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Construction of van der Waals heterostructure provides a straightforward way to blend 

properties of different monolayer materials for enhanced photovoltaic performance. Herein, 

motivated by the successful characterization of monolayer SnX2 (X = S, Se) and arsenene (As), 

detailed interfacial interaction and optical absorption proficiencies of novel SnSSe/As 

heterostructure have been systematically investigated. Findings reveal that the SnSSe/As 

heterostructure exhibits a type-II band arrangement with an indirect bandgap of 1.30 eV that 

approaches the desirable Shockley-Queisser Limit under 2% biaxial tensile strain, strong 

absorption of 104-105 cm-1 toward solar irradiation that encompasses the infrared-ultraviolet 

region and high carrier mobility up to 910.71 cm2 V-1 s-1. Large, negative binding energy and 

absence of chemical bonds at the heterostructure interface imply its stability. The dynamical 

and mechanical stabilities have also been confirmed. Moreover, analysis of oxygen adsorption 

suggests tolerable performance deterioration with SnSSe side facing the ambient air. Hence, a 

photovoltaic with power conversion efficiency (PCE) exceeding 30% is ultimately proposed. 
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1.0 Introduction 

 

Lately, the energy demand has climbed sharply because of the rapid digitalization evolution 

for fulfilling global population lifestyle and ongoing industrial revolution. Due to the 

worsening energy overdraft and catalyzed environmental deterioration, development of durable 

and efficient photovoltaics is set to become a key element in the shift to renewable energy. The 

obligatory call for clean and renewable resources has prompted the need to explore durable and 

highly efficient photovoltaic materials. A preferred photovoltaic is typically characterized by 

high carrier mobility, environmental stability and wide energy range optical absorption. The 

groundbreaking discovery of graphene in its atomically thin form in 2004 marked the beginning 

of the age of 2D materials. However, the zero-bandgap semiconductor's small bandgap limited 

its usefulness. This has led researchers to focus on 2D materials that already possess 

semiconducting characteristics. Numerous studies have been conducted on 2D materials such 

as h-BN [1, 2], transition metal dichalcogenides (TMDC) [3-5], g-C3N4 [6] and MXene [7], 

owing to their intriguing electrical properties and controllable optical characteristics. 

Additionally, they can be synthesised into a wide range of nanomaterials with various potential 

gap and band position ranges to meet the potential requirements of a variety of photocatalytic 

reactions. 

Van der Waals (vdW) heterostructures, which are constructed vertically utilising two or 

more distinct two-dimensional materials through weak vdW interactions, have recently gained 

popularity as a platform for the development of 2D materials. Very intriguingly, by carefully 

choosing the constituent materials, the band structure of the vdW heterostructures may form 

type-II band alignments in which photogenerated electron-hole pairs are successfully separated 

into two distinct layers, greatly slowing down the electron-hole recombination process and 

increasing the efficiency of solar cells. Hence, an attractive option for resolving the major 

energy and environmental problems that we are presently facing is the development of 
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materials with dual functions that can simultaneously meet both of these needs. The synthesis 

of heterostructure consisting of monolayer Janus transition metal dichalcogenide is made 

possible by the effective fabrication of Janus MoSSe and WSSe monolayers. The primary 

prepping techniques used in the synthesis include chemical vapour deposition (CVD), 

exfoliation and layer assembly, solution processing, and hydrothermal [8-11]. Materials made 

of monolayer SnX2 (X = S, Se) have also been created [12, 13]. The Janus SnSSe monolayer 

might then be created by selenizing a SnS2 monolayer or sulfurizing a SnSe2 monolayer 

through the CVD process, following a similar technique to that used to create MoSSe. Since 

most of the identified Janus monolayers are also mechanically flexible in nature, deposition of 

a single layer indirect band gap material with exceptional carrier mobility, such as arsenene 

(As), onto the Janus monolayers may lead to improved performance and commerciality than 

their separate components, which have relatively larger band gaps. It was reported by Chang et 

al and Zhao et al [14, 15] that a series of solar cells may be constructed using 2D 

TMDC/As heterojunctions. In particular, MoTe2/As [14] can reach PCE of 30.0 %. 

To the best of our knowledge, the electronic and optical properties and related device 

applications of heterostructures consisting of monolayers SnSSe and As have not been studied 

thus far. In this study, the vdW heterostructure SnSSe/As has been proposed and built. Effects 

of biaxial strain and interlayer coupling towards band gap modulation of the heterostructure 

was also studied. Current findings show that the type-II band aligned SnSSe/As displays 

several interesting electronic characteristics, namely improved light absorption compared to its 

separate monolayer components and photoelectric power conversion efficiency (PCE) reaching 

32%, which can be further enhanced under small tensile strain. Its more negative binding 

energy than that of bilayer graphene (-27.08 meV atom-1) strongly indicates experimental 

synthesis possibility. Moreover, analysis of O adsorption suggests tolerable performance 

deterioration with SnSSe side facing the ambient air. This work elucidates the critical 
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significance of stacking in the utilisation of Janus SnSSe monolayer in renewable energy and 

laser protection, hence is expected to have far-reaching implications for the forecasting and 

enhancement of photoelectronic devices. 

 

 

 
 

(a) 
 

(b) 

 

Figure 1 The (a) side and (b) top viewpoints of SnSSe/As vdW heterostructure. Grey, 

yellow, green and pink represents the Sn, S, Se and As atoms, respectively. 

 

 

2.0 Computational methods 

 

In current work, first-principles calculations based on density functional theory (DFT) were 

carried out by means of Vienna Ab initio Simulation Package (VASP) [16, 17], under the 

projector augmented wave (PAW) method with the exchange and correlation functional 

relations described by Perdew-Burke-Ernzerhof (PBE) [18]. During alternate structural 

relaxation between permissible ion position and volume (performed till within a single ionic 

step for both), the plane-wave cutoff, total energy convergence criterion, ionic force 

convergence and k-points grid were set to 450 eV, 10-5 eV, 10-3 eV Å-1 and 6 × 6 × 1, 

respectively. Allowing the volume to change would ensure the inclusion of positional 

selectivity. As (3d104s24p3), Sn (4d105s25p2), S (3s23p4) and Se (4s24p4) electron configurations 

were considered. 

Adjacent layer spacing and electronic properties are significantly impacted by vdW forces. 

Hence, the long-range effect of vdW force was corrected using DFT-D3 approach of Grimme 

dispersion [19]. 30 Å vacuum was applied along the vertical direction to prevent interaction 
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between recurring images. For 2D materials, there are only two periodic directions, along x 

and y. Since the VASP package solves the Kohn-Sham equation within conventional 3D 

periodic boundary conditions, it is obligatory to add sufficient artificial vacuum space along 

the z-direction. For thermal stability check, ab initio molecular dynamics (AIMD) simulations 

were performed at 300 K up to 15 ps total simulation time using the Nose-Hoover thermostat 

[20]. To circumvent the underestimation of band gap by the use of PBE functional, the band 

gap magnitude of SnSSe/As and its constituent monolayers was recalculated using HSE06 [21] 

functional. The increment was added as scissor shift for optical calculations. 

 

3.0 Results and discussion 

 

3.1 Geometric stability and electronic properties 

 

Before assembling the SnSSe/As heterostructure, atomic structures of the monolayers were 

first studied. The optimized lattice constant for SnSSe and As are 3.80 and 3.61 Å, respectively, 

showing close values with earlier reports [22, 23]. Their primitive cell is indicated by the 

hexagonal lattice class. Referring to Figure 1, the SnSSe/As heterostructure was then 

constructed by vertically stacking the structurally optimized monolayer As on monolayer 

SnSSe, forming a relaxed vdW heterostructure with lattice constant and interlayer distance of 

3.69 and 3.09 Å, respectively. The lattice mismatch (δ), calculated using 𝛿 =

2(𝑎1 − 𝑎2) (𝑎1 + 𝑎2)⁄ , where 𝑎1 and 𝑎2 are the lattice constants of monolayers, is 5.1 %. This 

measurement is less than the critical limit of 8% while recent findings show that MoS2/graphite 

and MoS2/h-BN are experimentally achievable [24] despite having lattice mismatch exceeding 

24%. To ensure the stability of the designed stacking, the interfacial binding energy (Eb) was 

evaluated to be -26.95 meV Å-2 based on: 

 

𝐸b =
𝐸SnSSe/As − (𝐸𝐒𝐧𝐒𝐒𝐞 + 𝐸As)

A
                                                (1) 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

Figure 2 The (a) calculated band structure, (b) projected density of states (PDOS) at PBE 

level, (c) electrostatic potential in z-direction, (d) plane-averaged charge density difference, 

(e) band edge alignment for SnSSe/As heterostructure and (f) its total energy profile as a 

function of the ab initio molecular dynamic (AIMD) simulation step at 300 K. 
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where 𝐸SnSSe/As, 𝐸SnSSe, 𝐸As and A are the energies of SnSSe/As heterostructure, monolayer 

SnSSe, monolayer As and interface area, independently. The negative value means the 

heterostructure model is thermodynamically promising and in the typical vdW binding range. 

Next, the projected band structure and density of states (PDOS) were calculated to provide 

a better insight towards the contribution of electronic orbitals accountable for the electronic 

behaviour, as shown in Figure 2(a) and 2(b). Findings indicate that SnSSe/As is an indirect 

band gap semiconductor with a measured interval of 1.30 eV at HSE06 level separating the 

valence band maximum (VBM) located along G-X direction and conduction band maximum 

(CBM) at X. The reduced band gap is conforming to current technological direction that entails 

a more extensive usage of medium and small band gap for better utilization of the visible 

portion of the solar spectrum. Detail analysis of the PDOS shows that the As 4p state is 

contributing heavily to the VBM, while the CBM is mainly composed of Sn 5s and Se 4p states, 

suggesting the formation of a type-II band alignment, which ultimately promotes electron-hole 

pair detachment and lower their recombination rate. To verify this, the charge transfer 

mechanism was probed via Bader charge analysis and charge density difference, obtained by 

∆𝜌 = 𝜌SnSSe/As − (𝜌SnSSe + 𝜌As), where ρSnSSe/As, ρSnSSe and ρAs denotes the charge density of 

heterostructure and separate monolayers, individually. 

The charge density plot in Figure 2(d) reveals charge depletion (blue region) in As layer 

while charge accretion (yellow region) near SnSSe layer, suggesting electrons transfer from As 

to SnSSe and consequently leading to deeper potential for SnSSe. The charge distribution is 

further confirmed by Bader charge analysis [25], in which the quantitative results point toward 

0.015 |e| migration from As layer to SnSSe layer, generating an internal electric field (Eint) that 

acts in the same direction and further increases the movement of photo induced carriers, as 

displayed in Figure 2(c). The small magnitude of transferred charge also implies the interaction 

between the monolayers is merely weak vdW at the interface. Due to the higher 

Jo
urn

al 
Pre-

pro
of



8 
 

electronegativity in S atoms compared to Se atoms, the atomic layer of S typically stores more 

electrons than the Se surface, thereby inducing an intrinsic electric field (ESnSSe) that acts from 

Se atomic layer to S surface, raising the effective electric field (Eeff) and conclusively 

smoothing the charge transfer from As to SnSSe and promoting photocarrier separation. 

These outcomes are also supported by the calculated work function (Φ), where As of lower 

Φ (5.42 eV) and SnSSe of greater Φ (6.38 eV) will physically act as p-doped and a n-doped 

materials, respectively. From mechanism viewpoint shown in Figure 2(e), when exposed to 

light, the ① photoexcited electrons at CBM of As drift to CBM of SnSSe, while the ② induced 

holes at VBM of SnSSe travel to VBM of As. The ③ accumulated electrons at CBM of SnSSe 

then recombine with photogenerated holes at VBM of As. The first two processes are triggered 

by the conduction band offset (ΔVCBO) and valence band offset (ΔVVBO), causing the rapid 

separation of photogenerated carriers. The large offsets facilitate confinement of electrons and 

holes in the SnSSe and As monolayers. Due to the annihilation of photogenerated holes at 

VBM of As in the third process, there will be more photoinduced electrons (holes) than holes 

(electrons) in the As (SnSSe) layer, creating spatial separation of the photogenerated carriers. 

These observations suggest that the SnSSe/As heterostructure has the potential to be excellent 

photovoltaic materials. Typically, the phenomenon of quantum confinement in 2D materials 

broadens the band gap through elimination of p orbitals overlap. Hence, the enhanced p orbital 

interactions in SnSSe/As justifies the reduction in its band gap as compared to the monolayer 

SnSSe (1.72 eV) and As (2.29 eV). The aforementioned results demonstrate that the proposed 

heterojunction has an appropriate bandgap and properties that can effectively restrict the 

recombination of photogenerated carriers, hence satisfying the requirements for photovoltaic 

application. 

Evidently in Figure 2(f), the amplitude of total energy fluctuation as a function of AIMD 

simulation time is small, inferring sufficient thermal stability in SnSSe/As at room temperature. 
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Moreover, there is no evidence of substantial structure deformation or feature of broken bonds 

after 15 ps. Progressing to its mechanical behaviour, the calculated elastic coefficients C11 ≈ 

C22 = 138 N m-1, C12 = 42 N m-1 and C66 = 45 N m-1 satisfy the C11 - |C12| > 0 and C66 > 0 

stability conditions, subsequently inferring sufficient mechanical stability in the investigated 

heterostructure. Poisson's ratio (υ) is another parameter that plays a crucial part in determining 

whether a material is ductile or brittle, since if υ > 0.26, the material is ductile and otherwise 

brittle [26-29]. The resultant Young’s modulus 𝐸 = (𝐶11𝐶22 − 𝐶12
2 ) 𝐶11⁄ = 125 Nm−1 and 

𝜐 = 𝐶12 𝐶11⁄ = 0.30 exemplify an improved stiffness compared to SnSSe but remains more 

flexible than graphene and other Janus heterostructure such as HfSSe/graphene [30]. 

 

 
 

Figure 3 Calculated phonon dispersion spectra along high-symmetry points and phonon DOS 

for SnSSe/As heterostructure. 

 

 

Figure 3 shows the calculated full phonon dispersion curves along high symmetry points 

within the Brillouin zone. The force constants were calculated by employing density 

generalized perturbation theory (DFPT) on 4 × 4 × 1 supercell, under strict convergence criteria 

of 10-8 eV. The phonon spectra were later generated by processing the atomic forces with the 

PHONOPY [31] code. The five atoms in the primitive cell constitutes 15 vibrational branches, 

with the heaviest Sn atom dominating the three acoustic branches while the highest lying 
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optical branches are contributed by the lightest S atom. As seen, there is no apparent feature of 

negative frequencies in the distribution, thus confirming the dynamical stability in the 

heterostructure. 

 

3.2 Optoelectronic properties 

 

Quantitative assessment on the competence to transfer carriers in specific direction is 

crucial for evaluating the optoelectronics performance of heterostructures. Due to the close 

proximity between acoustic phonon wavelength and electron coherence length, the use of 

deformation theory [32] for calculating intrinsic carrier mobility (μ) of inorganic materials is 

reasonable, as shown below. 

 

𝜇(2D) =
𝑒𝐶2Dℏ3

𝑘𝐵𝑇𝑚∗𝑚𝐸𝐷
2                                                          (2) 

 

 

in which e, C2D, ℏ, kB, T, m*, m and ED signify the electron charge magnitude, direction bound 

elastic constant, reduced Planck constant, Boltzmann constant, surrounding temperature, 

average effective mass, effective mass in the direction of x or y and deformation potential 

constant (see Supplementary file S1), correspondingly. 

 

Table 1 Calculated direction dependent effective mass m (mo), ED (eV), C2D (N m-1) and μ 

(cm2 V-1 s-1) for holes and electrons in the direction of x and y at 300 K. Relaxation time (τ) 

was estimated via 𝜏 = 𝜇𝑚 𝑒⁄ . Exciton binding energy 𝐸𝑏
𝑒𝑥 (eV) was calculated via 𝐸𝑏

𝑒𝑥 =

13.56(μ ε0
2⁄ ) where μ = (𝑚e

−1 + 𝑚h
−1)

−1
 and ε0 denotes the reduced effective mass and 

static dielectric constant, respectively. 

 
Heterostructure Direction Carrier type m ED C2D μ τ 𝐸𝑏

𝑒𝑥 

SnSSe/As 

x 
Holes 0.800 2.12 

138 
910.71 4.14 × 10-13 

0.51 
Electrons 0.703 4.98 347.37 1.39 × 10-13 

y 
Holes 1.007 1.90 

138 
900.76 5.16 × 10-13 

Electrons 0.335 5.19 671.16 1.28 × 10-13 

 

 

Table 1 shows the calculated μ of SnSSe/As heterostructure at 300 K.  The obtained μ for 

holes in the heterostructure is quite high, which is attributed to the insensitivity of the VBM 
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for strain, despite having effective mass larger than electrons. These measurements 

nevertheless are greater than or comparable to that of monolayer MoS2 (200.52 cm2 V-1 s-1) 

[33], WS2 (542.29 cm2 V-1 s-1) [34], BlueP (590 cm2 V-1 s-1) [35] and GaSe (866 cm2 V-1 s-1) 

[36]. In addition to the appropriate band gap, applicable band edge alignments and effective 

segregation of photogenerated carriers, the potential of materials as solar cell and water 

splitting photocatalyst is also depending on their optical absorption spectra α(ω), assessable 

via: 

 

α(ω) = √2ω [√ε1
2(ω) + ε2

2(ω) − ε1(ω)]

1

2
                                      (3) 

 

 

where ε1(ω) and ε2(ω) represent the real and imaginary components of dielectric function, while 

ω is the light frequency. The latter is computable via sum over a sufficiently large number of 

empty states. ε1(ω) can then be realized from ε2(ω) through Kramer-Kronig formulation.  

 

 
(a) 

 
(b) 

 

Figure 4 (a) Band gap of SnSSe/As heterostructure at PBE level and (b) strain energy under 

various biaxial strains. 

 

 

Given that visible light occupies 45% of the whole solar spectrum range, the capacity to absorb 

a significant portion of visible light is crucial. Interestingly, under biaxial strain, expressed as 
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[(𝑙 − 𝑙0) 𝑙0⁄ ] × 100% where l and l0 are the lattice constants before and after strained, it can 

be seen in Figure 4(b) that the curve profile is smooth and total energy of unstrained form is 

the lowest, inferring absence of phase transition and hence good stability. The positive and 

negative label exemplifies the tensile and compressive strains, correspondingly. Band gap 

variation under different biaxial strains is highlighted in Figure 4(a). Overall, tensile strain 

causes the studied structure to undergo a consistent red shift whereas blue shift is noted for 

compressive strain till -4%, before switching to red shift under stronger compression. The 

former shifts the CBM downward greatly and the VBM downward marginally, leading to 

narrower bandgap, reducing from HSE06 corrected bad gap of 1.30 to 1.15 eV and 1.03 eV at 

2% and 4% tensile strength, respectively, becoming much closer to the Shockley-Queisser (SQ) 

limit. In comparison to separated SnSSe and As layers, where the average α(ω) is below 0.5 × 

105 cm-1 [37, 38], the SnSSe/As heterostructure presents a considerable red shift of light 

absorption edge, a steeper increase and substantially enhanced absorption intensity reaching 

105 cm-1 order in the visible and near infrared domains, as shown in Figure 5(a). Furthermore, 

the measured α(ω) of 104-105 cm-1 is comparable to several conventional photovoltaics such as 

c-Si, Ge, GaAs, InP [39] and Rb-based compounds [40-42], strengthening its credibility as 

potential high performance photovoltaic. Formation of SnSSe/As heterostructure creates more 

energy bands and raises the hybridization-based joint density of states near the VBM, which 

significantly increases the interband transition probability of electrons from As p states in the 

valence band to Sn s and Se p states of the conduction band. 

To delve into the ability of SnSSe/As in harvesting solar energy, the spectroscopic limited 

maximum efficiency (SLME) has been evaluated. This model [43, 44] provides a quantifiable 

selection metric to screen photovoltaic efficiencies of materials through the integration of their 

band gap energies, absorption spectra and non-radiative recombination losses relating to typical 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

Figure 5 Absorption coefficients α(ω) for SnSSe/As (a) in the absence of biaxial strain, (b) 

under 2% tensile strain and (c) under 4% tensile strain, calculated by DFT+BSE with scissor 

approach. (d, e and f) are their respective SLME (see Supporting Information S2 for 

calculation details), as the function of film thickness ranging from 0.1 to 100 μm. 
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Air Mass 1.5G (AM1.5G) solar energy flux or P(ω), subsequently showing relevance to real-

time applications by expanding the traditional SQ limit. As illustrated in Figure 5(b), red shift 

induced by 2% tensile strain produces more absorption peaks in visible light region and 

increases the effective light absorption, where a broader and more consistent overlap (from 2.0 

to 3.5 eV) with incident AM1.5G solar flux is observed, finally raising the SLME to ~14%at 

ultrathin 0.1 μm thickness and reaching the ~33% saturation level at reduced thickness. Further 

red shift with reduced α(ω) near the solar flux peak is detected under 4% tensile strain, resulting 

in a lower SLME due to larger band gap shift from the 1.1 eV SQ limit but attaining higher 

SLME ~ 15% at 0.1 μm thickness. On a side note, materials with high α(ω) may also be applied 

as absorber shield. For instance, a YAG laser of wavelength 1064 nm is employed in various 

significant applications, including the cutting of materials [45] and the delivery of medications 

[46]. However, a previous study found that exposure to picosecond Nd:YAG laser pulses could 

harm the eyes [47]. In order for laser technology to be widely used, it is crucial that people are 

protected from harmful laser irradiation. The quest for materials that can shield people from 

harmful incident laser beams are therefore crucial. As pointed out in Figure 5(a), although 

pure arsenene can be utilized as a shielding material, SnSSe heterostructure owing to the higher 

α(ω) over broader spectral range provides better defense against laser beams in the ultraviolet, 

visible and near infrared ranges, making it a promising shield against any source of undesired 

laser radiation as a result. This observation is also supported by Figure 5(d), in which the 

SLME for SnSSe/As is almost twice that of As at saturation level. 

 

3.3 Impact of O adatoms on photovoltaic performance 

 

In actual application, when exposed to surrounding air, electrical performance and 

durability of photovoltaic will be impacted by the contamination of active layer by O atoms. 

Following studies were performed on the basis that the adsorption of O atoms with the studied 

heterostructure is ascribed to surface adsorption, thus only interact with the top surface layer. 
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Taking these into considerations, the effect of O adsorption on the band structure of OSnSSe/As 

(adsorption on SnSSe side) and SnSSe/AsO (adsorption on As surface) heterostructures were 

additionally carried out. The analogous band structures in Figures 6(a) and 6(b) suggest that 

O atoms adsorption launches impurity states and alters the electronic properties considerably, 

where the CBM for SnSSe/AsO and OSnSSe/As is shifted from X to Y and X to Γ points, 

respectively, due to band folding. SnSSe/AsO is affected more by the impurity states, as evident  

 

 
(a) 

 
(b) 

 
(c)  

 
(d) 

 

Figure 6 Projected band structure plot for (a) OSnSSe/As and (b) SnSSe/AsO 

heterostructures, at PBE level. Grey lines are contributions from O adatoms (indicated by red 

circle) based on 2 × 2 supercell. (c) Absorption coefficients α(ω) and (d) thickness 

dependence of SLME for O atom adsorbed on SnSSe surface of the heterostructure, labelled 

as OSnSSe/As. 

 

 

Jo
urn

al 
Pre-

pro
of



16 
 

by the obvious greater band gap reduction and conductive transformation. While the adsorption 

of O atoms on SnSSe side produces perceptible alteration on the states near VBM, the band 

gap does not suffer from drastic changes, decreasing moderately to 0.82 eV at HSE06 level and 

attaining a relatively high SLME of 25% at remarkably thin absorber layer of 1.0 μm, as shown 

in Figures 6(c) and 6(d). Adsorption energy was additionally calculated to provide a 

quantitative clarification on this phenomenon. The stability between the adsorbent (SnSSe/As) 

and the adsorbate (O) is assessed and described by the adsorption energy (Eads), expressed as 

follows: 

 

𝐸ads = 𝐸SnSSe−As/O − (𝐸SnSSe−As + 𝐸O)                                        (4) 

 

 

where ESnSSe-As and EO indicates the total ground state energy of heterostructure and O atom 

before occurrence of adsorption, respectively, and ESnSSe-As/O indicates the total ground state 

energy of O adsorbed SnSSe/As. One of the two possible modes of adsorption operation is 

physisorption, which depends on weak vdW interactions between the interacting species. 

Electrical characteristics of adsorbent is hardly affected through this method. In contrast, 

perturbation of electronic system tends to be greater in chemisorption, the second mode which 

is activated via strong covalent bonding between interacting species. Calculated Eads for 

OSnSSe/As and SnSSe/AsO is -4.81 and -5.13 eV, correspondingly. The higher Eads for 

SnSSe/AsO suggests stronger chemisorptive nature. This assumption is also explainable by the 

shorter As-O bond length (1.62 Å) compared to its actual average length of 1.77 Å, while 

photovoltaic performance will be less affected with SnSSe side facing the ambient air because 

S-O bond length in OSnSSe/As (1.50 Å) appears elongated compared to actual S-O bond length 

(1.43 Å). In addition, AIMD simulation in Figure 7(a) indicates that OSnSSe/As is still stable 

after 15 ps annealing and its resultant S-O bond length of 1.47 Å remains stretched out. These 

findings imply that while the performance of SnSSe/As deteriorates when it is exposed to 

Jo
urn

al 
Pre-

pro
of



17 
 

ambient air, the deterioration can be minimized by aligning the SnSSe surface as the exterior 

side. On a positive note, the contaminated heterostructure is still able to achieve reasonable 

maximum efficiency at significantly lower absorber thickness. 

 

 
(a) 

 
(b) 

 

Figure 7 (a) AIMD simulation of OSnSSe/As and (b) the proposed heterostructure-based 

solar cell arrangement.  

 

 

Hence, a high SLME heterostructure-based photovoltaic cell with SnSSe side facing the air 

is proposed, as demonstrated in Figure 7(b), where HTM (such as spiro-OMeTAD) refers to 

hole transport material, while ETM (commonly anatase) is the electron transport material. 

Apart from acting as supporting substrates for SnSSe/As heterostructure, both HTM and ETM 

also play important roles by extracting holes and electrons, simultaneously, therefore decreases 

charge recombination. Under light irradiation, the SnSSe/As heterostructure within the device 

will absorb the incoming photons and initiate sequence of electron transition. The 

photogenerated carriers are effectively isolated across the monolayers due to the type-II nature 

of SnSSe/As, thus inducing a photovoltaic voltage required for supplying current to the external 

devices. Based on these findings, we can infer that the performance of heterostructure-based 

devices will be diminished when exposed to ambient air. Thus, the present investigation into 
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how to prevent the adsorption of O atoms on the technologies is a useful undertaking for their 

practical application. 

 

4.0 Conclusion 

 

The interfacial, electronic, mechanical, dispersion relation and optical properties of novel 

SnSSe/As heterostructure have been systematically investigated, based on first principles DFT 

calculations with vdW correction. The optimized configuration is a type-II semiconductor that 

demonstrates structural, mechanical and dynamical stabilities, as verified by the negative 

binding energy, small lattice mismatch, Born-Huang stability criteria adherence, AIMD 

simulation and phonon spectra analyses. The measured Eb of -26.95 meV Å-2 is comparable to 

several typical vdW bonded materials, namely graphite (-12 meV Å-2), bulk MoS2 (-26 meV 

Å-2) and MoTe2/SnSe2 (-15 meV Å-2), hence confirming the long-range vdW forces influence 

on interfacial properties of SnSSe/As heterostructure. As a result of the enhanced p orbital 

interaction, which reduces the electronic band gap, the studied heterostructure undergoes red 

shift of absorption edge with respect to its monolayer constituents, hence effectively raising 

the α(ω) in visible region. Biaxial strain can effectively modulate its band gap, with no change 

in band alignment type observed. Under 2% tensile strain, the SLME improved to a record high 

~33%. Moreover, deterioration in performance when the heterostructure is exposed to ambient 

air can be reduced by positioning SnSSe as top layer. To boost the stability of the material 

class, affordable encapsulation techniques and oxygen-resistant additives can be considered in 

future studies. Overall, the high α(ω), superior PCE and impressive oxygen tolerance 

demonstrated by the studied heterostructure suggest its suitability as energy-harvesting 

materials. Our results should therefore encourage further experimental work toward the 

synthesis and thermal transport characterization of Janus SnSSe monolayers, in addition to 

unveiling its potential for application in optoelectronics and nanoelectronics devices. 
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Highlights 

 

• Novel vdW SnSSe/As heterostructures are potential candidate for solar energy material. 

• The band edges analysis reveals a type-II heterostructure for each system. 

• Absorption coefficient of 105 cm-1 was attained within the infrared-ultraviolet range. 

• They fulfil the requirements of ~30% solar to electricity conversion efficiency. 

• Improved oxygen tolerance when SnSSe side is exposed to ambient air. 
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