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Abstract

Controlling the emission properties of fluorophores is essential for improving the performance of
fluorescence-based techniques in modern biochemical research, medical diagnosis, and sensing.
Fluorescence emission is isotropic in nature, which makes it difficult to capture more than a small
fraction of the total emission. Metal- dielectric—metal (MDM) substrates, discussed in this Letter,
convert isotropic fluorescence into beaming emission normal to the substrate. This improves
fluorescence collection efficiency and also opens up new avenues for a wide range of
fluorescence-based applications. We suggest that MDM substrates can be readily adapted for
multiple uses, such as in microarray formats, for directional fluorescence studies of multiple
probes or for molecule-specific sensing with a high degree of spatial control over the fluorescence
emission.
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SECTION: Physical Processes in Nanomaterials and Nanostructures

Fluorescence detection has become a dominant technology in the biosciences. Until recently,
almost all efforts to modify molecular fluorescence have been based on modification of the
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chemical structure of the fluorophore. In recent years, this laboratory and others have
focused on the modification of fluorescence spectral properties using nearby metallic
structures.1—8 These efforts represent a fundamental shift from using the intrinsic far-field
emission from fluorophores to using near-field interaction, for modifying the quantum
yields, anisotropy, and directionality of the emission. These effects depend on collective
oscillation of electrons in metals, which are called surface plasmons. The optical fields near
fluorophores can couple to the surface plasmon oscillations of metallic substrates as
localized excitations for metal nanoparticles or as propagating surface waves for thin metal
films. This offers exciting new opportunities for directing and controlling the flow of optical
energy using near-field effects rather than classical far-field optical components.>~7 Over the
past several years, we observed that emission from fluorophores located near thin metal
films on a glass substrate enters the substrate at an angle defined by the surface plasmon
resonance (SPR) angle for the emission wavelength.1:2 This phenomenon of surface-
plasmon-coupled emission (SPCE) has several remarkable features that can complement and
improve fluorescence technology.®:1% One of the advantages of SPCE is that it directs the
fluorescence emission in a sharply defined angle, leading to a narrow cone of emission. This
is very useful because fluorescence emission is isotropic in nature, which makes it difficult
to detect more than a small fraction of the total emission. With SPCE, most of the emission
can be captured by a detector, leading to significant improvements in the fluorescence
collection efficiency.12 However, SPCE typically occurs at a large angle from the surface
normal axis which is a disadvantage in multiplexing or array-type applications. It would
certainly be more advantageous if we could obtain the fluorescence emission as a single,
highly collimated beam with greater control over the emission directionality.

In this Letter, we demonstrate that the emission from randomly oriented fluorophores can be
converted into narrow emission beaming normal to the surface, with planar metal—
dielectric-metal (MDM) substrates. Importantly, our MDM structures can be made with
simple vapor deposition methods without the need for top-down nanofabrication of features
in the substrate plane. The MDM structures can support both photonic as well as plasmonic
modes that can act together under suitable conditions. We show that these structures can be
easily adapted for controlling the direction of emission as well as other fluorescence
properties, like the emission spectra and lifetimes of fluorophores embedded within the
dielectric medium of the substrate. The beaming emission not only improves the
fluorescence collection efficiency but also provides the opportunity for a wide range of
fluorescence based applications. We suggest that MDM substrates can be integrated in lab-
on-chip formats to monitor different kinds of interactions in a single frame with microarray
technology. They can be incorporated in a regular microscope for fluorescence imaging or
single-molecule studies. They can also be used for directional fluorescence studies of
multiple probes or for molecule-specific sensing, with a high degree of spatial control.

The MDM substrates in the present study were prepared by thermal vapor deposition of 50
nm Ag films on cleaned glass slides, followed by spin coating an aqueous solution of
poly(vinyl alcohol) (PVA) containing the dyes. The dielectric thicknesses on the substrates
were varied from ~120 to 400 nm by using different weight percentages of PVA (see
Supporting Information, Figure S1). A layer of 50 nm Ag was then vapor-deposited above
the PVA layer to obtain the final substrates. The MDM samples were illuminated in the
reverse Kretschmann (RK) configuration, which in this case is the incident light impinging
on the top Ag surface. The fluorescence was collected using an optical fiber (Scheme 1).

Both the detector and the sample were placed on a rotation stage to enable excitation and
detection at different angles. Further details of the experimental setup and the illumination
geometry are provided in the Supporting Information.
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Figure 1 shows the variation in the angular distribution of emission from sulforhodamine101
(S101) embedded in dielectric PVA layers of different thicknesses between 50 nm thick Ag
films (Ag-PVA-Ag, MDM substrates). Interestingly, no emission is observed for the
samples with <4% PVA concentration. At 4% PVA concentration, which corresponds to a
film thickness of ~150 nm, the emission is highly directional and is mostly concentrated in a
narrow beam normal to the substrate, with a half angle spread of ~18° from the normal.
With increasing PVA concentrations, the emission pattern gradually changes, with the s- and
p-polarized components appearing at definite angles. At 8% PV A concentration, beaming
emission is observed again but is also accompanied by an s-polarized component at a
different angle.

Metallo-dielectric layered structures are currently being investigated for applications like
waveguides for photon transport, tunable color filters, and electro-optic devices.11-13 To the
best of our knowledge, this is the first observation of beaming emission normal to the
surface using planar MDM substrates, without nanoscale lateral features. Recently,
plasmonic beaming of fluorescence has been studied with optical antennas consisting of
circular gratings and nano-holes.3 This approach was confined to a small area and involved
complex and expensive nanofabrication. In this context, the observation of beaming
emission with simple, large-area Ag-PVA(4%)-Ag substrate, is quite exciting. The
significance of this observation is further strengthened by the fact that the emission pattern
is unaffected by the direction of excitation. Similar beaming emission is observed even
when the excitation angle is changed to 40° instead of the normal excitation at 0° (see
Supporting Information, Figure S2).

On the basis of our previous studies on SPCE, it is now understood that SPCE is related to
SPR, atechnique widely used for bioaffinity studies. In brief, the SPCE phenomenon arises
due to the near-field interaction of excited fluorophores with the metal film. Near-fields
around fluorophores have large wave vectors and are thus able to create surface plasmons in
the metal film. The surface plasmons in turn radiate into the substrate at definite angles and
with interesting polarization properties. An intuitive understanding of SPCE can be obtained
from the principles of SPR. In SPR, a thin metal film is illuminated through a prism
(Kretschmann, KR configuration). The film is highly reflective, except at a particular angle
called the SPR angle. At this angle, the film absorbs incident light due to the creation of
surface plasmons in the metal. The emission patterns for SPCE satisfy the same conditions
required for observing the minimum reflectivity from the substrates in SPR.1:2.9.10.14.15 \ye
anticipated that this should also be the case for the present MDM substrates. Figure 2 shows
the reflectivity curves calculated using the software package, TF Calc, for S101 emission
(600 nm) in the Ag-PVA(4%)-Ag and Ag-PVA(8%)-Ag substrates. Indeed, the calculated
angle-dependent reflectivity curves are found to be in close agreement with the angular
emission patterns of S101 observed with these substrates. More specifically, at 150 nm PVA
thickness, the reflectivity is at a minimum for light normal to the surface, which corresponds
to the normal emission for 4% PV A shown in Figure 1. Similarly, for 350 nm PVA
thickness, there is a reflectivity minimum for light normal to the surface along with s-
polarized reflectivity minima at the corresponding emission angles (~120 and 240°)
observed for 8% PVA, as shown in Figure 1.

It is also useful to compare the emission pattern of the Ag-PVA-Ag, MDM substrate with
that observed for a substrate consisting of S101 in 4% PVA above a single 50 nm Ag film
(PVA(4%)-Ag). In the latter case, the emission is strictly s-polarized and is observed at an
angle of ~135° (and ~225° due to symmetry), leading to a cone of emission, with no
emission normal to the surface (see Supporting Information, Figure S3). This is in
accordance with our previous studies on SPCE and waveguide effects in thick dielectric
films.12Figure 3 shows the emission spectra of S101 in the Ag-PVA-Ag, MDM substrate
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and in PVA-Ag. It is interesting to note that the SPCE spectra of S101 in the PVA(4%)-Ag
sample shows considerable wavelength dispersion, and the emission appears to be different
at the various observation angles. The emission spectra of S101 in the Ag-PVA(4%)-Ag
substrate remain unchanged at different observation angles but are narrower toward the red
edge. The dispersion effect in the PVA(4%)-Ag sample can be explained by considering the
broad emission bandwidth of S101 and the condition that each wavelength in the spectrum
couples to the propagating surface plasmons in the metal—dielectric interface only at a
defined angle. So, although the emission appears different at different observation angles,
the overall SPCE emission spectra obtained by summation of all individual spectra matches
with the free space emission of S101 (see Supporting Information, Figure S4). To
understand the lack of dispersion and narrowing in the spectra of S101 in Ag-PVA(4%)-Ag,
we have to consider the interference effect of light in multilayer structures.

The Ag-PVA-Ag, MDM structures can be considered to be a planar microcavity consisting
of two metallic mirrors separated by a dielectric film, thus forming a Fabry—Perot resonator.
Accordingly, the emission properties of a fluorophore embedded within this microcavity
will be affected by the geometry of the substrate. The resonant modes of this microcavity
will be at wavelengths (Aresonance) Where the following conditions are satisfied:

AI‘QSOHE‘LHCG :2deffective /m a'nd

()]

deﬁ"ective :ndpv A +dphase—change

Here mis an integer, nis the refractive index of PVA (n=1.52), and Ghffective IS the
effective cavity thickness. The effective thickness comprises apya, the distance between the
Ag films determined by the physical thickness of the PVA layer, and dpnase-change that arises
due to the phase change on reflection at the Ag films.16:17 The first resonance condition (/m
= 1) for the emission wavelength of 600 nm (corresponding to the emission maximum of
S101) should be satisfied at an effective thickness (Gffective) 0f 300 nm. For ideal reflecting
mirrors, the phase change on reflection is 1, and in this case Ghffective = 70pvA, SO the
resonance condition would be observed at a PVA thickness of ~197 nm. Because the
beaming emission is observed for the Ag-PVA(4%)-Ag substrate with PVA thickness
(apya) of 150 nm that is less than the ideal case, it implies that the phase change due to
reflection from the two Ag surfaces in the MDM substrate contributes toward the effective
thickness (Gphase-change)- Below a dielectric thickness of 150 nm, no resonant mode exists for
the present Ag-PVA-Ag substrates and hence no emission is observed from S101 for PVA
concentrations less than 4% (Figure 1). Furthermore, a dielectric thickness of 150 nm cannot
support modes with higher wavelengths. This explains the narrowing in the red-edge of the
emission spectra of S101 in the Ag-PVA(4%)-Ag substrate. The second Fabry—Perot
resonance mode for the Ag-PVA-Ag substrate appears at a dielectric thickness of 350 nm
and matches well with the beaming emission observed in the Ag-PVA(8%)-Ag sample.
From the above discussion, it can be easily understood that the emission angle of a
fluorophore can be tailored in a relatively straightforward manner by changing the thickness
or type of the dielectric layer or by altering the phase changes on reflection at the metallic
surfaces. This can be possible either by changing the thickness of the Ag film or even using
other metals such as Au or Al depending on the emission wavelength.

Considering that the MDM substrate corresponds to a planar microcavity, it is expected that
the spontaneous emission rate for a fluorophore placed within the microcavity will be
increased due to the alteration in the photonic mode density (Purcell effect).1819 A
significant reduction in the fluorescence lifetime of S101 is in fact observed in the Ag-
PVA(4%)-Ag substrate (average lifetime ~3 ns) in comparison with the lifetime of S101 (~4
ns) in PVA(4%) spin-coated on glass (see Supporting Information, Figure S5). This is a
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favorable result because a fluorophore that spends less time in the excited state can undergo
more excitation emission cycles prior to photodecomposition. Hence, a reduction in the
fluorescence lifetime should lead to increased photostability of the fluorophore. The
intensity decay is multi- or non-exponential in the MDM substrate. This suggests that the
fluorophore— plasmon coupling depends on the location of the fluorophore on the dielectric,
the orientation of the emission dipole relative to the planar metal surface, or both.

To examine further the emission directionality of the MDM substrate, we have studied the
emission patterns for another fluorophore, Cy5, that is widely used for biochemical studies.
For Cy5 (having emission maximum ~670 nm), the beaming emission is observed with the
Ag-PVA(6%)-Ag substrate, which corresponds to a dielectric thickness of ~175 nm (see
Supporting Information, Figure S6). In this case, the half angle spread of the beaming
emission is ~15° from the normal. It may be recollected that at ~175 nm dielectric
thickness, the emission from S101 is observed at different angles depending on polarization.
This result has enormous significance because the emission directionality also carries
information about the nature of the fluorophore. In other words, the Ag-PVA-Ag, MDM
substrates can be used for multicolor directional fluorescence sensing of multiple probes.
This is demonstrated more clearly by recording the angular distribution of emission for a
mixture of S101 and Cy5 in the Ag-PVA(6%)-Ag substrate (Figure 4). The emission from
Cy5 is observed as a narrow beam normal to the substrate, whereas the emission from S101
is observed at ~145°. Accordingly, the emission spectrum recorded at 180° shows the usual
Cy5 spectral features, whereas the emission spectral features of S101 are clearly evident at
145°. It is important to mention that the changes in the angular dependence of the emission
intensities with change in the emission wavelengths is more pronounced for the present
MDM substrates in comparison with the usual SPCE substrates with a single metal layer.!

The observation of beaming emission from the MDM substrates opens up a broad subject
area, and numerous fluorescence-based applications can be envisaged. Figure 5 shows a
schematic representation and real color photographs of the images formed by projecting the
emission from S101 embedded in the Ag-PVA-Ag and PVA-Ag substrates on a screen. The
PVA-Ag substrate generates a ring of fluorescence for each excitation spot, whereas the
PVA-Ag substrate generates a ring of fluorescence for each excitation spot, the Ag-PVA-Ag
substrate shows distinct fluorescence spots corresponding to each excitation. This Figure
thus serves to demonstrate the ease with which the present MDM substrates can be adapted
for fluorescence studies in microarray formats (also see Supporting Information, Figure S7).
Fluorescence microarray technology is a powerful tool for high throughput bioanalytical
studies due to its miniaturization, low material consumption, ability for multiplexing, and
automation.2% We believe that the high spatial control and beaming emission from the MDM
substrates will permit focusing onto an imaging detector with simple and inexpensive optics
and will reduce crosstalk between adjacent spots, thus improving data quality.

One limitation of the MDM substrates is that the fluorophores are embedded within the
dielectric between the Ag layers and are not amenable for dynamic studies or binding
interactions. For bioanalytical applications it is important to be able to access the analyte
surface so that chemistry can be performed. Recently, there have been studies of energy
transfer (ET) across a metal film mediated by surface plasmon polaritons (SPPs).2122 The
mechanism of SPP-ET is different from conventional nonradiative Forster ET and involves
the coupling of donor emission to the surface plasmon modes of the first metal-dielectric
interface, followed by cross coupling of the SPPs on opposite sides of the metal film and ET
to the acceptor molecules on the second metal—dielectric interface. These concepts can be
utilized in the present MDM substrates for bioassays or bioanalytical applications. A
schematic representation of SPP-ET with the MDM substrates is presented in Figure 6. The
topmost Ag layer can be coated with biomarkers capable of attaching to specific
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fluorescence donor labeled biomolecules. The dielectric layer between the metals can
contain the fluorescence acceptor. Under suitable binding conditions, SPP-ET will lead to
the observation of directional emission from the embedded acceptor molecules. This
configuration will thus allow molecule-specific biosensing, with the advantage of a high
degree of spatial control over the fluorescence emission. To demonstrate the feasibility of
this concept, we have studied the SPP-ET from the donor, tris-(8-
hydrxyquinoline)aluminum (AlQ3) spin coated on the top Ag layer, to the acceptor,
rhodamine6G (Rh6G) embedded inside the substrate. In these substrates, the donor, AlQs, is
spin coated above the top Ag layer using a poly(methyl methacrylate) (PMMA) solution in
chloroform. An increase in the fluorescence intensity of Rh6G accompanied by a decrease in
the fluorescence intensity of AlQs is observed for the donor-acceptor samples. This suggests
the occurrence of SPP-ET from AlQ3 to Rh6G. A quantitative estimate of the SPP-ET
efficiency (FeT) can be determined from the area under the donor—acceptor (/pa) and
acceptor only (/o) curves, as Fer~ (Ipa — Ia) Ipa. 2122 For the present MDM substrates,
the fraction of the total donor—acceptor sample emission attributable to SPP-ET is estimated
to be ~0.35. A more rigorous test for the ET process is to examine the intensity decays of
the donor and acceptor samples. A long lifetime component, corresponding to that of AlQs,
is observed for Rh6G in the presence of the donor, which confirms SPP-ET from AlQ3 to
Rh6G (see Supporting Information, Table S1).

In summary, the present study demonstrates that MDM substrates can channel the
fluorescence into a narrow beam and allow greater control over the emission directionality,
which is highly desirable for improved fluorescence detection. These structures also allow
us to modify the fluorescence lifetimes and polarization of the emission. Importantly, the
MDM substrates can be easily and reproducibly fabricated using standard thermal
evaporation techniques. So, the fluorescence from different dyes can be conveniently tuned
to suit our needs by changing the nature and thickness of the metal or the dielectric medium.
The MDM substrates are promising for both fundamental light matter interactions and
device applications. We believe that many novel fluorescence based studies can be designed
with the present MDM plasmonic substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Angular distributions of the fluorescence intensities for s- (black) and p-polarized (red)
emission of S101 embedded in Ag-PVA-Ag substrates with different PVA concentrations.
The calibration curve for the PVA film thickness obtained with varying PVA concentrations
is provided in the Supporting Information.
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PVA(4%)-Ag, PVA thickness 150 nm and (B) Ag-PVA(8%)-Ag, PVA thickness 350 nm.

J Phys Chem Lett. Author manuscript; available in PMC 2013 September 04.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Choudhury et al.

Intensity

Page 10

1.0} = PVA{4%}-\AQ 1.0 | 7 Ag'PVA("o/“)'Ag

2
05 2 0s

8

=
0.0 Lt 0.0 ke e M

600 650 700
Wavelength (nm) Wavelength (nm)

Figure 3.

Emission spectra of S101 (s-polarized) from the PVA(4%)-Ag substrate recorded at 125,
130, 132, 133, 134, 135, 136, and 140° (1-8) and the Ag-PVA(4%)-Ag substrate recorded at
125, 130, 140, 150, 160, 170, and 180° (1-7).
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Figure 4.

Angular distribution for emission at 600 nm (S101) and 670 nm (Cy5) for a mixed sample of
S101 and Cy5 in Ag-PVA(6%)-Ag. Right panel shows emission spectra recorded for the
mixed sample at 145 and 180° observation angles.
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Fluorescence spectra and intensity decays (inset) for (1) donor only, AlQ3z/PMMA(4%)-Ag-
PVA(4%)-Ag, (2) acceptor only, PMMA(4%)-Ag-PVA(4%)/Rh6G-Ag, and (3) donor—
acceptor, AlQs/ PMMA(4%)-Ag-PVA(4%)/Rh6G-Ag samples with 470 nm excitation and
observed at 180°. Top panel shows schematic of the SPP-ET process.
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Scheme 1. Illumination Geometry (Reverse Kretschmann, RK) and Angle Notations Used in the

Study?

aAg-PVA-Ag substrate is prepared on a glass slide and fixed to the prism with glycerol. The

s- and p-polarizations are shown for clarity
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