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Abstract

During the past decade the interactions of fluorophores with metallic particles and surfaces has

become an active area of research. These near-field interactions of fluorophores with surface

plasmons have resulted in increased brightness and directional emission. However, using metals

provide some disadvantages, like quenching at short fluorophore-metal distances, increased rates

of energy dissipation due to lossy metals. These unfavorable effects are not expected in dielectrics.

In this paper we describe the interactions of fluorophores with one-dimensional (1D) photonic

crystals (PCs), which have alternating layers of dielectrics with dimensions that create a photonic

bandgap (PBG). Freely propagating light at the PBG wavelength will be reflected. However,

similar with metals, we show that fluorophores within near-field distances of the 1DPC interacts

with the structure. Our results demonstrated that these fluorophores can interact with both Internal

Modes (IM) and Bloch Surface Waves (BSW) of the 1DPC. For fluorophores on the surface of the

1DPC the emission dominantly occurs through the 1DPC and into the substrate. We refer to these

two phenomena together as Bragg Grating-Coupled Emission (BGCE). Here we describe our

preliminary results on BGCE. 1DPCs are simple to fabricate and can be handled and reused

without damage. We believe BGCE provide opportunities for new formats for fluorescence

detection and sensing.
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INTRODUCTION

During the past decade there has been a growing interest in plasmonics and in the near-field

interactions of fluorophores with metallic structures. Metallic surfaces and particles display

surface plasmons, which can result in enhanced and selective excitation of nearby
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fluorophores. Additionally, these nearby excited state fluorophores can interact with the

photonic mode density (PMD) created by the plasmons, which increases the emission rates

and decreases the lifetimes. The PMD is also referred to as the Density of States (DoS). The

spatial distribution of light from the fluorophore can be changed from the usual

omnidirectional distribution to a more narrow spatial distribution, which is determined by

wavevector matching at the metallic surfaces [1-5].

The use of metals with fluorescence does have some disadvantages. For metal-enhanced

fluorescence (MEF) the metal must display a plasmon resonance at wavelengths where its

intrinsic absorption is low. This limits the practical metals to Ag, Au and Al, with a few

other metals in occasional use for MEF [6-10]. There is an optimal distance for metal

enhancement near 10 nm from the metal surface because fluorophores at closer distances are

often quenched. Metals are lossy and quickly dissipate the optical energy. As a result, MEF

often occurs with an increased excitation-relaxation cycling rate. In spite of these

disadvantages, MEF and its related phenomena have found widespread use in fluorescence

sensing [11-15], for novel probes [16-18], single molecule detection [19-21] and sub-

diffraction limited microscopy [22-25].

To avoid the energy losses found in metals we have now extended our studies to near-field

interactions of dielectric photonic crystals with fluorophores. Photonic crystals (PCs) are

defined according to their dimensionality [26-27]. One-dimension (1D) PCs are multi-layers

of dielectrics with different refractive indices. One well known example is Bragg gratings

(BG) or notch filters for optical spectroscopy [26]. Two-dimensional (2D) PCs have

periodicity in two dimensions, such as an array of closely spaced cylinders. Three-

dimensional (3D) PCs have periodicity in three directions, a typical case being closely

packed colloidal spheres. PCs have unusual optical properties because they can display

photonic bandgaps (PBG), which are optical frequencies (or wavelengths) that cannot

propagate in a given structure. The PBGs give a colored appearance to structures without the

presence of chromophores. The intensive scientific interest in PCs and PBGs gives the

impression that this topic has a long scientific history, but this topic developed relatively

recently. The first reports of PBGs appeared in 1987 [28-29].

Surprisingly, there are relatively few reports on the use of PCs to modify fluorescence and

even fewer reported applications. Most of these reports are focused on the physics of dipoles

in a PBG [30-33]. There have been some important contributions to sensing using PCs

[34-36]. The local radiative optical density of states (LRDoS) increases near the edge of a

PBG and then becomes smaller and approaches zero at the PBG [37-38]. As will be

described in the Discussion below it is preferable to consider the local radiative density of

the state (LRDoS) which takes into account the dipole location and orientation. Since the

dipole radiation rate depends on the DoS a frequent goal has been to use the PBG to prevent

emission. An excited fluorophore (dipole) in a perfect 3D PBG is expected to remain

indefinitely in the excited state because there is no photonic mode density to allow emission.

The attempts to increase lifetimes in 3DPCs have been somewhat successful. Lifetimes have

been increased about 2-fold [39] with the record being about 10-fold [40]. The use of

fluorescence with 3D photonic crystals has not found more widespread applications for

several reasons. First, if a fluorophore is in a 3DPC it is difficult to excite and cannot emit
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because the PBG prevents entry of incident light and exiting of the emission. Some groups

have used two-photon excitation or introduced defects to allow excitation [41]. A second

difficulty with 3DPCs, and also 2DPCs, is the need for nanoscale structural features, which

require complex nanofabrication using either top-down or self-assembly methods [42-43].

Thirdly, most bioassays are performed on surfaces or volumes accessible from the liquid

phase. It is difficult to make photonic structures, which are permeable to biomolecules and

retain the dimensional stability needed for stable photonic effects [44-45]. And finally, to

our knowledge, biomedical applications, which make use of the longer lifetimes, have not

been reported.

In this initial report, we describe our observations of the effects on fluorescence of one-

dimensional (1D) photonic structures. These structures are robust and easy to fabricate using

only vapor deposition methods. A 1DPC consist of multiple layers of dielectrics with

alternating low (L) and high (H) dielectric constants. These structures can display a partial

photonic bandgap and become completely reflective for particular wavelengths and

incidence angles. However, this complete reflection refers to plane wave light incident from

the far-field. Our studies of fluorophores near metallic structures showed that fluorophores

in the near-field can interact with metals when plane wave illumination at the same

frequency is reflected [46-47]. In the present report we show that a similar effect occurs with

1DPCs. We found that fluorophores can also undergo near-field interactions and couple with

modes of the 1DPC at the same wavelengths where far-field illumination results in

reflection. These interactions were found to modify the directionality and polarization of the

coupled emission. We refer to this phenomenon as Bragg grating coupled emission (BGCE).

There are several potential advantages when using dielectric structures. Metals are lossy,

which means they rapidly dissipate energy. Dielectrics dissipate less energy than metals,

which can allow sharp resonances and strong local fields. Fluorophores will not be quenched

when close to the surface and hence enhanced emission is possible for the entire evanescent

field, not just the region beyond 3 nm from the surface. A wide variety of dielectrics are

available to cover a wide range of wavelengths and the optical properties can scale closely

with dimensions. And finally, the substrates are not as fragile as metal surfaces and can be

cleaned and used multiple times.

Our concept is shown in Figure 1. We anticipate that excited state fluorophores can interact

with 1DPCs in several ways. If the fluorophore is more than about one wavelength away, the

energy propagates as free-space radiation. If the wavelength overlaps with the PBG then it is

reflected (R). This effect was used in several reports as a way to collect a greater fraction of

the emission [48-49]. Alternatively, if the wavelength is much longer or much shorter than

the thickness of the layers the light can be transmitted (T). If the wavelength is comparable

to the layer thickness the emission can display near-field coupling with optical modes of the

1DPC. One possibility is coupling to internal optical modes (IM) of the 1DPC. At first

glance it seems that this energy would be trapped by total internal reflection (TIR).

However, as shown in this report, the majority of the radiation appears below the sample as

coupled emission. This effect presumably occurs because these modes are leaky [50-51],

which depends on imperfections in the structure. We expect a cone of emission and the

angles in the substrate to be dependent upon wavelengths so that the 1DPC also provides

spectral resolution (Figure 2).
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There is yet another possible fluorophore-1DPC interaction. It is now known that there are

surface states on PCs. These surface states were recognized only recently [52-53] and their

use in applications is even more recent [54-60]. In these states the electromagnetic energy is

trapped on the surface. The energy cannot propagate into the sample because of the PBG,

and cannot radiate away from the surface because of total internal reflection (TIR). These

states are called Bloch Surface Waves (BSW). The BSW are analogous to surface plasmons,

which are also surface-trapped states. Because of the low losses in dielectrics the BSWs

display high quality factors and very sharp angular resonances. This provides an opportunity

for nearby fluorophores to interact with their surface modes and display Bloch surface-wave

coupled emission (BWCE). The BSW provides opportunities for both selective excitation of

surface-bound fluorophores and for a sharp angular distribution in the coupled emission

(Figure 1, right). Although not stated explicitly, BSWs may have contributed to increased

rates of excitation reported in [61-62]. Because of these unusual effects we believe 1DPCs

offer opportunities for new formats for fluorescence detection and sensing.

MATERIALS AND METHODS

The apparatus for measuring angle-dependent fluorescence has been previously described in

detail [46-47]. Excitation was with a CW 532 nm Nd-YVO4 laser with polarizers between

the laser and sample. The emission was collected with a 1 mm diameter fiber positioned 2

cm from the sample with a polarizer between the sample and fiber input. Emission spectra

were measured using a Model SD2000 Ocean Optics spectrometer with 1 nm resolution. A

550 nm long-pass emission filter was also placed between the sample and fiber input to

remove scattered light at 532 nm.

The BG substrate was made by plasma-enhanced chemical vapor deposition (PECVD) of

SiO2 and Si3N4 on standard microscope slides. This structure consisted of alternating layers

of SiO2, with a low (L) refractive index, and Si3N4 as the (H) refractive index dielectric, in

the form H7,L6 and a top SiO2(L) layer, which has a thickness of 152 nm (Figure 3). The

targeted thicknesses were chosen because this structure was previously shown to display

BSWs [63]. The actual thickness and optical constants were determined using a N and K

Model 1200 instrument and are listed in Table 1. The sample was subsequently coated with

rhodamine B (RhB)-doped polyvinyl alcohol (PVA) in water, 1% PVA (mw

16,000-23,000), 3000 rpm for 1 minute [64], which yielded a thickness of 45 nm.

Simulations of transmission and reflectance spectra were performed using several software

packages, based on the Transfer Matrix method [26], all of which yielded nearly identical

results. These packages are BR Project Institute of Electronic Materials Technology,

Warsaw, Poland and TFCalc from Software Spectra, Inc. The calculations were

independently confirmed by code written by one of the authors (E.D.).

RESULTS

Optical Properties of the 1DPC

The goal of the present paper is to both describe our experimental results with BGCE and to

explain the optical concepts to a wider audience of chemists and biologists. From this
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perspective it is advantageous to first describe the experimental observations, which are

followed by an interpretation of the results using simulations of the optical properties of the

1DPC. Figure 4 shows real color photographs of our 1DPC. The top panel shows the 1DPC

on a printed page in white light. The high quality and uniformity can be seen from the

visible green color and ability to read the underlying text. The lower panels show the slide

on adjacent white and red backgrounds. The darkness on the red background indicates the

sample is less transmissive at red wavelengths (middle). The photonic properties of the

sample are shown by the photograph taken at 60°, which shows a red color on the white

paper (bottom). These angle-dependent properties can be seen in the measured transmission

spectra (Figure 5, top). As the angle is increased there is more transmission of red

wavelength below 700 nm. The high absorption near 670 nm is due to the PBG and overlaps

the emission of RhB. As expected for a BG, the spectra shift to shorter wavelengths as the

incidence angle is increased. We used simulated spectra to confirm that the structure

displayed the expected spectra. The simulated reflectance spectra (middle) are in good

agreement with the measured spectra and display a similar dependence on incident angle.

The harmonics on each side of the PBG are due to Fabry-Perot effects due to the finite

thickness of the sample [26]. These oscillations are smaller for the measured spectra

probably because of a less - perfect cavity. The lower panel shows simulated spectra for

1DPC with the dimensions of all layers changed by ±5%. The measured spectra are most

consistent with the dimensions reduced by 5% and are in agreement with the measured

thickness values for our 1DPC those are listed in Table 1.

The geometry and polarization conditions of the measurements can be confusing and are

thus described in detail (Figure 6). The vertical axis in the laboratory corresponds to the out-

of-plane axis in Figure 6. The 1DPC sample is placed on a hemi-cylindrical prism with an

index matching fluid (Figure 6). The prism is needed to admit the incident light above the

critical angle (θc). We used two modes of excitation. Light incident through the prism is

called the Kretschmann (KR) configuration, and above θc allows selective excitation of

fluorophores adjacent to the top surface of the 1DPC. The sample will also be excited with

illumination from the sample side, which is called the Reverse Kretschmann (RK)

configuration [46-47]. In this case fluorophores are excited through the entire thickness of

the sample and the incident light is reflected by the 1DPC. The emission can also be

observed from either side of the sample. We refer to the emission measured through the

sample and prism as KR emission and the free-space emission is called RK emission. The

emission through the prism is expected to be polarized due to coupling to various modes in

the 1DPC. When describing BG structures the S- and P-polarizations are defined relative to

the planar surfaces of the sample. Hence the E-field for S-polarized light is parallel to the

surfaces, and P-polarized light has its E-field across the interfaces. Since the out-of-plane

axis is the laboratory vertical axis we also refer to S as vertically (V) polarized and P as

horizontally (H) polarized. In the RK configuration illumination was normal to the sample

plane but we used the same definitions for V and H to indicate the incident polarization

relative to the observation polarization.
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Spatial Distribution of Emission

As a control experiment we first measured the RhB emission on a plain glass slide (Figure

7). The emission occurs over a wide range of angles. As expected the majority of the

emission occurs into the slide due to its higher refractive index. We found no shifts in the

emission spectra for any observation angle. In contrast to the results shown below for the

1DPC, we found that the RhB emission on the glass slide is only partially polarized. Next

we examined the RhB emission distribution on the 1DPC with RK excitation (Figure 8).

With RK excitation we do not expect selective excitation of the fluorophores closest to the

1DPC so that the excited fluorophores are not initially coupled to any modes in the 1DPC.

Even without selective excitation the emission was found to be highly polarized and sharply

distributed over a small range of angles. We observed the S-polarized emission at an angle

closer to the normal axis than the P-polarized emission (top). This distribution was observed

for all the samples independent of RK or KR excitation. The angle and intensity of the S-

polarized emission was mostly independent of the excitation polarization (bottom). These

results demonstrate that the fluorophores display near-field coupling with the 1DPC even

when excitation occur independent of optical modes in the 1DPC.

Next we examined the angular emission pattern with KR illumination (Figure 9). The

incident angle was adjusted to obtain the highest emission intensities and thus corresponds

to a reflectivity minimum or to be in resonances with a mode in the 1DPC. We observed the

emission intensities to depend strongly on the incident polarization. With H-illumination we

found higher intensities in the P-polarized emission (top). With V-illumination the S-

polarized emission was dominant (bottom). These intensities are consistent with alignment

of the polarizers. H-illumination is in the same plane with P-emission, and V-illumination is

in-plane with the S-emission. It is interesting to note that the smaller angle emission band is

S-polarized. This is opposite to that found with metallic surfaces and surface plasmon-

coupled emission (SPCE) where the smallest angle emission is P-polarized [46-47]. As will

be described below this difference is due to the different polarizations of the modes for

plasmons or BSWs.

In the case of SPCE we found that different wavelengths appeared at slightly different

angles because of dispersion in the optical properties of the metals [46-47]. We reasoned a

similar effect may occur with the 1DPC. Figures 10 and 11 shows the emission spectra for

KR emission in angle Range 1 (40-52°) and angle Range 2 (52-72°), respectively. In both

angle ranges we found the S-polarized emission wavelength to depend strongly to the

observation angle and the P-polarized emission to be relatively insensitive to the observation

angle (Figures 10 and 11). Additionally, the widths of the recorded spectra were narrower

for Range 2 than for Range 1. As will be described below we believe the different widths are

due to coupling to a BSW (Range 1) or an internal mode of the PC with higher dispersion

(Range 2).

It is known that the interaction of fluorophores with surface plasmons on metals result in

decreased lifetimes [65-66]. In contrast, it is known that fluorophores in a complete PBG

cannot radiate or decay and longer lifetimes are expected and have been observed [37,40].

Complete PBGs can exist in 2D and 3D photonic crystals, but not in a 1DPC [26]. To the

best of our knowledge intensity decays have not been reported for fluorophores on a 1D
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photonic structure. Figure 12 shows the RhB intensity decays measured on glass and on the

1DPC with different polarizer orientations. At this time we cannot completely interpret the

individual decays but several trends are informative. First, all the intensity decays on the

1DPC are more rapid (shorter lifetimes) than on glass. This result indicates that the structure

is not slowing the decay rate due to an altered DoS. The more rapid decays on the 1DPC

suggests that coupling of the fluorophores with the 1DPC provide a pathway for more rapid

decay, which we presume is due to an increased DoS near the PBG [26]. Since we do not

expect fluorophores to be quenched by the dielectric 1DPC it seems likely that the more

rapid decay is due to an increase in the radiative decay rate (Γ) and not due to an increased

rate of non-radiative decay (knr). Secondly, the decay rates on the 1DPC are only weakly

dependent on the polarization of the incident light. And finally, the intensity decays appears

to be somewhat faster for the P-polarized emission than the S-polarized emission. We were

surprised by this result because we knew the S-polarized modes have much higher quality

factors than the P-polarized modes [67].

Optical Modes in the 1DPC and RhB Emission

We reasoned the angular distribution and wavelength dispersion of the BGCE is linked to

the angle-dependent optical properties of the 1DPC. We investigated the optical modes of

the PC by simulations of the reflectivity spectra. In the physics literature these calculations

are often presented as dispersion plots, which contain both frequency (energy) and angle-

dependent values. These plots will be shown below. However, it can be difficult to use these

plots to visualize the connections between the calculations and the experimental data. Hence

we first describe a subset of these plots, in particular the effect of reflectivity on incident

angle and how this depends on wavelength. For these calculations we could not use the

exact measured optical constants because the BSWs are extremely narrow if there are no

optical losses. It is very likely that our 1DPC displays some optical losses due to

imperfections in the multiple layers [67]. These losses would not be seen in our

measurements of the optical constants of single dielectric layers. We added small imaginary

components (which are described below) that added finite widths to the BSWs. We found

two angle ranges where the reflectivity decreases (Figure 13 top panel). Range 1 shows very

sharp resonances and Range 2 shows wider resonances. In both cases the calculated

resonances appears only for S-polarized light. The reflectivity of the P-polarized light is

high and mostly independent of incident angle above the critical angle. For both angle

ranges the S-polarized reflectivity is dependent on incident wavelength in a manner

comparable to the wavelength shifts in the emission spectra (Figures 10 and 11). The sharp

resonances in Range 1 are highly dependent on the imaginary part of the refractive index

(κ). It was necessary to include finite, non-zero values of κ. Otherwise, the sharp resonances

could be missed with the finite angular resolution of the calculations. In Range 2 the

resonances are independent of small κ values. From the shapes and distribution of the

resonances we reasoned that the Range 1 band was due to BSWs and Range 2 due to internal

modes of the 1DPC.

To identify the resonances we simulated the electric field intensities (∣E2∣) for our 1DPC for

several wavelengths and incident angles (Figure 14). For normal incidence at 680 nm, which

is at the center of the PBG, the E2-field is localized at the surface and decays exponentially
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in the IDPC (top left). This effect occurs because the light is reflected that is the 680 nm

light cannot propagate in the sample. Reflectance by a BG is different than with a metal

mirror. For a mirror the field is sharply localized at the surface and penetrates only the skin

depth of the mirror, which is typically near 20 nm [68]. For a BG the attenuation occurs over

distances comparable to or larger than the wavelength. For normal incidence at 580 nm,

which is outside or near the edge of the PBG (Figure 5), the E2-field exists within the 1DPC

and the 1DPC is partially transmissive (Figure 14, lower left). This E2-field corresponds to

the reflectivity drop shown in Figure 13 for 580 nm in Range 2, indicating that the Range 2

dips are due to internal optical modes in the 1DPC.

We also calculated the E2-field for 580 nm for selected incident angles in Range 1 and

Range 2. In Range 2 at 64.3 degrees and the E2-field is centered in the 1DPC structure

(Figure 14, top right). A remarkably different result is found for 45.2 degrees at 580 nm in

Range 1. In this case this E2-field is strongly localized on the surface of the 1DPC (bottom

right). Additionally, the field intensity is much higher, almost 100-fold higher than for a

reflected wavelength. These results demonstrate that the Range 1 resonances are BSWs,

which have high quality factors that allow the energy to build up at the surface [63]. The

potential fields in 1DPC are much higher than with metal films because of their higher

dissipation loses in the latter case.

Figure 14 shows that the E2-field due to the BSW penetrates into the sample, but the other

E2-field are inside the 1DPC. This suggests that only the BSW mode should be sensitive to

the optical properties of the sample. We confirmed this speculation by changing the

refractive index of the top layer, which in the sample is 45 nm of PVA. A change in

refractive index caused an angular shift in Range 1 but not in Range 2 (Figure 13 bottom),

confirming our assignment of the resonances.

The previous calculations allow assignment of the fluorescence spectral data with optical

modes in the 1DPC. In both Range 1 and Range 2 the measured emission maxima shift to

shorter wavelengths at large observation angles (Figures 10 and 11), which is the same trend

found in the simulations (Figure 14). We assign the emission in angle Range 1 to BSW-

coupled emission and in Range 2 to internal mode-coupled emission (IMCE). The emission

spectra are narrower in Range 2 than in Range 1. At first glance this is counterintuitive

because of the wider resonances in Range 2. However, the angle-wavelength dispersion is

higher in Range 2. As a result, we believe a smaller range of wavelengths is captured by the

optical fiber aperture in Range 2, leading to the more narrow spectra. The overall dispersion

and spectral narrowing in the S-polarized emission might be the result of modifications in

the density-of-states (DoS) by the PBG (vide infra).

Explanation of Dispersion diagrams

We expect BGCE to become widely used in chemistry and biology. This can be most

effectively accomplished with an understanding of the optics and physics literature on PCs.

We now take the opportunity to compare the simulations in Figure 13 with the dispersion

diagrams as presented by the optics community. These dispersion diagrams are presented in

varying degrees of complexity. An intuitive dispersion diagram is shown in Figure 15. Such

plots are used because the reflectivity depends on both wavelength and incidence angle. This
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is in contrast to chromophores in which the absorption occurs at a fixed wavelength and

does not depend on incidence angle. At first glance it can be difficult to correlate Figure 15

with the experimental results. This correlation is aided by considering the reflectivity at a

selected wavelength, which is shown by straight lines in Figure 15. Consider the line at 580

nm. As the incident angle is increased there is a narrow reflectivity dip near 45 degrees. This

corresponds to the BSW resonance seen at 580 nm in Figure 13. As the incidence angle is

increased further in Figure 15 there is a wider reflectivity dip near 65°, which corresponds to

the wider resonances, seen in Figure 13 at this angle. For all wavelengths the resonance

angle increase as the wavelength decreases, consistent with Figure 13.

Another way to interpret these plots is to consider the reflectivity spectra at a given angle.

Consider a vertical line on Figure 15 at 38° (not shown in the figure for clarity). There is a

wide region of high reflectivity (white area) from 500 to 700 nm, and the reflectivity

decreases above and below these wavelengths. This spectrum can be seen in Figure 16 from

the progression from low (≈450 nm) to high (≈600 nm) to low (≈750 nm) reflectivity at the

38°. The spectrum in Figure 16 at 0° corresponds to the reflectivity spectrum at normal

incidence shown in Figure 5. Now consider the reflectivity spectrum at 45° (Figure 16). In

this case the sharp BSW resonance is seen at about 550 nm. The BSW is not seen with a

higher than 60° angle of incidence. The dispersion diagram in Figure 15 contains all this

reflectivity information, but slices across this diagram in Figure 16 clarify the effects

measured in the laboratory.

We compared the calculated reflectivity with the angle-dependent emission spectra shown in

Figures 10 and 11. The measured emission maximum at each angle are in excellent

agreement with the BSW resonance in Range 1 and the internal mode in Range 2 (Figure

15). The small deviations are probably due to small differences between the optical

properties of the single measured layers and the total composite structure.

Explanation of General Dispersion Diagrams

The dispersion diagrams used in the physics literature can be more abstract than Figure 15.

In order to understand these dispersion diagrams, it is helpful to review the description of

light using wavevectors and to have an intuitive understanding of k vectors [69]. Consider

an electromagnetic wave with a wavelength of 1 μm in free space in a transparent isotropic

medium propagating along the x-axis (Figure 17). The electric field at any position and time

is given by

(1)

where E is the electric field amplitude, ν is the frequency in cycles/sec and x is the distance.

The wavelength and speed of light depends on the medium but the frequency remains the

same in different media. In a vacuum (n0 = 1), the wavelength is λ0, and the speed of light is

c0. If the wave passes into a medium with a higher n value its speed is decreased to c = c0/n

and the wavelength is also deceased by the same factor to λ = λ0/n (Figure 17). The decrease

in wavelength can be somewhat confusing to the chemists and biologist for whom the

wavelength always refers to the free-space wavelength. However, the optical properties of a

structure depend on the wavelength in the structure, which in turn depends on the value of n.
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To avoid using different wavelengths, which can imply different energies; it is convenient to

use the wavevector. A convenient way to interpret the wavevector is to imagine the wave at

a single point in time. At this instant the E-field amplitude varies along the x-axis as

cos[(2πν/c)x]. The units of 2πν/c are radians/μm. This term is called the wavevector k =

2πν/c. In free space k0 = 2πν/c0 and in a medium with a higher n = 2 the wavevector is k = n

2πν/c0 = nk0 (Figure 17). This means that at an instant in time the field along × changes

more quickly with distance, from k0 radians/μm in air to k radians/μm in the dielectric. To

match the incident wave, the refracted wave, and the reflected wave at the interface, all

waves must have equal projections of their wavevectors on the interface plane.

It is informative to consider how the wave vector at the interface (kx) varies with incidence

angle. The spatial field distribution at the interface depends on the angle of incidence. If the

wave is parallel to the interface the field changes with distance at the highest possible rate,

so k along the x-axis is kx = k. If the wave is perpendicular to the interface the field at the

interface is the same at any position of x at a given instant in time and kx = 0. At different

angles kx = k sin θI where θI (Figure 17) is the angle of incidence. If a free-space wave

encounters a glass plate then kx = k0 sin θI. If a wave in glass encounters a vacuum then at

the boundary kx = k sin θI = nk0 sin θI. In fact this is the origin of Snell’s law for refraction

at an interface n1 sin θ1 = n2 sin θ2. The tangential components of the electric field are equal

on both sides of the interface. In the case of TE-polarized light electric field perpendicular to

the plane of incidence this results in a continuity condition for the electric field.

Equation 1 describes a wave in a non-absorbing medium. A medium which absorbs or

attenuates light is described by an imaginary refractive index . In this case E(x,t) is

given in complex notation as shown in Equation 2. The wave in this absorbing medium has

the same wavevector but its amplitude is attenuated with distance (Figure 17, right side).

(2)

We now consider the more general dispersion diagram of our 1DPC (Figure 19). The light

energy is usually presented in energy units of frequency or eV. The x-axis can be more

confusing because it no longer explicitly contains the experimental incidence angle. Instead,

the axis is presented in terms of the projection of the incident wavevector (k) onto the x-axis,

which is given by kx = nk0 sin θ, where k0 is the free-space wavevector and θ is the incident

angle. The area which shows reflectivity values corresponds to the area (λ–θ) shown in

Figure 15. This figure also contains regions of wavelength-vs-wavelength space which are

not present in the experiments. The region to the left of the red line represents conditions

where light can propagate freely in air (n = 1.0). The dashed region on the right is

determined by the maximum wave vector possible in the sample. Wavevectors in this region

can only exist in a sample with a higher effective refractive index. The edge of this region is

when the incident light is at 90°, parallel to the surface to maximize the kx wavevector.
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DISCUSSION

We believe that fluorescence detection with one-dimensional photonic structures can

become widely used in the biosciences, particularly for high-throughput testing and clinical

applications. These uses will be facilitated by the favorable structural and optical properties

of 1DPCs. These structures do not require top-down nanofabrication methods, and can be

produced using only vapor deposition. Dielectrics with suitable optical parameters are

already known. The refractive index of Si3N4 can be adjusted by the relative amounts of

silane and ammonia during deposition [70-71]. The fabrication IDPC structures have also

been reported using other methods such as layer-by-layer assembly and spin-coating

methods [72-73]. Low-loss dielectric provides high quality factors for resonances, which

will probably provide selective excitation of surface-bound species. The top layer can be

silica or alumina for which provides well-known surface chemistry easy conjugation of

biomolecules. The possible uses of PC-coupled emission are increased by the presence of

two types of coupling that is coupling to internal modes and to BSWs of the PC. For a solid

PC the internal modes are confined within the structure and expected to be mostly

insensitive to the sample on the structure. Coupling to these modes can serve as an

unchanging reference. In contrast the energy of the BSWs extends into the sample and can

thus be used for selective excitation or coupled emission. Additionally, the fraction of the

energy which resides in the PC or in the sample can be adjusted by minor changes in the

dimensions or optical constants [74-75]. BSWs can be created with both S- and P-polarized

incident light [76] and can propagate on surfaces over distances of 200 microns [77].

Another favorable property of PCs is the possibility of large enhancements of local fields

with BSW. Figure 20 shows a comparison of the field intensities for our 1DPC and for a

continuous silver film on a glass prism. The high losses in the Ag film limits the evanescent

field intensities to about 50-fold. Additionally, the emission is quenched at distances below

5 nm from the metal surfaces. In contrast, the evanescent fields can be increased 1000-fold

or more with a BSW on a 1DPC. This is possible because of the lower losses in the

dielectrics. Also, we do not expect quenching for fluorophores, which are directly on the top

surface. We note that the BSW intensity profile is very sensitive to the assumed value of κ

for energy losses. These considerations suggest that highly selective excitation of surface-

bound fluorophores is possible with 1DPCs and BSWs.

A potential disadvantage of the use of 1DPCs is the sharp angular dependence of the BSWs.

This angular dependence can be avoided by the use of RK excitation, which excites the

fluorophores directly. With regards to emission we expect future structures will provide

emission at an angle closer to the surface normal. We have recently reported this

phenomenon in a metal-dielectric-metal structure [78]. If needed, the sharp angular

dependence of the BSW can be diminished (the resonance mode wider) by introducing

scattering or dissipation loses into the structure [67]. We expect our structures to be useful

for microscopy because the resonances angles are within the collection angle of most high

NA immersion objectives. In a recent paper we showed that BSW-coupled emission can be

seen in microscopy [79].

A one-dimensional PC offers a rich variety of opportunities for modifying fluorophore

emission. These opportunities can be seen by considering the local radiative density-of-
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states (LRDoS) in a 1DPC. The DoS is the number of optical modes that can exist in a given

range of energies. It is known that the radiative rate (Γ) of a dipole is dependent upon to the

surrounding DoS. This is known as Fermi’s Golden Rule. The situation becomes more

complex near a photonic crystal because the LRDoS depends on the precise location near

the structure. Additionally, the interaction of a dipole with the LRDoS depends on its

orientation relative to the field directions in that precise location. As a result the radiative

rate of a fluorophore varies with position, orientation and direction of the emitted radiation.

To account for this complexity we can consider a simplified equation for the radiative rate

(Γ) which depends on position and orientation (r) and frequency (ω)

(3)

where Γ0 is the radiative rate for homogeneous environment with n = 1.0. The term 

represents the LRDoS) normalized by the free space DoS, far away from the photonic

crystal. The LRDoS is a complex function of the structural details of the 1DPC and the

spectral properties, location and orientation of the fluorophores. For our purposes 

represents a proportionality factor which modifies the free space emission rate of the

fluorophore (Γ0). The reader is referred to the original publications for a precise definition of

the LRDoS [80-81].

In a homogeneous solution, such as a fluorophore in water, the LRDoS is essentially

constant in all locations, in all directions and for all orientations of the dipole. In contrast the

LRDoS can vary dramatically near a photonic crystal. This is shown schematically in Figure

21. Figure 21 does not show calculated LRDoS but rather increases or decreases relative to

the free-space density of states which have been reported in the literature. The LRDoS

approaches zero in the PBG, which is seen by the increase in reflectivity at the center of the

PGB (top two panels). A less well-known effect is the increase in the LRDoS at the edges of

the PBG. Depending on wavelength and orientation a fluorophore can display either an

increased lifetime for a low LRDoS or a decreased lifetime for a high LRDoS. The emission

spectrum can be reduced at wavelengths where there is a low LRDoS and increased for a

high LRDoS (lower two panels). An indication of such changes in the emission spectra was

noticed with S-polarized emission shown in Figures 10 and 11. However, at this time we do

not know if fluorophores will couple as efficiently with the LRDoS near photonic crystals as

do fluorophores couple with plasmonic structures. That is we do not yet know the range of

lifetimes that can be obtained with 1DPCs. The actual situation is more complex than shown

in Figure 21 because the actual effect will depend on the location and orientation of the

fluorophore, and on the direction of the emission. These factors are described the LRDoS,

which occurs for a specific set of conditions [82-85]. These conditions show that the 1DPC

provide multiple and diverse opportunities for near-field control of dipole emission.

CONCLUSION

In summary, we anticipate that Bragg grating-coupled emission from 1DPCs provides a new

approach to the design formats. The development of simple, robust devices for sensing,

methodologies in biotechnology and medical applications may take advantages of 1DPCs

assisted directional and wavelength-resolved emission [86-88]. This prediction is supported
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by the known ability to modify the direction of BSWs by refraction [89-90]. For the past

decade metallic structures have been the main focus for sub-diffraction-limited detection, as

exemplified by sensing in metallic nanoholes [91-92]. Recent reports have shown that Bloch

surface waves can provide sub-diffraction limited resolution [93-96]. The use of photonic

structures is a promising addition to the ongoing studies of fluorophores and near-field

interactions.
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Figure 1.
Schematic of a fluorophore interacting with a 1DPC. Depending upon conditions the

emission can be reflected (A), transmitted (B), transmitted by coupling with internal BG

modes (C) or transmitted by interaction with BSWs (D). The dash line is free space

behavior.
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Figure 2.
Expected spatial distribution of the Bragg grating-coupled emission.
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Figure 3.
Schematic of the SiO2 - Si3N4 multilayer 1DPC and the measured optical constants. Also

shown is the final PVA layer which contains RhB.
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Figure 4.
Real color photograph of our 1DPC in white light on a printed page to demonstrate optical

clarity (top). The lower panel shows photographs of the samples on adjacent white or red

background at normal (0 degree) and 60 degree observation.
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Figure 5.
Absorption spectra (top) and calculated reflectivity (middle) of the 1DPC at various angles

of incidence. The lower panel shows the effect of increasing or decreasing the thickness of

all layers by 5% on the calculated reflectivity.
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Figure 6.
Experimental geometry and polarization used with the 1DPC.
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Figure 7.
RhB in PVA emission on glass. Top, angular distribution. Bottom, H-illumination S-

polarized emission spectra from coupled (0 to 80°) and free space (100 to 140°) angles.
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Figure 8.
Top, Angular distribution of RhB S- and P-polarized emission with RK excitation. Bottom,

S-polarized emission for RhB on 1DPC where the red and blue lines are using H- and V-

polarized excitation, respectively. The distribution of S-polarized or P-polarized emissions

are similar with V- or H-polarized incident light.
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Figure 9.
Angular distribution of RhB S- and P-polarized emission with KR excitation. Top, H-

polarized excitation. Bottom V-polarized excitation.
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Figure 10.
Effect of observation angle in Range 1 (40-52 degree) on the RhB emission spectra with V-

polarized RK excitation for S-polarized (left) and P-polarized emission (right).
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Figure 11.
Effect of observation angle in Range 2 (52-72 degree) on the RhB emission spectra with V-

polarized RK excitation for S-polarized (left) and P-polarized emission (right).
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Figure 12.
RhB intensity decays with RK (top) and KR (bottom) illumination. RhB on glass (1), RhB

on IDPC for P- (2) and S-polarized (3) emission at 44 degree observation angle (Range 1).

Traces (4) and (5) are corresponding P- and S- polarized emissions at 64 degree angle

(Range 2). Trace 6 is for RhB free space emission at 120 degree angle. Also shown in the

figures is instrument response function (IRF).
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Figure 13.
Top, Calculated angle-dependent reflectivity for the 1DPC shown in Figure 2. For all

simulations we used nL = 1.46, kL = 1×10−5, nH = 2.14, kH = 3×10−4, nPVA = 1.46, kPVA =

1×10−5. Bottom, calculated reflectivity with different assumed values of the refractive

indices of the top layer 45 nm thick.
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Figure 14.
Illumination-induced electric field intensity (∣E2∣) calculated for the 1DPC shown in Figure

2.
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Figure 15.
Dispersion diagram for the 1DPC shown in Figure 2. The figure shows the reflectivity for a

range of wavelengths and incidence angles. The dots represent the emission maxima and

respective angles from Figures 10 (left) and 11 (left).
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Figure 16.
Angle-dependent reflectivity spectra from the dispersion plot shown in Figure 15.
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Figure 17.
Schematic of a 1 μm wave in various media with different optical constants.
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Figure 18.
Wave vector matching across an interface.
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Figure 19.
General dispersion diagram for the 1DPC shown in Figure 2. The reflectivity is shown for

the area presented in Figure 15. The two areas with a pattern are outside Figure 15.
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Figure 20.
Comparison of the light induced fields with BSWs (top) and with a silver film (bottom).
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Figure 21.
Schematic of the effects of the Fractional Radiative Density-of-States on fluorophores.
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Table I

Measured Optical Constants for the Bragg Grating Structure

Sample Thickness
(nm)

n or
κ* 270 nm 550 nm 633 nm 900 nm

SiO2 on Si (κ = 0.0) 126 n 1.496 1.460 1.457 1.452

Si3N4 on Si 78 n 2.473 2.196 2.144 2.051

κ 0.536 0.033 0.016 0.0007

1% PVA on Ag mirror (κ = 0.0) 45 n 1.496 1.459 1.457 1.452

Final SiO2 layer (κ = 0.0) 152 n 1.496 1.460 1.457 1.452

*
The complex refractive index is defined as 
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