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Efficient, low-cost optical coupling mechanism
for TiO,-Si0O, sol-gel derived slab waveguide
surface grating coupler sensors
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We present an optical signal coupling scheme for slab waveguide surface grating coupler sensors.
The proposed solution is based on the use of polymer microlenses. In this work we analyze two
types of compact polymer lenses: the aspheric plano-convex lenses and Fresnel lenses. The feasi-
bility of the proposed scheme is demonstrated by the experimental investigation into the optical
signal coupling to the test structure of TiO,-Si0O, slab waveguide surface grating coupler using both
types of lenses.
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1. Introduction

Optical planar evanescent wave sensor structures have been studied intensively
throughout the last decade by numerous researchers all over the world [1-4]. Among
others, the solutions based on SOI (silicon on insulator) [5, 6], silicon nitride SizN, [7],
tantalum pentoxide Ta,O5 [8], titania-silica TiO,-SiO, [9—11] or polymer [12] wave-
guides have been reported. The vast majority of these sensors are based on integrated
optical circuits and incorporate resonator-based sensors, e.g. ring resonators. Despite
a profitable feature of high sensitivity, in most cases these sensors need full fabrication
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process used for photonic integrated circuits and therefore suffer from complexity and
expensiveness of fabrication technology.

In this paper we discuss the concept of an optical system containing polymer micro-
lenses and surface grating coupler-based structures, produced in a sol-gel derived titania
-silica film by a direct imprinting method constituting the starting point for the develop-
ment of a low-cost multichannel label-free optical sensor system.

2. Structure concept

The use of planar surface grating couplers directly imprinted on sol-gel derived slab
waveguides offers the possibility to reduce fabrication process complexity eventually
leading to low-cost sensors [9—11]. The operation of such solutions is shown schemati-
cally in Fig. 1.
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Fig. 1. Schematic representation of a surface grating coupler based biochemical sensor.

The sensor grating is imprinted in the waveguide layer (having refractive index n,,)
that is deposited on the substrate layer (ng,, typically glass substrates are used).
The waveguide layer is covered by the cladding layer (7., typically the waveguide layer
is exposed directly to surrounding atmosphere).

cl

2.1. Grating coupler

When the lighting angle o, of the grating structure fulfills the condition of the phase
matching [9]:

N = npsinar+r% (D)

then, the excitation of the mode of the effective refractive index N is taking place.
The + or — sign has to be chosen depending whether the mode propagates along the +x
or —x direction. In Eq. (1), r==1, 42, £3... stands for diffraction order, 4 is the grating
period and n, is the refractive index of the medium in which the angle o, is measured.
As one can see from Eq. (1), the resonance angle a, is the function of the effective re-
fractive index N that is affected by variation of the refractive index n, of the medium
above the grating. Therefore the ambient modification (e.g. change of the covering
liquid composition or deposition of detected proteins) causes the variation of the reso-
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nance angle a, and can be detected by observing this variation. The operation of such
sensor has been discussed in details in Refs. [10, 11].

The use of such sensors for a multichannel operation is not straightforward as in
the case of slab waveguides, the optical signal is not confined in the horizontal direction
and there is no possibility of using optical signal splitters [13] to split the signal among
a number of resonator-based sensors. Consequently, when a slab waveguide surface
grating coupler sensor is to be used for a parallel operation, one needs to insert a number
of separated, quasi-parallel optical beams into the grating.

2.2. Multichannel optical coupling to surface grating sensor

The quasi-parallel beam can be obtained in the obvious way, when the end of the optical
fiber illuminating a lens is placed at the focal point of this lens. When such operation
is multiplied, i.e. a multitude of lenses is illuminated with the multitude of optical fibers,
a number of optical quasi-parallel beams can be generated. This solution can be imple-
mented by using a micro-lens array combined with an array of the optical fibers placed
in a V-groove as schematically shown in Fig. 2.

Fig. 2. Schematic representation of possible multichannel operation of a vertical grating coupler sensor.
Light from an SMF array (1) illuminates an array of microlenses (2) forming a multitude of parallel beams
that illuminate grating coupler (3) and form multiple guided modes in the slab waveguide (4).

A possibility of using polymer microlenses combined with standard optical single
mode fibers (SMFs) for optical signal coupling to TiO,-SiO, surface gratings is dis-
cussed in details in subsequent sections of this paper.

3. Micro-lens design and fabrication

Two different types of polymer microlenses were considered in the present study, namely
plano-convex aspheric microlenses fabricated by hot embossing process and Fresnel
microlenses fabricated by e-beam lithography on the glass substrate. Lenses fabricated
in both processes shared the same geometry, i.e. radii of lenses were set to 250 um and
focal lengths ranged between 0.4 and 0.8 mm.
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3.1. Aspheric lenses fabrication

The aspheric lenses were fabricated at B-Phot, Vrije Universiteit Brussel (VUB), Bel-
gium, premises by hot embossing a brass mold (fabricated using a micro-diamond tool-
ing machine 350FG from Moore Nanotech) on the PMMA substrate at temperature of
120°C (above the glass transition temperature but well below melt conditions) and with
the force of 3 kN (using Jenoptik HEX04 hot embossing tool). Figure 3 shows the micro-
graphs of the fabricated aspheric microlenses array.

Fig. 3. Optical micrographs of aspheric microlenses fabricated at VUB by hot embossing process.

In Fig. 3a apart of a microlenses array is depicted. Proper shape and regular spacing
between lenses can be noticed. In Fig. 3b a close up micrograph of the single lens is
shown. A proper circular shape of the lens can be observed with only some minor im-
perfection on the right hand side of the lens boundary.

3.2. Fresnel lenses fabrication

The Fresnel lenses were fabricated at the Warsaw University of Technology (WUT),
Poland, premises in CEZMAT laboratory by a direct electron beam writing on PMMA
layer deposited on 700 pm glass substrate. The pattern was manufactured using gray-
scale lithography — a technique that creates three-dimensional features in a single ex-
posure by modulating an electron dose in each spot or subregion. After polymer
development, the desired three-dimensional structure is revealed. However, grayscale
lithography has its limitations — electron resist films, thicker than 10 um, may only be
manufactured by multiple spin-coating, which negatively affects film uniformity.
Moreover, surface roughness of the final structure increases with modulation depth,
which in turn affects the optical performance. In order to achieve 250 um diameter
and desired focal length of 700 um, a spherical Fresnel lens was designed and manu-
factured, as its height can be easily controlled.

The substrate was spin-coated with 10 pm layer of PMMA950 positive electron beam
resist and 40 nm of AR-PC 5091 Electra conductive polymer. Fresnel lens pattern
with 2 pm depth modulation was exposed using a JEOL JBX9300FS electron beam
lithography tool. The conductive layer was removed in deionized water and the pattern
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Fig. 4. Optical micrographs of Fresnel microlenses fabricated at WUT by electron-beam lithography (a, b)
and the SEM micrograph of a fabricated Fresnel microlens profile (c).

was developed using 1:1 MIBK-IPA mixture. The lenses were then annealed in 115°C
for 5 minutes to further decrease surface roughness. Figure 4 shows the micrographs
of the fabricated Fresnel microlenses array.

In Fig. 4a a part of a microlenses array is depicted. Also in this case a proper shape
and regular spacing between lenses can be noticed. In Fig. 4b a close up micrograph
of the single Fresnel lens is shown. A correct circular shape of the Fresnel rings can
be observed. Figure 4¢ shows the cross-section of the fabricated Fresnel microlens. It is
noticeable that the maximum thickness of the PMMA layer is the same in each section,
while some minor local deviations from the intended lens shape occur.

4. Assembling lenses with single mode fiber

In the first step of the analysis, the fabricated microlenses were assembled with a single
mode optical fiber in order to verify the possibility of generating a quasi-parallel beam.
For this purpose, a light from a red laser source was coupled to an SMF. The fiber was
placed on a 3D translation stage (Thorlabs MDT630B/M) providing an alignment ac-
curacy better than £100 nm in each axis. Using this stage, the fiber end was placed at
the focal point of the lenses and the obtained beam profiles were acquired at the dis-
tance of about 30 cm from the lens surface with Thorlabs BC106 VIS beam profiler.
Obtained profiles are shown in Fig. 5.



544 A. KAZMIERCZAK et al.

2000 [um] 2000 [pm]

Fig. 5. Profiles of the optical beam after passing 30 cm distance generated with an SMF and PMMA lens:
aspheric 250 um diameter, 500 um focal length lens (a), and Fresnel lens 250 pm diameter, 500 pm focal
length (b).

It is noticeable in Fig. 5 that it was possible to obtain quasi-parallel beams with
both types of lenses. Obviously, due to a small diameter of lenses, the obtained beams
were not ideally parallel. In the case of an optical beam produced with an aspheric lens,
the divergence angle can be estimated at approximately 0.2° while in the case of the
beam produced with Fresnel lens, it can be estimated at 0.3°.

5. Optical signal coupling to the surface grating coupler

In order to asses microlenses usefulness for optical coupling to the surface grating cou-
pler sensors, a test structure of TiO,-SiO, slab waveguide with the embossed grating
was used. The waveguide structure was fabricated at Silesian University of Technology,
Poland, on a soda-lime microscope slide substrate by direct imprinting on a sol-gel de-
rived TiO,-Si0O, waveguide layer. The exploited structure had following parameters:
waveguide layer thickness d = 209 nm;

waveguide layer refractive index n,, = 1.79;

grating amplitude 2 = 10 nm;

groove density y = 2400 g/mm;

— grating length 2 mm;

— grating width 10 mm.

The grating structure was tested using a goniometric setup and resonance coupling
angles a, were determined. The recorded modal spectra for both fundamental modes
TE,, TM,, are shown in Fig. 6.

The optical coupling from the single mode fiber to the surface grating coupler was
tested experimentally using the setup represented schematically in Fig. 7.

The single mode fiber (SMF) attached to the red light emitting laser source was placed
on Thorlabs MDT630B/M 3D translation stage and its position was adjusted against the
evaluated microlens in order to produce a quasi-parallel beam. The photonic chip con-
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Fig. 6. Angle modal spectra of the surface grating coupler used in the experiment (a) and a close-up on
the in-coupling peak TM, (FWHM = 0.024°) (b). The coupling angles are expressed as the angle between
the normal and the input beam.

Microlens

TiO,-SiO,
slab waveguide
with grating coupler

Fig. 7. Schematic representation of the experimental setup used for the observation of optical signal in-
sertion to TiO,-Si0, grating coupler with a microlens optical interface.
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taining a vertical grating coupler was attached to the Thorlabs NR360S/M goniometric
stage with a grating coupler located at the rotation axis of the stage. The stage was po-
sitioned in order to place the grating coupler in the quasi-parallel beam produced with
the examined lens. The incidence angle of light was then adjusted with the goniometric
stage in order to excite guided modes of the slab waveguide. The experiment is shown
in Figs. 8 and 9 depicting the optical signal coupling to the surface grating coupler with
a microlens interface. The optical signal from the SMF (3) is directed to the surface
grating coupler (1) and in case of a resonance incidence angle, the output streak (2) is
visible on the frosted part of the microscope slide substrate.

For both types of the used lenses, the optical coupling was easily achievable in the
proximity of the optimal coupling angle for TM polarization (i.e. o, = 5.165°, Fig. 6).

The coupling efficiency was small, but this is an inherent feature of shallow and short
period grating couplers. The longer period and deeper imprinted grating couplers should
be used when one intends to increase the coupling efficiency, because this configuration
of grating couplers leads to higher coupling tolerance and effectiveness. Such devices

Fig. 8. The optical signal coupling to the grating coupler structure via PMMA aspheric microlens with
an optimum incidence angle (a) and non-optimum incidence angle (b).

Fig. 9. The optical signal coupling to the grating coupler structure via PMMA Fresnel microlens with
an optimum incidence angle (a) and non-optimum incidence angle (b).
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Fig. 10. Power density distribution for the investigated TiO,-SiO, slab waveguide structure.

although very efficient in light coupling are less useful for sensing applications. Extreme
cases of such devices are fully etched grating couplers, e.g. developed in Si3N, [14]
and SOI [15] PIC technologies.

The grating couplers discussed in this paper were developed in order to meet the
opposite requirements (i.e. highest possible sensitivity). Therefore the small coupling
efficiency does not constitute significant problem for the prospective application of
the proposed system for sensing, as the detection will be based rather on the optimal
incidence angle shift measurement than on absolute measurement of decoupled power.
Regardless the low coupling efficiency, the guided mode streak was easily observable
at the optimal incidence angle and quickly disappearing with small detuning of an in-
cidence angle from the optimal one.

The operation of sensor structures basing on TiO,-Si0, grating couplers was dis-
cussed in depth in Ref. [11]. It was shown that the detection limit for ambient refractive
index sensing for the grating coupler having y = 2400 g/mm was as low as 5.0 x 107° RIU.

The presented measurement results were obtained with a TM input polarization
state as for this polarization, guided mode streaks were better visible. This was caused
by smaller optical signal loss for this polarization than for TE one. The main source of
the optical loss for this type of waveguides is scattering on waveguide layer roughness.
As it can be seen, in the power density distribution for the investigated waveguide struc-
ture (shown in Fig. 10) the power density for the TE polarization is almost 1.5 times
higher than for the TM polarization, causing considerable propagation loss.

6. Conclusions and perspectives

In this paper, the possibility of using polymer microlenses for optical signal coupling
to the TiO,-SiO, surface grating couplers has been proven for both plano-convex and
Fresnel lens design. The proposed optical coupling scheme may find application in
readout instruments for low-cost multichannel biochemical sensors.

The obtained results are encouraging and suggest continuation of this research in-
cluding following developments: (i) design and fabrication of lenses of larger diameter
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(up to 2 mm) for obtaining an improved quasi-parallel beam shape, (ii) assembling a fab-
ricated lens array with a multitude of SMFs in a V-groove in order to provide simulta-
neous optical coupling to several spots on the surface grating coupler and (iii) improving
sensor chip quality in order to increase grating uniformity, reduce optical signal diffusion
into the glass substrate and to provide easier optical signal decoupling from the guided
mode via a chip facet.
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