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A B S T R A C T

The structure, morphology and surface roughness of Bi12TiO20 (BTO) thin films grown on R-sapphire by pulsed
laser deposition (PLD) were studied at different substrate temperatures, target-substrate distances, oxygen
pressures and laser-pulse repetition rates. Although the substrate temperature seems to be the most important
experimental parameter, the gas pressure and the target–substrate distance played important role on the phase
formed and film thickness, with a significant effect of the laser-pulse repetition rate on the films thickness and
preferred orientation of the deposited film. Single-phase γ-Bi12TiO20 was obtained on substrates at 650 °C, while
several BTO metastable phases were observed in films deposited on substrates at temperatures between 500 and
600 °C. By the first time, thin films of pure and textured δ-Bi12TiO20 were successfully growth on substrates at
450 °C. When annealed, all the films deposited at lower temperatures resulted in the thermodynamically stable γ-
Bi12TiO20.

1. Introduction

Semiconductor photocatalysts for solar energy conversion is an ac-
tive area in the field of environmental research. Although the devel-
opment of various materials, the design of efficient visible light-driven
photocatalysts is still a great challenge [1–7]. Bismuth titanate (BTO) is
a promising candidate to replace TiO2 because of its chemical stability,
nontoxicity and enhanced photocatalytic reactivity. Bismuth oxide oc-
curs in different composition and structures, such as Bi4Ti3O12 [8–10],
Bi2Ti2O7 [11] Bi2Ti4O11 [12], Bi20TiO32 [13–16] and Bi12TiO20 phase
[3–5,17–21], but there are at least three polymorphs that exhibit cat-
alytic properties [22–25] and unusual high photocatalytic activity
under solar light irradiation [26–29]. The Bi12TiO20 belongs to the
sillenite family, where the bismuth coordinates to five oxygens of the
octahedra together with the stereochemically active 6 s2 lone electron
pair of Bi3+. This configuration turns this structure unique for appli-
cation in photocatalysis. When synthesized as powders, two poly-
morphs were identified, the γ-Bi12TiO20 formed at room temperature
and the δ-Bi12TiO20 that is stable only at high temperature [30–34]. The

γ-Bi12TiO20 has the (BCC) body-centered cubic structure of γ-Bi2O3

(space group I23) while the δ-Bi12TiO20 have the (FCC) face-centered
cubic structure of δ-Bi2O3 (space group Fm-3m). The γ-Bi12TiO20

showed the photocatalytic ability to degrade organic pollutants, of-
fering a potentially efficient technology for the elimination of toxic
waste chemicals [35–38]. Nanostructured γ-Bi12TiO20, for example,
exhibited improved photoelectrochemical activity to generate hydrogen
and to degrade textile dye under UV–visible light [39]. Indeed, γ-
Bi12TiO20 powders exhibited superior performance than the commer-
cial TiO2 (P25 catalyst) under visible light irradiation [40,41] and could
degrade dyes much more efficiently than the traditional N-doped TiO2

[42].
Various methods have been used to synthesize sillenite γ-Bi12TiO20,

such as chemical solution decomposition [21,43], isopropanol-assisted
hydrothermal synthesis [2,41,42], coprecipitation [36,44], Pechini-
based routes [45], electrochemical method [39,46], sol-gel processing
[47], the traditional solid-state reaction [48] and, recently, by means of
the oxidant peroxo method (OPM) [49–52].

Although several studies used ultrafine powders suspended in the
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reaction media, photocatalyst in the form of supported thin film pro-
vides an advantage over the drawbacks encountered in powder sus-
pensions. In fact, there are only a few studies focused on the synthesis
and applications of Bi12TiO20 thin films. [46,53–58]. In this context, it
appears attractive to synthesize thin films of Bi12TiO20 with controlled
structure and microstructure aiming applications in photocatalysis. This
study presents the synthesis of Bi12TiO20 thin films growth by pulsed
laser deposition (PLD) evaluating the influence of several experimental
parameters, such as the control of the substrate temperature, oxygen
pressure, target-substrate distance and the laser-pulse repetition fre-
quency on the microstructural (thickness, morphology, crystallinity)
and structural (orientation and phases) properties.

2. Experimental

The γ-Bi12TiO20 powders were prepared by solid-state reaction from
the stoichiometric mixture of Bi2O3 (99% Prolabo-France) and TiO2

(99.8% Alfa Aesar GmbH & Co KG-Karlsruhe) powders. This stoichio-
metric mixture were mixed in a planetary ball mill (Retsch-PM 100)
with a rotational speed of 400 rpm for one hour, pressed uniaxially at
100MPa in pellets and fired at 750 °C for 2 h. In a second step, the fired
bismuth titanate was milled again using the planetary ball mill at
400 rpm for one hour, and the fine powder was pressed uniaxially at
100MPa to form discs with diameters of 25mm and thickness of 3mm.
These discs were sintered at 750 °C for 4 h to obtain dense ceramics of γ-
Bi12TiO20 that were used as target for PLD deposition. Thin films of
bismuth oxide were deposited on R-sapphire (Al2O3) single crystal
substrate by PLD using a KrF excimer laser (Tuilaser Excistar, with pulse
duration of 20 ns at λ=248 nm) operating at 220mJ (corresponding to
a fluence of 2 J cm−2). The deposition parameters are described in the
Table SM1 of the Supplementary and are shown in Fig. 1. The tem-
perature of R-sapphire substrate was controlled during the film growth
using a thermocouple placed on the substrate holder, while the oxygen
gas was introduced inside the deposition chamber at constant flux. The
deposition was fixed at 15min for all of the experiments.

The BTO thin films were characterized by X-ray diffraction (D8
Advanced Brüker AXS) in the θ–2θ mode with the monochromatized Cu
Kα1 radiation. Surface morphology and thickness were determined by
field-emission scanning electron microscopy (FE-SEM) using a JEOL
JSM 6310F system working at a low accelerating voltage (7 kV) in order
to limit the charge effects and to achieve a high resolution. The com-
position of films was analyzed by energy-dispersive X-ray spectroscopy
(EDS) using a JEOL JSM 6400 scanning electron microscope equipped

with an ISIS Oxford analyzer (10 kV was used as an accelerating voltage
and 10 nA as a beam current). Lattice parameters were determined from
the X-ray diffraction (XRD) patterns. Surface morphology of selected
samples was analyzed by atomic force microscopy (AFM) using a SPM
5500-Agilent operating in tapping mode with a scanning frequency of
1 Hz. The measured root mean square (RMS) roughness of surfaces was
calculated from the AFM images. Catalytic performance of some BTO
powders synthesized by solid state reaction at different temperatures
(500–750 °C) were also evaluated during the photocatalytic degrada-
tion of rhodamine B under ultraviolet radiation and are presented in the
supplementary material.

3. Results and discussion

There are several experimental parameters controlling the growth of
Bi12TiO20 films deposited by PLD. Nevertheless, each parameter was
analyzed separately in this study in order to determine its influence
either in the crystalline structure or in the microstructure of the BTO
deposited film. Among all the parameters, substrate temperature seems
to be the most important variable to control the crystalline structure
and preferred orientation, while oxygen pressure and target–substrate
distance played an important role in the phase formed and film thick-
ness. The laser-pulse repetition frequency also showed a significant
effect on the films thickness and on the preferred orientation of the
deposited material.

3.1. Temperature of the R-sapphire substrate

Fig. 2 shows XRD patterns of Bi12TiO20 thin films deposited on R-
sapphire substrates at different nominal temperatures, which appears to
be the key parameter to control the crystallinity of BTO system. All the
films deposited were polycrystalline, in spite the fact that some of them
exhibited preferential orientation. The peaks assigned with

Fig. 1. Experimental parameters used to obtain the BTO thin films by PLD. The
films were deposited on substrates of R-sapphire at different temperatures,
evaluating the influence of the oxygen pressure, the distance between the target
and the substrate and the laser-pulse repetition frequency. All the depositions
occurred during 15min.

Fig. 2. X-ray patterns of thin films deposited on substrates at different tem-
peratures. All the experiments were performed at constant laser-pulse repetition
rate of 2 Hz, oxygen pressure of 0.5mbar and target-substrate distance of
55mm. The δ-Bi12TiO20 phase is assigned with ♦. Unknown BTO phases are
assigned by B, © and ® and the peaks assigned with belong to the substrate.
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originated from the substrate and could be used to normalize the re-
lative intensities. Although the films showed a mixture of phases when
deposited at temperatures up to 600 °C, single-phase BCC γ-Bi12TiO20

(PDF 34–0097) were successfully obtained when the films were de-
posited on substrates at 650 °C. The films deposited at temperatures
between 550 and 600 °C, on the other hand, showed the secondary
metastable C and R phases. A third unknown phase (indicated with B)
was observed in the films deposited at 500 °C. For sake of clearness, the
intensities of the diffraction peaks are in logarithmic scale. For this
reason, their use to evaluate the relative amounts of each phase should
be done with care. It is interesting to note the single-phase FCC δ-
Bi12TiO20 (PDF 42–0186) formed at 450 °C with preferential orienta-
tion, as indicated by the anomalously intense peaks (111) and (222).
Indeed, the XRD pattern of δ-Bi12TiO20 in Fig. 2 is the very first report
about the thin films of δ-Bi12TiO20 growth by PLD. Trials to reduce the
deposition temperature below than 450 °C also resulted in single-phase
of δ-Bi12TiO20 but with a huge amount of amorphous material. Further
experiments to evaluate the thermal stability of the metastable phases
(δ, C, R and B) resulted in films of the thermodynamically stable γ-
Bi12TiO20 phase upon annealing at 700 °C for 2 h (Fig. 3).

Although only a few studies focused the phase transition in the BTO
system, it can be compared with the isostructural Bi2O3-SiO2 system
[48]. Fig. 4 shows the similarities and differences between the me-
tastable phases of the BTO thin films deposited by PLD on R-sapphire
and the Bi2O3 and Bi12TiO20 powders synthesized by the solid-state
reaction and thin films of Bi2O3 growth by sputtering [25,59]. It is

worth to note that both BTO and Bi2O3 powders exhibited the iso-
structural metastable phases δ-Bi12TiO20 and δ-Bi2O3 at higher tem-
peratures. It is the contrary of observed in the films, where the δ-phases
appear only at lower substrate temperatures, although the δ-Bi12TiO20

film were transformed in the more stable γ-Bi12TiO20 phase after an
appropriate annealing treatment. The Fig. 4 suggests a different crys-
tallization path for the films (δ → B → C → γ for the BTO system
synthesized by PLD, and R → γ for the Bi2O3 prepared by sputtering)
than that observed during the synthesis of powders. In this context, the
δ-Bi12TiO20 phase seems to be kinetically favored during the growth of
films, while the γ-Bi12TiO20 is the thermodynamically stable phase. Our
experiments about the thermal stability of the metastable phases cor-
roborated this result. Similar event was observed during the transition
α-Bi2O3 → δ-Bi2O3 of thin films prepared by sputtering, where the
metastable phases (β, γ, ω, ε and δ) transformed in the predominant
thermodynamically stable α-Bi2O3 phase after annealing [25,59].

The classical approach to solve the problem of nucleation is con-
sidering the deposition of dissimilar materials as a heterogeneous nu-
cleation event, generally discussed in terms of the Volmer-Weber me-
chanism [9,60]. The SEM images of Fig. 5 show films at different
growth evolution stages in function of the substrate temperature, from
the equiaxed islands in the films deposited at 450 and 500 °C to the
elongated and percolated morphologies in the films deposited at 550
and 600 °C. The γ-Bi12TiO20 film formed at 650 °C presents a smooth
surface, characteristic of the final step of the growth process, including
the presence of some isolated holes [61,62].

Fig. 3. X-ray patterns of the BTO thin films before and after annealing at 700 °C for 2 h. The XRD patterns in (a) show that thermodynamically stable γ-Bi12TiO20 is
unaffected the annealing, while the metastable phases (b) are transformed to the γ-Bi12TiO20 phase after the treatment.

Fig. 4. Scheme comparing the matastable phases of Bi2O3 and Bi12TiO20 powders synthesized by the traditional solid state reaction (Mehring 2007) and thin films
deposited by sputtering (Fan 2006) and PLD (this study).
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The AFM image of the film deposited at 650 °C (Fig. 6a) shows a
RMS roughness height of 114 nm while the much smoother film de-
posited at 450 °C (Fig. 6b) exhibited a roughness of 64 nm, which is in
agreement with the expected rougher films at final stages of the growth
mechanism [62]. The substrate temperature plays an important role in
determining the critical size of cluster during the nucleation step. At
lower temperatures, the binding energy is sufficiently high to stabilize
small clusters of different structures, even when they are thermo-
dynamically unstable [60]. At higher temperatures, on the other hand,
only a few structures of high stability are allowed to grow. As men-
tioned earlier (Fig. 2), the films deposited at 450 °C resulted in the
preferentially orientated δ-Bi12TiO20, while the thermodynamically
stable γ-Bi12TiO20 phase was obtained at higher temperature.

Fig. 5. SEM images of the films deposited on the substrate at different tem-
peratures. All the experiments were performed at constant laser-pulse repetition
rate of 2 Hz, oxygen pressure of 0.5mbar and a target-substrate distance of
55mm.

Fig. 6. AFM images of the Bi12TiO20 thin films deposited at 650 °C and 450 °C. The experiments were performed at constant laser-pulse repetition rate of 2 Hz, oxygen
pressure of 0.5 mbar and target-substrate distance of 50mm.

Fig. 7. X-ray patterns of thin films deposited on substrates at different oxygen
pressures. All the experiments were performed at constant laser-pulse repetition
rate of 2 Hz, target-substrate distance of 55mm and substrate temperature of
600 °C. The γ-Bi12TiO20 phase is assigned with the Miller indexes and the ma-
tastable phase is indicated by ©. The peaks assigned with belong to substrate.
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The growth mechanism can be described in the following steps: (i)
nucleation, (ii) growth and coalescence, (iii) channel development and
(iv) the filling of remaining holes (Bask1994). Therefore, once the small
nuclei of the kinetically favored δ-Bi12TiO20 phase are formed on the
substrate at lower temperatures, they can grow feed by the deposit flux
generated by the pulsed laser on the surface of the target, resulting in a
uniform morphology of small preferentially orientated grains of δ-
Bi12TiO20 observed in Fig. 6b. However, when the substrate is heated,
only larger nuclei of the stable γ-Bi12TiO20 phase can grow. It delays the
growth mechanism favoring the coalescence of the isolated islands,
which result in the random elongated morphology observed in Fig. 6a.

3.2. Deposition oxygen pressure

The reactive oxygen pressure acts as a striking parameter in the
crystallinity and microstructure of the films. The Fig. 7 shows films of γ-
Bi12TiO20 deposited on substrates at 600 °C under different oxygen
pressures, without any evidence of preferred orientation. The secondary
metastable C-phase was identified in the film prepared at 0.8 mbar of
oxygen, confirming the dependence of the crystalline quality with the
oxygen pressure and the influence of the substrate temperature on the
films characteristics. The SEM images of Fig. 7 clearly show the de-
pendence of thickness with the oxygen pressure, without pores, cracks
or failures. Films deposited at 0.8 mbar exhibited a thickness of 640 nm,

which is almost the double of value observed in the films growth under
a smaller pressure (0.1mbar), suggesting that once determined the best
temperature to crystallize a specific phase, the oxygen pressure can be
tuned to control the final film thickness.

The insets on the top left corner of each SEM image of Fig. 8 show
the dependence of the plasma plume shape with the oxygen pressure.
As higher the pressure lower is the plasma plume dimension due to the
gas compression, in agreement with previous Monte Carlo simulations
[63–65]. Due to this effect, the density of the ablated species inside the
plume should be higher at higher oxygen pressures, which modifies the
material flux on the substrate. Since all substrates were exposed to the
flux during the same time (15min), thicker films were formed under
higher oxygen pressures in consequence of the higher flux. Moreover,
the synthesis of BTO films is hampered by the volatility of bismuth at
the required temperature, however increasing the pressure outside of
plume seems to favor the control of film composition.

3.3. The target-substrate distance

The target–substrate (T-S) distance appears to control phase, thick-
ness and morphology of BTO films, which is related to the plasma dy-
namics occurring within the laser plume [66]. To evaluate its influence,
several samples were prepared at T-S distances varying from 45 to
60mm. The Fig. 8 shows their respective XRD patterns, recalling again
the logarithm scale of the diffraction intensities. Although the existence
of an empirical scaling law correlating the oxygen pressure and the
target-substrate distance [67], all the experimental parameters except the
distance were kept constant. The greater the distance most intense were

Fig. 8. SEM images of thin films deposited at different oxygen pressures. All the
experiments were performed at constant laser-pulse repetition rate of 2 Hz,
target-substrate distance of 50mm and substrate temperature of 600 °C. The
details show the respective plasma plume and the film thickness.

Fig. 9. X-ray patterns of thin films deposited on substrates at different target-
substrate distances. All the experiments were performed at constant laser-pulse
repetition rate of 2 Hz, substrate temperature of 600 °C and oxygen pressure of
0.5mbar. The γ-Bi12TiO20 phase is assigned with the Miller indexes and the
matastable phase is indicated by ©. The peaks assigned with belong to
substrate.
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the peaks of the C-phase compared to the peaks of γ-Bi12TiO20 nearly in
all XRD patterns of Fig. 9. For instance, the peak of the C-phase at 28° in
the film deposited on the substrate at 60mm from target is almost one
hundred times more intense than the peak (310) of the γ-Bi12TiO20.
Moreover, the intense peaks (310), (222) and (321) of the γ-Bi12TiO20

suggest a preferential orientation at shorter distances, which corrobo-
rates the strong dependence between the oxygen pressure and the T-S
distance. The important point is that there is not a universal optimum
pressure to obtain films of high quality due to its dependence with the
target-substrate distance. The SEM images of Fig. 10 show how the T-S
distance affected the film thickness, which was reduced with the increase
of target-substrate distance, from 630 nm of the film deposited at 45mm
to 350 nm for the film obtained at the distance of 60mm. The images
show the plume touching the surface of the substrate at short distances,
which affects the material flux. The material flux of the ablated species in
the plume decreases increasing the T-S distance, which lowers the de-
position rate of the films and hence their thickness. As consequence, the
composition of films deposited inside the plume is different from that
formed outside, which also explains the differences on the morphology
when the films were growth at different T-S distance.

3.4. Laser-pulse repetition rate

The laser-pulse repetition rate (LPRR) affects the thickness and the
preferred orientation. Among the different LPRR frequencies tested, the
deposition at 1 Hz resulted in textured films with the most intense peak
(310) of the γ-Bi12TiO20 (Fig. 10). Please note the peaks with of the

sapphire substrate. On the other hand, the most intense peak (222)
appears in the film deposited at 4 Hz. Faster frequencies resulted in
denser plumes, which obviously increased the film growth rate (Fig. 11)
[68]. A linear dependence was observed between the thickness and the
frequency. For instance, the film fabricated at 1 Hz exhibited a thick-
ness of 150 nm after 15min of exposition, compared to 440 nm of the
film growth at 4 Hz (Fig. 12). Clearly, the LPRR strongly affects the
morphology of the film since it also affects the nucleation rate on the
substrate surface, resulting in different morphologies.

4. Conclusions

Although the compositional complexity, thin films of Bi12TiO20

were successfully obtained by pulsed laser deposition on R-sapphire
substrates. Among all the experimental parameters studied, the sub-
strate temperature affected the crystalline structure and preferred or-
ientation, in spite the fact that gas pressure and the target–substrate
distance played important role on the phase formed and film thickness.
The laser-pulse repetition rate also showed a significant effect on the
films thickness and on the preferred orientation of the deposited ma-
terial. By adjusting the experimental conditions, the thermo-
dynamically stable γ-Bi12TiO20 phase was formed on substrates at
higher temperatures (650 °C), while the metastable δ-Bi12TiO20 could
be obtained by the very first time at lower temperatures (450 °C). It was
observed that the oxygen pressure could be used to control the film
thickness of specific crystalline phase, since the optimum condition for
high quality films depends on the target-substrate distance and laser-
pulse repetition rate.

Fig. 10. SEM images of thin films deposited at different target-substrate dis-
tances. All the experiments were performed at constant laser-pulse repetition
rate of 2 Hz, oxygen pressure of 0.5 mbar, target-substrate distance of 50mm
and substrate temperature of 600 °C. The details show the respective plasma
plume and the film thickness.

Fig. 11. X-ray patterns of thin films deposited on substrates at different laser-
pulse repetition rates. All the experiments were performed with the substrates
temperature at 600 °C, target-substrate distance of 55mm and oxygen pressure
of 0.3mbar. The γ-Bi12TiO20 phase is assigned with the Miller indexes and the
matastable phase is indicated by ©. The peaks assigned with belong to
substrate.
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