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Bloch surface waves (BSWs) are electromagnetic surface waves excited in the band gap of a one dimensional dielectric photonic crystal.
They are confined at the interface of two media. Due to the use of dielectric material, the losses are very low, which allows the propagation
of BSWs over long distances. Another advantage is the possibility of operating within a broad range of wavelengths. In this paper, we
study and demonstrate the propagation of light in ultra-thin curved polymer waveguides having different radii fabricated on a BSWs
sustaining multilayer. A phase-sensitive multi-parameter near-field optical measurement system (MH-SNOM), which combines heterodyne
interferometry and SNOM, is used for the experimental characterization. Propagating properties, bending loss, mode conversion and
admixture are investigated. We experimentally show that when light goes through the curved part of the waveguide, energy can be
converted into different modes. The superposition and interference of different modes lead to a periodically alternating bright and dark
beat phenomenon along the propagation direction. Experimental optical phase and amplitude distributions in the curved waveguide show
a very good agreement with simulation results.
[DOI: http://dx.doi.org/10.2971/jeos.2014.14049]
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1 INTRODUCTION

Bloch surface waves (BSWs) are electromagnetic waves can be

sustained on the surface of periodic layered media [1]. Com-

pared with surface plasmon polaritions, BSWs shows lower

absorption and allows larger spectral tenability [2]. In the

past decade, BSW multilayer platform has been applied in

two dimensional (2D) integrated optics and sensing applica-

tion [3]−[5]. In a recent work, L. Yu et al. proposed a BSWs-

sustaining multilayer as a platform for the integration of pla-

nar photonic components. By patterning optical elements on

the top of the platform, BSWs can be deflected, diffracted, and

focused [6]. Among these optical elements, bending curva-

ture is one of the most basic elements in integrated circuits.

Although bending loss caused by the curvature of waveg-

uides has been studied for a long time [7]−[10], the subject

is still of high interest for surface plasmon polariton [11]−[13]

and Bloch surface waves [6]. Therefore, in this paper, we ex-

perimentally and theoretically investigate the propagation of

BSWs in bended waveguides. Investigations on its energy loss

and mode distribution and conversion have a guiding signifi-

cance on integrated photonics design. In order to have a better

understanding of light properties of these optical elements, a

Phase-sensitive Multi-Heterodyne Scanning near-field optical

microscope (MH-SNOM) combines optical heterodyne inter-

ferometry and SNOM is induced. As already known, SNOM

have the optical resolution beyond the diffraction limit and

can realize sub-wavelength imaging of optical intensity dis-

tribution which has been widely used in integrated photonics

[14]−[16]. Using conventional commercial SNOMs, phase in-

formation is lost during the measurements, only topography

and optical intensity distribution can be obtained. However,

compared with the optical intensity, phase is a more funda-

mental physical parameter.

It can reveal the nature of light and interactions between

light and matter, especially in nanophotonics [17]−[19]. MH-
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FIG. 1 Schematic of the multi-heterodyne near field optical microscope (MH-SNOM) measurement. BSWs are excited in the Kretchmann configuration and propagate in the

waveguides. The inset shows the multilayer, polymer waveguides which are fabricated on the top of the multilayer.

SNOM can simultaneously measure amplitude, phase and po-

larization in the near field. Therefore, it is used in this paper in

order to study two dimensional polymer bending waveguides

excited with surface electromagnetic waves.

2 EXPERIMENTAL SETUP

Bloch surface waves are excited in the band gap of a one

dimensional photonic crystal made of a dielectric multilayer

that alternates high and low refractive indices. The multilayer

is fabricated by chemical vapor deposition (PECVD), where

six periods of Si3N4 and SiO2 are alternately deposited on

a glass substrate. The silicon nitride and silicon oxide thick-

nesses are 263 nm and 492 nm respectively. An additional 80

nm thick layer of silicon nitride is deposited on the multilayer.

The total thickness of the multilayer is about 4 µm. The thick-

ness of the top layer defines the location of the dispersion line

in the band gap, consequently, the properties of the propaga-

tion mode on the platform. On the top of it, 100 nm thick di-

electric waveguides made of positive photoresist (AZ1518) are

fabricated. These waveguides are 3 µm-wide and their radius

varies between 18 µm and 80 µm. The Bloch surface waves

are excited under the condition of total internal reflection as

shown in Figure 1. A focused laser beam, at lambda = 1562 nm,

illuminates the lower surface of the multilayer. The coupled

spot of the BSWs on the surface of the multilayer has a diam-

eter of 30 µm. After passing through the multilayer, the inci-

dent beam should match the propagation constant β = ksinθ

in order to allow the excitation and propagation of BSWs in

the x-y plane. k = ng · 2π/λ is the wave vector of the inci-

dent beam, ng is the refractive index of glass, and θ is the inci-

dent angle. BSWs are excited and propagate along the waveg-

uide [4, 20]. Thus, for a constant wavelength, we can deduce

the effective index of the BSW for both uncoated and PR-

coated platform. At λ = 1542 nm, the effective index of the

waveguide mode in bare multilayer is nML = 1.1862 while the

effective index in the 100 nm thick additional layer of pho-

toresist (PR) is nPR = 1.2415. By adding a PR layer on the top

of the platform, we introduce a refractive index contrast of the

BSWs between the PR layer and the bare multilayer. In the

case of 100nm-thick layer of PR, the refractive index contrast

is ∆n = nPR − nML = 0.055.

The schematic of the phase sensitive MH-SNOM system is

shown in Figure 1. Two arms form an interferometer, one is

the reference, and the other is the object arm which carries

information from the sample. Two acousto-optic modulators

(AOM) are used to create a frequency difference between the

object and the reference channels. This leads to a 20 kHz beat

frequency signal that is detected by detectors. The optical sig-

nals are collected by an Al-coated SNOM probe (aluminized

fiber probe with a diameter about 200 nm). The interference

signal from the two arms is detected and sent to a lock-in am-

plifier. With the demodulation of the lock-in amplifier, both

the optical amplitude and phase from the sample measure-

ment can be extracted [3]. Since phase is much more sensitive

to the environmental change than intensity. Some methods

must be taken to suppress the phase drift and disturbance. To

decrease the phase drift, optical length of object arm and refer-

ence arm should be equal. Larger optical path difference lead

to larger phase drift when disturbed by external environment.

Minimize the optical path helps increase system stability. To

decrease the noise disturbance, all the optical fibers and elec-

tric cables are covered with anechoic sponge and capsulated

in a plexiglass box.

3 RESULTS AND DISCUSSION

We first start by studying the straight part of the waveguide.

Figure 2(a) shows the intensity distribution measured by the

SNOM. BSWs are coupled into the polymer waveguide and

propagate along the y-axis. The measured intensity distri-

bution shows that the transmission efficiency in the straight

waveguide is about 94% per 100 µm. This loss is mainly due

to the leakage back into the multilayer (design) and due to

scattering (fabrication technology).

The waveguide theory, described in reference [21], shows that

the number of modes (m) that can exist in the waveguide is de-

termined by the wavelength, the width of the waveguide, the

refractive index of waveguide material and the surrounding

materials as follows:

tan
(

π
a

λ
sinθ − m

π

2

)

=

(

sin2θc

sin2θ
− 1

)1/2

(1)
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FIG. 2 (a) Experimental intensity distribution of a 3 µm-wide straight waveguide measured by a MH-SNOM. (b) Graphical solutions of waveguide modes. The red and blue

intersections circled in (b) stand for all the possible modes in the waveguide.

FIG. 3 (a) Field distribution in a curved waveguide. (b) Transmission as a function of the curvature radius R. The red line is an exponential fit of simulated points which shows

that the transmission is exponentially growing with the radius R. Green points stand for the measured radii.

Where a is the waveguide’s width, and θc is the critical an-

gle. This is a transcendental equation with one variable sinθ.

Its solutions yield the angles θm of the modes. Figure 2(b)

shows the graphical solution of Eq. (1). The intersections in

Figure 2(b) stand for all the possible modes that can propa-

gates in the waveguide at a certain wavelength. The red line

corresponds to the right part while the blue line corresponds

to the left part. As one can see, a 3 µm - wide polymer waveg-

uide is multimode around a wavelength of 1.56 µm where

two modes can be excited. This means that both radiation

and mode conversion losses have to be considered in the to-

tal bending loss [22, 23]. Therefore for a better understanding

of the experimental result, we will briefly describe in the next

section bending and mode conversion losses in optical waveg-

uides.

3.1 Bending loss

When electromagnetic waves propagate in bended waveg-

uides, a part of the energy will be lost by radiation. This radi-

ation loss may be only negligible if the curvature radius of the

waveguide is sufficiently large. Several mathematical proof

have been reported in the literature [23, 24]. A slab bending

waveguide is presented in Figure 3. The refractive index of

the waveguide n1 is larger than that of the surrounding re-

gion n2, resulting to a transverse field distribution F(x) that

decays exponentially. R is the radius of waveguide curvature.

When the light propagates along the waveguide, a part of the

energy propagates in the outer region. Close to the waveg-

uide axis, the phase front moves at a velocity equal to that in

the straight waveguide. However, in the medium outside the

waveguide, the velocity is slower than the velocity of plane

waves. It is clear that the phase velocity in the surrounding

medium away from the center of curvature (x > R) is higher

than the phase velocity in the waveguide, in order to pre-

serve the phase front [25]. At a certain distance away from the

waveguide xr, the phase velocity equals the plane wave ve-

locity in the surrounding medium. The electromagnetic wave

cannot move faster than the characteristic velocity in the par-

ticular medium. The energy in the guided mode at x > xr is

assumed to be lost by radiation. This explains why bent di-

electric waveguides must lose power by radiation [26].

Figure 3(b) shows the transmission as a function of the cur-

vature radius R. It is clear that the transmission increases by

increasing the radius R due to the decrease of the radiation

losses. The transmission is defined as the ration of the inten-

sity at the end of the bent waveguide over the intensity at
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FIG. 4 Experimental (left) and theoretical (right) intensity distribution (|Ex |2 + |Ey |2)

of bending waveguides having different radii values. (a) R = 18 µm, (b) R=45 µm, (c)

R = 70 µm, (d) R = 80 µm.

the beginning of the bent region. Experimental results (Green

Square) in Figure 3(b) show good agreement with the sim-

ulation (blue dots) using the finite difference time domain

method (FDTD). For a curvature radius of 80 µm, losses re-

main small and the corresponding transmission is of 60% for

a 100nm-thick layer of PR. The thickness of the PR plays a

key role in the efficiency of bended curves since it is directly

related to the effective index contrast, ∆n. By increasing the

PR thickness, the refractive index contrast increases leading

to a decrease of the critical radius which is important for the

miniaturization of future designs.

3.2 Conversion of bending modes

Although the bending loss is mainly caused by radiation loss

for single mode waveguides, the mode conversion also has

a great effect on the bending loss in multimode waveguides.

Defects or abruptly bent of the waveguide can lead to mode

conversion loss [23]. The dielectric tensor as a function of

space can be written as: ~ǫ(x, y, z) = ǫa(x, y, z) + ∆ǫ(x, y, z)

where ǫa(x, y, z) is the unperturbed part of the dielectric ten-

sor, and ∆ǫ(x, y, z), represents the dielectric perturbation due

to waveguide imperfections, bending, surface corrugations, or

the like. When there is a dielectric perturbation ∆ǫ(x, y, z),

the propagation modes are coupled to each other. In other

words, if a pure mode is excited at the beginning of the

waveguide, some of its power may be transferred to other

modes [27]. In case of an unperturbed propagation mode,

E1(x, y, z)ei(ωt−β1z), the presence of the dielectric ∆ǫ(x, y, z)

gives rise to an additional polarization

∆~P = ∆ǫ(x, y, z)~E1(x, y, z)ei(ωt−β1z) (2)

If the polarization wave, acting as a radiating source, can feed

energy into (or out of) some other mode E2(x, y, z)ei(ωt−β2z) ,

then we say E1 and E2 modes couple to each other and cause

energy exchange. When light goes from the straight waveg-

uide to the curved region, the radius is suddenly changed

from infinity to R. The fundamental mode in the straight

waveguide will excite other modes [22]. The mode conversion

coefficient between the fundamental and the first order modes

which is proportional to 1/R, indicates that for smaller radius,

greater energy might be converted.

3.3 Near f ield experiments

Figure 4 shows a comparison of near field measurement and

theoretical field distributions of bending waveguides excited

by BSWs. The studied radii are 18, 45, 70, and 80 µm. For a cur-

vature of 18 µm, both theory and experiment show that light

is tangentially leaked from the bending waveguide. The phase

fronts at the outside of the bent waveguide start to bend. The

phase velocity would have to exceed the plane wave veloc-

ity in the medium outside the waveguide to keep a flat phase

front. Since this condition is not possible, the field bends and

starts radiating into space. For a curvature of 45 µm, leaked

light decreases and part of the injected BSWs propagates in-

side the bending waveguide. The transmission of a 45 µm

curved waveguide is about 26%. For 70 and 80 µm curvature,

energy propagate along the bended waveguide where alter-

nating bright and dark fringes, forming a beat, appear in the

field distribution. The maximum absolute value of the electric

field shifts towards the outer rim (rim with the larger radius)

of the bend. If the refractive index difference between waveg-

uide and surrounding media decrease, the relative field levels

in the exterior region increase.

When a fundamental mode light propagates from straight

waveguide to the curved region, the radius is suddenly

changed from infinity to R, which can be considered as a

dielectric perturbation ∆ǫ(x, y, z). From Eq. (2) previously

discussed, part of energy will be coupled to other modes. In

a dielectric waveguide, the propagation constant β for each

mode is a function of ω. It is because the interference and

superposition of different modes lead to a beat phenomenon.

In the exterior region, the mode interference pattern radiates

and diverges rapidly. The direction of the light leakage

is tangential to the curved waveguide, starting from the

maximum intensity of the outer rim. These are caused by the

superposition interference of the two modes [28]. The smaller

the radius is, the greater the loss of energy. Actually, when

the radius is larger than 80 µm, the loss caused by radiation
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FIG. 5 Amplitude distribution of the three Cartesian components of the electric field inside the waveguide at 1.562 µm in the xz-plane at y=0.

FIG. 6 Mode conversion and coupling in the curved waveguide simulated by FDTD. (a) and (b) show the real part of the Ex , Ey components of a 70 µm bending waveguide,

respectively. Figure 6(c), (d), (e) and (f) are enlarged parts mentioned in the black boxes in Figure 6(a) and (b). Figure 6(c) and 6(f) shows the Ex and Ey components are

fundamental mode and first order mode, respectively. While Figure 6(d) and 6(e) reveals new mode are excited when passing through the curvature, different modes co-exist

and interference with each other.

is small. In this case, the loss is mainly due to the mode

conversion. It is also important to note that for the current

design of the multilayer and the used polymer, a refractive

index contrast between the multilayer and the waveguide is

small. This value can be increased by using other materials for

the waveguide fabrication. In this latter case, the curvature

showing negligible loss might be decreased.

Figure 5 shows the field distribution of the three components

of the electric field of the fundamental mode in a 3 µm-wide

waveguide. The total energy is normalized and the relative

electric field intensity of x, y, z components are distributed.

The Ex component plays a dominant role of the mode, while

the Ey and Ez components are weak compared to the Ex com-

ponent which can be regarded as zero. In order to observe the

mode conversion clearly, a simulation of the curved waveg-

uide is completed by the FDTD method. As we know the aper-

ture probe mainly be sensitive to the electric field within the

sample plane. So, the incident polarization, simulation and

measurement are all based on this plane. Figure 6(a) and 6(b)

show the real part of the Ex, Ey components of a 70 µm bend-

ing waveguide, respectively. At straight part, the Ex compo-

nents remain dominant while the Ey component is dominant

in the curved region. Figure 6(c), (d), (e) and (f) are enlarged

parts mentioned in the black boxes in Figure 6(a) and 6(b).

Figure 6(c) and 6(f) shows the Ex and Ey components are fun-

damental mode and first order mode, respectively. Initially, Ey

is quite weak compared with the Ex component before prop-

agating into the curved region. It is worth to note that we can

observe a π phase shift between the inner and outer modes

in the waveguide. After entering the bend region, the optical

path difference of the two modes changes and phase become

equal. The constructive interference induced by phase match-

ing enhances the energy of the Ey component. The strength-

ened energy comes from the decreased part of the Ex com-

ponent. When the light leaves the curved area, another new

14049- 5
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FIG. 7 Two-dimension FFT on the complex near-field measured with the SNOM at different positions. (a) is the FFT result in the straight waveguide, (b) is the FFT result in the

bend region while (c) is the FFT result at the end of the bend region. The green and blue line stand for two measurements.

FIG. 8 Optical intensity and phase distributions in the waveguide having a curvature of 70 µm are measured by a MH-SNOM. The total intensity image of a bended waveguide is

shown in Figure 8 (a). The 4 squares in Figure 8(a) indicate the areas where the corresponding enlargements are provided in Figure 8 (b) ∼ (e) with the intensity and phase

measurements, respectively.

mode is generated. The original mode and the new excited

mode co-exist and aliasing appears, as shown in 6(d) and 6(e).

3.4 Phase distr ibution

Although the mode propagation and conversion can reveal

and explain some mechanism of propagation in the bending

waveguide, the phase distribution will lead to a deeper under-

standing of light propagation in the waveguide. Mapping the

phase distribution is a powerful method to investigate prop-

agation features, like mode conversion. MH-SNOM gives the

phase and amplitude distributions, leading a measurement of

the optical real field Aeiφ, in which A and φ stand for opti-

cal amplitude and phase, respectively. In order to study the

mode propagation in the bend region, a fast Fourier trans-

forms is performed. Different peaks in spectrum stand for

different spatial frequencies and different modes. The single

peak in Figure 7(a) is obtained in the straight waveguide be-

fore entering the curvature indicating a fundamental mode.

β0 = 2π/λ0 = 2πk0, k is the spatial frequency. When the ra-

dius is suddenly changed from infinity to R, the fundamen-

tal mode in the straight waveguide will excite other modes

which exhibit different space frequency. Figure 7(b) reveals a

tendency to two peaks. It indicates that there is a mode con-

version at the beginning of the bend region. The double peaks

in Figure 7(c) stand for fundamental and first order mode

aliasing. Figure 7(c) is obtained at the end of the curvature.

It is clear that after going through the bend waveguide, a new

mode is excited and propagates in the waveguide.

The measured optical intensity and phase distributions in

a waveguide having a curvature of 70 µm are shown in

Figure 8. The total intensity image of a bended waveguide

is shown in Figure 8(a). The 4 squares in Figure 8(a) indicate

the areas where the corresponding enlargements are provided

with the intensity and phase measurements, respectively. The

phase fronts in Figure 8(b) show that the fundamental mode

is excited in the straight part of the waveguide. Figure 8(c)

shows the intensity and the phase distribution of light at the

exit straight waveguide after crossing the bending area. For

distances smaller than the radius, the phase front remains per-

pendicular to the waveguide. This is due to the propagation of

uncoupled light in the waveguide. Figure 8(d) shows the char-

acteristics of light at the beginning of the bending area where a

high leakage is seen from the waveguide. At a position larger

than the critical radius, the phase velocity there would have to
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exceed the characteristic velocity in the medium outside the

waveguide to keep a flat phase front. Since this condition is

not possible, the field bends and starts radiating into space.

Figure 8(e) shows that in the region smaller than radius, the

energy remains weak, while the phase distribution shows that

light is clearly propagating inside the waveguide. It performs

a scaly like phase interference pattern in the central part of

the curvature, which is contributed by different positions in

the waveguide. Since their direction of propagation is differ-

ent, the superposition of their phase fronts results in the scaly

pattern.

4 CONCLUSION

This paper demonstrates and investigates the propagation of

Bloch surface waves, excited in total internal reflection con-

figuration, in bended polymer-based waveguides. We mainly

discuss the bending loss, mode conversion and optical field

distribution of curved waveguides. For this particular con-

figuration, we started with calculating a 2D curved waveg-

uide model and experimental measurements. The simulations

are then discussed in order to illustrate the physical behavior

that influences the bending loss. The light outside the waveg-

uide has an equal phase front with the light in the waveg-

uide. However, its velocity can’t be greater than the charac-

teristic velocity in a particular medium. Thus, at a position

larger than the critical radius, light can’t be guided and loss

increases due to high radiation losses. Another part of the en-

ergy losses is due to mode conversion and admixture when

light goes through the curved part of the waveguide. The su-

perposition and interference of different modes lead to a peri-

odically alternating bright and dark beat phenomenon along

the propagation direction in experimental results. In order to

verify that the beat phenomenon is not due to sample defects,

a FDTD simulation is induced as a contrast. The simulation

results explain the energy leakage in tangential direction of

the curvature and beat phenomenon. With the phase and am-

plitude distributions obtained by MH-SNOM, we analyze the

optical field by the Fast Fourier Transform in order to investi-

gate the optical real field to investigate the new excited modes.

Phase measurement is a powerful tool for us to analyze field

distribution of planar optical elements.
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