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Nanocomposite thin films formed by gold nanoparticles embedded in a titanium dioxide matrix have
been synthesized by pulsed laser deposition. Two synchronized laser sources, an ArF* excimer
��=193 nm, �FWHM�12 ns� laser and a frequency tripled Nd:yttrium aluminium garnet ��
=355 nm, �FWHM�10 ns� laser, were used for the simultaneous ablation of the titanium dioxide and
gold targets. The optical absorption characteristics of the obtained nanocomposites were
investigated as a function of laser parameters used for the ablation of the gold target. The obtained
results proved the possibility of tuning the optical properties of gold–titanium dioxide
nanocomposites with the proper choice of laser irradiation parameters. Band gap narrowing and
absorption in the visible spectral region induced by the incorporation of gold enable the design of
nanostructured thin films to be achieved for photocatalysts and solar energy converters.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2372450�

I. INTRODUCTION

Titanium dioxide �TiO2� thin films have received signifi-
cant attention during recent years due to their photocatalytic
and optoelectronic properties. TiO2 crystallizes in three dif-
ferent structures: rutile, anatase, and brookite. Among these
phases anatase is known for its higher photocatalytic perfor-
mances and is used in a large field of technology applications
such as deodorizing, air and water treatment, and gas and
organic compound decomposition. In addition, its photoin-
duced hydrophobic to hydrophilic conversion makes it ap-
propriate for antifogging and self-cleaning products.1,2 Nev-
ertheless, anatase is thermodynamically not as stable as
rutile, the most common TiO2 crystal phase in nature. Thus,
the synthesis of pure anatase phase TiO2 thin films is quite
difficult.

Furthermore, due to its relatively large band gap
�3.2 eV� TiO2 absorbs only a small fraction of the solar ra-
diation �the UV component�. Significant research has been
focused on the development of a generation of TiO2 photo-
catalysts to overcome this shortcoming through the identifi-
cation of possible solutions for extending the absorption
range in the visible light spectrum. Such attempts include
doping of the TiO2 host material with nonmetal3 or metal
ions,4–6 as well as partial coating with metals.7,8

Different methods have been used for the preparation of
TiO2 thin films, such as chemical vapor deposition,9 magne-

tron sputtering,10,11 sol-gel chemistry,12 thermal oxidation,13

or direct laser irradiation14 of Ti metal surfaces, as well as
pulsed lased deposition �PLD�.15–17 When compared with
other techniques, PLD has the advantage of precise and si-
multaneous control of stoichiometry, crystalline status, and
thickness of the growing thin films through the experimental
process parameters.

In this paper we report on the synthesis and character-
ization of Au–TiO2 nanocomposite thin films prepared by
PLD using a dual-laser, dual-target system. We show that the
two-laser PLD method enables the continuous tuning of the
amount of Au in the TiO2 thin films through the laser fluence
incident on the Au target, which in turn determines the opti-
cal properties of the synthesized nanocomposite materials in
the near-UV and visible spectral regions.

II. EXPERIMENTAL DETAILS

The deposition of the Au–TiO2 nanostructures was per-
formed inside a stainless steel vacuum chamber. Prior to
each irradiation the vacuum chamber was evacuated down to
a residual pressure of 7�10−4 Pa. For the host TiO2 target
ablation we applied UV laser pulses generated by a Lumon-
ics model TE-861T ArF* excimer laser ��=193 nm, �FWHM

�12 ns�. For ablation of the Au targets we used the pulses
from a Quantel model YG851 Nd:YAG �yttrium aluminum
garnet� laser ��=355 nm, �FWHM�10 ns�. The two lasers
were synchronized and operated at 10 Hz pulse repetition
rate. The incidence angle of the beams was about 30° relative
to the normal of the target surfaces.

In order to avoid fast drilling, both targets were placed
on a vacuum-compatible computer controlled XY table. The
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SiO2 �001� quartz substrates were positioned 40 mm from
the targets, where the two ablation plasmas intersect each
other under an angle of 30°. The substrates were heated dur-
ing the thin film growth at 300 °C. The depositions were
performed in 30 Pa oxygen pressure. The ArF* laser fluence
was 3 J /cm2. The Nd:YAG laser fluence was fixed at values
within the range of 1–7 J /cm2. For the deposition of each
film, we applied 21 000 laser pulses to both the TiO2 and Au
targets.

The surface morphology of the deposited films was stud-
ied by atomic force microscopy �AFM� with a PicoSPM Mo-
lecular Imaging apparatus. The morphology of the deposited
films was also investigated by transmission electron micros-
copy �TEM� with JEOL 1210 equipment operated at
200 keV. The preparation of samples for TEM studies
was carried out by the extraction replica method. The crys-
talline status was investigated by x-ray diffraction �XRD�
in a �-2� configuration with a Philips MRD diffractometer
�Cu K�, �=1.5418 Å radiation� and selected area electron
diffraction �SAED�. The optical absorbance measurements
were performed with a double beam Perkin Elmer Lambda
19 spectrophotometer in the wavelength range of 200–
1000 nm.

III. RESULTS AND DISCUSSION

A. Morphological and structural properties

Figure 1 shows �a� a typical AFM micrograph, �b� sur-
face local height, �c� and diameter histograms counted on
0.5�0.5 �m2 areas of the thin film deposited with the high-
est, 7 J /cm2 Nd:YAG laser fluence incident on the Au target.
As can be observed, the film surface is characterized by a

granular structure. The surface local height histogram consist
of a double Gaussian distribution. The average height is ap-
proximately 40 nm for the main Gaussian and approximately
80 nm for the second Gaussian, which includes much less
data points. From the nanoparticle diameter histogram we
can estimate an average grain diameter of approximately
70 nm. We note that there are no significant differences be-
tween the surface features of the Ar–TiO2 nanostructures
obtained with the different laser fluences used for irradiation
of the Au targets.

The bright field TEM investigations �Fig. 2�a�� made it
clear that the thin films are composed of nanoparticles, but
with much smaller dimensions when compared to AFM re-
sults. The histogram of the particle diameters shows an av-
erage size of about 30 nm �Fig. 3�. This discrepancy can be
explained by the influence of the AFM tip on the measure-
ments. In order to reduce the widening effect which is more
pronounced in the measurement of particle diameters, com-
pared to height, we used a geometric deconvolution18 and
considered a spherical tip with a radius of 15 nm. The mean
particle diameter after deconvolution is then approximately
40 nm, still slightly overestimated as compared to the TEM
results. Conversely, as known, the surface height derived
from AFM measurements is much less distorted by the AFM
tip as compared to in-plane diameters.19

Indexing the SAED �Figs. 2�b� and 2�c�� patterns corre-
sponding to selected zones, we obtain interplanar distances
of 0.352 nm assigned to the �101� lattice plane reflection of
the tetragonal anatase TiO2 phase as referred to in the JCPDS
Card No. 21-1272, and 0.235, 0.203, 0.117, and 0.101 nm
attributed to the �111�, �200�, �222�, and �400� lattice plane

FIG. 1. �a� AFM images, �b� surface local height, and �c� particle diameter histograms counted on 0.5�0.5 �m2 surface areas of the Au–TiO2 nanostructured
thin film deposited at 30 Pa oxygen pressure, 300 °C substrate temperature, and 7 J /cm2 laser fluence incident on the Au target.

FIG. 2. �a� TEM image and ��b� and �c�� corresponding SAED patterns of the Au–TiO2 nanostructured thin film deposited at 30 Pa oxygen pressure and
300 °C substrate temperature obtained with 2.3 J /cm2 applied to the Au target.
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reflection of the polycrystalline cubic Au phase, respectively,
as referred to in the JCPDS Card No. 04-0784.20 As can be
observed, the diffraction rings are discontinuous and consist
of sharp spots, indicating that the Au nanoparticles are well
crystallized �Fig. 2�b��. On the other hand, the TiO2 matrix is
formed by nanocrystals with the same growth orientation,
with monocrystalline diffraction characteristics �Fig. 2�c��.

In order to obtain a complete view, the crystalline struc-
ture of the synthesized thin films was also investigated by
XRD �Fig. 4�. The diffractogram of the undoped, reference
TiO2 thin film �Fig. 4�a�� contains, besides the line assigned
to the SiO2 substrate, only one weak line at 25.3° attributed
to the �101� lattice plane reflection of the tetragonal anatase
TiO2 phase, confirming the preferential growth orientation.20

The diffractograms of the Au–TiO2 nanostructures obtained
with laser fluence below 2 J/cm2 used for ablation of the Au
targets are similar to those of the reference thin film �Fig.
4�b��. The diffractogram of the nanostructures obtained with

higher laser fluences applied to the Au targets �Fig. 4�c��
contains, besides the line at 25.3° of the anatase phase TiO2,
two new lines at 38.3° and 44.5° corresponding to the �111�
and �200� lattice plane reflections of the cubic phase Au,
respectively.20 The insert shows the �111� lines of Au for the
Au–TiO2 nanocomposite films obtained with laser fluences
higher than 2 J /cm2. The intensity of the line increases with
the increase of laser fluence, while the full width at half
maximum �FWHM� remains approximately the same, about
0.37°. Applying Scherrer’s equation to estimate the average
Au particle size R, FWHM=0.94� /R cos �,21 where � is the
x-ray wavelength and � is the diffraction angle, we obtain
particle sizes of about 25 nm, in good agreement with TEM
results.

B. Optical properties

The typical optical absorption spectra of the reference
TiO2 thin film and the Au–TiO2 nanostructures are shown in
Fig. 5. With the increase of the laser fluence incident on the
Au targets the optical characteristics of the Au–TiO2 nano-
structures gradually change in the UV-visible spectral range
from transparent �Fig. 5�a��, in the case of the undoped TiO2

film, to highly absorbent �Fig. 5�e�� for the highest laser
fluence. In addition, in the spectra of the Au–TiO2 nano-
structures there is an absorption maximum centered at
around 560 nm which appears even for the lowest Au con-
centration �Fig. 5�b��. As can be observed, the intensity of
this band increases with the increase of the laser fluence
incident on the Au target, i.e., the increase of the amount of
Au in the deposited thin films. The increase of the band
intensity is accompanied by its continuous broadening. Nei-
ther significant band shift nor broadening could be observed,
with the exemption of the spectrum corresponding to the
nanocomposite film obtained with the highest laser pulse en-
ergy �Fig. 5�e��.

The absorption maximum around 560 nm is associated
with the surface plasmon resonance �SPR� absorption band
of individual Au nanoparticles.22 As is well known, the main
changes in the surface plasmon resonance band characteris-
tics are related to the noble metal nanoparticle size,22,23

shape,24 or their volume fraction �nanoparticles embedded in
a ceramic matrix� in the case of nanocomposite thin films.25

FIG. 3. Nanoparticle diameter histogram evaluated from TEM images of the
Au–TiO2 nanostructured thin film deposited at 30 Pa oxygen pressure and
300 °C substrate temperature obtained with 2.3 J /cm2 laser fluence incident
on the Au target.

FIG. 4. XRD diffractograms of thin films deposited at 30 Pa oxygen pres-
sure and 300 °C substrate temperature: �a� reference TiO2 thin films and
Au–TiO2 nanostructured thin films obtained with �b� 1.2 and �c� 7 J /cm2

laser fluence incident on the Au targets. The insert shows the �111� lattice
place reflection of Au, for the Au–TiO2 thin films obtained with �a� 2.3, �b�
3.2, and �c� 7 J /cm2 laser fluence incident on the Au targets. The diffraction
patterns of tetragonal anatase phase TiO2, and cubic phase Au as referred to
in the JCPDS Card No. 21-1272 and 04-0784 are also represented.

FIG. 5. UV-visible absorbance spectra of thin films deposited at 30 Pa oxy-
gen pressure and 300 °C substrate temperature: �a� reference TiO2 thin films
and Au–TiO2 nanostructured thin films obtained with �b� 1, �c� 2.3, �d� 3.2,
and �d� 7 J /cm2 laser fluence incident on the Au targets.
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As a general rule the absorption band’s intensity increases
with the increase of the number of nanoparticles. Its broad-
ening and shift towards higher wavelengths are caused by the
increase of the nanoparticle size.

Thus, the gradual increase of the intensity of the SPR
absorption band with the increase of the incident laser flu-
ence could be due to the increase of the Au nanoparticle
concentration. Furthermore, the shift of the absorption band
towards higher wavelength �to approximately 650 nm� could
indicate both an increase of Au nanoparticle dimensions and
the formation of nanoparticle aggregates. However, no sig-
nificant increase of grain size could be observed through
XRD investigations. Thus, the observed absorption features
could be caused only by coalescence of the Au nanoparticles
with the increase of their density in the TiO2 matrix.

As can also be observed, the absorption edge of the ref-
erence TiO2 thin film �Fig. 5�a�� is shifted towards smaller
wavelengths as compared with the band gap of bulk TiO2

�3.2 eV at 388 nm�. This shift could be attributed to quantum
confinement effect induced both by crystallites with low
sizes26 and/or residual stress in the films exerted by the
substrate.27 The absorption edge is displaced towards lower
photon energies with the increase of the incident laser flu-
ence, i.e. the increase of the amount of Au in the deposited
Au–TiO2 nanostructures �Figs. 5�b�–5�e��.

The measured absorbance was converted into absorption
coefficient using the relationship �= �A ln 10� /d, where d is
the thickness of the films. From cross-sectional scanning
electron microscopy �SEM� investigations a thickness value
of about 200 nm was determined. Figure 6 shows the behav-
ior of �h���2 as a function of photon energy. The band gap
values were estimated from the dependence �h���2

��E-Eg� at the interception of the tangents to the �h���2

plots with the photon energy axis.28 The band gap narrowing
with the increase of the laser fluence could be due to the
incorporation of Au into the TiO2 lattice.29 Similar results
have been obtained in the case of the Au–CeO2 system, as a
class of oxidation catalysts.30

The continuous bandgap narrowing and increasing addi-
tional SPR absorption with the increase of Au incorporated
into the matrix ensure the creation of Au–TiO2 composite
systems with tunable optical properties both in the near-UV

and visible spectral ranges. The established dependence be-
tween the laser fluence used for the ablation of the Au targets
and absorption characteristics allows the growth of Au–TiO2

nanostructures with predetermined optical properties for
photocatalysts and solar energy converters.

IV. CONCLUSIONS

Anatase phase TiO2 films and Au–TiO2 nanostructures
were grown by pulsed laser deposition on quartz substrates
with the aid of a dual-laser, dual-target system. We studied
the correspondence between the laser irradiation parameters
�e.g., laser fluence used for the irradiation of the Au targets�
and optical properties of Au–TiO2 nanostructures. We have
shown that there exists the possibility of the controlled tai-
loring of the optical properties of the nanostructure systems
in the near-UV and visible spectral regions. Our results evi-
denced that through the control of growth parameters we can
achieve both continuous band gap narrowing as compared to
the undoped TiO2 thin films in the near-UV and tuning of the
SPR peak in the visible spectral range. These features prom-
ise a wide range of applications, overcoming the main draw-
back of undoped TiO2 absorbing only in the UV region.
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