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Abstract

The sol-gel method was used to synthesize Bi;,SiO, thin films. Two synthesis routes with two different solvents, i.e., 2-ethoxyethanol and acetic
acid, were used and compared. Thin films were deposited onto Pt/TiO,/SiO,/Si substrates by spin-coating at 3000 rpm and annealed at 700 °C for
1 h. A different coordination of the bismuth ion was observed in the sols prepared with acetic acid (AcOH), and as a result, stable sols were formed
with a shorter gelation time 7 =84 h (¢ =0.76 M), when compared with the sols prepared from 2-ethoxyethanol (EtoEtOH) 75 =580h (¢ =0.76 M).
The microstructures of the Bi;;Si0, thin films prepared from sols using EtoEtOH were homogeneous and dense. On the other hand, a porous
microstructure was observed for the Bi;;SiO, thin films deposited from the sol in which AcOH was used as the solvent.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Bismuth oxide (Bi»O3) exhibits a rich phase polymorphism.
It is known to exist in the a-monoclinic, B-tetragonal, <y-
body-centered (bcc), and 8-face-centered cubic (fcc) structures.
The stable or metastable occurrence of these phases depends
on the various temperature/thermal treatment conditions and
chemical doping.! Among them, the y-bcc phase has been of
particular interest, at both the fundamental and technological
levels. The body-centered-cubic y-form of pure BiO3 is a
metastable compound, which forms during the cooling of the
high-temperature-stable fcc 8-phase.! The y-phase can be sta-
bilized by the addition of a small amount of other cations, such
as Si, Ge, Ti, Ga, etc., forming the BijpMO»g-type compound,2
where M represents the doping cations. Raadaev and Simonov3
confirmed that in such a compound the Bi atoms also enter the
B-sites of the structure and a new general formula was proposed:
Bij2(Big/s_ M5, )09 240 (0 <x <0.2). Among the various
sillenite compounds described in the literature, the only stoichio-
metric compound is Bi12$i020.4 This Bij»SiO»o material has
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been investigated as a useful dielectric for electronic devices.
The microwave dielectric properties of Bij2SiOyp (5.5 GHz:
er =40, 7y =20 ppm/K and Q x f= 8100 GHz) prepared by solid-
state reaction were reported by Valant and Suvorov.’

New applications and the recent miniaturization of electronic
devices have resulted in a constant drive to produce a thinner
dielectric layer, and therefore a lot of attention has been focused
on the preparation of dielectric thin films.>' Among the various
methods of thin film synthesis, the sol-gel method offers an
attractive route for the fabrication of such electronic devices.

Sol—gel chemistry is based on inorganic polymerization reac-
tions, which allow the synthesis of ceramic materials with a high
degree of homogeneity. This is due to the mixing of the metallic
precursors at the molecular level in the solution. The polymer-
ization starts with the hydroxylation of the alkoxide precursors
through the hydrolysis of the alkoxo group; this is then followed
by the polycondensation reaction (oxolation, olation). These
reactions, i.e., hydrolysis, oxolation and olation, are involved
in the transformation of a molecular alkoxide precursor into an
oxide network. Chemical additives, for example, solvents, stabi-
lizing agents or drying-control chemical additives, are normally
used to improve the sol—gel process. Sol gels can be synthesized
with a wide range of different solvents. These solvents behave
as true chemical reagents, and as such are able to react with


dx.doi.org/10.1016/j.jeurceramsoc.2010.04.026
mailto:asja.veber@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2010.04.026

2476

TEOS
+
Glacial acetic acid
3 5
DCCA

l

Bi(NO3z)3 SH20
+
Glacial acetic acid

I

TEOS
+

BSO-AcOH
-

2-ethoxyethanol
+

DCCA

“~BSO- EtoEtOH

A. Veber et al. / Journal of the European Ceramic Society 30 (2010) 2475-2480

[u] 2000000

) 0000000

— sSessese
HEAT

TREATED THIN
FILMS

Fig. 1. The synthesis procedures for the BSO thin films.

the precursors!! and thus change them at the molecular level, so
altering the whole sol-gel process. The key aspect of this process
is the chemical stability of the sol, which directly determines the
properties of the thin films that are formed.

There are only a few reports available in the literature on the
synthesis of Bi12Si0yg thin films using the sol-gel method,!%13
and no systematic study of the solvent’s influence on the chem-
ical stability of the sols and the microstructural development
of BSO thin films has been reported, yet. Based on previous
experiments, however, one would expect that the solvent has
an important contribution to the microstructural development
and consequently on the final dielectric properties of the thin
film. We found that the preparation of BSO thin films deposited
from sols using bismuth nitrate as a precursor is very complex
due to the re-crystallization of the bismuth nitrate, which results
in unstable sols. Therefore, our experiments were focused on a
detailed study of the chemical stability of the sols produced with
the use of two different solvents. In addition, we examined the
chemical reactions that occur in the sol-gel process using FT-IR
spectroscopy. The BSO phase formation was determined with
XRD, and the microstructural development was studied with
AFM and SEM.

2. Experimental

For the deposition of the BSO thin films, the sols were pre-
pared using Bi(NO3)3-5H»O (Alfa Aeser, 98%) and Si(OC,Hs)4
(TEOS) (Alfa Aeser, 98%) as the precursors, 2-ethoxyethanol
(EtoEtOH) (Alfa Aeser, 99%) and glacial acetic acid (AcOH)
(Alfa Aeser, 99.7+%) as the solvents, and formamid (Alfa Aeser,
99%) as the drying-control chemical additive. The sols were
prepared with two procedures: using 2-ehoxyethanol as the co-
solvent, referred to as BSO-EtoEtOH; or using acetic acid as
the co-solvent, referred to as BSO-AcOH. Fig. 1 shows the two
synthesis procedures for the BSO thin films.

First, the Bi(NO3)3-5H,O was dissolved in the acetic acid
at a temperature of 40 °C. Next, the TEOS was mixed with 2-
ethoxyethanol or acetic acid. The final step was mixing together

the solution of bismuth salt and the solution of TEOS, forming
the sols BSO-EtoEtOH or BSO-AcOH. Formamide was added
to control the rate of the polymerization. Sols with a concen-
tration from 0.55 to 1.2 M were filtered through 0.2-pm filters
and deposited onto the Pt/TiO,/Si0,/Si substrate using the spin-
coating method at 3000 rpm for 30s. The thin film consisted of
four layers. Each layer was heated on a hot-plate for 2 min at
250 °C to pyrolyze the organic compounds before the deposition
of the next layer. The thin films were annealed in the temperature
range from 300 to 700 °C for 1 h.

Infrared spectroscopy (FT-IR) (IFS 66/S, Bruker) was used
to analyze the reaction mechanisms involved in the sol-gel
process; thermal analysis (TG), evolved-gas analysis (EGA)
(Netzsch STA 449C) and differential scanning calorimetry
(DSC) (Mettler Toledo DSC 822¢) were used to determined
the pre-heating temperature of the thin films; and X-ray
diffraction (XRD) (D4, ENDEAVOR, Bruker Axs) was used
to determine the phases appearing in the thin films. The
microstructure development of the films was investigated with
scanning electron microscopy (SEM) (SUPRA 35 VP, Carl
Zeiss) and atomic force microscopy (AFM) (VEECO DIMEN-
SION 3100).

3. Results and discussion
3.1. Reaction mechanism in the sol-gel process

For a better understanding of the basic reactions involved in
the BSO-AcOH and BSO-EtoEtOH sols, an extensive study was
carried out using infrared (FT-IR) spectroscopy.

Fig. 2 shows the FT-IR spectra for dried amorphous thin films
deposited on Si substrates from the sols: (curve a) BSO-AcOH
and (curve b) BSO-EtoEtOH.

The IR spectra of the thermally untreated thin film deposited
from the BSO-AcOH sol (Fig. 2, curve a) exhibits bands located
at 1670 and 1288 cm~!, which are ascribed to the asymmet-
ric and symmetric vibrations of the C=0O groups bonded to the
organic (—CH3) groups and monodentately coordinated to the
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Fig. 2. The IR spectra of the sols: (curve a) BSO-AcOH and (curve b) BSO-
EtoEtOH.

bismuth. The bands at 1575 and 1490 cm™! are attributed to the
asymmetric (v,(COO™)) and symmetric (vs(COO™)) vibrations
of the carboxylate groups, which are bidentately coordinated to
the bismuth ion. The absorption band centered at 1087 cm™! was
attributed to the Si—~O-Si asymmetric stretching vibration. The
bands located at 1018, 697 and 621 cm™! were associated with
the vibration of carboxylate groups bonded to the bismuth ion.
The bands at 805 and 734 cm™! were related to the vibration of
the N-O out-of-plane and in-plane bands.

Fig. 2 (curve b) shows the infrared spectrum for the as-
deposited thin film from the BSO-EtoEtOH sol. The absorption
bands located at 1384, 830, 811 and 710cm™! were assigned
to the vibrations of the N-O stretch. The bands at 1755 and
1320cm™! are attributed to the stretching vibration of the car-
boxylate group. The band at 1086cm™' was related to the
asymmetric stretch of the Si—~O-Si bond. The band located at
566cm~! was assigned to the vibration of the Bi—O bond. In
the thin films deposited from the BSO-EtoEtOH sol the bismuth
ions are coordinated by nitrate ligands.
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A comparison of the FT-IR spectra of thin films deposited
from sols BSO-AcOH (Fig. 2, curve a) and BSO-EtoEtOH
(Fig. 2, curve b) clearly indicates the differences in the bis-
muth coordination sphere. It was found that in the thin film
deposited from the BSO-AcOH sol the bismuth is coordinated
by carboxylate ligands, while in thin films deposited from the
BSO-EtoEtOH sol the bismuth is coordinated by nitrate ligands.
It is well known that the reaction mechanism of gel formation
is influenced by the coordination sphere of the precursor.!* In
the thin film deposited from the BSO-AcOH sol carboxylate
ligands that coordinate the bismuth ion cause its oligomeriza-
tion. Therefore, the gel forms by the incorporation of the silicon
network with the bismuth network. In contrast, in thin films
deposited from the BSO-EtoEtOH sol, where the nitrate ligands
coordinate the bismuth ion, oligomerization does not occur.
Therefore, the gel forms by the entrapment of bismuth ions in
the silica network.

3.2. Influence of the solvent on the gelation time of the sols

The influence of the solvent on the stability and the gelation
time of the BSO-AcOH and BSO-EtOEtoH sols is shown in
Fig. 3. The gelation times for the BSO-AcOH sols (Fig. 3(a))
were shorter than for the equivalent 2-ethoxyethanol solutions
(Fig. 3(b)) due to the catalytic effect of the acetic acid. In the
BSO-EtoEtOH sols the 2-ethoxyethanol reacts with the acetic
acid, thereby reducing its catalytic effect by forming an ester,
and so decreasing the reaction rate of the hydrolysis and conden-
sation. For a concentration of 0.76 M for the BSO-EtoEtOH sol,
the time of gelation was 580 h. However, when the BSO-AcOH
sol was used the gelation time was found to be a significantly
shorter 84 h.

In the BSO-AcOH sols, no precipitation of the bismuth salt
occurred due to the reaction between the acetic acid and the
bismuth salt. The bismuth ions, monodentately and bidentately
coordinated with carboxylate ligands, were no longer prone to
re-crystallization, while in the BSO-EtoEtOH sols, where the
bismuth ions are coordinated with nitrate ligands, the precipi-
tation occurs below a concentration of 0.76 M. According to an
earlier reported study,'® the precipitation occurred due to the
hydrolysis of the bismuth salt.
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Fig. 3. Stability of the sols: (a) BSO-AcOH and (b) BSO-EtoEtOH.
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Fig. 4. TG/EGA analyses of the xerogel: (a) S-AcOH and (b) S-EtoEtOH.

3.3. Film characterization

An important parameter for the preparation of a dense thin
film is to determine the pre-heating temperature of the thin film
after the deposition. During the pre-heating of the thin films, two
mechanisms are present, i.e., gelation and solvent evaporation. If
the pre-heating temperature is too low, the gelation occurs more
rapidly than the solvent evaporation. This leads to the entrapment
of the solvent in the gel network, which during annealing causes
the formation of a porous microstructure. In contrast, if the pre-
heating temperature is too high the stress caused by the rapid
volatilization of the solvent and the decomposition of the gel
then results in the peeling of the thin film from the substrate.

To determine the pre-heating temperature of the thin films
after the spin-coating deposition, TG/EGA analyses were per-
formed on the BSO-AcOH and BSO-EtoEtOH sols in air, as
shown in Fig. 4. It is clear that the BSO-AcOH (Fig. 4(a)) and
BSO-EtoEtOH (Fig. 4(b)) xerogels exhibit similar decomposi-
tion behaviours.

In the TG curves a large decrease in weight from 100 to
300 °C was observed. The EGA curves for both xerogels showed
that in the temperature range between 100 and 300 °C the mass
peaks correspond to the evaporation of water, the nitrate groups
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Fig. 5. TG analysis of the thin film deposited from the S-EtOEtOH sol.

and the decomposed organic compounds. In the temperature
range between 300 and 550 °C, only the evaporation of a nitrate
group took place.

The TG and DSC curves of the thin film deposited from the
BSO-EtoEtOH sol is shown in Fig. 5. A large decrease in the
weight was observed in the temperature range between 100 and
250 °C accompanying with a sharp exothermic peak due to the
thermal decomposition of the nitrates and the organic matter.
Similar results were obtained in the thin film deposited from the
BSO-AcOH sol.

For the thin film the most intensive decomposition occurs at
a lower temperature (250 °C) than for the amorphous xerogel
(300°C). It is known that thermally induced processes in the
thin film samples occur at lower temperatures with regard to the
xerogel due to the smaller sample size.!” Therefore, the pre-
heating temperature for the preparation of BSO thin films was
determined to be 250 °C. Using a pre-heating temperature above
250 °C resulted in the peeling of the BSO thin film from the
substrate.
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Fig. 6. XRD patterns of the BSO thin films annealed at temperature: (curve a)
600 °C, (curve b) 700 °C deposited from BSO-EtoEtOH sol and (curve ¢) 700 °C
deposited from BSO-AcOH sol.
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Fig. 7. Micrographs of the (a) microstructure, (b) cross-section of BSO thin films deposited from sol BSO-EtoEtOH and (c) microstructure, (d) cross-section of BSO

thin films deposited from sol BSO-AcOH.

In order to determine the formation of the single BSO phase,
XRD analyses were preformed on thin films deposited from the
BSO-AcOH and BSO-EtOEtoH sols that were annealed at tem-
peratures of 600 and 700 °C (Fig. 6). At 600 °C the majority of
the reflections belong to the sillenite BSO phase; however, there
are still traces of the bismuth oxide and Bi;SiOs phases present.
When the annealing temperature was increased to 700 °C for the
thin film deposited from the BSO-EtoEtOH sol the only detected
phase was BSO. In contrast, in the thin films prepared from the
BSO-AcOH sol, secondary phases of Bi»O3 and Bi;SiO5 were
still detected.

Fig. 7(a) and (b) show the microstructure development
and cross-section of the BSO thin films deposited from the

BSO-EtoEtOH. The BSO thin film resulted in a dense and homo-
geneous microstructure with a thickness of 250 nm. In contrast,
thin films deposited from the BSO-AcOH sol (Fig. 7(c) and
(d)) showed a non-uniform microstructure with an approximate
thickness of 300 nm. The microstructure of the BSO (Fig. 7(c)
and (d)) indicates that the thin film becomes a gel before it dries.
This means that a lot of solvent was trapped in the thin film
during the evaporation and the heat-treatment processes, which
resulted in a high porosity.

The roughness measured by AFM ranged from 60 to 500 nm
for the BSO thin films prepared from the BSO-AcOH sol
(Fig. 8(b)), while the roughness of the BSO thin films prepared
from the BSO-EtoEtOH sol was 30 nm (Fig. 8(a)).

Fig. 8. Images of the morphology of BSO thin films deposited from sols: (a) BSO-EtoEtOH and (b) BSO-AcOH.
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4. Conclusions

BSO thin films were deposited from different sols and
annealed at 700 °C. We observed that the co-solvent had a sig-
nificant influence on the stability of the sols and the quality of
the BSO thin films. By comparing the reaction mechanism of
the BSO-EtoEtOH and BSO-AcOH sols we were able to con-
clude that the hydrolysis and condensation reactions are more
pronounced in the BSO-AcOH sol, which results in a shorter
gelation time (c=0.76 M, fG=84h) compared to the BSO-
EtoEtOH sol (¢=0.76 M, tg =580h). The reaction between the
bismuth ion and the acetic acid resulted in the formation of mon-
odentate and bidentate chelats, which prevented the precipitation
of bismuth nitrate. We found that the same pre-heating temper-
ature of 250 °C can be used for the deposition of BSO thin films
from the sols BSO-EtoEtOH and BSO-AcOH. The deposition of
the BSO thin films on Si/SiO,/TiO,/Pt from the BSO-EtOEtOH
sol resulted in a homogeneous and dense microstructure with a
thickness of 250 nm, while the BSO thin films deposited from the
S-AcOH sol resulted in a porous and non-uniform microstruc-
ture with an approximate thickness of 300 nm.
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