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ABSTRACT

Porous nanoparticles are very popular because of their high surface/volume ratio; moreover, they have stronger plasmonic properties than
their solid counterparts. Due to these properties, these are potential candidates in optical, or even in ophthalmological applications. We
prepared porous gold nanoparticles on SiO,/Si as well as on sapphire substrates with solid-state dewetting-dealloying methods. In this work,
we studied the morphological and optical properties of porous gold nanoparticles coated with a thin (~7 nm) TiO, layer using the plasma-
enhanced atomic layer deposition method. We show that heat treatments can be used to tune the optical properties of titania coated porous
gold hybrid nanoparticles in a wide range of wavelengths. The change in the optical properties is induced by the TiO, phase transformation,
which also initiates a change in the local refractive index, and assisted by the decrease of the melting point of Au on the nanoscale.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010460

I. INTRODUCTION

Porous materials in the nanometer-sized range are interesting
materials in many fields of science and technology. They are prom-
ising candidates for different applications such as recoverable catal-
ysis, drug delivery, photonic devices, nano-chemical reactors, or
even in ophthalmology.'™ The synthesis and the formation of
hollow nanostructures (nanospheres, nanotubes) in most cases are
based on solid-state diffusion and/or reaction between two parent
materials; in some cases, the Kirkendall effect has been applied to
explain the formation of holes.””~"" Nanoporous gold nanoparticles
with controlled particle and pore size, on the other hand, can be
fabricated using a combination of solid-state dewetting and a subse-
quent dealloying process.'” These porous gold nanoparticles
(PGNs) have a remarkable three-dimensional structure with a high
surface to volume ratio but lose their porous morphology at

relatively low temperatures. To prevent the structure from ligament
coarsening, a thin (~5nm) AL O; layer can be deposited onto the
PGNs with the ALD (atomic layer deposition) method. As was
shown,'>'* the morphology of the alumina coated porous gold
nanoparticles (APGNs) did not change at low temperatures
(350—500°C) but slow out-diffusion of gold started from under
the alumina layer at ~600 °C. Close to ~900 °C, faceted gold nano-
particles formed on the surface of the empty alumina shell due to
the fast out-diffusion of gold.

If a bulk metal is divided into very small elements, its optical
response changes drastically due to the confinement of electrons. If
the size of such an object is much smaller than the wavelength of the
illuminating light, all the conducting electrons will feel the same
homogeneous electromagnetic field and oscillate collectively as a giant
dipole, quadrupole, etc. If the applied wave frequency is equal to the
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eigenfrequency of the movement of the electron gas relative to the
ionic nuclei, this excitation is resonant, which is called surface
plasmon resonance (SPR)."” In a more realistic quantum mechanical
picture, this corresponds to the excitation of coherent electronic tran-
sitions within the conduction band. Strong electromagnetic fields
allow for a significant enhancement of weak third-order nonlinear
processes, which depend superlinearly on the local field. Metal
divided into nanometric elements can give several orders of magni-
tude greater nonlinear response than its bulk phase. This is a direct
consequence of the dielectric confinement and the amplification
depends significantly on the dielectric contrast between the nanomet-
ric elements and the host medium. For these reasons, metal nanopar-
ticles are ideal SPR structures, as their size can be positioned in the
desired range. Surface plasmons, on the other hand, undergo a decay
on the femtosecond timescale, both by radiative damping and via the
formation of “hot” charge carriers,'® which then relax by heating the
nanostructure and its surroundings. Plasmonic losses cannot be
completely eliminated but can be reduced by proper choice of the
nanostructure geometry. In the case of a single nanoparticle, for
instance, absorption losses are reduced. Porous metal nanoparticles
are even more promising as pore-ligaments further subdivide the
nanostructure. The wavelength at which localized surface plasmon
resonances (LSPR) occur depends on the local dielectric environment,
the size, shape, and the geometry of the PGNs.'”~*" The dielectric sur-
roundings of the metal can be varied, e.g., coating with metal-oxide,
which not only affects the SPR properties but can also have a benefi-
cial effect on the thermal stability of the particles. In particular,
hybrid nanostructures that separate light trapping and SP-excitation
sites offer significant advantages. Hybrid integration extends the use
of conventional plasmonic materials such as noble metals into the IR
spectral domain, which is otherwise not easily accessible.”!

In centrosymmetric media (such as noble metal nanoparti-
cles), the even-ordered nonlinearities from the electric dipole origin
disappear. The first non-zero nonlinear sensitivity is then the third-
order one. However, at the interface between two centrosymmetric
media, the inversion symmetry is naturally broken, and second-
order effects are allowed.”””” The determination of the surface y®
tensor elements provides information about the atomic structure of
the interface, the concentration, and the orientation of adsorbed
molecules, etc., and, hence, vice versa, the interface determines the
nonlinear plasmonic properties.”* For example, in a recent study,”
hybrid Au — TiO, platforms for second-order nonlinear plasmonic
applications have been prepared, which rely on charge transfer at
the interface of Au with TiO,; and achieving a clean/controllable
interface is a key factor. This study also shows that there is a recent
surge of interest in hybrid Au — TiO, platforms for nonlinear plas-
monic applications too. Experimental results on enhancing the
second harmonic generation (SHG) due to SPR in noble metal parti-
cles also exist if the particles are not spherical,”*” or if the spherical
particles are scattered on the surface between two different media,
thus breaking the inversion symmetry,” or if the low symmetry
aggregates, or even in a centrosymmetric position through the excite-
ment of the contribution of the electric quadrupole.”” Thus, noble
nanoparticles with a dielectric coating, such as Au — TiO, hybrid
nanoparticles, can offer excellent opportunities for plasmonic, non-
linear plasmonic applications. However, knowing and controlling its
structure is a key issue.

ARTICLE scitation.org/journalljap

This work shows the way of designing and tuning the struc-
ture, as well as basic plasmonic properties of hybrid titania coated
porous gold nanoparticles (TPGNs). We show that in comparison
with APGNSs, pure heat treatment of TPGNs can be used to tune
their optical properties in a wide range of wavelengths. The change
in the optical properties is induced by the phase transformation of
the TiO, and assisted by the decreasing melting point of Au on the
nanoscale.

Il. MATERIALS AND METHODS
A. Sample preparation

Porous gold nanoparticles were fabricated on SiO, as well as
on sapphire (CrysTec GmbH, Berlin, c-plane (0001)) substrates
from laminated thin gold and silver layers (6 nm Au/16 nm Ag),
which were deposited on the flat surface of the substrates by mag-
netron sputtering. SiO, substrates were prepared by growing a few
hundred nanometers of SiO, on the surface of pure Si. Sapphire
substrates were used for optical investigations.

Au-Ag alloy nanoparticles (~330 nm average diameter) were
fabricated by solid-state dewetting technique, ie., annealing the
samples at 850°C in a dynamic Ar + H, atmosphere for 30 min.
The silver was then selectively etched from the alloy nanoparticles
rinsing them in 65 wt. % nitric acid for 15 min at room tempera-
ture.'”” As a result, porous gold nanoparticles formed with an
average pore size of ~10—20 nm. We would like to emphasize that
the diameter of the PGNs and the pore size is mainly determined
by the total thickness of deposited gold and silver layers.

A Beneq-TFS 200 ALD reactor was used to coat the PGNs
with a 7nm thick TiO, layer by plasma-enhanced atomic layer
deposition (PE-ALD). The precursor materials were TiCly and
oxygen plasma. The layers were prepared at 45 °C. The pressure in
the chamber and in the reactor was 7.23 mbar and 1.186 mbar,
respectively. The pulse time for TiCly; was 0.6 s, which was followed
by a 3.5 s nitrogen purge and a 10 s oxygen plasma at 50 W power.
The cycle ended with a 3.5s nitrogen purge. The growth rate was
0.7 A/cycle. Accordingly, 100 cycles were applied to build the 7 nm
thick TiO, coating. Because the PE-ALD method was used, the
coating was produced at such a low temperature where the ligament
coarsening is suppressed.

To study the morphological evolution of the PGNs, a series
of samples were annealed at 350°C, 600°C, 700°C, 800°C, and
900°C for 30 and 60 min in an ambient atmosphere. The 60 min
heat treatments were realized as two consecutive 30 min ones.

B. Sample characterization

The morphology of the PGNs was studied by scanning elec-
tron microscope (SEM, HITACHI-S4300-CFE and Thermo Fisher
Scientific-Scios 2). Low accelerating voltage (5kV & 2kV) and
small working distance (<5mm) were used for high resolution and
good surface sensitivity. NI Vision software was applied on the sec-
ondary electron (SE) images to measure the morphological features
of the nanoparticles.

Optical extinction spectra were measured by a SHIMADZU
3600 UV-VIS spectrophotometer in the spectral range of
300-2000 nm.
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Cross cut and lamellas of the nanoparticles for transmission
electron microscopy were prepared by a JEOL JIM-4700F focused
ion beam (FIB) apparatus and investigated by JEOL-JEM-2800 and
JEOL 2000-FXII transmission electron microscopes (TEMs)
equipped with an energy dispersive spectrometer (EDS).

lll. RESULTS

A. Morphology of the titania-porous gold hybrid
nanoparticles

According to SEM studies, the morphology does not change
up to 600 °C, and the structure of the nanoparticles (i.e., diameter,
pore and ligament size, porosity, etc.) is the same as after coating.
As an example, Fig. 1(a) shows a bright-field TEM image (BFI) of
the cross section of a titania coated porous gold nanoparticle

100.0nm
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(TPGN) annealed at 350°C for 1h. The figure shows the inner
structure of the particle. Figures 1(b) and 1(c) display the x-ray ele-
mental distribution map of gold and titanium in the same particle,
respectively. These images show that the PE-ALD method evenly
covers the entire surface of the particle with TiO,, even inside the
pores.

In Fig. 1(d), the overlaid Ti and Au maps show how uniform
the TiO, layer is. Note that the titania also covers the substrate.
The image also proves that titania preserves the morphology of the
PGN after annealing at this low temperature.

Increasing the annealing temperature above 600 °C, dark and
light regions appear on the surface of the nanoparticles due to the
slow diffusion of gold. Note that the porous surface pattern is still
visible [see Fig. 2(a)]. However, annealing the specimen at 750 °C
for an hour, the morphology completely disappears. As shown in

———= 100 nm

[ 1200 nm

FIG. 1. TPGNs annealed at 350 °C for 1 h. Cross section was prepared by FIB and imaged by TEM/EDS. (a) Cross section view of TPGN, (b) Au elemental distribution,
(c) Ti elemental distribution, and (d) Au and Ti distribution.
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FIG. 2. (a) TPGNs annealed above 600 °C for 1 h. Dark regions (indicated by the arrow) appear on the surface of the nanoparticles due to the slow diffusion of gold. (b)
SEM image of TPGNs after annealing at 750 °C for an hour. It looks like a certain layer covers the nanoparticles, hiding its porous structure. Note the grain boundaries

appeared on the initially continuous TiO, layer.

the SEM images, the nanoparticles are overlaid by a layer, which
hides the porous structure [see Fig. 2(b)].

Figure 3 shows a TEM BFI image of two particles and the
x-ray elemental distribution maps of gold and titanium of the same
area. The sample was annealed at 900 °C for 1 h. As can be clearly
seen on the cross section [Fig. 3(a)], the porous gold structure dis-
appeared. It collapsed into a faceted solid gold nanoparticle (SGN)
sitting inside a titania shell. The TiO,, which covered the surface of
the ligaments initially, assembled into a fragmented, about 50 nm
thick, overlayer [see also Figs. 3(b)-3(d)].

B. Optical properties of the titania-porous gold hybrid
nanoparticles

Extinction spectra were measured in the spectral range of
300-2000 nm. As can be seen in Fig. 4, there are two strong
plasmon peaks in this spectra: one in the visible (~400nm) and
one in the near-infrared region (~1400nm). The one with the
longer wavelength is called the dipole plasmon peak and the other
one (at about 400 nm) is called the quadrupole plasmon peak.'”
Due to the coating, that is, forming TPGNs, the dipole plasmon
peak shifts ~350—400 nm, while the quadrupole ~150 nm to the
IR direction. Moreover, TiO, has a strong absorption at about
300 nm;”” accordingly, the titania coating provokes a steep increase
at the beginning of the spectra.

Annealing the TPGNs at low temperature, lower than 600 °C,
the position of the plasmon peaks practically does not change. On
the other hand, the annealing of the samples above 600°C for
30 min produces a high (~250nm) blueshift of the dipole and a
redshift of the quadrupole plasmon peaks, respectively. This can be
explained by applying the Mie theory for multilayered spheres,’’
when TiO, with large refractive index covers a gold nanosphere.
An additional 30 min annealing on the same temperature results in
no change in the position of the quadrupole peak, but a slight red-
shift on the dipole plasmon peak. The reason for this might be a
slight increase of the pore size due to the annealing as it was
explained by Rao et al'® using Finite-difference Time-Domain
(FTDT) simulations. Figures 5(a) and 5(b) show this effect, where

the relative changes in plasmon peak position are plotted as a func-
tion of the annealing temperature. These figures also display that
the position of the plasmon peaks does not change further above
~800°C.

According to the experienced morphological and optical
changes due to the annealing, it is obvious that the change in the
optical properties is related to the variation of the morphology of
the TPGNs. To check the validity of this assumption, we prepared
an artificial core-shell structured specimen with similar morphol-
ogy to the ones shown in Fig. 3. Porous gold nanoparticles have
been fabricated in the same way as we prepared the Au-Ag alloy
nanoparticles. After dealloying the sample was heated at 500 °C for
30 min to form solid gold nanoparticles (SGNs). Figure 6(a) shows
the extinction spectra of this sample. As can be seen, the dipole
plasmon peak of the SGNis is shifted toward the shorter wavelength
(blueshift) more than 300 nm [see the corresponding black and red
curves in Fig. 6(a)]. This blueshift of the dipole resonance peak is
due to the heat treatment since while the PGN transforms into
SGN, the volume of the nanoparticle is decreased, i.e., a shorter
dipole can form upon the optical excitation. The SGNs were then
coated with a 50 nm thick TiO, layer (TSGNs). The extinction
spectra show that the dipole peak shifted ~400 nm to the red direc-
tion (blue curve). The value of the total shift (~200 nm blueshift)
is practically the same as in the case of the TPGNs annealed at or
above 800 °C, when the core-shell structure formed due to high-
temperature annealing. The artificially prepared core-shell particles
were annealed at 900 °C for 30 min to check its thermal stability.
The particles proved to be stable indeed, but grain boundaries
appeared in the TiO, layer [Fig. 6(b)]. Concerning the extinction
spectra of the annealed specimen, one can see in Fig. 6(a) that the
position of the dipole plasmon peak did not change significantly
(green curve). It is proved that the morphological change invokes
the change of the extinction spectra of the samples.

From an application point of view, it is important if the reso-
nance frequency of the local plasmon wave could be kept for a
certain value after tuning, ie. the sample should be stable at a
lower temperature range for relatively long term. In order to check
this, a specimen, which was annealed at 750 °C for 1 h, was chosen.
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FIG. 3. TPGNs cross cut by FIB and imaged by TEM/EDS after annealing at 900 °C for an hour in air. The porous structure of the gold collapsed completely into a solid
sphere and the oxide initially covering the ligaments (7 nm) appeared on its surface as a 50 nm thick layer (compared to Fig.1). Note that the almost horizontal line inside
the Au sphere on the right in figure (a) is a grain-boundary. (a) Cross section view of TPGNSs, (b) Au elemental distribution, (c) Ti elemental distribution, and (d) Au and Ti

distribution.

With this annealing, the dipole and the quadrupole peaks were
tuned to 1400nm and 550 nm, respectively. The specimen was
then postannealed at 350 °C for 30 min and the extinction spectra
were measured. The morphology of the TPGN’s and the position of
these important peaks did not change [see the blue marks in

and ], so this specific optical property can be well-
tuned and is stable at a lower temperature.

IV. DISCUSSION

Up to 600 °C, the morphology is unchanged and as a conse-
quence, the optical properties also remain as in the as-prepared

J. Appl. Phys. 128, 054303 (2020); doi: 10.1063/5.0010460
Published under license by AIP Publishing.

state. Annealing the TPGNs above 800 °C, however, the structure
changes dramatically; the gold forms a solid spherical particle,
which is covered by a titania layer, forming a core-shell structure
(see ). Accordingly, the optical properties of the TPGNs are
significantly different as compared to the as-prepared ones and
those annealed up to 600°C but do not change further above
800°C.

In addition to the shifting of the peaks, the changes in their
intensity can also be well explained by the Mie theory ™~ for mul-
tilayered structures. Layering TiO, on Au spheres, the thicker the
oxide layer, the higher the intensity of the extinction peak for all
the plasmon modes. Similarly, increasing the refractive index of the

128, 054303-5
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FIG. 4. Optical extinction spectra of the as-prepared PGNs and TPGNs; more-
over, the TPGNs annealed at 600 °C for 30 and 60 min in air. By comparing the
black and red lines, we can see the effect of the coating: the significant redshift
of the plasmon peaks. The annealing causes, however, a blueshift of the dipole
plasmon peak.

cover layer increases the intensity values. Both are in accordance
with the measured spectra: (i) Covering the metallic nanospheres
with titania increases the intensity of both the dipole and the quad-
rupole plasmon peaks. (ii) Annealing the hybrid nanostructures at
a low temperature, the amorphous TiO, transforms to the anatase
phase, and as the refractive index of the anatase at a low tempera-
ture is almost equal to the amorphous one,”” no significant inten-
sity change is expected. Annealing, however, above the anatase/
rutile phase transformation temperature changes the situation sig-
nificantly, since the refractive index of the rutile is ~10% higher
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than that of the other two phases; accordingly, the intensity of the
different plasmon modes increases [see Figs. 4 and 6(a)].

We have seen that the extinction spectra of the artificially pre-
pared TSGNs are the same in its main characteristics than the
TPGNs annealed at a high temperature. These observations
support the idea that the change of the optical properties is related
to the variation of the morphology of the TPGNS.

All these suggest that the temperature range can be divided
into three regions: the low-temperature state below 600°C, the
transition state from 600 to 800 °C, and the high-temperature state
above 800°C. In the low-temperature state, the hybrid nanostruc-
tures are morphologically as well as optically stable. In the transi-
tion state, there is a continuous transition of the morphology
accompanied by a continuous shift of the dipole and quadrupole
plasmon peaks. In the high-temperature state the core-shell struc-
ture forms: Au core with TiO, shell.

The experiments showed that during annealing of the TPGNs
above 600 °C, the titania starts to go to the outer surface of the par-
ticles. The melting point of titania is 1846 °C, which is about two
times of the maximum annealing temperature we used. It is, there-
fore, obvious that the solid-state diffusion is not fast enough to
cover the transport of titania in such a large amount. There is,
however, another effect that may play an important role. It is well
known that the melting temperature of gold gets lower with
decreasing nanoparticle size. The ligament thickness in the porous
gold nanoparticles is about 7-10nm. According to literature
data,” > for this size, the corresponding melting point of Au is
only about 100 °C higher than the maximal annealing temperature
used in this study. Moreover, the surface diffusivity of Au gets very
high (107" m?/s).”® In addition, around 700°C, TiO, transforms
from the anatase to the rutile phase. We also confirmed this phase
transformation by electron diffraction using transmission electron
microscopy; the TiO; shell on the Au core formed due to annealing
at or above 800 °C was proved to be rutile.

b) 0.3 .

750"I o] pos{—anneallled 35(:)" C ZI

- -

300 400 500 600 700 800 900 1000
T(°C)

FIG. 5. (a) TPGN's relative dipole plasmon peak position as a function of annealing temperature (1 h annealing time). (b) Relative quadrupole plasmon peak position of

TPGNs is plotted against the annealing temperature (1 h annealing time).
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FIG. 6. (a) Optical extinction spectra of porous gold nanoparticles (PGNs), solid gold nanoparticles (SGNs), titania coated solid gold nanoparticles (TSGNs), and 900 °C
30 min in air annealed TSGNs. (b) SEM image of artificial TSGNs after annealing at 900 °C for an hour in air. It is clearly seen that the initial continuous titania layer is

also fragmented and covers SGNs.

Accordingly, the following scenario can be imagined on the
transformation, which takes place between the low and high-
temperature states. Close to the melted state of gold, thanks to its
high surface diffusivity, the gold atoms diffuse inward, forming a
nano-sphere, pushing the rutile flakes—which evolve due to the
allotropic phase transformation—outward, to the surface of the
gold particle. The driving force for this process presumably is to
reduce the total TiO,/Au interface as much as possible. The key is
that this process can only start after the titania coating layer starts
to transform to the rutile phase.

Only one similar study can be found in the literature investi-
gating the morphology of metal oxide-coated PGNs."* This is the
alumina coated PGN (APGN) also mentioned in the introduction.
There, the authors™ primary goal was to show that the aluminum
oxide coating can passivate the structure up to a high temperature.
No shift in the plasmon resonance wavelength was observed up to
about 600°C. Then, raising the temperature to 1000°C, the
visible-range plasmon resonance wavelength shifted ~30 nm in the
red direction. This represents a relative shift of ~5%.

In our case, however, the relative shift of the visible-range
plasmon resonance wavelength is ~25%, while that in the near-
infrared range is ~40%, which is at least five times that observed
for APGN. This huge range of tunability is due to the fact that
while a mere morphological change occurred in APGNs (which is
different from that observed in TPGN), in TPGNs, the refractive
index of the dielectric surrounding the PGNs also changes during
heat treatment due to the anatase-rutile phase transformation.
Thus, in the case of TPGNs, we can speak of not only morphologi-
cal but also in situ local refractive index change induced tuning
(ILRICIT).

ILRICIT can work on all coatings where a change in tempera-
ture is accompanied by a change in refractive index—e.g., due to
the phase transformation.

V. CONCLUSIONS

We conclude that coating the PGNs by titania changes their
optical properties, but preserves their morphology up to ~600°C.
Annealing above ~600 °C, the morphology of the TPGNs starts to
transform; a fast surface diffusion of gold and the allotropic phase
transformation of TiO, begin to take place. Above ~800°C, there
is no change in the morphology, after a core-shell structure rapidly
formed.

Concerning the optical properties, unlike the alumina, anneal-
ing the TPGNs above 600°C but below 800 °C, remarkable blue-
shift and redshift take place in the position of the dipole and
quadrupole plasmon peaks, respectively. Above ~800 °C, there is no
change in the optical properties.

As was seen, the optical properties of porous gold nanoparti-
cles can be well tuned in a wide range of wavelengths by applying
titania coating followed by annealing. The displacement of the
dipole and quadruple peaks can be well adjusted using proper
annealing conditions. The set frequency of TPGNs does not change
after tuning; its value is not changed even by low temperature
(below the phase transformation) heat treatment. The favorable
tunability is twofold: not only the change of the morphology but
also the in situ change in the local refractive index contributes to
the plasmon resonance wavelength shift. This provides a unique
possibility for continuous tuning of the resonance frequencies of
the TPGNs and advertises that this hybrid structure might be a
potential candidate for optical applications.
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