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ABSTRACT: The unique property of plasmonic materials to
localize light into deep sub-wavelength regime has greatly
driven various applications in the field of photovoltaics,
sensors, and photocatalysis. Here, we demonstrate the one-
step growth of an oxide—metal hybrid thin film incorporating
well-dispersed gold (Au) nanoparticles (NPs) with tailorable
particle shape and diameters (ranging from 2 to 20 nm)
embedded in highly epitaxial TiO, matrix, deposited using
pulsed laser deposition. Incorporation of Au NPs reduces the
band gap of TiO, and enhances light absorption in the visible
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regime owing to the excitation of localized surface plasmons. Optical properties, including the plasmonic response and
permittivity, and photocatalytic activities of the Au—TiO, hybrid materials are effectively tuned as a function of the Au NP sizes.
Such optical property tuning is well captured using full-field simulations and the effective medium theory for better
understanding of the physical phenomena. The tailorable shape and size of Au NPs embedded in TiO, matrix present a novel
oxide—metal hybrid material platform for optical property tuning and highly efficient plasmonic properties for future oxide-

based photocatalytic sensors and devices.
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B INTRODUCTION

Titanium dioxide (TiO,), a wide band gap semiconductor (~3
eV for rutile and ~3.2 eV for anatase), has been extensively
studied for its photocatalytic properties following the discovery
of the Fujishima—Honda effect in 1972." Since this discovery,
TiO, has been proposed to be used in the areas of solar cells,
water-splitting, degradation of pollutants and organic mole-
cules, water purification, etc.””> Toward the practical
applications of TiO, as photocatalyst, its wide band gap has
limited the usage in the ultraviolet regime, which constitutes
~5% of the solar electromagnetic spectrum.’ Much efforts have
been devoted to increase its efficiency in the visible regime by
incorporating plasmonic nanostructures in TiO,.”~"" For
example, the integration of noble-metal nanoparticles (NPs)
in a semiconductor has attracted much attention because of the
strong absorption of light in the visible regime due to the
resonant oscillation of surface conduction electrons excited by
light, known as localized surface plasmon resonance (SPR).
The SPR effect has been efficiently exploited in various
applications, such as photocatalysis and photovoltaics.'>"?

To further enhance the absorption efficiency of solar
spectrum, noble-metal-based plasmonic structures can be
further nanoengineered to achieve extreme control over light
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at nanoscale. For example, plasmonic structures have the
ability to enhance low-intensity light by concentrating light
over a small area. More recent applications of nanoscale
plasmonic materials are in quantum optics, cloaks, water
purification, solar distillation, and reconfigurable metamate-
=1 Among all plasmonic materials, Au is one of the
most promising and widely used materials because of its
biocompatibility, high stability, and excellent quality factor.'” It
allows the nanocomposite structure to harvest sub-band gap
photons, thus increasing its absorption range.

Most of the metal integrations focus on surface incorpo-
ration by various methods such as evaporation,”*”*" photo-
catalytic reduction,” chemical reduction,”* colloid photo-
deposition,”” and facile adsorption.”* Incorporating the metal
nanostructures within an oxide matrix poses significant
challenges due to potential interdiffusion, oxidation, and
structure instability. For example, most of the metals readily
diffuse in oxide matrix. Very recently, several successful
demonstrations on the growth of epitaxial metal—oxide
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Figure 1. Cross-sectional scanning transmission electron microscopy (STEM) images showing Au NPs embedded in epitaxial TiO, thin film for
growth temperature of (a) 700 °C, (b) 500 °C, (c) 300 °C, and (d) mixed temperature.

systems have opened the possibilities of such hybrid material
platform with the two phases deposited simultaneously using
pulsed laser deposition (PLD).”*~*’

In this work, we fabricated a new nanostructure with Au NPs
embedded in TiO, matrix grown on STO(001) using PLD, as
illustrated in the embedded schematics in Figure 1. The
advantages of PLD include good stoichiometry control,
flexibility in co-growing two-phase nanocomposites, and
relatively low contamination levels.”**° Moreover, being a
nonequilibrium process, PLD is effective in fabricating thin
films with complex stoichiometry and producing metastable
phases such as anatase phase (instead of the bulk
thermodynamically stable rutile phase), which has been
reported as a better photocatalyst than rutile.’’ However,
very limited studies have been conducted regarding plasmonic
noble-metal NPs embedded in photocatalysts using PLD and
are mostly based on nanocrystalline TiO, thin films.*>** Here,
we demonstrate the ability to incorporate Au nanoparticles
uniformly and epitaxially in TiO, matrix. More interestingly,
the size, shape, and distribution of Au NPs can be effectively
tailored to tune the plasmonic properties of the Au NPs and
the photocatalytic properties of TiO,. This straightforward
approach is demonstrated by fabricating a multilayer stack of
Au—TiO, with distinct sizes of Au NPs by varying the
substrate temperature. In addition, effective medium approx-
imation (EMA) coupled with spectroscopic ellipsometry can
be used to estimate the Au NP size effect on the effective
permittivity of Au—TiO, nanocomposite.

B RESULTS AND DISCUSSION

To study the deposition temperature effect on the size and
shape dependence of Au NPs embedded in TiO,, high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) studies were performed on all samples
deposited at 300, 500, and 700 °C and three mixed
temperatures. Figures 1 and S1 (in the Supporting
Information) show the cross-sectional STEM images of TiO,

and Au-TiO, thin films on STO(001) and MgO(001),
respectively. The STEM imaging under HAADF condition is
also called Z-contrast where the image contrast is roughly
proportional to Z2** Such composition-based contrast differ-
ence in STEM is ideal for microstructural analysis of two-phase
nanocomposites. STEM image clearly shows the Au NPs
uniformly embedded in TiO, matrix where Au has a brighter
contrast than that of TiO, because of its higher atomic number
(Z) (Figure 1). The average Au NP size decreases as the
substrate temperature reduces. The average Au NP size
decreases from ~17 nm at 700 °C to ~5 nm at 500 °C and
~2 nm at 300 °C. The same trend is also observed for the
samples on MgO(001) substrates (Figure S1), i.e., the particle
size decreases from ~9 nm at 700 °C to ~4 nm at 500 °C and
~2 nm at 300 °C. Higher growth temperature increases the
surface mobility (i.e, surface diffusivity) of the Au ad-atoms,
which leads to larger Au growth islands, e.g, larger Au
nanoparticles in the TiO, matrix for the case of the 700 °C
sample. In comparison, decreasing the temperature to 500 and
300 °C decreases the surface mobility of Au NPs and thus
leads to smaller Au NP formation. Interestingly, the particle
shape also changes with the deposition temperature to
minimize the overall interfacial energy. At 700 °C, well-faceted
large Au nanoparticles are observed. The particle shape
changes to elliptical and spherical for samples deposited at
500 and 300 °C, respectively, and the particles show more
uniform distribution in the matrix for both cases. Figure 1d
shows the film grown at three different temperatures
consequently, which clearly illustrates the ability to easily
tune the sizes and distribution of Au NPs via the deposition
temperature control. Another notable feature observed in the
STEM images is the ability of the Au NPs to self-align to form
pillars. At 500 °C, the tendency to form nanopillar-like
structures from the vertically aligned nanoparticles is clear, as
indicated by the circled areas. The ability of Au particles to
align as nanopillars suggests the possible strain-driven
alignment of Au NPs in TiO, matrix. Overall, the growth
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temperature plays a critical role in determining the particle
shape and size. For all samples, a seed layer of Au NPs is
nucleated near the film—substrate interface to assist the initial
nucleation and growth of the Au—TiO, nanocomposite
structure.

The X-ray diffraction (XRD) 6—26 scans of TiO, films
(Figure S3) confirm the highly textured growth of anatase
TiO, along (004) direction for all cases. As opposed to the
more thermodynamically stable rutile phase, the growth of
metastable anatase phase results in the lowering of the overall
free energy by forming a semicoherent interface and is the
preferred ?hase to form on STO because of better epitaxial
matching.> Au peaks show the presence of two major
orientations of (002) and (111), and the orientation
preference varies as a function of temperature, i.e., (002) for
the 700 °C one and (111) for the SO0 °C one and the 3-
temperature one. A narrow full-width half maximum of the
rocking curve for the (004) TiO, peak indicates the high
epitaxial and crystalline quality of the film (Figure S4), whereas
the TiO, peak completely disappears for the 300 °C sample,
implying that the crystallinity of the film reduces at lower
growth temperatures. Moreover, the XRD 6—20 scans (Figure
S3) and the selected area electron diffraction (SAED) pattern
(Figure S2) confirm the epitaxial growth of TiO, and Au NPs
on STO evidenced by their distinguished diffraction dots. The
growth orientations of TiO, and Au are determined to be
Au(002)//Ti0,(004)//STO(002) and Au(200)//
Ti0,(200)//STO(200). Hence, the growth temperature
plays a critical role in determining the film crystallinity and
the Au NP sizes.

An important characteristic of the Au—TiO, nanocomposite
thin films is their highly tunable optical properties. The optical
response of nanocomposites varies greatly with the Au NPs’
size, shape, and density. All films on MgO substrates were
characterized by optical transmittance measurements at the
normal incident angle. Figure 2a shows the UV—vis—near-
infrared (NIR) transmittance spectra of the films grown at
different temperatures. First, all samples present an obvious
absorption edge around 350 nm that is related to the band gap
of the TiO, films. Specifically, the absorption edge of TiO,
presents an obvious redshift from 380 nm (pure TiO,) to as
high as 460 nm (grown at mix temperature) in the visible
regime because of the presence of Au NPs. A detailed band gap
calculation using the Tauc plot yields the plot in Figure 2b
where the band gap of TiO, varies from 3.25 eV (grown at 700
°C, closer to its bulk value of 3.2 €V) to 2.91 eV (grown at 300
°C). Such obvious E, reduction is attributed to possible TiO,
film stoichiometry variation due to the Au inclusions as well as
the interface effects at the Au—TiO, interfaces, which will be
discussed in more detail later. It has been reported that the
variation in oxygen stoichiometry could change the conduction
band of oxide semiconductors and thus lead to the band gap
variation.>®>” In this work, we have confirmed that the Au NP
incorporation actually results in more stoichiometric TiO,
(Ti/O ratio of 1:2) using X-ray photoelectron spectroscopy
(XPS) analysis and considered this as one of the possible
reasons for the band gap tuning. In addition, interface-based
strain tuning could also cause tuning in bandgaps, as shown by
others.”® Second, all Au—TiO, nanocomposite films present an
obvious plasmonic absorption peak and the peak position shifts
systematically. We recall that the Au NPs’ size varies from ~17
nm (700 °C) to 2 nm (300 °C). Such large tunability in Au
NP size results in the large shift in the plasmonic absorption
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Figure 2. (a) Transmittance spectra of the TiO, and Au-TiO,
nanocomposite films for varied growth temperature and (b) their
corresponding band gap calculated using the Tauc plot. The marked
region in (a) is shown as an inset in (b).

peak from 578 nm (500 °C sample) to 622 nm (700 °C
sample). Note that the plasmonic absorption for the sample
grown at 300 °C is relatively weak and broad and thus there is
no clear SPR peak assigned. More interestingly, the film grown
under the mixed temperatures of 300, 500, and 700 °C shows
the maximum absorption of light over a very broad range of
spectrum from ~1000 to 480 nm, which is attributed to the
various Au NP sizes introduced by the three different growth
temperatures. Such systematic SPR peak shifting for the Au—
TiO, samples is believed to be related to the tunable Au NP
sizes, which leads to the enhanced plasmonic absorption at
specific wavelengths.

Furthermore, the anisotropic optical properties of the Au—
TiO, film deposited under mixed temperatures have been
explored using angular-dependent transmittance measure-
ments. A schematic of the setup is shown in Figure S5a. The
incident depolarized light strikes the sample at various
incidence angles, and the subsequent transmission is recorded.
Figure SS summarizes the angular-dependent transmittance
and reflectivity results of samples grown at mixed temper-
atures. The plasmonic resonance peak shows a redshift from
579 to 592 nm as the incident angle decreases, which is due to
the anisotropic nature of Au NPs (see Figure S6b). At higher
angles, the light in higher wavelength regime is required for the
plasmonic resonance of Au NPs. Moreover, varying the
transmittance angle from 20 to —20° increases the absorption
by 3% (Figure SSc). Hence, angular measurement provides a
direct measure of the anisotropy nature in the material and
confirms the shape dependence of the plasmonic response. It is
observed that transmittance decreases at higher angles in all
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Figure 3. (a) Cross-sectional STEM image of the Au—TiO, film grown on STO(001) at 700 °C, (b) approximate geometry used to simulate the
absorption spectra, (c) experimental absorption spectra and (d) calculated absorption spectra showing the surface and bulk contribution of Au
NPs, (e) absorption map corresponding to incident illumination at 585 nm and (f) 710 nm.

samples. This is because at higher angles, the incident and
reflected wave can destructively interfere more easily, thus
decreasing the transmission (and increasing the reflection).
To gain a better understanding of the optical properties, the
optical response in the nanocomposite system was modeled
using COMSOL Multiphysics 5.3. Figure 3a shows the cross-
sectional STEM image of Au—TiO, sample grown at 700 °C,
which was used to approximate the simulated geometry shown
in Figure 3b. Experimental and calculated absorption spectra
show a reasonable match, as shown in Figure 3c,d, respectively.
The absorption spectra show two major peaks at regimes near
580 and 710 nm, observed in both simulated and experimental
spectra. Figure 3e,f maps the absorption of Au NPs at 585 and
710 nm, respectively. On the basis of the calculation, it is
observed that the peak near 580 nm is caused by Au NPs
themselves whereas the peak near 710 nm corresponds to the
sharp corners and interparticle coupling of Au NPs. Figure 3d
shows the absorption (W/m) in Au NPs from the surface of
Au NPs and from the bulk Au NPs. It again shows that the
surface (coupling) effect becomes more prominent at higher
wavelengths as the bulk absorption decreases at higher
wavelengths. The difference between the experimental and

32898

simulation spectrum could be because the simulation was
based on the geometry from a small region whereas the
experimental data was collected from a large area of the
samples.

Au NPs introduced during the growth of TiO, thin films
have major impact on the overall optical response of the hybrid
materials. One of the possible reasons for such strong effects is
the possible impact on the overall stoichiometry of TiO,
matrix. Thus, a detailed study on the film composition and
oxidation states of the elements were studied using XPS.
Survey spectra showed the presence of Ti, Au, O, and C. High-
resolution XPS spectra of Ti 2p and Au 4f core levels for pure
TiO, grown at 700 °C and Au—TiO, films grown at 300 and
700 °C are shown in Figure 4. The Ti 2p;,, and Ti 2p,/, peaks
have binding energies of 458.5 and 464.3 eV, respectively, with
a spin—orbital splitting of 5.8 eV. According to the Ti 2p peak
positions, Ti chemical state can be unambiguously assigned to
Ti*" state: these values are consistent with those reported for
TiO, films.**** The Au 4f,,, and Au 4f;,, peaks have binding
energies of approximately 84.1 and 87.8 eV, respectively, at
300 °C with a spin—orbital splitting of 3.7 eV. The Au 4f peak
position and shape correspond to the metallic gold Au’. The
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Figure 4. High-resolution XPS spectra of (a) Ti 2p and (b) Au 4f of
Au—TiO, nanocomposite thin film.

low binding energy shift of the Au 4f,,, peak from 84.1 to 83.4
eV is observed as the growth temperature increases from 300
to 700 °C. This shift can be explained by the charge transfer
from titania to Au NPs.® Interestingly, the interfacial charge
transfer in the case of Au—TiO, sample grown at 700 °C is
more than that of the sample grown at 300 °C. The binding
energy of Au increases with the decreasing particle size. Atomic
percentage calculated on the basis of the XPS results shows
that TiO,—Au has a closer stoichiometric ratio (atomic ratio of
Ti/O) of 1:2.

Tunability of the optical properties with and without Au
addition was evaluated on the basis of the spectroscopic
ellipsometry measurement. The data fittings were performed
assuming isotropic response (&[po1] = €[o10] = €[100)) through
the use of general oscillator models to enforce the Kramers—
Kronig consistency. Figure Sa shows the ellipsometer
parameter y fitted using an appropriate model to calculate
the dielectric permittivity (see Methods section). The
dielectric complex function, i.e., permittivity real part & and
imaginary part €” of the TiO, and Au—TiO, nanocomposite
are plotted in Figure 5b. The optical constants calculated from
Maxwell Garnett EMA (see the Supporting Information)
closely match with the constants obtained by the ellipsometry
model fitting shown in Figure 5b. The additional broadening
may be due to anisotropic nature or the size variation of the Au
NPs. It is interesting to note that the permittivity of TiO,
sample deposited at 300 °C is the same as that of the TiO,
sample deposited at 700 °C. Therefore, significant effects on
tuning the overall permittivity of the Au—TiO, nanocomposite
comes primarily from the Au NPs and the TiO, crystallinity
plays a minor role in tailoring the properties. The effects of the
Au NPs on the overall TiO, photocatalytic properties were

further characterized by photodegradation of methylene blue
(MB) dye with an initial concentration of 10 mg/L. Figure Sc
shows a typical measurement of MB degradation over time.
The normalized absorbance of pure MB, pure TiO,, and Au—
TiO, grown at 300, 500, and 700 °C and mix temperature is
plotted in Figure Sd. Interestingly, the experimental results
demonstrate that the Au—TiO, grown at 500 °C has the
highest photodegradation rate among all five samples. The
increased photoactivity of the 500 °C sample can be attributed
to the lower band gap of TiO, ~2.9 eV (see Figure 2b) and
higher plasmonic absorption over a broader wavelength range
as compared to those of the 300 and 700 °C sample (see
Figure 2a). Thus, these results directly correlate the size
dependence of Au NPs with their photocatalytic activity and
demonstrate potential in designing photocatalytic devices with
higher efficiencies. Different Au NP sizes have resulted in the
obvious tuning of the absorption peak and the band gap of
TiO,, as shown earlier. Therefore, we believe that the obvious
tuning effects on permittivity and catalytic properties observed
in the Au—TiO, samples come primarily from the Au NPs’
size.

There are several key features that this novel structure
provides over other previously reported Au—TiO, sys-
tems.””***~** First, the fully embedded Au NPs inside the
TiO, matrix present efficient charge transfer to the semi-
conductor matrix as compared to other surface Au NP cases.”!
This is attributed to the increased interfacial area available for
electron injection. Second, the shape, size, and density of Au
NPs can be tailored and achieved by using a one-step growth
method. Controlling the shape and size of NPs is important for
tailoring their plasmonic response and for further exIploring the
size dependence on charge injection efficiency.”’ A highly
uniform size distribution of Au NPs can also be achieved. In
addition, very small Au NPs, as fine as 2 nm, can be achieved,
which is much less than the mean free path of electron—
electron scattering (~30 nm for a 2 eV electron) and ideal for
the electron to reach the interface.”’ Third, the optical
permittivity and catalytic properties of the Au—TiO, nano-
composites can be effectively tuned by varying the Au NP size,
as measured using ellipsometry and photodegradation experi-
ments. Fourth, the co-growth method provides flexibility in
morphology control (in terms of crystallinity, purity, and
composition) over other methods previously employed to
fabricate Au—TiO, nanocomposites.”~*> It is possible to adopt
this approach for incorporating other plasmonic nanostruc-
tures in oxide matrix for enhanced optical, electrochemical, and
photocatalytic properties. Incorporation of Au particles
increases the solar energy harvesting range to as high as
1000 nm (compared to that of bare TiO,, which is active
below 390 nm), allowing applications such as photocatalysis
and light concentrators.”” The one-step PLD process
employed here offers easy control of the volume fraction of
Au NPs, which provides new opportunities to manipulate
light—matter interaction over a wide range of wavelengths.

B CONCLUSIONS

In summary, we have demonstrated a one-step PLD deposition
technique to deposit highly textured metastable anatase TiO,—
Au nanocomposite thin films with highly tailorable shape and
size of Au NPs by varying the growth temperature.
Incorporation of Au NPs effectively tunes the band gap of
TiO,. The shape and size tuning of Au NPs increases the
absorption efficiency over a broad optical spectrum. The
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improve the accuracy of the fitted model. (b) Real and imaginary part of the permittivity for the TiO, and TiO,—Au sample deposited at 700 and
300 °C, (c) absorption spectra for methylene blue for different irradiation times with the Au—TiO, film grown at 500 °C, and (d) normalized
absorbance plotted against the irradiation time for the three different films along with the reference MB solution. Inset shows the mechanism of
plasmon-induced charge transfer. Electrons near the Au Fermi level are excited to surface plasmon state and get transferred to TiO, conduction
band where the electron-driven hydrogen evolution half-reaction takes place.

absorption spectra has mainly two components: one arises
from Au NPs at their resonant wavelength and the other results
from coupling between Au NPs seen at longer wavelengths. In
addition, results confirm that the binding energy of Au
increases with decreasing NP size and incorporation of Au
helps to improve the stoichiometry of TiO,. Photodegradation
results conclude that the synergistic impact of lowering of the
TiO, band gap along with the plasmonic absorption of Au NPs
plays a significant role in determining the photoactivity of the
thin films. This controlled fabrication of TiO,—Au nano-
composite thin films presents new opportunities to fabricate
nanoscale metamaterials and control photon—matter inter-
action at nanoscale, which could find useful applications in
photocatalysis and photovoltaic systems.

B METHODS

Thin-Film Growth. Au—TiO, films were fabricated using a TiO,—
Au target prepared by the conventional solid-state sintering process in
air at 1000 °C for 3 h. Both pure TiO, and Au—TiO, thin films were
deposited on single-crystal STO(001) substrates using a PLD system
(with a KrF excimer laser, Lambda Physik Compex Pro 205, A = 248
nm). The laser beam was focused on the target surface at a 45° angle
of incidence to obtain an energy density of approximately 3 J/cm?
The base pressure of the chamber was 1 X 10~ Torr or lower before
deposition. The Au—TiO, samples were deposited with the
temperature ranging from 300 to 700 °C and a laser frequency of 5
Hz. To avoid oxygen deficiencies in the films and potential oxidation
of Au, an intermediate O, partial pressure of 20 mTorr was
maintained during the depositions. The samples were cooled to room
temperature under 100 Torr O, after the deposition.
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Structural, Optical, and Surface Characterization. Structural
characterization of the samples was carried out using X-ray diffraction
(XRD) and transmission electron microscopy (TEM). XRD 26 scans
were recorded using PANalytical Empyrean 2 with Cu Ka radiation,
and the TEM/STEM images and selected area electron diffraction
(SAED) patterns were acquired using FEI TALOS 200X. The TEM
samples were prepared by cutting and manual grinding, followed by
dimpling and ion-polishing (precision ion-polishing system (PIPS
II)). Optical characterization was carried using a UV—vis—NIR
absorption spectrophotometer (PerkinElmer Lambda 1050). The
angular-dependent transmission/reflectivity measurements were
performed using total automated measurement system. The incident
angle was varied from 10 to 60°. Full-wave simulations were carried
out using COMSOL Multiphysics 5.3 to fit the optical measurement
results. The chemical composition of the TiO,—Au films was
investigated using X-ray photoelectron spectroscopy (XPS) system
(Kratos Axis Ultra DLD) with monochromatic Al Ka radiation
(1486.6 eV).

Photocatalytic Activity Measurement. The photocatalytic
activity of different samples was evaluated using photodegradation
of methylene blue (MB) dye under solar light using a Newport 300 W
xenon arc lamp (model 66902) equipped with an AM 1.5G filter with
an intensity of 54 mW/cm? The 10 X S mm” samples were
suspended within the quartz cuvettes in an MB solution. After regular
intervals, the samples were measured with a UV—vis spectrometer.
The peak area was used to estimate the concentration of MB shown in
Figure Sd.

Permittivity Measurements. The permittivity of the TiO, and
Au-TiO, nanocomposite was evaluated using spectroscopic
ellipsometry (JA Woollam RC2). The incident angle was varied
from 55 to 75°, with a step size of 10°. The ellipsometer parameters y
and A are related by the equation: r,/r, = tan(y) e, where 7, and r;
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are the reflection coefficient for the p-polarization and s-polarization
light, respectively. The parameters y and A were fitted using an
appropriate model to calculate the dielectric permittivity. The y and
A are measured at different angles to improve the accuracy of the
fitted model. The calculations were carried out using the ellipsometry
software CompleteEASE. A Cauchy model was used to fit the anatase
TiO,. A general oscillator layer consisting of one Tauc—Lorentz
oscillator and one Lorentz oscillator was used to fit the Au—TiO,
nanocomposite. The fitted models are shown in Figure S7.
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