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BAND GAP OF CUBIC AND HEXAGONAL CDS QUANTUM DOTS-
EXPERIMENTAL AND THEORETICAL STUDIES
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CdS quantum dots of face centered cubic (fcc) aedadpnal close packd€Hcp)
structures were synthesized from sulphur sourceodfum sulphide and thioacetamide
respectively via microwave-hydrothermal method. H®yathesized quantum dots were
characterized using X-ray diffraction (XRD), trarisgion electron microscopy (TEM)
and UV-visible spectrophotometry. The average gplartize in the range 8.5 - 12.5 nm
increases with the increase of microwave exposaore from 10 to 40 min. Particles with
hcp structure are larger than those with the faectiire. The band gap in the range 2.54 -
2.65 eV decreases with the increase of microwape&xe time and the particles with the
hcp structure have larger band gap than thosettdtticc structure. The band gap of the
CdS quantum dots were also derived from time inddget Schrodinger equations for
CdS system and calculated using the density fumatitheory (DFT). There is good
agreement between the measured and calculateddagndalues. The results also reveal
that the band gap decreases with the increase ra€lpasize due to the quantum size
effects.
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1. Introduction

lI-IV binary compound semiconductors, including iwdwim sulfide (CdS) quantum dots
(QDs) have traditionally shown remarkable fundarakaptical and electrical properties. CdS is a
well-known direct band gap semiconductor havindghbmbcblende and wurtzite crystal structures.
In recent years, the progress of new synthesisadstintended for demonstrating quantum size
effects of nanoscale CdS has attracted consideedt#ation because of unique optoelectronic,
photochemical, and photocatalytic properties tha dramatically different from their bulk
counterparts [1]. CdS quantum dots exhibit unigue-ginable optical and electronic properties
such as band gap widening, change of electrochéputential of band edge, and enhancement of
photocatalytic activities with decreasing crystalkize[2-10]. These properties adue to a large
number of surface atoms and three-dimensional wemfent electrons [11-12Hence, the study
of the quantum confinement in this semiconductas baen a subject of intense reseaiide
increase of the band gap upon a decrease of pastizg is one of the characteristics which can be
observed by optical absorption spectroscopy. Updeaease of the particle radius, the onset of
the absorption shifts towards higher energy.

To compute a band gap of quantum dots theoretjciallg easier to calculate of optical
absorption energy of electronic transitions betwdhenvalence and conduction bands of quantum
dots. The transitions happen when incident phostiise the quantum dots and the valence band
electrons of Cd atoms absorbed photons and exiteidjher energy level of the conduction band
of S atoms. Since, the band gap energy of quantisigd dependent on particle size and lattice
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structure, to understand the transitions betweenethctronic states requires a quantum theory
treatment. An approach based on the density fumatitheory (DFT) should enable physicists to
simulate the electronic transitions for determinitige band gap of quantum dotSeveral
theoretical approaches have been proposed to cengbedtronic structure of quantum dots and
most of them are identical to the ones used toysatimims and molecules. Quantum dots based on
atomic structure have three-dimensional electraoicfinement of the energy level degeneracy,
orbital structure and spin correlation [13-17].

In view of the fact that breakthrough in nanosceeigcbecoming progressively dependent
on simulation and modeling, the present articldadicated to the measurement and computation
of optical band gaps of different size CdS quantois having the lattice structure of face
centered cubic (fcc) and hexagonal close packgu).(Microwave irradiation method was used to
synthesis CdS nanoparticles with different size difi@rent crystal structures. The size of CdS
nanoparticles was dictated by changing in microwianagiation time from 10 to 40 min and the
control over crystal structure of nanopatrticles waormed by changing in sulfur source. Sodium
sulphide (NaS) and thioacetamide {8:NS) were used as sulfur sources to obtain cubic and
hexagonal structure CdS nanoparticles, respectiy&8]. The experimental band gaps are
therefore compared with the theoretical band gaps.

2. Materials and methods
2.1 Experimental

The starting materials for the synthesis of CdSoparticles were cadmium chloride
(Acros Organics) as cadmium source, sodium sulpfRl&& M Chemical) and thioacetamide
(Sigma-Aldrich) as sulfur sources and distilled evaas solvent. All chemicals were analytical
grade products and used without further purifigatio

In a typical synthesis, 0.005 M of cadmium chlorétel 0.006 M of sulfur source (sodium
sulphide for fcc structure or thioacetamide for Bapicture) were added into 100-ml glass beakers
containing 20 ml of distilled water and stirred wB00 rpm for 30 min. The beakers were placed
in a high power microwave oven (1100 W) operatedgua pulse regime with 20% power for
different irradiation time from 10 to 40 min. Theepipitates were centrifuged (3500 rpm, 10 min)
and washed several times with distilled water absolte ethanol. The yellow products were
dried in air at 68C for 24 h under control environment. The prodwetse characterized by X-ray
diffraction (XRD) at a scanning rate of /fin in the ® range 20-70using a Philips X-ray
diffractometer (7602 EA Almelo) with Cudlradiation { = 0.1542 nm). The patrticle size and size
distribution were determined from the transmissaactron microscopy (TEM) micrographs
(HTACHI H-7100 TEM). The TEM characterization waarged out at 100 keV. The optical
properties of ZnS nanoparticles were characterizeidg UV-visible absorption spectroscopy
(UV-1650PC SHIMADZU).

2.2 Theoretical

The band gaps of the CdS quantum dots of diffeceydtal structures were calculated
according to our previous work [19]. The quantuntsdeere considered an isolated spherical
nanoparticle containingl atoms confined in a face-centered cubic structurén a hexagonal
lattice structure. When light strikes CdS nanopbatielectrons at the valence band state of Cd
absorbed photon energy and excited to the condubtaad state of S. The total functional energy
may take in the form:

Elp] = CKfp(r)5/3 dr +gf|V£E_glzdr + [ p(r) v(r)dr +%ff%drd7‘ - Cefp(r)4/3 dr
1)

The Euler equation (1) may be presented in ternfisradtional derivatives:
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5 2 Vp(r)|? v2p(r) (r) 4 1
ECkfp(r) /3dr+%[| pp(,;zl -2 pf()r)r]+v(r) +ezfﬁdr—§Cefp(r) /3 dr =pu (2)

wherer is the displacement coordinate of the electromsnfthe centre of a sphere and is
dependent on the quantum numbers| , ands. For a completely degenerate electron gas at
absolute zero temperatuge,is the Fermi energy, andr) = v,(ry) + v,(r,) is the summation
of nuclear potentials of each atomic element of@es. We found that the density of conduction
electrons (r) of an atom is a function of atomic numi#and absorptiom(r). Since bottp(r)
and g(r) are continuous functions, the transformationhaf tlensity functional enerdy to the
absorption functional enerdy [p] can be made by algebraically substituting thetede density
function with the absorption function in the Eulsagrangian equation (2). The absorption
function o(r) was derived in terms of the electronic dengify). Taking the wavelength of
electrons in the valence band to conduction bamukition asl and the absorption(r), the total
energy functional Euler-Lagrange equation can tiemvritten in terms of (1) as a function oft
with the boundary conditions, = 0 andoy = 0. For a numerical calculatiod,ando(1)may be
discretized intas; andA;, wherei = 0,1, 2, ..., N, andN is the number of atoms that made up the
QD size. The final Euler-Lagrange equation can kgressed in finite differences, and the
multivariable equation can be solved. For QDs, highly occupied state orbital electrons in the
valence band absorb photons and transit to theehighergies of unoccupied state orbital in the
conduction band. Hence, the coordinatef the electron is dependent on the principle guan
numbem , angular quantum numbkrand spin quantum number

3. Results and discussion

The formation of CdS nanoparticles can be obséyethanging in color of solution from
colorless to yellow and confirmed by powder X-rajrattion studies. Fig. 1 shows the XRD
patterns of CdS nanoparticles synthesized with usodsulphide and thioacetamide as sulfur
sources. In this figure the peaks observed in tR® Yatterns of CdS nanoparticles synrhesized in
sodium sulphide at®values of 26.4, 43.8, 51.9 and 71.2, matched giyferith the (111), (220),
(311) and (331) crystalline planes of the face eeat cubic structure of CdS (ICDD PDF 89-
0440) with the crystal lattice parameter of 5.8 @d the cell volume of 198.2°A For CdS
nanoparticles synthesized with thioacetamide, #akg observed in the XRD patterns @walues
of 24.8, 26.5, 28.2, 36.6, 43.7, 47.8, 51.8, 6hd 2.9 matching perfectly with the (100), (002),
(101), (102), (110), (103), (112), (203) and (264)stalline planes of the hexagonal structure of
CdS (ICDD PDF 77-2306) with the crystal lattice graeters of 4.1, 4.1 and 6.7 And the cell
volume of 99.4 A°,
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Fig. 1. XRD pattern of the CdS nanoparticles sysittesl with (a) sodium sulphide for cubic
structure and (b) thioacetamide for hexagonal stice.
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Fig. 2 and Fig. 3 show the TEM images and corredipgnsize distribution histograms of
CdS nanoparticles synthesized in 20 min irradiatime with sodium sulphide and thioacetamide,
respectively.The figures indicate that CdS nanoparticles prepawéh sodium sulphide are
spherical in shape with sizes froih to 15 nm that are agglomerated. CdS nanoparticles
synthesized with thioacetamide, on the other hamne,approximately monodispersed and have
slightly larger sizes, estimated to be 8 to 16 nm.
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Fig. 2. TEM images and particle size distributidnGalS nanoparticles synthesized using
sodium sulphide as sulfur source at 20 min irraidiattime.
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Fig. 3. TEM images and particle size distributidnGulS nanoparticles synthesized using
thioacetamide as sulfur source at 20 min irradiattime.
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Fig. 4 and Fig. 5 show the UV-Vis absorption speaf CdS nanoparticles prepared in
different irradiation times using sodium sulphichel ahioacetamide as sulfur sources, respectively.

The samples show a blue shift of the absorptiore estgnpared to bulk CdS which is clearly
explained by the quantum confinement effect.
4
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Fig. 4. UV-Visible spectra of CdS nanoparticlesthgsized using sodium sulphide as
sulfur source at (a) 10, (b) 20, (c) 30 and (d)4id nrradiation time.
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Fig. 5. UV-Visible spectra of CdS nanoparticlestegsized using thioacetamide as sulfur
source at (a) 15, (b) 20, (c) 25 and (d) 40 mimdfiation time.

The optical band gap of CdS nanoparticles can termdaed from the absorption spectra. In Tauc
region (high absorption region) the absorptionus tb interband transition among extended states
in both valence and conduction bands and the atisorpoefficient depends on optical band gap,
given by:

a(v) = K(hv — B)"7hv 3)

where E; represents the optical band g&pjs a constant, and n depends on the nature of the
transition which has values of 1/2, 3/2, 2, ancBdllowed direct transitions, forbidden direct
transitions, allowed indirect transitions, and fdden indirect transitions, respectively [20-21].
The energy of band gapEf can be evaluated from the UV-Vis spectra by pait
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d(Ln(ahv))/d(hv) versus lgv) which shows the discontinuity position assignedhie band gap

value (athv - E5 = 0) according to [22-23]:

d(Ln(ahv))/d(hv) =n/(hv - E,)

The d(Ln(ahv))/d(hv) versus Kv) plots of CdS nanoparticles prepared with sodium
sulphide and thioacetamide are shown in Fig. 6Fagd7, respectively. Although the figures show
peak instead discontinuity position which is du@to instrument limitation range over to measure
absorbance, but still the band gap energy can akiaed from the peak position. The values of

estimated energy band gaps are listed in Table. 1.
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Fig. 6. d(In¢ho))/d(fw) vs. v plots for the CdS nanopatrticles synthesized usatum
sulphide as sulfur source at different irradiatitme.
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Fig. 7. d(In@ho))/d(hw) vs. h plots for the CdS nanoparticles synthesized ufifgicetamide
as sulfur source at different irradiation time.
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Table. 1. Optical band gaps of CdS quantum dotsastd from the theory and experiment.

. : Band gap
Sample Sulfur Irradiation Particle size from Band gap
Structure . . from . from theory
No source time (min) experiment
TEM (nm) (eV) (eV)

1 NaS fcc 10 8.5 2.61 2.62
2 NaS fcc 20 10 2.58 2.58
3 NaS fcc 30 11 2.56 2.55
4 NaS fcc 40 12 2.54 2.53
5 TAA hcp 15 10 2.65 2.62
6 TAA hcp 20 11 2.64 2.60
7 TAA hcp 25 11.5 2.63 2.58
8 TAA hcp 40 12.5 2.62 2.57

*TAA: thioacetamide

The calculated absorption spectra were computederms of absorbance versus
wavelength for both fcc and hcp CdS quantum dotdifédrent particle sizes to determine the
optical band gaps and as listed in Table 1. Theoratien spectra display a red shift with
increasing particle diameter due to the quantum sftects. For fcc structure, the absorption peaks
of CdS QDs with particle size of 8.5, 10, 11, aizdnin appear at the visible bands of 4Z30,
486, and 490 nm which correspond to the band ga&h6df, 2.58, 2.55, and 2.53 eV respectively.
For hcp structure, the absorption peaks of CdS Widsparticle size of 10, 11, 11.5 and 12.5 nm
appear at the visible bands of 4436,480 and 482 nm which correspond to the band g&p6af
2.60, 2.58 and 2.57 eV, respectively.

4. Conclusions

CdS quantum dots with the particle size in the ea8%—12.5 nm have been synthesized
by microwave-hydrothermal method and resulted icefaentered cubic and hexagonal close
packedstructures from using sodium sulphide and thioaweta as sulphur source respectively.
The band gap in the range 2.54-2.65 eV decreaslkshgi increase of microwave exposure time
and the particles with hexagonal structure havgelaband gap than those particles with cubic
structure. The calculated band gaps derived fioma thdependent Schrodinger equations using
the DFT method were found to agree fairly well witie experimental results. By increasing
particle diameter from 8.5 to 12 nm for cubic stame of CdS quantum dots, a nonlinear red-shift
of the energy band gap was observed from 2.625® €V in theory and from 2.61 to 2.54 eV in
experimental results. Such red-shift of energy bgaya was also detected for hexagonal structure
of CdS quantum dots from 2.62 to 2.57 eV in theangd from 2.65 to 2.62eV in experimental
results when particle diameter increases from 1®2té nm.
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