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1. Basic operation SpectraRay Il software

1.1. Starting the SpectraRay Il software

The SpectraRay Il software is started by double clicking the SpectraRay Il icon on the desktop.
Simultaneously the device drive software is started automatically. This software is necessary to
operate the ellipsometer hardware. It shouldn’t be closed. It will be reopened automatically, but some
error messages will appear. Just press "OK" and proceed.

5
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1.2. SpectraRay Il Main Window at a glance

The SpectraRay Il main window consists of the menu bar, icon bar and four sub-windows.

% SpectraRay - c:\grams\expidemo applications\dielectrics on semiconductors'sio?_si_400nm_uwvis.exp

Flle Edit Dats Options Colect Tools Cakulate Plot Extra Help

(con bar DR BG= 03 FETRAG ™D e BLEME L 5
teri Model
-] F7-Load N K Layer 1=1.0000 : N
398.42 nm_ [qte) “auchy La n=1 4575
. B Caur 5102 Pliskin) | S e = .
Material =Cau-5\0 fput) — Si (Silican) - fil File Lay 34422 Optlcal
library S0ty Remove model
B Cau-Sixiy (PECYD) 1 r
[ CauTi < >
I cau-Tioz ,l_l
B Cau-Zn0
B cdse (Palik) - Y,
cauchB 1. mat
Measurements:
clgramsidatal g N
apphspe F8 - Add
External o Remoe Datasets
measurement >
import Measurements
J

Adv. Fit Ok, 0%

Icon bar:

The most important functions of SpectraRay Il are represented in the icon bar for fast access like the

; S [
measurement window @MEES', fitting window “#===2*_ or environmental parameters settings

Sub-windows:

Materials:

It contains a comprehensive library of material dispersion. They can be moved by drag & drop to the
Model sub-window to build the optical model. The material library can be extended with new material
dispersions. The icon in front of the material name indicates the type of dispersion relation.

Model:

This window is used to build up the optical model which is describing the optical behavior of the
sample layer stack. Here is defined, which parameters are used for the fitting procedure.
New layers can be inserted into to optical model or existing layers can be deleted from the optical

model at any time during the modeling process. There is practical no upper limit for the amount of
layers in the optical model.

Data:

Here all measured spectra are stored. Also data which are deduced from the existing model are stored
in this window. Datasets can be exported e.g. to ASCII files. The box in front of the name of the
dataset defines, whether the dataset is active (red) (used for the fitting procedure) or not (grey).

Measurements:

This window allows a fast import of external measurements (from other reflectometer or transmission
tools)
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1.3. Five basic steps of operation

The sample measurement and analysis can be summarized in five basic steps of operation:

Five steps of SpectraRay operation

1. Sample alignment

2. Ellipsometric measurement

2.1. Starting the measurement
2.2. Renaming the measurement

3. Modeling
3.1. Creating a model
3.2. Selecting fit parameters
4. Fitting
5. Reporting
5.1. No reporting
5.2. Measurement report
5.3. Creating manual report
5.4.  Using “Simulation” for report
5.5. Exporting the simulation data to an ASCII file

These five steps sample measurement and analysis will be discussed in the following chapters.

The following standard sample will be used as example:
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131 Sample alignment

The Auto collimating telescope (ACT) in combination with the objective lens is used for the alignment.

The accurate alignment of the sample height and tilt are necessary to obtain the correct angle of
incidence and PSI, DELTA spectra.

Alignment of ideal samples (perfectly flat and specular)
Step a) Height alignment

Move objective lens into "sample height" position
Use height alignment screw to focus the white cross

Wrong height (cross defocused) Correct height (cross focussed)

Step b) Tilt alignment

Move objective lens out to “light tilt” or "dark tilt" position
Use the two tilt screws to align the tilt by moving the white cross towards the crosshairs.

ﬂ - =

Wrong tilt (cross not on crosshairs) Correct tilt (cross on crosshairs)

Step c) Height alignment (repetition)

Move microscope back to "sample height" position
Check whether the height position is still ok. If not, repeat step a).
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Alignment of non-ideal samples

- Alignment of non-ideal samples , specular, not flat

In case the sample is specular but not perfectly flat the cross in the tilt-mode is blurred. The “dark-tilt”
position is recommended because it will show the sharper cross compared to the “light tilt” position.

Step a) Move objective lens into "sample height" position
Use height alignment screw to focus the white cross as it is done for ideal samples.

Step b) Move objective lens out to "dark tilt" position
Use the two tilt screws to align the tilt by aligning the white blurred cross to the crosshairs

-:>-

Wrong tilt (cross not on crosshairs) Correct tilt (cross on crosshairs)

- Alignment of non-ideal samples, not specular

In case the sample is not-specular or very rough the tilt alignment can’t be done, because the white
cross isn’t visible anymore. Then e.g. a specular Si wafer can be used first to align the tilt of the stage
which won’t be changed then anymore. Then the rough sample is placed on the stage and the height
is aligned. In most cases the white cross can be seen and focussed and additionally the surface of the
sample is visible.

Step a) Place a Si wafer on the stage. Move objective lens out to “light tilt” or "dark tilt" position
Use the two tilt screws to align the tilt by aligning the white cross to the crosshairs

Step b) Place rough sample on the stage and move objective lens into "sample height" position
Use height alignment screw to focus the white cross as it is done for ideal samples.

Wrong height (cross defocused) Correct height (cross focussed)
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1.3.2 Ellipsometric measurement

Performing the measurement

Press the "Measure" icon @MEES' to open the "measurement window"
Select the standard settings as shown in the window below.
Press the "Measure" button

The measurement is performed now. The movements of "Analyzer", "Polarizer®, "Shutter’

"Compensator" can be heard.
When the measurement is finished, leave the window with "Quit"

SE 800 - Measurement E

Ellipsometric spectra acquisition

angle settings

@ single angle at |70.00 | Goto thiz angle |
' multiple angle [50.00 ...|70.00 step |10.00

Spectral range to be measured

lower wavelength limit [nm): (300.0 Use default range
upper wavelength limit [nm): |35|1|:I Use max. range

measurement mode

RBesult type: | Psi.Delta-spectrum j
Data aquizition: ||]uick Step Scan ﬁ
=

=
Polarizer position: | 45 j =

Status: Measurement finizhed.

|| | | Measure || Quit

The measurement is saved into the "Data" section of SPECTRARAY.

Data
M FsiDelta 300 nm ... 850 nm Angle: 70.00° Th 10/21/2008 at 11:26:30 ﬂ

The measurement name contains the information about the spectrum type, spectral range, angle
incidence, date and time.

and

of
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Erfolg
durch Leistung

Renaming the measurement

Rename the measurement by using an informative name which describes the sample well:

Double click the measurement dataset and go to the "Title" tab.

Enter the name in the "Name:"

Standard name:

New name:

section.

Graph I Table Header Iﬁlraylighl]

User: ‘ Date: Time: ‘
Device: SE B00 [280.000 nm ... 850.000 nm) j
UV/VIS Settings:
]
Measurement Environment —
Wavelength: 0.0 nm Process time: 0.00 min

Angle of incid.: |0.00° Temperature: |273.2 K
Polarizer pos.: (45.00 Weight [0..1): |1.0000

Sample rotation [Theta): (0.00 *

No. of points: 908 x-axis by points: yes
Range of x-axis:

‘ Graph I Table T Title THgnder Iﬁlmylighl]

Name: ‘400 nm Si02 { 8i - SENTECH reference sample

User: ‘ Dale:‘ Time: ‘

Beneath the "Title" tab, there are other tabs.

Important is the "Graph" tab:

It shows the W, A spectra versus wavelength in nm.

Graph T Table T Title IHgader Tﬁllaylighll
Threshold: |10.0

200.0 4 order: 3
Width: |20

100.0
x-regions
500 ™ apply
T T T T T _Egu >3
400.00 5000 6O0.0 700.0 8000
Wavelength [nm]

The new measurement name is shown in the "Data" section of SPECTRARAY.

Data

W 400 nm Si02 f Si- SENTECH reference sample

:
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1.3.3 Modeling

The optical model describes the optical and metrical properties of the sample. It consists of the
substrate and the ambient (mostly air) and the layers inbetween. The dispersion of the optical
constants n and k of ambient, layers and substrate is described by dispersion formulas. For different
kinds of materials different kinds of dispersion formulas exist.

Creating a model

The optical model is now built by selecting the materials from the material library. In the following
example the N,K fixed layer type is used to describe the ambient air, the Cauchy dispersion is used to
describe the SiO, layer and the File layer type is used to describe the silicon substrate.

They are moved by drag and drop from the "Materials:" window to the "Model:" window.
If the resulting order of the layers isn't correct it can be changed easily by moving the materials by
using the mouse.

A model for the standard sample is created:

It will appear as follows in the Model section of SPECTRARAY:

Stack Layer name Layer type n at observation wavelength

Model / /
N A MK Layer  n=1.0000

J Cau-Si02 (therm.) Cauchy Layer n=1.4510
Silicon YISHIR File Layer n=3.8717 k=0.0155

Now the fitting parameters must be selected.

If no fitting parameters are selected, the fitting window can't be opened, an error is shown:

Information E

-
\I\_) You must select at least one parameter to fit,
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Selecting fit parameters

The layer "Cau-SiO2 (therm.)" (where the fitting parameters should be selected) is double clicked.
The "Layer dispersion” window is opened:

For "Cau-SiO2 (therm.)" the Cauchy coefficients "NO" and "N1" are selected for fitting.

The name of each parameter can be clicked once, then it gets highlighted (? yellow / red) which
indicates that they are selected for fitting.

The film thickness is also selected for fitting.

If the approximate film thickness is known, it should be entered at "Thickness" (here: 420 nm)

Cauchy layer - Cau-5i02 (therm.)
Name:
] |Cau—Si02 ftherm.]
5 148
“U—i 4
= 1 420/ nm
S 148
3 1 Displ
2 1474 =lsplay
e ] Kn [k
1.46
-I""I""I""I""I""I" [lell e2
3000 4000  S000  BOOO 7000 GO0
‘Wavelength [nm]
[n]}
Refr.ind.: FNE 1.452 EEE| 360 N2 0.0
from 200.0 nm
Absorption: Ko:| 0.000 K1 0.000 k2| 0.000
to 1000.0 nm
| Eit >> ” Help |
| Cancel || ok |

The window can be closed now using "OK"

The model has changed its appearance:
The film thickness is 420 nm, the "[" at the end of the line indicates that fitting parameters are selected
in this layer.

Laver n=td4600 M

J - St Cauchy | | E
Silicon YIS +MIR File Layer n=3.8717 k=0.0158
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1.3.4  Fitting

The fitting window is opened by pressing the fitting button: _%'ﬁ'

The "fitting" window is opened:

= Fitof parameters BEIEY

800 o

0 Modulo: [1_ -]
Update: [1 -]

_ [X draw thex

408 7 1% show st

File:

00 C-A\GRAMS\D ata\T

X _overwite file

T T T T T
400.0 500.0 600.0 700.0 800.0
Wavelength

[ Delta -180 ... 180
2500 H

2000 4
T
o 1500 o

100.0 H

T T
4000 500.0 g Isctropic mtiayer on isctropic substrete
Wavelength

Two graphs are shown in the “Fit of parameter” window. One for PSI, the other one for DELTA versus
wavelength. Each screen contains two graphs. One represents the measurement the other one
represents the modeled spectrum. Here the measured PSI, DELTA are displayed in blue and red
colors, while the modeled PSI, DELTA spectra are displayed both in dark red color.

The "Modulo" value is used to increase the fitting speed.
Modulo = 1: every single point is used for fitting; slow but most exact.
Modulo = 4: every 4th point is used; faster but some points are skipped.

Use Modulo = 4 in general.

Rule of thumb: the more or the sharper structures in the PSI, DLETA spectra appear, the lower the
modulo value should be to avoid loosing information.

The "Run Fit" icon is pressed to initialize the fitting procedure.

The software is now modifying the values of the selected fitting parameters thickness, NO, N1 in order
to minimize the deviation between measurement and optical model. The goal is to achieve a perfect
overlay of the measured and modeled spectra.

The deviation between the measured and modeled spectra is expressed in the MSE value. (MSE:
Mean square error)
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During the fit procedure the actual "iteration step” (No.), the MSE value and the fitting parameters are
displayed in the lower left corner.

I I
400.0 a00.0

Mo. 13: B 278833295321 (37.1)
Thickness Inml=427.73 N0=1.403 N1=16.8

When the fitting procedure stops the results window is shown:

Fit Results HEE
Name Fit| Valus | Typ Diff|Accuracy [ Dig | View | Tool | Minimum | Maximu =
1,1] Cau-5i02 ftherm ). Thickness [nm] [ 398.31 00 0l00R (@ o .00 40000, |
CauwSi02 (therm }: NO 7| 1458 oioo| oooio3 4 | -dooooi| oot
Cau-Si02 (therm }: N1 R 1000 0011 ¢ | -4ooono 4gooi
L o
‘ Print H Cancel H Help || oK |

It can be closed with “OK” to return to the fitting screen:
Press "Recalculate” icon the see the MSE value again.

W Fit of parameters HE

800 o
m

7
||z
o
-

& Modulo: 4~
Update: [T =]
= R chaw theory

7 a0 - X show axis tile

File:

C:\GRAMS \Data\T
® .
!

200 o
ile:

T T T T T
400.0 500.0 600.0 700.0 800.0

on
Wavelength PsisDelta -

I Delta-180 .. 180
2500

2000

Delta

1500

1000

T T T T T
400.0 500.0 600.0 700.0 800.0
MSE: 0.8564

Thickness [nmi=398.31 N0-1.458 N1-32.6

Figure: Each measurement and model appear as one spectrum

Now a decision is necessary:
Fit quality is good - ready - proceed with "Reporting"
Fit quality is below expectations = notready -> the optical model must be improved

Here the actual fit is perfect. That means the mathematical equations of the optical model now exactly
describes the measurement. We can proceed with "Reporting".

Leave the fitting window with "Quit" to return to the main window of SpectraRay II.
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1.3.5 Reporting

No reporting

Without any reporting the main information of the fitted optical model can be read out from the Model
window:
The optical model is updated with results from the fitting procedure.

Model
J N A NK Layer  n=1.0000

J Cauchy Layer n=1.4661
Silicon YIS+HMIR File Layer n=3.8717 k=0.0158

The correct film thickness and the refractive index n at the observation wavelength are displayed.
Because of the dispersion of the refractive index n it differs in every wavelength.

How to change the observation wavelength?

The observation wavelength is defined in the “Environmental parameters”:

Press the following icon:

Select the Tab “Values”:
Enter e.g. 632.8 nm at “Wavelength”
Leave this window.

B Environment parameters E

VYalues Tﬁanges T Units TguhstrateTlnhomog.T Errors

Wavelength | ok I

Angle ’W
Temperature: W
Process time: ’W

X display environment parameters

[" display RAE parameters
[ reverse stack Use data modulo: |4
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Measurement report

An automatic report can be created and displayed as html document in the Internet explorer.

E 1
Press the “printer” icon to open the “Report measurement” window.

Enter the “Title” and “subtitle” in the “Reporting” window.
Switch on “legend” to show the legend in the plot
Switch on “plot theory” to show the modelled spectra.

Press “Generate Web Report”

[Report measurement

Reporting

ltems to report

B

™ gnvironment

B Jist of data

Plot options

lagerstack X it results Title:

™ _all parameters

I two pane curves

Linewidth: [1.0 pts. X legend

Comment ...

sio2/si
Subtitle: [400 nm

X plottheory caw/avelength: [632.8

‘ Copy selected items as text to clipboard

Run plot with current data ..

‘ Copy pane | as picture to clipboard

Run plot with pane 1 data ...

‘ Copy pane 2 as picture to clipboard

Bun plot with pane 2 data ...

Generate Web report ...

Status:

Press a Button!

<<< Main << Measure || <<Back

‘ Can

cel

The web report is created now automatically and can be printed:

(2 SPECTRARAY Result Page - Windows Internet Explorer

Ble Edt yew Favortes Iook

A | soLe [ 2

) - | @ craramsiersportyerept.him V%] |
Help
Google é|v| Sexrtn‘ + Total Care Shop | &8 Msl - @
W & (5| @wecranarn. | @svecranarn. | @srecrma x| |G- 8 & - B

Psi]

Model description
Air -

Cau-Si02 (them)

Silicon VIS=NIR

SPECTRARAY Report

10/21/2008 1:53:53 PM

5i02/Si
o

400nm S0z (5
— g Toae

so0
wa

750
velength [m]

=

1.000

30831 1466 yes

3872+i0.016 no

Dane

3y Compurer

Hi00v
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Creating a manual report

Using the “Measurement report window” the graphs and results can be exported to the clipboard.

T
\ Reporting \
Items to report Plot options
X layer stack % fit results Title: Sio2/ si
I" gnvironment [ _all parameters Subtitle: [400 nm
® Jist of data ™ two pane curves Linewidtn:[1.0 pts. K legeng

& plotincory cawavelength: [632.8
‘ Commept ...

‘ Copy selected items as text to clipboard Run plot with current data ..

|
| [

‘ Copy pane 1 as picture to clipboard ‘ | Run plot with pane 1 data ...
|

‘ Copy pane 2 as picture to clipboard Bun plot with pane 2 data ...

‘ Generate Web report ...

Status: Press a Button!

<<< Main << Measure || <<Back

‘ Cancel

Press “Copy pane 1 as picture to clipboard” copies the PSI spectra to clipboard:
CONTROL + V insert the graph into another application like WORD:

SiO2/Si
400 rm
100
e
c 400 nm Si02/S ...
a —— y/¢=70.0°
25 P
o : :
500 750
Wavelength [nm]

Press “Copy pane 2 as picture to clipboard” copies the DELTA spectra to clipboard:

Si02/ Si
400 nm
300
200 |-
bl 400 nm Si02/S ...
3 —— Al$=70.0
100 -
o : :
500 750
Wavelength [nm]
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Using the “Simulation” for reporting

The “Simulation” is used to calculate data on the basis of the actual optical model.
In this example the dispersion of n of the “Cau-SiO, (therm.)” layer versus wavelength will be

calculated.

The “Simulation” is started by pressing the icon: E_T:'

The “Curve parameter” is the x-axis — Select “[0] wavelength [nm]”
Set the wavelength range:

from: 300

to: 850

step: 1

The “Calc unit” is the y-axis — Select “n layer”

Select the “Layer”: Cauchy-SiO2 (therm.)

Switch on “keep”. This will create a new dataset in the “Data” window.

Press “Calc”. The data is now calculated and saved into the “Data” window.

Simulation

Environment: Phi=70.00 ® Yavelength=632.8 nm Modulo=4

|[D] ‘Wavelength [nm] j
from [300 to (350
curve step: 1‘

Curve parameter

Calc gnit:|n layer j ‘1-4942 Type: |Cune j
Layer: |Cau—5i02 (therm.) J % keep ® colors [ first

file: [CAGRAME\DataiTest, dat

% overwrite [ display [~ ~.dob

| Edit || Cale ||Qisp|ay ||gun

Leave the “Simulation” window with "Quit” to return to SPECTRARAY.

The new dataset of the dispersion of n of “Cau-SiO2 (therm.)”:

Graph: Title:
Graph | Table | Twle | Header |Swaylight Graph | Table | Tme | Header |Suaylight|
Name: [dispersion of n of Si0Z therm )
Threshold: [10-0 user: | Date:[Tu 102172008 Time: [14:12:11
S [O1 Wavelengih =632 am B
o 0] Angle =70.00 * |
Order; [3 0] Time =0.00 min
Width: |20 [0 T =296.6 K =
148 N
[ e ] Measurement Environment
Wavelength: [632.8 nm Process time: [0.00 min
xregions Angle of incid.: [70.00° Temperature: [296.6 K
Wﬁ I apply Polarizer pos.: [45.00 Weight (0..1):1.0000
[ 8ad | [ciem] Sample rotation Theta: 100"
3000 4000 5000 6000 7000 8000 No. of points: 551 caxis by points:_no
Warstengih il [ Cancer [ ox | Range of xcaxis: [300.000 | pp | [E50.000

Header:
[Graph | Table | Tile | Header [Suwaylight]
v [N -] o Jame] [@]
[color]  yAuis | zAsis z:alue | Use [ Vie [Mod
o] Wat_refractiy - [Hone (= & |

il B
[rom | o000 5000 e T % avermge
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Exporting the dispersion data to an ASCII file:

The dataset is selected by a single mouse-click: it appears inverted.

Data
J _I;!_ADD nm Si02 / Si (SENTECH reference wafer)

Select from the menu: “File” - “Save as ... “

Save as @@
Saven: | 53 demo 211008 o3 E-

1) n_sicz.txt

Filename: | | [ save |
Save a5 ype: |ASCI 1) v| [ cencel |
Selected: demo 211008

Select “ASCII (.txt)” as file type, the directory (free of choice) and filename (free of choice)

The file is now saved as an ASCII file which can be imported to other programs like EXCEL™ or

Origin™,

B n_Si02.txt - Notepad
File Edit Format Wiew Help

321.00000
322.00000

.48964
.48944 v

3 WAVELENGTH MAT. REFRACTIVE_IMDEX A
300.00000 1.49422 E
301.00000 1.49358 0
302.00000 1.49374
303.00000 1.49351
304.00000 1.49328
305.00000 1.49304
306.00000 1.49282
307.00000 1.49259
308.00000 1.49236
309.00000 1.49214
310.00000 1.491592
311.00000 1.49171
312.00000 1.49149
313.00000 1.49128
314.00000 1.49106
315.00000 1.49085
316. 00000 1.49065
317.00000 1.49044
318.00000 1.49024
319. 00000 1.49004
320.00000 1.48584
1
1
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SENTECH

Erfolg

durch Leistung

2. Explanation of important SPECTRARAY features

2.1.

Parameter list

The parameters list allows the direct access to all fitting parameters of all layers in the stack and

environm

ental parameters.

It allows selecting or deselecting fitting parameters, change their actual values and influence the fitting

behavior.

There are two ways to open the parameter list.
1. from the icon bar: | Eff .

2. From the fitting window: “Parameter” button

Model parameter .E.
Mame Fit | Walue | Typ. Diff. [Accuracy | Dig. | View | Tool | Minimum Maximum | Reset Min. | Reset Max. | =
[11 Wvavelength [nm] B32.8 100 01041 T2 = 1.0 1000000000.0 500.0 1000.0|—
[1] Angle [7] | | 7000 0.50 ooinj2 ¥ o 0.00 50.00 10.00 8500
[1] Time [rmin] [ | 0.00 0.17 0.ooz ¢ ] 0.00  1BBE6E6E.67 002 1440.00
[1] Temperature [K] [ [296.6 100 0ot (s ] 0o 62731 31 42731
[11 Sarmple rotation [*] |- | 0.00 0.50 00102 ¥ ] -360.00 360.00 -350.00 355.00
[11 Angle offset [°] [ | 0.00 0.10 00102 ¥ ] -80.00 90.00 0.00 0.00
[11 Wavelength Offset (nm}) [ 0.00 2.00 00102 ¢ = -10000.00 10000.00 0.00 0.00
[1] Wavelength Linear | |1.00000 | 0.00300f 0.000100)5 & ] 10.00000 10.00000 1.00000 1.00000
Air. Refr. index [/ | 1.000 0.100 0003 ] 0.001 40.000 1.100 2,000
Air: Absarption |- | 0.000 0.100 000103 & ] 0.000 40.000 0.000 1.000
[1,1] Cau-Si02 {therm.): Thickness [nm] [# |398.31 10.00 01002 & ] 0.00 40000.00 0.50 30000.00
Cau-5i02 (therm.): KO [ | 1.458 0.100 000103 ¥ = 100.001 100.000 1.100 2.000
Cau-5Si02 (therm.): K1 | 32.6 10.0 001 I ] -40000.0 40000.0 0.0 200
Cau-5i02 (therm.): N2 = 0.0 10.0 0o I ] -40000.0 40000.0 0.0 200
Cau-5i02 (therm.): KO [ |0.000 0.100 ooooE ] -100.000 100.000 0.000 1.000
Cau-5i02 (therm.): K1 |- | 0.000 100.000 001003 & ] -40000.000 40000.000 0.000 20.000
Cau-5i02 (therm.): K2 |- | 0.000 100.000 001003 & ] -40000.000 40000.000 0.000 20000)
I ]
‘ Print | ‘ Cancel ‘ | Help ‘ | OK |
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Columns Explanation

Name shows the fitting parameter name

Fit indicates whether the value will be fitted or not

Value actual value of the fitting parameter, starting value

Typical This value is used in the beginning of the fitting procedure

difference The actual value is either plus or minus the typical difference.
So the actual film thickness of 398.3 nm will be either 408.3 or 388.3 nm for the
first step of iteration.
The step size is adjusted automatically for further fit iteration.
The typical difference value should be approximately 5% to 20% of the actual
parameter value.

Accuracy The fitting procedure will stop when the changes of all parameters are less then
the defined accuracy value

Digits This is the amount of digits displayed for each parameter

View This switch decides whether the fitting parameter is displayed during the fitting
procedure in the fitting window

Tool Opens a slider bar window which allows an interactive and convenient variation
of the actual fitting parameter for a manual modification of the selected value

Minimum The smallest allowed value of the parameter

Maximum The highest allowed value of the parameter

Reset Min. If the minimum value is reached during fitting it is reseted to the “Reset min”
value. The “Reset Min.” value should be within the range between Minimum and
Maximum.
| case the parameter value reaches the minimum during fitting procedure the
Minimum value should be decreased manually

Reset Max Similar to “Reset Min”

In case the parameter value reaches the maximum during the fitting procedure
the Maximum value should be increased manually
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2.2. Slider bar

The slider is a convenient way to find proper starting values for fitting parameters.

It is selected in the “Tools” row of the parameter list.
This is the slider bar for the film thickness parameter of the SiO2 layer:

small step down small step up

large step down large step up

[1.,1) Cau-5i02 (therm.): Thickness [nm]

4 | o] ]
Animate Value: [398.31 nm ‘ Update | ‘ Close |

The slider can be moved by using the mouse. When it is released at a new parameter position the
PSI, DELTA spectra will be updated using the new value of the parameter.

“Animate” does an automatic animation with “Large step” step size. It can be stopped when the correct
value is reached.

The range and step size of the parameter are defined in:

The window allows setting the minimum and maximum allowed range as well as the small and large
steps.

Parameter Tool Details n
Slider details
Minimum: 0.00 Small step: [1.000

Maximum: 2000.00 Large step:  |2-00
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2.3. Environmental settings

Explanation of the most important and most used environmental settings.

Tab: Values

M Environment parameters u

Values Tﬁanges T Units TﬁubslraleT!nhomog.T Errors

Wavelength ‘532-3 nm ok

Angle ‘7['-']" . Cancel

Temperature: 2966 K
Process time: ’W

[% display environment parameters
™ display BAE parameters
[~ reverse stack Use data modulo: |4

“Wavelength“ defines the observation wavelength of the display of the model

“Angle” defines the angle of incidence e.g. used for the “Simulation”

Tab: Ranges

B Environment parameters E
Yalues BangesI Units Iguhslralehnhumug.I Errors

Active ranges

Minimum Maximum
Wavelength: ALK 850.0 nm
Angle: ‘“-"" ’ ‘H[I.[I[l g
Temperature: ‘"-1 K ‘Eﬂﬂﬂ.ﬂ K
Process time: ‘l].l]l] min ‘1 000.00 min

“Wavelength” can be used to restrict the fitted spectral range. In case the model can't fit the
measurement well below 450 nm it is possible to restrict the spectral then to 450 to 850 nm. The
spectral range below 450 nm is neglected and not displayed.

Attention: this restriction also applies for the export of data. In case the full spectral range of the
measurement should be exported, the wavelength range must be extended to the measured range.

Tab: Units

Values Tﬁanges T Units TﬁubslraleT!nhomog.T Errors

These units are used to display values:

Wavelength: m Thickness: [nm
Angle of incid.: ’j Growth rate: | nmfs
Temperature: m Fraction:
Process time: ’ﬂ

el

“Wavelength” defines whether the wavelength scale is defined in “nm”, photon energy “eV” or
wavenumber “1/cm”
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Tab: Substrate

M Environment parameters u

Values Tﬁanges T Units TﬁuhslraleT!nhnmng.T Errors

incoherent layer

Substrate thickness: W
Beam diameter: |4.000 mm
Detector aperture: ,W
No. of backside refl.: 'U_

thick layer detected: none

Overlayers: |0 Fraction:|1.000
Filling material: |0V- Air

This part is used to model the influence of backside reflections in case of transparent substrates.

Suggestion: in order to avoid backside reflection (easier modeling) the backside of the sample can be
roughened.

Tab: Inhomogeneities

M Environment parameters u

Values Iﬁanges I Units IguhslraleT!nhumug.I Errors

® use Thickness variation within measurement spot
(B3l Cau-Si02 [therm. -]
10.0 nm/mm steps: |2

™ use limited wavelength resolution

Resolution: (0.0 nm steps: (5

[ use non parallel measurement beam
Focus: [3-00° steps: |6

This tab is used to model imperfections of the sample or equipment.

“use Thickness variation ...” describes a non uniformity of the layer (thickness variation) within the spot
size of the ellipsometer.

Tab: Errors

M Environment parameters u

Values Tﬁanges T Units TﬁubslraleT!nhomog.T Errors

" enable error calculation after fit
Calculation type for derivatives: Plustmi il j

. P

® use precision of [s1,s2] to get precision of [Psi, Delta]

Precision in measured data for error calculation:

sl, s2: [o.o020 None: [ooo0
Psi [']: ’W Simulation: W
Delta[]:  [0.0100 RT: poos

This tab is used for the error calculation used for the display of the correlation matrix. There is no need
to change any of these values here.
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2.4. Simulation
The following example demonstrates the capabilities of the “Simulation”-Module of SpectraRay II.

The “Simulation”-module is based on the current optical model. It can e.g. calculate different values,
like PSI, DELTA, R or T spectra for arbitrary angles of incidence in arbitrary spectral ranges.

Question:

How do the W,A spectra behave in the spectral range from 300 to 850 nm for SiO, / Si for
different film thickness of th = 0 ... 20 nm with a 5 nm step size?

Stack:
Air - n and k are fix
SiO, - Cauchy
Si - File layer
Simulation:

PSI, DELTA versus wavelength and film thickness of SiO,
Spectral range: 300 ... 850 nm

Angle of incidence: 70 deg

SiO; film thickness: 0 ... 20 nm, step 5 nm

Creating the model

Model
SN A NI Layer r=1.0000

J Cau-5i02 (therm.) Cauchy Layer n=1.4610
Silican ¥IS+HIR File Layer n=3.8717 k=0.0153
|

The actual thickness of SiO, in the model is not important, because it will be changed temporarily by
the simulation.

Set the environment settings:

Set the angle of incidence to ®=70°.
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Simulation

Environment: Phi=70.00 °

YWavelength=532.8 nm  Modulo=4

1 Curve parameter —3 Trace parameter —
ength [nm] |[1] Cau-Si02 therm.): Thickness [nm] — ~|
from [00.000 o B50.000 from [0.000 to [20.000
curve step: 1.000 trace step: 5.000
4
Calc unit: | Delta(Psi) -] [re9mz pan2 Type:|Muti |

5 % keep X colors T first
file: [C\GRAMS\DatatTest dat ® overwite [ display I ~.dab

6| Lalc || Display || Lluit |

1) “Curve parameter” is set to “Wavelength” (defines x-axis)

spectral range: 300 — 850 nm, 1 nm step width

2) “Type” is set from "Curve” to “Multi” (enables simultaneous simulation of a second parameter)

3) “Trace parameter” is set to “Cau-SiO2 (therm.) Thickness [nm]’

thickness range: 0 — 20 nm, 5 nm step size

4) “Calc unit” is set to Delta(Psi) (defines y-axis)

5) “keep” is switched on to store the calculated data to the Data sub-window.

6) “Calc” is pressed to do the calculation; the results are stored in the “Data” section.
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Results of the simulation

Si02 / Si
0..20nm

Psi[°]

0 : : : i : : . : i
500 750

Wavelength [nm]

SiO2/Si

0..20nm
200 0 nm

175

150

Delta [°]

125

100 20 nm

75

500 750
Wavelength [nm]

The effects in Delta are very strong. With each nm in film thickness a change of about 4 deg in Delta is
obtained. This is the reason for the high sensitivity of ellipsometry against film thickness.
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Question:

How to calculate the dispersion of n and k of a material using the “Simulation”
(This procedure ia alerady expained in “Using Simulationfor Reporting”)

The dispersion of n and k of the SiO2 layer of our current model should be calculated:

Model
~ A NK Layer n=1.0000
39142 nm  si02 Cauchy Layer n=14654

Si (Silicon) File Layer n=3.8717 k=0.0158

The “Simulation” window is opened and the following settings are selcted:

Li
Simulation @

Environment: Phi=70,00 © Wavelength=632,8 nm Modulo=4

Curve parameter = —

[0] Wavelength [nm] M

from 300,000 | to (850,000 |

curve step:

Calcgnit:|n(k]| layer j| |'1,4944 ||U,UUUU | Type:

I__ayer:|SiO2 j| WV keep W colors [ first Help
file: [C\GRAMS\DatalTest dat | | ovenurite | display | “dob | Cancel |
Edit ‘ Cale ‘ gisp|ay| Quit |

1) “Curve parameter” is set to “Wavelength” (defines x-axis)

spectral range: 300 — 850 nm, 2 nm step width (can be set to any values)

2) “Type” is set to "Curve” (simulation of one parameter only)

3) “Calc unit” is set to “n(k) layer” (defines y-axis)

4) SiO2 is selected as “Layer”

5) “keep” is switched on to store the calculated data to the Data sub-window.

6) “Calc” is pressed to do the calculation; the results are stored in the “Data” section.
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The data is saved into the Data section as a new dataset:

Data
M 400 nm Si02 / Si (300 - 850 nm)

[0] Wave =300,0 nm._._850,0 nm [2,000]

Figure: dispersion as new dataset

[ Data view =) ] Data view [
Graph T Table I Title THgader Iﬁtraylight] | Graph T Table I Title THgader Iﬁtraylight] ‘
EINE N Wavelength  Rd all | none
— -
Threshold: Color y-Axis Z-Axis z-Value [Use | Vie |Mod ;
Smooth | Derive 0 [ Mat._refracti] ~ [None - = ¥ = =
1.2
1 |-———|Mat_absorpt|~ |None - — e m =
| - ' '
Width:
0.8
0.44 x-Tegions
I apply =]
el = = = = = Edit >>> ] im
3000 400.0 5000 B00.0 700.0 800.0
Wavelength [nm] Cancel | Ok Trim ‘ 30000 | [850.00 | each: |1 | waverage

Figure: dispersion of n and k of SiO2and header tab

The dataset can be exported now as ASCII file as described in section “Import and Export of
datadifiles”
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3. Conversion of different wavelength or energy scale units
Conversion of wavelength < photon energy (nm < eV)

1239.85 1239.85

= ————=nm

eV |
nm eV

Examples:
300.0 nm = 4.13 eV
400.0 nm = 3.10 eV
632.8 nm = 1.96 eV
1239.85nm = 1.00 eV

Conversion of wavelength — wavenumber (nm < cm™)

10°.
nm

cm™®

Examples:
200 nm = 50000 cm™
500 nm = 20000 cm™
1000 nm = 10000 cm™
2000 nm = 5000 cm™

Wavelength
1nm 10 nm 100 nm pm 10 um 100 um
L il il 1y W vl 1l
0 : : :
S
o > r I -
P4 D pzd = e
| | | | | |
1 keV 100 eV 10eVv leVv 0.1eV 100 meV
Photon energy
| | | | | |
10" cm 10° cm* 10° cm* 10000 cm™* 1000 cm™ 100 cm™

Wavenumber

29/97



4. Import and export of data

4.1. Import of external measured data

The results of external measurement devices like reflectance, transmission or ellipsometric

measurements can be imported into SPECTRARAY IlI.

The external data must exist as ASCI| datasets. The file extension *.txt is recommended.

The data must be split into different columns.

The first column contains the x-axis. Usually it is the wavelength axis.

The following units for x-axis are possible:

e Wavelength / nm
e Photon energy / eV

e Wavenumber/cm™

Further columns contain the y-axis data. The following units for y-axis are possible:
Reflectance: 0 ... 1 (0% to 100% is not supported)

e Transmission 0 ... 1 (0% to 100% is not supported)

Y, A spectra /°

tan WV, cos A

Fourier coefficients s1, s2

The individual rows are separated by either spacebars or tabs.

A header line is not necessary.

Example: import of a transmission measurement

The following example shows the file format for a transmission measurement from 300 to 920 nm. The

first column contains the wavelength / nm. The second column contains the transmission data:

[P Transmission.txt - Edi

Datei Bearbeiten Format

=101 x|

ansicht 7

4

Eoo.
301.
301.
302.
303.
304.
305.
306.
306.
307.
308.
300,
310,
310,
311.
312.
313.
314.
314.
315.
316,

37640
18359
99051
TOROO
a0519
41241
21560
02679
83401
64120
44830
25562
06251
B7 000
a7 719
458441
29160
OOETD
90601
71320
52030

=]

T O 0 O T O O R K O E D D T O D D T T 1

41495
.41700
.41954
L42052
42218
.42343
L42400
42707
.42730
.42526
LA3027
.43137
L43231
43280
43361
.43448
.43562
L43642
.43765
.43799
43041

2]
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The file is imported into the data section of SPECTRARAY Il by Menu - File - Load ...

Suchenin [ T messursments o ® > E-
[]
Dateiname:  [Trarsmissian bzt (ffrien |
Dateityp: |A5E\| 1" et) =l £bbrechen
Selected: Transmission.tat
Size: 14839 Bytes
A
Data
M Transmission measurement ;1

The units of the imported files must be set. The transmission measurement is double clicked and the
“header” tab is selected.

Graph | Table | Title | Header [Straylight]
e cliNone B a none |

| Cnlnr| y-Axis | z-Axis | 7-Yalue |Use | e |Mnd|
1 | -------- |N0ne uNone u

x|

g

I’_III}IN

TeaJar]«]

| »

Trim ||3uu.3a |..[02035 | each: [T | I average

For this Transmission file the following settings are necessary:

x-Axis: “Wavelength”
y-Axis: “Transmission”
z-Axis: “Phi”

(unit of the angle of incidence of T measurement)
z-Value: “0.00”

(the value of the angle of incidence)

x|
Graph I Table I Title THgader Iﬁtraylight]
xchis: all_| none | [ ok |

| Colur| y-Axis | Z-Axis | -Yalue |Use | i |Mud|
1 | -------- |Transm\ssiunuPhi u D.DDlﬁ

I’_III}IN

T Jan] 4]

|

»
Trim ||3uu.3a |..[02035 | each: [T | I average

Now this dataset can be used for the modeling procedure.
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4.2. Export of measured or simulated data

Any kind of dataset in the “Data” section can be exported as ASCII file. Here it will be shown for n, k

dispersion data.

The “Data” which should be exported must be selected (sinply click once with left mouse button) so it

apperas invderted

Data

Il 400 nm SiO2 / Si (300 - 850 nm)

dispersion n,k of Si02

Figure: selected dataset

Important: Only “used” data will be exported

:ﬂ Data view

B W ave length j

Graph I Table I Title THgader Iﬁtraylight]

?

all | none |
|
| Caolor y-Axis z-Axis z-Valle |Use fVie |Mod ;
0 Mat.__refractiy ~ [None - -] M M =
-
| 1 |—— |Mat._absorpt| = |None - - M B —

|
|
|‘||
|
|

Trim | [300.00 | 850,00

Figure: the data with selected “Use” will be exported

The spectral range set in the Environemtal settings must be equal or broader than the spectral range
of the dataset. Otherwise the export will be cut to the environemtnal settings.

5] Environment parameters

[

Active ranges

Wavelength
Angle
Temperature

Process time

Values EangesI Units Iﬁuhstratehnhumug.T Errors

Minimum Maximum
: 3500 nm | 850 |
. [0.00° | [90.00° |
. [273.0°C | 80000 °C |
. 0.0s | [1000000.0s |

Figure: Spectral range in “Environemntal settings”

Now the File = “Save As ...” menu entry is selected
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SENTECH pr-rom
v . ==

Speichem | temp <) 5 Sl

Mame Anderungsdatum Typ

Es wurden keine Suchergebnisse gefunden.

4

Dateiname: nk_Si02|

Dateiyp:  [ASCIl ("6d)

Selected: -

Figure: Filename and extension ASCII(*.txt) are selected

The file extension “ASCII(*.txt) and a filename are selected and saved.

Datei Bearbeiten Format Ansicht 7
|; WAVELENGTH MAT._REFRACTIVE_INDEX MAT._ABSORPTION .

350.00000 1.48451 0.00000 =
352.00000 1.48420 0.00000 5
354.00000 1.48389 0.00000
356. 00000 1.48359 0.00000
358.00000 1.48329 0.00000
360. 00000 1.483200 0.00000
362.00000 1.48272 0.00000
364.00000 1.48243 0.00000
366.00000 1.48216 0.00000
368. 00000 1.48188 0.00000
370.00000 1.48162 0.00000
372.00000 1.48135 0.00000
374.00000 1.48109 0.00000
376.00000 1.48084 0.00000
378.00000 1.48059 0.00000
380.00000 1.480324 0.00000
382.00000 1.48009 0.00000
384.00000 1.47985 0.00000
386.00000 1.47962 0.00000
388. 00000 1.47939 0.00000
390.00000 1.47916 0.00000
392.00000 1.47893 0.00000

Figure: Exported dataset in ASCII format
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5. Dispersion formula examples

The dispersion relation (short: dispersion) describes the dependency of the refractive index n and
extinction coefficient k with the wavelength: n(x) and k(1).

Different types of materials show different types of dispersions. Four different kinds of materials

illustrate the variety of different dispersion relations:

150

n Si02
—n

Refr. index

148 F

1.45 L
250 500 750

Wavelength [nm]

Figure: Typical dispersions of a dielectric (SiO»,

75

50

nk aSi
—n

25

Refr. index n, extinction coefficient k

0.0 L L
250 500 750

Wavelength [nm]

7.5

50F

nk Si
-—/n

—k

25k

Refr. index n, extinction coefficient k

0.0 L
250 500 750

Wavelength [nm]

left) and a crystalline semiconductor (Si, right)

75

50

nk Au
—n

25F

250 500 750
Wavelength [nm]

Refr. index n, extinction coefficient k

Figure: typical dispersions of an amorphous semiconductor (aSi, left) and a metal (Au, right)

For different kinds of material types different kinds

of mathematical descriptions are necessary. The

following chapter gives an overview of the dispersion relation available in SpectraRay II.
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5.1.

Overview of dispersion formulas and layer types

By pressing the “New” icon a new material can be inserted into the model:

L Dispersion Used for ... Example
H Fixed n and k Constant dispersion Only air
H Cauchy transparent dielectric materials SiOy, AlbO3, SizNg, TiO2
Photoresist PMMA
Glass BK7, quartz
H Tauc-Lorentz Absorbing dielectric materials SizNa, TiO2
amorphous materials a-Si, a-C
H Drude-Lorentz Metals Au, Ag, Cu, Cr, Ni
TCO (transparent conductive oxide) ITO, ZnO:Al
H File-Layer Table of wavelength, n, k, Good for all
no fit parameters
substrates Si, Ge, GaAs, quartz
M Leng-Lorentz Crystalline indirect semiconductors c-Si, c-Ge, c-SiGe
polycrystalline indirect semiconduct.  poly-Si
conjugated polymers (OLED, OFET) MEH-PPV, P3HT
M  Brendel Absorption (vibration) bands in the SiO2, SiN, CH-bonds
MIR
M  Sellmeier Like Cauchy but for broader spectral SiO-
range (VIS + NIR)
M Tanguy IlI/V Bandgap of direct semiconductors, GaAs, GaN, AlGaN
also lI/VI ZnSe
L Hamberg TCO (transparent conductive oxide) ITO, ZnO:Al, SnO2:F
Sernelius
L  Afromovitz I1I/V semiconductors (specific) GaAs, InP, InGaAsP
L Formula New non implemented dispersions Good for all
L  Schott glass Specific for glasses from Schott AF45
L Layer type Used for ... Example
EMA Mixture of two materials
(effective medium approximation) Roughness mixture: Air / layer
Interface mixture: layerl / layer2
Gradient
M  Biaxial anisotropic Direction dependent dispersion Crystalline quartz
M  Periodical group Bragg reflectors 20x (SiO2 / TiOy)
L Table (2D) Parameter dependent data of e.qg.
- Temperature Si (0 deg C ... 1000 deg)
- composition SixGeix
L Homogeneous growing layer In-situ applications, Good for all
thickness changes with time
L Nuclei growth In-situ applications, island growth Metallic film growth
L Epitaxial Si profile MIR, Si epitaxial layer growth Si  doping concentration

and gradient

L: Level of usage, High (used very often), Medium (sometimes) Low (seldom)
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5.2. Cauchy dispersion

The Cauchy dispersion is mainly used for transparent materials like dielectrics e.g. SiO,, Al,O3, SizNy
and TiO,.

The Cauchy — window appears as follows:

Cauchy layer - Cau-5i02 (therm.) H

Name:

160 ICau-5i02 [therm.)
e

398.31 nm

Display

148+

Dielectric constant

=
&5
1

Xn [k

T T T T T T Cell e2
300.0 400.0 a00.0 BO0.0 oo.0 800.0

Wawelength [nm]

i

Range:

Refr.ind.: FNIE 1.458 {EE[ 32.6 N2 0.0

from 200.0 nm
Absorption:  Ko:[  0.000 i 0.000 gz 0.000
to 1000.0 nm

:

There are three Cauchy coefficients NO, N1 and N2 which describe the dispersion of the refractive
index n.

Additionally there are three Cauchy coefficients KO, K1 and K2 which describe the dispersion of the

extinction coefficient k. In general all KO, K1 and K2 are set to zero when transparent materials are
described.

The Cauchy formula is as follows:

n,

n(/l):no+Co%+Cll4 Ainnm
k k
k(l)=k0+C07§+C17§

C,=10> C, =10

The ng (ko) value is simply a constant value. It is not dependant from the wavelength.

The n; (ki) and n, (k;) are dependent from the wavelength. They are defining the dispersion of the
refractive index n (extinction coefficient k).

Attention: ng is frequently confused with the refractive index at 632.8 nm!
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Normal dispersion:

The refractive index is increasing towards shorter wavelength. The following graph shows the normal
dispersion of SiO,. The refractive index is increasing from n=1.46 at A=850 nm to n=1.49 at A=300 nm.

Dispersion of SiO2

n Sio2
—n

Refr. index

146 . . . 1 . . . . 1
500 750

Wavelength [nm]

In general the dispersion is getting stronger when the refractive index is increasing. This behavior can
be seen in the following graph where the dispersion is shown for different dielectric materials.

Dispersion of n of different dielctrics

n Si02
—nN
n Al203
—n
n Si3N4

Refr. index

1 E L L L 3 L L L L
500 750

Wavelength [nm]

In order to obtain a normal dispersion the values of n; and n, shouldn't become negative. The
Minimum value in the parameter list can be set to zero to obtain positive values (indicated by the red
arrow).

] {m]
Name Fit | “alue | Typ. Diff. [Accuracy |Dig. | Yiew | Tool Minimum Maximum | Reset Min. | Reset Max. Data 0 Data 1 -
Thickness [nm] [ 386,31 o0 oz 2 o 4000000 050 3000000 0000 0000 |
[T R 0100 000103 |4 0000 100000 1100 2000 0000 0.000
N |% 360 00 ool 4 o 00 400000 00 200 0000 0.000
M2 | 0.0 100.0 0.011 v =) 0.0 40000.0 0.0 200 0.000 0.000
KO | 0.000 0.100 0.0010/3 v =} -100.000 100.000 0.000 1.000 0.000 0.000
) | oo | iooooo| opioo3 4 o | -4000000D| 400DO0DD,  DOOD| 20000 000 f.000
)@ |- snoo0 | iooooo] opiood 4 | 40000000 40000000, 000D, 20000 000 n.000
o1 o]
[ it |[ gancel |[ mew |[ ok |
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Otherwise the following behavior might happen: the dispersion becomes negative. This is called
abnormal dispersion. It is an allowed and physical correct solution only when an extinction k is
present. It is a physical incorrect solution when k=0.

Unphysical dispersion
negative N1

n negative N1
—n

Refr.index

142 . . . 1 . . . . 1
500 750

Wavelength [nm]

Abnormal dispersion:

In case the material is not completely transparent the dispersion is changing its behavior where the
absorption starts.

anormal dispersion

\
2 /\
" anormal disperi ...

—n
—k

Refr.index Absorption index

500 750
Wavelength [nm]

The red arrow indicates the spectral range where the refractive index shows normal dispersion.

The blue arrow indicates the spectral range where the refractive index shows abnormal dispersion.
This behavior is allowed when the material shows an extinction k as indicated by the green arrow.

Usually different types of dispersion formulas (like Tauc-Lorentz) are used when this behavior should
be described correctly.

This is necessary because it exist a physical relation between n and k. This is called the Kramers-
Kronig (KK) relation. It means: if the dispersion of k is known in the full spectral range (from zero to
infinity) then the dispersion of n can be calculated using the Kramers-Kronig integral.

The Cauchy dispersion doesn't obey this KK relation and should be replaced as mentioned above.
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5.3. Tauc-Lorentz oscillator

The Tauc-Lorentz oscillator dispersion formula (TL) is mainly used to describe transparent dielectric
materials with absorption in the short-wavelength range.

It can also be used to describe the dispersion of:
— absorption bands in polymers (like conjugated polymers in OLED applications)
— amorphous semiconductors like a-Si

— amorphous carbon

The following graph shows the dispersion of n and k of Si rich Nitride described by a TL oscillator. It

also represents the principal dispersion dielectric material which absorbs in the short wavelength
range.

X-axis: frosctmen:
o Si-rich nitride - Taue Lorent Y [637.30 nm Elfint: [1:000

Wavelength / nm

u: [Eqiei] Taievi [ [Enfevi Clev)
| 278

TI4E # G620 ¥ 82078

LFl

:

-

1

!

:

-

1

!

!
K
EX

21

T T T T T
3000 4000 5000 6000 7000 8000

Bk ka2 (ore. | [commene 3] 2% |_tete ][ gonee [ e ]

The parameters of the TL-oscillator have the unit eV. Therefore it recommended to change the units of
the wavelength scale from nm to photon energy (eV).

X-axis:
S |
) Si-rich nitride - Tauc Lorent 7 Thickness JCEUETER Etfint): [1.000

Teqeal Taen [ Tesev] Tclevi
23078 ¥ 1146 o 56250 & 02078

Photon energy / eV

Kamk el e OO e s
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There are four parameters which describe the dispersion of n and k.

The phenomenal description of these parameters is given in the following table:

Parameter Description

Eq Bandgap. Onset of the absorption given in photon energy (eV).

A Strength of the oscillator (amplitude)

E, (Resonance frequency) Approximate (for small C values) position of the turning
point of k (here outside the spectral range)

C Broadening of the oscillator

Small (c < 1.0 ) values will give sharp oscillators

High (c >> 1.0 ) will create broad oscillators

General example of the TL-oscillator to visualize the effect of the parameters:

Tauc-Lorentz .

Name: |Genera||— Tauc Lorentz

Thickness: ,W E1int.): [1.000

[Earevi] [Alevi[ [E0fevi]

o
I

[ clev)

v 25 ¥ 10

=
o

10 |no

12 |no

13 |no
[ 14 |no
15 |no
[ 16 |no
17 |no
18 [no
19 |no
20 |no

21 |no

AT AT T A T A T T T A T T A T A T T T A T

w3 I

0.z

1.2
I=
Z
S 0.8
@ Eo
5
=
&
0.4+
—_—
A
= l
0.0
T T T T
1.5 2.0 2.5 3.0
Energy [2%]

n

KnXkl ell e2

| More ... | |Comment 33> | | Eit >>> | | Help | | Cancel | |

Ok
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5.4. Drude-Lorentz oscillator

The Drude-Lorentz oscillator is a combination of two dispersion types: the Drude absorption of free
charge carriers (see 4.4.2) and a Lorentz-oscillator model (4.4.1) .

The units of the parameters in the Drude-Lorentz oscillator dispersion is wavenumbers. Therefore it is
best to change the wavelength scale to wavenumber cm™.

The Drude-Lorentz oscillator can be used to describe the dispersion of metals like aluminum, tantalum
or silver. It is also suitable for transparent conductive oxides like ITO or ZnO:Al.

The following picture shows the appearance of the Drude-Lorentz oscillator model window.

x|
Reset Params |
1.0+
: e |
0.6
] |
0.2 -]
SD-DDID I I1IDD|DDIDI I'IISD:JDIDI IEIDD|DDIDI I2I50|DDIDI I 3;JDDDD Display:
Energy [cm-1] Vn Wk [Tel Ne2
| n k| Range:
Marne Fit  [alue Minimum |Maximum [Re21 | from 50.0 cm-1
Thickness [nm] = 0.0 0.0 00000000 —|
Epsilon-infinity-real ~ 1m0 001 100000 to [ 100000.0 cm1
Epsilon-infinity-imay 0.000 Points -
-p-free-carriers-(1/cm) _l 0.00 0.00) S0000.00
Index of Lorentz tau-free-cartiers-(1 /] _ 0.00 0.00, 5000.00
oscillator  —— 1)0mega-0-{1/crm) - 0.00 0.00/300000.00
(1)Omega-p-(1/cm) - 0.00 0.00/300000.00
1)0mega-tau-(17cm) - 0.00 0.01/200000.00 Fit.. | Export |
2)0mega O-(1/om) r 0.00 0.00/300000.00
2)0mega-p-{1/cm) i 0.00 0.00300000.00 Becalc | Help |
<2E]|mega-tau-(1fcm) - 0.00 00120000000 =|  Concer | ok |

The red box indicates the two parameters for the Drude-oscillator model.
The blue boxes indicate the three parameters for the Lorentz-oscillator model. Up to 10 Lorentz-
oscillators can be used simultaneously.
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54.1

The Lorentz-oscillator

The Lorentz-oscillator consists of three parameters for the spectral position, strength and damping.

Its contribution to the dielectric function ¢ is:

2
e=1+ %

Q;—v? —-iQ.

v

Its parameters are summarized in the following table.

Lorentz-Oscillator

Parameter Description

Qo Center frequency of the oscillator in cm™
Qp Strength of the oscillator (amplitude)

Q. Damping of the oscillator

Oscillator layer - NoName

x|

Reset Params |

4]
~|

124 n Qo
0.5
] Q,

0.4 ‘ —_— —

o

10000.0 15000.0 20000.0 26000.0 30000.0

Energy [crm-1]
| n k|

Mame Fit “alue Minimurm  |Maximum |Res]
[1] MoMamel: Thickness | 0.00 0.001000000.00| —
MoMamel: Epsilon-infinity | 1.00 0.01| 1000.00
Epsilon-infinity-imag 0.000
MolMarned: w-p-free-carrier | 0.00 0.00| 90000.00
MaMamed: w-tau-free-carri | .00 0.00 s000.00
MaMamed: [ 1)0mega-0-( | 20000.00 .00 |300000.00
MaMamed: [ 110mega-p-(1 _1| B000.00 .00 |300000.00
MoMarmed: [ 170mega-tau ~1) 200000 0.01 |200000.00
MoMamel: [ 2)0mega-0-( i 0.00 .00 |300000.00
MoMarmel: [ 2)0mega-p-(1 ol 0.00 .00 |300000.00
MoMarmed: [ 230mega-tau | 0.00 0.01 |200000.00

*

Display:
Wnon WMk [Tel [e2

Range:

from ‘ 50.0 cm-1 ‘

to \ 1I]I]I]I]I].I]cm-1‘

Points

Fit ... | Export |
Recalc I Help |
Cancel | Ok |
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5.4.2

The Drude-free carrier absorption

The free carrier concentration in a material leeds to an oscillator with a center frequency of wy=0.

Its contribution to the dielectric function ¢ is:

o,
e=1+—"=
v —loyv
Drude-oscillator

Parameter Description

®p is dependant from the concentration N and the effective mass m* of the free
carriers:
N: free carrier concentration
m*: effective mass

®; is dependant from the mobility p and the effective mass m* of the free carriers:

e

()

=

m" u

K: mobility of the free carriers

m*; effective mass

Oscillator layer - NoName

Reset Params

Name: NoNamen |
0.4 B
: |
Df;;ﬂﬂ 1] a 1SDDD D EDDDD D QSDDD D SDDDD 1] Display:
Energy [crme1] Vn Mk [Tel Ne2
| n k| Range:
Mame Fit Walue Minirnurm |Maximum |Res from 50.0 cm-1
[1] MoMamel: Thickness _l 0.00 0.00/000000.00 | 100000.0 ]
MoMamed: Epsilon-infinity = 1.00 0.01| 1000.00 to
Epsilon-infinity-imay 0.000 Points
MaMarmel: w-p-free-cartie ~1) 15000.00 0.00) S0000.00
Mol armed: w-tau-free-carri _11000.00 0.00 5000.00
MaMamed: [ 1)0mega-0-( 1 0.00 0.00/300000.00
MoMamed: [ 1)0mega-p-[] l 0.00 0.00|300000.00
NoMameD: { 1)0megatau] 1 0.00 0.01200000.00 Fit.. | Export |
MoMamel: [ 2)0mega-0-( 1 0.00 0.00/300000.00
MoMNamel: { 2)0megap(] ! 0.00 0.00300000.00 Becalc | Help |
r:lnﬂamelj: [ Z10mega-tau = 0.00 0.07200000.00 X - Cancel | ok |

— I
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The following two graphs show the influence of carrier concentration N and mobility p to the dispersion
of n and k for the example of a transparent conductive oxide like ITO (Indium doped TinOxide) .

e o e o e

20 [\ ]

15[

n,

10|

05|

P RS e e = }
6000 7000 8000 9000 10000

0_0-||||I|
4000 5000

wavenumber / cm™

Figure: influence of carrier concentration N to the dispersion on n and k

- With increasing carrier concentration the onset of the absorption is shifting to higher wavenumbers
(shorter wavelength).

i Pt BTt LXrorY Crr Tt

6000 7000 8000 9000 10000

N R
4000 5000

wavenumber / cm™
Figure: influence of carrier mobility p to the dispersion on n and k

- With increasing mobility p of the free carriers the oscillator structure gets sharper.
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5.5. Brendel oscillator model

The Brendel oscillator model is designed to describe vibration absorption bands of molecules in the
MIR spectral range. It is based on a harmonic oscillator model. Due to an inhomogeneous
environment in amorphous materials the centre frequency of each individual oscillator is influenced.
The Brendel oscillator describes the standard deviation of the gaussian distribution of the centre
frequency of the harmonic oscillator.

Beyond that it is very useful to describe also metallic films. Especially metals like gold are showing
strong benefits when described using the Brendel oscillator model.

Gaussian Harmonic
distribution oscillator

Parameter Description

<L Suszeptibilty of the Brendel oscillator k

Vok 1
Resonance frequency / cm

VTk . . 1
Damping of the oscillator / cm

Vik - -1
Oscillator strength / cm

(o]

k Standard deviation of the centre frequency / cm™
k

Oscillator index
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The Brendel oscillator becomes a standard harmonic oscillator exactly like the Lorentz-oscillator
model, when the standard deviation becomes O.

Brendel x|
Name: [NoNameD | E1(Inf:
Use |nuD| |nut| |nup| |5ima
| 1 Jyes|r|d 30000 & 500 & 10000 & 0
I N R N R R
= no [7]
124 [ 4 |no (=]
(5 Jno [7]
| B fno 7|
| 7 fno |7
| 8 fno i~
z | 9 fno 7|
% 0.8 10 fno |*
T [
g (12 [no []
E Vo |13 fno |7
s 14 no 7]
(15 [no [-]
0.4 |16 o |v)
17 fno 7]
18 fno 7]
Vi (18 [no 7]
— /| \&— 20 o [
21 |no [+
0.0 Vp
1000.0 200‘00 3DDIDU 4DDIDU 5000.0
Energy [cm-1]
n 3
Mnlk el e2 Comment )>>| Fit>>> | Help | Cancel | 0ok |

The Brendel oscillator becomes the shape of a Gaussian oscillator when the damping of the harmonic
oscillator becomes zero and the standard deviation is not zero.

%]
Name: [NoNameD | E1(Inf:

Use |nuD| |nut| |nup| |5ima
|- 30000 &0 S 0000 & 500

= =

5 5

| |
SaBEEEBaRE
SHEBEHBEHBE

<
o
EIERE]
232
A AT AT AT T AT AT AT T e ] o ]

Dielectric constant

=
=
E

= =
= =
#:\E\>
1 1 Y Y
Y [ o ey
B
Tzzzzzz

T T T
1000.0 20000 30000 40000 5000.0
Energy [cm-1]
n 3

Mnlk el e2 Comment )>>| Fit>>> | Help | Cancel | 0ok
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55.1 Brendel oscillator examples

Dielectrics the MIR spectral range

The following examples shows the modeling of the AlIO absorption band at around 700 cm™. The
measurement was performed at three angles of incidence of 50°, 60° and 70°. The structure below
1000 cm™ is due to the AIO band.

M Fit of parameters 1ol x|

Interval fit ...
Run Fit
Parameters
Environment
Modula:
Update:

[+ draw theory
I~ show axis title

File:
C:\GRAMSAD ata\T]|

¥ overwrite file
[¥ save data to file

Format:

Plot ...

[~ Delta -180 ... 180

Recalculate

160.0

1400

T T
1000.0 20000 30000 40000 5000.0 Quit

MSE: 1.3583

The screenshot of the Brendel dispersion window for Al,O3; shows the dispersion of n and k using a
single Brendel oscillator.

(Y TH (41203 - MIR - Brendell [76-00 nm | ERITER 2491

[ nuo nut nu sigma
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=
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o
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3
E

5
]
3

]
S
2

T T T T T

1000.0 2000.0 3000.0 4000.0 5000.0 6000.0
Energy [cm-11

n

k

Mn Pk el ez Morc .. | Comment>>>| Fit>»> | Help | cancel | ok
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Metals in the UV-VIS-NIR spectral range

For the modelling of metals usually the Drude-Lorentz oscillator is used. For some metals like Au this
oscillator type is not suitable because the shape of the Plasma edge can’t be modelled well.
Then the Brendel oscillator is mostly the better choice to model this kind of shape excellently.

The following example shows an optical thick Au film on glass. The units of the x-axis are
wavenumbers. The spectral range is 4000 — 45331 cm™ which corresponds to 230 — 2500 nm. The
Plasma edge at 20000 cm-1 is described excellently.

M Fit of parameters 1ol

Interval fit ...

10 Run Fit
Parameters
Environment
400
Modulo: 1 ]2
Update: |1}
360 - I diaw theory
I™ show agis litle
File:
320 - [C:\GRAMS\Data\T]
¥ overwite file
V¥ save data to file
280 o Format:

PsisDeta =]

Plot ..

160.0 - I Delta -180 __ 180
1400 4
1200 4
100.0 4
800
600 o

T T T T
10000.0 200000 300000 400000 Quit

T T T T
10000.0 200000 300000 40000.0

MSE: 0.1079

The following screenshot shows the dispersion of Au. A total number of 8 oscilaotrs are used to
describe the dispersion in this broad spectral range. Oscillator number 6 is placed at 0 cm™ to
represent the Drude oscillator.

=
Nome: [OEDERT | R [558 |
Usi [nw0 [ T ot [ [ nup [ [sigma

e
| 1 [ves[z|f 10705447 18705047 840504 545649
[ 2 |ves|-|#f 43628.0%0 28202 ¥ |40896.5¢1 267779
[ 3 |ves|=|# 1187632 4750.71% 1090628 206.7
[ 4 |ves[=|# 23164.0% 49392 ¥ 11616.7% 47722
204 [ 5 |ves|=|sf 2083126f 971 ¥ 2657917 1294384
[ 6 |yes|=|5 00 = 20875 ¥ 5958614 13483
| 7 |yes|=|# 21283.6% 413.63 ¥ |4067.8 ¥ |1857.7
| 8 |ves|=|sf (35455060 1306 ' [1789.2 & 19432
= | 9 fno =} - o - ol ol ’
2 |10 fno |~
g 8o - [[11 |no |*]
5 | 12 fno |-]
= [13 |no [+
a |14 Jna 7]
|15 Jno 7]
| 16 |no |~}
207 17 [no [
|18 Jno 7]
| 19 fno |-]
| 20 |no |~}
f 21 |ro |~
00 —
T0000.0 200000 300000 J0000.0
Energy [cm-1]
n K
Wn vk el [ e2 Cummen|>>>| £i|>>>| Help | Cancel | 0Ok

48/ 97



Glass in the VIS-MIR spectral range

Glass like flat glass (SLG) or low iron glass show a very weak extinction coefficient. It is normally
neglected in ellipsometric measurements because k is well below 0.001 and the Cauchy layer can be
used well to describe the dispersion of n.

In some applications, when backside reflections occur in ellipsometric or transmission measurements,
then the extinction can’t be neglected anymore.

In this case the dispersion can be described well using a Brendel oscillator which is shown in the
following experiment where PSI of an ellipsometric measurement and a transmission measurement

are combined in one experiment.

SLG example
The upper graph of the screenshot shows the PSI measurement the lower graph the transmission

measurement. The ellipsometric measurement is performed on a rough part of the sample so no
backside reflections occur. The transmission of course is with backside reflections.

N7 A NK Layer  n=1.0000

Glass - Brendel Brendel n=1.5055

Figure: ellipsometric model without backside reflections

Model ] - !

Air NK Layer n=1.0000

Brendel (incoherent) Brendel n=1.5055
i MK Layer n=1.0000

Figure: transmission model without backside reflections

il
Interval fit ..

Parameters
Environment

Modulo:
Update: [1 |2}

[ diaw theoty
[~ show axis title

File:

T C:\GRAMS\D ata\T|
30000.0

¥ overwrite file
[ save data to file

T T T T
10000.0 15000.0 20000.0 25000.0

Format:

e PsisDeta  ~|
Plot ...

™ Delta -180 ... 180

0.4+
BRecalculate

T T T Isotropic multilayer on isotropic substrate
10000.0 15000.0 20000.0 25000.0 300000

Figure model and measurement of PSI (top) and transmission (bottom)
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The dispersion of n is mostly described by oscillator number 9. It is placed outside the measured
spectral range. The Lorentz (nu0) damping and Gaussian (sigma) broadening are set to zero. Then no
absorption will occur by this oscillator in the VIS or NIR. This is important because is will always be too
large and will suppress the weak absorption structures in the VIS and NIR.

|

Dielectric constant

Name: [Glass - Brendel | Thickness: [4000000,00 nm | Ergnry: [1.000
Use [ nuo nut nu sigma

[ 1 ves[=|e 1237734 946 o 128 0 60574
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160 [ 4 |ves[=|e 261306 4477 0 34 o 7818
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| 6 o |7] o - i - .
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| 8 o |-} - oL u LA
[ 9 |yes|=|4 73s6455 000 & 6300344 00
|10 Jro |7} - o - . -

1.56 |11 jno 7]
| 12 Jno |~ ]
| 13 Jno |~
| 14 Jno |~
|18 Jo |~ ]
| 16 Jno |~ ]
|17 Jno |~ ]
| 18 Jno |~
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| 20 Jro |~ ]
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T T T T
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Energy [cm-1]
Pk el ez More ... | Comment>>>| Fit>>> | Hep | cancel [ ok |

The dispersion of k is described by oscillators 1 — 5. The extinction k is very weak in the range from

10° to 10™
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More topics ...
Layer types:

EMA (example: 50/50 and graded films (ZnO / glass)
Leng-Lorentz (example: ??7?)
Tanguy: (example: AIN bandgap from Bilkent)
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6. Hackers guide for scripts

Scripts can be used to automate procedures in SPECTRARAY. They can be applied for many kinds of
applications like e.g. automatic measurements, fitting, import or export of data. This chapter gives an
overview how to build scripts using some useful short examples.

6.1. Starting the script editor to build a new script
The script editor can be opened in two different ways:

e Menu > Extra > Applications

e Single mouse click on the scripticon: %%

The “Application runner” is started which might already show existing scripts:

il x|

Group: Applications:

m Example: Save = spc file Run |
Edit |

Hew script |
Hew Dialog |

quit |

“New script” opens the script editor where the scripts can be developed, executed, loaded or saved.

rewscript g = 55
:title=<new application> ﬂ
kd
1] i
Load __. | Save as ... | Save | Quit I

In the beginning a title is defining which is displayed in the “application runner” window. It is not
absolutely necessary to save the script, because it will be automatically saved using a default name
created automatically by SPECTRARAY II. In order to prepare the first example the title is set to:

;titte=Example 1: 10 consecutive fits

The editor is closed and the new script appears as a new entry in the “application runner”

=
Group: Applications:

Example 1: 10 conseculive scripts

p
Example: Save *.spc file £
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6.2. Script examples

6.2.1 Script for numerous consecutive automatic fittings

In case of a high amount of fitting parameters it is often the case that the fitting procedure won't find
the best fitting within a single run of the fitting procedure. Instead an arbitrary amount of consecutive
fitting runs can be initiated using a script.

This example will be programmed using two different scripts. The first shows the trivial case the
second uses a loop to execute the fitting procedure.

The script command which is used to execute the fitting procedure is called “autofit”. There are no
parameters for this command.

Trivial script:
The trivial script will be to simply copy the “autofit” command ten times into the script editor.
The new script “10 consecutive fits” is opened by “Edit”

editor - c:" GRAMS" Script' Appl0D0D.scr _ |El|i|

;title=Example 1: 10 consecutive scripts ﬂ

autofit
autofit
autofit
autofit
autofit
autofit
autofit
autofit
autofit
autofit

]

I o
Load ... | Save as | Debug | ﬁunl Find | Findﬂexll Quit I

When an experiment file is loaded containing measured data, a model and fit parameters the script
can be executed by pressing “Run”.
The successful running script now shows a small window with information about the progress of the

actual fit run.
[

[1.115i02 : Thickness 391.419
5i02 : ND 1.457
Si02: N1 33.733

| No.: 64 LSaQ: 0.78501 |

The script can be cancelled before it automatically ends by holding the “CTRL” key. Then a window
appears asking to confirm the cancelling.

Script Execution EI

Do want ko cancel the script execution?
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Non-trivial script: using a loop:

There are no loops possible known from other programming languages based on the “for ... next”
structure. Therefore the loop is programmed in a different way using a “label” which can be used to
jump to in the script and an “if” command. Furthermore variables are introduced and assigned in order
to control the amount of fit runs and to decide when to end the script. This is the script now using the
loop:

editor - c:\GRAMS' Script' Appl0D0D.scr g ] 55
title=E xample 2: 10 consecutive scripts using a loop ﬂ
integer 1]
i=0
i=10
Labell:
autofit
i=i+
if i<j Labell
k1 _'I_I

Load ... | Save as ... | Debug | Bun | Find | Find Next | Quit I

This is the same script but with comments:

;title=Example 2: 10 consecutive scripts using a loop

; declaration of the integer variables i and |
integer i,j

; assigning start values:

; humber of first run

i=0

; amount of fit runs

j=10

; This is the beginning of the loop using the label command, the label ends with a colon “:”
Labell:

autofit

;the variable i is incremented
i=i+l

; how it is checked whether | is still lower than j, then the script jumps to Labell
: here no colon “:” is used at the end of Labe1
if i<j Labell

This script now does exactly the same like the trivial script. The advantage is that the amount of fit
runs can be easily changed by changing the value for the variable j.
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Please obey the following scripting rules:

1. Only use one command per line

2. Don’t use underscores in Label names “Label1a” instead of “Label_1a”
3. A“Label:” ends with a colon when it is declared

4. A “Label” doesn’t end with a colon when it is addressed

5. Assigning a value to a variable needs to use space in front and after the
equals sign “i = 0"

6. Comparison of variables need to use no space in front and after the
comparison sign “i<j”

“w.n

7. Comments can be introduced with a semicolon “;” in the beginning of a row
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6.2.2 Calculation the sum of all films in a stack

Sometimes the total thickness of a stack is of interest. Then it is unhandy to use the calculator and add

up all film thicknesses manually. The following script helps to automatize this procedure.

The following stack is used to add up the film thickness.

Model

_ NS i
10537 nrm o Si02 - Cauchy

D ISB8HRm  TiO2 - Cauchy
471 nm  Si02 - Cauchy
5016 nm - %203 - Cauch:

Bl<F - Cauchy

The scripts will read out the amount of layers in a stack, add them up and prints out the sum in a

window. Additional commands are used to convert floating point variables into string variables.

editor - c:" GRAMS" Script' Appl0D01.5cr

=lolx|

;title=Example 03: Sum of all layer thickness in a stack

integer Layers.i
double th. thtotal
string sthtotal

i=0
th=0
thtotal = 0

CountModellLayers 0 Lapers
Layers = Layers - 1

Labell:

i=i+1
GetModellLayerThickness 0 i th
thtotal = thtotal + th

if i<Layers Labell

dbl2str thtotal sthtotal 2
meszage Total_stack_thickness:_$sthtotal$_nm

Ad|
I o
Load ... | Save as ... | Debug | Bun | Find | Find Next | Quit I

It is important to know that the command “CountModelLayers” which counts the layers will not give “4”
but 5 as result. This is because it starts counting with “Air” which is layer zero and ends with the

substrate layer which is layer “5”. Therefore

This result window is shown when the script is executed:

x

lj) Tokal skack thickness: 317,18 nm
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This is the script with comments:

;titte=Example 03: Sum of all layer thickness in a stack

integer Layers,i

, floating points variables are declared using “double” command:
double th,thtotal

; a string is declared which can be printed out in a window:
string sthtotal

; the starting values are assigned
i=0

th=0

thtotal = 0

; the amount of layers in the first experiment (mostly there is only one) are counted
; the experiments are counted starting with “0”

; the result is stored in the variable “Layers”

CountModelLayers 0 Layers

Layers = Layers - 1

Labell:

i =i+l
GetModelLayerThickness 0 i th
thtotal = thtotal + th

if i<Layers Labell

; the double variable is converted into a string. The digits are cut to 2 digits
dbl2str thtotal sthtotal 2

;message opens the result window
; “ 7underscores are used to print a spacebar
; the variable is put in $$ to give the content of the variable

message Total_stack_thickness:_$sthtotal$ nm
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6.2.3 Import of external data with unit assignment

It was already explained how to import external measured data which is existent as ASCII data of e.qg.
two columns of wavelength and reflection data. The following script shows how to assign the units
using a script.

It is assumed that the imported data is moved to the last position in the “Data” section of
SPECTRARAY after manual import. The data is reflectance data measured at an angle of incidence of
® =8°.

Data

Ml external measured reflactivity

The important information of the measurement are not set yet: “None”
x-Axis: None — (this will become: wavelength / nm)

y-Axis: None — (this will become: reflectivity)

z-Axis: None — (this will become: angle of incidence)

z-Value: --- — (this will become: value of the angle of incidence: 8°)

x|
| Graph I Table I Title THgader Iﬁtraylight]

x-fixis! Mj all |gone| Ok I

Color y-Ais z-Axis z-value | Use | Wie |Mod
I Mone ~ |None - A A

|> |||> |>|

The fit script needs to count the amount of datasets to know which will be the last one in the row. Then
the four parameters will be assigned to this dataset.

editor - c:\ GRAMS" Script' Appl0DD3.scr _|O ZI
-title=Example D4: Assigning values to i d R ﬂ
integer n
CountDataSets n
SetXUnit n WAVELENGTH
SetYUnit n 0 REFLECTIVITY
SetSubUnit n 0 PHI
SetSubValn 08
=
7] Iz
Load ... Save as ... Debug I ﬂunl Find | Find Next | Quit I
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Script with comments:

;titte=Example 04: Assigning values to imported R measurement
integer n

; the amount of datasets is saved to the variable n
CountDataSets n

; the x-axis is set to wavelength / nm
SetXUnit n WAVELENGTH

; the y-axis is set to wavelength / nm

; 0 stands for the first data column (see red arrow in screenshot below)

; in case of multiple column data (e.g. PSI, DELTA) additional columns appear
SetYUnit n 0 REFLECTIVITY

; the z-axis is set to the angle of incidence “PHI”
SetSubUnit n 0 PHI

; the value of the angle of incidence is set to 8°
SetSubValn 0 8

After executing the script all units and values are assigned as shown in the following screenshot.

x|
| Graph I Table I Title THgader Igtraylight]
ot [Wavelength || all | none | [ ok |
|Co|ur| y-Axis | z-Axis | z-Yalue |Use | e |Mud|

’_I\IDIH

0 [ |Reflectivity [~ |Phi [~] gooly v o
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6.2.4 Consecutive fitting of n datasets using the same optical model

The dataset holds measurements of the same sample at five different positions. The optical model
should be applied to all these single measurements and the results of the film thickness and the
refractive index at 400 nm and 632.8 nm are saved into a file.

Spectr R ay with AiSOopY - 0 anual\spectraray_tutorial\ demo._experiments\script example consecut 8 = |
Ble Edt Dats Optors Colect Took Cakulgte Mot Exra Hep

LE@ue= @ IAF D Hem @IEND 0 F
Model
Sl fFT=Eoai RV i Layer =1.0000

3142 0m 502 Couchy Layer  n=1.4654 1]
S| R si (siicon) File Layer 38717 k=0.0158
Replace

¢ gramsioats.
appi spc Fi - Add
est dat Remaye

s00 -

T T T
4000 6000 8000

o

Adv_Fit Ok 0% |

The script shares the writing of messages into a file with SPECTRARAY Il. That means
SPECTRARAY uses a logfile which is used to write messages into it. The script also can write into the
same logfile. To overcome this problem, the filename of the logdfile is renamed to the one the script
wants to every time when a message is written into it. After that the logfilename is restored to the one
SEPCTRARAY Il is using.

The result file is called results.txt and it is saved into the same directory where SEPCTRARAY Il is
located. It shows a unit name header and the columns with the results:

_nix
Datei Eearbeiten Format  Ansicht 7

Foint Thickness n(400) (né33) MsSE =l
o] 307,65 1.4770 1.4634 (.558

1 308, 74 1.4768 1.4832 (.580

2 308,43 1.4771 1.4635% (0.576

3 30888 1.4775% 1.463% (.585

4 400,20 1.4770 1.4633 (0,565

Kl o
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This is the script file with comments:

;titte=Example 05: Consecutive fitting of multiple measurements

integer i,n
double th,n400,n633,k,MSE
string sth,sn400,sn633,sMSE

s kkkkkkkkkkkhkkkkkkkkkkkkkk

; Deleting the old logfile

s kkkkkkkkkkkhkkkkkhkkkkkkkkk
1

logfile {.}\results.txt
eraselodfile
logfile {.}pmodell.log

s kkkkkkkkkkkkkkkkkkkkkkhkkk

Writing logfile header

s kkkkkkkkkkkkkkkkkkkkkkhkkk
1

logfile {.}results.txt

logmessage Point__ Thickness__ n(400)__ (n633)__MSE

logmessage

logfile { }pmodell.log

; Initial settings of the variables
i=0

CountDataSets n

n=n+l

= kkkkkkkkkkkkkkkhkkkkkkkkkhkkkk

; Deselecting all datasets

= kkkkkkkkkkkkkkkhkkkkkkkkhkkk

Begin of the loopl
Labell:

SetDataUse i1 0
SetDataUse i 2 0
i=i+l

if i<n Labell
; End of the loopl

i=0
= kkkkkkkkkkkkkkkkhkkkkkkhkkkhkkk
; Fit of all measurements

= kkkkkkkkkkkkkkkhkkkkkkkkhkkkk
1

; Begin of the loop
Label2:

; Selecting the actual dataset
SetDataUse i1 1
SetDataUse i 2 1

; Starting the fit
autofit
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; Reading the film thickness of the first experiment (0) of the first layer (1)
GetModelLayerThickness 0 1 th

; Reading n and k for the first experiment (0) of first layer (1) at 400 nm
; Storing the results in the variables n400 and k
getmodellayerrefrindex 0 1 400 n400 k

getmodellayerrefrindex 0 1 633 n633 k

;Reading the MSE value
MSE = GetLSQ

; Converting the double variables into strings
dbl2str th sth 2

dbl2str n400 sn400 4

dbl2str n633 sn633 4

dbl2str MSE sMSE 3

; The result string is written into the logfile

logfile {.}results.txt

logmessage $i$ $sth$ $sn400$__ $sn633$_ SsMSES
logfile { }pmodell.log

; Deselecting the actual dataset
SetDataUse i1 0

SetDataUse i 2 0

; incremenent of the actual dataset
i =i+l

; Jump to label 2
if i<n Label2
; End of the loop

= kkkkkkkkkkkkkkkhkkkkkkkkkkkkkhkhkhhhk

: End of Fit of all measurements

= kkkkkkkkkkkkkkkhkhkkkkkhkkkkkkhkkhhhk
1

; display of the results by starting the external notepad program
shell notepad.exe { }\results.txt
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6.2.5 Consecutive measurements

The following script shows how to run a number of consecutive measurements e.g. for in-situ
applications. The number of measurements and elapsed time will appear in the
SPECTRARAY status bar. The script can be interrupted at any time by holding the left CTRL
key.

;title=consecutive measurements

double CurrentAngle
integer i,number.tinitial tellapsed,tdiff
string snumber,stellapsed

; define the current angle of incidence
CurrentAngle = 70

i=1

: number of consecutive measurements
; the script can be interrupted by holding the left CTRL key
number = 10

; seconds since midnight
tinitial = timedifference

skkkkkkkkkkkkkkkkkkkkkkkkkkk
)

;label, loope begins here

skkkkkkkkkkkkkkkkkkkkkkkkkkk
)

jumphere:

tdiff = timedifference
tellapsed = tdiff - tinitial

dbl2str i snumber O
dbl2str tellapsed stellapsed 0

; writes status information of measurement number
; and ellapsed time into the status bar of SPECTRARAY I
STATUSTEXT Current measurement number:_$snumber$__ellapsed_time:_$stellapsed$_s

; start the ellipsomtric measurement
runscript {.}sysscr\\meastool.scr SingleMeasurement

; delay if necessary (waits now for 1000 ms)
delay 1000

i=i+l
if iknumber jumphere

skkkkkkkkkkkkkhkhkkk
)

; loop ends here

kkkkkkkkkkkkkkkkhkk
1

Adv. Fit Current measurement number: 3 ellapsed time: 8 s 0%
Figure: Status bar
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6.2.6 Calculation of the sheet resistance of conductive films

Films like TCO’s or SrTiO3z 4 show conductivity due to free carrier absorption. This is mostly observed
in the NIR spectral range. The Drude equation of the Drude-Lorentz model is used to describe this
absorption. Its parameters can be used to calculate the sheet resistance of the film using the following

formula.

R, =6-10° . —r—
w; -d

op and o, are the Drude parameters. They are read out from the parameter list of the current
experiment and Rs is calculated then. It is necessary to have the experiment ready where the model

fits the measured data well based on the Drude model.

Model

14.95 nm

1004.15 nm_ SrTidx - DL Oscillator Layer
[ h £

hy Layer

Figure: Optical model

M Fit of paramaters

200~

16.0 o

120+

T T T T T
6000.0 8000.0 10000.0 12000.0 14000.0
Yavelength

Delta

Ar MK Layer n=1.0000
roughness EMA 2 layer n=1.5763 k=0.0163

4 k=0.0358

Alr MK Layer n=1.0000

Interval fit

Run Eit

Modulo: [ -]
Update: [1 j
[X draw theory

X show axis title

File:

C-gramstDatatTe:

K overwite file
K save data lo file
Format:

PsisDeta  ~|

X Delta-180 ... 180

Becalculate

T T T T T
.Y G Isotropic mutilayer on isotropic substrate
wiavelength

Figure: Model and fit in fitting window

Figure: parameter names of wp and wt of the Drude part in the parameter list

AL AU e s [P T TR T I —
[1,1] roughness: Thickness [nm] [0 | 14.95 2.00 01002 |«
roughness: Fraction of inclusion |~ |0.500 0.100) 00010|3 |«
SiTi0x - DL: Epsilon-infinity-real |« | 554 0.20 0.050|2 i
Sl Dl Eoailoninfinity-imag L 0000 0.010) 005003 |«

SiTiO - DL wep-free-carriers-(1/crm)  [#0 (864095 1000.00 0.050|2 Cf

SiTid - DL wetau-free-carriers-(1/crm) [¥7 |2939.38 100.00 0.050)2 L
Srh0x - O ( 1)0mega-O-(T/cm) u.o0 1000.00 0.050|2 v
T Pl F AW emana e M et | non 4000 N nnsnis W
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;title=Calculation of sheet resistance Rs
double Rs,wp,wt,d

: The SrTiOx film is the second film in the stack - thickness is read
d = getparameter [1,2]

; wp and wt are read from the SrTiO3 film
; the parameter names don't need to be complete
; it is sufficient if they can be clearly distinguished from other parameter names

wp = getparameter SrTiOx_-_DL:_w-p-
wt = getparameter SrTiOx_-_DL: w-tau-

; Calculation of the sheet resistance
Rs = 600000000 *wt/wp /wp/d

; Message box showing result
message Rs=_$Rs$ Ohm_square

Information m
L]
\!‘) Rs= 23,522 Ohm square

Figure: message box with Rs result
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Interpretation of spectra

6.3. Measurement of substrates
6.3.1 Transparent substrates

The dispersion of transparent materials is strictly increasing to lower wavelength (higher photon
energies). There is no additional structure in the transparent spectral range.

quartz
1.60

n quartz

—n

1.45 1 " " " " 1

250 500 750 1000
Wavelength [nm]

This results also in monotone spectra (here at ®=70°). ¥ shows no particular structures. A is constant
at 0°. It can also be constant at 180° when the angle incidence is lower than the brewster angle.

quartz
30

20

quartz
— v
—A

Psi[°] Delta [°]

10F

1 1 1
250 500 750 1000
Wavelength [nm]
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6.3.2 Absorbing substrates

A typical and widely used absorbing substrate is crystalline silicon. It is a semiconductor which shows
characteristic absorption structures which are related to the band structure of the material.

Si

nk Si

—n

n,

—k

0.0 1 s s A L 1
250 500 750 1000

Wavelength [nm]

These characteristic structures appear also appear as structures in the ellipsometric spectra ¥ and A.

Si
200

150

Si
100 —y

Psi[°] Delta [’]

50 |

OK

1 A s s 1 s s s 1l s N N
250 500 750 1000

Wavelength [nm]
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6.3.3 Transparent layers on absorbing substrates

The following graph shows the growth of SiO, on a silicon wafer in the range of 0 to 20 nm with steps
of 5 nm. A similar graph was already shown for the explanation of the “Simulation” software module.

—v
—A
— v
—A

Si02/ Si
200
Si02/ Si
. __ I

150 | - —A
_ /
= —v
©
5 \ 4 -
O 100F —vy
= —A
&

50

L
250 500 750 1000

Wavelength [nm]

/

A shows an a strong and almost constant shift with increasing SiO, film thickness. On the other hand
Y shows only a little change, which is rather higher in the UV than in the NIR spectral range.

The huge effect in A is the reason for the enormous sensitivity of ellipsometry to very thin films
compared to reflectivity measurements.

The weak effect in ¥ is the reason why for thin transplant films in the thickness range below 25 nm the
optical constants are fixed and the remaining fitting parameter is just the film thickness.
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7. Application examples

7.1. CET procedure

CET :(Combined Ellipsometry and Transmission)

Example: P2000 (polymer / C60 fullerenes blend)

7.1.1 Introduction:

The P2000 film shows strong absorption and it is relatively thin. This leads to ambiguous results
concerning the film thickness and the dispersion of n and k.

In order to overcome this ambiguity it is necessary to combine the ellipsometric measurement with a
different kind of measurement. Ellipsometry is based on reflection. The light passes the layer twice.
Transmission is passing only once. Therefore it is recommended to be combined with ellipsometry. It
is not necessary that the transmission measurement covers the same spectral range like ellipsometric
measurement. It ca be shorter, equal or wider. At least both measurements should overlap partly.

(A reflection measurement won’t help here)

We assume that a multiple angle ellipsometric measurement exists (50, 60 and 70deg). This
measurement was performed on a roughened substrate so no backside reflections occur.

The transmission measurement is done with a polished substrate of course. It is saved as an *.spc file.

Therefore the models for both measurements are identical with one important difference: the
transmission measurement needs to take the backside reflection into account by introducing air below
the quartz substrate. Furthermore the incoherent calculation must be activated.

This example is not an ideal example to demonstrate the power of CET because there is no ideal
fitting achieved for both PSI, DEL and Transmission. So it is likely not absolutely to describe the
P2000 blend as a single homogeneous layer.

The CET procedure can be explained anyway by this example.
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7.1.2

Ellipsometric model

The ellipsometric model is as follows. It consists of a single film P2000 on a quartz substrate. The
dispersion is described using the Brendel-oscillator model.

Model

=0.0095

Suprasil File Layer n=1.4434

Name: [8:10°0m

HIEITAE [2.085

WoJUse [ [nu0 [ [ nat [ [ rnup sigma
1 |yes[ [ 3930014 219504 2158284 1506.1
iyesiﬂ 25588.2% 345645 7ED12 M 629393
20 [ |ves[~]# o067 314p9% 1934604 106769
[ |ves[=]# 194117#0 22738 ¥ 63678 % 35653
[ |ves[~|# 1653090 10000 # 15000 & 9000
Lyesiﬂ 220137% 2726 ¥ 77386 M 43461
7 (6 | []
= [ | [
g [0 ne [7]
(1t fno [
£ 12 |no |~
oo -]
& [ Jno [<]
(15 oo []
[16 oo [
a6 [z e [
(18 oo []
(13 oo []
[20 oo [
21 |no [+
0.0
T T T T T
100000 15000.0 2000000 250000 300000
Energy [erm-1]
n k

Kinf kel e2 [comment >33 | [ Eit>>> ][ hetn

[ cancer || ox ]

Figure: Dispersion of P2000 describe using Brendel oscillator model

Parameters
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200
16.0 o
10.0 o
50 o

T T T T
15000.0 20000.0 25000.0 30000.0

Modulo: |10 j‘
Update: |1 j‘
[X draw_theory

[~ show axis title

File:
C:\grams\Data\Te:
X _overwrite file

% save data lo file

Format:

w
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Isotropic muliayer on isotropic substrate
15000.0 PANTIINT} Pl VI TAT)

0.0 —

[PsisDeita -]

[" Delta-180 ... 180

Hecalculate

Figure: Measurement and model at Phi = 50and 70deg
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7.1.3 Second experiment for transmission

Creating the second experiment

The second experiment is created by: Menu - Edit > Model + Data sets - Add

4 SpectraRay with Anisotropy - g:kunden-messungenitraining |
Filz Data Options  Callect Toals  Calculate Plak Extra Help

= Copy Parameters = I
= S T R T t
. Materials ¥ A r '& g =

cy

Data 4

M:

. Create interface Chrl-I -

. Model + Data sets

. Fit Scripk ... Delete

B Delete Fit Script ... _

._ Comment Experiment ...

B3 amorphous Tio2

B3 25 doped polySi (Jellison)
|“ofasi- TL (190-920nm)
BB 5-5i (Fit Jellison)

On top of the model window two icons appear (1) and (2) . By selecting an icon it can be switched
between both experiments.

Model 1 JED

N AN MK Layer n=1.0000

F2000 Brendel n=1.8112 k=0.00%5
Suprasil File Layer

The inverted icon represents the selected experiment.

Building the model for the second experiment

The model is practically identical with some extensions. The model from the first experiment is coped
to second one by:

e Selecting the first experiment
e Menu - Tools »> Make equal models

Then the second experiment is selected

Air is copied below the “Suprasil” (e.g.: “CTRL” + moving Air with mouse cursor) and the correct
substrate thickness is entered for suprasil.
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7.1.4 Setting the environmental parameters for the second experiment

Then the incoherent calculation must be activated for the second experiment. Momentarily the
environmental conditions are valid for all experiments. They are “global’.

This is switched off by Menu - Options - Deselecting “Global Environment”

The checkmark must disappear
ay with Anisotropy - g:\kunden-mes

iy Colleck Toaols  Calculate  Plok

Egp  Device drivers .., T
E o addins ... R
Environment ... F4

—  (Global Environment ]
U Display and File Settings

0ou  Color calculation ...

gl « Auto update data boxes

oL Zonfigure toolbar »

au Remove Depolarization
au v kKeep Depolarization

ad polySi (Jellison)

Now at least on backside reflection can be activated for the second experiment.

I Environment parameters E

Values Iﬂanges T Units TguhstrateIlnhumng.I Errors

incoherent layer

Substrate thickness: IW

Beam diameter: IW

Detector aperture: IW
No. of backside refl.: IT

thick layer detected: Suprasil

Overlayers: (0 Fraction:|1.000
Filling material: |0V- Air

The transmission measurement is loaded into the dataset of the second experiment by Menu > File
—>Load (*.spc extension is selected)

71197



The two experiments appear as shown in the screenshot:

Model [+ 1€y Model €] - ]

SN A MK Layer  n=1.0000 N7 A Nk Layer 1=1.0000

F2000 Brendel n=1.6112 k=0.0095 *] P2000 Brendel n=1.8112 k=0.0025 B
Suprasil File Layer n=1.4434 Suprasil (incoherent File Layer n=1.4434

1n=1.0000

All materials having the same name also have the same parameters with on exception: the film
thickness is independent in both experiments. But the thickness also must the same. Otherwise this
combination doesn’t overcome the ambiguity problems.
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7.1.5 Creating the “fit script”

The thickness of both experiments is linked to each other using a fit script.

The fit script will read out the film thickness of P2000 of the first experiment and will copy it to the
second.

The fit script needs to know the correct parameter name of the P2000 film thickness in both
experiments. They are found in the parameter list (indicated by blue boxes:

View of all model parameters .E.
[arme Fit Yalue Typ. Dift. | Accuracy | Dig. | Wiew | Toc* |
Air: Refr. index 1.000 0.100 000103 e =
i H 0.000 0.100 0.0010|13 | ]
[1,1] P2000 ; Thickness [nm] 46.10 20.00 01002 (& I}
S22 000 Y N T} [P 208500 0.10000| 0.000100f5  [# ]
P2000 : nu-0(0) ¥ 35300113 1000.000 0.0100|3 | ]
Lo o T i T B e 1Y w MRS M40 Rinniniaininlyl nandnnba w 1
| coun L nutiy N U — —
P2000 : nu-p(5) [¥ 773364 1000.00 0002 e ]
= 4346.075 1000.000 0010013 = ]
[2,1] P2000 : Thickness [nm] 45.10 20.00 01002 ¢ =]
|2.2] =uprasil. [hickness |nWﬂ 1000000.00 20.00 n.on2 I}
MToE2ENA~NANan 10T A0 1 G | n1nn [mln ki v ] hd
{7 [
| Erint | | Cancel | | Help | | oK |

It is not necessary to use the full name for the fit script. SO many character are necessary until it can
be is identically recognized by the fit script. Therefore “[1,1]” and “[2,1]” are sufficient to be used in the
fit script.

The fit script is now created by: Menu - Edit - Fit script ...

SpectraRay with Anisotropy - g:\kuy

¢ B Daka  Options  Collect  Tools  Calc

Fit Scripk ...

Delete Fit Script: ...

] Copy Parameters =
L Materials »
R

Data 4
A:
I Create interface Chrl-I
I Model + Data sets »

I_ Cornment Experiment ...
B '

1 s

Currently no fit script exists. Therefore the following message appears:

i ) There is no current Fit script, Do vou

want to continue and create a new one?

After confirming the message box a basic fir script is created. Momentarily this fir script has no effect.

The fit script must be completed using the necessary commands inserting at the correct positions:
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A variable for the thickness must be declared in the “Start:” section using the command:

double th

The thickness is read out from the first experiment and copied to the second in the “BeforeCalcModel:”
section:

Th = getparameter [1,1]
Setparameter [2,1] th

The fit script appears as follows:

fitting script .E .

: Initialization before running the fit -
Start:

set FitScriptModulo 1
double th
exit

: Called each iteration during the fit [if FitScriptM odulo=1)
Modulo:
exit

: Called before each calculation of theoretical data
; Add your changes to parameters here:
BeforeCalcModel:

th = getparameter [1.1]

setparameter [2,1] th

exit

: if successful finished
OnFinigh:
exit

: if aborted by the user
OnCancel:

<]

| Load . || Save gs ... || || Quit |

The fit script can be closed using “Quit”. It is not necessary to save it separately. It will be
automatically saved with then actual experiment file.
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7.1.6 Fitting the CET model
The range of values of the PSI, DELTA measurement is 0 ... 90 and 0 ... 360 deg while transmission

is only between O ... 1.

The will lead to a strong overestimation of the PSI, DEL measurement and the transmission

measurement won’t have an effect.

Two ways are possible to overcome this problem:
1) The PSI, DEL measurement can be converted to the fourier-coefficients (s1, s2). Their range is

from -1 ... +1 and therefore very similar to

the transmission range.

2) If this conversion is not wanted, then the weight of the PSI, DEL measurement for the MSE value of
the fitting procedure must be reduced strongly.
This is done in the “Title” tab of the PSI, DEL measurement. In this example it is reduced from 1 to

0.005.

Graph T Table T

Title T Header Tgtraylight]

VET ) (Sample ec090901-02 P2000 { suprasil

Usen|

Date:‘ Time: |

UVVIS Settings:

Device: SE 800 [190.000 nm ... 2500.000 nm)

8

h ‘

<]

Measurement Enviro

Wavelength: |1-0E30 em-1  process time:
Angle of incid.: (0.00° Temperature: [273.2 K

nment

0.00 min

Polarizer pos.: |3I].

No. of points: 781

Range of x-axis:

0o I Weignt (0..1): [0.0050

Sample rotation [Theta): (0.00

x-axis by points: yes

When the fitting screen is opened then PSI, DEL is displayed as usual. The transmission
measurement is displayed in the DEL window. It is hard to see it because it is just a straight line at

zero and fitting quality can’t be estimated.

M Fit of parameters

2604

200+

15.0 4

1m0+

50 —

F RunEit }

Paramete:

T
150000

T T T
20000.0 250000 300000

Environment

Modulo: Wj
Update: [ =]
B draw_theary
[ show axis title

I}I E
g &
F

File:

Cgramsi\Data\Te:

3000 o

2000 7l\

1000

I S———

L/—\‘_____i

150000

Isatropic muftilayer on isotropic substrate
FLTITTNT] PN ETIN]

[" Delta-180 ... 180

Becalculate
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In order to make Transmission visible the DEL measurement can be hided from this display. This is

done in the “Header” tab of the PSI, DEL measurement

Graph I Table I Title THgader Iﬁtraylight]

x-Axis: |Wavelength j all none | 0Ok |

Caolor y-Axis Z-Axis z-Yalue [Use | Vie |Mod ;

1 |-es Psi ~ |Phi - 50000 e | %

2 |- Delta * |Phi - 000« o |
3 |- |Psi > |Phi v BO0O [« |
4 |- Dalta * |Phi v BOOO¥ [0 |
5 |- |Psi > |Phi v 70000v [« |
= Delta - |Phi - 70000 Pif |

[

4 | S

|3|]|].3ﬂ ‘92”35 each: ,5— [ average

The checkmarks for DEL are deselected | the “View” column. Now the DEL measurement is not

displayed anymore but it is still used for the fitting procedure.

The fitting procedure can be started now. The transmission measurement is now taken into account

and will influence the results.

M Fit of parameters .En
246.0 - - -
PO Parameters
150 Modulo: [10 =]

Update: [1 :|
10,0 4 [X diaw_theory
[~ show axis title
50 File:
C-\grams\Data\Te:
T T T T X _overwiite file
15000.0 200000 26000.0 300000 [% save data to file
Format:
o [PsisDeta -]
08
[ Delta -180 . 180
0.7
06—
0.5+
0.4
Isatropic mutiiayer on isotropic substrate
150000 AT} HUuLLU Juuuuu

76197



7.2. Shifted Interval Fit + Parameterization with Tauc-Lorentz
oscillator model

A photoresist film should be measured. The film is transparent in the VIS spectral range. Here it can
be described using a Cauchy dispersion formula. The film thickness and the dispersion of n are
obtained.

In the UV it shows a complex extinction structure. Here the Tauc-Lorentz layer will be the optimal
dispersion formula. Sometimes it appears difficult to find reasonable starting values to describe the
extinction using the Tauc-Lorentz layer when the original ¥, A spectra are fitted, because interference
fringes and structures due to structures in the dispersion of k are mixing up.

It is much easier to find these starting parameters, when they can be fitted to the dispersion of n and k
of the film itself.

The “shifted interval fit” allows directly obtain the dispersion of n and k of film without applying a
complex dispersion formula. Instead the spectral range is divided in small intervals. The refractive
index n and extinction coefficient k are fitted separately in each interval. In the end the dispersion for
the full spectral range is obtained.

The example shows the analysis of the dispersion of n and k in the full spectral range using the
“Shifted Interval fit” procedure.

This is followed by fitting the Tauc-Lorentz oscillator dispersion to the dispersion obtained from the
interval fit.
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Step 1) Determination of film thickness

It is necessary to know the film thickness of the photoresist accurately, because the film thickness
wouldn’t be a fit parameter during the “Shifted interval fit”. This is necessary because in the absorbing
spectral range the fit is less sensitive or even insensitive against the film thickness.

The film thickness of the photoresist film is analyzed first in the transparent part the resist (spectral

range: 450 ... 920 nm. Multiple angle measurements are necessary. Here ¥, A measurements of 50,
60 and 70 deg are used.

A simple Cauchy model is applied to model the measurement.

Model
S A NI Layer 1=1.0000
112.84 nm  [=Fa] ¢ Layer n=15875 g
I i DUVUIS-NIR File Layer  n=3.6736 k=0.0145

Set the used spectral range to 450 to 920 nm.
The fit parameters of the resist film are the film thickness and Cauchy coefficient NO, N1, N2.

Name:

Resist
1.62+

112.84 nm
1.60 o

Display
1587 K [k

Dielectric constant

T T T T T el l e2
5000 6000 7000 800.0 9000
Wawelength [nm]
n

Range:

Refr. ind.: \ 1.552 \ 140.2 \ 19.6
from 200.0 nm

Absorption:  KO:[  0.000 ki 0000 gz 0.000
to 1000.0 nm

:

Figure: Cauchy model of the resist film

800 o

700 4

600

500 o

400 4

T T T T T
600.0 600.0 700.0 200.0 an0.0

3000

I Delta -180 .. 180

Becalculate

2000

1000

T T Isatple iy o lseiopls substrate
5000 5000 s ik sy [ mat |

Figure: The measurement and model after fitting

The model shows an ideal fit to the measurement.
A film thickness of 112.8 nm is obtained.
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Step 2) Setup of the model for the “Shifted interval fit”

The film thickness must be kept in mind.

The Cauchy layer is removed. At its position a “Fixed refractive index and absorption”, also called
“N,K layer” layer is inserted.

Press the “New” icon from the icon bar. The “Create new material” window is opened.

Select the “Fixed refractive index and absorption” type and Press “ok”.

Create new material E

Afromovitz III-Y Semiconductor =]
Afromowitz AlxGa[l-x]As

Afromowitz In[1-x]GaxAsyP(1-v] matched on InP
Afromowitz In[1-x]GaxAsyP[1-y]

Afromowitz In[1-x]GaxP

Afromowitz InxGa[l-x]As

Biaxial Anisotropic Layer

Brendel Oscillator

Cauchy layer

Drude-Lorentz model [oscillators]

Effective medium and refractive index gradient layer
Epitaxial Silicon Profile

File layer [data table

Formula for dielectric function

Forouhi-Bloomer

Hamberg layer

Homogeneous growing layer

Leng oscillator

Nuclei growth

Periodical group

Polynomial dispersion

Schott glass =
Sellmeier [transparent]

Sernelius layer

Table [2D) hd

‘ Help H Cancel H ok |

Double click the “Fixed refractive index and absorption” layer. The “N,K layer” window is opened.
Enter the film thickness obtained from the former modeling (Here: th = 112.84 nm)
Select n and k as fit parameter.

Set a starting value for n of n=1.6

Name: |RBSiSt

1.6
0.000

Thickness d: 112.84

|Eit>>| | Help || Cancet | [ ok ]

Press “Ok”. The layer is inserted now into the model. Move it to the correct position. The model
appears now as follows:

Model

n=1.6000
n=3.6736 k=0.0146
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Step 3) “Shifted interval fit”

The used spectral range is set to 240 to 920 nm.

The fitting window is opened now.

I" Delta -180 .. 180
200.0

Becalculate

100.0

Figure: Measurement and model with new model with fith “N,K layer”. The model fits well in the VIS.
The UV shows deviations because the absorption of the resist isn’t described in the model

Press the “Interval Fit ...” button. The Shifted Interval Fit window is opened. Select following settings:
x-axis: wavelength (nm)
from: 920 nm (the scan is done from the highest wavelength, because the starting values of the model

are correct here, because they are known from the former modeling. In the UV they are unknown
momentarily, so starting at 240 might lead to a wrong solution)

to: 240 nm

step: 5.0 nm (the step size for the intervals. It should be sufficiently narrow in order not to skip an
structures in the spectrum)

width: 5 nm (width of the fitted interval, it It should be sufficiently narrow in order not to average the
structures in the spectrum)

Max. Iterations: 100 (the fitting of each interval will be stopped at least after 100 steps of iteration
Stop fit if MSE if less than: 0.00 (the Fit quality is not used to limit the amount of fit iterations)
Press clear results: (in case old results are shown in the results section)

Shifted Interval Fit x|
x-awis: (Wavelength [nm) j 240.0 nm ... 920.0 nm
from [920 to [240 step [5.0 width [5

[" restore start values each step

Max. Iterat.: (100 Stop fit if LSA is less than: |0.00000

[ Get Dispersion of |Resist J at |533-[I

| Clear Results || Save Results H Display ‘ | Ok |

I <]
|

[« ol |

Figure: “Shifted interval fit” window
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The “Start” button is pressed to initiate the fitting procedure. The fit is now done step by step. The
progress is shown in the “Shifted interval fit” window, where the actual interval is displayed. The fitting
window shows the progress for each interval. The results are stored in the results window

‘ M Fit of parame [m] ﬂ
00
o

Shifted Interval Fit x| =
60,0 Modulo: 2 =]
waxis: = 903 ... 908 Update: [1 =
800 | from | to] sten | wdth 5 % wraw theory
[ :shaw axis tide
dnm O \
- . ) File:
Max. lterat.: Stop fil if LSQ is less than: | | [C\aramstDaiatTe:
r [ ] at[633.0 800.0 900.0 % sgverwite file
— [X isave data to file
5 =
(oG] | I | [ Fomat
[Fitis running .. [Psrdeta -]
30007 | Shifted fit data columns: j
* Angle of Incidence
" Resist: Refr. index
 Resist: Absorption [ IDelta -180 __ 180
2000 |- MSE
520.00 1.569 0.000_MSE:0.00837500
.
| 1000 —
00 o
T T Isotropic multilayer on isotropic substrate
000 600.0 fuuy gl I
No. 7: 0.024298232325
1.571 0.002

When the shifted interval fitting procedure is finished the results can be displayed by pressing the
“Display” button. The dispersion of n and k as well as the MSE value are displayed.

M Graph - C:\GRAMSNEW\SHIFTFIT.DAT
Status: Ready.

=

Delta [7]

05 F

< v
00 M

250 a00 7an
YWavelength [nm]

Figure: “Shifted Interval Fit” results
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The results of the fitting procedure are saved now as a “dat” file: press the “Save results” icon and
select a meaningful filename for the results file.

Save fit results @
Laokjr: | (£ Resist_Si_Shifted_Interval_Fi v Q@ e m-

File name: [ nk_resist_shift_int_fi | [ open |

Files of type: |ASCIIfiles[‘.dat] v| [ Cancel I
Selected:

The “shifted interval fit” and the “fitting” window can be closed now. The experiment can be saved.
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Step 4) Applying Tauc-Lorentz layer to the fitted dispersion
A new experiment is created. The wavelength scale is set from
Wavelength to phOtOI’] energy (eV) |!alues TﬂangesT Units Tﬁuhslra(ehnhnmug.[ Errors ‘

These units are used to display values:

| Wavelength: j |1ickm:55: nm j
T =

Import of the dispersion data

The dispersion data must be imported now to the “Data”

Sect|0n Of SPECTRARAY Look in ‘l'f}Has\st_S|_Sh\lted_lnlerval_F\t V‘ €] Y -

|!] nk._resist_shift_jnt_fit.dat

Select from menu: File > Load File ...
Select File extension: (*.dat)

Select the results file.

It is imported to the Data section.

Fileame: | nk_resist_shift_int_ft dot | meen |

Files of ype: | Plot [".da] v [ cancel |

Selected: nk_resist_shift_int_fit.dat
Size: 4999 Bytes

When the file is imported the unit of each parameter is unknown. It must be set manually.

Open the results file and enter the “Header” tab.

‘ Graph I Table T Title THgaderl

x-Axis: |None j all || none | 0Ok
Color y-Axis 7-Axis zvalue |Use | vie [Mod [|=
1 [ Maone - |Mane h lef ey =
-
2 MNone > |Mone b A I
e MNone - [Mone - A A

Assign the units of the parameters. The 3" row is the MSE value. It can be neglected. Simply switch
off “Use” for the 3" row as shown in the screenshot:

‘ Graph I Table T Title ]'Hgader}

Calor Y-S 7-Ais z-¥alue |Use | Vie |Mod || =
1 [ Mat._refractid ~ | one - - A ] =
2 |- hat._absorpt| v |None A - o L =
e MNone - [Mone - | il Iﬁ ]
—

It is recommended to convert the x-Axis from “wavelength” scale to “eV” (photon energy) to simplify
the next step of modeling. This is simply done by selecting “eV” instead of wavelength. The conversion

is done automatically now.

‘ Graph I Table T Title THgaderl

s [ [an Jloone] [ox
Calor Y- z-Axig zvalue |Use | Wie [Mod [|Z

1 [ Mat. _refractis] > [Mane b A j

2 |- hat. _absorpt| ~ [Mone - A T

3 |- Mone - |Mone h e = =}
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Step 5) Modeling

A model with ambient “Air” and a new “Tauc-Lorentz” layer is created. The Tauc-Lorentz Layer is
renamed to “Resist — TL”

The next step is to find starting values for the Tauc-Lorentz oscillator.

The result of the “shifted interval fit” is investigated. The absorption (bandgap Ej) is located at 3.0 eV.
The structure doesn’t appear like a single oscillator. Instead it seems, that one oscillator is located
around 3.0 to 4.0 eV. A second one is outside the measured spectral range at higher energies than
5.0 eV.

Graph I Tahle T Title T Header w
sl T | Threshold: [10.0
'
124 Order: |3
] Width: [20
0] [_Beptace |
EI.4—- x-regions
1 [ apply
| —
0.0 " ; ; ; Edit >>>
20 3.0 4.0 5.0
cray o

Name: [Resist-TL Etfint: [1-000 Name: [Resist-TL Etfint: [1-000
I o - - to JUse | [Egevi] [awvi[ [Enevi] [clevi
) I;V“LL’ 30000 & 300 M 000 8 40000 I ——t
. | 2 lyes=|¥ 3000% 2008 |35mE  1000)
151 - ENG 129 e
_ oo =] _ =
— 5 o [+ e ]
(el [l - [el
7 | [+ - 7
] [0 e || o
- e . ]
H {10 o 1] i [0l
3 H 11 Jno [~} 3 H
£ ] Oscillator 1 e g Oscillator 2
H 5 [7 H
L Moo [7] L
e oo =]
C o ] oe1
el 7 o =]
6 oo |- — 3
et ] 7 ~__ | [l
[z [-] / 1 [~ ]
| Rl 21 no [~
00+ — 04| -
i B & E) i B & E)
Energy leV] Energy leV]

The combination of both oscillators is already qui

te similar to the “shifted interval fit” results:

|
Name: [Resist-TL Elfint): [1.000
1 Jped=|# 300008 08 | acoood 4000
| [Evedl# 30m0m | w0 |30 1000
16— e -
12] o
g (8w [-]
3 ” (10 Juo [~}
5 Oscillator 1+2 Do 7]
E 12 Jne |~
3 o] (15 e [-]
a (i [-]
15 [
{56 e [-]
17 o [7
A 15 e []
(19 e [-]
— | [2]e [
S (51 e -]
00+ -~
: T T T
& 0 & &
Energy leV]
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Step 6) Fitting the Tauc-Lorentz layer (Oscillator 1 +2) to the “shifted interval fit” results

When the start parameters were found the “typical differences” are set to reasonable values to ensure

a good fit progress.

Press “Fit >>>" in the “Resist - TL” Tauc-Lorentz oscillator window. Select the typical differences as
shown in the screenshot:

Fit data - Resist - TL HEE
Marne [Fit | “alue | Typ. Diff. fAccuracy [ Dig. | View | Tool Minirnuem Maximum | Reset Min. | Reset Max. Data 0 Data 1 Data 2 Dat *
gl{inf) |1 [1.00000 | 0.10000§ 0.000100|& & ] -1000.00000, 1000.00000 1.00000 1.00000 0.000 0.000 0.000 |
Eqi0) |# | 3.0000 02000) 0.00100|4 [ ] 0.0000 1000.0000 0.1000 5.0000 0.000 0.000 0.000

Al ¢ 30.00 5.00 0100|12  [# ] -1000.00,  100000.00 0.00 200.00 0.000 0.000 0.000
EQiD) |# | 8.0000 0.5000) 0.00100)4 [ ] 0.0000  1000.0000 0.1000 §.0000 0.000 0.000 0.000
Ci0) [¢ |4.0000 0.2000) 0.00100)4  [¢ ] 0.0000  1000.0000 0.1000 §.0000 0.000 0.000 0.000
Eqi1) ¥ | 3.0000 0.2000) 0.00100)4  [¢ ] 0.0000  1000.0000 0.1000 5.0000 0.000 0.000 0.000
Al o 20.00 5.00 010012 & ] -1000.00,  100000.00 0.00 200.00 0.000 0.000 0.000
E0f1y [ | 3.5000 0.5000) 0.0010004 [ ] 0.0000  1000.0000 0.1000 5.0000 0.000 0.000 0.000
C{1) ¢ | 1.0000 0.2000) 0.0010004 [ ] 0.0000  1000.0000 0.1000 5.0000 0.000 0.000 0.000

The window can be closed and the fitting window is opened and the fit procedure is initiated. After the
fitting, there are still some deviations visible, which are indicated by the red arrows.

M Fit of parameters

1.75

1704

1.6

1.60

1.55

020

045

010

005

BEIE R = Fit of parameters HEE
Before Fit [T After Fit Cmn ]
160
Modulo: [T 5| 1 Modulo: [1 ]
Update: [T | Update:z [1 =]
IX draw theory X draw theory
[ show axis title 180 I show axis title
File: File:
C: Te: C: Te:
T T T T T T T T
0 30 4.0 50 X _overwite file 20 30 40 50 X _overwite file
[X _save data to file % _save data to file
Format: Format:
[Pedeta <] [Peideta -]
[ Delta-180 . 180 [~ Delta -180 ___ 180
008~
004+
0.00
T T Isokrapic mulayer on isciroric substrete T T Isatrapic mulilayer on isciraric subshrate

The deviation around 3.0 eV is likey an artifact by the “shifted interval fit procedure”. It will be
neglected.

The structure at 4.0 eV seems to be an additional oscillator.
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Step 7) Introduction of a third oscillator into the Tauc-Lorentz layer at around 4.0 eV

Oscillator 1+2

T
| 28722 M 312 M 10467 38494
|# 26ses W 51 M avera M 1242

IEIEIKIKIEIEIK K1 K]

(KK KKK KK

Oscillator 1+2+3

Oscillator 3

ECED
| 26%6 ¥

40000 41

Eglovi| | Ajav|

[¢ somos 50 4700M 0 500)

| K1ED| 2K 1 KX

328 111467 8 38404
614 | 376788 1242
508 42004 0500

CIKIENE IKIKIED
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Step 8) Fitting the Tauc-Lorentz layer (Oscillator 1+2+3) to the “shifted interval fit” results

When the start parameters were found the “typical differences” for oscillator 3 are set to reasonable
values to ensure a good fit progress.

Press “Fit >>>" in the “Resist - TL” Tauc-Lorentz oscillator window. Select the typical differences as
shown in the screenshot:

Fit data - Resist - TL BHEE
Marme | Fit | “alue | Typ Diff | Accuracy | Dig. | Yiew | Tool tdinimurm Maximum |Reset Min | Reset Max Data 0 Diata 1 Data 2 Dat ~
el (inf) |~/ |1.00000 010000 0.000100 (5 I = -1000.00000| 1000.00000 1.00000 1.00000 0.000 (0.000 0.000 —
Eqidy ¥ | 2.8722 0.2000) 000100(4 e = 0.0000) 10000000 0.1000 8.0000 0.000 0.000 0.000

A0y | 3117 5.00 0.100|2 L = -1000.00)  100000.00 0.00 200,00 0.000 (0.000 0.000
EQiy [¥ |11.1467 05000 0.00100(4 I = 0.0000) 10000000 0.1000 5.0000 0.000 0.000 0.000
Ci0) |¥ | 3.8494 0A000| 0.00100(4 L = 0.0000) 1000 0000 01000 £.0000 0.000 0.000 0.000
Eqi1) |¥ | 2.6536 0.2000| 0.00100(4 I = 0.0000) 10000000 0.1000 5.0000 0.000 (0.000 0.000
A1) ¥ 12 A00 0.100)2 I = -1000.00] 10000000 0.00 200.00 0.000 0.000 0.000
EO(1) |¥ | 37678 0.5000|  0.00100(4 I = 0.0000) 10000000 0.1000 5.0000 0.000 (0.000 0.000
i1y ¥ [ 1.2423 02000 000100(4 e = 0.0000) 10000000 0.1000 8.0000 0.000 0.000 0.000
Eq(2) [¢ | 4.0000 0.2000(| 0.00100(4 L = 0.0000) 10000000 0.1000 5.0000 0.000 (0.000 0.000
AfZ) e 5.00 1.00 0.100|2 I = -1000.00)  100000.00 0.00 200.00 0.000 0.000 0.000
ED(2) [¢ | 4.2000 0.5000(| 0.00100(4 ICf = 0.0000) 10000000 0.1000 5.0000 0.000 0.000 0.000
Ci2) |¥ | 0.5000 0.2000(| 0.00100(4 I =] 0.0000) 10000000 0.1000 5.0000 0.000 0.000 0.000
The window can be closed and the fitting window is opened and the fit procedure is initiated.
The structure at 4.2 eV is now described well by the model.
M Fit of parameters BEIE || = Fit of parameters BHEE
Before Fit After Fit
16 16
1564 Modulo: rj i Modulo: rj
Updatez [1 =] Updatez [I =]
I% draw theory % draw theory
1.60 4 ™ show axis title. 1.604 ™ show axis title
File: File:
T T T T B Ted T T T T c Ted
20 30 40 50 P _overwrite file 20 30 40 &0 X _overwrite file
X save data to file X save data to file
Format: Formg
012 012
[~ Delta-180 ... 180 ™ Delta -180 .. 180
008 0.08
004+ 004+
0.00 000
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The Tauc-Lorentz layer is now saved as a new material to the material library. Select the Tauc-

Lorentz layer in the model section that it appears inverted and press the “Save” button.

Model

Alr

F7 - Load \/"
[ L

Save
Replace

Bemove

iild

Save material
Save jn: | 1L MAT

B af45_se.mat
B ag_osc.mak
Bag _pa.mak
m age_a.mat
B aginsbte.mat
& air.mat

B aisk.mak

B al203_pa.mat

Selected: MAT

m al10gasa.mat
u alzigasa.mat.
m al31gasa.mat
m al4zgasa.mat
u al49gasa.mat
m al53gasa.mat
u al70gasa.mat
m ala0gasa. mat

|#latzoa_tmat  |#]al_amat
¢
File name: Fiesist. mat

Save as type: | Material files

NI Layer n=1.0000

Tauc-Lorentz  n=

RIX]

LN I il
%) al_ozmat [#] aLh_c.maT
Balja.mat Balunja.mat

|#) dlas_pamat %] aLgs_c.mat
|#] aler_bag.mat [#] aLqa_pL.mat
B alou_s.mat u alsh_pa.mat
B algaasz.mat m alsi_s.rmat
|#laLGaniac MaT |5 alsiti_s.mat
|®)aLEnnEec maT 2] alti_bg.mat
|#laLGanaac MaT  |] alti_osc,mat

v FEEEEEEEE

Save
v

The layer is saved in c:\grams\mat directory using the filename “Resist.mat”. When it is saved the
material library is updated and the new material is available.

If the update is not done automatically it must be initiated manually: select the “Dir” icon from the icon

bar and press “OK”.
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Step 9) Fitting the Tauc-Lorentz layer (Oscillator 1+2+3) to the ¥, A measurement results

The initial experiment is loaded which contains the Cauchy-Model and the original ¥, A
measurements. The Cauchy layer is replaced by the Tauc-Lorentz layer from the material library.

Model
N AN NI Layer r=1.0000
11280 nm = Tauc-Lorentz  n=1.5853 ﬂ

Si DUNV-UW-YIS-NIR File Layer n=3. 8?35 k=0.0145

The spectral range is set to 240 to 920 nm. Then the wavelength scale is set from wavelength to
photon energy (eV).

H Environment parameters n M Environment parameters

BangesT Units IguhstrateIlnhomog.I Errors |!a|ues IBangesI Units ISuhstrateIlnhumug Errors |

Values

Active ranges

These units are used to display values:

Minimum Maximum
Wavelength: [240.0 nm 920 | Wavelength: |J |Th|ckness nm
- lnnn o lnn Aan o . s e _1

The fitting window is opened and the fit procedure is initiated.

BEE
o o
Run Eit
o Before Fit o 9 After Fit
g Mndulnf 'Tj wo Modulo: ’Tj

00 o

3000

™ Delta -180 . 180 ™ Delta-180 . 180
2000 o 2000 o

1000 1000

[ o o

MSE:1.2047

The MSE value finally was improve from 1.28 to 0.58. The model fits the measurement well.

The final dispersion of the Resist film is shown in the following screenshot:

[T Resist-TL} ckness S (IEATERY Efini): [1-000
IEm ﬂ| mvw\ |Eﬂl il [ clevi
— 25148 4980
) - z ns ] sn o 37)5\ ¥ 10440
16 — 40443 M 53 269 # 03565
124
z
g
D4
00 —
T T T T
20 & 50
Enerayie]
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7.3. Anisotropic substrates

CaCO; is an uniaxial anisotropic material. A bulk CaCOj crystal is cut, so the optical axis is parallel to
the sample surface plane. The measurements are performed to measure the in-plane orientation of
the optical axis.

Plane of incidence

N, : refractive index Norginary
Ne : refractive index Nexraordinary
o angle ng relative to x

0: Sample stage rotation

Figure: Anisotropic sample and coordinate system

Figure: Sample on rotatable sample stage

The rotatable sample stage is used to acquire different ellipsometric spectra for different sample
rotation angles 6. The measurements were repeated for different angles of incidence ®.
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The rotation condition of the rotatable stage are added to the standard measurement dialog for

spectroscopic meausurements.

SE 850 - Measurement u

Ellipsometric spectra acquisition

angle settings

{+ single angle at |70.00

 myltiple angle 4000 | __[85.00 | gpep [5.00 |

Goto thiz angle |

turntable settings

¥ use and rotate: [0 [Gol| [360.00 | step [15.00 |

™ check alignment every deg

Spectral range to be measured

lower wavelength limit:  |300.0 Use default range |
upper wavelength limit: (840.0 Use max. range

measurement mode

Result type: | s1.s2-spectrum j|
D ata aquisition: | Current settings ﬂ|
r ™
Polanzer position:

Status: Ok.

Uv/vIS Measure Quit
| | | |

Figure: Measurement dialog with added rotatable stage settings

In the example above the stage is rotated from 6 = 0° to 360° every 15°. This results in a set of

measurements added as a single dataset to the data section of SPECTRARAY.

The Tab “Header” section shows the individual spectra for each angle 6.

Graph I Table I Title T Header Iﬁtraylight]
x-Axis: all | gnnel 0k I
y-Ais z-Axig z-value [se | Vie |Mod f
1 51 - |Theta 2 000 v [ —
2 - |52 - |Theta < 000 [« [
3 S1 - |Theta - 15000 v [
4 52 - |Theta < 15000 v [
5 - |51 - |Theta i 000K |« |0
g [—— |52 = |Theta < 30008 | |0
7| S1 - |Theta - 4500 | |1
g |- 52 - |Theta < 45008 v |
E] = - |Theta i E0.O0 | |1
10| 52 = |Theta < B0.00% ¢ =
11 51 - |Theta - 7E00 (v | =]
12 | -meeen 52 - |Theta © 75.00 | |1 E
| »
Trim | [o0.29 ] . [4030 | cach: [I_ | ~average
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The angle of incidence is shown in the tab “Title”.

The Tab “Graph” section shows all measurements:

x|
Graph I Table I Title T Header Iﬁtraylight]
GETLAN0] deg at angle = 70.00 deg { Th 03/25/2010 at 15:13:02
User: | | Date:‘ | Time: ‘ |
Device: SE 850 [280.000 nm ... 2300.000 nm] ﬂ
UVYHVIS Settings:
‘Wawvelength range [nm]: 300 ... 840 =
il i
- Measurement Envir t
avelength: D00 Process ime: P05 |
Angle of incid.: |F0.00*° Temperature: [0.6E-1 °C
Polarizer pos.: 45.00 Weight [0..1): (1.0000
Sample rotation [Theta): [360.00 °
No. of points: 892 x-axis by poinis: yes
Range of x-axis:
]

Graph I Table I Title THgadel Iﬁtraylight]

Threshold:

= §muuth| Qerivel
0'4_: Order: El

] Width:
0.0+

1 Replace |
-0.4—:
-D.E_:_ - R

—
400.0 5000 6000 7OO.0  B00.0
Wiavelenath [nm]

The different spectra taken at different sample rotation angles 6 show distinct deviations as a result
from the anisotropy of the CaCO3 substrate. The spectra show a parallel shift to each other, so the
observation at a single wavelength instead of the full spectra will be sufficient. Now the s1, s2 values

for e.g. 632.8 nm (any other wavelength is possible as well) as a function of the sample rotation

angle 0 are extracted from these spectroscopic measurements.

92 /97



Erfolg

SENTECH Jprivems

This is done by using the “Trim” function which can be found in the Tab “Header” section. The same

wavelength value 632.8 is selected for both “min.” and “max.” numerical entry boxes.

Xl

Graph I Table I Title T Header Iﬁlraylight]
x-his: all | none | 0k I
y-Ais z-Axig z-alue |Use | Wie [Mod|[=
1 51 Theta A [0 T S %
2 |- 52 Theta - (000 T S
3 |- S1 Theta - 15000« [ [
L 52 Theta < 15000 v [
s = Theta i 30000« ¢ |0
B [ 52 Theta < 30000« ¢ |0
7| 51 Theta - 4500\ (v |
g |- 52 Theta < 45000 ¥ |1
El 51 Theta i B0.00\% ¢ |1
10 |- 52 Theta - B0.00\« ¢ =
1 S1 Theta < 75000 v | =]
L P 52 Theta © 75.000¢ ¢ |1 E
i | »

Trim ||532.s | ... [p32.8
—_

‘ each: D [V average

The results will be given for the wavelength which is closest to the selected value which will be

rounded to 632.9 nm in this example.

|> |u» |»|

1 ]«

Graph Table I Title T Header Iﬁtraylight]
Ma. Wavel. [nm] = 52 5
THETA:0.0000 THETA:0.0000 | THETA
550 [B29.812 -0.72363 0.68906 -0.69343
551 |[B30.428 -0.72457 0.68587 -0.69365
A52  |B31.044 -0.72851 0.65094 0.69258
553 [631.660 -0.72551 0.69:222 -0.69395
554 |B32.276 -0.72327 0.69161 -0.69035
555 [B32.892 072313 0.68534 069177
A56  |B33.508 0.72129 0.69111 0.668916
a57 [B34.123 -0.72418 0.68841 0.69316
568 [B34.738 -0.72441 0.69126 -0.69196
560 [B35.355 0.72376 0.68957 0.69173
A60  [B35.971 0.72379 0.65951 -0.69205
561 [B36.587 -0.72207 0.68572 -0.69037
662 [B37.203 -0.72432 0.68939 0.69163
A63  |B37.818 -0.72207 0.68955 0.69111
A64  |B38.435 -0.72343 0.69146 0.69127
« b

93/97



When “Trim” is pressed a new dataset is created containing s1,s2 at 632.9 nm as a function of the
rotation angle 0 indicated by “Swap” in the name of the dataset.

Data
. Sarnple rotation 0.00 ... 360.00 [15.00] deg at angle = 70.00 deg / Th 03/25/2010 at 15:13:02

nple rotation 0.00 ... 360.00 [15.00] deg at angle = 70,00 deg / Th O 10 at 15

The units were changed now. The x-axis is changed to “theta” and the “z-axis” becomes the
wavelength in nm.

x|
Graph I Table I Title T Header Iﬁtraylight]
xhxis: [Theta =l all | none | [ ok |
Caolor y-Ais z-Axig z-value | Use | Vie |Mod f
1 51 - |'"Wavelength [+ B329\¢ |¥ |1 —
2 |- 52 - |'"Wavelength [+ B329\¢ |v |1

=]
| [~
Trim | |I].I]I] | ‘BBU.I]I] each: D v average

x|

Graph I Table I Title THgadel Iﬁtraylight]

:/_\/_\/ Threshald:
i §muuth| Qerivel
47 Order: El

] Width: [20 |
sls2 ool . |
.0+ Replace

0 4_' x-regions
I” apply

] Add Clearl
fu.s—_/_\/_\/ Edit >>>

an 1000 2000 3000 Cancel | 0Ok |
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These measurements are now performed between ®=50° and 70° (steps: 5°) angle of incidence.

Data

] Sample rotation 0.00 ... 360.00 [15.00] deg at angle = 70.00 deg / Th 03/25/2010 at 15:13:02

Ml Trirn: Swap: Sample rotation 0.00 ... 350,00 [15.00] deg at angle = 70.00 deg / Th 03/25/2010 at 15:13:02
[[] Sample rotation 0.00 ... 360.00 [15.00] deg at angle = 65.00 deg / Th 03/25/2010 at 15:20:45

M Trirn: Swap: Sample rotation 0.00 ... 350,00 [15.00] deg at angle = 65.00 deg / Th 03/25/2010 at 15:20:45
[] Sarmple rotation 0.00 ... 350.00 [15.00] deg at angle = 50.00 deg / Th 03/25/2010 at 15:29:04

Ml Trirn: Swap: Sample rotation 0.00 ... 350.00 [15.00] deg at angle = 60.00 deg / Th 03/25/2010 at 15:29:04
] Sample rotation 0.00 ... 360.00 [15.00] deg at angle = 55.00 deg / ko 03/29/2010 at 10:20:55

W Trim: Swap: Sample rotation 0.00 ... 350.00 [15.00] deg at angle = 55.00 deg { Mo 03/29/2010 at 10:20:55
] Sample rotation 0.00 ... 360.00 [15.00] deg at angle = 50.00 deg / ko 03/29/2010 at 10:14:23

ngle

on 0.

The spectra are shown in the following plot.

Compare data sets -3l x|

0.0

0.4+
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Modeling of CaCOs:

The anisotropic sample is described using the biaxial anisotropic layer. Due to the fact that CaCOs is
uniaxial anisotropic two of the three axes must have the same dispersion.

CaCO;s; is transparent as has no dispersion when a single wavelength is observed only like in this
case. Then its dispersion for each crystallographic direction can be described using n,k fix (n fit only)

or Cauchy dispersion using “NO” as the only fitting parameter . The final model appears as follows
(Cauchy is used here):

Model

B

Air MK Layer n=1.0000

n=1.5549

Biaxial layer

Biaxial anisotropic layer x|

Directions: (z) - normal to sample surface
(y) - sarnple surface and plane of incidence cross section
() - normal to (z) and (y)

name: [EEEE
Dispersion (z) === ICaCOS n_o
Dispersion (¥) >>> ICaCOE n_e
Dispersion (x) =»> ICaCOE n_o

Refractive index:  nx=1.4849 ny=1.6499 nz=1.6499 (sample rot. theta: 0.00 %

The anisotropy option is available in the current software.

E\I>>>| Help I Abort |

The sample can be rotated around
the (z) axis by an angle theta. The
effective angle is the sum of alpha
and theta

Beta [7]: 0.0 =

Gamma [*]. [0.00°

ok |

Figure: Biaxial anisotropic layer for a uniaxial CaCO3 with c-axis in surface plane.
The rotation angle « is the used as fit parameter. (Here the result is already shown)

E x
Name: Name:
18] ICaCO3 n_o CaCO3 n_e

= = 16

5 5

ki b

£ 1.7 <

o 2 1457

E 1.6 Display E Display

@ @

s Fn Tk s 4 Fn [k

1.5
T T T el ["e2 T T T Cel ["e2
550.0 600.0 650.0 700.0 750.0 550.0 500.0 650.0 700.0 750.0
Wavelength [nm] Wavelength [nm]
fn n

Range: Range:

Refr.ind: ENE[ 1-650) N1z 00] nz 0.1 Refr.ind: FE 1-485) N1:[ 0.0] Nz 0]
from __3IJI].[I nm (tem __3["].“ om

Absorption:  K0:[  0.000] ki:[ 0.000] gz 0.000] Absorption:  K0:[  0.000] ki:[ 0.000] gz 0.000]
1o 2400.0 nm 1o 2400.0 nm

Fit »> Help :| Fit>> Help
= Cancel ‘ 0ok = Cancel ‘ 0ok

Figure: CaCOs; optical constants described by Cauchy layer with no dispersion.
“N1”, “N2” and all k parameter are equal to zero.
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The following graph shows the fit window of SPECTRARAY for the correct rotation angle of the

sample of a=91°.

Il Fit of parameters

—loix|

Interval fit ...

Paramaters
Environment
Modula: [1_ |
Update: [1_|

¥ draw theory
[ show axis title

File:

CAGRAMS\Data\T]|

T
2000
Sample rotation

T
3000 ¥ overwrite file
[v save data to file

Format:

PsitDelta |

0.8
/_\'/_\/ Plot ...
U_q—/\/\/ [ Delta -180 . 130
Recalculate

F W
& 0

-0 4/\/\/

‘nisatropic mutilayer, any ignmert
300.0

T
0.0 100.0

T
2000

For comparison a rotation angle of 10 degrees less (a=81°) is shown. It can bee seen, that the

structures are shifted by 10 degrees. So the information of the rotation is included in the phase of the

sinusoidal structure.

Il Fit of parameters

1o

I_MET I fit .

Parameters

Environmsnt
Modulo: [1_|]
Update: [1_ |

¥ draw theory
¥ show agis title

File:

C:\GRAMS\D ata\T|

T
2000
Sample rotation

T
300.0 IV overwrite file
Iv save data to file

Format:

PsisDeta - ||

0.8
W o

. 4*% e T
W e

T
oo 100.0

&
o 0.0
0 4W
‘nisotropic mutiiayer, any signment
300.0

T
2000
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