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The authors investigate the thermal behavior of localized surface plasmon resonance �LSPR� of
Au/TiO2 core/shell nanoparticle arrays. Thermal annealing is carried out in three different routes,
i.e., pre-TiO2 annealing, post-TiO2 annealing, and combinational annealing. It is found that the pre-
TiO2 annealing causes a blueshift in LSPR, the combinational annealing results in a redshift, and the
post-TiO2 annealing leads to an initial blueshift, followed by a redshift, and finally reverts to a
blueshift. These resonance shifts correlate well with morphologic changes in Au cores and
crystallization of TiO2 shells revealed by atomic force microscopy, x-ray diffraction, and x-ray
photoemission spectroscopy. © 2007 American Institute of Physics. �DOI: 10.1063/1.2736283�

Recently there has been considerable interest in investi-
gating localized surface plasmon resonance �LSPR� of me-
tallic nanostructures. This is primarily due to the promise in
developing integrated plasmonic devices that are capable of
manipulating light on the nanoscale.1–3 LSPR arises from the
collective oscillation of electrons on metallic
nanostructures.4 The shape and position of LSPR are highly
sensitive to nanostructures’ sizes, shapes, spacings, and
environments.5–7 Among various metallic nanostructures,
core/shell nanoparticles exhibit high LSPR tunability and ap-
plicability in areas such as surface-enhanced Raman spec-
troscopy and biosensing.8–10 In this letter, we report our in-
vestigation of the thermal behavior of LSPR of Au/TiO2
core/shell nanoparticle arrays. We have employed a variety
of characterization tools, including ultraviolet-visible spec-
trophotometer �UVS�, atomic force microscopy �AFM�,
x-ray diffraction �XRD�, and x-ray photoemission spectros-
copy �XPS�, to reveal the impacts associated with the various
mechanisms involved in the annealing processes.

Au nanoparticle arrays were fabricated on glass sub-
strates using nanosphere lithography.11 Monolayers of poly-
styrene �PS� nanospheres �300 nm in diameter� were used as
masks, and Au ��35 nm in thickness� and Cr ��5 nm in
thickness, as an adhesive layer� were deposited through
electron-beam evaporation. Triangular Au nanoparticles were
produced on the substrates after selective removal of PS
nanospheres. Conformal TiO2 shells of controlled thickness
were deposited onto the Au surfaces to form Au/TiO2 core/
shell nanoparticles using a homemade atomic layer deposi-
tion �ALD� system.12 In the Au/TiO2 core/shell nanopar-
ticles, TiO2 were only coated onto the Au surfaces exposed
to the deposition, and there was no TiO2 coating on bases of
the particles that were in contact with substrates. For LSPR
measurements, the extinction spectra of nanoparticle arrays
were recorded on a Shimazu UVS. AFM images were taken
on a Digital Instrument Nanoscope III microscope. XRD
�-2� scans were recorded using a GADDS XRD system.
XPS measurements were performed on a VG ESCALAB

220i-XL system with a monochromatic Al K� source
�1486.6 eV�. The pass energy of the XPS analyzer was set at
10 eV to achieve high accuracy.

Thermal annealing processes were carried out in a fur-
nace under ambient conditions at a series of temperatures up
to 600 °C. Each annealing process was conducted for 1 h at
the desired temperature. Three different annealing routes
were employed, producing three groups of samples, i.e., the
as-deposited and thermal annealed Au nanoparticle arrays
�pre-TiO2 annealing�, the as-deposited and thermal annealed
Au/TiO2 core/shell nanoparticle arrays �post-TiO2 anneal-
ing�, and the as-deposited and thermal annealed Au/TiO2
core/shell nanoparticle arrays with their Au cores prean-
nealed at 600 °C before the deposition of TiO2 �combina-
tional annealing�.

Figure 1 shows a set of extinction spectra for the pre-
TiO2 annealing samples. We observe that the as-deposited
Au nanoparticles exhibited a broad LSPR band with weak
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FIG. 1. Set of extinction spectra for the as-deposited and annealed Au nano-
particle arrays �pre-TiO2 annealing samples�. The spectra were shifted ver-
tically for clarity. This was accompanied by AFM images of Au nanopar-
ticles annealed at different temperatures. The third AFM image was taken
from the sample annealed at 400 °C and was similar to the images from
samples annealed at 500 and 600 °C.
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peak intensity. The observed broad LSPR band arises from
the broad size distribution and morphology discrepancy
among the as-deposited Au nanoparticles. As confirmed in
the accompanied AFM image for the as-deposited samples,
the triangular nanoparticles exhibited differences in both
shape and dimension. When the sample was annealed at
300 °C, its LSPR bandwidth decreased to �2/3 of the as-
deposited nanoparticles and showed an obvious increase of
intensity. The band can be identified as the in-plane dipole
resonance.13 The decrease of bandwidth and increase of in-
tensity are attributed to the reduced discrepancy of mor-
phologies and dimensions among Au nanoparticles after the
annealing process. The AFM images in Fig. 1 show that the
as-deposited triangular Au nanoparticles became more circu-
lar after annealing at 300 °C. The shape change arose from
the sample’s tendency to minimize its surface free energy
and transform into a more stable spherical shape. This shape
transformation also resulted in a blueshift of the LSPR band,
consistent with the electrodynamic theory and experimental
results from other Au nanostructures.13,14 As shown in Fig. 1,
further annealing of the sample at 400 °C completed the
transformation of the triangular Au nanoparticles into spheri-
cal nanoparticles, continued to blueshift and increase the in-
tensity of the LSPR band, and halved the bandwidth in com-
parison to the as-deposited nanoparticles. Further annealing
of the sample at higher temperatures �500 or 600 °C� in-
duced no obvious change in the LSPR band. This observa-
tion is reiterated by the AFM results which depict no differ-
ences among Au nanoparticles being annealed at 400, 500, or
600 °C.

Figure 2 reveals the effects of thermal annealing on
LSPR of Au/TiO2 core/shell nanoparticle arrays. TiO2 shells
of �36 nm in thickness were deposited on top of the Au
surfaces and the extinction spectra of the post-TiO2 anneal-
ing samples are shown in Fig. 2�a�. Upon the deposition of
TiO2 shells, the single broad band of the as-deposited Au
nanoparticles splits into two LSPR bands. By comparing the
experimental spectrum with theoretical results obtained from
discrete dipole approximation calculations, the left band with
the peak �LSPR at 547 nm is assigned to the in-plane quadru-
pole resonance, and the right band with the peak �LSPR at
728 nm arises from the in-plane dipole resonance.13 Anneal-
ing the sample at 300 °C resulted in a blueshift of the right
band and a redshift of the left band. In contrast, annealing the
sample at 400 °C resulted in a redshift of the right band
while the left band remained stationary. When the sample
was annealed at 500 °C, the right band reverted to a blue-
shift and the left band kept still. Further annealing the sample
at 600 °C resulted in a continued blueshift of the right band.

In contrast, the left band shrank and merged into the shoulder
of the right band. With each increase in the annealing tem-
perature, the right band became more narrow and intense. In
contrast to the post-TiO2 annealing samples, only a single
band from the in-plane dipole resonance was found in the
spectra of the combinational annealing samples �Fig. 2�b��.
The deposition of TiO2 shells resulted in a redshift of the
LSPR band without obvious change in the band shape. As
the annealing temperature increased, the LSPR band contin-
ued to redshift. Although annealing the sample at 300 °C
broadened the bandwidth and deceased the intensity, higher
annealing temperatures induced no additional changes to the
samples’ band shape.

While the thermal behavior of the Au nanoparticles �pre-
TiO2 annealing samples� can be explained by the changes in
the morphologies and dimensions of the nanoparticles, the
behavior of the Au/TiO2 core/shell nanoparticles �post-TiO2
annealing and combinational annealing samples� is not as
straightforward. To understand the physical mechanisms be-
hind the thermal behavior of the Au/TiO2 core/shell nano-
particles, XRD and XPS characterizations were conducted.
XRD �-2� scans were recorded on both samples of Au nano-
particles and Au/TO2 core/shell nanoparticles. Both XRD
spectra �data not shown� exhibited similar Au peaks, indicat-
ing that no phase change occurred to Au during the annealing
processes. Because the signals from the thin TiO2 shells were
relatively weak and overlapped with the background signals
from glass substrates, we could not observe TiO2 peaks in
the XRD spectrum of the core/shell nanoparticles. In order to
investigate the effects of thermal annealing on the TiO2 crys-
tal structures, thicker TiO2 films were grown on silicon sub-
strates. Figure 3�a� shows the XRD spectra for TiO2 films
annealed at a series of temperatures. We can see that the
as-grown TiO2 was amorphous and it developed into a poly-

FIG. 2. Set of extinction spectra for
�a� the as-deposited and annealed
Au/TiO2 core/shell nanoparticle ar-
rays �post-TiO2 annealing samples�
and �b� the as-deposited and annealed
Au/TiO2 core/shell nanoparticle ar-
rays with Au cores preannealed at
600 °C before the deposition of TiO2

�combinational annealing samples�.
The spectra were shifted vertically for
clarity.

FIG. 3. �a� XRD spectra for TiO2 thin films annealed at a series of tempera-
tures; �b� Au 4f core-level XPS spectra for the as-deposited and annealed
Au/TiO2 core/shell nanoparticle arrays before and after the annealing pro-
cess at 600 °C.
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crystalline anatase structure after being annealed at 300 °C.
Further annealing at higher temperatures enlarged the crys-
talline domains, as evidenced from the increased XRD peak
intensity shown in Fig. 3�a�.

Figure 3�b� shows the Au 4f XPS spectra of the
Au/TiO2 core/shell nanoparticles �post-TiO2 annealing
samples� before and after being annealed at 600 °C. TiO2
of �5 nm in thickness was chosen here to allow both Au and
TiO2 signals to be detected by XPS. We can see that the Au
4f signal intensity increased significantly after the annealing
process. A very small shift was found in the location of the
peak of the spectra, indicating that no obvious chemical re-
action occurred to Au. Since we did not observe obvious
cracks or increased surface roughness on TiO2 after the an-
nealing process, we believe that the detected increase in Au
4f signal intensity is a result of Au diffusing into TiO2. This
hypothesis is consistent with the observed Ti 2p intensity
decrease �data not shown� after the annealing process. We
also observed that the Ti 2p spectrum shifted towards a
higher binding energy after the annealing process; this shift
is attributed to the decreased oxygen vacancy concentration
in TiO2 at higher temperatures.15

We further quantified the relative shifts of the LSPR
band peaks �the in-plane dipole resonance� as a function of
annealing temperature for the three groups of samples, i.e.,
pre-TiO2 annealing, post-TiO2 annealing, and combinational
annealing �Fig. 4�. In the combinational annealing samples,
the pre-TiO2 annealing of the Au cores at 600 °C resulted in
the formation of stable spherical nanoparticles and Au mor-
phologies and dimensions remained unchanged during the
subsequent post-TiO2 annealing process. The shape stability
of the preannealed Au cores in the presence of TiO2 shells
was verified by AFM analysis �data not shown�. On the other
hand, the TiO2 crystal structure has changed from amor-
phous to polycrystalline anatase after the annealing process
and the refractive indices of the ALD deposited amorphous
and anatase TiO2 thin films were measured to be 2.2 and
2.65, respectively.16 Assuming that isolated spherical Au
nanoparticles were embedded in homogeneous TiO2 materi-
als, we conducted theoretical calculations based on the Mie
theory.17 By simply considering the change in the refractive
index of TiO2, a trend similar to the experimental results for
the combinational annealing samples �Fig. 4� was obtained,
indicating that the TiO2 crystallization is the dominant

mechanism for the observed redshift in the combinational
annealing samples. In contrast to the pre-TiO2 annealing and
combinational annealing samples, the post-TiO2 annealing
samples exhibited a blueshift first, then a redshift, and finally
reverted to a blueshift. This observed zigzag shift is likely a
result of the interplay between two different mechanisms
during the annealing processes: the morphologic change in
the Au cores caused a blueshift and the crystallization of the
TiO2 shells resulted in a redshift. AFM characterizations
�data not shown� revealed that the thermal-induced shape
transformation of Au was slower in the Au/TiO2 core/shell
nanoparticles than in the Au nanoparticles; this observation
correlates with our observation that at higher annealing tem-
peratures �500 and 600 °C� the LSPR in the post-TiO2 an-
nealing samples continued to blueshift while that in the pre-
TiO2 annealing samples remained constant.

In summary, we have investigated the thermal behavior
of LSPR of Au/TiO2 core/shell nanoparticle arrays. Anneal-
ing processes transformed triangular Au nanoparticles into
spherical ones. The thermal-induced shape transformation of
Au was observed to be slower in the core/shell Au/TiO2
nanoparticles than the Au nanoparticles. The crystallization
of TiO2 shells occurred during the annealing process and led
to higher refractive index of TiO2. Based on the character-
ization results from UVS, AFM, XRD, and XPS, we found
that the morphologic changes in Au cores and the crystalli-
zation of TiO2 shells are the dominant mechanisms for the
observed blueshift in the pre-TiO2 annealing samples, red-
shift in the combinational annealing samples, and zigzag
shift in the post-TiO2 annealing samples.
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FIG. 4. Relative shifts of the LSPR band peak �the in-plane dipole reso-
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