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A novel hybrid approach to fabricate large-area well-ordered Ag/Au bimetallic nanodot arrays and its
potential applications for biosensing is investigated. With the combination of laser interference lithogra-
phy and the thermal annealing technique, Ag/Au bimetallic nanodots about ~50 nm are formed inside
periodic nanodisk arrays at a dimension of ~530nm on quartz substrates. Extinction spectra of the
fabricated nanostructures show their localized surface plasmon resonance (LSPR) can be well controlled
by Au concentration, which offers a means to flexibly tune the optical properties of the nanodot arrays. To
study the sensitivity of the nanodot arrays, resonance wavelength changes per refractive index unit (RIU)
are performed in different surrounding environments. This shows a 94% increase in peak shift per re-
fractive index unit (nanometers/RIU) compared to the nanodot arrays formed only by thermal annealing.

These results demonstrate a feasible approach to improve LSPR-based biosensor performance. © 2011

Optical Society of America
OCIS codes:  220.3740, 310.6628, 240.6680.

1. Introduction

Localized surface plasmon resonance (LSPR) is an
attractive nanoscale research area. LSPR occurs
when metallic nanostructures are illuminated by a
specific wavelength of light and the excitation of sur-
face plasmons is localized within nanoparticles [1].
These resonances, associated with noble metal na-
nostructures, create sharp spectral absorption and
scattering peaks as well as strong electromagnetic
near-field enhancements [2], which are widely ap-
plied to a variety of applications in biosensing [3],
solar cells [4], surface enhanced spectroscopy [5],
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near-field scanning optical microscopy [6], and opti-
cal switching [7]. Among these, the LSPR biosensing
technique can create a label-free biosensor by mon-
itoring the LSPR peak shifts from molecular inter-
actions near the nanoparticle surface [1,2]. These
sensors are beneficial from the merits of simple
and low-cost measurement, easily performed in a
transmission spectrum mode with high sensitivity
in a small detection sensor [8]. The LSPR resonance
wavelength strongly depends on not only the
material and geometry of nanostructures but also
the refractive index of the surrounding media. There-
fore, understanding how these nanostructures influ-
ence LSPR properties, optimize the nanostructures’
design, and improve their detection sensitivity are
important issues for LSPR-based biosensor research.



In order to further practice these applications,
the synthesis and assembly of functional surface-
immobilized nanostructure arrays are investigated
with desirable features, such as low-cost fabrication,
large-area nanopatterning, reproducibility, and tun-
ability of their optical properties. Therefore, a tradi-
tional approach to form these nanostructures is to
transform chemically synthesized nanoparticles [9]
from suspensions to solid substrates, so as to obtain
the LSPR properties from an ensemble of nano-
particles. This method can be applied to the precise
control of the size and shape of the metallic nanopar-
ticles by modifying parameters, but has a critical
technical issue on how to fabricate nanoparticles
with well-controllable interparticle space over a
large area (in centimeter scale and regular periodic
arrays). An alternative method for low-cost nanopat-
terning, such as nanosphere lithography [10], has
been used in the fabrication of metallic nanostruc-
tures. However, this method is hard to lift off and dif-
ficult to assemble into monolayer nanospheres at a
diameter of ~50 nm. In this paper, we present a novel
hybrid and low-cost approach to fabricate large-area
well-ordered Ag/Au bimetallic nanodot arrays by the
combination of laser interference lithography (LIL)
and thermal annealing. LIL, as a large-area, mask-
less, and noncontact nanofabrication technique, can
be applied to make periodic nanolines and nanodisks
on metallic thin films in a short time (only a few min-
utes exposure) [11], but the dimension of the nanos-
tructures is of the submicrometer scale. Thermal
annealing of continuous metallic thin films, also
known as the dewetting process, provides a simple
means to fabricate large-area nanostructures at a
particle size of ~50 nm, but cannot form well-ordered
nanostructures. With the combination of the LIL and
thermal annealing, Ag/Au bimetallic nanodot arrays
at a particle size of ~50nm can be formed inside
periodic nanodisk arrays on a quartz substrate. To
investigate the LSPR of the fabricated nanodot
arrays, extinction spectra are measured by micro-
UV-visible spectrometer, which shows the blueshift

(@) Photorcsist Coating
PR
Substrate Sio,
(c) Photoresist Development

PR
Sio,

[ Substrate |

Lift Off

I—E—E—E—E—E—‘C Ag/A
Substrate Sirézg/ Y

(e

Fig. 1.

peak position, a narrow FWHM, and increasing
intensity of the LSPR. The tunability of the LSPR
peak position can be achieved by the variation of
Au concentration, which can be controlled by the
thickness of the Ag/Au bimetallic thin films during
the metal deposition. To study the sensitivity of the
nanodot arrays, resonance wavelength change per
refractive index unit (RIU) is performed in different
surrounding environments. It indicates a 94% in-
crease in peak shift per refractive index unit
(nanometers/RIU) compared to nanodots fabricated
only by thermal annealing. These results demon-
strate a feasible approach to improve LSPR-based
biosensor performance.

2. Experimental

The fabrication process of the Ag/Au nanodot arrays
on a quartz substrate is schematically illustrated in
Fig. 1. It includes photoresist (PR) spin coating, PR
exposure by LIL, PR developing, reactive ion etching
(RIE), metal deposition, lift-off, and thermal anneal-
ing. First, in order to remove contaminants, the
quartz substrate at a dimension of 15mm x 15 mm x
0.4 mm is exposed to solutions of acetone, isopropyl
alcohol, and deionized water in an ultrasonic bath
for 30 min each. A spin coater is used to coat negative
PR (N1405, Micro Resist Technology) on top of the
substrate at 500 rpm for 10 s and then 5000 rpm for
50s. After soft baking for 60s, these samples are
exposed by a 325 nm helium—cadmium (He—Cd) con-
tinuous wave laser (Lloyd’s mirror setup) [12]. Nano-
disk arrays are made by double exposure, with one 90°
rotation of the sample for the second exposure. PR de-
veloping is done by immersing the sample in the de-
veloper for 18 s. The developer dissolves the negative
photoresist that is not exposed by the laser. Anisotro-
pic RIE (Oxford Instruments) is applied to remove un-
exposed PR. Metallic thin films are deposited by an
electron beam evaporation system (BOC Edwards
EDO03) at room temperature and lift-off. On the bot-
tom of the layer is 1 nm Cr to increase the adhesion
between the Ag/Au bimetallic thin films and the
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(Color online) Fabrication of Ag/Au bimetallic nanodots arrays by LIL and thermal annealing: (a) PR spin coating; (b) PR exposure

by LIL; (¢c) PR developing; (d) Cr, Ag, and Au metallic thin film deposition; (e) lift-off; and (f) thermal annealing.
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quartz substrate. Ag and Au thin films are deposited
sequentially on top of the Cr thin film. The total thick-
ness of the bimetallic Ag/Au thin films is set as a con-
stant of 8nm. The Au concentration of the Ag;_,/Au,
bimetallic thin films is varied by adjusting the thick-
ness of the Au thin film. After the metal deposition,
PG remover (MicroChem Corp.) is used to lift off
the PR, leaving only the metal films deposited on
the substrate. The lift-off is performed in an ultraso-
nic bath for 20 min at 70 °C. Finally, thermal anneal-
ing is carried out in a high-temperature furnace
(Nabertherm HTCT 01/14) at 500 °C for 4 h at a heat-
ing rate of 25 °C/ min and the samples are cooled to
room temperature. The extinction (absorption and
scattering) spectra of the nanodot arrays are mea-
sured by using a micro-UV-visible spectrophotometer
at normal incidence in transmission mode. The mor-
phology of the fabricated nanostructures is analyzed
by a scanning electron microscope (SEM, FE SEM
7401F). To measure the sensitivity of the nanostruc-
tures, the resonance peak shift induced by refractive
index change is measured in air, methanol, and etha-
nol (n =1, 1.3290, and 1.3614) [13].

3. Results and Discussion

Figure 2 shows SEM images of Ag 75/Aug o5 bimetal-
lic nanodisk arrays made by LIL (a) before and
(b) after the thermal annealing on quartz substrates,
as well as the extinction spectra measured in the
transmission mode. The Au concentration of Agg 75/
Auy 95 nanodisk arrays is achieved by controlling the
thickness of Ag/Au thin films as 6/2nm during the
metal deposition. Before the thermal annealing, it
is observed that Agg 75/Aug o5 bimetallic nanodisk ar-
rays at a diameter of 538 + 18 nm are formed at a
period of ~930 nm on the quartz substrate. The struc-
ture exhibits excellent large-area uniformity over an
area of 8mm x 8 mm. After the thermal annealing at
500°C for 4h, the Agy75/Aug95 bimetallic nanodisk
arrays are heated above the melting temperature,
so the surfaces of Ag/Au thin films begin to fluctuate
and then deform by the squeezing mode, in which the
two perturbations between the Ag/Au and Ag/SiO,
interfaces are completely out of phase with each
other. The alloy nanodots are self-organized due to
an instability arising when the stabilizing surface
tension force is overcome by destabilizing attractive
intermolecular dispersion forces [14]. The extinction
spectra of the nanodot arrays are measured in trans-
mission mode by unpolarized light in air. There is
only one resonance peak in the LSPR band of the
nanodot arrays, which indicates alloy nanostruc-
tures are formed instead of the Ag/Au core/shell
nanostructures [15]. As can be seen from Fig. 2(c),
the nanodisk arrays before the thermal annealing
exhibit a broad LSPR band with the resonance peak
at 872 nm, while the annealed nanodisk arrays show
an intense and narrow extinction spectrum with the
LSPR peak at 508 nm. Meanwhile, the FWHM of the
LSPR band reduces from 170 to 63 nm and the peak
position blueshifts from 872 to 508 nm. According
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Fig. 2. (Color online) SEM images of Ag,r5/Augos bimetallic
nanodisk arrays fabricated by LIL (a) before and (b) after thermal
annealing, and (c) their measured extinction spectra.

to the previous works [16,17], the FWHM, peak
position, and intensity of LSPR strongly depend on
the size, shape, distribution, and material of the na-
nostructures, as well as their surrounding environ-
ment. The observed behaviors of the LSPR in the
Ag( 75/Aug o5 nanodisk arrays before and after ther-
mal annealing are attributed to three key factors:
interparticle distance and the size and shape of
the nanodot arrays. After thermal annealing, the



diameter of the nanodisk decreases 10 times from
538 £+ 18 to 50 + 30 nm, and the height of the nano-
disk increases from 8 + 2 to 45+15 nm, respectively,
as analyzed by the SEM image of the nanodot arrays
[Fig. 2(b)]. The shape of the nanodisk becomes
spheroid. Furthermore, the resonance wavelength,
the FWHM, and the extinction intensity of the
nanostructure are also influenced by the interparti-
cle distance. Before thermal annealing, the nanodisk
arrays at a diameter of 5384+18 nm show a long reso-
nance wavelength, a broad FWHM, and low intensity
due to the large interparticle distance among the
nanodisks, which results in strong radiative dipolar
interaction (far-field coupling) [15]. After thermal an-
nealing, the nanodisk was ruptured into many nano-
dots with 454+15nm interparticle distances among
the nanodots. The interparticle distance of the nano-
disk arrays, however, is not changed during the ther-
mal dewetting process because the periodic distance
(p = 4/2sin 0) is determined by the angle of two inter-
ference beams (20) and the wavelength of the laser
source (1), which are fixed by the LIL process. The
resonance wavelength of the nanodot arrays de-
creases greatly mainly due to the smaller interparti-
cle distance among nanodots into the nanodisks,
leading to the strong near-field coupling. The dipolar
coupling among the nanodots contributes to the
change for the optical properties of LSPR. Therefore,
after thermal annealing, the nanodot arrays of spher-
oid shape, small size (50+30nm), and interparticle
spacing (45+15nm) exhibit a 364nm blueshift
of the LSPR peak position and a 107 nm decrease of
the FWHM.

Figure 3 shows the extinction spectra of the
nanodot arrays at different Au concentrations. It is
observed that the LSPR peak of the Agy75/Augos
nanodot arrays is at 508 nm, while Agg 5/Aug 5 nano-
dot arrays show a LSPR peak at 528 nm due to the
increase of Au concentration. The Au concentration
can be well controlled by the metal thin film
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Fig. 3. (Color online) Extinction spectra of bimetallic Ag/Au
nanodisk arrays formed by the combination of LIL and thermal
annealing at different Au concentrations.

deposition. 6/2 and 4/4nm of Ag/Au thin films are
coated on 1nm Cr thin films. Both nanodisk arrays
are annealed at 500 °C for 4 h at the same time. It is
observed that there is a 20 nm redshift of the LSPR
peak position as the Au thickness increases from 2 to
4nm after thermal annealing. Meanwhile, the effect
of the adhesion layer on the fabricated nanostruc-
tures can lead to a minor blueshift of the peak posi-
tion and broader linewidth due to the refractive
index change. However, since the Cr thin film is
1nm for all the samples in our experiments, we focus
our research efforts on the peak shift (difference) due
to the variation of Au concentration. In this paper, we
neglected the 1 nm Cr thin film influence on the peak
shift. According to the Mie theory [16], the extinction
cross section can be determined by the effective di-
electric constants and surrounding media as well
as the concentration of the metal particles, while
the effective dielectric constant of the alloy nanodot
arrays varies with the bulk dielectric constant of Au,
which can be well defined by the close-to-linear cor-
relation between the wavelength shift of the LSPR
extinction maximum and the composition of the
nanostructure. In the case of Ag;_,/Au, alloy, the
effective dielectric constant can be estimated from
e(x, 0)ag, au, = (1-x)e(w)pg +xe(w)s, [18].  The
plasma frequency of the alloy is not much different
from that of the parent metals considering the d-
band transition effect on the effective dielectric func-
tion of the Ag/Au alloy. This is due to the gradual
change in the d-band structure of the alloy with
change in Ag/Au composition and its effect on the
composition of the dielectric function [19]. Therefore,
the LSPR resonance wavelength shifts to the longer
wavelength as Au concentration increases. It is
clearly indicated that there is a 20nm redshift of
the LSPR peak as the Au concentration increases.
This offers a flexible means to tune the LSPR peak
based on the Au concentration, which extends the
applications for LSPR biosensors.

To analyze the sensing characteristics of the
Agi75/Aug o5 nanodot arrays on quartz substrates
as an LSPR-based sensor, extinction spectra at dif-
ferent environments were measured, as shown in
Fig. 4(a). It is observed that the LSPR peak positions
in air, methanol, and ethanol redshift from 508 to 529
and 532 nm. The redshift peak is due to the increases
of refractive index in the surrounding environments
from 1 to 1.3290 to 1.3614 [13]. According to Mie the-
ory [16], the location of the extinction maximum of
the noble metal nanoparticles is highly dependent
on the dielectric properties of the surrounding envir-
onments. The wavelength shift in the extinction
maximum of nanoparticles can be used to detect the
properties of the molecules surrounding the nanopar-
ticles. The sensitivity of the nanostructures are
experimentally determined by the slope of a linear
fit in the plot of LSPR peak wavelength versus the
refractive index, as shown in Fig. 4(b). As a reference,
the nanodots are formed by the thermal annealing of
Ag/Au bimetallic thin films (6 /2 nm) at 500 °C for 4 h.
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Fig. 4. (Color online) (a) Experimental extinction spectra of the

Ago75/Augos nanodot arrays in different environments: air,
methanol, and ethanol (n = 1, 1.3290, and 1.3614), and (b) peak
shift of the Agg 75/Aug 25 nanodot arrays in different environments.

The LSPR peak shift per refractive index of the
nanodot arrays is 64nm/RIU for LIL and thermal
annealing, which is 94% higher than the nanodots
formed by thermal annealing only. This shows that
the nanostructure fabricated by the combination
of the LIL and thermal annealing can improve the
performance of LSPR sensing.

4. Conclusions

With the combination of LIL and thermal annealing,
Ag/Au bimetallic nanodot arrays at a particle size of
~50nm can be formed inside periodic nanodisk ar-
rays at a dimension of ~530 nm on quartz substrate.
To investigate the LSPR behaviors of the fabricated
nanodot arrays, extinction spectra are measured by
a micro-UV-visible spectrometer. It shows that bi-
metallic nanodot arrays are formed, resulting in a
dramatic blueshift of the resonance peak, narrower
FWHM, and higher intensity of the LSPR. This is
because the smaller diameter, spheroid shape, and
narrower interparticle spacing of the nanodot arrays
are formed by LIL and thermal annealing. The
tunability of the LSPR peak position can be achieved
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by the variation of Au concentration, which can be
simply tuned by metallic thin film deposition. To
further study the sensitivity of nanodot arrays in bio-
sensing applications, the peak shift versus refractive
index measurements are performed in different sur-
rounding environments. A 94% increase in the peak
shift per refractive index unit (nanometers/RIU) is
observed compared to the nanodots fabricated by
thermal annealing only. These results demonstrate
a hybrid approach to improve LSPR-based biosensor
performance.
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