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Pure and porous silica xerogels doped with CdS nanocrystals have been prepared by 
a sol-gel process. In order to determine parameters convenient for non-linear optical 
properties, particle size distributions were obtained by two complementary techniques: 
transmission electron microscopy (conventional, CTEM, and high resolution, HRTEM) and 
small angle X-ray scattering (SAXS). Monolithic samples having CdO concentrations varying 
from 5 to 20wt% have been studied. Details are given of an image analysis technique used 
to study the CTEM micrographs. 

1. Introduction 
Ultrasmall semiconductor particles have gained con- 
siderable attention in recent years because of their 
enhanced non-linear optical properties and photo- 
catalytic properties [1, 2]. The observation of photo- 
induced blue shifts in the absorption spectra and 
excitation peak [3] is evidence of quantum size effects 
due to the confinement of electronic excitations inside 
nanocrystals. Since Jain and Lind reported high non- 
linear optical properties of CdSxSe{1 xt doped glass 
[4], much work has been carried out on this type of 
material [5]. One of the main problems encountered 
in the characterization of samples doped with nano- 
crystals is the measurement of the mean particle dia- 
meter value and determination of the particle size 
distribution. This information is essential in order to 
improve the quality of samples for use in non-linear 
optical experiments or devices [6]. 

In the present work, a sol-gel route for the prepara- 
tion of silica gel doped with high concentrations of 
CdS nanocrystals is reported, and two characteriza- 
tion methods allowing the monitoring of nanocrystal 
sizes are discussed. The nanocrystal struct.ure is 
determined by high resolution transmission electron 
microscopy (HRTEM). The size distribution of the 
nanocrystals is determined by small angle X-ray scat- 
tering (SAXS) and conventional transmission electron 
microscopy (CTEM). 

2. Experimental procedure 
2.1. Sample preparation 
Conventional melting to produce semiconductor- 
doped glass uses multicomponent oxides in order to 

reduce the glass transition temperature. In fact, it does 
not allow a Cd concentration above about 1 wt % [7], 
due to the volatility and instability of CdO species 
which occurs at temperatures around 900 ~ 

The sol-gel process is a suitable technique for pro- 
ducing a chemically well defined matrix of pure silica 
at temperatures lower than 500 ~ 1-8, 9], and for the 
preparation of specimens containing concentrations of 
CdO up to 20% by weight. The CdS doped gel sam- 
ples are obtained by a two-step method 1-8] which 
involves the use of three solutions: 

1. an acid solution, A, containing tetraethyl- 
orthosilicate (TEOS), ethanol, water and hydrochloric 
acid in the molar proportion 1 : 1 : 1:0.27; 

2. a basic solution, B, consisting of water, ethanol 
and ammonium hydroxide in molar proportions of 
4:1.25 : 0.005; 

3. a doping solution, C, consisting of 0.05 mol hy- 
drated cadmium acetate dissolved in 1 mol methanol. 
The preparation was carried out in two stages: 

1. In the first stage, a pure silica glass was produced 
by a sol-gel technique, slightly modified in order to 
incorporate the cadmium compound within the struc- 
ture. The doping solution C was mixed with solution 
A, stirred carefully and left for 2 h to hydrolyse. Solu- 
tion B was then added and carefully mixed. The result- 
ing liquid was left in a closed container for ten days 
and then the temperature was raised by 5 ~ h-1 to 
500~ and held at this level for 4 h. Mixing of the 
different components of the initial solution had to be 
made in the ratio 

(1 volume of solution A + n volume of solution C) 

+ 1 volume of solution B 
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A value n = 0.1 for 1 tool of TEOS gave roughly 
a 1 wt % Cd-doped xerogel, and the amount of Cd 
was adjusted by the quantity n. The concentration is 
given by the ratio (weight of CdO/weight of SiO2). In 
this paper results for samples containing 5, 10, 15 and 
20 wt % concentrations are presented. 

2. The second step of the preparation is thermal 
treatment in an H2S atmosphere, at 200 ~ for 2 h, in 
order to precipitate CdS microcrystals in the silica gel 
matrix. The sample then takes on a characteristic light 
yellow colour. The glass obtained has an apparent 
density of 1.75 when no Cd is added. Samples are 
typically 15 x 15 ram, with thickness ranging from 0.1 
to 5 mm depending on experimental conditions. 

2.2. Electron microscopy 
Thin foils for transmission electron microscopy were 
obtained from the bulk material by first mechanical 
polishing and then ion thinning. High resolution and 
conventional observations were carried out in a Jeol 
200CX-UHP2S electron microscope, operating at 
200 kV, with a point-to-point resolution of 0.22 rim. 

The CdS *)anocrystals appear in the microscope as 
a fringe system, which is a representation of the phase 
contrast originating from coherent scattering of the 
electron beam by the periodic nanocrystal potential. 
Fig. 1 is a typical example of a CdS nanocrystal ob- 
served. The texture of the background, which comes 
from the amorphous matrix, can be eliminated by 
Fourier transformation-based filtering (Fig. 2). The 
plane distances are obtained from the direct image or 
from the separation of spots on the diffraction pattern 
obtained by Fourier transformation: hexagonal struc- 
ture (wurtzite) of bulk CdS is observed on all nano- 
crystals visualized. No attempt was made to obtain 
a crystal size distribution from these high resolution 
images. 

Figure 2 Fourier filtered HRTEM image of a CdS particle. 

Figure 3 Conventional TEM image of CdS nanocrystals. 

Figure 1 HRTEM view of a typical CdS nanocrystal. 

2426 

Conventional transmission electron microscopy 
(CTEM) was used to observe a greater area of the 
sample, to be able to determine a size distribution 
from an image analysis method. In Fig. 3, which 
shows a sample at a magnification x 160000, 375 par- 
ticles are viewed on the same image and their area 
individually measured. The contrast is poor and a cer- 
tain amount of morphological filtering is done by an 



Figure 4 Morphological fitting of CTEM image: (a) initial image used for calculation, (b) result of alternating sequential filters, (c) markers 
used in gradient watershed, and (d) particle boundaries. 

a l ternate  sequential  p rocedure  [10, i l l  to clean the 
image before the computa t ion :  this non- l inear  filtering 3o 
eliminates par t  of the noise and some particles smaller  
than  4 pixels wide, i.e. a round  1.2 nm in diameter.  ~ 25 
The different steps of the me thod  are summar ized  
on Fig. 4. "~ 20 

Con tou r  detect ion is done by taking into account  
15 

the contras t  and  the width of edges between the back-  .Q 
ground  and the particles, and by calculating the gradi-  E " 10 
ent of the image which is higher along these luminance z 
transitions. The  particle area is slightly minimized by 5 
this method.  The d iameter  of  an equivalent  circle is 
calculated for each particle and  its his togram, shown 
on Fig. 5, gives a mean  diameter  a round  4 nm. The  
very small n u m b e r  of particles observed with larger 
sizes ( ~ 8 nm) is p robab ly  due to poo r  separa t ion of 
two or more  nanocrys ta ls  during the image segmenta-  
t ion procedure.  

35 

7t .... / ' ,) 

y" : 

if,, 

i 1,\ 

1 2 3 4 5 6 7 ; 9 1 0  
Diameter (nm) 

Figure 5 Diameter histogram of 375 CdS particles in 20%, Cd 
xerogel ( ). Distributions calculated from the LSW theory for 
3 different diffusion behaviours: ( ) surface, ( . . . .  ) bulk, and 
( ..... ) grain. 
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2.3. Small angle X-ray scattering (SAXS) 
SAXS measurements were performed on a Rigaku 
high power rotating anode generator with a position 
sensitive detector. A multi channel analyser connected 
to a microcomputer allows fast measurements. The 
X-ray wavelength beam 0.154 nm CuK~I, is focused 
on the detector plane by a curved monochromator and 
is held under vacuum in order to reduce air scattering. 

Tw(~ experimental conditions have been used for 
SAXS experiments. First, a series of measurements has 
been done with a sample-detection distance of 1 m. At 
this distance, the diffusion spectra (Fig. 6) show a cor- 
relation feature for the four concentrations of xerogels 
treated by H2S, which has been analysed by a method 
described elsewhere [12] to obtain the particle size 
distribution and the average distance between par- 
ticles. Fig. 7 shows this distribution for the four 
concentrations studied: according to these measure- 
ments, the same conditions of preparation and treat- 
ment with H2S give a size distribution which does 
not depend on CdS concentration. This strengthens 
the Low Frequency Inelastic Raman Scattering 
(LOFIRS) results which lead to the same conclusion 
[13]. The average distance between CdS clusters de- 
creases when the CdO concentration increases 
(Table I): the number of clusters increases with CdO 
concentration, without a corresponding increase of 
their size. 

As a Guinier plot cannot be used when spectra 
show correlation features, a second series of measure- 
ments has been done with 0.27 m distance to check the 
former results by calculation of the Porod radius using 
the asymptotic behaviour at the high q-value of the 
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Figure 6 SAXS diffusion spectra of HzS-treated samples with (<?>) 
5%, ( + ) 10%, ([5]) 15%, and ( x ) 20% Cd concentrations. 
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Figure 7 SAXS nanocrystal diameter distribution for H2S-treated 
with (<?) 5%, ( + ) 10%, ([2]) 15%, and ( x ) 20% Cd concentrations. 

diffusion curve [14]. This method uses two hypo- 
theses. 

1. Integrated diffusion is proportional to the total 
volume of the scattering particles. 

2. At this small distance, the maximum q-value 
obtained is in the Porod region. The diffusion, due to 
the electron density discontinuity at the matrix-par-  
ticle interface, is related to the surface and is a function 
of structural details of the interface. 

Expecting asymptotically an I(q) = A/q  4 + B 
intensity variation for large q, the A coefficient is given 
by the [I(q)q 4] limit for q = 0 in an [I(q)q 4 -  q4] 
plot. This method can be used if the slope B is close to 
zero, indicating a smooth interface: it is the case with 
the 15 and 20% samples. If this condition is not very 
well fulfilled, as in the 5 and 10% samples, the inter- 
face is considered rough and the method cannot be 
applied with the same confidence. In any case, the 
A and B coefficients are sensitive on the choice of the 
linear region, between wavenumbers ql and q2, in 
the I(q)q 4 - q4 plot: the particle diameter has been 
calculated with an A-value which minimizes B and the 
result is shown in Table I. The 1.4 nm diameter is 
obtained for a 20% sample before any treatment by 
H2S: this value gives an indication of the gel micro- 
porosity. 

3. Di scuss ion  
The theoretical size distributions calculated from 
the Lifschitz, Slezov and Wagner (LSW) theory of 
Ostwald ripening [15] have been drawn on the par- 
ticle diameter histogram (Fig. 5). Three cases corres- 

T A B L E  I Parameters deduced from SAXS measurements and used for size analysis. Distances between CdS clusters for various 
Cd concentrations 

Concentration Diameter (rim) ql value (cf. text) Cluster distance (nm) 

20% before HzS exposure 1.4 0.225 - 
5% 3.8 0.225 34.2 

10% 4.8 0.225 30.8 
15% 4.8 0.234 26.4 
20% 4.2 0.213 21.5 
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ponding to different limiting diffusion processes have 
been considered. The first one is referred to as the 
surface reaction case, when evaporation and conden- 
sation are the rate-controlling processes. The second 
and third processes refer to situations in which diffu- 
sion is the rate-limiting step, in the bulk and along 
grain boundaries, respectively. In the approach used 
[16], the grain boundaries are modelled by cylindrical 
tubes in which the diffusing species can move: this 
assertion seems to be convenient for taking into ac- 
count the mesoporosity of the medium. In the xerogel, 
nanocrystal growth can be interpreted in terms of two 
processes: evaporation-condensation on the surface 
of each nanoparticle and matter transport through the 
porous texture. On Fig. 5, the best fit is obtained with 
the first case, especially for the largest sizes. The 
slight discrepancy ,on the small size range could 
be a consequence of the filtering process, which 
introduces a cut-off around 1.5 nm: the nanocrystal 
size distribution is governed by the surface reaction 
step. 

4. Conclusions 
The sol-gel technique may be used to obtain doped 
silica xerogels contaJining high concentrations of CdS 
nanocrystals. The mean diameter and the size distri- 
bution of the particles are important parameters if 
these samples are to be used in non-linear optical 
measurements. 

Two methods of measuring these parameters are 
presented to characterize these materials by these size 
parameters: CTEM gives information on the particle 
size distribution and HRTEM on the nanocrystal 
structure. The SAXS technique allows two data treat- 
ments which are discussed. 

The particle diameter values obtained by the two 
methods are in a quite good agreement and seem to be 

roughly independent of the CdS concentration as has 
been already shown by the LOFIRS technique [13]. 
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