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a b s t r a c t

The formation of different phases of Bi2O3 induced by laser irradiation of Bi films has been assessed in
situ by micro-Raman spectroscopy as a function of laser wavelength, power density and irradiation time.
Raman mapping of the irradiated samples enabled a spatially-resolved study of the distribution of the
formed Bi2O3 phases. Red laser (633 nm) irradiation was found to induce the appearance of b-Bi2O3,
within a certain range of power densities, by diffusion-controlled processes. In contrast, ultraviolet (UV,
325 nm) laser irradiation, above a certain power density threshold, initially induces the formation of both
b and d-Bi2O3 phases. The amount of the produced d-Bi2O3 phase increases by increasing the irradiation
time, while that of the b phase follows the opposite trend. UV laser irradiation seems to be a suitable
method to produce room temperature stable d-Bi2O3 patterns on Bi films.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Laser irradiation is a powerful and versatile way to modify the
structure, composition and physical properties of a wide range of
materials, including semiconductors [1e3] and metallic alloys [4].
In particular, laser irradiation is a suitable technique to obtainmetal
oxides complex structures at room temperature in short times and
with rather low energy consumption. Contrary to conventional
thermal oxidation of metals achieved by furnace annealing,
continuous wave laser or pulsed-laser irradiation allows to induce
extremely localized surface modifications within well-defined re-
gions, determined by the laser characteristics and physical prop-
erties of the material [5,6]. Within this context, nano and
micropatterning of different structures like photomasks and dif-
fractive optical elements can be achieved [7,8]. Laser-induced
oxidation of Ti [7], Bi [9,10], Mo [11] and Fe [12] have been re-
ported in the last years. In addition to local metal oxidation, laser
irradiation has been reported to induce phase transitions in
different semiconductor oxides of technological interest, such as
anatase to rutile in TiO2 [1], a to d phases in Bi2O3 [13], MoO2 to a-
MoO3 [2] or several phase changes in Sb2O3 [14].
.

Bismuth trioxide (Bi2O3) is awide band-gap semiconductor with
a high refractive index, ionic conductivity and good photoconduc-
tive response, with potential applications in optoelectronics, gas
sensing, photocatalysis, Li-ion batteries and other fields of tech-
nological interest [15e19]. An important characteristic of this oxide
is the existence of four main polymorphs, labelled as a (mono-
clinic), b (tetragonal), g (bcc) and d (fcc), with different electronic
and optical properties. a-Bi2O3 is stable from room temperature up
to 730 �C. Above this temperature, it transforms into the d-Bi2O3

phase, which remains stable up to its melting point (825 �C). During
cooling of the d phase, two metastable phases b and g, may be
obtained. Such phases usually transform into a-Bi2O3 below
approximately 640 �C. From the point of view of applications, the b
and d Bi2O3 polymorphs are of particular interest. b-Bi2O3 shows an
excellent photocatalytic activity and recent studies provide strong
evidence that this material can be used for sustainable water
treatment applications [20]. The high-temperature d-Bi2O3 phase is
one of the best oxygen ion conductors known and it is considered
as a reference material within the field of solid electrolytes [21].
Nevertheless, its limited temperature stability range and poor
performance in reducing atmospheres has fostered the develop-
ment of different synthesis routes in order to stabilize this phase at
lower temperatures [21,22] and improve its chemical stability in
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Fig. 1. (a) SEM image of Bi film irradiated with the 633 nm laser for 10 s with a
4.8 � 104 W/cm2 power density, showing the original morphology of the sample and
the changes induced by the irradiation process (encircled). (b) Raman spectra acquired
with a 2 � 103 W/cm2 power density at increasing distances from the irradiated area.
The spectrum recorded at 3.2 mm is representative of the as-grown Bi film.
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reactive environments, yet maintaining a high ionic conductivity
[21]. Previous works have reported on the stable formation of b-
Bi2O3 and a-Bi2O3 by laser-induced oxidation of Bi [9,10,23,24],
evidencing that the obtained oxide phase critically depends not
only on the irradiation parameters (continuous wave or pulsed
beam, irradiation time and laser power), but also on the grain size
of the Bi sample. However, none of these works investigated the
spatial distribution of the obtained phases, while only in Ref. [10] a
real-time in situ assessment - able to provide useful information for
process control and to elucidate the transformation kinetics - was
carried out.

In this work, we studied laser-induced oxidation of Bi thin films
for 325 nm and 633 nm wavelength, under different laser power
densities and for different irradiation times. Formation of either b-
Bi2O3 or predominantly d-Bi2O3 was achieved depending on the
irradiation conditions. The latter has not been reported in the
literature on laser-induced oxidation of Bi. The growth of such
phases, its corresponding transformation dynamics and their
temporal stability has been studied in-situ by micro-Raman spec-
troscopy, while Raman mapping was used to determine their
spatial distribution.

2. Experimental

Bismuth thin films, approximately 500 nm thick, were grown on
glass substrates by DC magnetron sputtering with a Bi target in Ar
atmosphere, as described in Ref. [23]. XRD patterns evidenced that
the films were polycrystalline and made of pure rhombohedral
bismuth [23]. Micro-Raman measurements were carried out at
room temperature in a Horiba Jovin-Ybon LabRAM HR800 system.
The samples were irradiated either by a 325 nmHeeCd laser or by a
633 nm He-Ne laser on an Olympus BX 41 confocal microscope. The
size of the laser spot on the sample was 2 mm approximately. The
laser power density was adjusted by using a set of neutral density
filters. The morphology of the samples, prior and after laser irra-
diation, was characterized by using a FEI Inspect S scanning elec-
tron microscope (SEM). The composition of the films was assessed
by X-ray photoelectron spectroscopy (XPS) and energy dispersive
X-ray microanalysis (EDS). XPS measurements were acquired with
a JEOL JPS-9200 system, equipped with a Mg X-ray source
(1253.6 eV) at 200 W. SEM-EDS measurements were carried out
using a Bruker AXS Quantax system.

3. Results and discussion

XPS measurements of the as-grown Bi films reveal, besides
adventitious C and O, the absence of elements other than bismuth
(see Supplementary information). Since XPS is a surface charac-
terization technique, providing in this case information from a
depth of about 7 nm, XPS measurements have been complemented
by SEM-EDS, which is able to probe the whole thickness of the Bi
film. Besides very weak signals corresponding to C and O, EDS
spectra show peaks corresponding just to bismuth (see
Supplementary material), in good agreement with XPS and XRD
data.

3.1. Red laser (633 nm) irradiation

An example corresponding to a Bi film irradiated for 10 s with a
laser power density of 4.8 � 104 W/cm2 is shown in Fig. 1. SEM
images of the as-grown Bi films show polyhedral crystals with sizes
between 50 and 500 nm approximately (Fig. 1a). Raman spectra
(Fig. 1b) show two main peaks centred at 70 cm�1 and 96 cm�1,
corresponding to Eg and A1g phonon modes of rhombohedral Bi. A
weaker peak at about 185 cm�1 is attributed to second-order
harmonics [24]. Irradiation with the 633 nm laser beam does not
induce the formation of any Bi2O3 phase for power densities below
~2 � 104 W/cm2, even after prolonged irradiation times. Above this
threshold, Raman spectra show three additional peaks centred near
124, 315 and 465 cm�1, which are characteristic Bi-O stretching
modes of the b-Bi2O3 phase [25]. SEM observations reveal a clear
morphological transformation inside the irradiated area (encircled
in Fig. 1a), while the intensity of the three abovementioned b-Bi2O3

Raman peaks decreases with increasing distance to the irradiation
centre (Fig. 1b) due to the Gaussian intensity profile of the laser
beam. Fig. 2 shows an optical micrograph of the same irradiated
area and five Raman mappings corresponding to the wavenumber
ranges where the main Bi peaks (65e75) and (90e99) cm�1, and to
those related to the b-Bi2O3 signals; (115e130) cm�1, (280e350)
cm�1 and (445e485) cm�1 show up. These spectral images indicate
the presence of b-Bi2O3 up to a distance of about 2.5 mm from the
centre and clearly show that the spatial distribution of the oxide is
anti-correlated with that of the metal. The intensity of the Raman
signal kept constant even two days after the irradiationwas carried
out, revealing the high temporal stability of the obtained b-Bi2O3
phase. It should be also mentioned that the formation of a-Bi2O3,



Fig. 2. Optical micrograph (a) and Raman intensity mappings, recorded at the irradi-
ated area shown in Fig. 1(a), of the Bi peaks centred at 70 cm�1(b) and 96 cm�1 (c), and
the b-Bi2O3 peaks centred at 124 cm�1 (d), 315 cm�1 (e) and 465 cm�1 (f).
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which is the stable Bi2O3 phase at room temperature, was not
observed under the experimental conditions used (laser power
densities from 2 � 102 to 2 � 105 W/cm2). Moreover, irradiation
with a ~2 � 105 W/cm2 power density readily melts the Bi film,
giving no time to the oxidation process to take place (see
Supplementary information). The results shown in the present
work are completely reproducible in terms of the final Bi2O3 phase
formed, its temporal stability and the experimental conditions
needed to obtain such phase. Different results have been reported
regarding the formation of the a and b-Bi2O3 phases by laser-
induced oxidation of Bi films. For instance, increasing power den-
sity favoured the formation of a-Bi2O3 in Ref. [10], while only the b
phase was found in Ref. [23] and in the present work. The
appearance of both phases was reported for intermediate laser
powers [10]. In addition to the laser power, the influence of another
parameter on the Bi2O3 phases obtained by laser irradiation,
namely the roughness of the Bi film surface, on the obtained Bi2O3
phases has been demonstrated [10]. Actually, Raman studies of
laser-induced oxidation carried out in Bi films of different rough-
ness and particle sizes, revealed that the b phase was initially
formed in all cases, but the results suggested that such phase was
not retained above a critical particle size of about 1.5 mm and it was
partially transformed into the a-phase. Moreover, differences in the
relative texture of the particulates were found to be irrelevant -
when compared to size - in determining the synthesized oxide
phase. These findings indicate the existence of a critical oxide grain
size for which the transition from b to a-Bi2O3 takes place. For a
633 nm laser and a beam spot size of 1.7 mm,which is similar to that
used in the present work, noticeably only the b-Bi2O3 phase was
obtained in Ref. [10]. This is in good agreement with the present
results obtained in Bi films with crystal sizes in the submicron
range (Fig. 1).
The study of the transformation kinetics from rhombohedral Bi

to tetragonal b-Bi2O3 was carried out by measuring the intensity of
the 315 cm�1 Raman peak as a function of the irradiation time. For
these measurements, the power density was set to 9 � 104 W/cm2.
Fig. 4a shows that the intensity of the 315 cm�1 peak increases
steeply and it reaches its maximum in about 20 s. Assuming that
the intensity of the 315 cm�1 peak was proportional to the volume
of Bi transformed into b-Bi2O3, the experimental data were fitted to
the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [26e28]:

X ¼ 1 e exp (-Kt n)

where X is the transformed volume fraction in the irradiated zone,
K is an effective rate constant and the Avrami exponent n depends
on the mechanisms of transport, nucleation and growth. The JMAK
equation is adequate to describe isothermal crystallization kinetics
under several assumptions, such as a random distribution of par-
ticle nuclei, isotropic growth and constant particle growth rate. It
has been frequently applied to describe phase transformations
induced by laser irradiation in different materials [2,13,29] and also
used as a suitable approximation in many transformations not
strictly fulfilling the previously mentioned conditions due to its
simplicity and robustness [30]. Fig. 3b shows the Avrami plot of the
data, showing a time-dependent Avrami exponent with two re-
gimes with n values close to 1 and 0.5, respectively. The stage with
n ¼ 1 may correspond to a diffusion controlled bi-dimensional re-
action with nucleation site saturation [31]. The results here ob-
tained for irradiation with a red laser reveal a change in the oxide
formation mechanism, which is evidenced by a change of the
Avrami exponent. The rate of oxidation depends on the mass
transfer rate of oxygen from the gas phase to the surface, the
chemical rate of oxidation of the surface, and the diffusion of ox-
ygen from the reacting surface to the interior of the Bi film. Actually,
this situation resembles previous investigations on the oxidation of
other metals, such as copper, revealing that the initial stages of
oxidation are dominated by surface diffusion of oxygen [32].
Avrami exponents smaller than one are commonly attributed to
confined diffusion-controlled growth processes [33]. In the present
case, the observed second oxidation regime is characterized by an
Avrami exponent n ¼ 0.5. Such exponent has been previously
attributed to a diffusion controlled growth by thickening of large
plates [28] and suggests a reduction in the growth rate of the oxide,
due the change of surface oxidation to diffusion through an oxide
layer. Steele and Lewis [34] also observed the appearance of two
oxidation regimes in their study of laser-induced oxidation of Bi
microdroplets on GaAsBi films, but higher n values were reported.
As stated before, this might be related to the different grain size and
morphology of the irradiated samples in that work [10,34].

3.2. UV laser (325 nm) irradiation

The effects of irradiation with the 325 nm laser (UV light)
significantly differ from those relative to the 633 nm (red light)
irradiation. In this case, no Bi2O3 phases were detected by Raman
spectroscopy for power densities below ~3� 102 W/cm2, even after
prolonged irradiation times. Fig. 4a shows a SEM image of a Bi film
irradiated for 5 min with a laser power density of 1.3 � 104 W/cm2.
Crystals with well-defined faces are no longer observed in the
irradiated area, where a local melting and resolidification process
seems to have taken place. Raman spectra recorded at different
positions within the irradiated area (Fig. 4b) show the b-Bi2O3
peaks at 122 and 313 cm�1, which were also present in the samples
irradiated with the red laser. Much weaker peaks can be observed
near 221, 250, 298 and 366 cm�1. These peaks have not been



Fig. 3. (a) Temporal intensity evolution of the b-Bi2O3 315 cm�1 Raman peak (a) and
the corresponding Avrami plot (b). (Red laser irradiation, 9 � 104 W/cm2 power
density).

Fig. 4. (a) SEM image of Bi film irradiated with the 325 nm UV laser for 5 min with a
1.3 � 104 W/cm2 power density. (b) Raman spectra acquired at different positions of
the same irradiated area. (c) Lorentzian fitting of the 630 cm�1 d-Bi2O3 Raman signal.
Deconvolution reveals three components peaked at 595, 630 and 655 cm�1.
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reported in previous Raman studies of any known Bi2O3 phase
[25,35e38] and are tentatively attributed to Bi sub-stoichiometric
oxides formed during irradiation. Nevertheless, the most signifi-
cant feature observed in these spectra is the appearance of an
intense peak at about 630 cm�1, which is characteristic of the fcc d-
Bi2O3 phase [37,38]. This peak shows a weak shoulder at higher
wavenumbers, which suggests that the signal is of a complex na-
ture. Fig. 4c illustrates the Lorentzian deconvolution of the
630 cm�1 peak into three components at 595, 630 and 655 cm�1,
the relative weight of which were found to be constant across the
irradiated area (see Supplementary information). This complex
character has been previously reported in Raman investigations of
d-Bi2O3 [13,37,38] and it is probably related to the complicated
disorder of the oxygen sublattice characteristic of this phase [39]. It
should be also mentioned that irradiation with the maximum po-
wer density available (~3 � 104 W/cm2) yield similar results to
those shown in Fig. 4. However, UV irradiation with a laser power
density of ~3.3 � 102 W/cm2 was found to induce the formation of
the d-Bi2O3 phase without altering the original morphology of the
Bi film. This reduced power density decreases the temperature
gradient induced by the laser beam and the transformed region
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probably restricts to the surface of the film. This surface oxidation
can be visualized as a contrast change in the corresponding SEM
image (see Supplementary information). In all cases, Raman spectra
recorded five days after the irradiation was performed showed no
intensity decrease of the d-Bi2O3 630 cm�1 peak. Raman mappings
recorded within the irradiated area shown in Fig. 4a at wave-
numbers characteristic of the b and d-Bi2O3 spectra show a similar
spatial distribution of both phases (Fig. 5). As in the case of 633 nm
irradiation, these spectral images show that the spatial distribution
of both oxides is anti-correlated to that of bismuth.

Transformation kinetics was investigated in-situ by using a laser
power density of 6.5 � 103 W/cm2, as it allowed the oxidation re-
actions to occur on a resolvable timescale. The formation of the
d and b phases was respectivelymonitored through the evolution of
the intensities of the 625 and 313 cm�1 Raman peaks with the
irradiation time. The appearance of both phases is observed after
irradiating the films for just 10 s. Fig. 6a shows that the intensity of
the 625 cm�1 peak remains almost constant up to 700 s of irradi-
ation and then it increases until reaching a saturation value at about
2100 s. On the contrary, the intensity of the 313 cm�1 peak (char-
acteristic of the b phase) decreases by increasing the irradiation
time until reaching a constant value after 1600 s (Fig. 6b). The
Avrami plot corresponding to the d phase formation is shown in
Fig. 6c. The calculated Avrami exponent n is approximately 3, which
might correspond to a two-dimensional interface controlled
growth [40]. These results indicate that both phases, b and d, are
formed at the early stages of the irradiation process and suggest
that the b phase is progressively transformed into the d phase.

Conventional thermal oxidation of Bi films strongly depends on
the heating rate and atmosphere and the process obeys parabolic
laws that usually describe oxidation of metallic surfaces exposed to
high temperatures and free oxygen [41]. However, this is not the
case in the present work, neither for the red laser nor for the UV
laser irradiation, since our experimental data evidence that in both
cases the growth rate laws are described by logarithmic functions.
This might be explained by the rapid and well spatially confined
rising of temperature induced by the laser annealing, as compared
with conventional furnace annealing. Interpretations of the loga-
rithmic laws have been based on the adsorption of reactive species,
the effects of electric fields developed across oxide layers, tunnel-
ling of electrons through the thin scales, progressive blocking of
low-resistance diffusion paths, non-isothermal conditions in the
Fig. 5. Raman intensity mappings, recorded at the irradiated area shown in Fig. 4(a), of
the Bi peaks centred at 70 cm�1(a) and 96 cm�1 (b), the b-Bi2O3 peak centred at
313 cm�1 (c) and the d-Bi2O3 peak centred at 630 cm�1 (d).

Fig. 6. Temporal intensity evolution of the d-Bi2O3 625 cm�1 (a) and b-Bi2O3

313 cm�1 (b) Raman peaks. (c) Avrami plot corresponding to the d phase formation (UV
laser irradiation, 6.5 � 103 W/cm2 power density).
oxide layer, etc. The interplay between such varieties of physical-
chemical phenomena actually makes the interpretation of the
logarithmic rate behaviour the least-understood area of metal
oxidation [41]. In fact, as pointed out in another investigation [10],
the fundamental relationships between bismuth oxidation and
ensuing phases are still unresolved. The results obtained in previ-
ous studies [10,34] and in the present work, support that formation
of an initial b-Bi2O3 takes place before the formation and
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stabilization of any other bismuth oxide phase, which was
explained by an electrostatic model based on the changing Bi2O3
surface-to-volume ratio. Our findings certainly do not contradict
this view. Nevertheless, while red laser irradiation of particles
above a critical size was found to induce - after passing through an
intermediate b-phase - the growth of a-Bi2O3, our work reveals that
UV laser irradiation induces the formation of the much more
technologically interesting d phase. This phase remains stable at
room temperature in the present case, which is a remarkable fact.
Room temperature stabilization of d-Bi2O3 has been previously
achieved without intentional doping by epitaxial growth tech-
niques, which is explained to a great extent by adequate strain
relaxation and small grain sizes [42,43]. This might be also the case
in the present work, where the oxide formation takes place in a
spatially confined area related to the laser beam size. In this
context, the photon energy of the laser light used to irradiate
the samples is an important factor. The UV laser energy
(325 nme3.82 eV) is higher than the b-Bi2O3 band gap energy
(~2.6 eV) [44], while that of the red laser (633 nme1.96 eV) is below
that value. The resulting differences in the absorption efficiencies
could explain why red laser irradiation is unable to induce the
formation of d-Bi2O3 even for power densities higher than those
able to induce such transformation with the UV laser. As stated
above, many aspects of phase transformation relations among the
different Bi2O3 polymorphs are still not well understood. Never-
theless, a b to d phase transition has been reported to take place at
about 665 �C [45]. The metal atom distribution in both oxides is
rather similar and differences in the structure must be attributed
only to the oxygen sublattice [39]. Actually, the existence of a
tetragonal transition phase Bi2O2.7 has been proposed [46] in the
transformation from b to d-Bi2O3. Weak Raman peaks observed in
this work, not corresponding to any known Bi2O3 phase, might be
related to such phase. The laser-induced transformation of Bi into d-
Bi2O3 differs from previous reports, in which laser irradiation was
found to lead to the formation of either the a or b phases or a
mixture of both. Laser-induced formation of d-Bi2O3 has only been
previously reported as an a to d transformation in Bi2O3 ceramics
and nanowires [13].

4. Conclusions

In summary, the formation of different Bi2O3 phases induced by
laser irradiation of Bi films has been assessed in situ by micro-
Raman spectroscopy, as a function of laser wavelength, power
density and time. Red laser (633 nm) irradiation induces the for-
mation of b-Bi2O3 within a certain range of power densities. The
oxidation dynamics can be described by the JMAK equation and it
appears to be triggered by diffusion processes. UV (325 nm) irra-
diation above a certain power density threshold initially induces
the formation of the b and predominantly the d-Bi2O3 phases.
Ramanmapping shows a similar spatial distribution of both phases.
The amount of the produced d-Bi2O3 increases, while that of the b
phase decreases, by increasing the irradiation time. The corre-
sponding transformation kinetics can also be described by the
JMAK equation. UV laser irradiation appears as a suitable method to
produce room temperature stable d-Bi2O3 patterns on Bi films,
which may be of interest for electronic and optoelectronics if
considering the wide range of applications for bismuth oxide
materials.
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