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Surface enhanced fluorescence (SEF) utilizes the local electromagnetic environment to enhance fluorescence
from the analyte on the surface of a solid substrate with nanostructures. While the detection sensitivity of
SEF is improved with the development of nano-techniques, detection of multiple analytes by SEF is still a
challenge due to the compromise between the high enhancing efficiency and broad response bandwidth. In
this article, a high-efficiency SEF substrate with broad response bandwidth is obtained by embedding silver
in an aluminum film to produce additional bonding and anti-bonding hybridized states. The bimetallic film
is fabricated by ion implantation and the ion energy and fluence are tailored to control subsurface location of
the fabricated bimetallic nanostructures. The process circumvents the inherent limit of aluminum materials
and extends the plasmon band of aluminum from deep UV to visible range. Fluorescence from different dyes
excited by 310 nm to 555 nm is enhanced by up to 11 folds on the single bimetallic film and the result is
theoretically confirmed by finite-difference time-domain simulations. This work demonstrates that
bimetallic film can be used for optical detection of multiple analytes.

urface enhanced fluorescence (SEF) yields an overall improvement in the fluorescence detection efficiency

via modification and control of localized surface plasmon resonance (LSPR)'. Excitation of LSPR by light

with a wavelength that induces resonance produces strong surface plasmon oscillation and the intensity and
frequency of the LSPR are determined by the properties of the plasmonic materials®. Silver usually produces
plasmonic modes at wavelengths from 400 nm to 700 nm**, gold at longer wavelengths beyond 500 nm® and
aluminum at deep UV wavelengths®. The plasmon band has a strong dependence on the particle size and this
characteristic can be used to design nanostructures to improve the detection sensitivity of a specific analyte'*'".
This characteristic is of great interest due to the widespread popularity of molecular-fluorescence-based mea-
surements and devices in fields such as chemistry, molecular biology and materials science'®. Applications as
diverse as single molecule detection''*, DNA sequencing'® and molecule imaging'®'” all rely directly on the
inherent brightness of the molecular fluorophore for detection sensitivity. However, in many sensing and imaging
applications, SEF substrate with a broad response bandwidth is demanded for multiple analytes detection and it is
difficult to achieve'. It is known that random array structures can support larger numbers of plasmonic modes
than ordered array structures but the local field intensity is usually very week. Hence, alternative solution is
needed to resolve the compromise between broad response bandwidth and local electromagnetic field intensity.

Nanocomposite plasmonic materials allows tunable band shifts with broader ranges and comparable enhance-
ment factors on common substrates'>*. Theoretically, adding particles in substrate materials will provide addi-
tional plasmonic modes that selectively coupled to the particle/substrate plasmons to produce bonding and
anti-bonding hybridized states®*’. Thus extension of the aluminum UV plasmon band into the visible range
by silver doping is theoretically feasible. However, this system has not been studied extensively because of the high
chemical reactivity of aluminum and subsequent difficulty in materials preparation®.

Ion implantation is a convenient and effective vacuum-based surface modification method that avoids pro-
blems pertaining to oxidation that plagues traditional wet chemical techniques™. In this technique, the ion energy
and fluence can be tailored to control the subsurface location of the fabricated metal nanostructures on the nano
scale to cater to plasmonic applications exploiting optical near-field effects of nanoparticle assemblies®**.
Although introduction of silver into a dielectric medium has been adopted to amplify Raman scattering sig-
nals*’, jon implantation has seldom been adopted in plasmonic applications because high-energy ions may
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cause damage to the target surface. In this work, a facile way to
fabricate and synthesize functionalized Al-Ag nano-islands by metal
ion implantation is demonstrated and the resulting bimetallic struc-
ture exhibits a broad plasmon band ranging from deep UV to visible
and enhanced optical emission of multiple molecules on this sub-
strate is achieved.

Results and discussion

Fluorescence enhancement is observed from the bimetallic films as
shown in Fig. 1. Four different fluorescent molecules including 2-AP,
7-HC, AF 555 and RB with quantum yields of 0.68*, 0.76%, 0.1 and
0.31* in solution are used (molecular formulas shown in Fig. S1).
The scaled fluorescence spectra are compared in Fig. 1 and fluor-
escence enhancement factors of ~10x, ~3x, ~11x, and ~4x are
observed from 2-AP, 7-HC, AF 555, and RB, respectively. The photo-
luminescence efficiency can be attributed to two major factors: an
enhanced local field and an increase of the intrinsic decay rate of the
molecules. The first factor promotes plasmon resonance energy
transfer from the bimetallic plasmonic structures to nearby fluor-
escent molecules®. The UV-Vis spectrum of the bimetallic film
(dashed line) shows plasmon band from 200 to 600 nm representing
the LSPR energy and the photoluminescence excitation spectrum
peak (excitation wavelength) for different molecules are marked on
the dashed line with colors. Similar to the donor-acceptor energy
matching in fluorescent resonance energy transfer between two
fluorophores, critical matching between the LSPR energy and excita-
tion energy from the ground to excited states of the fluorescent
molecules permits the plasmon resonance energy transfer process.
The quantized energy is likely transferred via the dipole-dipole inter-
action between the resonating plasmon dipole in the plasmonic
structures and molecules. Here, the bimetallic films act as the plas-
monic antennae by converting a part of the nonradiative near-field
emission of the fluorophore into far-field emission to create the
observed emission®. However, coupling between the LSPR energy
and fluorescence emitting energy decreases the efficiency because the
emission signal has a probability to be absorbed again by the plas-
monic material. This is consistent with our results that the enhance-
ment factor of 2-AP is much higher (~10X) than the enhancement
factor of 7-HC (~3X). Besides, the optical emission is also influenced
by modification of the molecular radiative decay rate by the nearby
metallic nanoparticle which results in increased quantum yields and
decreased lifetime. Importantly, these effects are larger for fluoro-
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Figure 1 | Normalized fluorescence emission spectra acquired from the
bimetallic film (upper) and quartz (lower). The bimetallic films are
prepared by silver implantation (20 kV, 5 X 10'® cm™?). The dashed line
shows the extinction spectrum of the bimetallic film and the excitation
wavelengths for different fluorescence molecules are shown. The number
on top of each curve shows the peak wavelength of the fluorescence
emission spectrum. The enhancement factors are about 10, 3, 11, and 4 for
2-AP, 7-HC, AF555, and RB molecules.

phores with lower quantum yields. If the dye has a high quantum
yield close to 100%, then the additional radiative decay rate cannot
substantially increase the quantum as the energy transfer quenching
to the metal will dominate in this case®. It should be noted that the
quantum field data shown in this paper are measured in solution and
can only be used as reference index. This is because molecule
quantum field has a high sensitivity to the microenvironment and
may be different when molecule is absorbed on a solid film surface. In
addition, our bimetallic films were coated with a 5 nm SiO, layer
before the fluorescence measurement in order to protect the films
from oxidation and optimize the fluorescence emission. As we know,
fluorescence from a molecule directly adsorbed onto the surface of a
metallic nanoparticle is strongly quenched while at a distance of a few
nanometers from the nanoparticles its fluorescence can be strongly
enhanced”. In conclusion, our results suggest that the silver
implanted aluminum bimetallic films are promising in applications
requiring optical enhancement in the deep UV to visible range.

The scanning electron microscopy (SEM) images of growing
nano-island structure on our bimetallic film is depicted in Fig. 2
showing that the nano-islands are in the range of 20-30 nm.
Image-Pro Plus version 6.0 is employed for the statistical analysis
of the nano-islands. By adopting optimized metal ion implantation
parameters and using high-purity Al foils that are cleaned and
polished prior to silver ion implantation, periodically modulated
structures are produced in the substrate. During ion implantation,
heat is generated in the substrate and the aluminum surface softens
thereby allowing plasmonic particle agglomeration to occur. The
process can be divided into three stages based on the SEM images.
A small amount of fuzzy protuberance is first formed on the planar
surface after a fluence of 1.0 X 10'® cm™? is implanted. The silver ions
slowly upheave the surface and a disordered structure emerges.
When the ion fluence reaches 5.0 X 10'® cm™, the structure stabi-
lizes and nano-islands are formed. The optical photographs in Fig. 2
shows the sample color changes obviously during the process, indi-
cating there is a strong absorption induced by the nano-island
structure.

The evolution of the UV-visible spectra is illustrated in Fig. 3(a).
In the beginning, there is a strong major band in the UV range. As
implantation proceeds, the major peak broadens and red-shifts due
to the implanted silver ions. The silver peak at about 500 nm appears
and when the ion fluence exceeds 5.0 X 10'® cm™, there are no
significant changes in the UV-Vis spectra. The accelerating voltage
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Figure 2| (a—d), SEM images and optical photographs of (a) untreated
aluminum film and silver implanted aluminum films with different ion
fluences of (b) 1 X 10 cm™2, (c) 3 X 10'* cm™2, and (d) 5 X 10'® cm™2.
(e), Statistical analysis of the nano-island distribution of (d).
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Figure 3 | UV-visible spectra. (a), untreated aluminum film and silver
implanted aluminum films with ion fluences of 1 X 10'® cm™2, 3 X
10" cm ™2 and 5 X 10" cm 2 at 20 kV. Insert shows fluorescence
enhancement factor of different dyes on 1 X 10'® cm™? (green), 3 X
10" cm~? (blue) and 5 X 10" cm™? (red) films. (b), silver implanted
aluminum films at 20 kV, 30 kV and 40 kV and aluminum implanted
aluminum film at 40 kV with ion fluencies of 1 X 10'® cm™2.

in the ion implantation experiments is 20 kV. Fluorescence signals of
different dyes are measured on the films and the enhancement fac-
tors are shown in the insert of Fig. 3(a). The enhancement factors
show different trends for dyes lie in different wavebands, verifying
the enhancement is highly associated with the coupling between
LSPR energy and fluorescence excitation energy, as discussed earlier.
As the ion energy dominates the silver implantation depth and the
effective distance of LSPR is supposed to be a limited value, the
implantation voltage is an important parameter to obtain plasmonic
structure. The influence of the accelerating voltage on the UV-Vis
spectra is compared in Fig. 3(b) and more details about the influence
of implantation parameters are shown in Fig. S2. The formation of
the plasmonic substrate is induced by energetic metallic ion bom-
bardment and this process is related to ion energy and ion size. The
impact of silver ions changes with increasing accelerating voltage or
larger silver layer depth. At very low energy, metal ions are likely
deposited on the surface in lieu of implantation, as shown in Fig. S3.
On the other hand, higher energy over 20 kV results in larger pen-
etration depth and brings negative effects on LSPR properties. It
should be noted that besides silver, other metallic ions can lead to
the formation of plasmonic structures. For example, aluminum
implanted aluminum films exhibits the UV plasmon band like the
silver implanted aluminum films (see Fig. 2b). However, it is not as
strong as that of the silver implanted films under the same experi-
mental conditions. This is believed to be caused by the different mass
of the ions and also the mean charge state of aluminum ions is

smaller than that of silver’***. All in all, our results show that a larger
ion fluence produces a larger band shift and a higher accelerating
voltage (penetrating depth) results in weakened plasmon resonance.

To evaluate the impact of the silver layers, X-ray photoelectron
spectroscopy (XPS) and SRIM simulation are conducted to analyze
the composition of the bimetallic films and the results are shown in
Fig. 4 (Specific simulation data are available in Fig. S4). XPS shows
the silver distribution at low ion fluences is in agreement to that
predicted by SRIM. However, the peak shifts with silver ion fluence
and it is caused by the formation of silver protuberances on the layer
in accordance with the nano-island particles discussed previously.
Hence, aggregation of silver ions may be responsible for the forma-
tion of the nano-island morphology.

The finite-difference time-domain (FDTD) method is adopted to
calculate the local electromagnetic field and monitor resonance fre-
quency and the results are shown in Fig. 5. Fig. 5(a) shows a simple
three-layer model for the FDTD simulation. A typical cross-sectional
and planar view of the calculated radial EM field components of the
nano-island structure is displayed in Fig. 5(b). The modes are excited
by a broad band plane wave source from 150 nm to 1,500 nm per-
pendicular to the plane of the structure. The maximum local electric
field is calculated to be 25.6 V. m™". The number of 25.6 cannot be
simply regarded as the calculated enhancement for optical enhance-
ment because the locally enhanced electric field not only accelerates
the decay rate (lifetime reduction), but also increases the number of
excitations per time. We then investigate the sensitivity of the plas-
mon resonance to variations of the diameters and heights of the
three-layer structure. A reflection and transmission monitor is
placed below the model (5 nm) to monitor plasmon resonance fre-
quency. Incident light intensity is defined as one unit and the mon-
itored EM field intensity below the model is shown in Fig. 5(c) and
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Figure 4| (a), Simulated ion ranges of the 20 kV silver implanted
aluminum film. (b), XPS depth profile acquired from the silver implanted
aluminum films with different ion fluences.
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Figure 5 | FDTD simulation results of bimetallic nano-island models. (a), Three-dimensional model of the nano-island structure. (b), Cross-sectional
and planar views of the calculated radial EM field components of the multilayer nano-island structure with parameters D; = 30 nm, D, = 25 nm, D3 =
20 nm, d; = 25 nm, d, = 20 nm, d3 = 15 nm, h; = 40 nm, h, = 35 nm, and h; = 30 nm. Height of the spherical cap is 5 nm and space between two
particles is 10 nm. The inset in (b) shows the k-vector and polarization of the incident light. The 5-fold enhancement in the EM field is only artificially set
to provide better intuitive models. (c), Calculated electric field intensity of a single metal aluminum model (I) and silver model (II). (d), Calculated

electric field intensity of (IIT) Al-Ag-Al, (IV) Al-Ag-Ag models with fixed parameters in (b), and (V) Al-Ag-Ag with D, = 30 nm, d, = 20 nm with other

parameters being fixed.

5(d). The plasmonic properties of a single metal model is first inves-
tigated and Fig. 5(c) shows that the peak wavelength of LSPR is about
200 nm (I) and 500 nm (II) for pure aluminum and silver, respect-
ively and they are in good agreement with our UV-Vis spectra data.
The relationship between the LSPR properties of the multilayered
structure of the bimetallic model and silver content is shown in
Fig. 5(d). The LSPR spectrum gradually shifts to a longer wavelength
and both the amount and depth of silver contribute to the shift. The
shallow metal atoms contribute primarily to absorption in the bimet-
allic system. Comparison between curve II and curve IV in Fig. 5
shows that the surface metallic layer that is only 2% of the volume
leads to a red-shift of 135 nm, suggesting that the LSPR frequency
can be controlled by designing the plasmonic material. The simu-
lation also shows that nano-particles with a fixed size can support
only a few plasmonic modes but a large number of plasmonic modes
are observed from the UV-Vis spectra band. This is because nano-
island particles are embedded in the metal films and produce addi-
tional plasmonic modes that selectively couple to the nano-island
plasmons to produce bonding and anti-bonding hybridized states.

To conclude, the FDTD simulation demonstrates that the LSPR
properties of the bimetallic system can be adjusted by changing the
mixing ratio and layer thickness of the plasmonic composites and it
can be readily accomplished by ion implantation. The bimetallic
films reported here may have potential in other LSPR applications
such as surface-enhanced Raman scattering®, photocatalysis*',
photovoltaics**** and optical cloaking™.

Methods

Sample Preparation: Al films (99.99% pure, 0.2 mm thick) were degreased by acetone
and electro-polished in a mixture of ethanol and perchloric acid with a volume ratio of
5:1 at a constant direct-current voltage of 15 V for 3 min to remove surface
impurities. The polished aluminum films were rinsed in distilled water and dried. The
HEMII-80 ion implanter (Plasma Technology Ltd.) equipped with a silver cathodic
arc source was used to conduct ion implantation. The base pressure in the vacuum
chamber was 5 X 10™* Pa. The implantation parameters were all read off from the

control panel on the instrument. Ion implantation was followed by the deposition a
silica layer (5 nm) for samples used in fluorescence detection. This step served to
protect the metal surface as well as adding a spacer layer between the metal surface
and fluorophore. All samples were kept in vacuum environment after implantation
process and were only exposed in the air when transferred. Surface oxidation is also
not severe in this process, as shown in Fig. S5.

Characterization: 2-aminopurine (2-AP) and 7-hydroxycoumarin-3-carboxylic
acid succinimidyl ester (7-HC) were purchased from Sigma-Aldrich and Alexa Fluor
555 (AF 555) and Rhodamine B (RB) were obtained from Invitrogen Molecular
Probes. Quantum field information of AF 555 is obtained from the company docu-
ment. The fluorescent molecules were dissolved separately in anhydrous ethanol to a
concentration of about 107 mol L™" and then spin coated on the sample surface
(800 rpm for 8 s and then 3,000 rpm for 60 s, Laurell spin coater model WS-400BZ-
6NPP-Lit). The photoluminescence spectral analysis was conducted on a Horiba
Jobin-Yvon Fluorolog-3 spectrometer excited by a Xe lamp. XPS analysis with Al Ka
irradiation was used to determine the chemical states and elemental depth profiles.
The sputtering rate was estimated to be 1.4 nm min ™" in the first 30 minutes and
7 nm min~' afterwards based on the rates calculated from a standard SiO, film
sputtered under the same conditions. The UV-visible spectra were acquired on a
PerkinElmer LAMBDA750 spectrophotometer. Image-Pro Plus version 6.0 was used
to conduct the statistical analysis of the nano-island scale and SRIM version 2010 was
used to calculate the ion ranges.
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