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The lateral confinement of Bloch surface waves on a patterned multilayer is investigated by means

of leakage radiation microscopy (LRM). Arrays of nanometric polymeric waveguides are

fabricated on a proper silicon-nitride/silicon-oxide multilayer grown on a standard glass coverslip.

By exploiting the functional properties of the polymer, fluorescent proteins are grafted onto the

waveguides. A fluorescence LRM analysis of both the direct and the Fourier image plane reveals

that a substantial amount of emitted radiation couples into a guided mode and then propagates into

the nanometric waveguide. The observations of the mode are supported by numerical simulations.
VC 2012 American Institute of Physics. [doi:10.1063/1.3684272]

Bloch surface waves (BSWs) are either TE- or TM-

polarized electromagnetic waves that can be coupled at the

surface of proper truncated periodical structures such as mul-

tilayers or one-dimensional photonic crystals (1DPC).1 In

analogy to dielectric-loaded waveguides for surface plasmon

polaritons (SPPs) on smooth metallic films,2 BSWs can be

confined to some extent on ultra-thin relieves of micrometric

lateral dimension.3,4 As explained elsewhere,5 this effect is

due to a combined role of the remarkably narrow energy/mo-

mentum BSW resonance and the redshift experienced by the

BSW resonance upon a slight surface perturbation, such as

the deposition of a small amount of organic adlayer. Oppo-

site to SPPs in dielectric-loaded waveguides, BSWs on nano-

metric relieves still preserve their inherent surface mode

features and are, therefore, particularly suited for sensing

applications.

In a recent work, a BSW-controlled fluorescence emis-

sion of dye-labelled proteins on a planar dielectric 1DPC has

been demonstrated,6 showing a remarkable emission

enhancement and a narrow beaming effect. Here, we take the

investigation of BSW-controlled fluorescence a step further

and demonstrate the significant coupling and guidance effect

of the emitted radiation from fluorescent labeled proteins A

(PtA) grafted on ultra-thin, polymeric channel waveguides

on a proper dielectric 1DPC. Experimental observations are

performed by means of a custom setup based on leakage

radiation microscopy (LRM),7 schematically presented in

Fig. 1(a). This wide-field imaging technique is widely used

for investigating evanescent electromagnetic modes (mainly

surface plasmons) in interaction with a number of nanostruc-

tures and/or emitters including, e.g., plasmonic waveguides,8

plasmonic emitting nano-wires,9 gratings10 and nanoparticle

arrays,11 or plasmons interfering with one another.12

The 1DPC consists of a stack of 8 periods of paired high

(H) and low (L) refractive index layers of amorphous

silicon-based alloys (SixN1�x, nH¼ 1.99 and SiO2, nL¼ 1.48

at k¼ 532 nm) with thickness dH¼ 60 nm and dL¼ 160 nm,

respectively, deposited on a thin glass coverslip by plasma

enhanced chemical vapor deposition (PECVD). On such a

1DPC, TE-polarized BSWs are supported. Nanometric

ridges are fabricated by means of electron beam lithography

(EBL) followed by a plasma-polymerized acrylic acid

(PPAAc) deposition (30 nm thickness) and a liftoff

FIG. 1. (Color online) (a) Sketch of the leakage radiation microscope: by

moving the tube lens along the optical axis, either the FFT or FFT�1 plane

can be imaged and (b) comprehensive representation of the dielectric

1DPC (drawing) and the corresponding patterned surface (AFM measure-

ment on top).

a)Author to whom correspondence should be addressed. Electronic mail:

emiliano.descrovi@polito.it.
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procedure in acetone. AlexaFluor 546(AF546)-labelled PtA

is finally grafted on the polymer and rinsed (see supplemen-

tary material for fabrication details).16

A sketch of the 1DPC, together with an AFM topo-

graphic map of the patterned surface, is presented in Fig.

1(b). As shown in Fig. 1(a), the sample is illuminated from

the air side by means of a laser source emitting at 532.0 nm

focused by either a NA¼ 0.2 or a NA¼ 0.95 objective. The

fluorescent PtA grafted on the polymeric waveguides are

excited, and part of the emitted fluorescence couples to the

BSW modes sustained by the 1DPC. As the 1DPC is trun-

cated, these modes are leaky into the substrate and a portion

of the emitted fluorescence propagating in the glass can be

collected from the bottom side of the multilayer by means of

an immersion-oil objective (NA¼ 1.25) and then imaged

onto a CCD. The direct (FFT�1) as well as the reciprocal

image (Fourier or FFT plane) of the light distribution on the

sample surface can be obtained by simple adjustment of a

sliding tube lens in front of the CCD camera. An edge filter

placed beneath the collection objective filters out the leaking

laser radiation used for the excitation.

As a first experiment, we considered a flat 1DPC homo-

geneously coated with fluorescent PtA on an additional

PPAA layer 30 nm thick. We previously showed that the flu-

orescence leaking into the glass substrate is preferentially

coupled to BSWs sustained by the 1DPC.6

When the BSW-coupled fluorescence is FFT-imaged

(focusing objective: NA¼ 0.2), the collected fluorescence is

mainly contained in the annular region defined by 1< kT/

k0< 1.25, where k0 is the wavevector in vacuum and

kT¼ (kx
2þ ky

2)1/2 is the in-plane component of the wavevec-

tor in the object plane (Fig. 2(a)). This annular region corre-

sponds to propagation directions of light running beyond the

glass/air light line (kT/k0¼ 1): therefore, it is the portion of

fluorescence trapped in the substrate due to total internal

reflection.

In addition, one also can see that a significant amount of

fluorescence is confined in a narrow wavevector range, due

to strong coupling to the BSW mode. This pattern results

from the incoherent sum of a set of contiguous, concentric

circles whose radii correspond to the in-plane (xy-plane)

wavevector components of fluorescent BSWs at different

emission wavelengths. Contiguous circles result in a narrow

ring of azimuthally polarized light13 in the imaged plane.

Note that for SPPs, the FFT pattern follows a radially polar-

ized distribution.14 If a x-oriented polarizer is inserted after

the collection objective, the resulting pattern is distributed as

y-aligned bright, narrow arcs corresponding to TE-polarized

BSWs propagating with large divergence in the y-direction

on the 1DPC top surface (Fig. 2(a)).

The width of each of the bright arcs, Dk/k0, corresponds

to an angular range DhBSW in which all polychromatic BSW-

coupled fluorescence components leak out of the glass sub-

strate. After proper sizing of the FFT image presented in Fig.

2(a), such an angular range DhBSW is estimated to be �3.6�.
This value is in good agreement with the estimate of the

angular coupling region of BSWs related to the emission

spectrum of the dye grafted on the 1DPC surface. In Fig.

2(b), a prism-based measurement of the angularly resolved

reflectance map of the 1DPC is presented (see supplementary

material for experimental details),16 in which the BSW dis-

persion curve appears as a low reflectivity (dark) narrow

region. By projecting onto the h-axis, the intersection points

of the AlexaFluor 546 emission band with the measured

BSW dispersion, we find that DhBSW� 3.5�. This demon-

strates that the width of the bright arcs in the FFT image of

Fig. 2(a) is due to the fluorescence broadband emission. In

addition, from Fig. 2(b), we observe that the BSW dispersion

is very close to the critical angle hc (and it actually extends

even beyond the critical angle—indicated by a dotted line in

the figure—where it leaks in air). For this reason, the two

arcs in the FFT image of Fig. 2(a) are practically lower-

limited by kT/k0¼ 1.

Turning now to a patterned sample, a set of waveguides

is simultaneously illuminated by means of a low NA objec-

tive (NA¼ 0.2), used as a collimator (the incoming beam is

focused on the back focal plane of the objective). In this

way, a rather homogeneous illumination spot of roughly

50 lm� 50 lm is obtained. In Fig. 3(a), the fluorescence

LRM-image recorded in the FFT plane from a set of 30 nm

thick, 500 nm wide waveguides is shown.

FIG. 2. (Color online) (a) FFT plane image of x-polarized BSW-couple flu-

orescence coupled onto a homogeneous sample and (b) Angle-resolved re-

flectance map of 1DPC as measured by means of a prism-based goniometric

setup.6

FIG. 3. (Color online) (a) FFT plane image of x-polarized BSW-coupled

fluorescence on a patterned sample. The fluorescence coupling in the funda-

mental guided mode is visible as a sharp horizontal line beyond the air light

line (dark circle) and (b) FFT�1 plane image of a single waveguide with

propagating fluorescent guided BSW arranged in the fundamental mode.
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Similarly to dielectric loaded plasmonic waveguides,15

the bright horizontal lines are the signature of the wave-

guide modes leaking into the photonic structure, thus dem-

onstrating the coupling of the fluorescence and the BSW

modes. The momentum shift induced by the presence of the

polymeric waveguide thickness is small, but large enough

to provide a preferential coupling of the emitted radiation

into the (fundamental) mode sustained by the structure. In

order to have a clear evidence of such a coupling, a single

waveguide is illuminated by means of a high NA focusing

objective (NA¼ 0.95). Fig. 3(b) shows the waveguide

BSW-coupled fluorescence as imaged in the FFT�1 (direct)

plane. A rough estimation of the longitudinal extension of

such a guided mode is found to be about 40 lm. However,

as well known in the field, the decay length obtained ana-

lyzing data close to the region of direct illumination tends

to be underestimated, due to the presence all those k-

contributions that do not match perfectly to the propagation

constant of the mode. Therefore, we expect the real value

to be larger.

The propagation of the guided BSW mode supported by

the 1DPC and polymer strip system was simulated by means

of a beam propagation method. In Fig. 4, we show the xz-

plane distribution of the square modulus of the guided BSW

electric field jE(x,z)j2 calculated at k¼ 575 nm, where the

AF546 fluorescence is peaked. A cross sectional profile of

jE(x,z0)j2 is also shown at a height z0¼ 10 nm above the top

of the polymer ridge. Despite the very low-aspect ratio, the

structure confines the radiation into a mode with a lateral

spread comparable to the size of the polymeric ridge

(approximately 600 nm). In Fig. 4, it is also shown that the

guided mode slightly leaks into the substrate due to the finite

number of periods of the 1DPC. The fact that the width is

close to cutoff for transverse confinement is responsible for

the two small lobes protruding for the side of the ridge and

for scattering losses. Nevertheless, for such a leaky mode,

calculations predict a propagation length as large as 150 lm

with an absorption of Im{n}¼ 2� 10�4, for both silicon

nitride and silicon oxide layers.

As a final issue, we speculate about the origin of the dif-

fused fluorescence propagating in the substrate with 1< kT/

k0< 1.25, uncoupled to BSW modes. That detected intensity

might arise from light laterally leaking out of the nanometric

waveguides because of refraction4 or from fluorescence com-

ing from the outside of the waveguide (some amount of la-

beled PtA may nevertheless bind onto the bare 1DPC

surface). Additional observations suggest that a combination

of the above mentioned two effects takes place. In fact, when

fluorescent dyes on the waveguides are preferentially excited

by a direct coupling of the illuminating laser beam to the

guided BSW (by using the oil immersion objective as a

prism and displacing the collimated incident beam slightly

off-axis with respect to the optical axis) as illustrated in Fig.

5(a)), then the image in Fig. 5(b) is obtained, showing a high

contrast level for regions inside/outside the waveguides, with

still some amount of background fluorescence. Instead, when

the illuminating laser beam is steered in such a way that the

BSW outside the waveguides is coupled (in Ref. 3, such an

angular-selective coupling has been demonstrated on a

prism-based setup), the resulting image contrast is lowered

(Fig. 5(c)), meaning that a residual amount of fluorescent

PtA is nevertheless grafted on the bare 1DPC regions and

directly excited by the laser BSW.

In conclusion, we have demonstrated that BSW-

controlled fluorescence can be coupled and laterally confined

on almost flat guiding structures with nanometer-sized poly-

meric relieves implementing photonic and chemical func-

tionality at the same time. We acknowledge that this finding

may be mostly useful for sensing applications but it could be

applied also to other domains such as gain-assisted surface

waves on doped structured media.15

The authors acknowledge the collaboration with Nano-

Facility Piemonte, INRiM, a laboratory supported by Com-

pagnia di San Paolo. This work is funded by the Piedmont
FIG. 4. (Color online) xz-plane distribution of normalized jE(x,z)j2 associ-

ated to the fundamental guided mode of a single waveguide on 1DPC.

FIG. 5. (Color online) (a) Schematics of the setup used for direct BSW laser

coupling. FFT�1 fluorescence images of the laser coupled to the BSWs sus-

tained by the waveguides (b) and by the1DPC bare surface (c).
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