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ARTICLE INFO ABSTRACT
Keywords: We present a comprehensive solver implementation of a 2D Rigorous Coupled Wave Analysis (RCWA), tailored
RCWA specifically for conformal thin multilayer devices and 2D photonic crystals with arbitrary interface profiles. Unlike
FDTD ) traditional diffraction efficiency analysis, our approach emphasizes beam-shaping applications. Thus, our solver
Scattering uniquely incorporates parameter sweeps across both wavelength and angular domains. This enables effective
GMR optimization of devices, such as low-pass spatial filters. Our software streamlines the design and analysis of
complex photonic structures, broadening the practical application of RCWA methods and enabling the rapid
development and optimization of novel photonic components.
Metadata
See Table 1.
Table 1
Metadata.

Nr Code metadata description Details

C1 Current code version V1.1

C2  Permanent code link/repository of current version https://github.com/ElectroMagneticAddict/ZenScat-UI

C3  Permanent link to reproducible capsule None

C4  Code versioning system used None

C5  Legal code licence MIT

C6 Software code languages, tools, and services used Matlab

C7  Compilation requirements, operating environments, and ‘MATLAB Coder’ for ‘mex’ files and ‘MATLAB-

dependencies Optimization Toolbox’ for optimization
Cc8 Link to developer documentation/manual https://github.com/ElectroMagneticAddict/ZenScat-
Ul/blob/main/APP_TUTORIAL.pdf.

Cc9 Support email for questions ignas.lukosiunas@ff.vu.lt

1. Motivation and significance these effects depend on periodic structures, which must precisely match

preset conditions for periodicity, thickness, dielectric permittivity, and
magnetic permeability [8]. Applications include biomedical uses [9],
sensors [10], solar cell absorption enhancement [11,12], and security
technologies [13]. A major advantage is their ease of fabrication and
scalability.

Optical technology advancements are closely tied to devices fea-
turing periodic geometry. Classical diffraction gratings are a well-
known example [1,2]. Another important class includes devices utilizing
Rayleigh-Wood anomalies [3,4], guided-mode resonances [5], bound
states in the continuum [6], and similar phenomena [7]. Typically,
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Fig. 1. 2D ZenScat application concept. The application opening app (a), which leads to 2D Casual and Import apps (b) and 2D FDFD field regime (c).

However, high-end applications require specialized expertise, form-
ing a barrier to implementation [14]. Introducing novel methods, such
as deep learning [15,16], further complicates this. Realistically, exper-
tise in physics, numerical simulations, design algorithms, validation, and
manufacturing processes is necessary, as each adds difficulty and hinders
practical success.

Currently, brute-force numerical approaches are the main short-
cut, employing methods such as finite difference time domain
(FDTD) [17-20] or the faster yet more complex Finite Element
Method. Although versatile, FDTD remains computationally demand-
ing. Alternative methods like finite-difference frequency domain (FDFD)
[21-23] or modal methods (e.g., rigorous coupled wave algorithm,
RCWA [24]) reduce computational load but require advanced ex-
pertise in eigenvalue formalism [25]. Specialized methods, such
as the Chandezon (C-method), are efficient but similarly complex
[26-29].

We aim to lower these barriers by presenting our practical approach
Fig. 1 for implementing the 2D RCWA method.

2. Software description
2.1. Code handling

The code is entirely written in the MATLAB environment, and its
algorithm, dubbed as ‘Playscript.m’, is presented below.

The pseudo-algorithm is included in the supplementary material.
The procedure, shown in Listing 1, begins by initializing the param-
eter "struct", which contains the main geometry of the GMR filters
and photonic crystals, as well as the source parameters, such as wave-
length and angle of incidence. Then, these parameters are parsed
into a "grid" struct, which saves/modifies those parameters for the
"device" struct, mainly the distribution of permittivities of device lay-
ers. The device struct returns the permittivity convolution matrix and
sub-layer thicknesses for the T matrix and S matrix layer connection
procedures. That is how the main procedure is concluded and it is used
in all parts of the software. The "Playscript.m" file contains those
functions in the correct order for testing. We would like to add that
the double-layer stacking can be achieved by setting 'distribution'
string to 'two', which is useful for constructing a periodic arrangement
of a device in the z direction. In the current example, the distribu-
tion is set to 'all', where the refractive index and thickness layers
are distributed arbitrarily. The current limitations of the algorithm are
that the system of interest pertains to periodic boundary conditions
in the x coordinate (1D periodicity) and the negligence of the coni-
cal mount, so only TE and TM polarized plane wave source injection
exist.

3. Illustrative examples
3.1. Comparison with FDTD variants

The first step in validating RCWA on complex periodic structures,
such as harmonic gratings. Harmonic gratings, although they can be
very efficiently simulated by the Chandezon method, pose an adequate
validation challenge for the RCWA approach. They require a significant
amount of subdivision. We examine a previous FDTD study of 1D si-
nusoidal profile nonpolarizing guided-mode-resonance (GMR) gratings
with conformal dielectric thin films [30,31]. Normal incidence is ana-
lyzed, and the properties of single-mode and multimode nonpolarizing
GMRs are explored. The study addresses the misalignment between the
reflection responses of Transverse Electric (TE) and Transverse Magnetic
(TM) polarizations. The same reflective properties can be maintained if a
two-layered harmonic interface structure is implemented. An optimiza-
tion approach is employed; it necessitates numerous iterations and, as
previously discussed, is the most time-consuming aspect of the FDTD
implementation.

One of the structures in question is shown in Fig. 2. The device pa-
rameters are as follows: upper layer thickness L, = 182 nm, lower layer
thickness L, = 120 nm, lattice constant A, = 0.32 um, relief modulation
depth h = 154 nm, substrate refractive index n,;, = 1.516. The layer ma-
terial parameters are given by n; = 1.781 and n, = 1.650 for the upper
and lower layers, respectively. Eleven spatial harmonics were used in
the simulation and the simulation confirms peak diffraction efficiency
in the reflection region at a wavelength of 4, = 510.6 nm.

This structure is a single-mode non-polarizing type-II GMR grating,
and its spectral intensity dependence for the 0-th order is examined for
both polarization cases, as a function of the incidence angle up to 5°
(Fig. 2a and b). There is no deviation from the previously reported study.
The normal-incidence dependence is shown in Fig. 2(c). The resonant
wavelength is observed at 510.6 nm, closely matching the reported value
of A =511 nm [30].

The second validation case involves biosensing, which can be
achieved if any of the main parameters, materials, or geometries are sen-
sitive to the environment. The classical rectangular-grating-on-substrate
(Fig. 3a) in [31] is primarily used for the optical biosensing of the an-
alytes. The idea presented is to create a monochromatic wavelength
sensing device that does not require a spectrometer, as usual, but is so
sensitive to ambient refractive index changes that a monochromatic de-
tector is sufficient to register a resonance shift. Notably, a conical mount
is considered; however, several results have been presented for 2D cases.

The grating results are simulated via FDTD using the (Ansys
Lumerical Inc.) software and are presented in [31]. The grating param-
eters are: ng,, = 1, ngy, = 1.47, h = 120 nm, L = 80 nm, A, = 500 nm,
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%% Parameters

NH = 4; % Spatial harmonic number
interface = ’sin’; % Interface str — see ’Device’

% Additional interface params
interface params = Int Params;

%%

% Layer stacking (thickness + refr idz)
% Params —> L1, L2, L3, nl, n2, n3
Params = [0.182 0.120 1.781 1.650];

is_S_matrix = 1; % 0 if T matriz used
% Arbitrary distribution — ’all ’, periodic — ’two’
distribution = ’all’;

if strcmp(distribution, ’all’)
% 1 refr index for 1 layer
layer_num = ceil (length (Params)/2);
else
% 2 refr indexzes for all layers
layer_num = length(Params) — 2;
if layer_num =— 0
layer _num = 1;
end
end
% Extract source and resolution parameters in [P]
|P] = Parameters(layer_num, distribution);
%% Regular RCWA algorithm
for Mode = ['E’, "H’| % run for TE and TM pols
% Assert main params
P.Params = Params;
% Build grid struct
grid = Grid(Params, interface, P);
% Extract sub_L and ERC in device struct
device Device (NH, grid , . ..
interface , interface params);

%%

if is S matrix
% compile to mex afterwards
|[TRN, REF| = Launch RCWA_S(NH, grid,...
device , Mode, false);
else
% compile to mex afterwards
|TRN, REF| = Launch RCWA_T(NH, grid,...
device , Mode, false);
end
% Function for plotting diffraction efficiencies
Plot_ TRN_REF (TRN,REF, grid , Mode, Params , interface)
end

Listing 1: Main function handling of ZenScat. Parameters are chosen
from [30].

w,, = 250 nm. The offset of the resonance peaks in the wavelength spec-
trum for TE polarization is 2 nm, whereas for TM polarization it is 4 nm
when compared with 2D RCWA results (see Fig. 3). We reason that the
resonance shift results from the smaller mesh grid resolution used in the
initial study to decrease the calculation time for the full 3D model.

In this section, we selected three studies that reported results ob-
tained using FDTD, which we replicated here with our RCWA solver.
Each study focused on different physical phenomena observed in res-
onant gratings. We show that the results are reproducible, but in some
cases they involve hidden parameters that are not well declared and may
distort spectral features at shorter wavelengths.

3.2. Comparison with other 2D RCWA variants

After validating the selected results derived through FDTD simula-
tions, we also provide an analysis featuring two RCWA studies.

The first concerns predicting how the spectral sensitivity of the trans-
mission and reflection properties, as a function of incident angle, can
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be employed in spatial filtering [32]. The concept, introduced by the
authors, is that losses of the high-spatial-frequency components occur
via diffraction, whereas the cleaned beam is reflected. A single thin
layer with a simple rectangular surface-relief grating can exhibit narrow-
angle reflection. It is also notable because it is essentially lossless; its
design does not require absorbing materials. Elsewhere, the concept has
been proven helpful in feedback tailoring, as seen in laser outcoupling
mirrors [33].

To keep the approach simple, we have calculated and validated the
results reported in [32], as shown in Fig. 4. The angular width of the TE
reflection spectrum is 0.1°, which corresponds to 1.7 mrad. Filtering is
achieved by diffraction (represented by the red solid and dashed lines)
and zeroth-order transmittance (illustrated in orange). The simulations
for this work were performed using the “ZenScat” interface. The param-
eters of the GMR device used are as follows: n, = 2.52 for the TiO, film,
ngp = 1.54, ny,, = 1, grating period A, = 696 nm, film thickness L = 578
nm, and grating amplitude 4 = 210 nm.

3.3. DFB specifics

In this section, we present a study on the convergence of materials
with absorption losses, as well as those with gain, in distributed-
feedback (DFB) systems. Passive and lossy DFB systems are well known
[34]. Gain systems [35-38] are relatively recent and feature the same
challenges as lossy systems. We also extend their parameter optimization
using the third ZenScat application (see the digital supplement), where
the genetic algorithm is implemented via MATLAB’s external library.
The primary strength of genetic optimization lies in the use of parallel
pooling, which enables the rapid identification of the best available ex-
trema in phase space. The goal of such an application is to maximize or
minimize diffraction efficiency values (as well as absorption or gain) in
distributed systems.

The optimization is performed via the device's import function
(see digital supplementary information for the DFB Python main files).
The parameters are summarized in the Table 2 and the device concept
is shown in Fig. 5(a).

The results are summarised in Fig. 5. The enhancement of gain and
absorption at normal incidence is achieved in DFB systems. The ge-
netic algorithm is capable of quickly finding local extrema and yielding
enhanced values of absorption and gain via GMR. We note that such
optimization problems can be used to minimize or maximize diffrac-
tion efficiencies in the reflection and transmission regimes. We illustrate
three cases of media with an imaginary refractive index. The first calcu-
lated case, shown in Fig. 5(b), features a perovskite gain material in the
last layer. The periodicity corresponds to a sub-wavelength operating
regime for the device. Enhanced gain is obtained at normal incidence
during the optimization procedure. The first near-normal-incidence res-
onances yield amplification of up to 20 dB; however, second-order
resonances at larger angles of oblique incidence (5-10°) operate near the
sub-wavelength regime, close to Wood’s anomalies[39], which, when
crossed, mark the onset of this regime. The metal absorber case, shown
in Fig. 5(c), provides full reflectance except at the resonant points of
enhanced coupling between the incident beam and the absorptive layer.
In this regime, angle-dependent light absorption is achieved. The op-
timization is also performed at normal incidence. The large imaginary
part of the refractive index leads to nearly full reflection, except at the
absorption points. Silver was used for this case. However, in the weak-
absorber case (silicon, whose diffraction efficiencies and absorption
are illustrated in Fig. 5d), a single-layer structure exhibits narrow-
band absorption, resulting from GMR coupling with the absorptive
layer.

3.4. T matrix and S matrix performance

While the results above are valid and reproducible, the question of
how to quantify performance remains. This refers to the computational
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Fig. 2. RCWA derived reflection spectra distributions of TE polarization (a), TM polarization (b), and their intersection at normal incidence with their respective

fields (stars show data from [30] (c) for double-layered harmonic gratings first reported in [30].
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Fig. 3. Guided mode resonance reflection spectra of SiN, grating via the RCWA approach. Accordingly, (a) for TE (b) and TM (c) polarizations, as well as diffraction
efficiencies for both polarizations at normal incidence (d). The structure is derived from [31] and star symbols show datapoints from the initial study.
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Fig. 4. Magnusson’s spatial filtering concept [32] here simulated in full with “ZenScat”. The zeroth order reflection is denoted at a) zoomed at b), the diffraction
efficiency is present at (green dots are datapoints from [32]) c) for the thin film GMR sup-wavelength grating, shown at d). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

Table 2
DFB parameters achieved through genetic optimization, given
ng, = 1.5.
A,pm  Lj,pm Ly, pm Ly, pm  n,  n,
0.4027 0.1578 0.01767 0.8117 1.5 2.04 + 1073
0.5336 0.1098 0.1006 0.1 2.0 0.04 —4.80/
0.343 0.1606 0.1858 0.2845 2.0 341073

complexity problem. The other critical question here is which particu-
lar sub-algorithm to choose in order to minimize numerical error and
maximize computational throughput.

Compared to the Scattering Matrix Method, the Enhanced
Transmittance Matrix (ETM) approach can improve the computational
efficiency of the RCWA algorithm. However, its accuracy needs to be
evaluated for GMR filters and photonic crystals. As a specific example,
we chose the sinusoidal holographic layer-type structure [40-43]. The
selectivity of such structures for polarization states is well known [44]
and can be used as a benchmark. The Fig. 6 summarises the relevant
results.

The ETM approach is abbreviated as the T-matrix method [45],
whereas the scattering matrix method is abbreviated as the S-matrix
method [46]. The device is constructed within the preparatory part
of the implementation before launching 2D RCWA calculations for a
wavelength sweep at normal incidence (dispersionless case). For a sin-
gle wavelength (4 = 1 um), the results are presented in Fig. 6(a) and
(b). The compiled version provides an approximately twofold speed im-
provement using the MATLAB Coder app. An unusual feature is observed
in Fig. 6(b), where the computation time is much longer for spatial
harmonic counts lower than 11. The compiled version allows us to
overcome this behavior for both the S- and T-matrix methods. The results

presented in Fig. 6(c) and (d) assess the relative accuracy for the same
structure. These quantities are computed as Any = |T0(Tmamx) —Tésma‘”x)l

and Ang = | - Rgsmamx)l. The mismatch values are on the or-
der of approximately — 14, which is a very small value concerning real
physical systems.

Furthermore, we checked the convergence of the simplest rectan-
gular devices, which are the spatial filter as shown in Fig. 4 and the
optimized DFB structure as shown in Fig. 5(c) - metallic absorber. The
convergence graphs of such structures are shown for their specific wave-
lengths at normal incidence (see Fig. 6e and f). The wavelengths of
interest are 4, = {852,700} nm, respectively, for which such devices op-
erate in the non-sub-wavelength regime. This is due to the 4, < A ngy, =
{1044,800} at normal incidence for the rectangular filter and the metal-
lic DFB absorber, respectively. Such structures pertain to +1 diffraction
orders in such a regime. We identified 6 spatial harmonics, which give
N = 13 total spatial harmonics in the numerical model.

The calculation speed was compared with the modal method used in
the “MC Grating” software [47]. The results are summarized in Table 3.

The computation was performed on a relatively older hardware
setup, an Intel (R) Core (TM) i5-33320 M CPU at 2.6 GHz, to facilitate
this comparison. The calculation was performed for a parameter sweep
of a trapezium-shaped interface with the following parameters: N, = 11,
N, = 1028, N, = 11, n; = 101, ny = 101, where these correspond to
the numbers of discrete layers along the z and x directions, the num-
ber of spatial harmonics, the number of wavelength samples, and the
number of angles of incidence, respectively. Note that these results are
obtained only when using compiled C++ MEX files (denoted as mex) in
MATLAB (version 2023 b, MathWorks, Inc.) generated with the MATLAB
Compiler™. Reflection and transmission calculations were performed
for the T-matrix method separately, thereby reducing the number of ma-
trix operations in the function and achieving computational speeds that

(Tmatrix)
RO
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Fig. 5. DFB system which utilizes GMR-based coupling from the grating with gain/absorption layer (a). The enhanced gain spectrum is shown in b), given the
Diffraction Efficiencies (DE) R, and T,, as well as values for normal incidence (shown in b, iv). The absorption A profiles of the metallic absorber are shown in c).

The weak absorber’s DE characteristics are provided in d).

Table 3
Computation speed comparison (in time). Structure provided in
Supplementary Material.

Polarization RCWA (S RCWA (T MC Grating Ver.

state Matrix), s matrix), s 2022-12-08
(FMM), s

TE (s pol) 34.77 20.48 ~ 50

TM (p pol) 39.15 27.46 ~ 60

are approximately twice as fast as those of the commercial software. If
the T-matrix or S-matrix functions are not compiled, they are approx-
imately twice as slow, so the T-matrix method’s computational speed
becomes comparable to that of the commercial Fourier Modal Method
(FMM) described in [47].

4. Impact

We acknowledge previous specialized attempts, including model
enhancements for simplicity and performance [48-50]. However, we ob-
serve a significant lack of validation studies demonstrating the reliability
of RCWA approaches for a diverse range of applications. This justifies
a transition from costly but straightforward methods to rapid, however,
beginner-averse methods. To achieve this, we provide our implementa-
tion as the solver interface described in the Supplementary Material and
the compiled solver in the Digital Supplement of the external repository,
along with the accompanying raw data (see [51]). We explain the vari-
ous aspects of the preferred method for our chosen numerical approach
and provide examples of the new information that can be extracted

from these structures, along with a comparison of the achievable per-
formance. Hence, we offer contributions to the field of computational
photonics with the ‘ZenScat User Interface’:

.

Computationally faster 2D RCWA compared to commercial soft-
ware in a MATLAB environment. The application is designed for
sharing with the academic community, which is twice as fast as the
most appropriate alternative to the MC grating’s [47] FMM solver.
Qualitative comparison of computational speed between
Transmittance and Scattering matrix methods, compiled and pure
MATLAB codes in the MATLAB environment. We also compare
zeroth-order diffraction efficiencies calculated with both methods.
Cross-validation of published results encompasses Guided Mode
Resonance filters and a dispersive coupler. This is done for results
calculated with commercial FDTD environments and other RCWA
implementations, which are widely presented in the literature.
Contribution to reproducibility in science; as reproducibility stud-
ies are rare and sometimes passively discouraged, it can eventually
result in a lack of disclosure or misleading disclosure [52,53]. We
achieve a secondary objective of making our ethical contribution
in computational studies [54]. We also expand the data that is not
proposed

Genetic Optimization applied for arbitrary interface profiles and
their topology.

The User Interface for reducing the barrier to entry for using 2D
RCWA as a genetic algorithm.

.

Supplementary Information contains instructions on reproducing all
results for added transparency and applicability, as provided using
“ZenScat”.
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Fig. 6. Algorithm performance with compiled (a) and non-compiled (b) matrix methods. The diffraction efficiency errors for monolayered GMR filter for s and p
polarizations (c,d) for § = 15° of incidence. The convergence plots for the spatial filter of Fig. 4 and the metallic DFB of Fig. 5 c) are presented in e) and f), respectively.

5. Conclusions

To reiterate, applied computational physics currently faces issues
in choosing FDTD methods over more suitable numerical alternatives.
Many problems involving periodic or finely modulated relief structures
can be efficiently solved using methods like RCWA. Despite this, RCWA
is frequently overlooked due to the advanced intuition required for im-
plementation. However, RCWA significantly reduces the requirements
for discretization and computational load. We address this issue by de-
veloping and validating our solver, “ZenScat,” across several intriguing
structures.

Dielectric resonant gratings, due to their non-lossy characteristics,
are particularly noteworthy. We identified three cases where RCWA
would have been advantageous and conducted validation studies to sup-
port this finding. Our results successfully reproduced major findings

but revealed challenges, such as hidden parameters and qualitative di-
vergence related to mesh resolution—common issues in FDTD studies
but well-handled by landmark RCWA cases. Additionally, we examined
lossy and gain structures to further demonstrate method validity, where
convergence can be a challenge.

From a technical viewpoint, we analyzed the performance of the
S- and T-matrix methods, finding a slight advantage for the T-matrix
method. Moreover, comparing the matrix methods with an alternative
FMM implementation showed approximately a two-fold improvement
in calculation speed.

In summary, our “ZenScat” solver provides a valuable tool for com-
putational photonics, validated against multiple previous studies. We
expect it to significantly accelerate numerical tasks in advanced sensor
and device research, facilitating rapid validation for various resonant
photonic devices.
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