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Abstract
A crossed beam pulsed laser deposition configuration was used to prepare nanocomposites Bi/TiO2 thin films on two dif-
ferent substrates. The multilayered system was formed by depositing TiO2 and Bi layers alternately. In order to embed the 
Bi nanostructures in TiO2, the subsequent TiO2 layers were synthesized using a constant number of laser pulses (3000) cor-
responding to a thickness of approximately 21 nm. The Bi nanostructures were deposited on the TiO2 layers alternately by 
irradiating the Bi target with 30, 100, 200, and 300 laser pulses. In this way, the Bi nanostructures were embedded inside the 
TiO2 matrix. A total of 8 samples with bismuth and one reference, with TiO2 only, were produced. Transmission Electron 
Microscopy (TEM) showed that nearly spherical nanoparticles (NPs) were obtained at lower number of pulses, whereas at 
300 pulses a quasi-percolated nanostructured Bi film was obtained. X-Ray Photoelectron Spectroscopy (XPS) revealed that 
the TiO2 layers were not affected due to the bismuth presence. Raman Spectroscopy showed vibrational features characteristic 
of the rutile phase for the titania layer. The Raman spectrum of the multilayer prepared using 300 laser pulses on the bismuth, 
suggests that the Bi layer is formed by a mixture of metallic Bi, and α-Bi2O3. The Ultraviolet–Visible Spectroscopy reveals 
that no substantial changes are presented in the transmittance spectra indicating similar optical properties of the different 
deposits. Finally, the photoluminescence emission spectra indicate that the substrate position in the deposition chamber 
affects the electronic structure of the material.

Keywords  Nanocomposites · Titanium oxide · Laser ablation · Multilayers

1  Introduction

Nanocomposite materials have become an intense sub-
ject of investigation in the last three decades due to their 
potential applications in various fields such as photocataly-
sis, plasmonics, energy conversion devices among others 
[1, 2]. Nanocomposites in thin film-form also have a wide 
range of applications in particular due to their potential 
to be used as layers or coatings [3, 4]. These films can be 
produced by several methods from conventional deposition 
(thermal evaporation, sputtering), pulsed laser deposition 
to sol-gel techniques. In the case of semiconductors in thin-
film form, these are growing as promising photocatalysts 
for environmental remediation because they have several 
advantages over their counterparts in powder or slurry 
form. For example, their relatively cost-effective due to the 
reduction in material usage avoids the cost-recycling and 
recollection after degradation, carry less physical impair-
ment, simply tuning of its material properties, and provides 
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the miniaturization possibility of devices [5]. TiO2 is an 
important semiconductor in photocatalysis due to its strong 
oxidizing power and non-toxicity [6]. However, its major 
limitations as photocatalyst are the high recombination rate 
of the electron–hole pairs produced under light irradiation 
at or near its surface, and it is only active under UV light 
irradiation [7]. Several strategies have been proposed to 
overcome these issues, such as modifying the TiO2 by dop-
ing with metals and nonmetals, co-doping with nonmetals, 
semiconductors coupling, and bandgap modification by cre-
ating oxygen vacancies and oxygen sub-stoichiometry, to 
mention a few [8]. Therefore, it becomes very important to 
investigate thin film deposition alternatives to grow compos-
ite nanomaterials formed by two oxides as well as of oxides 
modified with metals as dopants or as embedded nanopar-
ticles to obtain semiconductors with better photocatalytic 
properties. The Pulsed Laser Deposition (PLD) technique 
has been widely employed because it is very useful for thin 
film deposition of oxides even with complex compositions 
[9]. Among the advantages of this technique, it is worth 
mentioning the presence of ions and other excited species 
with high kinetic energy, typically from tens to hundreds 
of eV as well as its very high plasma density resulting in 
materials with superior properties compared with the films 
deposited using other techniques [10]. Additionally, its ver-
satility allows to combine it with other deposition techniques 
[11, 12] as well as to use configurations combining several 
ablation plasmas [13, 14]. Particularly, the deposition using 
two independent plasmas produced from different targets 
giving the possibility to vary the plasma parameters inde-
pendently and in a controlled manner. In this way, multilayer 
films [15] and nanocomposite films consisting of either sem-
iconductor or metal nanocrystals embedded in a dielectric 
host [16] have been prepared. Another advantage of PLD is 
the possibility to grow nanoparticles in vacuum [17] or in 
presence of an ambient gas [18] in a straightforward way 
such as Bi nanoparticles [19, 20]. Finally, the preparation 
of thin films of oxides modified with metals using alterna-
tive configurations of laser ablation has been successfully 
implemented and employed in our research group to obtain 
Co:TiO2 [21], Bi:TiO2 [22], V2O5:Ag [23], TiO2:Zn [14] and 
Au:TiO2 multilayer thin films [24], with reasonable control 
of the composition as well as an excellent photocatalytic 
response under simulated solar irradiation. It is worth men-
tioning that in the case of Bi embedded in different matrices 
such as amorphous Ge or Al2O3 interesting thermo-optical 
properties have been reported [25, 26]. These are due to 
the fact that Bi has a low melting point and optical changes 
involving phase transitions can be easily detected opening 
the possibility of developing thermo-optical switches among 
other applications [27]. In this work taking into account the 
potential applications in photocatalysis and more recently in 
thermo-optics, we have fabricated multilayered structures of 

Bi/TiO2 by pulsed laser deposition. The characterization was 
done by Raman, X-ray Photoelectron, and UV–Vis Spectros-
copies as well as Transmission Electron Microscopy, Pho-
toluminescence and the corresponding results are presented 
and analyzed.

2 � Experimental procedure

2.1 � Thin films preparation

Bi/TiO2/Bi/…/TiO2/Bi/TiO2 multilayer thin films were pre-
pared by the Pulsed Laser Deposition (PLD) technique using 
a crossed beam deposition configuration which is shown in 
Fig. 1. The laser ablation system used in this work consisted 
of a vacuum chamber evacuated by a turbomolecular pump 
to a base pressure close to 8 × 10–6 Torr. In order to obtain 
the stacking sequence of Bi on TiO2, two laser beams were 
used to ablate alternatively two targets, TiO2 and Bi (99.99% 
purity with 2.54 cm diameter and 0.63 cm thickness), posi-
tioned perpendicularly to each other. Laser ablation was per-
formed using an Nd:YAG laser with emission at the second 
harmonic (532 nm) and a 5 ns pulse duration, working at a 
10 Hz repetition rate. The TiO2 plasma was generated by a 
laser fluence close to 26.0 J/cm2 (energy per pulse = 100 mJ, 
spot size = 0.7 mm), whereas the Bi plasma was produced 
using a fluence close to 1.8 J/cm2 (energy per pulse = 14 mJ, 
spot size = 1.0 mm). These ablation conditions were chosen 
based on previous works [28, 29]. Thin films were depos-
ited onto glass substrates (∼6.2 cm2) placed in two different 
positions as is seen in Fig. 1a, substrate 1 (S1) was located 
approximately at 45° with respect to the lines of propaga-
tion of the plasmas; substrate 2 (S2) was parallel to the Bi 
plasma propagation line, the target to substrate distance was 
4.2 cm for S1 and 5 cm for S2. The characterization of laser 
ablation plasmas using Langmuir probes has shown that the 
angular distributions of the ion density and the ion energy 
depend strongly on the angle with respect to the normal 
of the target surface, that is, along the direction of plasma 
propagation; these plasma parameters reach their maximum 
values close to the normal and fall sharply when increasing 
the angle with their minimum values close to 50°, that is, 
in a direction almost parallel to the plasma propagation line 
[30]. Consequently, a different material´s growth for each 
of the substrate positions is expected. This setup was used 
firstly in order to prepare titanium oxide thin films modified 
with different Bi content in the same experiment. Secondly, 
to investigate the probable differences in their optical and 
structural properties. The multilayer structure was obtained 
as follows: a) the deposition started with the TiO2 ablation 
plasma for 30 min; (ii) afterward, the laser beam on the TiO2 
target was blocked using an external mechanical shutter and 
the bismuth ablation plasma was produced using different 
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number of pulses: 30, 100, 200, and 300, respectively; (iii) 
then the laser beam on the Bi target was blocked, and the 
ablation of the TiO2 target was started again for 5 min. This 
procedure was repeated seven times to obtain 7 Bi/TiO2 
bilayers in 8 different samples, as is schematically shown 
in Fig. 1b. After deposition, the films were subjected to a 
thermal treatment at 450 °C for one hour in air. This thermal 
treatment promotes the transformation of the initially amor-
phous TiO2 to its crystalline phase [31].

2.2 � Thin films characterization

In order to characterize the bismuth layers, these were 
deposited directly onto TEM carbon-coated grids and 
observed in a JEOL 2100 transmission electron microscope. 
The microstructure of the films was characterized by Raman 
spectroscopy; the spectra were obtained using a micro-
Raman LabRam 800 system, equipped with a confocal 
microscope Olympus BX40 and a 100Χ objective; the sam-
ples were excited using the second harmonic of an Nd:YAG 
laser (532 nm). Optical measurements were performed on 
a Perkin Elmer Lambda 35 UV–Vis spectrophotometer to 
obtain the transmittance spectra of the films from 200 to 
1100 nm. Photoluminescence properties from the thin films 
were studied by PL spectroscopy using a spectrofluorometer 
(FluoroMax 4, Horiba Jobyn Ivon) equipped with a 150 W 
Xenon lamp as an excitation source. X-ray photoelectron 
spectroscopy (XPS) was used to determine the elemental 
composition and the chemical bonding of the present ele-
ments in the samples. XPS spectra were acquired in the 
low- and high-resolution regimes with a K-alpha Thermo 

Scientific XPS spectrometer. The adventitious carbon peak 
at 284.8 eV was used as the internal standard to compen-
sate for sample charging. All measurements were made in 
an ultra-high vacuum (UHV) chamber at pressures between 
5 × 10−9 and 2 × 10−8 Torr. Etching for XPS measurements 
under the surface of the films was performed using 1 keV 
Ar ions with a current density of 10 µA/cm2.

3 � Results and discussion

3.1 � TEM characterization of bismuth layers

The morphology of the Bi layers at the different number of 
laser pulses used to ablate the Bi target was investigated by 
Transmission Electron Microscopy (TEM). Representative 
TEM images of the Bi nanostructures obtained at 30, 100, 
200, and 300 pulses are shown in Fig. 2. As it is observed 
in Fig. 2a, the sample prepared using 30 pulses consists of 
nearly spherical nanoparticles with a mean diameter close 
to 7 nm and size distribution from 4 to 12 nm. The sample 
deposited using 100 pulses (Fig. 2b) is formed by isolated 
nanoparticles with bigger sizes, around 9 nm, and broader 
size distribution from 5 to 16 nm. For the sample prepared 
using 200 pulses, the mean diameter increases to 19 nm with 
a very broad size distribution from 12 to 28 nm (Fig. 2c). 
Finally, the deposit obtained with 300 laser pulses shows a 
quasi-percolated state in which nanostructures with a mean 
diameter of 21 nm and size distribution from 12 to 30 nm 
are observed in Fig. 2d. These results reveal that the Bis-
muth layers consist of nanostructures with variable sizes 

Fig. 1   a Experimental setup for multilayer thin film deposition on substrates placed at different positions, b Schematic of the multilayer configu-
ration prepared
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and shapes depending on the number of laser pulses used to 
ablate the Bi target.

3.2 � XPS characterization

Two XPS measurements were performed for all samples to 
determine the chemical bonding of the present elements (Ti, 
O, and Bi). The first one was done on the surface, whereas 
the second one was done after 30 s of etching time at the 
same point. In order to obtain information about the etch-
ing depth after 30 s, the sample deposited using 200 laser 
pulses on the Bi target was analyzed through a depth profile 
by XPS shown in Fig. 3. After 340 s of Ar+ etching, the Si 
substrate is reached, with this data and the corresponding 
film thickness of 266 nm, a sputtering rate of approximately 
0.78 nm/s is obtained. This results in an etching depth after 
30 s close to 23 nm slightly thicker than the average thick-
ness of the upper TiO2 layer of 21 nm. Additionally, the XPS 
profile reveals a homogeneous distribution of Ti and O along 
the film thickness, the horizontal lines indicate the atomic 
concentration of Ti and O in TiO2 in good agreement with 
the experimental data. The presence of the Bismuth layer 
was not evidenced probably due to the very low amount of 
this element. Another fact revealed from this compositional 
profile is the presence of a non-abrupt interface indicating a 
film-substrate interdiffusion.

Figure 3 shows the XPS high-resolution spectra for the 
regions corresponding to Ti2p, O1s, and Bi4f of the sam-
ples deposited on substrate 1 (S1). Figure 4a shows the 
Ti2p region spectra of the sample without bismuth. The 
XPS spectrum acquired on the surface (black line) shows 

Fig. 2   Transmission electron microscopy (TEM) images of the Bi deposits at a 30, b 100, c 200, and d 300 laser pulses used to ablate the Bi 
target
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a doublet with peaks at 464.1 and 458.3 eV corresponding 
to the 2p1/2 and 2p3/2 orbitals, respectively. Their position 
agrees well with Ti4+ in Ti–O bonds of TiO2 [32]. After the 
etching, the 458.3 eV peak shows an asymmetric shape with 
at least two contributions of lower energy (red line), indicat-
ing the presence of different chemical states. Its deconvolu-
tion (Fig. 4c) shows the presence of two additional doublets 
with peaks at 456.4 and 462.5 eV for the first one and 454.5 
and 460.7 eV for the second one. The first is attributed to 
Ti3+ in Ti2O3 [32], whereas the second is due to Ti0 [33]. 
The presence of titanium with lower oxidation states could 
be ascribed to a chemical reduction effect due to preferential 
sputtering of O by the Ar ions used for etching, promoting 
the reduction of TiO2 to Ti2O3 and metallic Ti [34, 35].

The high-resolution XPS spectra for the O1s region of 
the sample without bismuth (Fig. 4b) show asymmetric 
peak shapes with a tail to high energies. The spectra cor-
responding to the surface (black line) show a clear shoul-
der close to 531.5 eV attributed to O− in surface hydroxyl 
(OH−) due to adsorbed surface contaminants [36]. The 
spectrum acquired after 30 s of etching time (red line) 
practically does not show that signal confirming its surface 
nature. The most intense peak at 530.0 eV is attributed 
to O2− species indicating the presence of TiO2 [36]. Fig-
ures 4d, e shows the XPS spectra of the Ti and O regions, 
corresponding to the multilayer sample with deposits of 

200 pulses of bismuth. Very similar behavior as described 
before for samples of pure TiO2 is observed. It is worth 
mentioning that the XPS spectra of the Ti and O regions 
of all samples containing Bi show the same behavior. This 
result indicates that the titania layers are not affected due 
to the bismuth incorporation. Figure 4f shows the Bi4f 
XPS region of the multilayer sample with 200 pulses of 
bismuth by layer. The spectrum corresponding to the sur-
face (black line) shows peaks at 159.1 and 164.8 corre-
sponding to the 4f5/2 and 4f7/2 orbitals assigned to Bi3+ in 
Bi2O3 [37]. After etching (red line), additionally to these 
peaks, a doublet at 156.6 and 161.8 characteristics of Bi0 
[37] is observed. This result reveals that Bi is incorporated 
as a mixture of bismuth oxide and metallic bismuth as will 
be shown in the Raman characterization section.

Figure 5 shows the XPS spectra for the Ti2p, O1s, and 
Bi4f regions corresponding to the multilayers deposited on 
substrate 2 (S2). It is seen that the Ti2p and O1s regions 
(Figs. 5a–e) are almost identical to the spectra discussed 
previously for substrate 1 (S1), suggesting that TiO2 is 
produced no matter the substrate position. Concerning the 
Bi signal (Fig. 5f) the same behavior is observed again 
with the only difference of a higher intensity indicative of 
a higher amount of bismuth incorporated on the substrate 
2 (S2) due to the geometrical configuration since this sub-
strate is closer to the bismuth target as shown in Fig. 1a.
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3.3 � Microstructural characterization

Figures 6a, b shows the Raman spectra obtained for the films 
deposited on substrates S1 and S2, respectively. In general 

terms, these spectra show vibrational features at 142, 235, 
444, and 609 cm−1 characteristics of the rutile phase [38]. 
These results indicate that the rutile phase is present in all 
the samples. Spectra shown in Fig. 6b, corresponding to 
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Fig. 6   Raman spectra of Bi/
TiO2 multilayers for substrate 
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substrate 2, are less intense than those of the films deposited 
on substrate 1. This could be attributed to a lower thickness 
(as shown in Sect. 3.3) of these films due to a lower amount 
of Ti species arriving on substrate 2 in accordance with the 
geometrical setup as shown in Fig. 1a.

In order to gain insight into the microstructural features 
inside the films, the nanocomposite prepared using 300 
pulses of Bi was scratched and Raman measurements were 
performed at several points on the detached material. Fig-
ure 7a shows a representative Raman spectrum of one of 
such measurements. In order to perform a detailed analysis, 
this spectrum was fitted with Lorentzian functions. The fit-
ting results are shown in Figs. 7b, c where the Lorentzian 
functions corresponding to the Raman peaks are represented 
in different colors. These have their maximum at 72, 88, 95, 
114, 124, 140, 229, 266, 314, 348, 403, 444, 512, 565, and 
610 cm−1. The peaks at 72 and 95 cm−1 are attributed to 
metallic Bi [39], the peaks at 140, 229, 444, and 610 cm−1 
are attributed to titania in anatase–rutile mixture [38], and 

the peaks at 88, 114, 124, 266, 348, 403, 512, and 565 could 
be attributed to the α-Bi2O3 phase [40]. These results sug-
gest that the nanocomposite is formed of a mixture of metal-
lic bismuth, titania, and bismuth oxide, which is in good 
agreement with the XPS analysis.

3.4 � Optical characterization

Transmittance measurements by UV–Visible spectroscopy 
were carried out to determine the bandgap energy, refrac-
tive index, and thickness of the nanocomposites. Figure 8 
shows the transmittance spectra corresponding to the films 
deposited on substrates S1 (Fig. 8a) and S2 (Fig. 8b). The 
transmittance spectra are similar in both cases, indicating 
that the deposited materials have similar optical properties. 
A noticeable feature of these transmittance spectra is the 
presence of maxima and minima due to interference effects. 
The thickness and refractive index were determined using 
the Goodman model [41].
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For films on substrate 1 (S1), the thicknesses were found 
from 254 to 266 nm, while thicknesses varied from 157 
to 180 nm for substrate 2 (S2); these values correspond to 
mean deposition rates of 7.2 × 10–2 and 4.6 × 10–2 Å/pulse, 
respectively. That difference close to 40% is due to a higher 
titanium plasma density in the S1 position. Concerning the 
refraction index, for S1, its value varies from 2.4 to 2.7 and 
for S2 from 2.5 to 2.7 in both cases within the experimental 
uncertain. The bandgap energy (Eg) was determined using 
the Tauc method, assuming indirect transitions due to the 
nature of the semiconductor [42]. This was done by plot-
ting (αhν)1/2 as a function of the photon energy. The optical 
absorption coefficient was obtained using the expression: 
α =  − ln (T)/t, where t is the thickness of the film and T is the 
transmittance. The Eg values were obtained by a linear fit of 
the linear portion of the curve, determining its intersection 
with the photon energy axis as the quotient of the intercept 
to the slope. The values obtained from bandgap estimation 
were close to 3.2 eV for each thin film in accordance with 
the bandgap value of TiO2.

Figure 9 shows the photoluminescence emission spectra 
obtained for the thin films deposited on both substrates. In 
general terms, it is observed that the spectra have the same 
shape for the films deposited on substrate S1 (Fig. 9a). Sev-
eral PL features are observed at 396, 439, 451, 468, 484, and 

493 nm. Emission at 396 nm is attributed to an interband 
transition corresponding to 3.1 eV in good agreement with 
the bandgap value determined from UV–Vis measurements. 
The signals at 451 and 468 nm are due to band edge-free 
excitons, whereas signals at 484 and 493 correspond to 
band excitons [43]. On the contrary, the PL emission for 
nanocomposites deposited on substrate S2 (Fig. 9b) shows 
important changes in the electronic structure of deposited 
materials in this position. These changes are probably related 
to the different deposition characteristics such as the kinetic 
energy and density of the plasma species impinging the sub-
strate that depend strongly on their position in the chamber, 
additionally, differences in the density of the thin films are 
expected. Further studies are underway to find an explana-
tion for this behavior which implies an extensive study of 
the luminescence properties of the thin films.

4 � Conclusions

Bi/TiO2 multilayer thin films were deposited on two sub-
strates, placed at different positions, by a crossed beam 
pulsed laser deposition configuration. The characterization 
of the prepared multilayers indicates the presence of layers 
of crystalline TiO2 in its rutile phase. The bismuth layers 
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Fig. 9   Photoluminescence spectra for TiO2/Bi/TiO2 thin films
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consist of bismuth nanostructures composed of mixtures of 
metallic Bi and Bi2O3. XPS results showed that the incor-
poration of Bi by this procedure does not affect the TiO2 
properties. The presence of Ti3+, Ti0, and Bi0 species after 
the etching process is attributed to preferential sputtering of 
O leading to the reduction of Ti4+ to lower oxidation states. 
It was found that the thickness of thin films depends mainly 
on the substrate position and on the number of laser pulses 
used to ablate the Bi target. The PL emission changes drasti-
cally with the position of the substrate suggesting differences 
in the electronic structure for the S2 position.
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