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Facile optical sensors capable of measuring small change of analytes’ refractive indices have been highlighted as the

demand of environmental and Internet-of-Things (IoT) applications increased. In this work, we demonstrate large-area

refractive index sensor feasible refractometric and colorimetric sensing with plasmon-coupled hybrid nanotemplate

anodic aluminum oxide (AAO). The nanotemplate enhances figure-of-merit and sensitivity owing to coupled mode of

Fabry-Perot microcavity and metallic nanosurfaces. The increased mode confinement and interaction between AAO po. ..

and analytes show highly modulated reflection spectra, which enables refractive index sensitivity up to 348 nm/RIU ana

figure-of-merit value up to 27.7. Also, vivid color change induced from infiltrated analytes allows colorimetric sensing

performance up to RIU/AE ~ 0.006 according to ClELab 1931 analysis. The key features of our device are simultaneous

applications to superb dual (refractometric and colorimetric) sensing schemes by plasmon-coupled hybrid AAC

nanotemplate.

Introduction

Late advancements in nanotechnology have prompted new
applications for optical sensors that can measure a broad range of
chemical or biomolecular analytes in environmental and Internet-of-
Things (loT) applications.**° In order to apply optical sensors to loT
applications, it is required to have small form factor with minimal
power consumption. In addition, acquired data need to be
transmitted and analyzed in a simple way without external batteries.
Therefore it is very feasible to use smartphones or digital cameras
for optical sensing since they are already well-distributed, easy to
use and have computational powers enough to analyze data.

The optical sensors detect the electromagnetic spectrum shift
arising from the refractive index change when analyte target
approaches to active region.!* Generally, two approaches have been
available for index sensing: refractometric and colorimetric.
Refractometric sensing analyses shifted transmission or reflection
spectrum owing to electromagnetic interaction between the active
region and target analytes. Therefore, a spectroscopic setup is
necessary for capturing and analysing spectrum. On the other hand,
colorimetric sensing uses no external device and just uses recognized
color change. For refractometric index sensing, methods such as
polarimetric measurement,’? resonance spectrum shift of surface
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plasmon of gold with molecular labeling,’314 and light waveguide
based on anodic aluminum oxide (AAO)*>-1" have been successfully
demonstrated. For colorimetric index sensing, color changes of silver
nanovolcano array,*® 1D nanotemplate based on mixed metal oxide
(MMO) -TiO2,"° coupled silicon nanowire arrays® and golc
nanopatch array?* have been measured and analysed.

Among various optical sensors, surface plasmon resonances (SP~,
sensor has been intensively studied owing to its ability to enhance
the local electromagnetic field at the nanoscale.?>?3 SPR sensors are
very sensitive to the change of the dielectric permittivity within the
active region, where the interaction between the plasmonic
nanostructure and the analyte takes place. The local electromagnetic
mode can be detected by far-field spectroscopy through radiative
damping process.?* One of the most significant problems of the SPR-
based sensor is broad plasmonic resonance due to large absorption
loss of metals. The broad linewidth limits important sensing
characteristics - the figure-of-merit (FOM), which is defined as the
refractive index sensitivity divided by spectral linewidth.?325-2
Another problem of SPR-based sensor is small spatial sensing deptr.
of active region, which is only constrained to a few nanometers
around the plasmonic nanostructure?-282°, Therefore, a sophisticat...
micro-spectroscopic setup is required to collect far-field efficiently
and measure the spectrum.

To overcome these problems, several methods have bee..
proposed to enhance the sensitivity, FOM, and detection scheme of
SPR-based sensors. First, strong coupling of broad SPR resonance 2
a system with narrow plasmonic resonance by Fano effect3%-32 »r
electromagnetically induced transparency33* have been proposed.
The strongly coupled system can be introduced by the propagati g
mode in a periodic grating® or coupling between individual metali..
rods.?#3135 The coupled mode shows altered plasmonic resonan <
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spectra to more asymmetric and narrower shapes, which provides
higher FOM and sensitivity for refractive index sensing. Second
method is to use plasmonic waveguide structure.®®3” Change of the
plasmonic mode due to filled analyte in a hollow metallic cavity
leads to enhanced sensitivity and FOM. Third method is to use
coupling SPR resonance to an optical microcavity to decrease the
resonance linewidth.%84* The linewidth of such a hybrid
resonance can be reduced by the modified cavity Q factor
determined by radiative damping of the coupled system.

However, all these methods require lithographic fabrication
process and sophisticated spectroscopic setup in order to obtain
high refractive index sensitivity and FOM. In this paper, we
demonstrate a facile method to fabricate large area and low-cost
template for coupling SPR and optical Fabry-Perot microcavity.
AAO template with deposited metal nanosurface is used not
only to couple electromagnetic modes, but also to simplify
analyte infiltration scheme. The plasmon-coupled modes
enhance the electromagnetic field and the interaction with the
analyte at the AAO-air interface to make Fabry-Perot mode
have large Q-factors. AAO template is employed as the
fabrication method is simple in spite of its nanoscale structure
compared to electron beam lithography, which is commonly
used for nanofabrication. Excellent chemical and mechanical
stability of aluminum oxide, also, led AAO template to be
applied.*> Moreover, structure parameters of AAO such as
thickness and pore diameter of AAO template are readily
controllable with anodization and pore widening time.*34* The
coupled mode can greatly enhance sensitivity and FOM for
efficient sensing of analyte’s refractive index. In addition, we
observe vivid color change allowing simple colorimetric
sensing either by naked eyes or cheap digital camera. It has
been shown that the hybrid plasmon-coupled AAO system
excellently combines the advantages of Fabry—Perot
microcavities with those of plasmonic nanostructures,
providing exceptional features such as large spatial sensing
depth and perceptually recognizable colorimetric sensing.

We first design and fabricate refractive index sensor based on
hybrid plasmon-coupled AAO templates for analyte targets with
refractive indices from 1.4 ~ 1.7. In order to obtain large spectral
shift and color change, we study the effect of the gold nanosurfaces
and AAO microcavity with thickness less than 500 nm. Using finite-
difference time-domain (FDTD) simulations, we provide a detailed
explanation of the underlying physics of the hybrid plasmon-coupled
AAO structure and the expected reflectance spectra depending on
the thickness of the templates and refractive indices of analytes.
Then, we analysed the images of the AAO template taken by a
digital camera on the basis of CIELab 1931 color space to study
perceptual colorimetric sensor performance. We find the computed
Euclidean distances between the tristimulus points in the color space
strongly depend on the AAO thicknesses. We find AAO with 250
nm thickness shows the largest color sensitivity at normal viewing
angle. For further enhancement of the refractometric sensitivity and
FOM, we increased AAO thickness up to 5 um. We find the
sensitivity and FOM follow same trend in the energy scale rather
than in wavelength scale. The effect of annealing of deposited gold
nanosurface with respect to colorimetric and refractometric sensing
performances have been investigated as well. The gold layer turns
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into gold nanoparticles when annealed in high temperature, and the
change of localized surface plasmon resonances and Fabry-Per~
interference affects the performance of the hybrid plasmon-coupled
AAO structure.

Experimental

Fabrication of plasmon-coupled AAO templates

The conventional two step anodization process was performed
from high purity aluminum foil (99.999%) with a thickness of 0.5
mm to get well-ordered hexagonal AAO array.®®> The first
anodization was carried out under a constant voltage of 40 V ir,
0.3M oxalic acid solution at 10°C so that we could get a hexagonal
array with interpore distances of ~ 100 nm. After the firs
anodization, the AAO layer was removed in a mixture of 1.8wt%4
chromic acid and 6wt% phosphoric acid for 4 h at 80°C. After the
AAO layer was completely etched, the second anodization w
carried out under the same condition at 1 to 5 min, and 1 h for thin
and thick thicknesses of aluminum oxide layer of AAO templa..,
respectively. Afterwards, the AAO template was chemically etchea
in an aqueous solution of 5wt% phosphoric acid solution for 24 mir
at 30°C to widen the pore diameter to 70 nm. Lastly, the gold
nanosurface was deposited by sputtering on the surface of AAC
template.

Characterization

For refractometric index sensing, the reflection spectra were
measured using a fiber-coupled UV-VIS-NIR spectrometer (Ocear
optics USB2000+). The emitted white light from a Tungsten
Halogen light source were coupled into a reflection fiber probe
(R400-7-VIS-NIR). The measurement was performed in a
wavelength range from 400 nm to 1000 nm and a reference silv_~
mirror was used as a calibration reflection measurement. As test
analytes, Cargille refractive index fluids were used to control
refractive indices ranging from 1.35 to 1.7. After each measurement
the plasmon-coupled AAO template was rinsed carefully with
acetone and distilled water without changing position of the template

Results and Discussion

Design and Fabrication of hybrid plasmon-coupled AAC
templates

A schematic of the hybrid optical sensor, composed of
Fabry-Perot microcavity for narrow resonance and me’ ’
nanosurfaces for broad SPR resonance, is illustrated in Fig. 1(a)
Under the illumination from top of the AAO template, some of
the light is reflected back from the top of the AAO structu.
with phase change ¢,. Some of the light is transmitted into the
AAO microcavity and partly reflected back from the bottom of
the AAO structure. After one round-trip inside the cavity, t e
light is partly transmitted back out of the top of the AAC
microcavity with phase change ¢,. The phase difference of t" e
light totally reflected back from the AAO microcavi,
determines Fabry-Perot interference conditions; ¢, — ¢ -

This journal is © The Royal Society of Chemistry 20xx
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(2n+ 1)m or (2n)m with integer n for destructive and
constructive interference, respectively. The phase difference for
the reflected light corresponds to 4m nL /A, where n, L and A are
refractive index of the cavity, cavity length, and the wavelength
of light, respectively. Therefore, for a given Fabry-Perot cavity,
the cavity length and the modal wavelength are proportional to
each other. Also, for a given spectral bandwidth, thicker cavity
length leads to more modes in shorter wavelength.

While the Fabry-Perot cavity mode is determined by the thickness
of the AAO template, the strength of the coupling with metal
nanosurfaces depends on whether the metal nanosurfaces are located
at the node or at the anti-node of the Fabry-Perot mode.*° In a typical
Fabry-Perot cavity, their field localization is very poor so that the
support of SPR is limited. However, our porous Fabry-Perot cavity
structure increases the interaction length between the cavity and the
infiltrated analyte, and the phase shifts ¢, and ¢, can be greatly
affected by the SPR of top metal nanosurfaces. In thicker AAO
structure, the phase accumulation is more important to keep several
round-trips of the light inside the microcavity.

Scanning electron microscope (SEM) images show that AAO
template has well-ordered hexagonal array with average pore size of
70 nm and the average lattice between the pores of 100 nm, as
shown in Fig. 1(b). The sputtered gold forms rough surface on the
surface of AAO surface with average thickness of 10 nm. Side-view
SEM image shows that most of the gold is deposited on the surface
of AAO template (Fig. 1(c)).

Using a commercial finite-difference time-domain (FDTD)
package (Lumerical Solutions Inc.), we simulate reflectance spectra
to find the resonant mode of the hybrid plasmonic AAO structure
with respect to the cavity length. First, we assume the pores in AAO
are empty without analyte. We also assume the sputtered gold
nanosurfaces as a uniformly deposited gold layer with 10 nm
thickness. Fig. 2 (a) shows the normalized reflectance as a function

(@ Incident light

i

Fig. 1 (a) Schematic illustration of plasmonic AAO nanotemplate. The AAO
template is grown on the aluminum substrate and the gold is sputtered on
the AAO template. The thickness of AAO template can be tuned by
anodization time. The arrows show incident and reflected light paths
through the structure. (b) The scanning electron microscope (SEM) image
for top AAO nanostructure shows well-ordered hexagonal array with
average pore size of 70 nm and the average lattice between the pores of
100 nm. The gold layer of ~ 10 nm was sputtered on the surface of AAO
template. The sputtered gold forms a nanosurface with small empty holes
and rough surface. (c) Side-view SEM image of the AAO nanostructure
shows that most of the gold is deposited on the surface of AAO template
and few gold particles are attached on the side walls.

This journal is © The Royal Society of Chemistry 20xx
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of wavelength and of AAO thickness. The reflectance spectrum
modulations owing to Fabry-Perot modes can be clearly observed =<
a linear color region in the color contour map as functions of the
AAO thickness and the wavelength. For a fixed AAO thickness.
reflectance spectrum shows modulated Fabry-Perot resonar-e
conditions with increasing wavelength. Likewise, the modulatior.
depth increases with increased AAO thickness. At 638 nm, as shown
as a horizontal while dotted line, sharp reflectance valley is observec
The reflectance valley corresponds to a destructive interference of
Fabry-Perot mode owing to the gold nanosurface’s plasmor.
resonance.

In order to find the effect of the sputtered gold nanosurfaces or
the Fabry-Perot mode, we simulate reflectance spectra of 300 nm-
thick AAO microcavities for the cases with and without gold layers
as shown in Fig. 2(b). The red solid line and dotted line denote the
simulated reflectance spectra AAO with and without thin gold layer,
respectively. Without gold nanosurfaces, Fabry-Perot mode of t
pristine AAO template does not show any sharp modulation depth
The resultant FOM derived from the reflection peak (or valley)
without gold nanosurfaces is low. On the other hand, the simulation
shows a sharp negative peak near the valley at 638 nm owing to the
surface plasmon resonance (SPR) of gold. In addition, the reduced
reflection at the valley further enhances FOM.

Refractometric index sensing by hybrid plasmon-coupled
AAO templates

We measured reflection spectrum to find out the sharp negative
peak at 638 nm. Unfortunately, this negative peak could not be
experimentally observed, as seen from the black solid line in Fig
2(b). According to our speculation, the negative peak is smeared out
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Fig. 2 (a) Simulated normalized reflectance is shown as a color contour a- ~
function of the thickness of AAO template and illumination wavelength foi
cavity-coupled plasmonic structure described in Fig. 1. (b) Simulated (red)
reflectance spectra by finite-difference time-domain method and measur .
(black) spectra are drawn with (solid) and without (dash) gold layer. The
AAO template thickness is 300 nm. Sputtered gold layer on the AAO
template enhances modulation depth of Fabry-Perot mode. Simulat J
electric field intensity distributions are shown with gold layer (c) for t =
peak (A1 = 509 nm) and valley (A2 = 638 nm), and without gold layer (d) for
the peak (A" = 518 nm) and valley (A’ = 656 nm), respectively. T e
plasmonic absorption is shown in (c) at the wavelength of the valley of the
reflectance spectrum (Az) near the gold layer.
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due to imperfect hexagonal AAOQ lattice structure and nonuniform
layer thickness. Without the sharp negative peak, though, the
reduced reflection valley near 630 nm by gold sputtering leads to
enhanced FOM of the peak at 509 nm. We also note the reflectance
at 509 nm increases 10 % with AAO with gold nanosurfaces. The
increased modulation depth of the Fabry-Perot mode serves better
for refractive index sensing.

Mode profiles at reflectance peaks and valleys are shown in Fig.
2(c) and (d) for the AAO with gold layer (c) for the peak (A1 = 509
nm) and valley (A2 = 638 nm), and without gold layer (d) for the
peak (A’ = 518 nm) and valley (A2' = 656 nm), respectively.
Regardless of the gold nanosurfaces, standing wave pattern can be
observed both inside and outside the AAO microcavity. Mode
profiles at A1 and A1’ show constructive interference allowing large
reflection from the AAO microcavity. Whereas mode profiles at A2
and A2’ show destructive interference and highly confined mode
within the AAO microcavity. Even though the field difference
outside the cavity at A1 and A1’ is not significant (10% change in the
Fig. 2(b)), the field difference outside the cavity at A2 and A2’ is very
large. Therefore, the reflectance spectrum modulation depth for the
case with gold nanosurfaces is larger than the case without gold
nanosurfaces. The enhanced modulation depth in reflectance
spectrum leads to higher FOM for analyte index sensing.

Reflectance (a.u.)

400 500 600 700 800 900
Wavelength (nm)

1000

Fig. 3 Refractometric index sensing using plasmonic AAO nanostructure.
Measured reflectance spectra of the plasmonic AAO nanostructure by
changing surrounding medium with different refractive index (n = 1 - 1.7)
when AAO template thickness is 500 nm. The peaks are shifted to longer
wavelength with constant rate as the refractive index of surrounding
medium increases. With this thickness 500 nm of AAO template, sensitivity
of ~ 324 nm/RIU is obtained. The color images of the AAO templates with
analytes are shown in right.

In order to enhance reflectance spectrum modulation depth, we
increase AAO hybrid cavity thickness to 500 nm for refractometric
sensing scheme. Cargille refractive index fluids, which are stable
and wettable to the AAO surface, are used as test analytes to control
refractive index values 1.35 and 1.7.% As analytes with higher

4| J. Name., 2012, 00, 1-3

refractive index infiltrate into the AAO template, the reflection
spectrum moves to longer wavelength pushing up the resonance
condition of the hybrid plasmonic AAO structure changes, as shown
in Fig. 3. Within the detector range in the visible, the peaks a
longest wavelength show large shift after analytes infiltration. As ¢
result, the peak shift is linearly proportional to the refractive index oi
the analytes with maximum sensitivity of ~ 324 nm/RIU.

Colorimetric index sensing by hybrid plasmon-coupled
AAO templates

With the AAO template with infiltrated analyte, we observec
significant color changes, suggesting our AAO template can be usec
as a colorimetric sensor. The color of the prepared AAO microcavity
is affected by all the interference peaks. Since the color depends or.
the cavity structure and material’s dielectric permittivity, refractive
index change can be perceptually recognized by color gamut
analysis.*® The color can be changed with respect to the viewi. :
angle as well as the analyte refractive index.

Refractive |
AAO Index 1 1.4 15 1.6 1.7

Thickness (nm)
- 0000 ®
LI

140 ’) e
180 ‘) ') Q)

- 0000
- 9090000
- 000 ®®
- 9000
- 0000 ®

Fig. 4 Optical images of the AAO templates as a function of the tested
refractive index immersion liquids and thickness of AAO template from 10C
nm to 360 nm. All images are taken by a digital camera at normal viewing
angle under identical illumination condition. The color change with 100 nn.
thick AAO microcavity is not noticeable, whereas those with 180 ~ 330 nm
thickness show vivid color changes.

In order to figure out the best thickness for colorimetric sensor
eight AAO templates with thicknesses from 100 nm to 360 nm ha =
been examined regarding four different analytes with refractive
indices from n = 1.40 to n=1.70, as shown in Fig. 4. The 100 nm-
thick AAO sensor shows little color change, whereas AAO sensc °
with thickness from 180 nm to 330 nm show large color changes
with the infiltrated analyte targets.

Based on the optical images taken by a digital camera, ' e
evaluate the colorimetric sensing performance of our hybrid AAC
microcavity by mapping the image data to CIELab 19" .
chromaticity diagram, as shown in Fig. 5. One of the advantages . ”
the CIELab color representation is device-independence so that

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 CIELab points of the plasmonic AAO sensor are shown as a function of refractive indices of analytes and various AAO template thicknesses ranging

from 100 nm to 360 nm. With increasing refractive index of the analytes, the measured (L*, a*, b*) color points rotate clockwise.

comparing with other photographed images are possible.*” All colors
in CIELab coordinate can be represented by tristimulus values; 6
lightness L* and chromaticities a* and b*. Lightness L* component
closely matches human perception of lightness. Quantitative color
difference between the two colors, denoted by AE meaning
Euclidean distance between the two color points, is given by the
following formula:

AE = VALZ 4+ Aa*2 + Ab*?

@

where AL*, Aa*, Ab* are the differences between two arbitrary
points in lightness L* and chromaticities a* and b* axes. AE can be
used as a standardized indicator for perceived color difference by an
observer.46 The approximate minimal threshold of perceptual color
change corresponds to AE ~ 1.46 It should be noted that auxiliary
factors such as surrounding background radiation, illumination
conditions, and observer perception may affect AE.

Table 1.
AE
Th'iat\:ﬁr?ess n=1-14 n=14-15 n=15-16 n=16-17 RIU/AE
100nm 8.77 5.10 8.83 5.74 0.011
140nm 25.20 6.78 5.39 5.10 0.015
180mn 10.77 12.25 7.55 7.81 0.008
220nm 42.06 13.00 5.92 4.90 0.008
250nm 24.92 10.00 15.62 11.22 0.006
280nm 49.68 8.94 8.25 6.16 0.008
330nm 31.59 14.04 11.70 10.25 0.007
360nm 20.49 10.63 8.60 6.56 0.009

Calculated Eucledean distances between two refractive indices with respect
to the AAO microcavity thickness. The largest distance is for each AAO
thickness is shown in boldface. The calculated minimum refractive index unit
for the perceptual color change is shown in the right column.

This journal is © The Royal Society of Chemistry 20xx

As refractive indices of test analytes increase, the calculater
tristimulus values move clockwise, as shown in Fig. 5. Therefore,
appropriate sensing device should be chosen for specific analyte’s
refractive index. Table 1 shows the calculated Euclidean distances
for the refractive index change of the analytes. Because the
tristimulus values do not monotonically increase with increasing
refractive index of analytes, the actual path in the CIELab space
along continuous index change is longer than the Euclidean distance
between two points apart. Therefore, the calculated RIU/AE is
interpreted as the lower limit of the colorimetric sensin~
performance of our AAO microcavity. The AAO microcavities witi
180 ~ 330 nm thicknesses show no larger than RIU/AE = 0.01. The
best perceptual refractive index change is RIU/AE ~ 0.006 when
An = 0.1.

Enhanced FOM with increasing AAO thickness

As long as good Fabry-Perot mode is maintained, the thickel
AAO microcavity provides more number of modal peaks. This in
turn leads to narrower peak or valleys with increased modulatior
depth. Therefore, increasing anodizing time may pave the way tc
increase such a modulation depth and FOM. FOM s defined by
FOM = (dA/dn)/AX or (dE,/dn)/AE, depending on the domain
unit.®® Here, A1 and AE, are FWHMs of a peak in reflectance
spectrum in the unit of wavelength (nm) and of photon energy (eV)
respectively.

One of the major issues of increasing cavity length is that t' .
intensity of total reflected light in the AAO microcavity decreases
owing to the light absorption and inelastic light scattering inside the
AAO pores. For this purpose, good reflectivity at top and bottom ¢
the AAO template are necessary. We kept increasing the AAY
thickness up to 5 um as long as gold nanosurface is coated on the te
surface. As a result, total reflection from the AAO templi e
generates sharper interference peaks, as shown in Fig. 6(a). Withoi't
sputtered gold nanosurfaces, we find the modulation depth of t e

J. Name., 2013, 00, 1-3 | 5
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AAO microcavity becomes poor, as shown in Fig. 6(b). Therefore,
the peak shifts are not clearly recognized after analyte infiltration
due to the broad reflectance peaks. The sputtered gold nanosurface
on top of the AAO microcavity plays important role of increasing
reflections and keeping phase shifts. In addition, stable Fabry-Perot
mode and the resultant large FOM is achieved even with the
imperfections of the AAO microcavity.

In order to compare sensitivity and FOM in the same spectral
domain, we plot the extracted sensitivities (red dots) and FOMs
(blue dots) as a function of wavelength and as a function of photon
energy, as shown in Fig 6(c) and Fig. 6(d), respectively. In the
wavelength domain, sensitivity up to 348 nm/RIU and FOM up to
27.7 can be obtained. One of the interesting features of the FOM in
the wavelength domain is that FOM behaves oppositely to the
sensitivity, as shown in Fig. 6(c). This implies that the domain of the
refractometric refractive index sensing should be more carefully
chosen. In the energy domain as shown in Fig. 6(d), sensitivities and
FOMs follow same trend. This means that FOM serves better
characteristics for refractive index sensing in the high energy, i.e. in
short wavelength region. Even though FOM serves as a kind of
normalized unitless sensitivity, only the FOM defined in the energy
domain provides same physical interpretation as sensitivity.
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Fig. 6 (a) Measured reflectance spectra of the plasmonic AAO nanostructure
by changing surrounding medium with different refractive index (n =1 — 1.5)
when AAO template thickness is 5 um. (b) Reflectance spectra of the AAO
structure without gold layer. There are no changes as the refractive index of
surrounding medium increases. (c) Sensitivity and FOM of plasmonic AAO
nanostructure at the different peak center of AAO as a function of
wavelength (nm). High sensitivities are obtained at longer wavelengths and
high figure of merits are attained at shorter wavelengths. Although the
sensitivity is getting lower as the peak wavelength decreases, the figure of
merit increases due to the smaller FWHM. Maximum sensitivity of 348
nm/RIU is obtained. (d) Sensitivity and FOM of the same plasmonic AAO
nanostructure as a function of photon energy (eV). They have same trend in
the energy domain.
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Annealing Effect of
templates

We have attempted to enhance the color purity by annealing gold
nanosurface on AAO template 500°C for 2 hours. The annealing
leads to deformation of the sputtered gold nanosurface and to colot
change owing to the resultant phase change ¢, of the top interface, as
shown in Fig. 7(a). SEM images taken before (b) and after (c) the
annealing process show that rough gold nanosurface transforms to
nanoparticles. As the gold nanosurface transforms to nanoparticles
plasmonic effect is enhanced while gold-covered area is reduced.
Consequently, the hybrid Fabry-Perot mode is changed. However,
we find the annealing does not produce significant colorimetric
performance enhancement.
Instead, we observe that annealing can enhance refractometric
sensing performance in a special condition. Fig. 8 shows reflectance
spectra change with enhanced sensitivity for 280 nm-thick AAO
with n = 1.4 analyte. The sensitivity from the shortest waveleng. =
peak increases from 217 nm/RIU to 282 nm/RIU owing to t-_
annealing effect. However, AAOs with other thicknesses ranging
from 150 nm to 500 nm do not produce enhanced refractometric
sensing performances. Further investigations are required foi
optimized annealing conditions for index sensing.

hybrid plasmon-coupled AAO

@

AAO
thickness
(nm)

After
annealing

Before
annealing

T

100

140

180

220

250

280

330

<

360

100Am
—

Fig. 7 (a) Optical images of the AAO templates as a function of the tested
refractive index immersion liquids and before/after annealing process

Annealing process was performed at 500° for 2 hours. All images were taken

by a digital camera at normal viewing angle under identical illumination
condition. The all colors change for all thicknesses of AAO because
agglomerated gold particles developed by annealing process enhance
localized surface plasmon resonance and reduce Fabry-Perot interference
(b) SEM image of the plasmonic AAO nanostructure before annealing
process. (c) SEM image of the AAO nanostructure after annealing process
Gold clusters agglomerate together to form nanoparticles with diameter ¢.
20— 50 nm and smaller particles near the pores of AAO template.
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Fig. 8 Refractometric index sensing using plasmonic AAO nanostructure of
bare samples (solid lines) and annealed samples (dashed lines). Reflectance
spectra of the plasmonic AAO nanostructure were measured in the air and
infiltrating surrounding medium with refractive index of 1.4 when AAO
template thickness is 280 nm. The peaks are shifted to longer wavelength as
the surrounding medium infiltrated and the annealed plasmonic AAO
nanostructure shows more red-shift. The sensitivity from the shortest
wavelength peak increases from 217 nm/RIU to 282 nm/RIU owing to the
annealing effect.

Conclusions

In summary, we have introduced a facile approach to achieve a
high sensitive refractive index sensor using AAO nanostructures,
which combines the advantages of Fabry—Perot microcavities with
local surface plasmonic resonance induced by gold nanosurfaces.
The reflectance spectrum under ambient illumination is linearly
shifted due to the refractive index change of the infiltrated analyte
with respect to the air. The gold nanosurfaces play significant roles
to form hybrid resonances arising from the constructive and
destructive interference. High sensitivity and FOM were attained
with 5um AAOQ template for refractometric sensing. The FOM of the
spectra was examined to extract the most sensitive peak shift from
the reflectance data; a sensitivity of 1.14 eV/RIU, and a FOM of
27.7 at an optical wavelength of around 406 nm. We observed that
sensitivity and FOM behave proportional in the photon energy
domain, but inversely in the wavelength domain with respect to the
peak of reflectance spectrum. The obtained highest sensitivity
reaches 348 nm/RIU in wavelength domain. Clear color changes by
refractive index variation were achieved with AAO template
thickness of under 500nm for colorimetric sensing scheme. With the
advantage of the proposed large scale feature with sensitive color
change by simple infiltration of the analyte, we examined visually
recognizable sensing characteristics by analyzing CIELab mapping
of the images taken by a conventional camera. Small refractive index
changes down to ~ 0.006 RIU can be obtained with respect to
perceptual color change recognition over a whole visible range.

Our sensor provides not only refractometric sensing scheme with
high sensitivity, but also quite decent colorimetric sensing
performance by naked eyes or cheap cameras for quick preliminary
inspections. It is also possible to use as biosensors if receptors are
pre-prepared either on top of or inside the AAO template for
selectivity function. The reflective phase shift of Fabry-Perot mode
can be changed by binding with analyte biomolecules. Since the

This journal is © The Royal Society of Chemistry 20xx
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mode change is proportional to the filling of the analyte inside the
AAO pores, liquid type analyte seems unavoidable. If -
biomolecules in the air can be sufficiently condensed and the
resultant index of the gas is changed, gaseous analytes might be
applicable. Our approach is a promising candidate for low-cost a~c
highly sensitive detection of multiple analytes in a simple and rapic
format, and would allow applications to other chemical systems,
sensing for food industry, and loT devices.
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« A table of contents entry: graphic, maximum size 8 cm x 4 ¢cm and one sentence of text,

maximum 20 words, highlighting the novelty of the work

A highly versatile and low-cost large-area refractive index sensor capable of
refractometric and colorimetric sensing were developed by a plasmon-coupled hybrid
nanotemplate of anodic aluminum oxide with deposited gold nanosurface.
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