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Amorphous TiO2-Au thin film composites synthesized by pulsed laser deposition

L. Meza-Leon, A. Chavez-Chavez, J.G. Quifiones-Galvan

TiO2 has been widely studied and synthesized by various methods due to its excellent optoelectronic properties. It is
possible to modify the optical properties of TiO2 by incorporating noble metal nanoparticles in order to improve its
photoresponse. In this work, TiO2-Au thin film composites were grown by pulsed laser deposition technique. Ti and Au
targets were simultaneously ablated in order to produce combined plasmas under a reactive atmosphere containing oxygen
at a pressure of 2x1072 Torr. The plasmas were analyzed individually by means of a planar Langmuir probe in order to
calculate their mean kinetic ion energy and plasma density. Ti plasma parameters were kept constant at 196 eV and
2.06x10® cm= while the Au plasma density was varied from 2.65x10%2 cm to 22.4x10'? cm. The samples were
characterized by UV-Vis spectroscopy and scanning electron microscopy. The band gap of the films was determined by
means of the Tauc method, which decreased from 2.36 to 1.54 eV as the Au plasma density increased. The resultant
morphology of the films shows the formation of spherical Au nanoparticles, whose average sizes increases as the Au plasma
density increased, resulting in values ranging from 15 to 72 nm.

Introduction

In the field of photocatalysis, TiO2 has been the most
widely studied material due to its chemical stability, non-
toxicity, low cost and long durability. However, since this
material has a large band gap (3.2 eV), its photocatalytic
activity is limited to ultraviolet radiation. Therefore, it is
important to enhance the photocatalytic activity of TiO,
toward visible region to maximize solar energy utilization.
Various ways of modifying TiO for its activation in the
visible range of the spectrum have been studied, such as
doping with metal ions [1], and non-metal ions [2], coupling
with other semiconductors [3], deposition of metal
nanoparticles [4] and sensitization using dyes [5]; in this
way, it is possible to prevent recombination of the
electron/hole pairs, reduce the band gap energy and increase
light absorption range.

The most frequently used modification method is the
preparation of composites by loading metal nanoparticles
into a TiO, matrix. These nanoparticles significantly affect
the photochemical properties of TiO, [6]. Particularly, the
employment of noble metal nanoparticles (Ag, Au, Pt, Pd,
Ru, etc.) is important since these nanoparticles can absorb
visible light via surface plasmon resonance (SPR) in order to
enhance photocatalytic activity [7,8]. There are various
synthesis methods for preparation of noble metal
nanoparticles-TiO, composites, such as ion exchange [9],
hydrothermal [10], impregnation [11], photodeposition [12],
among others. However, in comparison with the above-
mentioned methods, thin film synthesis shows various
advantages such as low production cost due to the reduction
in material usage, miniaturization of the device, and easy
material recovery. Some of the techniques used in thin films
synthesis are by spray pyrolysis [13], sol-gel [14], pulsed
laser deposition (PLD) [15], and thermal evaporation [16].
PLD has shown to be a promising technique in thin film
synthesis due to various reasons, for instance, it provides
precise stoichiometry transfer from target to film [17], it
allows the ablation of a specific area, and the obtained films
have high crystallinity. In addition, it is possible to modify
the plasma parameters in order to control the composition of
the thin films, and thus, its properties [18]. In this work,

TiO2-Au thin films were prepared by PLD technique by the
simultaneous laser ablation of Ti and Au targets under a
reactive oxygen atmosphere in order to study the effect of Au
content in the thin film properties by varying the Au plasma
density, while Ti plasma parameters were kept constant.

Experimental details

TiOz-Au thin films were grown on quartz substrates by
pulsed laser ablation technique. High purity Ti and Au
targets with 5 and 2.5 cm in diameter, were coaxially
attached in order to be simultaneously ablated (Figure 1).
The Ti and Au targets were placed at 5 and 4.8 cm from the
substrate. The depositions were carried out inisde a vacuum
chamber evacuated to a base pressure of 4x10° Torr. As a
reactive atmosphere, a gas mixture of 20% O, and 80% Ar
was used at a deposition pressure of 2x1072 Torr.

For the ablation process, a Quantel (Brilliant B) Nd:YAG
laser emitting at a wavelength of 1064 nm, repetition rate of
10 Hz, output energy of 750 mJ per pulse, and a pulse
duration of 6 ns, was used. The targets were rotated at 15 rpm
in order to avoid drilling during this process. The deposition
time was 20 min for all experiments.

Titanium and gold plasmas were individually analyzed by
Langmuir probe measurements. Their mean Kkinetic ion
energy (Ex) and plasma density (Np) were determined by the
time of flight curves (TOF), which were obtained by a 6 mm
diameter planar Langmuir probe biased at -44 V and placed
at the position of the substrate. The voltage drop, across a
22 Q resistor was recorded on a Tektronix 500 MHz digital
oscilloscope in order to obtain the probe current. For the
calculation of mean kinetic energy, the procedure described
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Figure 1. Schematic of the PLD setup.

in reference [19] was used, according to the following

relationship:
2 th_ZI(t)dt
E) =Tt RO 1
(B =22 (1)

where m is the mass of the ion, L is the distance between the
target and the probe, and I(t) is the probe current as a function
of time.

The plasma density was calculated according to the
following equation, described in reference [20]:

Np — Imax (2)
evA

where Inax is the maximum value of the current of the TOF

curves, e is the electron charge, v is the plasma flow velocity,

and A is the collecting area of the probe.

Thin films were grown by combining Ti and Au plasmas,
keeping the laser fluence on the Ti target constant at
2.15 Jicm?, while for the Au target, the laser fluence was
varied using attenuators in order to modify the plasma
properties and thereby change the Au content in each film.

The thickness of the films was determined by means of
profilometry, using a KLA Tencor D-120 equipment. The
optical absorbance and transmittance spectra of the thin films
were obtained using a Thermo Scientific (Genesys 10)
UV-Vis spectrophotometer from 200 to 1100 nm. The
morphology of the films was observed by scanning electron
microscopy using a Tescan (MIRA 3) field emission
scanning electron microscope (FESEM) at 15 kV. The
ImageJ software was employed to analyze the obtained SEM
images.
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Figure 2. Time of flight curves of a) Ti and b) Au plasmas.
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Results and discussion

TOF curves of Ti and Au plasmas are shown in Figure 2,
from which the mean kinetic energy and plasma density were
obtained using the equations 1 and 2.

One TiO: film was deposited as a reference, while four
others were deposited with different Au plasma densities.
Therefore, the plasma parameters were kept constant for the
Ti target, at 196 eV and 2.06x10® cm for all the deposits.
For the Au plasma, the plasma density was varied with the
help of attenuators such that the mean kinetic energy kept
constant for all experiments. The mean Kinetic energy was
89 eV approximately. Regarding the plasma density, it was
varied from 2.65x10% cm to 22.4x10% c¢m3. As it can be
seen in Figure 2b, since plasma density depends on the
maximum current value of the TOF curve, therefore, when the
height in the TOF curves changes, this will produce a change
in plasma density as well [18].

In order to analyze the optical properties of the thin films,
the absorbance and transmittance spectra were obtained with
the help of the UV-Vis spectrophotometer. Figure 3a shows
the absorbance spectra of the films. For the samples TiO2-Au,
the appearance of absorption bands at 590, 596, 642, and
650 nm, for increasing Au plasma density can be observed,
which are attributed to the surface plasmon resonance (SPR)
of Au incorporated in the TiO, matrix, indicating absorption
in the visible range of the spectrum and the presence of
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Figure 3. a) Absorbance and b) transmittance spectra for TiO, and TiO>-Au
thin films
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Figure 4. Tauc plots of TiO, and TiO-Au thin films. The inset displays the
band gap dependence on Au plasma density.

spherical particles of nanometric size. A redshift of the peak
positions can be observed, indicating that the nanoparticles
size increases [21]. In addition, it is observed that the
absorbance of the thin films increases for higher densities of
the Au plasma density. A significant difference between the
plasmon resonance bands of the brown and blue lines in the
graph of Figure 3 can be noticed. This difference is attributed
to the increase in Au ion density, with the brown graph having
a density of 6.30x10'> cm™ and the blue graph having a
density of 11.6x102 cm3, resulting in an increase in the Au
nanoparticles content incorporated into the films.
Furthermore, an increment of film thickness occurs on all the
samples, due to the higher Au ion density and the consequent : ;
increment of Au content into the films, allowing an increase
of 50 nm of the sample without Au incorporated, to ~100 nm 3
for the film grown with the highest Au ion density. Hence, the d) N
amplitude of the surface plasmon resonance peaks increases
with the increase of film thickness [22]. It is worth mentioning
that only measurements of the thickness of these two films
were obtained. Therefore, the thickness of the other films
should lie between the two mentioned values, according to
previously reported observations [23,24].

The latter result indicates that there is not a lineal
relationship between Au plasma density and the amplitude of
the SPR absorption band. The increase in amplitude for
increasing density from 2.65 to 6.30x10? cm™ and from 11.6
t0 22.4x10%* cm is not as noticeable as the increase from 6.30
to 11.6x10% c¢cm3. At lower Au plasma density values, the
SPR absorption band amplitude is low, meaning that small
quantities of gold coalesce to form embedded nanoparticles
within the TiO, matrix. However, when the Au ions reaching
the substrate surface is increased to 11.6x10'? c¢m?3, the
quantity of Au nanoparticles is drastically increased, as
revealed by the high amplitude of the SPR band, nevertheless,
further increase in Au density, does not induce a significant
increase in Au nanoparticles incorporated into the matrix. We
may assume that the increasing scattering processes together
with re-sputtering from arriving species to the surfaces in the
combined plasmas, prevent formation of higher quantity of  Figure 5. Scanning electron microscopy (SEM) images of TiO, and
nanoparticles. TiO,-Au thin films.
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Table 1. Au nanoparticles average size for the TiO,-Au thin films.
Au plasma density Average size

(cm™®) (nm)
2.65x10% 15
6.30x10% 21
1.16x10% 34
2.24x10% 72

Figure 3b shows the transmittance spectra of the films. It
can be seen that when Au nanoparticles are incorporated, the
transmittance decreases, which indicates higher absorption in
the visible range of spectrum [25].

The band gap (E;) was determined from UV-Vis
measurements using the Tauc method. Figure 4 shows the
Tauc plots, where (aiv)” vs hv was plotted. Therefore,
applying an extrapolation of the linear region of the curves to
the abscissa (ahv)” = 0, the E4 values were obtained. The Eq
value for the amorphous TiOz thin film was 2.36 eV, while for
the TiO,-Au thin films were 2.19, 2.12, 1.83, and 1.54 eV,
respectively. The dependence of the band gap of the samples
on the Au plasma density can be noticed (inset in Figure 4). It
is observed that the band gap decreases as the Au plasma
density on the films increases.

Figure 5 shows the SEM images, which were obtained at
5000 times magnification. Figure 5a corresponds to
amorphous TiO; thin film. It can be seen that its surface is
smooth and uniform. Figure 5b-5e correspond to the Au
incorporated into the films. It can be noticed the formation of
spherical particles of nanometric size. Each film was analyzed
by ImageJ software, where the extraction of the cross-
sectional area A for individual particles was obtained. Then,
nanoparticle sizes were estimated by using the formula
d = 2(A/n)”, and their average was computed. Table 1 shows
the average sizes of Au nanoparticles for each of the films.

As it can be noticed, the size of the nanoparticles increases
with increasing the Au plasma density, thus nanoparticles
with an average size in the range of 15-72 nm were obtained.
These results are in agreement with those observed in UV-Vis
measurements.

Conclusions

TiO2-Au thin film composites with different Au content
were obtained by PLD technique by combining Ti and Au
plasmas in a reactive oxygen atmosphere. It was possible to
control Au content incorporated into the films by
manipulating Au plasma parameters. It was shown that the
properties of the films were heavily dependent on the Au
plasma density. The band gap of the films was reduced from
2.19 to 1.54 eV as the Au content was increased. SEM
images showed formation of spherical nanoparticles, which
average sizes increased with increasing Au plasma density,
ranging from 15 to 72 nm. This shows the importance of
plasma diagnosis in the PLD technique, owing that we can
have control of the properties of the films and have
reproducibility in the experiments.
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