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This manual is intended for users of the Multifitting program. It tells about the purpose of the program,
how to start using it, as well as comprehensive information about the available functionality and user
interface. This document will be updated with program updates to always reflect the latest state. The
program interface is presented only in English, and this manual is in two languages: Russian and English.
If you find a mistake or you don't understand something, please email me at svechnikovmv@gmail.com.
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1 Introduction

The Multifitting program is intended for numerical simulation of the reflection and transmission of
short-wavelength radiation by a planar multilayer structure, as well as the calculation of the distribution
of radiation intensity in the structure, the calculation of the intensity of radiation scattered by interlayer
roughness and intralayer deviations of the permittivity (embedded particles or density fluctuations).
Such calculations are required for diagnosing structures by X-ray methods, evaluating the performance
of reflective coatings and transmissive absorption filters, and also for developing coatings with
maximum integral reflection. A multilayer structure may include a substrate, individual layers, periodic
sections of arbitrary nesting, aperiodic sections. Each layer of the structure is characterized by material,
density, thickness, interface at the upper boundary of the layer, roughness, parameters of intralayer
inhomogeneities. The calculation takes into account a some of hardware effects that affect the observed
value, such as the final angular and energy resolution, polarization, finite dimensions of the probing
beam and sample, detector size, and others. Multifitting uses the base of optical constants of the IMD
program [1] with minor extensions. Materials can be specified by file name (usually a chemical formula)
with the right substance in the database, or they can be composed of individual chemical elements with
specific stoichiometric ratios.

Similar programs for numerical simulation of the optical properties of layered structures are created
regularly, both free and commercial. Some can be seen here http://gisaxs.com/index.php/Software and
here https://www.reflectometry.org/information/software. One of the most well-known and widely used
programs for the development and diagnostics of X-ray optical coatings and free-standing structures is
IMD. [1]. For more than 20 years, it has become a de facto standard tool in X-ray optics. It was its
interface and functionality that | took as a reference and adapted for a number of tasks.

Multifitting has a graphical interface specifically designed to quickly change the structure parameters
and instantly display the results of the calculation. This is especially important when diagnosing
samples, when the structure model or measurement parameters are not known exactly, and many options
need to be manually considered. With frequent solutions to such tasks, the ergonomics of the interface
become especially important, so Multifitting will be useful to everyone who is engaged in X-ray
diagnostics of thin films, and especially to those who do it regularly.

Basic information about Multifitting is published in the Journal of Applied Crystallography [2]: M.
Svechnikov, "Multifitting : software for the reflectometric reconstruction of multilayer nanofilms,"
J. Appl. Crystallogr. 53(1), 244-252 (2020). When posting your results from Multifitting, please include
a link to this article.


http://gisaxs.com/index.php/Software
https://www.reflectometry.org/information/software

2 Installation and launch

Multifitting is available for Windows (starting with Windows 7) and Linux. You can download it from
the GitHub repository https://github.com/svech/Multifitting/releases and from the website of the
Laboratory of X-ray Optics of the Institute of Physics of Microstructures of the Russian Academy of
Sciences. The page in Russian: http://xray-optics.ru/products/software-multifitting and in English:
http://xray-optics.org/products/software-multifitting. The program is free for all users.

2.1 Windows

Installation is not required, just download the archive, corresponding to the operating system bitness
(x64 or x86), unpack it and run the executable file
"Multifitting X.Y.Z/bin/multifitting.exe", where "X.Y.Z" is the version number. |
recommend running Multifitting from the command line, because if an error occurs and the program
crashes, it will be possible to read the error code in order to report it later.

If you receive the following message when starting the program:

The prograrn can't start because MSVCP140.dll is missing from
your computer, Try reinstalling the program te fix this problem.

OK

Figure 1. Message from Windows

then it means the absence of "standard" system libraries in the system. You can fix this by downloading
the installation package "Microsoft Visual C++ Redistributable” (https://learn.microsoft.com/en-
us/cpp/windows/latest-supported-vc-redist?view=msvc-170) and installing it in accordance with the
bitness of your operating system: x86 or x64.

2.2 Linux

The redistributable archive contains all the necessary libraries and the executable file:
"Multifitting X.Y.Z/bin/multifitting”. Version 2.0.0 has two archives, labeled
"linux-01d" and "1inux-new", compatible with various distributions. "1inux-o01d" has been
checked for Debian 11 and Ubuntu 20.04. "1inux-new" has been checked for Debian 12 (testing),
Ubuntu 22.04, Fedora 37, OpenSUSE Leap 15.4, Arch Linux, Manjaro.


https://github.com/svech/Multifitting/releases
http://xray-optics.ru/products/software-multifitting/
http://xray-optics.org/products/software-multifitting/
https://learn.microsoft.com/en-us/cpp/windows/latest-supported-vc-redist?view=msvc-170
https://learn.microsoft.com/en-us/cpp/windows/latest-supported-vc-redist?view=msvc-170
https://aka.ms/vs/17/release/vc_redist.x86.exe
https://aka.ms/vs/17/release/vc_redist.x64.exe

3 Quick start guide

A good way to get acquainted with the program and evaluate its capabilities is to start working with it
immediately. Here is a step-by-step instruction on creating a model structure in Multifitting, on the
basics of working with it, comparing the structure of external "experimental” data and solving the
diagnostic problem — finding the parameters of the structure from the reflection curve. If you have any
problems following this mini-guide, or some transitions raise questions, please let me know and the
instruction will be supplemented.

3.1 Structure creation

Run the program.

— O x
bin * +
/ — .
@ New c}b (8] @D = TEI Tl sort = View cod
< v A « Multifitting_v.2.0.0 » bin v O Search bin Q.
. Mame Date modified Type Size
= Iconengines 17.04.2023 18:52 File folder
imageformats 17.04.2023 18:52 File folder
platforms 17.04.2023 18:52 File folder
styles 17.04.2023 18:52 File folder
0 translations 17.04.2023 18:52 File folder
ﬂ B D3Dcompiler_47.dll 11.03.2074 11:54 Application exten... 4077 KB
B libEGL.dII 06.11.2020 06:30 Application exten... 25 KB
(2 JibiE] FSad gl 0A.11.7020 D630 Agglication exten 2 306 KR
# multifitting.exe 17.04.2023 18:44 Application 8991 KB
s openglzdsw.dil TI0E.2016 1200 Apphcation exten.., 20433 KB
B Ct3Coredll 06.11.2020 D6:29 Application exten... 5833 KB
B Cit5Gui.dil 06.11.2020 06:29 Application exten... 6 344 KB
[P B Cit35vg.dll 06.11.2020 0927 Application exten... 323 KB
= B Cit3Widgets.dll 06.11.2020 06:30 Application exten... 5370 KB
items  1item selected 877 MB =0

Figure 2. Executable file

The main Multifitting window and the console window will open. The console is used by the program
to display textual information in the course of work. The main window allows you to set a layered
structure and gives access to all other visualization, calculation and parameter modification tools. The
main window interface is familiar to IMD users — it is largely reproduced.



16 used

Multifitting version 1.11.36

Read optical constants: @.162 seconds

% Multifitting
Menu ) File Calculate Optical constants  Help
Tabs with P sweid .
structures
ambient: Yacuum
Layered Si substrate, p=1.000
structure

Toolbar | — =/ X § BB A v e
f

Structure table Profile plot
Access to 1D graphs 2D araphs
other -< Roughness spectrum Partides spectrum
windows : : _
Calculation settings General settings
\J Fitting settings Fits selector
. Plot_1 [ +
Curves without
measured data Setup | <no description

Measured and Target curves
target curves Import  <no description Add Row _l

Figure 3. Main window and console

Initially, there is a minimal structure of two half-spaces: the medium and the substrate. Let's add a

periodic Mo/Be mirror to the Si substrate. To do this, click the "Add multilayer" button = on the
toolbar.

|
_@Wuﬁ?xc'i%@

Structure table

Figure 4. "Add multilayer™ button

Now the structure looks like this:



-t Multifitting = O X
File Calculate Optical constants  Help

Struct_1 [EJ +

ambient: Vacuum
¥ Multilayer (1 - 2], MN=1, d=40.0004, y=0.500
Be layer (1), z=20.0004, p=1.000
Ma layer (2], z= EEI.I:IDD.SLr p=1.000
Si substrate, p=1.000

—SwS X BRI

Figure 5. Periodic Mo/Be structure

The structure is represented as a tree list with basic information about each element. By default, the
stack contains one period with two breaks in the cell. Layers also have a material, density, thickness,
and top interface with default values. Default values can be changed in the configuration file. You can
change the current parameters the structure element by double-clicking it or by selecting the element

and clicking the "Edit" o icon.

4 Mo layer (2) = O >
Length units
Browse..,  Relative density: 1,000 Thickness, z [A]: 25.0000
0 Optical constants file name () Composition of elements Thickness drift
Diffuseness, s [A]: 5.0000 Diffuseness drift
Interlayer composition

[ lin [ exp [] tanh [ sin [ step
1,000 1.000 1,000 1,000 1.000 (] Individual "s”

5.0000 5.0000 5.0000 5.0000 5.0000

Close

Figure 6. Layer properties window

The window that opens allows you to set various layer parameters. Let's set the following: the first layer:
"Material" — Be, "Thickness" — 35 A, "Diffuseness" — 5 A. The second layer: "Material" — Mo,
"Thickness" — 25 A, "Diffuseness" — 5 A. Similarly, the properties of the substrate are edited. Leave
the substrate material to Si, and set the "Diffuseness" interface to 3 A.

Again, similarly, a double click or button opens the stack options window. ¥

ambient: Yacuum
v [ Multilayer (1 - 2), N=1, d=60.0004, y=0.583
Be layer (1), z=35.0004, p=1.000, s=5.0004
Figure 7. JlocTym K CBOMCTBaM CTeKa




Let's set the number of periods to 110. The value of the period "d" and the thickness ratio "y" (the ratio
of the thickness of the first (upper) layer to the period in two-component mirrors) have already been
calculated in accordance with the specified thicknesses of the layers.

4 Multilayer (1-2) = O *
Length units  Precision

Mumber of repetitions, M: 110
Feriod, d [A]: £0.0000
Thickness ratio, vy 0,53333333
|| Make general aperiodic || Make regular aperiodic | Invert order of layers

Close

Figure 8. Stack options

That's it, the structure of the periodic Mo/Be mirror is set!

3.2 Saving and loading

Multifitting saves data in a binary format, the files have the extension " fit". You can save the project by
selecting an item in the "File" menu or by pressing the appropriate keyboard shortcut. "Save"
(="Ctrl+S") saves to the last open file. If the project is new, that is, there was no previous opening, then
a dialog box will appear, as for the option "Save as".

-t Multifitting: ../release/save_v.1.11.30.fit —

File Calculate Optical constants  Help

Open last Ctrl+0)
Open Ctel+ Shift+0

Save Ctrl+5 L0.583
Save as Cirl+Shifts5  |3-000A
Export structures Ctel+Shift«T | 5.000A
Export curves L
Export profile Ctrl+Shift+P | 1 &
Close all Chrl+ 0 —

Figure 9. Menu "File"

"Open last" (="Ctrl+Q"), as the name implies, opens the last file that was worked on. If there is none,
then a dialog box will appear, as for the option "Open®. You can also open a file by simply dragging
and dropping it into the main Multifitting window.

Save the project and continue.
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3.3 Calculation of the reflectivity curve

Now let's calculate the X-ray reflection curve from this mirror. To do this, you need to specify what
value should be calculated (reflection/transmission/absorption) and set the properties of the probing
beam, the type and range of values of the argument.

In the block of "independent™ curves (i.e. without experimental data), you need to add a new curve.
There is already a tab for it, but the inscription "<no description>" indicates that the parameters are not
set.

Plot_1 +

nu:u description =

Figure 10. Stack parameters

Click the "Set up" button and select the "Specular scan" curve type.

Drata n
< »

Detector scan

Rocking scan

Offset scan

GISAS map

Figure 11. Choosing scan geometry

After setting the type of curve, the corresponding settings window will open. The default values
correspond to an angular scan of 1000 points from 0 to 7 degrees at the wavelength of CuK,. Increase
the number of points in the scan to 5000. Now the curve settings window can be closed.

11



% Specular scan = O x

Units
Angular units  ® e Spectralunite & -~
Argument
Beam grazing angle Be a0 points, from  0,0000 to 7.0000 =
Beam
At fixed wavelength  1.5405620 & Spectral width, FWHM, AAfA  0.0000000
Polarization 1.000 Angular divergence, FWHM, Afe 0,0000000 =
Background 0,0000000000 Set up distribution
Detector
Detector type  Slit e Distance from detector to sample  300.0  mm
H Sitlength 10,000  mm slit width 0,800 mim

Footptint and distartion

Beam Sample
Width, FWHM 0,050 i} Size 20,00 mm
Profile smoothing 0.50 ¥-position 0.00 mm
Lateral width 5.000 mm Z-position  0.0000 mm
Wings full width  0.250 T Curvature 0.0000 m-1
Wings intensity  0.00000 [ Log et =
[T TT] T T T 777
ol 11 0.015 | 4 0.015
0.8 F Jo.a 0.01 F 4 0.01
0.6 F _ 0.6 0.005 — 3 0.005
i ] 0F 40
0.4 F 40.4  -0.005F 4 -0.005
0.2 F J0.2 -0.01 _ — -0.01
X -0.015 = -0.015
D- L MR '-D TR A SR T T
-0.05 0 0.05 -0 -5 0 5 10

Close

Figure 12. Reflectometric curve settings

Next, you need to run the calculation. To do this, you can press "Ctrl+Shift+C" or select the "Calculate
curves" item in the "Calculate" menu of the main window.

12



File Optical constants  Help

Str Calculate curves Ctrl+Shift+C
Start fitting Ctrl+Shift+F
Calculate confidence intervals Ctrl+Shift+ A
Abort calculation Alt+,

Figure 13. Main menu "Calculate"

Curve calculated! The time spent on the calculation is printed to the console.
% C\Projects\Multifitting\build\release\Multifitting.exe = O x

16 logical cores, 16 used |

Multifitting version 1.11.36

Read optical constants: ©.158 seconds

Figure 14. Information in the console

to see the graph you need to open a window with graphs of one-dimensional curves. the button to open
it is located in the main window:

— S/ X EEBE v

Structure table Profile plot
Roughness spectrum Particles spectrum
Calculation settings General settings
Fitting settings Fits selector
Plot_1 [EJ +

Figure 15. "1D graphs" window button
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-t 1D graphs = O x

Struct_1
—Independent
Plot_1: A=1.540562 A, pol=1.000
T BT T
10-2 b + 102
o 10 ¢ 3 104
E E 3
L5
o
o
104 3 10-6
108 + 108
R S T U [ R T S [ ST S N [ S e S [ S TN [ S S T RO S T KT T S T K S Tl ST S T S T ol Y ....II....I....-
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 5 6.5 7
Beam grazing angle Bo, ©
@:3 Ln € Log @ Rescale Logrange: 9.0

Figure 16. "1D graphs" window

This window can be kept open, then when changing and recalculating the structure, the graph will also
be updated. Graphs can be displayed in linear and logarithmic scale; by default the scale is logarithmic.
Using the mouse wheel, you can zoom in or out, separately on each axis. To return to the original scale,
in which the entire curve is visible at the same time, press the scale switch again. This works when the
"Rescale" option is enabled, also with this option the scale returns to the original at each structure
recalculation. When the "Rescale" option is disabled, the scale does not automatically change during
recalculation and remains user-defined all the time. The name of each graph indicates the name of the
curve and the main parameters of the scan.

3.4 Working with the structure table

You can change the structure parameters by clicking on individual layers and setting the desired values
in the window that opens. But this is inconvenient and inefficient if you need to repeat the procedure at
least several times. A more correct way is to use a common table, which shows all the numerical
parameters that describe the structure. You can open it with the "Structure table" button:

14



Structure table Profile plot

1D graphs 2D graphs
Roughness spectrum Particles spectrum
Calculation settings General settings
Fitting settings Fits selector

Figure 17. "Structure table" window button

The table contains many fields, so it takes up a lot of screen space. Its upper part contains a color legend
for the parameters and options that allow you to change the parameter values in a more convenient way.

% Structure table — O >

File Calculate Lengthunits Otherunits  Precision

Struct_1

_ confidence interval active fit p z/d 5
master fslave _ use particles Reset Reset Reset

pure master free parameter not parameter -10.0% +10.0% +10.0%
Parameter change steps
Mouse wheel B change dependent p z/d [A] = [A] ¥ inter|
Recalculate Set model 0.100 0.1000 0100  0.0100000 0.100
Struct_1
N d [A] ¥
110 50.0000
8 Multilayer (1-2) O &t O it O ft
1 20.0000 0.0000000
100 60,0000 10000000
p[rou] z [A] B 8 ef
Browse 1.000 35,0000 5.000 1.000
B Belayer (1) [ fit [ fit [t [ fit
0.700 10,0000 1.000 serf
1.000 30,0000 20.000 5.000

plru] z [A] B s[4
Browse 1.000 25.0000 5.000

=
w (]S @
L
—+ =9

B Mo layer (2) [ it [ fit [ it
0.700 10,0000 1,000
1.000 30.0000 20,000 5.000

p[r.u] B @ ef

Browse 1.000 3.000 1.000
Si substrate [ fit [t [ fit
0.700 1.000 s erf

1.000 20,000

Figure 18. Structure table
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The "Recalculate” modifier * Reealulats is enabled by default, which means that every time you

change any parameter, the curves are automatically recalculated. This can be seen if the chart window
is open and in front of your eyes. You can change the values both by typing from the keyboard and by
"scrolling" the values using the mouse wheel or the keyboard arrows 1 and |. The step of changing the
parameter is set in the "Parameter change steps" section.

3.5 Inverse problem

Now let's try to solve the inverse problem: to find the parameters of the structure according to the
measured reflection curve from the Mo/Be mirror. The file with the curve is called
"Sample D364 Mo Be angular 0.154nm. txt",itisattached tothe program. To load it into
Multifitting and compare it to the model structure, you need to click on the "Import™ button at the bottom
of the main window in the "Target curves" section. The inscription "<no description>" means that no
curve has been loaded at the moment.

Plot_1 [EJ =

Setup Specular scan; Be=0-7 = at A=1.541 &

Targef curves
@ no description = Add Row |

Figure 19. Loading an experimental curve

As for an independent curve, you need to specify the type of scan. Select "Specular scan".

Data n
< »
Detector scan
Rocking scan

Offset scan

GISAS map

Figure 20. Choosing scan geometry

The opened window serves to import data and setting the measurement parameters, such as the measured
value, argument, units of measurement, normalization, polarization, background, parameters of
hardware function. To load data, just drag and drop a text file with data into this window. An alternative
is to select a file by clicking the "Browse" button, or enter the path to the file and click "Read data".
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Flot options
Scale: () Lin @ Log
Measurement

Mame
Argument
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Beam grazing angle He, *
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C:'\Projects\Multifittingipnanual\sample_D364_Mo_Be_angular_0. 154nm. txt Browse... ]

Units = ~

Shift 0.000000

Factor  1.000000

Reflectance Shift 0.000000 Factor 1.000000 ,min 0.1000 max 10,0000
Beam
At fixed wavelength  1.5405620 B~ Spectral width, FWHM, AASA  0.0000000

[ Fit only data between argument  0.0500

Set up distribution
(Background 0.0000020000 ) Polarization 1.000 Angular divergence, FWHM, ABo  0.0070000 > )

Detector
Detector type  Slit e Distance from detector to sample 300.0  mm
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Beam
1r 11
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_ 0.8 F 0.8
Profile smoothing 0.50 06k dos
Lateral width 5.000 mm 04k Jo0.4
Wings full width 0,250 mm 0.2k 402
Wings intensity ~ 0.00000 D Log 0 o]

l:l Merge points 1
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Curvature 0.0000 m—*

Radius of curvature = co

Export data

0.015
0.01
0.005

-0.005
-0.01
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Figure 21. Experimental curve settings

and 4.7980

B Divide on beam intensity:  initial 1 [ final

0.015
0.01
0.005

-0.005
-0.01
4-0.015

1

10-1

10-2

10-3

10

Fit outer area

t= 10 s

Set the value "Background" to 2x10. The background is added to the calculated reflection coefficient.
The background will not affect the fit process, but will allow the charts to look more aesthetic. The
angular divergence of the beam is set at 0.007°. Leave the other parameters values default and close the
window. Now brief information about the loaded curve is displayed in the main window in the "Target

curve" area.

Plot_1 [EJ

Setup

Target curves
Import

Specular scan; Bo=0-7 % at A=1.541 &

Figure 22. Brief description of curves

1: Reflectance; Ae=0.050-4.7958 % at A=1.541 &4  Add Row |

If you now open the graphs window again, then a loaded curve will appear in the "Measured" section.
When clicking "Ctrl+Shift+C", a calculated curve imposed on experimental.
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% 1D graphs = O x
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Figure 23. The graphs of all curves

At the same time, the curve in the "Independent" section won't go away. But we don't need it anymore,
so you can delete or disable it to make the calculation go faster. You can delete it by clicking on the

cross on the tab:
F‘Int_ +

Setup  Specular scan; Bo=0-7 % at A=1.541 &

Figure 24. Deleting an independent curve

You can disable the curve in the "Calculation settings" window.
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Structure table Profile plot

1D graphs 2D graphs
Roughness spectrum Particles spectrum
General settings
Fitting settings Fits selector

Figure 25. "Calculation settings™ window button

From here you can manage all curves calculated by "experimental” and "independent™ grids. Uncheck
the whole "Independent" section or a specific curve.

% Calculation settings = et

Struct_1
—[] Profile discretization

Discretization step  1.00 &

—Roughness

Max spatial frequency 1.00  nm-t

Mum terms for DWBASSAJCSA 5

—B Measured
—@ reflectance; Heo=0.050-4,798 % at A=1.541 & —
@it Mesh density factor 1 Shift 0,50
Weight 1 [ Adjust scale factor
B Civide by N [] Maximize integral
Function: log(R+1E-3) Power: 2.0 [] Use %2

B Reflectance [ | Transmittance || Absorptance

[ Field intensity [_| Absorption map

Figure 26. "Calculation settings" window

Then we work only with an experimentally given grid and compare two curves — model and measured.
Having an open table and graphs in front of your eyes, you can start changing the parameters of the
model. The goal is to find physically reasonable values to make reflectivity curves as similar as possible.
You can start the parameter selection by manually changing in the table (scrolling with a suitable step)
the values of the period, "y", the thicknesses of the layers and a diffuse interface. But we can see that
even with a good visual coincidence of the position and height of the peaks, we will get the difference
in the form and width of the peaks. In the picture below, an example of such a "coincidence" obtained

manually.
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% 1D graphs = O X
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r’ T & T T T T T T T T
: 1 1

10-1 E_ .'.-.' . i 1 - 10-1

02} ! { 102
. 1 :
=
2
o omd g 103
o E
o

10+ 3 104

s ; 3 T . Hl B & <
1 3 3 R RN £ R | 10
1 oy [t [T UL L L T
. (UARN LKLY it l||||||'_,_|i|
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Beam grazing angle Bo, *

Scaley: (O Ln €@ Log B Rescale Logrange: 9.0

Figure 27. Preliminary manual fitting of curves

The parameters of the model structure presented on the graph are as follows:

ambient: Vacuum
~ Multilayer (1 - 2J, N=110, d=57.1004, y=0.550
Be layer (1), z=31.4054, p=1.000, s=7.1004
Mo layer (2), z=25.6934, p=0.951, s=3.9004
Si substrate, p=1.000, s=3.0004

Figure 28. Preliminary fit parameters

What kind of mismatch between the curves are we observing? The first is the difference in the area
between the critical angle and the first Bragg peak. The simplification of our model is affected here: the
reflection in this area of the angles is largely determined by the surface layer of the structure, which is
oxidized in the air and covered with an adhesive layer of water, hydrocarbons, etc. First of all, the
thickness of the surface layer, and not the exact chemical composition, affects the reflection curve at the
wavelength of 0.154 nm. To account for these effects, at least to a first approximation, you should add
a BeO layer on top of the Be layer. To do this, close the structural table, select the topmost element of
the structure with the mouse (this is the external environment) and click the "Add layer™ icon = on the
toolbar. Layers are always added below the selected item, but above the watermark. You can reposition
an existing selected structure layer using the "Move up™ « and "Move down" buttons + on the toolbar.
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With an open table, the toolbar is inactive! This is done to simplify the synchronization of the structure
in the main window and in the table. Therefore, if you cannot add a layer, check if the table is closed.

7t Multifitting: .../releasef..  — O * -t Multifitting: ../release/...  — O *
File  Calculate Optical constants  Help File Calculate Optical constants  Help
Struct_1 + Struct_1 +

ambient: Vacuum ambient: Vacuum
~  Multilayer (1 - 2), N=110, d= 57,1004, y=0.550 l BeO layer (1, z=15.0008, p=1.000, s=7.0004 ]
Be layer (1], 7=31.4058, p=1.000, s=7.100A ~ Multilayer (2 - 3), M=110, d=57.1004, y=0.550

Mo layer (2), z=25.6954, p=0.852, s=3.9004 Be layer (2), z=31.4054, p=1.000, s=7.1004

Si substrate, p=1.000, s=2.0004 Mo layer (3), z=25.6958, p=0.932, s=3.3004
Si substrate, p=1.000, s=3.000&
Ozwvximaarme —SwYXiR@Bavie

Figure 29. Adding a surface layer

Bragg peaks are also different. The first peak is shifted in angle, and the model 4,5,6 peaks are much
narrower than the measured ones. Resonances are determined by the periodic part of the structure, and
therefore they must be adequately described by the presented model. What have we not taken into
account? That the real structure is not perfectly periodic. In the process of magnetron sputtering, the
pressure of gases changes, the target erosion occurs, and with it the growth rate of the films changes.
The easiest to detect is the effect of a monotonous increase or decrease in the thickness of the period
throughout the depth of the structure. The magnitude of this effect depends on the amount of drift, the
number of periods, and the ordinal number of the Bragg peak. Multifitting allows you to set such
deviations from the strict periodicity, so let's add them to the stack.

Open the table again. By default, the table contains some minimal set of parameters, and to introduce
additional ones, you need to perform a couple of actions. First, you need to open the window for
selecting imperfections of the model by clicking the "Set model™ button under the color legend:

pure master free parameter not parameter

E Mause wheel (/] Change dependent

Recalculate Set model

Browse

p Be layer (1)
Figure 30. Structure imperfections model settings button

In the window that opens, we turn on the additional profile of the transition layer and linear drift of
thickness. Now these parameters will appear in the table, so the window can be closed.
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-t Set imperfections model O

{ N\
B Use transitional layer
Show: Ber Bun [(JExp [ Tanh [ sin [ step
B Use drifts
B show zlin drift [ Show z rand drift [ Show z sine drift
[ show s lin drift [ Show s rand drift [ ] show s sine drift
. J

|__| Use roughness

Approximation Vertica Madel Inheritance
correlation
FT - ABC Replication factor
Full
DWEA Stretched exp Linear growth, alpha
Fartial
SA External PSD 1D Linear growth, n=1-4
Zero
CSA External PSD 2D
Add Gauss peak

Cormrmon PSD

[ ] Use partides

Vertical Lateral order Lattice type Particle shape
correlation
- Disorder Hexagonal Spheres
Full
Radial paracrystal Square Spheroids
Partial
Spedfy material Cylinders
Zero

Common parameters
for all layers

Close

Figure 31. Choosing additional structure parameters

Linear drift means a linear change in the thickness of the layer with an increase in the period number.
The unit is percent of the nominal thickness of the layer. The average thickness is preserved. The drift
can be both positive and negative, i.e. the layers can become thicker or thinner into the deep of the stack.
In our case, as it follows from the shape of experimental peaks, the layers near the substrate are thinner
than layers near the surface.

The interface profile between layers is another factor that affects the heights of peaks and their ratio
between each other. By default, the laterally averaged dielectric permittivity profile is described by the
error function "erf" (see the checkboxes in the table in each of the layers), but in reality the shape may
differ. You can change the profile, including other functions (erf, lin, exp, tanh, sin, step). The weight
of each function is given under its name. Only the ratios of these values between different functions are
important; the absolute value is not important. If the weight is zero, it is equivalent to disabling this
profile function.

We turn on the new parameters by clicking on their headers.
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At Structure table = a x
File Calculate Lengthunits Otherunits  Precision
Struct_1
_ confidence interval active fit i} z/d g
master/slave _ use particles Reset Reset Reset
pure master free parameter not parameter -10.0% +10.0% +10.0%
Parameter change steps
Mouse wheel (] Change dependent p zfd [8] s [A] ¥ interl dz lin
; Recalculate Set model 0.010 0.0100 0.010  0.0700000 0.100 0.0010
Struct_1
BeQ plrul z [B] B:A B ef [ lin
Browse 1.000 15.0000 7.000 1.000
1B B0 layer (1) O fit Ot O fit O fit O fit
0,700 &.0000 1.000 serf slin
1.000 30,0000 20,000 7.000
N d[A] ¥
110 57.1000
8 Multilayer (2 - 3) [ fit _J fit [ fit
1 20,0000 0.0000000
100 60,0000 1.0000000
(i . )
p[r.ul z [A] 8 sE B ef @ in @ dziin
Browse 1,000 314050 7.100 | 1.000 ” 1,000 | |D.DDDD |
B Belayer (2) [ fit [ fit [ fit [ fit [ fit
0.700 25,1000 1.000 serf slin
1.000 45,0000 10.000
p[r.u.] z[A] 8:A B ef @ in @ dziin
Browse 0.951 25,6950 3.900 | 1.000 ” 1.000 | |D.:JDDD |
B Mo layer (3) O fit Ot O fit O fit O fit O fit
0.800 1.000 0
1.000 10.000
pru] B B ef Ciin
Browse 1.000 1.000
Si substrate || fit | fit | fit | fit
0.700 1.000 serf slin
1,000 20,000 3.000

Figure 32. Structure table with new parameters

So, now the model structure has become much more complex and multi-parametric. You can still change
the parameters manually and look at the result in real time (and this is always useful to do, at any stage
of reflectometric reconstruction), but the chances of finding the desired area of parameters are very
small. At this stage, automated fitting becomes necessary. Before moving on to automatic fitting, you
should pay attention to the following circumstance. Although the optimally selected residual function
to some extent "equalizes" the contribution of the parts of curve with different intensity, but it does not
completely eliminate the imbalance. A great difference in the intensity of different parts of the reflection
curve leads to the fact that the algorithm often tries to reduce the mismatch in total external reflection
area (angles 0-0.3°), often to the detriment of the important features of the reflection curve, such as the
Bragg peaks of high orders. To prevent such a conflict, it should be taken in advance that the area of
total external reflection, which depends more on the geometry of measurements than on the features of
the structure itself, does not have too much mismatch and, even better, did not participate in the fitting
at all. You can improve the coincidence of the calculated and measured curves by setting the size of the
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sample, the width and shape of the probing beam, the displacement of the sample relative to the center
of the beam. An example is given on the picture below.

7% Specular scan

10t 10t
o 102 10-2
I
=
B 13 103
K|
=
104 10+
0= & = 105
0.5 1 1.5 2 2.5 3 4 4.5
Beam grazing angle Be, ®
Flot options
Scale: () Lin @ Log
Measurement
Mame File path  C:\Projects\Multifittingmanual\Sample_D364 Mo_Be_angular_0.154nm.txt - Browse...
Argument
Beam grazing angle B~ Units © ~  shift 0.000000 Factor 1.000000 (I8 Fitonly data between argument  0,2374 and 47980 ) | Fitouter area
e \ /
Reflectance shift 0.000000 Factor 1.000000  , min 0.1000 max 10.0000 B Divide on beam intensity:  initial 1 ] fimal 1 t= 1.0 =
Beam
At fixed wavelength  1.5405520 E o~ Spectral width, FWHM, AA/A  0.0000000
Set up distribution
Background 0.0000020000  Polarization  1.000 Angular divergence, FWHM, Afc 0.0070000 o
Detector
Detector type  5lit w Distance from detector to sample 300.0  mm [T Merge points 1
@ slitlength 10,000  mm slit width  0.800 mm
Footptint and distortion
Beam Sample
1F d1 T T T T T T
Width, FWHM ~ 0.050 Size 20,90 0.015 4 0.015
EE— 0.8 [ -1 0.9 — 0.01F 4 0.01
Profile smoothing 06k Jos X-position 3,20 0.005 4 0.005
' ' of 30
Lateral widt mm 04k J 0.4 Z-position ooy 0.005 B 3 J0.005
Wings full width 0,250 mm 0.2 F Jo.2  Curvature 0.0000 m-: D.01F 4 -0.01
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Read data Export data

Figure 33. Parameters specifying the footprint effect and the argument range for fitting

To find the appropriate values, you need to keep the window with graphs open and recalculate the curve
on parameters change. To ensure that the scale of the curves does not change to the original, you need
to disable the "Rescale" option in the graph window.

To fit not along the entire axis, you need to enable the "Fit only data between argument" option in
the curve settings and set the minimum argument not far from the critical angle.
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7% 1D graphs = O x
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Figure 34. Shaded area excluded from fitting

Now let's prepare the structure for fitting. First of all, this will require you to mark in the table the

[+] fit

parameters that will be varied. For these parameters, you need to enable the "fit" option and

set the lower and upper limits of the values.
z [A]
current value =3 33,5470
fitting on/off —3p ET
min =3 |35 1000
MaX == |45,0000

Figure 35. Preparing a parameter for fitting

It is reasonable to assume that the thicknesses of Mo and Be drifts are the same during the deposition
process, so we will reduce the number of degrees of freedom of the model and couple the drift parameters
of the Mo and Be layers. To do this, right-click on the parameter header "dz lin" calling the context
menu:

B dzlin |
0.00 Be (layer 2) Thickness linear drift, dz |

] it |F

Figure 36. Parameter context menu
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The only context menu action opens the "Coupling editor" window for Be layer drift. To add a
dependent parameter, you need to put the cursor in one of the "Slaves" fields and then also right-click
on the target parameter, i.e. the Mo drift of the layer. The name of the added parameter will be visible
to the left of the editable field.

<5truct_1> Be (layer 2) Thickness linear drift, dz

—_| caloulate confidence interval ® dzin
Il 5 points, from -0.0100 to 0.0100 step size  0.0050 I
| |U.DDDD
—Master I
] fit
......... <no master=......... x Clear
-0.0300
—Slaves |
0.0000
--------- oGl Dde | |
[ Close ] I B d: Iin/’
— - —
ise 0.950 256950  |3.900 | |1.000 l1.000 | lo.0oo0 |

<5truct_1> Be (layer 2) Thickness linear drift, dz

—_] caloulate confidence interval

5 points, from -0.0100 to 0.02100 step size  (0.0050
—Master
......... <no master=......... X Clear
—Slaves
/
<w} Ma (Jayer 3) Thickness linear drift, dz x 2 Clear Add
[ Close ]

Figure 37. Adding a dependent parameter

"Coupling editor" can be closed now. The table with all the variables and their initial values now looks
like in the following figure. During the first runs, you don't have to enable a surface layer in the model.
Layers with all their parameters can be quickly turned on and off in the table.
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4t Structure table = [m] *

File Calculate Length units  Otherunits  Precision

Struct_1

_ confidence interval active fit i} zfd 5
master/slave _ use particles Reset Reset Reset

pure master free parameter not parameter -10.0% +10.0% £10.0%
Parameter change steps
Mouge wheel (/] Change dependent p z/d [A] s [A] ¥ interl dz lin
Recaloulate Set model 0.010 0.0100 0.010  0.0100000 0.100 0.0010
Struct_1
BeQ plrul z [A] s [A] erf lin

Browse 1.000 15.0000 1.000 1.000

I_] BeQ layer (1) ) fit fit fit fit fit

V\ 0.300 5.0000 1.000 serf slin
1.000 30.0000 20.000 7.000

N\

Disable at first runs

N d[4] ¥
110 57,1000
B Multilayer (2 - 3) [ fit O fit O fit

1 20,0000 0.0000000
100 60,0000 1,0000000

plrul z [A] [ B B ef B in B dzin

Browse 1.000 31.4050 7.100 |1.ooo || 1,000 | |—0.0230 |
@ Belayer (2) O fit @ At [ Kiid [ Kl @ At @ At

0.700 25,1000 1,000 serf slin -0.0320
1,000 40,0000 20,000 | 7.100 || 7.100 | -0.0150

plru] z[4] B B ef B in _
Browse 0,950 25,6350 3.900 1.000 1,000 -40.0230
B Mo layer (3) O fit @ At [ Kiid [ Kl @ At O fit

0.800 20,0000 1.000 serf slin -0.0300

1.000 30.0000 20,000 0.0000

plru] B B ef [

Si substrate [ fit [ fit [ fit [ fit

0,700 1.000 serf s lin
1.000 20,000 3,000
Figure 38. Fitting parameters in the table

Before starting, you need to set the residual function. This can be done in "Calculation settings"
window. You can leave the default values; they correspond to a logarithmic residual, in which values
less than 1E-5 do not make a noticeable contribution. The "fit" checkbox for the curve must be enabled.
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-t Calculation settings = *

Struct_1
—_] Profile dizcretization

=)

Discretization step  1.00 &

—Roughness

Max spatial frequency 1.00  nm-t
Mum terms for DWBA/SA/CSA 5

—8 Measured

— Reflectance; Ao=0.050-4.795 = at A=1.541 & —
(@Fi) Mesh density factor 1 Shift 0.50

Weight 1 (] Adjust scale factor

B Divide by M [ | Maximize integral
(@1: log(R+1E-5)  Power: ﬁ@:b

—_] Independent

Plot_1
Reflectance Transmittance Absaorptance
Field intensity Absarption map

Figure 39. Curve fitting tumbler switch and the residual function

The minimization algorithm is selected and configured in the special "Fitting settings" window, which
is also opened from the main window panel.

% Fitting settings = et
Fitting Algorithm| Differential Evolution {Basic) e
[] Randomized start B 1nitizlize by current state
Murnber of runs |
Max number of evaluations < 2000 )
—
[ Mum. evals == num. params 250

P Additional parameters

Close Abort calculations

Figure 40. "Fitting settings" window

Here we select "Differential Evolution (Basic)" as an algorithm. We leave the number of residual
calculations 2000, which is usually enough to cause convergence.

The preparation is over. Now you need to start the fitting by pressing "Ctrl+Shift+F" or by selecting
"Start fitting" from the "Calculate™ menu of the main window. The calculation process that is displayed
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in the console will go. In the console you will see the iteration number, the current values of the variable
parameters, and the current residual values.

% Ci\Projects\Multifitting\build\release\Multifitting.exe = O X

Figure 41. Displaying the fitting process in the console

At the end, a comparison of the initial and final residuals will be displayed in the console. The user will
be prompted to accept the result or return to the original state. Clicking "Yes" will update the structure
in the table. If not, the structure will revert to the state before fitting.

% Replace e

Fitting is done,
Do you want to replace the parameters?
Yes l Mo

Figure 42. End of fit

It is not always necessary to fit all parameters at the same time, because if the dimension of the
parametric space is too high, it is more difficult to find the appropriate range of parameters and the
algorithm will converge worse. Therefore, you should turn off and on groups of parameters in successive
fittings, combining automatic fitting with manual parameter changes, residual correction, turning
auxiliary layers on and off, etc. From one run, it is possible to obtain an acceptable curve fit only for
very simple structures with a minimum of parameters. In the general case, fitting is an iterative process
that requires manual intervention. As a result of the combined search, you can get something like the
following picture:
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The found structure corresponding to the picture above has the following parameters:

An important question: does the coincidence of the reflection curves mean the truth of the found

Figure 43. Resulting fit

ambient: Vacuum
BeO layer (1), z=16.7504, p=0.999, s=12.5484
v Multilayer (2 - 3), N=110, d=56.658A, y=0.586

Be layer (2), 2:33.181.31, p=1.000, =5.5224
---» dz = {ling, -0.0245%
Mo layer (3), z=23.4774, p=0.951, s=3.1704
---» dz = {ling, -0.0245%

Si substrate, p=1,000, s=3.0004

Figure 44. Structure parameters

parameters? No, it does not mean, but it is a weighty argument for operating with the found values in
further work. Assessing the reliability of certain data requires some experience of such "reconstruction
work and experience with real structures; it is also highly desirable to draw on the results of additional

sample studies.

3.6

Good agreement between calculated and measured curves in one spectral range does not mean
agreement in another. Therefore, it is important to use for modeling not just single curves, but data sets.

Additional experimental curves
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Let us add for the considered Mo/Be mirror the spectral reflection curve obtained at near-normal angle.
To do this, at the bottom of the main Multifitting window on the existing experimental curve, click the
"Add row" button. Another line will appear in which you can load the experimental curve in the same
way as it was done the first time:

Target curves

Import 1: Reflectance; Bo=0.050-4.793 % at A=1.541 A Add Row |

Target curves
Import 1: Reflectance; Bo=0.050-4.793 % at A=1.541 &  Add Row |

<no description = Add Row |

Figure 45. Adding a second curve

After clicking on the "Import" button, select the type of curve "Specular scan". The corresponding
window opens, in which you should drag-and-drop the file with the second curve,
"Sample D364 Mo Be spectral 88deg.txt".
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At fixed grazing angle 8.{88.0000000 2 e Spectral width, FWHM, Akfh  0.0000000

Background 0.0000000000 Polarization 1.000 Angular divergence, FWHM, A8 0.0000000 g

Set up distribution

Detector
Detector type  Slit ~ Distance from detector to sample 300.0  mm [ Merge points 1
@ siitlength  10.000  mm Slit width  0.800 mm
Footptint and distortion
Beam Sample
Lf7 ™1 T £

Size 20.00 mm 0015
Jos _ 0.01

X-position  0.00 mm 0.005

0.015
0.01
0.005

Width, FWHM 0.050 mm 0s b

Profile smoothing 0.50 06 L

Lateral width 5.000 mm 0.4k

40,6
Jp.4 Z-posion 0.0000 mm 5005

-0.01
-0.015

-0.005
-0.01
-0.015

o

{RAAH ks Lk Rl A A |

L bbbl
=

Wings full width 0,250 mm 0.2 F 40.2  Curvature 0.0000 m-t

Wingsintensity  0.00000 [ Log 0 0 Radius of curvature = oo

Readdata  Export data
Figure 46. Spectral curve
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Compared to the default parameters, you should change the argument type to "Wavelength/Energy",
make sure that the argument units are "A", since in this file the wavelengths are given in angstroms, set
the grazing angle to 88°. Now you can close the import window.

There are now two curves in the "1D graphs" window. Options for both curves are now available in
the "Calculation settings"” window. It is possible to fit two curves at the same time, if both of them
have the "Fit" checkboxes enabled. The total residual is the root-mean-square sum of the residuals of
each curve with the corresponding weight, which can also be set in the "Weight" field. Let's adjust the
parameters to increase the contribution of the spectral curve, and run the fitting again by pressing
"Ctrl+Shift+F".

% Calculation settings = *

Struct_1

Roughness

—|_| Profile discretization
‘ Max spatial frequency 1.00  nm-%

Discretization step  1.00 & T
Mum terms for DWBASSA/CSA 5
—8 Measured

—B Reflectance; Bo=0.050-4.798 = at A=1.541 8 —  —[8 Reflectance; A=123.358-102.585 &; at Ho=83.000
B Fit Mesh density factor 1 Shift 0.50 B Fit Mesh density factor 1 Shift 0.50
Weight 1 [_] Adjust scale factor Queight 10 D [ Adijust scale factor
@ Divide by N [] Maximize integral B Divide by N [ ] Maximize integral
Function: log{R+1E-5) Power: 2.0 [ Usex? Funu:tiu::n Power: 2.0 [ Usey2

—_] Independent

Flot_1
Reflectance Transmittance Absorptance
Field intensity Absorption map

Figure 47. Setting the ratio between curve contributions

By changing the relative weight, adjusting the residual function and the fit interval you can move focus
between the curves and areas inside curves.

Our final result:

32



7% 1D graphs

Struct_1

—Measured

1: A=1.540562 &, pol=1.000

T T T T
10+ 10+t
102 102
a3
C
=
o 103 103
2
104 10+
105 § 105
1

15 2 25 3 3.5 4

Beam grazing angle Ao, *

0.5 1

Sealey: (O Lln @ Log @ Rescale Logrange: 9.0

2: B0=88.00000 °, pol=1.000

10t

Reflectance

102

1
118 120 122

1 1 1 1 1 1 1
04 106 108 110 112 114 116
Wavelength A, &

Sealey: (O Lln @ Log B Rescale Logrange: 9.0

Figure 48. The result of fitting on two curves at the same time

33




4 User interface

Multifitting has a multi-window interface, which makes it possible to see a large number of currently
required parameters. Multi-window allows one to use the program more conveniently when working
with multiple monitors. The position and size of windows is saved automatically: the next time you open
the program, the windows will open in the same positions as the previous time. The window geometry
is saved during normal completion, i.e. when the main window is closed, but does not occur during an
abnormal, i.e. during crashes as a result of an error, closing the command line from which the program
was launched, or when forced closing by means of the operating system.

4.1 Console

The console serves to display both text information about the current state of the program and messages
about internal program errors. It will start automatically when you run the Multifitting executable, but |
recommend that you first open the console separately, and then run Multifitting in it; thus, if the program
crashes, the output will not be lost and the reason for the crash can be determined.

Bl BoiSpars KomanaHaa ctpoka - Multifitting.exe — O x>

sMultifitting.exe

12 logical cores, 12 used
Multifitting version 1.11.24

Read optical constants: ©.141 seconds
d

5
s
s

Commao

Figure 49. Example information on the console

The console displays information about the facts of opening and saving projects, about the calculation
time, about the discrepancy between the measured and calculated curves. While fitting, the iteration
number, the value of the total residual and the current values of the varied parameters are displayed in
the console, which allows you to monitor the progress of the operation.
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4.2 Main window

-t Multifitting: ../PR_436/.. — O >
Menu ) File Calculate Optical constants  Help
Tabs with structures ) Pr43s D +
- ambient: Vacuum

BeO layer (1), z=13.8534, p=0.764, s=5.8174
Cr203 layer (2), z=3.8434, p=1.000, s=1.0004
Layered structure .< v Multilayer (3 - 4), N=99, d=22.5754, y=0.538
Be layer (3), z=12.5914, p=1.000, s=2.110&
Crlayer (4), z=9.9844 p=1.000, s=2.1104

" Si substrate, p= E.33Dg_e’cm5', s=3.0004
Toolbar > | " SwmdSXIBRRA e
~ Structure table Profile plot
1D graphs 2D graphs
Access to other .< Roughness spectrum Partides spectrum
windows
Calculation settings General settings
« Fitting settings Fits selector
Plot_1 [E] +

Curves without

measured data
Setup  Rocking scan; Be=0-7.84 % at A=1.541

é Target curves
Import 1: R0&; Reflectance; Ao=( Add Row _|
Measured and Impart 2: R03; Reflectance; Bo=( Add Row _|
target curves '< Import 3: Ro010.38; Rocking scz2 Add Row _|
Impaort 4: Ro03 br; Rocking scan;  Add Row _|
Impaort 5: Rolbr2; Rocking scan; Add Row _|
-

Figure 50. Structure of main window

The main window appears when you start the program and largely repeats the main IMD window. The
various zones are arranged vertically in the main window. The first area from the top is the main menu.

4.2.1 Menu

4111 File

Menu "File" contains mainly actions for loading and saving data. Almost all of them have corresponding
keyboard shortcuts. Related settings are also in window "General settings”. Details regarding file
names and contents are described in chapter Importing and exporting data.
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Calculate Optical constants  Help

Open last Ctrl+0 ‘
Open Ctrl+Shift+0
Save Ctrl+S

Save as Ctrl+Shift+S

Export structures Ctrl+Shift+T
Export curves

Export profile Ctrl+Shift+P
Close all Ctrl+Q

Figure 51. Menu "File"

"Open last" — the exact action depends on the settings. The main point is to start working with
the last project immediately after starting the program. If the "Always open last file" option is
enabled in the "General settings" window, the last project will be opened even after fresh start
of the program. If this option is disabled, then only the last project in the session will be opened.
If such a file does not exist, a corresponding notification will be shown. The working directory
is also set in the "General settings" window.

"Open" opens a dialog box for selecting a project file.

"Save" saves the current project. If the project is new, the dialog box will appear.

"Save as" opens a dialog for saving the project.

"Export structures” saves information about the layered structure in the text file
"structure <struct name>.txt",where"<struct_name>"—isthe name of a specific
structure (tab). If there are several tabs, there will also be several files.

"Export curves" calculates and saves all calculated curves in text files named
"<struct name> target <N> <curve name>.txt" or
"<struct name> independent <curve name>.txt". "target" or "independent"”
means that the curve is calculated on an independent or experimental grid. "<N>" — is the serial
number of the experimental curve, counting from one. "<curve_name>" is the editable name

of the curve.

"Export profile" exports a layered structure profile to a file. Depending on the settings, the
profile describes dielectric permittivity, the relative density of the material, the concentration of
chemical elements.
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4.1.1.2 Calculate

File Optical constants  Help

Str Calculate curves Ctrl+Shift+C
Start fitting Ctrl+Shift+F
Calculate confidence intervals Ctrl+Shift+ A

Abort calculation Alt+,

Figure 52. Menu "Calculate™

e "Calculate curves" starts a single calculation. Calculation results can be automatically saved
to a text file, depending on the "General settings".

e "Start fitting" starts automatic fitting.

e "Calculate confidence intervals" runs a series of fits at different values of the estimated
parameters to determine confidence intervals. The result is saved in the file
"confidence.txt"

e "Abort calculation" stops the current fit.

4.1.1.3 Optical constants

File Calculate (Optical constants) Help

Struct_1 3 Reload optical constants

I

Figure 53. Menu "Optical constants”

¢ "Reload optical constants" re-reads the database of optical constants from the folders "nk"
and "f1f2". This allows you to apply changes made to the database without restarting the
program.

4.1.1.4 Help
File Calculate Optical c::nnstants
struct_1 [E£J Multifitting (Russian). pdf
ambient: Vacuum Multifitting (English).pdf
Si substrate, p=1.000 About Multifitting

Figure 54. Menu "Help"

e "Multifitting (Russian).pdf" opens the manual in Russian.
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e "Multifitting (English).pdf" opens the manual in English.

e "About Multifitting" shows an information window.

4.2.2 Structure tabs

A Multifitting — | .
File Calculate Optical Constants Help

Struct, 1 F + )

Duplicate structure i
an
Si substrate, p=1.000

Figure 55. Adding a structure: duplicating an existing one or creating a new one

The main window contains one or more tabs, each dedicated to one structure. You can change the name
of a tab by double-clicking on it.

Note: It is recommended that you always assign unique names to your modeled structures.
If the structure corresponds to a real sample, give the name of this sample. So later you
will always be able to see what exactly you are working with. This is especially important
if there are several structures in one project.

Also, each tab with all its contents can be duplicated by calling the context menu with the right mouse
button. You can destroy the structure by pressing the red button with a cross on the tab. To add a new
"blank" tab, click on the "+" button in the upper right corner. By dragging the tabs, you can change their
order. If at least one of the windows "Structure table", "Profile plot", "1D graphs", "2D graphs",
"Roughness spectrum”, "Particles spectrum", "Calculation settings" is open in parallel, then the
ability to add, remove and move tabs are blocked. All listed windows contain as many tabs as the main
window.

4.2.3 Layered structure

ambient: Vacuum
BeO layer (1), z=13.853A, p=0.764, s=5.8174
Cr203 layer (2), z=2.8434, p=1.000, s=1.0004
¥ Multilayer (3 - 4), N=99, d:lZ.E?S.Sl, y=0.552
Be layer (3], z:'l}’_.fr‘J'I.Slr p=1.000, s=3.1104
Cr layer (4), z=9.9844, p=1.000, s=3.1104
5i substrate, p=2.33ﬂgfcm!} s=3.0004

Figure 56. Tree-like list describing the structure

Under the name of the tab there is a window with a tree-like list illustrating the general view of the
multilayer structure and showing basic information about its parameters. For layers, this is the material,
the thickness "z", the spread of thicknesses (if the layer is part of a "regular” aperiodic), the relative or
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absolute density "p", the root-mean-square thickness of the transition region at the upper boundary of
the given layer "s". For a substrate, this is the material, density, and thickness of the transition region.
For a periodic multilayer, this is the number of periods "N", the thickness of the period "d", the thickness

factor "y" is the ratio of the thickness of the upper layer to the thickness of the period (if there are two
layers in the period).

4.2.4 Toolbar

Below the structure there is a toolbar that allows you to add, delete, copy, paste, and move the
components of the structure.

EEPE Y P

Add Iayer/ / \

Remove all layers
Add multilayer _
.. Edit | Cut Paste | Move down
Add aperiodic Ungroup
multilayer Remove Copy Move up

Figure 57. Toolbar

~ "Add layer" inserts a new layer with default settings.

e = "Add multilayer" inserts a periodic structure with two layers per cell and one period by
default. You can add new layers to a cell after it has been created.

o uh"Add aperiodic multilayer" adds an aperiodic structure read from a text file. See the chapter
Importing and exporting data for details.

o ¥ Edit" opens a window with the basic properties of the layer/multilayer. An equivalent action
is a double click on the corresponding element of the structure. The settings are described in the
chapter Editing a structure element.

o X "Remove" removes a structure element. The equivalent is the «Delete» key.

e & "Cut" cuts the structure element and places it on the clipboard. Key combination: "Ctrl+X"
. "Copy" places the structure element on the clipboard. Key combination: "Ctrl+C"

o & paste” pastes a structure element from the clipboard. Key combination: "Ctrl+V"

e “ "Move up" moves the element up in the structure.

e ¥ "Move down" moves the element down in the structure.
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o I "Ungroup” removes the multilayer and inserts in its place the elements that were in its
composition. Reduces the nesting of a structure.

o # "Remove all layers" removes all elements except for the substrate and ambient.

4.2.5 Editing a structure element

Double-clicking on a structure element or pressing "Edit" opens a window in which the main
characteristics are set. There are several types of elements: layer, substrate, external environment
(ambient), periodic multilayer (multilayer), general aperiodic multilayer (general aperiodic), regular
aperiodic multilayer (regular aperiodic). You can close the window with the "Close™ button, by pressing
the "Enter" or "Escape" key.

4251 Layer

ambient: Vacuum

[EEG layer (1), z=13.853A, p=0.764, s=5.817A ]

Cr203 layer (2), z=2.8434, p=1.000, s=1.0004
~ Multilayer (3 - 4), N=09, d=22.5754, y=0.558
Be layer (3), z=12.591A, p=1.000, 5=3.1104
[ Cr layer (4), z=9.9844, p=1.000, s=3.110A ]
5i substrate, p=2.330g/cm”, s=3.000A

Figure 58. Layers in the structure tree

4 Silayer (2) — O >

Length units  Precisicn

Material:  Si Browse,..  Relative Density:  1.000 Thickness, z [A]: 20.5471

O optical constantz file name () Composition of elements Thickness drift

Diffuseness, s [A]: 2.151 Diffuseness drift

Interlayer compaosition

B B in B er [ tanh [ sin [ step

weight: 1000 1,000 1,000 1.000 1.000 1,000 (] Individual "s™
s[A]: 2151 2,151 2.151 2.151 2,151 2,151
[ Close ]

Figure 59. Window "Layer"

Structurally, the window consists of the following parts: title, menu, material setting block, thickness
setting block, interlayer interface setting block.
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4.2.5.1.1 Title

g layer (2]

Material Layer index

Element type
= layer

Figure 60. "Layer" window title

The title of the window allows you to uniquely identify which element of the structure you are currently
dealing with. Each layer has an index — a unique serial number in the structure, which is indicated in
brackets. Only structure layers are indexed. The title also indicates the material of the layer.

4,25.1.2 Menu

% Silayer (2)

Length units  Precision

o A Atomic composition: §  F
b

nm Density: p, po L4
| Thickness: z, d v f

Interlayer cornposition  *
Diffuseness, « i
Sigma: 5, g, o, r

Figure 61. "Layer" window menu

The "Length units™ menu allows you to switch the length units for structural parameters. Changes apply
to the entire program. In the "Precision" menu, you can change the number of decimals used to represent
parameter values.

4.2.5.1.3 Material

Material:  5i Browse, .. Relative Density: 1,000

Optical constants file name () Composition of elements

Figure 62. Block "Material™ with tabulated material

There are two ways to set a material in Multifitting. The first is to use the refractive index library located
in the "nk" folder. To do this, set the switch to the "Optical constants filename" position. In the
"Material" field, the name of the text file "* . nk" is indicated, which also serves as the name of the
material. You can also specify a file outside the library by clicking the "Browse...". button. The real
density of the material is not necessarily known, as only the refractive index is given. But this density
can be changed by setting the "Relative density". This is the factor by which the nominal polarizability
of the substance is multiplied.
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Another way to define a material is to construct it from chemical elements, specifying stoichiometry and
density.

Material:  AlD.3Ga0.7As Browse. .. Density [gjcm3]:  4.865
i) Dptical constants file name
-Composition
0.3 atoms of Al - At weight=26.98154)
0.7 atoms of Ga | At weight=69.72300)
1 atoms of As - At weight=74.52160)
More elements | Fewer elements

Figure 63. Block "Material" with material composed from chemical elements

To do this, set the radio button to the "Composition of elements™ position. The "Material” field will
become uneditable. In the "Composition™ block, you can add and remove chemical elements using the
"More elements" and "Fewer elements" buttons. Each item is selected from a dropdown list.
Elements can also be scrolled with the mouse wheel; by pressing a letter on the keyboard, you can jump
to an element starting with that letter. If the number of elements is more than one, then you can set the
stoichiometric ratio between them. This is precisely the ratio of the number of atoms to each other, i.e.
"WSi2" is the same as "W2Si4". The absolute concentration of atoms is given by the absolute density
of the material, in g/cm?,

4.2.5.1.4 Thickness

Thickness, z [A]: 20,5470

Thickness drift

Figure 64. Block "Thickness"

Here you can set the thickness of the layer. If a layer is part of a periodic multilayer, then it is duplicated
N times during the calculation, where N is the number of periods. In this case, in addition to the base
thickness, you can specify the change in the layer thickness from period to period. To do this, there is a
button "Thickness drift". If you click on it, a window will open:

42



% Thickness drift — O X

B Linear drift
Crift per period, %
-0.02

B sine drift
Amplitude, % Frequency, period-* Phase, part of 1
0 0.333333 0]

("] random drift
RMS, %%

Close

Figure 65. Window "Thickness drift"

"Linear drift" sets the change in the layer thickness along the depth of the structure, proportional to the
number of the period. The drift is given as a percentage of the nominal thickness per period. The average
layer thickness over all periods is equal to the nominal thickness, i.e. on one part the layers will be
thinner, and on the other part thicker.

"Sine drift" sets the periodic change in thickness with depth, described by a sinusoid. The amplitude is
set as a percentage of the nominal thickness. The frequency is set in "reverse periods”, i.e. a value of
0.3333 means that the layer thickness is repeated every three periods. The phase determines the initial
position of the modulating sinusoid, it is set in the range from 0 to 1.

"Random drift" determines the random deviation of the layer thickness from the nominal value. The
standard deviation is indicated as a percentage of the nominal thickness. The thicknesses themselves are
generated randomly with Gaussian statistics on each curve recalculation.

4.2.5.1.5 Diffuseness

Diffuseness, s [A]: 2.1510 Diffuseness drift

-Interlayer composition

- o4 B in B =g [ tanh [ sin [ step
weight: 1,000 1.000 1,000 1.000 1.000 1.000 || Individual "s™
s [A]: 2.1510 2.1510 2.1510 2.1510 2.1510 2.1510

Figure 66. Block "Diffuseness"

"Diffuseness” — is the amount of interpenetration of the materials of the layers into each other, their
mixing at the boundary. It can also be understood as a limit of roughness with a lateral correlation
tending to zero. The thickness of the transition region is specified in the mean square sense (parameter
""s™), and the type of distribution can be selected from several options. The distribution of matter in the
transition region is composed of several functions with appropriate weights [3]. By default, the root-

43



mean-square thickness is the same for all profile functions, but if you enable "Individual “s™, then an
individual thickness can be set for each function.

If the layer is part of a periodic multilayer, then, as in the case of the layer thickness, one can also
indicate the change in the thickness of the interlayer interface from period to period. To do this, use the
"Diffuseness drift" button. The interface drift setting window is exactly the same as for thickness.

4.25.2 Substrate

ambient: Vacuum
BeO layer (1), z=13.8534 p=0.764, s=5.817A
Cr203 layer (2), z=2.8434, p=1.000, s=1.0004
v Multilayer (3 - 4), N=99, d=22.575A, y=0.558
Be layer (3), z=12.5914, p=1.000, s=3.110&
Cr layer (4), z=9.984A. p=1.000, s=3.1104
[ 5i substrate, p:E.Hﬂlgf‘cma, s=3.0004 ]

Figure 67. Substrate in the structure tree

4 S substrate — O >

Length units  Precision

Material: Si Browse, .. Relative density: 1.000

O Optical constants file name () Composition of elements

Diffuseness, s [A]: 2.0000

Interlayer composition

Bef [ lin [ exp [ tanh [ sin [] step

weight:  1.000 1.000 1.000 1.000 1.000 1.000 [ individual “s™
s[Al:  2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
Close

Figure 68. Window "Substrate"

The "Substrate” window is the same as the "Layer", window, but does not contain the thickness. The
thickness of the substrate is assumed to be infinite. The title also indicates the material and says that it
is a substrate. The menu, material settings bock, interlayer interface settings block are the same as for
the layer.

44



4.25.3 Ambient

| ambient: Vacuum |
BeO layer (1), z=13.853A, p=0.764, s=5.817A
Cr203 layer (2), z=3.8434, p=1.000, s=1.0004
v Multilayer (3 - 4), N=99, d=22.5754, y=0.558
Be layer (3), z=12.5914, p=1.000, s=3.110&
Cr layer (4), z=9.9844, p=1.000, s=3.1104
Si substrate, p=2.330g/cm’, s=2.0004

Figure 69. Ambient in the structure tree

7t ambient: Vacuum — O x

Precision

Material:  Vacuum Browse. .. Relative density:  0.000

0 Optical constants file name () Composition of elements

[ Close ]
Figure 70. Window "Ambient"

The "Ambient" window is the same as the "Layer", window, but does not contain the thickness and
interface. The menu, material settings bock, interlayer interface settings block are the same as for the
layer.

4.25.4 Multilayer

ambient: Vacuum
BeQ layer (1), z=13.8534, p=0.764, s=5.8174
Cr203 layer (2), z=3.8434, p=1.000, s=1.0004
v [ Multilayer (3 - 4), N=99, d=22.575A, y=0.558 |
Be layer (3], z=12.5914, p=1.000, s=3.1104
Cr layer (4), z=9.9844, p=1.000, s=3.1104
Si substrate, p=2.330g/cm’, s=2.0004

Figure 71. Periodic stack in the structure tree

4 Multilayer (1 - 2) — O >

Length units  Precisicn

Mumber of repetitions, M: 30
Period, d [&]: 43,0059
Thickness ratio, y: 0.57198803

[| Make general aperiodic  [_| Make regular aperiodic | Invert order of layers

[ Close ]

Figure 72. Window "Multilayer"
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Structurally, the "Multilayer" window consists of the following parts: title, menu, parameter setting
block, structure type control block.

4.2.5.4.1 Title

4 Multilayer (1 -

A

Element type Layers indices
= multilayer inside multilayer

Figure 73. "Multilayer" window title

The window title indicates that you are dealing with a periodic multilayer. The range of indexes of layers
inside this structure is indicated in brackets.

4.2.5.4.2 Menu
-t Multilayer (1 - 2)
Length units  Precision

e A Thickness:z, d ¥

nm Gamma: y 4

|
Figure 74. "Multilayer" window menu

The "Length units" menu allows you to switch the length units. In the "Precision™ menu, you can
change the number of decimal places used to represent parameter values. Changes apply to the entire
program.

4.2.5.4.3 Parameters

Mumber of repetitions, M: 30
Period, d [A]: 43,0059
Thickness ratio, v 0,57198803

Figure 75. Parameter setting block
The first parameter of the periodic multilayer is the number of periods N=0, 1,2 ...
The second parameter is the period, i.e. thickness of an unit cell consisting of several layers.

The third parameter is the thickness factor y. This is the ratio of the thickness of the upper layer of the
unit cell to the period. The thickness factor appears only when the number of layers in a period is two.
With more layers, it becomes meaningless.
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4.2.5.4.4 Structure type management

[} mMake general aperiodic [ Make regular aperiodic | Invert order of layers

Figure 76. Structure type control block

A periodic multilayer can be turned into a regular or general aperiodic by selecting the appropriate
option. In this case, the number of layers in the aperiodic will correspond to the total number of layers
in the periodic structure, taking into account the number of periods. An exception is if there are 0 periods
in the periodic structure, then the number of periods will first be increased to 1 and only then the periodic
will be turned into aperiodic.

"Invert order of layers" allows you to quickly change the order of the layers in the unit cell to the
opposite.

4.2.5.5 Regular aperiodic

ambient: Vacuum
[V Fegular aperiodic (1 - 2) ]
W layer (1), z=<17.859-32.659> A, p=0.900, 5= <5.465-5.465> A
Silayer (2], z=<11.347-27.247> & p=0.623, 5=<2.151-2.151=4&
Si substrate, p=1.000, s= 2,000

Figure 77. Regular aperiodic in the structure tree

% Regular aperiodic (1- 2) — O et
Ttem Common "2"  Commaon "s” Restrict z: {£A, p, O}
1) Layer W (tabular) [l ] @:0% ,p=2 Q= 0.00000000
2) Layer Si (tabular) -] ] (Jzo0% ,p=2 ,Q= 0.00000000
[] Make general aperiodic [] Make periodic [ Invert order of layers
Close ] Layers

Figure 78. Window "Regular aperiodic"

Structurally, the "Regular aperiodic" window consists of the following parts: title, parameter limit
block, structure type control block.

The "Layers" button opens the detailed layer table.
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4.2.5.5.1 Title

% Regular aperiedic (1- 2)

N

Element type = Layers indices
regular aperiodic inside aperiodic

Figure 79. "Regular aperiodic" window header

The title of the window indicates that you are dealing with a regular aperiodic. The range of indexes of
layers inside this structure is indicated in brackets.

4.2.5.5.2 Parameters

Item Comman “z°  Common 5™ Resfrict z: {£A, p, G}
1) Layer W (tabular) ] ] B4 ,p=2 Q= 12.34500000
2} La'!,l'Er Si {Ebmar}l B |:| |:|: 0%  p= 2 . Q: 0. 00000000

Figure 80. Parameter setting block

In this window you cannot work directly with the parameters of the layers, but it is possible to impose
connections and restrictions on the thicknesses and interfaces of "same" layers in different unit cells of
the aperiodic. For each layer, the material is indicated, as well as whether this material is composed of
chemical elements — "(composed)" — or taken from a library of ready-made materials — "(tabular)".

"Common “Z"™ indicates that all layers with the given index will have the same thickness in all unit
cells.

"Common “s™ indicates that all layers with the given index will have the same diffuse interfaces in all
unit cells.

If "Common “z"" and "Common “s™" are enabled for all layers, then the structure is periodic.

"Restrict z: {A, p, Q}" indicates that a "soft" restriction will be applied during automatic optimization
of thicknesses: if the thickness of any layer differs by more than A from the average thickness of layers
of this type, then to the value a "penalty” will be added to the minimized function, namely the following

value: Q x \z— <z >\ —A , Where z is the layer thickness, <z> is the average thickness of layers of this

type, p is the exponent responsible for the rate of increase of the penalty with increasing deviation, and
Q is the weight factor. Thus, it is "unfavorable™ for thicknesses to go far beyond the indicated limits +A.

4.2.5.5.3 Structure type management

| [] Make general aperiodic [ ] Make periodic [ ] Invert order of layers

Figure 81. Structure type control block
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A regular aperiodic can be turned into a periodic structure or a general aperiodic by selecting the
appropriate option.

4.25.6 General aperiodic

ambient: Vacuum

|~ General aperiodic (1 - 10) ]
W layer (1), z=26.459A, p=0.900, s=5.465A

Si layer (2), z=20.547A, p=0.623, s=2.1514&

W layer (3), z=26.4594, p=0.900, s=5.465A

Si layer (4), z=20.5474, p=0.622, s=2.1514

W layer (3], z:?.E.-‘lE‘Q.Sl, p=0.900, == 5.4654

Figure 82. General aperiodic in the structure tree

-t General aperiodic (1-10) — O >

Item Link "z" Fit "z" Link "s* Fit "5
1) Layer W (tabular) 1l a8 J ]
2) Layer 5i (tabular) -] ] ] OJ

[] Make periodic || Make regular aperiodic || Invert order of layers

[ Close ]
Figure 83. Window "General aperiodic"

Structurally, the "General aperiodic" window consists of the following parts: title, parameter
restriction block, structure type control block.

4.2.5.6.1 Title

A General apericdic (1 - 10)

N

Element type = Layers indices
general aperiodic inside aperiodic

Figure 84. "General aperiodic™" window header

The title of the window indicates that you are dealing with general aperiodic. The parentheses indicate
the range of layer indices within this structure. In contrast to a periodic structure or regular aperiodic,
here all layers are present as separate elements. The structure is "unwrapped".

4.2.5.6.2 Parameters

Ttem Link "z~ Fit "2 Link "" Fit "5
1) Layer W (tabular) Il [ ] ] /]
2) Layer Si (tabular) (] O O O

Figure 85. Parameter setting block
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The general aperiodic does not control the parameters of the layers contained in it, but it allows you to
massively apply and remove links between the thicknesses or interfaces and massively turn their fitting
on and off. Unlike regular aperiodic, there is no concept of an unit cell; layers can be absolutely arbitrary.
Therefore, the various "types" of layers listed in this box are determined solely by the material of the
layer. This takes into account the use of tabular data for the finished material "(tabular)" or compositions
of individual chemical elements "(composed)".

"Link “z™ indicates that all the thicknesses of all layers with this material will be dependent on the
thickness of the top layer. The linking function can be set individually in the parameter table. Likewise,
"Link “s™ links layer interfaces.

"Fit “z™" turns on/off the thickness fitting for all layers of the corresponding material. "Fit “s™ does the
same for interfaces.

4.2.5.6.3 Structure type management

("] Make periodic  [_| Make regular aperiodic | Invert order of layers

Figure 86. Structure type control block

A general aperiodic can be turned into a regular or periodic structure by selecting the appropriate option.
If, in addition, the aperiodic contains a periodic subsequence of materials, then this subsequence will
become an unit cell. Otherwise, the structure cannot be "folded" and the unit cell will be the size of the
entire common aperiodic.

4.2.6 Window access bar

Structure table Profile plot
1D graphs 2D graphs
Roughness spectrum Partides spectrum
Calculation settings General settings
Fitting settings Fits selector

Figure 87. Access to other instruments

Next are the buttons for accessing auxiliary tools that allow you to control the structure parameters in
detail, build graphs, make automatic fitting and change various settings. All of them are described in the
corresponding paragraphs of this chapter.
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4.2.7 Independent curves

Flot_1 [E] +

Setup Specular scan; Bo=0-7 = at A=1.541 &

Figure 88. Tabs with curves for calculations without an experimental grid

Next are the controls of so-called "independent” curves. To set and calculate independent curves, you
do not need to involve any external data, just specify the type of measurement, instrumental parameters,
set the type and range of argument values, and the number of points for calculation.

Each independent curve corresponds to a tab. You can create new, duplicate, delete in the same way as
Structure tabs. Double clicking on the tab allows you to set the name of the curve. To the right of the
"Set up" button, the basic information is written: the type of measurement, ranges or values of angles
and wavelengths.

The "Set up" button opens the curve settings window. If this happens in a new tab where the
measurement type has not yet been set, then a window will open with a choice of options:

Data n

Detector scan
Rocking scan
Offset scan

GISAS map

Figure 89. Scan type selection

After setting the curve type, the corresponding settings window will open.
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4.2.7.1 Specular scan

% Specular scan — O et
Units
Angular units  © o Spectral unite A~
Argument
Beam grazing angle B0~ 1000 points, from  0.0000 to  7.0000 =
Beam
At fixed wavelength  1.5405620 & Spectral width, FWHM, 4Af4  0.0000000
Polarization 1.000 Angular divergence, FWHM, ABe  0.0000000 =
Backaground 0.0000000000 Set up distribution
Detector
Detector type  Slit o Distance from detector to sample 300.0  mm
@ sitlength  10.000 mm Slit width  0.800 mim

Footptint and distortion

Beam Sample
Width, FWWHM 0.050 mm Size 21.00 mm
Profile smoothing 0.50 ¥-position  0.00 mm
Lateral width 5.000 i Z-position  0.0000 T
Wings full width  0.250 mim Curvature 0.0000 m—t
Wings intensity  0.00000 [ Log Radius of curvature = o
[T TT] Fr T T T T q
1 11 0.015 3 0.015
0.8 F 0.8 0.01F 4 0.01
0.6 _ _ 0.6 0.005 — — 0.005
[ ] 0F 40
0.4 -10.4 -0.005 F - -0.005
.2 f o2 001F joo1
s ] -0.015 | 4 -0.015
D M MR L U I PSP PRI T L.
-0.05 4] 0.05 -0 -5 0 5 10

Close

Figure 90. Reflectometric curve settings

All settings are divided into several groups arranged vertically: "Units", "Argument”, "Beam",
"Detector"”, "Footprint and distortion™. You can close the window by clicking "Close" or pressing the

"Escape" key.
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4.2.7.1.1 Units
Uniits

Angular units  © e spectralunite &

Figure 91. Block "Units"

Angular and spectral units are set here. When the units are changed, the displayed parameter values are
recalculated. This block is the same for all types of curves.

4.2.7.1.2 Argument

Argument

Beam grazing angle 8e -~ | 1000 points, from 0,0000 to 70000 =

Wawvelength/Eneragy

Figure 92. Block "Argument"

The argument type (beam grazing angle or wavelength), number of points, and range are specified.

4.2.7.1.3 Beam
Bearm
At fixed wavelength  1.5405620 A Spectral width, FWHM, AAf&  0.0000000
Polarization 1.000 Angular divergence, FWHM, ABo 0,0000000 =
Background 0.0000000000 Set up distribution

Figure 93. Block "Beam”

If the argument is the beam grazing angle, then a fixed wavelength is specified here. If the argument is
the wavelength, then a fixed grazing angle is specified here. You can also specify the spectral width of
the beam and the angular divergence in the plane of incidence. The FWHM value is set — full width at
half maximum.

Additionally, you can specify the polarization of the incident beam: 1 is the s-polarization, -1 is the
p-polarization, and intermediate values correspond to their mixture in the appropriate proportion.

Background is the amount of intensity that is added to all points of the calculated curve. It does not
affect the calculations and the automatic fitting process. It is intended for the convenience of comparing
the calculated and measured curves.
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4.2.7.1.4 Detector

Detector

Detector type  Slit e Distance from detector to sample  300.0  mm (a)
@ sitlength 10.000 mm Sitwidth 0.8300  mm

Detector

Detector type Crystal Distance from detector to sample  300.0  mm (b)

@ slitlength 10,000  mm Angular resolution, FVWHM, A8 0.000000 *  Gaussian

Figure 94. Block "Detector" with slit (a) or crystal (b) detector type

The type and parameters of the detector are specified here. The parameters are the sample-detector
distance, the azimuth size of the detector window ("Slit length™). If the detector is slit, then the polar
size of the detector is given by the width of the slit. If the detector contains an analyzer crystal — then by
the peak width and shape. This block is the same for all one-dimensional curves (i.e. except GISAS).

4.2.7.1.5 Footprint and distortion

Footptint and distortion

Beam Sample
Width, FYWHM 0.050 mm Size 21.00 mm
Profile smoothing 0.50 ¥-position 0,00 mm
Lateral width 5.000 mm Z-position  0.0000 mm
Wings full width  0.250 i Curvature 0.0000 m—*
Wings intensity  0.00000 [ Log Radius of curvature = oo
[T T T TT] SRR ERERI EIRAR R AR SRR R 9
1 [ ] 1 0.015 4 0.015
0.8 F J0.8 0.01 F 4 0.01
0.6 _ _ 0.6 0.005 3 — 0.005
. ] 0F 40
0.4 40.4  -0.005 F 4 -0.005
0.2 f o2 001p ER
[ 0.015 | 4 -0.015
D-l " PRI T T R T T " '-D RIS PR S A
-0.05 1] 0.05 -0 -5 0 5 10

Figure 95. Block "Footprint and distortion”

This block is the same for all types of curves. Here the geometrical parameters of the beam and the
sample are specified. The width in the plane of incidence, profile ("Profile smoothing"), the size in the
direction perpendicular to the plane of incidence (“Lateral width™). is set for the beam. In addition to
the main bell-shaped form, the profile section may have an additional wide elevation of low intensity
("Wings"). The beam profile in the plane of incidence is shown on the graph in a linear or logarithmic
scale.
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The sample has a size in the direction of the beam, a displacement along the beam ("X-position"),
vertical displacement towards the surface ("Z-position"), curvature. These parameters are illustrated by
the sample image with beam.

4.2.7.2 Detector scan

Blocks "Units", "Detector", "Footprint and distortion" are exactly the same as for specular geometry.

4.2.7.2.1 Argument

Argument

Detector polar angle 8 -+ ) 1000 points, from  0.0100 to  6.0000 =z

Figure 96. Block "Argument"

The argument is the polar angle of the detector, for which the number of points and the range are
specified.

4.2.7.2.2 Beam
Beam
At fixed wavelenagth 1. 5405620 k Spectral width, FWHM, AAfA  0.0000000
At fiwed grazing angle 8 0)5000000 ®  Angular divergence, FWHM, ABc  0.0000000 =z
Polarization 1.000 Set up distribution
Background 0,0000000000

Figure 97. Block "Beam”

Almost all parameters are the same as in specular geometry. An additional parameter is a fixed beam
grazing angle (or specular angle).

4.2.7.3 Rocking scan

Blocks "Units", "Detector", "Footprint and distortion" are exactly the same as for specular geometry.

4.2.7.3.1 Argument

Argument

points, from  0.0000 to 2.0000 ¢

Dewatun from spen:ular ABo

Figure 98. Block "Argument"

When calculating the rocking curve, both the beam grazing angle and the scattering angle change. As
an argument, one can choose either the beam grazing angle or the deviation of the sample from the
specular position.
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4.2.7.3.2 Beam

Beam

At fixed wavelength 1, 5405620 & Spectral width, FWHM, AA/A  0,0000000
1.0000000 ©  Angular divergence, FWHM, ABo  0.0000000 =

Polarization 1,000 Set up distribution

Background 0., 0000000000

Figure 99. Block "Beam"

Almost all parameters are the same as in specular geometry. An additional parameter is the specular
position, i.e. the angle of the incident beam at which the reflected beam arrives at the detector.

4.2.7.4 Offset scan

Blocks "Units", "Argument"”, "Detector", "Footprint and distortion" are exactly the same as for
specular geometry.

4.2.7.4.1 Beam
Beam
At fixed wavelenagth 1.5405620 & Spectral width, FWHM, AAf\  0.0000000
III.IIIIIIIIIIIIIIIIIIIII = Angular divergence, FWHM, ABo  0.0000000 =z
Polarization 1.000 Set up distribution
Background 0,0000000000

Figure 100. Block "Beam”

Almost all parameters are the same as in specular geometry. An additional parameter is a constant
angular shift of the detector from the specular position.

4275 GISAS map

Blocks "Units", "Detector", "Footprint and distortion" are exactly the same as for specular geometry.

4.2.7.5.1 Argument

Argument
Detector polar angle & w1000 points, from  0.0100 to  6.0000 =
Detector azimuthal angle p | 501 points, from  -1.3000 to  1.3000 =

Figure 101. Block "Argument”

Scattering is two-dimensional, so there are two arguments here: the polar and azimuthal angles of the
detector. Each is given by a number of points and a range of values.
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4.2.7.5.2 Beam

Beam

At fixed wavelenath 1.5405620 & Spectral width, FWHM, AAfA  0.0000000

At fixed grazing angle Go . 5000000 @ Angular divergence, FWHM, Ao 0,0000000 g
Polarization 1.000 @divergence, FWHM, Ao 0.0000000 =z

Background 0.0000000000 Set up distribution

Figure 102. Block "Beam"

Almost all parameters are the same as in specular geometry. Additionally, the beam grazing angle and
the azimuthal angular divergence of the beam are specified.

4.2.7.5.3 Detector

Detector

@ setpixel size  Detector type  Spherical Distance from detector to sample  300.0  mm
Pixel height, FWHM, A8 0.000000 o

_ ) Function Gaussian (a)

Pixel width, FWHM, Ap 0.000000  ®

Detector

B setpivel size  Detector type Matrix w Distance from detector to sample 300.0  mm
Pixel height {polar) 172.0 pm
Pixel width (azimuthal) 172.0 pm (b)

Figure 103. Block "Detector" with spherical (a) or pixel (b) detector type

Here the sample-detector distance and, if necessary, the angular or linear size of the pixel and the
instrumental function are specified.

4.2.8 Experimental curves

Target curves
Import 1: R08; Reflectance; Ho=0.005-6.995 % at A=1.541 & Add Row
Import 2: R03; Reflectance; Bo=0.005-7.995 = at A=1.541 & Add Row

Import 3: Ro03 br; Rodking scan; Bo=0.010-3.940 % at A=1.541 &, specular=1.975° | Add Row
Import 4: Ro1br2; Rocking scan; Bo=0.025-7.825 % at A=1.541 &, specular=3.925 ® | Add Row

o [ D i |

Import <no description = Duplicate curve | Add Row

Figure 104. List of loaded data

At the very bottom of the main window there is a list of loaded experimental curves with a brief
description. Brief information in the line includes: serial number, name (if any), measurement type,

angle and wavelength ranges. The "Add row" and —I buttons respectively add and remove a row. The
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experimental curve with all its settings can be duplicated by calling the context menu with the right
mouse button.

To load data or change measurement parameters, click the "Import". » button. As for an independent
curve, if this is a new curve for which the measurement type has not yet been set, then a window will
open with a choice of options:

Data n

Detector scan
Rocking scan

Offset scan

GISAS map

Figure 105. Measurement type selection

After setting the curve type, the corresponding window will open.
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4.2.8.1 Specular scan

7t Specular scan - a X
T T T
4 101
8 oS {102
=2
.
& % W 410
W7 20 i
#f wf’i?ﬁ" . 4 10+
8 \,|¢|%ﬁ 1 y
T ER) Y
1 1 1 103
0.25 0.5 0.75 1 1.25 1.5 1.75 2 225 25 275
Beam grazing angle Be, *
Flot options
Scale: (D) Lin @ Log
Measurement
Mame Some Mame File path  D:\FapaxwH\dunckapaxiHiHansinesma - TapaxwdlsSE 2020050 W Kymapylsg-199156-199_ txt Browse. ..
Argument
Beam grazing angle 8o~ Units © w Shift 0.000000 Factor 1.000000 [ Fitonly data between argument  0.4000 and 28500 [ Fit outer area
Value

Reflectance Shift 0.000000 Factor 1.000000  , min 0.1000 max 10,0000 @ Divide on beam intensity: initial 128000 @ final 128000 t= 1.0 s

Beam
At fixed wavelength  1.5405600 - Spectral width, FWHM, AAfA 0.0000000
Set up distribution
Background 0.0000000000  Polarization 1,000 Angular divergence, FWHM, ABc 0.0170000 @
Detector
Detector type  Slit e Distance from detector to sample 300.0  mm () Merge points 1
[ slitlength 10,000 mm Slit width 0.800 mm

Footptint and distortion

Beam Sample
1 [ il 1 T T T T
Width, FWHM  0.045  mm Size 17.60 mm 0015 0.015
— 0.5 -10.8 - 0.01F 40.01
Profile smoothing 0.50 06k Jos ¥-position 2,30 mm 0,005 F - 0.005
' ' of Jo
Lateral width 5.000 mm 0.4 F J0.4 Z-positon 0.0000 mm 5005 E 1 0.005
Wings full width ~ 0.250 mm 0.2 F J0.2  Curvature 0.0000 m-t 0.01F 4 -0.01
. - -0.015 F 4 -0.015
Wings intensity  0.00000 ] Log i} 0 Radius of curvature = oo Lol —

Read data Export data

Figure 106. Experimental reflectometric curve settings

The upper part shows a graph of the loaded curve, taking into account the units of measurement, scaling,
argument shifts and function values specified in this window. When the "Fit only data between
argument" option is enabled in the "Argument" » block, the area excluded from the fit is indicated in
purple. In the "Plot options™ block, you can switch between linear and logarithmic scale along the
vertical axis.

4.2.8.1.1 Measurement

Measurement

Mame Some Mame File path  D:\FapaxwH\duckapaxiHiHansinesmna - TapaxwdlsSG 2020050 W Kymapylsg-199156-199_ txt Browse. ..

Figure 107. Block "Measurement"

In the left part of the block, you can set the name of the curve, this can be useful in further work,
especially if there are several curves. In the remaining part, you can specify the data file to be loaded.
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The path can be written manually or pasted, you can use the file dialog box by clicking the "Browse..."
button. Or you can drag and drop the desired file into the settings window with the mouse.

4.2.8.1.2 Argument
Argument
Beam grazing angle e~ | Units = w Shift 0.000000 Factor 1.000000 Fit only data between argument  0,4000 and 2.9900 [ Fit outer area

Figure 108. Block "Argument"

The argument type is set: beam grazing angle or wavelength. The next item is the units of measurement.
It is here that you should specify in which units the values of the argument should be read. The "Shift
parameter is a value added to all argument values, the shift of the entire curve along the horizontal axis.
In turn, "Factor is the factor by which each value of the argument is multiplied; it scales the curve
horizontally.

The "Fit only data between argument" option allows you to set the area excluded from automatic
fitting. Enabling "Fit outer area™ does not exclude the outer area between the specified arguments, but
the inner one. The excluded area is shown in purple on the graph.

4.2.8.1.3 Value

shift 0.000000 Factor 1.000000 , min 0.1000 max 10,0000 @ Divide on beam intensity: initial 128000 @ final 128000 t= 1.0 s

Transmittance

Figure 109. Block "Value"

The value type is set: reflection or transmission. As with the argument, "Shift" is a constant addition to
the curve, and "Factor" is the scaling of the curve along the vertical axis. The "min™ and "max" values
limit the "Factor" parameter in automatic fitting.

Attention: Although the normalization parameter "Factor" can be adjusted automatically,
you should not do this without good reasons. This may be acceptable in cases where the
measurements have not been normalized to the beam intensity, but the result obtained
should be treated with great care.

The "Divide on beam intensity" option allows you to normalize the measurement to the probing beam
intensity and exposure time. If the beam intensity changed during the measurement, then in the simplest
(linear) case this can be taken into account by turning on the "Final" checkbox and specifying in addition
to the initial value also the final one.

4.2.8.1.4 Beam
Beam
At fixed wavelength  1.5405600 - Spectral width, FWHM, AAfA  0.0000000
Set up distribution
Background 0.0000000000  Polarization  1.000 Angular divergence, FWHM, ABe 0.0170000

Figure 110. Block "Beam”
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Almost all parameters are the same as for the independent curve. Wavelength/grazing angle units are
specified here, in the drop-down menu.

4.2.8.1.5 Detector

Detector
Detector type  Slit e Distance from detector to sample 300.0 mm B Merge points 2

@ sitlength  10.000  mm Slit width 0.800 mm

Figure 111. Block "Detector"

Almost all parameters are the same as for the independent curve. But since we are dealing with a fixed
dataset here, the "Merge points" option has been added. It allows you to reduce the dimensions of the
array of points by combining them (binning). The number of points to merge can be specified. The result
is immediately represented in the graph.

4.2.8.1.6 Footprint and distortion

Footptint and distortion

Beam Sample
1[F 11 T T
width, FWHM 0,045 mm Size 17.60 mm 0015 E §0.015
— 0.8 -10.8 S— 0.01 F 40.01
Profile smoothing 0.50 06 E Jos ¥-position 2,30 mm  0.005 E - 0.005
' ' 0 Jo
Lateral width 5.000 mm 0.4k J0.4 Z-positon 0.0000 mm 5005 B 1 0.005
Wings full width  0.250 mm 0.2 F J0.2  Curvature 0.0000 m-t 0.01F 4 -0.01
-0.015 F 4 -0.015
Wings intensity ~ 0.00000 |_JLog 0 005 5 o 0s i} fei=rfreh e =m = —Is [; SI 1I[)

Figure 112. Block "Footprint and distortion™

The parameters are exactly the same as for the independent curve.

4.2.8.1.7 Bottom panel

Read data E)fportdata -
Figure 113. Bottom panel

The "Close" button closes the window (you can also close the window with the «Escape» key).
"Read data" re-reads data from the file specified in the "File path" field of the "Measurement" block.

"Export data" allows you to save the previously loaded curve to a file. The data is stored in the project
file and can be exported even if the source file (specified in the "File path" field) no longer exists.

4.2.8.2 Detector scan

The "Measurement", "Detector", "Footprint and distortion" blocks and the bottom panel are exactly
the same as for the specular geometry. The "Value" block differs only in the immutable function type:
"Scattering".
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4.2.8.2.1 Argument

Argument

Detector polar angle 8~ nits @ e Shift 0.000000 Factor 1.000000 [ Fit only data between argument  0.0000 and  1.0000 Fit outer area

Figure 114. Block "Argument"

The argument is the polar angle of the detector. The rest of the parameters are the same as for the specular
measurement.

4.2.8.2.2 Beam

Beam

At fixed wavelength 1.5405620 B~ Spectral width, FWHM, AAfA  0.0000000

Set up distribution
At fixed grazing angle 8c_) 0.5000000 @ Angular divergence, FWHM, ABe  0.0000000 =

Background 0.0000000000 Polarization 1,000

Figure 115. Block "Beam"

Almost all parameters are the same as in the specular measurement. An additional parameter is a fixed
beam grazing angle (or specular angle).

4.2.8.3 Rocking scan

The "Measurement", "Detector", "Footprint and distortion™ blocks and the bottom panel are exactly
the same as for the specular geometry. The "Value" block differs only in the immutable function type:
"Scattering".

4.2.8.3.1 Argument

Argument

Units = e shift 0.000000 Factor 1.000000 [ Fitonly data between argument  0.0000 and  1.0000 Fit outer area

o
Deviation from specular Afc

Figure 116. Block "Argument"

The argument can be the grazing angle of the incident beam or the deviation of the sample from the
specular position. The rest of the parameters are the same as for the specular measurement.

4.2.8.3.2 Beam

Beam

At fixed wavelength  1.5405620 - Spectral width, FWHM, Adfh  0.0000000

Set up distribution
Specular position 1.0000000 @ Angular divergence, FWHM, ABe  0.0000000 @

Background 0.0000000000  Polarization 1000

Figure 117. Block "Beam”

Almost all parameters are the same as in the specular measurement. An additional parameter is the
specular position, i.e. the grazing angle of the incident beam at which the reflected beam arrives at the
detector.
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4.2.8.4 Offset scan

The "Measurement", "Detector", "Footprint and distortion™ blocks and the bottom panel are exactly

the same as for the specular geometry. The "Value" block differs only in the immutable function type:
"Scattering".

4.2.8.4.1 Argument

Argument

Beam grazing angle 8~ )Units = e shift 0.000000 Factor 1.000000 [ Fit only data between argument  0.0000 and  1.0000 Fit outer area

Figure 118. Block "Argument"

The argument is the grazing angle of the incident beam. Other parameters are the same as in the specular
measurement.

4.2.8.4.2 Beam

Beam

At fixed wavelength 1.5405620 - Spectral width, FWHM, AAfA  0.0000000

Set up distribution
At fixed detector offset _J.0000000 gl Angular divergence, FWHM, ABo  0.0000000 T

Background 0.0000000000 Polarization 1.000

Figure 119. Block "Beam"

Almost all parameters are the same as in the specular measurement. An additional parameter is the offset
of the detector from the specular direction. A positive offset means that the angle from the plane of the
sample to the detector is greater than the grazing angle of the beam. If it is equal to zero, then
measurements are made in the specular direction, but, unlike the reflectometric curve, here you can get
a plot of the amount of scattering in the specular direction.
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4.2.8.5 GISAS map

#t GISAS map — O X
10-2
o
=3 10-3
@
(=
5 104
]
L
E 10-=
B
5 106
2 107
fa]
108
o] 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 B 6.5 7
Detector polar angle 8, #
Flot options
Scale: Lin © Log Rotate: ) | Interpolate  Range to show, orders: 6.3
Measurement
Mame Overview File path  C:\Projects\Multifittingbuild\release\DATA_LIN_trunc.dat Browse. ..
Argument
Detector polar angle B ~ from 0.0000 to  7.0800 = Fit only data between argument  0.6500 and  7.0000 2
Units = ~
Detector azimuthal angle @ - from -1.0800 to  1.0800 = Fit outer area -1.0000 and  1.0000 °
Value
GISAS -~ Shift 0.000000 Factor  1,000000 min 10,5000 max 2.0000 Divide on beam intensity 1000000 t= i 5
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Detector
Set pixel size Linear w B pixels 4 Pixel height (polar) 1720 pm
Merge pixelz
Distance from detector to sample 300.0  mm p pixels 1 Fixel width (azimuthal) 172.0  pm
Footprint and distortion
Beam Sample
tE E botsE L T o015
Wi A\ . Size 20.00 mm T E Ehe
Width, FWHM 0,050 Tir 08 b Jos 0.01E Jo.o1
Profile smoothing 0.50 05k do0s X-position 0,00 mm 0.005 F - 0.005
— ' ' — 0F 40
Lateral width 0,150 mm 0.4 [ Jo.4 Z-positon 0.0000 mm 5005 B 3 0.005
Wings full width 0,250  mm 02 f 0.2 curvatre 00000 @ me O01E oot
- -0.015 F - -0.015
Wings intensity ~ 0.00000 Log 1] ¥] Radius of curvature = oo L

Close ] Readdata  Exportdata

Figure 120. GISAS measurement settings

The top part shows a color map of the loaded data. When the "Fit only data between argument"
option is enabled in the "Argument" block, the area excluded from the fit is displayed in a darker color.
In the "Plot options™ block you can switch between linear and logarithmic scale along the vertical axis,
turn interpolation on and off, specify the values range for displaying on a logarithmic scale — these are

the display settings. There are also buttons to rotate the image counterclockwise D) and clockwise G
. With their help, you should orient the data relative to the coordinate axes. This is where the data is
linked to the coordinate axes for further use in calculations.

The "Measurement", "Footprint and distortion™ blocks and the bottom panel are exactly the same as
for the specular geometry. The rest is described below.
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4.2.8.5.1 Argument

Argument
Detector polar angle 8 v from 0.0000 to  7.0800 = @ Fit only data between argument  0.6500 and  7.0000 o
Units = s .
Detector azimuthal angle @ - from -1.0800 to  1.0800 =« |_| Fit outer area -1.0000 and  1.0000 o

Figure 121. Block "Argument"

Here the units and range of arguments for each axis are determined. Unlike the case of one-dimensional
curves, here the data is a matrix of numbers without information about the coordinates, so the argument
here is not read, but set. The arguments are of azimuthal and polar angles of the detector. The pixel grid
is assumed to be equidistant.

The "Fit only data between argument" allows you to set the rectangular area involved in the automatic
fit. Enabling "Fit outer area™ leaves not the outer area, but the inner one. In the image, the excluded
area is shown in a darker color.

4.2.8.5.2 Value

Value

GISAS ~ shift 0.000000 Factor 1.000000 ;min 0.5000 max  2.0000 B Divide on beam intensity 1000000 t= 10 s

Figure 122. Block "Value"

The scattering value is read from the file and can be modified by adding a shift and scaling. "Shift" is a
constant addition to the values, and "Factor" is a scaling. There was a methodological note concerning
the automatic adjustment of the normalization factor.

The "Divide on beam intensity" option allows you to normalize the measurement to the probing beam
intensity and exposure time.

4.2.8.5.3 Beam

Beam

At fixed energy 12.0000000 ke Spectral width, FWHM, AEfE  0.0000000

At fixed grazing angle 8o 0. 5050000 2 Angular divergence, FWHM, ABe  0,0000000 2 Set up distribution

Background 0.0000000030 Polarization  1.000 Angular divergence, FWHM, Age0,0000000 z

Figure 123. Block "Beam”

The parameters are the same as for the independent curve.
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4.2.8.5.4 Detector

Detector

4 set pixel size Linear ~ Bpixels 2 Pixel height (polar) 1720  pm (a)
B Merge pixels

Distance from detector to sample  300.0  mm @ pixels 2 Pixel width (azimuthal) 172.0  pm

Detector

[ set piel size Angular B pixels 2 Pixel height, FWHM, A8 0.000000 @ (b)
H Merge pixels Function Gaussian

Distance from detector to sample 300.0 mm mpixels 2 Pixel width, FWHM, Ag  0.000000 o

Figure 124. Block "Detector" with linear (a) or angular (b) pixel dimensions

Here you can specify the distance from the sample to the detector, the angular or linear size of the pixel,
and the receiving function of the pixel. The "Merge" option allows you to reduce the image resolution

by merging pixels (binning). The number of points to merge along each coordinate can be specified.
The result is immediately reflected in the figure.

4.3 Structure table

#% Structure table = O ®

File Calculate Length units Otherunits  Precision
D3s4

_ confidence interval active fit p, —% z/d, £% 5, £%
masterslave _ use particles Reset Reset Reset

pure master free parameter not parameter |'IO.ODCI | |20.ODCI | |10.000 |
Setincrease/decrease steps
Mouse Wheel Change dependent T p z/d [A] s [A] ¥ interl dzlin
Recalculate Set model 0100 loowo | |oowo | [oow0  [o00t0000 [o.100 |
D364
N d [4] v
Multilayer (1 - 2) O it [ fit [ fit
1 10.0000 0.0000000
100 30.0000 1.0000000
Be ~|0O p [ofam?] 2 [A] s [A] erf lin dzlin
|1.000 "0000 | |1.848 | |34.5028 | |6.684 | |0.001 "0223 | |—0.0183 |
BeO0 layer (1) Oat [ []ft O fit fit fit O [OAt fit
0,500 0.000 1,349 26,9330 1,000 serf  slin 0,6000
1,500 1.000 4.048 40,3994 20,000 |-5.'53—l "6.68—} | 0.6000
Mo ~ O ~  plgfamd z[A] s [A] erf lin
1.000 | 0.000 la700 | [223082 | |43 | [ooo [oooo | [-0.0183
MoOO0 layer (2) On O O O fit ] fit Oat  [fe O fit
0.500 0.000 1.349 5.0000 1.000 serf g lin -0.5000
1.500 1.000 10,000 25.0000 20.000 0.6000
Si v p [o/cma] s [A] erf  [in
|4.000 | |1.000 | 1.000
Si substrate [t [ fit 6 [t
1.165 1.000 serf zlin

3.485 20,000 4,000 4,000

Figure 125. Structure table
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For convenient work with the structure, all its parameters are summarized in one table, and this table is
the main way to change these parameters. In addition to the current value, for each parameter, the upper
and lower limits for automatic fitting, participation or non-participation of the parameter in fitting, as
well as the relationship with other parameters of this or another structure (if there are several structure
tabs in one project) can be specified.

4.3.1 Menu

The "File" and "Calculate" menus are exactly the same as in the main window. "Length units" allows
you to change the main units of length, including the thickness of layers and interfaces and particle sizes.
"Other units" allows you to change other units used in the table. In the "Precision" menu, you can
change the number of decimals used to represent parameter values.

4.3.2 Table content

4.3.2.1 Header

The top three lines show the color legend, as well as the tools for setting the limits for the adjusted
parameters as a percentage of the current value. The latter can be convenient to set the range of values
for several layers at once, if, for example, it is known that the uncertainty in the thickness of the layers
can be £30% of the nominal value. By pressing the "Reset" button, the parameters in the corresponding
column for which fitting is enabled will update the limits.

Setting the limits for variables:

Legend _ thickness of transitional
density  layer/period  region

\ ¥V ¥V Y

active fit p, —% zfd, £% 5, %
master fslave _ use partices Reset Reset Reset
pure master free parameter not parameter |'I'D.{H}|] | |2'D.'DI}|] | |1'D.'[H}|] |

Figure 126. Table header

4.3.2.2 Modifiers
The underlying block of the table is also heterogeneous. On the left are the modifier checkboxes.

Mouse wheel Change dependent
Recalculate Set model

Figure 127. Modifiers and the choice of the imperfections model of the structure

The "Mouse wheel" modifier determines the ability to change values in spin boxes by scrolling the
mouse wheel. You can always change values by entering numbers or using the arrows keys 1 and |.

If the "Recalculate” modifier is enabled, then on any change in the current parameter values the curves
are immediately recalculated and a new result is displayed.
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The "Change dependent" modifier blocks the possibility of manual changing dependent parameters,
they are immediately recalculated as a function of the master parameter instead. Dependent parameters
are always recalculated during automatic fitting, regardless of this modifier.

The "Set model" button opens the window for setting the structure imperfection model.

4.3.2.3 Set imperfections model

In "Set imperfections model" window, it is indicated which " imperfections” should be included in
the structure model: the presence of interlayer transition regions, the presence of thickness drift in a
periodic multilayer, the roughness model and intralayer inhomogeneities (particles).

% Set imperfections model O

B Use transitional layer

Show: @ Ef [(Jun [ JExp [ JTanh [Jsin [ ] Step
B Uze drifts
B show z lin drift [] show zrand drift [ Show z sine drift

[] Show = lin drift [] show srand drift [ Show s sine drift

B Uze roughness

Approximation Vertical Model Inheritance
lati
[« R -:Errea on 0O 2BC 0 Replication factor
_ () Full — —
(_) DWBA o () Stretchedexp () Linear growth, alpha
— Partial .
) 5A _ External PSD 100 (_) Linear growth, n=1-4
— () Zero —
() CsA |_| External PSD 2D

[] Add Gauss peak
ﬂ Common PSD

B Use partides

Vertical Lateral order Lattice type Particle shape
lati — —

u:frrea on (_) Disarder D Hexagonal () Spheres
() Full -

QO Radial paracrystal () Square © spheroids
O Partial — ) ) — i
_ |__| Spedfy material (_) Cylinders
) Zero

B Common parameters
for all layers

Close

Figure 128. Structure imperfections models

Enabling and disabling blocks and their parameters affects which parameters will be shown in the main
table.
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4.3.2.3.1 Transitional layer
B Use transitional layer
show: EEf @un [(JExp [ JTarh [Js5in B step

Figure 129. Block "Use transitional layer"

The block determines which transition layer profile functions to display in the table. If the function is
disabled, then it is hidden from the table and is not used in calculations. If enabled, the feature is visible

in the table, but is disabled by default for use in a calculation. It can be finally enabled and configured
from the table.

4.3.2.3.2 Drifts
B Use drifts
B show z lin drift [] Show z rand drift [ Show z sine drift

[ show s lin drift [ show srand drift [ Show s sine drift

Figure 130. Block "Use drifts"

The block determines which of layer thicknesses and transition regions drift models to show in the table:
linear drift, random deviation, harmonic modulation. Drift can only be shown for layers that are part of
a periodic multilayer. If the model is disabled, then it is hidden from the table and is not used in
calculations. If enabled, it is visible in the table, but disabled by default for use in a calculation. It can
be finally enabled and configured from the table

4.3.2.3.3 Roughness

B uUse roughness
Approximation Vertical Model Inheritance
lati —
o Xaat S « e () Replication factor
_ () Full — —
() DWBA [_) Stretched exp  (_) Linear grawth, alpha
— © Partial B )
() SA _ External PSD 1D o Linear growth, n=1-4
— () Zero —
() CSA || External PSD 2D

[] Add Gauss peak
B common PSD

Figure 131. Block "Use roughness”

The block determines which roughness models are used in the calculations and which parameters can
be changed in the table.

"Approximation™ determines the type of approximation used in the scattering calculation. For "PT"
(Perturbation Theory) the largest choice of options is available.

"Vertical correlation” determines the presence or absence of cross-layer roughness correlation.
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e "Full" — the roughness is fully replicated from layer to layer, the scattering is completely
coherent. Roughness parameters are the same for all layers.

e "Partial' — the roughness is not fully inherited, depending on the parameters of the
"Inheritance" column.

e "Zero" — roughness is not inherited, scattering on different interfaces is incoherent. Interfaces
can have different roughness parameters.

"Model" determines the type of lateral correlation function.
e "ABC" - ABC-model or K-correlation function.

e "Stretched exp" — another fractal roughness model.

e "External PSD 1D" —the ability to load an arbitrary one-dimensional PSD function from a file.
Beyond the uploaded data, the PSD continues as a model.

o "External PSD 2D" — the ability to load an arbitrary two-dimensional isotropic PSD function
from a file. Beyond the uploaded data, the PSD continues as a model.

o "Add Gauss peak" — in addition to the main model, add a Gaussian peak to the PSD function
in the vicinity of the specified spatial frequency.

e "Common PSD" — make the roughness and replication model the same for all layers or leave
the possibility to customize each layer.

"Inheritance™ determines the type of roughness inheritance from the underlying interface to the
overlying interface with the type of vertical correlation "Partial".

e "Replication factor" — the roughness PSD is the same for all interfaces, but some part is
inherited coherently and some — incoherently.

e '"Linear growth, alpha" — a linear growth model with a single power law is used.

e "Linear growth, n=1-4" —a linear growth model with the sum of several power laws is used.
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4.3.2.3.4 Particles

Lize particles

Vertical Lateral order Lattice type Particle shape
correlation
_ (_) Disorder O Hexagonal () Spheres
() Ful

© Radial paracrystal () Square D spheroids
0 Fartial _ _ _ —~
_ |__| Spedfy material () Cylinders
\_J) Zero

Common parameters
for all layers

Figure 132. Block "Use particles"

The block determines which particle models and their correlations are used in the calculations and which
parameters can be changed in the table.

"Vertical correlation™" determines the presence or absence of interlayer particle correlation. Material,
particle geometry, vertical displacement can be different for each layer.

o "Full" — particles in different layers are located strictly one above the other, the scattering is
completely coherent. The parameters of the lateral distribution are common to all layers.

o "Partial" — particles in different layers are located not strictly one above the other, but with
some random lateral shift, the same for the whole layer. The parameters of the lateral
distribution, except for the vertical displacement of individual particle, are common to all layers.

e "Zero" — particles in different layers are not connected with each other, scattering between
layers is incoherent. The parameters of the lateral distribution are individual for each layer.

"Lateral order" determines the lateral correlation of particles in the layer. In the table, you can set the
lateral order of particles individually for each layer with a vertical correlation of "Zero".

e "Disorder" — particles in the layer are located randomly, there is no correlation.

e "Radial paracrystal" — particles in the layer are located in a paracrystal averaged over lattice
orientations.

"Specify material" — sets the material of the particle separately or use the material of the layer.

"Common parameters for all layers" — makes the parameters of particles and their distribution the
same for all layers or leave the possibility of setting each layer. The particle material density can be set
for each layer anyway.

"Lattice type" sets the basic geometry (before statistical and directional averaging) of the lateral
arrangement of particles. It also affects the density of particles in the layer. In the table, you can set the
lattice type individually for each layer with a vertical correlation of "Zero".
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"Hexagonal” — the particles in the layer are arranged in a paracrystal with a hexagonal lattice.
e "Square" - particles in the layer are arranged in a paracrystal with a square lattice.

"Particle shape" sets the particle shape. When you change the shape of particles here, the result is
applied to all layers. In the table, you can set the shape of the particles individually for each layer.

Particles are made up of a homogeneous substance.

e "Spheres" — particles are spheres.

"Spheroids" — particles are spheroids, i.e. ellipsoids of revolution around a vertical axis.
e "Cylinder" — particles are vertical cylinders with a round base.

4.3.2.4 Parameter change step

In the right part of the block there are fields for setting the step for changing parameters when they are
changed using the keyboard arrows or the mouse wheel. The step is set in the same units as the parameter
values. Some parameters of roughness and particles do not have a fixed step, in which case the step is

adaptive: when scrolling, changes occur in the second digit.

Set increase/decrease steps
p z/d [A] g [A] ¥ inter dz lin

oo | [oowo | |00 [o.0010000 [o.100 |

Figure 133. Parameter change step for the underlying part of the table

Note: While holding down the «Ctrl» key, the parameters change in x10 increments.

4.3.2.5 Parameters of the layered structure

Next comes the layered structure with its own parameters. To set the material of the layer, you need to
write in the text field the appropriate name of the file with the refractive index or select the file by
clicking "Browse". If the material is composed of individual chemical elements, then you should select

the elements in the drop-down menu and set the stoichiometry.
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Browse

Be layer (1)

Ga ~ || Al w || As ~
11000 0300 [0700 |
GaAlD.3As0.7 layer (2) CIft  Oft At

Figure 134. Materials of layers

Note: To find the element faster, you can press the letter on the keyboard that begins the
name of the chem. element. Elements can also be scrolled with the mouse wheel or the 1
and | arrows.

Most of the table is occupied by vertical boxes corresponding to specific parameters. Parameters are
mainly indicated by symbols, next to them the units of measurement are indicated in square brackets.
For most parameters, you can call up the context menu by right-clicking on the light blue header. It is
also a way to see the full name of a given parameter. The figure below shows the purpose of the fields
in the block.

context menu

z[.s.] = ria L B
current value = lm | ,E;E“a}rer?]mdme“'f_l_
fitting on/off ——3p [ fit [~] fit L] fit

mMin =3 35,9330 1.000 serf
MaX ——3p |47,3994 20.000 6.684

Figure 135. Field block for one parameter

Attention: For stoichiometry parameters """ and periodic drift "'sine drift" the context menu
is called up on the "fit". field. The "N" (number of periods) parameter does not have a
context menu.

Optional parameters that have a checkbox in the header can be turned on and off with it:
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B dz =in : A%sin(2nnv+p)

|1.|:|nn|:| |||:|.3433 ||n.3433 |
At  [Jft  []ft

Figure 136. Layer thickness harmonic modulation parameters: A, v, @

An exception is the thickness of the interlayer transition region. It can be set by a single parameter "s"
or thicknesses of individual profile functions. In the second case, the effective thickness is calculated as
the mean square of the individual values, taking into account the weight. You can switch between these
models with the flag marked in the figure:

Ber Bin
3o o700 |
[ fit [ fit
s erf g lin

|2.EIEIEI? " 3.0000 |

Figure 137. Switch between a single transition region thickness and individual for each profile

The particles in the structure can be turned on and off individually for each layer. You can also customize
the particle shape, lateral correlation and geometry model.

B onjoff

Sphercid
Radial PC

Square

Figure 138. Managing particles in a layer

It is worth mentioning the possibility of uploading from file the external PSD in addition to the model
one. Instead of the light blue "header" of the parameter, here is the download button. If the external PSD
is not loaded, then the button is white, if it is loaded, then it is green.

PSD 1D PSD 2D
a. [A] a. [4]
3.8707 0.0000
rf 1D rf 2D
0.800 1.000

Figure 139. External roughness PSD
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The parameter to be changed is the "roughness factor” "rf 1D" or "rf 2D" which is the multiplier for the
root-mean-square roughness. Accordingly, the PSD depends on "rf 1D"/"rf 2D" quadratically. The
resulting roughness in the frequency range of the loaded PSD is displayed in the "o." field.

4.3.2.5.1 Parameter list

Multilayer:
M number of periods in the multilayer
d [A] period thickness
¥ the ratio of the thickness of the upper layer to the period
Layer:
Al ~  chemical element and its stoichiometric index

material (file name)

p [ofem?]  absolute density of material
plr.u]  relative density of material
z [A] layer thickness
s[A]  root-mean-square diffuse interface thickness
Diffuse interface profile features:
erf error function erf and weighting factor
lin linear profile lin and weighting factor
exp exponential profile exp and weighting factor
tanh hyperbolic tangent tanh and weighting factor
5in sinusoidal profile sin and weighting factor
step  step profile step and weighting factor

serf root-mean-square erf profile thickness
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== root-mean-square lin profile thickness

5 Exp root-mean-square exp profile thickness

s tanh root-mean-square tanh profile thickness

5 sin root-mean-square sin profile thickness

s step root-mean-square step profile thickness

Layer thickness drift:

dzlin linear thickness drift

dzran random fluctuations in thickness

dz =in : A%=in[2n{nv+p)]  sinusoidal thickness modulation

Diffuse interface thickness drift:

dslin  linear drift of interface thickness

dsran random fluctuations in interface thickness

ds sin : A%sin[2n{mv+p)] sinusoidal modulation of interface thickness

Roughness:

o [A] root mean square height

E [pm] correlation radius

o fractal parameter

o, [A]  root-mean-square roughness peak height

ve[um-f]  central spatial frequency of the roughness peak

av [um-]  width of roughness peak in spatial frequency

L. [A] correlation depth at the base frequency

ve[um-]  base frequency for correlation depth
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B exponent of the frequency exponent in the correlation factor PSD
Q [A9] particle volume in the linear growth model
a1 coefficient at the first power of frequency in the linear growth model
az [nm] coefficient at the second power of frequency in the linear growth model
a=[nmy  coefficient at the third power of frequency in the linear growth model
as[nm3]  coefficient at the fourth power of frequency in the linear growth model
rf 1D "roughness factor", coefficient when one-dimensional outer PSD is loaded
rf 2D "roughness factor"”, coefficient when 2D outer PSD is loaded
Particles:
P [afcm?]  absolute density of particle material
p.[r.u]  relative density of particle material
R [A] particle lateral radius
H [A] particle height
r [&] average distance between particles
ar [A] particle spacing variation
Dwm] domain size — size of particle correlation region
A random shift of particles in a layer relative to an adjacent layer
z. [ vertical shift of all particles relative to the center of the layer
Bz, [A] random scattering of particles in a layer vertically

4.3.2.6 Coupling editor

If you click on the only item of the parameter's context menu, the "Coupling editor"”, window will open,
which is intended for setting relationships between parameters, as well as for estimating the confidence
interval of parameter values based on the residual.
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<[364> Al (layer 2) Thickness, z

—  Caloulate confidence interval

5 points, from |10.0000 | to 00000 0 A otep gize | 5.0000 il

—Master
=D354= W (layer 1) Thickness, z |2‘x Clear

—Slaves

<D364= Be (Jlayer 3) Thickness, z |x‘1. 3 | Clear Add

<D364=> Mo (Jayer 4) Thickness, z |x,.’2 | Clear Add

Close

Figure 140. Window "Coupling editor"

Parameters can be linked to each other by a functional dependency. In the process of fitting, the values
of the dependent parameters are calculated in accordance with the given function. The hierarchy of
related parameters is displayed in color according to the legend: the B8l parameter is dependent, while
no one depends on it; the green parameter is independent, but other parameters depend on it; the yellow
parameter is dependent, but other parameters also depend on it. Each parameter can have no more than
one "master” and as many "slaves" as desired. To assign a new parameter as "master" or "slave" in
relation to the given parameter for which this window is open, you need to put the cursor in the
corresponding field in the "Master" or "Slaves" block and right-click in the table (as a call to context
menu) by the target parameter.

The figure above shows an example where the thickness of the Al layer depends on the thickness of the
W layer, and determines the thicknesses of the Be and Mo layers. The function written in the editable
field can be not only linear. The ExprTk library used in  Multifitting
(https://www.partow.net/programming/exprtk/) can parse and recognize a wide range of mathematical
expressions. For example, following can be used

e Mathematical operators (+, -, *, /, %, *)

e Functions (min, max, avg, sum, abs, ceil, floor, round, roundn,
exp, log, logl0O, logn, pow, root, sqrt, clamp, inrange, swap)

e Trigonometric functions (sin, cos, tan, acos, asin, atan, atan2, cosh,
cot, c¢sc, sec, sinh, tanh, d2r, r2d, d2g, g2d, hyp)

In the notation of expressions, the master parameter is denoted by the letter "x", and the dependent
parameter is the function f(x).

Attention: Consider the dimension and current units indicated in the table! Both the value
of the function and the argument "x" are calculated in angstroms for all parameters that
have the length units, or A" for the units of [length]". The internal value of the remaining
parameters corresponds to their value displayed in the table.

Note: You can link parameters not only within the same structure, but also between
structures of the same project located in different tabs.
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The dependency mechanism can be useful, for example, for linking the stoichiometry of a structure and
its density, or for linking the parameters of several initially identical structures, with which various
technological operations were then carried out.

Multifitting does not limit you in writing expressions, but you yourself must monitor the correctness
and physical relevance of the resulting values, for example, avoiding negative thicknesses, division by
zero, calculating the root of a negative number, etc. Otherwise, you will get an incorrect result or a
program crash.

Also in this window, you can configure data generation for further calculation of the confidence interval
for a specific parameter. The principle here is as follows: for each fixed value of a parameter from a
given grid, all other fitting parameters of the structure are adjusted. As a result, a set of pairs "parameter
value — the best residual value found" is obtained, saved in the file "confidence. txt". If we build
a graph from these points, then we will see the dynamics of the increase in the value of the discrepancy
when the value of the studied parameter deviates from the optimal one.

—[+] calculate confidence interval ‘

5 paints, from |10.0000 | to 20,0000 | A step size |5.0000 | A
5.0000

Figure 141. Grid setting for confidence interval

4.3.2.7 Elements of the layered structure

The left part of the table shows the elements of the structure with their nesting depth. All elements,
except for the substrate and layers as part of a regular aperiodic, can be "switched on and off". A disabled
element is not taken into account in the calculations, as if it simply does not exist. For a periodic
multilayer, you can call the context menu if it does not contain layers with a dependent thickness ([l
or yellow).

Multilayer (1 - 2)
Multilayer (1 - 3) |

Be layer (1)

Figure 142. DneMeHTBI CTPYKTYPBI C BO3MOKHOCTBIO OTKITIOUEHHS
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4.3.2.8 Redistribution of layer thicknesses within a period

The only item of the context menu allows you to open a window where you can redistribute the thickness
between the layers of the elementary cell without changing the thickness of the period.

4 <D364> Multilayer (1 - 3) ? >
perid sip

Be layer (1) |20.0000 & 13| <—= [20.0000 & |5 Allayer (2)
Be layer (1) |20.0000 & |3 <—= [20.0000 & |5 Mo layer (3)

Allayer (2) (20,0000 A 5| <—>= |20.0000 & (5 Molayer (3)

Close

Figure 143. Redistribution of thickness between layers of periodic structure

In the case of a two-component multilayer, this can also be done in the main table by changing the
parameter "y". Here you can redistribute the thickness for any number of layers in the period.

4.3.3 Regular aperiodic

The creation of a regular aperiodic is described in the section Defining a layered structure. A regular
aperiodic can contain an integer number of elementary cells, as in a periodic structure. Layers of the
same type can have different thicknesses and different transition regions. In this regard, the layers have
new parameters and conditions: the ability to set all layers of a given type to the same thickness
("common z" checkbox) and the same interface ("common s" checkbox). Also, when optimizing the
aperiodic stack, you can impose a "soft" restriction on the layer thicknesses distribution. If the thickness
of some layer differs from the average thickness of this type of layers in the structure by more than A,

then the quantity Qtz—< z>| —A‘p is added to the residual function. Thus, the magnitude of the

spread and the need to fit into this limit can be varied over a wide range, depending on the practical
restrictions on the synthesis of a multilayer mirror. And of course, the absolute values of the thicknesses
are also limited by the minimum and maximum specified for the layer in the main table.

[“]erf [#]lin [Jexp [Jtanh [Jsin [ ]step

looos [o.9ss [o.o01 0001 0.ees 0.8t
(16 [ft  [I#ft  [I#ft  [16t  []ft
commeon z restrict z: {£A, p, Q}

[] common s |tu% |||:|=2 ||Q=n.unuuunuu |

Figure 144. Special parameters of regular aperiodic
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A table will open in which you can see and change the thicknesses and interfaces of the layers. Density
can only be changed for all layers of a given type. Interface fitting can only be collective, for all layers
of this type, and thickness fitting can be individual or collective. You can enable the "Fit z" checkbox
for all thicknesses by holding down the "Shift" key or from the main table. The limits of variation are
set in the main table. Depending on the parameters "common z" and "common s" the corresponding
layers will have the color according to the legend. Changes between the main table and the table for
aperiodic are synchronized.

% Regular aperiodic (1 - 2) — O e
File Length units Precision
COMMOon S common Z active fit  common zands ~
Mouse wheel z step s step
Recalculate  [0.10 A 0.10 &
Cell # Material z [A] Fitz s [A] p
1 1 Be 39.3360 0.000 1.000 [rauw.]
2 1 Mo 39.3360 ] |0.000 1.000 [r.u.]
3 2 Be 39.3360 0.000 1.000 [r.u.]
4 2 Mo 39.3360 ] (0.000 1.000 [rauw.]
5 3 Be 39.3360 0.000 1.000 [rauw.]
] 3 Mo 39.3360 ] |0.000 1.000 [r.u.]
7 4 Be 39.3360 0.000 1.000 [r.u.]
g 4 Mo 39.3360 ] (0.000 1.000 [rauw.]
g 5 Be 39.3360 0.000 1.000 [rauw.]
Iy 5 Ma_ 202380 1 lnnon U1 00n reas v
Close

Figure 146. Table of layers of regular aperiodic
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4.4 Profile plot
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Figure 147. Real part profile of permittivity

In this window, you can see the profile of the real or imaginary part of the permittivity at a given
wavelength, the distribution of a particular material, or the concentration of atoms of different kinds.
The profile is based on materials and densities of layers and substrate, layer thicknesses, thickness and
shape of interlayer transition regions. Roughness and particles do not affect the profile. The displayed
profile is automatically changed when the mentioned parameters in the "Structure table" are changed,
regardless of the "Recalculate" modifier. You can shift the visible area by dragging the pointer, and
the display scale can be changed using the mouse wheel. If the pointer is in the inner area of the graph,
then the scaling on both axes changes synchronously. If the pointer is located near the left axis or the
lower axis, then only its scale changes.

On the left side there is a panel with chart display options. In the first block, the displayed value is
selected. If you select "Materials" or "Elements", different components will be shown in different
colors according to the legend. A single click on one of the profiles will make it thicker, and a double
click will remove all materials from the chart, except for this one. You can return them by double-
clicking again, or by changing any parameter of the structure, or by recalculating it.

The permittivity depends on the wavelength/energy of the photon. You can change it, as well as the
units of measurement, in the corresponding field.
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Figure 148. Distribution of materials in the structure

If you select "Materials™ the relative density of each material will be plotted along the vertical axis. It
depends on the density given in the table and on the smearing of the material over adjacent layers. When
selecting "Elements", the vertical axis will be the absolute concentration of atoms per 1 cm?®. It depends
not only on the parameters of the structure, but also on the internal properties of the element.

The second block allows you to show additional information on the chart. "Show sharp profile™ shows
what the profile would look like if there was no mixing of materials at the interfaces. "Show
discretization" shows the splitting of the profile into thin homogeneous sublayers, if discretization is
enabled for the structure and its step is specified. The sampling setting is located in the "Calculation
settings" window. "Show cursor position" shows the coordinates cursor.

The third block contains scaling settings. The options "Rescale X" and "Rescale Y" indicate automatic
scaling along the corresponding axes when recalculating curves or when changing the structure. If there
are many layers in the structure, then it makes sense to turn off horizontal scaling and manually change
the scale to see the details of the profile. The type of scaling, linear or logarithmic, can be chosen for
non-negative values, that are all but the real part of the polarizability.

In the last block, you can change the units of depth plotted along the horizontal axis.

All display settings, including the current coordinates of the axes (if there is no autoscaling) are saved
for the structure. When closing and opening the "Profile plot” window, they are restored automatically.
For this to happen when you reopen the project, you need to save the project.
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4.5 1D graphs
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Figure 149. Window "1D graphs": calculation on experimental grid and independent calculation

The "1D graphs"” window is designed to visualize the calculation results. Here you can see one-
dimensional curves: reflection, transmission, diffuse scattering. The number of curves to display is
determined by how many of them are set (see the figure with the structure of the main window) and how

many are "enabled"” in the "Calculation settings"” window. The window contains two sections. The
upper one, "Measured", is for loaded experimental data and calculation on the same experimental grid.
The lower one, "Independent”, is for calculations on a uniform grid, which is set directly in

Multifitting.
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If one of the sections is empty, it is hidden. Between the sections there is an invisible horizontal
separator, which allows you to manually redistribute the height between the sections in the window
using the mouse.

Each section can have multiple curves. By default, they are arranged in a line, but if there are more than
two curves, then this is very inconvenient, because requires huge screen width. You can arrange graphs
in several lines by specifying the appropriate number in the window settings called through the context
menu. The settings are discussed below.
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Figure 150. Arranging multiple curves in a section

There are also separators between the graphs, with which you can distribute the window space along
individual curves. Horizontal separators adjust the height of the rows, while vertical separators control

the space within the row.

45.1 Settings

The context menu can be called in the area outside the graphs (including the title and labels of the axes),
i.e. outside the outer frame of the section or in the free space of the control panel of each graph. There
is only one item in the menu — the "Settings" window.
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Figure 151. Context menu "1D graphs"

The upper block of settings allows you to arrange charts in several lines, separately for the "Measured"
and "Independent" sections.

A Setti.. — O x

Mumber of "Measured” rows 1

Mumber of "Independent” rows 1

| show plot symbol size
| show plot line thickness
| show ¥ scale

| Show max calc value
| Show FWHM (spectral)
Show ¥ range

Show cursor position

Show plot title

QK Cancel

Figure 152. "1D graphs™" settings

A further list of options concerns the display of controls in a row below each graph. Permanently
displayed options below each graph are:

"Scale Y" allows you to select a linear or logarithmic scale for the vertical axis.
"Rescale" enables rescaling the plot on both axes with each curve calculation to show the full curves.

"Show plot symbol size" shows the "Scatter" option to change the size of the experimental curve
symbols. The experimental curve must first be selected by clicking on it with the pointer. It has no effect
on the calculated curve.

"Show plot line thickness™ shows the "Line" option to change the line thickness. The desired curve
must first be selected by clicking on it with the pointer. Applies to any curve.

"Show X scale" shows the "Scale X" option to select linear or logarithmic scale on the horizontal axis.

"Show max calc value" displays the maximum value and its position on the calculated curve.
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"Show FWHM (spectral)" displays the spectral width of the peak for the calculated curve.

"Show Y range" shows the "Log range" option, in which you can specify the number of magnitude
order displayed on the vertical axis during automatic rescaling. Those. this parameter is in addition to
the "Rescale" option and only works with the "Scale Y" logarithmic scale.

"Show cursor position™ shows the coordinates of the cursor on the graph.

"Show plot title" shows the title and basic information about the plot.

4.5.2 Curve color setting

By default, the experimental curves are red, the calculated curves are blue. Double clicking on a curve
allows you to change its color. Changes are saved with the project.

2% 1D graphs - O * 7% Select Color X
D354 Basic colors 4
[Measred - A1.540560 A. poi=L.000 EEEEEENC
I ]
104 o || HEEEEENC]
g 7 o= ]
f =4
ﬁ 103 103 Pick Screen Color
z
0+ 0+
R Custom colors Hue: (183 [= Red: (89 %
105 U N O O O sat: Green:
, SRR N O val: [255 2] Bue: [255 (5]
0.s 1 15 2 25 3 35 4 45
Beam grazing angle B, © Add to Custom Colors HTML:
Scaley: (O Lin (@ Log Rescale Logrange: Cancel

Figure 153. Change the color of the curve by double clicking

45.3 Additional curves

Sometimes it is convenient to compare the calculated curve not only with the only loaded experimental
curve, but also with several others. This can be done by dragging the text file with the additional curve
onto the plot area. Additional curves will be displayed along with the main ones. You can also customize
the line color and thickness for them. The argument will be read in the same units that are specified on
the axes at the time the file is dragged.
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Figure 154. Additional curves on the graph

These additional curves are not saved with the project and disappear when the project is reopened. You
can remove them by reopening the project, or by calling the context menu in the graph area and clicking
"Remove additional curves".
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4.6 2D graphs
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Figure 155. GISAS: measurement and calculation

There are two 2D types of data in Multifitting. These are GISAS, depending on the polar and azimuth
angles, and the field intensity distribution, depending on the depth coordinate and the angle of
incidence/wavelength of the probing radiation. As in the one-dimensional case, the window is divided
into "Measured" and "Independent” sections, and only GISAS can be in the experimental section.
The number of graphs is determined by how many of them are set in the main window and how many
are "enabled" in the "Calculation settings". The redistribution of space between graphs is done in the
same way as in the "1D graphs" window.
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4.6.1 Settings

Similarly, the context menu can be called in the area outside the plots, i.e. outside the outer frame of the
section or in the free space of the control panel of each chart. There is only one item in the menu — the
"Settings" window.

% 2D graphs
56 201

—Measu Settings

Figure 156. Context menu "2D giraphs"

The upper block of settings allows you to arrange charts in several lines, separately for the "Measured"
and "Independent" sections. There are two options in the bottom block:

"Show value near cursor" shows the value near the cursor.

"Show plot title" shows the title and basic information about the plot.

A Setti.. — O >

Mumber of "Measured” rows

Mumber of “Independent”™ rows

] show value near cursor

Show plot title

QK Cancel

Figure 157. "2D graphs™ settings
All other controls are located on the panel below each plot.

The graphs themselves are color maps with a scale of displayed values and additional blocks on which
you can see the current coordinates and values, as well as one-dimensional section plots.

The sections displayed in the left and bottom blocks are shown for the current cursor position, as well
as for a fixed point, which can be selected with a single left mouse button click. You can clear a fixed
section by right-clicking anywhere on the map. If there is an experimental and calculated map, the
experimental profile is red, and the calculated profile is blue.

90



+% 2D graphs

D354

— Independent

Plot_2: field intensity at A=1.540562 A, pol=1.000

Depth, nm

0 0,25 0.5 0,75 1 125 15 175 2 225 25 275 3
Beam grazing angle Bo, *

{®) Lin Rescale Left panel Orientation: () Hor (@) ver
" O log [Jinterpolate [] Bottom panel Range to show, orders:

Scale

Figure 158. Field intensity in the structure

The controls should be considered in more detail. Some of them are completely similar to those for one-
dimensional graphs:

"Scale" allows you to select a linear or logarithmic scale for the color scale.

"Rescale" enables plot rescaling on all axes with each calculation.

"Range to show, orders" allows you to specify the number of orders displayed on the value axis during
automatic rescaling. This parameter is in addition to the "Rescale™ option and only works with the

"Scale" logarithmic scale.

Other options are specific to 2D maps:

"Interpolate” enables 2D interpolation for a smoother picture. Disabled option allows to estimate the
sufficiency of points density to describe intensity gradients.
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Switch "Measured" — "Calculated" allows you to show the corresponding map. This option is only
present in the "Measured" section.

"Orientation" swaps the axes and allows you to rotate the map to the appropriate orientation, horizontal
or vertical.

"Left panel” and "Bottom panel” open the left and bottom blocks, respectively, where sections of the
map are shown. The left box shows only the vertical section, while the bottom box allows you to choose
between the "Horizontal" and "Vertical" tabs. If both panels are open, then a block with information
about the coordinates, cell number and value at the current cursor position also appears in the lower left
corner.

4.6.2 Setting the color scheme

You can shift the visible area by dragging it with by mouse pointer, and you can scale the axes using the
mouse wheel. If the pointer is in the inner area of the graph, then the scaling on both axes changes
synchronously. If the pointer is located near the left axis or the lower axis, then only its scale changes.
To adjust the value axis, you need to move the pointer to the color scale.

f
Drag color scale up or down to
move range of displayed values
Double-clicking on the
<«—— scale will allow you to
-< 2 change the color scheme
Use the mouse wheel for zooming .
the range of displayed values
-

Figure 159. Working with the color scale

To change the color scheme, double-click on the right side of the color scale.
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Figure 160. Change color scheme
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4.7 Roughness spectrum
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Figure 161. Roughness PSD on interfaces

Like the "Profile plot", the "Roughness spectrum" window is designed to visualize structural
parameters, namely roughness. Here you can see the PSD function of the roughness in the selected
model, given by several parameters in the structure table, and the effective roughness, i.e. integral of
PSD over the specified spatial frequency range.

The PSD is automatically resized when changing the roughness parameters in the "Structure table"
regardless of the "Recalculate™ modifier. You can shift the visible area by dragging it, the display scale
can be changed using the mouse wheel. If the pointer is in the inner area of the graph, then the scaling
on both axes changes synchronously. If the pointer is located near the left axis or the lower axis, then
only its scale changes.

On the left side is a panel with display options. In the first block, the displayed function is selected —
one-dimensional or two-dimensional PSD.

The second block allows you to select the interfaces to display. If the PSD is the same throughout the
depth of the structure, then interface selection is not available. In other cases, you can see up to three
PSDs at the same time: substrates, surfaces, and any intermediate boundary. Interfaces are numbered
starting from the substrate.

The third block contains scaling settings. The options "Rescale X" and "Rescale Y" indicate automatic
scaling along the corresponding axes when recalculating curves or when changing the structure. The
axes have only a logarithmic scale. For the vertical axis, you can specify the dynamic range — "PSD
range", and for the horizontal axis — the minimum and maximum value of the spatial frequency v.
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In the last block, you can specify the units of the argument and separately the units of PSD1ip and PSD2p.
The "Show cursor position™ option shows the numerical coordinates of the cursor on the plot. The
units of effective roughness correspond to the units of length in the "Structure table" (angstroms or
nanometers).

All these settings are saved for the structure. When you close and open the "Roughness spectrum”

window, they are played automatically. For this to happen when you reopen Multifitting, you need to
save the project.

4.8 Particles spectrum
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Figure 162. Interference function of particles

The "Particles spectrum™ window performs the same role as the "Roughness spectrum”, but for the
distribution of particles in layers. The analogue of PSD here is the interference function of particles,
which is specified by the parameters in the structure table. The interference function shows the ordering
of the particles; in the absence of an order, it is not shown.

The interference function is automatically changed when changing the particle distribution parameters
in the "Structure table" regardless of the "Recalculate” modifier. You can shift the visible area by
dragging it with the pointer, and the display scale can be changed using the mouse wheel. If the pointer
is in the inner area of the graph, then the scaling on both axes changes synchronously. If the pointer is
located near the left axis or the lower axis, then only its scale changes.

B On the left side is a panel with display options. The first block allows you to select layers to display.
If the distribution of particles is the same in all layers of the structure, then the layer selection is not
available. In other cases, you can see up to two plots at the same time.
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The second block contains scaling settings. The options "Rescale X" and "Rescale Y" indicate
automatic scaling along the corresponding axes when recalculating curves or when changing the
structure. Both axes can be scaled linearly or logarithmically. For the vertical axis, you can specify the
dynamic range "Y range", and for the horizontal axis — the minimum and maximum value of the spatial
frequency.

In the last block, you can specify the units of the argument and the value. The "Show cursor position"
option shows the numerical coordinates of the cursor on the graph.

All these settings are saved for the structure. When closing and opening the "Particles spectrum ouu

window, they are played automatically. For this to happen when you reopen Multifitting, you need to
save the project.

4.9 Calculation settings
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Figure 163. Window "Calculation settings"

In the main window of the program many curves can be created, but not all of them are needed at the
same time. To "turn on" and "off" individual curves, as well as to select curves to participate in the
fitting and their individual parameters, Multifitting has a special window — "Calculation settings".
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The number of curves to display is determined by how many of them are set in the main window. As in
the "1D graphs" and "2D graphs" windows, there are "Measured" and "Independent" sections.
"Measured" is for loaded experimental data and the lower one, "Independent" is for calculations on a
uniform grid, set directly in Multifitting. By clicking on the section heading, you can turn it on and off
in its entirety. The corresponding sections will immediately turn on or off in the "1D graphs" and "2D
graphs" windows. In the same way, you can enable and disable curves individually.

4.9.1 Structure model parameters

In the upper part of the window there are two blocks related to the computational model of the structure,
and not to specific curves: "Profile discretization™ and "Roughness".

—FRoughness

—[] Profile discretization
Max spatial frequenc -I.DD nm-t
Discretization step K ) . i 4

m terms for DWBA/SA/CSA |5

Figure 164. Additional model parameters for calculations

In the "Profile discretization" block, the partitioning of the permittivity profile into thin homogeneous
layers is set to calculate the field in the structure by the method of recurrence relations. You can turn
this mode on and off by clicking on the block header. The sampling step can be changed by entering a
value from the keyboard or by scrolling with the mouse wheel. The actual discretization step is
individual for each layer and is made in such a way that an integer number of "sublayers" fit in this
layer, but not exceeding a given value. You can observe the actual discretization of the profile in the
"Profile plot" window with the "Show discretization" checkbox on.

In the "Roughness" block, two parameters are set. "Max spatial frequency" is an upper limit on the
spatial frequency of roughness. It should be set from general physical considerations or from external
data on the high-frequency part of the roughness spectrum. This constraint is needed so that for models
with a slowly diminishing PSD to the high-frequency region, the integral over frequencies converges.

In calculations, it will be assumed that PSD(v > v, ) =0. "Num terms for DWBA/SA/CSA" is the
number of terms in the power series of the correlation function, which is taken into account when using

the appropriate approximation. The approximation itself is selected in the "Structure table", in the "Set
imperfections model" window.

4.9.2  Window settings
The position of the blocks within each section can also be customized. To do this, in any free area of the

window, you need to right-click the context menu and select the only item "Settings". In the window
that opens, specify the number of lines in the "Measured" and "Independent" sections.
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Figure 165. "Calculation settings" window settings

4.9.3 Specular curve with experimental grid

Now let’s see what parameters should be set for each curve. In the case of reflection or transmission of
radiation, these are:

—[+] Reflectance; Be=0.010-3.990 % at A=1.541 A —
Fit Mesh density factor Shift

Weight |1 | [] adjust scale factor

Divide by M [] Maximize integral

Function: Power: |:| Use y?

Figure 166. Parameters for calculating the experimental reflection curve

"Fit" determines whether the curve participates in automatic fitting. Non-participation in automatic
fitting does not mean non-participation in single calculations! Even if the checkbox is unchecked, the
calculated curve is updated with manual changes in the structure parameters and recalculations.

"Weight" is the factor by which the residual value for this particular curve is multiplied. It needs to be
changed to increase or decrease the relative weight of this curve in the total residual in order for this
particular curve to fit better, even to the detriment of other curves. The current residual values can be
seen in console when manually recalculating («Ctrl+Shift+C»).

"Divide by N" — the residual of this curve is divided by the number of points in it. It is used so that the
residuals of the curves are determined primarily by the actual mismatch between the measurement and
calculation, and not by the different number of points in them.

"Mesh density factor" is an option that allows you to reduce the moiré effect on the calculated curve.
It can arise if the frequency of interference oscillations is significantly higher than the density of points
on the experimental grid, but is not a multiple of it. Then, "slow" oscillations are observed on the
calculated curve, which significantly distort the real behavior of the curve. To eliminate the effect, the
number and density of points for calculation are increased by the specified number of times, the curve
is calculated, the instrumental function is applied, and only after that the result is projected onto the
original grid. The "Shift" parameter, which can be changed from 0 to 1, allows you to put additional
points between the initial points of the grid not equidistantly, but with a shift by the corresponding
fraction of a step. The figure below schematically shows the arrangement of points of the densified mesh
with "Mesh density factor" = 3 and "Shift" >0.
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Figure 167. Method for arranging additional points in a densified grid

"Adjust scale factor" includes "Factor" in the list of fitting parameters when the curve is loaded.
Variation limits are set in the import/instrument settings window for each curve. Can be used in cases
where there is no absolute calibration of the measured data.

"Maximize integral" changes the aim of the automatic fitting from the best match between the loaded
and calculated curve to maximizing the integral of the loaded curve with a given function from the
calculated curve. This is an option for reflection/transmission only. Used to find the structure with the
maximum energy efficiency (including for a multimirror layout) for a given source spectrum.

"Function” and "Power" set the type of user-defined function of the residual, which in general is

arranged as follows: residual =>"|f (calc_value;) — f (meas_value;) ™" . Accordingly, the
i

function is given as a mathematical expression of the argument R (although we are talking not only
about reflection, but also about transmission and scattering). The ExprTk library
(https://www.partow.net/programming/exprtk/) is used to interpret the formula. In particular, one can
use:

oo

e Mathematical operators (+, -, *, /, %, *)

e Functions (min, max, avg, sum, abs, ceil, floor, round, roundn,
exp, log, logl0O, logn, pow, root, sqrt, clamp, inrange, swap)

e Trigonometric functions (sin, cos, tan, acos, asin, atan, atan2, cosh,
cot, c¢sc, sec, sinh, tanh, d2r, r2d, d2g, g2d, hyp)

"Use x?" switches between the residual described in the previous paragraph and the residual of the form

. beam _counts _ per _s <[ calc_value, —meas_ value,
residual = = = ==% = =

, where N is the number
N-p ) calc_value,
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of points, p is the number of fitting parameters, and beam_counts_per_s is the intensity of the probing
beam, which affects the noise level and, accordingly, the reliability of the final signal.

4.9.4 Independent specular curve

For an "independent™ specular scan, the settings are different. Here you can select the type of quantity
to be calculated: reflection R, transmission T and absorption A, which is calculated as A=1-R-T. You
can also see the field functions: the field intensity distribution in the F structure and the absorption
distribution in the J structure, which is simply the product of the intensity and the imaginary part of the
permittivity J=F*Im(g).

— just scan R, F
Reflectance [ ] Transmittance [ Absorptance

Field intensity [_] Abzorption map

Z-spacing E <« | caloulation depthinto ambient &

[] show surface () Calculation depth from surface  500.00 A
[] show substrate (@ Calculation depth into substrate A

Figure 168. Independent specular scan settings
Selecting a field function "Field intensity" or "Absorption map" opens additional options:
"Z-spacing" is step along the depth of the structure, between the points at which the field is calculated.
"Calculation depth into ambient"” — the height at which the field is calculated from the surface.
"Calculation depth from surface" — the depth at which the field is calculated from the surface.

"Calculation depth into substrate™ calculates the field over the entire depth of the layered structure
plus the specified depth into the substrate.

"Show surface" shows the position of the surface with a line on a two-dimensional graph.

"Show substrate" shows the position of the substrate with a line on a two-dimensional graph.

4.9.5 Scattering

Scattering is described by the same parameters as for specular curve as well as additional ones described
below.
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~[~] GISAS map; 8=-0.464-7.08 °; p=-1.08-1.08 = at E=12.000 keV and 8c=0,372 ©

Fit

Weight |1I3I | Adjust scale factor
Divide by M Maximize integra
Funiction: Power: |:| Use w2
Instrumental smoothing Add specular peak
[] tntegrate PSD in detector

Figure 169. Parameters for calculating the scattering curve over the experimental grid

"Instrumental smoothing" includes taking into account the finite angular and spectral width of the
beam and the finite resolution of the detector.

"Integrate PSD in detector” is an approximation that makes it possible in some cases to avoid the
obviously non-physical amount of scattering in the specular direction in a situation where the PSD has
a very sharp peak at zero spatial frequency. Multiplying the PSD value by the width of the angular size
of the detector is replaced by the integral of the PSD over the spatial frequencies, resulting in scattering
within the detector.

"Add specular peak" shows on the calculated curve not only scattering, but also a specularly reflected
spot, the size and shape of which are determined by the size and shape of the beam, the distance from
the sample to the detector, the angular divergence, and the size of the detector.

4.10 General settings
The "General settings" window contains settings that are common not only for the open project, but

for Multifitting as a whole. They are applied immediately and do not change when you close one project
and open another. Settings are grouped into several thematic tabs.
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4.10.1 Input/Output

-t General Settings — O >
InputfCutput
Print data to file

[] Print 10 data on recalculation
[] Print 2D data on recalculation
[] Print 10 PSD from scattering on recalculation

P50 units

Argument 1D value 20 value
pm—t nm3 s nm*

Paths

(@) Save output to Multifitting directory

b_Qt_5_15_0_MSVC2019_64bit-Release release |

() Sawe/output to chosen directory
Setup | |_MSVC2019_a4bit-Release release
() Savefoutput to last .fit file directory

Si GISAXS Spring2021 Langmuir beamline/SG201

Always open last file

| Close |

Figure 170. Tab "Input/Output"

Here are the settings related to loading and saving projects, as well as the output of structural data and
the results of calculating the objective functions: reflection, transmission, scattering.

The first block indicates which calculation results will be output to the file during each manual
recomputation, i.e. pressing "Ctrl+Shift+C": 1D curves, 2D curves and PSD derived directly from
intensity. The latter only works for 1D scatter curves and assuming that the PSD is the same for all
interfaces.

In the second block, the argument units and PSD values are selected, which are used when exporting or
as default units when importing an external PSD from a file in the structural table.

In the third block, the working directory for input and output is configured. The working directory is the
starting directory in the save and open dialog box.

"Save/output to Multifitting directory" sets the working directory to the location of the Multifitting
executable.
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"Save/output to chosen directory" enables selecting an any directory as a working directory by
writing the address manually or by selecting the "Set up" button.

"Save/output to last .fit file directory" working directory is the directory from which the project file
was last loaded last time.

"Always open last file" is an option that allows immediately after starting Multifitting by quick opening
("Ctrl1+QO™ to load the last loaded file, regardless of the selected working directory. If the previous file
does not exist, Multifitting will notify about it. If the option is disabled, then pressing "Ctrl+O"
immediately after launch will open a dialog box with the working directory.

4.10.2 Calculation

-t General Settings — O et
Calculation

Multithreading

Threads to calculate reflectivity
Threads to read optical constants

Immediate recaloulation

Recalculate on any change
Recalculate on change in Structure table

Other

|:| Ignore 1D scattering on partides

| Close |

Figure 171. Tab "Calculation"

Here are the settings for the global calculation parameters.

The first block indicates the parallelization of calculations. The number of threads can be set from one
to the number of logical processor cores. Routine calculations are determined by the "Threads to
calculate reflectivity" item, this is what affects the speed of calculating curves.
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"Threads to read optical constants™ affects the speed of loading the optical constants database into
random access memory during the Multifitting startup or when manually reloading the database from
the main window menu ("Optical constants" — "Reload optical constants").

The second block concerns the response of Multifitting to changing parameters.

"Recalculate on any change" — if enabled, then when changing any parameter (except for the
"Structure table" window), the curves are immediately recalculated.

"Recalculate on change in Structure table" duplicates the "Recalculate” modifier in the "Structure
table" window. The curves are recalculated when any parameter in the table is changed.

The last option "Ignore 1D scattering on particles™ allows you to ignore particle scattering in 1D
curves even if particles are present and affect 2D scattering.

4.10.3 Interface

-t General settings = O et
Interface
Default titles
Mew structure tab name Struct_

Mew curve tab name Flot_

Graphs

Profie line thickness 1.9

| Replot 10 graphs while fitting
Console
Print step for SwarmOps fiting: 10

Print step for GSL fitting: 1

Show single calculation time

Show individual residuals

Other
" | Make all windows resizable

Structural tabs synchronization

Close

Figure 172. Tab "Interface"

Here are some settings for the appearance and behavior of windows.
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The first block specifies the default titles that are assigned to new tabs when adding a structure or adding
an independent curve in the main window.

The second block concerns charts. Here are some settings for the appearance and behavior of windows.

"Replot 1D graphs while fitting" — if enabled, then during the automatic fitting process, the calculated
curves in the "1D graphs" window, for which the "Fit" parameter is set, will be automatically updated,
illustrating the path that the algorithm goes through.

"Profile line thickness" sets the thickness of all structure profile lines in the "Profile plot". window.
This parameter has been moved to the global settings for the convenience of quickly changing it when
you need to get a clear, well-defined profile picture and take a screenshot.

Items in block "Console":

"Print step for SwarmOps fitting" sets the update period N during automatic fitting. The console
displays information about each N-th calculation of the residual when using algorithms from the
SwarmOps group.

"Print step for GSL fitting" sets the update period N during automatic fitting. The information about
each N-th iteration is displayed in the console when using the algorithms of the GSL group.

"Show single calculation time" shows in the console the time of curves calculation on manual
recalculation ("Ctrl+Shift+C").

"Show individual residuals” shows in the command line the residuals for each curve and the total
residual on manual recalculation ("Ctrl+Shift+C").

Items in block "Other":

"Make all windows resizable" makes the size of all windows unfixed and gives the opportunity to
make the window size smaller than the content size. Needed to save screen space.

"Structural tabs synchronization" — if your project has several tabs with structures, then when
switching between tabs in one window, the tabs in all other open windows also switch. It is necessary
not to confuse which structure is open in which window.
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4.11 Fitting settings

#% Fitting Settings — X

Fitting Algorithm Levenberg-Marquardt w

[ Randomized start

Mumber of runs 1

Max number of iterations |3U |

General tolerance |le—UB |

P Additional parameters

| Close I Abort calculations

Figure 173. Window "Fitting settings"

The selection of the automatic fitting algorithm and changing its parameters is done in the "Fitting
settings".

The algorithm is selected from the drop-down list. The two main groups of algorithms are distinguished
by the libraries from which they are taken. Gradient algorithms are used from the GSL library (GNU
Scientific ~ Library  (https://www.gnu.org/software/gsl/doc/html/nls.html#nonlinear-least-squares-
fitting), and predominantly stochastic algorithms are from the SwarmOps library
(https://github.com/Hvass-L abs/swarmops-other/blob/master/SwarmOpsC1_1.pdf)

% Fitting Settings - >

Fitting Algaorithm Differential Evolution (Basic) w
— | GSL library

[] Randomizeq  Lewenberg-Marguardt
Levenberg-Marguardt with Geodesic Acceleration

Mumber of rung Dogleg

Double Dogleg
Max number of|  Two Dimensional Subspace
SwarmOps library
[ hum. evals Mesh iteration

——  Random Sampling {Uniform})
P Additionalpal  Hil-Climber

Simulated Annealing
Pattern Search

Local Unimodal Sampling i
Differential Evolution (Basic) ]
DE (Best/1/Bin/Simple)

DE with Temporal Parameters

Jan. Differential Evolution

Evolution by Lingering Global Best
More Yo-yos doing Global optimization
Particle Swarm QOptimization (Basic)
Forever Accumulating Evolution

Many Optimizing Liaisons

Layered and Interleaved Co-Evalution

Figure 174. Algorithm list

There are few basic fitting parameters, and they are in plain sight. For algorithms from GSL, these are:
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"Randomized start" starts a series of fittings in turn with random initial values of the adjusted
parameters. The number of such runs is determined by the "Number of runs" parameter, and the results
are written to the "fits.txt" file. This approach is used to cover most of the parametric space and
more likely to find a sufficiently deep residual minimum.

"Number of iterations" is the number of iterations in each individual fitting procedure, after which the
algorithm is forced to stop.

"General tolerance" simultaneously sets the minimum gradient, the minimum residual value and the
minimum parameter step, below which the algorithm stops.

For algorithms from SwarmOps, some of the parameters are different, namely:

% Fitting Settings — >
Fitting Algarithm Differential Evolution (Basic) e

[ ] Randomized start Initialize by current state

Mumber of runs |

Max number of evaluations |2DD[J

(] Mum. evals o¢ num. params 250
P Additional parameters

| Close | Abort calculations

Figure 175. Window "Fitting settings"

"Initialize by current state" — the first residual calculation will be done on the structure in its current
state, to ensure that the initial state is included in comparison with all other parameter sets that arise
during the fitting process.

"Max number of evaluations" is the number of residual calculations after which the algorithm is
forcibly stopped.

"Num. evals « num. params" sets the proportionality coefficient, which is multiplied by the number
of fitted parameters to obtain the maximum number of residual calculations. Even within the same
algorithm, the number of calculations after which convergence begins may depend on the number of
parameters, so this alternative constraint can be used.

The "Abort calculations™ button (or "Alt+.") aborts the current fitting procedure.

In addition to the described basic parameters, there are additional ones. You can see and change them
by opening the bottom block by pressing the "Additional parameters":
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- Fitting Settings — pod

Fitting Algorithm Levenberg-Marquardt W

[ ] Randomized start

Mumber of runs 1

Max number of iterations |2D |

General tolerance | 1e-08 |

fum— \
W Additional parameters
<\ pa s D

Parameters tolerance |le—UB |
Gradient tolerance | 1=-08 |
Residual tolerance |le—08 |
Scaling method (default Marg) Maré -
Solver method {default QR decomposition) QR decomposition w
Finite difference method (default Forward) Forward e
Factor for increasing trust radius (default 3) |3

Factor for decreasing trust radius (default 2) |2

Step size for finite difference 1 (default ~1.5e-8) |1.-='PE|U 12e-08

|
|
Max allowed |al/|v] (default 0.75) 0.75 |
|
|

Step size for finite difference fvv (default 0.02) |U.02

Close Abort calculations

Figure 176. Additional algorithm parameters

I do not recommend changing these parameters without understanding what is happening, however,
understanding the principle of the algorithm and finding out which parameters are responsible for what,
you can find a more optimal combination that will give better stability and better convergence for your
tasks.
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4.12 Fits selector

% Fits Selector — O -

C NOBEPXHOCTHEIM CROEM

# 97 state || 15.04.2021 || 150917

#1703 state || 153.04.2027 || 19:08:34

# 106 state || 15.04.2027 || 19:17:07

--- Kka4aHue so 2 Bp3arre ---

#7109 state || 21.04.2027 || 13:12:27 br 1

#1112 state || 21.04.2027 || 13:27:16br1 2

# 115 state || 21.04.2027 || 13:31:30 br 2

--- mkcrposadHas Owmera ---

# 134 state || 19.05.2027 || 13:09:30 br 1 2 W=200
#1139 state || 19.05.2027 || 13:23:23 br 1 2 W=200
--- TOBKD OTPEXEHNE ---

# 166 state || 20.05.2021 || 16:04:03 erf oBwan

# 170 state || 20005.2027 || 16:11:55 erf + 0.1 exp
# 173 state || 20005.2021 || 17:42:06 erf + 1lin
--- pacceanune c lin ---

175 fit || 13102027 || 18:46:40 || initial
#176fit || 13.102021 || 12:46:44 || final

Clear - Save

Figure 177. Window "Fits selector"

A special place is occupied by a tool for saving shapshots of the state of the structure — the "Fits
selector” window. In the process of finding the right structure and the right parameters, you often need
to save successful configurations so that you can return to them later if necessary.

Attention: Only the structure model itself and its parameters presented in the table are saved
in the «Fits selector» Curve settings, instrumental parameters, calculation settings are not
saved in fits and remain the same when switching between fits!

The configurations are automatically saved before the start of the new automatic fit and at the end of it,
in this case the entry name is generated as "#<number> fit || <date> || <time> || initial/final”. You can
save the state manually by pressing the "Save" button, then its name is generated in the form
"#<number> state || <date> || <time>". The number assigned to a record always increments within a
saved project. Records can be renamed by selecting the record and pressing "F2" on the keyboard:

% Rename fit ? >

MNew name

21.04.2021 || 13:27:16br 12

Cancel

Figure 178. Renaming an entry
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Note: To divide the fits into groups, you can enter “separators” by saving the current state
(unnecessary on its own) and renaming it to something like " "or'"---
one more group started - - -".

The "Clear" button clears all entries. To delete one entry, you need to select it with the mouse (or run
the arrows on the keyboard) and press the "Delete" key on the keyboard. Entries can be swapped by
selecting the desired entry and moving it up or down using the A or V¥ buttons at the bottom of the
window.

To load a saved state, double-click on it. If at the same time the "Structure table" window was open,
it will close and reopen. Other windows that display structure parameters or design curves will simply
update their contents.

Note: The «Structure table» window reopens slowly. If you do not need to track changes
directly in the table, but need to track, for example, the reflection curves in different states
and compare them, then it makes sense to close the «Structure table». Then switching
between states will be faster.
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5 Defining a layered structure

When starting Multifitting, the new structure by default consists of two half-spaces: the ambient
(vacuum) and the substrate. Therefore, the first thing to do is to add layers to the structure and set their

parameters.

5.1 Layer

You can add a new layer using the — "Add layer" button on the toolbar. The layer will be created under
the currently selected structure element, but in any case between the ambient and the substrate.

ambient: Yacuum

| Belayer (1), z=20.000&, 5=1.000 ]
51 substrate, p=1.000

Figure 179. A layer in the structure

Layers can be copied B cut & pasted E\, deleted X-, moved up “ or down ¥ across the structure.

Double-clicking the layer or "Edit" ' putton clicking for the selected item opens basic properties
editing window. Here you can specify the thickness, material and interface.

At Silayer (2) — O >

Length units  Precisicn

Material: i Browse...  Relative Density: 1,000 Thickness, z [&]: 20.5471
O Optical constants file name () Composition of elements Thickness drift
Diffuzeness, s [A]: 2.151 Diffuseness drift

-Interlayer composition

B ef Bin [ 30 [(Jtanh [ =in [ step
weight: 1000 1.000 1.000 1.000 1.000 1,000 (] Individual *s™
s[A: 2151 2,151 2,151 2,151 2.151 2,151

Close

Figure 180. Window "Layer"

All these parameters can be changed from the main table, except for using the material as a composition
of chemical elements or as a tabular file in the database.

511 Material
The material can be specified for the ambient, substrate and layers. The choice of a material model —

from the database of finished materials or as a composition of individual chemical elements — can be
made only in the above window. Here is a detailed description of the process of setting the material.
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If the model of the material and the number of chemical elements in the composition are specified, then
further work can be carried out in structure table: changes in the material, elemental composition,
stoichiometry, density.

Al ~|0 W p [gfcm?]

2.00 3.00 3.950
[ fit [ fit [ fit
0.00 0.00 2.500
1.00 1.00 2,700
pfa
Browse 1000
[ ] fit

0,700
1.000

Figure 181. Material parameters in the table

5.1.2 Thickness

The thickness can be set in the layer window or in a table where the parameter is indicated by the letter

zZ.

z [A]
20,0000
[ fit

Figure 182. Layer thickness in the table

5.1.3 Diffuseness

A diffuse interface can be specified for the layer and the substrate. there are two ways to do this: from
the layer properties window or from the table. In the first case, you just need to enable the required
profile functions, set their thickness and relative weight.

To work with the diffuse interface in the table, you must first open the configuration window of the
structure model and already there enable the corresponding block and the required types of profile.

hapge-depandent

Figure 183. Accessing structure model settings in the table

Mouse wheel

Recaloulate
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Addition the profile to the table does not automatically add a profile to the calculation model. Parameter
headers allow you to quickly turn profile functions on and off, affecting the shape of the transition
region.

The total profile is constructed as a normalized linear combination [3]:

f(2)= Zaz i(z,s§)

, ajZO,Zaj>O, j =erf,lin,exp,tanh,sin,step
J J

Parameter with short title "s" responsible for the uniform root-mean-square thickness of the transition
region.

B=[A Bef [ lim Ber Btanh 8 sn [ step

0.0000 0.250 1.000 |EI. 250 "EI 250 ||EI 250 | 1.000

(] fit (] fit [ fit [ fit (] fit [ fit [ fit

1.0000 g erf 5 lin g eXp s tanh g 5in 5 step

20,0000 0.0000 | 0.0000 || 10,0000 || 0.0000 | 0.0000

Figure 184. Diffuse interface in the table

The thickness of each component can also be set individually in the bottom row, but to do this you need
to click on the heading "s"

5.2 Periodic multilayer

A new periodic multilayer is created by the button = "Add multilayer on the toolbar. Similarly, the
periodic multilayer will be created under the currently selected structure element. Multilayers can be
copied , cut c'f'n, pasted E\, deleted X, moved up “ or down ¥ in structure. They can also be
disbanded with the button T "Ungroup" on the toolbar.

ambient: Vacuum
V' Multilayer (1 - 2), N=1, d=40.000A, y=0.500
Be layer (1), z=20.0004, p=1.000
Mo layer (2), z=20.0004, p=1.000
5i substrate, p=1.000

Figure 185. Periodic multilayer in the structure

Double-click on the multilayer or press the button ' rEdit opens the window for editing basic
properties. Here you can specify the number of periods, the thickness of the period and, if there are
exactly two layers in the composition, the thickness factor.

112



& Multilayer (1 - 2) — O ot

Length units  Precisicn

Mumber of repetitions, M: 30

Period, d [A]: 43,0059
Thickness ratio, vy 0,57193803
[ ] Make general aperiodic [ Make regular aperiodic  [_] Invert order of layers

Close

Figure 186. Window "Multilayer"

The options in the bottom block allow you to invert the order of the layers in the unit cell and turn the
periodic stack into an aperiodic stack.

these parameters can be set in a "Multilayer" window or in the structure table. "N" is a number of
periods, "d" is a period thickness, "y" is a thickness factor, i.e. the ratio of the thickness of the top layer
to the period.

M d [A] ¥
10 40.0000
[ fit [ fit [ fit
1 20,0000
100 60,0000

Figure 187. Number of periods, period thickness and thickness factor in the table

By default, the layering period consists of two layers. If more is needed, new layers can be created (or
deleted) within an existing multilayer. Moreover, other periodic or aperiodic multilayers can be created
within the current periodic multilayer, i.e. the periodic structure can be with several levels of nesting.

52.1 Redistribution of layer thicknesses within a period

if there are three or more layers in a period you must open a separate window to change their thickness
without changing the thickness of the period. you can do this by calling the context menu on the item
"Multilayer":

Multilawver (2 - 41
Multilayer (2 - 4) |

Figure 188. Opening the window to work with the thicknesses of the unit cell layers

5.2.2 Thickness drift

In reality, even in nominally periodic structures the parameters of the layers are not fully repeated. First
of all, deviations in the thicknesses of individual layers from the average value over all periods become
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noticeable. In Multifitting it is possible to simulate linear depth drift, random deviations and periodic
modulation for layer thickness and interface thickness.

With linear drift, the thicknesses of the layers are replaced z — z x [1+ ié—'g(n —%H

In case of random deviations: z — z x {1+ gauss _ rand (%ﬂ

In harmonic modulation: z — z x [1+ %sin (27z(n v+ go))}

You can also read about the drift parameters here. An important point: linear drift is cumulative, i.e. the
more periods, the more different the thicknesses at the top and bottom of the stack. You can adjust the
drift in two ways.

The first one — in the editing window of the layer in unit cell:

4 Silayer (2) — O ot

Length units ~ Precision

Material: i Browse...  Relative Density: 1.000 Thickness, z [&]: 20,5471

0 Optical constants file name () Composition of elements Thickness drift

Diffuseness, s [A]: 2,151 @

-Interlayer compaosition

B ef Bin B ep [ tanh [ sin [ step
WEight: 1,000 1.000 1,000 1.000 1.000 1,000 |:| Individual "s"
s[Al: 2151 2,151 2,151 2,151 2,151 2,151

Close

Figure 189. Access to layer thickness drift settings

The second one — in the structural table. To do this, you need to open "Structure table", and inside it
— the window for setting up the structure model, and already there to enable the corresponding block
and the required types of drift. Adding them to a table does not automatically add drift to the
computational model. You must enable drift by clicking on the header. Similarly, you can quickly turn
off drift from the calculation.
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B dziin B dzran B dz =in : A%sin[2n{nv +p)]
|D.UU1|] ||1.DDUD ||1.|]DUD ||D.3333 ||U.DUU|] |

Cdat  [JAt At [t [ fit

Figure 190. Thickness drift: linear, random, harmonic

B dziin B dsran @ dssin: A%sin[2niny +p)]
|D.D3}‘D ||1.15|]D ||D.35|]D ||D.3534 ||U.112|] |

et [t (At At [ At

Figure 191. Interface drift: linear, random, harmonic

5.3 General aperiodic

General aperiodic is, in essence, the union of a set of elements into one container, allowing some group
operations. It can contain not only individual layers, but also other periodic and aperiodic stacks. You

can create it in two ways.

The first way is to create a periodic structure and convert it to an aperiodic one by selecting the
appropriate option:

| | Make general aperiodic )[_| Make regular aperiodic || Invert order of layers

Figure 192. Structure type control block

The periodic structure will be expanded into a sequence of layers, which can now be edited
independently of each other. New layers or multilayers can be added to an existing general aperiodic.

The general aperiodic can be disbanded by the "Ungroup” 1 button.

ambient: Vacuum
General aperiodic (1 - §) \
Be layer (1), z=42.0004, p=1.000
Ma layer (2), z=43.0004, p=1.000
Si layer (3), z=120.0004, p=1.000
W layer (4), z=13.9004, p=1.000
Al layer (5), z=26.2004, p=1.000
Mo layer (6), z=10.9004, p=1.000 Y,
Sisubstrate, p=1.000

Figure 193. General aperiodic in the structure

The second way is to load a text file with a list of layers by clicking the "Add aperiodic multilayer
udi hutton on the toolbar and follow the import instructions.

Double-click on aperiodic or press "Edit" ¥ putton opens the edit properties window.
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-t General aperiodic (1-10) — O >

Item Link "z" Fit "z" Link "s" Fit "s"
1) Layer W (tabular) ] ] ] .-}
2) Layer Si (tsbular) ] ] ] ]

[ ] Make periodic || Make regular aperiodic || Invert order of layers

Close

Figure 194. Window "General aperiodic™

General aperiodic can be turned into regular aperiodic or into periodic stack. It is also possible to enable
and disable fitting and impose relations on the thicknesses and interfaces of all layers made of the same

material. When you turn on "Link “z"" or "Link “s™ the thickness of the underlying layers/interfaces
begins to depend on the top layer of the same material.

54 Regular aperiodic

Regular aperiodic is an intermediate type of structure between periodic stack and general aperiodic. It
is distinguished from periodic stack by the fact that the layers can have an individual thickness and
interface. But otherwise, the layers are grouped into quasi-periods or elementary cells, and have
repeating material, density, and other properties. Unlike periodic and general aperiodic, regular
aperiodic can only contain layers, and layers cannot be added or deleted dynamically. To change the
number of layers, regular aperiodic must be recreated.

You can create a regular aperiodic by transforming from a periodic structure or from a general aperiodic.
After you create it, you can load layer thicknesses from a file, if there is such a need.

Double-click on aperiodic or press "Edit" ¥ putton opens the properties window.

-t Regular aperiodic (1 - 2) — O *
Item Common "z" Common "s" Restrict z: {4, p, O}

1) Layer W (tabular) [ ] B:o0% ,p=2 ,Q=0.00000000

) Layer Si (tabular) /] ] (Jxo% ,p=2 Q= 0.00000000

[ ] Make general aperiodic [ Make periodic [ Tnvert order of layers

Close Layers

Figure 195. Window "Regular aperiodic™
You can do all of the following from the aperiodic window or from the main table.

The "Layers" button opens a detailed table of layers where you can work with individual layers, change
thicknesses and interfaces, turn fitting on and off. The layers are colored to indicate whether they can
be changed individually. Thickness fitting can be enabled for individual layers or for all at once if click
"Fit z" while holding "Shift".
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% Regular apericdic (3 - 4) = O *

Length units  Precisicn

COmman s commen 2 active fit  common z and s
B Mouse wheel z step s step
@ Recalaulate 0104 010 A
Cell # Material z [A] Fitz s [A] p
. Be 75.7000 (CJ 52.0000 1.000 [r.u.]
21 Mo 62,3000 (] 23.0000 1.000 [r.u.]
3| 2 Be 75.7000 (J 52,0000 1.000 [r.u.]
4 2 Ma 62.9000 (J 23.0000 1.000 [r.u.]

| Close |

Figure 196. Table of regular aperiodic layers

Regular aperiodic can be turned into general aperiodic or into periodic stack. In the first case, the layer
parameters will be preserved; in the second case, the layer thickness values will be replaced with
averaged over the structure.

You can also turn on and off fit and link thicknesses and interfaces of all layers of the same type.
"Common “z”" or "Common “s™ makes the thicknesses of all layers/interfaces of this type exactly the
same. That is, if they are enabled for all layers in the cell, then this will be equivalent to the periodic

structure.

Parameters in a group "Restrict z: {xA, p, Q}" allow you to set "soft" limiting the spread of layer
thicknesses with automatic structure optimization. If the thickness of any layer will differ by more than
the A from the average thickness of the layers of this type, then to the value of the minimized function

will be added a "penalty", namely: Q><Hz—< Z >\ —A‘p , Where z — layer thickness, <z> — average

thickness of layers of this type, p — exponent responsible for the rate of increase of the penalty with an
increase in deviation, Q — weight factor. Thus, it is "unprofitable" for thicknesses to go far beyond these
limits £A.

In the main table these parameters are located under the interface profiles.

Ber [in Be=p [tanh ® sin [~ step
[ fit (] fit (it (] it [ fit [ fit
B common z B restrict z: {£4, p, O}
ﬂ COMMOn 5 |:klIZI“;-’u |||:| =4 "Q = 123455.00000000 |

Figure 197. Parameters of regular aperiodic
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If some type of layer has common thickness/interface throughout the structure, then they can be set
directly from the main table.

You can open the layer table through the context menu on the item "Regular aperiodic™

Regular aperiodic (3 - 4)

Regular aperiodic (3 - 4) I

Figure 198. Context menu for layer table
5.5 Roughness

Roughness, unlike the diffuse interface, is set exclusively from the main table. To do this, you need to

open "Structure table", there — imperfection model settings window, and already there turn on the
corresponding block and configure the roughness model in it.

B uUse roughness
Approximation Vertical Model Inheritance
lati —
o Xaat S « e () Replication factor
_ () Full — —
() DWBA [_) Stretched exp  (_) Linear grawth, alpha
— © Partial )
() SA _ External PSD 10 ) Linear growth, n=1-4
— () Zero —
() CSA || External PSD 2D

[] Add Gauss peak
B common PSD

Figure 199. Block "Use roughness”

55.1  Approximation

Main model for real use — "PT", it does not use a specific kind of height statistics, but is more limited

in height of roughness. "DWBA", "SA", "CSA" are reference approaches, allowing you to compare the
correctness of the method.

Presence of cross-layer correlation "Full"/"Partial"/"Zero" is chosen for general physical reasons. it
also determines which lateral correlation functions can be used.

PT approximation
ABC model + external PSD + Gauss peak
partial vertical correlation

Figure 200. Information about the selected roughness model in the table header

Next, two models are chosen: the model of the basic roughness, i.e. the roughness of the substrate, and
the model of inheritance. If the cross-layer correlation is full, only the basic roughness is set, which is
completely replicated to the top of the structure. If the correlation is zero, then depending on the
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"Common PSD" option either one model is set for all interfaces, or for each interface individually. For
partial correlation you must specify how to replicate PSD.

55.2 Substrate roughness

5.5.2.1 Main model

The first model is the so-called "ABC" or K-correlation model [4], describing a large number of
measured spectra of polished substrates:

, 27 (p ‘ P
C(p)=0c = K |=
) F(a)(éj (5)

Its PSD is calculated analytically:

Arc’Ela

PSD =
2D (V) (1+ é:?' (27[1/) 2 )a+1

The second is "Stretched exp™ correlation function model [4-6] with the same three parameters:

Cloy=otexp 2]
"

At "a" = 0.5 these two models are the same.

"ABC" and "Stretched exp" have one set of parameters: total root-mean-square roughness "c", for
spatial frequencies from 0 to +oo, fractal dimension"a", determining the rate of descent of the spectrum
into the region of high frequencies, and the correlation radius "¢", meaning the lateral distance between
the points of the relief, closer to which the heights are correlated. Big "¢" means that the main
contribution to the roughness is made by the low-frequency part of the relief, small "¢" means a greater
contribution of the high-frequency part.

o [A] € [um] a
2,9000 2,600 (.55
(] fit (] fit (] fit
20,0000 G0.000 i

Figure 201. Parameters of "ABC" and "Stretched exp" models
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5.5.2.2 External PSD

Along with the model roughness, it is possible to use an experimentally measured one. Loading PSD
from the file is described in another section. For a loaded curve, the root mean square factor "rf 1D" or
"rf 2D" can be adjusted.

PsD 1D pPsh 20
o. [A] 7. [A]
3.8707 0.0000
rf 1D rf 2D
0.800 1.000

Figure 202. External PSD of roughness

The loaded PSD will replace the model one in its spatial frequency domain. Beyond these limits, it will
be continued by the model function "ABC" or "Stretched exp". You can clearly see this PSD stitching
in the window "Roughness spectrum”.

5.5.2.3 Gaussian peak

Model PSDs are monotonous, they decrease with increasing spatial frequency. But in reality, it may be
necessary to simulate the roughness with some lateral scale, in the vicinity of which a PSD peak can be
observed. For this purpose, a model PSD in the form of a Gaussian peak has been added to Multifitting:

2
PSD,,(v) = f &7 expl:—(‘/;voj :l
14

where f is the normalization factor, such that I PSD,, (v)2zvdv = o
0

This peak is summed up with the already existing basic model PSD and loaded experimental PSD.

The peak has three parameters: "o," — full root mean square roughness of the peak, "vo" — central spatial
frequency, "ov" — frequency peak width at half-height.

e [A] vo [pm=—1] av [pm—1]
0.0000 0.00000 0.00900
[ fit [ fit [ fit

________________

Figure 203. Gaussian peak of roughness
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55.3 Replication model

If the vertical correlation type is "Partial”, then the

PSD correlation model must be additionally
configured. There are three models.

B Use roughness

Approximation Vertical Model Inheritance

correlation —
[« W1 ~ 0 aBC () Replication factor
_ () Full — —
() DWBA (_) Stretched exp | (_) Linear growth, alpha
_ 0 FPartial _
) sA _ External PSD 10| @ Linear growth, n=1-4
— \_J Zera —
() CSA |_| External PSD 2D

[ Add Gauss peak
H Commaon PSD

Figure 204. Vertical correlation models

5.5.3.1 Replication factor

The PSD on all interfaces is considered to be the same, but the correlation between the interfaces is
frequency-dependent and drops with the thickness of the layer. Cross-correlation factor is:

vz
e Vi Lv

There are two main parameters here: "L," — correlation depth at frequency "v/", "B" — frequency
exponent, determining the decay rate of correlation into the region of high frequencies.

L. [A] B
200,000 3.00

(] fit (O fit
10.000 1,00
1000.000 5,00

Figure 205. Replication parameters

Parameter "v" is auxiliary, it cannot be varied automatically and is common for all interfaces. It is also
located in the table separately:
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PT approximation
ABC model

partial vertical correlation

o [&] a
0.1000 0.01

Figure 206. Frequency for which the correlation depth is set

5.5.3.2 Linear growth, alpha

Here, a film growth model [7-9] is used to model the roughness of a multilayer structure. PSD on
subsequent interfaces is partially inherited from the previous ones, and partially replaced by a growth
one with a single fractal parameter "o

PSD,, (v) = PSD

low

1-ePM2 v 1
-b(v)z — R
(v)e + Q—e_b(v)z , where b(v) = i

14

There are three main parameters here: "Q" — the volume of particles falling during the growth process,

"L," —correlation depth at frequency "v/", "a" —fractal parameter that determines the rate of the spectrum
decay and cross-correlation to the region of high frequencies.

Q [A9] L. [A] a
100,000 200,000 0,50
I:I fit I:I fit I:I fit

Figure 207. Growth parameters

As in the previous model, "v/" is an auxiliary parameter that cannot be varied automatically and is
common for all interfaces.

5.5.3.3 Linear growth, n=1-4

Here, a film growth model [7-9] is also used to model the roughness of a multilayer structure. PSD on
subsequent interfaces is partially inherited from the previous ones, and partially replaced by a growth
one. But the growth here occurs simultaneously within the framework of several processes
corresponding to the frequency exponents:

. 1— bz 4
(V)e_ )z + Qe_bT , Where b(V) = Zanvn

n=1

PSD,, (v) = PSD

low

The model contains five parameters: "Q" — the volume of particles falling during the growth process,

ai:", "az", "as", "as" — growth coefficients.
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o [A9] ax az [nm] az[nm3  aa[nm?]
100,000 0,600 2,000 5,000 20,000
] fit [ fit ] fit [ fit [ fit

Figure 208. Growth parameters

5.6 Intralayer particles

Parameters of intralayer particles are set in the main table. To do this, you need to open "Structure
table" and there imperfections model settings window, enable corresponding block and configure the
particle model.

B Use partides

Vertical Lateral order Model Particle shape
correlation — —
— () Disorder © Hexagonal () Spheres
() Full —

O Radial paracrystal () Sguare 0 spheroids
Q Partial _ N
_ |__| Specify material () Cylinders
() Zero

[ Common parameters
for all layers

Figure 209. Block "Use particles"

Cross-correlation of particles located in different layers can be selected from the set
"Full"/"Partial"/"Zero" basing on general physical considerations.

Lateral correlation may be absent ("Disorder") or correspond to an orientationally averaged two-
dimensional paracrystal ("Radial paracrystal"). "Disorder" can also be understood as the limiting case
of a paracrystal with infinite large random particle displacements.

The type of lattice affects not only the interference of particles, but also the density of the particles in
the layer, and hence the scattering intensity.

DWEBA approximation
radial paracrystal, hexagonal lattice
partial vertical correlation

Figure 210. Information about the selected particle model in the table header

The "Specify material” option allows you to choose whether the material of the particle differs from
the material of the layer. Even if not, the density may differ.

Unlike roughness, particles can be individually switched on and off in each layer. Depending on the
type of interlayer correlation and the "Common parameters for all layers™ option, the particle shape,
lattice and lateral order settings for individual layers are also available.
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B onjoff

Spheroid
Radial PC

Hexagon

Figure 211. Managing particles layout

5.6.1.1 Particle parameters
The material of the particle is specified in the same way as the material of the layer.

Al ~ Al ~  Palgfam?]
1.00 1.00 2,699
(] fit (] fit (] fit

0,00 0,00 2,500
0,00 0,00 2,700

Figure 212. Material of particles

Parameters that determine the shape of the particles: radius in the plane of the layer and height in the
perpendicular direction.

R [A] H [A]
10,000 20,000

(] fit (] fit
20,000 20.000

Figure 213. Particle dimensions

5.6.1.2 Distribution parameters

If there is no lateral order ("Disorder"), then only the average distance between the particles in the base
lattice is specified.

ra [A]
100,000
(] fit

Figure 214. Average distance between the particles

If "Radial paracrystal” is selected: "r" is average lattice parameter, "dr" is a root mean square variation
of this distance (Gaussian distribution), "D" is the diameter of the paracrystalline domain, which
determines the maximum number of particles involved in interference.
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r [&] &r [A] D [pm]
100,000 5.000 500,000
[ fit [ fit [ fit

10.000  |0.500 0.010

Figure 215. Lattice parameters

With partial vertical correlations ("Partial") the root mean square random displacement of the whole
particle layout relative to the underlying layout is specified. The distribution is Gaussian.

A [A]
5.000
] fit

Figure 216. Random particle layout displacement relative to the underlying layout

By vertical coordinate, the default center of the particles coincides with the center of the layer. This
position can be changed by the parameter "z,": positive value lifts up the layout to the surface, negative

— lowers to the substrate. "6z," specifies the root mean square vertical spread of individual particles
with Gaussian distribution.

z, [A] 5z, [A]
0.000 0.000
(] fit (] fit

Figure 217. Vertical arrangement of particles in a layer

If the values are such that the particles begin to go beyond the layer boundaries, then the calculation

becomes incorrect, because the intersection of particles by the layers boundaries is not accounted in the
model.

Attention: When calculating the field of the unperturbed scattering problem, the particles
do not change the average dielectric constant of the layer. But when calculating the

reflection from the system containing the particles, the permittivity changes to the average
taking into account the particles.
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6 Calculation of curves and loading of experimental data

Before you get the result of the calculation, you need to specify what exactly should be calculated, i.e.
set the geometry of the simulation and instrumental parameters. Multifitting offers five scan geometries:

e Specular geometry: reflection and transmission, distribution of field intensity in the structure
o Detector scan: one-dimensional scattering at a fixed angle of beam incidence
e Rocking curve: one-dimensional scattering at a fixed angle between beam and detector

o Offset scan: one-dimensional scattering with fixed angular offset between detector and specular
direction

o GISAS map: two-dimensional scattering pattern at a fixed angle of beam incidence

Each type of simulation can be used in one of two modes: calculation from a given equidistant grid
("independent curve") or calculation from a grid of loaded data ("experimental curve"). Let’s describe
how to create and configure a new simulation.

In accordance with the structure of the main window , you need to add a new or duplicate an existing
curve, independent or experimental.

Plot_1 [EJ @
nn:n description =

Target curves
@ «no description = Add Row |

Figure 218. Adding a new curve

When you click on "Set up" for an independent curve, or "Import" for experimental, the window for
choosing the type of simulation will open

Data n

Detector scan
Rocking scan
Offset scan

GISAS map

Figure 219. Choosing the simulation type
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6.1 Specular scan

6.1.1 Independent curve

The window structure of the specular independent curve is discussed in detail in the chapter User
interfaces. You can go through each of the blocks "Units", "Argument”, "Beam", "Detector",
"Footprint and distortion", and set the required values.

It is worth paying attention to the block "Argument™ because it is here that you can choose the type of
curve — spectral or angular.

Argument

Beam grazing angle B0~ | 1000 points, from  0.0000 to 70000 =

'l."u'a'-.-'elengﬂﬁ,'Energy

Figure 220. Block "Argument"

In the block "Beam" the angular and spectral width of the beam shall be specified. The value is set
directly in the window, and additional parameters can be set by clicking the "Set up distribution".

Beam
At fixed wavelength  1,5405620 E Spectral width, FWHM, AAf&  0.0000000
Polarization 1.000 Angular divergence, FWHM, ABo 0,0000000 =

Background 0,0000000000 Set up distribution

Figure 221. Block "Beam™ and distribution setting

A separate window will open with graphs of the distribution of radiation intensity by wavelength or
angle. The options here are as follows::

Value "Spectral width"/"Angular divergence" — full width at half the maximum of the distribution
(FWHM).

"Distribution" — distribution function.

"Use sampling” — calculate several curves with different values from the distribution and sum them
with the corresponding weights. The most direct and accurate way to take into account the non-
monochromaticity and non-collimation of the beam, but requiring a sufficiently large number of
calculations. The options below concern the setting of the sampling of points for the calculation:

"Coverage" — specify the width of the area within which the points will be selected.

"Number of samples"” — how many angle/wavelength values to take for calculation.
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% Set up distribution = O *

AMA ABo
T T T T TT T T T T T

1F i 11 1r 11
0.8 -1 0.8 0.8 - 0.8
0.6 -1 0.6 0.6 0.6
0.4 -1 0.4 0.4 =4 0.4
0.2 -1 0.2 0.2 1 0.2

D - 1l i il P U U PRI N S L | - PRI F S
-0.002  -0.001 i] 0.001 0.002 -0.005 0 0.005
Spectral width, FWHM, AAfA  0,0010000 Angular divergence, FWHM, ABe 0,0040000 =
Distribution Gaussian Distribution Gate e
a IIse sampling Use sampling
Coverage (in units of FWHM) 2,000 Coverage (in units of FWHM) 2,000
Mumber of samples 7 Mumber of samples 5

Close

Figure 222. Window of angular and spectral distribution of incident intensity

If the "Use sampling" option is turned off or unavailable, the divergence is taken into account in a
simpler way: the "clean" curve is replaced by a convolution with an appropriate distribution. In this case,
the spectral distribution still affects the angular curve, and the angular distribution affects the spectral
curve. This is done in accordance with the following consideration: in the presence of angular widening,
spectral widening is applied, which gives the same distribution of the wave vector.

27 _ing

k :lein(0+59)=
) A

A distribution with enabled sampling and a sufficient number of points gives a reference curve against
which the result of using a less accurate but faster convolution can be compared.

6.1.2 Experimental curve

The structure of the experimental curve window is discussed in detail in the chapter User interface. The
window consists of blocks "Measurement”, "Argument”, "Value", "Beam", "Detector", "Footprint
and distortion" and bottom block with data import and export buttons.
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The process of loading data is described in the section "Import" of chapter "Export and import data".
The data format is described in the corresponding section.

After the curve appears on the graph, pay attention to the axes ranges, check the correctness of the data.

6.2 Detector scan

The structure of the independent and experimental curve window is discussed in detail in the chapter
User interface. The approach is the same as in the previous section, but here is an additional parameter
—a fixed grazing angle of the beam, it is also a specular angle for the detector.

Beam

At fixed wavelength 1. 5405620 & Spectral width, FWHM, AAfA 0.0000000

At fiwed grazing angle 8 0)5000000 ®  Angular divergence, FWHM, ABc  0.0000000 =z
Polarization 1.000 Set up distribution

Background 0,0000000000

Figure 223. Fixed grazing angle

6.3 Rocking scan

The structure of the independent and experimental curve window is discussed in detail in the chapter
User interface. Almost all parameters are the same as for specular geometry, but the argument type can
be chosen: the grazing angle of the incident beam or the deviation of the sample from the specular
position. An additional parameter is the grazing angle of the beam, at which the reflected beam enters
the detector.

Beam

At fixed wavelength  1,5405620 R Spectral width, FWHM, AAfA  0.0000000
1.0000000 = Angular divergence, FWHM, Ao 0.0000000 =

Polarization 1.000 Set up distribution

Background 0,0000000000

Figure 224. Specular position angle

6.4 Offset scan

The structure of the independent and experimental curve window is discussed in detail in the chapter
User interface. Almost all parameters are the same as for specular geometry. An additional parameter
is the constant offset of the detector from the specular direction.
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Beam

At fixed wavelenagth 1.5405620 & Spectral width, FWHM, AAf\  0.0000000
III.IIIIIIIIIIIIIIIIIIIII = Angular divergence, FWHM, ABo  0.0000000 =z

Polarization 1.000 Set up distribution

Background 0,0000000000

Figure 225. Offset from the specular direction

6.5 GISAS map

6.5.1 Independent curve

The window structure of an independent GISAS measurement is discussed in detail in the chapter User
interface.

The data on the detector is two-dimensional, but the grazing angle of the beam is set only for the polar
coordinate 6o. There is no azimuthal beam coordinate o, it is considered to be zero. But angular
divergence Ago in the azimuthal plane can be specified.

Beam

At fixed wavelength 1,5405620 E Spectral width, FWHM, AAfA  0.0000000

At fixed grazing angle Bc B, 5000000 @ Angular divergence, FWHM, ABc 0.0000000 e
Polarization 1.000 Angular divergence, FWHM, fpo) 0.0000000 e

Background 0,0000000000 Set up distribution

Figure 226. Block "Beam”

6.5.2 Experimental curve

The structure of the experimental curve window is discussed in detail in the chapter User interface.

The process of loading data is the same as for one-dimensional curves and is described in "Import"
section of chapter "Export and import data". That is, you just need to drag and drop the data file onto
the curve window. The format of the two-dimensional data is also described in the corresponding
section.

After data loading, a color map will be shown. Based on it, you should not only adjust the already
described tool parameters, but also orient the data along the axes using the buttons for rotating the image

counterclockwise .D and clockwise C
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-t GISAS map = a X

100

10-2

104

Detector azimuthal angle ¢, ©

106

108

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5
Detector polar angle 8, ©

Plot options

Scale: O Lin © Log Rotate:} Interpolate

Figure 227. Adjust the orientation of two-dimensional data

Unlike one-dimensional data here the range of arguments is not read from the file. The argument is
specified separately in the corresponding block, and the grid of values is assumed to be uniform.

Argument

Detector polar angle B v from 0.0000 to  7.0800 = Fit only data between argument  0.6500 and  7.0000 o
Units = s .
Detector azimuthal angle @ - from -1.0800 to  1.0800 = |_| Fit outer area -1.0000 and  1.0000 g

Figure 228. Block "Argument"

6.6 Visualization of calculation results

When the scan parameters are set you can start a calculation ("Ctrl+Shift+C") and open a window "1D
graphs" or "2D graphs" or both depending on the set of curves.

Part of the settings related to the calculation of the curve is located in the window "Calculation
settings". For scattering, you can specify additional settings for the instrumental function and the
accounting of the specular component.

For an independent specular scan in "Calculation settings" the type of calculated value is specified:
"Reflectance”, "Transmittance" or "Absorptance”, distribution of field intensity in the structure
"Field intensity" and the distribution of absorption in the structure "Absorption map".

— just scan R,F
Reflectance [ ] Transmittance [ | Absorptance

Field intensity [_] Absorption map

Z-spading o~ Calculation depth into ambient A

] show surface () Calculation depth from surface  500.00 A
[] show substrate (® Calculation depth into substrate &

Figure 229. "Independent” specular scan settings
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When you simultaneously select the checkboxes corresponding to "Reflectance”, "Transmittance" or
"Absorptance" on the graph of the one-dimensional curve only one value will be displayed — the
rightmost. Similarly, if simultaneously enabled "Field intensity" and "Absorption map" — the
"Absorption map" will be shown in the "2D graphs" window.
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7/ Optimization and fit

Automatic or at least automated finding of suitable structure parameters is one of the main requirements
for programs like Multifitting. It makes sense to distinguish two classes of tasks faced by researchers
and technologists for which this functionality is required.

The first problem is the problem of analysis or reconstruction. In this case, a sample and the results of
its measurements on the reflectometer and diffractometer are given. The nominal structure of the sample
is known and the task is to find quantitative parameters of the model, allowing to explain all the essential
features of the experimental data. In cases where the appropriate set of parameters is not unique, it is
highly desirable to find all such sets. The experimental data here are , one-dimensional scattering scans,
and GISAS..

The second problem is the problem of synthesis or optimization. It is required to obtain a structure with
certain optical characteristics, for example, with a specific reflection spectrum. Only those parameters
can be varied that technologists can control during the synthesis of the structure. First of all, this is the
number of layers, their thickness and chemical composition. Interlayer interfaces and the internal
microstructure of layers are much more difficult to control and change, so they are often fixed, relying
on them to be known for a proven technological process. In the formulation of the problem, there may
be additional conditions that facilitate the creation of the structure: limiting the number of layers,
limiting the spread of layer thicknesses. As a result, it is enough to have only one set of structure
parameters that allow you to solve the original problem. External data to be adjusted can be simulated —
for example, a reflection curve of a certain shape, or experimental — for example, the radiation spectrum
of a source.

The synthesis problem is easier to automate than the structure analysis problem. In synthesis, there is a
clear set of parameters to be varied, there is a clear criterion by which we evaluate the result. When
analyzing a structure, you have to consistently complicate its model by introducing new parameters for
fine-tuning. You almost always have to manually consider different options and intersperse manual
changes with automatic adjustment.

7.1 Selecting target curves

After all the necessary data is loaded, you can choose which one to use for fit. This is done in the window
"Calculation settings". The desired curves must 1) be enabled for the calculation and 2) have a "Fit"
checkbox enabled:

Reflectance; Be=0,010-3.930 = at A=1.541 & —

Fit Mesh density factor |1 | Shift

Weight |1 | [ Adjust scale factor

Divide by M [] Maximize integral

Function: Power: |:| Use y2

Figure 230. Participation of the curve in the fit

If these two checkboxes are enabled the residual value will be calculated for this curve, which in turn
will affect the evolution of the values of the structure parameters. In order for the fit to be more effective,
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you should configure several additional parameters. The section "Specular curve with experimental
grid" gives a brief description of the parameters in the block of the curve.

First of all, you should pay attention to the type of residual function. Fields "Function" and "Power"
define the custom residual function, which is arranged as follows:

power

residual = )’ |f (calc_value;) — f (meas_value, )| . Checkmox "Use x2" allows using another
i

2
: . beam _counts _ per _s <[ calc_valug; —meas _value,
function: residual = = = - 2 = -

N-p = calc_value,

If there are several curves, you may need to adjust the parameters "Weight" and "Divide by N", to
balance the contribution of each curve to the overall residual. You can see the current residual values
with each recalculation ("Ctrl+Shift+C"), if in the "General settings" window on the "Interface" tab
checkbox "Show individual residuals" is enabled:

-t General Settings — O >
Interface
Default tites
Mew structure tab name
Mew curve tab name Plot_
Graphs

Profile line thickness

Replot 10 graphs while fitting

Other

[] Make all windows resizeable
Structural tabs synchronization
Show single calculation time

a—
(I.r-.' individual FESidLD

| Close |

Figure 231. "Interface" tab

Then the console will display the residual of each individual curve and the total residual.
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PowerShell 7 — O )4

STruc

STruc

Common

Figure 232. Residuals: total and individual

"Adjust scale factor" allows you to vary the normalization factor "Factor" of target curve. This may
be required only if the experimental curve is not normalized, in other cases it is not necessary!

For the problem of optimizing the energy efficiency of the mirror at a given source spectrum, there is a
switch "Maximize integral”. With it, the integral of the loaded curve with a given function of the
calculated curve will be maximized.

7.2 Structure parameters

7.2.1 Enabling parameter

Parameter fitting is turned on and off in the main table of the structure. Each parameter has a check box
"fit" below the field with the current value. Enabling adds a parameter to the fitting list and makes the
fields for setting the upper and lower bounds editable.

z [&]
current value =3 5 -n0n
fitting on/off —> g 5t

min - =3 [+ sa00
MaX == 25 noon

Figure 233. Enabling fit and variation limits

The parameter will not be varied if it is dependent. In this case, its header will not be blue, but red or
yellow.

7.2.2 Regular aperiodic

In the case of regular aperiodic, the fitting of all parameters except thicknesses can be turned on and off
only for all layers of the same type simultaneously. The thicknesses of the layers can be enabled for
fitting both together and separately. Enabling "fit" from the main table will result in a fit for all layers,
which can be seen by opening the regular aperiodic layer table.
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-t Regular apericdic (2 - 3) = O et

Length units  Precisicn

COMMOon § Common 2 active it  common z and s
B Mouse wheel Z step s step
B Recalaulate 010 A 010 &
Cell #  Material z [A] Fitz = [A] p
11 Be 20,0000 @ 00000 1.000 [ru.]
21 Mo 20,0000 (J 00000 1.000 [ru.]
3 2 Be 20,0000 B 00000 1.000 [ru.]
4 2 Mo 20,0000 (J 0.0000 1.000 [ru.]
5 3 Be 20,0000 @ 00000 1.000 [ru.]
6 3 Mo 20,0000 (J 00000 1.000 [ru.]

Close

Figure 234. Fitting regular aperiodic layers

"Fit z" this table enables fit for individual layers. If you hold down "Shift" when you turn on, the fit of
all layers at once will be enabled.

Variation limits are the same for all layers of the same type, they are set in the main table. But in addition
to these limits, you can additionally limit the spread of thicknesses around the average value. This feature
can be enabled from the main table.

7.2.3 Coupled parameters

Parameters can be linked to each other by a functional dependency. To do this, you need to call the
context menu by right-clicking on the parameter title. The process is described in the "Coupling editor".

3aBHUCUMBIC MapaMeTpbl HE TOJTOHSIOTCS, & PACCUMTHIBAIOTCS M3 3HAYCHHUS ''MapameTpa-Xxo3suHa' Ha
KaXxoi utepanuu. B 3aBucumoct ot Mmoaudukaropa "Change dependent” 3aBucuMbie mapamMeTps

MOTYT OBITH 3a0JIOKMPOBaHbI OT PYYHOTO M3MEHEHHS WM HET. [Ipy aBTOMAaTHYECKOW MOATOHKE OHU
MIEPECYUTHIBAIOTCS B JIFOOOM ClTy4dae.

7.3 Fitting algorithm

Before starting the fit, you should select the algorithm in the window "Fitting settings” and set basic
settings.

For GSL group algorithms, the parameter "Number of iterations” sets the maximum number of
iterations that can be achieved if the convergence criterion is not met. For SwarmOps group algorithms
this number is equal to the number of residual calculations.
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Parameters from the table parameters are used as initial values. For the algorithms of the SwarmOps
group, you can initialize the fit with random variables by unchecking the box "Initialize by current
state".

If you want to get several sets of parameters, starting not only from the initial value from the table, but
from a random variable from the allowed interval, then you need to enable "Randomized start" and
set "Number of runs". In this case the first run will still start with the value from the main table.

7.4 Launch

To start the fitting process, you need to press "Ctrl+Shift+F" or in the menu "Calculate" of main
window select "Start fitting". In the console you can monitor the progress and result of the fit.

PowerShell 7 — O X

"Levenberg-Marquardt”
8 @ 15.6886868 f

=0 .886982811
=4 .95953e -85
.431168
LA27193 y Je-85
4271368 y Je-85
B.427129 y Je-85
Fit : ©.82 seconds
previous ID = 1788139
method :
NITER
initial «

Je-85
topping : small gradient

Figure 235. Output information in the process of fitting

The process can be interrupted by pressing "Alt+. " or in the menu "Calculate™ of main window select
"Abort calculation”.
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7.5 After finishing
The results of the fit are saved in "Fits selector” window under automatically generated names. Before
the beginning of fitting, a snapshot of the structure is automatically taken and saved with a note "...||

nitial". If the result is unsatisfactory, you can roll back to the previous state.

% Fits selector — O x

#3204 fit || 12.11.2022 || 19:01:43 || initial
#285fit run 1| 12.11.2022 || 19:01:43
#286fit run 2| 12.11.2022 || 19:01:43
#287 fit run 3 || 12.11.2022 || 19:01:43
#3288 fit run 4| 12.11.2022 || 19:01:43
#3289 it run 5| 12.11.2022 || 19:01:43
#2090 fit run 6| 12.11.2022 || 19:01:43
#3291 fit run 7| 12.11.2022 || 19:01:44
#2092 fit run 8] 12.11.2022 || 19:01:44
#2093 fit run 9 12.11.2022 || 19:01:44
#294 fit run 10 || 12,11.2022 || 19:01:44

Clear - v Save

Figure 236. Set of fits in the window "Fits selector”

With a randomized start the results of all runs are saved under the appropriate names "... run 1 ||...",
"...run 2 ||..." etc. The results are also exported to a file "fits.txt". The columns are as follows:
run number, final residual value, final values of fitted parameters.

| fits.txt - AkelPad — O X
File Edit View Options Help
£ 12.11.2022 | 18:24:34 =
run residual S5i (substrate) Diffuseness, =
0 2.888e-05 0.4271
1 2.888e-05 0.4271
2 2.888e-05 0.4271
3 2.888e-05 0.4271
4 2.888e-05 0.4272
S 2.888e-05 0.4272
& 2.888e-05 0.4271
7 2.888e-05 0.4271
8 2.888e-05 0.4271
9 2.888e-05 0.4271
10 2.888e-05 0.4271
13:36 Ins  Unix 1252 (AMSI - Latin [}

Figure 237. Runresultsin the file"fits.txt"

If the run is single, then in addition to the initial state, the final state with a mark "...|| final" will be
saved.
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% Fits selector — O X

#328fit || 12.11.2022 || 23:50:17 || initial
#329fit || 12.11.2022 || 23:50:18 || final

Clear - v Save

Figure 238. Set of fits in the window "Fits selector"

When the fit is finished or interrupted, a dialog box appears prompting you to update the parameters by
replacing the initial values with the final values (in the case of an interruption, the current values). If
you refuse, the final state, as in the screenshot above, will not be saved.

-t Replace *

Fitting is done,
Do you want to replace the parameters?

Yes Mo

Figure 239. Dialogue at the end of the fit

7.6 Confidence interval

Multifitting allows you to estimate the confidence interval of the structure parameters. The task sounds
like this: to get the limiting values of the selected parameter, deviations to which can still be
compensated by changes in all other parameters. This is not done completely automatically, the final
decision on the confidence interval is made by the user. Multifitting only provides information about
how much the deviation of the parameter will worsen the coincidence of the calculated and target curves.

The algorithm is as follows. In the main table, for the desired parameter, you should call the "Coupling
editor" window through the context menu. In this window you need to enable the top block "Calculate
confidence interval". If the parameter is dependent you cannot enable this block.

<5truct_1> Mo (layer 1) Thickness, z

r )
—8 caloulate confidence interval

10 points, from 40.0000 to g0.0000 A step size 2,2222 E

......... N0 Master=.....0.0 X Clear ‘
—Slaves

......... <no slave=......00. X Clear Add ‘

| Close |

Figure 240. Setting a grid for a confidence interval

Next, the number of points and the range of values are specified. The step is calculated automatically, it
is shown for user convenience. "Coupling editor” can be closed now. The parameter in the table will
be indicated by purple or violet:
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Figure 241. Parameter color designation

The values of the selected parameter will run through the chosen range, and for each value the other
(auxiliary) parameters that have the "fit" checkbox enabled will be adjusted. Therefore, now you need
to turn on "fit" for these auxiliary parameters. For the estimated parameter "fit" checkbox does not play
the role. If "Calculate confidence interval is enabled for several parameters at once, then they will
take on this role one by one.

The calculations start when you press "Ctrl+Shift+A" or click "Calculate confidence intervals" in the
menu "Calculate" of main window. The process can be interrupted by pressing "Alt+." or "Abort
calculation" in the "Calculate" menu.

The results of the fit for each parameter value from the grid are saved in "Fits selector" under
automatically generated names.

% Fits selector = O *

# 496 confidence || Mo (layer 1) Thickness, z = 40| 13.11.2022 || 11:42:M1
#4497 confidence || Mo (layer 1) Thickness, z = 30| 13.11.2022 || 11:42:11
# 492 confidence || Mo (layer 1) Thickness, z = 60 || 13.11.2022 || 11:42:12

Clear - v Save

Figure 242. Fits at different values of the estimated parameter

Switching between them, you can see how the calculated curve changes relative to the target and, thus,
assess the acceptability of the deviation of the target parameter.

Besides "Fits selector" the results are saved to a file "confidence. txt". They are recorded in two
columns: the parameter value and the best found residual value. If we build a graph from these points,
we will see the dynamics of the increase in the residual value when the value of the estimated parameter
deviates from the optimum.
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| confidence.txt - AkelPad = O *

File Edit View Options Help
< 13.11.2022 | 11:42:11 >

Mo (layer 1) Thickness, =

wvalue residual

40 1.20851e+00

50 1.56976e-14

&0 1.1016%=+00

024 Madified Ins Unipe 1252 (AMNSI - Latin [}

Figure 243. Least residual for each parameter value in the file "confidence. txt"

If in the "Fitting settings™ window "Randomized start" is enabled, then in "Fits selector" the best
result of all runs (with the least residual) will be recorded. To file "confidence. txt" all final runs,
sorted by size, will be recorded. The format is as follows: parameter value — least residual — sorted list
of residuals:

| confidence.txt - AkelPad = O *
File Edit View Options Help

< 13.11.2022 | 12:58:22 >

Mo (layer 1) Thickness, =z

value residual

40 1.20671e+00 ( 1.207e+00, 1.207e+00, 1.8304e+00)

50 l1.569%66e-14 ( 1.570e-14, 1.570e-14, 1.570e-14)

&0 1.08743e+00 ( 1.087e+00, 1.913e+00, 1.513e400)

524 Ins  Unie 1252 (AMSI - Latin I)

Figure 244. The smallest residual and the entire set for randomized starts
in the file "confidence.txt"
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8 Export and import data

For calculations you may need to load the following data to Multifitting: reflectometric curves, diffuse
scattering, GISAS, roughness PSD, general aperiodic, regular aperiodic.

You can save simulated intensity distribution as well as dielectric constant and material distribution
profiles as text. The files will be created in the directory specified in the tab "Input/Output” of "Global
settings" window:

-t General settings = O ot
Input/Cutput
Print data to file

B Frint 10 data on recalculation
[ Print 2D data on recalculation

@ Frint 10 PSD from scattering on recalculation

PSD units

Argument 1D value 2D value
pm-=% nm? - nm#*

Paths

/O Savefoutput to Multifiting directory \
C: [Projects Multifitting/build frelease

() Savefoutput to chosen directory
Setup  Zi/ProjectsMultifitting/build frelease

i) Savefoutput to last .fit file directory

Q 1 [Projects Multifitting /build frelease /

B alwayz open last file

Close

Figure 245. Directory for exporting files

8.1 Experimental curves

Data files can contain comments. A line with a comment can begin with any character other than a
number (a space or tab is not considered such a character). For example, **; , . : 1 ?2 = /" or any letter.
Multifitting ignores such lines. The file is read line by line, so any line can be commented out by adding
the appropriate character to the beginning.
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8.1.1

8.1.1.1 1D data

One-dimensional data format: two columns:

Data format

e argument

e value

If there are more than two columns, the subsequent ones are ignored.

ﬁ D364_angle_109.5eV_11.323nm_s-pol_scan2345_70.05%@... = O
File Edit View Opticns

; SOmEe CommeEnt

S0.1002%9 0.0017293588619413042
50.200368 0.0013245093457318177
50.300286 0.000965016459412596151
50.400365 0.000882358218558659719
S50.500483 0.0011411547769831353
50.60044]1 0.0015902610531656459
S50.70059% 0.0019759240470507457
S0.800237 0.0020676059093354003
51.000073 0.001359623895933362281
51.100231 0.0010303724570224462
1:15 Ins  Win 1252 (AMSI - Latin )

8.1.1.2 2D data

Figure 246. Example of a data file

Two-dimensional data for GISAS can be read in two formats.

The first is pointwise. The file contains three columns:

e row (integer starting with 0)
e coolumn (integer starting with 0)

e value
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| DATA.dat - AkelPad - O X
File

row

Edit View Options

column SG201_data.hS5 AS_MEASURED DATA
0.00366541 |
.00358019
.00436849
.00435284
. 00366731
. 00423885
.00451493
.00352988
.00443053

LRt ta

Help

E e T s T I e O e Y i T T e Y e I
I = = TS I VI s Y O R o I E O
N e Y e Y e O O e Y e O i e

1:1 Ins  Win 1252 (ANSI- Lz
Figure 247. Example of a file with two-dimensional GISAS data, one line — one pixel

The second format is a rectangular matrix of values. The length of each row is equal to the number of
columns.

j DATA_LIM_matrixtxt - AkelPad — O >
File Edit View Options Help

: some text here

4_ 1S585e00000002-03 3.89332e0000000e-03 3.9349800000002-03 3.T7T7¢
3.6140700000002-03 3.8B97e0000000e-03 3. EB0E500000002—-03 3.83:
3.8562900000002-03 4.1581€0000000e-03 4.0452600000002-03 3.47]
4.0739100000002-03 3.607050000000e-03 3.810310000000e-03 3.62%
3.856280000000e-03 3.753900000000e-03 3.929260000000e—-03 3.97:
3.6548400000002-03 3.8645940000000e-03 4.3214000000002—-03 4.12¢
3.967750000000e-03 4.020850000000e-03 4 . 278880000000e—-03 3.62]
3.959700000000e-03 4.255630000000e-03 4.841370000000e—-03 4.26:
4.208430000000e-03 3.962730000000e-03 4.311620000000e—-03 4.02¢
4.558370000000e-03 4.367230000000e-03 3.980040000000e-03 3.96¢
3.962070000000e-03 4.181630000000e-03 3.756940000000e-03 3.68(
4.402870000000e-03 4.383520000000e-03 4.027160000000e-03 3.68:
3.978680000000e-03 4.693550000000e-03 4. 820270000000e-03 3.82:
117 Ins  Unix 1252 (AMSI - Latin [}

Figure 248. Example of a file with two-dimensional GISAS data in the form of a matrix

8.1.2 Import

Experimental (or simulated earlier) data should be loaded in the "Target curves™ section of main
window. In the "Argument" block you must specify the type of argument and its units.
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7t Specular scan - a X

T T T T
4 101
< 4102
=2
3 _ 2 ,
T % o 10
W fos vqwﬁ
s\ ?f&*ﬁ 3 fﬂ 4 104
b LF I ]) \
TR
RN
L 1 1 I 10-5
2 225 25 275
Beam grazing angle Be, *
Flot options
Scale: () Lin @ Log
Measurement
Mame Some Mame (File path D:\FapaxuH\dnckMapaxuHiHansinedis - Fapaxwd'SG 2020'8i_W Kymapylsg-199\5G-199_ txt Browse. .. )
Argument
Beam grazing angle 6o~ Units = ~  shift 0.000000 Factor 1000000 (@ Fitonly data between argument  0,3900 and 2.8500 [ Fitouter area
Value
Reflectance shift  0.000000 Factor 1.000000  , min 0.1000 max 10,0000 B Divide on beam intensity: inNal 123000 @ final 128000 t= 1.0 s
Beam
At fixed wavelength  1.5405600 - Spectral width, FWHM, AAfA 0.0000000
Set up distribution
Background 0.0000000000  Polarization 1,000 Angular divergence, FWHM, ABe  0.0170000 @
Detector .
~ _ Path to the file
Detector type  Slit e Distance from detector to sample 300.0 mm  [_] Merge points 1
[ slitlength 10,000 mm Slit width 0,800 mm
Footptint and distortion
Beam Sample
1[F 11 T T T
Width, FWHM 0,045 mm Size 17.60 mm  0-015 F 30015
E— 0.8 -10.8 - 0.01F 40.01
Profile smoothing 0.50 06 E Jos ¥-position 2,30 mm  0.005 F - 0.005
' ' oE 4o
Lateral width 5.000 mm 0.4k J0.4 Z-position 0.0000 mm 5005 E 3 0.005
Wings full width 0,250 mm 0.2 F Jp.2  Curvature 0.0000 m-t D01 4-0.01
. . -0.015 F 4 -0.015
Wings intensity  0.00000 [ Log 0 0 Radius of curvature = oo Lo bbbl

Read data Export data

Reload the same file
Figure 249. Loaded experimental reflectometric curve

The easiest and most convenient way is to drag the file to the curve window, it will be read automatically.

Alternative — in the block "Measurement" specify the path to the file or select a file in the dialog box.
Button "Read data" at the bottom of the window allows you to re-read the already loaded file specified
in the field "File path".

8.1.3 Export previously loaded data
Button "Export data" at the bottom of the window allows you to save the previously loaded curve to

the file. The original data is stored in the project file and can be exported even if the source file (specified
in the "File path™) no longer exists.
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Footptint and distortion

Beam Sample
1 [ il 1 T T T T
Width, FWHM  0.045  mm Size 17.60 mm | 0:015 0.015
E— 0.8 -10.8 - 0.01F 40.01
Profile smoothing 0.50 06 E Jos ¥-position 2,30 mm  0.005 F - 0.005
' ' of Jo
Lateral width 5.000 mm 0.4k J0.4 Z-position 0.0000 mm 5005 E 41 0.005
Wings full width  0.250 mm 0.2 F J0.2  Curvature 0.0000 m-t 0.01F 4 -0.01
. - -0.015 F 4 -0.015
Wings intensity  0.00000 [ Log 0 0 Radius of curvature = oo Lo bbbl

Read data Export data

)

Save all content back to a file
Figure 250. Experimental curve window

The contents of the file will be completely identical to the source, with all comments, additional
columns, etc.

8.2 Export simulated data

The results of the reflectivity or scattering calculation are saved as text automatically at the end of the
calculation, if in the "Input/Qutput” tab of "Global settings" window there are corresponding flags. In
this case, it is enough to make a recalculation by pressing "Ctrl+Shift+C".

% General settings = O ey
Input/Output

Print data to file

B Frint 1D data on recalculation

[] Print 2D data on recalculation

B Frint 1D PSD from scattering on recalculation

Figure 251. Automatic output to a file

With any settings, you can make a one-time export from the menu item "FEile" of main window. In this
case, all curves will be recalculated.

Calculate Optical constants  Help

Open last Ctrl+0

Open Ctrl+Shift+Q [
Save Ctrl+5

Save as Ctrl+5hift+5
Export structures Ctrl+Shift+T

[ Export curves ]

Export profile Ctrl+5Shift+P
Close all Ctrl+0

Figure 252. Main menu "File"
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The results of the calculations are saved in text files with the name
"<struct name> target <N> <curve name>.txt" or
"<struct name> independent <curve name>.txt". "independent" or "target" means
that the curve is calculated from an independent or experimental grid. "<N>" is an ordinal number of
the curve, counting from 1. "<curve_name>" is editable curve name.

For example:

e "Struct 1 independent Plot 1.txt"

e "Struct 1 target 1 .txt

Two-dimensional data has an additional suffix to the name, indicating the data type.

For example:

e "Struct 1 independent Plot 3 GISAS.txt"
e "Struct 1 independent Plot 1 intensity.txt"

e "Struct 1 independent Plot 1 absorption.txt"

The header of the file records the type of scan and basic information about the tool settings and the
geometry of the measurement. Examples:

ﬁ Struct_1_target_1_testbet - AkelPad — O x

File Edit View Options Help

;< 31.10.2022 | 05:459:06 >
; Specular scan |

; polarization = 1.000
; wavelength = 1.540562 A

; spectral resoclution (FWHM) = 0O
; beam divergence (FWHM) = 0 deg

; beam width = 0.05 mm

y sample =size = 20 mm

; Grazing angle (deg) E mixed E = FPhase R =
0.0000000000000000 5.000000e-01 1.000000e+00 120.0000
0.0020020020020020 1.370352e-02 9,.5593951le-01 -175.3984
0.0040040040040040 2.738888e-02 9.987903e-01 -170,7962
0.0060060060060060 4.105451e-02 9.581852e-01 -le66.1925
0.0080080080080080 5.4659881e-02 9.975797e-01 -161.5867

T1:1 Ins  Unie 1252 (AMSI - Latin [)

Figure 253. Output of the reflectometric calculation to the file
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E Struct_1_independent_Plot_1.txt - AkelPad = O X
File Edit View Options Help

; = 31.10.2022 | 059:459:06 >
¢ Bocking scan I

; polarization = 1.000
; wavelength = 1.540562 A
; specular grazing angle position = 1 deg

; spectral resolution (FWHM) = 0
; beam divergence (FWHM) = 0 deg
y detector angular width (FWHM) = 0.01909859317 deg

; beam width = 0.05 mm

; sSample size = 20 mm

; Beam grazing angle (deg)S mixed 5 s
0.0000000000000000 0.000000e+00 0.000000e+00
0.0020020020020020 0.000000e+00 0.000000e+00
0.0040040040040040 0.000000e+00 0.000000e+00
i AfEnmEnnEnnEnmeEn (At tatatalar— N uatyl (At tatatalar— N uatyl

1:28 Ins  Unix 1252 (AMNSI - Latin )

Figure 254. Figure 253. Output of the rocking curve calculation to the file

H Struct_1_independent_Plot_1_intensity.txt - AkelPad = O >

File Edit View Options Help

r
"

"

< 31.10.2022 | 09:4%9:08 >
Field intensity distribution
(6l x 1000) points

; polarization : 1.000000

;s depth : (-50.00 , T70.00) angstrom, step = 2.00 angstrom

s wavelength : 1.540562 4L

; beam grazing angle : (0.000000 , 1.000000) deg

0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+4
6.134631e-05 5.8785593e-05 5.63147T7e-05 5.393065e-05 5.163138e-
2.453843e-04 2.351434e-04 2.2525%94e-04 2.157234e-04 2.0685268e-
= C1T &7~ A c TFORTTFET -~ A = MECOLC O~ A A CCATYOD~ A A EATITN ~
22:84 Ins  Unie 1252 (AMSI - Latin [)

Figure 255. Output of the field intensity distribution in the structure to the file
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j Struct_1_independent_Plot_3_GISAS.txt - AkelPad = O *
File Edit View Options Help

;= 31.10.2022 | 05:49:06 >
: GISAS data |
; (1000 = 501) points

; polarization 1.000000

; beam grazing angle 0.500000 deg

; wavelength 1.540562 &

; spectral resolution 0.000000

: beam polar divergence 0.000000 deg

; beam azimuthal divergence 0.000000 deg

; beam width 0.050000 mm

; sample si=ze 20.000000 mm

; detector point size Theta i 0.005%9%%6 deg

; detector point size Phi : 0.005200 deg

: detector Theta range : (0.010000 , e.000000) deg

: detector Phi range : (-1.300000 , 1.300000) deg
0.000000e+00 0.000000e+00 0.000000e+00 0.000000
0.000000e+00 0.000000e+00 0.000000e+00 0.000000
N OOOnnNe 00 N OOOnnNe 00 N OOOnnNe 00 (e talalatalyl
1:28 Ing  Unix 1232 (AMSI - Latin [}

Figure 256. Output of GISAS to the file

For one-dimensional curves, the values for each of the involved polarizations and the total result are
printed (R _mixed, R s, R p). The reflectometric curve also contains a phase for the reflected wave
for the polarization involved (Phase R s, Phase R p)inrange (-180°,180°].

8.3 Import roughness PSD

Loading the roughness PSD from the file can be done in the main table. To do this, click on the button
located in the header of the parameter. If the external PSD is not loaded, the button is white, if loaded,
then green.

PSD 1D PsD 2D

o, [A] a. [A]
3.8707 0.0000

rf 1D rf 2D
0.800 1.000

Figure 257. Roughness PSD load button

When you press the button "PSD 1D" or "PSD 2D" a window will open to load the data. You can drag
and drop the PSD file into the window or specify the path to it through the button "Browse...". You
should also specify the units of argument and value. You can also delete data here.
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Load PSD 1D

T T T
109 - - 109
5
c
=)
2 101t 4 10+
102 | {102
1 1 |
100 101 102
v, um—2
File path C:/ProjectsMultifitting/buildjrelease PSD_PR436_2. txt Browse. ..

Spatial frequency units  pm-* -~

PSD value units nm3

Figure 258. Loading a one-dimensional PSD

The data must be organized into two columns: the argument (spatial frequency) and the value (PSD).

8.4 Structure

8.4.1 Export the entire structure

Information about the entire structure can be saved in a text file in human-readable form. You cannot
automatically load this file back to Multifitting; the file is intended only to quickly share the information
or use it for some other purpose.

To save the structure to a file, you can select the item in menu "File" or click "Ctrl+Shift+T".

Calculate Optical constants Help

Open last Ctrl+0

Open Ctrl+5Shift+=0 [
Save Ctrl+5

Save as Ctrl+5Shift+5

[ Export structures Ctrl+Shift+T ]

Export curves
Export profile Ctrl+Shift+P
Close all Ctrl+C

T
Figure 259. Export structure from the main menu "File"
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The result is saved to a file with the name "structure <struct name>.txt".
"<struct_name>" is editable structure name written on the tab. Its content is something like this:

| structure_SG 201.txt - AkelPad - m] X

ile Edit View Opticns Help

E

< 11.04.2023 | 11:31:32 >
< Multifitting v.2.0.0 >
<

legend: >

H - numker of elementary cells

d - period or thickness

s d - root-mean-sguare interlayer thickness (sigma diffuse)
rho - material density, absolute or relative

B - angstroms

r.u. — relative units

1 Wo2 :d= 6.000 B s d=2.500 A rho=1.100 r.u.

2 Ws5iz 4,000 0.000 1.100 r.ua.

3 5i 33.552 2.512 0.530 r.ua.

4 Periodic Si/W =Za
4.1 W : d=13.88% L s d=1.715 & rho=0.%910 r.u.
4.2 5i 37.552 2.512 1.000 r.ua.

5 Substrate 5i 5_d=3.000 A rho=1,000 r.u.

1:26 Ins  Unix 1232 (AMSI - Latin [}

Figure 260. Basic structure parameters in a text file

8.4.2  Aperiodic structure

Aperiodic stacks are stored in the structure file on a common basis. However, aperiodic can be filled
with values read from a file. For regular and general aperiodic, this is done a little differently.

8.4.2.1 Export of regular aperiodic

If there is a regular aperiodic in the structure, then when you export the structure to a file
("Ctrl+Shift+T") in addition to the general structure file, another one is created with the name of the
form "structure <struct name> Aperiodic #<N>.txt". Here "<N>"is ordinal number
of regular aperiodic in the structure, because there may be several of them. The counting goes from the
surface.

The file includes the following columns of values:

o unit cell number (from the surface) “cell”

o layer substance "material"

¢ layer thickness "d"

o thickness of the upper diffuse interface "sigma"
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3 structure_Struct_1_Aperiodic_#1.bit...  — O >

File Edit VYiew Options Help

s < 31.10.2022 | 19:02:19 >

s < Multifitting w.1.11.30 =

soell material d (&) sigma (&)
1 Be 12.700 3.000
1 Mo 15.500 4.400
2 Be 20.200 7.000
2 Mo 23.200 9.700
3 Be 22.400 4,000
3 Mo 21.500 10.100
4 Be 23.200 4,200
4 Mo 15,700 1.800
L Be 31.200 11.300
S Mo 13.700 12.400

—
—

Ins  Unix 1252 (ANSI
Figure 261. Parameters of regular aperiodic layers

A file of this format can be imported back into Multifitting.

8.4.2.2 Import of regular aperiodic

You can create a regular aperiodic from a periodic structure by specifying the composition of the
elementary cell and their number. But you can also set the thicknesses and interfaces of the layers by
loading the appropriate file. The format and contents of the file correspond to the figure above. At the
same time, the column Ned4 (sigma) is optional, i.e. interfaces can be skipped. The first two columns
play an auxiliary role, allowing you to check the data and not get confused, but the information from
them is not directly used.

You can read the file by dragging it to the previously opened aperiodic layer table:
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% Regular aperiodic (1 - 2] - o

COMMon 5 COMmMmon 2 active fit  common zand s
B Mouse wheel z step s step
@ Recalalate 0104 0,10 &
Ct % Aperiodic settings ? x

1 B index @ Material B Thickness [ ] Sigma & -

9 Load Close | .

3 2 Be 20.2000 (] 7.0000 1.000 [r.u.]
4 2 Mo 23.2000 (] 97000 1.000 [r.u.]
5 3 Be 22,4000 (J 4.0000 1.000 [r.u.]

| na_ 4 D [ LR LT T I, VPN SR |

Close

Figure 262. Loading regular aperiodic from a file

Here you select the thickness units in which the values in the file will be read, and also choose whether
or not to read the interfaces in the fourth column.

If the number of layers in the file is not equal to the number of layers in the table, a warning will be
shown. If you think this is how it should be, the warning can be ignored and the file will be read.
Moreover, if the file has fewer layers than the table, then the last layers in the table will not be affected.
If there are more layers in the file, only the corresponding part of the file will be read.

8.4.2.3 Import of general aperiodic

Generic aperiodic can be created by loading materials, densities, thicknesses and layer interfaces from
a file. The file format is almost the same as for regular aperiodic, but may include material densities:

o layer number (from surface)

e material

o layer thickness

o thickness of the upper diffuse interface
¢ relative density of the material

The last two columns are optional and may be omitted if they are not intended to be read.
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| General aperiodic.txt - AkelPad = O *
File Edit View Options Help

sindex material thickness =sigma density

1 Mo 23.4 1.32 0.85

2 Ei 43.1 4,94 1

3 Eu 21.3 2.38 0.8

4 Al 120.7 3.52 0.98

5 51 5.2 5.67 0.87

& Zr 13.2 3.897 0.99

7 Hi 10.2 1.41 1

8 5i02 56.2 2.47 1

1:1 Ins  Win 1232 (AMNSI - La

Figure 263. Parameters of layers of general aperiodic

To create an aperiodic in this way, you need to click on the toolbar "Add aperiodic multilayer" s
button and configure the import. After pressing the "Load" button a dialog box will open to select a file.

— () X $BREa e

% Aperiodic settings 7 e

‘Hlndex B vaterial @ Thidness (| Sigma [ Demsity & -~

Load Cloze
—rl—mmﬂtww—l—l—

Figure 264. Loading general aperiodic from a file

8.5 Structure profile

Profile of the structure in depth, which can be seen in the window "Profile plot", can be saved to a text
file for further work or to prepare for publication. You can export the profile by selecting the menu
"Eile" item or by pressing "Ctrl+Shift+P":

Calculate Optical constants  Help

Open last Ctrl+C

Open Ctrl+Shift+ 0
Save Ctrl+5

Save as Ctrl+5Shift+5
Export structures Ctrl+Shift+T
Export curves

| Export profile Ctrl+Shift+P |

Close all Ctrl+0C

I
Figure 265. Export profile in the main menu "File"
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In this case, several files will appear in the corresponding directory. their names are as follows:

"orofile <data type> <sharpness> <struct name>.txt". Here"<struct_name>"is
structure name.

"<data_type>" takes values "Permittivity", "Materials", "Elements".
"<sharpness>" takes values "Sharp", "Discretized" or remains empty.
For example:

e "profile Elements Sharp Struct 1.txt"
e "profile Permittivity Discretized Struct 1.txt"

e "profile Materials Struct 1.txt"

If the structure contains a layer/substrate whose material is composed from individual chemical
elements, then a file with a concentration profile of these elements will be created.

If the structure contains a layer/substrate whose material is specified by the file name " . nk", then a file
with a relative density profile of the materials will be created.

Presence of "sharp" in the file name means that this is profile of a structure with zero mixing at the

boundaries. Layer thicknesses can be different, so the coordinates of the upper boundary of the layer
are indicated as an argument.

ﬁ profile_Elements_Sharp_Struct_1.txt - AkelPad = O *

File Edit View Options Help

;s < 31.10.2022 | 23:13:26 >
; < Multifitting v.1.11.30 >

; Sharp profile: arguments correspond to the top layer boundaries
s For wisualization please use step line with data point on the left of the step

: Depth (&) Be Mo 51
-25.700000 0.000000e+00 0.000000e+00 0.000000e+00
0.000000 1.234875e+23 0.000000e+00 0.000000e+00
20.000000 0.000000e+00 6.4137432+22 0.000000e+00
40.000000 0.000000e+00 0,000000e+00 4.9960262+22
68 .700000 0.000000e+00 0,000000e+00 4.%9896026e+22
111 Ins  Unix 1252 (ANSI - Latin [)
Figure 266. An example of the contents of a file with a sharp profile of chemical elements

Presence of "Discrete" in the file name means that this is a structure profile with discretization
specified in the window "Calculation settings".
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ﬁ profile_Materials_Discrete_Struct_1.txt - AkelPad = O =

File Edit View Options

; « 31.10.2022 | 23:28:29 >
s € Multifictting v.1.11.30 >

Help

s Discretized profile:
s For wisualization please use step line with data point on the left of the step

arguments correspond to the top slice kboundaries

: Depth (&) Be Mo 51
—-29.000000 0.000000e+00 4.141450e-10 0.000000e+00
—-23.000000 0.000000e+00 9.115599e-10 0.000000e+00
—-27.000000 0.000000e+00 1.975266e-08 0.000000e+00
-26.000000 1.10899%9=-16 4,213857e-09 0.000000e+00
-25.000000 1.330798e-15 8.850229e-089 0.,000000e+00
-24.000000 1.718948e-14 1.830023e-08 0.,000000e+00
—-23.000000 1.961264=-13 3.72557T7e-08 0.000000e+00
s s N a Tatatatatal T AT GIE=_T1 7 T ARTAEA=_N7 M nnnnnfNasann

11 Ins  Unix 1232 (ANSI - Latin )
Figure 267. Example of the content of a file with a discretized material profile

As for a sharp profile, the thicknesses of the sublayers change from layer to layer, so the coordinates of
the upper boundary of the each sublayer are also specified as an argument. To export a discretized
profile, check that the checkbox "Show discretization" in "Profile plot" options is enabled

B show sharp profile
' B show discretization ]

[_| Show cursor position

Figure 268. Profile presentation options in "Profile plot" window

The absence of additional indicators in the file name means that this is a "continuous" structure profile.
However, to output data to a file, you need to get a set of points. A fixed sampling step 0.2 A is set for
a continuous profile, which is smaller than the physically meaningful size of any profile feature. Since
the step is constant, and the profile is intended to be represented in an interpolated form, here the
argument is the coordinate of the center of the sublayer.
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E profile_Permittivity_Struct_1.txt - AkelPad

File Edit View Options Help

¢ < 31.10.2022 | 23:48:58 >
;o< Multifitting +.1.11.30 >

; wavelength = 1.540562 A

Ho discretization: arguments correspond to the real positions

For wisualization please use continuous line

y Depth (&) Re (l-ep=silon) Im(ep=silon)
—28.700000 2.019633e-14 1.320501e-15
—28.500000 2.3659270e-14 1.545105e-15
—-28.300000 2.7776%96e-14 1.816148e-15
—-28.100000 3.254491e-14 2.127892e-15
—-27.5900000 3.810742e-14 2.491587e-15
=27.700000 4.4559276e-14 2.91561%9e-15
=27.500000 5.214916e-14 3.409681e-15
—27.300000 6.094787e-14 3.984970e-15

|

1:28 Ins  Unix 1252 (ANSI - Latin [}

Figure 269. Example of file contents with a "continuous" dielectric constant profile

To export a continuous profile, you must have a check that checkbox "Show discretization" in "Profile
plot" option is disabled.
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9 Optical constants of materials

Calculating the reflection and scattering of radiation requires knowledge of the dielectric constant of
substances. It depends on the wavelength or energy of the photon, so for each material involved, a
number of values in the corresponding spectral range are needed. Multifitting uses the database of optical
constants of the IMD program [1] with minor additions. This database consists of two directories: "nk"
and "£1£2". The first contains refractive indices of substances, the second — atomic factors of chemical
elements.

Optical constants are automatically loaded when you open Multifitting, but you can reload them
manually from the main window menu if some material file has been updated.

Data files can contain comments. A line with a comment can begin with any character other than a
number (a space or tab is not considered such a character). For example, **; , . : 1 2 = /" or any letter.
Multifitting ignores such lines. The file is read line by line, so any line can be commented out by adding
the appropriate character to the beginning.

9.1 Material library ""'nk"

Each material corresponds to a text file, for example, "GaAs . nk". The material name in Multifitting is
the name of the file before the extension " . nk".

The file header usually contains a comment with information. Auxiliary information about the substance
can be indicated: density, allotropic modification (amorphous, crystalline material). A data origin
(measurement, calculation, or mixture) may be mentioned. If the data is a combination, then the names
of the source files are indicated. Almost always a link to the data source is given.

The data is arranged in three columns:
e wavelength in angstroms: A[A],
o real part of the refractive index: Re(n)
e imaginary part of the refractive index: Im(n)

The wavelength must change monotonously, i.e. either increase or decrease. The direction of the
argument change is determined by the first two lines. Values falling out of a monotonic relationship are
skipped.

Values between spectral points are interpolated. If the calculated wavelength is outside the data range
for any of the materials of the structure, then Multifitting will warn about this and the calculation will
not be made! In this case you need to use a file with material properties in the appropriate part of the
spectrum.

If the file contains only one spectral point, then it is applied for all A € (0,%0).
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| GaAs.nk - AkelPad - O X

File Edit View Options Help

; Optical constants for Gais

: Concatenation of:

; Gals 1lnl cxro + Gaks windt + Gals palik

H Lambda (&) n k
0.12398425 0.89959999490 2.0156681e-10
0.12460729 0.8995999990 2.0567T7692-10
0.12523662 0.8995999490 2.09893599-10
0.12651454 0.895995490 2.1865512e-10
0.1284810%9 0.9959995990 2.3267137e-10
0.13050974 0.995999989 2.4782712e-10
0.13159814 0.995999849 2.5862025e-10
0.13331640 0.995999989 2.7000658e-10
0.13550191 0.99999988 2.8828555e-10
0.13776028 0.99599988 3.0813545e-10
0.13530815 0.99599988 3.2229708e-10

| [

1:1 Ins  Win 1252 (ANSI - Latin I)
Figure 270. "GaAs.nk" file content

The list of library files with single-line comments is given in the file "AAACATALOG . TXT".

j AAACATALOG.TXT - AkelPad - O *

File Edit WView Options Help

DESCRIPTICH, with [wavelength range in angstroms]

Rc =Ac 1lnl cxro [.12358425-423.15444]
LLNL + CXRC (1%97) 10.07 gfcm3 [.1239%8425-423.15444]

Rg =Ag 1lnl xro [.12355425-423.15444]+Ag palik [428-59150]
Ag 11lnl cxro LLNL + CXRC (1997) 10.50 g/cm3 [.12398425-423.15444]
Ag _hagemann Hagemann et al. (Palik + DESY) [1.24-1378]

Ag leveque Leveque et al. (Palik) [460-1348]

Ag palik Palik (1985) [l1.24-99150]
Ag_windt Windt et al. (19588) evap. LAg [24-1216]
Rg20 =Ag20 cllnl xXro [.1239B425-423.15444]

Ag20 11nl c=xrro
Rl =Al 11nl xro [.12358425-423.15444]+Al palik [427-12358]
Al 11lnl cxro LLNL + CXRO (2013) 2.698% g/cm3 [.12358425-423.15444]
Al palik Palik (1985) [le5-123598]

Al shiles Shiles et al. (Palik) [12.4-1305]

LLNL + CXRC (1997) 7.143 g/cm3 [.12398425-423.15444]

1:1 Ins  Win 1232 (ANSI - Latin [}

Figure 271. "AAACATALOG.TXT" file content
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9.2 Atomic factors library "£1£2"

Materials can be composed by combining any of the first 92 chemical elements. The dielectric constant
of the material will depend on the stoichiometric ratio of the elements and the absolute density of the
substance, which is converted to an atomic concentration. The refractive index is calculated as follows:

n:1—5—i,8:1—2r°/12 SN, ,(4)
T i

where 1o is classical electron radius, A is wavelength, N; is atomic concentration, and f;i is atomic
scattering factor of the i-th element.

The files have a name that exactly matches the chemical element, plus an extension " . £ £", for example
"si.ff"

The file header usually contains a comment with information, usually a link to the data source.
The data is arranged in three columns:

e energy in electronvolts: E[eV],

o real part of the scattering factor: f1

e imaginary part of the scattering factor: f2

Energy must increase strictly. Values falling out of this dependency are skipped. If the value of the real
part of the scattering factor is -9999, then it is undefined. Lines with f1 < -8888 are not taken into
account.

Values between spectral points are interpolated. If the calculated wavelength is outside the data range
for any of the chemical elements, Multifitting will warn you and no calculation will be made.
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| Si.ff - AkelPad - O
File Edit View Options Help

y LAtomic scattering factors for 5i.

; Concatenation of data from CXRO <http://www-cxro.lbl.govs
; and LLNL <http://www-phys.llnl.gov/V Div/scattering/asf.html>

; E (eV) fl1 f2

10.0000 -95%55. 3.894851
10.1e17 -9555, 3.85531
10.328l -9555. 3.5e2lz2
10.4531 -9555. 3.56594
10.8628 -9555. 3.87577
10.8353 —-9555, 3.5982ez
11.0105 -95%55, 3.59894%8
11.1886 -9555. 3.95635
11.365%6 -9555. 4.0032z2
11.5535 -9555. 4.0101z2
11.7404 -9555. 4.01702
11.5303 -9555. 4.02394
L |

11:1 Ins  Win 1232 (ANSI - Latin [)

Figure 272. "si.ff" file content
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10 Version history

Multifitting v.1.9.2 — release (06.07.2019)

Multifitting v.1.10.0 (19.10.2019)

(@)
O

O O O O

The graphical interface now supports scaling from the operating system.

Updated angular and spectral resolution. Now the resolution values that were set in versions
<1.9.2 should be multiplied by 2. Now the thin line is blurred into a wide one with FWHM
~ the given resolution.

Angular and spectral resolution each act on both types of curves: spectral and angular
(according to a simplified scheme)

The initial and final intensities of the probe beam with linear interpolation between them
can be specified.

Warning when overwriting files from previous versions is added.

Additional options are available for graphs: header with measurement parameters,
logarithmic scale for the X axis.

Information can be shown/hidden in the "Settings" window of the context menu of the
"Plots" window.

Instant recalculation when switching on/off structural items in the table if the
"Recalculate™ modifier is enabled.

The plots in the "Plots/Measured" window have got ordinal numbers that allow you to
match the curve with the loaded data.

Added the ability to maximize the integral of the reflection curve with the source function.
Added settings for fitting algorithms.

Decimal separators in data files — dots and commas.

Files added to the database of optical constants: "Cr delmotte.nk",

"Pt soufli.nk","Be svechnikov.nk".
Various bugs are fixed.

Multifitting v.1.10.2 (21.02.2020)

O

O O O O

Files "Sc_larruquert.nk”, "ScSi.nk", "Sc5Si3.nk", "Sc3Si5.nk" are
added to the database of optical constants, the ranges of "MoSi2 .nk" and "Sc.nk" are
extended

Subrange of experimental data can be set for fitting.

The ability to duplicate structure tabs has been added.

Visualization of structure profile has been added.

The ability to calculate the permittivity profile with its discretization into thin sublayers has
been added.

The ability to export an already loaded experimental curve back to a text file has been
added.

The ability to fit a scaling intensity factor for experimental curves has been added.

It is possible to eliminate the moiré distortions of the calculated curve arising when the
period of oscillations of reflection from thick structures is almost a multiple of the step of
the experimental curve.

An automatic calculation of the spectral width of the reflection peak when calculating the
corresponding curve has been added.

Various bugs are fixed, including a fitting bug for a scaled experimental curve.
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Multifitting v.2.0.0 (17.04.2023)

Redesigned user interface.

o Added the ability to simulate 1D and 2D scattering by roughness and particles.
o Added visualization of the field intensity distribution in the structure.

o Lots of small changes and fixes.

(0]
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11 List of abbreviations
GISAS - Grazing Incidence Small-Angle Scattering.

PSD — Power Spectral Density, roughness spectrum.
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