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Abstract: We present the design. analysis and characterization of a
polanization-independent tunable resonant gratmg filter. Polanzation
independence 15 achieved by setting the plane of incidence parallel to the
grating grooves and optmuzing the fill factor to obtain a strong reflection
peak for all incident polarization states. Experimental measurements show
that approximate angular msensitivity to the mput polanzation orientation
concurrent with tunabality over a wavelength range of roughly 1530 nm to
1560 nm 15 achieved. Modulation of the reflectivity peak shape with
variations i the onentation of the mecidence plane are observed, and found
to be m qualitative agreement with theoretical predictions.
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1. Introduction

Resonant grating filters (RGFs) offer the possibility to create a narrow band reflection filter
with a relatively simple fabrication process [1.2]. Fundamentally, the device consists of a
waveguide plus a grating. such that at resonance the mcident light 1s coupled wia the grating
mto a wavegude mode. Most previous work has focused on the configuration where the plane
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Fig. 1. Polarization independent R.GF, working around 8=45° angle of incidence (A0I) witha
cnmcal angle (o) -::uf o0, The grating fill factor is F=0475. The refractive indices are
Dpgacs=2 066 Dge=1.444. ng,.=1 51 and ny=1.0.

of incidence 1s perpendicular to the grating grooves (the so-called classical mount
corresponding to ¢=0° m Fig 1) [1], as the design and analysis of the grating performance 15
greatly sumplified. However. for a single-mode waveguide, only a single polanzation-
mdependent solution exists [3]), meanmng a tunable polanzation-independent device 15 not
possible. Consequently, we consider the orthogonal mcidence plane, parallel to the grating
grooves. In this case, the two wput polarization states s and p (E field normal to or i the
mncidence plane. respectively) both excite a pair of wavegmde modes having murror svmmetry
with respect to the mecidence plane, fulfilling the conditions for efficient (theoretically up to
100%3) polanzation-independent filtering [4]. It should be mentioned that usmg a 2D grating,
other solutions exist [5.6] but they do not offer additional advantages for our application and
are more difficult to fabricate. A low-cost polanzation-independent optical filter has a large
number of applications. for example as an add/drop filter m a long-haul (fiber-based)
communication system, where it 1s not easy to mamtain a fixed polarization state.

2. Theory

In this paper we present the design and characterization of a polarization-independent RGF.
Polarization independent operation 1s achieved by setting the plane of incidence parallel to the
grating grooves. In this configuration, a lnearly polarized input optical field can. in general,
couple to both TE and TM polarized modes in the waveguide, but under different resonance
conditions. Tlis fact consequently implies that the two linear polanzation components s and p
of an arbitrary input polarization state can both couple mto like (1.e. etther TE or TM) modes
in the waveguide, again generally under differing resonance conditions. In addition. if both
polarization components couple into only TE or only TM modes, tunable operation may be
achieved. By optimizing the grating parameters for a specific \ha‘.elﬁﬂm‘h incidence anszle
and waveguide mode, the resonance conditions corresponding to the s- and p-components of
the nput field can be made to coincide, resulting in high reflectivity from the device at a
certain wavelength regardless of the mput polarization orentation.

The device 1s a three-layer stack consisting of a planar wavegwde, a separation layer, and
a rectangular grating on top with a grating period of 972 nm. The grating and the wavegude
are made of Ta,0: (n—}_’ 066), the separation layer 15 $10; (n=1.444) and the substrate 15 g}.ass
(n=1.51). The separation layer grves an additional degree of freedom to achieve antireflective
conditions for the incident light, and also 1s useful as an etch-stop mn the fabrication process.
The thickness of the grating layer primanly affects the coupling strength between the input
light and the waveguide modes. and 1s chosen to aclueve the desired resonance line width.
The thicknesses of the grating and separation lavers also affect the off-resonance reflectivity
of the device, and are optimuized m order to minimize the accumulated reflectivity of mcident
s- and p-polarization and to show an average (s- and p-polarization) reflection resonance
linewidth of 1nm at 2=1545nm at 45° angle of mncidence. The resulting element 1s shown n
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Fig. 2. Spectral reflectivity of the element shown in Fig 1 for linearly polanzed light. Fer

(a) polarization angle 4= 43° and AOI &=43° with contimious vanation of the fill factor and

ﬂ;}FthjeE _Eiiifferem AQTs 8, each with three different polarization angles ¢, asswming a fill factor

(2] M LIC F R
Fig. 1. Using rigorous coupled wave analysis [7). the reflectivity for an incident plane wave
linearly polanzed at $=45° as a function of the wavelength and the grating fill factor 1s
computed and presented m Fig. 2(a). In most mstances. two resonances are found,
corresponding to the coupling of the s- and p-components of the mput field into TE modes
the grating. The coupling between the two wavegmde modes 15 weak enough that no peak
splitting 15 visible. The reflectivity 15 maximal for 4 =1545nm and a grating fill factor of
F=0475. In principle, coupling mto grating ThM-modes 15 also possible, and wields two
mtersection points with fill factors of F=0.25 and F=08 However. smce a fill factor near
F=0.5 15 easier to fabricate, we mnvestigate the TE case.

The reflectrvity as a function of wavelength for three different angles of mcidence (AQT)
and for three different polarization orientations 15 shown in Fig. 2(b). These results show that
the position of the reflection peaks are independent of polarization. At 45° AQL the spectral
linewidth for the s-polarization (¢=907) 1s 0_56nm and for the p-polanization (p=07) 15 1.64nm,
a factor of 2.92 different, because the coupling efficiency depends on the polanization state.
The linewidth of all other polarization states lie between these two values. The variation in the
spectral linewidth could be a problem in some applications; however i [8] 1t 15 shown that
this effect can be reduced by changing the central incidence angle. For all AOI and
polarization angles. the theoretical peak reflectrvity, m the absence of absorption, reaches
100%. The fact that for a given AOI the reflection maximum occurs at the same wavelength
for all polarization states offers the potential to use this device in a tunable configuration. The
peak reflection wavelength 15 determuned by selecting the AOI. When considering the
tolerances, we notice a fundamental difference between the classical-mount polarization-
dependent element and the polanization-independent element under study. In the classical
mount, a deviation of 1° in the conical angle has only a small influence. A small deviation in
the conical angle (e.g due to assembly of the device) of the polarization-independent element
immediately results m a spectral peak splitting with reduced efficiency. The dependence on
the conical angle for imnconung p-polanized light 15 1llustrated in Fig. 3(a), assunung a grating
fill factor of F=0.5. A dewiation of 0.05% m the conical angle results i the reduction of the
peak reflectrvity from 100% to 87% and the appearance of a second peak. Consequently, a
ligher orentation and alignment accuracy 1s required m order to obtamn good performance
with the polanzation-mndependent element.

3. Measurement

The element 15 fabricated by first depositing three thin film lavers on a glass substrate. After
the lithographic step the grating is transferred into the topmeost laver, resulting in a rectangular
grating shape [2]. AFM measurements reveal that the grating fill factor 1s slightly higher than
the design value of F=0.475_ and is approximately 0.50. The grating height 1s about 60nm. On
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Fig. 3. Diependence of the reflection peak on the conical angle o. (a) Theorstical curve for the
device of Fig 1, but with a grating fill factor of F=0.3 for incident p-polarizadon (¢=0%);
() Measured spectral reflectivity of the fabricated dewvice. The measured resonance
wavelength 15 shifted towards longer wavelengths.

the backside of the element a two layer AR-coating 1s deposited. The fabricated sample 15
placed on a rotation stage and 1s illuminated by a collimated linearly polarized beam. The
reflection and transnussion are measured simultaneously with two different detectors. First
the spectral reflection as a function of a change in the comical angle for p-polarized mcident
light 15 measured and shown in Fig. 3(b). The measured peak splitting shows good agreement
with the theoretical computations of Fig. 3(a). Due fo the configuration of the measurement
apparatus, there 15 an uncertainty wm the ongin of the comical angle (u) that 1s removed using
the symmetrv of the peak reflectivity around 1ts maximum value corresponding to ¢=90°. The
ripples on both sides of the peaks are due to Fabry-Perot interference caused by imperfect AR
coatings. The measured resonance wavelength differs slightly from the design. By adjusting
the AOI 1t 1s possible to bring the resonance back to the desired wavelength. Finally, we
measured the spectral response for three different AOT each with three different polarization
states. as shown in Fig. 4. We show transmussivity as opposed to reflectrvity because the error
bounds for the correct normalization in reflection were too large. For each AOI the resonance
peaks for all three mmput polarizations occur approximately at the same wavelength As
predicted by the theory, the reflectivity peak for the p-polarization 1s higher and wider than
for the s-polarization. The width and efficiency for the 45° incident polarization 15 between
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Fig. 4. Measwed spectral transnmssion for three differemt AOIs 8 and three different
polarization crientations g



the values of the two fundamental polarizations. We can observe two mam reasons for the
differences between the measurement and theory. Firstly the illumination was not a plane
wave (standard collimator with Imm beam diameter and aberrations) resulting in an mcreased
angular spectrum of the mecident beam and thus a decreased efficiency and slightly wider
peaks. Secondly, the rotation axis for the AOI was not perfectly aligned with respect to the
incident beam and the sample. Consequently a change of the AOI also induces a small change
i the conical angle. A musalignment of 1° between the rotation axes mn combination with a
change of 3°% in the AOL induces 2 change of the conical angle between 0.001° and 0.057,
depending on the deviation of the rotation axis orientation. From theory we have seen that a
change of 0.05° in the conical angle results i a severe drop i efficiency and a distortion of
the peak shape.

4. Conclusion

We have designed and fabricated a polanzation independent tunable RGF with a simple
grating. Although more work 15 needed to better control the fabrication process and to reduce
the musalignment. we demonstrate that 1t 15 possible to fabricate a polarization mdependent
tunable RGF. The combination of relatively simple fabrication (only three thin film layers.
and only one structured layer), the potential for polarization-independent operation. and the
tunability of the filter makes this class of devices a good candidate for use with a fiber-based
long haul communication system.
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