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ABSTRACT

A DFT study of the stability, structural, electronic and vibrational properties has been performed for different
gallium sulfide nanoclusters Ga,S, (x + y = 2 - 5). A B3LYP/6-311G(3df) method is employed to optimize the
geometries The binding energies (BE), final binding energy (FBE), HOMO-LUMO gaps and the bond lengths have
been obtained for all the clusters. For a fixed value of n, we designate the most stable structure the one, which has
maximum final binding energy per atom. The binding energy, band gap, dipole moments, vibrational frequencies
and infrared intensities have been investigated for the most stable structures. First time any theoretical studies on

gallium sulphide clusters are going to be presented. The growth of these most stable structures should be possiblein
experiments.
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INTRODUCTION

A nanocluster is an intermediate phase betweemtbiecule and bulk, whose electronic and other pt@semay
be exotic [1, 2]. In nanoclusters, the surface &weslume ratio is quite high as compared to thkk.bThe sizes of
the electronic devices have been reduced becaubkes @dvancement [3, 4Gallium is a Block P, Group 13, Period
4 elementGallium has been most widely used in the produatibsemi conducting compounds. Of these, the most
important are the compounds of gallium with antimaarsenic and phosphorous. Nowadays gallium ategi@a-
As) is undoubtedly the most important semiconductbis compound is used in the production of séwaegtronic
parts such as diodes and transistors used forgelectification, signal amplification, etc. Othgallium arsenide
applications are the semiconductor "lasing” androw@ve generation and also in sensors to measomgetature,
light or magnetic field [5]. Gallium sulfide is a@ntly of interest as a surface passivation mdtésiaGaAs [6-9]
and alkaline earth thiogallates, such as ceriumedopsGaSs which are promising materials for phosphor thin
films in electroluminescent displays [10-14]. Somerimental studies have been done on galliumhildpthat
shows thermal conductivity and mechanism of thim fformation [15, 16]. An understanding of the pilogs
properties of these clusters at the atomic levetduired for their possible applications in midem¢ronic devices.
Two primary factors cause nanomaterials to behaymificantly differently than bulk materials: suda effects
(causing smooth properties scaling due to the ifmacof atoms at the surface) and quantum effedtewng
discontinuous behavior due to quantum confineméets in materials with delocalized electrons)e$é factors
affect the chemical reactivity of materials as wagl their mechanical, optical, electric, and magngtoperties.
Chemical reactivity generally increases with desireg particle size, surface coatings and other fizadions can
have complicating effects, even reducing reactivitith decreasing particle size in some instances].[1
Measurements of the electrical conductivity andioghtabsorption coefficient were performed on tfilms of
gallium sulphide obtained by the evaporation okksihgle crystals onto unheated glass substratescadnductivity
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below 300 K varies exponentially with"4; indicating a variable range hopping in localiztdtes near the Fermi
level.

The dependence of the absorption coefficient onirtbilent photon energy shows that both direct edlirect

transitions take place in gallium sulphide film8J1Another theoretical study for the physical propestdf both the
surfaces and the bulk has been undertaken [19].eMerya study of the small size nanoclusters dfetsilfides is
still lacking.To the best of our knowledge no det@iDFT calculations have been performed on gallauiphide
nanoclusters so far.

2. Computational details

The theoretical methods used in this study weredas ab-initio methods within the density functibtheory [20]
approximation using the three-parameter hybrid ional B3LYP [21, 22] and 6-311G (3df) as the basss. We
use the triple split valance basis set, 6-311G wlogre employs three sizes of the contracted fumetmer orbital
type. The advantage of the split valance basissstat it allows the orbitals to change their simgthout making
any change in the shape of the orbitals. For oveirog this limitation, we use a polarizable basis6811G (3df)
by adding orbitals with the angular momentum beyatat is necessary for the description of the gdostate of
each atom. For S and Ga atoms we add three d dmscéind one f function, respectively. All calcudas were
performed using the Gaussian 09 software packeje [2

RESULTS AND DISCUSSION

3.1 Stability of structures
Different types of structures including the lineehmains, rings, planer and three-dimensional one& heeen
investigated.

In order to have stability of nanocluster, we defthe binding energy of the nanocluster. We subtitzae total
energy of a nanocluster from the sum of the ensrgiall the isolated atoms present in the nantetiend divide
the resultant quantity by the number of atoms. Vdme this as the binding energy (BE) per atom. Faroae
precise calculation, we have calculated the harmeitirational frequencies and the corresponding zawint
energy (ZPE) has been subtracted from the eawileulated BE value to obtain the final binding eyye(FBE) =
BE - ZPE.

Among all the complexes pertaining to a specifieralcal formula (isomers) G&,, the configuration possessing
the maximum value of BE is named as the most s&thleture.
All the possible structures are given in figure 1.

For the isolated two atoms,$5aS, and Geclusters, the bond lengths are 1.90, 2.09, ar@ 2, Fespectively. The
calculated value 1.98 of S-S bond length is in excellent agreement with experimental value of 1.89 [24].
The calculated value 2.99 of Ga—Ga bond length is nearly same for bulk nigtef GaS with the other theoretical
value of 2.44A in the literature [19], but it is not necessary &n-Ga bond length in a Ga2 cluster same asbitilix
materials..One may expect the minimum energieshfose complexes which contain the maximum numbehef
S-S bonds followed by Ga—S and Ga—Ga bonds.

We now discuss each nanocluster individually below:

For GaS, The ground state nanocluster of GaS st Fig. 1. The calculated FBE is 2.69 eV. Oumepaoted
value for Ga—S bond length of 2.09 A is slightlwkr as reported by Machado- Charry et-al [19].

Ga,S (x+y=3)

We have built different structures for x + y = 3utf these structures we are discussing onlye&tvetable
structures for G& and Gagclusters.

For GaS, We have considered the one linear, one benddridngular configuration as shown in Fig. 1. Amgon
them, the triangular configuratiq®aS b) is most stable having&ymmetry and the calculated FBE is 2.95 eV.
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For the triangular configuration, the calculated-Saand Ga-Ga bond lengths are 22@nd 3.99A as given in
Table 2. Due to the lower bond length of Ga-S borde preferable than Ga-Ga.

For Ga$, We have considered the one linear, one bend aridrgular configuration as shown in Fig. 1. Among
them, the linear configuration (Gg$s most stable having,Gsymmetry and the calculated FBE is 3.29 eV. Fer th
linear Ga-S-Ga structure, the calculated Ga—S bergth is 2.07A as given in Table 2.

Ga,S (x+y=4)

(GaS Ga2s GaZSa Ga2S b
o9 j. » ﬁ\, >0
Gas2 GaS2a Ga$2 b G;S2

\ i
Gf J Ga3ds I)\
a2S2a Ga3Sa
Ga252b
P e /
Gasd Gas3a 323 b
N e,
J{“ Q- 9 S I P &
Gad4Sa Gad4Sb GaS4

. 4@\) PR T / ;
J_,

GaS4 a GaS4 b Ga2S3 Ga283 a
f\ i /‘ 9 d\
=l o Dy,

(a283 b Ga352 Ga3S2a (Ga3s2b

Fig-1 All the possible structures of Gallium Sulphide clusters
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We have built different structures for x + y = 4utf these structures we are discussing onlyegivstable
structures for G&,, GaS and Gagclusters.

For GaS,, We have studied four linear chains (GaGaSS, GaS8aSGaS and SGaGasS), a square and a zigzag
structure as depicted in Fig. 1. Among them, theasgjgeometry (G&; a) is most stable havingsymmetry with

FBE of 3.31 eV. The computed Zn—S bond length 26 A, which is nearer to the value reported by Machado-
Charry et-al [19].

For GaS, We have considered the three different geonsetiselinear chain, rhombus and a trigonal as shiawn
Fig. 1. All the geometries have very low FBE witispect to other configurations. Among them trigayedmetry
(G&S a) is most stable one with FBE of 2.34 eV haviagymmetry .The calculated values of Ga—Ga and Ga-S
bond lengths are presented in Table 2.

For Gag, We have considered the three different geomeasebnear chain, rhombus and a trigonal as shown i
Fig. 1. Among them rhombus geometry (Ga¥is most stable one with FBE of 3.50 eV havings@nmetry .The
calculated values of S-S and Ga-S bond lengthgrasented in Table 2.

GasS, (x+y=5)

We have built different structures for x + y = 5utf these structures we are discussing onlyestvstable
structures for G&, Gag, GaSsand GaS, clusters.

For GaS, We have investigated different geometries narhety linear chains (GaGaGaSGa and GaGaSGaGa),
rhombus and trapezoid as shown in Fig. 1. Outefithtrapezoid geometry is considered as most stavieg FBE

of 3.71 eV having €symmetry. The calculated values of Ga-Ga and G+l lengths are presented in Table 2.
For Gag, Different geometries are considered as shown o Fi Among them, the pentagonal geometry is
considered as most stable having FBE of 3.69 eVinga€, symmetry. The computed values of different bond
lengths are presented in Table 2. For$aWe have studied different configurations as depidn Fig. 1. The
pentagonal geometry is most stable with FBE of &¥thaving G symmetry. The calculated values of Ga—S and
S-S bond lengths are 2.35 and 2M4 respectively. For G8,, Different structures as shown in Fig.ate
investigated. The triangular bipyramidal geometayihg FBE of 2.99 eV is found as most stable hauihig
symmetry. Various predicted bond lengths are shiovifrable 2.

The variation of FBE with the nanocluster size (¥ = n) for the most stable configurations has beepicted in
Fig. 2. No experimental data is available for corigmn.

Table 1 Symmetry, binding energy per atom (BE), Zey point energy (ZPE), Final binding energy (FBE) ad
HOMO-LUMO gap for all the stable configurations of Ga,S, (x + y = 2 to 5) nanoclusters

Nanocluster | Symmetry | BE (eV.) | ZPE (eV.)| FBE (eV)| HOMO-LUMO Gap
GaS Cv 2.72 0.03 2.69 a=5.61
p=3.34
GaS b Gy 2.99 0.04 2.95 2.02
Gas Cov 3.35 0.06 3.29 a=7.20
p=1.63
GeS @ Con 3.4C 0.0¢ 3.31 3.14
GaS a G 2.38 0.04 2.34 a=2.55
p=2.51
GaSb G 3.60 0.10 3.50 a=2.71
p=2.61
GaS G 3.78 0.07 3.71 244
GaSa G 3.82 0.13 3.69 0a=2.41
p=1.24
GaS: a Cs 3.52 0.12 3.40 1.28
GaS; b (o} 3.08 0.09 2.99 0=3.16
p=1.49

The final binding energy (FBE) = BE - zero point energy (ZPE).
a,  are two types to denote band gap in indirect semiconductors.
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Table 2 Bond lengths (A) for all the most stable adigurations of Ga,S, (x +y = 2 to 5) nanoclusters

3.2 Electronic structure, Thermodynamic propertiesand charge on atoms

Nanoclusters | Bonds| Bond length(A%)
GaS Ga-S 2.09
GaSh Ga-S 2.29
Ga-Ge 3.9¢
Gas, Ge-S 2.07
GaS a Ga-S 2.26
GaS a Ga-S 2.48
Ga-Ga 3.20
Gashb Ga-S 2.67
S-S 2.74
GasS Ga-S 2.48
Ga-Ga 3.00
GaSa Ga-S 2.50
S-S 2.07
GaS:a Ga-S 2.35
S-S 2.04
GaS b Ga-S 2.63
Ga-Ga 3.32

The computed HOMO-LUMO gaps for all the studiedistures are included in Tableahd their variation with the
cluster size (x + y = n) for the most stable comfegions has been depicted in Fig. 3. The HOMO-LUNHD first
increases up to n = 3 and then decreases ¥@r with nanocluster size. Experimental data is natlable for
comparison. Cluster G& a is most reactive them all because it has lofrestier orbital band gap ie. 1.28 eV. The
charge on atoms of the most stable geometries b ,Gamnoclusters and their dipole moments are predente

Table 3.
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Fig. 2- variation of FBE with nanocluster size
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Fig. 3- variation of HOMO-LUMO gap with nanocluster size

Table 3 Charge on atoms of the most stable configations of GaS, (x +y = 2 to 5) nanoclusters and their
dipole moment (in Debye units)

Nano clusters Charges on atoms Dipole moment(D)
[of1 92 [OF] o] Js

GaS 0.346| -0.346 - - - 3.43
GaS b -0.539 0.269 0.269 - - 1.59

GaS 0.429 | -0.214| -0.214 - - 0.00
GaS a 0.313| -0.313] -0.31 0.313 0.00
GaS a 0.170 0.173 0.173 -0.516 1.09
GaShb -0.033| 0.332| -0.144 -0.144 - 1.86

GaS 0.121 0.121 0.121 0.12)L -0.483 0.25
GaSa -0.204| 0.054 0.054 -0.204 0.3Q0 0.21
GeSsa 0.36% | -0.18¢ | -0.18¢ | -0.357 | -0.18¢ 0.5€
GesS: b -0.472 | -0.47% | 0.327 | 0.327 | 0.29] 0.2£

3.3 Vibrational frequencies

The vibrational frequencies are calculated using\836-311G (3df) method for the most stable nansielts. We
have also calculated infrared intensities (IR inthe above calculated physical quantities forttadl most stable
nanoclusters are presented in Table 4. The aboysqalh properties have not been studied by anyratioeker. We

discuss the above properties of each nanocluskawbe

For GaS, We obtain the stretching mode frequeneéfcm® which is IR active. No experimental data is avaia
for comparison.

For GaS b, Triangular GaSGa structure, the calculategligacies are 372, 283, and 48'cifihe highest frequency
of 372 cm' corresponds to the breathing vibration is IR actiVhe frequency of 283 ¢hand 48 crit arises from
the bending motion.

For Ga$, for the symmetric linear SGasS structure, thewated frequencies are 45408, 116, and 104 ¢l The
highest frequency of 457 ¢htorresponds to the Ga—S stretching vibration. fiéguency of 408 ctharises from
the breathing motion of the two outer S atoms. [Bleest frequency modes are due to bending vibration

For Ga$ b, rhombus SSSGa structure, the calculated freesare 114, 16211,229,458,531 cm'. The highest
frequency of 531 cth corresponds to the S-S stretching vibration. Teguency of 162 cth arises from the
bending motion of whole cluster.
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For GaS a, the trigonal G& structure has six vibrational frequencies inHile low laying frequencies (382,78
cm?) originate from Ga—Ga bonds and the high frequen€i50,154,307 cnt') arise from Ga—S bonds.

For Ga$; a, the square structure have six frequencies tWaeigh frequencies of 394 and 293 toorrespond to
the stretching frequencies of Ga—S bonds. The lbares$ highest frequencies are IR active.

For GaS, trapezoid structure has 9 frequencies. The &ymg frequencies (580, 61, 62,95 cm?) originate from
Ga—Ga bonds and the high frequencies (256,271,272 cn') arise from Ga—S bonds.

GaS a, pentagonal structure has 9 frequencies. Theshigequencies of 429, 500, and 518cappear due to the
stretching vibrations of S atoms close to the Ganat

For Ga$; a, pentagonal structure has 9 frequencies. Theshigbquencies of 32880 and 515 cthappear due to
the stretching vibrations of S atoms close to theat@ms.

For GaS, b, triangular bipyramidal structure has 9 frequesciThe higher frequencies of 356 and 347 appear
due to the stretching vibrations of S atoms clasthe Ga atoms. The lower frequencies of B% and146 cm'
appear due to the twisting vibrations of whole ®us

Table 4 The calculated vibrational frequencies (CM), Infrared intensities (IR Int. in km mol ™) of the most
stable configurations of GaS, (x + y = 2 to 5) nanoclusters

Nanoclusters | Properties Values
GaS Frequencieg 436
IR intensitie: | 16.3¢€
GaSh Frequencies 48, 283372
IR intensities| 0.33,18.74,278.23
Gas Frequencies| 104,116,408,457
IR intensities| 8.27,6.79,0.00,158.05
GaS; a Frequencies| 97, 142, 202, 293, 39394
IR intensities| 10.77,6.99, 0.00, 0.00, 0.088.78
GaS a Frequencies 30,32,78,150,154,307
IR intensities| 0.26,0.38,1.16,10.79,10.47,42.57
GaShb Frequencies| 114,162211,229,458,531
IR intensities| 3.43,5.46,30.93,10.48,0.80,1.93
GaS Frequencies| 59,60,61, 62,95,116,259,271,272
IR intensitie: | 0.38 0.38 0.00 0.03 0.00 0.00 12.23 69.11 69.1:
GaSa Frequencies| 66, 73, 165, 182, 215, 299, 429, 500, 518
IR intensities| 0.00, 2.02, 14.57, 0.01, 23.77, 0.58, 1.26, 58248
GaS;a Frequencies| 24,106,117,157,262,273,325,380,515
IR intensities| 14.53,3.61,0.00,0.00,0.02,9.21,1.32,36.12,1.21
GaS:b Frequencies| 72,82,106,146,148,167,216,347,356
IR intensities| 0.00,0.00,2.90,12.46,50.20,1.92,38.78,34.56,5.39

CONCLUSION

The present study establishes the occurrence ahtst stable configurations of the various GaS oksters. For
GaS, nanoclusters, we have predicted the bond lengihsging energies, HOMOLUMO gaps, charge on atoms,
dipole moments, vibrational frequencies, and IRernsities, which need to be verified experimentaNo
experimental data is available for comparison. FB&s of most stable clusters also increase witlthirgter size n
with the same number of Ga, e.g., GaS4>GaS3>GaSR>@aGa2S3a>Ga2S2>Ga2S. The HOMO-LUMO gap
first increases from n = 2 to 3 but decreases after3. Band gap shows the reactivity of clustBysknowing the
value of dipole moment we can conclude that thetehs having higher dipole moment can be treatea gsod
solvent. The study of the different vibrations bé tdifferent structures shows that the high vibral frequencies
arise from the stretching vibrations of the S—SdsorThe lower frequencies belong to either Ga—&dting or
bending vibrations. We find that although some otsteuctures have high BE’s but as their low fretpies are
imaginary, they may not be stable. The growth ethmost stable structures should be possiblepierements.
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