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Abstract

As layered materials always exhibit new intriguing electronic properties, the search for new
types of two-dimensional (2D) monolayers is of significance for next generation miniature electronic
and optoelectronic device fabrication. In this work, density functional theory (DFT) calculations were
performed to study the structural, mechanical, electrical, optical properties and strain effects in
single-layer sodium Phosphidostannate(ll) (NaSnP). We find that the exfoliation of single-layer NaSnP
from bulk form is highly feasible since the cleavage energy is comparable to graphite and
molybdenum disulphide (MoS,). The calculated phonon spectrum is free from imaginary frequencies,
suggesting single-layer NaSnP is dynamically stable. In addition, the breaking strain of NaSnP
monolayer is comparable to other widely studied 2D materials including MoS, and graphene,
indicating excellent mechanical flexibility of 2D NaSnP. At the level of hybrid functional method, the
calculated band gap of single-layer NaSnP is close to the ideal band gap of solar cell materials (1.5eV),
demonstrating great potential in future photovoltaic application. Furthermore, strain effect study
shows that a moderate compression (2%) can trigger indirect-to-direct gap transition, which would
enhance the ability of light absorption for NaSnP monolayer. With sufficient compression (8%), the
single-layer NaSnP can be tuned from semiconductor to metal, suggesting great applications in

nanoelectronic devices based on strain engineering techniques.



Introduction

Layered materials in their bulk forms have been well known and utilized in device application for
hundreds of years. For instance, graphite has been extensively used in industry for steel-making, as
brake lining or as dry lubricant owing to their layered nature, since atoms are strongly bonded in-
plane but weakly interact out-of-plane through van der Waals forces. This weak interlayer
interaction makes it possible to extract one or a few layers from their bulk forms, leading to the
progress in exfoliation techniques such as micromechanical cleavage,' surfactant-assisted ultra-
sonication” and liquid Exfoliation®. These methods have laid the foundations for the manufacture of
essentially any given layered bulk material in the monolayer limit,>* hence opening the ways for

burgeoning research on two-dimensional (2D) materials.>®

Compared with traditional 3D photonic materials such as gallium arsenide (GaAs) and silicon (Si), 2D
materials exhibit many exceptional properties. First, the confinement of charge and heat transport
to the 2D plane leads to a wealth of unusual electronic and optical properties that are distinctively
different from their bulk counterparts.”® For example, despite being atomically thin, some 2D
materials such as MoS, absorb much higher vertically incident light than their bulk forms.’ Second,

1011 3¢ their surfaces

2D materials are easy to integrate into photonic structures such as waveguides
are naturally passivated without any dangling bonds. Third, conventional ‘lattice mismatch’ issues
can be ignored when constructing vertical heterostructures®? using different 2D materials, since
layers with differing lattice constants are only weakly attached by van der Waals force in

heterostructures, structurally similar to that in layered bulk materials.

Up to now, a diverse range of intriguing properties for 2D materials have been revealed, highlighting
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great potential applications in energy,"® photonics'® and nanoelctronics. However, the existing

2D materials, in practical, are still very limited because they always suffer from some serious

1728 and too large gap in

problems such as bandgap hurdles, i.e., the lack of obvious gap in graphene
hexagonal boron nitride.* Although single-layer metal di-chalcogenide such as MoS, has a relatively
appropriate band gap®, they are strongly affected by metal contacts,” interface traps,”* charged
impurities,22 dielectric environment,? and structural defect.>* Under this context, the search for new

types of 2D structures is of paramount importance for next generation nanodevice fabrication.

As a member of layered-material family and a typical ternary compound, sodium
Phosphidostannate(ll) (NaSnP) adopts the KSnAs structure type® crystallising in the non-
centrosymmetric space group P63mc. The NaSnP crystal has been synthesised experimentally for
almost two decades.”® With similar structures, some ternary compounds have been investigated on
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their unusual electronic and thermoelectric properties. But to the best of our knowledge, few



works have been focused on NaSnP both experimentally and theoretically, and the electrical and
optical properties of NaSnP bulk and monolayer still remain unknown. In this work, the possibility of
NaSnP exfoliation is investigated in detail by the analysis of mechanical cleavage energy and stability.
The electrical properties of NaSnP in bulk and monolayer forms are systematically studied at the
level of general gradient approximation and hybrid functional. The imaginary dielectric function of
NaSnP monolayer is computed and compared with other 2D materials. Furthermore, the strain
effects on the bandgap modulation and mechanical properties are investigated in an attempt to
tailor the electronic and optical properties of 2D NaSnP for potential applications in novel electronic

nanodevices.

Computational details

First-principles calculations were performed based on the density functional theory (DFT) using the

plane-wave basis VASP code.

The generalized gradient approximation in the Perdew, Burke, and
Ernzerhof form (GGA-PBE) was used as exchange correlation functional®® for the calculations of
geometries and band structures of NaSnP. The hybrid density functional theory based on Heyd-

1**33 was adopted to calculate the optical

Scuseria-Ernzerhof (HSE) exchange correlation functiona
absorption spectrum as well as correct the well-known underestimation of band gap in the PBE
calculations. A damped van der Waals correction was incorporated using Grimme’s scheme®® to
better describe the non-bonding interaction. The projector-augmented-wave (PAW) method® were
used to describe the electron-ion interaction and the plane-wave energy cutoff was set to 500 eV.
To study 2D systems under the periodic boundary condition, a vacuum layer with a thickness at least
15 A was set to minimize artificial interactions between neighbouring layers. Monkhorst-Pack k-
points >° of 11x11x3 and 11x11x1 were used for sampling in the first Brillouin zone during geometry
optimizations of NaSnP bulk and monolayer, respectively. All the atoms have been fully relaxed until
residual force and energy were converged to 0.005eV/ A and 10°ev, respectively. Phonon band

structure was computed using density-functional perturbation theory (DFPT),*’ as implemented in

the Quantum-ESPRESSO package.®

Results and discussion
1. Structural properties

The structure of NaSnP crystal (Fig. 1a) is built from puckered graphite-like sheets in which Sn and P

occupy alternative position in each six-membered ring. The Na atoms lie over the centers of the



puckered hexagons. Figure 1b and 1c present the top and side views of NaSnP monolayer,
respectively. Detailed structural parameters for bulk and monolayer NaSnP are illustrated in Table 1.
The lattice constant of single-layer and the bond length of Sn-P are 4.01 and 2.702 A, slightly larger
than those in bulk counterpart (3.90 and 2.619 A). Overall, the calculated structural parameters of

bulk NaSnP are in very good agreement with the experimentally measured values.?®

(@) SnP

Figure 1. (a) Crystal structure of NaSnP, (b) top and (c) side views of NaSnP monolayer. The yellow,
blue and red balls represent sodium, tin and sulfur atoms, respectively. dya.p, dnasn and bs,pare the

Na-P distance, Na-Sn distance and Sn-P band length, respectively.

Table 1. Calculated structural parameters of NaSnP bulk and monolayer using DFT-PBE method.

Corresponding experimental values®® are also given.

Bulk (Cal.) Bulk (Exp.) Monolayer (Cal.)
symmetry P63mc P63mc P3m1l
lattice constant (A) a=3.90,c=11.438 a=3.88(2),c=11.667(2) a=4.01
bond length bs,.»(A) 2.619 2.596(3) 2.702
Atom distance dya.p(A) 2.933 2.968(4) 2.758
Atom distance dna.sn(A) 3.369 3.417(4) 3.700
Bond angle(Sn-P-Sn) 96.306° 96.9(1)° 95.968°

2. Stability and mechanical properties



To begin with, the possibility of obtaining NaSnP monolayers is estimated using a mechanical
exfoliation strategy (Fig. 2a). The cleavage energy Eis defined as the minimum energy required
during the exfoliation process.>>*° In order to evaluate the cleavage energy, we calculated the
separation of a NaSnP monolayer from a neighbouring trilayer (inset of Fig. 2a). A vacuum layer at
least 20 A is incorporated into the four-layer slab to avoid the artificial interaction between two
neighbouring slabs. Figure 2a (blue curve) shows the calculated separation energy E, for NaSnP is
0.81 J/m?. The theoretical cleavage strength curve is further obtained by taking the derivative of Eq
with respect to the distance. The cleavage strength o is estimated to be 2.89 GPa. It should be noted
that the calculated cleavage energy of NaSnP (0.81 J/m?) is smaller than the cleavage energy of Ca;N
(1.09 J/m?) *° and comparable to the experimentally estimated value of graphite (0.37 J/m?) *,

suggesting the high feasibility to extract 2D NaSnP from bulk in the laboratory.
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Figure 2. (a) Cleavage energy Eq in J/m? (blue lines) and its derivative o in GPa (olive lines) as a
function of the separation distance d for a fracture in bulk NaSnP. Inset: Separating a monolayer
from its neighboring trilayer. (b) Phonon band structure of NaSnP monolayer along the high-

symmetric points in the Brillouin zone.

Then we turn to evaluate the dynamical stability of the NaSnP monolayer by calculating its phonon
band structures. There are three atoms in a unit cell, which displays nine phonon dispersion bands as
shown in Fig. 2b. It can be clearly seen that no imaginary frequency phonon is found at any wave

vector, which confirm the NaSnP monolayer is dynamically stable.

In an attempt to form a freestanding membrane, the NaSnP monolayer must be able to withstand its
own weight or external load, which is determined by the in-plane stiffness. It is known that the
Young’s modulus is a measure of the stiffness of a solid. In the case of NaSnP monolayer, it makes
more sense to define the in-plane stiffness (Y,p) instead of the classical 3D Young’s modulus (Y3p),

because of the reduced dimensionality of this material. The expression of 2D Young’s modulus is
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where € is the axial strain and Sq is the area of equilibrium surface. Eg, is the total strain energy per
unit cell defined as Eg, =Etot - Eo, Where Eio is the total energy of the strained unit cell, E; is the total
energy of the strain-free cell. When strain is applied, the system will be disturbed away from the
equilibrium state, thus increasing the energy of the system (Fig. 3a). From the strain energy curve in
X-axis and the definition of 2D Young’s modulus, we find Y,p = 0.13TPa, which is relatively smaller
than that of MoS, (0.35 TPa)** and graphene (1.0 TPa).* Based on elastic theory, we then test
bending of a square NaSnP flake with one edge L fixed. The out-of-plane deformation h can be
estimated by the expression h/L = (p g L / Y2p) 1/3, 0 where g and p represent the gravitational
acceleration and the density of the NaSnP monolayer, respectively. For a large NaSnP monolayer

flake of length L = 50 um, the ratio h/L = 10”, implying that the NaSnP monolayer is strong enough

and able to form a free-standing NaSnP membrane.
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Figure 3. (a) Elastic energy of the NaSnP monolayer under uniaxial strain along x direction. (b) The

stress in NaSnP monolayer subjected to biaxial strain. Inset: the structural snapshots under 21%

strain. The strain directions are marked by olive arrows.

Next, we estimate the elastic limit of NaSnP monolayer by calculating strain-stress relation subject to
a biaxial tensile tension. The maximum stress is the ultimate strength that a material can withstand
while being stretched, and the corresponding strain is called ideal strain strength, which is
determined by the intrinsic bonding strengths. Beyond the ideal strain strength, the bonds (Sn-P) will
eventually rupture as shown in the inset of Fig. 3b. The strain-stress relation in Fig. 3b illustrates that
NaSnP monolayer can sustain a stress up to 3.5 N/m with the corresponding ideal strain of 20%,
which is analogous to that of other well-known 2D materials such as MoS, (20%)**

and
graphene(24%),* indicating the high mechanical strength of NaSnP monolayer.



3. Electrical properties

Following the studies of the stability and high mechanical strength of NaSnP monolayer, we then
turn to investigate its electrical properties. The band structures by the PBE calculations demonstrate
that NaSnP bulk (Fig. 4a) is an indirect semiconductor with a band gap of 0.58 eV while the
monolayer (Fig. 4a) has a lager indirect fundamental band gap — 1.27eV. The valence band maximum
(VBM) of NaSnP monolayer is at the I point, and the conduction band (CBM) is at a point along the
M-K line. Figure 4c also presents the projected density of state (PDOS) on the atomic orbitals. It can
be clearly seen that 5p orbital of Sn and 3p orbital of P demonstrate strong hybridization below
Fermi energy. The main contribution above the Fermi energy derives from 5p orbital of Sn, 3p orbital

of P and 5s orbital of Sn, and the orbital hybridization effects are still significant.
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Figure 4. Band structures of NaSnP bulk by (a) PBE (b) HSE0O6 method; (c) Band structures (left panel)
and orbital-projected density of states (right panel) of NaSnP monolayer by PBE method; (d) Band

structures of NaSnP monolayer by HSE06 method. The Fermi energy was set to zero.

It is well known that the PBE functional generally underestimates the band gap by about 30%,*® we
therefore perform the hybrid density-functional (HSE06) calculations to obtain more accurate band
gap. Our HSEO6 calculations correct the indirect band gap of NaSnP bulk and monolayer to 1.08 eV
(see Fig. 4b) and 1.60 eV (Fig. 4d), respectively. It should be noted that the fundamental band gap of



NaSnP monolayer is comparable to some high-efficiency photovoltaics materials such as MoS,;
monolayer (1.8eV)?, demonstrating the great potential of NaSnP monolayer to form an efficient
planar solar cell. The minimum direct band gap (optical band gap) of 2D NaSnP is 1.78eV at M point,
which is very close to the ideal optical band gap of solar cell materials (1.5eV). Therefore the 2D

NaSnP is expected to possess an excellent performance in harvesting the visible light.

4. Optical properties

Absorbance

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 5. Light absorption spectra of NaSnP (red line) and MoS, monolayer (black line) calculated by
HSEO6 method.

According to the above band gap calculations, single-layer NaSnP should be very active for visible
light absorption, which can be confirmed by computing the optical adsorption spectra in visible light
region (350nm~700nm) shown in Fig. 5. Results for MoS, monolayer, an excellent sunlight absorber,
are also included in this Figure for comparison. It can be clearly seen that the MoS, monolayer (black
line) exhibits high light absorption in short wavelength range, especially at around 350nm, where we
can see remarkable absorption peaks. However, it shows low absorption rate at long wavelength end
which is partly due to its relatively larger band gap than NaSnP monolayer that hinders the
absorption of low frequency (or long wavelength) photons. By contrast, the NaSnP monolayer (red
line), with a smaller band gap, has much better optical property at long wavelength region as its
predominant absorption peaks locate around 600 nm, and it also shows fairly good light absorption

at short wavelength range. Overall the NaSnP monolayer display enhanced visible light response



compared to that of 2D MoS,, highlighting potential photovoltaic applications such as being ultra-
thin light-absorber.

5. Strain effects

NaSnP monolayer is highly polarized materials and strain is expected to tailor its electronic and
optical properties. The modulation of band gap and electronic structure by strain would shed new
insights on the applications in flexible electronic and photonics devices. Fig. 6 presents the calculated
band gap as a function of biaxial strain using the PBE exchange functional. Three strain zones are
clearly identified based on the distinct band structure. Zone | is for an indirect band gap with the
strain ranging from -2% to 10%, in which the band gap is initially increased and reaches the maximal
value of 1.39 eV at 3% strain, then decrease rapidly with further increased expansion. It should be
noted that adding a larger strain up to 15% (gap, 0.77eV) is not able to reduce the gap to zero and
we find that no band gap transition occurs when 2D NaSnP is stretched. Nevertheless, a moderate -2%
compression can trigger this gap transition shown in zone Il (-2% ~ -8%), where 2D NaSnP becomes a
direct band gap semiconductor, i.e.,, 1.10 eV under a -2% strain. A further HSEO6 calculation
corrected this direct band gap to 1.46 eV, which is almost equal to the ideal value (1.5 eV) for solar
cell materials, leading to the enhancement of light harvesting at strain = -2%. Most interestingly, the
band gap of NaSnP monolayer reduces to zero after the compressive strain reaches -8% and NaSnP

monolayer has been turned into a metal as shown in zone llI.
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Figure 6. Band gaps of NaSnP monolayer as a function of biaxial strain based on the PBE calculations.
Zones |, Il and Ill are corresponding to the indirect band gap, direct band gap and metallic properties,

respectively. The critical strains for the gap transitions are -2% and -8%, respectively.
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Figure 7. The strain manipulated direct-indirect band gap transition in a 2D NaSnP monolayer.
Positive and negative strains correspond to expansion and compression, respectively. The Fermi

energy was set to zero.

Figure 7 illustrates that the nature of indirect/direct band gap and semiconductor/metal transition is
due to the competition of the energies of several near-band-edge states. For tensile strain (0%~11%),
the energy of the conduction band minimum (CBM) labelled as state C in Fig. 7d rises to a maximum
at 3% before drops dramatically. By contrast, the energy of the valence band maximum (VBM) at
state B (-0.167, 0.333, 0) first slightly increases by 3%, and then keeps almost constant with further
expansion. Therefore, the shifts of CBM mainly determine the band gap value under tensile strain.
On the other hand, with the increase of compressive strain, the energy of the valence band labelled
as state A in Fig. 7d, increases rapidly and becomes higher than that of state B at -2%, indicating an
indirect-to-direct gap transition. In addition, both state A and C are shifted toward Fermi level as
compressive strain rises, resulting in the significant reduction of band gap. Under -8% strain, the
downwards shift of CBM and upwards shift of VBM trigger the semiconductor-to-metal transition.
Apparently, the electronic properties of NaSnP monolayer are highly tuneable via applying biaxial
strain. In order to maximize the absorption of visible light, a moderate -2% strain in zone Il (Fig. 6) is

highly desired.

Conclusion

In summary, we have systematically studied the structural, mechanical, electrical, optical properties
and strain effects for NaSnP monolayer. The calculated phonon band structure proves its dynamical
stability and the analysis of mechanical properties demonstrate that exfoliation of bulk NaSnP to
achieve freestanding monolayers is feasible. The evaluated stress-strain relation indicates that the

NaSnP nanosheet is an excellent mechanical material with a breaking strain above 20%. Compared



with MoS; monolayer, the band gap value of single-layer NaSnP is closer to the ideal band gap of
solar cell materials. Furthermore, optical absorption in a NaSnP monolayer shows enhanced visible-
light absorption compared to that of MoS,. The strain effects can tune monolayer NaSnP from
indirect to direct bandgap and then to metal and, also enhance single-layer NaSnP to be a light
absorber. Therefore, NaSnP monolayer could be an excellent material for photovoltaic applications.
Further experimental verification is highly desired to develop novel nanoelectronics and photonics

device based on NaSnP monolayer.
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