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Localized surface plasmon resonance (LSPR) is a promisingmethod for detecting antigen-antibody binding in label-free biosensors.
In this study, the fabrication of a LSPR substrate with a gold nanodot array through the lift-off process of an alumina mask is
reported. The substrate showed an extinction peak in its extinction spectrum, and the peak position was dependent on the height
of the gold nanodot array, and the change of extinction peak with the height could be predicted by the numerical simulation. In
addition, the peak position was observed to be red-shifted with the increasing RIU value of the medium surrounding the gold
nanodot array. In particular, the peak position in the 10 nm thick gold nanodot array was approximately 710 nm in air, and the
sensitivity, defined as the ratio of the shift of peak position to the RIU of the medium, was 323.6 nm/RIU.The fabrication procedure
could be applied to fabricate the LSPR substrates with a large area.

1. Introduction

When light is incident on a surface with metal nanoparticles
smaller than the wavelength of light, the collective oscillation
of conduction electron in them with a resonant frequency is
induced [1]. As the metal nanoparticles absorb and scatter
the light in the localized surface plasmon resonance (LSPR)
mode, the resonance frequency can be estimated via mea-
suring the light transmittance of nanoparticles. This reso-
nance frequency depends on the nanoparticles’ size, shape,
composition, and a local dielectric medium surrounding
them.The refractive index change of local dielectric medium
due to absorbing organic molecules onto the nanoparticles
results in the change of resonance frequency. Therefore,
LSPR provides a methodology for label-free detection in
biosensor technology such as immunoassay and detection or
monitoring of DNA hybridization [2–4].

The substrate, onto which the nanosized metal structures
exhibiting the LSPR phenomenon are deposited, should be
developed for the LSPR-based biosensor. There have been
several methods reported to fabricate the substrate for LSPR,
such as the direct deposition of nanoparticles or nanorods
in solution onto a solid surface, the growth of nanoparticles

on the surface, nanosphere lithography, and nanoimprint
lithography [5–12]. The nanosphere lithography was used
to systematically investigate the effect of nanoparticle size
and shape on LSPR results [7, 8]. However, it is not easy to
fabricate the packed nanosphere array over a substrate with
a large area, even though several other fabrication protocols
have been proposed [13]. On the other hand, an alumina
film with nanopores, which was prepared by anodizing
aluminum foil in an acidic solution, has been used to fabricate
nanostructures [14]. The pores are highly ordered over the
entire alumina film, and the size and density of the pores are
controlled by changing the anodization conditions such as the
acid pH value and applied voltage [15–17]. Devices or surfaces
such as a carbon nanotube emitter, silicon nanodot array,
superhydrophobic surface, and optical filter were prepared
using the alumina films [18–21]. According to these examples,
the anodization process is advantageous in that it confines the
structure to the nanoscale and is fully controllable. Moreover,
as alumina films with a large surface area can be prepared
by anodizing the aluminum foil, the fabrication of an LSPR
substrate using an alumina mask is a potential candidate for
developing an LSPR-based biosensor [22, 23]. However, as
the alumina mask is fabricated with a thick aluminum foil
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Figure 1: Fabrication of the gold nanodot array on substrate using
the alumina mask lift-off process.

followed by transferring it onto the substrate, it is difficult
to handle it due to the several hundred nanometer thickness
[24, 25].

In this study, the fabrication of a gold nanodot array using
the alumina mask is reported for the LSPR substrate. It is
unique that the alumina mask was prepared by anodizing the
aluminumfilmdeposited on the substrate, so, it does not need
to handle the thin alumina mask. A glass substrate was used
as the substrate in order to observe the LSPR phenomenon
by measuring transmittance of the substrate, and the LSPR
phenomenon was compared to the numerical estimation.
Finally, the applicability of it to the LSPR-based biosensor was
investigated.

2. Methods

2.1. Fabrication of Gold Nanodot Array. Fabrication of the
gold nanodot array on glass substrate is schematically illus-
trated in Figure 1. After a glass substrate (size: 24 × 24mm)
was cleaned with the piranha solution (1 : 4 of hydrogel
peroxide and sulfuric acid), 1 𝜇m thick aluminum film
was deposited by electron beam evaporation (EI-5, ULVAC
Co., USA). A two-step anodization process was executed
to form the alumina mask on the substrate as described
elsewhere [15]. Figure 2(a) shows the experimental setup for
the anodization process. The change in the electric current
between the substrate and the carbon electrode was recorded
during each anodization using the bench top multimeter
(34401A, Agilent Co., USA). In the first anodization process,
after the substrate and the carbon electrode were placed in
a beaker of 0.3M oxalic acid, 40V was applied between the
substrate and the carbon electrode to anodize the aluminum
film for 13 minutes at 5∘C. The alumina film formed on
the substrate was removed by immersing it in a solution of
6wt% H

3
PO
4
and 1.5 wt% CrO

3
at 60∘C. After the substrate

was rinsed and dried, the second anodization process was
executed with the aluminum film remaining on the substrate
under the same conditions as the first anodization. Finally,
the substrate was immersed in a beaker of 5 wt% H

3
PO
4
to

remove the barrier layer and widen the diameter of the pores
formed in the alumina film.

The gold nanodot array was fabricated using the alumina
mask lift-off process. To fabricate the gold nanodot array,
a 2 nm thick layer of chromium and a gold layer were
sequentially deposited via electron beam evaporation onto
the substrate. After depositing the gold layer, the alumina
mask was removed by immersing the substrate in 5wt%
H
3
PO
4
at 30∘C for 60 minutes.

2.2. Characterization of Gold Nanodot Arrays. Scanning elec-
tron micrographs (SEM) of the alumina mask and the gold
nanodot arrays were acquired using field emission scanning
electron microscopy (S-4800, Hitachi Co., Japan), and the
size of gold nanodot was estimated from the SEM with the
imaging processing software embedded in the instrument.
The extinction spectra of the gold nanodot arrays were
estimated as the logarithmic value of the reciprocal of trans-
mittance measured using a spectrophotometer (Evolution
300, Thermo Scientific Co.) with a resolution of 1 nm. The
spectrophotometer is operated in the dual-beam mode and
has a xenon lamp and a silicon photodiodes as a light source
and detector. In addition, the extinction spectra of the gold
nanodot arrayswith the surroundingmediumwere estimated
by measuring the spectra by immersing the substrate in the
glass cuvette in which the water or the mixture of water and
glycerol was contained.

3. Results and Discussion

The gold nanodot array on glass substrate was fabricated
with the lift-off process of the alumina mask shown as
schematically illustrated in Figure 1. The alumina mask was
prepared using a two-step anodization process. In this study,
the two-step anodization process was executed with a 1 𝜇m
thick aluminum film deposited onto a glass substrate to
make the thin alumina mask attached to the substrate. In
the first anodization step, a portion of aluminum film was
anodized, and the alumina film formed on the aluminum
film was removed. In the second anodization step, the
remaining aluminum film was converted to the alumina film
via complete anodization. The alumina mask was completed
by removing the barrier layer existing at the bottom of the
nanopores in the alumina film and widening the pore size.

The change in electric current as a function of the
anodization time was recorded during the first and second
anodization steps (Figure 2(b)). Additionally, the one-step
anodization of the aluminum layer on the glass was recorded
under the same conditions. It took approximately 19 minutes
for the current to drop in the one-step anodization process.
In the two-step anodization process, the first anodization step
was carried out for 13 minutes. The current increased slightly
with time but only after experiencing an initial drop. In the
second anodization step, the current began to decrease after
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Figure 2: (a) Experimental setup for anodizing the aluminum film on the substrate. (b) Change in current as a function of anodization time
in the single-step and two-step anodization processes.
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Figure 3: Scanning electron micrographs of alumina film on glass substrate. (a)The surface of aluminum layer after the first anodization. (b)
The surface of alumina film after the second anodization. (c)The surface of alumina mask completed after removing the barrier layer. (d)The
cross-sectional view of the alumina mask.

approximately 5.5 minutes as the aluminum layer became
semitransparent, which indicated that the aluminum layer
was fully converted into an alumina film. After the current
dropped, the anodization process was continued for more
than 1 minute to confirm that the aluminum layer was
completely anodized. The total aluminum anodization time

for the two-step anodization process was approximately
18.5minutes, which was nearly equal to the amount of time
as the one-step anodization process.

Figure 3(a) shows the surface morphology of the alu-
minum film on the substrate which was acquired using
field emission scanning electron microscopy after the first
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Figure 4: Scanning electron micrographs of the (a) 10, (b) 30, and (c) 50 nm thick gold nanodot arrays formed on glass substrate. All the
micrographs were acquired from the sample tilted with 45∘.

anodization step followed by the removal of alumina. The
mesh pattern was observed on the surface after the first
anodization step [22]. After the second anodization step, the
nanosized pores were formed on the alumina film as shown
in Figure 3(b). As the barrier layer is formed at the bottom
of pores of the alumina films, it should be removed so that
the alumina film can be used as the lift-off mask [14]. As
the barrier layer is of aluminum oxide, it can be resolved in
the acidic solution such as the phosphoric acid [26, 27]. In
this study, the alumina film on the substrate was wet-etched
in a 5wt% H

3
PO
4
solution. Figures 3(c) and 3(d) show the

surface of the alumina mask completed. The pores of the
aluminamask in Figure 3(c) were larger than the pores shown
in Figure 3(b). In the cross-sectional view of the alumina
mask in Figure 3(d), it was observed that the pores were
the through-hole type by removing the barrier layer in the
bottom of pores. Although there have been several methods
to remove the barrier layer such as the reactive ion etching
or wet-etching, the barrier layer was simply removed during
the etching [19, 26]. On the other hand, the thickness of the
alumina mask was estimated to be approximately 390 nm
in Figure 3(d). As the alumina film prepared in the first
anodization step was removed, the remaining aluminum film
was converted into an alumina mask in the second anodiza-
tion step, and the thickness of mask is proportional to the
second anodization time. By considering that the converted
alumina film was 1.2 times thicker than the aluminum film,
the thickness of alumina mask was calculated as 356.8 nm by
multiplying the total converted alumina film (1.2𝜇m) by the
ratio of the second anodization time (5.5 minutes) to the total

anodization time (∼18.5 minutes).The calculated value of the
mask thickness was similar to the mask thickness estimated
by the SEM analysis with an error of approximately 8.5%. It is
important to control the thickness of the aluminamask, as the
impending success or failure in the lift-off process is dictated
by the thickness of the mask. For example, the substrate
lift-off process failed when the first anodization step time
exceeded more than 15 minutes in preliminary experiments.

A 2 nm thick chromium film serving as an adhesion
layer, onto which a gold layer was later deposited, was
deposited by electron beam evaporation onto the alumina
masked substrate. The gold nanodot array on the substrate
was completed using the aluminamask lift-off process, which
consisted of immersing the substrate in a solution of 5 wt%
H
3
PO
4
at 30∘C while stirring gently for 60 minutes. Figures

4(a)–4(c) show the gold nanodot array on the substrate
according to the thickness of the gold layer deposited:
10, 30, and 50 nm, respectively. The lift-off process failed for
the substrate with the gold layer thicker than 50 nm. The
diameter of each gold nanodot was 93.3 ± 6.7 nm, 92.1 ±
6.4 nm, and 88.8 ± 5.6 nm for the gold layers measuring 10,
30, and 50 nm thick, respectively. Additionally, the center-to-
center distance between each gold nanodot was 101 ± 7.5, 100
± 8.7, and 97.5 ± 6.2 nm for the gold layers measuring 10, 30,
and 50 nm thick, respectively.

Figure 5(a) shows the extinction spectra of the substrate
with varying gold layer thickness. Each spectrum was mea-
sured while the surface of substrate exposed to air. The
spectrum of the substrate with the 10 nm thick gold layer was
broader than the other spectrums, but the peak position from
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Figure 5: (a)Measured extinction spectrum of the substrate with the gold nanodot array formed by depositing various gold layer thicknesses.
(b) The geometry model used for simulating the extinction spectrum of gold nanodot. (c) Simulated extinction spectrum of the substrate
with the gold nanodot on the glass substrate.

the spectrum could be estimated with the centroid algorithm
[28]. The peak position wavelength for the substrate with
the 10 nm thick gold layer was 710 ± 11 nm, which was in
the near-infrared range. Moreover, the peak positions for the
substrate with the 30 and 50 nm thick gold layers were 606
± 2 and 562 ±3 nm, respectively. When the light at a specific
wavelength irradiates the metal nanoparticles, the collective
oscillation of the conduction electron plasma localizedwithin
the near surface region of the nanoparticle occurs. This is
the phenomenon for which LSPR is known and can be
observed by the peak positions in the spectrum measured
using extinction spectroscopy [8].

The extinction of gold nanodot array could be modeled
using a finite element analysis (FEM) software package
(COMSOLMultiphysics,USA) [29]. As shown in Figure 5(b),

it was assumed that the gold nanodot on a glass sub-
strate (the refractive index = 1.52) was cylindrical with the
diameter estimated in the SEM analysis, and the medium
surrounding the gold dot was air (the refractive index = 1),
and the boundary condition of the medium was selected
as the perfect matched layer (PML) function provided in
the software package. The data reported in Johnson and
Christy’s article was used for the optical properties of gold
[30]. The extinction cross section as the sum of absorption
and scattering cross section was calculated with the FEM
analysis under the condition that the electromagnetic field
polarized in the 𝑥-axis was irradiated in the direction of 𝑧-
axis in the geometry shown in Figure 5(b). Figure 5(c) shows
the extinction spectra simulated in the different height of
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Figure 6: Measured data of shift in peak position of the extinction
spectra of the gold nanodot arrays with 10, 30, and 50 nm thick gold
deposition as a function of the refractive index of the medium.

10, 30, and 50 nm. The normalized extinction of the 𝑦-
axis was calculated by dividing by the value in the peak of
spectrum. The peak positions of gold nanodot array with
10, 30, and 50 nm heights were estimated to be, respectively,
752, 630, and 608 nm, which were higher than the values
measured in the experiment. This difference between the
experiment and the simulation is possibly due to a thin oxide
layer on the surface of gold nanodot [31]. As the LSPR is
sensitive to the refractive index of medium surrounding the
metal, the LSPR of gold nanodot array in the experiment was
affected by the oxide layerwhich prevented the surface of gold
nanodot from being exposed to air. In addition, the disagree-
ment of shapes of nanodot in both the experiment and the
simulation could contribute to the difference of LSPR because
the peak position of the extinction spectrum is affected
by the size, shape, and composition of the nanoparticle.
However, the trend of peak position with the varying height
of gold nanodot coincided in both the experiment and the
simulation. A similar change in peak position with increasing
nanoparticle height has also been reported for substrates
coated with Ag nanoparticles fabricated using nanosphere
lithography [8].

The effects of the medium on the extinction spectrum
of the nanodot array were also estimated by measuring the
extinction spectra of gold nanodot array immersed in water-
glycerol mixture. The RIU of the medium was adjusted with
various concentrations of glycerol in water: 0 (pure water),
20, 40, 60, 80, and 100 (glycerol) wt%, which corresponded
to RIU values of 1.3303, 1.35749, 1.383413, 1.41299, 1.4429,
and 1.4739, respectively, at 20∘C. When the medium was
changed to the pure water in place of air, the spectrum peak
position of the substrate with the 10, 30, and 50 nm thick
gold layer was 785 ± 3, 642 ± 8, and 592 ± 1 nm, respectively;
all of the peaks for the varying gold layer thickness shifted
from the peak position measured in the air environment

due to the change in the refractive index unit (RIU) of the
surrounding medium. The shift in peak position relative to
the peak position in the pure water as a function of the RIU
of the surrounding medium is shown in Figure 6. From these
results, it is clear that the peak position increased with the
increasing RIU value of the medium. The equation reported
by Kelly et al. indicates that the peak position is linearly
proportional to the RIU value of the surrounding medium
[5]. In the conducted experiment, the peak position was
linearly shifted against the RIU value. The slope in Figure 6,
which is calculated as the ratio of the peak position shift
to the change of the surrounding medium RIU value, was
323.6, 150.9, and 116.3 nm/RIU for the substrate with the
10, 30, and 50 nm thick gold layer, respectively. In LSPR-
based biosensing, the aforementioned slope is related to the
sensitivity, and a tiny change in the RIU due to the antigen-
antibody binding occurring on the substrate is converted to a
readable signal. In view of the sensitivity, the LSPR substrate
reported here is superior to the substrate fabricated using
nanosphere lithography and provides sensitivity similar to
the substrate fabricated using nanoimprint lithography [8,
12].

4. Conclusions

The gold nanodot array reported in this study successfully
demonstrated the possibility to serve as an LSPR-based
biosensor substrate. The peak position in the extinction
spectrum was dependent on the height of the gold nanodot.
In particular, the peak position in the extinction spectrum
of the reported LSPR substrate with the 10 nm thick gold
layer was in the near-infrared range. As the extinction bands
of tissues or blood mainly exist at wavelengths lower than
650 nm, the LSPR substrate with the extinction peak in the
near-infrared range reduces the noise interference due to
tissue or blood complications. In view of the sensitivity, the
ratio of the peak position shift to the surrounding medium
RIU value was superior or comparable to the other types of
substrates commonly used.

The substrate fabrication method used an alumina mask
prepared through a two-step anodization process, which is a
well-defined process used to construct nanosized structures
over large areas. Although the substrate used in this study
was limited to 24 × 24 mm, the size of the substrate can be
increased by simply modifying the protocol. In conclusion,
the reported methodology based on the anodization process
can provide a simple and cost-effective method to fabricate
LSPR substrates.
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