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1 Introduction

1.1 Overview

Introduced in 1994, GSolver is a full vector implementation of a class of
algorithms known as Rigorous CoupledaVé (RCW) Analysis. These
algorithms give a numerical solution
grating structure that lies at the boundary between two homogeneous
linear isotropic infinite half spaces: the substrate, and the superstrate. The
solutioni s rigorous in the sense that t
equations are solved with only the following two simplifying assumptions:

1) a piecewisdinear approximation to the grating construction, and 2) a
truncation parameter for the Fourier seriespresentation of the
permittivity (andimpermitivity) within each grating layer. GSolver is set

up to work with linear isotropic homogeneous materials.

Within GSolver, a grating is specified by a series of thin layers. Each layer
consists of (box shapedggions of constant indices of refraction. By
allowing the scale of this approximation to decrease, a spatially
continuous grating structure can be approximated to any desired accuracy.

Version 5.1 uses the same hardware key system as previous versions of
GSolver, and is forward compatible with the older keysti®2arallel
port, and USB type keys).

In general, the GSolver executable is static linked. This means that it is a
standalone application and does not rely on a host of Microsoft© DLLs.
However he basic graphics (charting) engine requires the ChartFX©
clientserver.core.dll as well as the GDI library (which is a native
component for most Microsoft OS). These additional libraries are installed
in the local GSolver directory (%install directory%/popt) to minimize
possible conflicts with the host system and other applications.

GSolver uses the system registry to store the user tool bar and menu
selections, basic form layouts, and working file names. The materials
catalog is called GSolver.ini. (éh 6i ni 6 file type is a
versions of GSolver.)
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1.1.1 New V5.1 Features

Version 5.1 represents a major rework of previous versions of GSolver.
(V4.20c is the prior version.) Many features have been added, many others
expanded. Following is hst of the principal differences betweerb\Xt

and previous versions:

- Graphical Grating Editor

- Automatic piecewise approximation construction

- Greatly expanded genetic algorithm for automatic design
- General algebraic constraints and equation editor

Improvedgraphing

Object linking and embedding (for interfacing to other programs

with drag and drop capability)

Modified interface with independent floating GSolver windows

- The materials file (Gsolver.ini) is now written to the root

directory (location of the GéeerV51.exe file)

- More consistent use of units. All forms now expect input in the

user Units selection (made on the Parameters tab).

- The genetic algorithm merit function has been expanded to
allow for summing a result over a set of angles or wavelengths.
This allows for optimization over certain parameter ranges.

The results of a Grating Listing run or a GA run can now be

copied to the internal piecewise grating structure allowing for the

results of (say) a GA run to then be used directly in a Grating

Listing run or from Run.

1.1.2 New V5.2 Features

Version 5.1 release included some 30 interim upgrades with various bug
fixes and addition of new features. Version 5.2 release includes a new
editor, patterned on the legacy V4.20 edifoclear understanding of the
interrelation between the various grating definition editors and the internal
grating array is essential. The various user interactions are described in the
following section
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1.2 GSolver Grating Definition

Graphical Editor

GS4 Editor
Swali n 8w [s £ NSO SOAGS DR 6@ o v Tt
vy Ot tone [ | i [0 | 0 | o | Wt | s | e | oo | ot oot |y |4 | e | o | e |0 | depion |
T TG EGRSy s nan [ Define grating profile with 034 syntax
i e
ool
el
l':l
ﬁ T
approximate
|
Graphical _‘_> Discrete
primitives approximation
RUN

e G e S o Do G4 et ot

Run Parameters

All calculationsargp er f or med on the O0ODiscrete a
grating structure. This is best viewed/examined from the Listing/RUN

view tab. Note that changes made on the List/RUN view grid are copied to

the ODiscrete approxi mati onbattodat a st
on the Listing/ RUN grid. The O6Popul a
60Di screte/ approximationd data struct

10
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All horizontal dimensions ofthed Di scr et e eaaEpelatvexci mat i o
to the Periodwhich set on the Parameters tab. ThlldVidths for each
layer must total to 1.0.

All vertical dimensions are absolutgbased on the Units set on the
Parameters tab).

Remembering the above two principles will alleviate many sources of
confusion when designing gratings.general it is god practice to

Opopul ated the Listing/ RUN grid and
dimentions are as expected.

The RUNcommand (on the Listing/RUN, GA, and Run tabs) operate on
the ODiscrete approximationd data st

1.3 Example Run (Quick Start)

The GSolver V5.1 install directory should include GsolverV50.exe,
Gsolver.ini (the materials catalog), this users guide, and a subdirectory
that contains ChartFX.ClientServer.core.dll (for graphics, and other
graphics related dll files). If an INI file is hdound, GSolver will create

one with a default for each material class. Prior version INI files can be
used if a [CONSTANT] section, such as shown below, is added.

[CONSTANTS]
total = 3

Ones: 1,0
One.25:1.25,0
One.5:15,0

This identifies three matais of the following constant refractive indices:
1.0, 1.25, and 1.5. Besides the [CONSTANTS] sectiod,1\INI files
must also contain the following sections: [DRUDE], [SELLMEIER],
[HERZBERGER], [SCHOTT], [POLYNOMIAL], [TABLE] with at least
one entry irfor each type.

11
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1.3.1 Binary Grating Example

This section gives a stdyy-step example for creating a single binary layer
grating (one layer with one index transition).

1.
2.

Open Gsolver$.1

The Parameters form is the global settings home. The substrate and
superstrag materials may be selected here. (More details are found
in the Dialogs chapter.) Select a substrate and superstrate material
by clicking on the appropriate select buttons.

Enter the grating period (or lines/mm), wavelength, and other
parameters. (A disssion of the angles is given in the Parameters
Tab chapter.)

Click on the Editor tab. Shown on this tab is the graphical working
area called the canvas (see chapter 4). The substrate is located at O
and below, referenced to the ruler on the left, and isshown on

the canvas.

This example employs the square (rectangle) shape button to draw
a rectangular structure. If not already present, use the menu item
Tools Customize to add the drawing tools to the toolbar. (See the
section on toolbars if needed.)

Drawing
Tools

9.

Click on the square tool button. Place the mouse cursor anywhere
on the active area of the canvas, and, while holding down the left
mouse button, drag the mouse to create a rectangle on the canvas.

. Move the mouse cursor into the interior of the rectaagie right

click. This brings up an item property menu. Select Properties.
Select a material for the rectangular region just created. In
principle, any shape may be made, and assigned a property. For
overlapping shapes, the region on top is used when makm
grating definition.

Drag the rectangle to the bottom of the canvas so it rests on the
substrate region.

10.The units of the canvas are normalized to 1 grating period. The

view region can be sized to any reasonable size, however the width

12
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of the canvassi 1 period no matter how the canvas is sized for
display purposes. This is explained in detail in the Editor chapter.

11.Recalling that periodic boundary conditions are assumed, the
single rectangle drawn in the canvas represents a binary grating
looking edgeon. Once the grating is defined with the graphical
editor, an internal piecewismnstant approximation can be
created. This gives the representation used in the RCW analysis.

12.Click on the Approximation radio button in the upper left corner of
the canvasarea to create the piecewise constant approximation.
Each time this button is clicked, and only then, the internal
representation of the piecewise constant construct is recalculated.

13.The spatial resolution of the piecewise constant construct is
determinedyy the canvas grid (see Editor Tab for greater detail). It
can be made finer in two ways: 1) by changing the grid spacing by
selecting Grid Properties from the Grid menu, which can also be
activated by right clicking in the canvas area; or 2) by chanbiag t
canvas resolution (a number of view units equals one grating
period), which can be accessed under the menu entry
Edit- Canvas Properties. Also, the actual layer and -llatgsr
geometric dimensions of any piecewise constant feature are
accessible, and rddiable on the Listing/RUN tab.

14.Click the Run tab. This brings up the standard global parameter list
similar to that of prior versions of GSolver. Using the check boxes,
select one or several parameters, enter limits and then click the
RUN button. The caulated results are shown on the Results Tab.

15. Alternatively, click on the Listing/RUN tab to bring up the single
parameter editable list option.

16.0n the Listing/RUN tab click the Populate button to load the list
from the current internal piecewise constamnstruct. If the
OApproxi mationé button on the Edi
this construct is empty, and so nothing will change. The piecewise
constant listing is discussed in the Listing/RUN chapter.

17.For this example the Listing/RUN will be used farcouple of
simple calculations. To create a run with the angle of incidence
changing. Enter the following formula into grid B2

=D5/2

13
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All cell formulas begin with an equals sign (=) and are calculated
immediately. [To toggle between formula view, and eakiew

use the menu Formulagrormula View.] The formula engine
included in GSolver is very extensive and powerful. It includes all
common functions, andlogicals with logical conditional
constructs. The formula engine is discussed in the Grid Formula
chaper. Any cell can be used in any formula as long as nested
iterations and a few restricted cells are avoided.

18.This Listing/RUN grid comes equipped with a single free
parameter in cell D5. Enter the parameter increment and stop
values as indicated in E5@&ifr5; set them to 0 and 80 respectively.
This will cause the value of theta (formula entered in B2) to
change from 0 to 40 degrees in steps of 0.5 degrees.

19.Now click on the RUN button in cell D9. The first thing that
happens is that GSolver cycles throubk parameter range. For
complicated formulas the increment and decrement buttons may be
used to single step the grid computation to verify correct behavior.

20. After the first run through, the parameter loop is reset, and then on
each parameter increment tharent grating list, as defined on the
grid, is sent to the solver routines. The solution is written to the
Results grid (Results tab).

21. At the completion of the loop, the Results tab is displayed. Select
any column(s) to graph by clicking on their heain Multiple
columns are selected using the shift and ctrl keys along with the
mouse in the usual manner. The many options available for
graphical display are discussed in the Graphing Options chapter.

22.Return to the Listing/RUN tab. Reset the parametertd8 and
change cell B2 to 10 for a fixed 10 degree incidence angle.

23. Enter the following formula in cell B6 (wavelength):

=if(D5/100>.5,D5/100,.5)
This is a from of a conditional entry. The wavelength remains
constant (0.5 microns) if D5/100<=0.5. Othemvig changes
linearly with D5 as given in the formula.

24.1n cell B7 enter the following formula

=1.+D5/100.

14
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This formula changes the grating period from 1 to 2 linearly as D5
changes from 0 to 100.

25.Change the orders field to 5.

26.Click the Run button and exana the results.

Note that the thickness of any layer can be entered as a constant or
through a formula on the grid listing. With this capability all film
thicknesses (layers) can be accurately set; the finite grid resolution of the
canvas does not limityar thicknesses.

1.3.2 Blaze Grating Example

For the Blaze grating use the tool button that shows a Blaze profile in
black. This is a general tool that includes common grating design tasks.
[Note that the dimensions need to be considered carefully as pointied out
section 1.2.]

A Blaze Tool

| ﬁg O] & [\ O Button

1. From within the Editor tab, click on the Blaze tool button. This
brings up the Custom Profile Construction dialog which includes
Blaze, Triangle, Sinusoidal, Piecewise linear, and Piecewise spline.

2. In the Blaze grid profile, seledté desired blaze angle (change the
default 35 in cell C3, or leave it as 35). Click OK.

3. A blazed profile is created. A blaze grating profile is a right
triangle. Select a material property for the triangle by right clicking
it.

4. At this point it is easy t@reate a conformal layer for this profile.
Select the triangle shape just created with a mouse click, then hold
down the control key, and click and drag the triangle. A copy of
the triangle is created. Change the properties of the new triangle.
Then sendtibehind the original triangle by right clicking the new
triangle and using OrderSend to Back. Move the second triangle
so that a thin conformal layer is created around the original
triangle. The small gaps left in the lower right and left sides can be
filled in with rectangles of the appropriate material settings.

15
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5. Click the Approximation button to create the piecewise constant
approximation used by GSolver.
6. Perform a grating calculation using the RUN or Listing/RUN tab.

1.3.3 Alternative Blaze Proceduré
Here we describe how to set up a blazed surfatief transmission
grating with the facets towards incident light. This example is for a 125
line/mm grating with a blaze angle of 30°, with light incident at 30°.

1. Begin by filling in the appropriate inforation on the parameters

tab:
Vacuum wavelengtll 1.5 microns| Can be changed at will
Grating lines/mm | 125 Or enter grating period of 8 microf
Theta 30 Angle of incidence
Alpha 45 Unpolarized light
Superstrate index | 1 Light incident in vacuum
Substraténdex 15 Grating material index

2. Select the editor tab. At the upper left you will see the 2D editor
button selected.

3. Press the custom profile selection button (the sawtooth iddg.
default is a blazed gratinghange the angle (C3) to 30 degrees
and press OK.

4. You will now see a grating facet in 2D editor mod€he next step
is approximate the ideal grating shape by a number of layers. You
can control the number of layers by selecting the grid button, then
grid properties, and then changing tral spacing parameters. A
smaller grid spacing number gives more layers.

! Provided by Daniel Fabricant;reail 23 Nov 2010.

16
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5. You now need to set the scale of the grating facet. For an 8 micron
period, you need to enter an 8 in the vertical scale factor box in the
editor window so that the layers wilahe the correct physical
scale.

6. You can now select the approximation button in the editor window
and a layered approximation of the grating is drawn. This
approximation will be used for the grating calculations.

7. Now select the Listing/Run tab, and préss populate button.
You can now see the grating layers described numerically on the
spreadsheet.

8. Now you can select the run tab. If you check the wavelength box
and enter appropriate parameters you can calculate the grating
performance in various ordeas a function of wavelength. Now
press the run button. When the calculation is complete, the results
screen pops up. Highlight a column and press the chart button to
get a plot of efficiency versus wavelength in the chosen order.

1.3.4 Yet Another Blaze Rocedure

1. Set the superstrate, substrate, Period, wavelength and so forth on
the Parameters tab.
2. Click over to the GS4 Editor and click on thetids option. This
brings up a GS4 dialog (more on this in the GS4 section below).
3. Enter the desired blaze anghtethe Balze angle calculator, press
the 6enteré6 key to display the re
position of the apex of the o6tria
Period.
4. Click on the handle in the graphic and drag it to so the x: positio
is either the pct value offct value (depending on left/right
orientation).
5. Enter the h: value in the Total thickness Ifakich translates to
the maximum ydimension for the profile)
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6. Decide on the number of level you want for the discrete
approximation
7. Set the base and top index valaes click OK.
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2 General Principles

2.1 Overview

User Interface

(GUD —| Grid Formula Engine
Canvas
Data Structures: | g:iatvc\)”rng
Global Parameters I

Material catalog —
Graphical object description
Grid data

—| Graphing utility |

—| Maxwell equn. solver |

Piecewise constant
grating structure

Each toplevel GSolver window, as depicted in the figure above, is
designed to operate on a single grating structure.

The objects in blue are shared components. The objects on the left are
unique to each top level GSolver window. Therefd multiple GSolver

windows are open, each with some grating structure entered, then all
parameter settings are unique to tha

When GSolver is started, the first order of operation is to look for the INI
file in the local diectory where GSolver was launched. If GSolver does
not find one, it creates a new one with default materials of each type.

When GSolver shuts down, its final operation is to rewrite the INI file
with the current material structure. Thus, if there are iplaltGSolver
windows open from the same directory, the last one closed will overwrite
the INI file. This should be kept in mind when using the GSolver material
editor to add or otherwise change the material catalog.

2.2 Drag and Drop

GSolver \5.1is built as a OLE (Object Linking and Embedding) object.
This permits the various graphical fields to be dragged between different
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GSolver windows, as well as any other OLE enabled application (such as
the Microsoft© Office applications).

2.3 Importing grating defitinion by text file

A grating may be defined in text format external to GSolver and imported
using the

File Y I mport Text

menu item when the Editor tab is active.

2.3.1 Grating Text File Format

Following is an gample grating definition file format for a two layer
grating structureThe first layer has two regions, and the second layer has
four regions.

[LAYER]

0.213

0.2 DRUDE Lead true

0.8 CONSTANT Ones false
[LAYER]

0.132

0.12 SCHOTT BSC4h true
0.22 HERZBERGER KCL true
0.26 TABLE SIPOLY10 true
0.4 CONSTRNT Ones false
[END]

Layers are numberd starting with the substrate and movinbhap.

LAYER description starts with the first layer on top of the substrate
(which isdefined within GSolver on the Parameters tab) and is identified
with the

[LAYER]
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keyward. The first line following the [LAYER] keyword is the
THICKNESS of the layer in MICRONS (be sure to leave the default
GSolver units on the parameters tab as Microns).

Following the thickness line is a line for each block of material within a
single pervd. There must be at least one block definition (a uniform layer
will have width 1.0).

A block definitionconsists ofour entries on the same lirerelative
width (based on grating period), a material catalog type which must be one
of

CONSTANT, TABLE, SCHOTT, SELLMEIER, DRUDE,
HERZBERGER, and POLYNOMIAL

which are the seven iegt models used in GSolvehe catalogntry
NAME of the material, which must be listed in your GSolver.ini (and
loaded into GSolver). The final entry is a flag (true/falseictvitells
GSolver to update the index value if the wavelength changes or not.

If a block definition line does not have four entries errors will accur

The sum of the block widths must total 1.0 otherwisemor conditions
set and the file read atis.

A typical file import would proceed as follows: Openew GSolver
instance, set the Parameters to some nominal values (using microns) then
click on the Editor tab and thetick (from the menu)

File Y Import Text
This action will initiate a fileead dialog box. Navigate to the text file

which contains your grating definition as explained above and open it.
GSolver will read the file and update the Editor window.
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NOTE: DO NOT CLICK the APPROXIMATON button if you do not
want GSolver to approximathe layer widthand thicknesse® the

Editor grid spacing. Rather go directly to either Run or Listing/Run and
populate the grid.

When the text file is read in, the grating is already defined as a piecewise
constant structure. Therefore the intemgalting structure is updated
automatically and there is no reason
tool.

2.4 Importing V4.20c

GSolver \5.1 incorporates an entirely new user interface with new
features and expanded capabilities. In particular, all matearal now tied

to material properties that assign indices of refraction for each region,
including the superstrate and the substrate. This requires new data
structures that do not exist in previous versions of GSolver.

An import function is provided to &mpt conversion of V4.20c binary
grating files (*.gs4) into the ¥.1format. In many cases the material index

of refraction properties are assigned constant values in V4.20c. On import,
the constant index of refraction properties are translated into aldigre
CONSTANT (see Gsolver.ini file format), and this property is added to
the current material list automatically if it is not found.

Holographic gratings are approximated as a set of constant index of
refraction regions. Depending on the granulaoityhe index modulation,
this may lead to a very large number of materials of type CONSTANT.

To import a V4.20 GSolver object, open a new GSolver window and click
on the Editor tab. Then click on the menu item Filenport GS4.20c. A

file open dialog is @ated in which you should select the existing *.gs4
file. After selection and clicking the OK button, GSolver creates a dummy
4.0 data structure and loads the *.gs4 binary object into it. It then reads
through the data structure and createsbdl data stucture from it, using
default values for any information that are not assigned. In particlBat, V
must assign a material type (INI model and model entry property) to each
material region. V4.20 objects are generally of constant value, so new
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material enties are created as needed for these types. If a V4.20c binary

file contains saved catalog materials these may not be converted correctly.
This situation can also occasionally cause a program crash (see the known
bugs section) which is being addressed.

2.5 Forms

GSolver is a forrdriven application. The various data fields that define a
grating, and the intended calculations, are arranged by class on different
forms. The forms are labeledarameters, Editor, Listing/RUN, GA
(Genetic Algorithm), Run, Results,3D Editor, 3D Run, and Angles
Calculation. Separate chapters are devoted to the descriptions of each.

Forms are activated by clicking on tabs, and the data fields in each form
provide interfaces to the internal data structure (of which there is one for
eat toplevel GSolver window). Each data document represents one
grating structure with its related global and calculation run parameters.

2.6 Toolbars and Menus

Several toolbars are provided for access to various GSolver functions.
Most of the tools relate tahé graphical grating design interface. The
toolbars can be customized by adding and removing buttons, and grouping
them as desired. These toolbar buttons are described below.

The Tool Customization dialog is activated by clicking on the menu item
Tools Cudomize.

Use the toolbar Customize dialog to turn on and off any toolbar, and use
the Command page of the toolbar Customize dialog to add or remove
buttons from any toolbar. Command buttons may be dragged from one
toolbar to another. To remove a buttonnfra toolbar simply drag it from

the toolbar to the Command button palette.

Toolbars are docking enabled.
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2.6.1 Menu bar
Menubar

File Edit Format Formulas Yiew Tools Grid Component About

The File menu item includes the commands for saving and loading saved
gs5 (GSolver 8.1) grating files. It also hosts the printing commarnidse
print commands will be active for any form that supports printing.

Use the Import GS4 command to attempt to import a Version 4.20 grating
file. This command is active for the Editor tab form. To import a gs4 file,
start from a new GSolverV50 windowli€k the Editor tab and then click

the import command on the File menu. GSolvérMvill import the file,
assigning constant materials for all of the grating regions. If a required
constant material is not found, a new constant material is created. There
may be problems importing gs4 gratings that haveauostant materials

(see the known bugs section).

The Edit menu command list includes numerous actions that apply to the
grid data structures in tHasting/RUN form, theGA form and theResults
form. Thebottom section of the Edit menu contains a group of commands
that apply to the graphic&ditor form. Although most of these commands
are self explanatory, notes for particular commands are presented below:

Edit- Components- This command activates the Cpaments dialog.
Each object on th&ditor canvas is identified with a default name. This
dialog helps navigate a grating construct with numerous objects. It also
provides an alternative way to call up the properties dialog for any
particular object.

Edit- Properties - The Properties dialog can be used to define the
properties of the selectdetlitor drawing object. The essential property is
the Material, which defines the index of refraction for the object. Other
properties exist for convenience, and inclide object name, edit flags
(indicating whether a property can be altered) the thickness of the
boundary line, and the color. By default the color is tied to the index of
refraction (see th&ditor Form chapter). However, the color can also be
set indepenehntly of the assigned index of refraction for display purposes
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only, since the display color has no effect on the assigned material
property.Note that the boundary line is generally not used in creating the
piecewise constant approximation of the canvajgats. However if the
boundary line is made thick enough, and intersects a grid point, it may be
included and assigned default superstrate properties by the piecewise
constant algorithm.

Edit- Default Properties- The Default Properties are used when @& ne
graphical object is createdNote the material property does not take a
default value but is set according to the substrate material property.

Edit- Measurements and Size- This dialog controls that canvas
viewport units and display scheme. It is recomdsehthat the default
settings be used. See the Editor form chapter for more details.

Edit- Canvas Properties- This dialog allows control of the relative
canvas size (number of canvas units to 1 period). See the Editor form
chapter for more details.

Edit- Color Map - This Dialog controls the color loekp table for the
real and imaginary parts of the index of refraction. See the Refractive
Index Color Map Dialog for more details.

Edit- Material - This command brings up the Materials editor dialog.
See the Matgals Editor dialog for more details.

The Format and Grid menu items all apply to the data grids on the various
forms. As will be noted, it is possible, separately from the grating, to save
as a text file the data on any grid. Thus, several different gheamuns

may be saved (and reloaded) for a single grating configuration. The grid
data only is saved and loaded with this feature, not the internal piecewise
constant data structure. Several commands apply only if a grid item is
selected. If a command doaot apply it is grayed out (disabled).

The Formulas menu item group applies to ltieting/RUN and GA grid
formula engine which is detailed in the Grid Formula Engine chapter.

2.6.2 Main
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[Main K|
DEHE| &R &
The default Main command button bar contains the following commands:
New - start a new GSolver window
Load - load a saved (*.gs5) grating structure
Save- a grating structure

Cut, copy andpaste apply to graphical as well as to data items
Print

2.6.3 Drawing

hXE \NLANOLTECOAW @

The default Drawing command button bar contains commands to generate
various graphical items. Included on this command bar are additional
buttons to instantiate the Materials Editor, and the Color Map dialogs.
Other drawing commandsline, polyline, text fields, bitmaps, and pofts

are included for convenient grating desigmnotation and markups, and
are not otherwise used for actual grating structures.

2.6.4 Rotate
E

G2k A S

These commands are used to rotate graphical objects. The default canvas
properties include a snap to grid (allows only discrete moves based on grid
spacing) and ang snap (discrete angles based on grid spacing). These
snap properties may be toggled on or off.

2.6.5 Layout

£
=
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The Layout commands are used to size multiple selected drawing objects
to each other. Use the shift key in concert with mouse button to select
multiple objects.

2.6.6 Align

ign
Taless

The Align commands are used to align multiple selected drawing objects
with each other.

2.6.7 Nudge

The Nudge commands move the selected object a small distance in the
indicated direction, but do not allow moving past canvas boundaries.

2.6.8 Structure

Structure x
BT T R Ch G

The Structure command buttons can be used to alter-tindez (which
object is on top) of overlapping objects. When creating the piecewise
constant approximation of the grating, the-topst object is used at each
grid sample point to define w¢h material property to use.
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2.6.9 Zoom

Zoom 7]
QHEEBS

The zoom and pan commands affect only the canvas view; they have no
effect on the internal object dimensions which are sized to units of the
grating period.

2.6.10Canvas
x|

The Canvas command buttons include the undo ando@dmands (also
accessible with contred and contrely) as well as the grid and canvas
property dialogs.

2.7 Index of Refraction

Each enclosed region in the model is assigned a material property from
which an index of refraction is calculated. The defaulbrseach material
to use the substrate property as assigned on the Parameters form.

GSolver comes with a number of predefined material properties in each
model class. This list is not exhaustive and it is expected that materials
will be added as needed kyetuserThis can be done directly editing the
Gsolver.ini file with a text editor (such as Notepad). Or it can be done
from within GSolver using the Material Editor.

NOTE: It is recommended that new materials in any model class be added
to the end of thdist. When grating structures are stored, the material
property is stored as an index into the material list. When a saved grating
is loaded, materials are loaded by index, not by nafifeerefore if
materials are rearranged by editing the INI file, thisght effect the
properties of a saved grating. If needed, multiple copies of the material
(INI) file can be used. Copy the needed file into the root directory (where
the exe is located) before starting GSolver. GSolver reads the INI from the
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root directory If one is not found there a new one is created with minimal
entries.

The material model parameters are stored in the GSolver.ini file detailed
in the GSolver.ini section. This ASCI! file can be edited with a text editor
such as Notepad. Described belowe the various material models, their
parameterizations and representation within GSolver.

2.7.1 Models

GSolver currently has six index of refraction models: Constant, Drude,
Sellmeier, Herzberger, Schott, Polynomial, and Table. Of these models,
the Constant, ide, Polynomial, and Table give complex indices of
refraction; the others are real valued. The Table model offers the most
flexibility as the entries may be made with a wavelength resolution as fine
as desired.

Each model has approximate validity overantmuous, finite range of
wavelengths. The user must assure that the wavelength values remain
within the valid range throughout the diffraction calculations as GSolver
makes no check on O6index of refracti

2.7.2 Constant

The Constant material propgireturns a fixed index of refraction for any
wavelength setting. A Constant material property is specified with a name
and real and imaginary indices of refraction. In the INI file these appear as

name: real value, imaginary value
The colon after the naenserves as a text (name) delimiter.

2.7.3 Drude

The Drude model is a wekinown, simple analytic index of refraction
model based on a simplified physical model of the material. A two
parameter model, it is not expected to give accurate results at any
wavelength particularly above the first model resonance.

A Drude model material is entered as
name: pl, p2
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Where pl and p2 are the two real model parameters. The relation between
the parameters and the model index of refraction is as follows:

n+ik /g g
_ P
el_/12+p12
__ e
& 1i( ?# p?)
._10000
/.—T

where/ is thewavelength in micronsThe square root branch is taken so
thatn andk are positive quantities. (Ah andk in GSolver are treated as
nortnegative quantities.) Typically a Drude model might be used to
estimate indices of refractionrfmetals in the infrared region.

2.7.4 Sellmeier

There are several Sel |l meier medel s |
parameter Sellmeier model comprehends several of them. A Sellmeier
material is entered as a name followed by 12 cordelimited

parameters. Fexample,

BK7: 0.5, 1, 1.03961, 0.231792, 1.01147, O, 0O, 0.0060007,
0.0200179, 103.561, 0, 0

gives one Sellmeier formulation for the common glass BK7. The index of
refraction is calculated according to the following formula

whaethecbs are the vari ousiswavaeadgthinpar ame
microns (The internal GSolver representation of wavelength is in
microns, as are all quantities with length units.)
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This model is purely real. Since it does not estimate the imaginargfpar
the index of refractiork is set to O (transparent) for Sellmeier materials.

2.7.5 Herzberger
GSol ver 6s Her z b epargneeter realoirdex| of refractioa

model. A typical INI file entry for a material of Herzberger type is shown:

MgO(IRTR-5): 1, -0.00309946, -9.61396€006, 1.72005, O,
0.00561194, 0, 0, 0, O, 0.028, 0, 0, 0;1009862e005

where the name, MgO(IRTFB) in this example, is followed by the 20
commadelimited model parameters.

The index of refraction is calculated according to

é C, .. C. o B
n=gc/? g / + +7 )
SR 7 a*r . 700028 Y

There is no parameter labeledso the first list entry starts wittp.

This is a real index of refraction model; the imaginary part of Herzberger
models are set to 0.

2.7.6 Schott

GSolver incorporates a sparameter Schott index of reftemm model. A
Schott material entry example is shown below:

BK7: 2.27189,-0.0101081, 0.0105925, 0.000208%7,64725e
006, 4.24099€07

This is the Schott model for the glass BK7.

The index of refraction for the Schott model is calculated according to the
following formula:

N 1/2
_¢€ 2 G % G, &
=7 / CE B4 7

=g & 7 T o e
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wherel is in micronsand the six parameters are labatgthroughc;. The
Schott material model is real so materials of type Schott rktard.

2.7.7 Polynomial

The Polynomial model allows for tentrder polyromials to define both

the real and imaginary parts of an index of refraction. This requires 20 real
parameters to define a material model of type Polynomial. The basic INI
gives a few hypothetical materials. For example

type2: 1.5,0.2,0,0,0, 0, 0,0,0,-0.1, 0.095;0.1, O, O, O, O, O,
0,0

defines a polynomial mode of name type2. The 20 comehanited
parameters are used to calculate real and imaginary indices of refraction
according to the following formulas:

9 .
n=a q/"
i=0

2 »
K=|a G '
i=0

where tle absolute value signs assure thahdk are both nomegative.
2.7.8 Table

The Table model is the most general material model. It consists of a
material name followed by a list of entries. Each line in the list consists of
three numbers: wavelength, n, and’ kewavelength is in microns

If a wavelength evaluation is done at a wavelength that is not in the table,
GSolver linearly interpolates the table. For example, the following is a
partial entry for silver (AG):

AG:

0.186412 0.995 1.13
0.187836 1.00425 14938
0.189282 1.012 1.16
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0.19075 1.0195 1.16813

0.192242 1.028 1.18

0.193757 1.0375 1.19438

0.195296 1.048 1.21

0.196859 1.05963 1.22563

0.198448 1.072 1.24

0.200063 1.08481 1.25125

0.201704 1.098 1.26

0.203373 1.11163 1.26563

0.205069 1.125 1.27

0.2067931.13719 1.275

0.208547 1.149 1.28

0.210331 1.16144 1.28531

0.212146 1.173 1.29

0.213992 1.18188 1.29281

0.215871 1.19 1.295
For a wavelength selection of 0.20, for example, the table value entries at
0.198448 and 0.200063 would be linearly interpolatdds 15 a common

method of tabulating indices of refraction, and users are encouraged to use
the Table model.

2.7.9 Color Map

Indices of refraction, both real and imaginary parts, are represented by
colors on the Editor canvas. The two colors are given as gtoarid and

a crosshatching pattern. Assigning of the colors is through a-user
definable color map interpolation scheme.
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Refractive Index Color Map Ny 77
| oK I Cancel I

Real part Color Map Imaginary part Color Map
0.00000 (0, 0, 0) it 0.00000 (250, 250, 250)
1.00000 (150, 150, 50) 1.00000 (50, 250, 50)
1.50000 (250, 250, 50) 2.00000 (50, 50, 250)
2.50000 (150, 250, 250) 15.00000 (250, 50, 50)

4.00000 (20, 20, 50

— Controls

IU IEI IU lu Replacel Insert | Delete | CDLDHl

The Color map has two components, lists of piecelunsar breakpoints
through RGB space for both the real and imaginary compomérttse
index of refraction. Break points may be added and deleted from the list.

For example, given n, as the real part of the index of refraction, a search is
made through the real breakpoint list to find the two break points that
bracket n. These two pus define two RGB coordinates. The color of the
given n lies along the line between these two points in RGB space as a
linear interpolant. The same goes for the k value with the list of imaginary
component break points.

This scheme allows for fairly gera color assignments to the real and
imaginary parts of the index of refraction. The representation of the colors
is done with a twecolor fill pattern made up of a cross hatch against a
solid background.

Changes to the default color map are stored wighgrating in the gsb file.
Therefore, when starting GSolver, each new grating has the default values.
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To use modified values simply save a simple grating as a gs5 file. Loading
that file will change the color map to the saved settings.

2.8 Materials Editor

The Materials Editor Dialog, as shown in the figure, provides a graphical
editing tool for the material catalog items. Any changes made using the
Materials Editor do not get written to the GSolver.ini disk file until the
current version of GSolver is closediowever, the internal materials
tables that are created, by reading the GSolver.ini file when GSolver starts,
are modified, and any changes are available for immediate application.

Table Model ﬂ :::F ;I print | wzd | save| copy

MGF2

MO

MOS12:4 45

MOSI2-B 4

INBSI-B 35 7

m?m =l 3= [,

—~]
"
NBSI-: - 25
0.204898,1.4,3.2
0.20662, 151925, 3.11356 2
0.208371,1.655,2.996 15
0.210152,1.77875, 2.87444 &
0.211964, 1.862, 2.776 1
0.213807, 1.83963, 2.75288
0.215683,1.793, 2.757 05
0.217591,1.79319, 2.75488 0
0.219534, 1.806, 2.755
0221512, 1.82013, 2.75475 o4 05 0B 07 08 08 1
0.223526, 1.838, 2.754 Wavelength [microns]
0.225577,1.85831, 2.75175 _I
0.227666, 1.88, 2.748 ambia |1— Rearaph | Lambda 2 0.4
 Edit selected table line/(nontable)model entry
24.7944,15.46, 37.682
Selected Table listhg —————— s o e
Insert | Replace I Delete | IV Insert | Replace | Delete |
EXIT EDIT

There are two sets of edit buttons on the bottom of the dialog (Insert,
Replace, and Delete). The first set applies to all materials. The second
apply to the table entries themselves in a-bgdine fashion.

The first step in editing a material is to select a model from the drop down
list box; the next is to select a spé&cimaterial. The selected material
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properties are then loaded in the large list box (for Table Models) or in the
Edit box for the other materials.

Make any modifications to the material parameters in the edit box and
select the edit operation desired:driso add it to the model list; Replace
the current material selection; Delete to remove the current selection.

For the Table Model materials, the second set of buttons are used to edit
the list, and the first set of buttons are used to update the Taibdeiath
object in the Table catalog.

The Chart provides a graph of the currersiyected material and any
changes. The graph has a number of interactive properties, including the
ability to drag data points with the mouse (see the chapter on graphing).

2.9 Types of Saved Data

There are three types of data files that are created, saved, and loaded
within GSolver: First there is the grating definition file with all of the
related data structures and parameters. This is a binary file of type gs5.

The second typ of data files contains the saved contents of the various
grids: Listing/Run, GA andResults The grid contents are saved as ASCII
and can be viewed and manipulated by any text editor. The contents of the
grids can be saved and loaded, allowing for afoi various data runs
based on a single grating definition. They can also be loaded into other
programs for further analysis.

The third type of file supports saving the graphs. The graphs are generated
with the SoftwareFX client.server graphics interfa@ecluding the
Microsoft GDI libraries for optimal display device interaction). These
graphs can be saved in a variety of formats (*.cfx, *.bmp, and *.emf). All
graphic images can be copied to the clipboard and pasted into other
applications (contret, cantrol-v).
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210 Known O0Bugs©®

2.10.1Inversion of OLE Coordinates

The Editor Graphics are created in a normal Cartesian coordinate system
with the origin in the lower lefhand corner of the canvas viewport. The
conventional coordinate system for windows objectsthasorigin in the
upper lefthand corner of the window with theaxis increasing down.
Thus, when graphical objects are dragged into other OLE objects,
including print objects, the figures are upside down. Since this issue
touches a lot of code it is difult to change, but is being addressed.

2.10.2V4.20c Data Import Crash

There is an unfortunate bug that can creep into V4.20c binary data files
(*.gs4) owing to the existence of two 4.20 binary schemas. In V4.20 an
additional data field was created to atters@ting the V4.20 links list as
well as any assigned material properties with the grating data. This
required adding data fields to the binary schema with a flag to identify
which type of file was being loaded. The logic that was used is not
sufficiently rdoust to correctly align the binary data in every case. This
causes an unrecoverable read error when a file containing catalog data is
read by a different GSolver 4.20 version. This problem is being addressed.
The current workaround is to eliminate materieatalog links in 4.20 data
before importing it to B.1 This problem can also manifest itself between
different installs of V4.20c.
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3 Parameters Tab

This chapter describes the various data fields and controls on the
Parametertab form which is shown in éhfollowing figure.

P untitled - GSolver¥50 L =10l x|

“ File Edit Format Formulas View Tools Grid Component About

b e e smOeNO

Parameters IEd'rtor I ListingRUR I G ] Run ] Resuts I 3D Editor I 3D Run I

|Default Parameter Values

WVacuum Wavelength: Ih microns lMicrons ZI L5 Seleckon
; : ; |1 conversion (from microns) factor
Grating Period: |1 microns
e |1000 !I Superstrate Index:  select | (1.00000, 0.00000)
Substrate Index:  select | (1.50000, 0.00000)
Angles of Incidence -
THETA:'D—' [V -i order convention «| )lj
PHI: IU iAo
—POLARIZATION ——————
BLPHA: ID T
BETA: ID
or Stokes Parameters A N AR LR R LAY
LI QSWM\
T1 T-1
v
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[ Physical Memary: 500.24 Mt | 7:44 PM 7z

The figure in the lower right depicts the grating, showing the illumination
k-vector (plane wave), along with the various diffracted orders.
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The various Parameter entries are discussed in subsequent sections.

3.1 Units Selection

The inernal representations of wavelength and grating period are in units
of microns For display, different units may be chosen for these quantities.
Several common length units are available for selection from the Units
drop down list box. Selecting one of #eedefines the units conversion
factor for the display. The bottom
allows configuring the conversion for units not in the drop down box.
Select this item, and then enter the conversion factor in the related text
entry box.

The two quantities that have units in a grating calculation are the
wavelength and the period. The absolute wavelength is needed for the
index of refraction calculation. Otherwise, all calculations are normalized
to the grating period. This impd length scaling is permitted since
Maxwel | 6s equations are |inear.

NOTE: With file version 5.1.1.1 a more consistent use of units has been
implemented, with a bug fiAll forms now expect input in the selected
units. The parameters with units are

- Wavdength
- Period
- Layer thickness

The refractive index transitions within a layer are relative to a Period and
soare within the range 0 to 1.

3.2 Angles

All angles are entered as degrees. On the Parameters form are four angle
entries that describe the incidgaéine wave direction and polarization.
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Polar anglesg (theta) and (phi) are defined as shown in the figure below:

g is positive for deviation away from the -axis towards the axis.f is

k z

positive for counterclockwise rotation around thaxis fromthe1 x axis.
This convention is for the incident plane wakevéctor) illumination. For
the reflected components the axis is used as a reference.

The two angles (alpha) andb (beta) are used to define the polarization
state. Ifb = O the illuminaton is linearly polarized. For transverse electric
(TE) polarization, the principal-Eeld is normal to the plane of incidence
defined byk and thez-axis. For transverse magnetic (TM) polarization,
the principal Efield is in the plane of incidence.
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a is the angular deviation of the principlefigld direction away from TE
towards TM;a = 0 for pure TE, and = 90 for pure TM.

b determines the magnitude of the secondanfield which is
perpendicular to the principaHield andk, and 90 degrees out ohase in
time. If the principal and secondaryfiglds have equal magnitude, the
wave is circularly polarized.

In generali45 ¢ b ¢ 45. Labeling the principle field as E1, and the
secondary Hield as E2) is the angle shown in upper right in the figure.

3.3 Stokes Definition

The polarization state is also defined by the Stokes vector. Since there is a
well-defined plane wave, the Stokes vector has three relevant components
{S1, S2, S3}. They are calculated as follows:

E1l = cosb)

E2 = sinb), [these are thmagnitudes of E1 and EZ2]

S1=E1*ELli E2*E2

S2 = 2*E1*E1*cosq)

S3 = 2*E1*El*sing)
These components are shown on the Parameters form as read only.

3.4 Order Convention

Different coordinate conventions lead to a different numbering of the
diffracted orders.These various schemes arise from choice of the
definition of the plane wave vector propagation (x kwzand + i). To
accommodate the European convention, GSolver includes a sign
convention check box on the Parameters form just above the orders
display. This check box only changes the sign of the orders. It has no
effect on the calculation, or the internal representation of the diffraction
orders. The orders are labeled as shown on the Parameters form.

3.5 Substrate/Superstrate

In line with V5.1 convention, dlregions of the grating must be assigned a
material property. The superstrate and substrate material properties are
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assigned from the Parameters page using the two labeled buttons. The
button command creates a Material Property Dialog where a mateeal typ
and entry may be selected.

3.6 Saving

To Save the current grating use the Figave menu command. A grating
file always has a *.gs5 type. If the Listing, Results, or GA form data grid
contents need to be saved, use the-GBdve Grid menu command. Data
from grids are saved as ASCII text (*.txt) files.
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4 Graphical Editor (Editor Tab)

The graphical grating editor, as shown below, is the primary tool for
defining a linear grating structurblote that crossed gratings are handled
separately for both editing andalculation, and are discussed in the

3DEditor and 3DRun chapters.

EUntltled GSolvery51 -0 x|

Jjamn[es-a|é|..vazm“f‘£@|umao A |

JJ File Edit Format Formulas View Tools Grid Component About

Parameters  Editor IListing.’RUN IGA I Run I Results ISD Editor I 3D Run I Angles Cale I

(" 2D Editor |G|-ating Editor vertical scale factor: |1
" Approximation

0 I1 |2 |3 10 11 12

13

[1zzepm| [ [aE 4

The main area is <called

superstrate. The <canvas
exists. This is illustrated in the following figure.
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canvas represents an edgeview of the grating. The substrate exists in
the region below the canvas. The area abtwe substrate is the
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Superstrate

A7

—

A\

Substrate

/
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Once a figure is drawn, using the primitive shapes and automatic profile
tool s, a cl i ck oadio tuttos in thheAypper leftxxdrngrat i o n
invokes the piecewise constant approximation routine. This routine
examines the canvas at the each of the canvas grid points and creates a
piecewise constant approximation, the internal representation GSolver

uses fodiffraction calculations.

| f drawing objects overl ap, the obj
refraction for that region. If several objects are grouped, the grouped
object i's treated as a single objec

setting thematerial property for the group.

New to version 5.1.18 is the Vertical Scale Factor (in the upper righthand

corner of Editor form. The scale factor multiples the vertical dimension
when the OApproximationd function i
horizontal dimensions are relative to a grating period (defined on the
Parameters tab). The vertical dimensions are absolute. However it is often
convenient to construct a grating with a predetermined number of layers

with a certain total thickness. The VedicScale Facter multiples the

vertical scale (scale factor > 0.) by the desired quantity. In short, the
canvas vertical scale is relative to the Vertical Scale Factor.

The Editor tools and operating principles are discussed below.
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4.1 Coordinate System

The cavas width is equal to 1 grating period for all unit setti(igs 10
units on the ruler)

The canvas origin is the lower ldfand corner. The two rulers that span
the canvas, on the left and top, represent units relative to the canvas view.
The substra lies in the region <0 on the vertical scale, and is not
accessible from the canvas. (The substrate and superstrate material
properties are assigned on the Parameters form.) All drawing must be done
on the canvas.

There are two dialogs that hold the défons of how the canvas is
di spl ayed. They are the o6Canvas pr oy
si ze. . .6 dial ogs. Al t hough the <ca
period, this unit length can also be mapped to some number of pixels on
the screen. fiis is done in the following manner:
GSolver sets the default coordinate mapping style to MM_LOMETRIC
which is interpreted as one logical unit equals 0.1 mm (on the monitor).
The actual dimensions depend on the type of monitor used. The other
screen modeare as follows:
MM_HIENGLISH - one logical unitis 0.001 inch
MM_HIMETIRIC - one logical unit is 0.01mm
MM_ISOTROPIC- one logical unit is 1 pixel in both x and y
MM_LOENGLISH - one logical unit is 0.01 inch
MM_TEXT - one logical unit is one pixel
MM_TWIPS - one logical unit is 1/1440 inch.

While it is possible to change the mapping mode for printing purposes, it
is generally recommended that thapping mode not be altered

On the Measurements and Size dialog, together with the mapping mode,
are entriesd determine the relation between logical and physical extents
(for viewing and printing).

The canvas Drawing scale should usually be set to the drawing units
(default is centimeters).
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The canvas area can also be modified from the Canvas Properties dialog.
This dialog simply assumes that the canvas width and height are some
number times the grating period. The grating period is taken as arbitrary
for viewing purposes.

The Default canvas size, shown on the Size and Units tab of the
Measurements and Size dialg, is 10 cm by 10 cm. Thus the default
viewing scale is 10 cm = 1 grating periad

If the canvas width is set to 2 (=2x) on the Canvas Properties dialog, while
all other settingsemainat default values, the canvas will be drawn with a
20 cm width, whichwould then represent one grating period. The canvas
width and height scales may be set independently.

If the width of the canvas is resized, to increase the grid sampling
resolution for example, the various components can be selected and
stretched to theaw width. Recall that the canvas width is 1 grating period
independent of how the viewport of the canvas is configured. If the canvas
is resized smaller, any grid objects that now are off the canvas must be
resized to the new canvas size.

4.2 Canvas Grid

The gid spacing is set in the Canvas Properties dialog and the grid
represents the resolution of GSolver
There is a minimum grid spacing determined by the monitor resolution
together with the mapping modes settings. The eesy to increase

resolution is to simply set the canvas size to some larger value, putting

more monitor pixels at disposal.

On the other hand, there is a point beyond which increased resolution has
no benefit or effect on the outcome of the calculatioris Whll be grating
specific and depends on the relative changes in the material properties. A
rule of thumb is design to/10.

The 6snap to gridé feature may be
Properties dialog. This feature attempts to size all comporsenthat
boundaries are on grid points. This is often convenient for sizing
components, but can be inconvenient if components have incommensurate
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dimensions with respect to the grid spacing. In this case the snap to grid
can be turned offNote that the bder place for fine tuning dimensions is

on the piecewise constant representation of the grating structure,
accessible on the Listing/RUN tab.

4.2.1 Accelerator Keys
To delete a region, select it and then key sleft

To copy a region, select it and, while halgl down the control key, drag
the object with the mouse. Objects can be dragged from one grating
canvas to another for multiple concurrent GSolver objects.

To copy an object for pasting into another canvas, or any OLE enabled
application, right click th@bject and select copy. To paste, right click the
canvas and select paste.

4.3 Tools

Several tools available for drawing grating profiles are discussed in the
following sections.

When any region is selected, the boundary is augmented with handles
(small gray guares) that can be dragged to resize the object.

4.3.1 Rectangle

The Rectangle tool icon is used to add a uniform layer (thin film). A
uniform layer is a rectangle that spans the width of the canvas. Or, it may
be used to add a binary transition region.

4.3.2 Piecewse Linear (poly-line)

The polyline tool icon is a triangle. A linear poline region is defined by

a starting point, defined by clicking the canvas after the tool selection,
moving the mouse to a new point and clicking again, and repeating. Each
click generates a boundary line from the prior click location to the current
click. Double clicking will complete the region.
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4.3.3 Spline Curve and Ellipse

The spline curve icon is the kidney shaped command icon. The operation
is similar to the polyine tool, howevethe shape is smoothed by a cubic
spline estimation through each set of 3 points. Double click to complete
the figure.

4.3.4 Classical Form Generation

This tool invokes a dialog whose tools generate Blaze, Triangle,
Sinusoidal, General Peline and General Splencurves. The tool icon for
the classical form (custom profile) tool is a black blaze profile (triangle).

|
Select profile type: Blaze profile is defined by one angle. The width is scaled to 1 grating period. Blaze angle
Coordinate measure is isotropic (height is in same units as width). Enter the blaze
Blaze] v | |angle [degrees), or the apex position as a fraction of the period. el I
period
a_| 8 | ¢ | o | =
1 All coordinates in units of Period:
2 Blaze angle:
3 a a 35
4 06710100716 :0.4698463
5 1 a
]
7
8
9
10
11 =
12
13
14
15
16
17
18
19
20
21
22
23 £
24 j

Use the list box to select among the several predefined profile types.

Blaze- A blaze profile is defined by a single parameter, the blaze angle.
Enter the blaze angle in grid location C3 in the dialog. After the profile is
updated, clicking the dialog OK button will insert the profile onto the

canvas. The canvas size is increased automatically if needed.
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General Sawtooth- A sawtooth profile is defied by two suminety
degree angles. Enter the angles to define the profile in grid locations C3
and D3.

Sinusoid (poly)- This profile is a generalized sinusoid constructed by a
piecewiselinear approximation. The number of line segments that define
the baindary may be set to any reasonable number. The default is 15.
Enter the number of line segments in grid location D2.

There are two columns of coefficients, labeled A and B in the equation
below, with A entries in grid locations €4, and B entries in gti
locations D413. The general sinusoid profile is defined by the following
formula, where AO is in grid location C3, Al and B1 are in grid locations
C4 and D4, and so forth.

y=A+ & A cosk) + B sin(x)
i=1,N
Any desired number of coefficients may be used. Theetabay be
extended simply by entering nonzero values in grid locations Cn where
n>13 and so forth.

General polyline - This form provides a method for constructing an
arbitrary polyline approximation to a general profile. Enter the
coordinates of the polyne end points as an (X,Y) pair in grid locations

An, Bn starting with n=2. All xcoordinate entries must be in the range
0<=x<=1, where 1 represents one grating period urgbgrdinate values

should beintherangey>=p. i s absol utledbyRerdd)O1 ( x i

General cubic spline- This tool is very similar in operation to the
General polfine. The difference is that every 3 consecutive points are
taken as a cubic spline definition. Thus, the number of points entered in
the table should be auttiple of 3.

These two tools allow for precise point location for both a {iaky and
spline profile definition.
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4.3.5 Conformal Coats

Conformal coats are created by selecti
the profile group or object, copying it
and shifting the copy vertically. The
copy properties are then set, and the n
object is sent to the bottom of the Z
stack, or the original object is brought to the front. This procedure is
illustrated with the following example.

Conformal coat on a blaze profile:
1. Start a new canvas by clickiog File New
2. Click on the custom tool icon; select the blaze profile tool
(default), and click OK. This puts a blaze profile on the canvas.
3. Right click the blaze profile object and set the material property
4. While holding down the control key, click on théabe profile
object and drag it up (towards the top of the canvas). This makes a
copy of the profile object so there are now two on the canvas.
5. Right click on the new copy and set the material properties to the
coating material.
6. Move the copy so that theegk of the copy is a few grid units
above the original; most of the copy will overlap the original.
7. Right click on the new copy again and then click on the Order
option and then Send to back.
You may want to turn off tdse Osna
To fill in the small areas at the base of the coating use the rectangle
tool to create two small rectangles to fill in the area remaining. Use
the order property to put the new objects behind the original.

© ®

The grating listing generated by the piecewtamstant approximation,
which is the internal representation of the grating parposes of
calculation can beedited for precise thicknesses. This is discussed in
Chapter 5.

4.3.6 Uniform (fill) Coats

Uniform (fill) coats are made in a simila
manner to the anformal coats discusse:
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above. Simply select the rectangle tool, set its properties and size (width as

wide as the canvas), and then put it at the bottom off-tirder. All other
objects will be on top, and any canvas space is now covered by the fill
material defined by the rectangle object.

4.3.7 Text and Lines

For convenience GSolver contains text and line tools that can be used to

annotate grating structures on the canvas. Text and line tools do not have a

material property, and should not be used as pérthe grating
approximation. They do have a color property, but this is not tied to any
particular material.

However if it happens that a line or text object intersects a grid point, it is
possible that the piecewise constant approximation algorithmassiign
some (undefined) property to that location. Therefore the text and grid
lines should be used for annotation only; if they affect the piecewise
constant approximation algorithm they should be either temporarily
covered (sent behind something), mogédhtly, or not used.

4.4 Automatic Piecewise Approximation

Once the grating profile is drawn it is necessary to run the piecewise
constant approximation algorithm on the grating objects. This is
accomplished by <c¢clicking on thehe
upper lefthand corner of the canvas area. The approximation is
recalculated each time this button is clicked.

The algorithm begins operation by scanning through all of the grid points
on the canvas, filling an array with the material properties pfodject it
finds, always using the temost object for overlapped regions. If there is
no object found it fills the sampling array with the superstrate property.

0Ap

In the case of grouped objects, the material property that gets assigned is

the first objectin the group list. Thus, it is important to keep track of
which objects are grouped, and it is good practice to only group objects of
like material property.
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Once the sampling array is filled it is then parsed. The array is scanned by
columns and rows tdind the maximum rectangle (grouped sampling
points) that satisfies the piecewise constant approximation. For example, if
every grid point happened to have a material property different from any
nearest neighbor, then the result would be a maximal segudres
centered on each grid point. If adjacent grid cells in a single row have the
same material properties, then the boundaries between them are removed.
Columns are scanned before rows. Any adjacent rows that are identical are
combined into one row dWwice the thickness.

Since the sampling is done at the grid spacing, it is convenient to leave the
snap to grid property turned on. It takes a little discipline not to attempt to
create finer detail. Some experimentation with a grating structure will
indicate what feature size is required for accurately estimating the
diffraction efficiency.

4.4.1 Grating Representations
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There are four internal representations of the grating structure. The
following is an overview of their interrelationship, and indications of
which representation is sent to the solver routines to calculate the
diffraction efficiency.[See sec 1.2 figure for additional detail]
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The Canvas (on the Editor Tab) contains a list of geometric primitives,
and represnt the grating structure (witha sngle period). No diffraction
efficiency calculations are done using the list of geometric primitives.

Whenever the Approximate button is clicked, the list of geometric
primitives are converted to a piecewise constant approximation. This
internal represdation is the basic grating description which is passed to
the solver routines. For example, working from the Run tab, clicking the
RUN button will invoke the solver routines with tlgeating structure
which resultsfrom the Approximate function.

Two othe grating representations are also creébedhe Listing/RUN tab
and the GA tab. In both cases the Populate fundogiesthe results of
the Approximate function representation to the respective grids.

When the RUN(Listing/RUN tab)and RUN GA(GA tab) buttons are
pressed, the solver routines are invoked with the grating defirgtieam
on ther respective grid.

To copy any modifcations from the Listing/RUN grid (or the GA grid) to
the grating definition generated by the Apamate function simplelick
the Copy/Update button on the grid.

If you make modifications to the grating on (say) the Listing/RUN grid,
and then want to use those modification to do a GA run, you will need to
first Copy/Update the Listing/RUN grid (to update the Approximata da
structure) and then Populate the GA grid.

4.5 Holographic Tool, Vy, &4

New to Version 5.1.22 is an additidnaolographic tool. VH is used to
generate volume holograms with fringes close to the normal direction to
the grating. SH is used to generateiagie pattern parallel to the grating (a
Bragg reflector). SH creates a series a thin film slabs, in the piecewise
approximation, whose index of refraction varies periodically.
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The Vy tool (button Vy) assumes that some material (base index) has
some densyt modulation. The modulation is defined by a sinusoidal
variation. The index of refraction is given by

N(X Y, D= e +Rwd ASIN2p B2an()) Bcos(2jp sztan(,
j=0

where npase the base index of refraction, amgo,q the modulation index.
The period is normalized (one grating period), ss@p/thickness; is the
so-called slant angle and causes modulation in tteection. Whery =0
only one layer is needed.

The general index is then descretized into a number of layers and number
of steps within each layer. This a piecewise approximatotihé index
variation. It is convenient to choose a step size (number of blocks) that is
commensurate with the grid.

The Sy tool (buttonSy) is used to generate a fringe pattern that is parallel
to the substrate. The index of refraction is given by

0 a 7
6 B cos %G_F
- ¢

where n(z) varies in the normal direction only and T is the layer thickness.

2= e ol ASIE2 P

j=0

Since GSolver is material oriented, the various constant regions within a

hol ographic |l ayer ar e assigned t he
independent of wavehgth. The material catalog is augmented with as

many constant material regions as called for. When invoked, GSolver first

looks through the Constant material list to see if a material already exists

with the required index of refraction. If one is notridua new material is

created and appended to the list. When GSolver is exited, the GSolver.ini
material catalog file is rewritten with the new materials.
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5 GS4 Editor

The GS4 Editor is new to GSolver V5.2, it includes editing syntax of
V4.20 and is a layeby-layer graphical editoA representation of the
editor s shown in the following figure.

P% Untitled - GSolverV52 =101 =]

File Edit Format Formulas View Tools Grid Component About

I
josd|sme|a mews|[f=zg\LhOLe0A

Parameters I-Gl'a,'ﬁiodEM G54 Editor ILEsUgJ'RUN IGAIF&MIR&SH!S ISDEM ISDRHII ]Arlg&;l}ic |

Define grating profile with GS4 syntax

x: [B | [o.20318725099601 | e
Layer thickness: ID.DZ49999942??‘35 Current Layer: IG ﬂ Del Al
Add/Insert Layers
% Add on top

" Insert at current layer

M_x | Single layer, M transitions

N-ties | Linear profile M tie paint

BD\"'lewl

dbl-dlick to set index
Click-drag transitions

g:29aM [ UM [aE

This editor operates directly on the internal discrete approximation, and
each layer in the grating can be displayed in thelgecapindow on the
left. A layer consists of various regions which each region identified by a
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width (relative to a period) andghandex of refractin. Eachdblockbin the

layer can be directly edited by clicking on and dragging the boundary lines
(or after selecting a boundary line by clicking aindggingit, simply

entering the relative location in thext box).

Boundary lines are numbered from left to right. Each boundary is limited
by the position of the boundary on the immediate ledt ianmediate right.
Thus aboundarymay not be dragged past an adjoining boundary.

To edit thematerial simply double click the region to bring up the
material selection diag.

There are twdayer delete options: Del current, removes the current layer
from the grating, and Del All removes all grating layers.

The layer thickness is also indicated and may be edited directly (absolute
units).

There are two tool® insert grating layers. To insert a single layer, use the
N_x button, whib inserts a layer with N transitions. To insert a grating
profile (such as triangle, blaze, or some sort of linear profile)hest

ties button. Theétiesorefers to the number of piecewise linear parts there
are to the profile (@iesCB).
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5.1 N-tiesProfile Tool

1-2-3 Peak Profile Dialog

| Handles: 2 i’

Levels: I 25
Total thickness: I 1

Ones Top index |
e

Relative handle location

¥: 0,552083,
¥: 0,240979,
Pt 1

Cancel

—Blaze angle calculator

Enter angle (deg): I 15

b2 /Period=pct

h
]

b1 b2
Period = b1+h2

The profile tool is shown in the figure above. Essentially a linear profile
may be defined (up to three linear sections) byiig anddraggingthe

tie points. The relative location of the tie points are shown in the location
region. Note that the width is relative to fheriod, and the vertita
dimension is relative to thEotal thicknes®ntry. That is the the

maximum vertical position drawn in the figure is set to Total

thickness

The linear profile representgartition between two regions defined by

the dopdanddottondindex of refractions.
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6 Listing/Run Tab

The Listing/RUN tab form is the main interface to the solver routines. The
internal piecewise constant grating approximation is listed on the grid, and
the various entries can be modified and constrained va#r defined
algebraic constraints.
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Click on the Listing/RUN tab to activate the listing view. The grating

structure is found in column B together with the grating parameters.
Column A is used to label the column B entries. On the right of the grid
are agroup of controls used for setting the free parameter. Column C
displays the cumulative thickness at each layer, for information purposes.

Layer 1 is the first layer of the grating structure and interfaces to the
substrate. Each subsequent layer liesoprof the previous layer.

The first thing to do is to populate the grid with the grating definition
structure created on the Editor using the Approximation function.

Any empty grid cell can be used to hold intermediate results. The grid
supports split viers for both vertical and horizontal splitting.

Grid-specific menu items are grouped under Format, Formulas, View and
Grid. Many of the controls operate on specific elements of the grid. In
those cases, the element must be selected before the contraisvated

6.1.1 Make Grid Current

Make grid currentoption copes the current piecewise grating structure
(including parametersas represented on the gt the internal grating
storage array. It has no effect on the Canvas (graphic representation) of the
graing. This allows for any updates/changes to the grating structure to be
used between the Grating Listing tab, the GA tab, and the RUN tab. For
example, after a GA run, the resulting grating structure can be copied into
the general grating storage arrafgeawhich a RUN will use the results of

the GA run.

6.2 Parameter Control

The Listing/RUN grid is equipped with a single parameter which is
located in cell D5. This cell can be incremented and decremented, by the
increment value in cell E5, using the buttmmtrols in F7 and E7.

When the RUN button is clicked, the parameter in D5 is incremented by
the amount in E5 until it equals or exceeds the stop value set in F5.
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The order of operation of GSolver when the RUN button is clicked is to
first increment theD5 parameter from its current value, update all
formulas, and continue through to the Stop condition. All formula
dependencies are calculated, but error checking is minimal. D5 is then
reset to the starting value the parameter loops through its range thgain
time taking the Listing values in column B, and running the related
diffraction calculation for each step.

The following example assumes that a grating structure has been defined
and populated on the listing grid, such as the coated blazed grating
example given in 4.3.5.

6.2.1 Using Listing/RUN to find the diffraction efficiency

as a function of incident angle (theta) example.

1. Populate the grid by clicking the
Populate button

2. Enter the following formula into cell
B2: =D5/100

3. Enter O into cell D5, 1 intoatl E5,
and 80 int cell F5

4. This formula and set up will change the value of the theta
parameter from O to 80 in steps of 0.01 degrees.

5. Click RUN

The D5 parameter runs through its range, updating cell B2, and then is
reset to the starting value. The looprépeated, this time running the
diffraction calculation. The progress bar estimates the time to completion.

At the end of the calculation the results tab is activated automatically. The
results grid is configured to hold the results during the firsthuough of

the parameter loop. The user can, therefore, click over to the Results tab
and watch the table being filled. At the end of the calculation GSolver
eliminates zerevalue columns.

6.2.2 Abort Button

It is possible to set up grating structures that takery long time to both
allocate memory and run the defined calculation. The Abort button
attempts to stop the loop. However the calculation only responds to the
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abort message at certain convenient places. For example, if the operating
system is off tryig to allocate sufficient RAM the abort will not happen
until the OS returns from that activity.

6.2.3 Example of varying the thickness of the grating

1. Populate the grid by clicking the Populate button (assumes you
have defined a grating with the Editor)

2. Select he Thickness Formula tool using menu item 6Grid
Thickness Formula

3. On the Thickness formula dialog click on the All button. This tells
GSolver that the formula should be entered in every layer thickness
cell on the grid. If you only want to vary the thickseof some of
the layers, then click to deselect other layers from the list. A

selected |l ayer is indicated with
4. Enter the following into the entry text box on the dialog
=D5/100

5. Click OK. The grid layer cells should now be populated with the
formula D5/100. To check the result increment or decrement the
parameter in D5 or simply have the Grid show all the cell formula
entries using menu item Formwa&ormula Expressions.

6. Enter 0 in D5, 10 in D6, and 200 in D7

7. Click RUN. The total grating thialess is varied from 0 to 2.

6.2.4 Example of Littrow constraint

The Littrow condition constrains the incident angle (Theta) by the
wavelengthto-period ratio. One way to implement this constraint is

Theta = asin(lambda / 2*Period)

Additional checking shouldébdone to ensure that the argument of the asin
is correct, and that |Theta|<90. The example below shows one way to
implement a Littrow condition constraint using the wavelength as the free
parameter (fixing the Period). If this example is worked followihg
previous example, clear the layer thickness formulas by using the dialog
tool to enter the formula =0.1 in all the layer cells.

1. Populate the grid (if needed)

2. In cell B6 (the wavelength parameter) enter

=D5/100+1
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3. In cell B2 (Theta cell) enter
= degreessin(if(abs(B6/(2*B7))<1,B6/(2*B7),0.)))
4. Enter 0 in D5, 1 in D6 and 99 in D7. This will change the
wavelength from 1 to 1.99 microns.
5. Click RUN
6. Another way to constrain this formula is as follows:
=degrees(asin(if(abs(B6/(2*B7))<1,B6/(2*B7),0;>=0&& #<90

Note there are a variety of ways to enter this constraint (see section
5.2.1.2). The appendix contains a listing of all the functions available in
the grid formula engine as well as formula syntax.

6.3 Cell List

Cell F15 contains thi@abelé C e | |. Ani ¢el designation (such as B2,
C12, G23, etc.) that is entered in the column below F15 will be included
on the Results List.

For example, assume that you want to include a listing of the contents of
cell B2 (theta, which may be the results of a fdancalculation) on the
Results listing. Simply enter

B2

in column F below the 06Celll Listoé |
scans down column F (starting at row 16) for a list of cell designations.

Then for each parameter update it records those cue#montents in the

Results listing. This provides a way to include any grating definition
results in the Results listing for additional analysis.

6.4 Formula Engine

Any cell entry that begins with an equals sign (=) is interpreted as a
formula. Each formulgs evaluated immediately and the results are shown
in the same cell. To expose the formula scripts of a cell, select it and use
the menu item FormulasFormula Expression.
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Formulas are limited to 512 characters. Formula recursion is not
supported. That isa formula cannot depend, either directly or indirectly,
on its own output value.

All calculations are done in double precision. Calculations with logical
operators (!, &&, ||, ?:) consider a naaro value as TRUE and a zero
value as FALSE.

Integer operats (~, &, |, *, %) convert their argument(s) to integer first.

The maximum number of grid columns is 4096. The maximum number of
grid rows is one million.

Entries that begin with the apostrophe character are treated as text.

Covered cells cannot be ake. This feature is used on any cell that
contains labeling information.

Do not use commas or spaces to delimit pure numbers. Scientific notation
(E convention) is supported.

A range of cells can be referenced absolutely such as A2..A10. Cells may
also have relative references.

6.4.1 Syntax

In general a formula will have the following syntax
=expression; constraint expression // comment

where expressiondefines the calculationgonstraint expressiomplaces
limits on acceptable values or circumstances undechwthie calculation
should take place, ammbmmenimay be any text. It is recommended that
constraints be entered using the if(. .) function, otherwise the grid will
generate an information dialog each time a constraint is violated.

6.4.1.1 Expressions

Expressionsre algebraic formulas comprised of values and operators that
define the relationships between values. They adhere to the following:

1 A formula must begin with an equal sign
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1 The grid automatically assumes you are typing a formula if you
begin with any oftie following characters

0123456789-.@=+
1 Spaces are ignored but count against the 512 byte limit
1 Ranges look like B12..G29, A1..D5

Operators (order of precedence)

% 14 Unary percent

**13 Exponentiation

+12 Unary plus

-12 Unary minus

~12 Bitwise complement (integer)
112 Logical not

*12 Multiplication

/11 Division

%11 Remainder (integer mod)
+10 Addition

-10 Subtraction

<<9 Shift left (bit shift on integer)
>>9 Shift right (bit shift on integer)
<8 Less than

>8 Greaer than

<=8 Less than or equal

>=8 Greater than or equal

== Equal

=7 Not equal

&6 Bitwise And or string concatenation
) Bitwise XOR (integer)

|4 Bitwise Or

&&3 Logical And

|12 Logical Or

?:1 Conditional (like the C language conditaij

65




GSolver V52 User guide

In formulas with more than one operator, the grid formula evaluates
operators in the order of precedence presented above, with highest
precedence first. That is, AND/OR/NOT operators are evaluated after
inequality operators in a logical expression, andltiplication/division
operations are performed before subtraction/addition operations in an
arithmetic expression. Operators at the same precedence level are
evaluated from left to right.

Indirect Reference

An indirect cell reference specifies a row)wuon offset from the current
cell location with the follow syntax:

#{column offset, row offset}

1 If one value is included, the grid formula assumes that it is a
column offset. For example, the offset referencel}tells the
grid formula to look to the camn just left of the current cell.

i Offset values may be constants or expressions

Examples:

#{0,-1} refers to the cell above the current cell

#{-2} refers to the cell two columns to the left of the current cell
#{1} refers to the cell to the right of the mkant cell

#{0,1} refers to the cell below the current cell

@CSUM(C4..C100, #{1} == "Joe") calculates the sum of all the
values in the range C4..C100 for which the cell in the column to
the left contains thstring "Joe".

1 @CCOUNT(CA4..C100, # #{e1}) counts all the cells in the range
C4..C100 whose value is greater than the contents of the cell
immediately above.

M1 /verb/#1+2/ adds 2 to the cell value from the cell to the left.

= =4 =4 -8 A

6.4.1.2 Constraint Expressions

Constraints are limitations or conditions placed on thariables in the
gird. They are expressed as algebraic statements appended to formulas. A
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constraint expression can be attached to any formula, by typing a
semicolon (;) and the constraint conditions after the formula.

Constraint expressionsestablish eitheconditions under which a formula
operates, or boundaries for valid results of the formula. Constraint
expressions can be simple equality/inequality relationships, or arbitrary
formulas. Any valid grid expression that returns a numeric value is a valid
constraint expression. However, unlike the expression that defines a cell
value, a constraint expression can reference the cell in which it resides, by
using the symbol #. For example, the formula =A1 + A2 ; #>2 && #<=B5

|| #==C7 means: the value of the emtrcell is the sum of cells A1 and

A2, and that value must be either greater than 2 and less than or equal to
the value of cell B5, or equal to the value of cell C7. The benefit of
constraint expressions is maximized when combined with current cell
referance support (#) as indicated in the above example.

Constraint violation generates an error dialog box, and so can be
inconvenient in loops. An alternative is to us the if(*,*1,*2) function. This
function returns *1 if the condition in the first slot is dfuotherwise it
returns the result in *2. For example

=if( d5/100>90 && d5/100<90,d5,0)

will return the value d5/100 if it is betweef0 and 90, otherwise the
function returns 0.
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7 Genetic Algorithm (GA Tab)

The GSolver\s.1 genetic algorithm has been sificantly enhanced. It is
based on Differential Evolution (DE), a class of genetic algorithms for
which there is a large literature . The Differential Evolution home page is

http://www.icsi.bekeley.edu/~storn/code.html

Pruncuied-sobervsn il x|
H File Edit Format Formulas VYiew Tools Grid Component About I
[FEEs e oW N OE
Parameters I Exitor ] Listng/RUK ~ GA IRun I Results I 3D Editor I 3D Run '
a | B8 | ¢ | o | E | F G H o
1 GA Grating Definition Listing
2 Theta: |0 [ [
3 Phi: |0 Real Parameters
4 ‘Alpha: |0 Min Value  Max Yalue
= Beta: |0 1] 1 0.369141
B wavelength |1 u] 1 0.113068
7 Period: |1 0 1 0.0106201
g yperstrat | Ones
9 Substrate: |One.5 Weight: 0.70000000
10 Orders: |3 CrossOver: 0.30000000
1M LAYER |1 Population: 25
12  Thickness |0.05 Maxtterations: 25
13 Block: |1 Method: Rand1Bin
14 Wictth: |1
15 Material: |BK7 RUN G& Populate
16 LAYER |2
17 ‘Thickness |0.025 Abort GA test Options
18 Block: |1
19 Wictth: | 0.7
20 Material: |BK7
21 Block: |2
22 icith: 0.1
23 Material: |Ones
24 Block: |3
25 Wictth: |0.2
26 Material: |BK7
27 LAYER |3
iﬂ ~ Thickness 10.025 _'Ll
«| | »
[Physical Memory: 537.96 ME[ 7:39PM [ [ 4
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The GSolver DE implementation allows for an arbitrary number of real
parameters, and all of the popular evolution strategies. However some care
and skill are required to find any particular grating efficiency solution. If
the solution constraints are too far afield of any physical solution, the
algorithm is likely to simply wander around in parameter space and never
produce a satisfactory result. However the application of DE to grating
design is a very powerful tool in optinaizon.

This chapter explains DE and how it applies to grating design.

NOTE: I file version 5.1.1.1 an additional menu item as been added to the
Menu/ Grid menu called O6Make grid cu
current piecewise grating structure (indimg parameters) to the internal
grating storage array. It has no effect on the Canvas (graphic
representation) of the grating. This allows for any updates/changes to the
grating structure to be used between the Grating Listing tab, the GA tab,
and the RUNtab. For example, after a GA run, the resulting grating
structure can be copied into the general grating storage array, after which
a RUN will use the results of the GA run. Previously the only way to
update the internal grating array was directly frometl2D Editor
OApproximationdé function

7.1 Overview of Differential Evolution

DE parameterizes optimization problems. A specific set of parameters (a
vector) is associated with a merit function whose extremum is to be found.
A set of parameter vectors is a pagtidn. The algorithm will alter various

population member entries with other entries, as well as creating new

entries from random distributions. P
functions are chosen more often than others to serve as a source of
paramé er s . New vectors are made up wit

as new random members and the entire set is iterated until some stopping
criterion is reached. See the web page above for tutorial information.

7.2 Guiding Principles

Applying DE to the gratingproblem creates some difficulties. For
example, most parameterizations of the grating problem require careful
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attention to physical constraints to produce meaningful solutions. The
piecewiseconstant approximation suggests a direct parameterization
basedon the geometric constraints (cell thickness and width). However,
the cells that make up the grating are constrained in the following ways:
all cells in a layer must have the same thickness; the sum of the widths of
the cells in a row must equal 1 since tmit canvas width is one period.

In addition to the grating geometry parameters, the global parameters may
also be used. These include grating period, wavelength, and the angles that
define the illumination plane wave.

The actual material properties inyaparticular cell are problematic. Since
GSolver ties all indices of refraction to an actual material in a catalog, it is
difficult to allow arbitrary changes in these indices. However a limited
solution is to create specialized materials that coverahger of the index

of refraction (the search space) at known, specific wavelengths. Then,
using those materials, the wavelength can be allowed to vary over the
discrete space of wavelengths so that different index of refractions are
selected in a controllemhanner.

7.3 Setting GA Options

The DE options are set in a dialog, shown below, which is invoked by
clicking the Options button (cell F17 on the default GA grid).
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Genetic Algorithm Settings/Differential Evolution .

oK
Population: I nominally 10 total number of parameters Cancel
Weight: 10.7 nominally = 0.8 (0<F<=1], larger values => faster convergence
Cross-over. 0.3 nominally =0.9[0<=CR <=1.)

Max Iterations: |25 Stopping criterial
Number of Real Parameters: l3

— Goal settings for selected orders

Select differential solution mode

|"Rand1Bin" ~|

Order Goal Weight
Enter DE Goals: [0 IR Ll [i f1
Add 0R 01
1R 11

Clear |
Clear all |

— Integrated Merit Function

Start Stop #Samples Checked values extend merit
Wavelength IV IU- 4 |2_5 I8 function over selected range.
Theta [~ [0 [45 j10 M =3 u(parameter)
Phil” |0 {180 10 The merit function is summed over
Alpha | lU Igg lg the parameter range overriding grid
formulas.
Betal ™ |45 |45 f8

The Population, Weight, Croswer, and Max Iterations control the
operation of the DE run. Ehnumber of real parameters (must be at least
1) is also entered on this dialog. Select the solution mode from the drop
down list box.

The Goal settings area of the dialog contains controls for generating input
to the DE metric function which will be minized. The DE merit
function is as follows:
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merit = a W (DEcaIc - DEgoaI)i2

where the sum is over the diffraction efficiency (DE) by orders given in
the Goal settings. Each term in the sum includes a weight factor, which is
also entered in the Goals Setting box.

Enter the goals in the dialog by entering an order (R and T for reflection
and transmission) together with a weight and goal and add the selection to
the list. Usually a merit function consists of one or two DE goals. The
object of the DE algorithm is torfd parameters that minimize the merit
function (a perfect match is at merit = 0).

With file version 5.1.1.1 the merit function has been expanded to allow for
the optimization over a range of angles and/or wavelengths. If a parameter
in the Integrated MeriEFunction area is selected the diffraction efficiency

is solved for the range of parameters selected and the above merit function
is accumulatedThe parameter range is uniformly sampled from the Start
to Stop range with #Sample sampl€ke resulting metifunction is used

by the GA.

Note: By using this feature, the calculation of the merit function can be
significantly increased. It is recommended that the number of samples be
set to a small number initially to gauge the CPU time.

The GA grid contains th same functionality (formula engine) as the
Listing/RUN grid. The formula engine is described Section 5.2.

7.4 Applying Constraints

The GA parameters are selected from a uniform random population, given
by Min Value and Max Value, for each parameter in tse ki is very
important to remember that DE makes algebraic combinations of current
parameters to use as new parameters. Therefore actual parameters are
not constrained to the Min and Max bounds

Each formula should also have a constraint on the chcs@mpter so
that the result gives a physicallgalizable value. For example, if a cell
width is to be altered, you must enter a constraint on the other cells in that
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grating layer so that that total width (sum of all the cells in a layer) sums
to 1. The oder of operation is illustrated in the following examples.

7.4.1 GA Design of a Thin Film AR Coating

In this example the optimal AR (antireflection) coating thickness is sought
for MgF2 on an AlI203 substrate in air at normal incidence atmtn5
wavelength.
1. Stat a new grating editor
2. Change the wavelength to Grn on the Parameter tab
3. Change the Substrate material to Table: Al203
4. Using the Rectangle tool in the Editor tab, create a thin film
coating with width of the canvas and of arbitrary thickness.
Set the material property to Table: MgF2
Click the Approximation button which creates the piecewise
grating data structure
On the GA tab click Populate
On the GA Options dialog, click the Options button, enter the
following goal
O R 01 (click Add)
9. This indicates lat the specular reflection has 0 enethg AR
condition. Click OK.
10.In cell B12 enter the following formula
=if(F5>0&&F5<0.2,F5,0)
11.Change E5t0 0.4
12.Click the GA test button to exercise the parameter selection and
verify that the thickness is being updatesd constrained (nen
negative and <0.2)
13.Click RUN GA
14.The merit function (Best Energy) is updated each time a new
minimum is found. The final result is updated to the listing. The
result should be somewhere around 0.09.
15.Increasing the maximum constraintayn cause the region of
mul tiple minima to be reached.
may be found by executing the GA algorithm multiple times.

oo

o~
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While the GA is running, the current generation and best merit function
are displayed. A merit function ke of O indicates that an optimal
solution has been found based on the goals given.

Upon completion the GA loads the values of the best parameters to the
grid and creates a table of all the diffraction orde@sders to +Orders for
T&R).

This example 3 easily extendable to include multiple thin film layers.
Simply add the materials in the Editor tab and use a separate parameter for
each layer thickness.

7.4.2 GA Design Example 2

This example considers a sawtooth profile, such as might be cut by a DPT
(diamord point turning machine, in ZnSe. The problem is to find the
optimal sawtooth profile (depth and period) to maximize transmission in
the-1T order (i order convention box on Parameters tab unchecked) for 3
mm wavelength, TE polarization, and for 30° ohent light.
1. Start a new grating
2. Change the wavelength to 3 and the substrate material to
Herzberger: ZnSe(IRTR) and check the Lambda change update
box. (This tells GSolver to update the index of refraction if the
wavelength changes.)
Change Theta to 30
From the Editor tab, change the canvas properties-(Ecinvas
Properties) so that Canvas height is 2. This allows for grating
structures that are 2x the grating period, creating an approximation
with a large number of layers for finer resolution.
5. On the Edor tab, select the Custom Profile tool (black triangle)
6. Select the General Sawtooth form, and change the angles to 35 and
90. Click OK.
7. Select the newly created object and set its properties to
Herzberger:ZnSe(IRTH). This should be the default if the
substrate material was set.

H w
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8. Select the shape and assure it is moved all the way to the bottom of
the canvas. Then grab the top, center handle and stretch the shape
so that i1 tos height i3m219 wunits

9. Click the Approximation button

10.Click the GA tab and Populate the grid

11.Click the Options button and enter the goatBE 1 1 €1T order,

DE of 1, weight of 1). Click Add, then click OK.
12.1n cell B7 enter the following formula
=if(f5>2&&15<5,15,4)

13.This onstrains the DE algorithm to only allow periods between 2
and 5 microns, and uses 4 microns as the default.

14.Change D5to 2 and E5to 5

15.Click the menu item Grid Thickness Formula, select All and
enter the formula

=if(f6>0&&f6<.2,16,.1)

16.This allows for a m@mum thickness of 8 and a minimum of O.
Notethere are 40 layers in the approximation.

17.Set B10 (orders retained) to 8

18.Set D6 to 0 and E6 to .2

19.Click RUN GA

While the GA is running, the current generation is displayed together with
the best merit functionalue. A value of 0 indicates that the goals were
met perfectly.

For this example, a period of around 2.0, a total thickness of about 7.6,
and an-1T order with approximately 96.9% efficiency are typical.

Change the mode settings under GA Options to exanme behavior of
different DE evaluation schedules.

Following is a modification to the above example to find the best grating
for simultaneously maximizing transmission, in the 1T add, for
thickness, period and angle of incidence. The best such oaatimn will
have 1T =1T = 0.5.
1. Enter the following in B2
=if(F7>0&&F7<80,F7,40)
2. Enter0in D7 and 80 in E7
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3. Change the goals on the Options dialog to
1T0.51andlT051
4. Click RUN GA

A typical run may result in Theta = 2., Period = 2.7 and thickre2s
with 1T =42.% and 1T = 47%.
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8 Execution (RUN Tab)

Just as in previous versions of GSolver, the RUN tab provides immediate
access to several key grating parameters.

olx
Wﬁ]@;grgir;mglas Miew Tools Grid Component About \
Feese —woe N o
Pareers | ot | ustrareon | 68 Rum Jresus | o | 50 R |
|Run Parameters
Start Stop Inc
Wavelength [~ [1 [2 o gg;s;gkjgg;vmnwaﬁm
Theta [~ [0 IE3 |2
Phi[” Jo 0 |2
Apha ™ [0 0 |2
Beta [~ [0 I3 |
Total Depth ¥ [0 [1.25 Joo
X Period [ [1 |2 Jo1
Orders [~ [1 |5 f1

ORDERS: |7 =1 Diffraction Efficiencies

Wit Fields to File [ RUN _stoe |

[ 0%

[Physical Memory: 537.28 Mt[ 7:40PM | [l 4

8.1.1 Run Constraints

The RUN tab parameters that are checked define a loop over weich t
selected parameters vary.

Select a parameter and enter the start, increment, and stop values for it.
Click on RUN to start the calculation. The STOP button puts a message in
the queue to terminate the loop. The loop will stop at the first convenient
break point. When the RUN is finished the Results tab is activated with
results written to the Results grid as they are computed.
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8.1.2 1% order Littrow

The £ order Littrow check box invokes a simple Littrow condition. As
the wavelength changes, Theta is alleso that the firsbrder Littrow
condition (in reflection) is satisfied. A Littrow constraint is generally run
as a function of wavelength only.

8.1.3 Write Fields to File

The Write Fields to File command directs GSolver to record the computed
complex Efields as an ASCII text file. Clicking on this control activates a
file save dialog; enter the name of the file into which to record the
complex Efields. The data can be saved to a new or existing file. If the
file already exists the results will be appendeds end.

The Complex Hields are the field amplitudes of every order retained in
the calculation at the top interface of the grating (reflected fields) and at
the bottom interface (transmitted fields). In general, all orders have non
zero magnitude. Hoewer they may not be propagating. For a field in
some order to propagate, the relatedektor zcomponent must have a

real component. Grating structures can support large amplitude evanescent
fields, which can be visualized as standing waves. These faigls
essential in the solution of the boundary conditions which explains why
some gratings require a large number of orders, beyond the number of real
propagating order s, be retained t o
meaningful results. This is particulartrue for gratings that contain
materials where relative differences in complex index of refraction are
large, and the field is in TM mode.

8.1.4 Run/Stop

The RUN button executes a loop defined by the selected parameters.
There is always at least one calcwatin a RUN, which represents the
current version of all the parameters, even if no parameters are selected.

The STOP button simply posts a message to the GSolver message queue
to halt the current calculation. This is a ragterministic action and
GSolverwill respond to the STOP command at a convenient point.
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9 Results Tab

The Results tab holds the grid where the calculated diffraction efficiencies
are posted. Reintroduced in GSolved is a simple phase calculation

which is also listed.

Frunitied -csovervso 1=

H File Edit Format Formulas View Tools Grid Component About

[NeEEs e o wde N ofF
Parameters | Edor | Listna/RUN | 6 | Run Results I wEdor |30 R |

B = |Results Yiew
OR SumR AT oT T SumT Total lambd 4 |

0.0000|0.04 0.04 0 0.96 0 0.96 1 1.00000C
0.0100(0.0399524 |0.0399824 |0.000178361 |0.959661  |0.000178361 |0.960018 |1 1.00000C
0020000399294 |0.0399294 |0.000712901 0958645  |0.000712901 |0.960071 |1 1.00000C
0.0300)0.0398411 0.0393411 0.001602 0.956955 0.001602 0960159 1 1.00000C
0.0400)|0.0397173 |0.0397173 |0.00284293 |0.954597 0.00284298 |0.960233 1 1.00000C
0.0500)0.0395579 |0.0395579 |0.0044321 0951578 0.0044321 0.960442 1 1.00000C
0.0600)0.0393628 |0.0393628 |0.00636462 |0.947903 0.00636462 |0.960637 1 1.00000C
0.0700)0.0391317 (00391317 |0.00863433 |0.943599 0.00863483 |0.960368 1 1.00000C
0.0800)0.0388645 |0.0388645 |0.0112361 0.938663 0.0112361 0961136 1 1.00000C
0.0900]0.0385611 0.0355611 00141608 |0.933117 0.0141609 |0.961439 1 1.00000C
01000)0.0382215 (00382215 |0.0174011 0.926976 0.0174011 0961778 1 1.00000C
0.1100)|0.0378458 00378456 |0.0209474 |0.920259 0.0209474 0962154 1 1.00000C
0.1200]0.037434 0037434 00247902 |0.912936 0.0247902 |0.962566 1 1.00000C
0.1300)|0.0369864 |0.0369364 |0.0289191 0.905175 0.0289191 0963014 1 1.00000C
0.1400)0.0365035 |0.0365035 |0.0333232 |0.89685 00333232 |0.963497 1 1.00000C
0.1500)0.0359858 |0.0359856 |0.0379909 |0.888032 00379909 |0.964014 1 1.00000C
01600)|0.0354342 |0.0354342 |0.0429104 |0.878745 0.0429104 |0.964566 1 1.00000C
0.1700)0.0345495 |0.0348495 |0.0430691 0.869012 0.0480691 0.96515 1 1.00000C
0.1800)0.034233 0.034233 0.0534543 |0.858858 0.0534543  |0.965767 1 1.00000C
0.1900]0.033586 0.033586 0.0590525 |0.848309 0.0590525 |0.966414 1 1.00000C
0.2000)0.0329101 0.032910 0.06485 0.83739 0.06485 0.96709 1 1.00000C
0.2100]0.032207 0.032207 0.0708325 |0.826128 00708325 0967793 1 1.00000C
0.2200)0.0314786 |0.0314786 |0.0769554 |0.814551 0.0769854 |0.968521 1 1.00000C
0.2300)0.030727 0.030727 0.0832934 |0.802686 00832934 |0.969273 1 1.00000C
0.2400)0.0299544 |0.0299544 |0.0897403 |0.790564 0.0897408 |0.970046 1 1.00000C
0.2500)0.0291632 (00291632 |0.0963111 0778215 0.0963111 0970337 1 1.00000C
< | »

| Physical Memory: 535.29 ME| 7:41 PM 7

The first line d the results grid contain headers that identify each column.
The general format is #R and #T for diffraction efficiencies where # is the
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order number. On the far right are columns labeled #r and #t. These are the
phase data (in degrees). Between theatiffon efficiencies and the phase
data are several columns that list the values of the global parameters.

If the RUN tab is used to generate the results, the first column is a list of
the current value of the first parameter checked. Thus, if multiple
paraneters are checked, the first column will run through its values, and
then repeat as often as required by the loop.

If the Listing/RUN tool is used to generate the results, then the first
column represents the value of the parameter in cell D5 (see the
Listing/RUN chapter).

9.1 Diffraction Efficiency
The diffraction efficiency is defined as follows:

DE, =§E,con(E)), {EconiE)) (+Ecotj§), 2 ek &

where subscripk = diffraction order,k.xis the zcomponent of the %k
diffraction order (as defined by the grating equation), and Rflection.

R gets changed to T for the transmitted orders. Since all orders are
represented as plane waves, if theomponent of the diffracted\kector

is O (or pure imaginary), then DE is identically O for that order.

9.2 Phases

Phase for each order is defthas follows: given the complexfield for
the " order equak,, first calculate

sz=sign(re(E, )3 im(E,))

the sign of the xomponent of the usual vector cross product. Next
compute

&re(E,) GM(E,) 8
gre(E, )im(E, ) 2

J =°sz8 arcco
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on the rangep< f < Thp + sign (of the £ operation) is used for the
transmitted orders, and tiesign for the reflected orders. This defines the
complex angle between the real and imaginary components of the complex
E-field vector. The dot in the above formula isetusual vector dot
product. No attempt has been made to do phase unwrapping.

This is a relative phase calculation in the sense that it computes phases

that are relative to each other for the set of reflected and transmitted
orders. At each stage of theternal calculation fields are normalized by

the largest (complex) eigenvalue in the related algebraic eigenvalue
problem, as defined by the Fourieomponents of the layer permitivities

(and impermti i vi ti es) and Maxwel | 0s equat
improves numerical stability. The absolute magnitudes of itiernal

fields are calculated only up to some constant (complex) multiplier.

The system of equations is configured so that this normalization has no
effect on the calculation of the external fieldghat is, the system of
equations is ordered so that the external fields come first, and back
substitution is used to solve only for those fields.

9.3 Graphing

Select the columns to graph; multiple columns can be selected using the
shift and control keys atm with the mouse. Click the chart button.

The initial chart uses defaults on all settings. To alter any feature of the
graph, click on the various tools. Clicking on most items invokes a
properties dialog for that item. For example to changig propeties

such as display, limits, and numerical format, simply rglak on one of

the xaxis ticmark labels and select properties.

GSol ver6s graphing tool i's very powe
display and customization options. More informatiisn given in the
graphing chapter.
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103D Editor Tab

Some crossed grating (3D) structures can be solved with GSolver. The 3D
Editor is the interface for defining these structures and is essentially the
same as in prior versions of GSolver.

P untitled - GSolver¥50 N B (=]

” File Edit Format Formulas View Tools Grid Component About

Weese o wiehOfF|

Parameters | Edtor | ListnarRUN | G4 | Run | Resuts 3D Editor Iso fun |

(Crossed Grating Editor
-Peiiod: [125 x [0 [03333333 [0:0333333
Y: ]2 f0.75 [05:0.75

Material | |Table Model: AGAINPO: (3.13737, 0.07562)

Change QEAAAANHX A AHAXK
‘ b.:...l.l.r:: st tateatetatetatel

000! % 000!

. 0 S 1% S50

Layer thickness: ! 25 &5 & X

X & X

RORRRRRHKS CRRRHRRS
SISO R R RRRS

Delete | Current layer: |1 ﬂ

Insert 3D structure

<,
.
&

5
<5
55
R,
5
S5

SRR
N = M | SRS
A, RS
LSS SRS
¥ LA SLOTOTOS
Holographic I CRRRRARRL, ’:: e tatatetatotatorsl
L I & :.’0:0 3 & :.’o:o
0TS0 O 00 OO0 O OO S OO
SRR 2% 0t
RS
A
R RRRAEBB
DD DD DD DO

[ Physical Memory: 536.02 Mt | 7:43PM [

NOTE: with file vesion 5.1.1.1, the 3D Editor Tab must have units set to
Microns.And all entries with units are interpreted in Microns.
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10.1 Limits on Solving 3D Structures

The coupled wave solution is based on solving the truncated infinite set of
Maxwel | 6s e q uel-known ralgebraicy eigensystemwnethod.
This implies that for each layer of the grating regions a full complex
eigensystem is solved, followed by a boundary conditions solver. This
process is iterated through each layer, from the substrate to the stgperstra
The behavior and solvability of general complex eigensystems has been
thoroughly studied for decades.

The size of the eigensystem, including auxiliary memory arrays for
holding intermediate resultfusing 64bit floating point structures)s
roughly estimated as

bytes=176Q2* orders+1)? +560(2* orders+1) + 8224
For crossed gratings it is
bytes=176Q2* orders+1)* +5602* orders+1)® + 8224

Notice that for crossed gratings the size of the memory requirements
grows as orders retained to the fourth power. In addition, both the
eigensystem solver, and the bdary system solver, which operate in a
manner similar to matrix inversion, require computer operations that grow
roughly as the cube of the size of the arrays. With just a few orders
retained on a crossed grating, a significantly large eigensystem problem
must be solved (for each grating layer). In computer terms there are a huge
number of multiplyaccumulate operations needed for finding each
eigenvector and eigenvalue, and for matching boundary conditions.
Considering that the basic floating point formation a typical Intel®
processor is limited to 64 bits (80 bit internal), difficulties with round off
error are to be expected.

Since GSolver is a full vector implementation and a 3D structure is a
natural subset of the problem space, the 3D structuvers@ included.

However, due to symmetry issues, the 3D structures generally do not lend
themselves to the several convergenc
employed in the normal (linear) grating solver routines. There are, in fact,
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four solver rotines in GSolver: a TE solver, a TM solver, a general linear
grating solver, and a full crossed grating solver. The first three take
advantage of the various known methods for stabilizing and accelerating
the coupled wave problem solution.

The 3D solutionis retained in GSolver primarily for backward
compatibility. For those aware of the limitations imposed by th&di64
floating point hardware on the numerical algorithms, the algorithm allows
investigation of a fairly large crossed grating problem space.

Problems that need only a few retained orders (such as all orders being
evanescent) are usually readily solved. It is generally recommended that
there be no more than a few real propagating orders and that materials
with large phase shifts, such as metdis, avoided. The convergence
behavior of all 3D grating structures should be investigated, since the
general approach to convergence often has an oscillatory component.

10.2 Defining a 3D Grating

GSolver handles all gratings as piecewisear approximations.df a 3D
grating this approximation consists of a unit cell with periodic boundaries.
This cell has a width of one gratingpériod and a length of one grating

Y -period. The thickness is arbitrary and cells may be stacked as desired.

Each unitcellmaybdi vi ded i nto any desired
regions. Each region is then assigned a material property, which gives it an
index of refraction.

The basic tool for defining a 3D unit cell is the NxM tool. This tool creates
an NxM checkerboard with twmaterials.

For any layer, any region of the unit cell can be altered by simply clicking
on it. A new material may then be assigned to that region by clicking on
the Material button and selecting a new material.

The boundary lines between regions of a calt be moved by dragging
with the mouse, or altered by entering new values in the X: and Y: text
boxes at the top of the form.
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The 3D layer structure is numbered starting with the first layer which lies
on the substrate, and then increasing for each &bere.

The Holographic tool and the Sine tool automate two popular 3D grating
profiles. The basic 3D grating parameters are entered on the Parameters
Tab as usual; the additionalpériod is entered on the 3DEditor tab.

10.2.1Holographic Tool

A holographic grabhg may require 1 or many layers depending on whether
the modulation of the photoresist has density variation in-thieeztion or
simply in the %, and ydirections. The tool handles either situation.

The tool assumes that some material (base index)sbage density
modulation. The modulation is defined by a sinusoidal variation of up to
10" order. The index of refraction is given by

n(x y,2=n +pgq Asin(Kx -szanf ),

wheren; is the base index of refraction, angis the modulation indexXx
is the inplane (spaal) k-vector (P /L2p /L. ands=2p/thickness, is
the sacalled slant angle and causes modulation in tteection. Whery
= 0 only one layer is needed.

The general index is then descretized into a number of layers and number
of steps within eachayer; the steps are taken equally in theamd ¥
directions. This creates a checkerboard layer approximation.

Since GSolver is material oriented, the various constant regions within a

hol ographic | ayer ar e assigned t he
indepandent of wavelength. The material catalog is augmented with as

many constant material regions as called for. When invoked, GSolver first

looks through the Constant material list to see if a material already exists

with the required index of refraction. dhe is not found a new material is

created and appended to the list. When GSolver is exited, the GSolver.ini
material catalog file is rewritten with the new materials.
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10.3 Sine Tool

The Sine Tool iI's used to create a c
betweerthe superstrate and the substrate. The boundary is between the top

and bottom regions. These top and bottom regions do not have to have the
same material properties as the supad substrates.
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113D RUN Tab

The 3D RUN tab is the only user interface to fa# vector crossed
grating solver routine.

P untitled - GSolvery50 [ =10l x|

JJ File Edit Format Formulas Yiew Tools Grid Component About |
Nees 2 oW e N OfF

Parareters ] Editor ] Listing/RURN I tel} I Run I Results I 30 Editor 3D Run I

|»

Crossed Grating Editor

Start Stop Ine

‘wavelength [~ |1 |2 01
Theta [~ [0 EE 2
Ph [~ |0 a0 2
Alpha [~ |0 I 2
Beta [~ |0 45 |5

Total Depth ¥ |0 1 001
% Period [~ [1 |2 0.1

‘write Fields to File [~ RUN STOP

[3—— ’» Diffraction Efficiencies—————

0%

=

| Physical Memary: 532.14 Mt| 7:44 PM 7

Selected parameters generate a loop structure within which the solver
routine is repeatedly called. As the solutions are found, they are written to
the Results tab in the normal way.

Diffraction efficiencies ad phases are just as in the case of linear gratings.
Please refer to the RUN tab chapter for more information.
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12 Angles Calc

Angles Calc is a tool to calculate the diffraction order angles. The
propagating directions of the orders are determined by thelevaytb,
period, incident kvector, and the superand substrate indices of
refraction, and do not depend on the details of the grating structure. The
grating structure determines the magnitude of energy in each order.

[Feuntitied-sobvervsn =1
J File Edit Format Formulas Yiew Tools Grid Component About |
b ZESEE MO NOA

Parameters ] Editor ] Listing/RUN ] Go ] Run ] Results ] 3D Editor I 3D Run  Angles Calc I

a | 8 | ¢ | o | e | F | 6 | H 1 =

£ Diffraction Order Angle Calculation

2 order: |-1 [ [

3 Theta: |90 | Free Parameter

4 Phi: |0 Current Increment Ston

5 1 -90 10 80

=) Period: |1

7 Update Decremert Increment

8

] IRUN | 3D

10

11 Order: Theta: Phi: |Wavelength Period: deTheta:| deTheta3: dePhi:

12 1 -80 o 1 1 0 0 0

13 1 -80 0 1 1 0.57043 0.58031 0

14 1 -70 0 1 1 3.4575 2.3042 0

15 1 -60 0 1 1 7.6993 51243 o

16 1 -50 0 1 1 13.53 5.9731 o

17 1 -40 0 1 1 20.929 13777 0

18 1 -30 0 1 1 30 19.471 0

19 1 -20 0 1 1 41.146 26018 0

20 1 -10 0 1 1 55.726 33.429 o

21 1 0 0 1 1 90 41.81 o

22 1 10 0 1 1 -390 51.484 0

23 1 20 0 1 1 -80 63.467 0

24 1 30 0 1 1 -80 -80 0

25 1 40 0 1 1 -390 90 0

26 1 50 0 1 1 -90 90 o

27 1 60 0 1 1 -390 90 0

28 1 70 0 1 1 -80 90 0

29 1 80 0 1 1 -80 90 0

30 1 80 0 1 1 -390 90 0

31 —
32 =
T4 [ "

| Physical Memory: 476.48 Mt| 7:13 PM | 7

The basic layout of the Angles Callation tool follows the general format

of the Listing/RUN and GA forms. There is a free parameter, cell D5, that
varies from the Current entry to the Stop value in increments of the value
in cell E5. Formulas are used to set up a particular order cabculati

Refer to Chapter 5 for a description of the use of formulas in a grid.
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12.1 Example DE Angle Calc

This example creates a table of tieorder angles as a function of the
incident angle (assuming the substrate is type Constant One.5 and the
superstrate igype Constant Ones).

1. Click on the Angles Calc tab

2. Enter alin cell B2

3. In cell B3 enter the following

=D5

4. Click the RUN button (cell D9)
The table displays values in degrees for the diffracted angle fodkhe
order (labeled deTheta), thET order (labked deTheta3) and the relevant
Phi angle.

Formulas can be used to alter any of the parameters in cells B2 through
B6. For crossed (3D) gratings, click on the 3D button. The table is now
augmented with an additional order, since orders are then defineel x t

and ydirections.

12.2 Definition of the Angle Calc

The Angle Calculation for the diffraction order is defined as follows,
wherel = wavelength, antl are the X and Y-periods define:

dx=//L,
dy=/1/L,
For normal gy=0tings YY D,

Set Nyp = superstrate index of refraction, and,iN= (N3, K3) = complex
substrate index of refraction. Now calculate:

k, = Nisin(g)cos¢) +mdx | ki, = \/Nsupz - kg - Ky
k, = Nisin(g)sin(f) + m,dy k3, = \/NSsz - K2- kf

These are the vector components of thee&tor in the superstrate (region
1) and the substrate (region 3) for ordek,(ng). The x and y kvector
components are the same in the superd substrates due to boundary
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conditions. The diffraction order angles are then calculated in the usual
way from these components.
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13Dialogs

13.1 Refractive Index Selection Dialog

The superstrate and substrate materials properties are set with the
following dialog which is similar to the materia¢lection property page
used to set material properties for the Editor canvas objects:

0K I Apply I Cancel l

[V Lambda change update Index = (1.47977, 0.00000)

| Table Model =l KCL| =]

Color Map

The superstrate and substrate are not represented on the Editor canvas, so
the color assignments are not relevant.

13.2 Refractive Index Color Map Dialog

Every material prperty has two colors that represent the real and
imaginary parts of the index of refraction. The mapping between a color
and the value of the index of refraction is set using the Color Map dialog.

The dialog contain two lists that represent the rangehiméeal (n) and

imaginary (k) parts of that index of refraction. Each list is comprised of a
number of entries, in increasing order, together with a color defined in
RGB space (®it coordinates). Numbers in the list are called break points.

The algorithmthat identifies a color with an index of refraction entry is
identical for both the real and the imaginary pars. Following is a
description of the algorithm for the real part (n).
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Refractive Index Color Map 3

I oK I Cancel I
Real part Color Map Imaginary part Color Map
0.00000 (0, 0, 0) [ 150000 [5.00000 (250, 250, 250) 1.00000
1.00000 {150, 150, 50 100000 [50, 250,
2.00000 (50, 50, 250)

2.50000 (150, 250, 250) 15.00000 (250, 50, 50)
4.00000 (20, 20, 50)

2.50000 2.00000

i~ Controls
R G B

f1 {50 250 |50 Replace l Insert I Delete | COLOR |

Given a value n, find the two entries in the appropriate list that bracket
such that

n¢n ¢
wheren; andn, are consecutive members of the list.

Then draw a line in RGB space from theRGB coordinate to the, RGB
coordinate, and find the RGB coordinate for the linear interpolant given by
n betweem; andn,. The resulting color is used for thevalue.

The Color Map may be altered as needed; break points may be added,
removed, and changed. The COLOR button may be used to find a specific
COLOR RGB coordinate.

Use the Replace, Insert, and Delete buttdogether with the Control
entries (n, R, G, B) to modify the list.

The color lookup list is stored with the grating in the gs5 file. When
GSolver is started it creates a new color lookup table based on default
values. To use a custom lookup table, singadye a grating file with the
desired lookup table. Then, after starting GSolver, open the grating file
(gs5) containing the desired lookup table and save it to a new filename.
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14 Material File GSolver.ini

The materials file, GSolver.ini, format is similargeevious versions. New
to versionb.1is a constant material class. The various classes are

[CONSTANT] [HERZBERGER]
[DRUDE] [SCHOTT]
[SELLMEIER] [TABLE]

The analytic forms for each of these models is given in section 2.6.
Following is a description ofe ini file.

The ini file has seven sections, the 6 material class sections and the
[GSOLVER V5.]] section for comments.

Each material section begins with one of the material class names (in
brackets). Following the class name is a line that gives the emnofb
members of the class which will be read in. It has the following format:

total = x
where x is the number of materials. The ini file may be edited with a text
editor. However, it is Iimportant to

added or ddted.

Each time GSolver starts, it reads the ini file found in the GsolverV50
directory. If it does not find an ini file it creates a list of default materials
for each class.

When GSolver exits, it rereates the ini file. Thus if any material editing
is done within GSolver, the changes are only written out to disk when
GSolver exits.

In general no checking is done on the material parameter entries other than
n>0 and KO.

The recommend material class is the Table model. Table models are the
most generaland easily extensible. Also most index of refraction data is
recorded in tabular form.
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15Grid Formula Engine

Quick-Reference Guide to Builtin Functions

15.1 Mathematical Functions

The following lists the supported mathematical functions.
Function Description
ABS(X) The absolute value of X.
ACOS(X) The arc cosine of X.
ASIN(X) The arc sine of X.
ATAN(X) The 2-quadrant arc tangent of X.
ATAN2(X, Y) The 4-quadrant arc tangent of Y/X.
CEIL(X) The smallest integer greater than or equal to X.
COS(X) The cosine of X.
COSH(X) The hyperbolic cosine of X.
DEGREES(X) Converts the angle expressed in radians to degrees.
DET(M) The determinant of the square matrix range M.
DOT(R1, R2) The dot product of the vectors R1 and R2.
EXP(X) e raised to the X power.
FACT(N) The value of N!.
FLOOR(X) The largest integer less than or equal to X.
FRAC(X) The fractional portion of X.
GAMMA(X) The value of the gamma function evaluated at X.
GRAND() A 12th-degree binomial approximation to a Gaussian
random number with zero mean and unit variance.
INT(X) The integer portion of X.
LN(X) The log base e (hatural log) of X.
LNGAMMA(X) The log base e of the gamma function evaluated at X.
LOG(X) The log base 10 of X.
LOG10(X) The log base 10 of X.
LOG2(X) The log base 2 of X.
MOD(X, Y) The remainder of X/Y.
MODULUS(X, Y) The modulus of X/Y.
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@PI The value of pi.

POLY(X, ...) The value of an Nth-degree polynomial in X.
PRODUCT(X, ...) The product of all numeric values in the argument list.
RADIANS(X) Converts the angle expressed in degrees to radians.
RAND( ) A uniform random number on the interval (0,1).
ROUND(X, n) X rounded to n number of decimal places (0 to 15).
SIGMOID(X) The value of the sigmoid function.

SIN(X) The sine of X.

SINH(X) The hyperbolic sine of X.

SQRT(X) The positive square root of X.

SUMPRODUCT(R1, R2) The dot product of the vectors R1 and R2.

15.2 Statistical Functions

The following lists supported statistical functions.

TAN(X) The tangent of X.

TANH(X) The hyperbolic tangent of X.

TRANSPOSE(M) The transpose of matrix M.

VECLEN(...) The square root of the sum of squares of the arguments.

AVG(...) The average (arithmetic mean) of the arguments.

CORR(R1, R2) Pearson's product-moment correlation coefficient for the
paired data in ranges R1 and R2.

COUNT(...) A count of the non-blank arguments.

F(M, N, F) The integral of Snedecor's F-distribution with M and N
degrees of freedom from -o to F.

ERF(L[, U]) Error function integrated between 0 and L; if U is specified,
then between L and U.

ERFC(L) Complementary error function integrated between L and o

FORECAST(...) Predicted Y values for given X.

FTEST(R1, R2) The significance level of the two-sided F-test on the
variances of the data specified by ranges R1 and R2.

GMEAN(...) The geometric mean of the arguments.

HMEAN(...) The harmonic mean of the arguments.

LARGE(R, N) The N largest value in range R.

MAX(...) The maximum of the arguments.

95




GSolver V52 User guide

MEDIAN(...) The median (middle value) of the range R1.

MIN(...) The minimum the arguments.

MODE(...) The mode or most frequently occurring value.

MSQ(...) The mean of the squares of the arguments.

PERCENTILE(R, N) The value from the range R that is at the N
percentile in R.

PERCENTRANK(R, N) The percentile rank of the number N among the
values in range R.

PERMUT(S, T) The number of T objects that can be chosen from the set
S, where order is significant.

PTTEST(R1, R2) The significance level of the two-sided T-test for the
paired samples contained in ranges R1 and R2.

QUARTILE(R, Q) The quatrtile Q of the data in range R.

RANK(E, R[, O]) The rank of a numeric argument E in the range R.

SSQ(...) The sum of squares of the arguments.

RMS(...) The root of the mean of squares of the arguments.

SMALL(R, N) The N™ smallest number in range R.

SSE(...) The sum squared error of the arguments.

STD(...) The population standard deviation (N weighting) the arguments.

STDS(...) The sample standard deviation (N-1 weighting).

SUM(...) The sum of the arguments.

T(N, T) The integral of Student's T-distribution with N degrees of
freedom from -o to T.

TTEST(R, X) The significance level of the two-sided single population
T-test for the population samples contained in range R.

TTEST2EV(R1, R2) The significance level of the two-sided dual
population T-test for ranges R1 and R2, where the population
variances are equal.

15.3 Conditional Statistical Functions

The following lists supported conditional statistical functions.
TTEST2UV(R1, R2) The significance level of the two-sided dual
population T-test for ranges R1 and R2, where the population
variances are not equal.
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VAR(...) The sample variance (N weighting) of the arguments.

VARS(...) The sample variance (N-1 weighting) of the arguments.

VSUM(...) The visual sum of the arguments, using precision and
rounding of formatted cell values.

CAV(G(..., C) Conditional average.

CCOUKN(..., C) Conditional count.

CMAX(..., C) Conditional maximum.

CMIN(..., C) Conditional minimum.

CSTD(..., C) Conditional sample standard deviation (N weighting).

CSTDS(..., C) Conditional sample standard deviation (N-1 weighting).

CSUM(..., C) Conditional sum.

CVAR(..., C) Conditional population variance (N weighting).

CVARS(..., C) Conditional population variance (N-1 weighting).

15.4 String Functions

The following lists supported string fatons.

CHAR(N) The character represented by the code N.

CLEAN(S) The string formed by removing all non-printing characters
from the string S.

CODE(S) The ASCII code for the first character in string S.

EXACT(S1, S2) 1 if string S1 matches string S2, otherwise 0.

FIND(S1, S2, N) The index of the first occurrence of S1 in S2.

HEXTONUM(S) The numeric value for the hexadecimal value S.

LEFT(S, N) The string composed of the leftmost N characters of S.

LENGTH(S) The number of characters in S.

LOWER(S) S converted to lower case.

MID(S, N1, N2) The string of length N2 that starts at position N1 in S.

NUMTOHEX(X) Hexadecimal representation of the integer portion of X.

PROPER(S) The string S with the first letter of each word capitalized.

REGEX(S1, S2) 1 if string S1 exactly matches string S2; otherwise 0.
Allows "wildcard™ comparisons treating S1 as regular expression.

REPEAT(S, N) The string S repeated N times.

REPLACE(S1, N1, N2, S2) The string formed by replacing the N2
characters starting at position N1 in S1 with string S2.
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RIGHT(S, N) The string composed of the rightmost N characters of S.
STRCAT(...) The concatenation of all the arguments.

15.5 Logic Functions

The following lists the supported logic functions.
STRING(X, N) Numeric value of X as a string to N decimal places.
STRLEN(...) The total length of all strings in the arguments.
TRIM(S) The string formed by removing spaces from the string S.
UPPER(S) The string S converted to upper case.
VALUE(S) Numeric value of S as a string; O for non-numeric S.
FALSE The logical value O.
FILEEXISTS(S) 1 if file S can be opened for reading; otherwise 0.
IF(X, T, F) The value of T if X evaluates to 1, or F if X evaluates to 0.
ISERROR(X) Returns 1 if X "contains" an error, otherwise 0.
ISNUMBER(X) 1 if X is a numeric value; otherwise 0.
ISSTRING(X) 1 if X is a string value; otherwise 0.
TRUE The logical value 1.
AND(...) 0 if any argument is 0; 1 if all arguments are 1; otherwise -1.
NAND(...) 0 if all arguments are 1; 1 if any argument is 0; otherwise -1.
NOR(...) 0 if any argument is 1; 1 if all arguments are 0; otherwise -1.
NOT(X) 0 if X=1; 1 if X=0; otherwise -1.
OR(...) 0 if all arguments are 0; 1 if any argument is 1; otherwise -1.
XOR(...) -1 if any argument is not O or 1; otherwise 0O if the number of

arguments valued 1 is even; 1 if the number of arguments
valued 1 is odd.

15.6 Date and Time Functions

The following lists the supported date and time functions.
DATE(Y, M, D) The date value for year Y, month M, and day D.
DATEVALUE(S) The corresponding date value for a given string S.
DAYS360(S, E) The number of days between two dates, based on a
30/360 day count system.
DAY(DT) The day number in the date/time value DT.
EDATE(S, M) The date/time value representing number of months (M)
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before or after start date (S).
EOMONTH(S, M) The date/time value of the last day of the month M
months after S, for M +, or M months before if M is -.
HOUR(DT) The hour value (0-23) of date/time value DT.
MINUTE(DT) The minute value (0-59) of date/time value DT.
MONTH(DT) The number of the month in date/time value DT.
NETWORKDAYS(S, E[, H]) Number of working days between S and E.
NOW The date/time value of the current system date and time.
SECOND(DT) The seconds value (0-59) of the date/time value DT.
TIME(H, M, S) The time value for hour H, minute M, and second S.
TIMEVALUE(S) The corresponding time value for a given string value S.
TODAY The date value of the current system date.
WEEKDAY (D) Integer representing the day of the week on which day D
falls. 1 is Sunday, 7 is Saturday.
YEAR(DT) The year value of date/time value DT.
YEARFRAC(S, E[, B]) The portion of the year represented by the
number of days between start date S and end date E.

15.7 Miscellaneous Functions

The following listsmiscellaneous supported functions
CELLREF(N1,N2) A reference to the cell in column N1 and row N2.
CHOOSE(N, ...) The N"™argument from the list.

COL(C) The column address of the cell referenced by C.

COLS(R) The number of columns in the specified range R.

HLOOKUP(X, S,R) The cell in range S that is R rows beneath X.

INIT(X1, X2) The first argument on the first recalculation pass and the
second argument on all subsequent recalculation passes when
Grid is performing iterative calculations.

INTERP2D(R1,R2, N) The interpolation value for a 2-dimensional vector.

INTERP3D(R, X,Y)The interpolation value for a 3-dimensional vector.

MATCH(V, R[,T]) The relative position in range R of value V based on
positioning criteria T.

N(R) The numeric value of the top left cell in range R.

RANGEREF(N1, N2, N3, N4) A reference to the range defined by
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coordinates N1 through N4.

ROW(C) The row address of the cell referenced by C.

ROWS(R) The number of rows in the specified range R.

S(R) The string value of the top left cell in range R.

VLOOKUP(X, S,C) The cell in range S that is C columns right of X.

DFT(R) The Discrete Fourier Transform of the range R.

EIGEN(M) The eigenvalues of the matrix M.

FFT(R) The Discrete Fourier Transform of the range R using a fast
Fourier Transform algorithm.

FREQUENCY(R, B) F frequency distribution for R with intervals B.

INVDFT(R) The inverse of the Discrete Fourier Transform of the range R.

INVERT(M) The inverse of matrix M.

INVFFT(R) The inverse of the Discrete Fourier Transform of the range R
using a fast Fourier Transform algorithm.

LINFIT(X, Y) The straight line least squares fit.
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16 Graphing Options

The graphing engine uses ChartFX.ClientServer.Core.dll, the ChartFX®
core graphing engine, which provides general chart obpitire.

Charts are created from the Results tab, and from the Materials Editor.

The general chart has eight regions that can be customized. Customization
is accomplished by right clicking on a region to create a menu list, and
then selecting the options modify. The eight regions are identified in the
figure shown below. The Axis properties menu is activated by clicking on
one of the tick mark labels for the desired axis.

Canvas Title

™ chart: 1 3 =10 x|

File  Copy ToClippoard  View Toold Help

seslk-Hi BP0 E5DER| X

\ chart: 1

1.00

0.90 -
0.80 -

iency
o
-
o

Cl
=h g
o
=}

& 0R
© SumR
—&- 0T

=t
W
o

iffraction Effi
o
=
o

Di

0.30 -

0.20
7 e ;
Y —— | | | | |
00 /g.oo 2200 3300 4400 55.00 fe.oo 7700 8800
a

Axis Axis Labels(2) Data Legend

In addition to the regiospecific menus, a number of general properties
are acessible for modification from the chart tool bar and menu items.

The chart object includes a data editor. Data is copied from the source
when the chart is created. Changing any data items by using the chart data
editor has no effect on the original datarse.
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17 Algorithm Selection

GSolver has three distinct algorithms for solving the ifdger set of
coupled differential equations deter
Fourier expansion of the permitivity (and impermitivity) of the layer. The

three slution methods are the Algebraic Eigensystem solution (traditional
method for GSolver), a"5order RungeKutta method, and a Bulirseh

Stoer method with Richardson extrapolation and rational approximation.

The algorithm of choice is selected from #aols menu.

M untitled - GSolver¥51 il = (=] |
Jj File Edit Format Formulas View |Tools Grid Component About ’
D@ & m@ |5 o ERE 0|
. : : : TracePro 4

Parameters IEd'rtor I Listing/RUN Calculator " Sngles Cale ]

3D Grid Yiew

0
[7 Algebraic Eigenvalue - AE

Vicum Wavelangi: h Sth order Runge-Kutta - RK :] UNITS Selection
R . Bulirsch Stoer - B ersion [from microns) factor
Grating Period: |1 Control Parameters
or Lines/mm: I'] 000 Allow material GAIN J [1 .00000. DOUUDO]
— J (1.50000, 0.00000)
Anagles of Incidence l v 64 Bit Floating Point
THETA: IU 128 Bit Floating Point <] zl
256 Bit Floating Point
PHI: ID T RO
)

The current Algorithm selection is shown on the status bar in the lower
right hand corner.

Iml_r_lﬁi

In the piecewise constant grating approximation, each layer defines
constant regions of (complex) index of refraction that are independent of
depth.Using periodic boundary conditions (in the transverse directions), a
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Fourier expansions of the index of
that relate the transverse electric fiek),(and transverse magnetic field
(H), leads to a general coupled diffeiahequation of the form

A

I

o
i
1-aD: O10: O: Ot
<
3

I
et sl

where the z coordinate is normal to the layer. M is a constant matrix
(independent of z in the piecewise constant approximation) and is a
function of the Fourier coefficients of the permitivity (andpermitivity),

and of the propagation constants defined by the Rayleigh basis for the
grating.

17.1.1Algebraic Eigensystem Solution (AE)

Much effort has been given to the stable numerical solution of this
differential equationsystemusing thealgebraiceigensytem method of
solution. In particular all growing exponential solutions may be avoided
with properrenormalizatiorof the eigenvaluesr ordering of the solution
space GSolver also takes advantage of the Hudxeerfield normalizations
(which arenever actually evaluatedabsolutely. The internal fields are
scaledto eliminate any growing exponentialThe remainingnumerical
stabilityissue is in the calculation of the eigensystem of M, and limitations
due to finite found ofj) precision arithmeti¢seeChapterl?).

GSolver incorporatean exacttruncated Fourier series inversionthe
impermitivity is the inverse of th@ermitivity independent of truncation
orde), matrix balancing, reduction to Hessian form, and QR
decomposition to solve the eigensystdtowever for large eigensystems
(lots of orders retained in the Fourier representation of the permitivity),
and for slow convergence of the Fourier systeamericalround offerror

can propagate through the eigensystem solution leading to meaningless
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reailts. In that case additional numerical precision can often stabilize the
solution.

There are no user modifiable parameters associated with the Algebraic
Eigensystem (AE) method of solution. The numerical formulation of the
solution isgenerallystable forarbitrary grating layer thicknesand for
arbitrary polarizationThis method is recommended.

17.1.25™ Order Runge-Kutta (RK)

New to GSolver V5.1 is the addition of54 order RungeKutta solution
method for solving the set of coupled constant coefficiefferential

gratingequationsThis method includes adaptigéep sizecontrol accurate
to 5" order.

The implementation of the Rungftta follows standard practice. There
are two user definable parameters associated with the RK method. They
are the maximam integration depth, and a relative error.

Any grating layer may have an arbitrary thicknesay Aarticular layer
may be subdivided into m layers, and the RK solutieethod is then
applied to each sublayer. In this case, the boundary condition solver
propagates the fields through the m-$ajers. At issue is the numerical
stability of the RK integrator through a thick layer wiftotential
exponentially growing solutions. There is also a trade between layer
subdivision and speed of solution. TG&olve boundaryconditionsolver
(S-matrix methods) are numerically stablexpgrience shows that a RK
numerical integration may become unstable for thick grating layers, with
complex index of refraction in TM and conical mount illuminati&y.
subdividing a tick layer into thinner sublayers, the solution can be made
numerically stable.

A heuristic layer subdivision parameter (maximum layer thickness) of
0.75 (=2z/l where z is the thickness, ahdis the vacuum wavelength)
controls maximum layer thicknes#f a layer is thicker than this, it is
automatically subdivided, and the fields are propagated through the

sudayesusi ng the sol ut i omnsadmmadnhoecacMa x we |

sublayer.
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The other parameter is a relative error term, which is used to halt the RK
adaptive step size algorithm at some minimum estimated relative error in
the solution. The default for this value is 0.001. It is tempting to make the
relative error very small, in the hemf getting more numericakecision.
While this is true in principle, it iseldom practical. Care should be
exercised in setting the relative error, and generally the default setting
results in numerical solutigrthataremuch better than 0.001 (remember it

is a maximum erroestimate the actual error may be much smaller).

RK may also benefit from greater numerical precision.

17.1.3Bulirsch-Stoer Method (BS)

Most of the comments made about the RK methoply to the Bulirsch-
Stoer methodThe two user adjustable parameters of the RK method have
the same function in the BS method. This method is distinguished from
the RK method by subdividing the interval into many st@pspagating

the function (through a midpoint meith) and applying rational function
approximations.There is a large literature on both the RK and BS
differential equation solver methods.

17.1.4General Method Comments

Limited experimentation have demonstrated that the AE method is the
fastest. | have not fourahy situations where the AE method failed while

the RK or BS method succeedy. How
experimentation.

| 6ve also found that BS generally te:
computer resources to give similar numerical accuracyAB. These

comments are onlgpneantas anecdotal, and based on the class of grating
designs | generally work with.
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17.1.5Setting Algorithm Choice

The algorithm setting is determined from the Tools mée two user
definable parameters are set by clickimgn T oGwomtrel WParameters
menu item.

Control Parameters i Xl

Runge-Kutta and Bulirsch-Stoer algorithms take two

parameters: maximum thickness, and relative error.
Cancel |

M aximum thickness (in relative units: 2pi z/lambda) flags automatic layer
subdivision, which limits integration depth and improves convergence.

Max Thickness: IU.? Recommended value = 0.7

Relative error, halts integration when error estimate drops below the
relative error on any step iteration.

Rel. Error: IU.UU1 Recommended value = 0.001

Max Thickness is the (normalized) maximum layer thickness allowed. If a
layer is thicker than Max Thickness, it is automatically subdivided.

Rel. Error is the relative error stopping criteria in the Reilgt#a and
Bulirsch-Stoer integration routines.

The current algorithm choice (AE, RK, BS) is indicated on the status bar,
and is used for any calculation RUN (grating listing tab, genetic algorithm
tab, run tab, 3Drun tab).

In general | find that AE remains thegalithm of choice in terms of speed
and accuracy. There may be situations where the RK algorithm offers
superior results (for example when AE fails)
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17.1.6GAIN

The GAIN setting on the Tools menu item is also new to GSolver V5.1. It
flags the materials indexf orefraction evaluation routines to permit
negative index of refraction for the Polynomial and Table modals.
essences, a negative imaginary part of the index of refraction implies that
energy is gained as the wave propagates through the material. ahis m
happen, for example in optically pumped laser gain media.

To use a 6gaindé medi um, you wi ||l nee
file, or use the GSolver materials editor. Add a table model (for example)

and enter negative values for the imaginary pathefindex of refraction

over some wavelength range. Then use this new material with the GAIN

flag (from the Tools menu item) set (checked).
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18 Precision Double Double and Quad Double

GSolver includes optimized extended precision arithmetic including
floating point and complex data types. Double Double refers to 128 bit
floating point madeut of two 64 bit floating point word€L06 bit
mantissa, 21 bit exponent for approximately 32 decimal digit precision)
And Quad Double refers to 256 bit floating poinplementationg212 bit
mantissa, 43 bit exponent for about 64 decimal digit precisidrgse
numeric types are impheented in software usimgptimized calls to
emulate a fullEEE complienoperation including optimized routines for
function calls (expondiation, trig functions, and so forth).

Since operations with these data types are implemented in software the
corresponding run times will increase dramaticaflgving run simple test
on a series ofmultiply-accumulates (asiming that there is mtedicated

64bit floating point multiply accumulate hardware instructjorind that
Double Doublanultiply-accumulateéakes about 125 times a Double, and
a Quad Double takes about 1000 times as a Dolibse numbers are
given only as very rough estimatésave not taken into account any
memory fetch optimizations, nor compiler optimizations.

The purpose for adding this option to GSolver is to provide a mechanism
for increasing the bit depth for tleggensystem solutior©ften (but not
always)increasinghe numericalprecisionwill stabilize the solutionf on

of the extended precision options is selected it is applied to whichever
solution algorithm is selected.

Selection of the numerical precision is made from the tools menu. The
three choices are

64 bit Floating Point- normal hardware implementation

128 bit Floating Point Double double precision
256 bit Floating Point Quad double precision
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The selectionis valid from theRun tab,3D Runtab,andtheListing/Run
andGA tabs when an item in thhespective grids are selected.

The numerical precision selection applies regardless of which solution
algorithm is selecte(bee Chapter 16¥§>enerally the Algebraic Eigenvalue
method should be used. It solves the system of differential equations
simultaneously.

18.1.1Example Calculation

This examplallustrates the value of increased precision. The following
Blaze gratingn conical mount with elliptic polarizatiors used

Start GSolver. From thearameterstab:
Change the substrate to Table model ahd A
Change the Lines/mm to 1200

Change the wavelength to 0.5 microns
Change THETA to 17.5 degrees

Change PHI to 10 degrees

Change BETA to 10 degrees

From theEditor Tab

Selectethe Custom Profile Toohie n «C&mponenY Speci al Profil
tool]

SelectBlaze (defalt) and set the blaze angle to 17.5 (cell C3). Select OK

Veri fy that the materi al is Tabl eYAL
materials property)

Select the O6Approximationdé button to
approximation.

From theRun Tab

SelectOrders with Start = 1 and Stop = 25.
Click RUN.
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When the calculation is finished plot the 1R through the SumR columns.

You shouldseesomething like the following
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Notice that at order 19 and 24 the calculation appears to become unstable

(the SumR radt for order 24 is NAN indicating a problem).

Return to th&Run tabandselect the menu item Todisl 2 8

Point and then click on RUN again (the calculation will take several times

longer to run). When complete the plot now looks like
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Untitled chart: 7
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Examination of the Results table values indicagtttie calculations at 19
and 24 orderappeardette behaved.
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19 Diffraction Solution Implementation

This chapter contains a general description of the theory used by GSolver
to solve the grating equations. After a review of the general ideas behind
the grating structure, the formulation for Maxwelluatjons and various
solution techniques are discussed.

19.1 The Grating

A general periodic grating structure is defined to exist at the interface of
two semiinfinite homogeneous, isotropic media called the superstrate, and
the substrate. In GSolver the supexte is characterized by a single real
index of refraction making it a lossless dielectric. This permits the
definition of the normalized incident plameave anywhere in the medium.
The substrate is characterized by a single complex number. The
transmittel energy, or rather complexfteld, is calculated at the top, or
entrance into the substrate. If the substrate is lossy, then the fields will
decay away exponentially, depending on the size of the imaginary
component of the index of refraction.

The gratirg region, which may also be thought of as a modulation region,
naturally divides itself into three categories depending on the number of
geometric degrees of freedom. In GSolver these have been tern2edrl
3-dimensional gratings. The same code is usedl- and 2dimensional
gratings. Threalimensional, or crossed gratings, mix or couple thanx
y-dimension layer Fourier coefficients, which complicates the
convergence optimizations used elsewhere.

19.1.1Stratified Grating Approximation

All gratings areconstructed as piecewise constant lamellar stacks. This is
described in detail in the following paragraphs.

19.1.21-Dimensional Gratings

A onedimensional grating or modulation region has a single degree of
freedom. A stack of uniform, isotropic thin films ia axample of a one
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dimensional modulation region. The only geometric degree of freedom is
the thickness of each layer, along thairzction.

19.1.32-Dimensional Gratings

Two-dimensional gratings consist of a stack of layers, each consisting of a
periodic arrayor stripes of homogeneous materials. The orientation from
layer to layer must be the same. In GSolver the uniform dimension is
taken as the-girection, the periodic dimension is thediection, and the
thickness of the layer is thedrrection.

There @ae no restrictions on the number of layers, or the number of
materials within each period in each layer. However, the more complex
the grating structure, the more Fourier coefficients are needed to describe
it sufficiently. Experience has shown that, getigr the number of terms
needed is a strong function of the peftodvavelength ratio, and not so
much as the wavelengtb-gratingfeatureratio.

All classical diffraction gratings fall into thedmensional category. Most
of these gratings may be dedd as a surface height relief of the substrate.

thickness I I i T i

A
\

Period

The figure illustrates an example of a lamellar approximation to a
sawtooth grating profile. Only a single period needs to be defined. Simple
surface relief gratings such as blaze, sinusoidal, triangutar binary are
constructed by a thilayer stack approximation. Each layer consists of
some number of index transitions (1 for the present example) where the
index transition point is placed at the appropriate location so that the stack
approximates thsurface relief desired. Any degree of accuracy may be
imposed by increasing the number of layers. However, once the individual
layer thickness becomes significantly smaller than a wavelength (less than
a few percent), little change is noted in the solutigiore complicated
grating structures might require several index transitions per layer.
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Any complex number may be entered as an index of refraction. The
GSolver code enforces correct sign conventions so that no material
exhibits gain. The n and k valuaee entered as positive real numbers with

n strictly greater than 0. The solvera k e sk -RY whjclk ihdicates
absorption with the sign convention used.

Use of the lamellar approximation permits arbitrarily complex grating
structures to be analyzed.

19.1.43-Dimensional Gratings

Threedimensional gratings are crossed gratifigperiadic diffraction
structures etched along both theand ydimensions. GSolver uses the
same 3D solver that was used in versions 1.0 through 4.0 This means that
the TM convergence is not accelerated. The reason is that the fundamental
theorem of algebra deenot apply to polynomials in more than one
variable. However, there remains an expectation that, in time, the problem
can be significantly mitigated using the ideas that have satisfactorily
solved the twalimensional convergence problems. Some recentrgseg

in this area has been made if the grating as appropriate symmetries.
However, since these ideas only apply to a certain class of gratings they
cannot be used for the general case.

As an example, suppose that a dimpled surface is to be analyzed. The
following figure illustrates how an elliptical mesa, in a unit cell of the
crossed periodic structure, might be approximated.
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In the figure, note that the->and yperiods are independent, and that the
number and placement of the index transition regioms also
independent. Shown is an oval shaped dimple being approximated with 4
index boundaries (points where the index may change) in-theeation,

and 4 index boundaries in thedyrection. The whitecolored squares are
assigned one material index va@Juand the gragolored squares are
assigned a second material index value. The grid may be made as fine as
deemed necessary.

Using this simple example as a guide, arbitrarily complex structures may
be built by stacking layers. Each layer is independenh®fones above

and below, so that some layers may have fine structure with numerous
index transitions, while other layers might be uniform.

19.1.5Relation of Index of Refraction to Permittivity

All material indices are entered as n and k values. This forronlegiused

so that the GSolver sign convention for permittivity need not become a
source of confusion. The index (n + ik), are entered as two real numbers
with n>0 and RO. GSolver then forms the permittivity as(|n}ilk|)? =
Inf-|kF - 2i|n||k|. The permittivity is used in the grating description vector,
not the index of refractiorilhe wavelength specified in GSolver is the
vacuum wavelength.

19.1.6Solution Routines

There are four routines that perform all theca#dtions for the internal
fields, and boundary condition matching. SolveTE handles the special case
of TE mode polarization for or@nd twedimensional gratings; SolveTM
handles TM polarization for onand twedimensional gratings; and Solve
handles geeral polarization for oneand twedimensional gratings.
Solve3D handles all polarizations for thhd@ienensional gratings. The
reason that TE and TM polarization modes have their own routines is that,
in each, certain vector components are known to betioddlg 0, and
therefore can be deleted from the general vector formulation. SolveTE,
SolveTM and Solve use a so called stack matrix method to solve for the
boundary conditions, as well as using certain Toeplitz matrix inversion
met hods t o d-autiea lwoefficieat erdpreseéntateon of the
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