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Ps est la puissance de la lumière en sortie et Pe celle à l’entrée du guide. 

A titre d’exemple, pour une fibre optique de silice contenant quelques impuretés, l’évolution de � en 

fonction de la longueur d’onde fait apparaître 3 phénomènes (Figure 69). 
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Figure 69 : Atténuation des fibres optiques de silice [82] 
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3) Enfin, l'absorption dans l’infrarouge limite le domaine de transparence à environ 1,7 µm pour la 

silice. Cette absorption provient des combinaisons des vibrations caractéristiques de l’eau dont les 

bandes caractéristiques dans le domaine du proche infrarouge ont été détaillées dans le chapitre 1 

[82,84]. 
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Textural properties of densified aerogels

S. Calas ), R. Sempere´ ´
Laboratoire des Verres, UMR CNRS 5587, UniÕersite Montpellier II-Place Eugene Bataillon34095 Montpellier cedex 5, France´ `

Abstract

Silica aerogels were subjected to isostatic pressure using a Hg porosimeter. Nitrogen adsorption experiments were

performed to estimate specific surface area, porous volume and pore size distribution. In a same way, gas permeability

measurements have been carried out. During the first stages of compression, the specific surface area seems to be constant.
ŽThe difference between the total pore volume and that measured by the BJH method using the desorption part of the

.isotherm is less important in compressed aerogels than in sintered ones. Permeability decrease with densification is faster in

partially compressed aerogels. This behavior is correlated to disappearance of largest pores and has been associated to the

evolution of the pore size distribution which evolves toward smaller pore diameters. q 1998 Elsevier Science B.V. All rights

reserved.

Keywords: Silica aerogels; Permeability; Adsorption

1. Introduction

It is well established that isostatic pressure ap-

plied using a Hg porosimeter allows aerogel densifi-
w xcation 1–3 . The small pore size does not permit

mercury intrusion. Consequently, aerogel is com-

pressed and for a given pressure pressure induced

densification is not reversible because of plastic be-

havior. Previous studies demonstrated the effect of

starting density and oxidation thermal treatment on
w xaerogel compressibility 4 . Densification is proposed

to occur by a mechanism totally different from sin-

tering. For low density aerogels, fractal features

associated with fractal geometry allowed a densifica-
w xtion model proposal 5 . We compare textural proper-

ties of aerogel for two kinds of densification. The

)
Corresponding author. Tel.: q33-4 67 14 47 81; fax: q33-4

67 54 48 01; e-mail: scalas@crit.univ-montp2.fr.

comparison is done by means of specific surface

area, porous volume and pore size distribution. In

addition, permeability which is correlated to previous

data has been investigated.

2. Experimental procedure

Silica gels were prepared from tetramethoxysilane
Ž .TMOS diluted in ethanol. Hydrolysis was per-

formed under neutral conditions and the ratio

H OrTMOS was four. The percent volume ratio2

TMOSrV where V is the whole volume of thet t

solution varied between 18 and 40%. Aerogel was
w xobtained by supercritical drying 6 . Aerogels were

heat treated for 5 h at 4008C to eliminate organic

groups. Samples were subjected to two types of

densification treatment. Densification was provided

by either heat treatment at 1000–10508C or isostatic

compression. Isostatic compression experiments are

done using a Hg porosimeter. The samples were

0022-3093r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S0022-3093 98 00119-7
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out-gassed 1 h at about 1 mm Hg. Hg pressure varies

from 5 to 120 MPa. The aerogels were compressed

to a given pressure at a rate of 1 MParmin. They

were immediately depressurised to atmospheric pres-

sure at 0.5 MParmin.

Partially sintered aerogels were labelled PSA x

while partially compressed aerogels were labelled

PCA x. x refers to the bulk density of samples

multiplied by a factor of 100. The letter i between

brackets indicates the initial untreated aerogel. Bulk

densities vary in the range 0.13–0.22 grcm3 for

18% TMOS, 0.23–1 grcm3 for 33% TMOS and

0.27–1 grcm3 for 40% TMOS. Bulk density was

obtained by weighting samples and measuring vol-

umes after compaction. Density accuracy was 10y2 .

The difference between bulk density calculated dur-

ing compaction and measured after compaction is

about 10%. Nitrogen physical adsorption–desorption

isotherms were performed at 77 K. They were used
w xto estimate specific surface area from BET 7 and to

calculate the porous volume and the pore size distri-
w xbution from BJH method 8 . Pore volume and pore

size distribution were evaluated from desorption

curve. Using our experimental conditions, the small-
˚est size of pore which can be measured was 17 A

˚and the largest size was 3000 A. These values were

deduced from BJH calculations and Kelvin equation
w x8 . Calculations begin at a PrP of about 0.967 and0

finish at about 0.004. Consequently, the pore size

curves correspond to pore sizes within the range of
˚17–3000 A. Permeability measurements were carried

Ž . Ž .Fig. 1. Evolution of the PSA B and PCA O specific surface

Ž .area with densification %TMOSs33 .

Ž . Ž .Fig. 2. Evolution of PSA ' and PCA ^ surface area per

Ž .volume unit of material %TMOSs33 .

w xout using argon 9 . The measured parameter is the

apparent diffusion coefficient of the material D ,a
dV 1 Ldeduced from the expression: D sP wherea d t D P A

dV ŽP is the gas flow through the sample calculatedd t

from the volume variation dV and the pressure P
.before sample , DP is the pressure drop across the

sample. L and A are respectively the sample length

and the cross-sectional area. The unit of D is m2rs.a

3. Experimental results

Fig. 1 shows the variation of specific surface area

for two aerogels sets corresponding to a TMOS

Ž . Ž .Fig. 3. Pore size distribution of PSA23 i %TMOSs33 during

sintering.
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Ž . Ž .Fig. 4. Pore size distribution of PCA23 i %TMOSs33 during

isostatic compression.

percent volume of 33. The first point, on the left, is

common to the two curves. It corresponds to the

aerogel obtained after oxidation heat treatment. Ther-

mal sintering induces a clear decrease in specific

surface area. Contrarily, densification occurring by

isostatic compression does not induce a specific sur-

face area change.

Fig. 2 displays the same results expressed by the

Ž .volume unit of material not matter . It can be seen

that the surface area by volume unit of compressed

aerogels increases more rapidly than that of sintered

ones.

Evolution of pore size distribution with densifica-

tion depends on the way the densification is done
Ž .Figs. 3 and 4 . Both distributions pass through a

maximum which shifts toward the low values of pore

size as densification proceeds. This shift appears

more rapidly for PCA. For instance, given a density

of 0.72 grcm3, all the pores of PCA have a size

lower than 15 nm while only 20% of pores of PSA

have a size smaller than that value. This percentage

is given by the cumulative pore volume evolution
Ž .data not shown . PSA average pore size is centered

around 17.5 nm while that of PCA is located at 12.3

nm.

PSA and PCA show very different textural prop-

erties as illustrated in Fig. 5. During the first stages

of densification to a bulk density of about 0.5 grcm3,

D decreases more rapidly for PCA than for PSA.a

The insert in Fig. 5 shows that analogous results can

be obtained for aerogels having smaller initial bulk
Ž .density %TMOSs18 . The same remark can be

made: D decreases faster for PCA.a

Ž . Ž . Ž . Ž . Ž . Ž .Fig. 5. Evolution of argon diffusion coefficient with densification for PCA ` rPSA27 i B and PCA ` rPSA13 i B .
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4. Discussion

The texture of silica aerogels consists of an as-

sembly of primary particles connected to form clus-

ters. These clusters aggregate to establish the solid

network. Schematically, pores belong to three family

of sizes. Micropores are mainly located between

primary particles. Mesopores are associated to pores

located between the arms of clusters and the largest

pores must be associated to volume located between

clusters. The routes to perform densification act on

different textural entities. Sintering induces a matter

transport which results in an increase of primary

particle size. Micropores disappear, mesopores size

decreases. Accordingly, the largest pores also de-

crease in size. The net result of sintering is a rapid

decrease in the specific surface area which must be

associated with micropore vanishing.

Contrarily, compression stress causes an interpen-

etration of the clusters. Pores located between clus-

ters decrease in size. Small angle X-ray scattering

experiments show that the cluster volume does not
w xvary 5 . The cluster density increases according to

the correlation length decrease. These changes occur

without change of elementary particle size. The whole

volume change is not associated to a surface de-

crease which is mainly due to small pores. It is
Ž .noteworthy that the surface per volume unit Fig. 2

displays a great increase with densification. That

feature indicates a new way to develop high specific

surface area for a given volume of material. Such a

result may be of interest for catalyst applications.

The small surface area increase of the first com-

pressed samples is not presently well understood.

This result has been observed in a few series but

most of series exhibits a more regular behavior. This

effect may be due to the collapse of highest size

pores which, as a consequence, enter the domain of

measurement. A few macropores transform into

mesopores according to the irreversible shrinkage.
ŽThe measured porous volume V at PrP ;m 0

.0.97 is lower than that estimated from the bulk

density r and the skeletal density r using thea s

Ž . Ž .relation V s 1rr - 1rr .DV is the difference be-p a s

tween these two values. Skeletal density values are

measured from the He pycnometry and have been
w xpreviously reported 10 . Since this technique pro-

Ž .vides a default value of r 1.9 , we have chosen as

mean value of 2 grcm3 for computations. Two

effects can account for this discrepancy.

During the nitrogen adsorption experiment, capil-

lary forces can cause aerogel shrinkage if it can not

resist the associated stress without shrinkage. Ac-

cording to this shrinkage, the pore volume measured
w xmay be underestimated 11 . Aerogel volume shrink-

age during adsorptionrdesorption experiment has

been estimated using a previously reported equation
w x12 . Aerogels investigated are not very light weight

and DV correction do not fully explain the observed
Ž .volume discrepancy Fig. 6 .

Until now, aerogels were considered as devoid of

large interconnected macropores. Diffusion and per-

meability show that large pores do not percolate.

However, a few ones may be present in the texture.

They do not practically take part in the specific

surface area but participate to the pore volume. We

remember here that BJH method does not account
˚for pores having a size larger than 3000 A.

w xIn a recent work 13 , Scherer showed that the

under-estimate of pore volume is related to the pecu-

liar shape of the interface between the adsorbate and

vapor. Considering the model of cylinders, he shows

that adsorption can be arrested before condensation

occurs if the distance between the nodes of the

network is large compared to the radius of cylinders.

So, part of pores could remain empty.

DV decreases more rapidly for compressed than

for sintered ones. Compression mainly acts on largest

pores by reducing their size. Consequently, they can

Ž . Ž . Ž .Fig. 6. Evolution of PCA v and PSA I,) %TMOSs33

DV with densification.
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enter the measured range. Moreover, by reducing the

size of largest pores, compression decreases the dis-

tance between the nodes of the network. Then, the

part of pores which remain empty can be very less

important. Contrarily, sintering which drags meso-

pores toward micropores may give rise to pores

which are no longer accessible to nitrogen.

The comparison between the pore size distribu-
Ž .tions of PSA52 and PCA50 Figs. 3 and 4 shows

that sintered aerogels have pores larger than com-

pressed ones. The largest pores between clusters are

reduced owing to compressive stress. Consequently,

the mean pore size decreases. Additionally, the dis-

tribution becomes much more well defined.

Previous work has shown that argon flow through

PSA and PCA corresponds to the Knudsen regime
w x Ž9 . However, for the initial untreated aerogels which

.are not represented on the Fig. 5 , the phenomenon is

more complicated. Due to a more important pore

size, the collisions between molecules and the vis-

cous flow must be taken into account. The values of

D are then much more important. Permeability isa

controlled by the proportion of largest pores. Their

size decreases more rapidly in PCA and the perme-

ability decrease is also faster. This effect is very

distinct in the beginning of densification and until a

bulk density of 0.6 grcm3. The important difference

between PCA and PSA at 0.4 grcm3 must be related
Žto the different pore size distributions Figs. 3 and

.4 . Although the distribution of PSA is more under-
Ž .estimated see DV Fig. 6 , it reveals the presence of

largest pores. Above 0.6 grcm3, the difference be-

tween PCA and PSA pore size distribution is still

present but permeability values are so low that they

can not account for the different textural properties.

5. Conclusion

Evolution of textural properties of aerogels which

have been densified by sintering and by isostatic

compression were compared. Compression acts on

pores located between clusters to decrease their size.

The elementary particle size is not modified and

specific surface area remains constant. Macropores

size decrease induces a shift of pore size distribution

toward the lower values of average diameter. Sinter-

ing acts on micropores and their disappearance is

associated with rapid specific surface area decrease.

Pore size distribution shifts with densification but the

shift is less pronounced. For a given bulk density,

partially sintered aerogel has larger pores than par-

tially compressed aerogel.

Gas permeability of aerogels is governed by

largest pores and evolves in the same way as pore

size distribution. Diffusion coefficient decrease is

faster for partially compressed aerogel than to par-

tially sintered aerogel.
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Abstract

Two different ways of densification of monolithic silica aerogels have been proposed in the literature. The first one

corresponds to sintering, the second one to isostatic compression using a Hg porosimeter. In this paper, we analyse a

combination of these two different methods. It is shown that a first isostatic compression followed by a further heat

treatment reduces considerably the time required to achieve partial to almost full densification. This Ôtwo steps den-

sification-processÕ is analysed in the framework of a classical sintering model.

Ó 2003 Elsevier B.V. All rights reserved.

PACS: 81.05.Rm; 81.20.Ev; 83.50.Da; 81.40.E

1. Introduction

Thermal sintering of gels is of great interest

because it allows us to obtain dense non-porous

glasses at quite low temperature (around 1000 °C

for silica for example), as well as partially densified

intermediate materials. Only few experiments have

been devoted to sintering of xerogels because of

experimental problems (accurate geometrical

measurements require samples of measurable di-

mensions). Using a slow thermal treatment, it was

shown that base catalysed xerogels sinter at tem-

peratures higher than acid catalysed ones [1]. On

another hand, investigations of silica aerogels

thermal sintering are easier to perform, and nu-

merous papers have been devoted to the analysis

and interpretation of this densification mechanism.

Silica aerogels are usually considered to consist

of primary dense particles that assemble to form

clusters. These clusters are then connected to each

other to create the solid network. Thermal sinter-

ing is known to occur by local viscous flow of the

solid parts of the aerogel [2,3]. The evolution of the

relative density or the whole porosity allows one to

follow sintering as a function of temperature and

time [2]. Additional information can be obtained

by specific surface area, pore size and small angle

X-rays scattering measurements [4–6]. All experi-

ments demonstrate that at the beginning of sin-

tering the primary particles of silica increase in

size. A model considering porous material as a

cubic array of cylinders has been developed by

Scherer to describe sintering of open-pores mate-

rials, such as Ôsilica sootÕ preform from which op-

tical fibres are fabricated. This model correctly
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describes the evolution of density with sintering of

aerogels [7].

For fractal aerogels, SAXS measurements show

that while the primary particle size increases, the

correlation length which can be associated with the

cluster size, decreases. A scaling theory has been

proposed to account for these features. The spe-

cific surface area change, calculated using this

model, agrees well with that measured using ni-

trogen adsorption experiment [8,9].

Another way of densifying aerogels has been

proposed more recently. The method consists in

compressing the sample under isostatic conditions

in a mercury porosimeter at room temperature

[10–12]. Unfortunately usual pressure levels only

lead to a partial densification of the sample and do

not allow to achieve the fully dense glass. During

aerogels compression, densification appears to be

due to an interpenetration of clusters. The specific

surface area, as well as the size of the primary

particles of the aerogel remain unchanged while

the density increases at least up to about 40% [13].

Densification under isostatic compression has been

associated with a mechanism of breaking and

rebonding of the links between clusters, which

implies the decrease of the largest pores under

usual levels [10–12].

These two methods, sintering and isostatic

compression, correspond to different physical

mechanisms of densification and lead consequently

to different reorganisation of the texture and

structure of the aerogel as densification proceeds.

In this paper we propose to combine these two

methods of densification and to analyse the ther-

mal sintering of compressed aerogels. The gain of

density obtained by compression without changing

the specific surface area, which is the driving force

for thermal sintering, is shown to fasten densifi-

cation. This investigation is performed in two se-

ries of aerogels obtained under base and acid

catalysis conditions.

2. Experimental procedures

Silica gels were synthesised by standard sol–gel

techniques. They were prepared using the same

amount of tetramethoxysilane (TMOS) diluted

(60%) in ethanol. The hydrolysis and polycon-

densation reactions were performed with both

acidic, A, and basic water, B, with always the same

amount of water per mole of TEOS. Consequently

gels and obviously resulting aerogels differ only in

the catalyst nature. Monolithic aerogels were ob-

tained using already described supercritical drying

[14]. An oxidation heat treatment was also per-

formed at 400 °C overnight to remove organic

residues remaining at the surface of pores.

Two series of five samples of 7 mm height and

12 mm diameter were cut from the same rod of

A or B aerogel. The density was measured by

weighting samples of perfectly defined dimensions.

In each series A and B, four samples were com-

pressed using a Hg porosimeter [10] at 50, 100, 150

and 200 MPa and one sample was kept uncom-

pressed. Under those pressure levels we have never

observed any mercury intrusion, and aerogels re-

main transparent or slightly translucent.

To analyse the sintering process of compressed

aerogels, the five samples of each series were then

heat treated at 1050 °C. Such a temperature allows

to correctly follow the density evolution as a

function of time. At different times (from 15 min

up to 8 h) during sintering, samples were taken out

of the oven (quenched at room temperature), in

order to measure their density, and then reintro-

duced at 1050 °C. A few samples showing bloating

phenomenon [4] have been discarded.

3. Results

Base catalysed aerogels (B) have a starting

density of 0.217 g/cm3 while acid catalysed aero-

gels (A) which shrink during the different steps of

preparation have a starting density of 0.347 g/cm3.

Regarding further sintering, acid aerogels which

show a density more than 1.5 time that of base

catalysed are expected to require a lower sintering

time.

Fig. 1 presents the density evolution resulting

from isostatic compression of A and B aerogels, as

a function of applied pressure. The density of base

catalysed aerogel B increases very quickly as soon

as external pressure is applied. For higher pressure

level the density increase slows down and seems to
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reach a plateau. Conversely the density of acid

catalysed aerogels A does not change a lot for

applied pressure smaller than 100 MPa. Real

densification appears only for higher pressure

levels and increases all the more the pressure gets

bigger. It is interesting to remark that A and B

aerogels compressed up to 50 MPa exhibit the

same density, also their starting density was so

different. Regarding the curves shapes of Fig. 1,

there is likely an other higher pressure level, at

which A and B aerogels should also exhibit the

same density.

Density evolution of the five A samples during

sintering is reported in Fig. 2. The first experi-

mental points (time¼ 0) are not reported here be-

cause sintering begins during the heating schedule

at 1050 °C. For acid catalysed aerogels compressed

up to 100 MPa, the evolutions of density as a

function of temperature exhibit almost the same

shape. The curves superimpose for sintering times

smaller than 2 h. For longer heat treatments, the

curves shift slightly on the density scale. When

pressure exceeds 100 MPa, sintering is enhanced:

the density increase induced by compression fa-

vours the sintering which is faster for times within

the range of 4–5 h. The density increase seems to

slow down for further time duration. In the case of

acid catalysed aerogels, the compression at room

temperature does not induce significant density

increase and consequently, the evolution of sin-

tering with time is not greatly modified. On the

contrary, for base catalysed aerogels, compression

induces an appreciable density increase at room

temperature and an acceleration in sintering is

clearly observed for all compressed samples be-

tween 2 and 4 h (Fig. 3). After 8 h, the density of

the B aerogel compressed under 200 MPa is 2.15

g/cm3 while the density of as prepared aerogel is

only 1.12 g/cm3. Obviously, primary isostatic

compression favours sintering phenomenon. As

for A samples, the density increase seems to slow

down for time duration exceeding 5 h.

4. Discussion

The size of the primary silica particles consti-

tuting aerogels is known to be larger for base ca-

talysed aerogels than for acid ones. On the other
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hand, structure analysis reveals that the fractal

dimension is lower for base aerogels than for acid

ones. That means that the clusters, build from

primary particles, have a more open structure.

The whole porosity can be expressed as

F ¼ 1ÿ qr; ð1Þ

where qr is the relative density as defined by the

ratio qr ¼ qa=qs. qa is the bulk and qs the skeletal

density. In the case of silica aerogels qs is assumed

to correspond to the density of dense silica (2.2

g/cm3) for both base and acid catalysis conditions.

At the onset of densification, B aerogels which

have a lower bulk density than A ones, are more

porous. Moreover, due to their ÔopenÕ structure,

clusters can easily rearrange and interpenetrate

each other. As shown in Fig. 1, densification of

base catalysed aerogels occurs as soon as pressure

increases. At higher pressure levels, densification

slows down because of the hindrance of clusters

arms. Due to the large size of primary particles of

B aerogels, clusterÕs arms are bigger and stiffer and

impede network reorganisation and densification.

Conversely A aerogels are constituted of small

primary particles arranged in well connected

clusters. Consequently, at the onset of compres-

sion the aerogel resists the stress and no shrinkage

can be measured. Higher pressures levels are nee-

ded to bend or to break the links providing con-

nection between clusters. At these pressure levels

(above 150 MPa), the density increases faster in

acid than in base aerogels probably because the

compaction of clusters made of small particles is

easier than the one of large particles.

It is sometimes asserted that acid catalysed

aerogels which are composed of small silica par-

ticles and micropores, sinter faster than base ca-

talysed one. A and B samples compressed up to 50

MPa exhibit the same density (0.39 and 0.4 g/cm3

respectively) and are consequently good candi-

dates for the comparison of their sintering apti-

tude. Fig. 4 evidences that, after a preliminary

compression at 50 MPa, densification is faster for

B than for A aerogel. After 6 h of treatment, base

catalysed aerogel compressed at 50 MPa is almost

totally dense (qr � 86%) and transparent while

acid catalysed one has a relative density of about

54%.

As clearly demonstrated in Fig. 2 and especially

in Fig. 3, preliminary isostatic compression mod-

ifies aerogels sintering. It is interesting to check if

SchererÕs sintering model, which has been shown

to well describe Ôas preparedÕ silica aerogels sin-

tering, can also account for sintering of partially

compressed aerogels.

The parameter used to follow the sintering

process is the aerogel density. The method [15]

consists in measuring the relative density qr of

samples and in fitting the results on a theoretical

curve to get an estimation of the parameter

Kðt ÿ t0Þ. t0 corresponds to a fictitious time at

which the relative density should tend to zero, t is

the real sintering time at one temperature and K is

a parameter depending on the viscosity, the sur-

face energy and the mean number of pores per

volume unit of matter. Plotting the obtained

Kðt ÿ t0Þ values as a function of real time should

give a straight line if the model applies to this kind

of material. Such analysis has been performed for

partially compressed aerogels. Results obtained

for sintering of two acid catalysed aerogels initially

compressed at 0.1 and 150 MPa are plotted in Fig.

5. Similar linear behaviours are obtained for the

three other compressed samples. K and t0 can be

determined from the slope and the intercept at the

origin of these straight lines. This allows one to

replot the relative density on the theoretical sin-

tering curve, as shown in Fig. 6. The model

agrees quite well with experimental data obtained

for partially compressed A aerogels sintered at

1050 °C.

0.1

0.4

0.7

1.0

1.3

1.6

1.9

2.2

0 2 4 6 8 10

Time (h)

D
en

si
ty

 (
g

/c
m

3
)

P = 50 MPa

A

B

Fig. 4. Comparison of sintering kinetics of base B and acid A

catalysed aerogels having the same starting density after com-

pression at 50 MPa.

L. Perin et al. / Journal of Non-Crystalline Solids 325 (2003) 224–229 227



Analogous analysis has been performed on base

B catalysed aerogels (Fig. 7). Comparing Figs. 6

and 7, we can observe that a larger domain is ex-

plored for B than for A aerogels. This is obviously

due to the lower initial density of B aerogels, and

to the fact that they sinter faster after partial

compression. In this large domain, the shape of the

theoretical curve is quite well reproduced, al-

though scatter is more important than for A

aerogels.

We can consequently state that the microstruc-

tural model consisting of cylinders in cubic array

describes satisfactorily the sintering of partially

densified aerogels. Here compression leads to a

redistribution of pore sizes toward lower sizes [16],

which does not influence the sintering kinetics.

Additional information can be inferred from

this sintering analysis. Parameter K can be written

as follows [17]:

K /
n
1=3

c

g
; ð2Þ

where g is the viscosity at the selected temperature,

c the surface energy and n the mean number of

pores per volume unit of matter. We must under-

line that n depends on the geometry of the solid

cells chosen to describe the texture of the porous

material and that this parameter is difficult to re-

late to the real texture details of the aerogel. At a

given temperature, both c and g can be considered

as constant. Parameter K only depends on the

mean number of pores. We can consequently ex-

press the relative number of pores at pressure P

as follows:

nP

n0
¼

KP

K0

� �3

; ð3Þ

where n0 and K0 correspond respectively to the

number of pores and the K value of uncompressed

aerogels. From the pressure dependence of K pa-

rameter (see insert of Fig. 8 for A aerogels), we can

deduce the evolution of the mean number of pores

nP per volume unit as a function of applied pres-

sure. As observed in Fig. 8, isostatic compression

leads to an increase of nP.

The volume of pores VP per volume of matter

can be written as follows:

VP ¼ AnP r
3
P /

F

qr

; ð4Þ

where A r
3
P is the volume of one pore and F the

porosity as indicated in Eq. (1). Hence decreasing

the pore volume and increasing the mean number

of pores implies that the mean pores dimension
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decreases with compression. Such a conclusion

agrees well with previous experiments using N2

adsorption–desorption analysis and small angle X-

ray scattering which evidence that the mean pore

size decreases with the isostatic applied pressure

[11]. Similar analysis has been performed on base

catalysis aerogels and results exhibit the same

qualitative evolution, leading to the same conclu-

sion.

5. Conclusion

Two series of base and acid catalysed aerogels

have been prepared using the same amount of

compound giving rise to silica solids. They have

subsequently be isostatically compressed using an

Hg porosimeter. Base and acid catalysed aerogels

exhibit different density evolution with the applied

pressure. Base catalysed aerogels which are the

lighter really densify at the onset of compression,

when density of acid remains almost constant.

This densification by compression at room tem-

perature which does not affect the specific surface

area allows an acceleration in sintering process at

relatively low temperature.

Sintering which occurs by viscous flow is shown

to be correctly described in these partially densified

aerogels using SchererÕs model. Moreover, further

analysis demonstrates that room temperature

densification induces an increase of the mean

number of pores. Such an increase can be associ-

ated with the pores size reduction previously

evidenced using classical textural analysis experi-

ments. So, compression acts on the largest pores

transforming them into more numerous pores of

smaller size, allowing a further faster sintering

ability.
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Fracture study of organic–inorganic coatings using

nanoindentation technique
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Abstract

The mechanical response of different coating-substrate systems are investigated using the nanoindentation technique. From the

load–penetration depth curves, we determined the hardness Hc and the elastic modulus Ec of the coatings. Moreover, as the force

increases, cracks, delamination and chipping can appear. These effects induce discontinuities on the indentation curves. Measuring

crack lengths or calculating the dissipated energy during indentation allows the determination of residual stress in the coating and

interface toughness. Two kinds of organic–inorganic coatings on different substrates (silicon and glass) are studied. The coatings

were prepared by the sol–gel process and deposited using the spin–coating technique. The first coating is a mixture of methyltrimeth-

oxysilane, colloidal silica and tetraethylorthosilicate and the second one is based on 3-(trimethoxysilyl)propyl-methacrylate. The first

one reveals better general mechanical properties (lower residual stress, better adhesion, higher interfacial toughness) on silicon than

on glass. For the second one, the elastic modulus and hardness are comparable with those of polymers. In contrast, coating tough-

ness is lower.

Ó 2004 Published by Elsevier B.V.

PACS: 81.20.F; 68.60.B; 81.07.Pr

1. Introduction

Hybrid organic–inorganic coatings find applications

in different domains, particularly in optics with non-

reflecting, anti-abrasion, or scratch resistant surfaces

[1] and in optoelectronics with integrated optical circuits

[2]. Such coatings are fabricated by the sol–gel process.

Compared with others processing techniques, the great

interest of sol–gel process is its relative tailoring simplic-

ity. It is now well known that organic–inorganic hybrid

precursors are very effective materials for such applica-

tions. However, for an industrial use, mechanical prop-

erties of the film and of the interface between film and

substrates have to be known because they play a crucial

role in coating efficiency and aging.

The nanoindentation technique is well known to per-

mit the mechanical characterization of coating-substrate

systems. The principle of the experiments is to indent the

sample and to record the force as a function of the pen-

etration depth. From the force–indentation depth

curves, the hardness Hc and the elastic modulus Ec of

the coatings are parameters classically obtained when

the indentation depth is small compared to the coating

thickness (about less than 10%). As the force increases,

cracks, delamination and chipping can appear. These ef-

fects induce discontinuities in the indentation curves.

More recently, Malzbender and de With [3,4] showed

that, by measuring cracks length or by calculating the

dissipated energy during indentation, others mechanical
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parameters such as residual stress in the film, fracture

toughness of the coating, fracture toughness of the inter-

face between coating and substrate can be determined.

In this paper, two kinds of organic–inorganic coat-

ings are studied. The first one is based on 3-(trimethoxy-

silyl)propyl-methacrylate and is used in integrated

optical circuits fabrication. The second kind of coating

is a mixture of methyltrimethoxysilane, colloidal silica

and tetraethylorthosilicate and is used to make anti-

abrasion films. The structure of these coatings are differ-

ent: the first one is a copolymer with an inorganic part

containing Si and Zr and an important organic network.

The second one has a highly mineral structure with a

network made only by siloxane bonds. Consequently,

the mechanical behaviour of these systems is expected

to be different. The aim of this work is to evidence such

a difference by nanoindentation technique.

2. Experimental

Experiments are performed by using two kinds of

hybrid organic-inorganic coatings. The first one (named

A) contains 30% (weight) solids components and 70%

solvents. The precursors are methyltrimethoxysilane

(MTMOS, assay > 98%), colloidal silica and tetraethyl-

orthosilicate (TEOS, assay > 99%). The weight amounts

of MTMOS and colloidal silica are equal and the

amount of TEOS is 2% (weight) of MTMOS quantity.

The solvents are methanol (64%), diethylene glycol

(34%), H2O (1%) and ethanol (1%). The coatings are

deposited by spin–coating with free evaporation at

600rpm. Two types of substrates are used: silicon wafers

with SiO2 thermic layer (the coating–substrate system is

named A1) and soda lime glasses (the coating–substrate

system is named A2). Coating are dried a few minutes at

100 °C to evaporate solvents and then heat treated at

250 °C for 18h to perform the coating densification.

The second kind of coating (named B) contains 3-(tri-

methoxysilyl)propylmetacrylate (MAPTMS, assay

99%), zirconium (IV) n-propoxide (Zr(OnC3H7)4 assay

70% in propanol), methacrylic acid (MAA, as-

say > 98%) and H2O in molar ratio of 10:1.5:1.5:20.

The Irgacure 1800 (CIBA) is used as photoinitiator to

perform the polymerization of methacrylate bonds.

The complete synthesis of this coating solution is de-

scribed in Ref. [5]. Coatings are spin-coated with free

evaporation at 1800rpm on silicon substrates (the sys-

tem is named B). They are dried for 15min at 60 °C

and UV cured for 30s.

Indentation experiments are carried out using a home

made instrumented microindentor [6]. The sample is

maintained on a platen which can be moved horizon-

tally and vertically with motors and also manually tilted

to adjust the sample position perpendicular to the inden-

tor. The indentor is a Berkovitch diamond. It is

mounted on a force sensor working within the range

0–1000mN with an accuracy of 1lN. The penetration

depth is recorded using a displacement sensor measuring

the displacement of a skirt surrounding the indentor.

The sensor works within the range 0–10lm with an

accuracy of 10nm. The displacement rate may be chosen

between 0.1 and a few lm/min. An optical microscope

allows us to observe the sample surface, before and after

the indentation.

3. Results

Coatings thicknesses have been measured on cleaved

sample using an optical microscope. The mean values

are 5.1 ± 0.2lm for A coating and 14.5 ± 0.2lm for B

coating.

3.1. Hardness and elastic modulus

The coating hardness Hc is defined by the ratio be-

tween the maximum load F and the contact area A.

Knowing precisely the indentor geometry (by calibra-

tion), this area can be expressed in terms of contact

depth hc directly determined from measurements.

The standard way to determine the coating elastic

modulus Ec is by using the initial slope S of the unload-

ing curve [7,8]

Er ¼
ffiffiffi

p

A

r

S

2
: ð1Þ

In this equation, Er is the reduced modulus given by

[7,8]

1

Er

¼ 1ÿ m2c
Ec

þ 1ÿ m2i
Ei

; ð2Þ

where mc, Ec, mi, Ei are the PoissonÕs ratio and the elastic

modulus of coating and indentor.

To be sure that the substrate has no influence, the

investigated depth corresponds to about 10% of the

whole layer thickness. The results are, for A1,

Ec = 22 ± 3GPa and Hc = 2.0 ± 0.2GPa, A2, Ec =

17 ± 2GPa and Hc = 1.1 ± 0.2GPa and B, Ec = 1.6 ±

0.2GPa and Hc = 0.21 ± 0.05GPa (see Table 1).

3.2. Coating toughness, residual stresses and interface

toughness

When the indentation load increases, several kinds of

damage appear: cracks (originating from the edges of

indentor), delamination (loss of contact between coating

and substrate) and chipping (removal of coating seg-

ments). These events have been observed by microscopy

and also associated to changes in the loading curves.

They can be used to determine coating and interface

S. Etienne-Calas et al. / Journal of Non-Crystalline Solids 344 (2004) 60–65 61



toughness and residual stresses in the coating. Basically,

two kinds of approach are used: geometrical analysis

and energetical one.

3.2.1. Geometrical approach

The most commonly used relationship between the

length of the radials cracks c, the coating toughness

KIc and the residual stresses rr is given by the relation

[9,10]

v
F

c3=2
¼ KIc ÿ 2rr

ffiffiffi

c

p

r

ð3Þ

where v = 0.016 (Ec/Hc)
0.5 for a Berkovitch indentor

[10]. Therefore, by measuring c for different loads and

plotting vF/c3/2 versus c0.5, we can determine KIc and rr.

To obtain interfacial toughness Kint, Rosenfeld et al.

[11] provided a method based on the relationship be-

tween the size of the delaminated area and the corre-

sponding load:

K int ¼
0:792H c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1ÿ mcÞ2e
q

1þ mc þ 2ð1ÿmcÞH c/
2
d

F

ð4Þ

with e, coating thickness and Ud the diameter of delam-

ination area.

3.2.2. Energy-based approach

Malzbender and de With [4] suggested a method

based on the energy dissipated during indentation which

is equivalent to the area between the loading and

unloading curves. By plotting the dissipated energy U

as a function of maximum load F during indentation,

it is possible to separate the different events. The energy

dissipated into chipping Uc and delamination Ud, gives

an estimation of the fracture energy, respectively, of

coating Cc and interface Cint

Cc ¼
U c

3pe/c

; ð5Þ

Cint ¼
Ud

p/
2
d

: ð6Þ

Then, the coating and interface toughness can be

determinated using

K ¼
ffiffiffiffiffiffiffi

CE
p

ð7Þ

with (Cc, Ec) for KIc and (Cint, Eint) for Kint. The interfa-

cial modulus Eint is defined in Ref. [12].

These methods have been applied to our coatings-

substrates systems. Fig. 1 shows the indentation curve

for the A1 system. The three events occurring during

indentation induce changes observed on the loading

curve. Cracking, delamination and chipping appears at

approximately 15, 20 and 100mN. In Fig. 2 are the

Scanning Electron Microscopy (SEM) images of the

indentation prints at different maximum load. At

20mN (Fig. 2(a)), radial cracks can be observed and

white areas indicate that the delamination have just be-

gun. With one delaminated and two chipped parts, the

image for a load of 100mN (Fig. 2(b)) shows the transi-

tion between delamination and chipping. On the last im-

age, for F = 650mN (Fig. 2(c)), we clearly evidence the

three chipped areas.

Fig. 3 shows the graph of vF/c3/2 as a function of c0.5

corresponding to the A1 system.The intercept with the

ordinate axis and the slope give respectively coating

toughness KIc and residual stress rr. The values obtained

are: KIc = 0.5 ± 0.1 MPam1/2 and rr = 121 ± 25MPa. rR
value implies tensile stresses. The energetic approach pre-

viously described has been used for this system. The val-

ues ofU as a function of indentation load F are shown in

Fig. 4. The dissipated energies during chipping and

delamination are respectively Uc = 49 ± 5nJ and

Ud = 10 ± 1nJ. This resulted in fracture energies of

Cc = 26 ± 2J/m2 for the coating and Cint = 67 ± 7J/m2

for the interface. The diameters of chipped and delami-

Fig. 1. Load–penetration depth curve for A1 system. Inset: details of

cracking and delamination area.

Table 1

Results summary

Coating System Substrate Thickness (lm) Ec (GPa) Hc (GPa) KIc (MPam1/2) Kint (MPam1/2) rr (MPa)

Geom. Energ. Geom. Energ.

A A1 Si 5.1 ± 0.2 22 ± 3 2.0 ± 0.2 0.5 ± 0.1 0.7 ± 0.1 1.3 ± 0.2 1.5 ± 0.2 121 ± 25

A2 Glass 5.1 ± 0.2 17 ± 2 1.1 ± 0.2 0.6 ± 0.2 – 0.31 ± 0.05 – 157 ± 28

B B Si 14.5 ± 0.2 1.6 ± 0.2 0.37 ± 0.06 0.21 ± 0.05 – – – ÿ40 ± 10
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nated areas are Uc = 19.7 ± 0.2lm and Ud = 6.9 ±

0.2lm, respectively. Finally, the values of toughness

are KIc = 0.7 ± 0.1MPam1/2 for the coating and

Kint = 1.5 ± 0.2MPam1/2 for the interface. For this sys-

tem, the interfacial toughness Kint is also obtained with

the geometrical method provided by Rosenfeld [12] and

based on the size of delaminated area. The value ob-

tained with this method is Kint = 1.3 ± 0.2MPam1/2.

The same analysis is done for the A2 system. Fig. 5

shows the graph vF/c3/2 versus c0.5. For this system,

cracking and delamination are observed but not chip-

ping (due to the load limits of our instrument). It gives

KIc = 0.6 ± 0.2MPam1/2 and rr = 157 ± 28MPa. The

value of interfacial toughness (by geometrical way) is

Kint = 0.31 ± 0.05MPam1/2 with a diameter of delami-

nated area of Ud = 6.4 ± 0.2lm. To avoid problems

due to the load limit, a new instrument is now in pro-

gress, based on a modified traction INSTRON machine

which permits to reach much more important loads.

Fig. 5. vF/c3/2 as a function of c0.5 for A2 system.

Fig. 2. SEM images of A1 system indentation prints: (a) F = 20mN; (b) F = 100mN and (c) F = 650mN.

Fig. 4. Dissipated energy U as a function of load for A1 system.

Fig. 3. vF/c3/2 as a function of c0.5 for A1 system.
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For the B system, no delamination and chipping are

evidenced. Cracks are observed but measured with diffi-

culties because of the large elastic recovery which de-

forms the print. Only mechanical properties of coating

can be inferred. Fig. 6 shows the graph of vF/c3/2 as a

function of c0.5 for the B system. It permits to obtain

KIc = 0.21 ± 0.05MPam1/2 and rr = ÿ40 ± 10MPa. This

result implies compressive residual stresses.

For easier reading and comparison, all the results are

collected in Table 1.

4. Discussion

4.1. Hardnesss and elastic modulus

As measurements have been performed at indenta-

tion depth lower than 10% of coating thickness, hard-

ness and elastic modulus values do depend neither on

substrate type nor on coating thickness. However, Hc

and Ec values obtained for A1 system (silicon substrate)

are larger than those of A2 system (glass substrate).

Coatings have been heat treated at 250 °C and one pos-

sible explanation for lower mechanical properties is the

diffusion of sodium ions from the soda lime glass sub-

strate into the coating. Previous works [13] show that so-

dium ions diffuse very rapidly into the coating even for

short time of heat treatment. For long time of heat treat-

ment, they can accumulate at the coating surface, dis-

turbing hardness and elastic modulus measurements.

To confirm this assumption, same measurements are in

progress on fused silica.

Although coating A has a highly mineral nature, its

elastic modulus is much lower than the silica one (69

GPa). There is an effect of organic part which induces

a decrease of network reticulation and then an increase

of network flexibility. Moreover, this result can also

be due to the incomplete condensation of silanols

groups because of a low heat treatment temperature

[14]. A decrease of inorganic network connectivity

because of organic groups has a great influence on

mechanical properties. This result is widely observed

in hybrid [1].

Hardness and elastic modulus of B system are much

lower than these of A systems. Due to its composition

(MAPTMS and MAA), the B coating contains not only

a more important quantity of organic matter but also an

organic network. This latter completely drives elastic

and plastic properties and leads to a behavior close to

polymers one.

4.2. Residual stress and coating toughness

Residual stresses value of the A coating indicates that

it undergoes a tensile stress. They can appear at different

steps. First, after deposition, due to the solvent evapora-

tion, the film undergoes shrinkage and the substrates

sets against this shrinkage. They also can be due to the

densification treatment. Finally, residual stresses can ap-

pear during cooling due to the thermal expansion coef-

ficient mismatch between coating and substrate. We

know from literature that thermal expansion coefficient

is higher for soda lime glass (9 · 10ÿ6
°Cÿ1) than for sil-

icon (3 · 10ÿ6
°Cÿ1). Even if the rr values are close for

A1 and A2 systems (regarding to uncertainty), our re-

sults seems to show that coating on glass is more

stressed than on silicon. More experiments are required

to confirm this tendency and to obtain coating thermal

expansion coefficient estimation. Finally, it is worth not-

ing that the residual stresses obtained for the A coating

are slightly higher than that of vitreous silica mechanical

resistance in tension (about 100MPa).

Unlike in A systems, residual stresses in the B coating

are compressive. In this system, the densification heat

treatment is replaced by UV curing of organic parts.

Moreover, we previously evidenced that UV curing

leads to a coating expansion [5]. This effect puts the

coating in compression. As the final result is compres-

sive residual stresses, it means that drying shrinkage ef-

fect is far lower than UV curing one.

The KIc values for A1 and A2 systems are in good

agreement each other and a bit lower than the silica

one (KIc silica = 0.75MPam1/2). In the same way, the

hardness and elastic modulus values are low compared

to silica ones. However, even if bonds density of A sys-

tem is lower than dense silica because of methyl groups

and non-condensed Si–OH [15] and taking into account

the measurements accuracy, the required energy to

break the material seems to be on a same order.

For A1 system, a slightly difference exists between the

KIc values respectively obtained with geometrical and

energetical methods. The overestimation induced by

energetical way is due to the substrate effect. Indeed, this

method uses coating chipping and then requires high

indentation loads. The substrate influence has to be

taken in account. A way (proposed by Malzbender [4])

Fig. 6. vF/c3/2 as a function of c0.5 for B system.
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to have a good approximation is to extrapolate the en-

ergy data to infinite coating thickness.

The B system exhibits a low KIc value (0.21 ±

0.05MPam1/2). In this coating, the hybrid precursors

(MAPTMS and Zr-MAA) are network formers. The

polycondensation of MAPTMS mineral entities induces

a silica network and the photopolymerization of MAP-

TMS and MAA methacrylate groups induces an organic

network close to PMMA. Moreover, the Zr-MAA pre-

cursor leads to the formation of Zr–O–Zr clusters [16]

and Zr–OH groups. With this texture, we might expect

a KIc value closer than those of polymers (PMMA for

example, KIc = 1.3MPam1/2) or at less a value between

silica and PMMA ones. Considering that B coating

has a highly organic nature, we can assume that we

are studying the fracture of an elastoplastic material.

In this case, the dissipated energy during fracture is

the energy required to generate two surfaces but also

consider the plastic deformation at the crack tip. Not

taking this plastic deformation into account (as in the

geometrical method), induces underestimated KIc

values. We might confirm this assumption with experi-

ments at higher load which permit to obtain the fracture

energy directly from indentation curves. The KIc values

might be compared more accurately.

Moreover, as previously explained, the cracks have

been difficult to observe and then to measure. Due to

the geometry of final print, cracks length has probably

been overestimated leading to an underestimation of

KIc and rr. For example, a c overestimation of 30% in-

duces KIc and rr underestimations of, respectively,

70% and 100%.

4.3. Interfacial toughness

In the A coating, interfacial fracture toughness is

lower for A2 system (glass substrate) than for A1 system

(silicon substrate). This result is probably in relation

with two effects: the first one is the omission of residual

stress in the RosenfeldÕs method used to calculate Kint.

These higher residual stresses in A2 system could explain

a lower Kint value. The second effect is the diffusion of

sodium ions previously mentioned. This diffusion could

be responsible of Si–O–Si breaking at the interface. In

any case, the values of Kint express the global adhesion

between coating and substrate taking into account the

system history. In these conditions, the results obtained

for A coating seems to show a best adhesion on silicon.

5. Conclusion

Nanoindentation technique has been used to estimate

mechanical properties of hybrid coatings on substrates.

Hardness and elastic modulus have been determinate

from indentation curves at small load values. At higher

load values, coating toughness and residual stress as well

as interface toughness were estimated from cracks,

delamination and chipping occurring in the coating on

the basis of geometrical and energetical analyses. The

two kinds of coating which have been studied, have dif-

ferent structure: one has a highly mineral structure and

the other one contains an important organic network.

The first one reveals better general mechanical proper-

ties (lower residual stress, better adhesion, higher inter-

facial toughness) on silicon than on glass. Sodium ions,

which are known to diffuse very rapidly from substrate

to coating seems to have an important influence on

mechanical properties. To confirm this assumption,

same measurements are in progress on dense silica sub-

strates. For the second one, the elastic modulus and

hardness are comparable with those of polymers. On

the contrary, coating toughness is lower. However, the

KIc values may be underestimated because of plastic

deformation at crack tip which is not taken into account

with the geometrical method. Moreover, the important

difficulty to measure cracks length because of elastic

recovery in this coating shows that the geometrical

method is probably not the best way to obtain toughness

values. Finally, residual stresses are tensile stresses in

system A and compressive stresses in system B.
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Abstract

This paper is dedicated to the study of mechanical properties of various organic inorganic coatings in order to investigate the effect of
a structural modification. The hybrid material is composed by a mixture of colloidal silica and an organo-silicate precursor whose
organic part is a hydride, methyl or phenyl group to obtain simple structural change. These films were prepared by sol–gel process
and set down by spin-coating. Mechanical properties such as elastic modulus, hardness, coating fracture energy, interfacial toughness
and residual stresses are studied using nanoindentation technique. Relation between structural changes and mechanical properties are
studied using solid 29Si NMR spectroscopy. Three-functional species (T) and tetra-functional species (Q) quantity in the final solid state
are discussed in relation to the mechanical properties.
Ó 2007 Elsevier B.V. All rights reserved.

PACS: 46.80.+j; 81.20.Fw; 82.56.ÿb

Keywords: Crack growth; Fracture; Hardness; Indentation, microindentation; Sol–gel, aerogel and solution chemistry; Organic–inorganic hybrids

1. Introduction

Organic inorganic hybrid materials have been inten-
sively studied for last few years. Such materials are very
interesting because they are combining properties of the
inorganic and organic materials that constitute them and
they offer an innovative way to build variety of materials.
The most prominent applications for these materials are
coatings for example: protective coatings [1], material with
high transparency [1], transistor [2], luminescent diodes [3],
solar cells [4], waveguides [5] and photochromic material
[6]. Such coatings are elaborated by the sol–gel process
with eventually an organic polymerization.

Related to industrial use, mechanical properties of coat-
ing and coating-substrate interface have to be controlled

because they play a crucial role in coating efficiency and
aging. Those properties depend on the structure, and there-
fore on the composition. To study this dependence, we
choose a hybrid material composed by a mixture of colloi-
dal silica and an organo-silicate precursor which organic
part is modified to obtain a simple structural change.

The studies of mechanical properties are performed
using the nanoindentation [7].

In this paper, we measured hardness, elastic modulus,
coating fracture energy, interface coating toughness and
residual stresses. Analysis of the force as a function of
the indentation depth curve gives hardness and elastic
modulus of the coating. At higher force, the cracks of the
coating allow the calculus of coating fracture energy, inter-
face toughness which can be determined with two methods:
a geometric approach based on the length of the radial
cracks and an energy approach based on the analysis of
the energy dissipation during indentation. Geometric
approach also allows obtaining residual stresses. In order
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to link mechanical behavior to the structure, we chose 29Si
NMR solid spectroscopy on bulk materials.

2. Experimental

2.1. Hybrid synthesis and coating preparation

Three different compositions were prepared. For the
three systems, the mineral part is constituted of alcohol col-
loidal silica, with a 13 nm particles diameter, and also the
mineral part of orgranosilicate precursors.

Concerning the orgranosilicate organic part, we choose
to modify the group size using hydride, methyl or phenyl
groups (Table 1).

Each precursor was hydrolyzed with an aqueous solu-
tion of 0.1 N hydrochloric acid, in a molar ratio 1 for 3
during 6 h, and mixed with colloidal silica. The hybrid
composition is maintained to 70% mass of colloidal silica
and 30% mass of organo-silicate.

Solutions were spin-coated with free evaporation at
1200 rpm during 15 s on silicon substrates. The coatings
are dried at 100 °C for 15 min, and densified by a thermal
treatment at 250 °C during 10 h.

2.2. Mechanical characterization

The mechanical tests are carried out using a home made
nanoindentor. This apparatus allows indentation speeds
range from 0.1 lm/min to a few lm/min, indentation depth
range from 50 nm to 10 lm and force values until 1 N [8].
Moreover, an optical microscope allows us to observe the
sample surface, before and after the indentation.

Using spin-coating process, the obtained coatings thick-
ness is about some micrometers. This is a relevant value to
realize mechanical tests in the best conditions.

Hardness (HC) and elastic modulus (EC) are obtained
from loading–unloading curve before cracking.

Hardness was defined by Loubet et al. [7] and Oliver and
Pharr [9] as the ratio between maximum load Fmax and the
contact area A between the indenter and the sample

HC ¼ F max

A
: ð1Þ

Elastic modulus is calculated using the unloading part of
the curve

EC ¼
ffiffi

p
p

S

2
ffiffi

A
p Eið1ÿ m

2
cÞ

Ei ÿ
ffiffi

p
p

S

2
ffiffi

A
p ð1ÿ m

2
i Þ
; ð2Þ

where S is the slope of the linear zone at the beginning of
the unloading, Ei is the Young modulus of indentor, mi is
the Poisson coefficients of indentor and mc is that of the
coating.

The contact area A, is obtained by a calibration proce-
dure [8].

For important depth, indentation test damages the coat-
ing. Three phases can be observed (Fig. 1): cracking (a),
délamination (b) and chipping (c). To calculate coating
fracture energy (GIC), interfacial toughness (Kint) and resid-
ual stresses (r) we used two different methods: the first is
based on the analysis of the cracks geometry [10–12]

ffiffiffiffiffiffiffiffi

GIC

p

¼ 0:016
F max

c3=2H
1=2
C

þ Z

E
1=2
C

rc1=2: ð3Þ

Z is a geometric factor depending on the indentation depth
and the length of the crack c

Table 1

The three used precursors

System Name of precursor Formulates developed

A Triethoxysilane

SiH

O- C
2
H

5

O- C
2
H

5

O- C
2
H

5

B Methyltriethoxysilane

SiCH
3

O-C
2
H

5

O-C
2
H

5

O-C
2
H

5

C Phenyltriethoxysilane

SiC
6
H

5

O-C
2
H

5

O-C
2
H

5

O-C
2
H

5

Coating

Substrat

(a) Radial cracks

F

(b) Delamination

F

(c) Chipping

F

c
Cd Cc

Fig. 1. Radial cracks, delaminated and chipped zones.
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K int ¼
0:792HC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1ÿ m
2
cÞe

p

1þ mc þ 2ð1ÿ mcÞHCC
2
d=F max

� � : ð4Þ

The second method uses the determination of the dissi-
pated energy during the indentation test as a function of
the maximum load Fmax [8,13–15,21]

GIC ¼ U c

3pe0Cc

; ð5Þ

K int ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Eint

Ud

pC2
d

s

: ð6Þ

Uc and Ud are the dissipated energy during chipping and
the délamination respectively. e 0 is the efficient thickness
of the coating. It is higher than real thickness (e) because
cracks are not perpendicular to surface. Cc and Cd are
the diameter of the chipping and the delamination disc
respectively (Fig. 1). Eint is the composite modulus between
the coating and the substrate.

2.3. 29Si NMR solid characterization

CP MAS solid-state 29Si NMR spectra were recorded on
an ASX400 Brucker spectrometer (79.49). As it was impos-
sible to perform such a measurement on coated samples
because of lack of solid, we decided to fabricate bulk sam-
ple in conditions as close as possible of those of coatings.

Spin-coating technique used with sols is known to cause
a higher evaporation rate during the movement of the sam-
ple, associated to a structural rearrangement due to the
shearing strength and inducing denser system [18]. To
approach these conditions, the sol was spread out in large
dugs with only one to two millimeter thickness. Drying was
then performed under an air flow to enhance the natural
evaporation. Moreover, previous experiment on hybrids
materials showed that refractive index, macroscopic picture
of the structure, did not change under spin-coating condi-
tions. It was probably due to a lower reactivity of hybrid
precursor compared to pure mineral ones [19].

3. Results

As pointed in the literature, our system showed the three
types of cracking: First, at a given force, radial cracks

appear at each corner of the indenter and propagate in
the direction of applied strength (Fig. 2(a)). When they
reach the interface, radials cracks curve and move through
the interface, forming the delaminated zones (white color
area in Fig. 2(b)). For higher strengths, these cracks go
back up to the surface and circular parts of the coating
are taken off, that marks the chipping phase (Fig. 2(c)).

Resulting loading–unloading curves for the systems A, B
and C are given in Fig. 3 showing a very different mechan-
ical behavior. All mechanical results are listed in Tables 2
and 3. First of all, it is shown that thickness decreases when
the molar mass of organic part increases (Table 2).

Hardness and elastic modulus for A and C systems are
quite similar but lower than B indicating a non correlation
with the molar mass of organic group (Table 2).

Moreover, the A system has a twice bigger cracking
resistance than B and C systems which have a quite similar
value (Table 3). For the interfacial toughness, value
obtained for system B is higher than the others. Finally,

10µm 30µm 40µm

Radial 

cracks 

Circular part 

of coating 

Delamination 

area  

Fig. 2. Different cracks types in the film for the system B: (a) cracking, (b) delamination and (c) chipping.
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Fig. 3. Load–unload curves for the system A, B and C.

Table 2

Thickness, elastic modulus and hardness for the three systems

System Thickness e

(lm)

Elastic modulus EC

(GPa)

Hardness HC

(GPa)

A (H–Si„) 2.1 ± 0.2 4.1 ± 0.5 0.9 ± 0.1

B (CH3–Si„) 3.2 ± 0.2 11.6 ± 0.9 2.1 ± 0.2

C (C6H5–Si„) 4.2 ± 0.2 5.2 ± 0.4 0.5 ± 0.1
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we obtained the similar values of residual stresses for all
systems. Mechanical properties results evidence that the
system A seems to have a singular behavior.

It must be noted that for system C, coating fracture
energy and interfacial toughness values are only given by
the geometric method because, for an indentation depth
equal to the thickness of the coating, energy required for
chipping was not reach (Table 3). Experiments on thicker
coatings are in progress to make the energetic calculations
possible.

Fig. 4 shows the solid 29Si MAS NMR spectra for the
systems A, B and C. Two main groups of bands appear.
The first one corresponds to three-functional condensed
species T (where n represents the number of bridging oxy-
gen) and the second one originates from tetra-functional
condensed species Q. It corresponds to colloidal silica.

Each group was decomposed in Tn and Qn. Table 4 lists
each specie quantity. For the A system, it is very difficult to
put in evidence the first group of bands. The decomposition
of spectra shows a little band at ÿ75 ppm corresponding to
T3 species. On the other hand, there is a lot of Q1, Q3 and
Q4 species but no Q2. This result is unexpected because the
A system is synthesized with a high quantity of Triethoxysi-
lane which is a three-functional precursor.

For the B and C systems, the two groups of bands
appear clearly. The T bands for the B system are shifted
to lower chemical displacement compared to C. In each
case, the T/Q ratio is nearly the same (T2/T3 and Q3/Q4).
Finally, very low quantity of Q2 specie is evidenced in C
system.

4. Discussion

Even if the synthesis process is the same, the theoretical
final solid concentration in the sol (C0) is different depend-
ing on the molar mass of the organic group. Simple calcu-
lation shows that C0 increases with the molar mass of the
organic part. Moreover, in the spin-coating process it has
been shown that thickness increases with C0 [16]. Our
results are in a perfect agreement with this assumption
for a given spin speed, thickness increases from A to C
system.

Whereas the A and C systems elastic modulus and hard-
ness values are close, those obtained on system B are
higher. The organo-silicate precursors have a functionality
equal to three which allows a three-dimensional polycon-
densation. However, the calculation of hydrolysis rate con-

stants shows that, when the alkyl group length increases,
the hydrolysis kinetic decreases [17]. This phenomenon is
due to an inductive effect and a steric hindrance of organic

Table 3

Coating fracture energy, interfacial toughness and residual stresses for the three systems

System Coating fracture energy GIC (J mÿ2) Interfacial toughness Kint (MPa m1/2) Residual stress r (MPa)

Geometric approach Energy-based approach Geometric approach Energy-based approach

A 4.1 ± 0.8 6.2 ± 0.8 0.18 ± 0.02 0.23 ± 0.06 26 ± 6

B 2.2 ± 0.5 3.8 ± 0.6 0.28 ± 0.04 0.33 ± 0.06 25 ± 5

C 1.9 ± 0.4 – 0.08 ± 0.02 – 23 ± 6

Silica glass �8 [22] – – –

Fig. 4. Solid 29Si NMR spectra of systems A, B and C.

Table 4

Proportions of T and Q species for the three systems

System % T % Q

% T2 % T3 % Q1 % Q2 % Q3 % Q4

A – 2 11 – 23 64

B 11 41 – – 8 40

C 17 31 – 1 10 41
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group bounded to the atom of silicon, preventing the nucle-
ophilic attack of water molecules [18]. The same analysis
can be made for the kinetic of condensation. Consequently,
the more the organic part precursor is important, the more
the residual quantity of hanging links will be present in the
final material, lowering the mechanical properties.

Results for B and C system follow this assumption. Elas-
tic modulus and hardness of B is higher than C. Moreover,
when we compare the proportion of condensed species T3,
results show that B system is more reticulated than C.

System A has elastic modulus and hardness lower than
B which is in contradiction with our previously assump-
tion. It should have the best mechanical properties.
NMR spectra show in the expected three-functional species
zone, the absence of T1 and T2 (which should appear at
ÿ61 and ÿ71 ppm, respectively) and only the presence of
T3 (at ÿ76 ppm) in a very small quantity (2%). Literature
reports that Si–H groups are subject to hydrolysis under
acidic conditions [20]. During our synthesis, Si–H probably
vanished and new Q species are generated. The low
mechanical properties could be induced first by the exis-
tence of Q1 species (3(HO)–Si–O–Si–(OH)3). Secondly, we
could imagine that new Q3 and Q4 species which are issued
from the hydrolysis and condensation of Si–H groups form
a low reticulated network with a high content of residual
OH groups. Near and middle infrared spectroscopy mea-
surements are in progress to study this hypothesis.

Regarding now fracture energy of coatings and interfa-
cial toughness, the first observation is that calculus using
geometric method is always lower than using the energetic
one. The geometric method is based on radial cracks length
measurement (in our case about 10 lm) and two kinds of
errors can be done. Firstly the cracks length is short com-
pared to the accuracy of our measurement apparatus (opti-
cal microscope · 1000). Secondly, cracks length increase is
possible after the withdrawal of the indenter due to residual
stresses. This phenomenon, well-known in glasses, is linked
to the existence of subcritical propagation cracks under
stress and water vapor atmosphere [21]. Consequently,
for a given maximal force, the crack length can be overes-
timated and the mechanical properties underestimated.
However, as we have not results on C system with energetic
method, to be able to compare the three systems we used
the geometric one.

First of all, GIC results are lower than silica glass but in
the same order. In view of accuracy, even if GIC (B) seems
to be higher than GIC (C), values can not be assumed as dif-
ferent. However, 29Si NMR results show that system B has
higher T3 species quantity than system C.

GIC (A) seems tend to silica glass one, results correlated
with NMR results which show a Q species and especially
totally condensed Q4 ones. This is in contradiction with
the low elastic and hardness properties. To understand
and validate this peculiar behavior, new experiments are
in progress.

Interfacial toughness follows the same behavior. It is
decreasing from system B to C. When the size of organic
part is increases the interfacial toughness decreases due to
steric hindrance which hinders the adhesion on silicon
substrate.

Positive residual stresses calculated value show that
identical tensile stresses take place in the coatings. These
stresses may occur during the spin-coating step or during
the thermal treatment. Similar values indicate that the
properties of coating have a low influence on residual stres-
ses compared to the process.

5. Conclusion

The mechanical properties of three hybrid coatings have
been investigated using the nanoindentation technique.
Results show that a change of the organic part bounded
to silicon operates a structural change. Systems with
methyl and phenyl groups have a mechanical behavior
and a structure as expected in literature. It is not the case
of system with a hydride group. We suspect that Si–H
group involves a peculiar hydrolysis and condensation
reactions. Moreover, lost of Si–H are hydrolyzed during
the synthesis. Liquid NMR 29Si experiments on the sol
are in progress to follow the Tn and Qn quantity evolution
during the synthesis.

References

[1] Etienne, P. Phalippou, R. Sempere, J. Mater. Sci. 33 (1998) 3999.

[2] C.R. Kagan, D.B. Mitzi, C.D. Dimitrakopoulos, Science 286 (1999)

945.

[3] T.W. Lee, O. Park, J. Yoon, J.J. Kim, Adv. Mater. 3 (2001) 211.

[4] W.U. Huynh, J.J. Dittmer, A.P. Alivisatos, Science 295 (2002) 2425.

[5] Yoshida, P.N. Prasad, Chem. Mater. 8 (1996) 235.

[6] Biteau, F. Chaput, K. Lahlil, J.P. Boilot, G.M. Tsivgoulis, J.M.

Lehn, B. Darracq, C. Marois, Y. Levy, Chem. Mater. 10 (1998) 1945.

[7] J. Loubet, J.M. Georges, O. Marchesini, G. Meille, J. Tribol. 106

(1984) 43.

[8] S. Etienne-Calas, A. Duri, P. Etienne, J. Non-Cryst. Solids 344 (2004)

60.

[9] W.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (1992) 1564.

[10] D.B. Marshall, B.R. Lawn, J. Am. Ceram. Soc. 60 (1977) 86.

[11] D. Broek, Elementary Engineering Fracture and Mechanics, Kluwer

Academic, Dordrecht, 1997.

[12] L.G. Rosenfeld, J.E. Ritter, T.J. Lardner, M.R. Lin, J. Appl. Phys. 67

(1990) 3291.

[13] J.W. Hutchinson, Z. Suo, Adv. Appl. Mech. 92 (1992) 63.

[14] J. Malzbender, G. de With, J. Non-Cryst. Solids 265 (2000) 51.

[15] J. Malzbender, G. de With, Thin Solid Films 359 (2000) 210.

[16] L.E. Scriven, Mater. Res. Soc. Symp. Proc. 121 (1988) 717.

[17] K.C. Chen, T. Tsuchiya, J.D. Mackenzie, J. Non-Cryst. Solids 81

(1986) 227.

[18] C.J. Brinker, J. Non-Cryst. Solids 100 (1988) 31.

[19] F. Bissuel, PhD thesis, University of Montpellier, 1996.

[20] Pauthe, J. Phalippou, R. Corriu, D. Leclercq, A. Vioux, J. Non-

Cryst. Solids 113 (1989) 21.

[21] S.M. Wiederhorn, J. Am. Ceram. Soc. 50 (1967) 407.

[22] S. Dériano, A. Jarry, T. Rouxel, J.-C. Sangleboeuf, S. Hampshire, J.

Non-Cryst. Solids 344 (2004) 44.

716 A. Ferchichi et al. / Journal of Non-Crystalline Solids 354 (2008) 712–716



Organic–inorganic materials for fabrication of integrated optical circuits

J. Jabbour a,b,*, S. Calas-Etienne a,*, M. Smaı̈hi c, S. Gatti b, R. Kribich b,
G. Pille b, Y. Moreau b, P. Etienne a
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Abstract

In the last few years, ORganically MOdified SIlicates (ORMOSILS) [RxSi(OR)4ÿx] prepared by sol–gel process were particularly attractive for

integrated optics fabrication. A composition based on 3-(trimethoxysilyl)propylmethacrylate (MAPTMS) has already allowed the industrial

fabrication of optical integrated devices. For this kind of materials, the polymerization of the organic network is typical of free radical curing.

In this work, we try to obtain waveguides with another hybrid precursor [2-(3,4-epoxycyclohexylethyltrimethoxysilane)] using cationic

polymerization. The main advantage of cationic polymerization is its ability to allow spontaneous cure reaction in presence of oxygen, in contrast

with radical polymerization. We choose cycloaliphatic compounds because of their well-known high polymerization rates. The polymerization of

the organic network of this hybrid material requires a cationic photoinitiator.

The purpose of this paper is dedicated to the inorganic part of the material. Hydrolysis and polycondensation are followed by 29Si NMR. The

main objective is to obtain the highest reactive multifunctional oligomer with the lowest OH groups content.

Based on our results, we obtained 3D waveguides with a cross-section of 5 mm � 5 mm.

# 2007 Elsevier B.V. All rights reserved.

Keywords: Organic–inorganic; Epoxides; Sol–gel; Waveguides; 29Si NMR spectroscopy

1. Introduction

During the last 10 years, the fabrication of 3D waveguides

and more recently integrated optical circuits (IOC) using

organic–inorganic hybrid precursors has received an increasing

amount of attention [1–5]. The simplest and lowest cost way is

based on a peculiar precursor with general formula R0Si(OR)3.

This precursor has two reactive parts in such a way that it offers

a two-step polymerization process. A mineral network can be

fabricated by hydrolysis and polycondensation of the sol–gel

part of the precursor (–Si(OR)3) and an organic network can be

created by UV photopolymerization of a double bond present in

the R0 group.

Building a 3D waveguide on silicon substrate corresponds to

replicate the optical fibre structure. Four steps are then

necessary. First, a buffer layer is deposited on silicon. It must

have first a thickness high enough to insole the future 3D guide

from the high refractive index of silicon, and second a refractive

index lower than the future 3D guide. A second layer is then

deposited using the peculiar precursor cited above. It is then

locally UV cured through a mask or using the movement of a

laser beam. The unpolymerized part is soluble in classical

alcohols which reveal 3D guides. Finally, a heat treatment

around 100 8C allows the polycondensation of sol–gel part and

gives to the guide good mechanical properties and very long

time stability. In the last step, the relief guide is covered by the

same layer used as buffer to protect against external

aggressions.

Until the end of 90s years, 3D waveguides from

ORganically MOdified SIlicates (ORMOSILS) or organically

modified ceramics (ORMOCERS) were fabricated and

optimized using the well-known photolithographic process

[1,6]. However, the use of a mask has several main
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disadvantages for the fabrication of complex components such

as wavelength division multiplexers (WDM). The accuracy

necessary to allow a good working is far lower than the

theoretical calculi. The definition loss is due to masks defaults

replicated on the coating. That is why we develop a direct

impression technique using a UV laser whose beam size

corresponds to the future 3D waveguide width. Moreover,

during the circuits optimization, this technique has two major

advantages compared to the photolithographic process: its

flexibility and its low cost. The fabrication of several expensive

masks is replaced by a simple modification of the laser

movement.

The more advanced and industrialized material is based on a

mixture of methacryloxypropyltrimethoxysilane (MAPTMS)

and zirconate propoxide chelated by methacrylic acid [6].

However, this composition has some disadvantages which can

complicate or prohibit specific IOC fabrication: for example

low mechanical properties, poor adherence on silicon and even

on glass, high propagation losses at 1.55 mm, important internal

stresses after UV curing, etc. Moreover, the photopolymeriza-

tion process is based on using free radicals generation from UV

photoinitiators. The main very important problem of free

radicals, especially in coating processes, is to be inhibited by

oxygen. As a result, the polymerization process is uncompleted

and final properties are not optimized.

Since the last year, our general work is based on the

synthesis of a new generation of organic–inorganic materials

whose organic part is photopolymerized using cationic way

which is known to be insensitive to oxygen. Epoxy groups are

good candidates because of their low shrinkage under

polymerization and their good adherence on various substrates

[7]. After literature study we choose the 2-(3,4-epoxycyclo-

hexylethyltrimethoxysilane) (EETMOS) because of its very

important reactivity and its high conversion rate [8].

It is well known that Si–OH groups compete with the

propagation of the light at 1310 and 1550 nm (second and

third telecommunication windows). This phenomenon is

associated to the presence of OH groups which absorb the

light in this spectral range leading to the attenuation at the

telecommunication wavelengths [4]. These groups are known

to be present in hybrid materials because of the low

temperature treatment necessary to preserve the organic part.

To reduce losses, a peculiar attention has to be made in the sol

synthesis which must contain after hydrolysis of the sol–gel

part lowest Si–OH amount. This paper deals with the study of

the synthesis of EETMOS sol in such a way. The evolution of

Si–OH and Si–O–Si groups are followed by liquid 29Si NMR

spectroscopy.

2. Experimental

2.1. Precursor EETMOS

The EETMOS (ABCR, purity 97%) is an ORMOSIL

precursor with the structure showed in Fig. 1.

The reactive organic part is an epoxy ring which can be

opened and condensed with another to form a polymeric

network using a protonic acid HX. This kind of polymerization

is named cationic. The reactions are given in Fig. 2.

The formation of active species for cationic polymerization

occurs by attack of the epoxy ring to form an oxiranium ion.

Initiation of the cationic polymerization takes place by

nucleophilic attack of an epoxy monomer on the oxiranium

ion what propagates the reactions in chain and leads to a

formation of the organic network. The ring opening poly-

merization of epoxy proceeds through the oxiranium with

formation of polyether chain [9,10].

The presence of the cyclohexyl group allows polymerization

at a very high rate and the absence of aromatic unsaturations

procures to final material good weathering properties [11]. To

be polymerized under UV exposure, a special photoinitiator

must be used whose photolysis leads to the protonic acid

generation. Common photoinitiators are based on iodonium or

triarylsulfonium salts (R1)2S
+–R2X

ÿ where R1 and R2 are alkyl

groups [12]. As we are using a laser beam at 262 nm

wavelength, the chosen photoinitiator is the [4-(2-methylpro-

pyl)phenyl](4-methylphenyl-hexafluorophosphate) (Fig. 3).

The reactive inorganic part is a due to three methoxy

groups (–OMe) which can lead to a mineral network

Fig. 1. EETMOS.

Fig. 2. Polymerization of epoxy ring in a cationic way.

Fig. 3. [4-(2-Methylpropyl)phenyl](4-methylphenyl-hexafluorophosphate).
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under hydrolysis and polycondensation reactions (sol–gel

process):

BBSiÿOMe þ H2O ! � SiÿOH þ MeÿOH Hydrolysis

BBSiÿOH þ OHÿ
! � SiÿOÿSi� þ H2O Condensation

Hydrolysis is usually enhanced by acid catalysis. In contrast,

condensation reactions produce much faster in basic catalysis.

2.2. Building of the 3D waveguide

As already said, a 3D waveguide is composed of three

layers: the buffer layer (BL), the guiding layer (GL) and the

protective layer (PL). In our case, each layer is deposited by the

dip coating technique at a specific speed to obtain appropriate

thickness values. BL and PL composition are already given

elsewhere [13]. After deposition, GL is dried at an appropriate

temperature (80 8C for 20 min). This heat treatment essentially

permits to evacuate solvent, leading to a mineral network weak

enough to allow photoinitiator displacement during polymer-

ization of epoxy rings. The core guide is performed using

pulsed laser writing instead of a lamp and mask system. The

system is based on the imaging of a finite distance object

defined by the illumination of a pinhole. The diffraction pattern

propagating for the object is collimated, filtered and focused to

build the image of the object so as to ensure vertical energy

walls during irradiation and circular symmetry. An acousto-

optic modulator is placed on the laser beam path. Diffracted

orders are selected using the pinhole and thus, power control

and fast switching of the laser writing spot can be performed.

During layer irradiation some photons are diffused and

photoluminescence occurring in the blue can be observed.

Capturing this image through a dichroı̈c mirror with a camera

permits us to monitor spot geometry and power. The laser

source is a diode pumped Nd:YLF, which is frequency

quadrupled to emit at 262 nm wavelength. Its repetition rate is

adjustable between 3 and 60 kHz, and pulse duration is 10 ns

for an average power of 12 mW. The layer to be exposed is

dynamically irradiated by being translated under the fixed laser

spot. The displacement is realized with high accuracy linear

motors based micropositionners driven by a computer. Drawn

designs are thus easy to modify; this gives flexibility to the

patterning process and enables the realisation of different

prototypes circuits. Low wavelength and pulse behaviour lead

to easy maintaining, high resolution and high power density

reaction system. The unpolymerized part is dissolved in

propanol (Fig. 4). The cross-section of the waveguide is

5 mm � 5 mm (Fig. 5).

2.3. Synthesis of the guiding layer sol

The objective is to prepare via a classical sol–gel route a sol

with the lowest residual silanol (Si–OH) groups but which is

still able to polycondense to form the mineral network. We need

a total hydrolysis of the three alkoxide groups of the EETMOS

and a partial condensation to form long linear oligomers or

cyclic ones. We would have only one residual silanol group per

EETMOS. Moreover, the oligomer would be a multifunctional

epoxy precursor with higher reactivity than the EETMOS

alone.

Literature shows that, for a total hydrolysis, we have to work

in acidic conditions and with a high rate of hydrolysis

(R = H2O/EETMOS). However, the condensation is favoured

in basic catalysis or using hydrofluoric acid (HF) which has a

very specific behaviour in the sol–gel process. As our

photoinitiator is an acid, we choose to use HF to avoid any

reaction. In our work, we use four synthesis conditions.

Sol labelled A corresponds to EETMOS hydrolysis rate of 3

with HCl 0.1N (Fig. 6a). As EETMOS and water are not

miscible, an addition of 0.8 mol of ethyl alcohol (99%) for

1 mol of EETMOS is necessary. The solution is kept stirring for

6 days.

In the sol labelled B, only water is used to perform

hydrolysis in neutral conditions. It could be a compromise

between a total hydrolysis and a low residual OH groups

content. The solution is kept stirring for 6 days.

Fig. 4. Building of the 3D waveguide.

Fig. 5. Optical microscopy picture of the waveguide cross-section before

covering.
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The sol C corresponds to a hydrolysis rate of 10 with HCl

0.1N. Due to the important increase of water quantity, more

alcohol must be added to obtain a homogeneous sol leading to a

necessary modification of the synthesis (Fig. 6b). The ethanol is

divided in two equal parts respectively mixed to HCl 0.1N and

to EETMOS. The obtained HCl/ethanol solution is added

dropwise to EETMOS/ethanol one and the solution is stirred for

6 days at room temperature.

Sol labelled D corresponds to the sol C with the dropwise

addition of HF (0.3% of the EETMOS mass) in ethanol (molar

ratio HF:ethanol 0.7:1) solution at the end of the synthesis.

The solution is kept for stirring two more days at room

temperature.

2.4. Liquid 29Si NMR spectroscopy

This is a very convenient technique to follow the kinetics of

hydrolysis and condensation. The signal chemical shift

reference was trimethylsilane (TMS). The accumulations

parameters are: frequency of 59.62 MHz, 7.5 recycle delay,

P/3 (7 ms) pulse, spectral width of 200 ppm and 512 scans.

The species formed during sol–gel process were followed

according to their chemical shift (ppm). The substitution of a

methoxy group by an OH group induces a conventional

downfield shift while the shifts observed towards strong fields

can be attributed to the substitution of methoxy group or

hydroxy group by siloxane species [14].

Classical Ti
j notation is used for the different silicate species

depending on the number of siloxane bonds. i represents the

number of siloxanes and j the number of silanols.

3. Results and discussion

The 29Si NMR spectrum (not presented) of the pure

EETMOS presents only one peak at ÿ42.47 ppm showing the

high purity of the precursor.

Fig. 7 presents 29Si NMR spectra for the first three different

sols (A–C). Chemical shift for monomeric and oligomeric

species obtained from hydrolysis–condensation of EETMOS

are given in Table 1.

In each case, the monomer labelled T0
0 disappears. In the sol

A, species formed are in majority T0
1 and a few T1, T2.

Hydrolysis is not so important and only some oligomers appear

in a very small quantity. In sol B, EETMOS is hydrolysed in

only one species T0
1. Working in neutral conditions does favour

neither the hydrolysis nor oligomers formation. Finally, the sol

C has only T0
3 and a remarkable high content in T1 and T2

species. Notice that T1 and T2 band broadening (10 ppm) is due

to the large distribution of environments around the silicon [15].

A previous study of Babonneau and Maquet [16] indicates

that the kinetics of hydrolysis depends mainly on the steric

hindrance of the aliphatic chain, for a given type of ORMOSIL.

The hydrolysis is enhanced by short aliphatic chain. As the

chain bonded to silicon, in EETMOS, is cycloaliphatic type, it

Fig. 6. (a) Sol A (HCl) or B (water) synthesis and (b) sol C synthesis.

Fig. 7. 29Si NMR spectra of solutions A–C.
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presents some sufficient steric hindrance to slow down the

hydrolysis. It can further be concluded that anomalous low rate

of the sol–gel process in the sol A can be due to the presence of

the cycloaliphatic chain. Acid concentration in the solution is

not sufficient to have an important kinetic effect on hydrolysis.

However, an increase of the water quantity with the same

HCl concentration (sol C) leads to an enhancement of the

hydrolysis kinetic. Only totally hydrolysis monomer species

(T0
3) are still remained and the condensations reactions are more

advanced to form oligomers with one or two siloxane bonds.

To obtain a total disappear of T0 species, we decided to use a

derivative version of the double step process by replacing the

base by HF [17]. Fig. 8 gives results of 29Si NMR when HF is

added at two concentrations. At a molar ratio of EETMOS:HF

of 1:1, the spectrum shows the presence of neither hydrolyzed

species nor T1 species. Moreover, T3 species appear in a higher

quantity than T2. However the nearly total disappearance of the

OH groups is not a really good thing for us because they are

nevertheless necessary in the adhesion process on silicon. On

the other hand, when only a little HF quantity is added to the

solution, the spectrum shows three different species T1, T2, T3

in respective proportions of 11%, 55%, 34%.

Solution D is then the best choice to have lowest OH groups

and as a consequence, highly reactive oligomers for the organic

polymerization.

4. Conclusion

In this work, we optimize the synthesis of a solution using a

new generation of hybrid organic–inorganic precursors. We

demonstrated the effect of HCl catalysis in a solution performed

with a high water content in the hydrolysis step. Moreover,

using HF like a base in a double step process increases the

condensation reactions, leaving in the solution only a few

silanol groups on oligomers species. This solution is now under

study to realise integrated optical circuits. We have just succeed

in imprinting guides whose cross-section is in the order of

5 mm � 5 mm adapted to the kind of circuits developed in the

laboratory. Optical losses measurement are in progress.
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Table 1

Chemical shift for monomeric and oligomeric species obtained from hydro-

lysis–condensation of EETMOS

Species Chemical shift (ppm, �0.1 ppm)

T0
0

ÿ42.5

T0
1

ÿ41.5, ÿ40.6

T0
2

ÿ40.1, ÿ39.7

T0
3

ÿ39.5

T1 ÿ48 to ÿ51

T2 ÿ57.8 to ÿ59

T3 ÿ67.4

Fig. 8. 29Si NMR spectra (a) molar ratio EETMOS:HF of 1:1 and (b) HF is

0.3% of EETMOS mass.

J. Jabbour et al. / Applied Surface Science 253 (2007) 8032–80368036



Relation between structure and mechanical properties
(elastoplastic and fracture behavior) of hybrid organic–inorganic
coating

A. Ferchichi Æ S. Calas-Etienne Æ M. Smaı̈hi Æ

G. Prévot Æ P. Solignac Æ P. Etienne

Received: 21 December 2008 / Accepted: 17 February 2009 / Published online: 6 March 2009

Ó Springer Science+Business Media, LLC 2009

Abstract The mechanical properties of various inorganic

organic films were studied and compared in order to inves-

tigate the relation between structural modifications and the

mechanical behavior. Films were prepared by a sol–gel

process and spin-coated on silicon substrate. The organic–

inorganic hybrid is composed of a mixture of colloidal silica

and organosiloxane precursors. The functionality of the

organosiloxane and the nature of its organic part have been

modified to obtain a structural change.Mechanical properties

were studied using nanoindentation. Analysis of the strength

evolution as a function of depth of indentation shows the layer

hardness and elastic modulus. Moreover, coating and inter-

face toughness and residual stresses were determined by a

time resolved study of energy dissipation during indentation.

The structural changes were determined using liquid and

solid 29Si NMR spectroscopy. Quantity of partially and fully

condensed species in the deposited sol and final solid are

discussed in relation to the mechanical properties.

Introduction

Since few years, organic–inorganic hybrid materials based

on a mineral network issued from the sol–gel process and

an organic polymerized part are more and more intensively

studied. They offer a very innovative way to develop a

wide variety of new materials because of their structure at

the nanometer scale which combines the properties of an

organic and an inorganic entity.

For an industrial point of view, these materials are much

more used as layer forms such as protective coatings [1],

materials with high transparency [2], transistors [3], lumi-

nescent diodes [4], solar cells [5], waveguides [6] and

photochromic coatings [7].

In all processes where coatings are used, the ability to

have a crack-free system depends on the mechanical

properties both of the layer and the interface versus the

substrate. In such a case, coating and interface toughness

are the properties that will play a major role in the ‘‘life or

death’’ of the system. Those properties depend obviously

on the composition and on the structure at nanometer scale.

The aim of this paper is to have a better understanding

of such a problem by studying a reference material issued

from a sol where slight and controlled composition

change induces a little structure variation. Such a sol is a

mixture of colloidal silica and an organosiloxane precursor

(RnSi(OR
0)3–n. The structural changes are performed by

modification of the functionality (n) and/or of the non-

polymerizable organic group nature (R). The mechanical

properties are studied using the well-known nanoindenta-

tion technique [8]. Analysis of the force as a function of the

indentation depth gives the hardness and the elastic modu-

lus of the coating. When cracks appear, another calculus

based on even the crack length (geometric approach) or the

dissipative work involved (energetic approach) allows

determination of the coating and interface toughness [9, 10].

Note that the geometric approach also allows the mea-

surement of the residual stresses [9, 10]. To analyze the

structure and to understand the connection of the different
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atoms in the material network, we have chosen the 29Si

NMR spectroscopy at a liquid state for the sols and at the

solid one for the coatings [11, 12].

Experimental procedure

Sol synthesis and layers coatings

Each sol is composed of an alcoholic solution of colloidal

silica particles (13 nm diameter) and an organosiloxane

precursor, RnSi(OR
0)3–n. The functionality effect is studied

using the dimethyldiethoxysilane (n = 2) and the meth-

yltriethoxysilane (n = 1). R group is methyl or phenyl

group in order to study the effect of steric hindrance. Each

organosiloxane precursor is mixed to colloidal silica and

hydrolyzed with a 0.1 N aqueous hydrochloric solution.

The sol was stirred for 24 h at room temperature. The

hybrid composition is maintained to 70% mass of colloidal

silica and 30% mass of organosiloxane.

Sols are spin-coated with free evaporation at 1200 rpm

for 15 s on silicon substrates. This step is followed by a

drying and densification step using an adapted thermal

treatment. Thermogravimetric analysis has been done to

optimize the thermal treatment in order to obtain a crack-

free and most densified coating with a safe organic part.

Mechanical characterization

The mechanical properties are obtained using the nanoin-

dentation technique. The force required to indent a material

is monitored as a function of the depth. In our case, we used a

home-made apparatus having a Berkovitch indentor, an

indentation range from 50 nm to 10 lm at a speed ranging

from 0.1 lm/min to a few lm/min, and a maximal force

value of 1 N. Surface before and after each experiment can

be observed with an integrated optical microscope.

During an indentation experiment, several zones appear

on the force versus indentation depth curve (Fig. 1), which

are characteristics to the peculiar behavior of the coating.

In the zone 1, the indentor is penetrating the material

according to its elastoplastic properties such as hardness,

HC, and elastic modulus, EC (Fig. 1a). Hardness is defined

as the ratio between the maximum force, Fmax, and the

contact area, A, just before the unloading part of the curve

[13, 14].

HC ¼ Fmax

A
ð1Þ

A is obtained thanks to a previously described calibration

procedure [10].

The elastic modulus is calculated using the unloading

part of the curve:

F

c

F

Cd

F

C

Force

Indentation depth

Zone 1 Zone 2 Coating

rupture

Interfacial

rupture

Cracking

Coating

Substrat

F

(a) elastoplastic behavior (b) radial cracks (c) delamination (d) chipping 

Fig. 1 Indentation curve and

different cracking steps
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where S is the slope of the linear zone at the beginning of the

unloading, Ei is the elastic modulus of indentor, mi and mc are

the Poisson coefficients, respectively, of indentor and coating.

At higher indentation depth, the coating can crack. This

phenomenon is instantaneously monitored on the force

versus indentation curve (zone 2). Three successive steps

can be observed (Fig. 1b–d). First, radial cracks occur

originating from the edges of the indentor (Fig. 1b). The

initiation and the propagation of these cracks depend both

on the toughness of the coating, KIC, and on the residual

stresses, rC. Theoretical calculus shows a relationship

between such properties and the crack length, c, and the

applied force, Fmax [15].

KIC ¼ 0:016
EC

HC

� �1=2
Fmax

c3=2
þ Zrc

1=2 ð3Þ

where Z is a geometric factor defined by Broek [15]

depending on the indentation depth and the length of the

crack.

Making experiments at different maximal force values

allows to draw the linear curve Fmax/c
3/2 versus c

1/2. The

slope gives rc, and the intercept at zero crack length value

gives KIC. EC and HC have to be previously calculated with

an experiment involving no cracks.

Secondly, when the cracks reach the substrate, they get

curved and propagate at the interface forming the delami-

nation zone (Fig. 1c). The stress field makes that the area

appearing from one corner to another is quite circular with

a mean diameter value Cd. In this case, two methods can

perform the KIC calculus. The first one, called ‘‘geometric

method’’, is based on the Cd measurement at Fmax using the

following relationship [9, 16]:

Kint ¼
0:792HC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1ÿ m
2
c

ÿ �

e

q

1þ mc þ 2 1ÿ mcð ÞHCC
2
d=Fmax

� � ð4Þ

The second approach, called ‘‘energetic method’’, uses the

dissipated energy, Ud, during the indentation experiment

[9, 10, 16, 17]:

Kint ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Eint

Ud

pC
2
d

s

ð5Þ

where Eint is the composite modulus between the coating

(Ec) and the substrate (Es) [18].

1

Eint

¼ 1

2

1

Ec

þ 1

Es

� �

ð6Þ

Finally, at highest force values, these cracks get curved

again to go up to the coating surface and segments of the

coating are taken off, marking the chipping phase (Fig. 1d).

The energy required to crack the coating, Uc, gives another

possibility to calculate the coating toughness using the

following relationship [19, 20]

KIC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EC Uc

3 p e0Cc

r

ð7Þ

where e
0 is the efficient thickness of the coating which is

higher than real thickness e, because cracks are not perpen-

dicular to the surface.Cc is the diameter of the chipping disc.

29Si NMR characterization

29Si NMR spectroscopy is a very useful technique to dif-

ferentiate the silicon atom as a function of their neighbors.

As already referenced in the literature, condensed species

will be noted Dn, Tn and Qn for dialkyl, trialkyl and tet-

raalkyl precursors, respectively. n represents the number of

bridging oxygen [11]. These species can be partially or

totally condensed and for some cases cyclic species can

also be formed [12].

To better understand the material structure, we made

experiments in the liquid state for the sols and in the solid

state after the thermal treatment. For all the sols, liquid 29Si

NMR spectra were obtained using Bruker Avance 300 MHz

spectrometer. Glass tubes were used for this analysis. For

this reason it was not possible to analyze the tetrafunctional

peak zone corresponding to Q species. 29Si NMR CP MAS

solid-state spectra were recorded on an ASX400 Brucker

spectrometer (79.49). However, it was impossible to per-

form such a measurement on coated samples because of lack

of solid. We decided to elaborate bulk samples in conditions

as close as possible to those of the coatings. The spin-coating

technique used with pure mineral sols is known to cause a

higher evaporation rate during the movement of the sample,

related to a structural rearrangement due to the shearing

strength and inducing denser system [21]. Moreover, pre-

vious experiments on hybrids materials showed that the

refractive index, a macroscopic picture of the structure, did

not change under spin-coating conditions. This result was

explained by the lower reactivity of hybrid precursors

compared to pure mineral ones [22]. So, to be close to the

deposition conditions, the sol was simply spread out in large

dugs with only 1–2 mm thickness. Drying was then per-

formed under an air flow to enhance the natural evaporation.

Results

Liquid 29Si NMR spectra are presented in Fig. 2. They put

in evidence the different condensed species content in the

sol before deposition. All the positions of peaks are iden-

tified by comparison with literature data [11, 12, 23–25].
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DMDES-SiO2 system (Fig. 2a) has three peaks domains.

The first one located around -14 ppm is attributed to D1

species. The other ones correspond to two kinds of D2

species. The thin peak located at -19.2 ppm is assigned to

a cyclic arrangement of four siloxanes bonds, called D2
4c

[25] while the peak around -22 ppm corresponds to linear

oligomers. D2 ratio of 90% indicates a high condensation

state. MTES-SiO2 system (Fig. 2b) has also two peaks

domains. T1 species are not detected and only T2 and T3

species are put in evidence around -57 and -65 ppm

respectively. Fully condensed species quantity is about

57%. On the other hand, when MTES is replaced by

PHTES (Fig. 2c), a large part of T1 and T2 species appear

on the spectrum with only 3% of T3 species. The sol is less

condensed than the first systems.

Solid 29Si NMR spectra are represented in Fig. 3. Two

main groups of bands appear. The first one corresponds to

silicon atoms of the organosiloxane part of the system

while the other represents the silicon atoms of the silica

particles. As four siloxane bonds are possible, such species

are called Qn. A spectral decomposition is necessary to

separate different species contributions and to calculate

their respective quantity. Results are listed in Tables 1 and

2. DMDES-SiO2 system (Fig. 3a) shows two D2 peaks

corresponding to D2
4c and linear D2 species around -19

and -22 ppm respectively. D1 species are not detected in

the solid state. Moreover, more D2
4c species are present

compared to the liquid state (61% against 38%). MTES-

SiO2 system (Fig. 3b) shows two T peaks domains

assigned to T2 and T3 species around -57 and -65 ppm

respectively. T3 quantity about 81% involves an important

condensation state of the solid. On the other hand, PHTES-

SiO2 system (Fig. 3c) does not show the same behavior as

at the liquid state. The condensed species undergo an

important increase during the thermal treatment to reach a

quantity close to MTES-SiO2 system.

To give an example of mechanical measurements, nan-

oindentation curve and imprints pictures for MTES-SiO2

system are represented in Fig. 4. Mechanical properties

were calculated using both the geometric and the energetic

methods. Figure 5 shows the example of such a calculation

for the MTES-SiO2 system. The method is the same for the

other ones. All results are listed in Table 3. Coating

toughness values, obtained using the geometric method, are

lower than using the energetic one. The MTES-SiO2 sys-

tem has the best mechanical properties and the highest

residual stresses while the DMDES-SiO2 system has the

lowest ones. The PHTES-SiO2 system is in an intermediate

state.

Discussion

MTES-SiO2 system has the highest mechanical properties.

NMR experiments show an important quantity of con-

densed species at the liquid state (57%), which increases at

the solid state (81%), leading to a very condensed structure.

Moreover, solid NMR spectra show that Q3 species exist in

a very low quantity. Such a species are normally present at

the silica particles surface. These two results indicate that

Fig. 2 Liquid 29Si NMR

spectra for the different systems
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silanol groups issued from the hydrolysis of the MTES

precursor are very reactive to condense and form siloxane

bonds. They react with themselves and with silanol groups

localized at the silica particles surface. The interface

toughness value near the value of silica indicates that they

react with silanol groups naturally present on the silicon
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Fig. 3 Solid 29Si NMR spectra

for the different systems

Table 1 Percentage of the three-functional precursor systems species

System % T % Q

% T2 % T3 % Q2 % Q3 % Q4

MTES-SiO2 19 81 – 4 96

PHTES-SiO2 20 80 3 23 74

Table 2 Percentage of the DMDES-SiO2 system species

System % D % Q

% D2
4c % D2 % Q3 % Q4

DMDES-SiO2 61 15 4 85
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substrate. As a consequence, the MTES-SiO2 system has a

very reticulated structure involving mechanical properties

which tend to silica ones. High residual stress value is then

due to the important shrinkage involved in the formation of

siloxane bonds during the thermal treatment.

If MTES is replaced by DMDES, mechanical properties

decrease drastically. The DMDES-SiO2 system is difunc-

tional, so it would have lower mechanical properties than

MTES-SiO2 system which is trifunctional. NMR experi-

ments are in perfect agreement with this assumption but

give additional interesting data. DMDES-SiO2 system is

very condensed but with a large quantity of cyclic species

(61% in the solid state). Obviously, they do not take part to

the system reticulation [24]. We can conclude that this

system is very condensed but poorly reticulated and as a

consequence contributes to decrease the mechanical prop-

erties. Q3 species are in a quantity close to MTES-SiO2

system while Q4 ones are slightly lower. It indicates that

DMDES is less linked to silica particles and it is in

Fig. 4 Nanoindentation curve

and imprints photos for the

MTES-SiO2 system

Fig. 5 Irreversible energy vs. the maximal force for the DMDES-

SiO2 system

Table 3 Mechanical properties of the different systems

System Ec (GPa) Hc (GPa) KIC (MPa m1/2) Kint (MPa m1/2) rr (MPa)

Energetic method Geometric method

DMDES-SiO2 2.7 ± 0.1 0.16 ± 0.04 0.07 ± 0.01 0.09 ± 0.01 13 ± 4

0.07 ± 0.01 0.06 ± 0.01

MTES-SiO2 18.3 ± 0.9 1.41 ± 0.1 0.32 ± 0.05 0.48 ± 0.06 30 ± 7

0.24 ± 0.06 0.38 ± 0.06

PHTES-SiO2 6.3 ± 0.4 0.27 ± 0.04 0.09 ± 0.01 0.10 ± 0.01 23 ± 6

0.07 ± 0.01 0.07 ± 0.01
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accordance with the mechanical properties decrease. Con-

cerning the interfacial toughness, we can link the quantity

of partially condensed species in the liquid state to the

adhesion properties. In fact, partially condensed species

give an idea of the possibility of sol attachment to the

surface of the substrate. Therefore, the small quantity of

partially condensed species D1 (10%), compared to the

43% of T2 for the system containing the three-functional

precursor in the final sol explain the better adherence on

silicon substrate for the MTES-SiO2 system. Finally, the

less important residual stresses in the DMDES-SiO2 film

are the result of the poor adhesion (fewer anchoring points)

and the poorer elastoplastic properties.

The second part of this work concerns the effect of the

nature of the non-polymerizable organic groups. It is well

known that the rate of hydrolysis and condensation reac-

tions decreases when the organic group size increases [26].

Mechanical properties follow the same way. NMR results

show a large quantity of partially condensed species and

also small quantities of Q2 species which do not appear in

the case of the MTES-SiO2 system. These not completely

condensed species give proof of the low condensation state

of the final solid and as a result poor mechanical properties.

Concerning the adhesion properties, liquid NMR spectra

show a large quantity of partially condensed species in the

final sol for the PHTES-SiO2 systems. Nevertheless, the

interfacial toughness values are much lower than those of

the MTES-SiO2 system containing a lower quantity of

partially condensed species. These results can be explained

by the organic group hindrance during the substitution

mechanism which controls the anchoring reaction on sili-

con surface. For this reason, even if the possibility of

linking the surface is high, PHTES-SiO2 systems have a

low adherence on silicon substrate. Low elastic properties

and low adherence on silicon substrate are the principal

reasons for the weak residual stresses on the systems

containing bulky groups. We can therefore conclude that

voluminous organic groups involve a lower connectivity

and a decrease of mechanical properties but they contribute

to the weak residual stresses on the film.

Conclusion

The mechanical properties of different hybrid coatings

have been investigated using the nanoindentation tech-

nique. Results show that the change of the organic part

bounded to silicon induces a structural change. By relating

mechanical properties to the structure, we conclude that

MTES-SiO2 system, which is trifunctional system, has the

best mechanical properties, due to its well condensed and

well reticulated network. The PHTES-SiO2 system is also a

trifunctional one but less condensed and reticulated

because of the phenyl groups steric hindrance. It shows the

lowest mechanical properties. Concerning the adherence,

in addition to the necessity of a large quantity of not

completely condensed species in the final sol, it is impor-

tant that the non-polymerizable organic group does not

block the substitution mechanism.

In order to confirm these conclusions on the relation

between the structure and the mechanical properties of

hybrid coatings, the study must be extended to more

complex systems coated on different substrates. Moreover,

simulations are in progress to complete these conclusions.
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Abstract

In the last few years, ORganically MOdified SIlicates RxSi(OR)4ÿx (ORMOSIL) prepared by the sol–gel process were particularly
attractive for the making of integrated optics. A composition based on 3-(trimethoxysilyl)propylmethacrylate (MAPTMS) has already
allowed the industrial manufacturing of optical integrated devices. For this kind of material, the polymerization of the organic network is
based on free radical curing under UV laser exposure. This type of polymerization has some disadvantages, in particular, it is inhibited by
oxygen. To optimize the final properties, we tried to obtain waveguides with another hybrid precursor [2-(3,4 epoxycyclohexylethyltri-
methoxysilane)] (EETMOS) using cationic polymerization. The main advantage of cationic polymerization is its ability to allow cure
reaction in the presence of oxygen, unlike radical polymerization. We have chosen cycloaliphatic compounds because of their well known
high polymerization rates. The polymerization of the organic network of this hybrid material requires a cationic photoinitiator corre-
sponding to our LASER writing wavelength (k = 262 nm). In this work, hydrolysis and polycondensation of EETMOS-based solution
are followed by 29Si NMR. The main objective is to obtain the highest reactive multifunctional oligomer with the lowest OH groups
content. The effects of pH, hydrolysis rate, HF and photoinitiator additions are studied in order to obtain the most optimized solution.
Based on our results, we obtained 3D waveguides with a cross section of 5 · 5 lm2.
Ó 2007 Elsevier B.V. All rights reserved.

PACS: 81.07.Pr; 81.20.Fn; 42.82.Et; 82.56.ÿb

Keywords: Planar waveguides; Spin coating; NMR, MAS-NMR and NQR; Organic–inorganic hybrids

1. Introduction

During the last ten years, the making of 3D waveguides
and more recently integrated optical circuits (IOC) using
organic–inorganic hybrid precursors has received an
increasing amount of attention [1–5]. The simplest and
cheapest way is based on a peculiar precursor of the gen-
eral formula R 0Si(OR)3 which has two reactive parts in
such a way that it offers a two step polymerization pro-
cess. Mineral network can be made by polycondensation

of the sol–gel part of the precursor (–Si(OR)3) and
an organic network can be created by UV photopolymer-
ization of carbon double bond group of the precursor
(R 0–).

Building a 3D waveguide on a silicon substrate amounts
to replicating the optical fiber structure. Four steps are
then necessary. First, a buffer layer is deposited on silicon.
It must have both a thickness which is high enough to insu-
late the future 3D guide from the high refractive index of
silicon, and also a refractive index which is lower than
the future 3D guide. Then a second layer is deposited
using the peculiar precursor cited above. It is locally UV
cured through a mask or by using the movement of a
laser beam. The unpolymerized part is soluble in classical

0022-3093/$ - see front matter Ó 2007 Elsevier B.V. All rights reserved.
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alcohols which reveal 3D guides. Finally, a thermal treat-
ment around 100 °C allows the polycondensation of sol–
gel part and gives the guide good mechanical properties
and very long time stability. In the last step, the 3D guide
is covered by the same layer used as the buffer to perform
the optical fiber structure and to protect against external
aggression.

Previous works were made on a material based on a
mixture of methacryloxypropyltrimethoxysilane (MAP-
TMS) and zirconate propoxide chelated by methacrylic
acid [6]. This material is the most advanced and industrial-
ized but the composition has some disadvantages which
can complicate or prohibit the making of specific IOC:
for example low mechanical properties, poor adherence
on silicon and even on glass, propagation losses which
are too high at 1550 nm wavelength, important internal
stress after UV curing. Moreover, the photopolymeriza-
tion process is based on using free radicals generation
from UV photoinitiators. The main and very important
problem of free radicals, especially in coating processes,
is to be inhibited by oxygen. As a result, the polymeriza-
tion process is uncompleted and final properties are not
maximized.

Since last year, our general work has been based on the
synthesis of a new generation of organic–inorganic materi-
als whose organic part is photopolymerized using cat-
ionic way which is known to be insensitive to oxygen.
Epoxy groups are good candidates because of their low
shrinkage under polymerization and their good adherence
on various substrates [7]. We have chosen the 2-(3,4 epox-
ycyclohexylethyltrimethoxysilane) (EETMOS) because of
its very important reactivity and its high conversion rate
[8].

Moreover, it is well known that Si–OH groups compete
with the propagation of light by absorption process at
1310 nm and 1550 nm (second and third telecommunica-
tion windows). These groups are known to be present in
hybrid materials due to the necessity of low temperature
heat treatment to preserve the organic part. To minimize
them, a peculiar attention has to be paid in the sol synthesis
which must contain after hydrolysis, the lowest Si–OH part
coming from the sol–gel process. This papers deals with the
study of the synthesis of EETMOS sol in such a way. The
evolution of Si–OH and Si–O–Si groups are followed by
liquid 29Si NMR spectroscopy.

2. Experimental

2.1. Building of the 3D waveguide

As already said, a 3D waveguide is composed of three
layers: the buffer layer (BL), the guiding layer (GL) and
the protective layer (PL). In our case, each layer is depos-
ited by the dip coating technique at a specific speed to
obtain appropriate thickness values. BL and PL composi-
tion are already given elsewhere [9]. After being deposited,
GL is dried at an appropriate temperature (80 °C for
20 min) in such a way that mineral network is weak enough
to allow the spreading of photoinitiator in the polymeriza-
tion step of the epoxy rings. The core guide is performed
using a laser beam mounted on a XY linear driven stage
(the following error is 0.1 lm). A low frequency rate (2–
60 kHz) pulsed laser beam is emitted from a diode pumped
Nd: YLF source: k = 262 nm, pulse length = 10 ns, aver-
age power = 12 mW. The beam is focused onto the sample
as a 5 lm diameter spot. Solid state pulsed laser and low
wavelength lead to stability, high resolution and a high-
power density reaction system. The unpolymerized part is
dissolved into n-propanol (Fig. 1). The cross-section of
the waveguide is 5 · 5 lm2 (Fig. 2).

2.2. Precursors

The EETMOS (ABCR, purity 97%) is an organic–inor-
ganic hybrid precursor with the following structure
(Fig. 3).

2.2.1. Organic part

The reactive organic part is an epoxy ring which can be
opened and condensed with another to form a polymeric
network. This kind of polymerization can be performed
using a cationic photoinitiator.

The formation of active species for cationic polymeriza-
tion occurs under attack of the epoxy ring by a protonic
acid to form an oxiranium ion. Initiation of the cationic
polymerization takes place under nucleophilic attack of
an epoxy monomer on the oxiranium ion. The reactions
propagate in chain and lead to a formation of the organic
network (Fig. 4). The ring opening polymerization of epox-
ides proceeds through the oxiranium ion with the forma-
tion of a polyether chain [10].

Buried

guide

GL
BL

Laser 

writing Cross-section of the waveguide
PL

Etching of the 

waveguide

Substrate

Buried

guide

Cross-section of the 
PL

Etching of the 

waveguide

Fig. 1. Building of the 3D waveguide.
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To be polymerized under UV light, a special photoiniti-
ator whose photolysis leads to the protonic acid generation
(HX) must be used. Common photoinitiators are based on
iodonium or triarylsulfonium salts (R1)2S

+–R2X
ÿ where

R1 and R2 are alkyl groups [11]. In our case, the photoini-
tiator must be sensitive to the wavelength of the laser beam
(262 nm). We have chosen the iodonium, (4-methyl-
phenyl)[4-(2-methylpropyl)phenyl]-hexafluorophosphate
(Fig. 5). Salt UV adsorption induces the breaking of C–I

bondings and leads to the formation of Bronsted acid
(HþPFÿ

6 ). This protonic acid allows the attack of the epox-
ide function.

2.2.2. Inorganic part

The reactive inorganic part is due to the methoxy groups
(–OMe) which lead to a mineral network through hydroly-
sis and polycondensation reactions (sol–gel process).

2.2.2.1. Hydrolysis.

BSi–OMe + HOH ! BSi–OH+Me–OH

This step consists of the formation of Si–OH groups via a
nucleophilic addition of negatively charged OHÿ group.
Hydrolysis is usually enhanced by acid catalysis.

In acidic conditions, the OR groups become free. There
is first an attack of OR groups by protons and then a nucle-
ophilic addition of water on alcoxide groups. Hydrolysis is
then faster.

In basic conditions, there is first the formation of an inter-
mediate complex ORÿ under nucleophilic attack of water
on alcoxide groups. By reacting with water, this complex
regenerates OHÿ groups and makes condensation easier.

OHÿ þ Si–OR !
slow

Si–OHþORÿ

ORÿ þH2O!
fast

R–OHþOHÿ

2.2.2.2. Condensation. In this step, the Si–O–Si groups are
formed by condensation reactions between Si–OH and
Si–OR groups.

Si–OH + RO–Si ! Si–O–Si + ROH

Si–OH + OH–Si ! Si–O–Si + H2O

In contrast with hydrolysis, condensation reactions occur
much faster in basic catalysis.

Acidic conditions:

Basic conditions:

Si–OHþOHÿ !
slow

Si–Oÿ þ SiþH2O

Si–Oÿ þ Si–OR!
fast

Si–O–SiþROÿ

Fig. 2. Optical microscopy picture of the waveguide cross-section before

covering.
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Fig. 3. EETMOS : 2-(3,4 epoxycyclohexylethyltrimethoxysilane).
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2.3. Liquid 29Si NMR spectroscopy

29Si NMR is a very convenient technique to follow the
kinetics of hydrolysis and condensation. The signal chemi-
cal shift reference was trimethylsilane (TMS). The accumu-
lations parameters are: frequency of 59.62 MHz, 7.5 s of
recycle delay, p/3 (7 ls) pulse, spectral width of 200 ppm
and 512 scans.

The species formed during sol–gel process were followed
according to their chemical shift (ppm). The substitution of
a methoxy groups by an OH group induces a conventional
downfield shift while the shifts observed towards strong
fields can be attributed to the substitution of methoxy
group or hydroxy group by siloxane species [12].

Classical Ti
j notation is used for the different silicate spe-

cies depending on the number of oxygen bridging atoms.
i represents the number of siloxanes and j the number of
silanols.

2.4. Synthesis of the guiding layer sol

The objective is to obtain a sol, using the classical sol–
gel way, with the lowest residual silanol (Si–OH) groups
but which is still able to polycondense to form the mineral
network. We must have a complete hydrolysis of the three
alkoxyde groups of the EETMOS and a partial condensa-
tion to form long linear oligomers or cyclic ones. We try
to get only one residual silanol group on EETMOS unit.
In such conditions, oligomer should be multifunctional
epoxy precursors with higher reactivity than the EETMOS
alone.

To have a complete hydrolysis, it is now well established
that we have to work in acidic conditions and with a high
rate of hydrolysis (R = H2O/EETMOS). Moreover, the
condensation is favoured under basic catalysis or by using
fluoridric acid which has a very specific behavior in the sol–
gel process. As our photoinitiator is an acid, we have cho-
sen to use HF to avoid any unwanted reaction. Four syn-
thesis conditions are used (Fig. 6):

Sol labeled A corresponds to EETMOS hydrolysis rate
of 3 with HCl (0.1 N). Moreover, as EETMOS and water
are not miscible, an addition of 0.8 mol of ethyl alcohol

(99%) for 1 mol EETMOS is necessary. The solution is
kept stirring for 6 days at room temperature.

In the sol labeled B, HCl is replaced by water to hydro-
lyze in neutral conditions. It could be a compromise
between a complete hydrolysis and a low residual OH
groups content. The solution is kept stirring for 6 days at
room temperature.

Sol labeled C corresponds to a hydrolysis rate of 10 with
HCl (0.1 N). Due to the important increase of water quan-
tity, more ethanol is added to obtain a homogeneous sol
and the protocol of synthesis must be modified. The etha-
nol is divided into two equal parts respectively mixed to
HCl (0.1 N) and to EETMOS. The HCl/ethanol solution
obtained is added dropwise to EETMOS/ethanol one and
the mixture is stirred for 6 days at room temperature.

Sol labeled D corresponds to sol C with the dropwise
addition of a HF/ethanol solution (0.7 mol of ethanol for
1 mol EETMOS) at the end of the synthesis.

3. Results and discussion

The 29Si NMR spectrum of the pure EETMOS presents
only one peak at ÿ42.5 ppm showing the high purity of the
precursor (Fig. 7).

For the following spectra, chemical shifts for mono-
meric and some oligomeric species obtained from hydroly-
sis–condensation of EETMOS are given in Table 1.

3.1. pH effect

Fig. 8 presents 29Si NMR spectra of A and B sols. In
each case, the monomer labeled T0

0 disappears. In the sol
A, species formed are in majority T0

1 but a few quantities
of T1 and T2 species appear. Hydrolysis is not very impor-
tant and only some oligomers appear in a very small
quantity.

In sol B, EETMOS is hydrolyzed in only one species T0
1.

Working in neutral conditions favors neither the hydrolysis
nor the formation of oligomers.

Fig. 9 shows the kinetics of reactions for the A sol which
explains the choice of a 6-day stirring period: no significant
modifications appear after 6 days.

Photoinitiator

EETMOS

1

3

2

Ethanol

HCl or water Ethanol/2

Photoinitiator

1 2

EETMOS HCl

Ethanol/2

2 in 1 

3

HF HF

Fig. 6. Two ways of synthesis: (a) synthesis protocol of A and B sols, (b) synthesis protocol of C and D sols.
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Table 1

Chemical shifts and extended formulas of monomeric and some oligomeric species obtained from hydrolysis–condensation of EETMOS

Species Extended formula Chemical shift (±0.1 ppm)

T0
0

Si 

OCH3

R OCH3

OCH3

ÿ42.5

T0
1 Si 

OH 

R OCH3

OCH3

Si OHR

OCH3

OCH3

ÿ41.5/ÿ40.6

T0
2 Si 

OH 

R OH 

OCH3

Si

OH

R

OH

OCH3 ÿ40.1/ÿ39.7

T0
3 Si 

OH 

R 

OH 

OH ÿ39.5

T1

Si

OCH3

R 

OCH3

O Si

OCH3

R

OCH3

Example : 

T
1
0

ÿ48 to ÿ51

T2

Si 

OCH3

R 

OCH3

O Si

OCH3

R

OCH3

O 

Si 

R 

H3CO 

Example : 

T
2
0

ÿ57.8 to ÿ59

T3
Si

OCH3

R 

O

O Si

OCH3

R

OCH3

O 

Si

R

H3CO 

Si

R

OCH3H3CO 

Example : 

T
3
0

ÿ67.4

-50-48-46-44-42-40-38-36

T0
0

Fig. 7. Liquid 29Si NMR spectrum of pure EETMOS.
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3.2. Hydrolysis rate R effect

A higher HCl (0.1 N) content (sol C) induces an evolu-
tion of the different species (Fig. 10). The T0

1 disappear,
leaving place to the T0

3. Finally, the solution C has T0
3

and a remarkable content in T1 and T2 species. Notice that
T1 and T2 band broadening (10 ppm) is due to the large
distribution of different environments around the silicon
[13].

Previous study [14] indicates that, for a given type of
ORMOSIL, the kinetics of hydrolysis depends mainly on
the steric hindrance of the aliphatic chain. Hydrolysis is
favoured by short aliphatic chain. As the chain of the EET-
MOS bonded to silicon is cycloaliphatic type, it presents a
steric hindrance which is enough to slow down the hydro-

lysis. It can thus be concluded that the low rate of the sol–
gel process in the sol A can be due to the effect of the cyclo-
aliphatic chain, which is opposed to acidic conditions.

However, an increase of the quantity of water with the
same HCl concentration (sol C) leads to an enhancement
of the hydrolysis kinetic. Only complete hydrolyzed mono-
mer specie ðT0

3Þ is still present and the condensation reac-
tions are more advanced to form oligomers with one or
two siloxane bonds.

The hydrolysis of sol C is followed by liquid 29Si NMR
after 2 days and 6 days (Fig. 11) to evidence the aging
effect. One can notice a decrease of T0

3 species for the ben-
efit of T1 and T2 species which slightly increase. From the
calculated surface of the corresponding peaks, the rate of
each species can be obtained. After 2 days, the T0

3, T
1 and
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Fig. 8. Liquid 29Si NMR spectra of A (pH 1, 6) and B (pH 7) sols.
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Fig. 9. Liquid 29Si NMR spectra of A sol at different times.
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T2 species relative concentrations are respectively 23%,
59% and 18% where as after 6 days of aging these values
evolve to respectively 12%, 63% and 25%. No significant
modifications are observed for longer time of aging
period.

3.3. HF effect

Our main objective is to obtain the highest reactive mul-
tifunctional oligomers, by favouring condensation and so
decreasing OH groups which are the cause of the attenua-
tion at 1310 nm and 1550 nm. To enhance hydrolysis, we
need to work in acidic conditions and with an important

hydrolysis rate. Knowing that hydrofluoric acid has a spe-
cific behavior in sol–gel process by enhancing condensa-
tion, we decided to use a derivative version of the
double-step process by replacing the base by HF [17]. Figs.
12 and 13 give results of liquid 29Si NMR when HF is
added at two concentrations. At a molar ratio of EET-
MOS:HF of 1:1 (Fig. 12), the spectrum shows neither T0

nor T1 species. Moreover, T3 species appear in a higher
quantity than T2 ones. However the almost entire disap-
pearance of OH groups is not what we can expect because
they are necessary in the film adhesion process on silicon.
On the other hand, when a lower quantity of HF is added
to the solution (0.32 wt.% of the EETMOS mass), the

-70-60-50-40

T2

T3

-70-50-40

T2

T3

Fig. 12. Liquid 29Si NMR spectrum of sol D – molar concentration EETMOS:HF = 1:1.
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Fig. 11. Liquid 29Si NMR spectrum of sol C after 2 days and after 6 days.
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Fig. 10. Liquid 29Si NMR spectra of A (R = 3) and C (R = 10) sols.
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spectrum shows three different species T1, T2, T3. The pro-
portions are respectively 16.2%, 56.3% and 27.5%
(Fig. 13).

It may be concluded from NMR results, the important
role of HF in the condensation reactions. The Fÿ anion
has about the same size as OHÿ but its electronegativity
is higher. It can increase the coordination of silicon thanks
to its capability to form a pentavalent intermediate under
direct attacks on Si(OR)4 groups. The resulting transition
state leads to a more reactive silicon species which can react
faster with silanol groups and then accelerate polymeriza-
tion [15–17].

Sol D, with a small HF quantity, is the best choice to
have the lowest OH groups and as a consequence, highly
reactive oligomers for the organic polymerization.

3.4. Photoinitiator effect

We have shown previously that a photoinitiator is
needed to allow polymerization of organic part of the pre-
cursor. Moreover, we have noticed that, adding this photo-
initiator in the sol A lead to a modification of solution
viscosity. Fig. 14 shows the 29Si NMR spectrum of sol A
without and with addition of photoinitiator. It was added
just after HCl introduction and followed by a 6-day stirring
period (like sol A). We note 11% increase of T1 species and
14% increase of T2 species. The photoinitiator used here
contains a nucleophilic part PFÿ

6 (Fig. 5) capable of acting
on the condensation reactions like HF.

As the condensation is more easily controlled by HF
addition, we have made the choice to add the photoiniti-

-58-56-54-52-50-48-46-4-42-40-38-36

T2

T1

T1

T0
2

T0
1

T0
1

T0
1

T0
1

Sol A

without photoinitiator

Sol A
with photoinitiator

T2

-44-34

T2

T1

T1

T0
2

T0
1

T0
1

T0
1

T0
1

Sol A

without photoinitiator

Sol A
with photoinitiator

T2

Fig. 14. Liquid 29Si NMR spectra of sol A with and without photoinitiator.
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Fig. 13. 29Si NMR spectrum of sol D – HF concentration = 0.32% of EETMOS weight.
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Fig. 15. Liquid 29Si NMR spectra of sol D with and without photoinitiator.
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ator at the end of synthesis just before sol deposit on silicon
(sol D). The concentration of photoinitiator is about
3 wt.% (EETMOS + HCl). Fig. 15 shows the effect of the
photoinitiator on the solution D. We can note that the
effect of this addition at the end of synthesis is low. There
is only a little decrease in T1 and T2 species to the benefit of
T3 species (about 9%).

As the photoinitiator must act on the epoxy rings only
under UV exposure, a 13C NMR spectroscopy has been
done on the sol before and after addition of photoinitiator
(Fig. 16). The spectra present several peaks, and are diffi-
cult to interpret because of the cycloaliphatic structure of
EETMOS. This problem goes beyond the present work
but a simple superposition of the spectra shows that the
photoinitiator has no effect on the epoxy rings, which are
located between ÿ34.2 ppm and ÿ22.5 ppm.

4. Conclusion

In this work, we have studied the hydrolysis and con-
densation of a sol based on EETMOS and HCl. We have
demonstrated the effect of pH and hydrolysis rate condi-
tions. Moreover, the use of HF in a double-step process
increases the condensation reactions to leave the sol with
only a few silanol groups on oligomers species. The addi-
tion of a specific photoinitiator is necessary to obtain
organic polymerization. The influence of the addition of
this photoinitiator in the sol has been investigated in order
to confirm the synthesis protocol. The optimized sol (sol D)
is now under study to carry out integrated optical circuits.
We have been successful in imprinting guides whose cross-
section is in the order of 5 · 5 lm2 adapted to the kind of

circuits developed in the laboratory. Optical loss measure-
ments are under way.
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