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Introduction

Fluorescence detection is a widely used technique with applications in many areas like 

sensing, imaging, DNA sequencing, medical diagnostics and material sciences. Although 

present day fluorescence technology is highly evolved, there are some natural limitations of 

traditional fluorescence. Fluorophores in bulk solutions emit isotropically in all directions 

(Figure 1A). As a result, typical detection systems collect less than 1% of the total 

emission.1 When fluorophores are placed on a planar surface, for example a glass slide, most 

of the emission occurs above the critical angle (θc) into the higher refractive index medium 

(Figure 1B).2 A complete collection of the emitted light requires bulky external optics that 

limits spatial resolution. To meet the demands of modern fluorescence formats and device 

miniaturization, it is important to control emission directionality and develop efficient 

techniques for routing and collecting the emitted light.

Apart from improving collection efficiency, controlled emission directionality has other 

practical implications. By converting to directional emission, fluorescence can be endowed 

with direction-specific information useful for multiplexing. Moreover, directional emission 

is valuable for effectively communicating light in optical sensors, displays and light emitting 

devices (LEDs).

For transforming naturally occurring isotropic emission into directional emission, it is 

necessary to look beyond the realm of traditional fluorescence. This opportunity is provided 

by the recent spectacular advances in plasmonic nanostructures and dielectric photonic 

crystals that enable molding of optical energy in nanoscale dimensions.3-5 Over the past 

couple of years, many laboratories, including ours have demonstrated numerous benefits of 

coupling fluorescence with metal nanostructures, thin metal films, photonic crystals and 

hybrid plasmonic–photonic structures.1,6-12 Instead of considering only freely propagating 

radiation, it is possible to utilize near–field interactions for bringing about extraordinary 

changes in emission properties that cannot be envisaged with classical fluorescence. The 

control over emission directionality essentially revolves around the targeted coupling of 

emission to select optical modes in the plasmonic/photonic substrate, with specific out-
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coupling characteristics.6,12 While plasmonic substrates modify fluorescence properties due 

to strong local field enhancements and surface–plasmon oscillations, photonic crystals 

influence fluorescence properties due to photonic band structure effects.6,12

Our efforts in tailoring fluorescence directionality have mainly been focused on the use of 

planar metallic and/or dielectric structures that can be prepared easily using existing thin 

film technologies. This Account summarizes our studies with metal–dielectric layered 

substrates,1,7,13-15 1–dimensional photonic crystals (1DPC),6,16 and hybrid plasmonic–

photonic structures.17-19 Reflectivity simulations and dispersion diagrams are provided for 

understanding the different optical modes that determine the spatial distribution of coupled 

emission. Representative studies by other groups, based on an alternative approach using 

specially fabricated optical nanoantennas, is also discussed.9,10,20,21

Metal–Dielectric Layered Structures

Metal–Dielectric (MD) Substrates with Thin Dielectric Layer

When a thin metal film is illuminated with light through a high refractive index medium, 

like glass prism, a wavelength–dependent dip in reflectivity can be observed at a speci?c 

angle, θSP,λ, due to creation of surface–plasmons (Figure 2 and Supporting Information).6 

The surface–plasmon waves propagate along the metal/dielectric interface due to resonant 

interaction between surface–charge oscillations in the metal and electromagnetic field of 

light. In contrast to the propagating nature of surface–plasmons along the surface, the field 

perpendicular to the surface is evanescent. These unique optical properties make surface–

plasmons attractive for many applications; one of the most exciting prospects being their 

ability to concentrate and guide the flow of light.

Just as an incident beam couples with surface–plasmons at θSP,λ(incident), light emitted from 

excited fluorophores present adjacent to a metal film (within 20–250 nm), can also create 

surface–plasmons due to near–field interactions. The surface–plasmons induced by excited 

fluorophores subsequently radiate into the substrate at an angle, θSP,λ(emission), determined 

by the resonance condition for the emission wavelength. This remarkable phenomenon, 

called surface–plasmon–coupled emission (SPCE), effectively transforms omnidirectional 

fluorescence to sharply directional emission, distributed at two angles around the surface 

normal.1 Our studies have shown that SPCE is independent of the mode of excitation. 

Similar directional emission is observed from fluorophores excited either via the evanescent 

surface–plasmon field by light incident through a prism (Kretschmann configuration) or 

directly excited from air (Reverse Kretschmann configuration).1,6,7 Moreover, different 

metals (Ag, Au, Al etc) can be used to access the entire spectral range from UV to IR.7,22,23 

The experimental configuration, illumination geometries and angle notations for SPCE are 

illustrated in Figure 2.

The wavelength–specific directional SPCE obtained from fluorophores contained in a 

dielectric medium above a thin metal film (deposited on glass slide) is depicted 

schematically in Figure 3A. The thickness of the dielectric layer in the metal–dielectric 

(MD) substrate is much lower than the emission wavelength. Excitation is in the Reverse 

Kretschmann configuration.
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The calculated reflectivity dispersion plots, R(λ,θ), for a representative metal-dielectric 

substrate: Ag (50 nm) and poly(vinyl alcohol) (PVA, 50 nm), is shown in Figure 3B. The 

dark shades signify a decrease in reflectivity and indicate creation of surface–plasmons at 

the corresponding wavelength and angle (see Supporting Information). The blue–shift in the 

resonance wavelength at increasing angles from the surface normal originates from 

wavelength–dependent optical properties of Ag. Reflectivity dips are present exclusively for 

p–polarized light; no surface–plasmon mode exists for s–polarization. The wavelength of 

interest, 515 nm, which is the emission maximum of the commonly used fluorophore, 

fluorescein, is indicated by a horizontal line.

Since SPCE is the reverse process of surface–plasmon excitation, the R(λ,θ) plots essentially 

provide a complete picture of the wavelength–dependent directional emission expected from 

fluorophores coupled to the metal-dielectric substrate. The occurrence of surface–plasmon 

resonance exclusively for p–polarized light implies that SPCE will be p–polarized 

irrespective of the nature of fluorophores or their orientation. It can be seen from the R(λ,θ) 

plots that for 515 nm, surface–plasmon resonance occurs at an incidence angle of 65°. This 

is also apparent from the angle–dependent reflectivity plot for 515 nm, Figure 3C. 

Accordingly, when fluorescein molecules (emission maximum 515 nm) are coupled to this 

substrate, sharp directional p–polarized emission is observed at 65° (and 295° due to 

symmetry) (Figure 3D). The real color photograph of the image formed by projecting the 

cone of emission from fluorescein, on a screen, shows a sharp circular image of fluorescence 

(Figure 3E).

Figure 3F shows simulated electric field intensity distribution (E2) for p–polarized, 515 nm 

light incident on the Ag-PVA substrate at 65°. The evanescent nature of the field at the 

metal/dielectric interface is characteristic of the surface–plasmon mode. It is easy to 

comprehend that emission from excited fluorescein molecules present in the same region as 

the evanescent field, can readily couple with surface–plasmons and radiate with plasmon–

like properties. Although emission arises from fluorophores, the directionality and 

polarization are those of plasmons.

A variety of studies based on directional SPCE have been carried out by many groups 

including ours, and a number of applications have been suggested.24 SPCE offers several 

advantages for immunoassays,6 DNA sensing,25 conformational–switching aptamers26 and 

design of optical array biochips.27 SPCE has been used to image muscle fibrils and SPCE 

rings have been observed using leakage radiation microscopy.28,29 Another approach to 

using SPCE has been to take advantage of the intrinsic angular shifts for different 

wavelengths, to selectively identify a particular emitting species by collecting light 

propagating in the appropriate direction.30

Metal-Dielectric (MD) Substrates with Thick Dielectric Layer

SPCE with metal-dielectric substrates having dielectric thickness much lower than the 

emission wavelength represents the simplest example of coupling fluorophores to metal 

surfaces. When the dielectric thickness becomes comparable to emission wavelength other 

optical modes in addition to surface–plasmons can be excited in the substrate.31 Therefore, a 
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single emission wavelength can radiate at several angles with different polarizations, 

according to the resonance condition for each optical mode (Figure 4A).

The R(λ,θ) plots for an Ag–PVA metal-dielectric substrate with Ag and PVA thickness of 

50 and 380 nm, respectively, (Ag50-PVA380) are shown in Figure 4B. In this case, 

reflectivity dips are observed for s–polarized incident light as well. For 515 nm light, the 

reflectivity dip for p–polarization appears at 58°, while for s–polarization, dips are observed 

at 46° and 67°. Accordingly, the experimentally observed emission pattern of fluorescein 

coupled to this substrate shows directional emission at three angles, 46°, 58° and 67° (also 

314°, 302° and 293°) with alternate polarizations (Figure 4C). The image formed by 

projecting this coupled fluorescence shows three circles of emission (Figure 4D).

The simulated electric field intensities of the optical modes for 515 nm light in Ag50-

PVA380 substrate at the respective resonance positions (46°, 58°, 67°), are presented in 

Figure 4E. The intensity profile for p–polarized light (58°) shows some resemblance to the 

surface–plasmon mode while for the others (46°, 67°) it resembles waveguide modes. The 

emission observed from fluorophores coupled to metal-dielectric substrates with thick 

dielectric layers is thus referred as waveguide–coupled emission. Theoretical models have 

been developed to account for the existence of various optical modes and to predict the 

occurrence of directional emission at multiple angles.32 We have observed that the nature 

and number of optical modes supported by the MD substrate depends on thickness of the 

dielectric layer. Consequently, directionality of waveguide–coupled emission can be readily 

controlled by changing dielectric thickness.31

Although coupling of emission with multiple optical modes implies that fluorescence is not 

channelized into one direction, the appearance of directional emission at multiple angles and 

with different polarizations provides interesting options for smart solid–state lighting and 

optical signage. In a recent study, we have shown that metal-dielectric substrates can 

transform unpolarized emission from luminescent Eu(III) ions to polarized emission, with 

the three emission bands of Eu(III) selectively radiating in different directions.33

Metal–Dielectric–Metal (MDM) Substrates

Directional emission in metal-dielectric substrates typically occurs at angles away from the 

surface normal, which is unsuitable for high throughput, array–based applications. It would 

be more advantageous to obtain the emission as a single beam close to the surface normal. 

With this perspective, we studied effects of an additional metal layer above the dielectric 

surface of the metal-dielectric substrates discussed in the previous section, leading to a 

metal–dielectric–metal (MDM) structure. We observed that depending on the emission 

wavelength, at certain thicknesses of the dielectric medium, coupling of fluorescence to 

Fabry–Pérot–like modes leads to beaming emission perpendicular to the substrate (see 

Supporting Information).13-15 The emission direction can be altered by changing the 

thickness of the dielectric layer containing the fluorophores (Figure 5A).

The R(λ,θ) plots for two metal–dielectric–metal substrates, Ag–PVA–Ag, having different 

dielectric thicknesses are shown in Figures 5B and 5C; the emission maximum of 

fluorescein, 515 nm, is indicated by horizontal line.
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For PVA thickness of 120 nm (Figure 5B), the dispersion plots show hyperbolic dark curves 

intersecting the Y-axis at 515 nm for both s– and p–polarized light.15 Intersection with the 

Y–axis at 515 nm indicates that reflectivity dip for this wavelength occurs at 0°. This is the 

thickness where resonance condition of Fabry–Pérot–like mode is satisfied (dbeaming, 515nm). 

Concurrent with the R(λ,θ) plots (Figure 5B), the angular emission pattern observed for 

fluorescein in Ag–PVA(120 nm)-Ag substrate, shows most of the emission in a direction 

normal to the substrate surface (Figure 5D) and the projected image shows a single 

fluorescence spot (Figure 5E).

When the dielectric thickness is different from dbeaming, 515nm, for example, at PVA 

thickness of 255 nm, the observed emission pattern from fluorescein shows directional 

emission at angles away from the surface normal (Figure 5F). It may be noted, however, that 

at this PVA thickness, the hyperbolic reflectivity curves in the R(λ,θ) plot intersect the Y-

axis at 460 nm (Figure 5C). So it is expected that Ag–PVA(255 nm)–Ag substrates would 

provide beaming emission from fluorophores emitting at 460 nm.

Figure 6 shows some interesting features and suggested applications of MDM–assisted 

fluorescence. Emission directionality from fluorophores can be tailored, based on their 

location in different regions of the metal–dielectric–metal substrate. As seen in Figure 6A, 

the electric field intensity for 515 nm light at normal incidence is localized in the dielectric 

layer between metal films. So fluorophores emitting at 515 nm and located in this region 

couple efficiently with this optical cavity mode and give rise to beaming emission at 0° 

(cavity mode–coupled emission). On the other hand, electric field intensity for light incident 

at 45° is localized at the metal-air interface (surface–plasmon mode). So fluorophores 

located above the top metal, couple preferentially with the surface–plasmon mode giving 

rise to SPCE at 45°.15

The dispersive features of the cavity mode can be useful for directional fluorescence sensing 

of multiple probes (Figure 6B). Using Ag–PVA–Ag substrate having appropriate PVA 

thickness, the fluorescence from two different dyes (Cy5 and S101) can be resolved by 

recording the emission at different angles.13 We have also shown that the nature of the 

metallic layer (Au, Ag, Al) and the composition of the metal–dielectric–metal substrate 

(mixed metal layers) can be chosen to tune the color, polarization and angular divergence of 

the emitted light at select observation angles.14,15

Another prospect for metal–dielectric–metal substrates is their adaptability for bioassays and 

microarrays. A proposed design concept is shown in Figure 6C. The top metal layer contains 

biomarkers capable of attaching specific fluorescence–donor labeled biomolecules. The 

dielectric layer between the metals contains the fluorescence–acceptor. Under suitable 

binding conditions, surface–plasmon–mediated energy transfer from donors on the top layer 

to the embedded acceptors will lead to creation of beaming emission and will allow 

molecule–specific biosensing with a high degree of spatial control. As proof-of-concept we 

have demonstrated that excitation of the donor, tris-(8-hydroxyquinoline) aluminum, coated 

on the top Ag layer, leads to beaming emission from the acceptor, rhodamine6G, embedded 

inside an Ag–PVA–Ag substrate.13
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Plasmonic Optical Antennas

Other than large–area planar metal–dielectric substrates discussed above, another promising 

approach for generating directional emission is through plasmonic optical antennas. Optical 

antennas are counterparts of conventional radio and microwave antennas, operating in the 

visible regime that can reversibly convert propagating optical energy into localized energy 

in nanoscale volumes. The characteristic dimensions of nanometallic optical antennas are of 

the order of radiation wavelength, which makes them amenable for on–chip integration in 

miniature photonic applications. Although challenging to fabricate, modern nanofabrication 

tools like, focused ion beam milling or electron beam lithography, make this length scale 

increasingly accessible. A variety of antenna configurations, such as, Yagi–Uda,10 bull’s–

eye,9 gratings,21 patch antennas34 and lattice antennas20 have been investigated, some of 

which are described below.

A Yagi–Uda antenna consists of an actively driven feed element surrounded by reflectors 

and directors. Curto et al. have demonstrated that non-directional luminescence from a 

single quantum dot that is precisely placed at the resonant feed element of a Yagi–Uda 

antenna, can be transformed into highly directional emission by near–field interactions.10 

The emission directionality can be controlled by tuning the antenna dimensions (Figure 7A).

Contrary to Yagi–Uda antennas that work for individual emitters fixed on the substrate, 

bull’s–eye structures consisting of concentric grooves engraved on the surface of a metallic 

film around a subwavelength aperture can provide unidirectional emission from 

fluorophores in solution (Figure 7B). The strong directionality arises due to constructive or 

destructive interferences between the fluorescence emitted from the aperture and the re–

radiated surface–plasmon–coupled emission.9 In another variation of the bull’s–eye 

structure, Jun et al. have reported beaming emission from quantum dots placed in a 

plasmonic nanoslit coupled to a linear grating (Figure 7C). The emission wavelength and 

intensity could be tuned by applying an electric field across the slit.21 Recently Li et al. have 

also demonstrated active steering of fluorescence beams via a voltage signal in plasmonic 

nanoantennas coated with a luminescent layer and a liquid crystal cell as modulator.35 Off–

axis beams have been generated with anisotropic grating structures and spiral plasmonic 

antennas.36,37 In another study, Langguth et al. have reported directional emission from 

hexagonal arrays of nanoapertures milled in gold film, due to plasmonic band structure 

effects (Figure 7D).20 The aperture arrays are technically simpler to fabricate and lend 

themselves to large scale replication via template stripping or imprint techniques.

Dielectric Substrates: 1-Dimensional Photonic Crystals (1DPCs)

Photonic crystals are periodic dielectric structures in one, two or three dimensions, and 

display photonic band gaps (PBGs), which are optical frequencies that cannot propagate in 

the photonic crystal structure.5 Since the pioneering work by Yablonovitch, control of light 

emission has been indicated as one of the most promising applications of photonic crystals.

1-Dimensional photonic crystals (1DPCs or Bragg gratings), consisting of multiple layers of 

dielectrics with alternating low and high dielectric constants, display a partial PBG.38 

1DPCs can support surface states called Bloch surface waves (BSWs), which may be 
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considered as dielectric analogues of surface–plasmons that propagate on a metal-dielectric 

surface.5,39

Akin to metal-dielectric structures, fluorophores can undergo near–field interactions with 

BSWs or other internal optical modes present in the 1DPCs, to generate directional emission 

(Figure 8A).12,16 In contrast to metals that are lossy, dielectrics dissipate less energy and 

allow sharper resonances. The 1DPC described here is composed of alternating layers of 

Si3N4 (H) and SiO2 (L) in the form: H(78 nm)7L(126 nm)6L(152 nm)PVA(45 nm). The 

fluorophores, rhodamineB, are incorporated in the PVA layer.

The simulated angle–dependent reflectivity spectra for the above 1DPC structure (Figure 

8B) shows a PBG from 600-850 nm, for light incident normal to the substrate. However, 

sharp reflectivity dips at 580 nm (emission maximum of rhodamineB) are seen for incidence 

angles, 45.85° and 68° due to excitation of optical modes in the 1DPC. The R(λ,θ) plot for 

this substrate is shown in Figure 8C. For emphasis, the reflectivity plot for 580 nm is shown 

separately (Figure 8D). The very sharp s–polarized resonance at 45.85° is due to the creation 

of BSW, as confirmed by its location on the surface of the 1DPC in the corresponding E2 

profile (Figure 8E). The emission that arises due to coupling with this optical mode is called 

BSW–coupled emission and corresponds to the directional s–polarized intensities around 

45° (and 315°) in the experimental angular emission pattern of rhodamineB (Figure 8F). The 

weaker emission intensities at other angles arise due to coupling with internal modes; a 

representative E2 profile for light incident at 68° is presented in Figure 8E.

An interesting outcome of the very sharp BSW resonance and its characteristic dispersion, is 

a remarkable angle–dependent change in the rhodamineB spectra (Figure 8G). The free–

space emission spectrum of rhodamineB is broad (550-670 nm). The BSW–coupled 

emission of rhodamineB, however, is quite narrow and shifts toward shorter wavelengths 

with increasing angles from the surface normal.12 For better understanding, the 

experimentally observed emission maxima of the BSW–coupled emission of rhodamineB, at 

different angles, are superimposed on the BSW mode profile in the R(λ,θ) plot (Figure 8C). 

Further research is needed to determine if the total emission spectrum of rhodamineB is 

modified or if the narrowing is only due to dispersion of the 1DPC.

Although, there have been relatively few studies, so far, on modification of fluorescence 

with photonic crystals, these structures are an interesting alternative to the all–plasmonic 

approach.40-42 Recently, Angelini et al. have fabricated grating structures on 1DPCs, in 

analogy to plasmonic bull’s–eye structures, to obtain more control over emission 

directionality.43 It is expected that future methodologies will take advantage of 1DPC–

assisted directional and wavelength–resolved emission for developing novel near–field 

fluorescence techniques.

Hybrid Plasmonic–Photonic Structures

Very recently, interest has emerged in the interplay between plasmonic and photonic 

approaches to control flow of optical energy. We have investigated interaction of 

fluorescence with hybrid plasmonic–photonic structures composed of a thin Ag film on top 

of a 1DPC.17 Interestingly, fluorophores placed on this simple multilayer structure provide 
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emission normal to the substrate surface, on both the glass and air side, with narrow angular 

distribution (Figure 9A). This effect arises due to coupling of emission with Tamm–states.

Tamm–states were first reported by Igor Tamm in 1933 for electrons at crystal boundaries.44 

These states can exist between two adjacent 1DPCs with overlapping PBG.45 Knowledge of 

Tamm-states between a 1DPC and a metal film, known as Tamm–plasmons, is relatively 

new and was reported in 2007.46 The electric fields for the Tamm–plasmons are localized in 

the dielectric below the metal film. Unlike surface–plasmons, Tamm–plasmons can be 

created with s– or p–polarized light and the in plane wavevector can be zero. Moreover, the 

wavevector of Tamm–plasmons is smaller than that of light in vacuum, so it can be directly 

excited from air without the aid of prisms or gratings.17,18

The composition of the Tamm structure in this study is similar to the 1DPC discussed above 

but with an additional Ag layer, that is, H(78 nm)7L(126 nm)6L(152 nm)PVA(27 nm)Ag(42 

nm)PVA(27 nm). The PVA layers are included to incorporate fluorophores. Addition of an 

Ag layer to the 1DPC structure leads to a dip in reflectivity in the PBG region, due to 

excitation of Tamm–plasmons (Figure 9B). The R(λ,θ) for the Tamm structure shows 

existence of several optical modes (Figure 9C). The Tamm resonances are seen at 0° (and 

180°, figure not shown), where the hyperbolic dark curves intersect the Y–axis. The 

wavelength of interest, 637 nm, (emission maximum of nile blue) is marked by a horizontal 

line.

In accordance with reflectivity simulations, the experimental angular emission pattern from 

nile blue shows Tamm–state–coupled emission at 0° and 180°.18 The emission at other 

angles is due to coupling with additional optical modes present in the substrate. 

Representative electric field intensity profiles for two selected modes are shown in Figure 

9D. For 637 nm light incident at 0° the electric field is localized just below the metal film as 

expected for the Tamm state. On the other hand, for 637 nm light incident at 46° the electric 

field is localized at the metal/air interface (surface–plasmon mode). Thus, the p–polarized 

intensity around 46° in the angular emission patterns can be assigned to SPCE. Due to the 

different positions of the electric field, the Tamm structure also allows tailoring of emission 

directionality based on dye location (Figure 9E). The beaming emission perpendicular to the 

substrate is most pronounced for fluorophores placed below the metal film. In recent studies 

we have shown that intensity of Tamm–state–coupled emission can be enhanced with proper 

thickness of the top metal film.19 These features can be quite useful for designing LEDs, 

where active mediums are present inside the emissive structures.

Concluding Remarks

The near–field coupling of fluorescence with spectrally overlapping optical modes in 

plasmonic and photonic structures provides a rational approach to collect, manipulate and 

direct emission from fluorophores without bulky optical components. While plasmonic 

nanoantennas have the advantage of a small footprint suitable for on–chip integration, planar 

metallic, dielectric or hybrid substrates, have the capability of directing emission from 

fluorophores with random position and orientation over a wide sample area. Moreover, the 

cost–effective and simple fabrication of the planar substrates makes them suitable for 
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applications in several areas of technological significance. The possibility of excitation and 

emission perpendicular to the substrate surface, in MDM and Tamm structures, is 

particularly convenient for adaptation in multiwell plates, protein or DNA array applications 

and development of portable diagnostic devices. These structures can be useful for highly 

multiplexed fluorescence sensing, where directionality of the emitted light is used to 

discriminate between different sample regions.

Today we live in a visual age where efficient optical communications and imaging plays a 

major role. Controlling emission directionality with plasmonic/photonic structures provides 

the opportunity for designing new optical display technologies and advanced emissive 

devices. Highly integrated multipixel color-converting LEDs can be conceptualized where 

each pixel emits light along a different direction. These concepts are useful for solid–state 

lighting and can provide additional functionalities besides illumination. We anticipate that 

with further developments in nanotechnology and its integration into the science of near-

field interactions, plasmonic and/or photonic structure-assisted fluorescence will pave the 

way for simple and robust next generation devices for biosensing, sequencing, clinical 

testing and optical signage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Emission patterns in solution and glass/water interface.
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Figure 2. 
Schematic of illumination geometries, polarizations and angle notations.
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Figure 3. 
(A) General schematic of SPCE. (B) Calculated R(λ,θ) plots, (C) calculated angle–

dependent reflectivity at 515 nm, (D) experimental emission patterns from fluorescein, (E) 

projected image of SPCE from fluorescein and (F) calculated electric field intensitiy; for 

substrate shown in inset of (B).
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Figure 4. 
(A) Schematic of coupled emission in MD substrates with thick dielectric film. (B) 

Calculated R(λ,θ) plots, (C) experimental emission pattern from fluorescein, (D) projected 

image of coupled emission from fluorescein and (E) calculated electric field intensities; for 

substrate shown in inset of (B).
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Figure 5. 
(A) Schematic of coupled emission in MDM substrates. (B and C) Calculated R(λ,θ) plots. 

(D) Experimental emission pattern from fluorescein and (E) projected image of coupled 

emission from fluorescein; for substrate shown in inset of (B). (F) Experimental emission 

pattern from fluorescein for substrate shown in inset of (C).
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Figure 6. 
(A) Schematic of dye location–dependent directional emission in MDM substrates and 

corresponding electric field intensity simulations for different optical modes. (B) 

Wavelength–dependent directional emission and directional sorting of a mixture of dyes, 

S101 and Cy5 in MDM substrates.13 (C) Proposed format for biosensing based on surface–

plasmon energy transfer.
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Figure 7. 
(A) SEM image of Yagi-Uda antenna (I), scanning confocal image of quantum dot emission 

(II), and corresponding intensity distribution at the back focal plane of an objective (III). 

Adapted from ref. 10 with permission from AAAS. (B) SEM image of BE antenna (I), back 

focal plane image of coupled emission from Alexa647 (II), and corresponding angular 

radiation pattern (III). Adapted with permission from ref. 9. Copyright {2011} American 

Chemical Society. (C) SEM image of slit antenna with side grooves (I), and scanning 

confocal image of quantum dot emission. Adapted from ref. 20 by permission from 

Macmillan Publishers, Copyright (2011). (D) SEM image of plasmonic lattice antenna (I), 

and back focal plane image of emission from Alexa647. Adapted with permission from ref. 

21. Copyright {2013} American Chemical Society.
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Figure 8. 
(A) Schematic of coupled emission in 1DPC. (B) Wavelength–dependent reflectivity 

showing photonic band gap at normal incidence (0°) and reflectivity dips at 45.85° and 68°. 

(C) Calculated R(λ,θ) plots, arrow indicates sharp BSW mode. (D) Angle–dependent 

reflectivity at 580 nm. (E) Electric field intensity simulations for BSW and internal modes. 

(F) Experimental angular emission patterns from rhodamineB in 1DPC. (G) Angle–

dependent spectral shifts of rhodamineB coupled to 1DPC, free–space rhodamineB emission 

is shown with dotted lines.12
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Figure 9. 
(A) Schematic of coupled emission in Tamm structure. (B) Wavelength–dependent 

reflectivity dip in the Tamm structure vis-a-vis a 1DPC structure. (C) Calculated R(λ,θ) 

plots. (D) Electric field intensity simulations for Tamm–plasmon and surface–plasmon 

modes. (E) Experimental emission patterns in Tamm structure from nile blue located above 

(red line) and below (black line) the Ag layer.18
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