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Abstract: A one-dimensional photonic crystal (1DPC) consisting of a stack
of alternate TiO, and Al,O; layers is deposited on the side wall of a glass
rod by Atomic Layer Deposition. The stack is designed to sustain TE-
polarized Bloch Surface Waves (BSW) in the visible spectrum at
wavelengths shorter than 650 nm. Experimental evidence of light coupling
and guiding capabilities of the 1DPC is provided together with a possible
application for fluorescence-based remote sensors.

©2014 Optical Society of America
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1. Introduction

Since several decades, optical fibers are used as sensors [1-5]. Indeed, they offer a long
interaction length with bulky analytes, which makes them very efficient sensors. A large
panel of optical fiber based sensors exists, enabling the measurement of refractive index
variations with a resolution as high as 10~ RIU [6], the detection of fluorescence signals with
a limit of detection of a few nanomols [7,8], or allowing the monitoring of bio-chemical
activities or reactions [9,10]. There are mainly three types of sensors based on fiber optics:
the point sensor, where the tip of the fiber is the only sensing part; the distributed sensor,
where the sensing involves the whole fiber length; and the quasi-distributed sensor, which is a
compromise between the two others [11]. The operating principle of such a sensor is to
modify the behavior of the propagating light within the fiber through the variation of the
external medium properties. Any change in the external medium is sensed by the evanescent
field associated to the fiber modes. In order to increase the sensitivity, the overlap between
the evanescent wave and the external medium should be maximized. To this end, several
solutions have been proposed along the years, by tapering [12,13] or micro-structuring the
fiber [14], by creating a Bragg reflector inside the fiber [15,16], or by adding either a coating
[17-19] or particles around the fiber [20,21].

Here we propose a novel and low-cost approach to increase the Local Density of States
(LDOS) at the surface of a cylindrical transparent rod, based on the concept of Bloch Surface
Waves sustained on dielectric multilayers (also called a one-dimensional photonic crystal,
1DPC). BSW are electromagnetic modes with either TE or TM polarization that can be
coupled in a properly designed 1DPC [22-24]. Thanks to the surface-bound nature of these
modes, the corresponding intensity maximum is located close to the 1DPC surface, where
field enhancement effects occur. Similarly to the well-known Surface Plasmon Coupled
Emission (SPCE), the surface confinement of the electromagnetic energy associated to BSW
provides a high LDOS that ultimately drains a significant fraction of radiated power from
emitters located on the 1DPC surface [25-29]. In the following we provide an experimental
evidence of BSW-coupled emission in a 1DPC that is conformational to a large cylindrical
glass bar.

#220579 - $15.00 USD Received 7 Aug 2014; revised 7 Oct 2014; accepted 9 Oct 2014; published 27 Oct 2014
(C) 2014 OSA 3 November 2014 | Vol. 22, No. 22 | DOI:10.1364/0OE.22.027236 | OPTICS EXPRESS 27237



Figure 1(a) schematically illustrates a cross-sectional view of a cylindrical 1IDPC. When a
dipolar emitter is located close to the 1DPC surface, its corresponding angular radiative
pattern is altered upon the coupling within the available modes. In our case, since a TE-
polarized BSW is supported by the 1DPC, a dipolar emitter having its dipole momentum
lying tangentially to the cylindrical side wall will couple a significant portion of its radiated
energy therein. Such a BSW-coupled emission will then leak within the glass substrate after
having travelled on the 1DPC surface for a characteristic propagation length. The leakage
angle Opsw depends on the emission wavelength as specifically determined by the BSW
dispersion curve [26], in such a way that the wavevector component parallel to the cylindrical
glass is conserved. As shown in Fig. 1(a), the leakage angle is larger than the critical angle 6¢
for the air/glass interface. The presence of the 1DPC definitely alters the radiation pattern of
the emitting dipole. In fact, if we consider the case of a, a bare glass surface (Fig. 1(b)) [26],
most of the radiated energy is emitted within an angular range falling below the critical angle.

(a) (b)

External medium

External medium

Glass bar Glass bar

BSW-coupled 125pum 125 pm

fluorescence

Fig. 1. (a) Angular radiative pattern of a dipolar emitter on a 1DPC deposited on glass
substrate. The dipole has its dipole momentum oriented normally to the figure plane. The
BSW-coupled emission is leaking into the substrate according to a two-lobed distribution at
angles larger than the critical angle for the air/glass interface; (b) angular radiative pattern of a
dipolar emitter oriented as in case (a), located on a bare glass surface.

In order to implement this configuration, the main challenge is then the deposition of the
1DPC around the rod. Two materials are involved in order to create the photonic crystal
structure. Each layer must have a well-defined thickness homogeneously deposited. Recently,
Zhao et al. [17] have shown that Atomic Layer Deposition (ALD) is an ideal technique to
perform this task, by creating a layer of aluminum oxide (Al,O;) around a glass bar. We
propose here to extend this technique for the fabrication of the required cylindrical 1DPC.

2. Design and fabrication

The 1DPC is a stack of a high refractive index material (titanium dioxide, TiO,) and a low
index material (aluminum oxide, Al,O;). The refractive indices of these two amorphous
materials at the wavelength A = 532 nm are nrjo, = 2.32 and napo3 = 1.64, as measured by
ellipsometry. The cylindrical photonic structure can be locally considered as flat, because of
the rather large diameter (125 pm) of the silica bar. For this reason, the 1DPC design can be
performed by using a conventional Transfer Matrix Method for planar multilayers. In the
present case, the stack is constituted by 6 pairs of high and low-index materials, as follows:
substrate-[TiO,- Al,O3]x6-air. From design, the Al,O; layer is 150 nm thick while the TiO,
layer is 80 nm thick. However, on the experimental side, the real thicknesses obtained are 146
nm and 81 nm for the Al,O; and the TiO, layers, respectively.

This 1DPC can sustain TE-polarized BSW, as shown in the calculated angularly-resolved
reflectivity map reported in Fig. 2(a). In the computational model, the actual layer thicknesses
are used and an absorption coefficient k = 3-107* (estimated by ellipsometry on ALD-
deposited films of Al,O; and TiO,) is introduced in the refractive index of the ALD-grown
layers. The BSW dispersion line corresponds to the narrow low-reflectivity line running
beyond the critical angle. From the reflectivity dip width it is indeed possible to extract an
estimation of the BSW propagation length Lpsw, according to the relationship Lpsw =
(7r(7//135\;v)’1 =109 pum, where o is the full width at half maximum bandwidth (FWHM) of the
BSW reflectivity dip and Agsw is the BSW wavelength [see the inset in Fig. 2(a)] [30]. In Fig.
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2(b), the cross sectional BSW intensity distribution is shown. It should be noted that the BSW
high energy density is produced at the distal surface of the 1DPC.
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Fig. 2. (a) TE-polarized reflectivity map of a 1DPC as illuminated from the glass substrate,
(inset) reflectivity profile at A = 580 nm; (b) cross-sectional BSW intensity distribution across
the 1DPC; (c,d) SEM images of side walls of a cleaved facet of a IDPC-coated glass bar.

The 1DPC is fabricated by Atomic Layer Deposition (ALD) on silica bars of a diameter of
125 pum that are customized and produced by Oplatek Group Oy, especially for this purpose.
These bars have no cladding and are highly multimodal in nature. ALD is a unique thin film
deposition cycling technique, based on saturative reactions of alternately supplied precursor
vapors. The use of vapors and self-terminating reactions provides to ALD rare benefits such
as a very accurate control of the film thickness, a high quality of the films in terms of surface
roughness and homogeneity, a conformal deposition over large areas, and a perfect step
coverage [31]. These advantages have aroused increasing interest toward ALD in photonics
applications.

In order to assure a homogeneous coating all around the substrate, the silica bar is propped
from edges, so it is hanging in air. Moreover, the bars are placed perpendicular to the gas flow
in the chamber in order to obtain a uniform coating over the whole length of the bar (about 12
cm). The ALD process used in this experiment is thermal-based at a temperature of 120°C.
To avoid any delaminating during the deposition, the bars are placed in the reaction chamber
12h in advance in order to stabilize the temperature and confirm that the bars and the reactor
are at the same temperature during the coating process.

TiO, layers were grown by using titanium tetrachloride (TiCl,) and water (H,O) as
precursors and Al,O; layers by using trimethyl aluminum (TMA) and water as precursors
with ALD TFS 200 equipment by Beneq.

Figures 2(c) and 2(d) show SEM pictures of the cleaved bars. Note that even if the coating
is relatively robust, the cleaving process may lead to a delaminating of the stack from the
glass bar. Several attempts are usually needed before obtaining a homogeneous output end of
the bar. From the large view on Fig. 2(c), one can see the perfect conformal and
homogeneous coating of the silica bar, and from Fig. 2(d), it is possible to confirm the
thickness of the different layers forming the stack. They have been measured as 81 nm for the
TiO, layers and 146 nm for the Al,O; layers. One can remark also that the thickness is well
controlled over all the six periods composing the film stack. This is possible only if the
temperature of the process is stabilized before the deposition. We indeed remark that, if the
deposition is started before the temperature of the substrate (the cylindrical bar in this case)
reaches the chamber’s one, the first layers are thinner, as compared to the expected values.

3. Fluorescence coupling and guiding

In order to investigate the capabilities of the 1DPC-coated glass rod to couple and guide
fluorescence radiation from external emitters through BSW, a homogeneous layer of
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Rhodamine 6G has been adsorbed on the 1DPC surface. Thanks to the close proximity of
R6G molecules to the 1DPC, a near-field coupling of the radiated power occurs in the BSW
mode at the corresponding emission wavelengths of the dye [29]. Fluorescence is excited by a
frequency doubled Nd:YAG laser (A = 532 nm) focused perpendicularly to the bar axis, as
shown in the sketch of Fig. 3(a). Focusing is performed by a cylindrical lens providing a
rather homogeneous illumination along the bar transverse cross-section, with a spot spread
over roughly 10 um in the direction of the bar axis. For comparison purposes, a bare glass rod
is also employed in a similar fashion. The laser excitation can be provided at different
distances from the bar facet by scanning the focusing stage. The bar facet is imaged on a CCD
by means of an NA = 0.2 objective through an edge filter (RazorEdge® Longpass 532) for
filtering out all laser radiation that is eventually collected.

Exemplary false-color images of fluorescence leaking out of the 1DPC-coated bar facet
are shown in Figs. 3(b)-3(d) for several laser excitation positions, as indicated. Some defects
on the bar facet (probably due to cleaving) appear as bright scattering spots. When the laser
excitation position is close to the bar facet, a bright fluorescent ring is detected [Fig. 3(b)].
The bright ring corresponds to light guided into the 1DPC after a resonant coupling of R6G
molecules with the BSW mode. At short excitation distances from the bar facet, the observed
BSW-coupled fluorescence is still tightly confined within the 1DPC, and is thus propagated to
the collection optics mainly from the coated side walls of the bar. When the laser excitation
position is brought far away from the bar facet, fluorescence starts to appear also in the inner
portion of the bar. Therefore, a general decrease of the intensity contrast between the 1DPC
and the bar inner part is observed. We ascribe this effect to the leakage of BSW-coupled
fluorescence from the 1DPC surface into the glass core, where it is guided according to the
sketch in Fig. 1(a). The bright fluorescent ring at the bar end facet is only observed for the
1DPC-coated case, while the bare glass bar fluorescence is homogeneously distributed, as
shown in Fig. 3(e), regardless of the laser excitation position. We ascribe this observation to
the highly multimodal nature of the glass bar.

A set of fluorescence images of the 1DPC-coated bar facet is collected for different laser
excitation positions in the range [50 um — 2000 pum] at a 50 um step. Each image is
individually normalized to its maximum of intensity. Then, an average intensity is calculated
over three different regions selected within the normalized intensity images. The three regions
include two circular portions of the rod side walls comprising the 1DPC and an inner central
portion, respectively, as indicated by the rectangular boxes in the inset of Fig. 3(f). Then, the
ratio of the average intensity associated to the 1DPC over the average intensity associated to
the rod inner region is calculated for each collected image. Such an intensity ratio is plotted as
a function of the laser excitation distance z in Fig. 3(f). Starting from an initial condition at z
= 50 um where the fluorescence intensity at the 1DPC coating is roughly one order of
magnitude higher as compared to the bar inner part, a monotonic decrease of the contrast is
observed. Asymptotically, the fluorescence contrast tends to a unitary value, meaning that no
preferential guiding is observed along the IDPC with respect to the bar inner region.
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Fig. 3. (a) Experimental setup; (b-d) exemplary fluorescence images of the 1DPC-coated end
facet upon laser excitation at different excitation distances, as indicated therein. The bright
spots are due to fluorescence scattering from 1DPC cracks on the facet; (e) fluorescence image
of the cleaved facet of a bare glass bar; (f) ratio of the fluorescence intensity averaged over the
two side wall regions S, and S, over the fluorescence intensity averaged in the inner region C
(inset) as a function of the laser excitation position. Experimental data (red circles) are well
fitted by an exponential curve (dashed line) having a 250 um decay constant.

The fluorescence contrast curve is well fitted by an exponential function having a decay
constant of 250 um. The decay constant provides an indication on the length travelled by the
BSW-coupled fluorescence within the 1DPC before leaking into the glass bar. The
experimental value is larger than the propagation length Lggw = 109 um as estimated from the
IDPC design. This effect can be explained by invoking a re-coupling mechanism back into
the 1DPC after multiple reflections at the bar sidewalls. Basically, the BSW-coupled
fluorescence leaked into the substrate can partially tunnel through the 1DPC and couple back
to a BSW mode after being reflected at opposite sidewalls. This effect can occur thanks to the
narrow angular dispersion of the BSW-coupled fluorescence, as sketched in Fig. 1(a). As a
consequence, fluorescence can be propagated within the 1DPC for an overall distance that is
larger than the propagation length of the mode expected from calculations.

4. Conclusion

We demonstrated the fluorescence coupling and guiding capabilities of a one-dimensional
photonic crystal with cylindrical geometry, fabricated on a glass rod. Although the design
constraints for a IDPC to be able to sustain surface modes are rather stringent, we managed to
obtain a highly conformal multilayer on a cylindrical substrate by means of the ALD
technique. We indeed exploited several unique advantages of the ALD, such as the conformal
coating over non-flat surfaces and the accurate control of the film thickness.

Moreover, these results prove the potential of such kind of a platform for the realization of
fibered fluorescence sensors with high throughput. Indeed, the multilayer is fully compatible
with the above mentioned fiber optic based sensors, in particular, tapered fibers. In addition,
the last alumina layer can be decorated by metallic nanoparticles for Raman enhanced
detection schemes. We finally point out that other materials can be used for tailoring the
1DPC, such as silica instead of alumina, thus allowing well-known functionalization routes to
be used (e.g. based on organo-silanes [32]).
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