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Abstract:

A bimetallic (Ag/Au) nanoslit film is reported on surface plasmon (SP) generation and refractive
index (RI) sensitivity. These were compared to gold devices in transmission surface plasmon
resonance (tSPR). The bimetallic films have a primary resonant peak that shifts with periodicity
and correlates well with Finite-Difference Time-Domain (FDTD) simulation studies. The SPR of
bimetallic nanoslit structures is analyzed via a semi-analytical model. The model enables
decomposition and quantitative analysis of SP generation at the aperture under plane-wave
illumination. The nanostructured, metallic, thin films provide flexibility to integrate with
microfluidics, allowing for simplified instrumentation and alignment. Calculation and
experimentation demonstrate that bimetallic films afford an increase in RI sensitivity due to the
addition of silver along with the biocompatibility of gold. The Ag/Au films were found to be
non-diffusing, long-term stable (over several months), and provided an increase in sensitivity
(about 53/RIU) over gold equivalents.

Keywords: Bimetallic film | nanoslit structure | optical sensing | refractive index | surface
plasmon resonance

Article:
1 Introduction

Greatly enhanced transmission of light through a subwavelength aperture in a patterned metallic
film with a regularly repeating periodic structure underlines the physics of the extraordinary
transmission (EOT) phenomena,' which results in a variety of applications, such as bio-detection
and biosensing schemes.? Nanostructures and nanostructured metal thin films can utilize the
phenomena of surface plasmon resonance (SPR) to detect binding events of biomolecules by
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monitoring a refractive index (RI) change. SPR comes in two forms, a localized mode and a
propagating mode. Localized surface plasmon resonance (LSPR) is where electrons oscillate
back and forth inside of a nanoscale structure,® such as nanoparticles, nanotriangles,’ nanostars,’
nanohole arrays,” nanotriangle arrays,’” and other shapes.*® The other form is surface plasmon
polariton (SPP), which occurs at the interface of a metal and a dielectric. Some techniques are
used to accomplish SPP generation with light (photons), including end-fire coupling,” high RI
prisms,'® gratings,'? or nanostructures.!! A nanostructured planar film has an additional benefit
of allowing for transmission mode SPR, which can be easily integrated into microfluidics.'?
Nanostructures in gold planar films have been investigated previously,'® such as nanohole,
nanocircle, and nanoslit arrays. In regards to sensitivity to RI changes near the surfaces, it was
found that the nanoslit array was the most sensitive; 16% higher than the nanohole arrays and 5%
higher than the nanocircle arrays.'?

Metals are the materials of choice in plasmonics, since surface plasmons can couple light
strongly to the metal surface and thereby greatly enhance light-matter interactions.'* Other
materials being investigated for their plasmonic potential include the alkali metals,'’ transparent
conducting oxides,'> and graphene.'> '® A desirable plasmonic material has a large plasma
frequency, high conductivity, high polarizability (large —€’), low ohmic loss (small €”), and the
ability to fabricate nanostructures in the material.'* Only a few materials are effective at
generating surface plasmons.!” Copper has interband transitions below 600 nm and oxidizes.
Aluminum is good in the UV region but also forms oxides. Silver has the highest conductivity,
longest SPP propagation distances, and the highest quality factor in the visible region. Gold has
interband transitions below 480 nm'® and is the workhorse of SPR due to its chemical inertness.
Compared to gold, silver has higher electromagnetic (EM) fields in the sensing area and less
attenuation of its SPP generation. Silver has an added benefit of being shifted to longer
wavelengths, into the window of 0.6 um-1.2 pm. This region is outside of the biological auto-
fluorescence region and therefore has an advantage of free of biological interference. A single
metal does not possess all of the traits of a high quality plasmonic material, but a bimetallic chip
potentially could. A device composed of silver and gold could incorporate the optical and
electrical properties of silver underneath an inert layer of gold.

The bimetallic nanostructures provide composition-tunable plasmonic resonances for plasmon-
based sensing and surface field-enhanced spectroscopy,'® and various structures such as core-
shell nanoparticles,?’ nanoholes,?! and nanorods.?? Du et al. performed a theoretical investigation
of a planar bimetallic SPR chip and found a 20% increase in the evanescent field strength and an
80% increase in the sensitivity compared to the gold control chip.'®® Sharma et. al. presented a
theoretical study of bimetallic nanoparticles and found that the sensitivity was tunable with metal
ratio and that Ag/Au had the highest sensitivity of the alloys.!”® The Sohn group found that a
bimetallic device was twice as accurate as gold equivalents, with peak widths half that of the
gold.!® They also showed a two-fold increase in sensitivity and a six-fold improvement in limit
of detection (LOD).'” Ong et al. discerned that a bimetallic film had a two-fold improvement in
sensitivity over gold.!”® Multilayers of gold—silver array on prisms show SPR enhanced near-
field fluorescence from quantum dots deposited at the surface of these platforms.'”" Murray-
Me'thot et al. experimentally demonstrated the improved optical properties of Au/Ag bimetallic
nanohole arrays over pure Au or Ag nanohole arrays and found the dependence of excitation
wavelength, the RI sensitivity, and the transmission full width at half-maximum (FWHM) on the



metal compositions.?! Kim et al. reported the tunability of surface plasmon by composition
variation in nanorod structures and investigated the metallic composite impact on both the far-
field and near-field scattering spectra.??

The efficiency of surface plasmon (SP) generation of bimetallic systems and its effect on the
sensitivity are rarely explored. This study presents an investigation of bimetallic (Ag/Au)
nanoslit films with a focus on optical properties and RI sensitivity as a comparison to pure gold
nanoslit films in light transmission measurements. A semi-analytical analysis and a Finite-
Difference Time-Domain (FDTD) simulation were used to estimate the SP generation and
optical response, respectively, for providing a fundamental understanding of the dielectric
sensitivity of these devices. The findings in this work show that bimetallic nanostructures can be
attuned to enhance the sensitivity in surface plasmon resonance.
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Figure 1. A schematic drawing of (a) gold nanoslit structure and (b) bimetallic nanoslit
structure. SEM images of a representative Ag/Au bimetallic nanoslit array with 50 nm width and
a periodicity of (¢) 550 nm (d) 600 nm (e) 650 nm (f) 700 nm. Results of SIMS analysis for two
Ag/Au bimetallic devices (g) 9 months after fabrication and (h) 10 months after fabrication.
(SEM images of Au nanoslit devices in Fig. S1)

2 Results and Discussion



2.1 Metallic Nanoslit Film and Characterization:

Metallic nanoslit films in Au and Ag/Au bimetallic were designed and fabricated. Figure 1
shows the structure and scanning electron microscopy (SEM) images for various periodicities
(550 nm, 600 nm, 650 nm, and 700 nm) at 50 nm slit widths. The metal film was 100 nm thick.
The SEM images clearly show straight nanoslit arrays in metallic films.

Stability of the bimetallic layers is important for this research. It is documented that silver and
gold readily diffuse into one another in liquid and solid states.?®> Secondary ion mass
spectrometry (SIMS) was used to investigate grain boundary diffusion of silver into gold in these
bimetallic films. SIMS samples consisted of a range of Ag:Au ratios and covered a range of ages
over a period of 10 months. Figure 1 shows that little inter-diffusion was observed for any of
these films. The results of the SIMS analyses support the hypothesis that there is a distinct
bimetallic interface and that the bimetallic film does not change over time. A clean, distinct
bimetallic interface also helped simplify the simulation studies and experiments.

2.2 Transmission SPR Spectra

The bimetallic substrates showed a strong correlation between nanoslit period and transmission
peak wavelength (Figure 2a). This is consistent with the FDTD results (Figure 2b). The primary
resonant peak wavelength values were plotted as a function of nanoslit period for FDTD results
and experimental results (Figure 2¢). There is a linear relationship between the nanoslit period
and the primary resonant peak wavelength, which can be explained by the following Equation: '3

Eméa gmnz (1)
/1513 = P = P 2
Em T Ea Em+1

where Asp 1s the resonant surface plasmon wavelength, P is the periodicity between the
nanostructures, €, is the dielectric constant of the metal, ¢, is the dielectric constant of the liquid
dielectric (the sensing area), and # is the RI.?* The aqueous media above the metal makes up e .
Hence, increasing the periodicity will result in increased primary resonant peak wavelength.

The EOT of a thin film nanostructure is important for SPR-based sensing. To verify that age
would not adversely affect the optical properties of the bimetallic nanoslit films, transmission
SPR (tSPR) spectra were collected in air over a 3-week period with no notable shift in the
primary resonant peak wavelength. Furthermore, the tSPR spectra were collected in wavelength
shift mode, as verified in Figure 2e. Ethanol-water mixtures were passed over a chip with 50 nm
slits and a 550 nm periodicity for the temperature investigation. The temperature was altered
with a heat gun and monitored by two thermocouples, with one placed on the chip and a second
measuring the atmospheric temperature inside of an enclosed experimental box. The primary
peak at 856 nm does not have an obvious shift between 27 °C and 38 °C, indicating its good
stability. In addition, the heating is primarily applied to the metallic film and not the flowing
ethanol-water solution. Coupled with the SIMS results above, the bimetallic nanoslit films
showed non-diffusing and long-term stable properties.
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Figure 2. (a) Experimental and (b) FDTD simulation results showing the correlation of resonant
peak position with nanoslit period for 450 nm, 500 nm, and 550 nm period arrays. (¢) Correlation
of the primary resonant peak wavelength with nanoslit period for FDTD simulation and
experimental data. (d) Transmission spectrum of a bimetallic chip with 50 nm slits collected in
air for investigation of optical stability over time. (e) The effect of temperature on spectral output
using 50 nm slits in an ethanol-water solution.

2.3 SP Generation Analysis of Metallic Nanoslit Films

It is important to study the SP generation of the metallic nanoslit films with respect to tuning the
optical transmission and its sensitivity to the dielectric environment. There are several
parameters that can be adjusted to enhance the RI sensitivity in surface plasmon resonance.?
Regarding the geometric diffraction with the bounded SPP modes launching on the flat interfaces
surrounding the slits, a mechanistic description for SP generation is needed, especially the SPP
scattering coefficients and efficiencies at the slit apertures. Note that SP generation efficiency is
defined as the rate of SPP launching, propagation and scattering by matching the continuous
electromagnetic fields quantities at the interface.?® The schematic (Figure 3a,b) illustrates the
parameters for the nanoslit structure and SP generation by a plane wave at normal incidence.
The w represents the slit widths, and the @ ~ op), @ * top), & ~ (49, & (49> &~ (4w, & (aw)
represent the SP generation coefficients at the two interfaces (red and blue arrows, respectively)
with inverse propagation directions. The refractive indexes inside the slits and at the outer slits
are presented by nair of 1, and that for the SiO; is presented by nsio> of 1.41.27 Note that we focus
on the SP generation at the flat metal/medium interfaces upon light excitation without
considering subwavelength thickness of the metallic film. The SP generation efficiency values
(e ) at the Ag—Si0, and Au-SiO; interfaces are plotted as a function of wavelength 4 and scaled
width w’ from the visible to near-infrared (600-1200 nm) obtained by the semi-analytical model,



with Ag-SiO; interface as e (g =|a ~ ag) (W/2) ’=la * ag) (W/2) |* (Figure 3¢c), Au-SiO; interface
as e o =la ~ aw W/2) P=lo " (4w (W/2) |* (Figure 3d), the e op) as the same for both two nanoslit
structures (Fig. S2). The SP generation is efficient at visible frequencies while e rapidly
decreases with the increase of wavelength. Moreover, at a visible wavelength of 600 nm, the SP
generation efficiencies are 0.372 at Ag—SiO» interface, 0.457 at Au-SiO; interface for 50 nm slit
width and 0.346 at Ag—SiO; interface, 0.429 at Au-SiO; interface for 100 nm slit width.
However, with the increase of wavelength, the SP generation efficiencies for 50 nm slit width are
smaller than those for 100 nm slit width. It is expected that the total SP generation efficiency (e )
will result from a “superposition” of the SPP arising from all the interfaces of the nanoslit
structure. The maximum e is calculated as 0.603 (50 nm slit width) and 0.569 (100 nm slit width)
for the bimetallic nanoslit structure with the incident wavelength of 600 nm. In contrast, FDTD
simulation of transverse electro-magnetic field intensity for the 50450 nm bimetallic nanoslit
structure and 100—450 nm bimetallic nanoslit structure with hot spots were plotted as Figure 3e,f.
Compared to gold nanoslit structure (Fig. S3), the electro-magnetic field distributions reveal that
the plasmonic excitations arise from the Ag-Si0O; interface and the Au/air interface with the
strength of Ag-SiO>>Au-air, which is consistent with the results of the semi-analytical model for
SP generation efficiencies of e ag > e 1op for the bimetallic nanoslit structure.
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Figure 3. Semi-analytical analysis of SP generation and FDTD simulation of nanoslit array. (a) -
(b) The schematic illustrates the parameters for the nanoslit structure and surface plasmon
generation by a plane wave at normal incidence. (a) Bimetallic nanoslit structure. (b) Au nanoslit
structure. (¢) - (d) The SP generation efficiencies e at the Ag—Si0, and Au-SiO; interfaces are
plotted as a function of wavelength A and scaled width w’ obtained by the semi-analytical

model. (e) - (f) FDTD simulation of transverse electro-magnetic field intensity for the 50450
nm bimetallic nanoslit structure and 100—450 nm bimetallic nanoslit structure with hot spots as
write arrows shown. (e) Transverse electric field intensities of 50—450 nm nanoslit structure (top)
and 100—450 nm nanoslit structure (bottom). (f) Transverse magnetic field intensity of 50—450
nm nanoslit structure (top) and 100—450 nm nanoslit structure (bottom).



2.4 Responses to Refractive Index Changes

To compare the bulk sensitivity between gold and bimetallic devices, a series of glycerol-water
solutions (0%-20%) were made, since glycerol-water mixtures have a linear relationship between
RI and increasing glycerol percentage. The results for 50 nm slit, 450 nm period devices are
shown for gold (Figure 4a) and for bimetallic (Figure 4b) chips. The slope of the plots in Figure
4c and 4d show that the gold chip had a sensitivity of 473 nm/RIU while the bimetallic was 526
nm/RIU, which agrees with the reports of bimetallic layer vs. single gold layer for fiber-optic or
waveguide SPR sensors.!”*1°¢ And the sensitivity of the bimetallic nanoslit array reported here is
much higher than that obtained by the bimetallic nanohole array (269 nm/RIU) for tSPR
sensors.?!
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Figure 4. Transmission spectra of (a) Au and (b) Ag/Au devices in glycerol/water solutions.
Sensitivity determination for (¢) Au and (d) Ag/Au devices.

The surface sensitivity was further investigated by use of self-assembly. A clean nanoslit device
(Figure 5a) was then exposed to 16-mercaptohexadecanoic acid (16-MHDA) which was used as
a self-assembled monolayer (SAM). A schematic of a nanoslit device with bound SAM is shown
in Figure 5b. The binding event was monitored by a shift in the resonant peak wavelength and
the gold chip had a peak wavelength shift of 2.5 nm while the bimetallic was 6.5 nm (Figure 5c¢).
Note that 5 mM of the thiol, in ethanol, was flushed over the chip with a syringe pump. The total
SP generation efficiency change has the similar dependence on the bulk media RI changes as the
EOT peak shift. Considering that the RI near the metallic surfaces is increased inside the
bimetallic nanoslit structure due to the addition of SAM induced RI change, the red shift of the
optical transmission after SAM formation is correlated to the decreased SP generation efficiency
from 0.603 to 0.537.%
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Figure 5. Schematic of the nanoslit device (a) before binding of the SAM and (b) after the SAM
formation. (¢) Detection of SAM at the Au and Ag/Au devices.

3 Conclusion

SPR on a silver/gold bimetallic substrate was shown to be stable without obvious inter-diffusion.
The primary resonant peak was tunable with nanoslit periodicity. Increasing the period increased
the resonant peak wavelength. The period to resonant peak wavelength behavior mirrored that of
the FDTD simulations studies. The bulk sensitivity and surface sensitivity to RI changes were
increased with the bimetallic devices as compared to the gold devices. Alkanethiols self-
assembled and afforded a peak shift by the EOT spectra, by which the binding event was
monitored. The bimetallic sensor devices were shown to be stable over time, with an
improvement in sensitivity over the gold control devices. The bimetallic substrate afforded the
sensitivity of silver along with the chemical stability of gold.
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