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In this work, the effects of strontium addition on the structure and 
optical properties of nanostructured bismuth silicate (Bi4Si3O12) thin films 
prepared via sol-gel were studied. At first, different sols containing the 
optimum ratio of precursors were synthesized, and then, the prepared sols 
were coated on the substrate via dip coating. The dip coated samples were 
dried at 100oC and, in order to obtain the crystalline structure, calcination 
was done at 700oC for 1 h. The prepared thin films were characterized 
and analyzed via scanning electron microscope (SEM), energy dispersive 
spectroscopy (EDS), atomic force microscope (AFM), and X-ray diffraction 
(XRD) analyses as well as ultraviolet-visible spectroscopy. The results 
showed that a homogeneous coating of bismuth silicate with the grain size 
in the range 35-50 nm could be formed. XRD analysis demonstrated the 
annealed sample at 700oC composed of crystalline Bi4Si3O12 phase without 
any secondary phase. Investigation of the optical properties of the prepared 
thin films revealed that the addition of strontium decreased transparency 
from 82 to 78% and band gap from 3.61 to 3.32 eV.

INTRODUCTION
Bismuth silicate ceramics have piezoelectric 

properties, optical activity, photoconductivity, 
and photorefractive properties which make them 
attractive in the applications such as optical 
devices, optical laser, and ferroelectric memories 
[1-4]. Bi4Si3O12 is a ferroelectric material with many 
applications due to its low dielectric permittivity, 
high Curie temperature, and spontaneous 
polarization [5-8]. This material is also used as 
a buffer layer for the growth of oxide layer on Si 
[9]. Moreover, Bi4Si3O12 is transparent in both 
the visible and near-IR regions, which makes 
it an attractive candidate for diode pumped 

microchip lasers [10]. The formula of bismuth 
silicate is BixSiyOz, which is abbreviated as BSO. 
There are some crystalline compounds in Bi2O3-
SiO2 system. Ternary bismuth silicate compounds 
are composed of different phases such as Bi2SiO5, 
Bi4Si3O12 and Bi12SiO20 [5-8]. Bi4Si3O12 (BSO) phase 
is known as eulytite and its structure is similar to 
that of Bi4Ti3O12 [11]. Bi4Ti3O12 has the perovskite 
structure, in which triple Ti-O octahedral is placed 
between (Bi2O2)

2+ layers [12-14]. BSO thin films 
have been prepared successfully via different 
methods such as chemical vapor deposition [15], 
sol-gel [2, 16], and pulse laser deposition [17, 
18]. Among these methods, sol-gel process is 
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considered as a feasible method for preparing 
thin films for electronic and optical applications. 
The main advantages of sol-gel technique for the 
preparation of nanomaterials are the possibility 
for fabrication complex and homogeneous 
compounds, low temperature of processing, low 
cost, versatility, and flexible rheology allowing 
easy shaping and embedding. They offer unique 
opportunities for access to organic-inorganic 
materials [19, 20]. This method makes it possible 
to obtain doped films, which permits varying 
their physical properties (electrical conductivity, 
photoconductivity, optical absorption spectra, 
and others) purposefully. The main obstacle to 
using the sol-gel method is the complexity of the 
chemical process, due to the multicomponent 
nature of the composition [21].

Sol-gel chemistry is based on inorganic 
polymerization reactions, 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. Silicate compounds are most often 
synthesized by hydrolysis and condensation 
reactions of alkoxide precursors by employing a 
mineral acid as a catalyst. The most commonly 
used precursors of oxides are alkoxides due to 
their commercial availability and high ability of the 
M-OR bond which could facilitate in situ tailoring 
during processing. The polymerization starts with 
the hydroxylation of alkoxide precursors through 
the hydrolysis of the alkoxy group, which is then 
followed by the polycondensation reaction 
(oxolation, olation). The hydrolysis, oxolation and 
olation reactions are involved in the transformation 
of a molecular alkoxide precursor into an oxide 
network. At the functional group level, three 
reactions are generally used to describe the sol-
gel method [22]:

                                                                              (1)≡Si – OR+ H2O                          ≡Si – OH + ROH                                               
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where R is an alkyl group, CxH2x+1. In the hydrolysis 
reaction, alkoxide groups (OR) are replaced with a 
hydroxyl group (OH) and condensation reactions 
involving the silanol groups subsequently produce 
siloxane bonds (Si-O-Si). The different cations are 

(2)

uniformly distributed on an atomic scale through 
M-O-M bridges. However, some problems exist in 
the formation of homogeneous multi-component 
solution, one of which is the unequal hydrolysis 
and condensation rates of the metal alkoxides. 
This can result in phase separation, during the 
hydrolysis and heat treatment and lead to higher 
crystallization temperature or even undesired 
crystalline phases [23]. There are different 
methods such as dip coating, spin coating, and 
spraying for the preparation of thin films from 
precursor solutions. In the dip coating method, 
the substrate is immersed in the precursor 
solution and, then, withdrawn at a constant rate. 
During the deposition of the thin film on the 
substrate, the evaporation of the solvent and 
the condensation take place simultaneously. The 
microstructure of coating is determined based on 
the competition between the evaporation of the 
solvent and the condensation. Compared with the 
other methods for the preparation of thin films, 
the sol-gel dip coating requires considerably less 
equipment and non-vacuum facilities; therefore, 
it is less expensive. However, the most important 
advantage of sol-gel over conventional coating 
methods is the ability to tailor the microstructure 
of the deposited films [24].

In this study, the nanostructured bismuth 
silicate (Bi4Si3O12) thin films were prepared via 
sol-gel dip coating and the effect of strontium 
addition on the structure, morphology, and optical 
properties was studied. 

MATERIALS AND METHODS
Synthesis of bismuth silicate nanostructured films

In order to prepare bismuth silicate gel, firstly, 
bismuth nitrate pentahydrate (Sigma Aldrich, 
99.99% purity) was dissolved in acetic acid and 
deionized water as solvents according to Table 
1. The mixing was done by a stirrer at room 
temperature for 30 min. On the other hand, the 
solution of tetra ethylortho silicate (TEOS) in 
ethanol and acetylacetone was prepared. This 
solution was added to the first one and mixed at 
room temperature for 60 min in order to obtain 
a fully transparent sol. For the preparation of 
bismuth silicate-strontium sol, in addition to the 
above steps, a solution containing strontium 
acetate, acetic acid, and deionized water was 
prepared. This solution was added to the former 
solutions and resulted in a transparent stable sol. 
The prepared sols were coated on the glass slide 
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via dip coating at the rate of 1 mm/s. The coated 
samples were dried at 100 oC, and in order to 
obtain the crystalline structure, calcination was 
done at 700 oC for 1 h.

Characterization of nanostructured films
Fourier transformation infrared (FTIR) 

device (TENSOR 27 model) was used in order to 
determine functional groups in the samples (from 
400-4000 cm-1). Phase analysis was performed 
using an X-ray diffractometer (XRD, X’pert PRO 
MRD, Philips) using Cu Kα radiation (λ=1.542 Å) at 
the operating voltage and current of 40 kV and 30 
mA, respectively through 2θ=20-80˚. Morphology, 
shape, and size of the prepared films were studied 
by scanning electron microscopy (LEO 1450 VP) 
and their composition was determined using 
an energy dispersive X-ray (EDX) microanalyzer 
coupled to the microscopy. A thin layer of gold 

was coated on the surface of the samples in order 
to make them conductor. Atomic force microscopy 
(DS 95-50E) was used to study the surface 
morphology of the films. Optical properties of the 
films were investigated by UV-Vis spectrometer 
(Unicam) within the range 300-800 nm. The 
photoluminescence (PL) spectra were measured by 
a Hitachi, F-4500 fluorescence spectrophotometer 
in the range 300-600 nm. A Xe lamp with a filter 
was used as the excitation light source. 

RESULTS AND DISCUSSION
Microstructure of thin films

Fig. 1 shows the SEM images of annealed BSO, 
BSS1, BSS2, and BSS3 samples at 700 oC for 1 h. As 
could be seen, the particles were almost spherical 
and their size was in the range of 35-50 nm. Addition 
of strontium to bismuth silicate resulted in particle 
size reduction. This reduction could be attributed 

Sample TEOS bismuth nitrate 
pentahydrate acetylacetone acetic acid ethanol deionized water strontium 

acetate 
BSO 3 4 3 60 120 360 0 
BSS1 3 3 3 60 120 360 1 
BSS2 3 2 3 60 120 360 2 
BSS3 3 1 3 60 120 360 3 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Molar ratio of used materials for the preparation of different sols.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. SEM images of (a) BSO, (b) BSS1, (c) BSS2; the inset shows the cross section, and (d) BSS3 thin films annealed at 700°C 
for 1h.
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to the increase of point defects due to strontium 
addition and, consequently, movement of grain 
boundaries became more difficult. As a result, grain 
growth was hindered. The presence of strontium 
at grain boundaries was another mechanism 
which prevented grain growth [25]. According to 
Fig. 1, the films were dense and, in some regions, 
consisted of asymmetric agglomerated grains 
so that one large grain was composed of many 
smaller grains. This observation could be due to 
the nature of sol gel process. Another factor which 
was responsible for agglomeration was annealing 
the samples at relatively high temperature 
for a long time, which enhanced diffusion and 
consequently, grain growth [26]. On the other 
hand, if the samples were soaked for a shorter 
time, crystallization could not be completed. 
Therefore, the selection of proper soaking time 
and temperature to complete crystallization is so 
important. Due to the agglomeration of grains, 
their shapes are completely asymmetric. In Fig. 1c, 
the cross-section of BSS2 nanostructured layer is 
shown. As can be observed, the thickness of this 
layer was in the range 150 to 180 nm. The results 

of EDS analysis of different samples are shown in 
Fig. 2, in which Bi, Si, and O elements were present 
in BSO sample (Fig. 2a). Based on Figs. 2b to 2d, 
the presence of Sr beside Bi, Si, and O elements 
could be seen. According to Table 2, the addition 
of Sr was accompanied by the reduction of 
weight percentage of Bi and increment of weight 
percentage of Si and O.

AFM analysis
AFM images of annealed thin films at 700oC for 

1 h are shown in Fig. 3. Figs. 3a and 3b demonstrate 
3D and 2D views of bismuth silicate-strontium 
nanostructues, respectively. As can be seen in the 
AFM images, surface of the thin film was relatively 
smooth, crack-free, and homogeneous. The 
thickness of this layer varied from 150 to 180 nm.

XRD analysis
XRD patterns of different samples are shown 

in Fig. 4. XRD pattern of BSO sample (Fig. 4a) 
exhibited peaks at 2θ=21.3, 27.5, 32.8, 35, 43.2, 
45, 52, and 55.1˚, which were in agreement with 
(211), (310), (321), (400), (422), (431), (530), and 

 

 

 

 

 

 

 

 

 

 

Fig. 2. EDS analyses of (a) BSO, (b) BSS1, (c) BSS2 and (d) BSS3 thin films. 

 

Sample BSO BSS1 BSS2 BSS3 
Mean crystallite size (nm) 22 20 15 18 

 

Table 2. Mean crystallite size of different thin films.



262

A. Sadeghzadeh-Attar et al/ Sr-Modified Bismuth Silicate Nanostructured Films

J Nanostruct 7(4): 258-265, Autumn 2017

(532) planes, respectively. Comparing this pattern 
with JCPDS 33-0215 pattern proved the formation 
of cubic Bi4Si3O12 phase with lattice parameter 
a=10.291 Å without any secondary phase. Sample 

BSS1 (Fig. 4b) showed the related peaks to 
crystalline Bi6Sr2O11 phase besides Bi4Si3O12 peaks 
as the main phase. Intensities of Bi4Si3O12 peaks 
in BSS1 sample were lower than those of BSO 

 

 
Fig. 3. (a) 3-D and (b) 2-D AFM images of the surface of BSS2 thin film.

 

 

 

 

Fig. 4. XRD patterns of (a) BSO, (b) BSS1, (c) BSS2 and (d) BSS3 thin films.
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sample. In Fig. 4c which shows the XRD pattern 
of BSS2, some peaks related to crystalline Bi2Sr2O5 
and Sr2Si3 could be seen beside Bi4Si3O12 peaks. 
The intensity of Bi4Si3O12 peaks as the main phase 
was reduced in BSS2 compared with BSS1. XRD 
pattern of BSS3 sample (Fig. 4d) consisted of the 
related peaks to Bi4Si3O12 as the main phase as well 
as Sr4(Si4O12) and Sr3Si3O9 as secondary phases. 
The intensity of Bi4Si3O12 peaks in BSS3 was lower 
than that of BSS2 one. Due to the dependence of 
properties of synthesized films on their crystallite 
size, Scherrer’s equation [27] was used to calculate 
the crystallite size of the samples: 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

D = 0.9 λ/βcosθ 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

                                                                                    
(4)         

where D is crystallite size, β is full width at half 
maximum (FWHM) of the peak, λ is wavelength of 
the used X-ray, and θ is diffraction angle. FWHM 

was determined using X’Pert HighScore software 
and the calculated crystallite sizes for different 
samples are listed in Table 2. The results in Table 
2 were in good agreement with the XRD patterns 
of the samples. According to Fig. 4, increase 
of Sr amount resulted in peak broadening and 
reduction of their intensities. Therefore, it could 
be concluded that Sr addition results in grain 
size reduction. This observation is due to the 
precipitation of Sr in grain boundaries through 
crystallization, which hinders grain growth. On the 
other hand, the precipitated Sr particles into grain 
boundaries are suitable sites for the nucleation 
of new grains. As a result, the number of grains 
increased and their size decreased [25].

UV-Visible absorption spectroscopy
Transmittance spectra and Tauc band gap of 

 

 

 

 

 

 

Fig. 5. Transmittance spectra and band gap of (a) BSO, (b) BSS1, (c) BSS2 and (d) BSS3 thin films.
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thin films are shown in Fig. 5. According to this 
figure the addition of Sr reduced the transparency 
of bismuth silicate [28]. Transparency of BSO thin 
film is about 82% and reduced to 78% for BSS2 
thin film. Band gap could be estimated from the 
absorption coefficient (α). Absorption coefficient 
was calculated according to the following equation 
[29]:

 

 

α = 2.303 A/t 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                      (5)           
where A is absorption and t is thickness of the 

sample. Relation between α and energy of photon 
(hν) is expressed by [30]:

 

 

α = B(hϑ − Eg)2/hϑ 
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where B is a constant and Eg is band gap. The 
above equation could be written as:

 

 

(αhϑ)
1
2 = B(hϑ − Eg) 
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The latter equation is known as Tauc relation 
and is used to calculate band gap. Tauc relation is 
expressed generally as [31]: 

(αhϑ)n = B(hϑ − Eg)                          
                                                                                      (8)

The exponent n equals 2 for direct allowed 
transitions and equals 1/2 for indirect allowed 
transitions. Bismuth silicate possesses direct 
allowed transitions, so its exponent is n=2. By 
drawing (αhν)2 versus incident photon energy (hν) 
and extrapolation of its linear region, band gap 
(Eg) could be estimated. Band gap of different thin 
films are shown in Fig. 5. It could be seen that, 
by the addition of Sr, band gap was reduced and 
moved toward wavelengths with less energy. Band 
gap for BSO, BSS1, BSS2, and BSS3 was calculated 

as 3.61, 3.56, 3.32, and 3.53 eV, respectively.

Luminescent analysis
Fig. 6 shows the emission spectrum of BSO, BSS1, 

BSS2, and BSS3 samples, which was monitored 
with the excitation wavelength of 260 nm. A broad 
band signal emitted with the maximum intensity 
at about 470 nm was obtained. The measured 
emission bands at 470 nm could be properly 
attributed to the electronic transitions of 6p→6s 
[32]. Moreover, luminous intensity increased 
with the addition of Sr. The observed changes in 
luminous intensity can be mainly resulted from 
the grain growth and improvement of crystal 
perfection due to the addition of Sr. As can be 
seen, BSS2 sample showed the highest luminous 
intensity among the other samples.

CONCLUSION
Nanostructured bismuth silicate thin films 

were prepared successfully and the effects of Sr 
addition on the structure, morphology, and optical 
properties were investigated. SEM images showed 
the formation of homogeneous coating with 
the size in the range of 35-50 nm, which was in 
good agreement with the results obtained from 
Scherrer’s equation based on the width of XRD 
peaks. Therefore, the addition of strontium to 
Bi4Si3O12 decreased grain size. XRD pattern of the 
annealed samples demonstrated the formation of 
crystalline Bi4Si3O12 phase without any secondary 
phase. Moreover, the addition of strontium 
decreased transparency and band gap of the 
prepared thin films.

 

 

 

Fig. 6. Photoluminescence spectra of BSO, BSS1, BSS2, and BSS3 thin film.
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