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CdS nanoclusters were formed in the porous glass matrix by sequential chemical deposition
from liquid-vapor phase and their chemical content was investigated. The room temperature
photoluminescence spectra of specimens excited with a 235 nm wavelength had typical narrow
peaks at 400 nm. The peaks can be explained by quantum effects for charge carriers confined
inside the small-size (radius of the order of several nanometers) clusters. At the same time
the luminescence spectra of the same specimens, but excited with a xenon lamp at 77 K, had peaks
at ~700 nm that approximately corresponded to the band gap of the crystalline CdS. The possibility
of the crystallites existence follows from the size distribution of voids in the porous glass
matrix and is confirmed by the X-ray spectra typical of the wurtzite structure. The peculiarities
of the observed luminescence spectra are explained by the energetic diagram of CdS in
the configurational space.
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1. Introduction

This paper is a research of an opportunity to use porous silicate glasses as the model
media for creation of semiconductor nano-clusters having specified sizes. The choice
of a silicate porous glass as a matrix for impregnation by semiconductor clusters
follows from the high-disperse distribution of interconnected pores typical of this
material, in contrast to polymers [1] and gelatin [2]. The sizes of voids in silica porous
glasses vary from several nanometers up to hundred nanometers, so that the sizes of
formed semiconductor clusters are in the same limits.

It is necessary to distinguish the cases when the given chemical element initially
exists in the glass matrix or it is introduced by an appropriate treatment. In the first
case it is possible to create the clusters by a suitable processing of the matrix. As
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the porous glass represents almost pure silicon dioxide, it is possible to create silicon
clusters inside the pores by the so-called carbon processing [3, 4]. Nevertheless, other
types of semiconductor inclusions are promising for practical applications, as well.
New properties are expected for CdS nanoclusters having a different from silicon
crystalline energetic structure [5–7].

2. Experimental procedure

Porous glasses of type β and δ, received from biphasic sodium-boron-silica glasses by
chemical etching of the sodium-boron phase [8] with subsequent removal of secondary
silica gel were used as a model media. The β -glasses contain small pores, while
the δ -glasses contain only larger ones due to the absence of silica gel. Thus, there is
a lot of place for forming clusters inside the pores of δ -glasses.

Differences in morphology of the used glasses were registered by absorption–
desorption poroscopy. Water molecules having small sizes and capable to penetrate
into the finest pores of the matrix were used as an adsorbent.

CdS clusters were formed inside the porous glass matrix by the chemical deposition
from the liquid-gas phase [9]. Relatively small concentrations of the reactant were used
not to allow the CdS film formed at the surfaces of pores to clog up the pore entrances.
The sample was exposed to the deposition procedure several times. The changes of
its properties were investigated after three treatments and after eight ones. The EDS
technique was used for studying the elemental content of processed samples and
investigating of CdS particles distribution in the specimen depth. The structure of
particles was analyzed with the X’PERT X-ray diffractometer. The photoluminescence
spectra were recorded using a Perkin–Elmer LS luminescence spectrometer at room
temperature, and by excitation from various radiation sources (such as a 337 nm
UV-laser and a 1 kW power xenon lamp) at 77 K.

In order to remove the adsorbed water, all samples were heated at 150 °C for 0.5 h
prior to the measurements.

3. Results

Figure 1 shows the pore-size distributions for β - and δ -glasses. It is clear that there
are mainly pores with the radius of about 15 nm in β -glasses and besides there are
some pores with radii about 45 and 75 nm. For δ-glass, most pores have radius of
about 50 nm though there is a significant number of pores with radii of 25 and 75 nm.
A certain amount of fine pores having the radius of about 10 nm is typical of δ-glass
as well. The analyses of the pore distribution in the range of big pores show that for
δ -glass it is possible to detect pores of 80, 100, 125 and even 140 nm sizes.

The chemical analyses of the obtained clusters by EDS technique [9] show
the presence of cadmium and sulfur in almost equal amounts both after the three
treatments, and after the eight treatments. From the energetic considerations this
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result confirms the fact that the CdS clusters were really formed inside the pores.
The investigation of the CdS particle distribution as a function of depth from
the specimen surface demonstrated a sufficient homogeneity of this distribution.

X-ray measurements [9] revealed a spectrum, typical of the wurtzite structure,
superimposed with a peak at 23°, which is according to [10, 11] related to the silicate
porous matrix. It is interesting to note that the discussed spectrum is registered only
for glasses subjected to the eightfold treatment, when the size of the formed particles
is sufficient for observation of the diffraction pattern.

Photoluminescence measurements with 235 nm wavelength excitation gave
a number of peaks. Figure 2 shows these spectra for CdS nanoparticles in β -glass, and
Fig. 3 shows similar results for the δ -glass. After the increase in the amount of
treatments for the same type of samples, some peaks are shifted to the red side, some

Fig. 1. Pore-size distributions for β - and δ-glasses.
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Fig. 2. Photoluminescence spectra of β -glass embedded with CdS (235 nm excitation wavelength).
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peaks move into the violet directions, and some peaks disappear at all. This is
consistent with quantum confinement effects, typical of small nanoparticles.

To investigate the contribution of big clusters into the photoluminescence, we
changed the excitation source. Excitation of samples with the wavelength of 337 nm
from the ultraviolet laser both at room temperature, and at 77 K did not result in
the occurrence of photoluminescence. Excitation with 1 kW power xenon lamp at 77 K
in the wavelength range of 450–550 nm allowed to register a photoluminescence
peak at approximately 700–750 nm for the 8-fold processed sample (Fig. 4).

Fig. 3. Photoluminescence spectra of δ -glass embedded with CdS (235 nm excitation wavelength).

0

10

20

30

40

50

280 330 380 430 480 530 580 630

Wavelenght [nm]

3-fold treatment

8-fold treatment

Ph
ot

ol
um

in
es

ce
nc

e 
in

te
ns

ity
 [a

rb
. u

.]

Fig. 4. Photoluminescence spectra of δ -glass embedded with CdS at 77 K (excitation with a xenon lamp).
The inset shows the excitation spectrum.
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4. Discussion

The wurtzite structure is defined by the third coordination sphere: its atoms should
be disposed so that the dihedral angle is equal to zero (the so-called shielded
configuration). Thus this configuration should be repeated, at least ten times, to obtain
the relevant reflexes at the X-ray pattern. So, the X-ray pattern obtained in [9] testifies
that the clusters consisting of at least 40 coordination spheres (i.e., their sizes are about
50 Å) are formed after the 8-fold treatments. Such clusters actually are large crystallites
(the quantum confinement effect is negligible for them) [12]. After the 3-fold
treatments, the clusters are too small, and the long-range order structure does not
yet exist.

It is necessary to emphasize that there are both big and small pores inside both
types of glasses (Fig. 1). The size of nanoformations is restricted to pore-sizes in
the small pores and to a smaller degree depends on the number of treatments. Hence,
while after the 3-fold treatments, the small clusters are formed both in big pores and
in small ones, and after the 8-fold treatments clusters inside large pores can grow up
to the sizes of relatively large crystals, thus explaining the results of X-ray
investigations.

The quantum confinement effect predicts the shift of the peak, relevant to the edge
luminescence, in the direction of short waves for the three-fold processing. For
the 8-fold processing, the edge luminescence can almost coincide with that typical of
bulk crystals.

The photoluminescence excitation spectrum for the studied specimens shows
the in-turn role of nanoclusters of different sizes. Excitation photoluminescence
with the 235 nm wavelength allows to register the sets of peaks (Figs. 2 and 3).
The shift of some peaks to the red range of spectrum, and others to the violet range
after an increase in the number of treatments for the same type of samples allows to
understand the nature of different peaks. It is clear that semiconductor clusters formed
after the 3-fold processing have smaller sizes than after the 8-fold processing.
According to [13], the peak which is relevant to the edge luminescence should be
shifted to the red range with the increase in the cluster sizes, while the peaks relevant
to cluster surface defects should be shifted into the violet range: the surface of a big
cluster is smaller than for several small ones with the same volume. Besides, the defects
at the cluster surface tend to healing as the cluster size increases.

The figures show that the peak located approximately at 400 nm shifts into the red
range of spectrum. Thus, this peak can be connected with the edge luminescence of
small CdS nanoclusters. The triplet, shifted from this peak to the short-wave range,
disappears after an increase in the number of treatments for both matrixes. This is
typical of the exciton nature of peaks [14]. Other peaks are shifted into the violet range
of spectrum and lose their intensity after an increase in the number of treatments. This
is consistent with surface defects, as it was mentioned above. The luminescence
connected with surface traps is due to the recombination of electrons trapped by sulfur
vacancies and valence band holes inside the CdS nanoparticles [10].
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The essential difference of luminescence spectra of the nanoclusters in δ-glass
is their almost twice-smaller intensity in comparison with β -glass. This difference
testifies that, though the volume of intraporous space is bigger for δ-glass, there
are fewer pores with small diameter in this type of glasses (Fig. 1). Hence, the fine
CdS-clusters, contributing to the luminescence intensity, are present to lesser
extent. The big clusters, confirmed by the X-ray researches, do not contribute to
the luminescence of both matrix types when excitation is by the 235 nm wavelength:
apparently, the carriers in them recombine non-radiatively.

Nevertheless, contribution of large clusters to the photoluminescence spectrum
is observed with excitation by a xenon lamp at nitrogen temperature. The photo-
luminescence peak at approximately 700–750 nm for the 8-fold processed sample
(Fig. 4) almost corresponds to the edge luminescence of bulk CdS. The absence
of photoluminescence for a sample after the 3-fold processing under the same
conditions confirms the determining role of big crystallites for the occurrence of this
specific peak.

It is possible to explain the observed effects with the help of a simple model in
the configurational space (Fig. 5). The a-part of the figure corresponds to excitation
by the ultra-violet laser. Different curves correspond to big clusters and small ones
(curves 2 and 3, respectively). At room temperature T0, the excited carriers in the small
clusters transfer into the ground state (curve 1) with the emission of light quantum
with the wavelength ≈ 400 nm, while the carriers in the large clusters recombine
non-radiatively (through the point b that shows intersection with the curve
corresponding to the ground state). The b-part of Fig. 5, corresponding to smaller
excitation quanta from the xenon lamp, illustrates the opposite effect: at nitrogen

Fig. 5. Configuration diagram explaining the recombination processes in the porous glass matrix
embedded with CdS.
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temperature TN, the excited carriers in big clusters transfer into the ground state
with emission of light quanta having ≈ 700 nm wavelength, whereas carriers in fine
clusters are not excited at all. Thus, the point of intersection b of the curve 2 with
the curve 1 corresponding to the ground state, always disposes energetically below
the minimal energy of the fine cluster excited state s. Therefore, at any temperature
the recombination mechanism will not change: the luminescence will originate either
from big or from small clusters. Thus, in order to stimulate radiative recombination
inside big clusters, it is necessary to excite by lower energy sources at low temperature.

5. Conslusions

The comparison of the photoluminescence spectra in porous glass matrices embedded
with CdS nanocrystallites for different temperatures and various excitation energies
allowed to distinguish the contribution of small nanoclusters and big crystallites.

The features of recombination in large CdS clusters and small nanoclusters
are explained by a simple model in configurational space. The observed shift of
the photoluminescence peaks for different excitation energies is well understood
within the suggested model.
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