® The bond lengths in this
molecule are in agreement with the sum of the covalent radii of
the atoms and hence, covalent bonding is exhibited. Consid-
ering the thermal stability of the material, the stability of the
A,B; molecule varies. The tetraphosphorus tri-sulphide P,S;
molecule is highly stable, and Raman and infrared studies
indicate the preservation of the molecular structure in all
gaseous, solid and molten phases. Furthermore, molecular
dynamic computation revealed the thermal stability at ~2000
K.26
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In addition, considering the crystal structure of A,B; type
compounds, most crystallize in Pnma or Pnmb structures, and
the atomic packing is similar to hexagonal close packing.
However, not all the compounds are of the same type. The
structural configuration variation in molecular ordering across
symmetric planes, as well as the number of atoms or molecules
within the unit cell must be considered. The non-bonding
interactions align well with the sum of the vdW radii, exhibit-
ing the lack of stronger covalent interactions in the vicinity of
the intermolecular bonds. Tetraphosphorus tri-selenide gener-
ally occurs in four crystalline phases: two room temperature
crystalline phases, o-P,Se; and o/-P,Se;, and two high temper-
ature phases that are highly disordered, B-P,Se; and y-P,Se;.””*®
Studies unveil unique traits, suggesting intramolecular-inter-
molecular coupling, as observed in the case of Se atoms.

P,Se; has been explored as a material attracting remarkable
interest, specifically because of its recent recognition as an IMC
by high-throughput computation as well as machine learning
studies.>® The initial studies have explored the intermolecular
interactions,® transport properties,* and prospects of the
material in Li-ion,*® Na-ion batteries,** and then multivalent ion
batteries.** Furthermore, adding a magnetic element, e.g., iron
(Fe), would induce hard ferromagnetism in the materials.*® All
of these studies have been conducted at the molecular level and
most of them by using DFT-based codes. However, there is still
a lack of detailed studies on periodic materials, the discovery of
the nature of the periodic form, and finding their potential to be
used in appropriate applications in their periodic form. Though
extensive research is available on typical 2D materials,® detailed
studies of novel IMCs for various functionalities, including Sg,
As,0;, Sbl;, etc. that have been suggested as IMCs, are still
lacking. This study addresses this critical gap by rigorously
suggesting P,Se; as a novel IMC and presenting a comprehen-
sive theoretical study of the fundamental electronic and struc-
tural properties alongside transport properties in its bulk and
surface, where for the surface the (001) and (110) planes were
considered and indicated by slab-(001) and slab-(110), respec-
tively. The results, as obtained by DFT-based codes, i.e., VASP
and non-equilibrium Green's function (NEGF) in ADF, shows
that the surface termination (001) of P,Se; showed the potential
for FET, in an exploration of the landscape of materials for next-
generation nano-scale electronics.

2. Computational details

Structural relaxation and electronic property computation were
performed for the bulk and slabs by utilizing density functional
theory (DFT) as executed in the Vienna Ab initio Simulation
Package (VASP).***” The generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE)*®**° was imple-
mented for the exchange-correlation energy. For the accurate
consideration of the weak vdW interactions between the
molecular units, Grimme's D3 correction along with the Becke-
Johnson damping (DFT-D3-BJ) was considered."”

The electronic-ionic interactions were expressed by utilizing
the projector augmented wave** method with a plane wave
cutoff value of 650 eV. The reciprocal space or Brillouin-zone
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integration for the structural and electronic structure compu-
tation was executed utilizing the mesh size of 5 x 4 x 3 for
a Monkhorst-Pack mesh. However, for the optimization of the
slabs/surfaces, the K-point mesh of 5 x 4 x 1 with a vacuum of
20 A was given along the z-axis in order to minimize the mock
interactions between periodic layers. The specific K-point mesh
was chosen after performing a convergence test, and minimum
energy K-points were taken into consideration. Convergence
tests were carried out to ensure the appropriateness of the K-
points, cut-off values and functional.

The cubic crystal structure was considered as the initial
geometry, with lattice parameters a = 10.606 A, b = 11.891 A, c =
14.950 A and a = 8 = v = 90°, as shown in Fig. 1. The reason to
choose this specific crystal structure was that it consists of the
inorganic molecular units of P,Se; that are separated by
a specific distance indicating a high probability of the material
existing as an IMC.*>* The surfaces/slabs were made along the
specified planes, i.e. (001) and (110), and termed as slab-(001)
and slab-(110) respectively. The VESTA software was used to
generate the above described structures. Structural optimiza-
tion was carried out until the forces applied on each atom were
less than 1 x 107° eV A™*, and the total energy change between
the adjacent iterations was smaller than 1 x 10~% eV. Interac-
tion studies were carried out using periodic decomposition
analysis (pEDA-NOCV) on the bulk and surface structure, for
which only two fragments were taken into account and each
fragment was the molecular unit consisting of the P,Se;.” The
density of states (DOS) and band structure of the relaxed
geometries were determined using VASP. The values of the band
gap were estimated by using the DOS and electronic band
structure.

O
A ’

Fig. 1 The initial geometry of the cubic crystal structure of P4Ses,
where the green and purple colored balls represent the Se and P
atoms, respectively.

28526 | RSC Adv, 2025, 15, 28524-28537

View Article Online

Paper

The quantum transport characteristics of the P,Se; of slab-
(001) were computed, involving the transmission spectra,
current-voltage (I-V) curves and frontier orbitals, in order to
check the possibility of the material being used as a nano-
device. These transport properties were computed using the
density functional tight binding (DFTB) formalism as imple-
mented in Amsterdam Density Functional (ADF) code. The two
probe system was made up of gold (Au) leads as the right and
left electrode and slab-(001) P,Se; as the central region or
scattering region. Au-slabs were used as the leads with the 2 x 2
x 1 supercell of Au.

The non-equilibrium Green's function (NEGF) methodology
was used in order to compute the quantum transport properties
as implemented in ADF code. The TZP basis set and the D3-BJ
functional were used for these calculations, in conjunction
with the GFN1 xTB model. A “very good” accuracy setting was
employed to ensure reliable results. The transmission spectra
and I-V profile were calculated by applying the bias voltage
across the Au-leads, and graphs were obtained. The impact of
the gate voltages on the transport characteristics was computed.
The frontier orbitals were also visualized by utilizing the in-built
tools in the ADF-code.

3. Results and discussion

3.1. Structural properties

3.1.1. Bulk. The optimized structure of P,Se; in bulk peri-
odicity is illustrated in Fig. 2. The optimized structure revealed
that the material consists of molecular cages/units that are
settled at a specific distance from each other. The molecular
cage is made up of a P,Se; molecule, as can be seen in the Fig. 2,
where the green and purple balls represent selenium (Se) and
phosphorus (P) atoms. Furthermore, it can be seen that each Se
and P atom is involved in two and three bonds, respectively, as
per the respective valence shell configuration, i.e. 2 for Se atoms
and 3 for P atoms.

The optimized lattice parameters for the bulk P,Se; material
are as follows: @ = 6.128 A, b = 7.813 A and ¢ = 6.652 A, and the
optimized volume of the unit-cell under consideration (56
atoms) is 300.824 A®,

Fig. 2 Optimized crystal structure of bulk P4Ses, where green and
purple balls represent the Se and P atoms, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The bonding of the material can be discussed on the basis of
the electronegativity difference of the elements present in the
material. The electronegativities of P and O are 2.19 and 2.55,
respectively. The electronegativity difference in P,Se; is 0.36,
which indicates the presence of strong covalent bonding, i.e.
short-range forces.”’” Furthermore, the ionic character of the
material can be determined using Pauling's formula, indicating
the percentage ionic character to be 10.58%.

Additionally, bond length analysis can be performed for the
optimized structure. The P-Se bond length is 2.70 A, whereas
the P-P bond length is 2.48 A. Both of these are considered
when considering atoms in adjacent molecular units/cages,
which means this is the intermolecular distance. The bond
distance shows the presence of long range forces, i.e. weaker
vdw forces, as the bond distance is greater than 2.4 A. In
contrast, the intra-molecular distances, i.e. Se-P = 2.26 A, P-P =
2.24 A, evidence the presence of short-range forces due to the
presence of relatively small bond distances, hence there exist
strong forces, which can be summarized as the primary type of
bonding. The presence of weak forces in the vicinity of the inter-
molecular region and stronger forces in the intra-molecular
region showed that there exists anisotropy in bonding
throughout the structure i.e. 3D anisotropy.

3.1.2. Surfaces. After the bulk structure optimization, the
bulk was sliced to form surfaces at specific orientations, i.e.
(001) and (110), regarded as slab-(001) and slab-(110),
respectively.

3.1.2.1. Slab-(001). The optimized structure for slab-(001) of
P,Se; is presented in Fig. 3, where the green and blue balls show
the Se and P atoms, respectively. The optimized lattice
constants were @ = 9.635 A; b = 10.710 A; ¢ = 33.555 Aand a =
90°; 6 = 90° v = 90°. Furthermore, the bond intra-molecular

Fig. 3 The optimized structure for slab-(001) of P,Ses.
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and inter-molecular distances of the relaxed structure were
computed, and were 1.66-2.26 A and 3.9 A, respectively.*> The
bond distances unveiled the presence of the strong forces
within the cages, whereas the weak vdW forces are present
between the cages as the bond distance is greater than 2.4 A
(benchmark). The bonding of the material can also be discussed
based on the bond distances and respective radii (covalent,
ionic and vdW) of the respective elements present in the
materials. A bond is considered strongly covalent if the sum of
the covalent radii is smaller than the calculated bond distance,
or if the sum of the ionic radii is larger than the bond distance
between the atoms. For the P,Se; material, the sum of the
covalent radii of P and Se is 2.26 A (P = 1.06 A, Se = 1.20 A),
whereas the sum of the ionic radii is 2.15 A (P = 1.00 A, Se = 1.15
A). Comparison with the intra-molecular distances unveiled the
presence of stronger covalent bonds in the vicinity of every
single molecular cage, i.e., in the intra-molecular region.
Moreover, the vdW radii for P,Se; show that the material
exhibits vdW interactions between the molecular cages, i.e., in
the vicinity of the inter-molecular region, as the vdW radii were
3.7 A(P=1.80A, Se = 1.90 A). From the above discussion, it can
be concluded that there is 3D anisotropy in the bonding within
the single crystal structure of P,Se;.

3.1.2.2. Slab-(110). Similar to previous cases, the slab-(110)
of P,Se; was optimized, and the optimized structure is provided
in Fig. 4. Each molecular unit consists of a P,Se; molecule, and
the units are separated from each other as described previously.
The optimized lattice constants are a = 13.644 A, b = 13.644 A,
a = 96.41°, 8 = 96.41°, and y = 76.54°. The optimized intra-
molecular bond distance was P-Se = 2.25 A, whereas the
intermolecular bond distance was P-Se = 3.54 A, revealing the
intramolecular strong bonding and intermolecular weak
bonding.

3.2. Interaction studies

Although the interactions within and between the molecular
units in the IMC have been theoretically discussed based on
electronegativity differences, Pauling's formula, and bond
length analysis, a complete study is presented here to discuss
these interactions in the IMC in greater detail. Periodic energy
decomposition analysis with natural orbitals for chemical
valency (pEDA-NOCV) was performed. The pEDA-NOCV is based
on the fragments, between which the interactions are studied,
and hence it is highly effective to study the intermolecular and
intramolecular interactions. Here, only two molecular units of
P,Se; were considered, where each molecular unit was an
independent fragment. The arrangements are as shown in
Fig. 5.
3.2.1.
various energy terms, i.e. interaction energy terms, which are

Bulk. The pEDA analysis, in general, results in

the main energy terms, steric interactions dealing with the
hindrance created by the valence and core elements and orbital
energy.” The interaction energy is the sum of the Pauli energy,
dispersion energy, electrostatic energy and orbital energy. The
Pauli energy term is an indication of the repulsive interaction
stemming from the Pauli exclusion principle that impedes

RSC Adv, 2025, 15, 28524-28537 | 28527
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Fig. 4 The optimized structure of slab-(110) of P4Ses.

Fig. 5 The arrangement of fragments of P4Sez in the pEDA-NOCV
analysis.

electrons of the same spin occupying the same orbital or
a similar region of space. This is the steric repulsion as the two
electronic clouds overlap.**** The value of the Pauli energy is
1.27 eV, which represents repulsive interactions. The dispersion
energy term represents attractive London dispersion interac-
tions that stem from the instantaneous dipoles in the electronic
component and hence is of prime importance for non-covalent
forces, specifically vdW interactions. The value of the dispersion
energy is —0.68 eV, showing the attractive contribution of the
energy. The electrostatic term represents the classical electro-
static interactions between the two fragments, based on their
unperturbed charge distributions. It adds to the interactions

28528 | RSC Adv, 2025, 15, 28524-28537

between the permanent dipoles and multipoles. The computed
value of the electrostatic interactions are —0.66 eV, indicating
attractive electrostatic interactions. In addition, the orbital
energy term captures the lowering of the energy because of the
mixing of occupied orbitals from one fragment with the other
fragment's unoccupied orbitals. Additionally, the mixing of the
occupied orbitals of one fragment with the occupied orbitals of
the other fragment is also considered. This term is important
for the inclusion of the covalent bonding along with the
contribution of non-covalent interactions. Furthermore, the
orbital energy, which constitutes the main bond energy terms,
is further decomposed into the kinetic energy, electrostatic
energy and exchange-correlation energy components. The
computed kinetic energy value is large, i.e. ~—14.56 eV, indi-
cating the conventional stronger primary interactions, ie.
covalent bonding, and then the energy is decreased as the bond
is formed. The electrostatic energy variation accompanied by
the orbital mixing is computed in the form of the electrostatic
energy, and its value is large and positive i.e., ~12.46 eV, indi-
cating that the electrostatic contribution within the orbital
interactions is repulsive. This is a usual attribute of the EDA, as
estimation of the charge densities in the process of mixing of
orbitals could take some of the repulsions from the electrostatic
part that is overcome through lowering of the K. E. Similarly, the
exchange correlation energy related to the mixing of the orbitals
is also computed, and its value is 16.20 eV, indicating the
repulsive contribution in the overall orbital energy term. The
overall orbital energy, as discussed above, is —0.47 eV, indi-
cating the attractive interactions over the orbital mixing. The
orbital energy is attractive in nature with a value of —0.47 eV.
The interaction energy term is the sum of the Pauli energy,
orbital energy, electrostatic energy and dispersion energy and
explains the overall interactions or strength of bonding between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the two fragments. The computed value of the interaction
energy was —0.55 eV, showing that the interactions between the
fragments were energetically favorable. Furthermore, the
results indicate that the attractive and repulsive terms are
balanced, and overall, the attractive part dominates the total
interaction energy term. Conclusively, the attractive terms
dominate between the two molecular units, indicating the
presence of intermolecular interactions. However, their small
magnitude reveals that these forces are weak. Furthermore, the
dominance of the attractive term is responsible for keeping the
molecular units intact within the material.”'”*>4

Additionally, the pEDA-NOCYV orbitals were also drawn (not
given here), and the results indicated the localization of orbitals
on the molecular units and the absence of any electronic cloud
in the vicinity of the intermolecular region. This indicates the
presence of strong covalent bonding in the molecular region,
yet the weak interactions are present in the inter-molecular
region as evident from the energy terms.

3.2.2. Slab. Similar to the previous case, the pEDA analysis
was performed for the surface system. The overall interaction
energy was —0.54 eV, indicating the net attractive interactions
along with the energetic feasibility of the formation of the
material. The interaction energy was the sum of the respective
energy terms from the Pauli energy (1.27 eV), dispersion energy
(—0.67 eV), electrostatic energy (—0.66 e€V) and orbital energy
(—0.47 eV). The notable negative/attractive contributions from
the electrostatic, dispersion and orbital energy terms are effec-
tively balanced by the positive/repulsive Pauli exclusion terms.

The orbital energy term (—0.02 eV) is the sum of the K. E.
(—0.52 eV), electrostatic energy (0.44 eV) and exchange corre-
lation energy term (0.06 eV). The attractive term dominates in
the orbital interactions, which is because of the large K. E.
values and is balanced by the repulsive exchange correlation
and electrostatic energy.

Furthermore, the pEDA-NOCV orbitals were also drawn,
indicating the presence of an electronic cloud in the region of
the molecular unit and the absence of the electronic cloud in
the inter-molecular region. The results successfully highlight
the strong covalent bonding and weak vdW interactions in the
intramolecular and intermolecular region, as supported by the
previous results.

3.3. Stability analysis

3.3.1. Formation energy analysis. The structural stability of
the materials can be discussed based on the formation energy
(eV) and formation energy per atom (eV per atom). The forma-
tion energy of the materials can be calculated from the differ-
ence between the product and the reactant energies. The
formation energy was computed for various exchange correla-
tion functionals, as shown in Table 1. The results revealed
a negative formation energy, which shows that the material's
structure is stable. Furthermore, the minimum energy was
computed for GGA-PBE-D3-BJ, indicating the most favorable
functional for this case and also corresponding to the litera-
ture.”*”'2° This functional ie. GGA-PBE-D3-B] was used
throughout this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Table 1 The formation energy analysis of bulk P,Ses

Energy/atom
Functional Energy (eV) (eV per atom)
GGA-PBE-D3 —268.53 —4.80
GGA-PBE-D3-Bj —274.87 —-4.91
GGA-PBE-D4 —260.15 —4.65

The computed values of the formation energy were —4.78 eV
per atom and —4.76 eV per atom for slab-(110) and slab-(001),
respectively. The negative value indicates the exothermic
formation process, and hence, the formation of the respective
surfaces is stable. Comparing bulk, slab-(001) and slab-(110),
the minimum energy was observed for bulk, and hence, it is the
most stable structure. Furthermore, based on the formation
energy, the stabilities of the structures can be categorized as
bulk > slab-(110) > slab-(001), as the formation energy trend is
bulk < slab-(110) < slab-(001).

3.3.2. Phonon analysis. The dynamic stability of the
material can be discussed based on a phonon band diagram
dealing with the atomic vibrations. The phonon band structure
was plotted by taking the K-path and frequency along the x- and
y-axes, respectively. The total number of branches depends
upon the number of atoms present in the structure according to
a relationship, i.e. no. of branches = 3N, where N is the total
number of atoms. In this case, the cell of 56 atoms was taken
into consideration, and hence the total number of branches
would be 168,” as shown in Fig. 6 and Table 1 in the SI. The
presence of all the positive phonon branches refers to the
dynamic stability of the material.***

Furthermore, two major types of branches are present: low-
frequency acoustic branches and high-frequency optical
branches. The acoustic and optical branches can be differenti-
ated by the following rule: for optical branches, v — (non-zero
constant), as k — 0, while for acoustic branches, v — (zero
constant), as k — 0. In summary, for a 0 value of K, w
(frequency) would be non-zero and zero for optical and acoustic
branches, respectively, which means that the acoustic branches
emerge from zero, whereas the optical branch emerges
anywhere except zero. Various phonon modes with the respec-
tive frequencies are provided in Table 1 in the SI.

Furthermore, the acoustic branches arise due to the atoms
having high atomic mass, i.e. Se in this case, whereas the optical
branches appeared due to the atoms having smaller atomic
masses, i.e. P atoms. The frequency gap within the phonon
band diagram is assigned to the difference in atomic mass
between the elements present in the structure in such a way that
when there is more of a mass difference, there would be more of
a frequency gap, and vice versa.***>* Therefore, the frequency gap
between the optical and acoustic branches, as can be seen in the
phonon band diagram, is due to the major mass difference
between the P and Se.*

3.4. Electronic properties

The electronic properties of the novel IMCs, i.e., P,Se; in bulk,
and its respective surfaces as discussed according to the band
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Fig. 6 The phonon spectra for bulk P4Ses.

structure and density of states (DOS) are as provided in the
following description.

3.4.1. Bulk. The band structure as computed for the bulk
P,Se; is provided in Fig. 7, where the Fermi level was set at 0 eV,
represented by the blue dotted line. The results showed that the
material is an indirect band gap material as both conduction
band minima (CBM) and the valence band minima (VBM) occur
at different K-points. For this material, the movement of charge
carriers from the valence band to conduction band releases
a phonon in addition to a photon. Furthermore, the band gap of
the material was calculated to be 1.54 eV, suggesting its
potential suitability for various semiconducting applications,
particularly in photocatalysis, e.g. photocatalytic water splitting.

For further detailed analysis, the total and partial DOS were
computed to describe the contributions arising from the
specific orbitals. The DOS for the bulk P,Se; was computed and

=P ,Se;-bulk-band structure

—

]

5{
\

Indirect band

ap of 1.54 eV

i
|
|
i
|
|
|

Energy (eV)

Fig. 7 The electronic band diagram for bulk P4Ses, where the Fermi
level was set at 0 eV.
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given in Fig. 8, where the Fermi level was set at 0 eV, as shown by
the blue dotted line. The results revealed that the major
contribution to the electronic structure arises from the Se
atoms, which may be attributed to the higher electronegative
value of Se atoms. Furthermore, a considerable contribution
arises from the P atoms in the conduction band. In the
conduction band, the Se-p, states overlap with the Se-p, states,
resulting in the formation of w-bonds. Furthermore, the P-s
states overlap with the P-p, states, and the P-p, states overlap
with the P-p, states, resulting in the formation of the o-bond.

Similar to above, in the valence band, significant overlap of
Se and P atoms can be seen with a major contribution from Se-
Px- In general, the overlap of sub-orbitals of the P and Se atoms
can be viewed in the valence band.

In general, the shapes of the curves in the DOS are very
important and mostly attributed to the accuracy of the calcu-
lations. However, there are several factors affecting the shape,
and one of them is the periodicity and binding between the
atoms present in the structure. The sharpness of peaks here can
be attributed to the vdW forces present between the molecular
units. Hence, the weaker vdW forces present between the crystal
structure have a strong impact on the electronic structure of the
overall materials.

3.4.2. Slab-(001). The electronic band structure for the slab-
(001) of P,Se; was computed and presented in Fig. 9. The results
revealed that the material is a direct band gap semiconductor,
as the CBM and VBM exist at the Y K-point. Furthermore, the
slab-(001) exhibits a band gap of 0.57 eV.

Further detailed analysis of the total and partial density of
states, as given in Fig. 10, revealed that the VB mainly consists
of Se atoms, whereas the CB has a considerable contribution
from the P atoms.

3.4.3. Slab-(110). The electronic partial and total density of
states of slab-(110) P,Ses;, as in Fig. 11, reveals the semi-
conductor nature of the material. The material exhibits a band
gap of ~0.9 eV with a major contribution of Se atoms in both the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The electronic band diagram for the slab-(001) of P4,Ses, where
the Fermi level was set at O eV, as shown by the blue dotted line.

CB and VB that can be attributed to the high electronegativity of
the elements.

It is also important to keep in mind that various GGA func-
tionals, e.g., PBE, are notorious for underestimating band gaps,
because of their in-built problems in describing the electronic
exchange and correlation effects. Recently, modern theoretical
approaches like self-interaction-corrected DFT methodology or
hybrid functionals, for example, Heyd-Scuseria-Ernzerhof
(HSE03 or HSE06), have shown better accuracy regarding the
prediction of band gaps of materials.>»* This improved

© 2025 The Author(s). Published by the Royal Society of Chemistry

accuracy in predictions of band gaps is achieved by considering
the exact part of the exchange or by improving the forged self-
interactions. Though the above-described methods provide
improved precision, the much greater computational cost could
be the limiting factor for the large-scale simulation or screening
of materials. For this study, PBE results in a suitable balance
between the accuracy and computational cost in order to
explore the trends in the basic electronic structure.

3.5. Evaluation of the potential for nano-devices

Because of the low band gap, the material might have potential
to be utilized in nano-devices. To investigate the potential, the
transport characteristics could be studied. Here, the slab-(001)
of P,Se; was investigated as the central part of the nano-device
because of its smaller band gap. For the computation of the
transport characteristics, the NEGF strategy was adopted,®**” for
which gold (Au) leads were used as right and left electrodes with
slab-(001) acting as the central region, as shown in Fig. 12,
where the yellow-colored balls represent the Au atoms and the
central region is slab-(001) of P,Se;. The transport characteris-
tics were calculated at various applied gate voltages.*®°

3.5.1. Frontier orbitals. The frontier orbitals, i.e., highest
occupied molecular orbitals (HOMO, HOMO-1) and lowest
unoccupied molecular orbitals (LUMO, LUMO+1), provide
valuable information and are provided in Fig. 13. The HOMO
was spread out in the upper region of the slabs and into the Au-
leads/electrodes. The stronger overlap of the HOMO with the
electrode suggests better coupling of the orbital with the
contact's Fermi level, indicating effective contribution towards
the hole transport. The color distribution (blue and red) shows

RSC Adv, 2025, 15, 28524-28537 | 28531
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the phase of the respective wave function. Akin to the HOMO, in
the HOMO—1, the spatial distribution along with the coupling
with the electrode was observed. The well-coupled HOMO—1
level shows the contribution to the transport characteristics,
specifically in the level occurring in the bias window.

The LUMO, another orbital important for electronic trans-
port, was taken into account by considering the spatial
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distribution of the central region, ie. slab-(001). The strong
coupling of the LUMO with the leads indicates the effective
injection along with the electron extraction into the orbital.
Furthermore, the spatial pattern as well as the phase distribu-
tion are important parameters to be considered. The LUMO+1
orbitals with accessibility to the applied bias could offer another
route to electronic transport. Furthermore, the difference in the

P,Se; Slab-(110)-DOS

—TDOS

500

400 +

(O8]
S
S
1
T

DOS (States/eV)
[\
S
()

-1.5

-1.0 -0.5

Fig. 11 The electronic partial and total DOS for slab-(110) of P,Ses.
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Fig. 12 The arrangement for the NEGF for slab-(001) of P4Ses.

spatial pattern compared to the LUMO orbital could be a result
of the distinct transport properties.

The appearance of several frontier orbitals, ie. HOMO,
LUMO, HOMO-1, and LUMO+1, which are well-coupled with
the electrodes, indicated the presence of several transport
channels available, based on the applied voltage, along with the
alignment of such energy levels with the Fermi levels of the
contact. Furthermore, the spatial distribution as well as the
specified shapes of such orbitals are influenced by the bonding
as well as the atomic structure. However, any modification in
the molecular geometry or the presence of defects could
considerably change the orbitals and impact the transport
characteristics.

3.5.2. Current-voltage (I-V) profile. The current-voltage (I-
V) profiles for slab-(001) of P,Se; were plotted as shown in
Fig. 14, and are distinctly non-linear, showing that the device is
not like a normal resistor, indicating the presence of barriers,
resonant tunneling, or any other complex transport mecha-
nisms in the material. Furthermore, symmetric current

behavior for both negative and positive bias voltages was
observed at 0 V gate voltage, indicating identical electronic
transport characteristics along both directions of the flow of the
current.”*

The black curve (IV profile at 0 V) indicates comparatively
smaller bias voltages in addition to the non-linear increase in
current with the increase in the bias voltages. There may be
a slight gap in the transport or the low conductance region close
to the 0 V bias. By increasing the gate voltages in the range of
0.5-2 V, the current at the provided bias voltage generally
increases compared to the 0 V case. The shape of the curves also
changes, indicating the shift in the prevailing transport mech-
anisms, or in summary, the increase in the concentration of
carriers in the channel. Further increase in the gate voltage, i.e.
2.5-5V, leads to significant changes such as increased currents
showing that the applied gate voltage improves the conductivity
of the material, i.e. slab-(001) of P,Se;. Furthermore, plateau-
like or stepped features can be observed, and may be an indi-
cation of several interesting phenomena such as coulomb

Frontier's Orbitals corresponding to NEGF

HOMO

LUMO

HOMO-1

Fig. 13 The frontier orbitals as generated during the NEGF study for slab-(001) of P4Ses.
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blockade impacts, opening of the brand new transport channels
or resonant tunneling by the discrete energy levels. In addition
to these effects, asymmetric behavior was observed at amplified/
high gate voltages, indicating the fact that the applied gate
voltages break the electronic structure symmetry and modify
the transport characteristics.

Conclusively, by increasing the gate voltage from 0 to 5 V,
a significant shift as well as a change in the shape of the I-V
curves was observed, indicating the large variation in the
transport characteristics of the device under the applied gate
voltage. This behavior is trademark behavior similar to field-
effect transistors (FETS).

View Article Online

Paper

3.5.3. Transmission spectra. To further explore the trans-
port properties, the transmission spectra were computed at the
applied voltages, ie., 0-5 V, and some representative trans-
mission spectra are shown in Fig. 15. The results revealed
complex transmission spectra with several dips and peaks as
a function of the energy. This shows that the electron trans-
mission probability of the slab-(001) is highly dependent on the
energy and affected by the complex electronic structure of the
device.®

In the absence of the applied gate voltage, i.e., at 0 V gate
voltage, a region of low transmission occurs around the Fermi
level, which results in a smaller conductance region close to the
Fermi level within the I-V curve at 0 V. Furthermore, various
transmission peaks were present at both negative as well as
positive energies, indicating the fact that transport could occur
as the injected electron energy aligned with the resonant levels.
In contrast, the transmission spectra are modified at 1 V applied
gate voltage, as some peaks shifted towards more positive
values. However, at the Fermi level, lower transmission occurs,
but the values increase to some extent compared to those at 0 V,
showing the promising contribution towards the greater
current observation in the I-V characteristics at 1 V applied gate
voltage. Similarly, at 2 V applied gate voltages, a change in the
transmission spectra was seen, and the peaks may involve
a change in the intensity of already existing peaks. However, at
a high gate voltage, i.e., 5 V, the spectra were quite different. The
pronounced increase in the transmission probability over
a broad energy range was consistent with the amplified I-V
curve at the applied gate voltage. In general, the appearance of
multiple sharp peaks may be attributed to the plateau-like
features as observed in the I-V curves at the respective applied
gate voltages. As the applied bias voltage lines up with the

Transmission
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Fig. 15 The transmission spectra for slab-(001) of P4Ses in the range 0-5 V.
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electrochemical potentials of the contacts, the energy window
encompasses such peaks in the transmission spectra,
increasing the current.

Furthermore, transmission gaps at distinct energies can be
observed, where the transmission is almost zero, representing
the effective blockage through the device. The locations as well
as the widths of such gaps seem to be affected by the applied
gate voltage. Furthermore, the sharp peaks within the trans-
mission spectra correspond to resonant tunneling at specific
energy levels in the devices. At these energies, the electrons have
a greater probability of transmission from one contact to
another.

3.5.4. Correlation of transmission spectra with I-V curves.
The lower transmission at 0 eV for the spectra exhibiting the
lower conductance at zero bias voltages is consistent with the I-
V curves. Furthermore, the general increase in the transmission
probability as well as the occurrence of the enhanced trans-
mission peaks/pathways at the amplified applied gate voltages
correspond to enhanced current levels within the I~V profiles.
The applied gate voltages improve the electronic structure with
the opening of brand new channels for the transport of elec-
trons. The features similar to the plateaus or steps within the I-
V curves at the greater values for the applied gate voltages (e.g. 5
V) can be a direct result of the appearance of the sharp peaks
within the transmission spectra. By increasing the bias voltages,
the energy window for the transport broadens. The alignment of
this window with the sharp transmission resonance leads to the
rapid increase in the current, consequently producing a step.
The step may exist as the transmission is high over a certain
energy range in the bias window.

4. Summary

This paper considers P,Se; as an IMC, and theoretical studies
using DFT-based VASP and ADF codes were used to study the
fundamental structural, electronic and transport properties of
the material. The structural attributes of the material for the
bulk and surfaces reveal that the material exists in the form of
molecular units that are connected by weak vdW forces. This
specific attribute creates 3D anisotropy in the bonding, yet
because of the periodic anisotropy the material can be regarded
as exhibiting an isotropic nature under the periodic boundary
condition. Bonding analysis as performed using theoretical
knowledge, i.e., electronegativity difference, bond length anal-
ysis, and Pauling's formula, confirmed the fact that the material
is anisotropic in terms of its bonding, i.e., it exhibits strong
covalent bonding in the molecular units and weak vdW inter-
actions in the inter-molecular region. Furthermore, pEDA-
NOCV analysis based on the decomposition of the energy
terms indicated that both the attractive and repulsive terms are
balanced. However, in total, the attractive terms dominate
between the two molecular units, keeping the molecular units
in the single material bound by weak forces. The electronic
properties reveal the semiconductor nature in the bulk and
surfaces, yet the band gap decreases upon downscaling from
the bulk to the surface. The I-V characteristics show that slab-
(001) of P,Se; exhibits non-linear as well as applied gate-voltage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dependent transport properties, behaving as FETs having
complex transport properties, which can include resonance or
many other quantum impacts specifically at higher applied gate
voltages. The transmission spectra give useful insights
regarding the energy-dependent nature of the electronic trans-
port in the material. The presence of energy gaps and the
resonant peaks in the transmission spectra has an impact on
the shape of the I-V curves.
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