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1 Introduction

NASCAM is developed to simulate the time evolution of atoms deposited on a substrate.
In this manual, the reader will find a list of plugins that either analyze the NASCAM film growth
simulation results, or help the user to build input (e.g. substrates).

For each plugin ordered, there is a help file with the last changes.

2 Make substrate

This code is used for creating an initial structure made of either substrate atoms or deposited
atoms. It generates different types of structures: rows, columns, and hemispheres. The user
determines the type, size and number of objects. The code generates an xyz file which stores
information about atom positions in Cartesian coordinates (name_of atom, x, y, z) in JMOL

format, which can be used as an input to NASCAM and for visualization.

2.1 Input parameters overview

By loading the Make Substrate plugin, you will be able to access four groups of parameters:

e the method: enables to choose if you want to create a new substrate, load a file with atoms
coordinates (provided for example by AFM scans), or modify an already existing substrate (by
adding a new pattern, changing the size or duplicating it). More details are given below.

e the files parameters: enables to choose the name of the output files, and (for some method
options) the name and the format of the input file (either atoms coordinates text file, or
already existing xyz files provided by NASCAM or by Make Substrate itself). After computation,
the output files are stored in the output and save folders, but the output folder content is
erased if you relaunch a new simulation.

e the substrate mesh parameters: enables to define the meshing option and, for some methods,
the size of the substrate.

e the species: for some method options, enables to define the material of the film (first mono-
layer) and of the pattern.

e the pattern parameters: for the "create" and "update" methods, enables to define the type of
pattern (spheres, cones, ...), the method (extrude or subtract), and the parameters of the
pattern. An option called "active random parameters" allows creating pseudo-periodic to
random patterns.
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2.2 Make substrate methods overview

Five methods are available now:

e Create substrate

This option enables to create simple periodic (Figure 1) or pseudo-periodic (Figure 2)

geometrical patterns.

Figure 1: Create substrate option — subtraction of periodic pyramids
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B R L @  uoeswsan | 5 mone subsirats | 5 Make Substrate

Figure 2: Create substrate option — subtraction of random pyramids

e Convert coordinates to substrate

This option allows to load files with atoms coordinates (provided for example by digitizing an
AFM picture). The coordinate file can be 2D or 3D. In the current version of Make Substrate,
the X and Y coordinates have to be in lattice unit already (1, 2, 3...) with a regular space step
(future version will solve this by activating the “interpolation” option). However, it is still
possible to rescale it if the asked number of atoms in the X and Y directions is smaller than the
number of pixels (the Z coordinates can be rescaled freely). Figure 4 shows the case of an
“artistic” structure: the loaded .csv file (where the coordinates are stored) is generated from a
greyscale picture thanks to the freeware imageJ (after loading the picture in imageJ, select the
area you want to digitize and click on Analyze/Tools/Save XY Coordinates), as shown in Figure
3.


https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html
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Figure 3: example of txt/csv file with atom coordinates (1 line header, “?,x,y,z” format) generated by

imageJ from a random “artistic” picture
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Figure 4: Convert coordinates to substrate option — from an “artistic” image (after digitalization by

imageJ)
e Update pattern

This option enables to add a new pattern to an already existing substrate. Figure 5 shows how
to update the substrate displayed in Figure 1 by adding spheres.
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Figure 5: Update pattern option — extrude spheres

e Extend/truncate substrate

This option allows changing the size of an already existing substrate. Figure 6 and Figure 7

show how to extend and truncate (respectively) the substrate displayed in Figure 1.

10
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Figure 7: Truncate substrate option (negative expansion parameters)

e Duplicate substrate

11
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This option enables to duplicate an already existing substrate periodically. Figure 8 shows how

to duplicate the substrate displayed in Figure 1 (two periods in each direction).

memod: |supicate substrate

Figure 8: Duplicate substrate option

12
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3 Scan to Nascam

This plugin can be used to create an initial structure file from a set of (x,z) data points. The

plugin is useful to convert the data obtained from, for example, a sample cross-section into
an input substrate file to NASCAM.

There are two steps in the conversion.

1. Scan the image of the cross-section and store the data in a file. Here is an example of how

the file looks like (see also an example included in the "SEMsubstrateNorm.txt" package):

7| sEMsubstrateMarm.t - Motepad — O >
Eile Edit Farmat View Help
737 .66667 68. 04667 "
743.13333 66.86667
746.73333 61.53867
752.2 57.39667
755 .86667 53.25467
760.73333 52.07133
765.6 49.704
770.4 44 .57867
774.66667 39. 64467
776.46667 36.68667
776.46667 31.95267
773.46667 28.994
766.2 26.03533
761.33333 21.89333
752.8 17.16
747 .33333 14.79267
743.13333 11.834
734.6 10.a85933
727.93333 §.876
721.86667 5.32547
717 5.32547
712.13333 7.692
707 26667 8§.876
7a2.4 §.876
695.13333 8.876

2. The substrate file generated by the plugin has the following dimensions:

13
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(X): the size in X-direction is defined by the input scan file. The X-size is equal to the
difference between maximum and minimum values of x coordinate in the scan data file.
Therefore, when digitizing the image, it is necessary to set the x coordinates of the left and
right sides of the scan properly. In the example included in the package, Xmin = +3.2680e-
001 and Xmax = +9.9673e+001 thus the dimension of the substrate is 100.

(Y): the size in Y-direction is always equal to 4.

IMPORTANT! The order of the lines in the scan file is very important. Data points MUST
BE ordered in the way that, when connected in succession, they produce a sketch of the
surface! For example, for the surface shown below, the points in the scan file must be

ordered as shown in the figure below. To order the data points with an increasing of x-

coordinates would be an error.

If you use the UnScan software to digitize the scan, you will get a wrong scan file, as

UnScan always orders the data points with an increasing of x-coordinate.

3. Use the plugin to convert the file into a NASCAM substrate file.

14
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PS. The substrate.xyz file stores information about atom positions in Cartesian coordinates

(name_of _atom, X, y, z) in JIMOL format.

15
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4 Simtra to Nascam

This utility is used to create energy and angular distribution input files for NASCAM from
SIMTRA v.2.1! [1] with all the steps evenly distributed. This is a requirement for NASCAM.
As an input Simtra2Nascam uses the Simtra ParticleData.txt output file. This file is located in
the depositionDummyObjects/Object/Surface folder, where Object and Surface are the
object and surface of interest. The ParticleData.txt file contains information about the vectors
of velocity at which atoms hit the detector-sample (see the following figure for an example).

| ParticleData.txt - Notepad o | B e
File Edit Format View Help
particle no. startpos_x (m) startpos_y (m) startpos_z (m) pos_x (m) pos_y (m) pos_z (m} Tocal_1 (m) Tocal_2 local_3 nvec_x
77 0.349999999814485 0.0271444907503951 0.433606133224115 0.245 0.00351917903228746 0.398525079976936 -0.00352507997¢€
237 0.349999999821832 0.0357702661101606 0.448999956840126 0.245 0.0347889560628572 0.400140581283396 -0.005140581283
493 0.349999999803044 0.0452808976661899 0.3B7844528812712 0.245 0.0368661153424731 0.392763139024688 0.0022368609753
605 0.349999999812892 0.0372014451917549 0.455289948286837 0.245 0.0371257776581875 0.39732540711737 -0.002325407117
708 0.349999999809162 -0.0275821452503827 0.369509544241655 0.245 0.00116596305893283 0.385384701424983 0.009615298575C
754 0.349999999804114 0.026058765399864 0.374225896264297 0.245 0.012748748243571 0.391279398884882 0.0037206011151
760 0. 3499999999097 52 0.0303180296090567 0.300665520605149 0.245 0.0410205998296325 0.399051600378859 -0.004051600378&
777 0.349999999903823 -0.0298518708750222 0.408948611950899 0.245 0.0380061401691864 0.402790325688501 -0.007790325688
g34 0.349999999883958 0.046078229917209 0.536712040716945 0.245 0.02694502596157 0.39056657198836 0.004433428011¢
974 0.3499999998025 0.0333646881591332 0.383940092925602 0.245 0.0059146092825116 0.396812201488385 -0.00181220148838476
1153 0.349999999800035 0.031089758193168 0.396063231039006 0.245 0.0303833033121421 0.40422431901616 -0.00922431901€
1167 0.349999999832188 -0.0177317965476709 0.453630010054072 0.245 0.0174689831591686 0.395356055880762 -0.00035605588C
1181 0.349999999805488 0.0308292785686556 0.383337404638652 0.245 0.0156025070777363 0.403312114078749 -0.008312114078
1339 0. 349999999800106 0.0367805612432788 0.396100121643906 0.245 0.0417550082354787 0.403150243564945 -0.008150243564
1347 0.349999999800684 0.0406644261319995 0.398329870451041 0.245 0.0479136365890168 0.402767593549849 -0.00776759354¢
1348 0.349999999810482 -0.0258574455391038 0.393556148834819 0.245 0.00921018799804099 0.398413583965093 -0.003413583963
1627 0.349999999835985 -0.0195885780686047 0.432639482995092 0.245 0.000693785217596 0.400159894394899 -0.005159894394
1637 0. 349999999800522 0.0333752250695975 0.396743998446579 0.245 0.0389344499293299 0.401931841385506 -0.006931841385
1676 0.349999999824572 -0.0241198650672901 0.433468732396627 0.245 0.00845460722760452 0.386938596705414 0.0080614032943
1707 0.349999999810543 0.0295328567235969 0.426276548570918 0.245 0.0136485442098812 0.394513441366514 0.0004865586334
1884 0.349999999832189 -0.0281587460449187 0.330535505890182 0.245 0.00158406631198355 0.386664329232564 0.0083356707674
11896 0.349999999816857 0.0308996593392525 0.348998862017811 0.245 0.0246565210128989 0.394649756266707 0.0003502437332
1942 0.349999999825189 -0.0377620512329039 0.363011754889563 0.245 0.0169162163251597 0.388012315186838 0.0069876848131
2057 0.349999999804376 0.0165644249438201 0.421697188616484 0.245 0.0238069652802544 0.400569921493597 -0.005569921491
2103 0.349999999861649 -0.0227795507044039 0.483397995007803 0.245 0.00692152198711931 0.38964554102817 0.0053544589718
2188 0.349999999824277 0.0318299219989026 0.336611061307705 0.245 0.0130089439683437 0.390485790111235 0.0045142098887
2270 0.349999999800628 0.0262318269469617 0.398465585701088 0.245 0.0242581179175358 0.402512841572603 -0.007512841572
2364 0.349999999818197 0.0350568821530923 0.4494814805613 0.245 0.0474359562713414 0.402960046383652 -0.00796004638365237
2419 0.349999999879779 -0.0275619464606727 0.332082062850376 0.245 0.018761502194854 0.386383149040338 0.008616850959¢€
2681 0.349999999800183 0.0367623258851747 0.401559325793535 0.245 0.0235296480412803 0.399632223295857 -0.004632223293
2868 0.349999999800312 0.0308540386718793 0.397655286264942 0.245 0.0334544972248245 0.402925141271808 -0.007925141271
3014 0. 34999999980009 0.0303929916578794 0.389416895445362 0.245 0.0125480607497812 0.38509747681519 0.0099025231848
3130 0.34999999986422 -0.0288422354066978 0.440110204249815 0.245 0.0212037234310363 0.402089973827601 -0.007089972827
3344 0.349999999800001 -0.0265525364791573 0.232981038546167 0.245 0.0429444864043142 0.396122547576932 -0.00112254757¢€
3357 0. 3499999998024 38 0.0349974197835257 0.416092527430702 0.245 0.0272047900487864 0.401496358023794 -0.006496358023
3363 0.349999999823993 -0.0314346950031906 0.398335732057912 0.245 0.00219479719523666 0.40243795824737 -0.007437058247
3372 0.349999999800022 -0.0314454022320161 0.397623181894926 0.245 0.00455889173973612 0.388012253007017 0.006987746992¢
3381 0.349999999805055 0.0391028780194235 0.413649666002147 0.245 0.0425737215744858 0.389627822031484 0.0053721779683
3428 0.349999999801962 0.0301137491929097 0.382209015696825 0.245 0.0326682840709881 0.396802327914775 -0.001802327914
3510 0.349999999836297 -0.0313085232406088 0.446437980194416 0.245 0.023339108968278 0.396993280224047 -0.001993280224
3521 0.349999999876944 -0.020309716003831 0.268914638335652 0.245 0.0103839530644279 0.399894300654863 -0.004894300654
3899 0.349999999808476 0.030012509377381 0.372007438402126 0.245 0.0170757568137106 0.393970928902704 0.0010290710972
3959 0.349999999800483 0.02141593654187136 0.384893227033716 0.245 0.016436042379173 0.390249747783018 0.004750252216%
4009 0.349999999803543 0.0172815643137885 0.392121555820266 0.245 0.0329912508946826 0.404551058143626 -0.0095510581412
4015 0.349999999801349 0.0324467226974694 0.396939356085952 0.245 0.031236371387133 0.404399910493302 -0.009399910491
4101 0.349999999812337 -0.0433740716716234 0.422269499698563 0.245 0.0178903847829875 0.403331943057429 -0.008331943057
4298 0.349999999826881 —-0.0195429883753047 0.353759782322369 0.245 0.0295183441289231 0.390233822738521 0.0047661772614
4364 0.349999999800102 0.0342510959571285 0.399904565849606 0.245 0.0306846546105401 0.39694599588613 -0.00194599588¢
4419 0.349999999804412 0.0349325250086307 0.373793326144372 0.245 0.0305291348554685 0.395784711206799 -0.00078471120€
4438 0.349999999860652 0.0332951685233333 0.344107151524353 0.245 0.0427517337541631 0.395941851400596 -0.00094185140C
4478 0.349999999827004 -0.025764851958518 0.424887444419618 0.245 0.0311975130555474 0.403304928767472 -0.008304928767 -
] . r
Ln1, Coll

Simtra2Nascam.exe then extracts
NASCAM compatible files:

the information

from the ParticleData.txt file in two

column names are line number, theta, phi, probability (see next figure).

1 Simulation of Metal TRAnsport, available at http://www.draft.ugent.be/.

16

1. The A_DST.TXT file, containing the angular distribution of the deposited atoms. The
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4 N

]| A_DST2.TXT - Bloc-notes = | B
- -
Fichier Edition Format Affichage 7
| 0 0. 0000 -180. 0000 0. 0002 -
1 0. 0000 -168. 0000 0.0003
2 0. 0000 -156. 0000 0. 0001 ‘E|
3 0. 0000 -144. 0000 0. 0004 &
4 0. 0000 -132. 0000 0.0003
5 0. 0000 -120. 0000 0. 0001
5] 0. 0000 -10&. 0000 0.0003
7 0. 0000 -9&. 0000 0.0003
<] 0. 0000 -84. 0000 0. 0004
9 0. 0000 -72.0000 0.0003
| 10 0. 0000 -60. 0000 0. 0002
11 0. 0000 -48. 0000 0. 0001
12 0. 0000 -36. 0000 0.0003
[] 13 0. 0000 -24. 0000 0.0005
14 0. 0000 -12.0000 0.0002
| 15 0. 0000 -0. 0000 0.0005
16 0. 0000 12.0000 0.0002
7 0. 0000 24,0000 0.0004
18 0. 0000 36. 0000 0.0002
19 0. 0000 48,0000 0.0004
20 0. 0000 60. 0000 0.0001
21 0. 0000 72.0000 0.0001
22 0. 0000 84,0000 0.0003
23 0. 0000 96. 0000 0.0001
24 0. 0000 108. 0000 0.0002
25 0. 0000 120. 0000 0.0002
26 0. 0000 132. 0000 0.0005
7 0. 0000 144, 0000 0.0004
28 0. 0000 156. 0000 0.0002
i 29 0. 0000 168. 0000 0.0005
30 6. 0000 -180. 0000 0.0009
E 6. 0000 -168. 0000 0. 0004
32 6. 0000 -156. 0000 0.0009
33 6. 0000 -144. 0000 0.0008
34 6. 0000 -132.0000 0. 0006 -
4 b

The following figures show a 3D representation of an A_DST.TXT file

. o

Probability

0.003600
0001800
0

Theta

Example of angular distribution used to simulate atomic deposition with a tilted

magnetron sputtering gun

2. The E_DST.TXT file, containing the energy of the deposited atoms (see next figure).
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The columns names are line number, energy, probability.

' N

| E_DST.TXT - Bloc-notes — | B |
e i
| FEichier Editien Format Affichage I
0 0. 0000 0.4642 -
1 1.0000 0.0801
2 2.0000 0.0633
3 3. 0000 0.0510
4 4.0000 0.0389
5 5.0000 0.0324
6 6. 0000 0.0288 =
7 7.0000 0.0254 3
g &. 0000 0.0204
9 9. 0000 0.0202
10 10. 0000 0.0152
11 11. 0000 0.0129
12 12. 0000 0.0129
13 13. 0000 0.0126
14 14. 0000 0.0101
13 15.0000 0. 0085
16 16. 0000 0.0079
7 7.0000 0. 0068
18 18. 0000 0. 0060
19 19. 0000 0. 0062
20 20. 0000 0.0049
21 21. 0000 0.0048
22 22.0000 0.0048
23 23. 0000 0. 0046
24 24,0000 0.0031
25 25.0000 0.0034
26 26. 0000 0.0028
7 27.0000 0.0026
28 28. 0000 0.0034
29 29,0000 0.0024
30 30. 0000 0. 0020
31 31. 0000 0.0019
32 32. 0000 0.0015
33 33. 0000 0. 0020
34 34. 0000 0. 0018 -

4 3

Then, these two files can be used as an input for NASCAM simulations. Do not forget to set
the appropriate filenames in the input.txt file so that NASCAM can use them (see the NASCAM
manual).

The code can be used as a part of NASCAM_GUI or a standalone. If the code is used as a
standalone, it is necessary to create:

an “input” subfolder and copy the “ParticleData.txt” file in this subfolder;

an “output” subfolder for output files.

In addition, an input.txt file must be created, with the following parameters (see figure below):

The first line is the name of the Simtra output file;

The second line specifies the energy range, minimum and maximum values in eV and
number of intervals in which the whole range [min; max] is divided. Thus the step is (max -
min)/number of intervals;

The third line specifies the numbers of intervals in which the whole ranges are divided
for THETA [0; n/2] and PHI [-=&; «t].

18
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'j input.txt - Notepa

File Edit Format View Help
ParticleData. txt
1.0;100.0;100

18; 36

Content of an input.txt file for the Simtra2Nascam tool

The use of Simtra2Nascam is simple:
Place Simtra2Nascam and the input.txt in the same folder and ParticleData.txt “input”

subfolder.
o Double-click to run Simtra2Nascam.exe.
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5 Thermal Evaporation

The purpose of the Thermal Evaporation plugin is to define a thermal evaporation source
(punctual or rectangular) and calculate the emission probability of evaporated material that will

condense on the substrate.

5.1 Code requests

e The source position with respect to the substrate position.

e The dimensions of the source in the rectangular case (see "Geometry" below).

e The shape of the vapour cloud emitted by the source: The punctual source emits according to a
cosine law: P(8) = cos™ @ . For the rectangular case, the surface is divided in rectangular
meshes emitting like a punctual source.

5.2 Geometry

e The substrate is located at (0, 0, 0) coordinates and the visible surface points in the z<0
direction.
e The source has to be placed at the x,y and z (z>0!!) coordinates.

Substrate

Evaporation

A 4

Thermal source

Dy

Figure 9: Geometry of the thermal evaporation plugin.
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e By default, the source is not tilted (see Figure).

5.3 Inputs:

5.3.1 Rectangular source

E’} Thermal_evaporation-1.0 : i
— Source center
Y el !
Parameters | Results | Log Coordlnates:(x, Y, Z)
Type de source in mm (Z<O)
4
Typesource : |Rec1angular |v| /
Source center coordinates 1 Source dlmenSIOnS:
x| g (mm) (Dy, D) in mm.
¥ | D| (mm})
Cosine exponent n
z: | -100] (mm) ‘
of each punctual
Source dimensions
/ source that is
Dx: | 50 (mm)
1 described by
oy: | I (oo P(0) = cos™ 6.
Cosine exponent
o | 3 Polar angle chosen
for a specific
Angle phi for the graph section
/'/ angular prOfile
Phi : 80| (*)
| | output (for data

checking only)

Figure 10: Thermal evaporation input window for a rectangular source.
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5.3.2 Punctual source

5% Thermal_evaporation-1.0

o> e

Parameters r Results

[

Log

Type de source

TvpeSource : |F'unctua|

Source center coordinates

Cosine exponent

Source surface

surface :

Angle phi for the graph section

Phi :

H | E|| (mm})

- -100| (mm)

| of ¢mm)

Source center
coordinates:
(x,y,2):
Position of your
punctual in mm.
(z<0)

Cosine exponent n
of each punctual
source that is
described by
P(0) = cos™ 0.

0.007) {mm*)

| EID| ) \

Surface of the

punctual source

Figure 11: Thermal evaporation input window for a punctual source.

Polar angle chosen
for a specific
angular profile
output (for data
checking only)

Note: The shape of the vapor cloud (as described by the n coefficient) strongly depends on the

source geometry. The surface tension of the evaporated material increases the cloud convexity

and increases the n value. If the evaporation is electron-beam generated, it can form a concave

"vapor-emitting surface™ due to a local increase of the vapor pressure. A high crucible wall can

also affect the vapor shape by obstruction (n > 1). In any case, one can observe the formation

of a vapor cloud (n<<<1). In general, the coefficient is between 1 and 7.
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5.4 Outputs

e The file to be used for NASCAM simulation ("a_dst.txt") in the appropriate format
N 9 ¢ Probability

Mlo_dstotl Notepad | [ _Iol x|
File Edit Format  Wiew Help

[Yangularydistributfion i’
0 0 -180 1

1 0 -178 1

2 0 -176 1

3 0 -174 1

4 0 -172 0.9

5 0 -170 0.9

6 0 -168 0.8

7 0 -166 0.786

5 0 -164 0. 70

= 0 -162 0.4

10 0 -160 0.4

11 0 -158 0.39

12 0 -156 0.35

13 0 -154 0.1

14 0 -152 0.1

15 0 -150 0.1

16 0 -148 0.1

17 0 -146 0.1

158 0 -144 0.1

10 0 -142 0.1

20 0 -140 0.1

21 0 -138 0.1

22 0 -136 0.1 v

4] 3

| Lni, Coll y

Figure 12: Output file of the thermal evaporation plug-in.

N is the line index, 6 is the incident azimuthal angle, ¢ is the incident polar angle at the surface

of your substrate and Probability is the incident probability at the angle (8, ¢).

o Files to allow the user to plot the results of the plugin simulation automatically:

e "a_dst.csv" contains the data for the angular distribution at Phi = (the angle specified
by the user).

e The files "a dstOdeg.txt”, "a_dst90deg.txt", "a dst180deg.txt" and
"a_dst_90deg.txt" are also automatically generated for Phi = 0°, Phi = 90° , Phi =
180° and Phi = -90° for data checking.

e NASCAM being insensitive to angular distribution normalization, all the sub-graphs
are normalized with the maximum set to 1.

e To use the angular distribution produced, get the a dst.txt file in the
project/plugins/Thermal_evaporation/output folder.
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53 Thermal_evaporation-1.0 ‘=@ E
Parameters Results r Log |
Angular distribution (Phi = 90 deg)
1.0 . I NS TR SN N N
081f
50.5
T
>D|4 ____________
o | e e N T e
0.0
0 5 10 15 20 25 30 35 40 45 50 55 60 B5 70 75 BO 85 90
Theta, deg
‘ Transpose ||a_dSt |'|
1] 1 -
0 1 %
1] 1
045 0.999
04 09599
0.4 1
1 09599
1 0.999
1 0.999 —
16 nono x|
1] [*]

Figure 13: Angular plot for a rectangular source.
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6 Roughness

This plugin calculates the film roughness, RMS:

RMS = /< (h—< h >)2 =V< h? > —< h >2,
where h= h(x,y) is the film local thickness, <h> is an averaged film thickness, and < > means
an average over the substrate surface.
Also two correlation functions, a structure function G(R) and an autocovariance function C(R)

are calculated:
G(r) =< (h(x +R,y) — h(x, y))2 >,
C(r) =< Z(h(x + R,y)h(x, y)) >,
These two functions and the roughness obey the equation:
G(R) + C(R) = 2*RMS2,
While the roughness gives information about film thickness variations, these functions are used

to estimate the characteristic size of surface structures. Suppose the film surface is given by the

equation:
h = Ho + ho*sin(k*x),
where Ho is the average film thickness, ho is the variation, and the characteristic size of the
surface structure is Ro = z/k. Then the surface roughness is equal to
RMS = 0.5*ho?,
and gives no information about the spatial structure of the surface. At the same time:
G(R) = ho?*{1-cos(#R/Ro)},
and it is possible to extract the information about the size of surface structures from this

equation. For the surfaces where the objects are positions irregularly, one can use the following

approximation for G(R):
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The plugin uses coating.xyz as an input file and its output file is roughness.csv. There is no

input parameter for the plugin. To run it, just click on the green triangle. An example of a

roughness.csv file and its graphical representation by the plugin is shown below. Roughness is

given in lattice units and correlation functions are given in square lattice units.

0.000;
1.000;
2.000;
3.000;
4.000;
5.000;
6.000;
7.000;
8.000;
9.000;
10.000;
11.000;
12. 000;
13.000;
14.000;
15.000;
16.000;
17.000;
18.000;
19.000;
20.000;
21.000;
22.000;
23.000;
24.000;
25.000;
26.000;
27.000;
28.000;
29.000;
30.000;
31.000;
32.000;

7 roughness.csv - Notepad

File Edit Fommat View Help
! Correlation functions and Roughness
Correlation radius (l.u.); G(R) (l.u.*2); Roughness (l.u.); C(R) (l.u."2)

0.000;

3.575;

5.873;

7.430;

9.052;

9.795;
10.228;
11.253;
11.855;
12.580;
12.918;
12.730;
13.025;
13.290;
13.882;
14.890;
15.468;
15.965;
16.333;
16.313;
16.472;
16.333;
15.918;
15.730;
15.515;
14.968;
14.333;
13.635;
12.788;
12.460;
12.135;
12.073;
12.313;

2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;
2.573;

6.619
4.831
3.683
2.904
2.093
1.721
1.565
0.993
0.691
0.329
0.160
@.254
0.106

-0.026
-0.322
-0.826
-1.115
-1.364
-1.547
-1.537
-1.617
-1.547
-1.340
-1.246
-1.139
-0.865
-9.547
-0.199

@.225
@.389
@.551
0.583
0.463

3 Roughness-2.1 2 R e ) X
er™
Results Log
Correlation functions and Roughness
- "-j’"'-hqﬁﬁ\-.-'-'--"-
10
5 4
]
I
0
] 10 20 a0 40 50 &0 70 &0 o0 100
Correlation radius (l.u)
[= Glr) (lu.~2) - Roughness (.0.) + CR) (l.u.~2)]
| Transpose H Hide Legend H Log X H Log¥Y Hrnuuhness ‘v|
T T pa———
0 247 =
1 3575 247 =
587 247 [
74 247
4 052 247
5 795 247
1022 247
7 1 25_‘ 247
g 11.855 247
El 25 247
10 1291 247
" 12,7 247 =
1 ian
] I I 1]
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7 Porosity

The Porosity plugin is designed to compute the porosity of a multilayer structure provided by
NASCAM. The code is written in C.

7.1 Algorithm

1 ,
Q Data loading ]

2
QSU’LIC'[UI’E reconstruction ]

OUEIE TIROW

Boundaries detection ] Pores detection

| 4
Q Pores characterization

Figure 14: flowchart of the Porosity plugin.

Figure 14 summarizes the different steps of the Porosity algorithm. More details are given

below.

7.1.1 Data loading

During this step, two (three) kinds of files are loaded. The first one is the “input.txt” file where

all parameters set by the user are stored (see Figure 15). For more details, see subsection 7.2.1.

File Edit Search View Encoding Language Settings Tools Macro Run  Plugine Window 7
cHHERGEE| s LRk oe R 2| BE 1 EEEAs® | EENRE
[ input_poro t¢ E |Einput_npticbd Jl B input_color bt Jl Einput_elec bt Jl

1 5;2.0 lstack parameters
cubic !Structure discretization method

Periodic-Box;Periodic—Box;Patterned !boundary conditions

1.0;3.0;1.0 !scanning probes
1;30 !display parameters

Normal text file length: 177 lines: 5 Ln:1 Col:22 Sel:0|0 Windows (CRLF)  UTF-&

Figure 15: Porosity input.txt file example.
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The second kind of data files are the “deposited_layer.xyz” provided by NASCAM (one file per
layer). The coordinates of all atoms of a given layer are stored in each file.
The third one (if asked) is the “substrate.xyz” file where the coordinates of all atoms of a

patterned (i.e. structured) substrate are stored.

7.1.2 Structure reconstruction

The structure is defined by a 3D structured mesh defined by space steps Ax, Ay and Az. Each
atom of the structure, loaded during step 1, is placed at the center of the most suitable mesh
cell. This mesh is stored thanks to a 3D array of integers (named Matrix 0, see Figure 16a).
The matrix size is given by the number of cells in the 3 directions (Nx - Ny - Nz).

Each medium is represented by an integer index as follows:

e 0: empty cell (vacuum)

1: cell filled by the medium of layer 1

Nigyer- cell filled by the medium of layer Ny,

Additional indexes can be used in the case of structured substrates.

Figure 16a shows the vertical cross-section of the Matrix O for a 10-layer stack described by a

cubic mesh.
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F a0

Figure 16: Matrix discretization of a structure. Example of a 10-layer stack, discretized by a cubic mesh
(Ax = Ay = Az = 1, 50x50x710 cells) and scanned by a 5-lattice diameter probe. Each picture is a vertical
cross-section (xz) of the structure. (a) Matrix 0: structure with one color (i.e. one integer index) per layer.

0 is for the vacuum. (b) Matrix A: filled structure with one color per layer. (c) Matrix B1: inflated
binarized structure. 0 is for all areas accessible by the center of the probe. (d) Matrix B2: for the pores
storage. Each color (i.e. each integer index i>1) represents one pore. 1 is for the structure material and all
the pores which are too small.

The choice of the mesh (i.e. Ax, Ay and Az) has to be done wisely. Some examples are shown
in Figure 17:

e The first example (a) can be used for a cubic crystal. Then, Ax = Ay = Az = 12 is a good
choice.

e The second case (b) is for a hexagonal crystal. The best choice is Ax = 1/2, Ay = \/§/2 and
Az = 1.

e The last case (c) is for an amorphous structure. There is no particular rule but (obviously) a
finer mesh will provide more accurate results (at the cost of a more expensive computation).

2 Here, the unit length represents the lattice length of the crystal. It is set by the deposited_layer.xyz files.
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cubic cristal

hexagonal cristal
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- ) *Ax
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amorphous structure

Figure 17: choice of the meshing method. 2D representation of the mesh in the case of a cubic crystal (a), a

hexagonal crystal (b) and an amorphous structure. Ac represents the lattice of the crystal (equal to 1 in
NASCAM).

Figure 18: Spatial discretization of an atom (2D representation). Left: Ax = Ay = 1. Right: Ax = Ay =

0.2.

It is now important to talk about meshes with space steps smaller than one lattice. In this case,

an atom is supposed to fill all mesh cells in a radius of 0.5 lattice. This shows the importance

of a good choice of the space steps. For example, Figure 18 shows the case of an amorphous

structure discretized with different space steps. In the first case (left), Ax = Ay = Az = 1.

Then, each atom fills only one cell (in red). On the right, Ax = Ay = Az = 0.2, and then an

atom fills the cell where its center is supposed to be (in red), plus all cells around the red one in

a radius of 0.5 lattice (greed cells).
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7.1.3 Boundaries detection

. studied cell

layer 3
neighboring cell
] . (weight:3)
: neighboring cell
. ! ' (weight:2)
layer 2 - 7 neighboring cell
; (weight:1)

s
L

layer 1 Yow0 |1 the studied cell
Zose L =)

is in the layer 1

vacuum |2 2|1

Figure 19: Detection of boundaries between layers. (a) Matrix 0 where pores are not filled yet. (b) Matrix
A where all pores are filled by indexes of layers. (c) Characterization of a mesh cell in function of all the
neighbouring cells, by using a weighted method. (d) 2D example of characterization of a cell surrounded

by 2 layer indexes.

Boundaries between layers must be determined to distinguish the porosity of each layer. As
shown in Figure 19, the method used here is based on the filling of all empty areas of the Matrix
0 by the material of each layer itself. The starting points to fill the structure are the
material/vacuum interfaces. For each empty cell of the interface (marked by the index 0), we
look at the 33-1=26 neighbouring cells. Each neighbouring cell is linked to a weight which
depends on the distance between this cell and the studied one (Figure 19c). Then, by summing
up all the weights for each layer all around the empty cell, we can determine which ayer has the
highest weight?, i.e. the layer where the empty cell is supposed to be. When the interface
material/vacuum is filled, the operation is repeated by starting from the new interface. The fully
filled structure is called Matrix A.

Figure 16b shows the vertical cross-section of Matrix A for a 10-layer stack described by a

cubic mesh.

3 If two (or more) layers have the same weight, then the choice between all these layers is done randomly.
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7.1.4 Pores detection
The goal of this step is to detect all pores having a throat larger than the diameter of a spherical
probe set by the user. Because of the structure pixelization, the probe that will scan this structure
cannot be perfectly spherical. Indeed, it will depend on the diameter/space step ratio. Figure 20

shows the case of a sphere discretized with different space steps.

-05

05

-0.80.#0.50.30.10.10.30.50.70.9
Xty

-0.80.#0.50.30.10.10.30.50.70.9
X8y

Figure 20: Discretization of a spherical probe with a diameter of 2 (2 lattices) in a structured mesh.
From left to right: (Ax = Ay = 1), (Ax =0.2,Ay = 1), (Ax =1,Ay = 0.2), (Ax = Ay = 0.2).

The detection of pores has to follow 3 steps:

e The first step simply consists in binarizing Matrix 0 (Figure 21a) by giving each mesh cell the
index 1, if one (or more) atoms are here, and 0 if not. This matrix is called Matrix Obin.

e The second step consists in inflating Matrix Obin by a thickness of (approximately) 1 probe
radius (see Figure 21b). The approximation is due to the spherical probe discretization (see
Figure 20). Then we can conclude that all the unfilled areas (i.e. which are still represented by
the index 0) are reachable by the center of the probe. After inflation, the matrix is called Matrix
B1.

For example, Figure 16¢ shows the vertical cross-section of Matrix B1 for a 10-layer stack
described by a cubic mesh. All blue cells are accessible by the center of a 5-lattice diameter
probe.

e The last step is to reverse the previous one. Indeed, Matrix B1 has to be deflated (see Figure
21c). After deflation, we obtain the Matrix B2, where each area described by index 0 is
supposed to be large enough to contain the whole probe. Then, Matrix B2 has to be updated by
giving each detected pore one unique integer index i>1 (one index per pore). For example,
Figure 16d shows the vertical cross-section of Matrix B2 for a 10-layer stack described by a
cubic mesh. All not-blue cells represent all pores accessible by a 5-lattice diameter probe.
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forbiden
area
(index 1)

Minimal

size
of a pore
(spherical probe)

Figure 21: Method to detect pores reachable by a spherical probe. (a) Matrix Obin given by the
binarization of Matrix 0. (b) Matrix B1 after inflating matrix Obin. (c) Matrix B2 after deflating Matrix
B1.

7.1.5 Pores characterization

More information is found during this step. At first, pore kind determination. Three kinds of
pores are considered here:

e Occluded pore: the pore is linked to only one layer
e Connected pore: the pore is linked to two layers at least
e Air-connected pore: the pore is connected to the top surface of the structure

Figure 22 shows the method used to do such thing, by comparing Matrices A and B2.

‘/ - occluded

| - connected

- air connected

matrix A matrix B2 A/B2 comparison

Figure 22: Pores classification by comparing matrices A and B2. In this example, the studied pore is a

connected one.

Pore volume or volume ratio is also calculated here. More details can be found in subsection
7.2.
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7.2 NASCAM GUI example

GG

77 r

SN ENEN

Jmol

Figure 23: A coating.xyz file displayed by Structure Viewer.
In this section, we study a 3D 5-layer stack (Al/SiO2) on a Si substrate structured by triangular
rows, as shown by the JMOL representation in Figure 23.

7.2.1 Input parameters

The Porosity parameter window pops up by clicking on Tools—Porosity.
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5} Porosity-6.5 :
l/ Parameters | Results | Jmol | Log |
stack parameters
number of studied layers : | 5|
roughness smoothing depth : | 2.U| { abrasion of the top surface in lattice unit )
Structure discretization method
discretization mesh : ‘cubic |V|

boundary conditions

lateral sides (x direction) : |Periodic-Box

lateral sides (y direction) : |Periodic-Box |v|

substrate shape : | Patterned

scanning probes

minimal diameter : | 1 D| { lattice unit )
maximal diameter : | 3.U| { lattice unit }
step: | 1.0 (lattice unit)

Figure 24: Porosity input parameters.

The Porosity parameters defined in Figure 24 are:

o the number of studied layers asked by the user (it can be adapted automatically to its maximum
possible value, i.e. the number of layers of the structure).

e the “roughness smoothing depth” : by setting a value n, the algorithm will simply remove all
the atoms at the surface of the stack in a depth of n lattices.

e the meshing method (cubic, hexagonal or manual).

e the mesh cell size (Ax, Ay and Az in lattice unit) if the manual meshing method is chosen. It is
important to note that it is a 3D computation and thus using too small mesh cells can make your
computation time explode exponentially! So just take what you need!

o the boundary conditions

o for the left and right sides of the structure (recommended: periodic)

o for the back and front sides of the structure (recommended: periodic)

o for the substrate, which can be structured or not. It is important to note that if you study
a structure with a patterned substrate, while choosing the “Flat” option for the Porosity
calculation, all the volume occupied by the substrate will be considered as vacuum (see
Figure 26-right).

e the scanning probe diameter (min, max and step values in lattice unit): these values are directly
linked to the minimal pore throat.

Then, to launch the calculation, just click on the green arrow. All calculation details can be
checked in the log windows (click on the Log tab).
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7.2.2 JMOL results

The first results available are the 3D JMOL maps of pores detected during the calculation. Four
files (stored in the output folder) can be loaded thanks to the Jmol window (click on the Jmol
tab). Each file (xyz extension) represents one kind of pore (air-connected, connected, occluded
and “all kind”). In Figure 25, all kinds of pores, detected by a 1 lu diameter probe, are displayed
for two values of the “roughness smoothing depth” (left: O lu, right: 5 lu). The colour depends

on the pore size.

wwwww

Figure 25: IMOL 3D display of all the pores detected by a 1 lu diameter probe. Left: full structure.

Right: reduced structure by setting the “roughness smoothing depth” parameter to 5 lu.

Note that results for all probe diameters are stored in the same Jmol file. As shown in Figure 26
(left), to access the different data, right-click on the Jmol window, go to “model i/N” (i: the
current picture, N: the number of available pictures) and then choose the picture you want.

It is possible to observe a cross-section of the structure by opening the console (right-click on
the Jmol window and click on “Console™). Figure 27 shows the xz cross section of Figure 25
(right) by typing the command “display y==0" (the value of y depends on the coordinates of

the structure).
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Figure 26: IMOL 3D display of all the pores detected by a 2 lu diameter probe. Left: the substrate is

taken into account (patterned option). Right: the substrate is removed (flat option).

Figure 27: IMOL 2D display of all the pores detected by a 1 lu diameter probe (xz cross-section).

Finally, it could be interesting to visualize the boundaries between the different layers, as shown

in Figure 28. To do that, you just have to choose the “Jmol_- Layers and Boundaries.xyz” file.
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Figure 28: JIMOL display of the boundaries between layers. Left: 3D display. Right: xz cross-section.

WARNING: if no pores are detected for a given situation (pore kind, probe size...), the

corresponding file is not created/updated.

7.2.3 Statistical results

There are four kinds of statistical results (stored in the output folder and available by clicking

on the “Results” tab):

The size distribution (Figure 29 - left): it represents the number of pores for each possible size
in each layer. There is one file for each kind of pore (connected or occluded pores) and each
scanning probe diameter (in lattice unit). Note that a logarithmic hole size distribution mode is
set by default, but you can still access to the linear one (both abscissa are stored in the first and
the second columns of the table below the graph). Then, right-click on the one you want, and
left-click on the other to remove it.

The number of pores (Figure 29 - right): it represents the number of pores (of any size) for each
layer and each studied scanning probe diameter. There is one file per pore kind (air-connected,

connected, occluded and “all pores™).
The volume of pores (Figure 30 - left): it represents the total volume of pores (in cubic lattice)

for each layer and each studied scanning probe diameter. There is one file per pore kind (air-

connected, connected, occluded and “all pores™).
The volume ratio of pores (Figure 30 - right): it represents the volume ratio of pores (in %) for

each layer and each studied scanning probe diameter. There is one file per pore kind (air-
connected, connected, occluded and “all pores™).
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Figure 29: Statistical results. Left: size distribution of occluded pores detected by a 1-lattice diameter

probe. Right: number of detected pores (any kind) in function of the probe size.
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Figure 30: Statistical results. Left: volume (in cubic lattice) of detected pores (any kind) according to the

probe size. Right: volume ratio of detected pores (any kind) according to the probe size.
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WARNING: if no pores are detected for a given situation (pore kind, probe size...), the

corresponding file is not created/updated.
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8 Optics

Optics is designed to compute the absorptance, the reflectance and the transmittance of a
multilayer structure provided by NASCAM. The code is written in C.

8.1 Algorithm

1 .
Q Data loading ]

2
QS[I’UCtUI’E reconstruction ]

4 dlscretlzatlon
detection of optical layers
characterization

loop: A, 6,
incoherence

Optlcal charactenzatlon

effective index evaluation
T-Matrix computation

Figure 31: flowchart of the Optics plugin.
Figure 31 summarizes the different steps of the Optics algorithm. More details are given

below.

8.1.1 Data loading

During this step, three kinds of files are loaded. The first one is the input.txt file where all
parameters set by the user are stored (see Figure 32). For more details about parameters, see

subsection 8.2.
The second kind of data file is the deposited_layer.xyz provided by NASCAM (one file per

layer). In each file are stored the coordinates of all atoms of a given layer. If needed, the

substrate.xyz file can be loaded too.
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The last is the Optical_database.nk file (provided by the NASCAM SQL database) where the

refractive indexes of several materials* are strored.

File Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 7 X
cHHER G smk|ociay| x| BEISTEREpae @ @D B @

BEinput_porotd £3| [= input_optic bd B3 |inuut_cu|ar.bd |ﬂ| BHinput_elec b |ﬂ|

1 5;2.0 !Stack parameters

cubic !Structure discretization method
380.0;780.0;51 !Studied wavelengths

0.0;859.0;10 !Studied incident angles

1.0;10 !light coherence

10.0 !2Z2 discretization (optical layers definition)

(=R I I B S

automatic | Maxwell-Garnett + Bruggeman , moderate speed computation ! !Cptical model
Slab;Patterned !Substrate shape properties

S 8i;1000.0;air !Optical Properties for substrate base

10 sSi;air !Optical Properties for substrate pattern

11 air;air !Optical Properties for incident medium

12 Input Files !Optical properties for layers: table kind

12 &l;air;2.36 ! Optical Properties for layers: material definition for each layer kind-Layer 1

14 s5i02;a2ir;2.0 ! Optical Properties for layers: materizal definition for each layer kind-Layer 2
15 &l;air;2.36 ! Optical Properties for layers: material definition for each layer kind-Layer 3
16 BSio2;air;2.0 ! Optical Properties for layers: material definition for each layer kind-Tayer 4
17 ml;air;2.36 ! optical Properties for layers: material definition for each layer kind-Layer 5
MNormal text file length: 1,028 lines: 17 Ln:1 Col:13 Sel:0|0 Windows (CRLF) UTF-8 INS

Figure 32: Optics input.txt file.

8.1.2 Structure reconstruction

The method is similar to the one used by the Porosity plugin (see Section 7.1.2), with some

differences however. The algorithm is summarized in Figure 33.

4 The can update the SQL database.
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Figure 33: Structure reconstruction algorithm used by the Optics plugin

medium is represented by an integer index as follows:
0: air-connected pores
1: cell filled by the medium of layer 1
2: cell filled by the pores content of layer 1

2Njqyer-1: cell filled by the medium of layer N,y
2Niqyer- cell filled by the pores content of layer N,

Additional indexes can be used in the case of structured substrates.

, each index is directly linked to an optical index spectrum stored in the database.
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8.1.3 Z discretization

Figure 34: Optical layers detection. (a) 2-layer porous structure. (b) Equivalent 1D structure.

The Z discretization method is based on the calculation of the volume fraction gradient in the z
direction for each material of the structure. If the sum of these gradients is bigger than a given
value (set by the user — see Subsection 8.2.1), the algorithm considers that we are in a new

optical layer (see Figure 34).

8.1.4 Optical characterization

Two steps are needed for the optical characterization of the structure. The first one is the
calculation of the effective dielectric function e.¢f (in each optical layer and for each studied
wavelength) based on the effective medium theory (Vedam, 1994). Five optical models (for an
n-material optical layer) are available:

e the Volume Average method:

n
€eff = Zfifi
i=1

With f; and ¢; the volume fraction and the dielectric function of the material i (respectively).
This method is quite fast, but not quite accurate. It can be used only for stacks with relatively
smooth interfaces and a low porosity.

e the Lorentz-Lorentz method:
n

Eeff_1:Zf.6i_1
Eeff+2 p lEi+2
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Same remark as for the Volume Average method.

e the Maxwell-Garnett method:
n-1

Seff “n _ PN
€erf T YEn o Y€ + yep
With €, the dielectric function of the host, y = 1/1 —1and 0 <[ < 1wherelisthe polarization

factor (set by default at 1/3, for spherical pores). This method is particularly suitable to
structures with a "dominant” material (called host) with a relatively uniform porosity.

¢ the Bruggeman method:
n

f €i ~ Cefr _ 0

Z € + 26,5

This method has to be used when a host cannot be defined in the structure (especially for highly
porous structures). This is the only model that cannot be solved analytically (except for 2
materials or less). The optimization method used to solve the Bruggeman equation is the
bounded Nelder—Mead method (or downhill simplex method) [ (Bosch, 2000), (Luersen, 2004)
]

Figure 35 shows the resolution of the Bruggeman equation in a 3-materials domain case (air:
20%, Mo: 40%, Si: 40%) at a A=100nm wavelength.

2.5 15
1.4
2 1.3
= 1.2 : 2
o €eff = (Mepr +J " kegs)
1.5 (%)
o 11 9
5 5
1 —€
" \ . Fitness = Zﬁ =i
0.9 €; + 268)‘)‘
_ (m]
0.8
05 £
0.7
o 0.6
0 0.5 1 15 2 2.5
Neff

Figure 35: Convergence of the Bruggeman solution in function of optical indexes (Nesr and Kefr).
A 3-material domain case (air: 20%, Mo: 40%, Si: 40% at the wavelength A=100nm). Optimization by the
bounded Nelder-Mead method. Pink squares: starting points. Green crosses: path of the solution. Red

circle: final solution (fitness<le-5 after 63 iterations).

o the hybrid method: this method uses the Maxwell-Garnett and the Bruggeman models. The
choice of the model is function of the volume ratio of each material in an optical layer (the
model can then change in each layer). If a "dominant"” material (or host) is found, the Maxwell-
Garnett model is used. If not, the Bruggeman model is chosen. The hybrid method needs all the

45



- Innovative Coating Solutions,
CS

Place Saint-Pierre, 11, B-5380 Forville., Belgium

SOLUTIONS

slu@incosol4u.com www.incosol4u.com

parameters of the Maxwell-Garnett and Bruggeman models, plus the minimal volume fraction
needed to consider a material as a host.

The second and last step of the structure optical characterization consists in calculating its
reflectance, transmittance and absorptance in function of the wavelength and incident angle. It
is done by using a Transfer-matrix code based on the computation of the Fresnel coefficients in

each optical layer of the structure (Heavens, 1955), as shown in Figure 36.

:cncl'je;t/ reflected
1€ _ field
Eij+1l TER+1 '€

ng \%" EO_:O
trans-

mitted field

Figure 36: T-Matrix principle: simplified 1D isotropic stack.
At each interface between two optical layers, we need to compute the Fresnel coefficients:

P Ny €OS Oy g — N1 COS Oy s My, €OS Oy — Ny 4 COS Oy 4
M Ny c0SOp_q +Npy_1c0sB, " Ny, oSO, + Ny_q COSOpy_y
o 2nm cos 6,, s 2nm cos 6,
m

= ts =
Ny COS Oy 1 +Nyp_1€0s0,, ™ My oSOy + Npy_q €OSOpy_yq

Then, the complex Snell law gives the incidence angle of the light in each optical layer:

. : n
Ny SING,,, = Ny g SINO g —> 0,4 = real [sin‘1 ( M _gin Hm)]
Nm-1

—i.abs {im [sin_1 <nn_m sin 9m>]}
m-—1
The phase of light is described by its phase shift factor:
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21
dm = ——nmdm cos 6,

Then, we can compute the transfer matrices in all the structure making the link between the

incident, the reflected and the transmitted electric fields:

exp(i6y—1) rmeXp(—i(Sm_l)] 9[15,;:1

- Ef
Tm€xp(i6py,—1)  exp(—ifm,—q ] = MMy ... MyMy ]

M, _, = 1[
m-1 Ty Ey

Ejc+1
The reflectance, transmittance and absorbance can then be computed by:
_ |EI:+1|L T = nOCOSGO |E6r|4

= = A=1—-R-T
|E,'("+1| Myet1 COS Oy |El-c|-+1|é

The T-Matrix computation can be done several times in an incoherent incident light case.
Indeed, a “trick” method is used to mimic such incoherent light by introducing a random phase

shift of the light inside the different layers of the structure, as explained in (Troparevsky, 2010).

8.2 NASCAM GUI example

In this section, we study a 3D 5-layer stack (Al/SiO2) on a Si slab (1um) substrate structured

by triangular rows (see Figure 23).

8.2.1 Input parameters

The Optics parameter window pops up by clicking on Tools—Optics. The Optics parameters
defined in Figure 37 are:

o the number of studied layers asked by the user (it can be adapted automatically to its maximum
possible value, i.e. the number of layers of the structure).

e the “roughness smoothing depth” : by setting a value n, the algorithm will simply remove all
the atoms at the surface of the stack in a depth of n lattices.

e the meshing method (cubic, hexagonal or manual).

e (if manual meshing) the mesh cell size (Ax, Ay and Az in lattice unit). It is important to note
that it is a 3D computation and thus using too small mesh cells can make your computation time
explode exponentially! So just take what you need!

e the studied wavelengths:

o minimal wavelength in nm
o maximal wavelength in nm
o number of studied wavelengths

o the studied incident angles:
o minimal incident angle in degrees (>0 deg.)
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o maximal incident angle in degrees (<90 deg.)

o number of studied incident angles
e the light coherence parameters:

o theincoherence “level” of the incidence light: it can go from fully coherent (0.0) to fully

incoherent (1.0)

o the number of iterations: i.e. the number of simulations you have to do to mimic an
incoherent light (this parameter is useless for coherent light).

e »r™a

Parameters r Results r Log

Stack parameters

number of studied layers : |

|

roughness smoothing depth : |

2.0‘ { abrasion of the top surface in lattice unit )

Structure discretization method

discretization mesh: |cubic

|v‘

Studied wavelengths

min: | 3800] (nm)
max: | 780.0) (nm)
number : | 51‘
Studied incident angles —
min: | 0.0, {degree)
max | 89 D‘ { degree )
number : | 10‘
light coherence
incoherence level : | W.U‘ { 0:coherent, 1:incoherent, 0-1:partially coherent )}
number of iterations : | 10‘ { 1 for coherent light )
Z di ization (optical layers ition)

maximal volume gradient in the z direction : |

100 (%)

Optical model

model : ‘aulomalic ! Maxwell-Garnett + Bruggeman , moderate speed computation !

& Optics-9.3

2l A=

Parameters I/ Results r Log

Substrate shape properties =]
substrate base : |Slab | - ‘
substrate Pattern : |Patlemed |v ‘
‘Optical Properties for substrate base
substrate slab material : |Si ‘ - ‘
thickness : | 1000.0] (nm)
output medium : |air ‘ - ‘
Optical Properties for substrate pattern
substrate pattern material : ‘Si | - ‘
substrate pattern pore content (if porous) : ‘air | - ‘ » |
Optical Properties for incident medium
incident medium material : |air |v‘
air-connected pore content : |air |v‘
‘Optical properties for layers: table kind =
Select optical parameters for each: : ‘Input Files |v‘
‘Optical Properties for layers: material definition for each layer kind
Layers Material Pore content mean |attice length (angstroms)
Albd | |air |2.26
Si02 bt |sio2 |air |20
Al_thin. bt & air |238

Figure 37: Optics input parameters.
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the maximal material volume gradient in the z direction: this parameter is used to define the
boundary between the optical layers (in the Optics plugin, an optical layer is not necessary a
structured layer!). By decreasing the parameter value, the optical layers thicknesses decrease
too (for a more accurate computation, at the cost of an increased computation time).

the optical model. Six models are available:
o the Volume Average method: this method is really fast, but not really accurate. It can
be used only for stacks with relatively smooth interfaces and low porosity.
the Lorentz-Lorentz method: same remark as for the Volume Average method.
the Maxwell-Garnett method: this method is particularly suitable to structures with a
"dominant” material (called host) with a relatively uniform porosity. This model is
defined by the polarization factor (set by default at 1/3, for spherical pores).
o the Bruggeman method: this method has to be used when a host cannot be defined in
the structure (especially for highly porous structures). This is the only model that cannot
be solved analytically. The optimization method used to solve the Bruggemann
equation is the bounded Nelder—-Mead method (or downhill simplex method (Luersen,
2004)). The Nelder—Mead parameters are:
= the reflection factor
= the expansion factor
= the contraction factor
= the shrink factor
= the maximal number of iterations (stopping criterion)
= the targeted precision (stopping criterion)
o the hybrid method: this method uses the Maxwell-Garnett or the Bruggeman models in
function of the volume ratio of each material in an optical layer (the model can then
change in each layer). If a "dominant" material (or host) is found, the Maxwell-Garnett
model is used. If not, the Bruggeman model is chosen. The hybrid method needs all the
parameters of the Maxwell-Garnett and Bruggeman models, plus the minimal volume
fraction needed to consider a material as a host.
o the automatic method: this is the hybrid method, but all parameters are already set.
Substrate shape properties

o the substrate base which can be finite (slab) or semi-infinite

o the substrate structuration: it can be flat (no structuration) or patterned
Optical properties for the substrate base:

o material of the substrate base

o (if the substrate base is a slab) the slab thickness

o (if the substrate base is a slab) the material of the output medium (usually: air)

(if the substrate is structured) Optical properties of the substrate pattern:
o material of the pattern
o pore content of the pattern (if porous)
Optical properties for the incident medium:
o material of the incident medium
o pore content of the air-connected pores (which can be something else than air)
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e Optical properties for layers - table kind: method to define optical properties for each layer (per
layer or per input file).

e Optical properties for layers: choice of the material name of layers and pores contents and set
of the mean lattice length for each layer or input file (depending on the choice of the table kind).

Then, to launch the calculation, just click on the green arrow. All calculation details can be
checked in the log window (click on the Log tab).

8.2.2 Optical characterization

The first results that you can observe during the computation are in the log window, especially
during steps 4 and 5, as shown in Figure 38 (left). In the “step 4 log section, you can access an
estimation of the average thicknesses of the different layers of the stack. It is important to note
that such values are highly dependent on the structuration. Therefore, it is dangerous to use
them in “sensitive” cases like patterned substrates or inter-penetrating layers. In the “step 5”
log section, you can access the reflectance, transmittance and absorbance for each wavelength
and incident angle in the case of an unpolarized incident light.

Additional information, such as the different refractive indexes of the materials in the structure,
is displayed in the Results section (click on the “Results” tab), as show in Figure 38 (right).
Then, you choose “Optical_Index_by Areas - nk” if you want to display the refractive indexes
for each layers and pore layers, or “Optical_Index_by Materials_- nk” if you want to display

the refractive indexes for each material.
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Figure 38: Left: log results. Right: refractive index spectra of all the materials in the structure.

The next results are the effective indexes (n and k) in function of z, as shown in Figure 39 (here,
each  curve  represents one  wavelength). They are stored in the
“Effective_Optical_Index_VS_z_- n/k” files.

The last and more important available results are the absorptance, the reflectance and the
transmittance spectra in function of the wavelengths and the incident angles. The incident plane
wave can be s-polarized (s), p-polarized (p) or unpolarized (sp). All results files are stored in

the output folder and can be loaded by clicking on the “Results” tab.
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Figure 39: Effective indexes (n and K) in function of z and the wavelength.

Figure 40 shows the reflectance of the structure described in Figure 23 set on a slab-substrate
(1 um thickness). Each curve represents one incident angle. On the left, the incident light is
unpolarized and coherent, and on the right, the incident light is unpolarized and incoherent. As
you can see, there are some important differences between coherent and incoherent results. This
is mainly due to interferences, which appear inside the slab-substrate (thicker than the

wavelengths) in the case of coherent light.
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Figure 40: Reflectance in function of wavelengths and incident angles. Left: the incident light is
unpolarized and coherent. Right: the incident light is unpolarized and incoherent (obtained by averaging
20 simulations).
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9 Colors

Colors is designed to convert visible spectra to colour (i.e. to colour space coordinates as XYZ,
Lab or RGB). By default, these visible spectra are the reflectance and the transmittance
computed by the Optics plugin (see Section 8). The code is written in C.

9.1 Algorithm

1
Q Data loading ]

Color space coordinates | 5\,
©OXYZ - wyY @\
Lab = LCH(ab) S =
Luv =  LCH(uv) c/®

RGB « CMY(K)

Figure 41: Flowchart of the Colors plugin.
Figure 41 summarizes the different steps of the Colors algorithm. More details are given below.

9.1.1 Data loading

During this step, three kinds of files are loaded. The first one is the input.txt file where all the
parameters set by the user are stored (see Figure 42). For more details about parameters, see

subsection 9.2.1.

File Edit Search View Enceding Language Settings Tools Macre Run Pluging  Window 7
sOHRRGA {BE delay s BE| S 1EEBAce su0ER
B input_poro bt JlEinpul_Uphc.bd 4 [Hinput_colortd B3 |Einpul_alec.bd Jl
1 C:\\Users\\Documents\\Nascam 4.7.1\\3x30{\\plugins\\Optics\\output\\Reflectance sp.csv;1.0 !Studied spectra
CIE-illuminant !Reference Illuminant kind
DE5S (natural noon daylight, €504K) !CIE Illuminant type
10 degree ocbserver (CIE 1564) !CIE standard cbserver color matching functions
Bradford; sRGB (D65) !RGB parameters
Zctual CIE standard !L* companding

2
3
4
3
6

Normal text file length: 357 lines: & Ln:1 Col:23 Sel:0|0 Windows (CRLF)  UTF-2

Figure 42: Colors input.txt file.

The second kind of data are the spectra (reflectance and/or transmittance) you want to convert

in colour. Usually, these spectra are strored in different .csv files provided by the Optics plugin,
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but you can create your own spectra file if you follow the same “layout”. They have to be large
enough (from 380nm to 780nm) to describe all the visible spectra. If not, the computation will

be cancelled.

The last kind of data is the colour database (provided by the NASCAM SQL database®) where
are stored:

o the reference illuminant spectra

e CIE standard observer colour matching functions (human eye sensibility)
o the reference white tristimulus values of the reference illuminant spectra
o the chromatic adaptation matrices

o the RGB working space parameters

o the CIE L* function parameters

9.1.2 Chromaticity coordinates calculation

This subsection resumes the steps to compute the chromaticity coordinates of a colour. More

details are accessible on the brucelindbloom website.

< Flowchart

Figure 43 shows us all the useful steps to compute the chromaticity coordinates from a visible

spectrum in different colour spaces.

5 The SQL database can be updated by the user.
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Figure 43: Colour space coordinates calculation - flowchart

% Spectral data to XYZ tristimulus values and xyY chromaticity coordinates

The XYZ tristimulus values are obtained by solving the following system:

(x = % f DS ~ Z Z(A)SA)I(A)A
A
1
v = [Fs@i@a~ Zy(zi)sui)z(zim
A
N

1
Z=—=1zAO)SMIA)dL = ) z(A;)S(A)I(A)AA
| 2

N =

T~ ) 731262
\ 2

where S(A4) is the studied spectrum (e.g. a reflectance spectrum provided by the Optics plugin)

NN

and I1(A) is the reference illuminant spectrum. The integration is done in the visible spectrum,
from 380nm to 780nm. x(4), y(1) and z(4) are the CIE standard observer functions (2 or 10

degree). Then, the XYZ values can be converted to xyY chromaticity coordinates by using:
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(_X

*TXtr+z

1Ty

V_X+Y+Z
Y=Y

X/

s XYZ tristimulus values to Lab and LCH(ab) chromaticity coordinates

The Lab coordinates are obtained by solving the following equations:

( XX, (if X/X, > ¢€)

fx =4k X/X, + 16
* L(ifX/XrSe)

116

L =116f, — 16 Y)Y, (if Y/Y, > €)
a=500(f; = f,) with {f, ={xy/¥,+16 if Y/Y, <

b =200(f, — f,) e =9

Z/)Z, (if Z/Z, > €)
fe=9xZ/Z, + 16

- (i <
\ T (f Z/Z, <€)

where X,., Y, and Z,. are the reference white tristimulus values of the illuminant and € and k are

CIE standard L* companding parameters defined by:

_(0.008856  (actual CIE standard)
B {216/24389 (intent of the CIE standard)
903.3 (actual CIE standard)
{24389/27 (intent of the CIE standard)

Then, it is possible to compute the LCH(ab) coordinates thanks to:

L =1L
C =+ a?+ b2
B {tan‘l(b/a) (if tan"1(b/a) = 0)
tan"1(b/a) + 2m (if tan"1(b/a) < 0)

Notes: in the results provided by the Colors plugin, H is expressed in degrees.

s XYZ tristimulus values to Luv and LCH(uv)

The Luv coordinates are obtained by solving the following equations:
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(., 4X
YT X+15v +32
fL _ {1163/1//1@ —16 (if Y/Y, > €) . oY
KY /Y, @Y/h<e g |0 X+ 15:; 3Z
u=13L(u" —u;) w. = r
v=13L(v' —v)) X, + 15Y;) + 3Z]
, 9y,
T X2+ 157 + 32L

where X,., Y, and Z,. are the reference white tristimulus values of the illuminant and € and k are
CIE standard L* companding parameters defined by:

_ (0.008856  (actual CIE standard)
B {216/24389 (intent of the CIE standard)
_(903.3 (actual CIE standard)
B {24389/27 (intent of the CIE standard)

Then, it is possible to compute the LCH(uv) coordinates thanks to:

L=L
C =+u? +v?
_ {tan‘l(v/u) (if tan"(v/u) = 0)
tan"1(v/u) + 2w (if tan"1(v/u) < 0)

Notes: in the results provided by the Colors plugin, H is expressed in degrees.

& XYZ tristimulus values to RGB, CMY and CMYK

The conversion of XYZ values to linear rgb values is done by:

r X
el
b Z

where M is the rgh/XYZ transformation matrix given by:
S Xy SgXg  SpXp
M=|5Y. S;¥; SpY
SeZy  SgZg  SpZy

Xr :xr/yr =xg/yg Xb :xb/yb
with: (Y, =1 =1 ;=1
Zr:(l_xr_yr)/yr Zgz(l_xg_yg)/yg Zb:(l_xb_YD)/YD
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where (x,, ¥, X4, Vg, Xp, ¥p) are the chromaticity coordinates of the RGB working space, and

Sr Xr Xg Xb - XW
Ssl=1% v Y| |Y
S| 1z z, z,| lzw

where (X, Yy, Zy,) are the reference white tristimulus values of the RGB working space.
Furthermore, if the reference illuminant of the RGB working space is different from the one
asked by the user (defined by its white reference tristimulus values (Xyy, Y, Zi)), @ chromatic

adaptation is needed and is done by using a modified rgh/XYZ transformation:

D
. [ /Pu 0 0 ] »
Igl = M‘lMA"l{ o YA, o0 ]MA Y]
b B Z
0 0 /.Bu
Pu X
where [Yu] = M, | Y, | is the cone response for the reference illuminant chosen by the user,
PBu VAR
P Xw
and [V] = M, | Yy | is the one for the reference illuminant of the RGB working space.
B Zyy

The matrix M, depends on the chromatic adaptation method chosen by the user:
XYZ scaling Bradford Von Kries

1 0 0 +0.895 +0.266 -0.161 +0.400 +0.708 -—-0.081
My, = 0 1 0]; -0.750 +1.714 +0.037]| ; —0.226 +1.165 +0.046
0 0 1 +0.039 -0.069 +1.030 0 0 +0.918

Now, the next step consists in converting the linear rgb to non-linear RGB® coordinates. Then,
the method depends on the chosen RGB working space. The first method is the Gamma

companding given by:

¢ the RGB range is [0;1] here
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R=rY
G =g\
B = b/Y

The second method is the SRGB companding:

(p - {1.0557#1/2-4 —0.055 (if r > 0.0031308)

12.92r (if r < 0.0031308)

- {1.055g1/2'4 —0.055 (if g > 0.0031308)
: if g<o.

12.92g (if g <0.0031308)

B - {1.0551)1/2-4 —0.055 (if b > 0.0031308)
\ . if b <0.

12.92b (if b < 0.0031308)

and the last one is the L* companding:

r. {1.16%/? —0.16 (if r > ¢)
kr/100 (if r<e)
co {1.163;/5— 0.16 (if g > ¢€)
kg/100 (ifg<e)
g - [116Vb —0.16 (if b>e)
\ kb/100 (if b<e)

where € and k are CIE standard L* companding parameters defined by:

0.008856  (actual CIE standard)
{216/24389 (intent of the CIE standard)
903.3 (actual CIE standard)
{24389/27 (intent of the CIE standard)

Finally, it is possible to compute the CMY and CMYK coordinates:
(K =1—max(R,G,B)

C_(l—R—K)
C =1-R (1-K)
{M=1—G and <M=w
Y =1-B (1-K)
(1-B—K)

= (1-K)

9.2 NASCAM GUI example

In this section, we study a 3D 5-layer stack (Al/SiO2) on a Si slab (1um) substrate structured
by triangular rows (see Figure 23). All studied spectra (reflectance, transmittance) are obtained
thanks to the Optics plugin (see subsection 8.2).
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9.2.1 Input parameters

The Colors parameter window pops up by clicking on Tools—Colors. The Colors parameters

defined in Figure 44 are:

the file where are stored the studied spectra (usually the reflectance or transmittance spectra
stored in the Optics\output folder)
the wavelength step used to interpolate these spectra (useful if the spectra have just a few
points)
the reference illuminant used to light the related structure
the CIE standard observer colour matching functions (relative to human eye sensibility)
the RGB parameters:
o the chromatic adaptation method (useful if the reference illuminant of the RGB
working space is different from the one asked by the user)
o the RGB working space. This is a device-dependent colour space, which has to be
adapted to your display device such as your computer monitor or your printer.
the L* companding parameters needed to compute the Lab and Luv coordinates
5% Colors-1.6
) dEd=

l/Parameters r Results r Image r Log |

Studied spectra

File path : |.p|ugms\\Opncs\\outpumReﬂemance_sp.csv| |

Wavelength precision (for interpolation) : | 1 D| {nm})

Reference llluminant kind

Name : |CIE-iIIuminam |v|

CIE Nluminant type

Name : |Dss:natural noon daylight, 6504K) |v|

CIE standard observer color matching functions

Standard observer: |10 degree observer (CIE 1964) |v|

RGB parameters

Chromatic adaptation method : |Bradford |v|
RGB working space : |9RGB:D65} |v|

L* companding

Method : |Actual_CIE_standard |v|

Figure 44: Colors input parameters.
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9.2.2 Results

The first results you can observe during the computation are in the log window. As shown in
Figure 45 (step 4), you can access the chromaticity coordinates of all the colour space this plugin
took into account, and of all studied spectra (i.e. for each incident angle in the present case).

For convenience, the same table is stored in a .txt file in the “Colors\output” folder too.

File Run Window Examples Tools Help

exemple_doc % fest_elec %

_fi‘f%H ) exemple_doc EI & ¥ @ ©raameters | & structureViewer | 5 Eectrics | 3¢ Optics | 3¢ Colors | 7 Porosity | 5% Colors
e e

) Jad=]

Parameters | Results | Image | Log

Step 4 : color space coordinates calculaticn

Rz | xy¥ al | LCH{sb) |  Iuv | LcE{uw) | RGB 1
| | | | 1 1

0.1822 -> 18.42 | x- 0.3373 50.81 | - 50.808 | I~ 50.808 | L- 50.808 | R- 0.5042 -» 128.58 | C- 0.4958 | C- 0.0000 |
0.1910 -> 19.10 | y= 0.3499 1.6005 | C= 7.0040 | u= 5.9164 | C= 10.5169 | 6= 0.4692 -> 119.66 | M= 0.5308 | ¥= 0.0694 | Reflectance (unpolarized light)

| CMYE | spectrum label

|

|

|
0.1707 -> 17.07 | ¥= 0.1910 - . .8187 | B= 76.791g| v= 8.6949 | B= 55.767g] B= 0.4293 -> 109.47 | Y= 0.5707 | ¥= 0.1486 | > 0.00 deg.

|

|

|

| | I 1 1 t= 0.4058 |

| | | 1 1 e
0.1864 - 1e.64 | x= 0.3328 & 50.806 | L= 50.806 | L= 50.806 | R= 0.5108 -> 130.27 | C= 0.4892 =
0.1910 - 19.10 | y= 0.3472 & 2.772 C: 6.9673 | u= 7.2595 | C= 10.7670 | G= 0.4668 -> 119.03 | M= 0.533. M= 0.0863 | Reflectance (unpoclarized light)
0.1727 - 17.27 | ¥= 0.1910 - 8 66.5508| w= 7.9516 | H= 47.6052| B= 0.4323 -> 110.23 | Y= 0.5677 = 0.1538 | -> 3.07 deg

| I I 1 K= 0.4892 |

c= 0.0000 |

| | | | f=mmmm oo o - -
0.1935 - 19.35 | x= 0.3429 .8 50.834 | 1= 50.834 | L= 50.834 | R= 0.5305 -» 135. 0.4695 | C= 0.0000 |
0.1913 -> 19.13 | y= 0.3390 .2826 | C= £.0505 | u= 11.2644 | C= 12.5843 | G= 0.4595 -> 117. 0.5405 | M= 0.133% | Reflectance (unpolarized light
0.1785 -> 17.85 | ¥= 0.1813 - . . 38.704] v= S5.6105 | B= 26.477¢l B= 0.4421 -> 112. 0.5579 | ¥= 0.166% |  -> 6.14 deg
I I | K= 0.4895 |
| 1 | e
50.976 | L= 7 = 50.976 | R= 0.5622 -> 143.36 | C= 0.4378 | C= 0.0000 |
C= 12.2866 | u= 17.7 C= 17.8035 | G= 0.4479 -» 114.21 | M= 0.5521 | M= 0.2033 | Reflectance (unpolarized light)
12.2028| w= .4528 = 4.6812| B= 0.4604 -» 117.39 | Y= 0.5396 | Y= 0.1811 | -> 9.21 deg.
1 1 | K= 0.4378

51.383 | I= 51.38 = 51.383 | R= 0.6037 -> 153.84 | C= 0.39€3 | C= 0.0000 |
19.4985 | u= 26.0758 | C= G= 0.4335 -» 110.54 | M= 0.5665 | M= 0.2819 | Reflectance (unpolarized light)
357.2372| v= - 7| B= = 0.4888 -> 124.64 | Y= 0.5112 | ¥= 0.1904 | -> 12.28 deg
I 1 | ¥= 0.3963 |
| 1 | oo - -
22, - 0.6508 -» 165.96 | C= 0.3492 | C= 0.0000 |

.8659 | G= 0.4197 -» 107.03 | M= 0.5803 | M= 0.3551 | Reflectance (unpolarized light)
88| v=-11.87 = 341.210@| B= 0.5267 -> 134.30 | Y= 0.4733 | Y= 0.1908 | -> 15.34 deg.
I I 1 | K= 0.3492 |
I 1 1 | [mmmmm e e - -
53.623 | 1= 53.623 | R= 0.6964 -> 177.59 | C= 0.3036 | C= 0.0000 |
35.6611 | u= C= 46.1305 | G= 0.4131 -> 105.35 | M= 0.5869 | M= 0.4068 | Reflectance (unpoclarized light)
-9.3181 | H= 344.853@| v=-18.9000 | H= 335.813@| B= 0.5689 -> 145.06 | Y= 0.4311 | Y= 0.1832 | -> 18.41 deg
| I I 1 1 | K= 0.3036 |
| I I I 1 | |=mmmm o — -

§5.55 | 1= 55.548 | L= 55.548 | L= 55.548 | R= 0.7294 -> 185.39 | C= 0.2706 | C= 0.0000 |
37.4082 | €= 39.12855 | u= 44.9213 | C= 50.4421 | G= 0.4231 -> 107.90 | M= 0.5769 | ¥= 0.4198 | Reflectance (unpolarized light)
~11.6674 | H= 342.678g| v=-22.3452 | H= 332.343e| B= 0.6047 -> 154.21 | ¥= 0.3853 | Y= 0.170% | -> 21.4% deg.
| I I I 1 | K= 0.2708 |

Figure 45: Colors log. Chromaticity coordinates display.

For your information, by clicking on the “Results” tab, the reference illuminant spectrum and
the CIE standard observer colour matching functions used during the computation are also
accessible, as shown in Figure 46.

In the same “Results” windows see Figure 47 — left), you can display all the studied spectra (in
this case, the reflectance for each incident angle). Each of these spectra can be linked to a RGB

bitmap picture displayed in the “Image” window, as shown in Figure 47 (right).
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Figure 46: (left) CIE D65 reference illuminant spectrum.
(right) CIE 10° standard observer colour matching functions.

File Run Window Examples Tools Help

spectra, illumi and observer functions |Cotors.omp =

0 M @2 AT 40 w0 EC 0 M S0 S0 teD 60 60 oA 60 0 Y03 T 7AW T 70 S0
wavelengh (nm)
#-SpachLm 1: 0.00 Geg. @ Spectum 2: 3.07d23. & SPeCtum 36,14 deg.  Spectium 4: 9.21 deg. = Spectium 5: 12.26 Geg. + Spactum 6: 15,34 dg.
= Spectium 7: 1841 deg. - Spectum 8: 21,43 deg, ¥ Spectium 9: 24,55 deg. ~-Spectium 10; 27,62 deg, & Spactium 13: 30,69 deg.
# Spectium 12: 33,76 deg. - Sosctrum 13: 36,33 deg. - Spectium 14: 39.90 deg. = Spectium 15; 42.97 deq. - Sosctam 161 46.03 deq.
= Spsctum 17: 49,10 deg. * Spectnum 18:52.17deg.  Spectium 191 55.24 deg. < Spechium 20; S8.31 ceg. © Spactum 21 6133 deg.
 Spectium 22: 64,45 deg, -4 Spectium 23: 67.52 deg. < Spectium 24; 70.50 deg. = Spectium 25; 73,66 deg. ¥ Spectium 26: 76,72 deg.
= Spectium 27: 7979 deg. - Spactum 28: 82,85 deg. + Spectium 20: B5.93 deg. ~ Spectium 30: £9.00 deg.

= T ————

R voov0ss | ovs.tncton x (10 deg) obs. uncton (10 d0g) ovs.tunct
380, 49.98 -
o7 Sokas =
e S
383 51378
384, 51.842 0.00°
385 52.31 0.00° -]
(1 1 I I

Figure 47: (left) interpolated studied spectra (for an unpolarized incoherent D65 incident light).
(right) bitmap RGB colour display for each studied spectrum.
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10 Electrics

Electrics is designed to compute the effective conductivity of a multilayer structure provided
by NASCAM. The code is written in C.

10.1Algorithm

0 .
Q Input loading

J
Data loading (]\

3D structure ]

=

O

=

reconstruction

relaxation

inite-Element calculation
. electric potential
. electric current

Results
effective electric conductivity

effective electric resistivity

=

slohe| Jo
Jagwnu ayj uo dooj

—» O

=

—O

Figure 48: Flowchart of the Electrics plugin.

Figure 48 summarizes the different steps of the Electrics algorithm. More details are given

below.

10.1.1 Data loading

During this step, two kinds of files are loaded. The first one is the input.txt file where all the
parameters set by the user are stored (see Figure 49). For more details about the parameters, see

subsection 10.2.1.
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The second kind of data file is the deposited_layer.xyz provided by NASCAM (one file per
layer). In each file are stored the coordinates of all atoms of a given layer. If needed, the

substrate.xyz file can be loaded too.

File Edit Search View Encoding Language Settings Tools Macre Run  Pluging  Window 7
BHERALA s hE e ine x| BE 1 EIEAes B0 EE

B input_poro nd ._ilEinput_npt\cm .Jl BEinput_colortt £ B input_elec et B3 |

1 5;2.0 !Btack parameters
periodic;periodic;isolator;left;Patterned !Boundary conditions
1.0;40;50;1.0E-16 !Tri-linear Finite-Element parameters
0.0;2.52E-4;0.0 !Electrical properties for air-connected pores and substrate pattern
Input Files !Electrical properties for layers: table kind
3.77E7;0.0 ! Electrical properties for layers: conductivity definition for each layer kind -Layer 1
.0E-15;0.0 | Electrical properties for layers: conductivity definition for each layer kind -Layer 2
.7TET;0.0 ! Electrical properties for layers: conductivity definition for each layer kind -Layer 3
.0E-15;0.0 ! Electrical properties for layers: conductivity definition for each layer kind -Layer 4
.7TE7;0.0 ! Electrical properties for layers: conductivity definition for each layer kind -Layer 35

2
3
4
2
6
9

1
3
1
3

-
i

MNormal text file length: 796 lines: 10 Ln:1 Col:18 Sel:0|0 Windows (CR LF) UTF-8

Figure 49: Electrics input.txt file.

10.1.2 Structure reconstruction

The method to recreate a 3D structure is similar to the one used by the Optics plugin (see
subsection 8.1.2). The only difference is that each integer representing one material inside the

3D matrix is directly linked to an electric conductivity (instead of an optical index spectrum).

10.1.3 Finite-element calculation (incomplete description!)

The algorithm is mainly based on a finite-element program developed by NIST’ (Garboczi,

1998; Scocchi, 2013). We will resume the main steps, summarized in Figure 50.

7 National Institute of Standards and Technology
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3D discretized structure
(each element is associated to a conductivity)

-

voltage initialization on each element nodes
(linear initialization based on the boundary conditions)

computation of dissipated power in each element

-

relaxation step
(optimization process to minimize the dissipated power)

-

1amod pajedissip J

updated voltage on each element nodes

-

computation of average current in each element ]

o

computation of effective conductivity
and resistivity of the whole structure

DROROIOROIR Ol
-

Figure 50: Flowchart of finite-element algorithm.

% Dissipated power calculation

The main goal of the algorithm is to compute the voltage field in the whole structure allowing

minimal dissipated power. The general expression of the power is given by:

P=Mﬁtﬁﬁdxdydz

where E is the electric field (3x1 vector) and @ is the 3x3 conductivity tensor.
To compute such power, we need to solve the Maxwell-Faraday equation:
0B

ot

with B the magnetic field. In electrostatics (by considering a near-absence of varying magnetic

VXE=-—

field), this equation could be simplified in:

E=-V
with V' the electric potential or voltage. The local electric field components at the position
(x,y, z) are then given by:

du(x,y,
ei(x,y;z) = _¥ with i = xX,Y,Z
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To solve such an equation in our system, the basic idea consists in discretizing the studied
structure in elements (or pixels). In our case, these elements correspond to the cubic cells of the
3D meshed structure described above (see 10.1.2). As shown in Figure 51, these elements have
8 nodes and 26 neighbours. In the current plugin version, Ax = Ay = Az = A, where A is the

cubic element edge size (in lattice unit) set by the user.

Ns z
i Na y
X

N Ne N-

\
Nz Na

- A -

Figure 51: Tri-linear finite element (pixel) and its 8 nodes.

It is now possible to compute the electric potential at each node of the mesh, and then express
u(x,y, z) as a tri-linear interpolation of the 8 nodal voltages of an element n stored in the 8x1
vector u,,.

Thereby, we can compute the power dissipated in this element n:

A A A . A A A , .
B, = f f f E‘G,Edxdydz = f f f (—Vu(x,y,2)) T, (—Vu(x,y,2))dx dy dz
0 Jo 0 o Jo Jo

This expression can be simplified in:
b, = ﬁ% Kn ﬁn

where A,, is the 8x8 stiffness matrix of the element n given by :

B A A A
A, = f j j lig, l,dxdydz
0 Jo Jo

where 7n = VL' is a 3x8 matrix making the link between u,, and E. Such integration is done by

using the Simpson method. L is a 8x1 vector used for the linear interpolation of u inside the

element, given by:

u(x,y,z) = Zﬁlﬁ’n
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It is important to note that boundary conditions are not yet taken into account here. The exact
expression of P, is then:

P, = utA,u, + bt U, + c,
For more details about the boundary condition dependent variables Bn and c,, refer to the NIST

report.
To obtain the total energy P dissipated by the whole structure, a simple summation is needed:

P=2Pn
n

< Dissipated power gradient calculation

As explained above, the base of the algorithm is to minimize the dissipated power. It is done
by using the conjugate gradient method, which needs the computation of the dissipated power
gradient:

G = aP/aV

In our discretized structure, such a gradient has to be computed by taking into account all
neighbours of the element:
0
. /aul
G, = : P, =
0
/aus

where A’,, is a global 8x8 stiffness matrix built from all the stiffness matrices of the eight

|
=
el
S

_|_
=l
=

neighbouring elements in contact with each node of the element n.

« Electrical current calculation

The local electrical current in each element is computed by averaging the diagonal currents in
the 4 diagonal directions of the cubic element (see Figure 51):

L, Uyt g tisus+ e
lp, = 4
Each diagonal current is given by:

Ui = (ul- — uj)ﬁnﬁiﬁj with 11;_,; the unit vector giving the diagonal direction.
« Effective conductivity calculation
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It is possible to obtain the effective electrical conductivity thanks to the volume average current

> 1 R
Imean = Nz ln
n

The effective conductivity in the i direction is then given by (see MIT lecture - chapter 3):
g | — Imeanli Ni Ai
e AV A A

per element:

with i,j,k=x,y,z

where N;, A; and AV; are respectively the number of elements in the i direction, the size of an
element in the i direction and the electric potential difference in the i direction (set by the

boundary conditions).
10.2NASCAM GUI example

10.2.1 Input parameters

The Electrics parameter window pops up by clicking on Tools—Electrics. The Electrics
parameters defined in Figure 52 are:

o the stack parameters:
o the choice to study the whole structure only, or to do a loop by increasing the number
of layers
o the number of studied layers asked by the user (can be adapted automatically if too
high)
o the n last z-levels of atoms to be removed on the top surface of the stack (to abrase
and/or smooth the roughness)
¢ the boundary conditions:
o the boundary condition on the left (-x) and right (+x) sides of the domain: can be
periodic, insulating or conductive
o the boundary condition on the back (-y) and front (+y) sides of the domain: can be
periodic, insulating or conductive
o the boundary condition on the down (-z) and up (+z) sides of the domain: can be
periodic, insulating or conductive
o the electric current inflow side: be careful not to put an insulating boundary condition
on this side!!!
o at the substrate side (-z): the substrate can be patterned or flat
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i Electrics-1.0

orE

l/Parameters r Jmol r Log

Stack parameters | = |
number of studied layers : ‘ 5|
roughness smoothing depth : ‘ 2 D| ( abrasion of the top surface in lattice unit )
Boundary conditions
B.C. on left (-x) and right (+x) sides of the domain : |pen0dic | - |
B.C. on back (-y) and front (+y) sides of the domain : |pen0dic | - |
B.C. on down (-z) and up (+z) sides of the domain : |isolator | - |
Electric current inflow : ||en | - |
Substrate structuration : |Patlerned | - |

Tri-linear Finite-Element parameters

cubic element edge size 1 D| ( lattice unit )

number of relaxation steps 4D|

number of conjugate gradient steps 50|

max power gradient per pixel

1.0E-16| (a.u.-see note)

Inote!: |abwlﬂlepuuergmdiml: |v|

Electrical properties for air-connected pores and substrate pattern {see database below)

air-connected pores conductivity : ‘ 0 D| {S/im}
substrate pattern conductivity : ‘ 2.52E—4| { S/im )
substrate pattern pore conductivity (if porous) : ‘ 0 U| { Sim}

Electrical properties for layers: table kind —

Select electrical parameters for each: : |Input Files | — |

Electrical properties for layers: conductivity definition for each layer kind (see database below)

Layers Material conductivity (Sim) Pore content conductivity (S/m)
Albe 3TTET 0.0
Si02.mt 1.0E-15 0.0
Al_thin.be 377E7 0.0

Figure 52: Electrics input parameters.

e the Tri-linear Finite-Element parameters:
o the cubic element edge size (in lattice unit): the structure is discretized by using a cubic
mesh
o the number of relaxation steps
o the number of conjugate gradient calculation steps for each relaxation step
o the maximal power gradient per pixel: due to the normalization of variables during the
calculation, the power gradient is dimensionless. By default, its maximal value is set to
1.E-16
o Electrical properties for air-connected pores and substrate pattern:
o the air-connected pores electrical conductivity (S/m)
o (if the substrate is structured) substrate pattern electrical conductivity (S/m)
o (if the substrate is structured) substrate pattern pore electrical conductivity (S/m)
o Electrical properties - table kind: method to define electrical properties for each layer (per layer
or per input file)
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e Electrical Properties for layers: choice of the electrical conductivity of host and pore content for
each layer or input file (in function of the table kind choice)

10.2.2 Results

The first results you can observe during the computation is in the log window. As shown in

Figure 53, you can access the effective electric conductivity computed by finite element.

5% Electrics-1.0

erE

rParameters r Jmaol |/ Log

[afalatalatalalalalulalalnlalnlalalnlelnletadetatera o ube utovatutatuvatatutatutalulalnlnlnlnlnlelnlelazeletoleto aretare ututaturatutn)
Step 5 : Results
->» RBesults resume :

-» effective conductivity (+x direction) : 6.175e+006 (5/m)
-> Results converged ? : yes ! => congratulation !

Figure 53: log display: final effective electrical conductivity

The second available results are 3D JMOL maps of the electric conductivity (Figure 54 - left),

the electric potentials (Figure 54 - right) and of the electric currents (Figure 55).

Figure 54: JMOL 3D display. Left: electrical conductivities (a.u.). Right: electric potentials (a.u.)

As shown in Figure 55, it is possible to display the current intensities (left - automatic) or the
current vectors (right) by typing the “spacefill 3%;vector scale 3.0;vector 0.05;” command.
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Moreover, it is possible to display an xz cross-section by typing the “display y==0" command
(the value of y depends on the coordinates of the structure).

b/ 7
Z Z

>
OCRONNNNNNY

amal

Figure 55: JIMOL display of electric current. Left: electric current magnitude (a.u.).

Middle: electric current vectors. Right: electric current vectors xz cross-section (a.u.).

Finally, if the “loop on the number of layers” option is checked, the Results tab displays the
evolution of effective conductivity (and resistivity) in function of the thickness or the number
of layers (see Figure 56).

©® NASCAM V4.6.1 = = “

File Run Window Examples Tools Help

test_4.6_chevion ¥ | test_Ag_20pcDi_testo % | @ |
B%H@ test_Ag_20pcDr._tesio1 BE & @ Oraometers |5 simuatonmonitor| feecies | B3
i Blectrics1.10 [ Shmsiea R Shmsiea R : E]
U2l Je]=]

Parameters Resuts | Jmol | log |

Effective electrical conductivity VS thickness

/‘l—,, - e,
16,000,000

14,000,000

= = Giao M

°

=

8,000,000

6,000,000

effective conductivity (S
N

4,000,000

2,000,000

0

Etl 12 13 1 - . 7 18 18

| Transpose | [Average_Effective._Electrical_Conductivity [+]

D - || oo |
1,174,938 627.241| -
7,661,535 011,002 _
707,700] 820,072
224[1 016,525
,040,380) 73,7364
EB:EII 46,716.4| |
550) 481833 Kd
1] Iv]

Figure 56: log display: final effective electrical conductivity
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11 Slices

This plugin creates slices of a final structure “coating.xyz", substrate or user defined file. It is
possible to make one or several slices of a desired thickness perpendicular to the X, Y, or Z-
axis. For each slice, it is necessary to set the axis, the starting and the ending coordinates of the
slice. One can produce either a set of slices (checkbox is not checked) or an intersection of
slices. For the example shown in the figure below, two slices are produced; the first one contains
atoms with x coordinate from x=0 to x=10, the second slice contains atoms with coordinate y=0
to y=1, then the intersection of these sets will be done.

In case the checkbox is not checked, two output files are produced, the first file contains atoms

with x coordinate from x=0 to x=10, the second file contains atoms with coordinate y=0 to y=1.

5% Slices-2.0

o P VE

Parameters | Jmol | Log

General Parameters

Number of slices: | 1]

File : |Coatinu | - |

Cumulative slices or in separated models

Slice Parameter

Slicing Axis : |X | hd |
From : | III| { lattice coordinate )
Until : | 1III| { lattice coordinate )
Slice Parameter
Slicing Axis : |*r |v|
From: | 0| (lattice coordinate )
Until : | 1| { lattice coordinate )
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12 Thermal Conductivity

Thermal conductivity plugin is used to calculate a thermal conductivity of a single layer or
multi-layer films and evaluate the temperature profile in the film. It is applicable to flat
substrates or to featured substrates with aspect ratio of the features less than 1. The plugin is
based on an effective medium theory that’s why it is supposed that the coating is more or less

uniform in the directions parallel to the substrate.

1
Q Input loading ]

Coating data loading ]

4

Calculations of
thermal conductivities
for each layer

4

Results ]

12.1Algorithm

—~

—©

effective thermal conductivity
temperature profile

—®

Figure 57 : Flowchart of the Thermal conductivity plugin.

Different steps of the Thermal conductivity plug-in are showin in Figure 57 .

12.1.1 Input and Coating data loading

During this step, two kinds of files are loaded. The first one is the input.txt file where all the
parameters set by the user are stored, see Figure 58. Detailed description of the input is given

below. The second data file is the simulation result of the coating deposition, coating.xyz, that

74



5 . Innovative Coating Solutions,
mg Place Saint-Pierre, 11, B-5380 Forville., Belgium

INNOVATIVE COATING
SOLUTIONS

slu@incosol4u.com www.incosol4u.com

contains all the information on the coating. The porosities of sub-layers are calculated based on
the data.

Eile Edit Search VYiew Encoding Language Settings Tools Macra Bun  Plugins  Window 2 X
o B ootgll | |ﬁﬂi;ﬁ|‘§ "'>|_"_.:_'_|—=—,- E?Ljuj@-—"“g ] |5?'(‘:
1= input bt E3 l
1 cubic- I3tructure - discretization- parameters ~

2 Input-Files. !Thermal  properties. for layers: table kind

3 1.0ES8;100.0- 'Experimental -conditions

4 TiN:40.0;11.0 ! Thermal properties for: layers: conductivity definition:for-each- layer kind. (see- database he
5 interface;3.0:0.1- ! Thermal properties for-  layers: conductivity definition for each  layer kind- (see. databas
[ TiklN;40.0;5.0 ! Thermal properties for- layvers: conductivity definition for-each- layer kind- (see datshase-b
7 interface;3.0:0.1-! Thermal properties for- layers: conductivity definition-for each: layer kind- (see-databas
=] TiN:40.0;11.0 ! Thermal properties- for. layers: . conductivity definition.for-each layer kind. (see database he
£l interface;3.0:;0.1- ! Thermal properties for  layers: conductivity definition for each: layer kind- (see-databas
10 TiklN:;40.0;5.0- ! Thermal - properties  for: layers: conductivity definition- for-each- layer kind. (see database-b
11 interface:S.d:D.l ! Thermal properties for layers: conductivity definition for each lavyer kind (see databas
iz TiN:;40.0;11.0 ! Thermsal properties- for layers: conductivity definition for each layer kind. (see database he
13 interface;3.0:;0.1- ! Thermal properties for- layers: conductivity definition-for each: layer Kind- (see-databas
14 TikhlN:40.0:;5.0- ! Thermal properties for:  layers: conductivity definition- for.each-layer kind. (see database-b
15 interface;3.0:0.1- ! Thermal properties for  layers: conductivity definition for. each: layer kind. (see. databas
16 TiN;40.0;11.0 ! Thermal properties-for:  layers:  conductivity definition:for-each- layer kind. (see- database he
17 interface;3.0:0.1- ! Thermal properties for- layers: conductivity definition-for each: layer kind- (see.databas
ig TiklN:40.0:5.0 ! Thermal -properties for layvers: conductivity definition. for-each- layer kind. (zee. datshase-b
19 interface;3.0;0.1- ! Thermal properties for  layvers: conductivity definition-for each- layer kind- (see-datsbhas
20 TiN:40.0;11.0 ! Thermal properties for:  layers: conductivity definition:for-each: layer kind. (see  database he
21 interface;3.0:0.1- ! Therwal properties. for: layers: . conductivity definition-for. each: layer kind. (see-databas .,

£ >

Mormal text file length: 2,488 lines: 23 Ln:11 Col: 14 Pos: 1,013 Windows (CR LF) UTF-8 IMS

Figure 58 : Input file for Thermal conductivity plug-in.

12.1.2 Calculation of a thermal conductivity of a single

deposited layer.

Calculation of a thermal conductivity of a layer k is based on two parameters. The first
parameter is a thermal conductivity of a bulk material, ko. The second parameter is a pore
distribution in the deposited film.

While ko is an input parameter for the calculations of total thermal conductivity and one have
to find it value somewhere, the porosity of the film is taken from kMC simulation of the film
growth. The thermal conductivity of a film with pores is calculated by using Landauer relation
based on effective medium theory (R. Landauer, The electrical resistance of binary metallic
mixtures, J. Appl. Phys. 23, 779-784, 1952).

2 1/2
k=1, [kp(Snp — 1) +ko(2 = 3n) + {[Iy (3, — 1) + ko(2 = 3n,)]” + Bkoky | ],(1)
where np and kp are porosity of the film and thermal conductivity of material which fills the

pores, normally it equals to 0. Interesting, that the relation is the same as Bruggeman's relation

for effective dielectric constant. If porosity is not constant across the layer thickness, then the
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layer is divided into sub-layers so that the change in the porosity in the sub-layer is less than
10% and the thermal conductivity is calculated for each sub-layer. The total thermal

conductivity then calculated as follow:

1 N L/l
- = i=1 ! (2)
k ki
where ki is a thermal conductivity of a sub-layer “i”, li is a thickness of the sub-layer “i”, I is

the total thickness of the layer, and N is the number of sub-layers. This equation has simple
physical sense, in case of a multiple layers the total thermal resistivity of the film, 1/k, isa sum

of thermal resistivities of sub-layers.

12.1.3 Calculation of thermal conductivity of afilm consisted of

a multiple layers

For the case of a multi-layer film one can use a simple generalization of Equation (2) to calculate
the total thermal conductivity of the whole stack of individual layers. In this case, it is also
necessary taking into account thermal resistivity of the interfaces between the layers. So the

equation for the total thermal conductivity has the form:

1 _ N L/t N—-1

where rj are thermal resistivities of the interfaces.

12.2NASCAM GUI example

12.2.1 Input parameters

One can access input parameters for the plug-in by clicking on Tools=> Thermal_Conductivity,
see Figure 59. The input parameters are:
e Number of layers, should be the same as number of deposition stages (in case of
multi-layer deposition).
e Materials for each layer should be setup manually in accordance to the deposited
material at each stages.

e Values for thermal conductivities should be setup manually.
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e Thermal load.

e Temperature at the film surface.

One can increase an effective thickness of the coating by changing parameter "distance between
2 mono-layers". If one changes the value from the default value 3.0 to 30.0, then each atom will

represent a "super particle™ with a diameter of 30 Angstroms.

54 Thermal_conductivity-2.2 (=E3
» vE

JF‘arametersT Results T Log ]

Structure discretization parameters

dizcretization mesh : |_|:ubi|: ‘I’J

Thermal properties for layers: table kind

Thermal parameters are defined by each: = | Input Files 'J

Experimental conditions

Thermal load : 1.0E8 | (Watt percmz )

Substrate termperature : 100.0 | (degrees Celoius )

Thermal properties for layers: conductivity definition for each layer Kind (see database below)

Layers Material distance between 2 .. Thermal conductivity (...
Tikl bt Tik 400 1.0

interface.td interface 3.0 0.1

TiAIM bt TiAIM 0.0 a.0

Figure 59 : Input parameters for Thermal conductivity plug-in
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Results

For the illustration we will give examples of calculations of the thermal conductivity for multi-

layer TiN/TiAIN film (experimental details see M.K. Samani et al, Thermal conductivity of

titanium nitride/titanium aluminum nitride multilayer coatings deposited by lateral rotating

cathode arc, Thin Solid Films 578 (2015) 133-138). Experimental results are given in Figure

m Single layer TiN
A Single layer TiAIN
® Multilayer [TiN/TIiAIN]

—p—

¢

60.
14
12 |
g L
E 10-—
E 8
2
2 i
S 6¢f
©
c
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O
©
E 4t
<))
-
-
3 L
Figure 60 :

coatings.

25 50 75 100

Bilayer number (n)

Thermal conductivity of the as-deposited TiN, TiAIN single layers and [TiN/TiAIN]n multilayer

A case with number of bilayers n=5 was chosen for the example. Firstly, it is necessary to setup

NASCAM simulation for cases of multilayer deposition. To simulate such a film one has to
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simulate deposition N = 4*n-1 single layers. This number is easy to understand if one takes into
account that the structure of the film is as follow:

TiN/Interface/TiAIN/interface/

TiN/interface/TiAIN/interface/

i

TiN/interface/TiAIN/interface/

TiN/interface/TiAIN/

Therefore, for each bilayer it is necessary to simulate 4 single layers, except for the last bilayer,

where there is no last interface layer. Figure 61 illustrates the simulation setup and results of

the simulations.

NASCAMVA.7.3

- o
File Run Window Examples Tools Help
JT\NJWN xlo]
= ;©=‘HP’§} TN TiAIN I & L @ ©reaameters [ emuatonvonior & Structure Viewer »
3] Parameters interface.tt & e Meney =8
Current Parameter File: |interface.td |») (_petete | [ impod] File Browse || Reload || Final Result

J Mode| Description | Substate Definfion | Deposition parameters | _Simulation Setup | Additional Parameters |
"~ Model Description
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Figure 61 : Simulation of deposition of 5 bilayers of TiN/TiAIN.
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On completing film growth simulation one can start calculation of the thermal conductivity of
the film.

To start the calculation it is necessary to set up thermal conductivity of each layer and thickness
of each layer. In addition, to get a temperature profile it is necessary to set the thermal load and
substrate temperature.

Although there are 19 deposited layers in the example it is not necessary to set the data for each
layer as the data for all TiN layers, TiAIN layers and interface layers are the same. For this
reason, one should set up the data only three times, for each kind of deposited layers. Obviously,
there are 3 different kind of deposited layers in the example, that’s why there are only three
lines in the input table for the thermal properties of the materials.

Setting up of the layer thickness should be done as follow. The idea is to scale up the thickness
of a simulated layer to the real thickness of a sample. The scaling is a necessary step as usually
the simulation are not capable to reproduce experiment 1:1. Therefore, it is necessary to find
the ratio of experimental thickness in nm to simulated thickness, which is expressed in number
of deposited monolayers. This value should be used as “distance between two monolayers” for

the corresponding simulated deposited layer.

12.2.3 Temperature profile across the coating.

The results of the calculation of the thermal conductivity of the coating one can get by clicking
the Results tab of the plug-in window, the tab presents the temperature profile across the

coating, see Figure 62.
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Figure 62 : Temperature profile across the coating calculated by the plugin.

Equation 3 may be used to estimate thermal resistance of the interfaces. The value of the thermal

resistance may be evaluated to get the best fit to the experimental data. This procedure gives r

= 3.66*10“% m*K/W. It has to be noted that it is the thermal resistance of the interfaces that
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results in the decrease of the thermal conductivity of the film with the increase of the number
of bi-layers TiN/TiAIN. In addition, we have to mention the best agreement to the experimental
data was obtained when the values of thermal conductivities of TiN and TiAIN monolayers

were taken about 1.5 times less than they were measured, see Figure 63. The correction to the

experimental values required additional considerations.
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Figure 63 : Experimental values of thermal conductivity of TiN/TiAIN multi layer film and values simulated

by Thermal plugin and calculated by Eq. 3
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