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Abstract The modeling of Cavity Resonator Integrated Grating Filter (CRIGF) struc-
tures, which are long but finite sub wavelength-patterned structures composed with a
grating in-out coupler flanked with two Bragg reflectors, is challenging for any numerical
method. We show how a numerical code based on RCWA, usually dedicated to model
periodic structures, can be used, with minor modifications, to model CRIGFs within a
reasonable time of calculation with a personal computer. Our results are in agreement with
the calculations based on the FDTD method published in the literature.

Keywords Numerical method - Rigorous coupled waves analysis - Fourier modal
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1 Introduction

Recently, a new promising optical component, known as Cavity Resonator Integrated
Grating Filter (CRIGF) has been presented in the literature (Kintaka et al. 2010, 2012b;
Inoue et al. 2014; Buet et al. 2012). It is composed of an in/out grating coupler (or Guided
Mode Resonant Filter, GMRF), with a length of some tens of wavelengths, surrounded by
two Bragg reflectors, each with a length of around one hundred of wavelengths, engraved
on a waveguide layer (see Fig. 1a). The main interest of such a component is that it exhibits
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mode resonances with a low spectral bandwidth (below 1 nm in the optical range) and a
wide angular acceptance (several degrees), one order of magnitude greater than that of
simple GMRFs which are known for their low angular acceptance (Fehrembach et al.
2010). The extra-ordinary wide angular acceptance of CRIGFs as compared to simple
GMRFs may be incomprehensible at a first sight, since one can consider that in simple
GMRFs, the second harmonic of the grating acts as a Bragg grating (Avrutskii et al. 1986).
Yet even with complex basic patterns designed to enhance the second harmonic of the
grating (Fehrembach et al. 2010), the angular acceptance of GMRFs is <1°. To go further,
it is interesting to compare the properties of infinite gratings composed with a grating
coupler and a Bragg grating one above the other (Lemarchand et al. 1998) (infinite grating)
with that of CRIGFs (grating coupler and Bragg grating one beside the other). This
comparison, together with a physical explanation of the extra-ordinary wide angular ac-
ceptance of CRIGFs are given in Rassem et al. (2015). Thus CRIGFs are promising
components and being able to numerically model them is crucial.

Yet, the length of the structure and its sub-wavelength patterning makes it difficult to
model numerically. In the previous works, the design of the components where done using
an approximate model based on the Coupled Mode Theory (Ura et al. 2011), or rigorous
calculations with the Finite Difference Time Domain (FDTD) method (Buet et al. 2012;
Kintaka et al. 2012a). Among the numerical methods that could be used to model CRIGFs
[Finite Element Method (Demésy et al. 2014), Coupled Dipole Method (Chaumet et al.
2003), Rigorous Coupled Wave Analysis...] only results based on the FDTD method have
been published.

The aim of this paper is to show that modeling CRIGFs with the Rigorous Coupled
Wave Analysis (also known as Fourier Modal Method) is possible within a reasonable time
of calculation, and to identify a set of correct convergence parameters. In the following, we
recall the basic principles of RCWA and present how we adapt it to the modeling of
CRIGFs. We show the results of the tests of convergence of our numerical code and apply
it to the study of the behaviour of CRIGFs with respect to the incidence parameters.
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2 Basic principles of the modeling of CRIGFs with RCWA

RCWA is a well known theory for modeling structures which are periodic along two
directions (say x and y), with a staircase variation of the permittivity in the third direction
(z) Moharam and Gaylord 1983; Bruer and Bryngdahl 1993; Noponen and Turunen 1994).
As the structure is periodic, the permittivity function is expanded as a Fourier series and
the electromagnetic field is expanded as a Floquet-Bloch series, which turns into a Ray-
leigh series in homogeneous regions. In a region with a grating, a differential equation can
be derived from Maxwell equations that relates the tangential electric and magnetic
components of the field to their derivative with respect to z:

dF

e MF, (1)
where the tangential electric and magnetic components of the Floquet-Bloch coefficients of
the field are gathered in the column vector F. The M matrix depends on the Fourier
coefficients of the grating, the wavelengh and the in-plane (x—y) components of the
wavevector of the diffraction orders. The size of the M matrix is proportional to the order
N of truncation of the series. If the permittivity of the grating depends on z, it is possible to
numerically integrate Eq. 1 (see the literature on the differential method Popov 2014). For
z-independent grating shapes, Eq. 1 is solved by calculating the eigenvalues and eigen-
vectors of the M matrix, which correspond to the modes propagating in a structure with the
same permittivity as the grating, but infinite in the z direction.

A large amount of work has been performed to improve the speed of convergence of
the RCWA, especially through a correct implementation of the factorization of the
product of Fourier series (Li 1996a, 1997). Moreover, the numerical stability of the
method can benefit from the use of the S-matrix algorithm or one of its variant (Li 2003,
1996b). From now on, the RCWA method shows no convergence nor numerical stability
problems for structures composed with dielectric materials or metals with in the visible
spectrum (Li 2014). The most time-consuming operation is the calculation of the
eigenvalues and eigenvectors of the M matrix, which grows with the number (2N + 1) of
Fourier coefficients. All the calculations presented in this paper are done with a home-
made numerical code based on RCWA improved with the S-matrix algorithm (Li 2003)
and the correct implementation of the rules of factorization of the product of Fourier
series (Li 1997).

CRIGFs are structures which contains sub-wavelength pattern, over hundred of
wavelengths long but finite areas (see Fig. la). In order to model a CRIGF with our
RCWA code made to model periodic structures, we use the so-called “super-cell”
method, which consists in considering the CRIGF as the basic pattern of a grating. For
the modeling to be valid, it is necessary to isolate each basic cell from its neighbours.
For this reason, we add an absorbing region between each basic cell, as was first
suggested in Silberstein et al. (2001) (see Fig. 1b). This method is now known as a-
RCWA (for aperiodic-RCWA) (see for example Maes et al. 2013). Our absorbing region
consists of ngy;..; homogeneous rectangular rods for a total thickness Lyps (see Fig. 1b).
The refractive index n, of the p™ rod is n, = ng + iLv/nszices]z, where p is an integer
varying from 1 to ng..s and ng is the index of the material of the layer of the structure
immediately adjacent to the absorbing region. The absorbing region can be added inside
the grating and waveguide regions. Note that it is not necessary to insert an absorbing
region inside the substrate and superstrate as long as we are interested in the energy
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reflected and transmitted by the structure. Indeed, RCWA allows to calculate directly the
coefficients of the Rayleigh expansion of the field in the substrate and superstrate, and
the reflected and transmitted energy are calculated from these coefficients. This is dif-
ferent from other methods such as Finite Element Method or Finite Difference Time
Domain method which calculate first the field and then the coefficients of the Rayleigh
expansion of the field. Considering an infinity of basic patterns to model only one pattern
can lead problems in the diffracted field because of the interferences which occur be-
tween the field coming from the different basic patterns, and inserting absorbing regions
inside the substrate and superstrate would be necessary in this case.

From a numerical point of view, CRIGF is modeled as a grating with a period equals to
several hundred of wavelengths, which means that several hundred propagative orders of
diffraction exist. Our numerical code calculates the scattering S-matrix of the structure that
relates the field in the diffraction orders to the incident ones. The incident field is a
Gaussian beam, expanded on a plane wave basis. In order to reduce the calculation time,
we expand the Gaussian beam over the diffraction orders of the grating, thus requiring only
one calculation of the S-matrix for each wavelength. The energy of the incident beam is set
to unity, and we calculate the energy reflected in the specular beam by summing the energy
reflected in the same diffraction orders as those used to illuminate the component.

3 Convergence and validation of the numerical code

The aim of this section is to show how we can efficiently model 1D-CRIGFs with the
RCWA. For all the calculations, the parameters of the structure considered are (see Fig. 1):
hw = 1657hg = 1207dGMRF = 529.43,aGMRp = 99-57dBragg = 266,03,%78 =100 nm, ANGMRF =
21,np4ge =200, 6 =dgyrr. The grating is engraved in a layer of SiO,, with refractive

—+— without AL
with AL .

reference—Re(kp(N))
w
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Fig. 2 Convergence of the numerical code with respect to the truncation order N, without (black crosses)
and with (green stars) absorbing layers. “reference” correspond to the real part of the wavelength pole 4,
for N = 1500 with absorbing layers
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index 1.46 (the holes are filled with air), the guiding layer has a refractive index of 1.97,
and the substrate is also SiO,. The parameters are quite the same as that of the structure
presented in Buet et al. (2012) except that only the top layer is engraved and that we have
modified the GMRF period to shift the resonance peak toward the center of the Bragg
band-gap. We calculated the edges of the band-gap of the (infinite along x) Bragg grating
(861.6 and 872.8 nm) using our numerical code based on RCWA.

3.1 Convergence with respect to the number of Fourier coefficients

As often when dealing with resonant structures, the centering wavelength of the resonance
is one of the characteristic most sensitive to the truncation order. We have calculated the
wavelength of the mode that can be excited under normal incidence, i.e., the wavelength
pole 4, of the determinant of the scattering matrix in the zero diffraction order, for
increasing values of the truncation order N. The resonance peak is expected to occur at a
wavelength close to the real part of 4, [Re(/,)].

We show in Fig. 2 the real part of /J, for a truncation order N varying from 500 to 1500
by step of 50 (2N +1 Fourier coefficients), with absorbing regions
(glices = 10, Laps = 2.66 um) and without. We observe that the convergence rate with
respect to N has a staircase behaviour. This can be explained by the fact that the excitation
of the mode through the coupling grating (GMRF) occurs when the in-plane wave vector of
one diffraction order of the GMRF matches that of the mode. In our case, the coupling
grating was designed to couple the mode through its first diffraction order, and the total
length L = 117,980 um is around 222 times greater than dgygr without absorbing region,
and with absorbing regions L = 123,275 pum is around 232 times greater than dgyrr. We
have represented in Fig. 2 with black (case without absorbing regions) and green (case with
absorbing regions) vertical lines the limits corresponding to the second, third, fourth, ...
seventh diffraction orders of the GMRF. The integers indicated in the gray boxes on the top
of the graph correspond to the floor integer part of N/(L/dgyrr) for each case (with and
without absorbing region). The steps of the staircases occur when a supplementary order of
diffraction of the GMREF is taken into account in the modeling. We observe that a trun-
cation order of 700 without absorbing region leads to results with a good precision, which
is reached with N = 750 with absorbing regions, and that the two modeling converge to

Fig. 3 Calculation time of the 3500 T T |
reﬂectiyity with r(ftspecF to the without AL
truncation order (job dispatched _ 3000 .
* with AL
over 8 threads on a personal —
computer with a bi-processors g 2500
with 8 cores at 3.10 GHz) =
c 2000
Kel
©
= 15001
©
& 1000}
500
0=t i ;
500 1000 1500 2000

Truncation order N
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values very close to each other. This means that the benefit of introducing absorbing
regions is negligible, and this is true because the range of wavelengths considered is well
inside the band-gap of the Bragg grating.

We plotted in Fig. 3 the calculation time versus N for a single calculation of the
reflectivity, using 8 threads on a personal computer with a bi-processors with 8 cores at
3.10 GHz. A calculation with N = 800 takes around 102 s per point without absorbing
region and 167 s per point with absorbing region. The calculation time is greater when
absorbing regions are added because in this case, each layer (even the homogeneous ones)
is modeled as a non-homogeneous layer, thus requiring the resolution of the eigen problem
associated with the M matrix of the layer (see Eq. 1).

In order to check the convergence of the width and maximum value of the peak with
respect to the truncation order, we plot in Fig. 4 the spectra for several values of the
truncation order, with and without absorbing region. We observe that the maximum value
of the peak and its width remain similar for the various values of N. The maximum of the
peak is higher without absorbing regions than with absorbing regions (around 0.784 with
absorbing region versus 0.788 without). This is due to the fact that the remaining part of the
guided mode that is not reflected by the Bragg mirror is lost inside the absorbing regions.
The spectral width of the peak at half maximum is around 0.36 nm with and without
absorbing regions.

For wavelengths lying outside the gap, it is important to model the finite component
with absorbing regions included between each basic cell. To illustrate this, we plotted in
Fig. 5 the spectra obtained outside the band gap for N = 900. We observe a sharp peak in
the spectrum modeled without absorbing region that disappears in the spectrum modeled
with absorbing region. Inside the band-gap (for wavelengths smaller than the superior edge
of the gap which is indicated with the vertical blue dotted line), the two curves are
superimposed.

From this study, we conclude that using absorbing regions is important especially for
wavelengths outside the band-gap of the Bragg grating and that a truncation order of 800
leads to a good precision, with a reasonable computation time of 167 s per point for one
wavelength.
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0.75f N=700 without AL 1
0.7} | —— N=000 without AL i
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Fig. 4 Reflectivity spectra for varying values of the truncation order N, with absorbing regions (solid line)
and without (dotted line)
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3.2 Comparison with results from the literature

In order to validate our results, we consider the structure described in Buet et al. (2012) for
which the spectrum was calculated using FDTD (see Fig. 2a of Buet et al. 2012). We plot
in Fig. 6 the spectrum calculated with our numerical code with absorbing layers
(Laps = 2.66 pm and ng..s = 10) and truncation order N = 950 for a beam waist radius of
5.71 pm for which the maximum of the peak is maximum. We observe a spectrum which is
similar to that in Buet et al. (2012). The peak reaches 0.882 at its maximum and its width
at half maximum is 0.6 nm, in agreement with the values obtained in Buet et al. (2012). It
is centered at 861.4 nm, against 858 nm in Buet et al. (2012). The slight difference be-
tween the centering wavelength may be explained in part by the fact that the pattern is
discretized when modeled with FDTD while the Fourier coefficients are calculated
analytically in our numerical code.

Fig. 5 Reflectivity spectra out-
side the band-gap of the Bragg
grating without absorbing region
(black solid line) and with (green
dotted line). The superior edge of
the gap is indicated with the
vertical dotted blue line

Fig. 6 Reflectivity spectrum of
the structure of Buet et al. (2012)
calculated with our numerical
code
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4 Modification of the incident beam

In this section, we illustrate the use of the RCWA to analyse the properties of the CRIGF
with respect to the incidence beam. The parameters of the structure are the same as in the
Sect. 3.1. In the modeling, we used a truncation order N = 950, with absorbing region
having a thickness Lps = 2.66 um and ng;.s = 10. Below, we show the effect of
modifying the waist radius of the incident beam and its central angle of incidence. Let us
emphasize that because of the numerous diffraction orders of the modeled structure, only
one calculation of the scattering matrix per wavelength is necessary when varying the waist
radius and the angle of incidence. Hence, the calculation for several angles of incidence
and several waists takes almost the same time as for only a single set.

4.1 Variation of the beam waist

We plot in Fig. 7a the reflected energy (taking into account all the diffraction orders, and
not only the specular beam) versus the beam waist radius (normalized with respect to the
width of the GMRF) and the wavelength. We observe that the reflectivity is maximal for a
beam waist to GMRF width ratio close to 0.5. The reflectivity decreases for smaller waists
because the divergence of the beam is greater than the angular acceptance of the mode. The
reflectivity decreases for greater waists because the incident beam spreads over the Bragg
grating, and this part of the beam which does not couple to the GMRF mode is transmitted.
This is confirmed in Fig. 7b representing the reflected, transmitted and absorbed (in the
absorbing regions) energy for a wavelength equal to 867.9 nm (for which the reflectivity is
maximum). Almost all the energy that is not reflected is transmitted. The absorption
remains very low (around 1073 and is maximal when the reflectivity is maximal, in
agreement with the fact that the reflectivity peak is due to the excitation of a mode that
extends inside the waveguide layer. The behavior of the reflectivity with respect to the
beam waist radius confirms the measures reported in Buet et al. (2012).

(@ (b)
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0.8 0.8
_. 0.8685 07 0.7
1S
= 0.6 06 —reflectivity
£ 0.868 05 transmittivity
S ] os o \
& absorption
3 04 0.4
% 0.8675 o 03
s 0'2 0.2
0.867 - 04
0.1
) S U P
0.8665 —
02 04 06 08 1 01 03 05 07 09 1.1
beam radius at waist / GMRF length beam radius at waist / GMRF length

Fig. 7 a Reflectivity versus the radius of the incident beam at waist (normalized with respect to the GMRF
width) and the wavelength 4. b Reflectivity (black solid line), transmittivity (green dashed line) absorption
(red dash-dotted line) with respect to the radius of the incident beam at waist (normalized with respect to the
GMREF width) for 867.9 nm
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4.2 Variation of the angle of incidence

We plot in Fig. 8 the reflectivity versus the angle of incidence and the wavelength. We
observe a maximum of reflectivity for wavelength around 867.9 nm, which spreads from
—2° to 2°, thus confirming the wide angular acceptance of CRIGFs. This plot emphasizes
the different behaviors of CRIGFs and the classical (infinite) GMRFs with respect to the
angle of incidence. In particular for GMRFs, the reflectivity versus the angle of incidence
and the wavelength shows an upper and a lower branch at each side of a bang-gap (Rassem
et al. 2015).

5 Conclusion

To model a CRIGF with our numerical code based on RCWA, we considered it as the basic
cell of a periodic pattern and added absorbing regions between each basic cell. We showed
that CRIGFs are well adapted to the super cell method since the mode is almost entirely
reflected back inside the Bragg reflector thus the absorbing regions are not essential for
wavelengths lying inside the Bragg band-gap, which case is the range of interest in the
studies of CRIGFs. A reasonable time of calculation is reached thanks to the good rate of
convergence of RCWA for dielectric gratings, and also because we benefit from the
expansion of the Gaussian beam over the numerous diffraction orders of the modeled
component. Our results confirm those obtained with the FDTD method published in the
literature.

As an application of this work we are now studying the dependence of the CRIGF
spectral properties with respect to its physical parameters, in order to identify the role of
each parameter. Further improvement of our numerical code could use the fact that the
CRIGEF is composed with patterns which are almost periodic (the grating coupler and the
Bragg mirror) thus a large amount of the Fourier coefficients of the structure is negligible.

0.869

0.8685
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Fig. 8 Reflectivity in the specular beam (waist radius 5.24 um) versus the angle of incidence 0 and the
wavelength 4
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