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Zinc sulphide nanoparticles have been synthesized in silica matrix using sol-gel method. It
is observed that silica could be loaded with zinc sulphide over a very wide range of
concentration without changing the nanoparticle size. A strongly luminescent zinc
sulphide-silica composite, thermally stable even upto ∼700◦C was thus obtained. Several
techniques like UV absorption, photoluminescence, x-ray diffraction, scanning electron
microscopy, transmission electron microscopy, thermogravimetry and photoelectron
spectroscopy have been performed to analyse the ZnS-silica composites. C© 2001 Kluwer
Academic Publishers

1. Introduction
Nanoparticles have been extensively investigated dur-
ing the last decade due to their unique properties and
application potential [1–5]. Nanoparticles can be con-
sidered as intermediates between molecules and solids.
However, molecules have definite dimensions and well-
defined properties. Extended solids also possess well-
defined properties but the properties do not depend
upon the size. Nanoparticles on the other hand are
characterized by size dependent properties. In fact, all
the materials whether metals, semiconductors or in-
sulators exhibit size dependent properties when some
characteristic size of that material is approached. For
most of the materials this size is less than 100 nm.
Obviously surface to bulk atom ratio also increases
dramatically when such nanometric dimensions are
reached. Indeed, for nanoparticles, size and surface
effects are both important. By controlling these, it is
possible, in principle, to design materials of required
optical, magnetic, elastic, chemical etc. properties. A
large number of synthesis routes like cluster depo-
sition, embedding the particles in zeolites, glass or
polymers, electrodeposition, sol-gel synthesis, sono-
chemical synthesis, chemical capping etc have been
devised [1, 2] to achieve materials of desired properties
and new methods are continuously being devised. There
are, however, challenges resulting from the require-
ment of stability of the particles as well as narrow size
distribution.

Semiconductor nanoparticles are particularly inter-
esting due to their possible applications in diverse ar-
eas such as photocatalysis, solar cells, display panels
and new devices like single electron transistors and so
on [6–8]. Since the earlier work by Efros and Efros [9]
and Brus [3] it has been appreciated that size depen-
dent properties in semiconductor materials are possible
as the particle size approaches the Bohr radius of the
exciton. This requirement is basically attributed to the
confinement of charged particles within the small vol-
ume of the particle and is known as the quantum size
effect (QSE) or quantum confinement effect (QCE).
The Bohr radius of the exciton in semiconductors is
extremely small. Consequently the number of surface
atoms becomes quite large and affects the thermody-
namical properties like melting point or phase transi-
tion etc [10, 11]. In semiconductor nanoparticles the
QSE also results in size dependent energy gaps and
changes in the quantum efficiency for luminescence
[8, 12].

It is essential to synthesize semiconductor nanopar-
ticles not only with a narrow size distribution but also
with good thermal stability. In many cases semiconduc-
tor nanoparticles are synthesized in polymers, using the
chemical capping method or by embedded them in an
inert matrix. Such a matrix is useful in avoiding the
coalescence of the nanoparticles. However an organic
matrix can provide stability only upto some medium
temperature range less than ∼300◦C [13–15]. The
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matrix in which particles are embedded can affect the
observed properties of the particles due to a changed
local field at the boundary. It is therefore essential that
some composite materials are produced that will com-
bine the advantageous properties of the quantum size
effect in semiconductors as well as provide adequate
thermal stability and give mechanical support to the
nanoparticles.

In previous work [13–17] chemically capped zinc
sulfide and cadmium sulfide nanoparticles showing the
quantum size effect were synthesised and their struc-
tural and optical properties were investigated. Chem-
ical capping of organic molecules provided chemical
stability upto ∼300◦C [14, 15]. However, beyond this
temperature the particles coalesce. Although synthe-
sis of semiconductor nanoparticles in glass is a good
method of giving thermal stability to the nanopar-
ticles along with rigid matrix support, the loading
of nanoparticles is usually quite low (<5%). There-
fore zinc sulfide nanoparticles in a silica matrix have
been synthesised using a simple and inexpensive pro-
cedure different to the methods reported earlier by
Tan et al. [18] and Dhas et al. [19]. A loading of
∼60% ZnS is achieved by this technique. The com-
posites so formed have been investigated by a variety
of techniques such as x-ray diffraction (XRD), ther-
mogravimetry (TG), transmission electron microscopy
(TEM), scanning electron microscopy (SEM) and x-
ray photoelectron spectroscopy (XPS). These investi-
gations show that good quality ZnS nanoparticles of
high thermal stability, especially suitable as a blue phos-
phor material can be synthesized by a relatively simple
method.

2. Experimental
Zinc sulfide nanoparticles were synthesized by a sol-gel
method as follows. Hydrolysis of Tetraethylorthosili-
cate (TEOS) was carried out by adding TEOS : Ethanol :
H2O : HCl in 1 : 4 : 4 : 0.068 molar ratios. Although
a large number of samples with varying molarity were
synthesized, only three samples i.e. without ZnS (A),
with a low concentration of ZnS (B) and a large con-
centration of ZnS (C) are discussed here. The solution
was mixed thoroughly for thirty minutes at room tem-
perature. Zinc acetate of predetermined molarity was
then added and the solution was stirred again. Finally
Na2S of required molarity was added and the solution
was vigorously stirred again for approximately ninety
minutes. The solution was then transferred to the glass
vials for gelation. Gelation occurred within about an
hour. Samples were left in glass vials at room temper-
ature for drying. The gels were completely dried in 7
days and opaque samples of zinc sulfide embedded in a
silica matrix were obtained. The samples without zinc
sulfide were transparent but transparency reduced with
increasing zinc sulfide content. The samples were quite
hard and handleable.

The Morphology of the samples was observed using
a Leica Cambridge Stereoscan S-440 Scanning Elec-
tron Micrograph (SEM) supplied by M/S Leica Cam-
bridge Ltd. UK. As the samples are highly insulating,
they were coated by gold using a Poloran E5000 sputter

coating unit using 20 kV and 25 pA current. The mi-
croscope is equipped with a 35 mm camera attached to
high resolution recording unit.

TEM was performed using a Philips CM200 FEG
microscope equipped with a field emission gun. An
accelerating voltage of 200 kV was used. Samples were
dispersed in ethanol and a drop of the solution was
placed on an amorphous carbon film ∼5 nm thick. After
the liquid evaporated, the samples could be introduced
into the microscope.

X-ray diffraction analysis of the samples was car-
ried out using a Guinier powder diffractometer (Huber)
using Cu Kα1 radiation. Samples were sandwiched be-
tween 3 mm polyethylene foils for these experiments.
All the patterns are corrected by subtracting the sig-
nal of the pure SiO2 carrier and the foil that produces
a characteristic background pattern of an amorphous
substance.

Optical absorption was carried out in the UV range
(200 nm to 500 nm) using a Shimatzu UV 300 model
double beam spectrophotometer. The samples were dis-
persed in double distilled water for this analysis.

For the photoluminescence studies (PL), a Perkin
Elmer model LS-50 with Xe flash lamp as the source
of excitation was used. Excitation and emission spectra
were recorded in the fluorescence mode over a range of
250 nm to 700 nm.

Presence of zinc sulfide in the samples was deter-
mined using x-ray photoelectron spectroscopy. ESCA
LAB MK II set up supplied by Vacuum Generators Ltd.
U.K. was used for this. A Mg Kα (hν 1253.6 eV) x-ray
source with concentric hemispherical analyser (CHA)
operated at 50 eV pass energy resulted into a total res-
olution of 1.0 eV. Au4f7/2 at 84.0 eV was used as an
external reference and Cls at 285.0 eV as an internal
standard.

The thermal stability was checked using thermo-
gravimetry (TG/DTA-32 M/S Sieko). The temperature
range was from 30◦C to 1000◦C with a heating rate
of 10◦C/min. The experiments were carried out in a
nitrogen atmosphere.

3. Results and discussion
For a long time, zinc sulfide has been known to be a
phosphor material. Therefore pure, as well as doped,
zinc sulfide nanoparticles have been extensively in-
vestigated [8, 20–22] in order to explore the possi-
bility of using nanoparticles as better phosphor ma-
terials. However, little seems to have been discussed
regarding the thermal stability of these particles, which
is quite important from their application point of
view.

Using the experimental procedure described above, it
was possible to synthesize ZnS-silica composites with
different ZnS loading.

Several trends have been noticed with increased load-
ing of ZnS. Fig. 1a–c shows SEM photographs of three
typical samples. It can be seen that with increasing ZnS
concentration a rough surface is formed. A dense ZnS
film on silica for sample C is evident in Fig. 1c.

X-ray diffraction analysis of the samples shows that
silica has an amorphous network and the crystallanity
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Figure 1 SEM photomicrographs of silica sample A, (a) ZnS-silica composite sample B, (b) and ZnS-silica composite sample C. (c)
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Figure 2 Wide angle x-ray diffraction patterns of samples A, B and C.
The shows in each case the experimental curve and --- indicates
the fitted curves according to the Debye Function Analysis (DFA). The
inset depicts the size distribution of cubic particles predicted from DFA
analysis.

of the ZnS-silica composites is apparent from Fig. 2.
Strong diffraction peaks produced for samples B and
C are due to the ZnS nanoparticles. Debye Function
Analysis (DFA) of the diffraction patterns were used
for the ZnS-silica composites. DFA analysis can give
[22, 23] information about particle sizes and their distri-
bution. It can also provide information about different
phases in the samples if present. This method was used
for capped nanoparticles of ZnS and CdS [13, 14]. The
inset in Fig. 2 shows the size distribution of ZnS parti-
cles in samples B and C. It can be seen that in both cases
the maximum particle size is around 1.2 nm. Also this
analysis shows that the particles are cubic in structure.
However, TEM analysis showed that together with cu-
bic particles, a few hexagonal particles were observed.
In Fig. 3a–d examples of cubic and hexagonal parti-
cles for samples B and C are displayed, respectively.
The power spectra, i.e. squares of the Fourier trans-
forms of the images are also shown next to the images.
Fig. 3a and c are cubic particles in the [110]- and [111]-
orientation for samples B and C. Fig. 3b and d are the
corresponding hexagonal structures both in the [001]-
orientation for the two different samples.

It can be seen from the power spectra that the
corresponding netplane spacings for the cubic struc-
tures are in very good agreement with bulk sphalerite.
The displayed reflections for the particle in the [110]-
orientation are 2 2̄ 0, 1 1̄ 1 and 1̄ 1 1 with spacings of
0.194 nm, 0.319 nm and 0.313 nm respectively. The
bulk data are 0.191 nm, 0.312 nm and 0.312 nm.
For the particle in the [111]-orientation the reflections
are 0 2̄ 2, 2̄ 0 2 and 2̄ 2 0 with spacings of 0.201 nm
for each spacing. The bulk data are again 0.191 nm.

However, the spacings of hexagonal particles are up to
14% smaller than bulk wurtzite. The reflections in both
[001]-orientations are 1̄ 1 0, 0 1 0 and 1 0 0 with spac-
ings of 0.303 nm, 0.294 nm and 0.289 nm for sample
B and 0.288 nm for all three spacings of sample C. The
data of bulk wurtzite are 0.332 nm.

It was not possible to obtain the statistical distribution
of cubic and hexagonal particles using TEM. However,
the DFA analysis shows that the crystals are cubic. It
is likely that only bigger particles were picked up by
the TEM analysis. These were hexagonal and cubic so
it is possible that a large number of particles which
were smaller in size were mostly cubic. In the present
case it was not possible to detect particles smaller than
∼2 nm using TEM. It can be concluded that mostly
cubic ZnS particles are present in both the samples
B and C.

UV absorption analysis of the samples also provides
information relating to the size of the particles. It can
be seen from Fig. 4 that there is a peak at ∼300 nm. The
band gap of bulk ZnS is 3.6 eV. The onset of absorp-
tion is located at 340 nm. It is not possible to observe
any excitonic peak in the room temperature absorption
spectra. Due to the QSE there is a blue shift in the ab-
sorption and a strong excitonic peak also appears [3]
at ∼300 nm. It is noticed that with increasing loading
the position of the excitonic peak does not shift. This
implies that the particles do not coalesce as the ZnS
loading increases. This is because all the particles are
covered with silica and retain their small sizes. Un-
der the given conditions of pH and concentrations of
chemicals, a narrow size distribution of particles was
possible.

Further support to these arguments comes from the
PL observations. Fig. 5 shows the PL spectra for low
and high ZnS loadings. It is known that for ZnS, blue
luminescence around 400 nm occurs even for nanopar-
ticles [5]. Nanoparticles are not completely free of de-
fects. In fact it has been shown recently that [14] in
the case of ZnS that defects are present even in small
particles. Thus blue luminescence in the case of ZnS
nanoparticles is attributable to the defects in them. The
only change in the case of nanoparticles that can occur
is the change in the luminescence decay time. As sug-
gested by Bhargava et al. [12] overlap of electron hole
wave functions in nanoparticles may result in a change
in the luminescence decay time and the quantum effi-
ciency for luminescence may increase. This view has
been challenged recently [24, 25]. However more work
will be required to understand this problem. The na-
ture of excitation and emission spectra is similar for all
the loadings except for the increase in intensity with
increase in ZnS loading. However excitation peaks for
both the samples B and C are at the same position i.e.
350 nm and emission peaks are at ∼400 nm. A simi-
lar situation is found for all other loadings of ZnS. It
was, however, seen that blue photoluminescence from
ZnS-silica composites was much stronger than for the
organic molecule capped ZnS. In Fig. 6 the increase in
PL intensity with ZnS loading is illustrated. In the small
ZnS loading region there is a linear increase in PL in-
tensity which rapidly tends to saturate. This is possible

4380



(a)

(b)

(c)

(d)

Figure 3 TEM Photo Micrographs of ZnS particles. Corresponding power spectra also are illustrated. (a) Sample B, cubic particle in the [110]-
orientation. (b) Sample B, hexagonal particle in the [001]-orientation. (c) Sample C, cubic particle in the [111]-orientation. (d) Sample C, hexagonal
particle in the [001]-orientation.
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T ABL E I Binding energy values of various core levels and atomic concentrations of samples determined using x-ray photoelectron
spectroscopy

Sample A Sample B Sample C

Binding Atomic Binding Atomic Binding Atomic
Elements energy (eV) concentration energy (eV) concentration energy (eV) concentration

Si 103.8 39.82 103.5 28.38 103.5 16.95
O 533.2 50.54 533.0 51.22 533.0 26.78
C 285.0 9.63 285.0 8.36 285.0 18.66
Zn – – 1022.6 3.19 1022.6 11.56
S – – 161.5 3.90 161.5 14.42
Na – – 1072.5 4.92 1072.5 11.60
Zns : SiO2 – 0.088 0.59

Figure 4 UV absorption spectra of samples B and C dispersed in double
distilled water.

Figure 5 Photoluminescence spectra from samples B and C.

Figure 6 Photoluminescence intensity as a function of ZnS loading.

Figure 7 XPS survey scans for samples A, B, & C and sample C heated
upto 500◦C for 30 minutes.

as PL intensity is due to only a small region (∼0.1 µm)
from the sample surface of a thick sample.

Further the composition of the ZnS-silica ma-
trix composites has been investigated using x-ray
photoelectron spectroscopy. Fig. 7 depicts the survey
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Figure 8 Thermogravimetry results from samples A, B, & C. Samples
were heated in a nitrogen atmosphere at a rate of 10◦C min−1.

scans for samples A, B and C at room temperature.
Photoemission lines corresponding to Zn, S, Si, C, O
and Na were detected. Table I lists the atomic concen-
trations of various elements present as well as their
binding energies. ZnS/SiOx ratios are also listed. The
ZnS/SiOx ratio for sample B is ∼0.088 and that for
sample C is ∼0.59. If the carbon in the samples is ne-
glected and just the proportion of ZnS with respect to
SiOx is considered then sample B has 8.8% ZnS and
sample C has ∼59% ZnS. Thus changes in the ZnS
concentration indeed take place from sample to sam-
ple. It can be seen that binding energies for Zn and S
are in the range of those observed for bulk ZnS. Sam-
ple C was in-situ heated in ultra high vacuum (UHV) at
500◦C for 30 min. to check if ZnS was still retained in
the sample. UHV was used to avoid the oxidation and
contamination of the ZnS sample. A loss of 31% ZnS
takes place. Unfortunately further in-situ heating of the
sample was not possible.

In order to further investigate the thermal stability
of the samples, A, B and C were subjected to thermo-
gravimetry analysis. From Fig. 8 it can be seen that, at
1000◦C, weight loss in sample A is ∼16%. In sample
B and C it is ∼29% and ∼37% respectively. The rate
of weight loss is rapid till 450◦C. Between 450◦C and
1000◦C the weight loss is less. Initially, upto 100◦C,
the weight loss may be partially due to evaporation of
moisture present in the sample. Above this temperature
some ZnS may be evaporating. The pure silica sample
is the most stable and weight loss increases with in-
creasing ZnS content. However, ZnS is not completely
lost even at 500◦C. This is clear from two observations:
(i) The PL spectra do not lose intensity completely even
at 500◦C and (ii) XPS spectra also show the presence
of ZnS in the sample heated to this temperature. Fig. 9
shows the PL due to sample C, heated at various tem-
peratures in a nitrogen atmosphere. All the spectra show
peaks around 350 nm wavelength. As can be seen, the
spectrum due to the sample at R.T. is intense and broad.
Such a broad peak is characteristic of various defect
centres present in the band gap of the ZnS nanoparti-
cles. Denzler et al. [26] have surveyed a series of ZnS

Figure 9 Photoluminescence spectra from sample C at various temper-
atures. The excitation wavelength in all the cases was fixed at 320 nm.

nanocrystal samples and obtained different spectra in
the 400–800 nm range. They have fitted four compo-
nents arising due to defects in the energy gaps of ZnS
in the range of 400–800 nm. These are all point defects
contributed by interstitial sulphur (416.1 nm), intersti-
tial zinc (423.9 nm), sulphur vacancy (430.1 nm) and
zinc vacancy (437.18 nm). Although exact peak posi-
tions are not be same (in the present case all the spectra
are shifted to lower wavelength, possibly from changes
in the calibration or sample preparation), reduction in
intensity of PL peaks with sample heating indicates that
zinc and sulphur vacancies may be responsible for the
observed PL spectra. Heating of the sample to 50◦C
reduces the PL intensity but the spectral width is still
large. Heating the sample to 300◦C reduces the inten-
sity as well as the width of the spectrum. The peak is at
380 nm instead of ∼400 nm. This indicates that some
of the defects are annealed out. Heating to 500◦C in-
creases the intensity of the peak at 380 nm. It is likely
that the defect density has increased. Also a small shift
in peak maximum to 370 nm is observed. However
again at 700◦C the spectral intensity is reduced. This is
due to loss of ZnS from the sample as confirmed from
TG analysis.

4. Conclusions
Highly stable nanoparticles of ZnS in silica have been
synthesized. It was possible to load the silica with vari-
ous amounts of ZnS without changing the particle size.
The stability of ZnS in this matrix is good. The defects
present in the ZnS are responsible for the a strong blue
luminescence; their density changes with heating.
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