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Abstract
Porous gold nanoparticles (PGNs) are very popular due to their high surface/volume ratio, moreover they have stronger 
plasmonic properties than their solid counterparts. These properties make the porous gold nanoparticles very useful for lots 
of applications, for instance chemical sensors, cancer therapy applications. For applications, however, it is indispensable that 
the resonance frequency (RF) of a plasmonic structure to be tuneable. In this work we show that the RF can be set in a wide 
range as desired by coating the PGNs by mixed oxide layers. By changing the composition of the coating layer, that is the 
mixture ratio, the RF can be shifted practically continuously in a wide range determined by the refractive index of the used 
oxides. As a demonstration, PGNs were coated with mixed alumina-titania oxide layers (5–7 nm) using plasma-enhanced 
atomic layer deposition method. The oxide layer, beside as a tuning tool, also stabilises the structure of the PGNs when 
are exposed to elevated temperature. This is shown by the influence of the temperature (from 350 ◦C up to 900 ◦C ) on the 
morphology, and as a consequence the optical extinction spectra, of the oxide coated PGNs.

Keywords  Porous gold nanoparticle · Local surface plasmon resonance · Mixed oxide coating · Plasma enhanced atomic 
layer deposition · Tuning the plasmon resonance frequency

1  Introduction

Surface Plasmon (SP)[1] resonance is a collective oscilla-
tion of conduction electrons excited by the electromagnetic 
field of light. In the case of metallic nanoparticles (NPs), 
the electron oscillations induced electric field around the NP 
opens the possibility to manipulate visible and near infra-
red light on the nanoscale[1, 2]. This property makes the 
NPs popular in a wide range of fields, including biomedi-
cal, energy, environment protection, sensing, information 
technology[1, 3] and even in analytical applications such as 
surface-enhanced Raman spectroscopy (SERS)[3, 4] which 
is based on the phenomenon of the largely increased Raman 

scattering, accomplished by placing the investigated mol-
ecules on the surface of the NPs.

Two kinds of optical excitations can occur: propagat-
ing surface plasmons and localized ones. Localized surface 
plasmons (LSP) are excited at metal-nanoparticle/dielectric 
interfaces[5, 6]. The resonance energy of these excitations 
are extremely sensitive to the composition, size, shape and 
the dielectric function of the surrounding medium of the 
NPs[7–16]. Modifying these parameters accordingly one 
may tune the optical properties of the NPs[17].

Gold and silver are the far the most investigated nano-
particle materials due to their resonances in the visible and 
near infrared region. There was shown[18] that the inter-
connected porosity inside the metallic nanoparticles offers 
a new opportunity to influence the resonance frequency of 
the NPs. Different levels of porosity, size of ligaments, inter-
particle distance, as well as the shape and size of the par-
ticles, provide a possibilities of surface plasmon resonance 
tunability[18–20].

Porous nanoparticles are promising candidates for differ-
ent applications such as recoverable catalysis, drug deliv-
ery, photonic devices, nano-chemical reactors, or even in 
ophthalmology[21–24]. The synthesis and the formation of 
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hollow nanostructures (nanospheres, nanotubes) with con-
trolled particle and pore size, can be fabricated using a com-
bination of solid-state dewetting and a subsequent dealloying 
process[25]. These porous gold nanoparticles (PGNs) have a 
remarkable three-dimensional structure with a high surface 
to volume ratio. PGNs however lose their porous morphol-
ogy at relatively low temperature. In order to prevent the 
structure from ligament coarsening a thin oxide layer can be 
deposited onto the PGNs with ALD (Atomic Layer Deposi-
tion) method[18, 25]. This succesfully hinders the degrada-
tion of nanoporous structure.

The objective of the present research is to tune the reso-
nance energy of the PGNs by altering the dielectric function 
of the oxide coating. For that purpose a mixed Al

2
O

3
–TiO

2
 

layer was deposited on the surface (also in the pores) of the 
NPs by plasma-enhanced atomic layer deposition (PE-ALD) 
method. Size, shape, composition and other parameters 
which might influence the optical resonances of the NPs 
were untouched. By changing the composition of the coating 
layer, that is the mixture ratio of the oxides, the resonance 
frequency (RF) can be shifted practically continuously. As 
we will see, the main advantage of this method is that no 
annealing is required to tune the RF (annealing is costly, can 
be demanding to control, etc.) and a large amount of base 
PGN structures can be tuned to different RF by a simple 
and cheap coating, which is exceptionally well controllable 
and reproducible. This makes the reported tuning method 
promising for applications.

As it was mentioned above, the main disadvantage of 
PGNs from an applications point of view[20] is their lack 
of thermal stability[20].

We expect that the mixed oxide layer, similarly to the 
pure one, also stabilises the structure. To check the thermal 
stability, the coated particles were annealed for an hour in 
air at different temperature from 350 to 900 ◦C . Morphologi-
cal changes were followed by scanning electron microscopy 
(SEM) and optical extinction spectra were measured in a 
wide wavelength range.

2 � Experimental

2.1 � Sample preparation

PGNs were fabricated from magnetron sputtered gold and 
silver thin films (6 nm/16 nm Au/Ag) by solid state dewet-
ting/dealloying methods[25]. Thin films were deposited on 
SiO

2
/Si as well as on sapphire substrates. For the dewetting 

process the samples were annealed at 850 ◦C for half an hour 
in dynamic gas flow of 95 % Ar+ 5 % H 

2
 mixture to prevent 

the oxidation of Ag. Due to the heat treatment spherical 
Au–Ag alloy nanoparticles were formed. The samples were 
than immersed in 65 wt% nitric acid for 15 min to etch the 

silver selectively from the alloy nanoparticles. According 
to SEM studies, the average diameter and pore size of the 
PGNs after the etching step was 200 ± 50 nm and 10–20 nm 
respectively. Porosity of the nanoparticles was  30%. The 
particle size and the porosity was determined by image 
analysis using National Instruments Vision software. After 
the fabrication of the PGNs the samples were coated with 
5–7 nm thin mixed metal-oxide layer using PE-ALD method 
(Beneq TFS-200 reactor).

We produced four different types of samples which were 
covered by: Al

2
O

3
 (type 1), 35 wt.% TiO

2
 / 65 wt.% Al

2
O

3
 

(type 2), 65 wt.% TiO
2
 /35 wt.% Al

2
O

3
 (type 3), and TiO

2
 

(type 4).
TMA (Al

2
Me

6
 ), TiCl

4
 and oxygen plasma were used as 

precursor materials. The layers were prepared at 45 ◦C . The 
chamber pressure was 7.23 mbar, while the reactor pres-
sure was 1.186 mbar. The ALD cycle for Al

2
O

3
 (type 1) 

was 0.45 s TMA, 3 s nitrogen purge, 6 s oxygen plasma 
at 50 W and 3 s nitrogen purge. The growth rate of Al

2
O

3
 

was 2 Å/cycle, consequently 25 cycles have been applied to 
prepare 5 nm thick alumina coatings. To deposit TiO

2
 (type 

4) the TiCl
4
 pulse time was 0.6 s, which was followed by 

3.5 s nitrogen purge, 10 s oxygen plasma at 50 W and 3.5 s 
nitrogen purge. The growth rate of the TiO

2
 layer was 0.7 Å/

cycle, accordingly 100 cycles have been applied for 7 nm. To 
reach the necessary ratio in the mixed oxide covering layers 
(types 2 and 3) we used the ALD recipes shown in Figure 1.

2.2 � Sample characterization

The extinction spectra were measured in the wavelength 
range of 300–2000 nm by SHIMADZU 3600 UV–VIS Spec-
trophotometer. For the optical measurements double-sided 
polished sapphire was used as a substrate material because 
of its transparency in the investigated wavelength region.

To study the thermal stability of the oxide coated PGNs, 
they were annealed at different temperatures from 350 to 
700 ◦C for an hour in ambient atmosphere. The morphol-
ogy of the samples were investigated by Scanning Electron 
Microscope (HITACHI-S4300-CFE).

Refractive indexes of the different oxide layers were 
measured by ellipsometry (Woollam M-2000DI) in as 
deposited and in annealed state ( 650 ◦C and 900 ◦C for 1 h). 
For that purpose 20 nm thick layers (pure and mixed) were 
deposited on flat Si surface.

3 � Results and discussion

3.1 � Optical properties

Figure 2 shows the refractive indices of the four different 
cover layers. The refractive indices of the mixed oxide 
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layers (types 2 and 3) are between pure titania and alumina 
in the whole wavelength range. This points out that due to 
the dielectric properties the mixed oxide layers are indeed 
appropriate candidates to tune the local plasmon resonance 
properties of the individual PGNs.

As an illustration, Fig. 3 shows the extinction spectra of 
the uncoated PGNs and their type 2 counterparts. The most 
intense peak in the near-infrared region ( ≈1200–1400 nm) 
is called dipole plasmon peak. As can be clearly seen the 
dipole plasmon peak is shifted by about 120 nm due to the 
coating, that is ≈11% change to the red direction.

We determined the peak shift of the dipole plasmon 
peak for all different coatings. To be accurate, we repeated 
the experiments 4–5 times for each type of samples. Fig-
ure 4 summarises the results we obtained; it shows the 
relative shift of the dipole plasmon peak as a function of 
the composition of the coating. As expected, the extrema 
of the dipole plasmon resonance peak is determined by 
the alumina and the titania. The position of the peak in 
case of mixed coatings are between the two extrema and 
proportional to the composition of the mixture. The differ-
ence between the extrema is ≈250 nm, which means that 

Fig. 1   ALD recipes of the mixed oxide layers
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Fig. 2   Refractive indices of covering layers (solid continuous line: as 
prepared, dashed line: annealed)
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Fig. 3   Illustration of the extinction spectra of the uncoated PGNs 
(continuous black line), and their type 2 counterparts (dashed blue 
line). The coating shifts the dipole plasmon peak by about 120 nm, 
that is ∼11% to red. The dash-dotted magenta line shows the blue shift 
of this later peak due to heat treatment (HT) at 800◦C for 30 min. The 
starting size of the PGNs was 200 ± 50 nm
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changing the alumina-titania ratio the resonance frequency 
of the PGNs can be controlled in this wide wavelength 
range. This is a huge freedom, opening many possibilities 
for application.

We would like to emphasise that the refractive indices 
of the pure oxides, which form the mixture, determine the 
two extrema of the relative peak shift. The coating with a 
mixture tunes the resonance frequency of the PGNs within 
this range, since it changes the local dielectric property of 
the particles. That is if the basic structure (size, porosity, 
etc.) of the PGNs is different, the positions of the extrema 
are also different. It means, that covering the PGNs with 
a mixed oxid layer the absorption wavelength can be fine 
tuned in another ≈250 nm range of the spectra. According 
to these results, there is no need to cover a wide wavelength 
range by continuosly adjusting the basic structure of PGNs. 
Only relatively large changes are required, and fine-tuning 
can be accomplished with a coating having a well-adjusted 
concentration of mixed oxides.

To illustrate this, we prepared different base structure of 
the PGNs. According to image analysis the particle size was 
470 ± 140 nm, the pore and ligament size was the same as 
previously. As can be seen in Fig. 5, the dipole plasmon peak 
position of the produced PGNs is shifted red about 350 nm 
due to the larger diameter of the PGNs. Coating these PGNs 
with a mixed oxide layer (type 2 in Fig. 5.), the position of 
the dipole plasmon peak can then be fine-tuned in a different 
wavelength range.

3.2 � Thermal stability

To study the thermal stability, coated particles were annealed 
for an hour in an ambient atmosphere at different tempera-
ture from 350 up to 900 ◦C . The morphology was studied on 
SEM images and the optical extinction spectra were meas-
ured in a wide wavelength range.

Due to the annealing the specimens at 350 ◦C , there was 
no change of the morphology in either type of metal-oxide 
coated PGNs. The morphology did not change until 600 ◦C , 
at 650 ◦C , however, in the titanium-coated PGNs, the dipole 
plasmon peak shifted significantly toward the shorter wave-
length (blue shift). In case of the pure alumina coated PGNs, 
neither morphological, nor optical change happened up to 
about 900 ◦C . In accordance, for the PGNs coated with the 
mixed layers, the peak shift takes place between these tem-
peratures (see the dash-dotted line in Fig. 3).

There are two different components to the blue shift of 
the peak. The first one is related to the slight change in the 
refractive index of the coating due to annealing (see Fig. 2) 
and the second one is to the change of the morphology of 
the PGNs. Slow diffusion of gold starts, as a result, dark and 
light parts appear on the surface of PGNs. Energy dispersive 
X-ray spectroscopy (EDX) confirmed that dark parts do not 
contain any gold. (see Fig. 6).

Important to note that the higher the titania content of 
the coating layer, the higher the change of the refractive 
index due to the annealing. As can be seen in Fig. 2, the 
refractive index of the alumina practically does not change 
even after a 900 ◦C heat treatment, whereas that of the tita-
nia alters significantly already at 650 ◦C . The change of the 
refractive index for the mixed oxides are in between these 
two. The significant change with higher titania content is 
related to the allotrope phase transition of the titania; titania 
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Fig. 5   Illustration of the extinction spectra of the uncoated PGNs 
(continuous black line), and their type 2 counterparts (dashed blue 
line). The size of the PGNs (470 ± 140 nm) is purposefully different 
than in Figure 3 (dotted black line) to shift the fine tuneable range by 
mixed oxide coating about 350  nm to the red direction. The Al

2
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coating shifts the dipole plasmon peak by about further 150 nm, that 
is 11% to the red direction

Fig. 6   SEM picture of PGNs coated by mixed metal-oxide (type 
2) layer annealed at 700 ◦C for an hour. Coarsening of the ligament 
structure can be clearly seen: there is no gold in the dark regions (the 
white arrow points to one of such parts)
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becomes crystalline with tetragonal anatase structure at and 
above 650 ◦C . It’s refractive index is considerably higher 
than before the transition. Note that increasing the tempera-
ture further, the tetragonal rutile phase appears. Accordingly, 
annealing at 900 ◦C , we observed a further increase of the 
refractive index for coating types 2, 3 and 4.

4 � Conclusions

In this work, we showed that the resonance energy of the PGNs 
can be continuously tuned in a simple, easily reproducible and 
cheap way by coating the PGNs with mixed metal-oxide layers. 
Very importantly this tuning can be realised without changing 
the base morphology of the PGNs, such as the size, the inter-
particle distance, pore or ligament size of the nanoparticles, 
which are much more difficult to plan and reproduce[19]. The 
extrema of the tuning range are determined by the refractive 
indices of the used oxides. The degree of tuning depends only 
on the mixing ratio of the chosen oxides. All these make this 
tuning method promising for applications.

As a demonstration, PGNs were coated with pure alu-
mina, titania and various mixtures of Al

2
O

3
 - TiO

2
 by PE-

ALD method and their extinction spectra were measured 
in a wide wavelength range. The plasmonic resonance fre-
quency of the PGNs coated with the mixed layers was indeed 
between, in accordance with their mixing ratio, the extrema 
determined by the refractive indices of alumina and titania.

We have also studied the thermal stability of the coated 
PGNs and found that all coatings we used increases highly 
the morphological stability of the PGNs. Changes of the opti-
cal properties, on one hand, can be related to the deterioration 
of the initial PGN structure due to surface/interface diffusion 
of Au and on the second hand to the change of the refractive 
index of the oxide coating due to annealing. In our case, for 
example, the titania transforms from an amorphous form into 
the crystalline anatase phase at ∼ 600-650 ◦C , then into rutile 
phase at ∼ 700 ◦C inducing changes of the refractive index.

We emphasise that this tuning method is not restricted to 
those oxides (and even not to PGNs based plasmonic struc-
tures) we used in this work but in our opinion rather general. 
Different oxides and different mixing ratio can be chosen as 
desired for the given purpose.
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