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ABSTRACT

The realistic nanostructure of pure, defect stroetucadmium and sulfur substituted cube & hexagdbabe
nanostructures are optimized and successfully sitadlusing B3LYP/LanL2DZ basis set. The structstability of
SnSe nanostructures are discussed in terms of letdclienergy and vibrational studies. The ionizatmotential,
electron affinity and HOMO — LUMO gap influence thlectronic properties of SnSe nanostructures. poiat

group, dipole moment, chemical hardness and chdm@ntial for pure, defect structure and cadmi&nsulfur

substituted SnSe nanostructures are also reporiée present work provides the information to tailBnSe
nanostructures by substitution impurities and deifie¢the nanostructure that improves the electrqmiaperties and
structural stability which finds its potential imgiance in optoelectronic applications.
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INTRODUCTION

Nanostructured materials play a vital role in fetuechnology mainly in optoelectronics, nanoelett® and
memory devices [1]. In present years more atterdi@nfocused on to the synthesis and characteristiselenides
due to their potential application and tunable préips. Tin selenide (SnSe) is one of the most ntapd group 1V —
VI compound semiconductor. SnSe is a p — type samdigector with narrow band gap energy of 1 eV whih
applicable for different optoelectronics applicatisuch as photovoltaic, memory switching devicedodraphic
recording systems and light emitting devices (LE[2s}].

SnSe nanostructures have good electrical and omfoperties which mainly depend on preparatiorhtégue
N.R.Mathewset al., reported CdS/SnSe heterojunction thin films fortptoltaic applicationg3]. SnSe thin films
can be synthesized by different techniques sudhersnal evaporation [5, 6], chemical bath deposifif], flash
deposition [8], atomic layer deposition [9] and hall epitaxy [10]. Thermal evaporation method iestly used
among them due to its tunable morphology in Sn®estauctures.

The main goal behind this work is to improve thectlonic properties, structural stability of SnS@wostructures by
substitution impurities. Density functional thedB+T) is one of the promising methods to enhandb btectronic,

optical properties and structural stability of Sniaostructures. DFT method is an efficient mettwihvestigate

electronic properties of SnSe nanostructures []1-13

MATERIALS AND METHODS
COMPUTATIONAL METHODS

NWChem package is promising simulation softwareduse investigate and optimize SnSe nanostructutds [
Utilizing B3LYP with combination of LanL2DZ basises SnSe nanostructures are successfully optimized.
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LanL2DZ basis set is the best choice to get pretissuighput and pseudo potential approximationJ@b-Since
atomic number of Sn and Se is fifty and thirty feespectively, LanL2DZ basis set can be selectextudy SnSe
nanostructures. In this current work, various flitalopant elements are substituted on pure Sn®sstractures in
order to tailor structural stability and electropioperties.

RESULTS AND DISCUSSION

The present work mainly focus on calculated enedjgple moment (DM), ionization potential (IP), ef®n
affinity (EA), chemical potential (CP), chemicalrdaess (CH), HOMO — LUMO gap and vibrational stgda
SnSe nanostructure with substitution of cadmiurtfiusand inclusion of defects in SnSe nanostructiigure 1 (a)
and Figure 1(b) represents the pure form of Sn8esteucture of cube and hexagonal structure reispéctFigure
1 (c) and Figure 1(d) denotes the cube and hexagtmature of SnSe nanostructure with defectsureid (e) and
Figure 1(f) represents cadmium substituted SnSegstarcture. Figure 1 (g) and Figure 1(h) signifsdfur
substituted SnSe nanostructure. The pure cube IB®estructure consists of six Sn atoms and six@esato form
cube like structure. The pure hexagonal SnSe nambste contains nine Sn atoms and nine Se atonfisrio
hexagonal structure. Defect incorporated SnSe stribeture have five Sn atoms & five Se atoms arfdaléSnSe
hexagonal structure have eight Sn atoms & eiglat®ms respectively. In the case of cube and hexdgbructures
of Cd substituted SnSe have two Cd atoms replassttdd of Sn atoms. Likewise, for cube and hexdgona
structures of S substituted SnSe have two S atepiaaed for Se atoms.

Figure 1 (a). Structure of pure cube SnSe nanostrtieres

Figure 1 (b). Structure of pure hexagonal SnSe nastructures
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Figure 1 (d). Structure of defect hexagonal SnSe nastructures
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Figure 1 (h). Structure of S substituted hexagonabnSe nanostructures

Table 1. Energy, Point symmetry and Dipole momentfdSnSe nanostructures

Nanostructures Energy (Hartrees) Dlpc()ll:;eert?;er;]ent Point Group
Pure cube SnSe -74.12 0.028 ; C
Pure hexagonal SnSe -111.25 0.54 ; C
defect cube SnSe -62.21 2.81 1 C
defect hexagonal SnSe -99.34 2.14 ; C
Cd substituted cube SnSe -163.84 0.028 ;. C
Cd substituted hexagonal Snge -200.79 4.15 ; C
S substituted cube SnSe -76.06 0.032 1 C
S substituted hexagonal SnSe -133.23 0.41 ; C

The SnSe nanostructures structural stability caddseribed by calculated energy as shown in TabRoiht group
(PG) and dipole moment (DM) of all possible SnSeastructures are also reported in Table 1. Theutztd
energy of pure cube and hexagonal SnSe nanosteucas -74.12 and -111.25 Hartrees respectivelyedd&ube
and hexagonal SnSe nanostructures has the cortisparalculated energy of  -62.21 and -99.34tidas. From
the calculated energies, the stability of the deftSe nanostructure decreases due to the rembasbms. Cd
substituted cube and hexagonal SnSe nanostrudiasethe energy value of -163.84 and -200.79 Hartidence
the stability of SnSe nanostructure increases dubet substitution of Cd atoms on SnSe nanostresti8imilarly
for S substituted cube and hexagonal SnSe nantsgtesec the calculated energy value is high compéoegure
form of SnSe nanostructures; it leads to increastheé structural stability. The dipole moment ofed® cube &
hexagonal SnSe nanostructure, Cd substituted hegh§mSe nanostructure has high value of DM inattaker of
2.81, 2.14 and 4.15 Debye respectively. Hence tiege distribution is not uniform in these struetir The
remaining structures of SnSe nanostructure havciguitly low value in the range 0.028 — 0.54 Deblyaeveals
that the arrangement of atoms and the chargehli§on are uniform inside the SnSe nanostructutesas only
one symmetry operation, E. Nanostructures in gintgip have no symmetry, it refers that reflectidraamirror
plane and rotation operations are not possibleni@eSnanostructures and the only symmetry operatissible in
SnSe nanostructure is identity, E. All the nanadtnes of SnSe have, Gymmetry.

3.1. HOMO-LUMO gap of SnSe nanostructures

The electronic properties of SnSe nanostructurasheaobserved by lowest unoccupied molecular driiitaMO)

and highest occupied molecular orbital (HOMO) [2R]. The energy gap of pure cube & hexagonal SnSe
nanostructures has 0.66 and 0.47 eV respectivaly.defect cube and hexagonal SnSe nanostructutbéasergy
gap of 1.41 and 0.98 eV respectively, it shows thatconductivity decreases due to removal of atfsora SnSe
nanostructures. When substituting Cd on SnSe nambstes, the resistivity increases due to incréas¢OMO —
LUMO gap. The energy gap of Cd substituted cube eagonal SnSe nanostructures is 2.01 and 0.61 eV
respectively. Similarly the energy gap of S subtid hexagonal SnSe nanostructure slightly inceetasa value of
0.61 eV. In contrast the energy gap of S substitatigbe SnSe nanostructures decreases to 0.57 aeHie
conductivity increases due to substitution of sufn cube SnSe nanostructures but not in the chbkexagonal
SnSe nanostructures. Table 2 shows the visualizatictHOMO — LUMO gap and density of states (DO®)tHis
work, the energy gap values are observed in thgerfnom 0.56 — 2.01 eV. It reveals that the SnSwstaucture is

a semiconductor with low energy gap value whichajplicable to different optoelectronics applicatidrhe
localization of charges is observed in LUMO levdiieh is inferred from more number of peaks in \attorbital.

The substitution impurities modify the density tdtes in SnSe nanostructures.
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Table 2. HOMO-LUMO gap and density of states of Sn&nanostructures
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3.2. lonization potential, Electron affinity, chemtal potential and chemical hardness of SnSe nanostitures
Electron affinity (EA) and lonization potential (IPare used to describe the electronic propertiesSio$e
nanostructures [23]. Figure 2 denotes the graphamlesentation of EA and IP of SnSe nanostructuRess the
energy required to remove electron from SnSe namtstes and EA refers the change in the energyaladdition
of electron in SnSe nanostructures. There is nathnvariation observed in IP and the values aréénrange from
4.26 — 4.95 eV. However, the hexagonal SnSe naratgte has low IP value rather than pure form oB&n
nanostructure. In contrast, substitution of Cd &hdn hexagonal SnSe nanostructures results in &uevof IP.
Electron affinity plays a vital role in chemicalns®rs and Plasma Physics. Different trends arerad$eén EA of

SnSe nanostructures. Cd substituted SnSe nanas#@sidias low value of EA, 2.94 eV for cube

and RE5for

hexagonal structure. Hence less energy is relesedo addition of electron in Cd substituted Sn&eostructures.

The remaining SnSe nanostructures release morgyewith the addition of electron.
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Figure 2. IP and EA of SnSe nanostructures
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SnSe NANOSTRUCTURES

CH and CP is also a key factor to define structatability of SnSe nanostructures [24]. The CH @il can be
calculated ag = (IP-EA)/2 andu = — (IP+EA)/2 respectively. Almost same trends are obsergeP in the range
from -3.95 to 4.6 eV. Chemical potential is nothimgt a partial molar free energy. It is a form otential energy
that is released or absorbed during the chemieation. It also referred as electronegativity. Themical hardness
is the negative value of electronegativity. The @+bnSe nanostructures is relatively low in thegeaof 0.23 to 1.0
ev.

Table 3. Chemical potential and chemical hardness &nSe nanostructures

Chemical potential | Chemical hardness
Nanostructures u (eV) 1 (eV)
Pure cube SnSe -4 0.33
Pure hexagonal SnSe -4.61 0.23
defect cube SnSe -4.11 0.7
defect hexagonal SnSe -4.27 0.49
Cd substituted cube SnSe -3.94 1
Cd substituted hexagonal Sn$e -3.95 0.3
S substituted cube SnSe -4.04 0.28
S substituted hexagonal SnS¢ -4.59 0.28

3.3. Vibrational analysis of CaSe nanostructures
Vibrational studies are used to deliberate theilgétabf SnSe nanostructures. All the possible Sm&nostructures
are more stable since there is no imaginary frecquebserved as represented in Table 4 [25, 26].
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Table 4: Vibrational Frequency and IR intensity of SnSe nanostructures

Frequenc IR intensi

Nanostructures (gm'l) Y (km/mol e?/
Pure cube SnSe 469.53 411.p3 5542 37
Pure hexagonal SnSe 469.53 471{49 37|38 35.9
defect cube SnSe 419.41 249.84 3238 30.83
defect hexagonal SnSe 273.08 487|162 27|61 11.46
Cd substituted cube SnSe 483.[l7 54371 101.37 45.62
Cd substituted hexagonal Snfe 468|144 476.15 51.86.11
S substituted cube SnSe 486.p7 500.04 6401 48.08
S substituted hexagonal SnS¢ 475|199 501.01 43.62.183

Figure 3 (a). Pure cube SnSe nanostructure
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Figure 3 (c). defect cube SnSe nanostructure
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Figure 3 (d). defect hexagonal SnSe nanostructure
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Figure 3 (f). Cd substituted hexagonal SnSe nanositcture
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Figure 3 (g). S substituted cube SnSe nanostructure
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Figure 3 (h). S substituted hexagonal SnSe nanostiure
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The pure cube SnSe nanostructure has the vibrafi@mmiency at 469.53 and 411.03 tmith corresponding IR
intensity of 55.42 and 37 km/mole. Pure hexagomeeSnanostructures have prominent vibrational faqy at
469.53 and 471.49 chwith IR intensity of 37.38 and 35.9 km/mole respasty. The prominent IR intensity of Cd
substituted cube SnSe nanostructure is 101.37 a6® «m/mole along with vibrational frequency aB4% and
543.71 crit respectively. Similarly, Cd substituted hexagonaS8 nanostructure has the vibrational frequency at
468.44 and 476.15 chand corresponds to IR intensity of 51.86 and 2%&rimole. The S substituted cube SnSe
nanostructure has vibrational frequency at 486:18¥ 300.04 cm with IR intensity of 64.01 and 48.08 km/mole
respectively. The IR intensity of S substituted dgonal SnSe nanostructure is 43.62 and 37.18 kra/mvith
related vibrational frequency at 475.99 and 50t®i. Defect cube SnSe nanostructure has vibratiorgufncy

at 419.61 and 249.84 chalong with prominent IR intensity of 32.38 and @ km/mole. Finally the vibrational
frequency of defect hexagonal SnSe nanostructi22308 and 487.62 chand associated IR intensity recorded at
27.61 and 11.46 km/mole. In all possible SnSe rnamctsire, molecular stretching vibrational modeobserved.
The vibrational spectrum of SnSe nanostructuredllastrated in Figure 3(a) — 3(h).

CONCLUSION

DFT is utilized to study pure, defect structuredmé&m and sulfur substituted cube & hexagonal SnSe
nanostructures and are successfully simulated WBBigrP/ LanL2DZ basis set. The structural stabilitfy SnSe
nanostructures are characterized by calculatedggrend vibrational studies. Point symmetry, dipotement,
chemical potential and chemical hardness of alkibds nanostructures of SnSe are reported. Eldctfmoperties

of SnSe nanostructures are discussed in termsnfaiion potential, HOMO — LUMO gap, density oftsts and
electron affinity. In the present work, the struefustability and electronic properties can be fiaeed with
substitution impurities and defect in the structufde electronic properties and structural stabibf SnSe
nanostructures can be improved which finds its @kimportance in optoelectronic applications.
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