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A B S T R A C T   

Single crystal of Bi12SiO20 was grown from the melt by Czochralski technique. The crystal growth was in the 
[111] direction. The surface of the polished sample was irradiated by a femtosecond pulsed laser beam of various 
power. The influence of laser power on structural properties of Bi12SiO20 crystal, as well as on its phase 
composition, was studied. The surface morphology of our samples was investigated by AFM. The surface of 
unirradiated sample is rather smooth with no cracks observed. In sample modified by pulsed femtosecond beam, 
we registered the presence of small spherical islands on the surface. The dimensions of the islands and their 
density depend on the applied power. There were also significant changes in far-infrared spectra of irradiated 
sample in comparation to non-irradiated sample. Based on these results, the material obtained after femtosecond 
pulsed laser irradiation consisting of bismuth oxide based nano-objects, formed as nanocrystals (dimensions 
below 20 nm in diameter), which are arranged in a matrix of Bi12SiO20.   

1. Introduction 

Sillenites (Bi12MO20, M = Si, Ge, Ti) are optically active crystals 
exhibiting a lot of strong effects (optical rotation, electro-optical 
(Pockels), magneto-optical (Faraday) and photo-induced effects) and 
interesting properties such us remarkably large values of dielectric, 
piezo-electric and elasto-optic constants, very high values of the dark 
electric resistance, the index of refraction [1] etc. These crystals have 
application as active elements in many devices [2]. For these applica-
tions the materials are bulk single crystal samples. 

On the other hand, due to their extremely small sizes, nanomaterials 
(one, two or three dimensions of less than 100 nm) cannot be used in 
large scale, particularly as long-bearing materials in engineering appli-
cations. For this it has long been a desire to develop bulk composites 
incorporating these nanomaterials (for example nanocomposites) to 
harness their extraordinary properties in bulk applicable materials. 
Initial ideas and principles are given in Ref. [3]. The most important fact 
is that the characteristics of the nanomaterials are fundamentally 
different in comparison with the bulk materials [4]. 

Lasers play an ever expanding role in material processing [5], as is 
the case with surface treatment of single crystals [6] where the energy of 
a laser beam interacts with a material to transform it in some way in a 

thin surface layer. This transformation (or laser process) is controlled by 
precisely regulating the wavelength, power, duty cycle and repetition 
rate of the laser beam. All materials have unique characteristics that 
dictate how the laser beam interacts and consequently modifies the 
material [7,8]. 

In our previous papers, we have investigated the influence of locally 
induced heating with increasing laser power densities on some nano-
materials such as stable hexagonal transition oxides ZnO doped with 
CoO [9] and cubic rock-salt MnO [10]. The influence of femtosecond 
pulsed laser power on the quality and optical characteristics of 
Bi12GeO20 single crystal was also studied [11]. 

The aim of this work is to continue our research with investigation 
influence of femtosecond pulsed laser irradiation on Bi12SiO20 single 
crystal using FTIR spectroscopy along with atomic force microscopy 
(AFM), but this time the focus is on modification of material and its 
structural characterization. 

2. Experimental procedure 

2.1. Preparation of crystal samples 

Czochralski technique was applied to grow Bi12SiO20 single crystal, 
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where MSR 2 crystal puller controlled by a Eurotherm was used with 
temperature fluctuations of the experiment lower than 0.2 ◦C. Addi-
tional weighing set was used to monitor the crucible weight in order to 
keep a crystal diameter constant (absolute deviation was below 0.1 
mm). 

A platinum crucible was used to contain the melt, which was placed 
in an alumina vessel on a zircon – oxide wool. This system was con-
structed in order to stop the excessive radiation heat losses. Also, a cy-
lindrical silica glass after heater was constructed around the system to 
reduce the thermal gradients in the crystal and in the melt. Crystal 
growth was occurred in an air atmosphere while iridium wires were used 
as initial crystal seeds. Later on, seed cuts from the produced Bi12SiO20 
crystals were used for the growth of other crystals. 

Bi2O3 and SiO2 were used for synthesis of crystals. Starting materials 
were mixed in 6:1 stoichiometric ratio. Optimal pull rate was chosen in 
the range 5 – 6 mm/h. Equations of the melt hydrodynamics were used 
to calculate critical crystal diameter, dc = 10 mm and critical rotation, 
ωc = 20 rpm. The crucible was not rotating during crystal growth. The 
crystal boule was cooled at ~50 

◦

C/h down to a room temperature, after 
the crystal growth. Crystals grew in [111] direction, without core being 
observed. Finally, crystals were cut and polished. 

2.2. Crystal irradiation and characterization 

Crystal samples were exposed to a pulsed femtosecond laser beam 
(pulse width 90 fs, repetition rate 76 MHz) from Coherent Mira 900 F 
laser system pumped by a 532 nm continuous wave Coherent Verdi V-10 
laser. The irradiating beam wavelength was monitored by an Ocean 
Optics HR2000CG UV-NIR spectrometer. The samples were irradiated 
along their longest axis, z, i.e., along the crystal growth direction. 
During irradiation, the crystal facet was partially exposed due to the oval 
shape of the beam profile. A graded filter was used to adjust the beam 
power on the sample from 50 to 800 mW (measured by Ophir Nova II 
powermeter with thermal and photometric heads), which corresponds 
to the fluence range of 75–1200 nJ/cm2. Exposure time of each irradi-
ation power was 3s, measured by a stopwatch of 0.2s of accuracy. The 
total irradiation time and energy were intentionally kept low to avoid 
significant contribution of an accumulative process caused by repopu-
lation of the traps [12]. 

Far-infrared reflection spectra were recorded in the wave number 
range up to 650 cm− 1 utilizing an A BOMEM DA - 8 FTIR spectrometer 
with a deuterated triglycine sulfate (DTGS) pyroelectric detector. 

The surfaces of samples were examined in detail using Atomic Force 
Microscope (AFM), NTEGRA prima from NT-MDT. NSG01 probes with a 
typical resonant frequency of 150 kHz and 10 nm tip apex curvature 
radius were used. 

The X-ray diffraction (XRD) data for Bi12SiO20 single crystals was 
measured using X-ray diffractometer (XRD) Rigaku Ultima IV, Japan, 
with filtered CuKα1 radiation (λ = 0.154178 nm). The X-ray diffraction 
data were collected over the 2θ range from 20◦ up to 80◦ with the step of 
0.02◦ and scanning rate of 2◦/min. The PDXL2 v2.0.3.0 software [13], 
with reference to the diffraction patterns available in the International 
Center for Diffraction Data (ICDD) [14] was used for the phase identi-
fication and data analysis. 

3. Results and discussion 

3.1. Femtosecond pulsed laser modification 

In order to establish the behaviour of the sample material under the 
influence of femtosecond beam, three wavelengths from the common 
range of the Mira device (700–900 nm) have been chosen. The samples 
were exposed to femtosecond beam of 730, 800 and 830 nm, with input 
powers of 50–700, 50–800, and 50–550 mW, respectively. For each 
wavelength, the transmitted power vs input power has been monitored. 
The input power has been gradually increased and in this way the 

influence of possible strong modifications by higher power to the results 
of low power was diminished. Transmitted vs. input power dependency 
was established (Fig. 1). 

Transmitted power dependence on the input power is in fact linear 
for each chosen wavelengths. The linear dependence shows uniform 
absorption during the input power change – there were no significant 
damages in the material of the samples caused by the beam during 
exposition. If present, strong or large-scale structural changes inside the 
material would change the absorption coefficient which would lead to 
the deviation of the Pout vs. Pin (Fig. 1) dependence from the linear one. 

Because of that, in the further analysis in this paper, under treated 
sample we will consider the sample modified with a laser line of 730 nm 
and a power of 700 mW as a representative one. In Fig. 2, a sample 
treated with 730 nm and a power of 50 mW was analyzed for 
comparison. 

3.2. AFM 

Fig. 2 shows the results of AFM measurements of the Bi12SiO20 single 
crystal and the same sample after being irradiated by a femtosecond 
pulsed laser beam. The surface of unirradiated sample is rather smooth 
with no cracks observed, and only traces of mechanical polishing can be 
seen in Fig. 2a. Fig. 2b and c. Show the surface of the sample after 
irradiated by a femtosecond pulsed laser with 730 nm and power of 50 
mW and 700 mW respectively. Full lines at Fig. 2 a-c present directions 
in which the structure dimensions were determined. Height prolife on 
the surface and in the shine dots is shown in Fig. 2 d. For the treated 
samples, the nanoobject clearly stands out in the selected direction. It 
could be said that the height of the nano-object for both samples is in the 
range of about 10–15 nm, and that the height of the nanoobject increases 
with the increase in the power of the femtosecond laser. On the other 
hand, the diameter of these nano-objects is about 20 nm (Figs. 2b) and 
15 nm (Fig. 2c). In addition, we note that the density of nano-objects is 
significantly higher in Fig. 2c. 

Average roughness (Ra) for the samples shown in Fig. 2 a, b, c is 1.25 
nm, 1.57 nm and 1.6 nm, respectively. Although the value for Ra is 
relatively small, i.e. the surface of the samples is relatively smooth, we 
can conclude that as a result of the femtosecond laser treatment, as well 
as when increasing the laser power, the value for Ra also increases, 
which is expected. 

3.3. XRD measurements 

Phase analysis using XRD of single crystal BSO samples are presented 

Fig. 1. Transmitted (Pout) vs. input (Pin) power for samples exposed to the 
beam of 730 nm, 800 nm and 830 nm. 
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in Fig. 3. Phase analysis indicates that all peaks belong to the Bi12SiO20 
phase, which is in good agreement with the JCPDF Card No. 37–0485. 

The XRD for the treated sample is no different from that for the 
untreated. 

3.4. Far-infrared spectroscopy 

The experimental far-infrared spectrum of BSO single crystal was 
recorded in the spectral range of 70–650 cm− 1 at room temperature and 
in Fig. 4 is presented as a blue line. The obtained spectrum shows all 
characteristics described in the literature [15,16]. The far-infrared 
spectrum of the femtosecond laser treated BSO, recorded in the spec-
tral range of 70–650 cm− 1 at room temperature, is presented in Fig. 4 as 
a red line. Even though the spectra given in Fig. 4 were recorded under 
the same conditions, differences in the BSO single crystal and femto-
second laser treated BSO spectra are clearly visible at in several places, 
such as about 130, 180, 280 cm− 1 …. 

Γ = 8A + 8E + 25F (1) 

Among these modes, only the F modes are infrared active. 
Fig. 5, lower spectrum, shows the far-infrared spectra of BSO single 

crystal. The points are given the experimental results, and the solid line 
is obtained in the standard way by the procedure of fitting parameters 
[18,19]. Due to the large energy gap (Eg = 2,57eV) and accordingly very 
low concentrations of free carriers, a dielectric function was used which 
takes into account only the interaction of electromagnetic radiation with 

Fig. 2. AFM results of Bi12SiO20 single crystal: untreated (a); femtosecond laser treated sample: 730 nm, 50 mW (b) and 730 nm, 700 mW (c). Height prolife on the 
surface (d). 

Fig. 3. X-ray diffraction results of untreated Bi12SiO20 single crystal, peaks of 
Bi12SiO20 phase marked with hkl. 
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phonons: 

ε(ω)= ε∞

∏s

k=1

ω2 + iγkLO − ω2
kLO

ω2 + iγkTO − ω2
kTO

(2)  

where ε∞ is the bound charge contribution and is considered as a con-
stant, ωLOk and ωTOk are the longitudinal and transverse optical – phonon 
frequencies, and γTOk and γLOk are the phonon dampings. 

The results obtained for TO/LO frequencies (in cm− 1) are: 69/71, 
94/95, 104/112, 123/150, 129.5/130, 142/143, 175.2/175.5, 187.5/ 
192.5, 202.5/204.3, 229/251, 267/276.8, 297.5/371, 424/427, 453/ 
494, 520/551.5, 572/581, 594/613, 647/658. The agreement with the 
literature data [15,16] is excellent. This result serves as an introduction 
to the spectrum analysis for the femtosecond laser treated BSO sample, 
where the situation is somewhat more complex. Fig. 5, upper spectrum, 
shows the far-infrared spectrum of femtosecond laser treated BSO single 
crystal. The points are given the experimental results, and the solid line 

is obtained in the following way. 
Namely, as can be seen from Fig. 2b and c, laser treatment leads to a 

change in the surface of the samples. It seems that its composition 
changes in a very thin layer, but also that nanoobjects are formed inside 
the layer and on its surface. Therefore, we decided to use a model that 
takes into account the existence of a three-layer structure (see insert of 
Fig. 5), where.  

(a) medium 1 is air (ε1 = 1),  
(b) medium 2 is a layer with thickness d present at the sample surface 

with dielectric constant ε2 (eq. (2)), and  
(c) lower optically thick layer, medium 3, practically single crystal 

BSO, described with ε3 (eq. (2)). 

In this case, the reflectivity can be determined as described in 
Ref. [20]: 

RA =
Ar

Ai
=

r12e− iα + r23eiα

e− iα + r12r23eiα (3)  

where rij = (ni − nj) /(ni +nj) = (
̅̅̅̅εi

√
−

̅̅̅̅εj
√

)/(
̅̅̅̅εi

√
+

̅̅̅̅εj
√

) are the Fresnel 
coefficients, Ai and Ar represent amplitudes of the incident and reflec-
tion beams, respectively, n is the complex index of refraction, ε is the 
dielectric constant and α = 2πωd (ε2)1/2 is the complex phase change 
related to the absorption in the crystal layer with the thickness d. 
Reflectance, R, is given as R = |RA|

2. 
The parameters of the treated sample were determined by the fitting 

procedure. In that manner, the parameters for the single crystal BSO 
layer (medium 3) remained the same as those determined from un-
treated sample. The surface layer (medium 2), besides them, has addi-
tional modes. The layer thickness is d = 1,9 μm. Comparison of our result 
with the values from the literature for the registered additional phonons 
is given in Table 1. 

Some results from literature, for example [22], show that 
laser-induced oxidation of bismuth can occur, but the degree of oxida-
tion and the formation of the crystalline phase strongly depend on the 
laser power. We think that in our case, due to laser heating, on the 
Bi12SiO20 single crystal, the formation of starting material phases occurs. 
It is known that bismuth oxide can exist in several polymorphic forms: 
α-Bi2O3, the only phase stable at room temperature, and three 
high-temperature phases, β-, δ- and γ-Bi2O3. The orthorhombic phase, 
α-Bi2O3, transforms to cubic δ-Bi2O3 at 729 ◦C, which may transform to 
tetragonal β-Bi2O3 or body-centered cubic γ-Bi2O3 upon cooling to 650 
and 639 ◦C, respectively [24–27]. Both of these forms are metastable, 

Fig. 4. Experimental far-infrared reflection spectra of Bi12SiO20 single crystal 
untreated (blue line) and treated by femtosecond beam (red line). First, in short 
about factor group analysis. Crystal BSO has a cubic unit with space group I23 
(T3) [17]. 

Fig. 5. Far-infrared reflection spectra of Bi12SiO20 single crystal and femto-
second laser-treated Bi12SiO20 sample. The experimentally obtained data points 
are depicted as circles. The theoretical spectrum obtained with the model 
defined by eqs. (2) and (3) and fitting procedure is given as solid line. Insert. 
Schematic overview of the femtosecond laser-treated Bi12SiO20 sample. 

Table 1 
Comparison between additional far-infrared frequencies registered in this paper 
and experimentally and calculated frequencies from the literature.  

Phonon peaks 
This work 
[cm− 1] 

Experimental literature 
values of phonon 
frequencies [cm− 1] 

Calculated phonon 
frequencies [cm− 1] 

Description 

120 120 [21] 120 [21] Bi4O7 [21] 
118 [22]  α-Bi2O3 

[22]  
124 [21] β-Bi2O3 

[21] 

161 157 [21]  γ-Bi2O3 

[21] 
166 [23]  γ-Bi2O3 

[23] 

278 279 [22]  γ-Bi2O3 

[22] 
281 [21]  γ-Bi2O3 

[22] 

380 381 [21]  γ-Bi2O3 

[21]  
388 [21] Bi4O7 [21]  
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but may be stabilized at room temperature by the addition of impurities 
[25]. 

Another metastable phase, which was also registered by our mea-
surements, is Bi4O7. This phase is a fully chargeordered pseudo-binary 
bismuth (Bi3+, Bi5+) oxide [28,29]. This mixed valence and the opti-
cal gap within the visible range (1.9eV) turns the Bi4O7 interesting for 
applications in photocatalysis. Also, because of strong luminescence at 
about 420 nm Bi4O7 is a candidate as for purplish-blue light emitter 
[30]. One of the following directions of research can be dedicated to this 
topic as well. 

It seems to us that in this way it is clearly shown that femtosecond 
laser treating produces nano-objects consisting of different phases based 
on bismuth oxide in a matrix of Bi12SiO20 single crystal. In the future, we 
will search for new functionalities, which would open up new topics and 
areas. 

4. Conclusions 

We used a femtosecond pulsed laser to modify the surface on a 
Bi12SiO20 single crystal growth by Czochralski technique. The treatment 
led to the formation of bismuth oxide based nanoobjects in the Bi12SiO20 
matrix. These nanoobjects are formed as nanocrystals with dimensions 
below 20 nm in diameter and about 15 nm in height. By composition, 
they are α-, β-, and γ-Bi2O3 and Bi4O7. The concentration of nanoobjects 
increases when the power of the femtosecond laser increases. Applica-
tion in optoelectronics and optical sensor industry is expected. 
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