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The synthesis of thin films of Ag-SiO2, Ag-TiO2 and Ag-TiO2-SiO2 cermet materials is 
described. The preparation method consists in a sol-gel process based in the dip-coating 
technique to obtain thin films of a composite material containing the oxidized metal and the 
corresponding ceramic material (TiO2 and/or SiO2). The films, prepared on quartz, were 
finally heated or irradiated to induce the reduction of the metal and the formation of the 
cermet materials. An exhaustive characterization of the samples has been carried out by 
scanning electron microscopy, X-ray diffraction, transmission electron microscopy, and 
Rutherford backscattering. The optical properties of the prepared thin films were determined 
by UV-VlS absorption spectroscopy and related to the microstructural characteristics of the 
cermet. Conclusions have been postulated to relate the experimental conditions of the 
synthesis (thermal or photochemical) to the microstructure and properties of the resulting 
materials. 

1. Introduct ion 
Small metal particles have been the subject of exten- 
sive investigations in recent years because of their 
interesting electrical [1] and optical 1-2] behaviour. 
These are essentially composites made of metal and 
a dielectric phase and are referred to as cermets 
(ceramic-metal) or discontinuous metal films. Electri- 
cal conductivity in these materials arises essentially 
due to an activated tunnelling of electrons between the 
metal islands [3]. In addition, effective medium the- 
ories predict that electrically disconnected metal par- 
ticles, which are small relative to the wavelength of the 
impinging light, will be transparent [4-6]. So, electri- 
cally conductive and, at the same time, light-transpar- 
ent materials can be prepared E7]. Another interesting 
property of nanosized metal particles embedded in 
a suitable matrix is the appearance in the optical 
absorption spectra of a surface plasma resonance peak 
[8, 9]. The absorption of light by such particles may 
be regarded as a plasma effect. The incident light 
polarizes the conduction electron gas of the metal 
spheres, producing an electric moment which oscil- 
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lates with the frequency, w, of the light. When w ap- 
proaches the natural frequency of the electron gas in 
the particle (the surface plasma frequency), a reson- 
ance absorption occurs [8, 9]. For this reason, metal 
(copper, silver, gold) particle-doped glasses are well 
known for their colour effect [10]. However, the third- 
order optical non-linearity of these materials is be- 
coming an important area of research, and hence 
attracting renewed interest from the viewpoint of the 
fabrication of cermet materials [11]. 

Finally, it is interesting to mention that the 
strengthening and toughening of ceramic materials 
has been widely investigated through the years. The 
dispersion of a ductile metallic phase in a brittle ce- 
ramic matrix was found to be a promising method 
[12]. Reinforcement models show the importance of 
the microstructure of the ceramic-metal (cermet) com- 
posite materials. 

Owing to the above-mentioned intriguing prop- 
erties of cermet materials, renewed interest is being 
developed for their production. Melting and a sub- 
sequent growth by irradiation was one of the oldest 

2325 



ways of developing metal-doped glasses [13]. Ion im- 
plantation and sputtering are being used widely to 
prepare various metal ceramic films [14,16]. Re- 
cently, the sol-gel process has been successfully em- 
ployed to develop gold and copper-doped silica thin 
films on glass E 11, 17]. Another approach to the prob- 
lem consists in the synthesis of the desired material 
within the pores of a nanoporous membrane. This 
method has been called template synthesis E7], be- 
cause the pores in the host membrane act as templates 
for the formation of nanostructures composed of the 
metallic particles [18, 19]. 

The present work investigated the synthesis of thin 
films of Ag-SiO2, Ag-TiO2 and Ag-TiO2 SiO2 cer- 
met materials on quartz substrates by a sol-gel pro- 
cess combined with thermal and/or photochemical 
treatments to achieve the reduction of the metal. The 
two different ceramic matrices (TiO2 and SiO2) have 
been selected according to their different dielectric 
constants which, according to effective medium 
theories, should produce changes in the optical plas- 
mon resonance characteristics of the cermet [20, 21]. 
On the other hand, titania appears to be a very inter- 
esting matrix due to the well-known photocatalytic 
activity [22, 23] of TiO2 for the reduction of noble 
metals [24-28] which allows a room-temperature 
photochemical method to be used for the synthesis of 
the cermet materials. 

A full characterization of the structure of the sam- 
ples will be correlated with the optical characteristics 
of the materials. 

2. Experimental procedure 
Coatings were prepared on quartz slides by a dipping 
technique [29] using a motor-driven puller that lifts 
the quartz substrates at a constant rate (8 in. min-1) 
from a solution containing the appropriate alcoxide 
precursor (Ti(OCH(CH3)2)4 and/or Si(OCH2CH3)4) 
and the silver salt (AgNO3). Several samples have 
been prepared depending on the composition of the 
precursor solution as summarized in Table I. These 
solutions correspond to an atomic ratio Ag/Ti, Ag/Si 
or Ag/(Ti + Si) of 1/6 in all the preparations. After 
lifting, the samples were dried in air for 2 h so that the 
hydrolysis of the alcoholate occurs by reaction with 
ambient moisture [29]. Finally, the samples were cal- 
cined either at 373 or at 673 K for 2 h to achieve the 
full formation of the ceramic matrix (SiO2 and/or 
Ti02). 

The photochemical reduction of the silver phase in 
the thin films was carried out by illumination of the 
samples in air using an irradiation system from Oriel 

Figure 1 Scanning electron micrograph obtained for the Ag-TiOz 
sample after heating in air at 673 K. 

which consisted of a power supply, a Hg-Xe 500 W 
lamp, a water filter for elimination of infrared radi- 
ation and an optical fibre system made of quartz for 
driving the light at the top of the slides. The samples 
were illuminated for the same time on both sides. 

The scanning electron micrographs were obtained 
on a Jeol JSM5400 microscope working at 20 kV and 
implemented with an energy dispersive spectroscopy 
accessory (EDX). 

Fig. 1 presents the SEM analysis of the Ag-TiO2 
sample calcined at 673 K showing the general texture 
and morphology obtained for the films which, in gen- 
eral, are homogeneous and compact. In the scanning 
electron microscope we have also measured by EDX 
the TiK~ fluorescence signal for this sample and for 
a pressed pellet of TiO2 Degussa P-25 used as refer- 
ence. From these measurements and according to the 
method given by Waldo et al. [30], we have evaluated 
a thickness for the Ag-TiOz thin film of ~ 100 rim. All 
the prepared thin films have thicknesses around that 
value, in agreement with RBS measurements, as we 
will show later. 

X-ray diffraction analysis (XRD) was carried out 
using CuK~ radiation in a Siemens D5000 diffrac- 
tometer provided with a thin-film attachment (0.4 ~ 
Soller slit and LiF (1 0 0) monochromator in the de- 
tector arm). To take the diagrams, typical incident 
angles of 0.5 ~ were used. 

UV-VIS absorption spectra were recorded in a 
Shimadzu UV-2101 PC instrument in the transmis- 
sion mode. 

For the transmission electron microscopy, the thin 
films were scraped out from the coated substrates with 
a diamond pencil and the obtained powder was dis- 
persed in ethanol and dropped on a conventional 

TABLE I Composition of the precursor solution for the synthesis of the different thin-film samples 

Sample i-PrOH AgNO3 Ti(OCH(CH3)2)4 
(ml) (g) (ml) 

Si(OC2H5)4 
(ml) 

Ag-TiOa 40 0.3 3.2 - 
Ag SiO2 40 0.3 - 2.4 
A~TiO2(5)-SiO2 40 0.3 0.1 2.3 
Ag-TiO2(50)-SiO2 40 0.3 1.6 1.2 
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carbon-coated copper grid. The micrographs were 
obtained in a Hitachi H800 microscope working at 
200 kV. 

X-ray photoelectron spectra were recorded with a 
VG Escalab 220 using the MgK= excitation source 
and working in the pass energy constant mode at 
50 eV. Calibration of the spectra was done at the Cls 
peak of surface contamination taken at 284.6 eV. 

The thickness and the homogeneity in depth of the 
silver and titanium contents of the samples have been 
studied by using Rutherford Backscattering (RBS) 
analysis. This technique is quite appropriate for the 
range of thicknesses of the films studied. In addition, 
the technique appears to be very convenient in com- 
parison to X-ray photoelectron spectroscopy (XPS) 
sputtering depth profiling analysis, which is limited by 
preferential sputtering effects and phase mixing in- 
duced by ion bombardment. The RBS analysis also 
has higher depth resolution and allows very small 
changes in the depth profiles of the silver and titanium 
elements to be observed. RBS analyses were per- 
formed on the 3 MV Van de Graaff accelerator at the 
Instituto Technol6gico e Nuclear, Sacav~m, Portugal, 
using 1 MeV alpha particles. The incident beam, nor- 
mal to the sample surface or tilted 30 ~ (to increase 
depth resolution by increasing the path traversed by 
the particles), was collimated up to 1 mm diameter. 
Backscattered alphas were detected either at 140 ~ or 
at near 180 ~ with an annular detector. The spectra were 
analysed using the RUMP computer program [31]. To 
avoid the incidence of the luminiscent light emmitted 
by the quartz substrate into the detectors, low beam 
intensities and a mask to cover the samples were used. 

3. Results and discussion 
3.1. Thermal reduction of the silver phase 

in the cermet thin films 
In the first part of this work we have studied the effect 
of calcination at 673 K of the different samples after 
preparation by dip coating and subsequent drying in 
air at room temperature for 2 h. This treatment pro- 
duces the total decomposition of the alcoxide precur- 
sors to yield the SiO2 and TiO2 phases. Fig. 2 shows 
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Figure 2 XRD diffraction pattern obtained for the silver oxide 
cermet materials after heating in air at 673 K. ( ) Metallic silver 
peaks, (-  @ anatase TiO2 peaks. 
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Figure 3 UV-VIS absorption spectra for the silver-oxide cermet 
materials after heating in air at 673 K. 

the XRD patterns obtained for the different samples 
after this calcination at 673 K. In this figure it is 
clearly observed that in samples Ag-SiO2, 
Ag-TiO2(5)-SiO2 and Ag TiO2(50)-SiOz the silver 
phase has been reduced, forming crystallites of small 
size as indicated by the silver 1 1 1 and 2 0 0 diffraction 
peaks detected by XRD. This thermal reduction is in 
agreement with the well-known decomposition of the 
silver oxide to yield reduced silver [32]. On the other 
hand, the TiO2 phase in the Ag-TiO2 sample also 
shows a certain degree of crystallization (see Fig. 2); 
however, in this sample it appears that a metallic silver 
phase is not well formed. As we will discuss later, this 
must be due to the stabilization in this sample of the 
Ag- state of silver dispersed through the TiO2 phase. 

An important characteristic of these thin films 
supported on quartz is their UV-VIS absorption 
behaviour. The spectra are depicted in Fig. 3 where 
we can detect an important plasmon resonance ab- 
sorption band with a maximum between 420 and 
480 nm for the samples Ag-SiO2 ()Lma x = 442 nm), 
Ag-TiO2(5)-SiO2 (Xm,x = 426 rim) and Ag-TiO2(50)- 
SiO2 (Xmax=482nm) while again the Ag-TiOz 
sample shows the absence of such an intense absorp- 
tion peak at these photon energies. The absence of 
such a feature in the optical absorption spectra of the 
thermally treated Ag-TiOz sample indicates the ab- 
sence of small metallic silver particles in this sample 
and, as a consequence, that the cermet material cannot 
be formed by annealing in air. 

On the other hand, the TEM analysis of the samples 
exhibiting plasma resonance in the UV-VIS absorp- 
tion spectra shows effectively the presence of small 
silver particles (see Fig. 4, as an example). Particle-size 
distribution curves have been evaluated from numer- 
ous micrographs and the results are depicted in Fig. 5. 
Particle sizes ranging from 2-10, 2-25 and 3 20 nm 
have been determined for the samples Ag-SiO2, 
Ag TiO2(5)-SiO2 and Ag TiO2(50)-SiO2, respectively. 

In summary, the small XRD diffraction peaks, as 
well as the absence of a plasmon absorption band for 
the thermally treated Ag-TiO2 sample, are important 
evidence that in this sample the silver phase is not 
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Figure4 Transmission electron micrograph obtained for the 
Ag-SiOz sample after heating in air at 673 K. 
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Figure 5 Particle-size distribution of the silver phase obtained by 
TEM for the silver-oxide cermet materials after heating in air 
at 673 K. 

reduced, remaining as Ag + in a highly dispersed phase 
through the TiO2 matrix. This conclusion has been 
confirmed by XPS by monitoring the AgM N N Auger 
peak which shows the presence of oxidized Ag + spe- 
cies in this sample. All other cermets (Ag-SiO2 and 
Ag TiOz SiO2)  could be prepared by thermal reduc- 
tion of the metallic phase. At this point we decided to 
test a photochemical method to induce the reduction 
of silver and the formation of the desired cermet thin 
film in the case of Ag-TiO2 on the basis of the well- 
known photocatalytic activity E22, 23] of the TiO2 
for the photoreduction of noble metals [24-28]. This 
method will be described in the next section. 

3.2. Photochemical reduction of the silver 
phase in the Ag-TiO2 sample 

Fig. 6 shows the UV VIS absorption spectra for 
the Ag-TiO2 sample after calcination at 673 K and 
subsequent illumination for different times. From the 
figure it can be seen that a broad plasmon with an 
absorption which extends to long wavelengths has 
evolved. This UV-VIS absorption behaviour is accom- 
pained by the evolution of the characteristic diffraction 
peaks for silver in the X-ray diffractograms, as shown in 
Fig. 7. Both effects indicate the formation of reduced 
silver; thus showing that a photochemical method can 
be used for the preparation of the Ag-TiO2 cermet 
films that could not be prepared by thermal reduction. 
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Figure 6 UV-VIS absorption spectra for Ag-TiOz sample after 
calcination at 673 K and subsequent iIlumination for different 
times: (a) 0 rain, (b) 15 min, (c) 30 rain, (d) 45 rain, (e) 105 rain. 
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Figure 7 XRD diffraction pattern obtained for the Ag-TiO2 sample 
after calcination at 673 K and subsequent illumination for different 
times. ( ) Metallic silver peaks, ( - - - )  anatase TiOz peaks. Inset: 
intensity of the Ag(2 0 0) peak relative to the anatase intensity as 
a function of the illumination time. 

However, the Ag-TiO2 cermet prepared under illu- 
mination presents a broad plasmon and an optical 
absorption which extend to high wavelengths. This 
indicates the formation of an heterogeneous distribu- 
tion of silver particles and even the interconnection of 
the particles leading to a bulk metal-like behaviour in 
the UV-VIS absorption spectra. In fact, the transmis- 
sion electron micrograph in Fig. 8 shows the appear- 
ance of silver aggregates, thus indicating a high rate of 
reduction of silver as is usually observed for the 
photoreduction of this metal on titania [33, 34]. In 
addition, RBS analysis of a Ag-TiOz sample was 
carried out. A typical RBS spectrum and its simula- 
tion are shown in Fig. 9, including the depth scale for 
silver and titanium peaks obtained from the results of 
the RUMP simulations discussed below. These results 
obtained with the sample after calcination at 673 K 
and subsequent illumination have been summarized in 
Fig. 10. Titanium and silver profiles obtained after 
simulations of the sample structure, show a homo- 
geneous film with silver distributed along the TiO2 
layer corresponding to the formation of the desired 
cermet material. Assuming the atomic density of the 



Figure8 Transmission electron micrograph obtained for the 
Ag-TiO2 sample after calcination at 673 K and subsequent illu- 
mination for 120 rain. 
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Figure 9 RBS spectrum for (. . .)  the Ag TiO2 sampIe (calcination 
at 673 K, hn ~ 0 min) showing the titanium and silicon peaks and 
the silica substrate. The depth scale provided by the RUMP pro- 
gram is also included ( ). 
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Figure lO RBS titanium and silver profiies obtained for the 
Ag-TiO2 sample after calcination at 673 K and subsequent illu- 
mination for different times: ( ) 0 min, ( - - - )  40 rain, ( . - )  
60 min. 

layer to be mainly that of TiO2-anatase, that is, 
8.68 at cm- 3, we can convert the areal density on the 
bottom axis in Fig. 10, natural RBS units, to the 
distance units on the top axis. 

It should be mentioned here that after calcination 
at 673K the Ag-SiO2, Ag-TiO2(5)SiO2 and 
Ag-TiO2(50)-SiO2 samples appeared stable against 
illumination, so that no changes in the UV VIS ab- 
sorption plasmon were observed. However, if the sam- 
ples are heated in air after their preparation just at, 
373 K, the reduction of the silver phase can be carried 
out photochemically. This process will be described 
below. 

3.3. Photochemical reduction of the silver 
phase in the Ag-SiO2 and Ag-TiOz-Si02 
samples 

When the Ag-SiO2, Ag-TiO2(5) S i O  2 and 
Ag-TiO2(50) SiO2 are heated in air at 373 K, their 
subsequent illumination produces the growth of 
a plasmon resonance in their optical absorption 
spectra, as represented in Fig. 11. This effect must 
correspond to the photochemical reduction of silver 
under these experimental conditions. It should be 
emphasized here that the plasmon resonance initially 
present in the samples before illumination is 
always smaller for the sample containing a higher 
amount of TiO2, a feature that indicates that 
the thermal reduction of silver in the titania matrix 
is less efficient than the photochemically assisted 
procedure. 

As an example of the growth of the silver crystallites 
under illumination, we have included in Fig. 12 the 
XRD diffraction patterns for the Ag-SiO2 sample 
after different irradiation times. The formation of sil- 
ver particles can be also followed by TEM, where we 
could obtain from numerous micrographs particle 
size-distribution curves. Two of these curves are in- 
cluded in Fig. 13; in comparison with Fig. 5 it is pos- 
sible to conclude that a higher agglomeration and 
a higher size heterogeneity of the silver particles is 
induced under illumination in comparison to the ther- 
mal reduction process. Particle sizes ranging from 
2-40 and 3-70 nm have been determined for the 
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Figure 11 UV-VIS absorption spectra obtained for the different 
silver oxide cermet materials after heating in air at 373 K and 
subsequent illumination for increasing periods of time: (I) (a) 0 min 
to (f) 90 rain., (II) (a )0ra in  to (e) 60min, (III) (a )0ra in  to 
(f) 135 rain. 
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Figure 12 XRD diffraction pattern obtained for the Ag-SiO2 
sample after heating in air at 373 K and subsequent illumination for 
increasing periods of time. 
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Figure 13 Particle-size distribution of the silver phase obtained by 
TEM for (a) the Ag-SiO2 and (b) Ag TiOz (50)-SIO2 cermet thin 
films after heating in air at 373 K and subsequent illumination: 
(a) 150 min, (b) 90 min. 

Ag-SiO2 and Ag-TiO2(50)-SiO2 samples, respec- 
tively. This broad size distribution should produce 
a broad plasmon in the UV-VIS absorption spectra, 
as is actually observed in Fig. 11. 

It is also important to mention that the sample with 
a higher titania content (i.e. Ag-TiO2(50) SiO2) has 
also a particle-size distribution curve which extends to 
very high diameters, this is due to the agglomeration 
effect which, as shown for the irradiated Ag-TiO2 
sample, is especially promoted by TiO2. In fact, for the 
Ag TiO2 sample, the interconnection of the particles 
was so high that it was not possible to distinguish 
clearly the limit of each particle. 

Fig. 14 shows the RBS titanium and silver profiles 
for different Ag-TiO2(50)-SiO2 samples subjected to 
heating in air at 373 and 673 K and subsequent illu- 
mination. Unlike in Fig. 10, where the analyses were 
carried out on the same sample, for comparison in this 
case the depth scale has been normalized, because 
different samples have slightly different thicknesses. 
Again we observe an homogeneous distribution of 
silver along the TiO2 layer which corresponds to the 
formation of a homogeneous cermet thin film. 
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Figure 14 RBS titanium and silver profiles obtained for different 
Ag-TiO2(50) SiO2 samples subjected to calcination at ( ) 373 
and ( - . )  673 K and ( - - - )  also after illumination in air for 60 min. 
For comparison, the depth scales have been normalized. 

Finally it is interesting to mention that two different 
mechanisms should opperate during the photochem- 
ical synthesis of the cermet thin films. In the case of 
a Ag-SiO2 sample the photoreduction of silver may 
occur via the light-induced decomposition of silver 
oxides which can occur even at 298 K [32]. However, 
in the case of titania-containing samples, a new mech- 
anism is possible due to the photoactivity of TiO2 for 
the reduction of noble metals. Titania is a semicon- 
ductor, so that band-gap illumination generates elec- 
tron-hole pairs according to 

TiO2 - ~  TiO2(h~we&) (1) 

Then, the reduction of silver cations by the semicon- 
ductor free electrons into zerovalent metal atoms must 
occur ,  i.e. 

Ag+ + e& --+ Ag o (2) 

a process that is accompanied by the oxidation of OH 
groups or organic contaminants at the surface of TiO2 
by the holes at the valence band. This photoreduction 
of metal atoms, catalysed by the titania semiconductor, 
is a well-known process [24-28] and allows a new and 
very efficient route for the photoreduction of silver. The 
fast kinetics induced by the presence of the semiconduc- 
tor in comparison with pure silica may account for the 
differences between both types of samples. 

3.4. Analysis of the optical absorption 
spectra 

The Mie theory [35] for surface plasma resonance in 
small metallic particles can explain, at least qualita- 
tively, the optical absorption spectra of the cermet 
thin films. The spectra of metal colloids with particles 
in the size range of 3-20 nm are determined to a good 
approximation by only the dipole term in the Mie 
series. According to this approximation the absorp- 
tion cross-section for a spherical particle of volume, V, 
is given by [35] 

G = 18~V~;2/)~[(~ 1 q- 2) 2 -t- ~:2] (3) 



where )~ is the wavelength in the surrounding medium, 
and el + ie2 = e is the complex relative permittivity of 
the metal relative to that of the surrounding medium. 
Generally, the theory predicts and experiment con- 
firms that, as the dielectric constant of the host me- 
dium increases, the wavelength at the maximum of the 
plasma, Lm, x, shifts to lower energy and the absorp- 
tion band broadens. This is what we observe in Figs 
3 and 11, because the absorption maximum is shifted 
to higher wavelengths for the samples with higher 
titania contents (higher dielectric constant of TiO2 in 
comparison to SiO2). 

In addition, the Mie theory predicts that for very 
small particles, both )~m~x and Aw~/2 (band width) are 
independent of particle size, because Equation 3 is 
independent of R. This behaviour is generally not 
observed [-36-381. In a classical manner, a size de- 
pendence can be introduced by supposing that the 
dielectric constant for the particle depends on the 
particle radius. The result [8] is the following inverse 
dependence of the bandwidth on the particle radius 

2. The photochemical reduction of silver in the 
Ag-SiO2 and Ag-TiO2-SiO2 cermets thin films al- 
ways leads to the formation of a cermet with a broad 
particle-size distribution that corresponds to a 
broader plasmon absorption peak in comparison with 
the thermally prepared cermet. 

3. The Ag-TiO2 cermet should be synthesized by 
a photochemical reduction due to the fact that in the 
thermally treated sample, silver is stabilized in an 
oxidized state in the titania matrix. The resulting cer- 
met presents a broad particle-size distribution of the 
metallic phase with interconnection of the silver par- 
ticles that corresponds to a very broad plasmon ab- 
sorption extended to high wavelengths. 
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Aw~/z = VF/R (4) 

where VF is the Fermi velocity. This relationship has 
been verified by a number of researchers [36-40t and 
corresponds to that effect observed in this paper, 
so that in Fig. 3 the broader peaks correspond to 
the Ag-SiO2 and Ag-TiO2(50)-SiO2 samples with 
smaller mean particle size (see Fig. 5). 

The Mie theory is, however, a very simple model 
than can be applied for isolated particles; for metal- 
concentrated samples when the metal particles occupy 
an important volume fraction of the surrounding me- 
dium, the application of the Maxwell-Garnett theory 
or one of the effective medium theories [20, 211 is 
required. In particular, the high heterogeneity in the 
size-distribution curves and the high connectivity of 
the metallic particles detected in the Ag-TiO2 sample 
must be the origin of the important broadening of the 
plasma resonance peak in this sample (see Fig. 6). 

4. Conclusions 
The synthesis of thin films of Ag-SiO2, Ag-TiO2 and 
Ag-TiO2-SiO2 cermet materials was investigated. As 
a consequence of the different experimental proced- 
ures (thermal or photochemical) for the reduction of 
silver, different cermet (silver-oxide) materials can be 
synthesized. The optical characteristics of such thin 
layers are different according to the different prepara- 
tion procedures. We can summarize the characteristics 
of the samples obtained under the different experi- 
mental conditions as follows. 

1. Ag-SiO2 and Ag-TiO2 SiOz cermets could be 
prepared by thermal reduction (calcination at 673 K) 
of silver. The resulting materials had well-defined sil- 
ver particles embedded in the ceramic matrix with 
a narrow particle-size distribution. This is accom- 
panied by the appearance of a well-defined and nar- 
row absorption peak in the UV-VIS spectrum that 
corresponds to the appearance of characteristic col- 
ours in the samples. 
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