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Gold-Nanoparticle-Doped TiO, Semiconductor Thin Films: Optical
Characterization**
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By Dario Buso, Jessica Pacifico, Alessandro Martucci, and Paul Mulvaney*

A simple procedure for creating titania sol-gel-based semiconductor thin films is described. Gold nanoparticles are doped
homogeneously into the precursor mixture and the particles are homogeneously distributed in the resultant films when pre-
pared using spin-coating. The effects of particle loading and annealing temperature on the optical properties of the resultant
films are characterized. Ellipsometry, X-ray diffraction, atomic force microscopy, and surface plasmon spectroscopy are used to
monitor the crystallization and porosity changes during film synthesis.

1. Introduction

There has been a recent resurgence of interest in metal-
nanoparticle-doped dielectric matrices, spurred on by new ap-
plications in diverse fields ranging from nonlinear optics!'?
and photocatalytic pollutant degradation®* through to gas
sensing.”” The original work in this field was motivated by the
unusual optical properties of small metal particles and led to
the development of powerful, effective medium models to han-
dle the complex material properties of nanocomposites. How-
ever, current applications involve tuning not only the optical
and electronic properties of the composite material, but also
the matrix architecture. For example, in photocatalysis and gas
sensing, the matrix must be porous enough for gases to diffuse
through the matrix to active sites, undergo chemical reaction,
and exit the film. Thus, it is no longer sufficient to measure the
average dielectric properties of the nanoparticle-doped films; it
is also necessary to characterize the particle distribution within
the film and the role of the pore volume. A further important
shift has been the emergence of sol-gel methods that are more
flexible than conventional glass technologies and enable much
lower processing temperatures to be utilized.

In the majority of sol-gel syntheses, the metal is introduced in
the form of a soluble salt, then reduced to form small metal par-
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ticles in situ through annealing, gaseous reduction, or through
photochemical reactions, %1% although there are some alterna-
tive strategies for particle doping such as ion implantation!*'?}
and sputtering."! However, all these physical and chemical
methods suffer the same inherent limitations: there is very lim-
ited control of the nucleation process, the final particle size, the
particle polydispersity, and the particle shape. An alternative ap-
proach that offers more flexibility in the design and fabrication
of nanoparticle-doped dielectrics is to synthesize the nanoparti-
cles using optimized routes in conventional chemical batch reac-
tors and then to introduce them into the sol-gel precursor. Some
of the advantages of ex situ nanoparticle synthesis are: 1) The
ability to dope the matrix with core/shell particles. 2) The ability
to incorporate particles of different shape, for example nano-
rods. 3) The opportunity to tailor the surface chemistry, e.g., pas-
sivation of defect or recombination sites. 4) The chance to carry
out size-selection and purification of the particles. 5) The poten-
tial to derivatize the nanoparticles, for example by functionaliza-
tion with redox acceptors, donors, dyes, or even with other met-
al-semiconductor composite nanoparticles (NPs).

In this study, we report on the fabrication of gold-nanoparti-
cle-doped titania dielectric matrices using monodisperse gold
nanoparticles. We discuss pathways for homogeneous integra-
tion of the particles into the film and discuss how the optical
properties change during annealing. It is further shown that ex
situ synthesis and doping can lead to homogeneous distribu-
tions of nanoparticles, and the method can be readily extended
to other nanoparticles. There is a complex interplay between
matrix crystallization, porosity, and composite refractive index
that can be monitored using surface plasmon shifts or spectro-
scopic ellipsometry. In subsequent papers, we will correlate the
optical properties with the electronic properties and gas diffu-
sion behavior of the nanoparticle-doped films.
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gold-nanoparticle-doped TiO, semiconductor thin films.
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adopted to obtain homogeneously Au-NP-doped TiO, films
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The narrow absorption peak centered at 520 nm is the typical

Sol-gel solution

Synthesis of Au NPs
HAuCly, Na-citrate, H,O

EtOH

Ti-butoxide, Acetylacetone,

band associated with the surface plasmon resonance (SPR) of
conduction electrons in gold small spherical clusters. The ex-
tinction coefficient & (M~ cm™) was found" to be 3995 M~ cm™

v

[ Concentration process J

via MUA

Pre-mixing
MeOH

Films annealing

at A=522 nm, leading to a gold-particle concentration of
61.4 x 107 m after concentration and surface functionalization.
Absorption spectra of TiO, and TiO,—Au films over the
200-800 nm range for samples heated from 100 °C up to 500 °C
are reported in Figure 3. Each panel reports absorption spectra
of both Au-doped (solid line) and undoped films (dashed line)
at each annealing temperature. The SPR band resulting from
the gold nanoparticles in TiO,—Au films is clearly visible in
each film. The dotted vertical line marks the SPR peak of the
Au clusters in the initial aqueous solution (522 nm); as ex-
pected, there is a clear red-shift when the gold particles are em-
bedded in the TiO, matrix because of the higher refractive in-
dex of the sol-gel matrix.[°] Optical absorbance spectra of
undoped TiO, films are also presented in each panel as dashed
lines and show no evidence for the surface plasmon band asso-

Figure 1. Scheme of the overall synthetic process developed to dope TiO,
sol-gel thin films with morphologically controlled Au NPs. Control of the
Au nanoparticle morphology is obtained by separating the particle synthe-

sis from the TiO; sol-gel process.

(see Experimental section for details). Gold NPs (500 mL,
0.50 mm) in water were synthesized using the Turkevich meth-

0d.®! In order to phase transfer the particles into
ethanol, they were first functionalized by addition of
mercaptoundecanoic acid (1 mu in ethanol) at pH 7.
The mercaptan was allowed to adsorb over half an
hour, then the pH was lowered to pH 3 using 1M
HCI. The particles were allowed to sediment over-
night, then centrifuged and washed to remove all un-
reacted salts and spectator ions. Finally, the black
precipitate was repeptized into a minimum volume
of water (ca. 5 mL) with 20 uL of NH;3 (28 vol %).
Separately, a sol-gel solution containing the TiO,
precursor was prepared by mixing titanium butoxide,
2 4-pentanedione (acetylacetone, AcAcH), and
EtOH (ethanol). To facilitate the dispersion of the
Au NPs into the sol-gel solution, the concentrated
Au suspension in water was premixed with MeOH
(methanol; MeOH/H,0 =3:1) and then added to the
sol-gel Ti butoxide solution. The pH of the Au NP
suspension in water after the concentration proce-
dure was around 8, decreasing to 7 after addition of
MeOH. The starting sol-gel solution had a pH in the
range of 6-7, while the final solution (Au NPs in
water/MeOH/sol-gel solution) was pH 5.

In Figure 2, an electron microscopy image of the
Au nanoparticles is shown. The size distribution was
determined using ImageJ 1.34s picture analyzer soft-
ware!'*! to analyze 600 particles. The particles had a
mean diameter of 9.7 nm with standard deviation of
0.9 nm as depicted in the upper inset of Figure 2. Op-
tical absorption spectra of the same suspension di-
luted 1:600 are visible in the lower inset of Figure 2.
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ciated with gold particles. There is however a broad absorption
band centered at 800 nm in the 100 °C annealed sample that
steadily blue-shifts to 375 nm after annealing at 500 °C, which
results from optical interference.

The effect of particle concentration on the surface plasmon
resonance is shown in Figure 4. The peak absorption is directly
proportional to gold content for films annealed at all tempera-
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Figure 2. Bright-field transmission electron microscopy (TEM) image showing Au
nanocrystals as synthesized in water. Upper inset reports the particle size distribution
evaluated using Image| software. The mean particle size is 9.72 nm (0.9 nm standard
deviation (SD)). Lower inset shows optical absorption spectra of the same NP sus-
pension with a surface plasmon resonance (SPR) band at 522 nm.
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Figure 3. Optical absorption spectra (solid lines) of Au doped TiO, films
annealed at temperatures in the 100-500°C range (reported on the left
side of the panels). For comparison, the dotted vertical line marks the po-
sition of the SPR band at 522 nm obtained for Au NPs in water. The posi-
tion of the maximum of the SPR band of Au NPs in TiO, red-shifts with in-
creasing annealing temperatures to wavelengths reported on the right
side of each panel. Absorption spectra reported with dashed lines are for
blank TiO, films.

tures except 100 °C. Because the gold volume fraction is low,
the SPR peak position does not change with doping concentra-
tion. The primary parameter that affects the peak position is
the annealing temperature.

In Figure 5, the peak position of the SPR band is plotted as a
function of the annealing temperature of the samples for films
with different Au particle concentrations. The progressive red-
shift of the maximum wavelength is proportional to the in-
crease in the annealing temperature of the sample and follows
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Figure 5. Evolution of the observed red-shift position of the SPR band
maximum for TiO,—Au films versus annealing temperature in the 100-
500°C range. The lines reported refer to three different Au NP concentra-
tions: a) 4 wt %, b) 5.5 wt %, c) 8 wt %. PL: photoluminescence.

a similar trend for films with different gold content up to
400 °C, whereas for films annealed at 500 °C the data points are
spread over a wider range of wavelengths. The posi-
tion predicted by Mie theory for 10 nm particles in
crystalline anatase is 648 nm. Hence, the average ma-
trix refractive index approaches the values of the
crystalline bulk semiconductor only after extensive
high-temperature annealing.

An important question is whether there is signifi-
cant particle migration during spin-coating or during
annealing of the semiconductor films. To investigate
this, the sol-gel precursor was spin-coated onto the
reverse side of a carbon-coated copper transmission
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electron microscopy (TEM) grid and subsequently
annealed at 200°C. The 50 nm thick film was then
imaged directly in the electron microscope. The im-
age in Figure 6 shows a homogeneous dispersion of
Au nanoparticles over micrometer-length scales. In a
few isolated cases, some small aggregates can be dis-
cerned, as shown in the inset. However the over-
whelming majority of particles remain well-separated
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Figure 4. Absorption spectra of TiO,—Au films heated in the 100-400°C range (tem-
peratures reported in panels). Each panel reports optical absorption spectra of TiO,
films doped with three different Au NP weight fractions: a) 4 wt%, b) 5.5 wt %,

c) 8 wt%.
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and statistically dispersed. Size distribution analysis
performed with ImageJ 1.34s yielded a mean particle
size value of 9.51 nm with a standard deviation of
0.89 nm, in close agreement with the results obtained
from the TEM image of particles in the initial water
solution.
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Figure 6. Large-scale bright-field TEM image of a TiO,—Au (8 wt %) film deposited on
the back side of a carbon-coated copper grid and annealed at 200°C. A histogram of
the size distribution of the particles is reported in the upper left inset. Calculated
mean particle diameter is 9.51 nm (0.89 nm SD). The inset on the right reports a
close-up view of an Au NP aggregate.

In Figure 7 the refractive indices of the films that underwent
annealing at increasing temperatures are plotted together with
the calculated refractive index using the peak position of the
SPR band. The y-axis on the right side reports the film porosity
calculated using the refractive indices of the film.
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Figure 7. Thermal evolution of TiO,—Au (8 wt %) film refractive indices
(left y-axis) and porosity (right y-axis) a) measured by ellipsometry and
b) calculated with the Mie theory using the SPR band maximum of Au
NPs.
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The images in Figure 8 show four samples of TiO,
and TiO,—Au films deposited on silica substrates and
annealed at the reported temperatures. The sample
dimensions can be deduced from the scale at the bot-
tom. Undoped films (upper samples) are colorless
across the whole annealing temperature range (only
the samples annealed at 100 °C and 400 °C are shown
in the picture) while the TiO, Au films evince pink to
violet colors depending on the firing temperature.

The X-ray diffraction (XRD) spectra reported in
Figure 9 show the microstructural composition of
TiO,—Au films annealed at 200, 400, and 500 °C to-
gether with the diffraction signal from a monolayer
of Au particles deposited on an aminopropylsilane-
functionalized glass slide. The peaks detectable in all
the patterns arise from (111) and (200) planes of the
cubic lattice of crystalline metal gold (powder dif-
fraction file no. 04-0784, International Centre for
Diffraction Data (ICDD), Newton Square, PA). The
crystal size evaluated from the Scherrer equation
using the full width at half maximum (FWHM) val-
ues of the diffraction peaks are spread around a
mean value of 5 nm with a maximum deviation of
8 % . However the titania film exhibits no discernible
diffraction peaks at temperatures up to 400 °C. Only
when annealed at 500 °C does crystallization into the
anatase phase occur, leading to peaks from (101) and
(200) lattice planes (powder diffraction file no. 86-
1157, ICCD), with calculated mean crystal dimen-
sions of 11 nm.

The film topography was analyzed by atomic force
microscopy (AFM) to determine if the annealing and
crystallization affect the overall film smoothness, which is criti-
cal for optical applications. In Figures 10a,b and 11a—c, typical
tapping mode images are shown, and Figures 10c and 11d re-
port topographic profiles obtained from the images. Figure 10d

TiO: Ti0,
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Figure 8. Picture of TiO; films (upper) and TiO,—Au (8 wt %) films (lower)
deposited on SiO, glass substrates annealed at 100°C (left side) and
400°C (right side). The scale bar is in centimeters. Au NPs confer the films
with a pinkish color after low-temperature annealing that turns to violet
after treatment at higher temperatures.

Adv. Funct. Mater. 2007, 17, 347-354
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Figure 9. XRD pattern of films annealed from 100 to 400 °C and at 500 °C.
Au(111) and (200) diffraction planes are recognizable in all the patterns,
while anatase (101) and (200) lattice planes are detectable in films heated
up to 500 °C. Crystalline grain dimensions evaluated with the Scherrer cor-
relation yield a crystallite diameter of 5 nm for Au NPs and 11 nm for ana-
tase. The lower plot is the diffraction pattern obtained from a pure Au NP
monolayer deposited on (3-aminopropyl)triethoxysilane (APES) functiona-
lised SiO, glass substrate. Peaks associated with the (111) and (200) lat-
tice planes of metallic Au are visible. The grain size was estimated to be
5 nm.

shows the evolution of average peak-to-trough height of the
surface features as a function of the annealing temperature of
the sample, and Figure 11c shows the image obtained after a

X

scan performed on an Au NP monolayer which was synthesized
by adsorption of NPs onto (3-aminopropyl)triethoxysilane
(APES)-functionalised glass surface.

3. Discussion

The key synthetic goal of this work was the design of a gener-
ic process for dispersing monodisperse metal nanoparticles into
titania films over a wide range of particle concentrations with
minimal aggregation or phase separation. A key step is the sur-
face functionalization of the nanoparticles so that they can be
highly concentrated and dispersed into ethanol-based solutions,
which have a substantially lower dielectric constant than water.
MUA-capped Au nanoparticles are highly soluble in basic
aqueous environments and aggregate in acidic media because
of protonation of the carboxyl groups of MUA.!®I Addition of
1 M HCl solution to the MUA/Au particles suspension in water
causes the particles to flocculate and gently precipitate at the
bottom of the flask allowing almost complete solvent removal.
The consequent addition of 20 pL of concentrated NHj; solu-
tion (28 vol %) causes fast ionization of the carboxylic groups
and leads to complete repeptization without strongly increas-
ing the ionic strength.[”]

Direct mixing of the citrate-stabilized aqueous Au suspen-
sion with the sol-gel solution is not possible because of rapid
hydrolysis/condensation reactions of the Ti butoxide
promoted by the water in the gold sol and because of
rapid aggregation of the gold sol. It has been pre-
viously demonstrated that the carboxyl groups of
MUA do not ionize in ethanol,'”) but only ethanol-
based sol-gel solutions allow deposition of TiO, films
of good optical quality. These issues can be obviated
by addition of acetylacetone to the sol-gel solution,
which retards the hydrolysis rate of Ti butoxide.'"!
Furthermore in order to securely transfer the Au par-
ticles into the sol-gel mixture, methanol has been
found to be a suitable carrier. Premixing the aqueous
MUA-capped Au nanoparticle suspension with
methanol prevents particle aggregation when the Au

in the water/methanol mixture is added to the tita-
nium butoxide solution in ethanol. This may be re-
lated to the difference in polarity of methanol (32.6
at 25°C1")) and ethanol (24.3 at 25 °C"). However,
ethanol is the preferred solvent since rapid evapora-
tion of methanol induces undesired Au-particle ag-
gregation and even expulsion of particles from the
matrix.[®!

More difficult to identify is the optimal pH of
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the precursor solution. Titania has a point of zero
charge (PZC) in aqueous media of pH 5.5-6.8,

Figure 10. T umx1 pm AFM images of a) TiO, film and b) TiO,—Au (8 wt %) film
heated at 100°C. Linear scans 1 and 2 are plotted in (c). d) Evolution of the average
height versus temperature (100-500°C range) for TiO, and TiO,~Au films. White
spots in (b) are Au NPs partially emerging from film surface. The mean z-direction
surface roughness values evaluated from (a) and (b) are 0.3 and 0.8 nm, respectively.

Adv. Funct. Mater. 2007, 17, 347-354
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depending on the particle crystallinity and the
anions present,'*??! because of protonation and
deprotonation of surface hydroxyl groups to form
Ti-OH," species at pH<PZC or Ti-O~ groups at
pH>PZC.
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Consequently, the pH values that allow controlled,
homogeneous nanoparticle loading are confined to a
small pH range (between 5 and 6.8). The higher limit
is imposed by the necessity of ensuring the final sol—
gel solution has a pH lower than the PZC of TiO,,
while the lower one is necessary to avoid aggregation
of Au NPs.[!

The optical absorbance spectra of Figure 3 clearly
show a red-shift of the absorption plasmon band of
Au NPs inside the TiO, films depending on the an-
nealing temperature. It must be mentioned that all
the TiO,—Au films were synthesized from the same

batch of Au clusters; moreover, the TEM images in
Figure 6 demonstrate that the Au particles are not
affected by the annealing process and do not aggre-
gate inside the matrix. Consequently, any observed
change in the optical absorption spectra can be at-

s
CEys
N 2 - /
]f//\/J
0
T T T
0 20 40 60 80
X (nm)
|

T T T T
100 120 140 160

tributed to differences in the TiO, refractive index.
The optical absorption spectra in Figure 4 further
corroborate the assertion that the red-shift of the
SPR band is associated with a modification of the op-
tical properties of the matrix and not to changes in
the particle morphology, because the wavelength of
the SPR band maximum remains unvaried if films

)

Figure 11. a) T umx1 pm AFM image of a TiO,—Au film annealed at up to 300°C.
b) 1 umx1 pm AFM image of a TiO,—Au film surface heated to 500°C. The grainy
structure of anatase crystals is discernible over the whole region. ¢) 0.5 pmx0.5 um
image of a Au NP monolayer deposited on the surface of a SiO; substrate: Well-sepa-
rated, “naked”, single particles are recognizable. d) Topographical traces of gold parti-
cles 1) on top of a gold doped titania film and 2) on top of a silica substrate. The max-

imum vertical excursion in (1) is 4 nm, while in (2) itis 11 nm.

The decreasing pH of the solutions used in the synthesis
scheme (Fig. 1) from 8 to 5 can be ascribed to the chemistry of
the overall process. The basic character of the concentrated
Au/MUA suspension in water results from the dissociation of
NH; to form NH,* and OH™. Approximately 6 % of the total
amount of NHj; molecules ionize the carboxylic terminal
groups of MUA, stabilizing Au NPs in the aqueous environ-
ment. The pH is reduced to about 7 when an excess of metha-
nol is added, probably because the lower dielectric constant re-
duces the degree of ionization of the ammonia. Nevertheless,
MUA -stabilized Au NPs do not aggregate when methanol is
added (whereas they do aggregate if ethanol or longer carbon
chain alcohols are added), indicating that the carboxyl groups
of the MUA are still partially ionized in methanol. When the
sol-gel solution is added, the pH of the mixture further de-
creases because of deprotonation of acetylacetone by ammonia
in the aqueous solution; a known reaction that is adopted as an
effective method for the chemical synthesis of B-amino ke-
tones.”>? The pH value (around 5) of the final sol-gel solu-
tion is lower than the PZC for TiO,, thus conferring a weak
but significant positive charge density on the TiO, surface that
can effectively anchor the negatively charged Au nanoparticles.

www.afm-journal.de
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with different gold contents are annealed at the same
temperature.

Spectroscopic ellipsometry has been used to mea-
sure the optical constants and film thickness of all
the samples (see Table 1). The refractive index can
also be determined independently from the position
of the SP band using Equation 1

Aimax = A (6 + 26m) (1)

Here, 4, is the bulk plasma wavelength of gold (131 nm) and
&., is the high frequency value of the dielectric function (12.2
for gold). For a nonabsorbing matrix, the refractive index is
Nmed =1/6v. Measured values of the refractive index of the
TiO,-Au films are plotted in Figure 7 (left y-axis) together
with the values calculated using Equation 1.”* The maximum
difference between the calculated values and the measured
ones is about 10 % for the samples annealed at 100 °C. The
right side of the graph in Figure 10 reports the film porosity es-
timated using the refractive indices of the films (both measured

Table 1. Film thicknesses and refractive indices (n) measured using ellip-
sometry at 589 nm for TiO, and TiO,-Au (8 wt%) films at different
annealing temperatures measured using ellipsometry.

Annealing Temperature  Film thickness [nm] Refractive index, n

[q Tio,  TiO»Au  TiO, TiO~Au
100 82 99 1.75 1.80
200 48 58 2.06 2.08
300 48 48 2.09 2.14
400 42 42 2.19 2.20
500 41 42 2.17 218

Adv. Funct. Mater. 2007, 17, 347-354
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and calculated) using the equation proposed by Zhao et al.”*”!
and Ahn et al.?® and assuming a value of n=2.52 for the re-
fractive index of dense TiO,. The measured thicknesses and re-
fractive indices of both TiO, and TiO,-Au films are summa-
rized in Table 1. While the refractive indices calculated from
the SP-band position are consistently lower than the values
from ellipsometry, the difference is not large. The simplest ex-
planation for the difference is that ellipsometry measures the
volume-average refractive index, including the void space and
the sol-gel matrix, whereas the gold nanoparticles may interact
locally with regions of slightly lower-than-average refractive in-
dex. We exclude changes to the gold particle optical properties
since the dielectric data of Johnson and Christy have been
found to be very accurate for the region 13<n<1.6.
Furthermore, there is no evidence for thermally induced shape
changes that would cause red-shifts,'>?*! nor is there evidence
for polydispersity.[g’ls] The porosity values of the titania films
calculated both from measured and estimated 7,04 values are
in close agreement except for samples heated at 500 °C.

XRD analysis performed on TiO,—Au films allows the micro-
structural evolution of the films during the annealing process
to be monitored. Figure 9 reports diffraction peaks registered
for TiO,—Au films annealed at 100, 400, and 500 °C as well as
measurements of a gold NP monolayer deposited on a silica
glass substrate by means of APES. The XRD signal arising
from Au NPs embedded in TiO, matrices is identical to the
one obtained from the naked Au NP monolayer on a glass sur-
face, showing peaks from (111) and (200) planes of the Au lat-
tice and the same FWHM. The grain size calculated from the
XRD spectrum was found to be 5-6 nm; as the mean particle
diameter estimated using TEM is 9.51 nm we can conclude that
the particles are nearly monocrystalline. Conversely, XRD
spectra of films annealed at 500 °C show peaks belonging to
crystalline anatase (101) and (200) lattice planes, indicating
that the phase transition from amorphous titania to anatase oc-
curs between 400 °C and 500 °C. At this annealing temperature,
the size of the anatase grains estimated with the Scherrer equa-
tionis 11 nm.

AFM scans of the film surface were used to monitor the film
structure and morphology. 1 pm x 1 pm scans revealed an ex-
tremely smooth surface topography, with values of the average
surface roughness in the 0.3-0.6 nm and 0.3-0.8 nm ranges for
TiO; and TiO,—Au films, respectively. The trend of these values
with annealing temperatures was different for Au-doped and
undoped films. The roughness of pure TiO, films increased
with increasing heating temperature of films, while for
TiO,—Au films the roughness was at a minimum for samples
annealed at temperatures up to 300 °C. These trends are more
evident in the line scans shown in Figure 10c. In Figure 10d,
the average peak-to-trough height is plotted for films annealed
at different temperatures. A comparison of the images in Fig-
ure 10a and b reveals that some gold nanoparticles are discern-
ible as white spots on the sample surface in TiO,—Au films. This
causes the differences in the line scans, with the presence of
15 nm gold particles on the film surface causing larger surface
roughness. However, above 300°C, both Au-doped and un-
doped films exhibited increasing roughness, which must result
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from changes in the titania matrix. Studies conducted on TiO,
surfaces”"! have revealed that for 7>300°C an increase in
surface roughness corresponds with the transformation of
amorphous TiO; to the rougher polycrystalline phase of ana-
tase. From these AFM measurements it can be deduced that
the initial anatase grains forming at temperatures up to about
400°C are probably too small to be effectively detected by
XRD but are big enough to affect the surface topography of
both TiO, and TiO,—Au films.

A question that arises from these AFM scans is whether the
emerging Au NPs visible on TiO,—Au films are phase separat-
ing out of the TiO, network or are covered by a thin layer of
TiO,, and consequently totally embedded inside the matrix. To
clarify this point a monolayer of Au NPs was deposited on a
glass substrate by means of APES and then characterized by
AFM. Figure 11a (amorphous TiO,-Au film) and b (crystalline
TiO,~Au film) clearly reveal the differences in surface mor-
phology induced by TiO, crystallization. After annealing at
500 °C, anatase grains are clearly recognizable with AFM, and
Au NPs are no longer easily resolved because the grain size of
the anatase and gold are very much alike. These images of ana-
tase with grain size of 10-12 nm are consistent with the mean
grain size of 11 nm calculated from the Scherrer equation.

In Figure 11c, an AFM image of a dense gold nanoparticle
monolayer is shown. The particles can be readily identified de-
spite close packing. A cross section through a single particle is
shown in Figure 11d. The gold particle is readily identified by
its almost spherical profile. Despite the close packing of the
particles, the target nanoparticle sits about 10-12 nm above the
surrounding matrix. The apparent width of 23 nm is an aberra-
tion caused by the finite tip angle.®) We conclude that if the
particles were phase separated from the titania during crystalli-
zation, they would present much higher profiles on the film sur-
face. The much lower, rougher profiles are more consistent
with the particles remaining coated by titania, even if they mi-
grate towards the surface.

Finally, we note that the broadening of the SPR in the films
annealed at 500 °C may result from electronic interactions that
occur between anatase and the metal clusters.”? The interac-
tions can induce spatial spreading and scattering of conduction
electrons across the particle/matrix interface, modifying the
electron density at the interfacial region,'” thus resulting in
broadening of the SPR band. The FWHM of the XRD peaks
belonging to the Au lattice planes in the films annealed at
300-500 °C is constant, and this implies that there is no modifi-
cation in grain features of Au NPs in TiO,—Au films annealed
at 500 °C.

4. Conclusions

We have demonstrated that small metal nanoparticles can be
homogeneously dispersed into titania thin films using sol-gel
processing. The optical properties of the resultant films depend
on the annealing regimen, which determines the condensation
and crystallization kinetics of the composite. The absorption
scales linearly with particle loading, i.e., there is no surface
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plasmon coupling in the films because of the low volume frac-
tion of nanoparticles. Spin-coating directly onto TEM grids en-
ables us to demonstrate that nanoparticle migration is minimal
in films annealed at up to 300°C. AFM reveals that the gold
nanoparticles are exuded from the film during annealing. A
similar process has been observed for gold-silica composites.
Finally for photocatalysis and gas-sensing applications, it has
been found that the surface plasmon resonance gives an accu-
rate measure of the film porosity, which must be optimized for
mass-transfer processes within the films.

S. Experimental

For the preparation of the colloidal gold dopant solution, HAuCly,
trisodium citrate, analytical grade NH; (28 % aqueous solution), HCI
(36 % aqueous solution), and mercaptoundecanoic acid (MUA, 95 %)
were used as received. The water used was Milli-Q water at 18 MQ. Ti-
tanium(IV) butoxide and 2.4-pentanedione (acetylacetone, AcAcH)
were used as sol-gel. The overall synthetic route is summarized in the
scheme of Figure 1. Colloidal gold was synthesized by reducing
HAuCl, with trisodium citrate in water [13]. 40 mL of 1% trisodium
citrate solution was added to a 1 L boiling solution of 4.5x10™ m
HAuCly. The reaction was maintained at boiling point until a red-wine
color of solution was observed. Separately, MUA was dissolved in a
2.5 vol % aqueous NHj solution to yield a 1 x 10~ M concentration. The
MUA solution was then added to the colloidal gold (25 pum) and incu-
bated for 2 h under constant stirring at room temperature. 1 M HCI so-
lution was then added dropwise to reduce the pH~3, at which point
the gold particles flocculated and started to precipitate to the bottom
of the flask. There was a sudden change in color of the solution from
wine-red to dark-violet. The suspension was sedimented overnight,
then the supernatant was removed and the dense sediment (ca. 5 mL)
was redispersed by simply adding a single drop (ca. 20 pL) of 28 vol %
aqueous ammonia solution. The sol was then diluted to a final stock
concentration of 60 mm.

Separately, titanium(IV) butoxide, 2,4-pentanedione, and EtOH
were mixed at 1:1.6:1.2 mol ratios and allowed to react under stirring
for 25 min in a closed vial. 2,4-Pentanedione complexes to the titaniu-
m(IV) butoxide molecules through a slight exothermic reaction,
whereas EtOH decreases the overall viscosity of the solution. The con-
centrated gold suspension was diluted with MeOH and then mixed with
the sol-gel solution in a volume ratio of gold colloid:MeOH:sol
gel=1:3:1. This was the solution used for film deposition.

Spin-coating was utilized for film deposition, and samples were ob-
tained using both silica glass and silicon as substrates. Films were de-
posited at 3500 rpm for 25 s, at room temperature, and under a con-
stant helium flux. Samples underwent thermal annealing in a tube
furnace at temperatures progressively increasing from 100 to 500 °C,
with a temperature gradient of 200°Ch". Extinction spectra of nano-
particle solutions and films were collected using a Cary 5 UV-vis-NIR
spectrometer in the 200-800 nm wavelength range. TEM images were
taken using a Philips CM10 transmission electron microscope. The col-
lection of an image of the gold-doped film was made possible by spin-
coating a carbon-coated copper grid with the sol-gel solution. Ellip-
sometry was carried out using a Jobin-Yvon UVISEL spectroscopic el-
lipsometer and fitted to standard dispersion formulae. AFM imaging
was carried out in tapping mode on a Digital Instruments Dimension
3100 instrument. All the films were characterized by X-ray diffraction
(XRD) by using a Philips diffractometer equipped with glancing-inci-

dence X-Ray optics. The analysis was performed using CuKa Ni-fil-
tered radiation at 40 kV and 40 mA.
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