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Different analytical techniques have been used to characterize green and sintered sol-gel 
processed cordierite on a microscopic scale. The sintered material, although identified 
macroscoplcally as ~-cordierite, contains many small precipitates of different chemical 
composition. Larger precipitates, characterized by an increased Mg concentration, result from 
inhomogeneities in the precursor gel. Smaller precipitates, identified as mullite and spinel, 
could not be related to gel heterogeneities. The amorphous phase surrounding the cordierite 
grains and the precipitates is Mg depleted and Si enriched. Neither l~-cordierite nor 13- 
cordierite were observed; slight variations of the r lattice parameters are attributed 
to some local perturbations due to a slight departure from stoichiometry or Si, AI ordering on 
tiny domains. 

1. In troduc t ion  
Cordierite (2MgO.2A1203.5SiO2) has many attractive 
physical properties for microelectronic applications; 
in particular, it has a low dielectric constant and a 
thermal expansion coefficient close to that of silicon. 
This ceramic is therefore a good candidate material for 
microelectronic packages or 3D-interconnection 
chips. The synthesis of cordierite by the classic method 
of oxide mixture suffers, however, from sintering at 
high temperature (1300-1400 ~ Consequently, cop- 
per cannot be used to elaborate co-sintered metal/ 
ceramic multilayer substrates unless some glass- 
forming compounds are added to the ceramic to lower 
the sintering temperature [1]. 

Using a s01~-gel route for cordierite synthesis allows 
a drastic decrease of the sintei-ing temperature without 
modifying the intrinsic properties of the ceramic [2]. 
Indeed, the sol-gel method allows mixing of the con- 
stituents on an atomic scale. Thus, interparticle diffu- 
sion during firing develops more quickly and at a 
lower temperature than in the classic method where 
mixing proceeds at the level of the grains. 

In this way, copper-to-cordierite co-sintering was 
recently achieved and strong metal-to-ceramic bond- 
ing was obtained by an eutectic-bonding technique 
[-3, 4]. Optimalized co-sintering conditions were deter- 
mined and copper diffusion and the chemical com- 
position at the interface of different co-sintered 
samples studied by various methods. 

The present paper aims to give a more complete 

description of the chemical andstructural character- 
istics of sol-gel processed cordierite before and after 
sintering. For this purpose, a set of complementary 
techniques were used: X-ray diffraction (XRD), scan- 
ning electron microscopy (SEM) and scanning 
transmission electron microscopy (STEM) both are 
associated with X-ray fluorescence (EDS-XRF), scan- 
ning electron-probe microanalysis (EPMA) and X-ray 
photoelectron spectroscopy (XPS). 

2. Experimental procedure 
2.1. Green- and sintered-cordierite 

processing 
Several sol-gel preparation routes can be considered 
to elaborate cordierite, depending on the basic com- 
pounds used [5, 6]. Whereas alkoxides are essential to 
form the network of the gel, the other components can 
be introduced as soluble metal salts. Among the differ- 
ent combinations investigated, the method using a 
silicon-alkoxide precursor, with aluminium and mag- 
nesium introduced as nitrates, gave the best results on 
account of the physico-chemical properties of the 
ceramic and the cost of the process. 

Fig. 1 presents a schematic diagram of this cordier- 
ite synthesis [6]. Silicon tetraethoxide, aluminium 
nitrate and magnesium nitrate were dissolved under 
vigorous stirring in a propanol-water mixture, giving 
rise to a stable solution. Adding ammonia induces 
hydrolysis and polycondensation, leading rapidly to a 
quite rigid gel. Solvents and residual nitrates were 
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Figure 1 Flow chart for sol-gel synthesis of cordierite [6]. 

eliminated next by thermolysis at 250 ~ and calci- 
nation at 700~ A more or less agglomerated 
amorphous white powder, which has the composition 
of cordierite, was obtained. Granulometry measure- 
ments give a mean diameter of 5 p.m. SEM observa- 
tions show that this value actually corresponds to the 
size of agglomerates, made up of particles of 
0.01-0.1 pm in diameter as has been noted previously 
[6]. The specific area of the powder, measured by the 
Brunaver-Emmett-Teller  (BET) method, is about 
200 m 2 g-  1. 

Uniaxially pressed (3000 kg cm-2) green-cordierite 
pellets were next fired in an Ar /H20 mixture and 
crystallization was followed by XRD. Sintering of the 
amorphous precursor started around 800 ~ and crys- 
tallization into g-cordierite, also called [~-stuffed 
quartz (metastable hexagonal), began at about 850 ~ 
Conversion from p.-cordierite to ~-cordierite called 
indialite (stable hexagonal) occurs rapidly in the range 
1000-1100 ~ Thus, after a heating time of two hours 
at 1070 ~ XRD patterns on the final sintered mater- 
ial only reveal the presence of ~-cordierite. The 
crystalline structure and thermal stability of these two 
forms of cordierite have already been described [7-9]. 

The following physical characteristics were meas- 
ured on the sintered pellets: a linear shrinkage of 
20-23 % during firing, a final density of 95-98% of the 
theoretical value for indialite, a dielectric constant of 

4.5 at 1 MHz and a thermal expansion coefficient of 
2 x  10-6 ~ -1. 

2.2. Analyt ical  m e t h o d s  
Apart from XRD, a set of complementary analytical 
methods were used to investigate, on a microscopic 
and on an atomic scale, the chemical and structural 
characteristics of the green- and sintered-cordierite 
elaborated. Except for STEM, all measurements were 
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achieved on circular pellets (about 13 mm in diameter 
and 2 mm in thickness) obtained as mentioned above 
from a single preparation of the amorphous precursor. 

SEM (Jeol JSM-840) associated with XRF was used 
to determine the morphology and the elemental com- 
position of the surface of the cordierite pellets with a 
lateral resolution and an information depth of about 
1 I~m. 

A scanning electron microprobe was used to deter- 
mine the composition profiles across the polished 
section of a sintered pellet. Important surface rough- 
ness and macroporosity do not allow for this measure- 
ment on green samples. 

XPS was used to investigate, on an atomic scale, the 
chemical composition of the outermost surface region. 
Lateral resolution is, however, very poor ( ,-~ 0.5 cm 2) 
and information is, consequently, averaged over this 
area. The XPS spectra were obtained with a VG 
ESCA 3 Mk-II apparatus using A1K~ radiation. Vol- 
tage calibration was achieved according to the NPL 
standard procedure [10]. The green and the sintered 
sample were analysed as-received and after a short 
argon-ion bombardment (to remove the surface con- 
tamination). Binding energies could thus be referenced 
with respect either to the C ls line of hydrocarbon 
contamination (284.6 eV) or to the Ar 2p line of 
implanted argon (242.3 eV) to correct for the charge 
built up on these insulating sample surfaces during 
analysis [11]. Ion bombardment was carried out 
under mild conditions, i.e. ion energy 700 eV, current 
density 3 ~tA cm-2, beam angle 45 ~ 

Finally, STEM (Joel JEM-200CX) associated with 
XRF gave information about the morphology, ele- 
mental composition and crystalline structure of the 
sol-gel processed cordierite. Selected-area diffraction 
(SAD) patterns were indexed automatically using a 
computer program [12], with a data base containing 
all the oxides of the elements magnesium, aluminium 
and/or silicon listed in the updated JCPDS Powder 
Diffraction File. Samples were prepared from 100 p.m 
thick cordierite wafers which were first abraded down 
to about 10 p.m using a dimple grinder with 3 lam 
diamond powder and then thinned to perforation by 
argon-ion milling. Meaningful measurements could 
not be achieved on green cordierite since it crystallizes 
very rapidly under the electron beam. On the other 
hand, irradiation effects were only observed after a few 
hours for sintered samples. 

3. R e s u l t s  
3.1. SEM and  XRF 
Fig. 2a and b, respectively, shows the aspect of the 
surface of a pressed green-cordierite pellet and of a 
sintered-cordierite pellet. Green cordierite is made up 
of small agglomerates, less than 1 I~m in diameter. 
These agglomerates coalesce during sintering to form 
large smooth areas separated by cavities. As shown 
in Table I, EDS-XRF analyses over large areas 
(500x 600 #m) give the same composition within 
measurement errors ( _ 0 . 1 - 0 . 2 a t % )  for the green 
and for the sintered sample: there is no change of the 
overall composition during sintering. Departure from 
the theoretical composition is attributed to matrix 



Figure 2 SEM micrographs of (a) green and (b) sintered sol-gel 
processed cordierite. 

Figure 3 Mg, A1 and Si concentration profiles obtained by scanning 
electron microprobe on a polished section of a sintered-cordierite 
sample. 

T A B L E  I Elemental composition in at % obtained by E D S - X R F  
on green (G) and sintered (S) cordierite. For large areas (500 
x 600 gm), scattering of the obtained values are within measure- 

ment errors (_+0.1 0.2 at %). For small areas (1 x I lam), scattering 
range of measured concentration values for each element is given to 
show the importance of inhomogeneities 

Theoretical Large areas Small areas 

G S G S 

Al 13.8 15.2 14.9 14.5-15,3 12.0-I5.9 
Mg 6.9 6.8 6.6 6.8-8.2 3.9-10.6 
Si 17.2 16.2 16.6 15.6-16.3 15.6-19.9 
O 62.1 61.8 62.0 61.4-61.8 61.0 63.1 

effects in quantitative XRF. They affect the concentra- 
tion values, calculated by the ZAF correction method, 
through the atomic-number parameter Z and the 
absorption parameter A. The influence of the fluore- 
scence parameter F is negligible in this case. 

EDS XRF analyses of small areas, a few micro- 
metres in diameter, reveal composition inhomogen- 
eities for the green and for the sintered material 
(Table I). For green cordierite, these inhomogeneities 
affect only a few areas and are characterized by a 
slight magnesium enrichment to the detriment of both 
aluminium and silicon. For sintered cordierite, they 
affect a much larger number of areas. The composition 
variations are also more important and concern all 
elements although magnesium shows the strongest 
deviation. In this case, there is no correlation between 
the variations of the different elements. 

3.2. S c a n n i n g  e l ec t ron  m i c r o p r o b e  
Magnesium, aluminium and silicon profiles measured 
through the polished section of a sintered sample are 

given in Fig. 3. Since there is little correlation between 
the three elemental profiles, the observed features 
cannot be related to topographic effects but corres- 
pond to weak composition fluctuations. However, no 
systematic trend is found between any two of these 
elements. Thus, though the material shows some het- 
erogeneities, there is no evidence for the presence of 
precipitates of compounds with different stoichiome- 
try, at least within the resolution of the experiment 
(~  1 ~tm). 

3.3. X-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  
Fig. 4 shows an overall XPS spectrum obtained on the 
as-received sintered-cordierite sample. On such spec- 
tra, line identification readily allows an elemental 
characterization of the surface. The energy and shape 
of the photoelectron and Auger peaks give informa- 
tion about the chemical-bonding state of the different 
elements. Finally, relative surface concentrations are 
determined by peak-area measurements using 
tabulated sensitivity factors [13]. 

Table II lists the binding (kinetic) energy of the main 
photoelectron (Auger) lines as well as the magnesium 
and the oxygen Auger parameters [14, 15] measured 
on the green and on the sintered sample. The 
values obtained are, within measurement errors 
( _+ 0.1 0.2 eV), the same for the two samples, before 
and after removal of the hydrocarbon contamination. 
Peak-shape analysis shows that only one bonding 
state is present for each element on the two samples. 

The A1 2p, Si 2p and O ls binding energies are in 
general agreement with the values reported for a 
number of alumino-silicates [15]. Moreover, our oxy- 
gen Auger parameter and O ls-Si 2p line-energy 
difference are within the range of the values found for 
these compounds. The chemical shift of the Mg 2p and 
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Figure 4 X-ray photoelectron spectrum of sintered as-received cordierite. The C ls peak is due to hydrocarbon contamination on the surface 
of the sample. 

T A B L E  II Photoelectron binding energy, EB, Auger kinetic en- 
ergy, EK, and Auger parameter, c~, measured on green and sintered 
cordierite. EB and E K are Fermi-level referenced. The estimated 
error is 0.1-0.2 eV 

E B (eV) E K (eV) ~ (eV) 

A1 2p 74.8 
Mg 2p 51.1 MgKVV 1179.4 1230.5 
Mg ls 1304.1 2483.7 
Si 2p 102.9 
O ls 532.0 OKVV 507.9 1039.9 

Mg ls peaks as well as the magnesium Auger para- 
meters indicate that magnesium is bound to oxygen 
too 1-13, 14]. Although no further conclusion can be 
drawn from the binding-energy analysis, these results 
are in agreement with the cordierite structure where 
SiO4 and AIO, tetrahedra form the network and 
magnesium atoms as 9egen ions occupy oxygen-based 
octahedral sites. Only one reference reporting XPS 
data of cordierite could be found in the literature [16]. 
The data reported there (Mg 2p 51.7 eV, A1 2p 75.4 eV, 
Si 2p 103.8 eV) are markedly higher than our results. 
The O ls binding energy is not given. Taking our 
O ls-Si 2p value of 429.1 eV leads to an O ls binding 
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energy of 532.9 eV which is out of the range of values 
generally observed for oxides. So we think that their 
values are shifted by about 0.7 eV to higher energies 
due to inaccurate energy-scale referencing. 

For both samples, quantitative analysis gives sim- 
ilar results before and after removal of the surface 
contamination. For the green sample, we obtain a 
14.1 at % A1, 6.1 at % Mg, 17.5 at % Si, 62.3 at % O 
composition in good agreement with the bulk com- 
position (13.8 at % A1, 6.9 at % Mg, 17.2 at % Si, 
62.1 at % O) considering a 10% relative measurement 
error. A constant in-depth composition can therefore 
be expected. Unlike the green sample, the sintered 
sample gives a surface composition which is slightly 
but significantly different from the bulk: 11.0 at % A1, 
4.0 at % Mg, 21.5 at % Si, 63.5 at % O. Sputter depth 
profiling down to a few tens of nanometres shows no 
departure from this composition. 

3.4. STEM and XRF 
The bright-field image in Fig. 5 shows a representative 
area of the morphology of a sol-gel processed sinter- 
ed-cordierite sample. Note the presence of many well- 
shaped particles ranging from about 20 to 200 nm. 
EDS-XRF microanalyses of areas 0.3 to 2.0 lam in 



Figure 5 Bright-field transmission electron micrograph of a sol-gel 
processed sintered-cordierite sample. 

Figure 6 Dark-field image produced with the i 20 spot of the inset 
SAD pattern. This pattern shows reflections from :~-cordierite 
([210]-zone-axis pattern) formed from an area 0.3 gm in diameter. 

diameter give composition variations within the range 
found by this method in SEM on small areas (see 
Table I). As in that case, magnesium shows the strong- 
est deviation and there is no correlation between the 
variations of the different elements. SAD on areas 
about 0.3 ~tm in diameter leads to different images: 
either ring patterns or spot patterns or a combination 
of both depending on the location. The results ob- 
tained on the cordierite matrix and on precipitates 
with different elemental composition will be presented 
separately hereafter .  

SAD spot patterns corresponding to the cordierite 
matrix can be obtained easily although they are form- 
ed from areas containing a great number of small-size 
particles. Since most patterns can be indexed accord- 
ing both to ~-cordierite (hexagonal) and ]3-cordierite 
(orthorhombic), we analysed spot intensities and series 
of patterns obtained by tilting the sample in order to 
identify the cordierite phase. Actually only ~-cordier- 
ite was found. Fig. 6 shows a dark-field image pro- 
duced with the 12 0 spot of the SAD pattern shown in 
the inset. The pattern shows reflections from a-cor- 
dierite aligned ;.long the [2 1 0J-zone axis. Note that a 
large area composed of many particles forms this spot. 
Fig. 7 shows a high-resolution image of a similar area, 
with lattice fringes corresponding to (100) planes. 
Observe the presence of many grains surrounded by 
an amorphous phase. The aligned crystallographic 
orientation of the different grains is explained by 
slicing through a complex-shaped particle when pre- 
paring the sample. This kind of particle shape is ac- 
tually expected to develop by coalescence of indi- 
vidual grains during sintering. Lattice spacing was 
generally within measurement error ( _+ 0.006 nm), in 
agreement with the expected value for cz-cordierite. 
However, careful analysis of some lattice images 
showed deviations of the lattice parameters of more 
than 1% with respect to those given in the Powder 
Diffraction File, i.e. 0.977 nm for a and 0.935 nm for c. 
These variations cannot be attributed to inaccurate 
calibration of the camera length since they were meas- 
ured on the same image in some cases. They cannot be 
interpreted by thickness variations either, since they 
were measured in the centre of the grains [17]. 

The average thickness of the amorphous phase 
surrounding the cordierite grains is about 20 30 nm. 
Analysis of cross-sectional samples show that this 
amorphous phase is present at the outermost surface 
too with a comparable thickness. No accurate 
EDS XRF measurement could be achieved on this 
phase due to its small size. However, no major 
composition difference with respect to cordierite is 
expected, as compared to the precipitates. Finally, 
diffraction patterns and lattice images were also 
checked for the presence of g-cordierite but no evid- 
ence was found for the presence of this compound. 

Two kinds of precipitates were observed in the 
cordierite sample: many small precipitates, a few tens 
of nanometres in size, located among the cordierite 
particles and some large precipitates, a few hundreds 
of nanometres in size, well separated from them. Fig. 8 
shows a diffraction image taken on the cordierite 
matrix over a 0.3 gm area. Apart from different diffrac- 
tion spots of cordierite, careful analysis of the diffrac- 
tion rings clearly indicate the presence of spinel 
(MgO.A1203) and mullite (3A1203.2SIO2). A few 
minor rings could not be interpreted, however. These 
compounds are present as numerous small crystals 
among the large cordierite particles. This is illustrated 
in Fig. 9 which represents a dark-field image of the 
cordierite matrix obtained with part of the diffraction 
diagram, as. shown in Fig. 8. The bright particles can 
be attributed to mullite crystals. Actually, in Fig. 7, 
(1 1 1) lattice fringes of a spinel crystal can be noted in 
the upper part of the image (enlarged view in the inset). 
The presence of these small precipitates explains the 
composition variations observed for the cordierite 
matrix. Some large precipitates appear in rather fea- 
tureless areas without any cordierite particles (Fig. 10). 
Their identification using either ring or spot diffrac- 
tion patterns was unsuccessful, due respectively, to the 
small number of precipitates or to their small size. 
More specific studies using convergent-beam micro- 
diffraction techniques have started to go further into 
this problem. To get some idea about the chemical 
composition of these precipitates and their surround- 
ing phase, we carried out a number of EDS-XRF 
measurements with a 60 nm beam diameter. With 
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Figure 7 Lattice-fringe image with fringes corresponding to the (100) planes of ct-cordierite. The inset is an enlarged view showing the (1 I 1) 
lattice fringes of a small spinel crystal. 

Figure 8 Diffraction image obtained on the cordierite matrix on a 
0.3 lam area. Bright spots correspond to a-cordierite reflections. 
Diffraction rings are indexed with larger bars for mullite in the 
upper part and with larger bars for spinel in the lower part of the 
figure. The white circle represents the aperture used to produce the 
dark-field image of Fig. 9. 
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Figure 9 Dark-field image obtained with the aperture represented 
in the diffraction image of Fig. 8. Bright particles are identified as 
mullite crystals. 

respect to cordierite, drastic changes in the magne-  
sium concent ra t ion  were observed: the precipitates 
showed a high magnes ium concent ra t ion  (about  
14 at %) whereas the sur rounding  phase was magne-  
sium depleted (about 3 at %). In  both cases, we gen- 
erally observed a significant silicon enr ichment  with 
respect to a luminium: the A1/Si ratio varied in the 
range 0.5-0.9 compared to 0.80 for ~-cordierite 
(Fig. 11). F rom the composi t ion measured on these 
large precipitates, we would thus expect the presence 
of compounds  such as pyrope (3MgO-A1203-3SiO2) 
or enstatite (MgO.SiO2). 



Figure 10 Bright-field transmission electron micrograph of an area 
with large precipitates. Note the featureless area surrounding the 
precipitates. 

SiO 2 

E n s t a t ~  

Fo~ "1 

MgO Spinel AI20a 

Figure l l  MgO AI203-SiO 2 composition diagram with concen- 
trations measured by different methods on green and sintered 
cordierite: (�9 composition, (@)green  (XPS), 
(_A/) sintered (XPS), (li2)green/sintered (XRF on large areas), 
(0)  sintered (XRF microanalysis on cordierite matrix), (11) sin- 
tered (XRF microanalysis on amorphous areas), and (A) sintered 
(XRF microanalysis on large precipitates). 

4. Discussion and conclusion 
Many authors have already pointed out the import- 
ance of the various synthesis parameters on the homo- 
geneity of the resultant cordierite gel [5, 6, 18 22]. 
The nature of the solvents, amount of water, type and 
dilution of the catalyst, addition rates and reaction 
temperature are known to strongly influence the gel 
homogeneity through the hydrolysis and polymeriza- 
tion mechanisms. However, a general forecasting of 
the nature and the amount of heterogeneities is not 
straightforward. A systematic study of the processing 
parameters [6] allowed us to determine optimalized 
conditionswhich lead to a sintered material very close 
to pure ~-cordierite, at least according to macroscopic 
characterization methods such as XRD or XRF over 
large areas. But, at a smaller scale, the present study 
shows a slightly different picture. For  the sake of 
clarity, we will discuss the results on the cordierite 
matrix and on the precipitates separately. 

The sintered-cordierite sample presents many well- 
shaped grains, identified as ~-cordierite, with a size 
ranging from about 20 to 200 nm. This size can be 
correlated with the size of the particles of the green 
powder, ranging from about 10 to 100nm. These 
amorphous particles start to coalesce above 800~ 
from a viscous-flow mechanism, leading to complex- 
shaped grains. Crystallization into la-cordierite starts 
at about 850 ~ but this compound is not detected in 
our final sintered material. It is indeed expected to 
transform rapidly into ~-cordierite in the range 970 to 
1050 ~ as pointed out by Broudic et al. [22]. Thus, 
after heating for 2 h at 1070~ we obtained large 
areas of coalesced a-cordierite grains with aligned 
crystallographic orientations, surrounded by an 
amorphous phase which is present at the surface too. 
Chemical analyses of this phase by XRF and XPS 
indicated appreciable magnesium depletion and an 
increased Si/A1 ratio with respect to ~-cordierite, 
characteristic of a vitreous phase. Further heating at 
higher temperatures would allow crystallization to 
progress by direct transformation of this remaining 
amorphous phase into ~-cordierite [22]. The observed 
deviations of the lattice parameters from the expected 
values for ~-cordierite are probably explained by the 
presence of tiny perturbed domains characterized 
either by some departure from stoichiometry or by 
some local Si, A1 ordering [23, 24]. Replacement of Si 
by A1 in MO 4 tetrahedra, or vice versa, indeed leads to 
slight changes of the lattice parameters due to different 
M - O  bond lengths [25]. Si, A1 ordering also influ- 
ences the lattice parameters through distortion of the 
MO4 tetrahedra and consequent distortion of the 
structure. 

The presence of precipitates of different chemical 
composition in the sintered cordierite sample shows 
that some demixing occurs in our material. However a 
question remains as to whether these heterogeneities 
are due to inhomogeneities in the initial xerogel or 
not. XRF measurements reveal that a few local hetero- 
geneities already exist in the green-cordierite sample. 
These inhomogeneities are characterized by an im- 
portant magnesium enrichment whereas the A1/Si 
ratio remains nearly equal to the ~-cordierite value. 
The composition and the distribution of these in- 
homogeneities can be correlated with those of the 
large precipitates observed by TEM on the sintered 
sample. These large precipitates would thus be a result 
of the observed inhomogeneities which pre-exist in the 
gel. On the other hand, no areas with compensating 
magnesium depletion are observed on the green ma- 
terial. This depletion is either distributed uniformly 
over the whole material or the size of corresponding 
areas are beyond the resolution of the analytical 
methods used. Finally, in the sintered sample, we 
observe m~.ny small precipitates, a few tens of nanom- 
etres in ;':c, which we identify as small spinel and 
mullite crystals. However, we did not observe any 
precursor of these small crystals in the green powder. 

Further studies [26, 27] using in particular high- 
resolution TEM and convergent-beam techniques are 
already well in progress to investigate in more detail 
the results presented here. They allow confirmation of 

5235 



the determining role of the gel inhomogeneity in the 
formation of precipitates and give some information 
about the demixing mechanisms. They also make 
precise the role and thermal stability of the la-cordier- 
ite and the amorphous cordierite, and they throw 
some light on the ~-13 phase transformation. 
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