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Abstract— Nanostructured Bi2SeO5 films were deposited on 

soda-lime glass substrates by the pulsed laser ablation 

technique, PLA, using a target manufactured from powders 

synthesized by solid-state reaction, starting from a 

stoichiometric mixture of the precursors, Bi2O3 and Se. The 

films, with a thickness of 250 nm and subsequent heat 

treatment at 550 and 600 °C, present a flake-like 

nanostructured morphology. From the indexing of the X-ray 

diffractogram, the obtaining of an orthorhombic structure is 

confirmed. Morphological characterization was performed 

using SEM and AFM microscopy. The flake-shaped particles 

presented thicknesses between 20 and 30 nm and the average 

roughness measured was 15 nm. From the UV-Vis 

transmittance spectra, average optical transmittances were 

obtained in the visible region of the order of 60 % and 

bandgap magnitudes of 3.3 to 3.7 eV were estimated. 

Keywords— Oxicalcogenuros, Bi2SeO5, transparent semiconductors, 

PLA. 

I. INTRODUCTION 

The electronics industry massively generates products based 
on semiconductor materials for multiple final applications, 
such as mobile devices for 5G communication, electrical 
vehicles, autonomous systems, and LoT (Smart city, Smart 
home and industrial) devices, among others [1]. Recently, 
the chains that supply semiconductors to the industry 
suffered a 40 % reduction in production; causing a shortage 
of chips, along with the reduction of the annual growth of 
the sector from 12.5 to 0.9%, negatively impacting sales and 
production in economic areas, such as smartphones (-2.5%), 
PCs & tablets (-5.8%), automotive sector (-24.0%), and 
other [2–6].   
 
Based on the problem identified, it is necessary to carry out 
researchs related to the synthesis, characterization and 
evaluation of new materials for the semiconductor industry. 
One of the fields that is currently of great interest is 
chalcogenide materials, such as rare earth sulfides, 
selenides, and oxides of chalcogenides. Its derivatives, such 
as binary, ternary, and quaternary chalcogenide materials, 
are applicable in many areas, as is the case of photovoltaics, 

photocatalysis, sensors, fuel cells, and batteries, to name a 
few [7–9]. One of the most promising systems, due to its 
dual properties, is the BiCuOSe oxychalcogenide. This 
presents a p-type semiconducting conductivity, theoretically 
a variable band gap varying between 1.1 to 3.5 eV [10–12], 
low carrier concentration has been reported, and by doping 
it exhibits a moderate electrical resistivity and low thermal 
conductivity [13-14].  
 
Within the characteristic polymorphism of BiCuOSe we 
find bismuth oxy-selenide (Bi2O2Se), a two-dimensional 
semiconductor with high electron mobility [15–17], when in 
contact with air it thermally oxidizes to form bismuth 
dibismuth selenium pentoxide (Bi2SeO5), which has a high 
dielectric constant and therefore insulating properties [18–
22]. Recently, semiconducting Bi2O2Se layered material has 
been synthesized, exhibiting thickness dependent band gap 
and airs stability. Controlled oxidation of Bi2O2Se layers 
and facile etching of Bi2SeO5 a time-dependent oxidation of 
Bi2O2Se, showing a linear relationship between the sample 
thickness and oxidation time [23]. 
 
The Bi2SeO5, is of scientific interest due to its acentric 
crystallization of the Abm2 space group, favoring the 
formation of distorted pyramids [24]. The theoretical models 
obtained required the disorder of at least three atoms of the 
selenite group, favoring the transition from Bi2O2Se to 
Bi2SeO5 in the centrosymmetrics of the space group Abmm 
(No.67), indicating a heterojunction type formation [25]. 
Bi2SeO5 is one of the simplest Aurivillius oxides, it has 
excellent dielectric properties and nonlinear optical effects, 
with a reported band gap greater than 3 eV [16], [26].  
 
Based on the above, in the present work nanostructured 
Bi2SeO5 thin films were synthesized, deposited by means of 
the pulsed laser technique, PLA, using a target made from 
Bi2SeO5 powders, synthesized by mechanical grinding of 
the precursors, Bi2O3 and Se. Likewise, the results of the 
structural, morphological, and optical characterization of the 
films are presented. 
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II. EXPERIMENTAL METHODOLOGY 

Synthesis process 

Bi2SeO5 polycrystalline systems were synthesized from 
the precursor powders with a 1:1 stoichiometric ratio, for 
which the following reagents were used: Se (99.5%, Sigma 
Aldrich) and Bi2O3 (99.9%, Sigma Aldrich). The synthesis of 
the material was carried out by mechanical grinding, using a 
PULVERISETTE 7 planetary ball mill. The powders were 
ground for 8 h, clockwise and counterclockwise at 400 
revolutions per minute (rpm) with a ball/powder weight ratio 
of 10:1. Once the grinding process was finished, 6 g of the 
obtained powder were weighed on an analytical balance and 
then placed in a mechanical die to make a 7 mm diameter 
and 4 mm thick pellet. A hydraulic pressing machine with a 
pressure of 15 tons was used to obtain mechanically stable 
pellets, which were later used as targets for pulsed laser 
deposition (PLA). The deposition of the thin films by PDL 
was carried out in a vacuum chamber, at a pressure of 0.1 
mTorr and a 1064 nm laser. The target-substrate distance 
was set at 60 mm. The deposition time was 5 min. After the 
deposit of the films, they were subjected to a thermal 
treatment in a flow of high purity N2 with a flow of 5 L/min 
at two different temperatures, 550 and 600°C, for 60 min. In 
what follows the samples will be identified as, Bi2SeO5-550 
and Bi2SeO5-600. 

Characterization Techniques 

Crystal structure analysis was performed with a 
PANalytical model X-Pert Pro diffractometer, using the Cu-
Kα emission source, λCu = 0.154178 nm, with a voltage of 45 
KV and a electrical current of 40 mA, scanning the angle 2θ 
from 20 to 75 °, and a step of 0.02 ° degrees per minute. 
Phase analysis was performed using Panalytical's High Score 
Plus software, from the International Center for Diffraction 
Data, ICDD database. 

 
The morphology of the systems was characterized by 

high resolution scanning electron microscopy, SEM, in a 
JEOL JSM-7401F equipment. The voltage used to analyze 
the sample was kept in the range of 18 to 25 kV, with an 
electrical current of 15 nA. The elemental chemical analysis 
of the samples was performed by Energy Dispersive 
Spectroscopy, EDS. Additionally, to analyze the morphology 
of the surface and the uniformity of the films deposited by 
PLA, 2 and 3D images were obtained and the surface 
roughness was measured by atomic force microscopy, AFM. 
The AFM equipment used was a microscope of the NT-MDT 
Spectrum Instruments brand, using the semi-contact mode. 

The optical transmittance, the proportion of light that 
samples allow to pass with respect to the intensity of the 
incident light, was measured through the ultraviolet-visible, 
UV-Vis, spectroscopy technique, which was carried out with 
a Jasco-670 equipment in an interval of 200 to 1100 nm, with 
a step of 1 nm. 

 
 Finally, using a JEM-ARM200F transmission electron 

microscope (TEM) it was possible to obtain the electron 
diffraction patterns. 

 

III. RESULTS AND DISCUSSION 

Thin film Bi2SeO5 

Figure 1 shows the physical appearance of one of the 
deposited Bi2SeO5 films, with dimensions of 3 cm x 4 cm 
(Figure 1A); all samples were optically transparent (Figure 
1B). 

 
Fig 1. (A) Photograph of the Bi2SeO5 thin film with dimensions 3 cm x 

4 cm, (B) Image showing the transparency of the Bi2SeO5 films. 

X-ray diffraction 

The diffraction patterns of the Bi2SeO5 films thermally 
treated at 550 and 600 °C, and the diffraction pattern given 
in the ICCD-PDF letter # 96-810-0905 by the ICDD for the 
same compound, are shown in the figure 2A. From the 
spectra it can be seen that both films show the main 
diffraction peaks of the Bi2SeO5 phase. The characteristic 
peaks of the material in 2θ the angles, 27.9, 32.6, 33.2, 46.1, 
53.6 and 55.9° correspond to the Miller indices (231), (002), 
(402), (460), (631), and (291), respectively. From these 
spectra, the crystallite size (1), interplanar spacing (2), 
dislocation densities (3) and strain (4), was estimated for the 
preferential peak with Miller indices (231).  
 

                             D= 0.9 λ/βcosθ                                    (1) 

 � = �λ/2sin
                        (2) 

� = 1/�                                         (3) 

ɛ = �/4���
                                      (4) 

Where λ is the wavelength of the radiation used, β is the full 
width at half maximum (FWHM) of the peak, n is the 
diffraction order and θ is the angle of the diffraction peak 
with Miller indices (hkl).  

TABLE 1. The calculated crystallite parameters from XRD studies; 

crystallite sizes, interplanar distance, dislocation densities, and strain. 

 

Based on the values reported in Table 1, it was possible to 
identify that the thin film of Bi2SeO5-600 presents better 
results after the annealing treatment, increasing its crystallite 
size, approaching a greater interplanar distance compared to 
that reported in the ICCD-PDF, in addition, strain in the film 
was identified due to defects close to zero and a lower value 
in the density of dislocations that was associated with the 
polycrystalline of the sample. 

Sample 
FWHM 

(degrees) 

 
Interplanar 

distance, d 

Crystallite 

size, D [nm] 

Microstrain, 

ɛ, (10-3) 

Dislocation 

density, �  

(10-4) 

Bi2SeO5-550 0.64 3.19 13.35 -2.85 56.09 

Bi2SeO5-600 0.40 3.18 20.94 -1.81 22.80 
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Fig 2. (A) Diffraction patterns of Bi2SeO5-ICDD-PDF # 96-810-0905, 

Bi2SeO5-550, and Bi2SeO5-600. (B) Bi2SeO5 orthorhombic primitive 
cell. (C) Crystallographic plane with Miller indices (231). 

The crystallographic system of the Bi2SeO5 obtained 
corresponds to an orthorhombic structure (Figure 2B). The 
structure presents a space group 39-Abm2, with a point 
group mm2, lattice parameters a=11.42 Å, b=16.24 Å, 
c=5.48 Å, and a cell volume of 1018.32 106 pm3. Figure 2C 
shows the atomic structure of the (231) preferential plane 
[27]. These crystallographic data are consistent with those 
theoretically reported by Rademacher et al. [24]. 

Bi2SeO5 polycrystalline systems, reported by Tu et al., 
[20] show a gradual and selective oxidation process of the 

system, forming an amorphous crystalline structure. 
Likewise, Peng et al.,[16] reported the study of dielectric 
properties of the material using thicknesses of 20 nm of the 
Bi2O2Se systems as well as roughness studies based on its 
oxidation. 

On the other hand, Liang et al.[27] reported that the 
characteristic peaks of Bi2SeO5 with an orthorhombic 
structure and the main peak at (231) corresponds to the 
JCPDS:70-5102 chart, also indicating that no clear 
diffraction peaks were observed for impurities such as 
selenites of bismuth, bismuth oxide or selenium oxide. 
Furthermore, in that work it is considered that the Bi2SeO5 
phase is metastable in the range of 300 to 600 ºC. Dityatyev 
et al. conclude that the phase of Bi2SeO5 is due to its order-
disorder transition nature that predominantly involves the 
reorientation of the SeO3 group [25]. 

Scanning electron microscopy (SEM),  and Energy 

Dispersive Spectroscopy (EDX) 

The surface of the Bi2SeO5 thin films is covered with 
ordered figures distributed in intercalated layers (Figure 3A-
C), on which nanoflake-type shapes stand out (Figure 3B), 
with an average grain size of 53 nm and a height and length 
of 200 and 600 nm, respectively. These characteristics could 
suggest that the deposition process allowed the upward 
growth of the system from dimension 0 to form a 3D 
nanostructure (Figure 3D), thus leading to the formation of a 
textured surface, or preferential deposition. 

This type of growth is derived from the solidification process 
that would correspond to the BCF (Burton Cabrera-Frank) 
model, where growth on the surface, or in volume, is due to 
non-equilibrium conditions, that imply the displacement of 
monatomic steps by diffusion of atoms and incorporation of 
others, in addition to identifying that the crystal dislocations 
contain a helical or screw component due to the spiral 
surface formed by the atomic planes around the dislocation 
line (Figure 3E) [28-29].  

 
Fig 3. A) Bi2SeO5-550 thin film surface, B) Flake-like morphology, C) 
Perpendicular section of the thin film, D) Nanoflake-like crystal, E) 

Preferential growth model of nanoflakes. 

Comparing the morphology obtained with other reported 
works, Liang [27] reported a morphology corresponding to 
irregular nanosheets of Bi2Se3. When sample is calcined at 
300 ºC, the system forms the Bi2SeO5 phase with the 
presence of irregular sheets stacked in the form of 
microspheres, or nano type-flowers with calcination at 500 
ºC, depending on the temperature range. In our case, we 
were able to identify that by increasing the calcination 
temperature to 600 ºC, the Bi2SeO5 presents transition 
zones, where it is possible to observe homogeneity of the 
material due to the formation of a metastable phase, as well 
as filaments of ~ 4 mm in length and thickness of ~150 nm, 
in addition to agglomerates and particles (Figure 4A). This 
result indicates that the calcination temperature is too high 
to decompose the microspheres or, in this case, the 
nanoflakes; a phenomenon also observed by Liang (Figure 
4B). In the microstructure, staggered deposits with 
agglomerates of regular nanoparticles of ∽30 nm (Figure 
4A) and the generation of porosity on the material matrix 
are visualized (Figure 4B). 

A 
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Fig 4. A) Bi2SeO5 thin film surface thermally treated at 600 

ºC, B) Flake-like morphology, C) Growth Pattern (BCF). 

From the EDS results, it can be seen that the system treated 
at 550 ºC shows a quasi-homogeneous distribution of 
elements (Figure 5A) due to the evaporation process during 
the deposition by PLA and the mechanism that leads to the 
ablation of the material, depending on the intensity of the 
laser and the topology of the material. Elemental peaks Bi 
(28.11% Wt), O (3.57% wt) and Se (5.96% wt) predominate 
in the sample (Figure 5B), and the generation of an alloying 
system can be observed. Additionally, some other elements, 
such as Ca, Na and Si, coming from the glass substrate are 
evidenced (Figure 5C) [29]. 

 

 
 

 

Fig 5. A) Mapping of the Bi2SeO5-550 sample, B) Energy dispersive 

spectrum, EDS, C) Quantitative analysis of the composition. 

For the Bi2SeO5-600 sample, the composition mapping 
shows the predominance of Se (Figure 6A), based on the 
local analysis (Figure 6B), the distribution between the 
elements Se (13.57 %Wt), Bi (54.92 %Wt) and O 
(27.01%Wt) shows the strong Se-O relationship due to the 
fragmentation caused by the calcination process and the 
increase in the distribution of the free Bi element on the 
surface. This may be due to the influence of the thermal 
gradient. This assertion was corroborated through a 
thermogravimetric analysis by Dityatyev et al. [25], and a 
possible disorder is suggested from 600 ºC, identifying that 
the selenite group, SeO3, begins to disorder due to high 
temperatures, generating displacements or exchange of O. 

 
 
 

 

 

 

 

Fig 6. A) Mapping of the composition of the Bi2SeO5 sample thermally 

treated at 600 ºC, B) Dispersive energy spectrum, EDS, C) Quantitative 

analysis of the composition. 

Atomic force microscopy, AFM 

The analysis of the surface morphology was complemented 
with atomic force microscopy, AFM. Figure 7A shows the 
surface of the Bi2SeO5-550 sample with a scanning area of 5 
μm x 5 μm. Figures nanoflakes-type with maximum height 
around of 180 nm are observed in it (Figure 7B). The 
average roughness estimated is of 15.25 nm, evidencing that 
the sample has a possible crystallographic texture or 
preferential orientation based on nano flakes that make up 
the thin film on the surface.  

 
 

Fig 7. Images of the surface morphology of the Bi2SeO5-550 sample. A) 2D 
image, B) 3D image. 

The Bi2SeO5-600 system exhibits stacking plates with 
average dimensions of 100 to 150 nm in a 4.5 μm x 4.5 μm 
scanning section (Figure 8A), evidencing that the thermal 
treatment fragmented the nanoflakes, forming irregular 
regions in a process to the formation of a new alloy. The 
average roughness of the sample surface is 18.17 nm (Figure 
8B), with a height of 200 nm. In this regard, Li et al., [16], 
consider that in calcination processes or thermal treatments 
at temperatures above 400 ºC, accelerated oxidation is 
favored, identifying the formation of thicker oxide layers. In 
our case, we observed the fragmentation of the nanoflakes 
and the formation of stacks of blocks or layers with an 
average size of 100 to 150 nm. 

 
 
 

 

 

 

Fig 8. Images of the surface morphology of the Bi2SeO5-600 sample. A) 2D 
image, B) 3D image. 

UV-Vis Spectrometry 

Figure 9 presents the optical transmission spectra of the 
Bi2SeO5 systems in the wavelength range of 250-1200 nm. 
Using the transmittance values (%) only of the region of the 
visible spectrum (400 to 700 nm), the intensity that each thin 
film allows to pass was averaged; in the Bi2SeO5-550 film 
(Figure 9A) the average transmittance reaches values of the 
order of 50%, while in the Bi2SeO5-600 sample (Figure 9B) 
it is greater than 70%. This result is attributed to the better 
crystalline quality of this film, also reflected in the X-ray 
diffractogram. The absorption edges are observed at 330 nm. 

From the transmittance spectra, the magnitudes of the 
bandgap energies were estimated using the Tauc´s method, 
and the estimated values were, 3.3 and 3.75 eV, for the 
Bi2SeO5-550 and Bi2SeO5-600 samples (Figure 9), 
respectively. 

B 
A 

C

B A 

C 
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The bandgap energy reported in the literature for the 
Bi2SeO5 system corresponds to an absorption edge ~330 nm, 
with a value of 3.75 eV, calculated by the Tauc´s method as 
well [28], [30]. There are other studies that report other 
values that range from 2.83 to 3.9 eV [22], [26], [28]. 
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Fig 9. UV-Vis transmittance spectra of the Bi2SeO5 films and estimation of 

the forbidden band width by the Tauc method. A-1) Bi2SeO5-550, B-1) 

Bi2SeO5-600. 
 

High Resolution Transmission Electron Microscopy, 

HRTEM 

Figure 10 shows the electron diffraction patterns of the 
synthesized samples, Bi2SeO5-550, Bi2SeO5-600, obtained 
by High Resolution Transmission Electron Microscopy. It is 
observed that the patterns correspond to a polycrystalline 
material, with planes identified with the structure Bi2SeO5, 
ICCD -PDF # 96-810-0905, with reflections at (231), (002), 
(402), (460), (631), (291) (Figure 10A-1 and B-1). 
 

 
Fig 10. HRTEM analysis, diffraction patterns of the samples. A) shows 

Bi2SeO5-550, B) Bi2SeO5-600. 

 

 IV. CONCLUSIONS 

Transparent Bi2SeO5 thin films were deposited using the 
PLA technique on soda-lime glass substrates, with a 
thickness of the order of 250 nm. The thin films present an 
orthorhombic structure with a space group Abm2 (39), a 
point group mm2, and a preferential orientation along the 
(231) plane, located at 2θ= 27.9°. After performing heat 
treatments at 550 and 600 °C, the materials show a 
nanoflake-like morphology with an average thickness of 53 
nm, and as the temperature of the heat treatment increases, 
they collapse, forming a heterogeneous surface with 
nanofilaments. The Bi2SeO5 sample treated at 600 ºC 
presented a band gap of ∽ 3.7 eV calculated by the Tauc´s 
method and a transparency greater than 70 % in the visible 
spectrum region with a absorption edge near 330 nm. 
 
The Bi2SeO5-550 system presents a possible texture of nano 
flakes derived from the solidification process. The 
nanoflakes have an average height of 200 nm and a 
roughness of 15.25 nm, measured by AFM. The influence of 
roughness in thin films is associated with a higher 
transmittance. 
 
Based on the experimental results obtained, the general 
properties of Bi2SeO5 thin films can be recommended for 
their use in the fabrication of semiconductor devices, or as 
catalysts for the degradation of organic pollutants and/or the 
development of sensors. 
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