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Hexagonal CdS round microparticles in flower-like clusters were synthesized by glycolthermal reactions
of CdCl, and thiourea as cadmium and sulphur sources in 1,2-propylene glycol (PG) at 100-200°C for
10-30h. Phase and morphology were detected using X-ray diffraction (XRD), and scanning and trans-
mission electron microscopy (SEM, TEM). The products were pure phase of hexagonal wurtzite CdS. The
quantitative elemental analysis of Cd:S ratio was detected using energy dispersive X-ray (EDX) analyzer.
Raman spectrometer revealed the presence of fundamental and overtone modes at 296 and 595 cm~!,
corresponding to the strong 1LO and weak 2LO modes, respectively. Photonic properties were investi-
gated using UV-visible and photoluminescence (PL) spectroscopy. They showed the same absorption at
493-498 nm, and emission at 431 nm due to the excitonic recombination process. A possible formation
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mechanism was also proposed, according to experimental results.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

CdS is one of the most interesting II-VI compounds due to
its potential use in solar cells, laser light-emitting diodes and
photoelectronic devices [1]. Generally, materials with different
morphologies have strong influence on their properties [2-4].
Among them are flower-like crystals[1,5,6], dendrites [7], nanorods
|8], nanoparticles [3,4,9], microspheres [10], and hexagons and tri-
angles [11]. Hence, controlling the shapes and sizes is still a major
challenge. There have been different methods used for synthesiz-
ing the sulphide, such as hydrothermal and solvothermal processes
[1,7,10,11], cyclic microwave radiation [5] and sonochemistry-
assisted microwave synthesis [2]. Some additives may be used
in the processes to function as surfactants, templates and others
[3,9,10].

Previously, glycols have been used as solvents for the synthe-
sis of well-dispersed particles by preventing the agglomeration
process [12,13]. Those with dielectric constant (relative permittiv-
ity) of more than 30 are good in dissolving inorganic compounds
[13]. Nucleation and growth of particles are able to proceed
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even at boiling points of the solvents [13]. Well-crystallized
products, initiated by the high temperature process, have the
influence on their properties. In general, polyols have low molec-
ular masses and can be removed with ease. They functioned
as weak stabilizers, which have the influences on the precipita-
tion process. It is quite simple and can be used for large-scale
synthesis. Comparing to water (heat capacity=76] mol~1 K1), 1,2-
propylene glycol (PG) or 1,2-propanediol (boiling point=187.6°C,
heat capacity=190.8] mol~1K-1) [14] is able to absorb more
heat and retain the liquid phase at higher temperature. There-
fore, PG was good choice for using as a solvent in the present
process.

Hydrothermal is a synthetic process in a tightly closed system at
high temperature and pressure, of which water is used as a solvent.
When other organic solvents are used in the system, solvothermal is
the preferential term. To specific focus on the use of 1,2-propylene
glycol as a solvent, the term glycolthermal was thus used. The
purpose of the present research is to glycolthermally synthesize
hexagonal CdS round microparticles in flower-like clusters in PG
without the use of any surfactants or additives. The effects of reac-
tion temperatures and lengths of time under glycolthermal process
on morphology and photoluminescence property of the products
were also studied in more detail.

2. Experiment

To synthesize hexagonal CdS microparticles, each 0.005mol of
CdCl, and thiourea (NH,CSNH;) was dissolved in 16ml 1,2-propylene
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Fig. 1. XRD spectra of the products synthesized at different temperatures and times.

glycol (PG) or 1,2-propanediol (C3HgO3) [14] under 30min stirring at room
temperature. Then the reactant solutions were filled in the lab-made Teflon-lined
stainless steel autoclaves. They were tightly closed, heated by an electric oven at
100-200°C for 10-30h, and left cool down to room temperature. Finally, orange
precipitates were synthesized, separated by filtration, washed with de-ionized
water and absolute ethanol, and dried at 70°C for 12 h.

The products were characterized using an X-ray diffractometer (XRD, SIEMENS
D500) operating at 20kV and 15 mA with K, line from a copper target, a scanning
electron microscope (SEM, JEOL JSM-6335F) equipped with an energy disper-
sive X-ray (EDX) analyzer operating at 15kV, a transmission electron microscope
(TEM, JEOL JEM-2010) and selected area electron diffractometer (SAED) operat-
ing at 200kV, a Raman spectrometer (T64000 HORIBA Jobin Yvon) with 50 mW
and 514.5 nm wavelength Ar green laser operating in the 200-800cm~! range, a
UV-visible spectrometer (Lambda 25 PerkinElmer) with a UV lamp of 1 nm reso-
lution, and a photoluminescence (PL) spectrometer (LS 50B PerkinElmer) with a
207 nm excitation wavelength (A.x) at room temperature.

3. Results and discussion

XRD spectra (Fig. 1) were indexed using Bragg's law for
diffraction and compared with those of the JCPDS software (ref-
erence code: 06-0314) [15]. They were specified as hexagonal CdS
(a=b # c,a=B=90° y=120°) with P63mc space group. The spec-
tra are very sharp showing that well-crystallized particles were
successfully synthesized [16,17]. No characteristic peaks of impu-
rities were detected showing that each of the products was pure
phase. XRD peaks were increased with the increase in the tem-
peratures and prolonged times. Atoms aligned in systematic and
symmetric order in the lattice, which resulted to higher XRD inten-
sities. In the present research, the temperatures played more role
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Fig. 2. Raman spectra of the products synthesized at different temperatures and
times.

in the intensities than the lengths of time did. Atoms were involved
in violent vibration during the 100-200°C and 10-30 h glycolther-
mal reactions. Their lattice parameters were calculated using the
equation of plane spacing for hexagonal crystal and Bragg’'s law
for diffraction [18]. They were a=b=0.4140 nm, c=0.6738 nm, very
close to those of the JCPDS software [15].

A definite existence of hexagonal wurtzite CdS material was
analyzed using a Raman spectrometer. The hexagonal wurtzite
structured CdS belongs to the space group of C%y. Accord-
ing to group theory calculation, the Raman active modes were
1A1 +1E; +2E; (E;M and E,1), and the 2B, modes were silent. For the
Aq branch, the phonon polarization was in the zdirection. But for the
doubly degenerate E; and E; branches, the phonon polarizations
were in the xy plane. The wurtzite structure is noncentrosymmet-
ric; therefore, both A; and E; modes split into longitudinal optical
(LO) and transverse optical (TO) components [19]. Raman spectra
of the as-synthesized CdS products are shown in Fig. 2. Two peaks
were detected at the same wavenumbers of 296 and 595 cm™!
although the products were synthesized at different temperatures
and lengths of time. These implied that the vibrations were inde-
pendent of the synthesized conditions. They were controlled by the
atomic masses of Cd and S, and their vibration constant. They are the
first and second longitudinal optical (LO) phonon modes. The strong
1LO and weak 2LO were specified as the fundamental and over-
tone modes [19,20]. Coupling of the 1s-1s state to the LO phonon
modes decreased with the decreasing of quantum crystallite size
[20]. Some defects can play roles in the spectra as well.
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Fig. 3. SEM images at low and high magnifications of CdS synthesized at (a and b) 100°C and (c and d) 200 °C for 10 h.

SEM images (Fig. 3) show that CdS products were composed of
a number of round microparticles in flower-like clusters. Hexago-
nal CdS unit cells were aggregated into a number of nanoparticles
composing round microparticles of which the sizes were lim-
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ited by vapor pressure inside the autoclaves. The prolonged times
(results not shown) did not play the significant role in the sizes
of clusters as the temperatures did. The clusters became larger at
higher temperature. At 200°C for 10h, the cluster was 10 wm in

Fig. 4. (a) TEM image, and (b and c) SAED and simulated patterns of CdS synthesized at 200°C for 10 h.
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diameter. Sometimes, the clusters were broken, caused by their
internal stress.

To synthesize CdS round microparticles in flower-like clusters
in the autoclaves at 100-200°C, CdCl, and thiourea (NH;CSNH,)
possibly formed Cd-thiourea complex in propylene glycol. The
complex was thermally decomposed and hexagonal CdS was syn-
thesized [21]. The hexagonal unit cells of CdS clustered together
to form a number of nanoparticles, composing round microparti-
cles. Growths in all directions were almost at the same rates to
synthesize round microparticles. Their sizes were limited to 1 um
diameter by the pressure inside the autoclaves. Formation and clus-
tering of microparticles simultaneously proceeded to form flowers.
Nucleation and growth of the particles can play roles in the product
morphology. Crystal growth of some preferred structure or plane
related to surface energy of the plane in the specified condition. The
plane with lower surface energy was dominant. It was described as
the shape selective surface absorption process [22]. Amount of the
starting agents in the solution also had the influence on particle
orientation which reflected nucleation and growth of crystals. Par-
ticle orientation was increased with the increase in the amount of
starting agents [23]. Apart from the above, crystal growth was influ-
enced by the precursor solubility in the particular solvent and test
temperature, having the influence on the morphology [22]. High
temperature played the role in the product morphology by enlarg-
ing the size of clusters. Polarities and boiling points of solvents [24],
pH values of the solutions and others can play roles in the shapes
and sizes due to the different rates of nucleation and growth. The
fundamental microparticles may contain some defects, due to the
growth rate, internal stress and others.

TEM image of CdS is shown in Fig. 4a. It was composed of a num-
ber of nanoparticles composing the microparticles in clusters. The
TEM and SEM results were in good accordance. Its SAED pattern
(Fig. 4b) characterized at a circle on the TEM image, appeared as
systematic array of bright spots. They aligned as hexagons around
the same center. These showed that a number of atoms aligned in
their normal lattice sites. The interpreted pattern [11,25] specified
as the (100), (110), and (0 10) planes, corresponding to CdS (hcp)
[15]. Calculated electron beam [11,25] was in the [00 1] direction.
It was the direction that electron beam was sent to the surface of
the crystal. A diffraction pattern (Fig. 4c) for hexagonal CdS with
a*, b* and c* reciprocal lattice vectors in the [100], [010] and
[001] directions, and electron beam in the [001] direction was
also simulated [26]. The simulated spots were in symmetric and
systematic order. Both simulated and interpreted patterns were in
good accordance, although some spots of the interpreted pattern
did not appear on the simulated one - as the following explanation.
To simulate the pattern, intensity and size of the spots (planes) were
mutually related. The stronger intensity was used, the larger size
was achieved. The intensity and size of the spots were limited by
a saturated intensity used for simulation. Thus the planes of the
JCPDS database with low intensity did not appear in the simulated
pattern. Diffusive concentric rings were also detected on the inter-
preted pattern. They were caused by the carbon grid on which the
product was put for the analysis.

The quantitative of Cd and S elements was analyzed by EDX
as shown in Fig. 5. The EDX spectrum revealed the presence of
three peaks at 3.13, 3.32 and 3.53 keV, corresponding to the Lg,
Lgy and Lg; lines of Cd atoms, respectively. The peak at 2.31keV
corresponded to Ky 7 line of S atoms. Cu from a Cu-C grid was also
detected at 8.04 (Kq1,2), 8.91 (Kg) and 0.93 (Ly ) keV, and C at 0.28
(Ka1,2) keV [27]. According to the EDX analysis, atomic ratio of Cd:S
was 49:51, very close to the composition of CdS (hcp).

The absorption of hexagonal CdS round microparticles in flower-
like clusters is shown in Fig. 6. The UV-visible spectra exhibited the
absorption at 493-498 nm (2.49-2.51 eV) - blue shift relative to the
bulk (515 nm), due to the quantum confinement effect [8,28,29].
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Fig. 5. EDX spectrum of CdS synthesized at 200 °C for 10 h.
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Fig. 6. UV-visible spectra of CdS synthesized at (a) 100°C for 10h, (b) 100°C for
30h, and (c) 200°C for 10 h.

Photoluminescence (PL) property was involved in crystal struc-
ture of the materials, doping elements, and impurities in most
cases or crystal defects. They were excited and taken part in the
photonic emission. In case of CdS nanomaterial, negative-charge
cadmium vacancies (Vq) and negative-charge sulphur interstitials
(Is)acted as acceptors, while positive-charge sulphur vacancies (Vs)
and positive-charge cadmium interstitials (Icq) acted as donors. The
PL emission has different transitions, namely (a) CB to VB transi-
tion, (b) free excitonic recombination, (¢) excitons bound to neutral
donors, (d) excitons bound to neutral acceptors, (e) donor-acceptor
pairs, (f) green emission due to transition to Is, (g) yellow emission
due to I¢q, (h) red emission due to Vs, and (i) transition from V¢q4
to VB. Absorption of photons generated electrons and holes. These
electrons were trapped in different interstitial sites and vacancies
[30].

Photoluminescence (PL) of CdS synthesized under different con-
ditions (Fig. 7) was at 431 nm wavelength near band edge, although
their intensities were different, due to the recombination of
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Fig. 7. PL spectra of CdS synthesized at different temperatures and lengths of time.
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excitons and/or shallowly trapped electron-hole pairs [31]. It was
blue shift as compared with the 512 nm of CdS (bulk) [32], due to
the quantum confinement effect [31]. PL intensities were sensitive
to the particle sizes. They were increased with the increase in the
glycolthermal temperatures and lengths of time. For the product
synthesized at 200°C for 10 h, its PL intensity was the highest. The
intensity was also very sensitive to the number of electronic trans-
fers and defects in the products [33], which were influenced by the
particle morphologies.

4. Conclusions

Waurtzite hexagonal CdS round microparticles in flower-like
clusters were successfully synthesized by the 100-200°C gly-
colthermal reactions in propylene glycol. Both X-ray and electron
diffraction results were in good accordance to the same JCPDS
database number. The corresponding constituents composing the
phase exhibited the fundamental and overtone Raman modes at
296 and 595 cm™!, respectively. PL emissions of the products were
at the same wavelength of 431 nm, although their intensities were
increased with the increase in the test temperatures and lengths of
time.
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