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ABSTRACT

This dissertation reports the novel characterization technique based surface plasmon
resonance (SPR) spectroscopy. First, solution-based fabrication of gold grating film for use as
a SPR sensor chip, gold nanoparticles (AuNPs) grating films were fabricated by imprinting
technique. The SPR measurements of this substrate were carried out on a SPR device in the
grating—coupling configuration with an excitation source of He-Ne layer (A = 632.8 nm) and
multimode surface plasmon excitations were observed upon irradiation with white light.
From both SPR measurements, imprinted AuNPs grating substrate provided strong SPR
excitation signals. The sensitively shift upon organic thin film deposition were observed.
Second, transmission surface plasmon resonance (T-SPR) enhancement by localized surface
plasmon resonance of metal nanoparticles (i.e., AuNPs and silver nanoparticles (AgNPs)).
AuNPs were directly deposited on gold grating surface. The growth mechanism of AuNPs on
gold surface was investigated by UV-visible spectroscopy and SPR spectroscopy. The T-
SPR results show a possibility of hybrid excitation of localized and propagating surface
plasmon. The T-SPR signal enhancement of this hybrid SPR substrate was observed while
the multilayer films were deposited on its surface. Furthermore, distance-dependent SPR
coupling between metal nanoparticles and gold grating surface was further study. The
distance between AgNPs and gold grating surface was controlled by number of bilayers
ultrathin film deposition. The distance-dependent T-SPR response of peak position and
intensity showed distinctive changes when the intermediate layer was 10 bilayers (~17 nm)
thick. This substrate was explored in switchable pH sensor. The T-SPR spectrum sensitively
changed as the pH switched from acidic (pH 2) and alkaline (pH 12) conditions by the
swelling/shrinking of the polyelectrolyte film between the AgNPs and the gold grating

surface.
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CHAPTER 1

INTRODUCTION

1.1 RESEARCH BACKGROUND AND RATIONALE

1.1.1 Transmission surface plasmon resonance (T-SPR)

Surface plasmon resonance (SPR) on a diffraction grating is widely used to characterize
and study ultrathin films, analytical surface binding, biomolecules immobilization, and
surface kinetic processes [1, 2]. Various types of grating structures can be used for SPR
excitation. The flexibility and simplicity of the system make grating-based SPR a research
topic of significant interest [1-10]. SPR excitation has recently been shown to enhance light
transmission through nanostructures such as hole arrays [11, 12] and grating patterns [8-10]
and, of particular interest, through grating substrates of commercial digital versatile disc-
recordables (DVD-Rs) coated with thin gold films [6, 7]. Significantly, transmission SPR (T-
SPR) spectra of light transmitted through such a gold grating substrate show strong, narrow
peaks in the visible light region. The T-SPR wavelength depends on the grating pitch and the
angle of incidence [6, 7]. Figure la and 1b show gold nanohole arrays and gold grating

patterns, respectively.
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Figure 1 Gold nanohole arrays (a), gold grating patterns (b) and their corresponding T-SPR
signal [7, 11].



Recently, diffraction-based surface enhanced transmission was reported that the *I
diffracted orders from the gold grating film were detected [13]. The optical transmission is
based on the decoupling of surface plasmons which is excited and confined at the surface of
metals. Hence, the T-SPR spectrum is highly sensitive to the local refractive index near a
metal/dielectric interface, making T-SPR spectroscopy a useful technique for optical sensing
applications. The sensitivity depends especially on the surface structures for the coupling of
near field SP excitations and decoupling to far field freely propagating light [14-16].
However, to our knowledge, there is no report to further enhance the T-SPR signals with the

modification of the nanostructured surfaces.

1.1.2 Gold nanoparticles synthesis and their applications

Gold nanoparticles (AuNPs) are of considerable interest in scientific research and
industrial applications because of their unique and unusual size dependent properties
associated with their large surface area to volume ratio. AuNPs have been employed in
various applications: they have been used as catalysts, surface-enhanced spectroscopy, and
sensors [17-19]. Since AuNPs express surface plasmon (SP) excitation at the vicinity of their
surface [20,21], surface plasmon resonance (SPR) sensors based on AuNPs have been widely
used for detection of proteins [22], antibodies [23], and nucleic acids [24]. Field enhancement
at different wavelengths associated with SPR is also exploited in many surface analytical
techniques such as surface-enhanced Raman spectroscopy (SERS) [18,25,26], surface-
enhanced infrared absorption spectroscopy (SEIRA) [26,27], and surface-enhanced

fluorescence spectroscopy [28].

The most referred method for gold nanoparticles synthesis was proposed in 1953,
AuNPs were synthesized by Turkevich and co-workers [29]. Aurochloric acid was reduced
by sodium citrate. The sphere-shaped of AuNPs with the average size of 20 nm in diameter
was a product. At that time, the synthesis product was called as ‘colloidal gold’. Interestingly,
this study showed that seed of gold particles could induce gold ion in the system to form gold

nanoparticles

In 2007, High concentration of AuNPs was synthesized by Guo and Wang [30].
HAuCly was mixed with poly(N-vinyl-2-pyrrolidone) (PVP) and o-diaminobenzene was used
as a reducing agent. The reaction was performed at room temperature for several hours. The

particles were controlled from nanoscale to micro scale by changing the ratio of HAuCls and



PVP concentration. The highest concentration, which they could synthesis was 2,000 ppm,
but at this concentration, the size of gold particles were in the size of micrometer size. The

nanosize of gold particles were observed when the concentration of colloid was under 100

In 2012, the green technology approach was the topic of interest, AuNPs synthesis
using starch as the reducing agent and stabilizer was reported by Pienpinijtham and co-
workers [31]. The size of the gold particles can be selectively tuned from nanometer to
submicrometer regimes with narrow size distribution through pH adjustment of the solution.
Under alkaline condition, reducing efficiency of starch was enhanced by the concomitant
generation of reducing species (aldehyde or a—hydroxy ketone). The resulting AuNPs was

very stable, which can be kept over 4 months without aggregation, or any significant changes.

Mostly, AuNPs could be used in sensor applications. In 2012, Naked eye colorimetric
quantification of protein in milk using AuNPs was investigated by Vantasin and co-worker
[32]. AuNPs were aggregated in contact of hydrochloric acid. The degree of aggregation
could be reduced in the presence of milk protein, depending on protein concentration. The
sensitive range of assay could be adjusted by concentration of AuNPs as the assay sensitive
in 2.93x10" to 2.93x10” mg/mL protein range for 1,000 ppm AuNPs and sensitive in
2.93x107 to 2.93x10” mg/mL protein range for 200 ppm AuNPs. The result could be easily
observed by naked-eye sensing as the color appeared red for higher protein concentration and

appeared violet-blue for lower protein concentration in the sensitive range.

(@) (b) () (d) (e) () (9)

LTI

Figure 2 Assay of milk samples with and without common interfering substances. The
sample consisting of (a) 1% milk, (b) 0.1% milk, (c) 0.1% milk with 1% starch, (d) with 0.1
M lactose, (e) with 1% sugar, (f) with 0.01 M melamine, and (g) with 0.1 M NaCl [32].



Recently, surface enhanced Raman spectroscopy (SERS) has become a powerful
technique for characterization of trace samples. AuNPs is a one of metal nanoparticles which
have been developed for SERS due to their stability and strong signal in SERS technique.
The assembled AuNPs film was formed by Langmuir-Blodgett (LB) method for using as a
SERS substrate [33]. The SERS enhancement of this substrate was approximately 1.2x10°
using crystal violet as a Raman dye. High reproducibility and stability could be obtained by

this technique.
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Figure 3 Photographic images of AuNPs in in the presence of 0.01% dedecyltrimethylammonium
bromide (DTAB) (a) and 0.01 pL of octanethiol in the hexane phase (b). SERS and Raman
spectra of crystal violet drop-casted film (black line), on octanethiol-mediated gold film (blue
line) and on DTAB-mediated gold film (red line) [33].

1.1.3 Localized surface plasmon resonance (LSPR)

Localized surface plasmon resonance is the oscillated electron of metal nanostructures
coupled to the same as energy of external electromagnetic filed, as shown in Figure 2.

External electromagnetic filed is transformed to thermal energy and radiated energy to any



direction, which is known as an absorption and scattering phenomenon, respectively. Sum of
absorption and scattering is called as extinction. Therefore, the definition of extinction is the
total electromagnetic field crossing the surface of the particles as a function of the irradiance

of the incident light [20].

Electric field
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|
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Figure 4 Localized surface plasmon resonance (LSPR) [20]

LSPR frequency depends on the shape, size of metal particles with respect to oscillation
of electron on the metal particles surface. The larger particle has longer distance for the
electron oscillation, LSPR frequency shows at the lower frequency or longer wavelength. For
non-spherical and very large metal particles, electron on the metal nanoparticles surface can
oscillate though different direction, resulting in several oscillation frequencies. Figure 5 show
the LSPR spectra of AuNPs at different sizes. Figure 6 shows the LSPR spectra of silver
nanobars (a) and nanorice (b). As shown in figure 6, silver nanobars and nanorice exhibit two
plasmon resonance peaks in visible and near-infrared regions which are sensitive to aspect

ratio of particles [35].
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Figure S The LSPR spectra of gold nanoparticles at difference sizes [34].
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Figure 6 The LSPR spectra of silver nanobars (a) and nanorice (b) [35].

1.1.4 Hybrid excitation of localized and propagating surface plasmons

In the past decade, the classical gold film with the thickness of 50 nm was still
exploited in SPR sensors. The improvement of sensitivity have been achieved with excitation
further in integrating of SPR sensor to a diffraction grating [36,37], long-range surface
plasmons (LRSP) [38], Fourier transform-infrared (FT-IR) spectroscopy [39], and
micro/nanopattern of gold films [11,12,40,41]. Enhanced sensitivity of SPR sensing was



reported by a hybrid material of gold grating pattern and AuNPs, observing large changes in
diffraction efficiency at the SPR wavelength. Femtomolar levels of DNA detection in a
sandwich assay was reported by Wark and co-workers [41]. T-SPR spectroscopy is one of
SPR technique, which is useful for optical sensing application. Recently, T-SPR signal
enhancement by synthesis of AuNPs on gold grating surface was reported [37]. The T-SPR
intensity of this hybrid material showed strong spectrum and shift beyond that of
conventional 50 nm-thick gold grating film. As the localized surface plasmon from metal
nanoparticles facilitate the coupling/decoupling of surface plasmons and may also excite

surface plasmon, further enhancement of this hybrid material could be exhibited.
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Figure 7 Schematic drawing of nanoparticle-enhanced diffraction gratings (NEDG)
experimental setup (a) and time-dependent NEDG signal curves for detection of target DNA
at concentrations ranging from 10 to 100 M (b) [41].

1.2 OBJECTIVES

Due to the interestedness of SPR technique and its signal enhancement by LSPR of
metal nanoparticles as discussed above, novel hybrid material for enhancement of SPR signal
are necessary to be developed, and the synthesized metal nanoparticles methods were

adjusted to fit with several kind of SPR techniques. Therefore, major aims of this thesis are:

1. To synthesize high concentration of gold nanoparticles for use as a surface plasmon

resonance sensor chip.



2. To study the growth mechanism of gold nanoparticles on gold surface and explore
the enhancement of transmission surface plasmon resonance signal by growth of

gold nanoparticles on a gold grating substrate.

3. To study the distance-dependent surface plasmon resonance coupling between a

gold grating surface and silver nanoparticles.

1.3 SCOPE OF THE DISSERTATION

This dissertation mainly focused on synthesis of gold and silver nanoparticles using
chemical reduction method and exploitation in SPR sensor chip and also enhanced T-SPR
signal. The detail investigation for using AuNPs as SPR sensor chip was deeply investigated.
The SPR measurements were carried out on an SPR device in the grating-coupling
configuration with a He-Ne laser as the excitation source and multimode SPR excitations
were observed upon irradiation with white light. The surface plasmon dispersion branches
were calculated to obtain the diffraction order in investigated region. For T-SPR signal
enhancement by growth of AuNPs on gold grating surface, the T-SPR signal enchantment of
this hybrid material was investigated compared with the regular gold grating film. The
growth mechanism of AuNPs on gold film surface was deeply studied using UV-visible
spectroscopy, prism-coupled SPR spectroscopy, and atomic force microscopy. Furthermore,
the deposition of silver nanoparticles (AgNPs) on gold grating surface was also explored to
proof T-SPR signal enhancement by LSPR of metal nanoparticles. The distance-dependent
SPR coupling between gold grating surface and AgNPs were further investigated. The
intermediate layers were controlled by the thickness of ultrathin film to obtain the optimum
distance which provided the greatest coupling of electric filed enhancement. Therefore, three

work chapters are included as follows:

1. Solution-Based Fabrication of Gold Grating Film for Use as a Surface Plasmon

Resonance Sensor Chip

2. Transmission Surface Plasmon Resonance Signal Enhancement via Growth of

Gold Nanoparticles on a Gold Grating Surface

3. Distance-Dependent Surface Plasmon Resonance Coupling between a Gold

Grating Surface and Silver Nanoparticles
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ABSTRACT

Imprinted solution-processible gold nanoparticle (AuNP) grating films were
fabricated for use as a grating-coupled surface plasmon resonance (SPR) excitation substrate.
The imprinted AuNP grating pattern, which consists of a 1.72 um grating pitch, was
fabricated on flat glass substrates by imprinting AuNP on silicon grating templates. In this
study, the SPR measurements were carried out on an SPR device in the grating-coupling
configuration with a He-Ne laser (A = 632.8 nm) as the excitation source, and multimode
surface plasmon excitations were observed upon irradiation with white light. SPR excitation
of our substrate was observed at the incident angle of 47.1°. For SPR measurements using
white light irradiation, multimode surface plasmon excitation resulting from several
diffraction orders was observed in the wavelength region of 500-850 nm. The surface
plasmon dispersion branches were calculated to obtain the diffraction order in this region.
SPR excitation of the imprinted AuNP grating substrate was further studied by fabrication of
a Layer-by-Layer (LbL) ultrathin film of iron containing bis(terpyridine) polymer (Fe(Il)-
BTP) and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). A shift of
the SPR excitation spectrum was observed when the ultrathin film was deposited on the
imprinted AuNP grating surface. Thus, this substrate should be a useful SPR substrate in a

variety of applications such as photoelectric conversions and sensors.

INTRODUCTION

Gold nanoparticles (AuNP) are of considerable interest in scientific research and
industrial applications because of their unique and unusual size dependent properties
associated with their large surface area to volume ratio. AuNP have been employed in various
applications: they have been used as catalysts [1], surface-enhanced spectroscopy [2], and
sensors [3]. Since AuNP express surface plasmon (SP) excitation at the vicinity of their
surface [4,5], surface plasmon resonance (SPR) sensors based on AuNP have been widely
used for detection of proteins [6], antibodies [7], and nucleic acids [8]. Field enhancement at
different wavelengths associated with SPR is also exploited in many surface analytical
techniques such as surface-enhanced Raman spectroscopy (SERS) [2,9,10], surface-enhanced
infrared absorption spectroscopy (SEIRA) [10,11], and surface-enhanced fluorescence

spectroscopy [12].
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Grating-coupled SPR spectroscopy has been widely used for the characterization and
study of ultrathin films, analytical surface binding, biomolecule immobilization, and surface
kinetic processes [13,14]. One major advantage of using the grating-coupling excitation
method is that a prism is not necessary. Hence, inexpensive and disposable plastics can be
used as substrates, allowing for more flexible configurations [15-19]. In 2006, Zhang et al.
reported a method for fabricating a periodic array of gold nanowire forms by spin-coating a
colloidal gold suspension on indium tin oxide (ITO) grating structures, which were fabricated
by interference lithography and functioned as a waveguide application. The AuNP on the ITO
layer were annealed to induce a nanowire formation. This substrate provided strong coupling
between the waveguide mode and plasmon resonance of the nanowire [20].

In this study, our objective was the fabrication of a grating-structured substrate for SPR
excitation by imprinting solution-processible AuNP onto a grating template. The technique
we used provides a simple, rapid and low-cost with high reproducibility. Although the
efficacy of the SPR signal is not as favorable as that achieved by using the vacuum
evaporation technique, imprinting of AuNP on a grating pattern does provide substrates
applicable for SPR measurements. For characterization of the AuNP, their size and size
distribution were investigated by localized surface plasmon resonance (LSPR) phenomena
[4,5] using UV-visible spectroscopy and a particle analyzer. The morphology of the imprinted
AuNP was observed by atomic force microscopy (AFM). Grating-coupled SPR phenomena
of the AuNP films were studied using a He-Ne laser as the excitation source and with white
light irradiation, which provided multimode excitations of the SP [17-19] on the imprinted
AuNP grating substrate. Furthermore, SPR excitation of this substrate was studied by
applying a Layer-by-Layer (LbL) deposit of ultrathin films of bis(terpyridine) polymer
(Fe(I)-BTP) and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)

[21,22] and observing the spectrum shift of our modified substrate.

EXPERIMENTAL

A chemical reduction method was used to synthesize AuNP, 10.0 mL of 5.07 x 10* M
hydrogen tetrachloroaurate HAuCly (Wako Pure Chemicals, Japan), was added into 10.0 mL
of equivalent molar of sodium borohydride NaBH, (Sigma Aldrich, Japan) under vigorous
stirring [23-25]. In our synthesis, 2.0 % (w/v) soluble starch (Sigma Aldrich, Japan) was used
as a solvent. Moreover, the role of starch molecules was used as a stabilizer in our AuNP

synthesis. After HAuCls solution was added into NaBHj4 solution, the color of solution
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changed to red color immediately. At final, the AuNP at the concentration of 0.5% (w/v)
could be obtained. For fabrication of the imprinted AuNP grating pattern as an SPR
excitation substrate, the amount of AuNP must be sufficient to cover the grating substrate and
create a uniform grating structure. Thus, AuNP were purified, and the concentration was
adjusted to ~20 % (w/v) by centrifugation.

Figure la shows the setup for the experimental procedure of AuNP synthesis. For
characterization of the AuNP, their extinction spectra were obtained using a UV-visible
spectroscope (V-650, JASCO). The size and size distribution were determined by a particle
size analyzer (Zetatrac, Microtrac). The imprinted AuNP grating substrate was prepared by
the following procedure. A solution of the purified AuNP was dropped onto a silicon grating
substrate with a grating pitch size of 1.675 um. The AuNP solution was dried on the grating
pattern under ambient conditions. After drying, the imprinted AuNP grating substrate was
annealed at 300 °C for 1 h under air environment before cooling down to room temperature.
The imprinted AuNP grating pattern was transferred from the grating substrate to a glass slide
using thiolene (Norland optical adhesive 81, NORLAND PRODUCTS Inc, U.S.A.) as a
binding chemical. In this process, the thiolene was dropped onto the AuNP film that was then
covered with a glass slide. The AuNP grating pattern could be transferred to the glass slide
after the thiolene was cured by irradiation with ultraviolet (UV) light for 2 min. The
fabrication method for preparing the imprinted AuNP grating pattern is shown in Figure 1b.
The AFM image and topology profile of the imprinted AuNP grating pattern were observed
by a scanning probe microscope (SPM 9600, SHIMAZU).

For the SPR measurements, SPR reflectivity curves were obtained using a grating-
coupling setup that was developed in-house. The excitation source was a He-Ne laser (A =
632.8 nm). Angular measurements were performed by scanning the incident angle to obtain
the reflectivity curves. A halogen lamp was used as the white light source for excitation of
multimode SPR. The p-polarized light passed through a pinhole and irradiated the grating
sample. Detection was accomplished by a fiber optic spectrometer (USB 2000, Ocean Optics,
Inc.). The SP dispersion branches were calculated to determine the multimode of SP with the

imprinted AuNP grating.
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Figure 1 Schematic of the synthesis of AuNP (a) and imprinting of AuNP on a grating pattern (b).

For the grating-coupled SPR excitation, the wave vector of the incident light is increased
by the grating vector as the wave vector of the light in air is smaller than that of the SPs [26].

The excitation condition is defined as

k, =k, +G=277[1/5m(a)) sin«9+2%m

where A is the diffraction grating pitch, A is the wavelength, m is the diffraction order, and

¢, (o) 1s the wavelength-dependent dielectric constant of gold given by the classical Drude

free-electron model.

An ultrathin film of a bilayer system was used to further study SPR phenomena on the
imprinted AuNP grating substrate. In this study, the LbL system of Fe(Il)-BTP [27] and
PEDOT:PSS (Sigma Aldrich, Japan) was employed to investigate the SPR spectral shift. The
imprinted AuNP grating substrate was negatively charged with 3-mercapto-1-propanesulfonic
acid sodium salt (MPS) by immersing the substrate into a 1.0 mM of MPS in ethanol for 3 h.
The substrate was then rinsed with deionized water for 2 min. The LbL deposition was

carried out by immersion of the substrate into a solution of Fe(I[)-BTP (0.05 mg/mL) for
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15 min. The modified substrate was rinsed with a solution of methanol and water (3:1) for 2
min and then deionized water for 2 min. Subsequently, the substrate was immersed in
PEDOT:PSS (10 wt% in deionized water) for 15 min and then rinsed with deionized water
for 2 min followed by the 3:1 methanol and water solution for 2 min. The LbL deposition was
repeated to form up to 8 bilayers on the substrate surface. The substrate was dried using an

air-blower before acquiring the SPR measurements.

RESULTS AND DISCUSSION

Figure 2a shows the normalized UV-visible spectrum of the AuNP (at 10 ppm). As
shown in this spectrum, LSPR excitation of the AuNP was observed at 525 nm. The peak
position in this region corresponds to the AuNP [28,29]. Figure 2b shows the size and size
distribution histogram of the AuNP by using a particles size analyzer. As shown in this
figure, the AuNP are in the size range of 2040 nm with only a few percent of larger

particles.
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Figure 2 LSPR excitation of AuNP (a) and histogram of the size and size distribution of
AuNP (b).

For fabrication of the AuNP film and imprinted AuNP grating pattern as an SPR
excitation substrate, the 20% (w/v) AuNP colloid was dropped onto the glass slide and
maintained at ambient conditions. The obtained AuNP film is thick enough for the reflection-
based grating coupled SPR excitations. After the solvent (deionized water) was evaporated,

the shiny gold color of AuNP film could be observed. The morphology of the film was
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evaluated by AFM. The AFM images of the AuNP film are shown in Figure 3. As seen in this
figure, a high density of AuNP in close contact with nearby particles was achieved. In
addition, a densely packed AuNP film can be obtained using the annealing technique, which
decreases the grain between the AuNP. This enables the excitation of propagating SPR along
the surface of the AuNP film. After the AuNP film was obtained, it was heated up to 300 °C
for 1 h. Figure 3b shows AFM images of the AuNP film after annealing. As shown in this
figure, the sizes of the AuNP became larger, as if the grain boundary between them had
decreased. This result implies that the annealing process induces a sintering phenomenon of
AuNP [30,31]. Moreover, the starch molecules, which were added as a stabilizer, should

decompose at this temperature [32].

0.0
2.00 pm 5.00 x 5.00 pm

Figure 3 AFM images of AuNP films before (a) and after (b) annealing.

Next, we fabricated an AuNP film on a silicon grating template. A concentrated AuNP
colloid was dropped onto the silicon grating. The film was dried and heated up to 300 °C for
1 h under air environment. As schematically shown in Figure 1b, the imprinted AuNP grating
pattern was transferred to a glass slide and employed as the SPR grating-coupling substrate.
Figure 4 shows the AFM image and topology profile of the imprinted AuNP grating pattern
on a glass substrate. The AFM image shows that the grating pitch is 1.72 pm.
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Figure 4 AFM image (a) and topology profile (b) of annealed imprinted AuNP grating

pattern.

Then we investigated the SPR phenomena using the fabricated AuNP grating substrate.
Figure 5a shows an angular SPR curve of the imprinted AuNP grating film measured at
a fixed wavelength of 632.8 nm. For comparison, the SPR curve of a vacuum-evaporated
gold grating film is also shown in Figure 5b as a standard SPR property. It should be noted
that the grating pitch for the evaporated gold film (1.6 um) is slightly different from that for
the imprinted AuNP. As shown in this figure, a dip due to the SPR excitation was indeed
observed. Furthermore, the dip angle (47.1°) is comparable to that of the evaporated Au
grating film (43.0°), indicating that the imprinted AuNP can generate the propagating SPR.
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Although the peak shape of the imprinted AuNP grating film showed a rather broad and
shallow spectrum, the SPR dip angle could be observed distinctively. Figure 6a shows the
SPR reflectivity curve of the imprinted AuNP film upon irradiation by white light at a fixed
incident angle from 35° to 70° as a function of the wavelength. As shown in this figure, two
SPR dips at each wavelength were observed in the regions of 640-700 nm and 760-840 nm.
These dips were shown red shift as the incident angle increase. From each SP resonance dip
wavelength, the SP dispersion is plotted, as shown in Figure 6b. The calculated SP dispersion
relations on the grating corresponding to m = +5 (-SP™) and m = +4 (-SP™) modes are also
shown as solid curves. From the calculated SP dispersion branch, we found that the redshift
of SP dips in the range of 640-700 nm and 760-840 nm corresponded well with the —SP™
and —SP™ modes in the SP dispersion, respectively, indicating that our developed substrate
indeed provided SPR phenomena. However, due to the incompletely uniform surface of
imprinted AuNP, the plotted experimental SP did not completely superimpose on SP

dispersion curve as compared to that of evaporated Au grating substrate.
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Figure 5 Surface plasmon reflectivity curves of imprinted AuNP grating substrate (a) and

evaporated gold grating substrate (b).

To further study the SPR excitation phenomena on the AuNP films, the grating-coupled
SPR properties of LbL ultrathin films of Fe(II)-BTP and PEDOT:PSS were studied. As the
ultrathin film was deposited on the gold grating surface, the SPR dip angle was shifted to the
higher angle._Figure 7 shows the SPR reflectivity curves of an imprinted AuNP grating
substrate and an imprinted AuNP/LbL ultrathin film as a function of the incident angle (a)

and wavelength (b). Figure 7a shows the SPR dip angle of the imprinted AuNP grating
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substrate. The SPR dip angle shifted toward a larger angle (from 47.1° to 50.4°) following
LbL film deposition. This result clearly shows that the imprinted AuNP works well as

grating-coupled SPR substrates.
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Figure 6 SPR reflectivity curves of imprinted AuNP at a fixed incident angle from 35° to 70°
as a function of wavelength (a) and plotted dots obtained from experimental dip angles and

calculated SP dispersion (b).
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Figure 7 SPR angular curves of imprinted AuNP substrate before and after the deposition of

LbL ultrathin film obtained using a He-Ne laser (a) and white light excitation (b).

Figure 7b shows an SPR reflectivity curve of the AuNP grating film upon irradiation
with white light as a function of wavelength at a fixed incident angle of 60°. In this case, the
SPR dip of the —SP™ mode was observed and spectrum shifted from 810 nm to 815 nm
following LbL ultrathin film deposition. These trends correspond well with the SPR
properties of standard evaporated gold films (see Figure S4 in supporting information). The
results from both SPR techniques imply that the imprinted AuNP grating film is sensitively
shifted following deposition of the ultrathin film. Moreover, the imprinted AuNP substrate
showed promising data in a dopamine sensor application as the SPR dip showed a red shift
with the detection of dopamine (see Figure S5 in supporting information). Hence, the
imprinted AuNP grating film could be used as an SPR substrate for a variety of potential
applications using grating-coupled SPR devices, such as photoelectric conversions and

sensors [17,33-35].

CONCLUSIONS

We successfully developed a method for imprinting AuNP on a grating pattern. The
imprinted AuNP grating substrate provided strong surface plasmon resonance excitation
signals from both grating-coupling surface plasmon measurements and multimode surface
plasmon resonance measurements. This substrate was sensitively shifted when an organic
thin film was deposited on the imprinted AuNP grating surface. The imprinted AuNP grating

substrate should be useful in photoelectric conversion and sensor applications.
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ABSTRACT

We developed a novel technique for increasing the sensitivity of transmission surface
plasmon resonance (T-SPR) signals. T-SPR spectroscopy was performed by irradiating, with
white light, a gold grating substrate whose surface was nanostructured by growing gold
nanoparticles (AuNPs). AuNPs were grown directly on the substrate surface by alcohol
reduction and their growth was observed at various stages by UV-visible spectroscopy and
standard Kretschmann-type SPR spectroscopy. For comparison, normal gold film with
smooth surface was examined under the similar condition. The T-SPR results show a
possibility of hybrid excitation of both localized and propagating surface plasmon.
Significantly, T-SPR spectra of the gold grating substrate obtained during AuNPs growth
show stronger and narrower peaks in the range 650—800 nm. The maximum T-SPR excitation
was at an incident angle of 35°. A layer-by-layer system of 5, 10, 15, 20-tetrakis (1-methyl-4-
pyridinio) porphyrin tetra (p-toluenesulfonate) molecules and sodium copper chlorophyllin
molecules was used to verify the enhancement of the developed system. We believe that the
AuNPs/Au grating for T-SPR devices will provide enhanced signals for detecting nanometer

order materials and for high-sensitive sensor applications.

INTRODUCTION

Surface plasmon resonance (SPR) on a diffraction grating is widely used to characterize
and study ultrathin films, analytical surface binding, biomolecules immobilization, and
surface kinetic processes [1, 2]. Various types of grating structures can be used for SPR
excitation. The flexibility and simplicity of the system make grating-based SPR a research
topic of significant interest [1-10]. SPR excitation has recently been shown to enhance light
transmission through nanostructures such as hole arrays [11, 12] and grating patterns [8-10]
and, of particular interest, through grating substrates of commercial digital versatile disc-
recordables (DVD-Rs) coated with thin gold films [6, 7]. Significantly, transmission SPR (T-
SPR) spectra of light transmitted through such a gold grating substrate show strong, narrow
peaks in the visible light region. The T-SPR wavelength depends on the grating pitch and the
angle of incidence [6, 7]. Recently, diffraction-based surface enhanced transmission was
reported that the =1 diffracted orders from the gold grating film were detected [13]. The
optical transmission is based on the decoupling of surface plasmons which is excited and
confined at the surface of metals. Hence, the T-SPR spectrum is highly sensitive to the local

refractive index near a metal/dielectric interface, making T-SPR spectroscopy a useful
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technique for optical sensing applications. The sensitivity depends especially on the surface
structures for the coupling of near field SP excitations and decoupling to far field freely
propagating light [14-16]. However, to our knowledge, there is no report to further enhance
the T-SPR signals with the modification of the nanostructured surfaces.

In this study, we investigate whether a T-SPR signal, known to be enhanced by
transmission through a gold grating substrate, can be enhanced even further if the surface
structure of the gold grating is modified with gold nanoparticles (AuNPs). The benefit of
AuNPs deposition is that it enhances the excitation of SPR and facilitates decoupling of SPs.
Furthermore, it may also excite hybrid SPs by localized SPR (LSPR) and grating-coupled
propagating SPR. AuNPs without any capping agent can be directly grown on the gold
grating surface by alcohol reduction [17, 18]. Gold particles on the gold grating surface can
induce AuNPs nucleation and thus seed AuNPs growth [19]. Furthermore, the T-SPR
sensitivity of an deposited organic ultrathin films was enhanced via AuNPs on the gold

grating.

EXPERIMENTAL

We investigated AuNPs growth on a gold grating surface and, for comparison, on a
smooth gold film surface. A growth solution of hydrogen tetrachloroaurate (HAuCls) in
ethanol was prepared by mixing HAuCls (0.25 M, 1.0 mL) with ethanol (40% v/v) and
adjusting to a volume of 100 mL. For growing AuNPs on a gold grating surface, a
polycarbonate DVD-R (Taiyo Yuden Co., Ltd.) was used as the diffraction grating substrate.
The DVD-R was cut into pieces, which were then immersed in nitric acid to remove the dye
layer on the grating side. The cleaned pieces were coated with a layer of gold (thickness ~50
nm) by vacuum evaporation. The resulting substrate is denoted as bare Au grating substrate.
AuNPs were grown directly on the grating surface by immersing the coated substrate in the
growth solution. The resulting substrate containing AuNPs grown on the gold-coated grating
is denoted as AuNPs/Au grating substrate. Figure 1 shows the experimental procedure of the

growth process.
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AuNPs on
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incubated gold grating film in
HAuCl, +40% v/v EtOH solution for4 - 8 h

Figure 1 Experimental procedure for growing gold nanoparticles on a gold-coated grating

surface.

For AuNPs growth on a flat gold film (thickness ~30 nm) surface, gold films on BK7
(n=1.52) glass slides were immersed several times in the growth solution. The resulting
substrate containing the gold coating is denoted as Au film substrate. AuNPs growth was
monitored by UV-visible spectroscopy (V-650 UV-visible spectroscope, JASCO) and prism-
coupled SPR spectroscopy by using the Kretschmann configuration [20-22] with the
excitation wavelength at 632.8 nm (He-Ne laser). Moreover, the thickness of gold film was
calculated by fitting the SPR reflectivity curves with a Fresnel equation algorithm (Winspall
software version 2.20). The morphologies of the bare Au grating and the AuNPs/Au grating
surfaces were examined by atomic force microscopy (AFM) (SPM-9600, SHIMAZU).

T-SPR measurements were conducted with a homemade T-SPR system equipped with
a fiber optic spectrometer (HR 4000, Ocean Optics, Inc.) and a white light source (LS-1
tungsten halogen, Ocean Optics, Inc.). The substrates were mounted on a rotation stage.
White light was passed through a linear polarizer and the T-SPR signal of the gold grating
and AuNPs/Au grating substrates were then detected by fiber optic spectrometry. Figure 2
shows the schematic diagram of the instrumental setup. To clearly show the effect of surface
plasmon enhanced transmission light spectrum, a normalized spectrum was constructed by

subtracting the raw spectrum of s-polarized light from that of p-polarized light.
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Figure 2 Schematic diagram of the T-SPR instrumental setup.

T-SPR enhancement was verified by investigating the substrates after coating with a
multilayered ultrathin film. The bare Au and AuNPs/Au grating surfaces were charged
negatively with 3-mercapto-1-propanesulfonic acid sodium salt (MPS) by soaking the
substrate in 1.0 mM of MPS for 3 h. The substrate was rinsed by deionized water for two
times for 1 min each before the substrate was coated with multilayer film. The multilayered
film was then obtained_by layer-by-layer electrostatic deposition [23, 24]. In this experiment,
the cationic and anionic molecules were 5, 10, 15, 20-tetrakis (1-methyl-4-pyridinio)
porphyrin tetra (p-toluenesulfonate) (TMPyP) and sodium copper chlorophyllin (SCC),
respectively [5, 25, 26]. The sequential adsorption of cationic and anionic molecules was
performed by alternate immersion in TMPyP and SCC solution at the concentration of 0.25
mM into for 15 min each. Between the chemical was alternated, they were rinsed by
deionized water for two times for 1 min each. The injection cycle was carried out up to 10

bilayers on the substrate surface.
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RESULTS AND DISCUSSION

First, we simulated the electric field of Au grating and nanostructured Au grating
structures using the FDTD method (FDTD solutions) to study the possibility of enhancement
in T-SPR signals. Figure 3 shows the electric fields of water/rectangle Au (thickness 50 nm)
grating with and without rectangle Au islands on the polycarbonate grating substrates (grating
pitch, A = 740 nm) upon irradiation with p-polarized light at a wavelength of 740 nm at an
incident angle of 35°. The assumed nanostructured surfaces, 10 nm width and 5 nm height Au
islands and 100 nm width and 10 nm height Au islands, of Au grating thin films (thickness 50
nm), are also shown in the figure 3c and 3d. These structures are similar to the dispersed
AuNPs or AuNPs aggregation on Au grating films used in our experiments. The color bar
shows the electric field intensity. In the simulation, the refractive index of polycarbonate is
1.585. Palik parameters were used the dielectric constant of Au [27]. As shown in Figure 3b,
a strongly enhanced electric field was observed on the water side of Au, indicating the
excitation of the surface plasmons. It should be noted that light is transferred through the
continuous thin gold grating film (thickness 50 nm) as seen in the near field on the
polycarbonate side. As seen in figure 3, the electric field intensity further increases when the
Au islands exist on the Au grating. The enhancement is observed in both Au islands
structures (Figure 3¢ and 3d), which might be due to the interaction between the grating
coupled-propagating surface plasmon and the nanoscaled Au islands. This result indicates the
possibility that the enhancement in the near field surface plasmon excitation can be obtained
when the nanostructured surface is fabricated on the thin Au grating film, indicting the

possibility of the enhancement of T-SPR signals.
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Figure 3 Schematic drawing of Au grating film with gold (thickness 50 nm) polycarbonate
grating structure (grating pitch, A = 740 nm) (a). Electric field of Au grating film (b), AuNPs
(small particles)/Au grating film (c) and AuNPs (large particles)/Au grating film (d) in the
environment of water and the enlargement of schematic drawing which corresponds with

AuNPs on the gold grating used in our experiments.

To fabricate the nanostructured Au surface, we tried to grow AuNPs directly on Au thin
films. Figure 4 shows UV-visible spectra of AuNPs grown on the flat Au film substrate,
obtained at various incubation times. At 2 h of incubation, the spectrum baseline is almost the
same as that of the Au film substrate, indicating virtually no AuNPs deposition. At 4 h of
incubation, a peak at 525 nm (the enlarged spectrum is shown in the inset), attributing to
LSPR excitation from AuNPs [28], was observed on the flat Au thin film. Because
propagating SPR can be excited on the flat Au thin film, this result suggests a possibility_that
we may be able to obtain hybrid LSPR and propagating SPR excitation on the Au film

surface, which is useful for enhancing sensitivity in biosensor applications [29, 30]. At 6 h of
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incubation, the LSPR excitation intensity increases and redshift from 525 to 545 nm was
observed. This result implies that the gold salt is reduced to AuNPs and the existing AuNPs
continue to grow. In addition to the redshift of LSPR wavelength, the spectral baseline raises,
indicating that AuNPs deposition causes the film thickness to increase. After 8 h of
incubation, the baseline raises even further, indicating that AuNPs may continue to grow on

the Au film surface.
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Figure 4 UV-visible spectra of AuNPs grown on Au film substrate, obtained at various
incubation times and the inset spectrum shows the enlargement of UV-visible spectrum of

AuNPs grown on Au film substrate at 4 h incubation.

Figure 5a shows the SPR spectra of AuNPs grown on the flat Au film substrate,
obtained at various incubation times. The curve of the bare Au film is shallow because the
film thickness is just 34 nm. As incubation time increases, the dip angle of the curve shifts
from 45.0° to 47.3°. Between 1 and 4 h of incubation, the reflection intensity decreases. At 4
h the curve dips sharply to the lowest reflectivity with the SPR angle of 46.2°. After 4 h, the
reflectivity increases while the SPR angle shifts to 47.3°. The sharp dip indicates strong
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SP excitation from Au/AuNPs. This trend in SPR properties is similar to our previous
simulation results which assumed that AuNPs are present on the gold surface [31, 32]. Thus,
this result indicates the present of AuNPs on the gold film surface [19]. Incubation for just a
few hours is known to cause both AuNPs diameter [22] and density [31, 32] to increase. Thus,
the observed change in the SPR dip angle of the AuNPs on the Au film substrate should be
due to the damping effect of AuNPs [20-23]. At 8 h of incubation, the dip becomes shallower.
SPR shifts associated with scattering and absorption by surface roughness are well defined
[33]. Hence, this result suggests that AuNPs cause the surface to become rougher.

Figure 5b shows the plot of the Au film thickness as a function of incubation time. The
slope of the fitting curve can be split into two regions, indicating that gold growth occurs in
two phases. In the first phase of growth, the total film thickness increases as the gold surface
seeds AuNPs nucleation. It should be noted that the AuNPs used in these experiments contain
no capping agents; hence, they should aggregate smoothly on the film surface and form thin
film of AuNPs. Simulations suggest that during this first phase, the film thickness increases
by ~1.6 nm. After 3 h of incubation, the AuNPs growth rate on the evaporated gold surface
changes. In the second phase of growth, i.e., with the incubation time beyond 3 h, the UV-
visible spectrum shows LSPR excitation from AuNPs indicating an existence of AuNPs on
the evaporated gold film. A simulation based on SPR reflectivity results shown in Figure 3
indicated that AuNPs size at 4 h incubation is 9.7 nm.

Figure 6 shows AFM images of the bare Au grating and the AuNPs/Au grating surfaces
during incubation. Roughness (R,) of the bare Au grating surface increases with incubation
time. In particular, before incubation, roughness is 1.7 nm. At 4, 6, and 8 h of incubation,
roughness increases to 2.6, 3.1, and 6.5 nm, respectively. This result confirms that AuNPs
can indeed grow on a gold surface. At 6 and 8 h of incubation, the grating pattern becomes

non-uniform as AuNPs appear on the surface.
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Figure 5 SPR experimental and fitted SPR curves of AuNPs grown on Au film substrate
obtained at various incubation times (a) (The inset shows the SPR dip angle as a function of

incubation time). Plot of Au film thickness as a function of incubation time (b).
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250x250um

Figure 6 AFM image of bare Au grating surface (a), AuNPs/Au grating surfaces with

incubation time of 4 (b), 6 (c), and 8 h (d). The corresponding schematic drawing of gold

nanoparticles on the gold grating at the given incubation time is proposed.

Figure 7 shows T-SPR spectra of the bare Au grating and AuNPs/Au grating substrates
after incubation for 4 h, measured at incident angles in the range 6 = 25°-40° in a water
environment. For both substrates, peaks are observed in the range 700-800 nm. As the
incident angle increases from 25° to 30°, the spectra shift to shorter wavelength; beyond 30°,
the spectra shift to longer wavelength, indicating that the T-SPR peak is sensitive to the
incident light angle. For both substrates, the maximum T-SPR intensity is observed at 35°. As
shown in the Figure, the peak of Au/AuNPs after incubation is indeed sharper than that of
Au, possibly because the nanostructured surface of the AuNPs/Au grating substrate excites
stronger SPs and facilitates decoupling of the excited SPs on the grating surface. This result

corresponds well with FDTD simulation that the near field surface plasmon enhancement
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increases the intensity of decoupled T-SPR intensity. It should be noted that the flat Au film
on polycarbonate grating was controlled to be ~50 nm, hence the sharpened T-SPR peak is
not due to the increased film thickness, but due to the present of AuNPs.

a b
'S | 400 5 | 40°
E S
= 2
a 7 350
5 I
k= g
o | 30° & | 30°
| 250 = | 250

400 560 660 760 860 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 7 T-SPR spectra with the angle of incidence of 25 — 40° of the bare Au grating
substrate (a) and that of AuNPs/Au grating substrate with 4 h incubation (b). The angle of

incident is indicated above the corresponding spectrum.
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Figure 8 T-SPR spectra of bilayers fabricated on substrate monitored at the angle of incidence
35° bare Au grating substrate (a), AuNPs/Au grating substrate with 4 h incubation (b), and
plots of changes in the T-SPR intensity as a function of the number of bilayers (c) on bare Au
grating substrate (open square, black), AuNPs/Au grating substrate with 4 h (filled square,

red), 6 h (open circle, green), and 8 h (filled circle, blue) incubations.
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Because both bare Au grating and AuNPs/Au grating substrates show strong T-SPR
peaks at 35°, we monitored the change in the T-SPR intensity at an incident angle of 35°
during the deposition of the layer-by-layer ultrathin film on both types of substrate to
examine the T-SPR signal sensitivity with respect to the adsorption of nanometer size
materials using our developed surface. We fabricated the multilayered film by alternately
functionalizing the substrate with negatively charged MPS for adsorption of cationic TMPyP
and immersing the substrate in anionic SCC solution. Figure 8a and b shows the T-SPR
spectra of the various bilayers on the bare Au grating and the AuNPs/Au grating substrates
after 4 h of incubation. The changes of T-SPR intensity as a function of the number of
bilayers is shown in Figure 8c. Although the intensity seems to be saturated when the number
of bilayers increase, the intensity is increased with the number of bilayers for all cases. From
the simulation, the trend of the T-SPR intensity change largely depends on grating structures,
grating pitch, etc. The AuNPs/Au grating substrate shows a large increase in the T-SPR
intensity, particularly the substrate with 4 h incubation, which shows spectral redshift while
the intensity increases much larger than that of the bare Au grating substrate. This result also
corresponds well with the strong SP excitation observed in Figure 5a and FDTD simulation.
Thus, we conclude that the nanostructure generated by the AuNPs on the surface of gold
grating after 4h enhances the signal sensitivity on the AuNPs/Au surface. When the
incubation time exceeds more than 4 h, the shift of T-SPR intensity gradually decreased. In
the case of after 8 h, the T-SPR intensity change was slightly smaller than that on the Au
grating. The smaller change in the T-SPR peak intensity after 8h should be due to the weak
SP excitation originating from roughened Au grating surface with randomly aggregated
AuNPs. This finding is reasonable because a high degree of surface roughness decreases

excitation of SPs, as observed in Figure 5a.

CONCLUSIONS

We fabricated AuNPs on a Au grating substrate by chemical reduction of a gold salt
with ethanol. AuNPs grew on the substrate after incubation for 4 h in the growth solution.
Examination of the resulting AuNPs/Au grating substrate by UV-visible and SPR
spectroscopy shows the possibility of hybrid LSPR and propagating SPR excitation. The
presence of AuNPs on the substrate surface increases the excitation of surface plasmons and
facilitates decoupling at the back side of Au grating which corresponds well with the results

of FDTD simulation. When a multilayered film is deposited on the treated substrate and the
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change in the T-SPR intensity is measured as a function of the number of bilayers, the largest

enhancement is observed for the AuNPs/Au grating substrate incubated for 4 h. Thus, we

conclude that the nano-rough surface induced by AuNPs film improves T-SPR sensitivity of

the Au grating substrate. The present study should be useful for the characterization of

nanometer order materials and for biosensor applications.
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ABSTRACT

In this study, we achieved an enhancement of the transmission surface plasmon
resonance (T-SPR) intensity by depositing silver nanoparticles (AgNPs) onto a gold grating
substrate. The T-SPR spectrum of the gold grating substrate with AgNPs showed a strong and
narrow SPR peak located between 650 and 800 nm; the maximum SPR excitation was
observed at a 35° angle of incidence. We controlled the distance between the gold grating
surface and the AgNPs by wusing layer-by-layer (LbL) ultrathin films of
poly(diallydimethylammonium chloride) (PDADMAC) and poly(sodium 4-styrenesulfonate)
(PSS) to study the distance dependence of coupling effect between the AgNPs and the gold
grating substrate. The distance-dependent T-SPR response of peak position and intensity
showed distinctive changes when the intermediate layer was 10 bilayers (~17 nm) thick. The
strongest coupling surface plasmon excitation between the AgNPs and the gold grating
substrate was obtained at this layer spacing. Furthermore, we explored the potential of the
developed system as a switchable pH sensor. The T-SPR spectrum sensitively changed as the
pH switched from acidic (pH 2) to alkaline (pH 12) conditions by the swelling/shrinking of
the poly(allylamine hydrochloride) (PAH)/PSS LbL film, respectively, which was deposited
between the AgNPs and the gold grating surface.

INTRODUCTION

Surface plasmon polaritons are strong electromagnetic waves that propagate to
a metal/dielectric interface.'” Because surface plasmon resonance (SPR) is highly sensitive
to the nearby refractive index at a thin metal surface, it has been widely employed in a
number of applications.3'7 Recently, transmission surface plasmon resonance (T-SPR) has
become a topic of interest because a large electric field induces strong and narrow spectra in

21 T_SPR was first observed on gold nanohole arrays;®

the visible to near-infrared region.
later, this phenomenon was also observed on gold grating patterns.'>"® Moreover, a strong
electric field at the gold grating surfaces was observed, and this field provided an enhanced
transmission of the +1 diffraction order.”> We studied the enhancement of T-SPR properties
based on grating patterns of recordable digital versatile discs (DVD-Rs) coated with thin gold
films because of the flexibility and simplicity of this technique and have utilized this

enhancement in several applications, including biosensors and tunable T-SPR.*"**
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Recently, the extraordinary transmission of light through AgNPs has been reported.”**

Wang, et al.?® considered coupling and decoupling%'27

processes at ZnO/Ag and Ag/ZnO
grating interfaces with Ag nanoislands. Surface plasmon (SP) excitation was confined at the
ZnO/Ag and Ag/ZnO interfaces (near-field), and the SP was subsequently radiated as
enhanced light transmission (far-field). Brenier” reported an enhancement of the
transmission of light though a disordered assembly of AgNPs. The AgNPs grafted with
perfluorodecanethiol were introduced onto a ZrO,-coated silica substrate. The transmission
light was more intense than that of the oxide substrate over a wide wavelength range of 300—

680 nm. This phenomenon should reveal the interference of light in the AgNPs films in terms

of transmission enhancement.

In addition to the SPR light transmission observed on a gold grating substrate, this
phenomenon could be further enhanced by the introduction of metal nanoparticles onto a gold
grating surface. Recently, we reported the enhancement of a T-SPR signal by the direct
synthesis of gold nanoparticles on gold grating surfaces.” The metal nanoparticles facilitate
the coupling/decoupling of SPs and may also excite SPs from the AgNPs and gold grating
substrate. In this study, because the T-SPR intensity is much greater than the absorption of
localized surface plasmon resonance (LSPR) excitation of AgNPs, we monitored the coupling
effect of SPs via shifts in the T-SPR peak position and via the increase in the T-SPR intensity
at a wavelength of ~740 nm. The distance-dependent SPR coupling between the gold grating
surface and the AgNPs with various thicknesses of the intermediate layer was investigated.
We controlled the thickness of the intermediate layers by the number of
poly(diallydimethylammonium chloride)/ poly(sodium 4-styrenesulfonate) (PDADMAC/PSS)
ultrathin film layers to determine the optimum distance that provides the greatest coupling of
electric field enhancement. We further studied the distance effect of electric field coupling by
changing the distance between intermediate layers via the swelling/shrinking of a
polyelectrolyte. The poly(allylamine hydrochloride) PAH polyelectrolyte was protonated and
deprotonated under acidic and alkaline conditions, respectively. >’ This phenomenon could
also be used to control the distance between the gold grating surface and AgNPs. Here we
monitored the thickness adjustment induced by pH switching in real time by a time-
dependent study at a fixed wavelength of 760 nm while the pH was adjusted between 2 and
12. Simultaneously, we also explored a gold grating with a [(PAH/PSS);o + (PAH/AgNPs)s]
substrate as a switchable pH sensor by monitoring the kinetic curve of the film while the pH

was adjusted; the results showed a dramatic change in the T-SPR intensity. The results



48

obtained for the enhancement and control of the T-SPR signal should be useful for various

applications, including sensors and active plasmonic devices.

EXPERIMENTAL
SYNTHESIS OF SILVER NANOPARTICLES

A chemical reduction method was used to synthesize AgNPs. Ten milliliters of 9.26 x
107 M silver nitrate, AgNO; (Sigma-Aldrich, Japan), was added to 40.0 mL molar
equivalents of sodium borohydride, NaBH,4 (Sigma-Aldrich, Japan), under vigorous stirring.
In the synthesis, 2.0% (w/v) soluble starch (Sigma-Aldrich, Japan) was used as an effective
stabilizer.’** After the AgNOs solution was added to the NaBH, solution, the color of the
solution changed to yellow. A UV-visible spectrometer (V-650 UV-visible spectroscope,
JASCO) was used to monitor the extinction spectrum of the synthesized AgNPs. A
transmission electron microscope (H-7650 TEM, Hitachi) was used to analyze the size of
AgNPs. (The results of the AgNPs characterization are provided in supporting information,
Figure S1.)

LAYER-BY-LAYER ADSORPTION

The cleaned BK7 glass substrates were functionalized by submerging in toluene
containing 0.1 wt% 3-aminopropyltriethoxysilane (APS) for 30 min. The APS layer was
charged by immersion in dilute HCI solution for 5 s, and the LbL ultrathin film was then
immediately prepared.” In case of the gold grating film, an approximately 50-nm-thick gold
film was deposited by vacuum evaporation onto a polycarbonate DVD-Rs (Taiyo Yuden)
grating substrate (a 3-nm-thick layer of chromium was used as an adhesion layer). The
grating pitch of the DVD-R substrates was 740 nm. For the functionalization of the gold
grating surface, the grating substrate was immersed for 3 h in a 1 mM aqueous solution of 3-
mercapto-1-propanesulfonic acid sodium salt (MPS) and then rinsed with deionized water
before the LbL deposition of ultrathin films. PDADMAC (20 wt% in water, MW ~200,000—
350,000, Sigma, Japan) and PSS (MW 70,000, Sigma, Japan) at concentrations of 1 mg/mL
were used for the LbL adsorption in this investigation.**”” For the deposition of LbL ultrathin
films, the substrates were alternately immersed in PDADMAC and PSS solutions for 15 min
each. They were rinsed with deionized water for 2 min between each deposition. The
injection cycle was repeated to form 1, 5, 10, 15, 20, or 30 bilayers on the substrate surface.

The thickness of the LbL ultrathin films was estimated by prism-coupling Kretschmann SPR
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measurements, and the theoretical SPR reflectivity curves were fitted by a Fresnel equation
algorithm (Winspall software package, version 2.20). The average thickness of each bilayer

was ~1.7 nm (the results are shown in supporting information, Figure S2).

DEPOSITION OF SILVER NANOPARTICLES

After the LbL ultrathin films were fabricated on the substrates, the substrates were
again positively charged with a 1 mg/mL PDADMAC solution for the deposition of
negatively charged AgNPs. Thin films of 100 ppm AgNPs were deposited onto the substrate
surfaces using the immersion technique for 15 min each. Moreover, to increase the density of
the AgNPs, the substrates were alternately immersed in PDADMAC and AgNPs solutions

five times.

T-SPR SEPCTROSCOY

T-SPR measurements were conducted with a homemade T-SPR system equipped with a
fiber-optic spectrometer (HR 4000, Ocean Optics) and a white light source (LS-1 tungsten
halogen, Ocean Optics). The substrates were mounted on a rotation stage. White light was
passed through a linear polarizer, and the T-SPR signals of the prepared substrates were then
detected by the fiber-optic spectrometer. In all measurements, only zero-order transmission
was detected. Surface plasmons were excited at the metal grating—dielectric interface by the
irradiation of white light at fixed angles of incidence. Figure 1 shows a schematic diagram of
the sample structure. To obtain normalized spectra, we subtracted the raw spectrum of

s-polarized light from that of p-polarized light.

PH-SWICHABLE  SWALLING/SHRINKING INVESTIGATED BY T-SPR
SPECTROSCOPY

In this study, we further studied the effect of the intermediate layer thickness on the
SPR coupling by the swelling/shrinking a polyelectrolyte layer; we also explored the
potential use of these films as switchable pH sensors. PAH (MW 70,000, Sigma, Japan) at a
concentration of 1 mg/mL was used as a positive polymer layer. The amino group on PAH
could be protonated and deprotonated under acidic and alkaline conditions, respectively.”*
The swelling/shrinking transition of PAH/PSS at 10 bilayers was attempted on a gold grating
substrate (thickness ~50 nm) with AgNPs. To measure the switchability of the T-SPR

response, we fixed the wavelength at 750 or 760 nm. A solution of nitric acid with a pH of 2
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and a solution of sodium hydroxide with a pH of 12 were used to investigate pH switchability.

AgNPs/PDADMAC
PDADMAC/PSS
or PAH/PSS

B—=r

< 740 nm

Auor Ag ca. 150 nm

DVD-R grating substrate

Detector

Figure 1 Schematic diagram of the sample structure.

RESULTS AND DISCUSSION

The deposition of five bilayers AgNPs/PDADMAC onto various thicknesses of
PDADMAC/PSS intermediate layers on BK7 glass slides was studied by UV—vis absorption
spectroscopy. As shown in Figure 2, AgNPs/PDADMAC was deposited onto the surface of a
PDADMAC/PSS ultrathin film at the peak wavelength of 450 nm because of LSPR
excitation.*®*” The extinction intensity of the AgNPs/PDADMAC layers on 10, 20, and 30
PDADMAC/PSS bilayer spacers was approximately the same, as were the peak positions in
the spectra of all the samples. These results indicate that the amount of AgNPs on the
substrate was similar. However, when the thickness of the intermediate layer was less than 10
bilayers, the extinction intensity of the AgNPs was lower than those of AgNPs in samples
with thicker intermediate layers, especially in the cases of no bilayer (only PDADMAC) and
1 bilayer. These results indicate that a smaller amount of AgNPs were deposited onto the
substrate surface because of a poorly charged or nonuniform surface of the intermediate

layer.
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Figure 2 LSPR excitation of AgNPs at various distances from a BK7 glass slide.

We subsequently investigated the effect of AgNPs on the gold grating using grating-
coupled T-SPR spectroscopy. The SPR phenomenon depends on the incident angle of light,
excitation wavelength, diffraction grating pitch, diffraction order, dielectric constant of gold,
and also dielectric constant of the environment."” Figure 3a shows the T-SPR spectra of gold
grating substrates in a water environment at an incident angle of 30°-40°. The intensities and
peak positions in the T-SPR spectra were dependent on the angle of incidence. Under these
conditions, the maximum T-SPR intensity should be observed at an incidence angle of 35°.
An extraordinary transmission signal at this angle was observed at ~740 nm. This spectrum
originated from the SPs at the interface between gold and water.”® Figure 3b shows the T-
SPR spectra of PDADMAC/PSS ultrathin films on gold grating substrates as a function of the

number of bilayers at a 35° angle of incidence.
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Figure 3 The T-SPR spectra of the gold grating substrate (A = 740 nm) at various angles (a).
The T-SPR spectrum of an ultrathin film on the gold grating substrate was monitored at an
incidence angle of 35° (b). The inset plot is the change in the T-SPR intensity as a function of

the number of bilayers.

As shown in this figure, the narrow peak position at 746.5 nm in the spectrum of the
gold grating substrate with MPS was observed. The T-SPR intensity increased, and the peak
shifted toward longer wavelengths as the number of bilayers increased. The inset plot shows

the linear increase in the maximum T-SPR intensity as a function of the number of bilayers.
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The increase in the T-SPR intensity for 170.8 a.u. (from the gold grating substrate with MPS)
was observed when the ultrathin film with 10 PDADMAC/PSS bilayers was deposited on the
substrate surfaces. During the deposition of the ultrathin films, far-field transmitted SPs based
on the coupling/decoupling SPs are facilitated by the ultrathin film on the gold grating
surface due to the surface roughness of the film, which resulted in an increase in the T-SPR
intensity upon LbL deposition. The T-SPR peak was shifted to longer wavelength (from
746.5 to 748.6 nm) after the deposition of the LbL ultrathin films. The T-SPR peak shift is
related to changes in the effective dielectric constant at the interface of the gold film due to
the adsorption of molecules on the surface.” '’ In this SP mode, the T-SPR peak always shifts
toward a longer wavelength, and the peak intensity increases when an ultrathin film is
deposited on a gold grating surface. The distance-dependent T-SPR between the gold grating
surface and the AgNPs was studied by the deposition of PDADMAC/PSS ultrathin films as
various numbers of bilayers on gold grating substrates, followed by the deposition of five
bilayers of AgNPs/PSS on the PDADMAC/PSS film.

Figures 4a and b show T-SPR responses with 10 and 30 bilayers of the intermediate
PDADMAC/PSS ultrathin films. After the PDADMAC/PSS LbL ultrathin films were
deposited onto gold grating surfaces, the T-SPR spectra of substrates with 10 and 30
intermediate-layer bilayers showed peak positions at 745 and 750 nm, respectively. After
AgNPs were deposited on their surfaces, increase in the T-SPR intensity and a red shift in the
T-SPR spectrum were clearly observed. As shown in the figures, the change in intensity and
the degree of red shift with 10 bilayers were clearly larger than those of 30 bilayers, whereas
the amount of AgNPs adsorbed per PSS layer was approximately the same, as shown in
Figure 2. Figure 4c shows a plot of the change in the T-SPR peak intensity (black line) and
the peak-position shift (blue line) as functions of the number of bilayers of intermediate

PDADMAC/PSS ultrathin films.
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Plot of the T-SPR responses showing the shift in peak position and the increase in T-SPR

intensity as a functions of the number of bilayers spacers (c).
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As shown in this figure, the T-SPR peak intensity increased and shifted to longer
wavelengths when the number of bilayers between the AgNPs and the metal surface was
increased to 10 bilayers. When the number of bilayers was increased beyond 10 bilayers, a
decrease in the T-SPR peak intensity and a smaller wavelength shift were observed. The
maximum T-SPR intensity and the longest-wavelength peak position were observed with an
intermediate layer of 10 bilayers (thickness ~17 nm). Under these conditions, the LSPR of the
AgNPs near the surface of AgNPs should be excited. These SPs may interact with the
propagating SP from the gold grating surface, which would lead to an enhancement of the
far-field transmission signal.”>** When the distance between the gold grating surface and the
AgNPs is large, the interaction should be decreased. Thus, a decrease in the T-SPR
enhancement was observed.

When the intermediate layer contained 0-5 bilayers, less T-SPR enhancement was
observed. On the basis of the UV—vis spectra, the amount of AgNPs on 0- and 1-bilayer
intermediate PDADMAC/PSS layers is approximately 75% of the amount on 10 bilayers,
whereas the change in the T-SPR intensity with O bilayers is approximately 30% of the
change observed with 10 bilayers. Hence, the diminished change in the T-SPR intensity is not
caused only by the amount of AgNPs. This phenomenon can also be explained by photon
scattering or near-field distribution on the substrate surface, which causes the weak coupling
of surface plasmons. Figures 5a and b show the absorption spectra of AgNPs/PDADMAC as
a function of the number of bilayers on a gold grating surface with an intermediate layer (10
bilayers of PDADMAC/PSS) and without an intermediate layer, respectively. The absorption
spectrum of both systems was measured at an incidence angle of 35° under s-polarization;
under these conditions, the propagating SP could not be excited. The inset spectra in Figure 5
show the corresponding T-SPR spectra with the p-polarization of incident light. As shown in
Figure 5a, the absorption spectra of AgNPs on a gold grating substrate with an intermediate
layer exhibited decreased absorbance in the longer-wavelength region, including 740 nm,
upon AgNPs/PDADMAC deposition. This result indicates that an extraordinary transmission
signal from this substrate can be obtained even without grating-coupled propagating SPE.
Figure 5b shows the absorption spectra of AgNPs/PSS on a gold grating surface without an
intermediate layer. In this case, the absorbance, including that at 740 nm, increased as the
number of AgNPs/PDADMAC layers increased. This result indicates that an increase in the
amount of AgNPs with the inclusion of an intermediate layer increased photon scattering or

near-field distribution on the substrate.”® Hence, the scattered light on the substrate surface
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should enhance the decoupling of the transmission SP due to the altered wave vector of SPR.

Thus, a remarkable increase in the T-SPR intensity was observed.
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Figure 5 Absorption spectrum of AgNPs on a gold grating with an intermediate layer (10
bilayers of PDADMAC/PSS) (a) and without an intermediate layer (b) at an angle of
incidence of 35° under s-polarization. The inset spectrum shows the development of the T-

SPR spectrum when the number of AgNPs layers was increased.
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The T-SPR intensity was highly sensitive to changes in the thickness of the
intermediate layer. As previously discussed, when AgNPs were near the gold grating surface
(i.e., when the intermediate layer contained fewer than 10 bilayers) or were distant from the
surface (i.e., when the intermediate layer contained more than 10 bilayers), the excited
surface plasmons at a wavelength of 740 nm were preferentially confined on the gold surface.
This confinement resulted in the intensity of the transmission SPs at this wavelength
decreasing to less than that observed when a thicker intermediate layer (10 bilayers) was
used. To confirm distance-dependent SPR coupling, we fabricated a gold grating with a
[(PAH/PSS),o + (PAH/AgNPs)s] LbL film. Because the PAH layer can swell and shrink
under acidic and alkaline conditions, respectively, the thickness of the intermediate layers of
the system could be controlled by pH adjustments. Moreover, this substrate could be used as
a switchable pH sensor. The pH-switchable behavior was investigated by the alternate
injection of pH 2 and 12 solutions inside a T-SPR cell that was mounted on the holder at an
incidence angle of 35°. Figure 6a shows the T-SPR spectra of a [(PAH/PSS);, +
(PAH/AgNPs)s] film at pH 2 (red line) and at pH 12 (blue line). At pH 2 (first cycle), the T-
SPR intensity decreased to 58.1 a.u., and a blue shift in the T-SPR spectrum was observed
(from 758 to 755 nm). On the basis of the results in Figure 4c, 10 bilayers of PAH/PSS
intermediate film should result in the maximum T-SPR intensity. Hence, the decrease in
intensity with the swelling of the PAH/PSS thin film is reasonable.

At pH 12, the T-SPR intensity still decreased further from that observed at pH 2 (79.0
a.u.), and an additional blue shift to 753 nm was observed in the T-SPR spectrum. Under
alkaline conditions, PAH layers were deprotonated, and the electrostatic interactions between
the PAH layers and the AgNPs were weakened.” The shrinkage of the intermediate layer
induced a decrease in the T-SPR intensity and a blue shift in the T-SPR spectrum as far-field
transmission SPs became scattering photons on the substrate surface. As shown in Figure 4c,
when the PAH/PSS film was shrunk to less than 8.5 nm (equivalent to the thickness of five
bilayers of PDADMAC/PSS), the T-SPR intensity was less than that in the swollen state.
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Figure 6 T-SPR spectrum of a [(PAH/PSS),o+ (PAH/AgNPs)s] film at pH 2 (red line) and at

pH 12 (blue line) (a). Schematic diagram of swelling and shrinking as the PAH layers were

protonated (pH 2) and deprotonated (pH 12), respectively (b). Kinetic curve of the film when

the pH was switched between 2 and 12; the switch was repeated three times (c).



59

The kinetic curve of the film when the pH was switched between 2 and 12 is shown in
Figure 6¢. The different positions of the AgNPs on 10 bilayers of PAH/PSS provided the
greatest change in the coupling of SPR by pH switching. At pH 2, the PAH layers were
protonated, and an increase in the charge density could be observed by the swelling of the
polyelectrolyte layers, which resulted in an increase in the p-polarization intensity. When the
pH was switched from 2 tol2, the decrease in the p-polarization intensity at 760 nm was
observed because of the shrinkage of the intermediate layer. Our substrates could be explored

as switchable pH sensors, because a distinctive change in the T-SPR signal was obtained.

CONCLUSIONS

The enhancement of the T-SPR signal was obtained by controlling the position of
AgNPs on polyelectrolyte intermediate ultrathin films on gold grating surfaces. An electric
field enhancement from the AgNPs and gold grating substrate was obtained. The maximum
coupling of the SP was observed at an intermediate layer thickness of ~17 nm. The distance
dependence of the T-SPR response was confirmed by the observation of a swelling/shrinking
effect of the controlled intermediate layer thickness. This study should be useful for the

characterization of nanomaterials and for sensor applications.
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CHAPTER YV

CONCLUSIONS

Imprinting gold nanoparticles on a grating pattern was successfully developed. High-
concentration gold nanoparticles were synthesized by chemical reduction method. Imprinting
technique was used to fabricate gold grating film for use as a SPR sensor chip. The SPR
signal from grating-coupling surface plasmon resonance and multimode surface plasmon
resonance provided strong SPR excitation signals. This substrate was explored as a SPR
sensor chip with respect to the sensitively shift upon the deposition of an organic thin film.
This SPR substrate should be useful in photoelectric conversion and sensor applications.

The direct deposition of gold nanoparticles on gold grating substrate was fabricated by
chemical reduction of gold salt with ethanol for use as a T-SPR substrate. The growth of gold
was occurs in two phases. In the first phase, the total film thickness increases as the gold
surface seeds AuNPs nucleation. In the second phase, the presence of AuNPs was occurred on
the gold film surface and further growth to the larger particles. The AuNPs on the substrate
surface increases the excitation of surface plasmons and facilitates decoupling at the back
side of Au grating which corresponds well with the results of FDTD simulation. With respect
to nano-rough surface and facilitation of decoupling, T-SPR sensitivity of gold grating
substrate was improved by deposited AuNPs film on their gold surface. This hybrid SPR
substrate could be used for the nanometer order characterization, ultrathin film
characterization, surface binding analysis, and biosensor applications.

Moreover, SPR signal could be enhanced by deposition of silver nanoparticles on gold
grating surface. An electric field enhancement from this hybrid material was also observed by
T-SPR spectroscopy. The enhancement of the T-SPR signal was obtained by controlling the
position of silver nanoparticles on polyelectrolyte intermediate ultrathin films on gold grating
surfaces. The maximum coupling of the surface plasmon was observed at an intermediate
layer thickness of ~17 nm. We explored the potential of the developed system as a switchable
pH sensor applications using distinctive shift of T-SPR signal which was sensitivity to the

distance between silver nanoparticles and gold grating surface.
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SUGGESTIONS FOR FUTURE WORK

I.

We have studied only spherical shape of gold and silver nanoparticles with specific
size range. Synthesis gold and silver nanoparticles for other size and shape should
be developed for further understanding in the relationship of localized and

propagating surface plasmon resonance.

These hybrid T-SPR substrates should be explored in several applications such as

biosensors, specific chemical trace analysis, and microfluidic systems.
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SUPPORTING INFORMATION FOR CHAPTER II

Solution-Based Fabrication of Gold Grating Film for Use as a Surface

Plasmon Resonance Sensor Chip

Chutiparn Lertvachirapaiboon'?, Ryosuke Yamazaki', Prompong Pienpinijtham?,
Akira Baba'", Sanong Ekgasit® , Chuchaat Thammacharoen®, Kazunari Shinbo',

Keizo Kato', and Futao Kaneko'
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Figure S1 SEM images of AuNP imprinted on a grating surface using AuNP at concentrations

of 10,000 ppm (starch 0.1% w/v) (a) and 5,000 ppm (starch 2.0% w/v) (b).
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Figure S2 LSPR spectrum of AuNP (10 ppm) synthesized at the concentration of 5000 ppm

(a) and LSPR peak position shift over 5 days (b).
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Figure S3 Photographic images of the conductivity of imprinted AuNP (a), the AFM images

of imprinted AuNP of various grating patterns: CD-R (b), DVD-R (c) and BD-R (d).
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Figure S4 SPR angular curves of evaporated gold substrate before and after the deposition of

ultrathin film obtained using a He-Ne laser (a) and white light excitation (b).
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Figure S5 SPR spectra of a dopamine sensor of imprinted AuNP at a 60  angle of incidence;
the SPR spectrum of bare gold (black line), after deposition of LBL ultrathin film (red line),
and after deposition of dopamine at 0.1 uM (blue line) and10.0 uM (green line) (a) and SPR

dip peak position as a function of deposition layer (b).
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Growth of Gold Nanoparticles on a Gold Grating Surface

Chutiparn Lertvachirapaiboon'?, Chirayut Supunyabut’, Akira Baba'*, Sanong

Ekgasitz*, Chuchaat Thammacharoen®, Kazunari Shinbo', Keizo Kato',

and Futao Kaneko'



' b. Incidentangle @45° — 30 nm

— 40 nm

— i — 50 nm
3 3000 — 60nm
L —— 70nm
=
‘w» 2000
C
o
£
T 1000
@R
|_

0

400 500 600 700 800 900 1000

Wavelength (nm)

Figure S1 The T-SPR property in ambient air as a function of the thickness of gold film.
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Figure S1 Normalized extinction spectrum of AgNPs (a) and a TEM image of the AgNPs (b).
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Figure S2 Shifts in the SPR angle of 10 PDADMAC/PSS bilayers on a gold film surface (a),
which gives an average thickness of ~1.7 nm for each bilayer (b) under the assumption that
the dielectric constant of the film is 1.920, which was obtained from the SPR simulation of a

10-bilayer film with a thickness of 17 nm.
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Figure S3 AFM images of a gold grating surface (a) and a gold grating with

[(PDADMAC/PSS);s+(PDADMAC/AgNPs)s] (b).
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Figure S4 Evolution of the T-SPR spectrum of a PDAMAC/PSS LbL ultrathin film with 0 to
20 bilayers on a gold grating substrate was monitored at a 35° angle of incidence (black lines);
the orange lines show the spectra after 1 to 5 bilayers of AgNPs were deposited on the

ultrathin film.
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Figure S5 Plot of T-SPR responses showing the shift in the peak position and the increase in

the T-SPR intensity as functions of the number of bilayer spacers.
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