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bstract

N/SiCO composite ceramics having a dielectric constant, εr, as low as 1.9 have been made by pyrolysis of filled gels at temperature ≥1000 ◦C.
uch a low value of ε is supposed to be due to a combination of factors: the low ε of BN and of SiCO itself and the high amount of residual
r r

orosity present in the samples. The porous microstructure – and the related dielectric properties – obtained at 1000 ◦C show a very good stability
p to 1400 ◦C. This result has been ascribed to the high viscosity of the SiCO glass and to the platelet shape particles of BN. Both factors hinder
he sintering and prevent the closure of the pores.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

There is an increasing interest to develop low dielectric con-
tant and low loss materials that can operate in the GHz range for
ireless telecommunication systems.1 One of these new materi-

ls are SiCO glasses that have a dielectric constant, εr of 3–3.5. In
omparison silica has εr = 3.9.2,3 The low εr values of the SiCO
re believed to arise from the substitution of some of the polar
i O bonds in the silica network by more covalent Si C bonds.4

orous solids are another class of materials with a potential for
ecreasing the dielectric constant.5 In the present paper these
wo approaches are combined. Porosity in SiCO is induced by
sing platelet shapes particles of BN as fillers during the pro-
essing of SiCO from gels.

Silicon oxycarbide glasses can be synthesized by pyrolysis
f gel-derived siloxane networks.6 Accordingly, SiCO glasses
elong to the broader family of polymer derived ceramics,
DCs.7 The volatile products released during the polymer-to-
eramic transformation, leave a transient porosity which usually

loses up near 800 ◦C.8 A way to stabilize the porosity is to load
he gel network with a filler. The filler constrains the sintering
f the pores which otherwise starts to occur from 800 ◦C.9

∗ Corresponding author.
E-mail address: soraru@ing.unitn.it (G.D. Sorarù).
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licon oxycarbides

Here we present the results of the synthesis, the microstruc-
ure and the dielectric characterization of a SiCO glass loaded
ith BN powders. BN has been chosen because it combines low

r with good thermal conductivity. Good thermal conductivity
s desirable in the materials for microelectronic components.

. Experimental

.1. Synthesis of the filled gels

Methyltriethoxysilane, MTES (ABCR, Karlsruhe, Germany)
as used as the starting silicon alkoxide to obtain, through
ydrolysis and condensation (sol–gel process) the hybrid
ethylsilsequioxane network, which is the precursor for the
iCO glass. Platelet-like, hexagonal BN powders, 99.5% pure
ith grain size lower than 1 �m (B-1084 Cerac Inc., USA) were
sed as fillers.

The flow chart of the synthesis is reported in Fig. 1. The proper
mount of BN powder (Table 1) was loaded into 10 ml of the
iquid MTES to form the starting suspension. 11.5 ml of ethanol
er 10 ml of MTES were added to help the dispersion of the

N particles. The suspension was refluxed overnight at 70 ◦C.
ext the temperature was raised to 90 ◦C and acidic water (HCl,
H 1) was added to promote the hydrolysis of the alkoxide.

H2O/MTES molar ratio of 3 was used. After about 2 h the

mailto:soraru@ing.unitn.it
dx.doi.org/10.1016/j.jeurceramsoc.2006.08.015
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Fig. 1. Flow chart for the production of the h-BN filled gels.

uspension had cooled down to 70 ◦C and, at that point, 0.7 ml of
30 wt% ammonia solution was added to start the condensation.
t this point the flask was taken out from the oil bath, allowed

o cool down to room temperature, and stirred for 4 h. This BN-
uspension was poured into plastic test tubes. It gelled in about
h.

Three compositions with different amounts of BN were pre-
ared. Filled gels having a nominal 100 × VBN/(VBN +Vgel) ratio
f 38, 48 and 58% were synthesized. The amounts of filler
Table 1) have been estimated assuming that MTES leads to
fully condensed gel network with composition CH3SiO1.5 and
ensity of 1.2 g/cm3. The density of h-BN was assumed to be
.25 g/cm3. Note that the volume fraction of filler estimated
bove refers only to the condensed phases of the filled gels;
t does not include the open porosity which is also present in the
amples.

The filled gels were finally dried for 1 week at room temper-
ture and then for 1 more week at 60 ◦C. Rods 3–4 cm long and

–10 mm of diameter were obtained. These samples were cut
nto discs 5–10 mm thick ready for pyrolysis.

able 1
rams of BN powders used for the synthesis of the filled gels starting from 10 ml
f silicon alkoxide

-BN

ol% g/10 ml of MTES

8 3.93
8 5.86
8 8.90
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.2. Pyrolysis of the filled gels

Samples of the filled gels were converted into the SiCO-
ased ceramics by a pyrolysis process in controlled atmosphere
flowing Ar, 100 ml/min) at 1000, 1200 and 1400 ◦C using a
raphite furnace (Astro, Thermal Technology, USA). The disc
amples were placed into a graphite crucible and were heated at
◦C/min up to the maximum temperature for 1 h and then they
ere cooled down at 5 ◦C/min. For each sample the weight loss

nd the shrinkage associated with this pyrolysis treatment was
ecorded.

.3. Characterization of the ceramic samples

Density and porosity were measured by the Archimedes
ethod using distilled water as infiltrating liquid. Ceramic sam-

les were first dried at 150 ◦C for one night and then immersed
n distilled water for 12 h before density measurements.

Phase analysis was carried out by X-ray diffraction of speci-
ens pyrolyzed to different temperatures. A Rigaku DB Max

II diffractometer operating at 40 kV and 30 mA, with Cu
� radiation was used. Data collection was carried out from
Θ = 10–110◦ with a step of 0.05◦ and an acquisition time of
s. SEM investigation of either fracture or polished surfaces
as carried out using a JEOL JSM 5500 equipment.
Dielectric constant, εr, and dielectric loss, tan (δ) were mea-

ured by the cavity resonator method, using a network analyzer
model Hp 8510B) with a cylindrical cavity of 20 mm in diam-
ter operating at 10 GHz.

. Results and discussion

.1. Characterization of the filled gels

The homogeneous distribution of the inorganic powders in
he gel samples was checked by SEM. All the investigated sam-
les showed a uniform distribution of the filler particles in the
ybrid gel matrix in agreement with the earlier results from our
aboratory with other fillers.10,11 To further rule out the possi-
ility of sedimentation of the filler before gelation, the densities
f the discs obtained from the bottom and from the top of the
riginal gel rods were measured and compared. The same value
as found showing that the distribution of the filler particles

long the height of the samples was homogeneous.

.2. Microstructure

The weight losses experienced during pyrolysis (up to
000 ◦C) for the specimens are reported in Table 2. The weight
hange is associated with the evolution of CH4, H2 and small
iloxane molecules.12 Note that weight loss decreases with the
mount of BN (Fig. 2); this is explained by the lower amount
f gel present in these samples, assuming that BN serves as an

nert filler, that is, it does not influence the pyrolysis process of
he preceramic network.

The shrinkage associated with the pyrolysis process
ecreases by increasing the filler load suggesting that the sam-
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Table 2
Experimental data measured on the BN/SiCO composites as a function of the
pyrolysis temperature

Temperature BN (vol%)

38 48 58

1000 ◦C
Weight loss ± 1 (%) 6.5 5.8 2.7
Volume shrinkage ± 1 (%) 27.5 19.7 9.1
Density ± 0.02 (g/cm3) 1.30 1.11 0.70
Porosity ± 1 (%) 33.0 48.7 54.0
Dielectric constant 4.2 2.7 1.9
tan (δ) 2.70 × 10−3 5.2 × 10−3 4.8 × 10−3

1200 ◦C
Weight loss (%) 7.5 6.7 4.0
Volume shrinkage (%) 29.5 21.4 7.1
Density (g/cm3) 1.36 1.29 0.71
Porosity (%) 32.9 46.1 60.9
Dielectric constant 4.1 2.7 1.9
tan (δ) 1.50 × 10−3 2.5 × 10−3 5.2 × 10−3

1400 ◦C
Weight loss (%) 11.1 14.7 13.0
Volume shrinkage (%) 27.9 22.1 9.3
Density (g/cm3) 1.32 1.18 0.61
Porosity (%) 37.2 47.0 58.1

p
w
i
5
t
c
l

o
(
t
u
s

i

F
p

F
p
a

m
t
i
p
d

3

Dielectric constant 4.0 2.7 1.8
tan (δ) 3.80 × 10−3 6.2 × 10−3 5.1 × 10−3

les become more porous. Indeed, the open porosity increases
ith the BN content, as shown in Fig. 2 and Table 2. Open poros-

ty of the ceramic samples at 1000 ◦C ranges from 33% up to
4% for the composition with 38 and 58 vol% of BN, respec-
ively. Similar porosity values were measured for SiCO-based
eramics with other inert fillers, such as Al2O3, at the same
oading content.9

All the diffraction peaks found in the XRD spectra recorded
n the BN–SiCO samples pyrolyzed at the various temperatures
not shown here) can be assigned to BN.13 Peaks corresponding
o any crystalline form of silica were not found. Accordingly,

p to 1400 ◦C the samples can be described as a composite con-
isting of a mixture of un-reacted BN and a SiCO glass.

SEM pictures of the microstructure of the BN–SiCO ceram-
cs reported in Fig. 3 confirm the formation of highly porous

ig. 2. Weight loss and open porosity measured of the ceramic specimens
yrolyzed at 1000 ◦C.

o
p
S
v

F
p

ig. 3. Typical microstructure of the BN/SiCO samples (fracture surface). This
articular sample has 48 vol% BN and was pyrolyzed at 1000 ◦C. Note the high
mount of porosity and the SiCO glass bonding the BN platelets.

icrostructures. The platelet-like h-BN grains are bonded
ogether by the SiCO glass. Despite the high amount of poros-
ty (up to ca. 60% for the sample with the 58 vol% of BN) the
yrolyzed samples were mechanically strong enough to be han-
led with care.

.3. Dielectric properties

The dielectric constant, εr, and the losses, tan (δ) measured
◦
n the samples pyrolyzed at 1000 C are reported in Table 2 and

resented in Fig. 4. εr decreases with increasing filler content.
amples with 58 vol% BN have a value as low as 1.9. Such low
alues of the dielectric constant may be due to three factors: (i)

ig. 4. Dielectric constant, εr, and tan (δ) measured on the BN/SiCO samples
yrolyzed at 1000 ◦C.



2532 M. Valentinotti et al. / Journal of the European

F
B

t
(
w
p
c
t
a
I
B
g
e
v
d
t
c

3

1
o
f
o
w
n
o
s
1
F
o
i
i
i
f
S
i
u
h
t
i
p

4

b
b
p
t
p
g
w
v
a
r
B
t
p
r
o
m

A

f
p
T
0

R

1

ig. 5. Dielectric constant, εr, and porosity (%) measured on the 58 vol%
N/SiCO samples pyrolyzed at 1000, 1200 and 1400 ◦C.

he presence of BN which itself has a low dielectric constant
εr = 4.4), (ii) the presence of the silicon oxycarbide matrix
hich is expected to have εr in the range 3–3.5 and (iii) the
resence of a high amount of porosity. In view of the strong
orrelation between the increase in porosity and the decrease in
he εr, we may conclude that the main microstructural parameter
ffecting the dielectric constant is the porosity of the samples.
ndeed, the estimation of the dielectric constant for the 58 vol%
N sample according to the Clausius–Mossotti model14

ives a value in the range 1.8–2, in good agreement with the
xperimental value. The BN–SiCO composites show also low
alues of tan (δ) in the range of 2.7 × 10−3 to 5.2 × 10−3. The
ielectric constant value of 1.9 and the low value of the loss
angent means that BN–SiCO composites are highly promising
andidates for new low-K materials.

.4. High temperature evolution

The properties of the samples pyrolyzed at 1000, 1200 and
400 ◦C (Table 2) provide information on the thermal stability
f the BN–SiCO composite. The weight loss increases, mainly,
rom 1200 to 1400 ◦C suggesting that above 1200 ◦C the silicon
xycarbide glass further loses some volatile species, which is
ell known in the literature.15 However, the weight loss does
ot appear to cause any measurable change in the microstructure
r the dielectric properties of the samples. Indeed, the den-
ity, porosity, and shrinkage of the samples are all stable up to
400 ◦C. The dielectric properties also do not change as shown in
ig. 5: the εr values measured on the sample containing 58 vol%
f BN and pyrolyzed at 1000, 1200 and 1400 ◦C remain constant
n this temperature range. The very good high temperature stabil-
ty of the microstructure and therefore of the dielectric properties
s an outstanding advantage of the BN–SiCO materials over dif-
erent low-K porous materials, such as, for example, porous
iO2. The sintering process which is active in silica glass start-

ng from the glass transition temperature (Tg = 1150 ◦C) closes

p the pores and results into an increase of εr up to 3.9. The
igher viscosity of SiCO compared to silica16 combined with
he platelet-like morphology of h-BN particles, prevents sinter-
ng even at temperatures exceeding 1350 ◦C and stabilizes the
orous structure.

1
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. Conclusions

Ceramic BN/SiCO composites with εr as low as 1.9 have
een produced through pyrolysis of filled gels at temperature
etween 1000 and 1400 ◦C. XRD study showed only the
resence of h-BN without any crystalline silica phase revealing
hat the samples were composed, even up to the maximum tem-
erature (1400 ◦C) of a mixture of un-reacted BN and a SiCO
lass. Porosity up to 58% has been measured for the samples
ith the highest filler content. The combination of high porosity
alues with the low dielectric constant of the constituents (BN
nd SiCO) leads to values of εr as low as 1.9 and tan (δ) in the
ange of 2.7 × 10−3 to 5.2 × 10−3. The microstructure of the
N/SiCO composites is stable up to 1400 ◦C and consequently

he excellent dielectric properties measured at 1000 ◦C are
reserved even after the high temperature annealing. All these
esults suggest that the BN/SiCO composites made by pyrolysis
f filled gels are highly promising candidates for new low-K
aterials.
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