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Ordered Au nanodisk arrays were fabricated on glass substrates using nanosphere lithography
combined with a two-step reactive ion etching technique. The optical properties of these arrays were
investigated both experimentally and theoretically. Specifically, the effects of disk diameter on
localized surface plasmon resonance 共LSPR兲 were characterized and compared with results from
discrete dipole approximation 共DDA兲 calculations. The effects of glass substrate, Cr interfacial
layer, and Au thickness on LSPR were investigated computationally. Furthermore, thermal treatment
was found to be essential in improving the nanodisk arrays’ LSPR properties. Using atomic force
microscopy and DDA calculations, it was established that the improvements in LSPR properties
were due to thermally induced morphologic changes. Finally, microfluidic channels were integrated
with the annealed disk arrays to study the sensitivity of LSPR to the change in surroundings’
refractive index. The dependence of LSPR on surroundings’ refractive index was measured and
compared with calculated results. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2828146兴
I. INTRODUCTION

In recent decades, there has been increasing interest in
the plasmonic properties of noble metal nanostructures.
These properties are of tremendous importance to nanophotonic devices and circuits.1–5 In addition, metal nanostructures and their plasmonic properties have been widely used
in biomedical applications including biosensing and
therapeutics.6–9 Localized surface plasmon resonance
共LSPR兲 refers to the excitation of surface plasmons by light
for nanometer-sized metallic structures.10 The position and
intensity of LSPR are highly sensitive to the size, shape,
spacing, and environment of nanostructures.11–14 This sensitivity has fostered interest in the fabrication of metal nanostructures with different geometries 共e.g., rods, rings, prisms,
cubes, shells, and rice grains兲.15–18 Traditionally, metal nanostructures are prepared by the controlled precipitation and
concurrent stabilization of the incipient colloids.10 Recent
advances in preparations of colloids have engendered a variety of methods that enable reproducible generation of monodisperse metal nanoparticles in relatively large quantities.15
The colloidal nanoparticles have been applied in biosensing,
and medical imaging and therapy.8,9 In comparison with the
colloidal nanoparticles in suspensions, ordered metal nanostructures immobilized on substrates are of particular interest
for applications such as nanoscale waveguides, surfaceenhanced Raman spectroscopy 共SERS兲, and biosensors.10
The interest on the immobilized nanoparticles arises from
several advantages unique to the nanoparticle arrays: easy
control of interparticle spacings and positions, and thus the
plasmonic properties; no capping agents or stabilizers required in contrast to colloidal nanoparticles, thus ready for
various surface functionalizations; and capability for rea兲
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peated use of the nanoparticles by releasing the absorbed or
bounded substances from previous experiments.10
The development of cost-effective methods to fabricate
the immobilized metal nanostructures presents a significant
challenge to the nanoscience and nanotechnology
community.19 The microelectronics industry has established
sophisticated infrastructures for patterning nanoscale features
by conventional lithography techniques such as photolithography, electron beam lithography, and focused ion beam
lithography.20–24 Although commercially available and
widely implemented in manufacturing, these conventional
nanofabrication techniques are limited by their high cost, low
throughput, and difficulty in accessing the facilities.21 The
limitations of conventional techniques have motivated the
development of “unconventional” approaches, such as scanning probe lithography,25,26 soft lithography,27,28 and nanoimprinting lithography 共NIL兲.29,30
The aforementioned nanofabrication approaches are capable of generating arbitrary patterns with dimensions
smaller than 100 nm. Recently, several simpler approaches
have been exploited that focus on creating regular patterns of
nanostructures such as arrays of holes or pillars.31–36 In particular, nanosphere lithography 共NSL兲, where a template
formed by the self-assembly of monodisperse nanospheres
on flat surfaces acts as an etching/deposition mask, is a lowcost, high-throughput method for producing ordered, geometrically tunable nanostructure arrays.37,38 One disadvantage of the conventional NSL is its limited pattern design.
Only triangular- and hexagonal-shaped metal nanoparticles
can be produced from deposition through monolayer and
double layer of close-packed nanospheres. The LSPR properties of the triangle nanoparticles and their applications in
biosensing have been studied intensely.39 Recently, several
methods have been developed to extend the NSL in order to
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FIG. 1. 共a兲 Schematic of the nanodisk
fabrication process. 共b兲 A SEM image
of hexagonal-arranged Au disk arrays
on a glass substrate. 共c兲 A histogram of
disk diameter distribution obtained
with an Able Image Analyzer 共Mu
Laboratories, Slovenia兲. The black
curve represents results from Gaussian
fitting.

fabricate nanoparticles of different patterns and shapes.40 The
variety of shapes is especially important for plasmonics, in
both fundamental study and applications, due to the shape
dependence of LSPR.
Here, we integrated the conventional NSL with two
types of reactive ion etching 共RIE兲 processes to produce
long-range ordered Au nanodisk arrays. The short-range ordered metal nanodisks have been fabricated on substrates by
Ar ion beam etching with randomly deposited nanospheres
as masks, and their LSPR properties have been
investigated.41 Compared with the short-range counterparts,
the long-range ordered metal nanodisk arrays have better
regularity and narrower plasmon resonance bands from the
far-field coupling effects among arrays.42,43 These advantages make them attractive for applications such as SERS
and surface plasmon resonance sensors. We investigated the
LSPR properties of the long-range ordered Au nanodisk arrays systematically through both experimental and computational methods. Specifically, the effects of various parameters 共including disk diameter, Au thickness, glass substrate,
and Cr interfacial layer thickness兲 on LSPR were characterized and compared with results from discrete dipole approximation 共DDA兲 calculations. Furthermore, the LSPR properties of disk arrays were found to be significantly improved
by thermal treatment processes. Finally, the effects of surroundings’ refractive index on the LSPR of Au nanodisks
were measured through a plasmofluidic chip and compared
to DDA-calculated results.
II. EXPERIMENTAL DETAILS

Fabrication of long-range ordered Au nanodisk arrays.
Ordered Au nanodisk arrays of different sizes were fabricated on glass substrates using NSL combined with two RIE
processes 关Fig. 1共a兲兴. First, a Au thin film of controlled thickness 共⬃33 nm兲 was deposited onto a glass substrate by a

thermal evaporation technique. A thin Cr layer 共⬃3 nm兲 was
sandwiched between the Au film and the glass substrates as
an adhesive layer. The glass substrate was precleaned by
immersion in piranha solution 共H2SO4 : H2O2 = 3 : 1兲 at 80 ° C
for 30 min, followed by rinsing with de-ionized 共DI兲 water
and drying with N2 gas. Second, a self-assembled monolayer
of close-packed PS nanospheres 共320 nm in diameter兲 was
deposited onto the Au surface per the following procedure:44
共a兲 The substrate was placed at the bottom of a petri dish
filled with DI water. 共b兲 PS nanospheres 共10 wt %, Bangs
Laboratories兲 were mixed with the same volume of ethanol.
共c兲 After 200 l of the mixture was slowly applied to the
water surface by a pipette, a monolayer of nanospheres appeared on the water surface. 共d兲 A surfactant, sodium dodecyl
sulfate 共SDS兲 of 2% concentration, was used to drive the
nanospheres into a hexagonally arranged, close-packed
monolayer. 共e兲 The aqueous mixture in the petri dish was
drained, causing the monolayer to transfer to the substrate
surface.
Third, O2 RIE and Ar RIE 共Plasma-Therm 720兲 were
carried out to morph the closely packed PS nanosphere
monolayer into arrays of separated nanoellipses and to selectively etch a portion of the Au and Cr films that was not
protected by the nanoellipses. In these two RIE processes,
the parameters included 20 SCCM 共SCCM stands for Standard Cubic Centimeters per Minute兲 gas flow, 100 mTorr
pressure, and 300 W power density.
Thermal treatment. The disk arrays were annealed in a
furnace under ambient atmospheric conditions. All samples
were annealed at 500 ° C for 4 h, and cooled naturally. The
ramp-up rate was set at 25 ° C / min.
Fabrication of microfluidic channels. A polydimethylsiloxane 共PDMS兲 microfluidic device with one inlet, one outlet, and a chamber 共4 ⫻ 4 mm2兲 was fabricated using a standard mold replica technique. The mold was made on a
silicon substrate by deep reactive ion etching 共DRIE兲. A posi-

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

014308-3

Zheng et al.

tive photoresist 共Shipley 1827兲 was lithographically patterned on the substrate as mask for DRIE. The substrate was
etched to create a mold of approximately 50 m height. A
two-part mixture 共Sylgard™ 184 silicone elastomer base and
Sylgard™ 184 silicone elastomer curing agent兲 was mixed at
a 10:1 ratio and cast onto the silicon mold, followed by curing at 70 ° C for 2 h. After the PDMS was cured, it was
peeled from the mold. Inlets and outlets were created by
drilling on PDMS with a SiC drill bit. The PDMS was subsequently bonded to the substrate with disk arrays. Polyethylene tubes were inserted into the inlet/outlet holes to connect the chamber to a syringe 共BD biosciences兲 for fluid
injection. Prior to each measurement, 500 l fresh fluid was
injected manually to rinse off residue from previously used
fluids.
Structural characterizations. SEM images were taken on
a Hitachi S-3500N with an accelerating voltage of 5 kV.
Atomic force microscopy 共AFM兲 images were taken under
ambient conditions using a Digital Instruments Dimension
3100 operated in a tapping mode.
Optical characterizations. The extinction spectra of the
arrays were recorded on either a Lambda 950 UV-Vis-NIR
spectrophotometer or an HR4000 spectrophotometer from
Ocean Optics Inc. An unpolarized incident light beam was
normal to the substrate surface. The HR4000 spectrophotometer had a wavelength range of 350– 1100 nm, and the
Lambda 950 had a wavelength range of 200– 2000 nm.

III. RESULTS AND DISCUSSION
A. Structural characterization of nanodisks

Figure 1共b兲 shows a scanning electron microscopy
共SEM兲 image of hexagonally arranged Au nanodisk arrays
on a glass substrate. The arrays’ period was 320 nm as determined from the SEM images, which was consistent with
the diameter of nanospheres. In the fabrication, O2 RIE
共Plasma-Therm 720兲 was carried out for 30 s to reduce the
diameter of PS nanospheres and produce separated nanoellipses. With the PS nanoellipse arrays as an etching mask, the
following Ar RIE step was carried out for 100 s to selectively etch the portion of Au and Cr layers that were not
protected by the nanoellipses. Finally, ordered Au arrays
were produced on the substrates after removing the remaining PS 共with toluene in ultrasonics for 3 min兲. Figure 1共c兲 is
a histogram of disk diameter distribution obtained with the
Able Image Analyzer 共Mu labs, Slovenia兲. The black curve
in the inset is from Gaussian fitting, which gives a mean
diameter of 172± 16 nm for the Au nanodisks.
The mean disk diameter could be tuned by changing the
O2 RIE time. Figure 2 shows the evolution of mean disk
diameter with O2 RIE time. In this case, the Ar RIE was
carried out for 200 s. The inset of Fig. 2 shows typical AFM
images of nanodisk arrays after different etching times. The
mean diameter was obtained based on the AFM images of a
larger scanning area 共4 ⫻ 4 m2兲 and the Able Image Analyzer. We can see that Au nanodisks with an arbitrary diameter can be obtained by controlling the O2 RIE time. Longer
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FIG. 2. 共Color online兲 Evolution of mean disk diameter with O2 RIE time.
The inset shows typical AFM images of arrays after different etching times.

RIE times result in smaller disk diameters and broader diameter distributions. Controlling other parameters in the RIE
process, such as power, can also tune the disk diameter. In
addition, by choosing PS nanospheres of different diameters,
the period of nanodisks can also be tuned.

B. Effects of nanodisk diameter on LSPR

The LSPR properties of the Au nanodisk arrays were
studied by recording the extinction spectra 共absorption
+ scattering兲. Figure 3共a兲 shows the extinction spectra of the
nanodisk arrays with different diameters. The Au nanodisks
of different diameters were obtained by tuning either the O2
RIE time or power. The inset in Fig. 3共a兲 is a schematic of a
unit of Au nanodisk arrays, and all the arrays have a period
of 320 nm. A Lambda 950 UV-Vis-NIR spectrophotometer
was used to record the spectra. The spectra for all the disk
arrays with different diameters exhibit broad LSPR bands,
which can be identified as the in-plane dipole resonance.45
The peak position redshifts when the diameter of nanodisks
increases. The absorption at the small wavelength range
共⬍400 nm兲 arises from the substrate.
To further investigate the effects of disk diameter on
peak position and bandwidth, DDA calculations were carried
out. DDA, developed by Purcell and Pennypacker,46 is a
powerful tool to study the light scattering behavior of particles whose dimensions are close to the wavelength of visible light. It has been applied to both isolated metal nanoparticles and nanoparticle arrays.47 In this study, we used the
open program DDSCAT 共version 6.1兲 by Draine and Flatau48
to simulate the plasmonic behavior of Au nanodisks. The
wavelength-dependent dielectric constants for Au were obtained from Palik.49 To achieve the DDA simulation results
shown in Fig. 3, we assumed that an isolated Au nanodisk
was immersed in a homogeneous medium. The disks were
33 nm thick and their diameters ranged from 100 to 270 nm.
The incident light was normal to the nanodisks’ bases and
linearly polarized along +y in the “Laboratory Frame.”48 Although this assumption deviates from the experimental conditions, where an unpolarized light source was used, it
should introduce little error into the simulation results because of the symmetric geometry of the nanodisks.
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FIG. 3. 共Color online兲 共a兲 Measured
extinction spectra of Au disk arrays
with different diameters. The inset is a
schematic of a unit of arrays. 共b兲 Calculated extinction efficiency as a function of incident light wavelength for
Au disks with different diameters. 共c兲
Evolution of peak position of LSPR
band as a function of disk diameter.
The squares stand for experimental
data, the triangles are calculated data
for disks in air 共n = 1.0兲, and the circles
are calculated data for disks in glass
共n = 1.5兲. 共d兲 Evolution of FWHM of
LSPR band as a function of disk diameter. The squares stand for experimental data, and the circles are calculated
data for disks in air.

Figure 3共b兲 shows the calculated extinction efficiency as
a function of incident light wavelength. The disks were assumed to be in air 共n = 1兲. As shown in Fig. 3共b兲, as the mean
disk diameter increases, the peak of the dipole resonance
redshifts with higher intensity, a trend consistent with the
experimental results 关Fig. 3共a兲兴.
To further compare the DDA-calculated results with the
experimental data, Figures 3共c兲 and 3共d兲 show the evolution
of peak position and full width at half maximum 共FWHM兲 as
a function of disk diameter. In Fig. 3共c兲, the two groups of
calculated data show similar trend: the peak position increases with disk diameter. At the same disk diameter, the
peak position redshifts as the medium is changed from air to
glass. Unsurprisingly, the experimental data are distributed
between the two groups of calculated results. This is because
the bases of nanodisks contact glass substrates 共n = 1.5兲, and
the tops and sidewalls are exposed to air. The refractive index of the media 共composed of both air and glass兲 around the
Au nanodisks should be between 1 and 1.5. With the increase
of disk diameter, the peak position of experimental LSPR
band approaches the calculated values for disks in air. The
FWHM of both calculated and experimental spectra increases with disk diameter 关Fig. 3共d兲兴. However, the FWHM
of the calculated spectra is much smaller than that of the
experimental spectra. The discrepancy between the experimental and computational results arises primarily from imperfect experimental conditions, such as defects, nonuniform
disk sizes, and morphology, and deviation of actual thickness
of Au disks from that of the original thin films. In addition,
the effects of substrate and Cr interfacial layers on the LSPR
have not been considered in the current DDA-based model.

C. Effects of substrates and Cr interfacial layers on
LSPR

To provide more accurate simulation results, we developed DDA-based models that consider the effects of glass
substrate and Cr interfacial layers on LSPR. Three disk configurations were constructed in this investigation. In the first
one, a single Au nanodisk 共diameter, 100 nm; thickness,
20 nm兲 was discretized to 10 112 dipoles. In the second one,
the same disk was situated on a cylindrical glass substrate
共refractive index, 1.5; diameter, 150 nm; thickness, 30 nm兲;
this model took 44 048 dipoles. For the third one, a thin Cr
layer 共diameter, 100 nm; three different thicknesses, 2.5, 5,
and 10 nm兲 was sandwiched between the Au nanodisk and
the glass substrate, yielding 45 312, 46 576, and 49 104 dipoles, respectively. The wavelength-dependent refractive index of Cr was obtained from Palik.49 The number of dipoles
was selected to ensure accurate simulation results.
Figure 4共a兲 shows the calculated extinction spectra for
all the three configurations. The inset in Fig. 4共a兲 shows the
cross-sectional schematics of the models. The glass substrate
causes a redshift of the LSPR peak position and lowers the
peak intensity. The redshift arises from the increased refractive index of the disks’ surroundings; this finding is consistent with the results in Fig. 3共c兲. Compared with the LSPR of
a bare Au nanodisk on a glass substrate, the existence of a Cr
interfacial layer significantly weakens LSPR and broadens
FWHM. When the thickness of the Cr layer increases, the
peak position blueshifts with decreased peak intensity and
broadened FWHM. These results indicate that the LSPR
properties of Au nanodisks are compromised by the existence of Cr interfacial layer, a component essential for the
disks’ structural stability on glass substrates. Therefore, the
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FIG. 4. 共Color online兲 共a兲 Calculated
extinction spectra of Au disks with the
following three configurations: Au,
Au/glass, Au/ Cr/glass. 共b兲 Calculated
extinction spectra of Au disks with different substrate configures to investigate the overetching effects. The insets
show the cross-sectional schematics of
the models.

thickness of Cr interfacial layer should be optimized to balance the needs on both LSPR properties and structural stability.

D. Effects of overetching on LSPR

When longer Ar RIE time is used, glass substrates will
be overetched. To investigate the overetching effects on the
LSPR of the disks, we constructed three different models in
the DDA calculations. The models cover the typical substrate
configurations that could be produced in different experimental conditions. In the first model, a Au nanodisk 共17 nm
in thickness and 140 nm in diameter兲 with Cr layer 共3 nm in
thickness and 140 nm in diameter兲 is situated on a glass substrate 共45 nm in thickness and n = 1.52兲 of the same diameter.
This model simulates a situation in which the substrate is
thoroughly overetched. The second model is similar to the
first one except that the diameter of glass substrate is increased to 200 nm. This model represents a no-overetching
case. The third model simulates a situation in which the substrate is partially overetched. For this purpose, the glass substrate is comprised of two parts: the upper part has a diameter of 140 nm and a thickness of 20 nm, and the lower part
has a diameter of 200 nm and a thickness of 25 nm. The
calculated results for the three models 关Fig. 4共b兲兴 indicate
that the overetching of the substrate blueshifts the LSPR
peak position with enhanced peak intensity. This blueshift
arises from decreased average refractive index of the surroundings during the overetching process.

E. Effects of Au nanodisk thickness on LSPR

By depositing Au thin films of different thicknesses on
glass substrates before the lithographic process, nanodisks of
different thicknesses can be obtained. The effects of Au
nanodisk thickness on LSPR were evaluated based on DDA
calculations. In the computational model, the disk diameter
was fixed at 175 nm and the Au thickness ranged from
10 to 150 nm. The rest of the calculation conditions were the
same as those used in Fig. 3共b兲. Figure 5共a兲 shows the calculated extinction efficiency as a function of incident light
wavelength. Figure 5共b兲 depicts the peak position and
FWHM of LSPR band as a function of disk thickness. The
inset in Fig. 5共b兲 is a schematic of three disks with different
thicknesses. These results indicate that in contrast to Au
nanospheres whose LSPR peak positions are reported to be
independent of their dimensions without considering retardation effects,50 Au nanodisks exhibit dimension-dependent
LSPR characteristics. Reducing the thickness of the Au
nanodisks redshifts the LSPR peak with narrower FWHM
and higher peak intensity.
F. Effects of thermal treatment on LSPR

Our prior study showed that thermal treatment of triangular Au nanoparticle arrays lowers the FWHM and increases the peak intensity of the LSPR spectra.51 These
changes are caused by improved morphological uniformity
among particles. In this work, similar thermal treatment was
applied to improve the LSPR of Au nanodisk arrays. The
disks were fabricated on the glass substrate with O2 RIE of
30 s and Ar RIE of 200 s, and annealed at 500 ° C for 4 h.

FIG. 5. 共Color online兲 共a兲 Calculated
extinction efficiency as a function of
incident light wavelength for disks of
different thickness. 共b兲 Evolution of
peak position and FWHM of LSPR
band as a function of disk thickness.
The inset is a schematic of disks with
different thicknesses.
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FIG. 6. 共Color online兲 共a兲 Extinction
spectra of disk arrays before and after
annealing. 共b兲 a 3D AFM image of annealed disk arrays. 共c兲 Experimental
data on the evolution of LSPR peak
position, before and after annealing, as
a function of disk diameter. 共d兲 Calculated results on the evolution of LSPR
peak position as a function of diameter
for both nanodisks and nanospheres.

Figure 6共a兲 shows the extinction spectra of disk arrays before
and after the annealing process. The disk array before annealing exhibits a broad LSPR band when characterized by
an HR4000 spectrophotometer from Ocean Optics. On the
other hand, the annealed disk array shows an intense, narrow
LSPR band using the same instrument. Upon the annealing
process, the FWHM of the LSPR band decreases from
259 to 96 nm, the peak position blueshifts from
775 to 659 nm, and the peak intensity more than doubles.
The dramatic narrowing of FWHM and increasing of peak
intensity are believed to arise from the improved morphological uniformity as well as far-field coupling effects among
the disk arrays.43
Annealed nanodisks were further examined by AFM to
reveal how the annealing process would affect the morphology, and thereby the LSPR, of nanodisks. Figure 6共b兲 shows
a three-dimensional 共3D兲 AFM image of the annealed disk
arrays. Compared with the AFM image of the preannealed
disks, as shown in Fig. 2, the annealed disks have similar
shape but decreased diameters and much smoother surface
morphology. This is because Au annealed at a high temperature 共500 ° C in the present trials兲 exhibits excellent diffusivity, which reduces RIE-induced defects 共e.g., pits and redeposited aggregates兲 among the disks. Fewer defects lead to
more uniform morphology and hence better LSPR characteristics.
To further investigate the effects of thermal treatment on
LSPR, we recorded the extinction spectra of Au nanodisk
arrays of several diameters before and after the annealing
process. The peak position of the LSPR, before and after the
annealing, was recorded as a function of the diameter of the
preannealed disks and shown in Fig. 6共c兲. For disks with
diameters smaller than 200 nm, the peak positions blueshift
upon the annealing process. As the disk diameter increases,

the shift in peak position gets smaller upon annealing. When
the disk diameter is larger than 200 nm, annealing does not
introduce obvious peak shift. These results coincide with our
AFM images, which show that the annealing process transforms the smaller disks 共⬍200 nm in diameter兲 into spherical shape, but does not change the shape of larger ones.
We further carried out DDA calculations to study the
LSPR of Au disks/spheres and to reveal how annealinginduced changes in Au morphology 共from nanodisks to nanospheres兲 affect LSPR. The Au disks/spheres were assumed to
be immersed in air. The equivalent diameters of the spheres
were obtained by assuming that the total mass is conserved
during the shape-changing process. The extinction efficiency
as a function of wavelength is calculated for both nanodisks
and nanospheres. Figure 6共d兲 shows the evolution of LSPR
peak position of both nanodisks and nanospheres as a function of the disk diameter. As the diameter increases, the peak
position experiences increased blueshifts upon the morphological transformation from nanodisks to nanospheres. The
contrast between Figs. 6共c兲 and 6共d兲 confirms the observations from the AFM images: smaller disks become spherical
upon annealing, while larger ones do not.

G. Effects of surroundings’ refractive index on LSPR

The dependence of LSPR on surroundings’ refractive index has been exploited in sensors, filters, and displays.52–56
For many different sensors, the sensitivity is one of the most
important parameters.57–59 In this work, we evaluate the sensitivity of LSPR to the change in surroundings’ refractive
index by integrating nanodisk arrays with microfluidic channels. Our approach is an example of plasmofluidics, an
emerging field that fuses plasmonics and microfluidics60–63
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FIG. 7. 共Color online兲 共a兲 Schematic
of a plasmofluidic chip. 共b兲 Extinction
spectra recorded from the plasmofluidic chip when exposed to different
fluids. 共c兲 Calculated extinction efficiency as a function of wavelength for
Au disk embedded in media with different refractive indices. 共d兲 Evolution
of LSPR peak position as a function of
surroundings’ refractive index. The
square and circle are for the disks of
140 and 215 nm in diameter, respectively. The open and solid symbols
stand for the experimental and DDA
calculated data, respectively. The
black lines are from linear fitting of
the data.

and enables the development of both surface plasmon-based
“lab-on-a-chip”64–67 and fluid-based active plasmonics.68
Figure 7共a兲 is a schematic of a plasmofluidic chip employed in our work. Annealed Au nanodisk arrays on a glass
substrate were integrated with a PDMS microfluidic channel.
The channel has an inlet, an outlet, and an optical chamber to
measure LSPR. Because of its dependence on the surroundings’ refractive index, the LSPR of Au nanodisk arrays can
be tuned when the microchannel is exposed to fluids of various refractive indices. To handle organic solvents that can
attack PDMS, commercial flow cells made of quartz 共Starna
Cells兲 were also used in our studies. Two types of annealed
Au disks with diameters of ⬃140 and ⬃215 nm, respectively, were studied.
Figure 7共b兲 shows the extinction spectra recorded from
the annealed Au nanodisks with diameter of ⬃140 nm when
exposed to different surroundings. The HR4000 spectrophotometer was used to record the spectra. Four fluids with different refractive indices were used: water 共n = 1.33兲, acetone
共n = 1.36兲, isopropanol 共n = 1.37兲, and optical oil 共n = 1.63兲.
The LSPR peak position redshifted and its peak intensity
increased when a fluid of higher refractive index was introduced. The observed effects of refractive index on LSPR
peak position and intensity 关Fig. 7共b兲兴 are consistent with the
calculated results 关Fig. 7共c兲兴. In the DDA calculations, the
disk diameter and thickness were chosen to be 140 and
33 nm, respectively. Each disk was assumed to be immersed
in a homogeneous medium of refractive index ranging from
1 to 1.63. Other parameters used in the simulation were the
same as those employed in Fig. 3共b兲. Figure 7共d兲 shows the
evolution of LSPR peak positions as a function of surroundings’ refractive index for two types of disks 共diameter, 140
and 215 nm兲. Both experimental and theoretical results indicate that the LSPR peak position scales linearly with the

surrounding refractive index. Based on the slope of the fitted
lines, disks of bigger diameter exhibit better sensitivity. The
diameter-dependent sensitivity is consistent with analytical
results.69 However, theoretical results show much higher sensitivity than the experimental data. The theoretical and experimental sensitivities for the disks of 140 nm in diameter
are 998 and 128 nm/RIU 共refractive index unit兲, respectively.
Those for the disks of 215 nm in diameter are 1134 and
171 nm/RIU, respectively.
The discrepancy between experimental and theoretical
results can be attributed primarily to three factors. First, in
the experiments, only part of the disk 共top and sidewalls兲 was
exposed to the surroundings, while in the calculations, the
disks were assumed being completely surrounded by the fluidic media. Second, as fluids with different refractive indices
passed through the microchannel, residue accumulated on
disk surfaces and changed the effective refractive index and
thus the LSPR of the disks. Third, during the Ar RIE process,
glass substrates were overetched to some degree and the
etched materials could be redeposited onto Au disks and reduced the surface areas of Au disks that were exposed to the
fluidic media. The contribution from the second factor can be
reduced if we functionalize the disk surfaces with a selfassembled monolayer that reduces residue attachment.70 To
reduce the third factor 共the redeposition of glass materials on
Au disks兲, Ar RIE conditions should be optimized to minimize the overetching effects.
IV. CONCLUSION

We fabricated long-range ordered Au nanodisk arrays of
tunable sizes on glass substrates by combining the conventional NSL with two-step RIE processes, and investigated the
LSPR properties of the disks systematically. Both experimental and theoretical studies of the LSPR of the Au nano-
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disks indicate that increasing the disk diameter redshifts the
peak position and increases the peak intensity as well as the
FWHM. Based on the DDA calculations, reducing the thickness of the Au nanodisks redshifts the peak of LSPR with
narrower FWHM and higher intensity. Glass substrates cause
a redshift of peak position while decreasing the peak intensity. Overetching the glass substrates blueshifts the peak position with increased intensity. On the other hand, the Cr
interfacial layer causes a slight blueshift of the peak position
while greatly decreasing peak intensity and broadening
FWHM. Furthermore, we have found that the annealing process is essential in improving the LSPR properties of Au
nanodisks. For disks with diameters smaller than 200 nm, the
peak positions blueshift upon the annealing process. When
the disk diameter is larger than 200 nm, annealing does not
introduce obvious peak shift. These results coincide with the
AFM images, which show that the annealing process transforms smaller disks 共⬍200 nm兲 into spherical shape, but
does not change the shape of larger ones. The annealed Au
disks dramatically narrow the FWHM and increase the peak
intensity, which is believed to arise from the improved morphological uniformity as well as far-field coupling effects
among the disk arrays. Finally, the sensitivity of LSPR of the
annealed disk arrays to the change of surroundings’ refractive index was measured through a plasmofluidic chip and
compared with DDA calculations.
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