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Monolayers Sn,Te X, (X = P, As) as promising
materials for photocatalytic water splitting and
flexible devices: a DFT studyf
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First principles calculation was performed to study the Sn,Te X4 (X = P, As) monolayers. Structural
investigation confirms the stability of the two monolayers with Young's modulus in the range of 30.34—
33.65 N m~! and a Poisson's ratio of 0.18-0.21. The two monolayers are semiconductors with a direct
band gap of 1.52-1.66 eV. The light absorption rate of the two monolayers is rather high 104~10° cm™.
Both monolayers have high charge carrier mobility and suitable VBM and CBM positions for the redox
reaction. The nsty efficiency of both materials (15.76-17.12%) is close to the theoretical limit of 18%.
Moreover, moderate strains can improve the light absorption rate, while the suitable VBM and CBM

positions are preserved. These characteristics suggest that Sn,Te X4 (X = P, As) monolayers are good
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1 Introduction

Overconsumption of energy is a serious concern due to a steady
rise in global demand, which puts a strain on limited resources
and worsens environmental conditions. By 2050, energy
consumption is predicted to increase by 50% from its current
level of approximately 162 000 terawatt-hours per year, accord-
ing to the International Energy Agency of World Energy Outlook
2021. Fossil fuels, comprising over 80% of the energy mix, have
not only contributed to the release of greenhouse gases but are
also becoming depleted, raising concerns about energy security.
To address this issue, it is essential to implement a compre-
hensive approach that involves enhancing energy efficiency,
diversifying energy sources, and promoting sustainable behav-
iors. Transitioning to renewable energy sources, such as solar,
provides a significant opportunity to reduce energy consump-
tion and improve the situation.

Two-dimensional (2D) materials offer numerous advantages
in solar energy applications, making them highly promising in
the renewable energy industry according to the research of
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Zhang et al'. Many of the transition metal dichalcogenides
(TMDs), black phosphorus, and MXenes absorb light across
a wide range of wavelengths, including visible and near-infrared
regions, enabling more efficient utilization of solar energy.>*
The bandgap of 2D materials can be adjusted in a variety of
ways, including layer thickness, strain engineering, and chem-
ical doping, allowing for optimal light absorption and charge
carrier generation.*” Some other 2D materials have high carrier
mobility, allowing for the rapid transport of photo-generated
carriers to electrodes while simultaneously minimizing recom-
bination losses, which is crucial for achieving high solar cell
efficiency.®*"® For example, biphenylenes are known to be
promising catalysts. They are composed of carbon, which is one
of the earth’s abundant elements. Besides, the electrocatalytic
activities can be greatly enhanced by point defects as vacan-
cies." 2D transition metal oxides and sulfides have excellent
chemical and thermal stability, as well as photodegradation
resistance, ensuring long-term performance and dependability
of solar cells under harsh conditions.">**

New 2D materials known as triphosphides and triarsenides
have recently received considerable attention in material
research due to their diverse components and desirable char-
acteristics for renewable energy applications. These monolayers
have a common chemical formula AX;, where A represents
either a phosphorus (P) or arsenic (As) atom, and X represents
an element from groups II, XIII, XIV, or XV.**** The 2D tri-
arsenides CaAs;, BaAs;, SiAs;, and GeAs; exhibit a high charge
carrier mobility of about 3 x 10* cm?.2*** Meanwhile, the 2D
triphosphides GeP;, SnP;, InP3, SbP;, and GaP; (ref. 17, 19, 22
and 23) are well-known for their high absorption coefficient
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(10° em™ ") at visible and infrared wavelengths, which account
for a significant portion of solar energy. Such characteristics
make these new 2D materials ideal for solar energy conversion.

However, these 2D materials exhibit small band gaps of less
than 1.23 eV,'*'7?°*> which may increase thermalization energy
loss,*?* and they are not suitable for photocatalytic water
splitting. As a result, the electronic structures of these materials
must be adjusted to fulfil the specifications of a solar energy
conversion material. It has been shown that the required elec-
trical structure of 2D materials can be achieved by replacing
a suitable element for one of the host atoms.?**® To modify the
characteristics of these monolayers, some latest studies have
doubled the unit cell of GeXj, followed by the substitution of a S
atom for a P or As atom. This procedure results in Ge,S,P, and
Ge,S,As, monolayers,* which are highly promising catalysts for
solar-powered water-splitting processes. The same technique
was applied to create Ge,Se,P, and Sn,S,P, monolayers,****
which are also promising solar energy conversion materials.

It is worth noting that the newly discovered 2D materials can
be classified into a family with the common formula A} B*
VI, YV, where AXY, B*T and C*V represent elements from
groups XIV, XVI, and XV, respectively. The combination of the
constituent atoms in these ternary compounds is very large.
Therefore, it is easy modify the features of these materials to
meet different requirements of a wider range of applications. To
the best of our knowledge, only some members of this family
have been identified, and all of them exhibit favorable features
for use in solar energy. Therefore, it is necessary to broaden the
scope of this 2D family. In this study, the deviations of SnP; and
SnAs; monolayers®***® are constructed by replacing a phos-
phorus or arsenic atom with a tellurium atom. The resulting
Sn,Te,X, (X = P, As) monolayers should have the advantageous
properties of the 2D triphosphorides and triarsenides.
Furthermore, the enlarged bandgaps make them suitable for
a wider range of solar energy conversion applications. In this
study, first-principles calculations were used to thoroughly
investigate the structural and electrical properties of Sn,Te,X,
(X = P, As) monolayers. The ability of the two monolayers to
convert solar energy into hydrogen energy, and the effect of
strain on their properties, are also discussed.

2 Computational details

Atomic models of Sn,Te,X, (X = P, As) were constructed using
the configurations of SnP; and SnAs; monolayers,**> where
a Te atom is substituted for a P or As atom. The unit-cell
consists of 8 atoms and the vacuum is set to 25 A to prevent
any interaction between adjacent cells. The equilibrium struc-
tural characteristics, as well as electronic, optical, and transport
parameters, were obtained using first-principles calculations
within the schemes of density functional theory (DFT), which is
implemented in the VASP code.** Bloch theorem's wave func-
tions were extended as a sum of plane waves whose k-points are
constrained to a 15 x 15 x 1 mesh in the Brillouin zone, with
the I'-point at the center. To reduce the number of plane waves,
the projector-augmented wave technique® was used to charac-
terize the ionic potentials as pseudopotentials with a cutoff
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energy of 500 eV. To compare and improve the band structure
calculations, the interaction of electrons as fermions and
charged particles was realized using two approaches: GGA-PBE?*
(generalized gradient approximation approach proposed by
Perdew, Burke, and Ernzerhof) and the hybrid functional
HSE06.”” Due to the structural asymmetry of the two mono-
layers, the dipole adjustment®® was also considered, and the
weak long-range interaction between planes of the monolayers
was also taken into account by introducing the van der Waals
forces specified in Grimme's DFT-D3 approach.** The band
structures were achieved by using the VASPKIT package,*’ which
helps to perform post-processing calculations based on the
VASP data. All simulations converged as the difference in total
energies less than 10> eV and ionic forces less than 0.001 eV
A, The phonon dispersion was computed using a super-cell of
4 x 4 x 1 dimensions and the density functional perturbation
theory,** which was applied in the PHONOPY program.** The
deformation potential (DP) concept*® was used to calculate
charge carrier mobility as well as effective masses of electrons
and holes. Analysis of calculation results of the charge carrier
properties was performed employing the SIMAN package.**

3 Results and discussion

3.1 Lattice parameters and structural stability of Sn,Te,X, (X
= P, As) monolayers

The atomic structures of Sn,Te,X, (X = P, As) monolayers at
equilibrium are illustrated in Fig. 1(a) and (b). The lattice
parameters and energy characteristics of these monolayers, as
well as those of the pristine SnP; and SnAs; monolayers, are
presented in Table 1. The hexagonal structure of the two
monolayers, shown as the top view in Fig. 1(a), is maintained by
o-bonds formed by the hybridization of sp* orbitals from Sn and
its surrounding atoms (P, As, or Te). Meanwhile, the unhybri-
dized p, orbitals overlap each other to create m-bonds and cause
the monolayers to buckle, as shown in Fig. 1(b).

The lattice parameter (denoted by a) is usually proportional
to the size of the atomic radii. Hence, the SnAs; monolayer*
possesses a greater value of a compared to the SnP; mono-
layer.*® The substitution of a Te atom for a P or As atom in SnP;
and SnAs;, respectively, to create Sn,Te,P, and Sn,Te,As,
monolayers, results in a unit cell expansion of roughly 0.06-0.35
A in each direction due to the greater atomic radius of the Te
atom. This expansion, on the other hand, weakens the -bonds
in Sn,Te,P, and Sn,Te,As, monolayers, making them less
buckling. As shown in Table 1, the thickness of the new
monolayers is reduced by around 0.67-0.77 A. It is worth noting
that Te and As have weaker electronegativity than P, which also
leads to the increase in interatomic distances. When comparing
Sn,Te,P, and Sn,Te,As, to other similar monolayers like
Sn,S,P,, Ge,S,P,, Ge,S,As,, and Ge,Se,P,,>! the difference in
lattice constants ranges from 0.35 to 1.07 A; meanwhile the
thicknesses of all monolayers are quite close to each other,
ranging from 1.85 to 2.19 A.

It is noteworthy that SnP; and Sn,S,P, monolayers exhibit
a high possibility of exfoliation, as indicated by their low
cleavage energies of 0.71 and 0.29 ] m >, respectively.’**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Atomic structures of SnyTe X4 (X = P, As) monolayers presented in the (a) top view and (b) side view; phonon dispersions of (c) Sn,Te Py

and (d) SnyTe,As,.

Table 1 Structural and energetic parameters of SnyTe X4 (X = P, As)
monolayers including the lattice parameter a (A), the thickness h (A),
the band gap energies calculated by the GGA-PBE method E5PE (eV)
and HSE06 method EL®EY® (eV) and the cohesive energy Econ (€V per

atom)

A h Ecoh EgBE E?SEO6
Sn,Te,P, 7.45 2.19 —4.49 1.18 1.66
Sn,Te,As, 7.76 2.09 —4.08 1.04 1.52
SnP, 7.10% 2.86% —4.76" 0.38% 0.66%
SnAs; 7.70° —4.08° Metal®

@ Ref. 33. ? Ref. 45. ¢ Ref. 32.

Having the analogous structural properties of these mono-
layers, it is likely that Sn,Te,P, and Sn,Te,As, can also be
exfoliated in the experiment. To assess the stability of these
monolayers, their cohesive energies E.,, were computed and
are displayed in Table 1. Both monolayers demonstrate signif-
icantly negative cohesive energies E..p, with values of —4.08 and
—4.49 eV. These values differ by approximately 1 eV from the
cohesive energy of SnP; or other monolayers in the
AXY BXVT €YY family (the cohesive energies E.o, of monolayers
Sn,S,P,, Ge,S,P,, Ge,S,As, and Ge,Se,P, are —4.72 €V,
—3.40 eV, —3.15 eV and —4.67 eV, respectively).>*>*** Thus,
Sn,Te,P, and Sn,Te,As, monolayers are energetically stable.
Furthermore, it is predicted that the two monolayers will exhibit
dynamic stability due to the absence of imaginary branches in
their phonon dispersions, as depicted in Fig. 1(c) and (d). The
phonon dispersions were computed along the I'-M-K-I" path
using the PHONOPY software,** taking into account the crystal
symmetry to reduce computational expenses. The phonon
dispersions of these monolayers have flat acoustic curves, sug-
gesting that they possess low elastic moduli and melting
temperatures. In addition, the significant gap between the
acoustic and optical modes in both materials might reduce
scattering, which is advantageous for heat transfer.

The mechanical stability of Sn,Te,P, and Sn,Te,As, mono-
layers against external pressures can be analyzed using Born's
stability criteria, Young's modulus Y, and Poisson's ratio », which
are determined knowing the elastic constants C;4, Ci,, C,,, and

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

Ces. Each elastic constant is calculated by taking the second
partial derivative of the total energy with respect to the corre-
sponding strain.*® According to the calculated data provided in
Table 2, the elastic constants of Sn,Te,P, and Sn,Te,As, mono-
layers follow the stability standards proposed by Born C;; > |Cy5),
and Cgs > 0. Therefore, these newly proposed materials are
mechanically stable. Furthermore, the dependence of Young's
modulus and Poisson's ratio on the in-plane angle is derived
from Cyj, Ciz, Cys, and Cge (ref. 48 and 49) and presented in
Fig. 2(a) and (b). It can be seen from Fig. 2 that the Young's
modulus and Poisson's ratio are slightly higher in the y-direc-
tion. This happens because the distributions of Sn, Te and P
atoms in the Sn,Te,P, monolayer or Sn, Te and As atoms in the
Sn,Te,As, monolayer are different along armchair and zigzag
directions. As listed in Table 2, the Young's modulus of Sn,Te,P,
is 30.34-33.65 N m ™ * and that of Sn,Te,As, is 29.87-30.72 Nm ™ *.
These values are comparable to that of the Sn,S,P, monolayer®
and slightly lower than that of Ge,S,P, and Ge,S,As, mono-
layers.*® Unlike graphene with a planar hexagonal structure and
a high Young’s modulus of 340 N m~*,* the moduli of Sn,Te,P,
and Sn,Te,As, are close to that of buckling hexagonal mono-
layers including silicene 59 N m™~' 5! germanene 43 N m ™ (ref.
51) and InN 62 N m™".* The strength of the 2D material has been
shown to be, to a certain extent, proportional to its Young's
modulus.> Therefore, the stress-strain relationship was esti-
mated and is plotted in Fig. 2(c) for Sn,Te,P, with a green curve
and for Sn,Te,As, with a red curve. Considering Fig. 2(c), it is
obvious that both monolayers may undergo brittle fracture at
a strain of about 17% or higher where the stress magnitude
suddenly drops. The Poisson's ratio of the two monolayers
ranges from 0.18 to 0.21, which is higher than that of the Sn,S,P,
monolayer.*® It is expected that Sn,Te,P, and Sn,Te,As,

Table 2 Elastic constants Cy;, Cip, Cop, and Ceg, Young's moduli Y
measured in N m™%, and Poisson's ratios » of SnyTe,X4 (X = P, As)

monolayers

Ci Cis Can Ces Yy Y, Vy vy
Sn,Te,P, 31.48 6.29 3491 14.11 30.34 33.65 0.18 0.20
Sn,TeAs, 31.25 6.64 32.13 12.75 29.87 30.72 0.21 0.21
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Fig.2 Mechanical properties of SnyTe,P,4 (green lines) and Sn,Te,P,4 (red lines) monolayers including (a) Young's modulus and (b) Poisson's ratio

as angular functions and (c) dependence of stress (g) on strain (e).

monolayers are tough enough because the Poisson's ratio of
graphene, MoS,, WS, monolayers and many MXenes is also near
0.2.5%% Therefore, the two monolayers exhibit good ductility and
also mechanical strength. This result suggests that Sn,Te,P, and
Sn,Te,As, monolayers are promising for flexible devices.

3.2 Electronic and optical properties of Sn,Te,X, (X = P, As)
monolayers under strain

It is well-known that members of the AX™ BX"' C}" family (A3 =
Sn or Ge, B! = S or Se and C}" = P or As) have appropriate
properties for solar energy harvesting.>=** To study such prop-
erties of Sn,Te,P, and Sn,Te,As, monolayers, their electronic
features are calculated. For the buckling honeycomb configu-
ration, the line connecting I'-M-K-I' points is the most
symmetric path, along which the band structures can be
calculated. The band structures are illustrated in Fig. 3(a) for
the Sn,Te,P, monolayer and in Fig. 3(b) for the Sn,Te,As,
monolayer, where dashed blue curves were obtained by
applying the GGA-PBE method and solid red curves were ob-
tained with the HSE06 method. Both methods reveal that
Sn,Te,P, and Sn,Te,As, monolayers are semiconductors with
direct band gaps because their valence band maximum (VBM)
and conduction band minimum (CBM) are located at the same
I'-point. The highest valence bands are rather curved at I'- and K
points, indicating good mobility of holes along the I'-K path in
the two monolayers. Meanwhile, the lowest conduction bands
are curved only in the vicinity of the I' point. Therefore, the
mobility of electrons is significant near the I' point.

Despite the similarity in the pattern of the GGA-PBE and
HSEO06 band structures, their band gaps exhibit notable differ-
ences (Fig. 3). Because the GGA-PBE method does not include
good exchange-correlation of electrons, there is an unphysical
component related to the interaction of one electron with itself.
This provides extra energy to electrons making them occupy
higher energy levels in the valence bands. Meanwhile, the
unoccupied states of the conduction bands are not affected.
Therefore, the gap between the VBM and CBM becomes smaller
than its actual value. The HSE06 method includes some
correction to the exchange-correlation interaction. Therefore,
the band gap obtained by HSE06 is not reduced. As listed in
Table 1, the HSE06 band gap of Sn,Te,P, is 1.66 eV, which is
0.48 eV larger than the GGA-PBE band gap. For the Sn,Te,As,

6022 | Nanoscale Adv, 2024, 6, 6019-6028

monolayer, the difference is also 0.48 eV. The Te atom does
excellent work in enlarging the band gap of the pristine
monolayers. The band gap of the SnP; monolayer increases
from 0.66 eV (ref. 33) to 1.66 eV as the Te atom is substituted for
the P atom to form the Sn,Te,P, monolayer. Similarly, the
monolayer SnAs; has metallic nature® because its band gap
equals to zero. However, the Te substitution results in the
Sn,Te,As, monolayer, which is a semiconducter with a signifi-
cant band gap of 1.52 eV.

To study the impact of Te atoms on the expansion of the band
gaps in SnP; and AsP; monolayers, we calculated and illustrated
the density of states (DOS) for Sn,Te,P, and Sn,Te,As, mono-
layers in Fig. 3(b) and (e), respectively. The sp-hybridization of
orbitals from Sn and P in the Sn,Te,P, monolayer or Sn and As in
the Sn,Te,As, monolayer donates a major part to the valence
band maxima (VBMs). Meanwhile, the conduction band minima
(CBMs) are mainly occupied by s- and p-orbitals from Sn and P (in
the case of the Sn,Te,P, monolayer) and from Sn and As (in the
case of the Sn,Te,As, monolayer). Te atoms are important in both
monolayers as their orbitals contribute an important portion to
both the VBMs and CBMs. Consequently, the combination of sp-
hybridized orbitals from Te and P atoms or from Te and As atoms
might result in an increase in energy levels in the conduction
bands, which leads to the widening of the band gaps in Sn,Te,P,
and Sn,Te,As, monolayers. Generally, there is a similar pattern of
PDOS in both monolayers, where the VBMs are characterized with
high intensity originating from the well hybridized orbitals from
all atoms. Meanwhile, the intensity of the CBMs is rather low
despite the sp-hybridization observed in these states. To gain
better insight into these characteristics, the charge density iso-
surfaces of VBMs and CBMs were calculated and are present in
Fig. 3(c) for the Sn,Te,P, monolayer and Fig. 3(f) for the Sn,Te,-
As, monolayer. The high orbital hybridization in the valence
bands leads to significant VBM density in the regions along
atomic bonds. Meanwhile, the CBMs mainly concentrate on the
P-P bonds in the Sn,Te,P, monolayer or As-As bonds in the
Sn,Te,As, monolayer. Some smaller portion of CBM density is
also found at the Te sites. It is well-known that CBMs are occu-
pied by photoexcited electrons, while holes occupy the VBMs.
Therefore, the Sn,Te,As, and Sn,Te,As, monolayers with VBMs
and CBMs concentrated in different regions in space are prom-
ising materials because their electronic characteristics enhance
the electron-hole separation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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It is mentioned above that Sn,Te,P, and Sn,Te,As, mono-
layers have good potential to be applied in flexible devices. It is
important to study the variation of their electronic character-
istics under certain strains. The two monolayers can bear strain
up to about 17%, as depicted in Fig. 2(c). Therefore, the
dependence of the band structures and band gaps on the strain
ranging from —8% to 8% were calculated and are presented in
Fig. 4. It can be seen in Fig. 4(a) that Sn,Te,P, is a semi-
conductor with a direct band gap at equilibrium and its band
gap retains its direct nature under compressive strain up to
—8% and tensile strains up to 2%. When this material experi-
ences a tensile strain of more than 2%, the band gap transitions
from being direct to becoming indirect; meanwhile the location
of the VBM is at the K point and the CBM is situated on the path
connecting K and the I' point, as illustrated in Fig. 4(c). Despite
the fluctuation of the VBM and CBM, as shown in Fig. 4(d), the
band gap of the Sn,Te,As, monolayer retains its direct nature
under both compressive and tensile strains. It is worth noting
that strain always narrows the band gap of the Sn,Te,P,
monolayer. Meanwhile, the band gap of the Sn,Te,As, mono-
layer is decreased by compressive strain and it is widened by
tensile strains. Specifically, a tensile strain of 4% causes the
largest band gap of the Sn,Te,As, monolayer.

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

The change in the electronic structure can greatly affect the
optical properties of a material. Specifically, the change in the
band gap demonstrated above will affect the light absorption
rate «(w) of Sn,Te,P, and Sn,Te,As, monolayers. The optical
properties of 2D materials can be obtained using Kramers—
Kronig equations,® and the “Joint density of state” theory.”” The
absorption rates a(w) of Sn,Te,P, and Sn,Te,As, monolayers
under strain from —8% to 8% were calculated and are presented
in Fig. 5. Generally, the two monolayers have a rather high
absorption rate of a minor part of infrared waves (10* em™%),
visible light (10*-10° ecm™") and ultra-violet waves (15-20 x
10°> em ™). This is an advantage for solar energy materials as
infrared and visible light carries a major proportion of energy in
the solar spectrum reaching Earth. Because the strain basically
reduces the band gap of Sn,Te,P,, it causes a slight increase in
the o(w) for infrared and visible light. However, phonons of
ultra-violet light carry very high energy which can stimulate the
electrons to transfer not only between the VBM and CBM but
also from lower valence bands to higher conduction bands.
Therefore, the compressive strain (pink and yellow curves),
which causes orbital splitting, can increase the absorption rate
of ultra-violet light. For the Sn,Te,As, monolayer, a tensile
strain of 4-8% is favorable for absorption of phonons from 1.5-
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2.5 eV. All strains have a negligible effect on the absorption of
phonons from 2.5 to 3.0 eV. For ultra-violet light, the
compressive strain also increases the absorption rate «(w) while
the tensile strain decreases this quantity.

3.3 Characteristics of Sn,Te,X, (X = P, As) monolayers as
promising photocatalysts

Given the remarkable capacity to absorb solar radiation,
Sn,Te,P, and Sn,Te,As, monolayers must be investigated for

6024 | Nanoscale Adv, 2024, 6, 6019-6028

their ability to transform solar energy into other kinds of energy.
The work function, usually denoted as @, is the least energy
required to transfer an electron from the surface to vacuum. For
a photocatalyst in water splitting, the work function plays an
important role because the free electrons can participate in the
redox reactions.*®*® The electrostatic potentials of Sn,Te,P, and
Sn,Te,As, were calculated and are plotted in Fig. 6 as functions
of the distance from the Fermi level. The work function of
Sn,Te,P, and Sn,Te,As, were determined to be 4.80 eV and
4.95 eV, which are suitable for the photocatalytic water splitting
process. It is an advantage of the two monolayers because most
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<
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g o T, S| o o SnyTeAs,
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& [ Fermi level Fermi level
g S 95 T
g
g L i L 4
Z
<]
£ -0 10 |- -
2
53} - 4 - 4
s 1 Y s
0 5 10 15 20 5 10 15 20
Vacuum length (A°) Vacuum length (A°)

Fig. 6 Work function @ of (a) Sn,Te,P4 and (b) Sn,Te,As, monolayers.
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photocatalysts with such a work function are favorable for water
splitting using solar energy.***

To stimulate the redox reaction in the water splitting
process, the VBM and CBM of a semiconductor must be located
at suitable positions which are denoted as Eyg and Ecg,
respectively. The energy levels of these positions are determined
as Ecg = X — Ec — 0.5Eg and Eyg = Ecg + E;.*> The constant E¢ is
the energy of a free electron measured on the hydrogen scale,
which is 4.5 eV. The term E; is the band gap of the semi-
conductor. The average electronegativity x can be calculated
based on the electronegativities of Sn, Te, P, and As atoms,
which are denoted as xsn, Xtes Xp, and xas, respectively. There
are 8 constituent atoms in the Sn,Te,P, monolayer or Sn,Te,As,
monolayer including 2 Sn atoms, 2 Te atoms, and 4 P or As
atoms. Therefore, the geometric average of these electronega-

tivities is defined as x = \g/xs“l X Xre? X Xp/as>-> The incident

phonon transfers its energy to an electron making it jump to
states in the conduction region which creates hole in the
valence bands. Therefore, it is necessary that the CBM is still
located at higher energy levels than the reduction potential of
H'/H,, so that the excited electron can move to H" to form
hydrogen gas. Meanwhile, the VBM must be located at energy
levels lower than the oxidation potential of O,/H,0 so that the
electron from OH™ can move to the VBM, where it fills the hole.
This reaction turns anion OH™ into water and oxygen gas. As
shown in Fig. 7, the VBM and CBM of equilibrium Sn,Te,P, and
Sn,Te,As, monolayers are suitable for producing hydrogen and
oxygen gases. Under strain ranging from —4% to 8%, the water
splitting catalytic activity of the Sn,Te,P, monolayer remains
possible. For the Sn,Te,As, monolayer, all compressive strains
and tensile strains higher than 8% inhibit its catalytic activity. A
tensile strain of 2-6% can even enhance the photocatalytic
water splitting of the Sn,Te,As, monolayer.

It is obvious that electrons and holes play an important role
in the water splitting process. Therefore, it is necessary to
investigate their characteristics. To calculate the charge carrier
mobility of a 2D material it is necessary to determine how the
energetic characteristics of the system change under uniaxial
strains. The uniaxial strain is denoted as e,,; and the total
energy of the system is Ey. Under strains the CBM and VBM

== SnpTepPy
mm SnpTepAsy

Energy level (eV)
s
T

Strain (%)

Fig.7 The VBM and CBM positions of SnyTeoP4 (green) and SnyTeAsy
(red) in relation to water redox potentials at the normal hydrogen
electrode (NHE) and vacuum level. The reduction potential of H*/H,
and the oxidation potential of O,/H,0O are marked with dashed black
lines.
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occupy different energy levels. These energy levels are regarded
as the band edge alignment and denoted as Ecqqe. The depen-
dences of C,p, on the uniaxial strains ¢,,; ranging from —1% to
1% are presented in Fig. 8(a) and (b) for Sn,Te,P, and Sn,Te,As,
monolayers, respectively. Fig. 8(c, d) also show the dependences
of Eq on ¢&,p; in the case of Sn,Te,P, and Sn,Te,As, monolayers,
respectively. The energy changes due to uniaxial strains eyn;
along the x-direction are plotted with blue/green colors and the
changes due to uniaxial strains &,,; along the y-direction are
plotted with red/aqua colors. Because the elastic module C,p =
0%Eoi/Adegni’) (A is the area of the unit cell) and the deformation
energy Eq = AE.qg./¢ are defined as the derivatives E¢, and Eqge,
respectively, it is necessary to fit the data in Fig. 8 to a poly-
nomial to achieve continuous functions Eo(euni) and Eeqge(euni)-
The effective mass m* is also an important parameter and it is
2
determined as 1* = ah};—z(]]?’ where E(k) is the energy function of
the k-point derived from the DFT calculations and 7 is the
Planck constant. Because the effective masses are calculated

along x- and y-directions, the average values 7" are defined as

o=, /m;my. The charge carrier mobility for 2D materials uop
€h3CZD

ks Tm"m’ Eq®

are the elementary charge and Boltzmann constant, respec-

is calculated as u,p, = ¢* The coefficients e and kg

tively. It can be seen from Table 3 that the charge carrier
mobility in the two monolayers strongly depends on the direc-
tions. In the Sn,Te,P, monolayer, the mobility of electrons
along the x-direction is 1087.21 em® V' s~', which is much
higher than 160.01 cm® V' s™* of electrons along the y-direc-
tion. Moreover, it is also higher than the mobility of holes in
both x- and y-directions. This is an advantage of Sn,Te,P, as
a photocatalyst because it promotes electron-hole separation.
In the case of the Sn,Te,As, monolayer, the mobility of elec-
trons and holes along the x-direction is nearly of the same
magnitude, which is 763.76 cm® V™' s ' and 654.77 cm®>V 's ™},
respectively. These values are nearly reduced by half along the y-

(a) 70485 — : ; : r -66.040 T r T
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-70.490

; ® y-direction - 66045 |- ® y-direction i
<
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H v - 6600 17 € =21.82 N/ 7
3 s |- Cp=24.14 N/m ] =21 m
o
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Fig. 8 Total energy Eoileun) (@) and band edge alignment AEqqqe (b) as
functions of uniaxial strains e, along x- and y-directions.
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Table 3 Effective mass m*(mo), elastic modulus Cop (N m™3), deformation constant E4 (eV), and mobilities x (cm? V—1 s7% along x- and

y-directions of Sn,Te,X4 monolayers

n, m, o Cop’ Eq* Es B ty
Electron Sn,Te,P, 1.39 0.17 25.98 24.14 0.87 —6.35 1087.21 160.01
Sn,Te,As, 1.27 0.14 22.04 21.82 1.06 —5.68 763.76 231.59
SnP, 0.90° 0.90% 270.00° 190.00%
GeP;, 0.59” 0.80° 70.00” 40.00”
Hole Sn,Te,P, 0.65 0.12 25.98 24.14 —2.79 —5.96 391.27 421.93
Sn,Te,As, 0.59 0.10 22.04 21.82 —2.25 —7.05 654.77 407.48
SnP, 0.72° 1.64° 360.00° 170.00%
GeP;, 1.00° 2.75° 190.00” 14.00”

@ Ref. 22. ? Ref. 17.

Table 4 Overpotentials x(H,) and x(O,) (eV), light absorption effi-
ciency (naps), carrier utilization (n¢,), and STH efficiency (nstH) (%)

X(HZ) (eV) X(OZ) MNabs Neu NsTH
Sn,Te,P, 0.170 0.256 53.42 32.05 17.12
Sn,Te,As, 0.253 0.042 60.31 26.13 15.76

direction. It is worth noting that the charge carrier mobilities in
Sn,Te,P, and Sn,Te,As, monolayers are higher than those in
SnP; and GeP; monolayers.'”**

The solar to hydrogen efficiency (nsry) is an important
parameter to estimate the efficiency of the Sn,Te,P, and Sn,-
Te,As, monolayers in the conversion of solar energy into
hydrogen energy. It can be calculated using light absorption
efficiency 7.ps, carrier utilization 7., the difference in the CBM
potential and reduction potential of H'/H, x(H,) and the
difference in the VBM potential and oxidation potential of O,/
H,0 x(0,). The details of the calculation are presented in the
ESIt and the calculated values are listed in Table 4. Because of
the small band gaps, both Sn,Te,P, and Sn,Te,As, monolayers
have a great ability to convert light into energy, with a light
absorption efficiency of above 50%, as shown in Table 4. As
mentioned in the above sections, the two monolayers have
a high absorption rate of a wide range of solar waves. This
enhances the amount of photo-generated electrons and holes.
Besides, the mobility of charge carriers strongly depends on the
direction and the type of charge carriers leading to better elec-
tron-hole separation. These two advantages contribute to the
high carrier utilization of the two monolayers. The high 7,,s and
New lead to high ngry of Sn,Te,P, and Sn,Te,As, monolayers,
which is 17.12% and 15.76%, respectively. These values are
close to the limit of 18% predicted by theoretical calculation®
and they are higher than that of some famous photocatalysts
such as WSSe and PdSe,.%**”

4 Conclusion

This study introduces two new monolayers Sn,Te,P, and Sn,-
Te,As, to the A3 BX"' C}V family, where AXY, BX' and C*V
represent elements from groups XIV, XVI, and XV, respectively.
The first-principles calculation was performed to study the

6026 | Nanoscale Adv, 2024, 6, 6019-6028

structural and electronic properties of the two monolayers. The
stability of the new monolayers was confirmed by energetic,
dynamic and mechanical evaluation. The two monolayers have
a rather low Young's modulus but their Poisson's ratio is close
to that of graphene. The materials are ductile and tough and are
promising for flexible devices. The two monolayers Sn,Te,P,
and Sn,Te,As, can withstand a strain up to 17%. Sn,Te,P, and
Sn,Te,As, monolayers are semiconductors with a direct band
gap, the magnitude of which is greatly affected by the sp-
hybridization of orbitals from Te atoms. Besides, the strain
can vary the magnitudes of the band gap but the nature of
Sn,Te,P,'s band gap changes from direct into indirect only
under tensile strain higher than 2%. Strain can slightly affect
the magnitude of the light absorption rate in the infrared and
visible regions. However, compressive strain can significantly
improve the absorption of ultra-violet light. Both Sn,Te,P, and
Sn,Te,As, are promising photocatalysts due to their high
absorption rate (10*-10> cm ') over a wide range of the solar
spectrum. Their charge carrier mobility is rather high and it is
favorable for electron-hole separation. Their work functions are
4.80-4.95 eV, which is suitable for the water splitting process.
Besides, the VBM and CBM of the two monolayers are located at
suitable positions to stimulate the redox reaction. Finally, the
two monolayers possess high solar to hydrogen efficiency with
nsta in the range of 15.76-17.12%.
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