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Structures and electronic properties of SnS quantum dots (QDs) are studied by
using first principles density functional theory (DFT) for their potential
applications in the design of environmentally friendly green solar cells. QDs of
different sizes are investigated and effect of ligation on geometry optimization
and the electronic properties of the QDs are investigated. Also, effect of
stoichiometry of the QDs is also investigated. There is a red shift on the
absorption peak of the QDs as the size of QDs is increased.
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1. INTRODUCTION

Narrow band gap applications of near-infrared (NIR) and infrared (IR) optically active IV-
VI semiconductor nano-particles (NPs) like PbS, SnTe, and SnS are of significant
interest. As such, strong IR absorption is necessary in photovoltaics, near-infrared
detectors, and medical applications [1]. These applications have sparked research into
practical synthetic techniques for producing SnS NPs with precise optical characteristics
and restricted size distributions and also because of their non-toxic properties. Due to
their simplicity of synthesis, monodispersed chalcogenide nanocrystals having cubic
configurations like CdS, CdSeS, CdSe, PbS, and SnTe have received a lot of interest in
the last 20 years [2]. The crystal structure of SnS is an orthorhombic layered structure
that resembles a warped version of the NaCl structure [3]. SnS exists in three form as
zinc blende, rock salt and orthorhombic form at high temperature. Sulphides of tin can be
found in a variety of chemical forms, including SnS, SnS,, and Sn,S3 [4]. SnS, has 2.36
eV indirect bandgap and an n-type character. When other phases, such as SnS,, SnS;,
etc., are present with SnS material under suboptimal deposition circumstances, the
bandgap shifts to higher energies. It has also been claimed that zinc blende (ZB) SnS
exists in the form of particles and thin films [5], which might create a pure interface in a
solar cell with zinc blend structure of CdS. Their optical absorption efficiency is quite
significant with linear bandgap. Although simulations indicate that ZB SnS is unreliable
from thermodynamic and dynamical perspective, studies of ZB SnS tiny particles, being
created and fabricated as thin films, suggest that these materials are practically viable to
create. Devices such as photodetectors, equipped with ribbon crystalline SnS, have
been realised. All vacuum and non-vacuum fabrication processes are capable of
producing thin-film SnS. The methods of preparation include spray pyrolysis [6], thermal
decomposition [7,8,9], chemical vapour deposition (CVD) [10], chemical bath deposition
(CBD) [11-14], pulsed CVD [15] etc. SnS solar cells can achieve the efficiency of
Shockley- Queisser limit of 31%, compared to a prior theoretical maximum conversion
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efficiency estimate of 25%. According to device simulation using the materials' data, a-
Si/SnS and ZnS/SnS heterojunctions can provide output with respective efficiencies of
14.30% and 16.2%.[16] Additionally, it is hypothesised that one of the causes of the
subpar properties of SnS cells is the defect formation brought on by Sn vacancies. It is
unclear if the SnS QDs will also experience the same defect creation mechanism. The
defect-free bulk (QD interior) is maintained by pushing the defects to the particle borders,
which is energetically advantageous. By using proper ligands, a shell, or by incorporating
the boundary into a passivating matrix, the boundary can be passivated. SnS NPs are
currently being investigated for both organic as well as inorganic solar cells applications
[17]. The present work focuses on SnS QDs as a highly promising solar cell material and
effect of sizes of the QDs and their stoichiometry have been investigated.

2. COMPUTATIONAL & SIMULATION DETAILS
2.1. Model Systems

The QDs (stoichiometric and off-stoichiometric) under study are shown in the Figure 1.
Methyl ammonium (MA) and iodide (I") radicals were utilised as passivating agents at the
surface of these QDs. The number of iodide radicals to be coupled to each QD is
determined by the system's charge neutrality. These MA/iodide ions were anchored at
four suitable sites at the surface of each of the SnS QDs of various constitutions (off-
stoichiometric) in order to make the QD charge neutral. For stoichiometric QDs, equal
numbers of iodide and MA ions are attached for surface passivation. Further, these SnS
QDs under study are taken of different sizes with different composition of Sn, S and
iodide ions. To make Sni4Sis QDs electrically neutral, four MA (methyl ammonium)
radicals were added to the QD and in case of Sni;sSi4 four iodide ions were added at
appropriate sites. An earlier work used a similar approach to produce charge neutral
QDs [18].
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Fig. 1: Optimised Structure of model QDs ligated with Methyl Ammonium, and lodide
2.2. Computational Details

Our calculations, based on first principles density functional theory (DFT), made use of a
hybrid functional (CAM-B3LYP) [19,20] and for basis sets the 6-311G(d,p) [21]/LANL2DZ
[22] are used, implemented in the Gaussian 09 software package [23]. To describe the
H, C, and N atoms the 6-311G(d,p) basis set was used, the effective core potentials with
a double-zeta valence basis set (LANL2DZ) were utilised to describe the Sn, S, and |
atoms. Without symmetry restrictions, the geometry of each cluster was optimised till the
remaining forces were below 0.00045 a.u. The projected densities of states (PDOS) of
various constituent atoms/radicals/ligands in the systems were determined using the
AOMIX package. In order to avoid issues with atomic charge assignment in the Mulliken
population analysis using the large basis set, the computation of the projected density of
states (PDOS) was done using a double-zeta-polarized (DZP) basis set [24-27]. And a
gaussian function with a 0.5eV half-width at half-maximum (HWHM) was used for the
PDOS convolution for each QD. The same level of accuracy, as mentioned above in
DFT calculation, is used in TDDFT calculations so that we can compute the absorption
spectrum. Calculation for the vertical excitation energies (excluding zero point energies)
and oscillator strengths were done at the ground state geometries and a gaussian
function with HWHM of 0.1eV and it is used for the computation of the convolution of the
absorption spectra. Lastly, Natural transition orbitals (NTOs) analyses are used to
comprehend how charges are transferred throughout the system during absorption. The
NTO analysis is trustworthy because for the electronic transition density matrix, it uses a
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small orbital representation. There is a correlation between the excited particle and the
empty hole thanks to the independent unitary transformations of the occupied and virtual

orbitals [28].
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Fig. 2: PDOS for (A) SnisS14 (B) Sn1aS16 (C) SnSys and (D) SnSy6 ligated with iodide

and MA ions.

ISSN: 2249-9970(Online), 2231-4202(Print), ©2011NLSS

[16]

Peer Reviewed & Refereed, Vol. 13(1), Jan 2023



SnS Quantum Dots — A Green Photovoltaic Material

3. RESULTS AND DISCUSSIONS
3.1. PDOS Analysis

The contribution of various atoms in HOMO (Highest occupied molecular orbital) and
LUMO (Lowest unoccupied molecular orbital) can be assessed in PDOS analysis. From
PDOS curves (Figure 2), it is clearly visible that S contributes maximum in HOMO and
LUMO lies on Sn in all cases although in case of SnysS;4 ligated with 4 iodide the HOMO
lies on | and LUMO on Sn. Also, in case of Sny14S;6 ligated with methyl ammonium (MA)
the contribution of MA is not seen or we can say that energy levels corresponding to MA
are completely buried in the energy bands for this model QD. There is no CH3NH3
contribution to either the HOMO or LUMO in both stoichiometric SnS;5 and SnS,g QDs.

Table 1: Optical Excitation Data of model systems using TDDFT for some important

transitions.

ES Oscillatory Wavelength Energy

Model System | Transition Strength (nm) (eV)
So—Su 0.0346 303.58 4.0840
So—S43 0.0272 304.23 4.0753
Sn14S16-4MA So— S5 0.0251 328.23 3.7774
So— S: 0.0237 423.22 2.9295
So—Sus 0.0282 319.94 3.8752
So—S36 0.0270 329.84 3.7584
Sn16S14-4lod So—S, 0.0281 475.45 2.6077
So—S; 0.0186 534.00 2.3218
So—S23 0.0101 384.22 3.2269
SnS16-4lod So—So4 0.0101 384.22 3.2269
So—Sos 0.0101 384.22 3.2269
So—S39 0.0142 382.99 3.2372
SnS28-4lod So—S40 0.0142 382.98 3.2373
So—Su 0.0140 382.92 3.2379

3.2. Absorption Spectra

Figure 3 and 4 shows the absorption spectra of all the four SnS QDs under study. We
observed that the absorption starts at 1.8 ev and goes on till 4.9 eV. In case of Sn14S16-
4AMA the peak lies at 3.9eV and absorption lies in the range of 2.2 to 4.9eV. For
Snl16S14-41 the absorption peak is found at 3.7 eV and ranging from 1.8 to 4.6 eV
similarly for Symmetrical QDs i.e. SnS;s and SnS,g ligated with 4 lodide and 4 Methyl
Ammonium the peaks lies at 3.25 and 3.1 eV respectively. Furthermore, the absorption
starts around 2.3eV and goes on till 4.2eV for SnS;¢ and in case of SnS,g QD this range
happensto be 1.8to 4 eV.
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Fig. 3: Optical absorption spectra of (A) SnS,gs (B) SnS;6 (C) Sn14S;6 ligated with 4
Methyl Ammonium (D) Sn;6S14 ligated with 4 lodide radicals.

3.3 NTO Analysis
Analysing the NTO in Figure 4 gives the charge transfer pattern in each QD in every

case the hole charge density distribution in the ground state is given on left side and the
electron charge density distribution in the excited state is given on right side.
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Fig. 4: Natural Transition Orbitals (NTOs) of few selected excited states of SnS QDs.

It is seen that the charge transfer takes place from p orbital of S and | in ground state to
p orbital of Sn and S charge distribution left with S in almost all cases. In case of SnSi¢
ligated with 4MA and 4 iodide ions, the charge is sometimes distributed on half portion of
QD sometimes it is moving from central part of QD to outer portion of QD. In case of
SnS-28 the pattern of charge transfer is transverse as well as from centre of the QD to
outward. Similarly shifting of charge cloud from p of S to P of Sn with a small contribution
of p type charge cloud around | in ground state is seen in case of Sn;Si4 ligated with 4
lodide. The charge transfer is very good and accumulating around one end of the QD.
Further in case of Sny4Si6 ligated with 4 MA the charge is shifting from inside to outside
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and also from one end of the QD to opposite side of QD from p of S in ground state to p
of Sn in excited state.

4. CONCLUSION

From the DFT study of a few SnS QDs, both stoichiometric and off-stoichiometric, it is
found that there are charge transfer transitions in many of these systems although the
corresponding oscillator strengths of these transitions are not strong. This may be
because of the passivating agents on the surface of these QDs. There is a red shift in
the absorption peak of the QDs as the size of the QD is increased, both in stoichiometric
and off-stoichiometric QDs. These SnS QDs may be used as active material in
environmental friendly green solar cell systems.
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