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Using an integrated physical-chemical approach, nanocrystalline cadmium sulfide (CdS) thin films
were prepared by evaporating chemically synthesized CdS nanorods. Both the CdS nanorods
and nanocrystalline thin films exhibited hexagonal wurtzite structure. Chemically synthesized CdS
nanorods of about 7 nm average diameter were flexible, frequently folded to have elliptical cage
linked chain structures and aggregate to form nanorod ‘bundles. The bandgap energy of the
nanocrystalline CdS films suffered a blue shift of about 0:07 eV due to intermediate quantum con-
finement of charge carriers. The reaction atmosphere-was found to have strong effects on the
particle size control of the nanostructures: Room temperature photoluminescence (PL) spectra of
the films revealed a broad emission at about 429 nm related to recombination of excitons and shal-
lowly trapped electron—hole pairs, along with the near-band-edge emission. Influence of particle
size and defects on the structural and optical properties of CdS nanorods and nanocrystalline thin
films are discussed.
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1. INTRODUCTION reported by several groups.®® Synthesis of nanostructured
thin films is a challenging task in recent years and this
is overcome by preparing the nanomaterials by conven-
tional chemical routes which are easy to scale up and
subsequently depositing by physical methods.”!! Lim-

" ited reports are available for synthesizing nanostructured
CdS thin films by vacuum evaporation. This paper reports
the preparation of nanocrytalline CdS thin films by inte-
grated physical and chemical approach, and demonstrates
the dependence of particle size and defects on the struc-
tural and optical properties of CdS nanocrystalline thin
films.

Semiconductor nanocrystalline thin films have attracted
much attention in recent years in both fundamental
research and technological applications, because of their
tunable size dependent electronic and optical properties. !
For the past few decades, the synthesis of low-dimensional
semiconductor materials with controlled morphologies like
quantum dot, nanorod, nanowire, etc. have been moti-
vated by their efficient applications in optoelectronics,
biotechnology, catalysis, etc.' Cadmium sulfide (CdS)
nanostructures have been found to play an important
role in optoelectronic devices such as laser light-emitting
diodes.* Different techniques have been employed to
synthesize nanostrucutres, which include surfactant or
template assisted,® vapor-liquid-solid (VLS),® colloidal
micellar,” and electrochemical process. Among them,

2. EXPERIMENTAL DETAILS
2.1. Synthesis of CdS Nanorods

the surfactant-assisted synthesis provides a good con-
trol over the synthesis parameters at ambient conditions.
The non-ionic surfactant Triton 100-X (Polyoxyethylene
tert-octylphenyl ether) is one of the suitable candidates
among the surfactant family for CdS nanorod synthesis
in controlled manner. Synthesis of CdS nanorods and
nanowires using Triton 100-X as surfactant have been
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The CdS nanorods were synthesized by organometallic-
surfactant assisted method. In a typical synthesis of
nanorods, a suspension consisting of cadmium oxide
(CdO, 50 mmol) in 20 ml of Triton 100-X (~24 mmol)
was prepared. Aqueous solution of thioacetamide in basic
medium was added drop by drop to the above suspen-
sion under constant stirring at 60 °C in argon atmo-
sphere. The resulting mixture was refluxed for 12 hours
and left overnight. A possible reaction mechanism, similar
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to the one proposed by Zhu et al.,'? in synthesizing CdS
nanoparticles, is given below:

CH,CSNH, + H,0 — CH,(NH,)C(OH)-SH (1)
CH,(NH,)C(OH)-SH + H,0
— CH,(NH,)C(OH), — H,0
— CH,(NH,)C(OH), +H,S )
CH,(NH,)C(OH), — CH4(NH,)C =0+H,0  (3)

Triton—X—100
—

H,S + CdCl, + (CAS+2HCI  (4)

refluxed—at—60 °

Equation (1) represents that the H,O reacts with
CH;CSNH, to form CH;(NH,)C(OH)-SH by reflux-
ing at 60 °C. Repeating this process results in the
formation of CH;(NH,)C(OH), and H,S. Subsequently,
CH,;(NH,)C(OH), looses water to form CH;CONH,
(Eq. (3)). Further, the generated H,S reacts with-CdCl, to
form CdS particles, whose surfaces are modified by, the
surfactant (Triton X 100). In order to remove the surfac-
tant, the product was washed repeatedly with'cyclohexane
and diethyl ether and then dried.

2.2. Preparation of CdS Nanocrystalline Thin Films

CdS nanorods obtained by surfactant-assisted method were
thermally evaporated on to pre-cleaned glass substrate
using 12" HindHivac vacuum coater. Films were deposited
at a constant rate of evaporation (0.3 A/Sec) under a pres-
sure of 1075 Torr. The substrates were rotated by a rotary
drive during the evaporation in order to obtain uniform
film thickness. A quartz crystal monitor was used to mon-
itor the thickness of the films. Thin films of about 630" A
were prepared. |

The structure of CdS nanorods and nanocrystalline thin
films was studied using a Bruker AXS D8 X-ray diffrac-
tometer with CuKa radiation (A = 1.5406 A). Surface
morphology and composition of the CdS nanorods were
studied by transmission electron microscopy (TEM) anal-
ysis using a JEOL JSM-6360 electron microscope, with
analytical system attached. The surface topography of the
films was examined by atomic force microscopy (AFM)
using a Nanoscope Illa (Digital instruments) operated in
tapping mode and oxide-etched pyramidal Si;N, probe
as tip. Optical absorption spectra were recorded for both
CdS nanorod and nanocrystalline thin films by a JASCO
V570 UV-Vis-NIR spectrophotometer. Raman spectra of
the CdS nanorod samples, synthesized at different reaction
atmospheres, were measured by a RENISHAW MICRO
RAMAN 1000 spectrometer using He—Ne (632.8 nm)
laser source at room temperature. Photoluminescence
emission in the wavelength range of 400-600 nm was
recorded for CdS nanocrystalline thin films using a 488 nm
line from an Ar* laser as the excitation source.
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3. RESULTS AND DISCUSSION
3.1. Effect of Particle Size

The XRD patterns of CdS nanorods and thin films are
shown in Figure 1. The observed reflections from CdS
nanorods such as (002), (110) and (112) planes confirm
the hexagonal wurtzite phase of CdS with lattice con-
stants close to the bulk (JCPDS-41-1049). Bulk CdS usu-
ally exhibits cubic phase at room temperature and rarely
exhibits the hexagonal phase.!'? However, in the present
work, the films prepared at room temperature exhibit
hexagonal phase similar to the results obtained by Oliva
et al.'>!* for their CdS thin films prepared by close space
sublimation (CSS) technique.

In our CdS films, higher intensity of the (002) peak
is due to a preferred orientation of crystallites along this
direction. The mean crystallite size D, of the nanorods and
films was calculated by the Scherrer formula:

KA
" Bcosf

®)

where K is the shape factor, A is the X-ray wavelength
and B is the full width at half maximum (FWHM) of the
diffraction peak on the 260 scale. The crystallite size of
the CdS nanorods and thin films is given in Table I. The
particle size of CdS nanorods and CdS thin films for pre-
dominant reflection peak (002) was calculated with Eq. (5)
giving 2.2 nm and 18.5 nm, respectively.

EDS analysis of the nanorods (Fig. 2) demonstrated that
the organic residues can be removed by several cycles
of washing. The product contained about 66 wt% of Cd,
16 wt% of S, 18 wt% of O, along with some impuri-

(ties like calcium, magnesium and chlorine. The presence

of oxygen in CdS nanorods may be due to the insuffi-
cient temperature of reaction during their synthesis utiliz-
ing CdO. The excess oxygen in the sample might remain
in the form of Cd—O or at the interstitial positions (as O")
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Fig. 1. XRD spectra of CdS: (a) nanorods and (b) nanocrystalline thin
film (630 A).
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Table I. Structural parameters of CdS nanorods and thin films.
Experimental value Standard value

CdS Grain

sample 20 d (A d (A) hkl size (nm)

Nanorods 27.3 3.264 3.359 002 22
44.4 2.038 2.070 110 59
52.7 1.735 1.762 112 4.6

Thin films 26.6 3.347 3.359 002 18.5
28.0 3.175 3.163 101 6.1
43.7 2.067 2.070 110 6.7
48.2 1.886 1.899 103 6.7
52.0 1.755 1.732 201 59

in CdS structure. Absence of any diffraction peak related
to CdO in the XRD spectrum of the sample clearly indi-
cated that the un-reacted oxygen species took interstitial
positions, and might have created sub-surface defects in
CdS nanorods.

Formation of rod shaped CdS nanostructures with
length in between 8 and 12 nm were observed from
the transmission electron microscopy TEM, (Fig. 3(a)).
The small dimensions and high surface energy of the
nanorods led them to aggregate and form nanorod bun-
dles. From the TEM micrograph we observe that most of
the nanorods had elliptical cage linked chain structures,
generally observed in MoS, nanotubes produced by tem-
plate method."> Such cage linked chain or folded structures
depict the flexibility of the nanostructures. Figure 3(b)
shows the electron diffraction pattern of an area contain-
ing several nanorods, revealing a set of rings and spots
due to the random orientation of the nanorods. The rings
correspond to the identified (002), (110) and (102) planes
of hexagonal CdS phase, which is in agreement with the
XRD results. .

Figures 4(a—b) shows the two-dimensional atomic force

|

microscopy images of nanocrystalline CdS thin film '

(630 A) for two different scan areas, namely: 2| wim X
2 pum and 5 um x 5 um. The AFM micrographs revealed
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Fig. 2. A typical EDS spectrum of CdS nanorods.
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(b)

Fig. 3. Typical (a) TEM image and (b) electron diffraction pattern of
CdS nanorods.

the presence of densely packed nanoparticles on the film
surface. From the Figures 4(a and b) the sizes of the
grains have been estimated by using Nanoscope instru-
mental software. The sizes of the grains varied in between
50-100inm. Moreover, the surface of the films seems to be
rough and the root-mean square (rms) surface roughness
(R,) was found to be about 5.39 nm over an 1 um? area.
The grain size estimated from the AFM analysis is much
higher than the value estimated from the XRD analysis.
This discrepancy is due to the fact that the AFM analysis
gives values at the scale of surface microstructure whereas
the XRD analysis is considered to be volume effect.'®

The optical absorption spectra of the CdS nanorods
and nanocrystalline thin films are shown in the
Figures 5(a) and (b), respectively. Excitonic absorption
peak for the nanorods and thin films are detected at about
407 nm and 468 nm, respectively, whereas the CdS bulk
excitonic absorption band appears at ~515 nm. Such a
blue shift of excitonic absorption band can be attributed
to the small crystallite size of the samples, and hence the
result of quantization effect.

As CdS is a direct band gap semiconductor, its band
gap energy can be estimated by means of the (ahv)?
versus photon energy (hv) plot as shown in the inset of
Figure 5(b). The band gap was estimated by extrapolating
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Fig. 4. AFM images of nanocrystalline CdS thin film (630 A) for dif-
ferent magnification. (a) Two-dimensional micrograph for 5 x 5 wm? scan
area; (b) two-dimensional micrograph for 2 x 2 um? scan area.

the linear portion to the energy axis, and was found to be
2.49 eV (£0.01). The observed bandgap value was slightly
higher than its value for bulk CdS (2.42 eV). The observed
blue shift of 0.07 eV was due to the quantum confine-
ment effect in CdS films. Similar observations have been
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reported by Lee et al.'” and Yu et al.'® on solution ‘gfown' ' |Fig. 5., Optical absorption spectrum of (a) CdS nanorod (b) CdS

CdS nanocrystallites. =

3.2. Effect of Reaction Atmosphere

The influence of reaction atmosphere on the particle size
and structure of the nanorods were studied by Raman spec-
troscopy. CdS nanorods were prepared in argon and air
atmospheres and their average particle sizes were esti-
mated by the Scherrer formula giving 7 nm and 23 nm,
respectively.

Figure 6(a) shows the Raman spectra of CdS nanorods
synthesized at different atmospheres. Intensities of the fun-
damental and first overtone of the LO phonons were used
for qualitative understanding of electron—phonon inter-
action in small particles. Raman spectrum of the CdS
nanorods prepared in air ambient displayed a single fun-
damental band at about 293 cm~! (1LO) and its two
overtones at about 585 c¢cm~! (2LO) and ~928 cm™!
(3LO). It was observed that the Raman spectrum contained
overtones of weaker intensities than the fundamental,'®
which is in good agreement with the earlier reports
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nanocrystalline thin films (630 A) [Inset: A plot of (ahv)? vs. photon
energy (}’V)].

3 M

made by Rajalakshmi et al.?’ and Zhang et al.?! for CdS
nanoparticles. A substantial frequency shift (~12 cm™!)
for the 1LO phonon (293 cm™!) from CdS bulk??* of
about 305 cm~! was observed for our CdS nanostructures
prepared both in air and argon ambient. The observed
Raman shift towards lower frequency might be due to
the electron—phonon interaction®® caused by the reduc-
tion of particle size. Figure 6(b) depicts a decrease in the
FWHM for the CdS nanorods synthesized in air atmo-
sphere (FWHM: 29.95+0.69 cm™!) as compared with the
nanorods prepared in argon atmosphere (FWHM: 76.52 +
2.24 cm™!), which clearly explains the influence of reac-
tion atmosphere during synthesis on particle size. As the
crystallite size reduces, there is a clear low-energy shift
and a broadening in the Raman scattering peak, which is
quite obvious with the description of phonon confinement.
Phonon confinement effects may cause the shift in the
asymmetrically broaden Raman peak (Fig. 6(b)) when the

J. Nanosci. Nanotechnol. 8, 6481—-6486, 2008
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Fig. 6. (a) Raman spectra of CdS nanorods synthesized in argon and

air atmospheres. (b) 1LO phonon mode of CdS nanorods prepared in
different atmospheres.

crystallite size decreases.”*? The decrease of the~inten-
sity of the overtones (2LO and 3LO) occurs because_of
the energy of the direct inter-band transition (band gap)
moving away from the exciting phonon energy.?® Hence,
we concluded that the down-frequency shift and the peak
broadening of the Raman spectrum were the results of the
quantum confinement or size effects in CdS. From our
results, it seems that the argon atmosphere restricted grain
growth of the nanorod below some critical size.

3.3. Defect Characterization

The presence of the defects in CdS nanocrystalline thin
films were investigated by photoluminescence (PL) spec-
troscopy. The room temperature PL spectrum of the CdS
nanocrystalline thin film is shown in Figure 7. The PL
spectrum shows two emission bands around 429 nm
(2.9 eV) and 510 nm (2.43 eV). The weak emission at
429 nm arose from the recombination of excitons and shal-
lowly trapped electron-hole pairs,?” which might be due to
the presence of untreacted oxygen species as observed in

J. Nanosci. Nanotechnol. 8, 6481-6486, 2008
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Fig. 7. PL spectrum of the CdS nanorods at room temperature (A,, =
488 nm).

the EDS spectrum. The strong emission around 510 nm is
in good agreement with the band gap energy of bulk CdS
(2.42 €V)).”2 This could be assigned to the near-band-edge
emission of intrinsic nature.

4. CONCLUSIONS

The cadmium sulfide nanorods (~7 nm diameter) were
successfully synthesized by organometallic surfactant
assisted method. Nanocrystalline thin films were pre-
pared by thermal evaporation of chemically synthesized
CdS nanorods. Both the CdS nanorods and CdS thin
films exhibit hexagonal phase (Greenockite). Presence of
oxygen in our as-grown CdS thin films detected by EDS
technique indicates that a further heat treatment of the
as-grown CdS nanorods or a higher temperature of reac-
tion is 'necessary to attain the ideal stoichiometry. The
marphology and particle size affect the optical proper-
ties of the CdS thin films. Due to small particle size, an
intermediate quantum confinement of charge carriers was
observed in our nanocrystalline CdS thin films. The reac-
tion atmosphere was found to have strong effects on the
particle size control of the nanostructures. Observed down-
frequency shift and the peak broadening of the Raman
spectrum confirm the quantum confinement effect in CdS
nanorods. PL spectra of the CdS nanorods reveal the near
band edge emission and the surface recombination defects
in them.
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