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photoluminescence properties of CdS/PS nanocompo-
sites prepared by sol-gel method"
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CdS nanocrystals have been successfully grown on porous silicon (PS) by sol-gel method. The plan-view field emis-

sion scanning electron microscopy (FESEM) shows that the pore size of PS is smaller than 5 pm in diameter and the

agglomerates of CdS are broadly distributed on the surface of PS substrate. With the increase of annealing time, the

CdS nanoparticles grow in both length and diameter along the preferred orientation. The cross-sectional FESEM im-

ages of ZnO/PS show that CdS nanocrystals are uniformly penetrated into all PS layers and adhere to them very well.

photoluminescence (PL) spectra demonstrate that the intensity of PL peak located at about 425 nm has almost no

change after the annealing time increases. The range of emission wavelength of CdS/PS is from 425 nm to 455 nm and

the PL intensity is decreasing with the annealing temperature increasing from 100 °C to 200 °C.
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Over the last decade, stable and high luminescence CdS
nanocrystals have been synthesized by means of physical
vapor deposition (PVD), chemical bath deposition
(CBD), electrochemical reaction, solvothermal methods,
sol-gel method and organometallic synthesis, etc!'™).
Among these methods, the sol-gel method attracts in-
creasing interest because of its simplicity, safety, large
area coating capability, low cost and low deposition
temperature. The use of nanoparticles will lead to a low
light scattering and high transparency of the coatings!™.
CdS nanostructures grown on Si-based substrates have
received significant attention. However, it is difficult to
directly grow or deposite high quality CdS nanostruc-
tures on silicon substrates, because there is a large stress
between CdS and Si substrate due to the mismatch in
their thermal expansion coefficients and lattice constants.

In the early stages of the research on porous silicon
(PS)-based applications, the focus was mainly on the
development of optoelectronic devices, such as light
emitting diodes (LEDs) and solar cells”"\. Several re-
ports suggested that the porous layer is a good substrate
in lattice mismatch heteroepitaxy because of its special
surface morphology!™%.

In this study, CdS/PS nanocomposites have been suc-
cessfully synthesized via sol-gel method, and such pre-
pared CdS/PS nanocomposites show much higher and
more stable activity for photoluminescence (PL) proper-
ties. Studies of the thermal annealing effects on micro-
structure properties of CdS/PS nanocomposites are con-

ducted. The CdS nanoparticles grown on PS substrate
will pave the way for integration of CdS-based devices
with current Si-based IC technology.

All chemicals utilized in this study are of analytical
grade and they were used without any further purifica-
tion. PL spectra were measured by the excitation of Xe
lamp (Hitachi, F-4600, Japan) with the excitation wave-
length of 370 nm, and all spectra were measured at room
temperature. Surface and cross-sectional images were
obtained by a field emission scanning electron micro-
scope (FESEM) (Hitachi, S4800, Japan).

The Si substrates used in this study are n-type,
1—10 Q-cm resistivity, (100) orientation, and 420 £15 pm
thick. The substrates were cut into squares and cleaned
with the solution of acetone, alcohol and deionized wa-
ter. Then the substrates were placed in a teflon electro-
chemical etch cell using a piece of Cu as the counter
electrode, with an area of approximately 0.2 cm” ex-
posed to the solution. The cell was filled with a 1:3
(volume ratio) mixture of 48% HF and absolute ethanol.
The anodic current density is 50 mA/cm® for 20 min
and the etching process was performed at 55 °C. After
being etched, the prepared fresh PS was soaked into
H,0, (30%) for 24 h at room temperature. Then the
substrates were rinsed with deionized water and dried in
the air.

In the typical synthesis, 0.036 6 g calcium chloride
(CaCly), 0.07g sodium thiosulfate pentahydrate
(Na;S,0;-5H,0) and 0.074 g sodium citrate (Na3;CsHs07)
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were dissolved in 200 mL deionized water. The resulting
mixture was stirred thoroughly by a magnetic stirrer for
15 min, and then 0.2 g sodium borohydride (NaBH,) was
added and stirred for 10 min. After complete homogeni-
zation, 0.044 g L-cysteine (C3H;NO,S) was added to the
mixture and stirred for 30 min until a yellow and clear
solution was obtained. Then the above solution and oxi-
dized PS were kept in a teflon-line autoclave with
200 mL capacity, and maintained constantly at different
temperatures for different time in an oven. In the fabrica-
tion, CdCl, and 0.07 g Na,S,05-5H,0 were used as the
precursors for Cd and S, respectively.

Fig.1 shows the FESEM images of the CdS/PS nano-
composites annealed at 180 °C with annealing time of
40 min, 60 min and 80 min. Fig.1(a) shows that the ag-
glomerates of CdS are broadly distributed on the surface
of PS substrate. Fig.1(b) shows that the CdS nanocrystals
consist of small crystals in a perfectly aligned manner
with a size about 20 nm and spherically shaped mor-
phology when annealed for 40 min. With the annealing
time increasing to 80 min, the size of agglomerates of
CdS increases to 1 um and the morphology of CdS
nanocrystals becomes flower-like shape. From the SEM
images, it can be seen that the annealing time can affect
the diameter and shape of CdS nanocrystals. With the
annealing time increasing, the CdS nanoparticles grow in
diameter along a preferred orientation.

Fig.1 (a) Plan-view FESEM images of CdS/PS nano-
composites annealed at 180 °C with different anneal-
ing time; (b) High resolution plan-view FESEM images
of ZnO/PS nanocomposites corresponding to (a)

The main results in this work are the analyses of PL
emission of ZnO/PS nanocomposites in the visible region
with different post-annealing treatments. Fig.2 shows the
PL spectra of CdS/PS nanocomposites annealed at
180 °C with different annealing time, where the excita-
tion wavelength is 370 nm and the PL peak is located at
about 425 nm. Generally in semiconductor nanomaterials,
the various mechanisms contributing to the PL emission
include band edge emission, deep trap emission, surface
defect emission and the nanoparticle size distribution!'").
For CdS nanoparticles, there are four types of point de-
fects: interstitial cadmium (Ic,), interstitial sulfur (),
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cadmium vacancy (Vc,) and sulfur vacancy (V;), and
they play an important role for PL spectral'®. The emis-
sion spectrum of CdS/PS nanoparticles demonstrates a
blue emission around 425 nm (UV band). The peak may
correspond to the near band edge emission in the wide
band gap of CdS. It can be seen that the peak intensity of
CdS/PS nanocomposites has almost no change as the
annealing time increases from 40 min to 80 min. Taking
all the measurement into consideration, we can conclude
that the annealing temperature has slight influence on the
PL intensity of CdS/PS nanocomposites.
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Fig.2 Room-temperature PL spectra (Aexc=370 nm) of
CdS/PS nanocomposites annealed at 180 °C with dif-
ferent annealing time

Fig.3 shows the PL spectra of CdS/PS nanocomposites
with different annealing temperatures for 40 min. The PL
spectra were recorded at 325 nm excitation and a broad
visible light beam was emitted from approximately
400 nm to 500 nm, where a strong PL emission peak is at
approximately 425 nm. The peak may correspond to the
near band edge emission in the wide band gap of
CdS®"™¥ which results from the direct recombination of
photo-generated charge carriers and surface defects lo-
calized exciton and intrinsic exciton. The emission peak
with minor humps indicates that there is a quantum con-
finement effect. In Fig.3(b), it can be clearly seen that the
PL emission peak of CdS shifts from 425 nm to 455 nm
with the increase of the annealing temperature. Such a
Stokes shift is ascribed to the surface states or defects!'"),
In general, the larger the Stokes shift, the larger the con-
centration of surface state or defect. Thus the PL spectra
are dominated by a strong and narrow band edge emis-
sion tunable in the blue region of the visible spectrum,
indicating a narrow distribution of CdS nanocrystals.
This band edge is possibly comprised of the recombina-
tion of luminescence of shallow traps or surface defects
localized exciton and intrinsic excition. Furthermore, the
intensity of UV emission decreases with the increase of
annealing temperature, which indicates that the im-
provement of the crystallinity of CdS nanoparticles re-
sults from free exciton emission. We can conclude that
the annealing temperature plays a crucial role in the for-
mation of CdS/PS nanocomposites with various crystal
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structures, shapes and sizes. Taking all the measurement
into consideration, the annealing temperature of 100 °C
is of high crystallinity with fewer defects.
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Fig.3 Room-temperature PL spectra (Aexc=325 nm) of
CdS/PS nanocomposites annealed for 40 min with
different annealing temperatures: (a) 100 °C and (b)
200 °C

Fig.4(a) shows the plan-view FESEM image of
CdS/PS nanocomposites annealed at 100 °C for 40 min.
The CdS nanocrystals were grown on PS layer with
sponge-like porous structure, where the pore size of PS is
usually less than 5 pm in diameter, which facilitates suf-
ficient mass transport characteristics for loading CdS sol.
In the fabrication of CdS/PS nanocomposites, porous
layer acts not only as a good substrate to reduce lattice
mismatch, but also as a nucleation site to induce the CdS
nanoparticles to grow along the same orientation as the
porous layer. In Fig.4(b), the CdS nanoparticles are
packed regularly and appear as homogeneous granules.
The size of CdS nanocrystals is about 20 nm with
sphere-shaped  morphology. Fig.4(c) shows the
cross-sectional FESEM image of PS substrate after CdS
nanoparticles were deposited on it, where the overall
thickness of PS is approximately 12 pm, and these
macro-pores contain smaller nano-dimensional pores.
The pore size is large enough to permit CdS sol to infil-
trate into PS substrate, and CdS nanocrystals are uni-
formly penetrated into all PS layers and adhere to them
very well.
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Fig.4 (a) Plan-view FESEM image of CdS/PS nanocom-
posites annealed at 100 °C for 40 min; (b) High resolu-
tion plan-view FESEM image of ZnO/PS nanocompo-
sites corresponding to (a); (c) Cross-sectional FESEM
image of ZnO/PS nanocomposites corresponding to (a)

In summary, CdS/PS nanocomposites have been di-
rectly synthesized by sol-gel method. The structural,
surface morphological investigation from FESEM and
optical PL spectra reveal that the formation of high CdS
yields nanocrystals. The analysis of FESEM shows that
the CdS nanoparticles grow in diameter with the anneal-
ing temperature increasing along with an increasingly
preferred orientation. The PL spectra demonstrate that
the PL peak is located at about 425 nm and the PL inten-
sity has almost no change when the annealing time in-
creases. Moreover, the tuning range of emission wave-
length is from 425 nm to 455 nm, and the PL intensity
decreases with the annealing temperature increasing. We
can conclude that the annealing time has slight influence
on the PL intensity of CdS/PS nanocomposites. But the
annealing temperature plays a crucial role in the PL in-
tensity of CdS/PS nanocomposites. With good optical
properties, this simple synthesis method of CdS/PS
nanocomposites has a potential application in the inte-
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gration of future UV optoelectronic devices.
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