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Abstract
We present and discuss on bismuth oxide films grown on cost-efficient BK7 glass slides by pulsed laser deposition using 
a metallic target. Our choice is of particular interest due to the high number of intermediate bismuth oxides that can 
form during the oxidation process, along with the polymorphs of the stoichiometric oxide, i.e. bismuth trioxide  (Bi2O3). 
We show that the oxidation degree of bismuth increases with substrate temperature, tS (300-600 °C), when grown in 100 
sccm flow at 6 × 10−1 mbar  O2 partial pressure. Thin film crystallinity is also increased with tS, as expected. Instead, the 
refractive index (n) of the films decreases in the visible range, as tS is increased. Furthermore, the transmittance of the 
films increases with tS to over 60%, especially in the red and near-infrared region (above 600 nm). As a final point, the 
results are discussed and compared to literature.
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1 Introduction

The need for “use-and-throw” materials, for cost-efficient 
and/or eco-friendly sensors, electronics, and single use 
devices, led to a significant growth in the field of mate-
rials science, in particular for thin film and superlattices. 
Thin films are deposited onto bulk materials, i.e. a sub-
strate, so as to achieve specific, required properties [1]. 
Even though several techniques are currently available, 
e.g. magnetron sputtering, spray pyrolysis, sol–gel, spin 
coating or drop-casting, or by electrochemical means, it’s 
still challenging to control the kinetics in order to grow 
high quality thin films. In particular, their adherence to 
the substrate, desired stoichiometry, reliability and repro-
ducibility, are always a subject of concern [1–3]. In the 
case of oxides, their deposition as thin films or other very 
low-dimensional objects is even trickier, since the oxygen 
amount may be very different in the as-grown samples as 

compared to the source material, due to either the oxygen 
loss/uptake in/from the surrounding environment or to 
the oxygen uptake from the substrate [4–7].

Historically, all the necessary ingredients for different 
vacuum-coating processes were present long before the 
actual processing techniques and methods [8]. However, 
understanding the mechanisms and the physical and 
chemical processes behind thin film deposition is rather 
new. By varying the oxygen content, it was found that a 
reduction of oxygen in the film leads to changes in both 
structural and optical characteristics [9]. When metal oxi-
dation is employed for the preparation of oxide thin films, 
the chosen procedure and method, as well as the condi-
tions that are set, are all crucial to the quality and proper-
ties of the resulting samples.

Thermal oxidation is a widely used method for the 
production of oxides of various metals, including bis-
muth [10]. The process is of high interest in the case of 
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bismuth, given its variety of non-stoichiometric oxides 
that can form and coexist with the multiple polymorphs 
of the stoichiometric bismuth trioxide during and after 
the oxidation process. This often complex composition 
and structure of oxidized bismuth films leads to difficult 
interpretation and correlation with and between related 
to various physical properties such as electrical and opti-
cal ones. There are numerous reports in the scientific lit-
erature concerning bismuth oxide thin films obtained by 
thermal oxidation or by other methods, with films exhib-
iting various structures, morphologies, and optoelec-
tronic properties. On the other hand, it was shown that 
the films evaporated from bulk  Bi2O3 are prone to vary 
in stoichiometry [11]. To overcome such phenomena, we 
have recently revealed that stoichiometry control could 
be achieved through various techniques [12–24]. Usu-
ally, the as-prepared films are characterized by a mixture 
of polycrystalline and amorphous phases. Reports on the 
properties and applications of bismuth oxide nanopar-
ticles, nanorods, nanowires, nanomesh, nanoplates and 
nanoflakes, and thin film nanocomposites are also found 
in literature [25–37].

As a bulk material, at least six polymorphs have been 
identified for the  Bi2O3 composition. The stable phases 
are: α (monoclinic) from room temperature (RT) to about 
729 °C, and δ (face centred cubic, fcc) above 730 °C up 
to 825 °C, i.e. the melting point of bismuth oxide. Two 
intermediate metastable polymorphs appear during 
cooling down from the δ-phase: β (tetragonal) and γ 
(body centred cubic, bcc). The transformation into these 
phases occurs around 650 °C and 640 °C, respectively, and 
it depends on the purity and texture of the samples. On 
cooling, δ-Bi2O3 transforms to α-phase through a series 
of metastable forms (β, γ) and the conductivity drops 
over three orders of magnitude. The stable δ-Bi2O3 can be 
obtained by means of the addition of other oxides such as 
 WO3,  Y2O3 and  RE2O3, where RE is a “rare earth” element. 
However, the conductivity drops by about two orders of 
magnitude. Consequently, the possibility of stabilizing 
pure δ-Bi2O3 has been doubted for some time. Recently, 
δ-Bi2O3 has been synthesized by electrodeposition and 
chemical vapour deposition. Other metastable phases, 
which have been obtained under special conditions, are 
ω (triclinic) and ε (orthorhombic), known as high tempera-
ture metastable phases. Such properties, i.e. large energy 
band gap, refractive index, dielectric permittivity as well 
as remarkable photoconductivity and photoluminescence 
[15, 38–41], make bismuth oxide an interesting candidate 
for applications in the fields such as optoelectronics, 
optical coatings, gas sensors, Schottky barrier solar cells, 
metal–insulator-semiconductor (MIS) capacitors, micro-
wave integrated circuits, etc. Even so, their real use is less 
extensive since for such nanostructures one major issue is 

to obtain a single stable phase needed in the technologi-
cal applications.

Here, we propose pulsed laser deposition (PLD) as a 
technique of choice for growing high quality films, as it 
proves to be the most adequate in obtaining bismuth 
trioxide  (Bi2O3) from metallic bismuth targets in a con-
trolled oxygen atmosphere, onto BK7 glass substrates. 
We study the influence of temperature on the morpho-
logical, structural and optical properties of the films. The 
substrates used in studying the films are inert and non-
interacting, known to deliver no noteworthy contribution 
to the optical properties to the subsequent investigations 
of the films. This study provides important insights on the 
growth and characterization of  Bi2O3 thin films prepared 
by reactive PLD, and the structural and optical properties 
of the films are investigated and discussed. The influence 
of the substrate temperature was investigated with a 
constant partial pressure of oxygen, an essential step for 
understanding its effect on the phase components and 
crystalline structure of the bismuth oxide thin films.

2  Experimental

2.1  Materials and thin film growth

Bismuth oxide thin films have been prepared by PLD using 
a UV nanosecond pulsed laser (10 Hz repetition rate, 3.5 J/
cm2 fluence) from a pure bismuth target (99.99%, Sigma-
Aldrich), in constant oxygen flow (6 × 10−1 mbar  O2 partial 
pressure). The thickness of the films is varied by simply 
changing the deposition time. Further details about the 
PLD technique employed for the deposition of bismuth 
oxide thin films are given elsewhere [20, 23]. The sub-
strates, made of high-quality BK7 glass slides, have been 
thoroughly cleaned in an ultrasound bath using acetone, 
then ethanol, rinsed by water and finally blow-dry in argon 
flow. The temperature of the substrate (ts) was varied, i.e. 
300 °C, 400 °C, 500 °C and 600 °C, respectively. Several 
series of depositions have been made for statistical pur-
pose. Film thickness was measured by means of a MII-4 
Linnik-type interferential microscope operated with white 
light, by using the multiple-beam Fizeau fringe method. 
Structural analysis of the films was achieved through X-ray 
diffractometry (XRD), by using a DRON-3 diffractometer 
with a Co target (λ = 1.789 Å). Atomic force microscopy 
(AFM) was employed for morphological studies, with 
two-dimensional (2D) images and roughness parameters 
assessed. Because such films have already proven their 
potential application in optoelectronic applications, due 
to their high transmittance, high refractive index, and 
ease in tailoring the energy bandgap, a thorough optical 
analysis of our samples was performed. Transmittance and 
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reflectance measurements have been made by a Perkin 
Elmer Lambda 35 spectrophotometer operated in air, with 
an available spectral range between 190 nm and 1100 nm. 
The Wemple-DiDomenico model was applied to deduce the 
energy bandgap (Eg) of the films, along with the dispersion 
energy (Ed), which expresses the strength of the interband 
optical transitions [15, 42, 43].

3  Results and discussion

The present paper can be considered as an extension of 
our previous work, to demonstrate the efficiency of the 
PLD technique in producing high quality  Bi2O3 thin films 
with or without the radio frequency (RF) power, as a depo-
sition parameter to control  O2 reactivity [13, 15, 16, 20–22]. 
Here, we have studied in more detail the different  Bi2O3 
phases that can be obtained by using a metallic bismuth 

target and by varying the substrate temperature. The 
different structures and both optical and morphological 
properties have been carefully assessed for each of the 
deposition conditions.

The structural analysis is the first step for assessing the 
properties of thin films and of their crystallinity degree. 
In our case, since vacuum oxidation was employed along 
with the PLD of pure bismuth targets, the XRD method 
also offers the possibility to assess the oxidation degree 
through the identification of the types of oxides and their 
corresponding crystalline planes producing the diffrac-
tion of incident X-rays, according to the JCPDS files [44]. In 
Fig. 1, we present the normalized XRD patterns of each of 
the 4 types of bismuth oxide films under study. One may 
notice that the films exhibit no trace of metallic bismuth, 
i.e. the thin films are completely oxidized. The films are 
polycrystalline and polymorph, with some amorphous 
phase remaining for lower substrate temperatures (i.e. at 

(a) (b)

(c) (d)

Fig. 1  The X-ray diffraction (XRD) patterns of the bismuth oxide thin films grown at four different substrate temperatures: 300 °C (a), 400 °C 
(b), 500 °C (c), and 600 °C (d)
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300 °C - see Fig. 1a) and 400 °C (Fig. 1b), and much less 
for 500 °C (Fig. 1c) and above (at 600 °C, Fig. 1d) during 
the PLD process, identified as the “bump” (or high back-
ground) of the XRD spectra that is noticeable at low dif-
fraction angles. Bismuth trioxide—Bi2O3, however, appears 
only in films deposited at substrate temperatures above 

400 °C. This leads us to the conclusion that only high tem-
peratures inducing high mobility of the atoms provide 
the conditions for the stoichiometric oxide to form. But 
even so, all the investigated thin film samples exhibit a 
certain amount of co-existing non-stoichiometric oxides. 
Thus, the multiple coupling possibilities between bismuth 

Fig. 2  Two-dimensional (2D) atomic force microscopy (AFM) images of the bismuth oxide thin films grown at four different substrate tem-
peratures: 300 °C (a), 400 °C (b), 500 °C (c), and 600 °C (d)

Table 1  Roughness parameters 
of the bismuth oxide thin films 
under study

Substrate tem-
perature, tS
(0C)

Film thickness, d
(μm)

Average peaks 
height,  zaverage
(nm)

Mean roughness, 
 Ra (nm)

RMS
(nm)

1 300 0.406 16.300 4.474 5.724
2 400 0.389 17.264 4.679 5.893
3 500 0.476 19.562 5.318 6.795
4 600 0.529 29.808 7.412 9.319



Vol.:(0123456789)

SN Applied Sciences (2020) 2:417 | https://doi.org/10.1007/s42452-020-2217-2 Research Article

and oxygen lead, during oxygen plasma-assisted bismuth 
target ablation, to the formation of a multitude of interme-
diate oxides, whose molecules collide even at room tem-
perature, then they agglomerate while ‘condensing’ on the 
substrate, such that oxygen atoms could be exchanged 
between neighbouring molecules. This plausible behav-
iour is strongly influenced by the arrangement of the crys-
talline planes, through the ‘channels’ in-between that, if 
large enough, favour the movements of the oxide mol-
ecules and their reciprocal exchange of atoms.

Two polymorphs of  Bi2O3 are observed, as the number 
of different types of crystalline planes is increasing with 
increasing substrate temperature during the PLD pro-
cesses. The films deposited at 300 °C and 400 °C have the 
(111) planes of the  Bi2O4 intermediate oxide in common, 
while the films deposited at 400 °C, 500 °C and 600 °C have 
in common the (201) planes of  Bi4O7, along with the (112) 
planes of the monoclinic alpha polymorph of  Bi2O3.

The best crystallinity and highest texturing degree for 
the film deposited at the highest substrate temperature: 
ts = 600 °C. Thus, as in the case of thermal oxidation in air, 
bismuth presents a complicated composition and struc-
ture of intermediate oxides and some of the polymorphs 
of the stoichiometric bismuth trioxide. Even though the 

structure is rather complicated, the films present remark-
able properties and are suitable for specific applications, 
therefore justifying their study [14, 15, 38–41, 45–47].

To further investigate and understand the growth 
mechanisms, and to corroborate with the XRD data, in 
Fig. 2 we present the two-dimensional (2D) AFM images 
(1 µm x 1 µm) of the four types of bismuth oxide thin films. 
Different scan lengths have been measured at for all speci-
mens as the roughness was shown to be influenced by 
the actual scanning size [48]. The micrographs reveal that 
surface of the films exhibits submicron grains, uniformly 
distributed. Table  1 reunites most relevant roughness 
parameters inferred from the AFM images, along with the 
thicknesses of the films [48–51]. The lower thickness of 
the film deposited at 400 °C might be given by the match 
between the crystalline arrangement of the composing 
oxides as compared to the other films that, even having 
fewer types of oxides as in the case of the film deposited 
at 300 °C, their structures don’t match and therefore won’t 
align to form a thin film. Thus, the film deposited at 400 °C 
contains monoclinic  Bi2O4 and α-Bi2O3, which can pair, 
as well as the other three component oxides, namely the 
tetragonal  Bi4O7,  Bi2O2,33 and β-Bi2O3, respectively.

One may see from Table 1 that the films present peak 
heights of tens of nanometers that are enlarging with 
increasing  ts. The mean roughness,  Ra and the root mean 
square roughness, RMS, are below 10 nm and also increase 
with increasing ts. These values were estimated on the 
largest AFM scanned areas, as an evaluation over a series 
of samples for each temperature, with three different 
scanned areas on each sample. The monotonous variation 
of the selected roughness parameters with the substrate 
temperature during the deposition of the bismuth oxide 
films has led to the idea of plotting and fitting each of the 
parameters with respect to the ts, as it can be seen in Fig. 3. 
Such dependency perfectly fit an exponential growth of 
the type:

with  y0, A and t as fitting parameters, as presented in 
Table 2. The errors are somewhat high for the ‘A’ parameter. 
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Fig. 3  The plot and fitting of three roughness parameters of the 
bismuth oxide thin films with respect to substrate temperature

Table 2  The values of the fitting parameters, and the corresponding error, for each of the roughness parameters plotted with respect to 
substrate temperature

Roughness parameter y0 (nm) A (nm) t (nm)

Value Standard error Value Standard error Value Standard error

Average peaks height, zaverage 16.21 0.26 0.0035 0.0022 72.55 5.52
Mean roughness, Ra 5.57 0.09 0.0041 0.0024 87.84 7.47
Root mean square roughness, RMS 4.39 0.01 0.0026 0.0001 84.95 0.60
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Instead, the ‘y0’ and ‘t’ parameters present extremely low 
errors.

The optical analysis of the bismuth oxide thin films 
deposited by RF-PLD concerned not only the study of the 
wavelength dependence of the optical transmittance and 
reflectance (see Fig. 4), but also included the computa-
tion of the refractive index of each film, whose result is 
presented in Fig. 5.

The refractive index was computed as [14]:

n =
1 + R

1 − R
+

√

4R

(1 − R)2
− k̄2

where R is the reflectance, and k̄ is the absorption index 
related to the absorption coefficient (α) and wavelength 
(λ) through: k̄ =

𝛼⋅𝜆

4𝜋
.

While the absorption coefficient is inferred from the 
transmission and reflection data as [52]:

� =
1

d
⋅ 𝓁n

[

(1−R)2

T

]

 , with d—as the film thickness, R—the 

reflectance, and T—the transmittance.
From Fig. 4a, one may notice that all the studied films 

present high transmittance above 500 nm, while in the 
near infrared, the highest transmittance corresponds to 
the film with ts = 600 °C. High transmittance for thin films 
can be associated with good crystallinity, while the nar-
rower wavelength range with non-zero transmittance 
of the film deposited at 600  °C can be related to the 
extremely complex composition and structure of the film, 
leading to internal reflections and transmittance loss, 
more accentuated as compared to the three other sim-
pler type of films.

The much higher transmittance of the studied films as 
compared to their reflectance led us to rule out the influ-
ence of the backscattered light on the refractive index 
measurements.

The oscillating aspect of both the reflectance spectra, 
as seen in Fig. 4b, and of the wavelength dependence of 
the refractive index (Fig. 5) is due to the noteworthy homo-
geneity of the films, giving rise to multiple reflections and 
the interfaces and to their interference [53]. The highest 
reflectance and refractive index are reached for the films 
grown at the lowest substrate temperature (i.e. ts= 300 °C), 
aspect related to their roughness which is the lowest of the 
four types of analyzed films, according to the AFM analysis 
as given in Fig. 2 and Table 1.

Fig. 4  Optical transmittance (a) and reflectance (b) spectra of the 
bismuth oxide thin films grown at four different substrate tempera-
tures

Fig. 5  Wavelength dependence of the refractive index for each 
type of bismuth oxide thin films grown at four different substrate 
temperatures
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Finally, the Wemple-DiDomenico model was applied (see 
Fig. 6) in order to infer the most relevant parameter of a 
semiconducting film, namely the energy bandgap,  Eg. This 
model which implies plotting a function of the refractive 
index, namely 1∕(n2 − 1) against the squares photon 
energy, (h)2proves a good alternative for the Tauc model, 
since it allows scientists to infer not only  Eg, but also the 
dispersion energy,  Ed, expressing the strength of the inter-
band optical transitions [14, 54–56]. Thus, the Wemple-
DiDomenico formula relating the refractive index to the 
photon energy is: n2(�) = 1 +

Ed ⋅E0

E2
0
−(h⋅�)2

.

With  Ed—the dispersion energy, while  E0 is the oscilla-
tion energy, from which the energy bandgap can be com-
puted as: Eg =

E0

2
.

The resulting parameters of the Wemple-DiDomenico 
model applied for the bismuth oxide films under study are 
given in Table 3. Both Fig. 6 and the data from Table 3 dem-
onstrate that the Wemple-DiDomenico model fits well on 
different spectral domains, as related to the composition 
and the structure of the films. The highest dispersion ener-
gies, Ed are obtained for the lowest ts. Similar results were 
obtained by other scientists for oxide thin films [54–56].

The energy bandgaps of the bismuth oxide thin films 
range from 0.743  eV up till 3.312  eV, changing with 

Fig. 6  Wemple-DiDomenico model for each type of bismuth oxide thin films grown at four different substrate temperatures: 300  °C (a), 
400 °C (b), 500 °C (c), and 600 °C (d)
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increasing substrate temperature during the depositions. 
The multiple values of the energy bandgap obtained for 
each of the films are related to their complex composi-
tion and structure that lead to complex energy bands 
structures, as well, such that electrons could jump from 
one energy level of a certain oxide to the energy level of 
another oxide. But especially given such complex energy 
bands structures, such films could prove sensitive to the 
electromagnetic radiation from a large spectral range, rec-
ommending them for various optoelectronic applications.

4  Conclusion

Bismuth oxide thin films are grown by pulsed laser depo-
sition, starting from a metallic bismuth target in reactive 
oxygen plasma, on cost-efficient BK7 glass substrates at 
four temperatures varied between 300 °C and 600 °C. The 
structural, morphological and optical properties of the 
films are investigated. The substrate temperature during 
the preparation of bismuth oxide thin films outcomes 
as a crucial parameter in controlling their properties. 
The films prove to be polymorph, polycrystalline, con-
taining intermediate bismuth oxides and with a more 
complex composition and structure as the substrate 
temperature is increased. The atomic force microscopy 
analysis reveals uniform grains on the surface of the 
films, sharper at the highest substrate temperature of 
600 °C. The most relevant roughness parameters, namely 
the average peaks height, the mean roughness and the 
root mean square roughness increased exponentially 
with the substrate temperature. The optical parameters 
of the films also exhibited high sensitivity to substrate 

temperature. Above 500 nm, the transmittance of the 
films is important, while the refractive index shows an 
oscillating dependence on wavelength similar to the 
reflectance spectra, due to the multiple reflections at 
the interfaces of the highly-uniformly deposited films. 
The Wemple-DiDomenico model was used in order to 
infer the energy bandgap for each film. More than one 
value for the energy bandgap was obtained for each 
of the films, due to their complex structure inducing a 
complex energy band structure. Multiple values of the 
energy bandgap for each film could prove useful for vari-
ous optoelectronic applications, as the results indicate 
that the direct allowed transitions dominate in these bis-
muth oxides. The reflectance of thin bismuth oxide films 
depends on the substrate type and temperature, i.e. the 
small transparency of the thin films grown on glass is 
more related with large reflectance than absorption.
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