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Abstract

Bismuth silicate (Bi,Si;0,,, BSO) nanostructured films containing 0, 1, 2, and 3 mol% Sr were prepared via
sol-gel method and annealed at different temperatures up to 700 °C. The effects of Sr content on the structure
and morphology of prepared films were investigated. SEM images showed that surfaces of the prepared films
were dense, smooth and homogeneous. The average particle size was changed from 30 to 35 nm as the anneal-
ing temperature was increased from 500 to 700 °C. Variation of the dielectric constant and dielectric loss as a
function of frequency and annealing temperature for the synthesized thin films with different content of Sr were
also studied. The dielectric constant and dielectric loss decrease with Sr addition, and reach the minimum for
the sample containing 2 mol% Sr. These changes could be attributed to the crystal structure and formation of
secondary phases.
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I. Introduction most common compounds in the Aurivillius family is
Bi,Si;0,, (BSO) similar to Bi, Ti; O, that could be pre-
sented by the general formula [Bi,0,][A, ,(B), 05,1
This compound consists of fluorite-like (B1202)2+
units alternating with perovskite-like [A, ;(B),O,,,,1*~
blocks [15-20]. In the Aurivillius formula, A is a mono-,
di- or tri-valent large cation in 12-fold cation sites which
can be occupied by Ba**, Ca**, Bi** and the rare earth
cations, while B is a tri-, tetra-, penta- or hexa-valent
small cation such as Ti**, Nb°* and W®* [15-17]. Ei-
ther A-site or B-site substitution can improve dielec-
tric and ferroelectric properties of BSO, but the mech-
anism is different for each substitute. For A-site substi-
tution, there is a highly asymmetric double-well poten-
tial at BOy octahedra unit adjacent to the interleaving
Bi, 0, layer along the c-axis, and it results in the devel-
opment of remanent polarization along the c-axis. For
B-site substitution, the decrease in c-axis orientation re-
sults in the development of remanent polarization. For
further improvement of ferroelectric properties, A and
B-site substitution by various ions should be considered
because the properties of BSO based materials depend
 Corresponding author: tel: +98 031 55912492, strongly on species of the sqbstituent ions [20—27]..

In the general formula [Bi,0,][A, (B),05,,,]nis an
integer named integration factor (the number of BO, oc-

In recent decades, ferroelectric thin films have at-
tracted much attention due to their potential applications
in sensors, capacitors, micro electro-mechanical system
(MEMS), nonvolatile ferroelectric random access mem-
ory, and electro-optical devices [1-3]. Among related
materials of interest, bismuth silicate ceramics with the
layered perovskite structure are the most promising can-
didates for optical devices, optical laser and ferroelec-
tric memories because of their low dielectric permittiv-
ity, high Curie temperature, high remanent polarization,
optical activity, photoconductivity and photorefractive
properties, and relatively low toxicity [4—8]. The layered
compounds were studied for the first time by Aurivillius
[9], who discovered a new phase with layered structure
in the Bi,0,-TiO, system. He described the structure as
formed by bismuth oxide based layers interleaved with
pseudo-perovskite-type layers.

In the Bi,0;-SiO, system there is a large num-
ber of crystalline ternary bismuth compounds, such as
Bi,SiO4, Bi,Si;0,, and Bi,,Si0O,, [10-14]. One of the
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tahedra in each pseudo perovskite block and can be n =
1-5). The compounds with an odd number of perovskite
layers crystallize in B2¢b, while even-layered members
prefer A21am system. Thus, if n is even, the centre of
the pseudo-perovskite set of layers is the A position and
there is a mirror plane normal to c-axis. On the other
hand, if n is odd the centre is in B position and the mir-
ror plane divides the octahedrons. The parallel plane to
[BiZOZ]2+ layers is defined as the ab plane of unit cell,
so the piling up of layers occurs along the c-axis [20].

Bi,Si;0,, ceramics are the most important scintil-
lation materials which are widely used in high en-
ergy physics, nuclear medical imaging and computer
tomography due to their good mechanical, chemical,
electro-optical and the thermoluminescence properties
[28,29]. Several attempts to synthesize bismuth silicate
thin films have been reported via chemical vapour de-
position (CVD) [30], sol-gel [10,31] and pulse laser de-
position methods [32,33]. Synthesis at low temperature,
possibility for fabrication of complex and homogeneous
compounds, low cost and environmentally friendly are
the advantages of sol-gel method, so it has attracted the
attention of many researchers in order to synthesize ce-
ramic powders as well as thin films [34]. This method
makes it possible to obtain doped films, which permit
varying their physical properties (electrical conductiv-
ity, photoconductivity, optical absorption spectra, and
others) purposefully. The main obstacle to use the sol-
gel method is the complexity of the chemical process,
due to the multicomponent nature of the composition
[35]. However, the most important advantage of sol-gel
over conventional coating methods is the ability to tailor
the microstructure of the deposited films [36].

The aim of the present work is investigation of the
effect of strontium addition on the structure, appearance
of secondary phases, microstructure and the dielectric
behaviour of nanostructure bismuth silicate thin films in
order to improve the piezoelectric properties.

II. Materials and methods

Bismuth silicate (Bi,Si;0,,; BSO) thin film was pre-
pared by sol-gel method using bismuth nitrate pen-
tahydrate (Bi(NO);x5 H,O) and tetraethyl orthosilicate
(TEOS; Si(OC,Hs),) as starting materials. Ethanol was
used as solvent, whereas glacial acetic acid was used
simultaneously as solvent and catalyst. All chemicals
used were analytical reagents.

In order to prepare stable and homogeneous precur-
sors, it was necessary to find the way to synthesize sols
having stability over longer period. The main problem
was that the bismuth precursor reacts easily with H,O to
yield white precipitate BIONO; and produces solution
which is unstable and decomposes within a short time.
Because of that the required amount of water for hydrol-
ysis was supplied from water present in bismuth nitrate
crystals. Thus, in a typical procedure transparent solu-
tion was formed by dissolving 1.21 g bismuth nitrate in
2 ml glacial acetic acid and 4 ml deionized water accord-
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ing to the relevant stoichiometric ratio (4 : 3). This solu-
tion was stirred for several minutes at room temperature.
Subsequently, the mixture of 0.4 ml tetraethyl orthosili-
cate, 4 ml ethanol and 0.2 ml acetylacetone were slowly
dropped into the above solution under a constant stir-
ring rate. The proposed reactions for Bi,Si;O,, phase
formation are as follows [37]:

Si(OC,Hy), + 4H,0 — Si(OH), + 4 C,H,OH
3 Si(OH), + Bi(NO;); — Bi(0OSi(OH),); + 3 HNO,

Sr-solution was prepared by dissolving a specific
amount of strontium acetate [Sr(CH;COO), ] into acetic
acid and deionized water. Strontium-bismuth silicate
sols, containing 1, 2 and 3 mol% Sr (denoted as BSS1,
BSS2 and BSS3, respectively), were prepared by mix-
ing the BSO- and Sr-solutions. The films were produced
by dip-coating onto glass slide substrates with with-
drawal speed of 1 mm/s. The coated films were dried
for 1 h at 100 °C under ambient conditions, and further
heated in the temperature range from 500-700 °C for 1 h
in a muffle furnace to promote the crystallization of the
samples. A general flow chart of all the steps used in the
preparation of bismuth silicate and strontium-bismuth
silicate thin films is illustrated in Fig. 1.

TEOS
Ethanol
Acetyl Acetone

Bi(NO):.5H20
Acetic Acid
Deionized Water

Mixing and Stirring
for 90 min

Strontium Acetate
Acetic Acid
Deionized Water

Mixing and Stirring
for 30 min

Strontium Bismuth
Silicate Sol

Dip Coating

—|Drying Films at 100°C|

[Annealing at 500, 600 and 700°C for lh]

Dip Coating

Bismuth Silicate and Strontium Bismuth
Silicate Nanostructured Films

Figure 1. Flow chart for the fabrication of bismuth silicate
and strontium-bismuth silicate thin films by sol-gel process

Thermal behaviour and phase transformation of
the samples were examined by differential scanning
calorimetry (DSC) and thermogravimetric analysis
(TG) up to 800°C on Netzsch STA 409 PC Luxx in
air atmosphere at a heating rate of 10 °C/min. A mass
spectrometer connected to the TG apparatus allows the
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Figure 2. FT-IR spectra of as-synthesized thin films and annealed at 500, 600, and 700 °C for 1 h: a) BSO, b) BSS1, ¢) BSS2
and d) BSS3

identification of the released products during heating.
Alumina was used as the reference material. Phase anal-
ysis was studied using X-ray diffraction method (XRD,
X’pert PRO MRD, Philips) and CuK, radiation. FT-IR
measurements were recorded in transmission mode us-
ing Bruker TENSOR27 spectrophotometer, in the range
between 400 and 4000 cm™ with a resolution of 4cm’!.
Structure of the prepared films was analysed by scan-
ning electron microscopy (LEO 1450 VP Microscope
operating at 15kV). Dielectric constant and dielectric
loss were measured using a LCR meter (model INSTEC
LCR-821) at ambient temperature. Prior to the dielec-
tric properties measurements, a thin layer of gold was
sputtered as top and bottom electrodes through a mask
onto the surface of thin films and substrate, respectively.
Two ends of conductive electrode were connected with
the LCR meter. The dielectric constant & of the sam-
ples was calculated using values measured for the ca-
pacitance from 1 Hz to 10 MHz frequency range.

II1I. Results and discussion

The structure changes during the synthetic process
were evaluated by FT-IR analysis. FT-IR spectra of the
synthesized samples before and after annealing at dif-
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ferent temperatures are presented in Fig. 2. From Fig.
2a (the pure bismuth silicate BSO sample) it can be
seen that a broad peak appearing at 3200-3600cm™!
as well as bands around 3394 and 1634cm’!, which
are related to the stretching vibration of —OH groups,
corresponding to the residual water and alcohol [37].
Intensities of these two peaks gradually decrease with
the increase in annealing temperature. Absorption peak
around 2923 cm! is due to the alkyl group bonds. This
absorption peak is probably related to symmetric and
antisymmetric stretching vibrations of methyl (CH,)
group [37]. In addition, with the increase in the anneal-
ing temperature, this peak disappeared at temperature
higher than 500 °C. Peaks in the range 1550—-1750cm’!
are characteristic peaks of remained acetate and acety-
lacetone groups which are bound to surface sites of
metal ions (such as Si). Reactions between TEOS and
acetylacetone could be explained by presence of these
bonds. Acetylacetone provides a strong bond with pre-
cursors and complex species [38]. Often the remained
complex ligands are removed after heat treatment at
temperatures higher than 700 °C. The chelation of metal
ions resulted in the formation of metal carboxylate com-
plexes, as observed from the symmetric and antisym-
metric stretching vibrations of carboxyl (—~COO) groups
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at around 1382cm! [38]. The intensity of the related
peaks of acetate and carboxylate groups decreases af-
ter annealing at 500 and 600 °C and these peaks are
completely removed after annealing at 700 °C (Fig. 2a).
Moreover bonds in the range 1000-1200cm™ could
be arising from alcoholic bonds in TEOS and ethanol
groups. Therefore, the absorption at 1080 cm™! may also
be due to CH; rocking and CH,—C-CH, stretching vi-
bration modes. Generally absorptions below 1000 cm’!
are related to metal-oxygen bonds, i.e. St—0O, Bi—O and
Si—0. According to this, absorptions at 872cm™! and
463 cm’! are related to Si—O and Bi—O bonds, respec-
tively, and confirm formation of SiO, tetrahedral and
Bi—O-Si bonds [39]. By comparing FT-IR spectra of
the as-prepared and annealed BSO at different tempera-
tures, it could be observed that the increase in anneal-
ing temperature up to 700 °C strongly reduces inten-
sity of some peaks. On the other hand, the intensities
of the Si—O, Sr—0O and Bi—O peaks increase with the
increase of annealing temperature indicating that the
crystallinity increases with the annealing temperature
[40], which is consistent with the XRD results. Absorp-
tion peaks at 478 and 534 cm! are assigned to Bi—O
bonds which are more intense for the annealed BSO
compared to the as-prepared BSO samples. Appearance
of Si—O and Bi—O bonds indicates formation of SiO,
tetrahedron and Bi—O-Si bonds [39]. When the hydrol-
ysis reaction begins, Si—O—C vibration is substituted by
Si—O(H) stretching vibration in 1000-1200cm™' range.

Figures 2b,c,d show FT-IR spectra of the Sr-bismuth
silicate samples BSS1, BSS2, and BSS3. Since the only
difference between these samples is in amount of Sr,
their FT-IR spectra are similar to each other. Absorption
peaks around 2943 cm™! and 1628 cm™! can be related to
alkyl group bonds and acetylacetone groups connected
to Bi, Si and Sr ions, respectively. Absorption peaks
around 1379 cm™! and 1083 cm™! correspond to carboxy-
late bonds and CH; rocking as well as CH;—C-CH,
stretching vibrations, respectively [31]. Among peaks
below 1000cm™, those in the range 800-915cm™! are
related to Si—O bonds and peaks around 480 cm™ corre-
spond to Bi—O bonds. Absorption peak around 621 cm™!
in FT-IR spectra of the BSS1, BSS2 and BSS3 samples,
which is not seen in the BSO sample, is related to Sr—O
bonds [41]. Thus, it could be concluded that increase in
Sr content is accompanied with the increase in intensity
of Sr—O peak and decrease in intensity of Bi—O peaks,
while Si—O peaks remained nearly unchanged.

The TG and DSC results of the as-synthesized BSO
and BSS2 samples are shown in Fig. 3. As shown in
Fig. 3a, a large weight loss was observed in the tem-
perature range between 100 and 140 °C. Besides, the
DTA plot shows the presence of a sharp endothermic
peak at approximately 90 °C. This corresponds to about
28.5% weight loss in TG curve due to the evaporation
of the water and the organic solvent that caused heat ab-
sorption [42]. The exothermic peaks at approximately
295 and 418 °C, which corresponded with about 17.5%
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weight loss in TG curve, can be attributed to thermal de-
composition of alkoxide bonds, residual organic mate-
rials and nitrate groups during combustion [42,43]. The
second endothermic peak, located at about 700 °C cor-
responding to the third weight loss of about 2% in TG
curve, is related to the crystallization of bismuth silicate
and formation of perovskite structure [44]. At tempera-
ture higher than 700 °C no other weight changes in TG
curve can be seen. These results are in good agreement
with the XRD analysis of the samples annealed at dif-
ferent temperatures.

Similar results were obtained for the as-synthesized
samples containing strontium. Figure 3b illustrates the
TG-DTA curves of the as-synthesized BSS2 sample in
the range of 20-800 °C. There are three pedestal sits of
weight loss. The first one appears at about 70-120°C
corresponding to the main endothermic peak in DSC
curve. Similar to the BSO sample, it is due to the evap-
oration of water and O—H groups. The second pedestal
sit of weight loss appears in the range of 300-500 °C,
and it is caused by the decomposition of alkoxides and
nitrate groups and burning of residual organic materials.
It can be seen (Fig. 3b) that by addition of Sr, intensi-
ties of two exothermic peaks in TG curve increase. The
last pedestal sit of weight loss is located in the range
of 680-700 °C. The DTA and TG indicated that this en-
dothermic peak, due to the crystallization process and
the secondary phases [40], is shifted to lower tempera-
tures (690 °C) for the BSS2 sample. The intensity of this
endothermic peak decreases with increase of Sr amount.
On the other hand, different amounts of Sr do not have
significant influence on the thermal behaviour of the
fabricated thin films. The DSC curves suggested that the
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Figure 3. TG-DSC curves of the as-synthesized: a) BSO and
b) BSS2 samples
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annealing temperature of the as-synthesized thin films
should be higher than 690 °C. Therefore, according to
the results of thermal behaviour, the prepared films were
annealed at 700 °C for 1 h.

XRD patterns of the prepared BSO films after anneal-
ing at 500, 600 and 700 °C for 1h are shown in Fig. 4.
The BSO sample annealed at 500 °C consists of SiO,,
Bi,Si0O; and Bi,,Si0,, phases. The Bi,SiO; is formed
according to the following reaction [37,45]:

Bi,0, + Si0, —> Bi,SiO; (1)

By increasing annealing temperature, the peaks related
to Bi,SiOy phase disappeared. Moreover, the peaks re-
lated to SiO, become less intense and the peaks related
to Bi,;,Si0,, are stronger. The following reactions could
be expected [37]:

6Bi,Si0; — Bi|,Si0,, + 5Si0, )
Bi,,Si0,, + 85i0, — Bi,Si;0,, 3)

XRD results confirmed that the formation of
Bi,Ti;O,, phase started at 600 °C. It can be seen (Fig.
4) that with the increase in annealing temperature the
width and intensity of XRD peaks decreased and in-
creased, respectively. A single phase of Bi,Si;O,, with
perovskite structure was obtained without any sec-
ondary phase, after annealing at 700 °C. The observed
peaks at 26 = 21.3,27.5,32.8, 35,43.2,45,52 and 55.1°
are related to (211), (310), (321), (400), (422), (431),
(530) and (532) planes, respectively [46].

Figure 5 shows XRD patterns of the BSS1, BSS2,
and BSS3 samples annealed at 700 °C for 1 h. The pres-
ence of a secondary phase Bi,Sr,O, , besides Bi,Si,0,
as the main phase, is clearly seen in the sample BSS1.
The presence of this secondary phase modifies the struc-
ture of the BSS1 film through a pinning effect exerted
and as a consequence decreases grain size [47]. Sec-
ondary phases including Sr,Bi,O5 and Sr,Si; can be
observed in XRD pattern of the BSS2 sample (Fig. 5).
Other secondary phases such as Sr,Si,0,, and Sr,Si,0,
are present in the BSS3 sample annealed at 700 °C. The
relative intensity of 211 peak decreases with the in-
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Figure 4. XRD patterns of the BSO nanostructured films
annealed at different temperatures (a) 500, (b) 600,
and (c) 700 °C for 1 h
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Figure 5. XRD patterns of the (a) BSS1, (b) BSS2, and
(c) BSS3 nanostructured films annealed at 700 °C for 1 h

crease in the Sr amount. The bismuth silicate sample
with higher Sr amount (BSS3) contains a large amount
of secondary phase. Previous studies [48] have shown
that the secondary phases can affect the optical proper-
ties of nanostructured strontium-bismuth silicate layers.
The mean crystallite sizes of the annealed BSO, BSSI1,
BSS2 and BSS3 samples at 700 °C were calculated ac-
cording to Scherrer equation [49], and estimated to be
22,20, 15 and 18 nm, respectively. Therefore, the size
of crystallites decreases with the increase in Sr contents.
The grain boundaries are suitable sites for nucleation
and the presence of doped element at grain boundaries
can hinder grain growth [50].

Figure 6 shows the SEM microstructure of the BSS2
films annealed at 500, 600 and 700 °C for 1 h. The sur-
faces of the films were smooth and dense with the par-
ticles which are almost spherical. These particles were
evenly distributed, and their size becomes larger as the
annealing temperature increases, so that the mean par-
ticle size is about 30, 32 and 35nm for samples an-
nealed at 500, 600 and 700 °C, respectively. According
to SEM images, in some regions asymmetric agglomer-
ated grains can be seen. This observation could be due to
the nature of sol-gel process. Another factor which was
responsible for agglomeration was annealing the sam-
ples at relatively high temperature for a long time, which
enhanced diffusion and consequently, grain growth [51].
The cross-section of the nanostructured BSS2 film an-
nealed at 700 °C for 1h, shown in Fig. 6d, confirmed
that thickness of the obtained film is about 180 nm.

Figure 7a shows dielectric constant as a function of
applied frequency for different samples after annealing
at 700 °C for 1 h. Decrease in dielectric constant due to
the increase in frequency was observed [52]. It could
also be concluded that addition of Sr up to 2 mol% re-
sults in the decrease in dielectric constant. Further addi-
tion of Sr was accompanied with increase in dielectric
constant. This observation could be related to the finer
grain structure of the sample BSS2 containing 2 mol%
Sr and presence of secondary phases. It is well known
that the dielectric constant of ceramics is sensitive to
the morphology, crystal structure, phase composition,
and the grain size [53-55]. Thus, smaller grain size due
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Figure 6. Microstructures of the BSS2 nanostructured films - surface structures of the film annealed at: a) 500, b) 600, c)
700 °C for 1h, and d) cross-section of the film annealed at 700 °C for 1h
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Figure 7. Variation of: a) dielectric constant and b) dielectric loss as a function of frequency for BSO, BSS1, BSS2, and BSS3
samples

to the presence of secondary phases usually results in
lower polarization and, therefore, gives lower value of
dielectric constant. In finer microstructure, the number
of grain boundaries and the amount of internal stress
increases, therefore, dipole rotation becomes more dif-
ficult and as a result polarization and dielectric constant
decrease [56]. In addition, presence of Sr results in for-
mation of secondary phases. Dielectric constant of these
phases is lower than for Bi,Si;0,, and therefore dielec-
tric constant of the BSO film is higher than the films
doped with Sr (Fig. 7a).
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Figure 7b shows dielectric loss as a function of fre-
quency for different samples after annealing at 700 °C
for 1h. Dielectric loss, as a measure of waste energy
in dielectric material during electric field application,
decreases with frequency. It can be also seen that di-
electric loss first decreases with increasing Sr content
(up to 2mol%) and then increases. It is well known
that dielectric loss is strongly dependent on microstruc-
tural factors, such as lattice defects (vacancies, dislo-
cations, grain boundaries, and impurities), secondary
phases, porosity, crystallinity and other processing re-
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lated defects [57,58]. Thus, in structures with fine grain
size the pinning of the domain walls by grain boundaries
makes the polarization process difficult to accomplish,
and consequently increases dielectric loss [59]. There-
fore, it could be expected that the BSS2 sample with
finer grains compared to other bismuth silicate films
shows higher dielectric loss.

The observed dispersion of both dielectric constant
and dielectric loss at lower frequencies (Fig. 7) is con-
sistent with Maxwell-Wagner interfacial polarization.
The inhomogeneous dielectric and insulated structure of
the composites induces space charges. In general, there
is a characteristic relaxation time for charge transport
and therefore both dielectric constant and dielectric loss
depend on the applied frequency [60]. At higher fre-
quency, the loss is small in all samples, which means
that the prepared thin films could be used in practical
applications such as oscillators.

The effect of annealing temperature on dielectric con-
stant of the nanostructured BSS2 films at different fre-
quencies of 1, 10, 100, 1000kHz, and 10 MHz is pre-
sented in Fig. 8a. It could be found that, the dielec-
tric constant of the BSS2 films increases with anneal-
ing temperature for all applied frequencies. With the in-
crease in annealing temperature, the grain growth accel-
erates and as a result domain wall motion becomes eas-
ier. Thus, the observed change in dielectric properties
obtained for the samples annealed at different tempera-
tures could be explained by domain wall pining. More-
over, lower amount of secondary phase in the annealed
sample at higher temperature results in higher dielectric
constant [61]. Another reason for lower dielectric con-
stant for the films annealed at 500 and 600 °C compared
to 700 °C could be poor crystallinity at low temperatures
[58].

The effect of annealing temperature on dielectric loss
of the nanostructured BSS2 films at different frequen-
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cies of 1, 10, 100, 1000 kHz, and 10 MHz is presented in
Fig. 8b. The dielectric loss increases with increase in an-
nealing temperature and decreases with frequency. The
increase of dielectric constant and dielectric loss with
annealing temperature may be related to higher mobility
of permanent dipoles which facilitate polarization [62].
Also, the observed change in dielectric properties for the
synthesized thin films annealed at different temperatures
may be explained by domain wall pining, which was de-
termined by the degree of crystalline and the presence of
secondary phases [61,63].

IV. Conclusions

Nanostructured BSO thin films with different Sr con-
tents of 0, 1, 2, and 3 mol% were fabricated by sol-
gel method and annealed at different temperatures up to
700 °C. SEM observations showed that the synthesized
films were smooth and dense containing the equiaxed
grains with the mean size of about 30-35nm. The
dielectric properties measurements indicated that the
room temperature relative dielectric constant and dielec-
tric loss of the samples decreased with increasing ap-
plied frequency and increased with increasing annealing
temperature. The dielectric constant and dielectric loss
decreased simultaneously with Sr addition, and reached
the minimum for the sample containing 2 mol% Sr. We
believe that it could be related to the crystal structure
and formation of secondary phases.
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