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AbstractIt is essential to secure the optical performance (sensitivity, FOM, plasmonic absorption strength, etc.),
large-area fabrication, and physical durability to improve the usability of nanostructured SPR sensors. In this study, to
ensure the physical durability of an Au-covered silica sphere monolayer (Au film over nanosphere (AuFON)) manufac-
tured for use as an SPR sensor platform, the sensing performance and physical durability after TMOS treatment to
bind spherical silica particles were investigated. The peel-off test showed that Au and silica constituting the AuFON did
not fall off, and there was no significant difference in the sensing sensitivity and plasmonic absorption intensity before
and after TMOS treatment. In addition, when colloidal Au nanoparticles (diameter of 5 nm) were applied to as-pre-
pared AuFON and heat-treated, it was confirmed that the Au shells of the plasmonic particles were interconnected, and
the Fano intensity increased from 3-5% to 22%.
Keywords: Surface Plasmon Resonance (SPR), Colloidal Self-assembly, Fano Resonance, TMOS, Colloidal Au Nanopar-

ticles, AuFON

INTRODUCTION

In fields such as manufacturing, agriculture, environment, trans-
portation, and medical care, the successive collection of data and
further utilization using the Internet of Things (IoT), artificial intel-
ligence (AI), and big data is becoming more critical. If a biosensor
with excellent sensitivity and selectivity is used, effective direct sens-
ing is possible without an additional pre-treatment of the patient
sample [1,2]. In addition, if continuous data can be effectively ob-
tained to evaluate the short- and long-term process capability of a
unit process such as Cpk or Z value in the manufacturing indus-
try, the risk to consumers and the cost burden to producers can be
significantly reduced [3]. In the hydrogen production process, low
concentrations of hydrogen can cause serious safety accidents, such
as fires and explosions. Therefore, quickly and accurately sensing
the hydrogen concentration helps realize a safer hydrogen economy
[4-8]. Anyway, to secure the usability of the nanostructure-based
sensor that can be applied to various industries, sensing perfor-
mance and durability [9-13] still need to be improved. In particu-
lar, the excellent durability of the nanostructured sensor platform
makes it possible to use it in the actual measuring environment
[14]. Attempts to secure the durability of metal components via
surface reconstruction by heat treatment or electrochemical recon-
struction have been found [15,16]. Another example is to cover the
plasmonic particle with a metal oxide or polymer [17,18]. However,
finding the result of preventing damage to the SPR sensor platform

from the external force is not easy.
A surface plasmon resonance (SPR) sensor is a direct sensing

technique that does not require chemical labeling and is particu-
larly attracting attention for its application to bio and gas sensors
[19-21]. SPR dips appear as the minimum or maximum of a spe-
cific optical spectrum when plasmon waves are excited by an exter-
nal light source. Therefore, the efforts to prepare the nanostructured
SPR sensor platform with top-down or bottom-up approaches con-
tinue to replace bulky and complex prism-based SPR sensor sys-
tems [9,22-25]. In particular, a scalable and low-cost bottom-up
approach enables fine structure control of both metals and dielec-
trics, significantly improving the sensitivity (S, nm/RIU) and fig-
ure of merit (FOM, Sensitivity/FWHM) [22-24]. The bottom-up
approach, which does not require an expensive patterned mold,
also has economic advantages. Previously, we reported on the fab-
rication of an Au-covered silica sphere monolayer (Au film over
nanosphere (AuFON)) using the colloidal Langmuir-Blodgett pro-
cess and SPR sensing sensitivity [29]. As a result, it was confirmed
that the sensing sensitivity increased as the diameter of the silica
sphere particles increased from 200 to 400, 700, and 1,000 nm, and
the plasmon mode decreased from high-order to Fano resonance
(FR) and dipole mode. Indeed there are already many studies on
plasmonic particles composed of a dielectric core and a metal shell
[30-37]. In our case, plasmonic particle arrays were manufactured
using silica sphere particles with various diameters. As a result, the
trend of SPR sensing sensitivity according to the diameters and plas-
mon mode was confirmed. However, the problems still to be solved
are the poor physical durability of the AuFONs and the low plas-
monic absorption intensity of the FR mode. If the nanostructured
SPR sensor platform is easily damaged, even by a weak external force
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sufficient to sweep it with a fingertip, it will be challenging to use
in practice.

In general, FOM is used to express the accuracy of SPR sensing.
FOM can be obtained by dividing the sensitivity by the FWHM of
the SPR dip waveform [26-28]. In this simple calculation, consid-
eration of the SPR dip intensity is insufficient. When the SPR dip
intensity is sufficiently large and the FWHM is small, plasmon res-
onance can be observed more accurately. The linear characteristic
of Fano resonance is caused by interference between the plasmonic
modes of the plasmonic particles [9,38-41]. Fano absorption is gener-
ally not observed for a single particle. However, when plasmonic
particles form oligomers (e.g., dimers, trimers, tetramers, and arrays),
narrow, deep, and sometimes asymmetrical line shapes are observed.
Fano resonance is receiving wide attention in SPR sensing because
such a sharp and asymmetrical SPR dip effectively identifies the
resonance. In addition, it has been reported that modulation of the
Fano resonance is possible owing to various methods, such as asym-
metry or broken harmony in the arrangement of plasmonic parti-
cles [42,43]. It controls the distance between plasmonic particles or
arranges the particles of different structures (shape, size, aspect ratio,
etc.) to utilize interference or overlap between plasmon modes
[44-46]. However, if it can be obtained only through complicated
semiconductor manufacturing processes, such as photolithogra-
phy and precise positioning of plasmonic particles using AFM tips,
it is challenging to obtain economic benefits in manufacturing the
SPR sensor platform [30]. The fabrication of a silica sphere mono-
layer using the colloidal Langmuir-Blodgett coating process and
further Au sputter deposition was effective in fabricating a large-
area SPR sensor platform. However, it is recommended the SPR
sensing accuracy by increasing the Fano intensity.

In this study, we introduce a simple and effective method to obtain
the physical durability of AuFONs and enhance the intensity of the
Fano resonance. Silica spherical particles of AuFON were bonded
together by further hydrolysis and condensation with tetrameth-
oxysilane (TMOS). In addition, colloidal Au nanoparticles were
applied to the as-prepared AuFON and annealed to bond the
hemispherically coated Au layer. Consequently, the changes in the
physical and optical properties of AuFONs according to these at-
tempts were investigated with optical experiments and further FDTD
simulations.

EXPERIMENTAL

1. Langmuir-Blodgett Coating and Au Sputter Deposition
The as-prepared silica spherical particles (1,000 nm in diameter)

were washed with ethanol (200 Proof, Decon Labs) six times. It
was composed of sequential centrifugation (4,000 rpm for 30 min)
and re-dispersion in ethanol. It was then dispersed in ethylene gly-
col (Sigma-Aldrich) at a volume fraction of 2.0%. A glass slide (plain
microscope glass slides (25×75×1.0mm, Fisher Scientific) was placed
into a 1.0% ammonium persulfate (APS, Sigma-Aldrich) solution
in ethanol for 2h. The dispersion of silica spherical particles in eth-
ylene glycol was then added dropwise to the Millipore water (18.2
m) surface filled in the bath. A vertically immersed glass in the
water bath was forcibly moved up with 12.5 mm per min of run-
ning speed controlled by a syringe pump (KDScientific780-230). It

was then oven dried at 80 oC for 3 h. The as-prepared LB films of
the silica sphere particle array were finally Au-coated (coating thick-
ness of 50 nm) by sputter deposition using Kurt J. Lesker CMS-18
Multi-Target Sputter (Nanoscale Research Facility (NRF), Univer-
sity of Florida).
2. Additional Treatment of AuFON with TMOS or Colloidal
Au Nanoparticles

The TMOS treatment for additional silica formation on the
AuFON was as follows. Two bottles and the as-prepared AuFON
were placed inside a sealed plastic container. The first bottle con-
tained tetramethyl orthosilicate (99%, Sigma-Aldrich), and the sec-
ond contained Millipore water. The sealed container was maintained
at 80 oC for 2, 4, and 8 h and then dried. Next, colloidal Au nano-
particles in toluene (0.01 g/ml, dodecanethiol-functionalized Au
nanoparticles with 5 nm of diameter, Nanoprobes) were spread on
an as-prepared AuFON with a spray gun (Iwata). Subsequently, it
was heat-treated at 300 oC for 8 h in air.
3. Photo/SEM Images and Peel-off Test

Images were captured using a digital camera (EOS Rebel T5,
Canon). Scanning electron microscopy (SEM) images were obtained
using an electron microscope (JEOL CarryScope 5700, Nanoscale
Research Facility (NRF) at the University of Florida) without fur-
ther metal deposition. Finally, the peel-off test was performed by
attaching a plastic tape firmly and peeling it.
4. Normal-Incidence Reflection Spectra and Finite Difference
Time Domain (FDTD) Simulation

SPR properties were investigated by measuring normal-inci-
dence specular optical reflection spectra using high-resolution Vis-
NIR (HR4000, Ocean Optics) and NIR (NIR-512, Ocean Optics)
spectrometers. A tungsten halogen lamp (LS-1, Ocean Optics) and
a halogen lamp (DH-2000, Mikropack) were used as light sources.
The solvents were placed on the surface of AuFON, and reflection
spectra were measured sequentially. Methanol, acetone, ethanol,
isopropyl alcohol (IPA), butanol, tetrahydrofuran (THF), dichloro-
methane, and toluene were used for the refractive index. An FDTD
simulation (FDTD Solutions 8.60, Lumerical Solutions) was per-
formed to solve the Maxwell equation to obtain the electric field
distribution and simulated reflection spectra. Simulation models
were established using an HCP silica sphere particle array on a rect-
angular glass substrate. Then, the Au ellipsoid particles were placed
on the silica sphere particles and were designated to have a coat-
ing thickness of 50 nm. The override mesh order was set to ensure
that the Au hemisphere covered the silica nanosphere particle struc-
ture. Before the simulation, the refractive index was monitored in
the z-direction. In addition, mode expansion was set up in the x-,
y-, and z-directions to monitor the electric field distribution.

RESULTS AND DISCUSSION

1. Physical Stability of AuFON with TMOS Treatment
The SPR sensing sensitivity of AuFON prepared by Au sputter

deposition on a silica sphere monolayer on a glass surface has been
reported previously [26]. Spherical silica particles with a diameter
of 200, 400, 700, and 1,000 nm were formed using the colloidal
Langmuir-Blodgett coating process. In addition, it was confirmed
that the larger the silica sphere diameter (1,000>700>400>200 nm)
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and the lower the plasmon mode (dipole>high order), the higher
the sensitivity. However, through these studies, it was recognized
that it is also practically essential to ensure the physical durability
of the SPR sensor platform. An as-prepared AuFON is easily dam-
aged even with a weak force swept with the fingertips. The solvents
with different refractive indices were placed on the top surface of
the nanostructured SPR sensor platform to examine the sensitiv-
ity experimentally. The positions of the light source and probe on
the surface of the SPR sensor platform were precisely fixed, the
solvent was placed, and the normal-incidence reflection spectrum
was measured. However, an SPR sensor platform was also easily
damaged while replacing the solvent.

Silica can be manufactured using various methods, and the dry
approach is known to have advantages in particle size, distribution,
and purity control because of its feasible reaction control. Silicon
tetrachloride (SiCl4), tetraethyl orthosilicate (TEOS), and tetramethyl
orthosilicate (TMOS) are used to manufacture silica. When a metal
alkoxide is used as a precursor, it can be prepared through a sol-
gel method that undergoes hydrolysis, alcohol condensation, and
water condensation. This process was applied to as-prepared AuFON
at 80 oC in a sealed container. Fig. 1(a), (b) shows the top and cross-
sectional SEM images of the as-prepared AuFON with a diameter
of 1,000 nm. It can be seen that a hexagonal close-packed (HCP)
structure is formed uniformly. Fig. 1(b) clearly shows the hemi-
sphere-coated Au layer. Fig. 1(c), (d) shows AuFON after 2 h of
TMOS treatment.

The inset image in Fig. 1(c) shows that the plasmonic particles

are bound to each other, compared to Fig. 1(a). Fig. 1(d) shows the
connection between the plasmonic particles and the glass substrate.
Fig. 1(e), (f) shows the structure after 8 h of TMOS treatment,
which is observed to be crushed. It was challenging to focus the
electron beam during the SEM measurement. Therefore, a blurry
image was obtained, because silica, a dielectric, was excessively
formed on the AuFON surface. Fig. 2 shows a photograph and
illustration after attaching and removing the plastic tape to the
AuFON. As prepared AuFON, it was observed that the formed Au
and silica sphere monolayer fell off cleanly. In the case of AuFON
treated with TMOS, no detachment was observed (Fig. 2(b), (c),
(d)). The dotted line in Fig. 2 shows the location where the plastic
tape was attached. The Au or silica attached to the removed plas-
tic tape is not visible. Even without sophisticated test equipment to
evaluate peel adhesion, an apparent result could be obtained by
attaching and peeling the plastic tape on the AuFON platform. Adhe-
sion testing equipment was also utilized to measure the adhesive
strength value, but adhesion strength over time of the TMOS treat-
ment could not be obtained. It is because there was no detach-
ment after TMOS treatment. As a result, the bonding between silica
sphere particles and between silica and glass substrate by addi-
tional TMOS treatment contributed significantly to the improve-
ment of the physical durability of AuFON.

The line shape in the measured normal-incidence reflection
spectra in Fig. 3(a) did not differ significantly before and after TMOS
treatment. However, despite no significant change in the wave-

Fig. 1. (a) Top and (b) cross-sectional SEM images of the as-pre-
pared AuFON. (c) Top and (d) cross-sectional SEM images
of AuFON after 2h of TMOS treatment. (e) Top and (f) cross-
sectional SEM images of AuFON after 8 h of TMOS treat-
ment.

Fig. 2. Photo and illustration after the peel-off test of (a) as-prepared
AuFON and AuFON after (b) 2, (c) 4, and (d) 8 h of TMOS
treatment.
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form, the reflection intensity (%) gradually decreased in the near-
IR region, especially where Fano absorption appeared. It is because
the silica layer additionally formed on the as-prepared AuFON
surface acted as an anti-reflection coating, which can be easily pre-
dicted using the Fresnel equation. If the reflection at a wavelength
of 900 nm is calculated according to the thickness of the silica
formed on the Au surface using the Fresnel equation, it can be
seen in Fig. 3(b). A decrease in the reflection intensity of about 3%

is observed with the silica thickness of 100 nm. However, after 8 h
of TMOS treatment, the reflection intensity was reduced by up to
10 to 20%. It is because the additional formation of non-uniform
silica in the regular embossed structure had to occur. In addition,
because the size of the optical probe used to measure the reflec-
tion spectrum was approximately 1 mm, it was impossible to mea-
sure the reflection spectrum at an exact location.

Fig. 4 shows the results of the sequential reflection spectrum

Fig. 3. (a) Experimentally measured normal-incidence reflection spectra of AuFON before and after the TMOS treatment. (b) Calculated
reflectance of incident light with a wavelength of 900 nm according to the silica layer thickness on the Au surface and Fresnel equation.

Fig. 4. Experimental sensing tests for (a) as-prepared AuFON. Those for AuFON for (b) 2 h and (c) 4 h of TMOS treatment. (d) Box plot of
SPR sensing sensitivity based on the Fano resonance.
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measurements with various solvents. These volatile organic solvents
were used because replacing them from the AuFON surface is effort-
less. It was necessary to remove the solvent used to measure the
reflection spectrum at the exact location of the SPR sensor plat-
form. As previously reported, the absorption of the dipole mode
represented by the black square in Fig. 4 shows the highest sens-
ing sensitivity of approximately 970 nm/RIU. However, because
the plasmon absorption strength is high and the width is so broad
that it is difficult to specify the broadening of the SPR dip, the accu-
racy is low.

On the other hand, although the sensitivity of the Fano reso-
nance is approximately 903 nm/RIU, which is slightly lower than
that of the dipole mode, it has a narrow and deep waveform, so
specifying the SPR dip position is quite feasible. As shown in Fig.
4(d), which summarizes the sensitivity of the Fano resonance accord-
ing to the additional silica formation time, the AuFON obtained
through the addition of silica for 2 h did not differ significantly from
that of the as-prepared sample with a sensitivity of 901 nm/RIU. In
the case of AuFON treated with TMOS for 4 h, it was observed
that not only was the average sensitivity of Fano resonance as low
as 810 nm/RIU, but also the box plots showing the upper and lower
limits of 75% and 25% are enlarged. The SEM images in Fig. 1(e),
(f) and the box plot in Fig. 4(d) show the structural non-uniformity
of AuFON caused by excessive TMOS treatment may adversely
affect the sensing sensitivity.
2. Effects of Connecting Hemispherically Coated Au Layer
Using Colloidal Au Nanoparticles

Porous materials manufactured using templates are diverse, rang-
ing from polymers and ceramics to metals [47-49]. The ordered
porous metal structure can be applied to electrochemical sensors,
catalytic converters, and fuel cells, so research on manufacturing
and application is actively underway [50-53]. By applying chemical
reduction or electroplating of the metal precursor together with
the template and then removing the template appropriately, porous
metals can be prepared. In addition, porous metal structures can
be manufactured using colloidal nanoparticles. The interstitial space
of the template is filled with colloidal nanoparticles, heat treatment
is completed, and the template is removed [49].

These colloidal Au nanoparticles are widely used to form a porous
metal structure (e.g., inverse opal structure), while well-ordered 2D
or 3D colloidal particles are used as a structural template [54,55].
The colloidal Au nanoparticles are prepared by so-called ‘bi-phase

(or two phases) liquid-liquid reduction’ for thiol-functionalized Au
nanoparticles in 3-5 nm of particle diameter [56]. In this method,
a dissolved Au precursor (hydrogen tetrachloroaurate (H2AuCl4))
in water and tetraoctylammonium bromide (TOAB) in toluene
were mixed vigorously, and the phase of the Au precursor was trans-
ferred from water to toluene. The Au precursor (AuCl4) in tolu-
ene was reduced by sodium borohydride (NaBH4) in the presence
of dodecanethiol. Then dodecanethiol-functionalized colloidal Au
nanoparticles were formed successively. Colloidal Au nanoparti-
cles were coated on the surface of the as-prepared AuFON by spray
coating, and the structure and optical characteristics were exam-
ined after heat treatment at 300 oC for 8 h. Fig. 5(a), (b) shows the
top- and cross-sectional SEM images of colloidal Au nanoparticle-
treated AuFON (1,000 nm of silica sphere diameter). At first glance,
it was observed that Au coated with hemispheres on the surface of
silica particles were bound to each other in a bridge structure with
excellent uniformity. Fig. 5(b), the cross-sectional SEM image, shows
that the silica surface was not fully covered with Au. The silica was
exposed at the bottom of the plasmonic particles without coating
with the Au layer. Fig. 6(a) shows experimentally measured nor-
mal-incidence optical reflection spectra. After treatment with col-
loidal Au nanoparticles, the reflection intensity (%) increased by
20-50% over the entire NIR region. The increase in the reflection
intensity may result from the area not entirely deposited by sput-
ter deposition being filled by treatment with colloidal Au nanopar-
ticles or the increase in the thickness of the Au hemisphere coating.
As with AuFON, plasmon absorption due to dipole and Fano res-
onance was observed in NIR. After treatment with colloidal Au
nanoparticles, the dipole dip position changed from 1,330 to 1,182
nm. In the case of Fano absorption, the position shift was from
940 to 958 nm, while its intensity was approximately 22%, and that
of the as-prepared AuFON was only 3-5%. This increased Fano
intensity can indicate resonance in the sensing tests. Resonance
spectra in the sensing tests where various organic solvents are used
as a reference for the refractive index appear more evident than
the results of as-prepared AuFON in Figs. 6(b) and 4(a). The SPR
sensing sensitivities for dipole and Fano resonance were 1,035 and
883 nm/RIU, as shown in Fig. 6(c).

The average full width half maximum (FWHM) of the Fano
absorption is approximately 59.31±5.30, so the figure of merit (FOM)
is ~15. This number is lower than the as-prepared AuFON (~21
of FOM with 42.99±3.04 of FWHM), but highly increased Fano

Fig. 5. (a) Top and (b) cross-sectional SEM images of AuFON after treatment with colloidal Au nanoparticles.
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dip intensity (~22%) can provide an advantage as well as apparent
observation in the resonance spectra. Usually, the number of neigh-
boring plasmonic particles increases, and resonance to higher wave-
length positions is observed in plasmon hybridization (PH) [30,
57,58]. This hybridization originates from 



 modes of dipolar
oscillation in neighboring particles and is expressed by the decrease
in the energy level (eV), frequency of charge oscillation ( (eV)),
and wavelength (nm). Also, it is known that the frequency of charge
oscillation (+, 



) is proportional to (R1/R2)3/2 [57,58]. Here, R1 is
the radius of the core particle, and R2 is the coating thickness in a
core-shell sphere particle. It reveals that modulations in the fre-
quency are affected by the geometry of the core-shell spherical
particles. Instantly, the SPR dip position gradually shifts with the
increase in core diameter and the decrease in coating thickness
[59,60]. As a result, the location and intensity of plasmon absorp-
tion can be controlled using a thin metal shell of plasmonic parti-
cles or a thick dielectric core. Therefore, the shift of the SPR dip
position of the dipole mode to a lower wavelength in Fig. 6(a) is
predicted to increase the Au coating thickness by treatment with
colloidal Au nanoparticles.

For FDTD simulation, several simulations have been attempted
with possible structural models, including sphere/hemisphere coat-
ing, coating thickness, triangle (or tetrahedron/pyramid) structure
between silica microsphere particles, filled interstitial space, bridge
structure between neighboring Au-covered silica microsphere par-
ticles, and composite structure among them. Although not all results

are shown in this report, the interconnected plasmonic particle
structure formed by the Au-bridge shows the closest results with
experimental reflection spectra regarding both SPR dip position
and highly intense Fano absorption. Fig. 7(a) shows a structural
illustration using Lumerical FDTD solution software. This inter-
connected structure between neighboring plasmonic particles was
established on a glass substrate with a hemisphere-coated Au layer
on silica microsphere particles (1,000 nm in diameter). The simu-
lated reflection spectrum (Fig. 7(b)) shows several reflection dips
at 1,296, 947, 647 nm, and other wavelengths. In addition, the
intensity (~65%) of the Fano absorption was higher than that (~21%)
of the dipole. In particular, the second-order reflection dip observed
at 947 nm had a high intensity of 65% and showed an asymmet-
ric, narrow, and deep waveform. The refractive index of the back-
ground was set to 1.00, 1.05, 1.10, and 1.15 gradually using FDTD
simulation, the sensing test was performed, and the obtained sen-
sitivity was 938 nm/RIU in Fig. 7(c), (d). This value is like the 883
nm/RIU of the Fano absorption obtained experimentally. The treat-
ment of AuFON by colloidal Au nanoparticles focused on improv-
ing sensor performance, such as plasmon absorption intensity and
sensing sensitivity. A peel-off test was also performed to check the
possible enhancement of physical durability, but no improvement
was observed, probably because the binding between the silica and
the glass substrate was not achieved. Based on the above consider-
ation, it can be predicted that more accurate SPR sensing is possi-
ble as the Fano intensity increases.

Fig. 6. (a) Experimentally measured normal-incidence optical reflection spectra of AuFON before and after treatment with colloidal Au
nanoparticles. (b) SPR sensing tests and (c) SPR dip position versus refractive indices after treatment with colloidal Au nanoparticles.
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CONCLUSIONS

A simple and effective method to enhance the physical durability
of the as-prepared AuFON and the strength of the Fano absorp-
tion was studied. First, when silica was formed by TMOS treat-
ment in addition to the as-prepared AuFON, excellent physical
durability and high sensing sensitivity were observed without any
delamination or structural deformation. Second, when the hemi-
sphere-coated Au layers were bound to each other by treatment
with colloidal Au nanoparticles, the intensity of the Fano absorp-
tion was significantly improved from 3-5 to 22%. Also, the FDTD
simulation exhibited the same trend as the experimental results.
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