S4: Stanford Stratified Structure Solver

I. Introduction

S4 is a frequency domain code to solve layered periodic structures. Internally, it
uses Rigorous Coupled Wave Analysis (RCWA; also called the Fourier Modal Method

(FMM)) and the S-matrix algorithm. s% was developed by Victor Liu of the Fan
Group in the Stanford Electrical Engineering Department [1].

http://www.stanford.edu/group/fan/S4/#main

The S4sim developed at Purdue University uses S4 as an engine for fast, accurate
calculation of optical propagation through complex 3D structures. It can rapidly solve
optical problems involving thin films that occur in our daily life — for example,
antireflection coatings for glasses and solar cells, or pavement marking for highways. It is
also suitable for producing publication-quality optical research simulation results. This
tool allows users to enter parameters to define multilayered structures with their
physical dimensions. S4 has also been combined with a comprehensive materials
database known as PhotonicsDB, which incorporates materials optical data drawn from
carefully vetted sources.

II. Graphical User Interface Description
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A. Simulation options

First, the user should select simulation input type:
e "Graphical interface" for ease-of-use parameter-input interface.
e "S4input deck” for advanced users control-file-input interface.

B. Parameters

1. Ifthe user selects “Use Graphical Interface”:

(a) Material selection
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Figure 2.2 Materials selection page

At the top, there is a loader providing several examples for users to simulate some
common or important structures.

After selecting number of materials used in the structure, the user can select
Category and specific materials from PhotonicsDB to see the material descriptions.
The user can also opt to manually define the relative permittivity of the material.



(b) Layer configuration
With all the materials chosen, the user should then set the layers of the structure

using the “Layer” tab.
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Figure 2.3 Layer configuration page (1)
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Figure 2.4 Layer configuration page (2)




The user can define the size of the lattice and select number of layers. The S4
graphical interface supports a maximum of 10 unique layers. The user can also
repeat a range of layers with a maximum of 10 periods.

All the layers can be disabled or enabled for quick modification of the design.

In each layer, a maximum of 2 patterns can be set.

Furthermore, for each layer, the Poynting flux with respect to a user-defined offset,
as well as the electromagnetic energy integrated over the volume can be simulated.
All the desired outputs need to be selected here.

(c) General simulation setting
After settings of the layers, general simulation setting can be made under
“Simulation” tab.

=] =I]E3

@ Parameter

Lo

Example: | New

Materials | Layers  Simulation ]

Max Fourier expansion orders: II ,""j,'J

Planewave angles: phi= [0 , theta= [0

S-wave: |E_s|= , phi_s= |0
P-wave: |E_p|= , phi_p= |0

|default

reduced units -> period: § ty
Default me:
If you set it to 1, the

gth_min
3 the speed of light

The wavelength range is: min= I3DIJnm , max= [1100nm , step= |2nm

Smooth the resulted curves?: @ -_j no

[10 e
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_Thechange in reduced unit will affect the value of electromagnetic energy but not Poynting flux.
_This is because the energy is a integral of the whole layer's volume,

_while the flux is normalized by the incidence flux.

_Also be aware of the wavelength range of each material.
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_The minimurn wavelength can be set is 1 nm;

_The maximum wavelength can be set is 3000 nm.
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Figure 2.5 General Simulation setting page

The maximum number of Fourier components, the nature of the excitation plane
wave (including its amplitude and polarization) and the frequency range can all be
set here. The user can also select to smooth the output spectra and decide the



smoothing moving average. This will only change the output curves but not the
output log.

(d) Parameter setting complete
After finishing all the parameter settings, click "Simulate” button to run the program.

2. Ifthe user selects “S4 input deck”:
(a) Input control file code
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S = S4.NewSimulation()
S:SetLattice({1,0}, {0,0}) -- 1D lattice
S:SetNumG (27)
-- Material definition Editable
S:AddMaterial("Silicon", {12,0}) -- real and imag parts 4— trol Fil
S:AddMaterial ("Vacuun", {1,0}) control rile
S:AddLayer (
‘AirAbove', --name
0, --thickness
'Vacuum')  --background material —
S:AddLayer ('Slab', 0.5, 'Vacuum')
S:SetLayerPatternRectangle('Slab’, -- which layer to alter
‘Silicon’, -- material in rectangle
{0,0}, -- center
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{0.25, 0}) -- half-widths
S:AddLayerCopy('AirBelow', -- new layer name
0, -- thickness
‘Airdbove') -- layer to copy LY
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Figure 2.6 S4 input deck page

The user can select examples, upload a control file, write their own control file code,
and/or download the control file in the input deck.

(b) Parameter setting complete

After the user finishes entering the control file code, he or she can click the
“Simulate” button to run the program.

C. Simulation Results

Three types of results will be displayed after simulating the structure: the control
file (input or generated by S4sim), the output log from S4, and the spectral curves.
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= 84.NewSimulation()
:SetLattice({1.000000, 0. 000000}, {0. 000000, 1. 000000})
SetNumG (1)

Result: IControI File

nwuwn

:AddMaterial ("vacuum", {1.000000,0.000000}) Select output type

:AddMaterial ("SICR", {7.720210,41.651648})
:AddMaterial ("material_ 3", {-100.000000,-14.000000})
:AddMaterial ("material_4", {1.795600,0.000000})
:AddMaterial ("material_5", ({5.712100,0.000000})
:AddMaterial ("material_6", {14.364100,0.000000})

S
S
S
S
S
S .
Lua Control file generated
S:AddLayer ('Layer_above', 0.000000, 'vacuum') /
S:AddLayer ('layer_1', 0.337037, 'material 4'

S

S

S

S

S

_ )
:AddLayer ('layer_2', 0.196667, 'material 5')
:AddLayer ('layer_3', 0.110741, 'material 6')
:AddLayer ('layer_4', 7.407407, 'SICR')

:AddLayer ('layer_6', 1.851852, ‘'material 3')

:AddLayerCopy('Layer_Below', 0.000000, 'Layer_above')
S:SetExcitationPlanewave ({0. 000000, 0. 000000}, {1. 000000, 0. 000000}, {1. 000000, 0. 000000})
frequency = {0.900000, 0.894040, 0.888158, 0.882353, 0.876623, 0.870968, 0.865385, 0.859873, 0.854430, 0

real_eps_1 = {1.000000, 1.000000, 1.000000, 1.000000, 1.000000, 1.000000, 1.000000, 1.000000, 1.000000, |
imag_eps_1 = {0.000000, 0.000000, 0.000000, 0.000000, 0.000000, O.000000, O.000000, O0.000000, O.000000,
real _eps_2 = {7.720210, 9.109094, 10.172001, 11.006612, 11.692610, 12.252476, 12.749287, 13.193563, 13.5
imag_eps_2 = {41.651648, 40.225378, 38.941339, 37.806615, 36.803512, 35.926192, 35.192912, 34.561095, 34
real_eps_3 = {-100.000000, -100.000000, -100.000000, -100.000000, -100.000000, -100.000000, -100.000000,
imag_eps_3 = {-14.000000, -14.000000, -14.000000, -14.000000, -14.000000, -14.000000, -14.000000, -14.00
real_eps_4 = {1.795600, 1.795600, 1.795600, 1.795600, 1.795600, 1.795600, 1.795600, 1.795600, 1.795600,
imag_eps_4 = {0.000000, 0.000000, 0.000000, O.000000, O.000000, O.000000, O.000000, O.000000, O.000000,
real_eps_S = {5.712100, 5.712100, 5.712100, 5.712100, 5.712100, 5.712100, S5.712100, 5.712100, S5.712100,
imag_eps_5 = {0.000000, 0.000000, 0.000000, O.000000, O.000000, O.000000, O.000000, O.000000, O.0O0000O,
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Figure 2.7 Control file
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300, 1, 0.42258574174223001, 8.9816565003749006e-244
301.99991051854505, 1, 0.39372423286274, 1.3176890954680999e-236
303.99996397037467, p 0. 36646294396915002, 2.3502345586682001e-230
305.99997960000132, 1, 0.34052862160102998, 7.3270512886796005e-225
308.00013232598275, 1: 0.31565018878450002, 5.9883227021323001e-220
309.99990814817539, 1, 0.29187361656924998, 1.4382306213214999e-215
311.99986133339496, 1, 0.26898102455119999, 1.1686371142748e-211
313.99985811858261, 1, 0.24699278830974999, 4.1780418919459003e-208
316.00014044450688, 1, 0.22591772399407001, 7.6994472965517002e-205
317.99985160006929, 1, 0.20579440845767, 7.4375643926780003e-202
320, 1, 0.18664148140087, 4.2731459811620003e-199
322.00012164449043, 1, 0.16839045404434, 1.8046829517237999e-196
324.00012960005182, 1 0.15112359893857999, 5.6102548153712001e-194
325. 9999444592687, 1, 0.13501613745831001, 1.2898202837234001e-191
327.99989309633116, p I8 0.12009150870847, 2.2676723564872002e-189
329. 999926666683, s 0.10628860526048001, 3.1805304134152998e-187
332.00000491851858, b 0.093664890076480004, 3.4998380231524997e-185
334.00009648891677, i 0.082306512074079005, 3.0639897132492e-183
336.00017920009554, 1, 0.072199215893174004, 2.0071996740644999e-181
337.99981722972848, ; 1 0.063295699641051001, 1.0450795227488999e-179
339.99984888895608, 1s 0.055598706796532997, 4.1562872612271e-178
341.99986320005473, 1, 0.049055543617185997, 1.2120246964907e-176
343.99987768893237, 1, 0.043622879641349997, 2.5894451648384998e-175
345.99992054816641, 1, 0.039260678112957997, 3.8452176093656e-174
348.00003093333606, 1, 0.035937329789583, 3.7810947911736999%e-173
349. 99980555566356, 1, 0.033601180461631998, 2.5579050726493e-172
352.00020859271621, 1, 0.032219872918756998, 1.2273403812879%e-171
353.99993706667789, e I 0.031820563734594999, 4.0370999100330001e-171
355.99998417777852, b 0.032275814152271001, 1.5130021967264001e-170
357.99997348148344, 1, 0.033368478658710003, 1.5666403452293001e-169
360, 1, 0.034822054522914002, 1.4213313714246e-167
362.0001716148962, 1, 0.036283404788462002, 4.0224480020909002e-164
364.00011863707567, 1s 0.037422055812414999, 7.7375696365957999e-159
365.99995933333781, I 0.037956504230113999, 9.7781007818577999e-152
367.99982554082345, 1, 0.037894430368962, 1.7323920904918e-143
369.9998629630137, 1, 0.037334342351865002, 7.9396521232711001e-135
372.0002314668107, 1, 0.036356036142391003, 2.9129314301984e-126
374.00006925927204, 1, 0.034981534299335003, 3.0665075465728e-118
376.00005570371195, 1, 0.033249454862711997, 3.3046901777482999%e-111
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Figure 2.8 Output Log
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Figure 2.9 Spectral Curves

Spectra for reflection, transmission, and integrated layer electromagnetic energy
can be generated here.
The raw text output or images can be downloaded here.

A clear button on the bottom right could be used to clear the plots and the

simulation. It is recommended to clear the result after each simulation before going
back and changing the parameters for best performance.

III. Case Study



We verified that our code could reproduce published literature results [2].

(a) ‘r (o) r

Fig. 1. (Color online) Schematic illustration of solar cell designs studied in this paper: (a) a
photovoltaically active silicon region (green), backed by a perfectly reflecting metal (gray),
(b) diagram (a) with one or more front coating depicted in shades of blue, and (c) diagram
(b) with one back dielectric coating layer.
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IV. Conclusion

This new S4 GUI has been demonstrated to be capable of reproducing published
research results as shown in Section III, Case Study. The user interface is extremely
flexible and allows a wide range of optical structures in 1D, 2D, and 3D. Users are
strongly encouraged to test advanced optical problems of interest, and
communicate their results and challenges with the authors.
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