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Wareieagli for Aaix Anglesas Sebls This tutorial demonstrates the use of the
e e — ES R Parameter Variation Analyzer to calculate
— Important properties from ellipsometric
- analyses. Its flexibility allows the automatic
- calculation of results based on variations in
. Separate Widow wavelength, angle or both. The user can thus

be provided with 1D plots representing phase
differences and amplitude components over
angles of incidence and/or wavelengths.
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Basic Principle of Ellipsometry

sample
(n, k)

Ellipsometry measures the reflection for the s- and p- Hence, phase difference 4 and the amplitude
component, which can be described as complex component ¥ can be written as

reflection (or Rayleigh in case of a grating) _ _|Rpl
coefficients (Rp, Rs): A =0p—ds and tan¥ = |Rs|’

where 6, and 4, are the phase changes for the p-
p = };—p = tan(¥) exp(id). and s-polarized component after reflection,
° respectively.

3 Note: Similar considerations apply to the transmission case, but for sake of simplicity only reflection is discussed.



Parameter Variation Analyzer (PVA)
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In this tutorial for ellipsometry analysis the Parameter
Variation Analyzer is used. Find more information under:

Parameter Variation Analyzer

Note: The Parameter Variation Analyzer is designed for
maximum flexibility. For a more guided experience with
fewer customization options, consider using the

Ellipsometry Analyzer.
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#region Additional using directives

#endregion

public class VLModule : VLBaseModule, VirtuallabAPI.Core.Modules.ISnippet ProgrammableAnalyzerkithVariation {

public List<DetectorResultObject> GetData(ParameterRun ParameterVariation) {

#region Main method

//start Parameter Run
ParameterVariation.StartParameterRun();

for list of TE/TM values
ListofTHValues = new List<p
stofTEvalues = new Li:
Listoutput = new Lis
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Prerequisite: Source & Grating Order Analyzer
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The Rayleigh coefficients used for the
calculation are provided by the Grating
Order Analyzer. In order for the
calculation to be performed correctly,
this analyzer must be pre-configured
for a single desired order and TE/TM
output. Likewise, the TE-TM Coordinate
System must be selected in the source.
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Prerequisite: Parameter Variation
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Parameter Specihcation

Configuration Set up the parameter(s) to be varied.

You can select one or more parameters which shall be varied as well as the resulting number of iterations. Several
modes are available specifying how the parameters are varied per iteration

[= “Structure” (#1)
[=I Basal Positioning [Relative]
Spherical Angle Theta H

85"

Usage Mode Scanning v Mumber of Iterations: 1210
Filter by... x | & show Only Varied Parameters
1|12|* Parameter Vary From To Steps Step Size Original Value
[=I “Ideal Plane Wave~ [# 0]
=l (empty]
~ Wavelength -] 2s0nm| esonm| 21| som]  s32nm]
Polarization Angle H o o0 2 90

Mext = oK

In the PVA's Parameter Variation edit
dialog, users specify whether to output
curves over wavelength or spherical angles
(or both). The attached sample file
configures three parameters.

* Polarization Angle
» Wavelength
» Spherical Angle Theta

The user may disable the wavelength or
spherical angle parameter, in case that the
associated plots are not needed. Spherical
Angle Theta may be accompanied with a
Spherical Angle Phi (set in the Optical
Setup).

Results automatically adjust based on the
active parameters.




Example Output: Only Wavelength
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When only Wavelength
(next to the obligatory
Polarization Angle) is
active, the phase
difference and amplitude
components are
calculated as 1D graphs
plotted over the
wavelength.
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Example Output: Only Angle
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When only Spherical
Angle Theta (next to the
obligatory Polarization
Angle) is active, the
phase difference and
amplitude component
will be calculated as 1D
graphs plotted over the
incident angle.
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Example Output: Wavelength & Angle (with Angle Axis)
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When Spherical Angle
Theta, Wavelength, and
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active, either the
wavelength or the angle is
used as the axis, with the
other represented as a
series of subsets. The
Configuration parameter
determines which is
assigned to each role.
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Example Output: Wavelength & Angle (with Wavelength Axis)
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Technical Details — PVA Snippet



Snippet Code #1

#region Main method

ParameterVariation.StartParameterRun(); Perform parameter Sweep

[/Extract parameter variation information

List¢VaryParameterData> variedParameters = ParameterRunSupportFunctions.ExtractVariedParameters(ParameterVariation.ParameterData); Extract results from parameter Varlatlon as We” as
//Create container for list of TE/THM values , sampling information of the individual parameters
List<PhysicalValueBase> ListOfTMValues = new List<PhysicalValueBase>(); )

List<PhysicalvalueBase> ListOfTEValues = new List<PhysicalvalueBase>(); (tf](; latter is necessary to construct the output

List<DetectorResultObject> ListOutput = new List<DetectorResultObject»();

data arrays at a later point).

//test for correct number of varied parameters
if (!(variedParameters.Count == 2 | variedParameters.Count == 3)) {
throw new Exception{"For analysis of ellipsometry parameters, TE and TM is necessary. Hence the variation of Polarization Angle is necessary and the variation of either the wave

}

[//search for varied parameters
bool PolarizationIsParameter = false;
bool WavelengthIsParameter = false;

bool AnglelsParameter = false; CheCk Wthh
for (int index = @; index < variedParameters.Count; index++) { parameter
if (variedParameters[index].ParameterInfo.Mame.Contains{"Polarization Angle") && variedParameters[index].Steps == 2) {
PolarizationIsParameter = true; — (Wavelength, angle,
¥ . . .
if (variedParameters[index].ParameterInfo.Name.Contains("Wavelength")) { pOIar|Zat|On) IS
WavelengthIsParameter = true; .
active.
if (variedParameters[index].ParameterInfo.Name.Contains({"Spherical Angle™)) {
AngleIsParameter = true;
¥
¥
if (PolarizationIsParameter == false) {
throw new Exception("For analysis of ellipsometry parameters, TE and TM is necessary. Please include the parameter 'Polarization Angle' into the corresponding Parameter Run.");
} —
//Extract parameter run results
string searchString_detectoriName = "Grating Order Analyzer";
string searchString subDetectorNamel = "THM"; Extract TE/TM Values from the
string searchString_subDetectorName2 = "TE";

Parameter Run into separate lists
ff Get the first results for the specified detector/sub-detector that fits to the search strings

List<PhysicalValueBase» physicalValuesEx = ParameterVariation.GetPhysicalValueResults(searchString_detectorName, searchString_subDetectorMamel); fOI’ Iater Ca|Cu|a'[I0n.
List<PhysicalValueBase> physicalValuesEy = ParameterVariation.GetPhysicalValueResults(searchString_detectoriMame, searchString_subDetectorName2);
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Snippet Code #2

//if wavelengths and angles are in parameter run

if (WavelengthIsParameter == true && AngleIsParameter == true) { In Case both Wavelength and Angle are aCtlve
/13 angles as axis, wavelengths as subsets is selected  GONfiQuration parameter is set to “Angle as Axis, Wavelengths as Subsets”.
if (Configuration.SelectedIndex == @) {

//create container for information:

ComplexField1DArray phaseDifference = new ComplexFieldlDArray{variedParameters[@].5teps, variedParameters[2].S5teps, false); i i

CUmplexFieldlD&r‘r‘a; AmplitudeComponent = new CumplexFieldlDi;Jr'r'a\;(uar‘iedParameter‘s[B].Steps, variedParameters[2].5teps, false); ConStrUCt Contalners for data and help Varlables
(units, subset names) which are necessary for the

MeasuredQuantity[] measuredQuantitiesPD = new MeasuredQuantity[variedParameters[@].Steps]; .

MeasuredQuantity[] measuredQuantitiesAC new MeasuredQuantity[variedParameters[@].Steps]; generatlon Of da.ta. arrays-

string[] stringsPD = new string[variedParameters[8].Steps];
string[] stringsaAC = new string[variedParameters[@].5teps];

//help variables

//fill container
for (int wavelengthSteps = @; wavelengthSteps < variedParameters[8].Steps; wavelengthSteps++) {
for (int angleSteps = @; angleSteps < variedParameters[2].5teps; angleSteps++) {

Complex TM = physicalvalueskx[wavelengthSteps * variedParameters[1].Steps * variedParameters[2].Steps + angleSteps].GetComplexValue(); FI" data
Complex TE = physicalValuesEy[wavelengthSteps * variedParameters[1].Steps * variedParameters[2].Steps + variedParameters[2].Steps + angleSteps].GetComplexValue(); Container
double phaseShift = Complex.Polar{l, (TM.Arg() - TE.Arg())).Arg(); .
double amplitudeComponent = Math.Atan((TM / TE).Abs{));

phaseDifference[wavelengthSteps][angleSteps] = phaseShift;
AmplitudeComponent[wavelengthSteps][angleSteps] = amplitudeComponent;

H

//fi1l help variszbles . .
measuredQuantitiesPD[wavelengthSteps] = new MeasuredQuantity(PhysicalProperty.AngleDeg); FI” Unlt/SUbset
measuredQuantitiesAC[wavelengthSteps] = new MeasuredQuantity(PhysicalProperty.AngleDeg); .
Physicalvalue currentWavelength = new Physicalvalue(variedParameters[@].Minvalue + wavelengthSteps * variedParameters[@].StepSize.Value, variedParameters[@].StepSize.PhysicalProperty); name Contalner

stringsPD[wavelengthSteps] = "Phase Difference for Wavelength: " + currentWavelength.ToString():
stringsAC[wavelengthSteps] = "Amplitude Component for Wavelength: " + currentWavelength.ToString();

F

DataArraylD outputPD = new DataArraylD{phaseDifference,
measuredQuantitiesPD,
stringsPD,
variedParameters[2].5tepSize.Value,
variedParameters[2].Minvalue,
new MeasuredQuantity(variedParameters[2].5tepSize.PhysicalProperty),
"Incident Angle");

DatafArraylD outputAC = new DatafrraylD{AmplitudeComponent,

| Construct output data arrays and
Ceringenc, e add them to output list.

variedParameters[2].StepSize.Vvalue,

variedParameters[2].MinValue,

new MeasuredQuantity(variedParameters[2].5tepSize.PhysicalProperty),
"Incident Angle");

ListOutput.Add{new DetectorResultObject{outputPD, "Phase Difference"));
ListOutput.Add(new DetectorResultObject(outputaAC, "Amplitude Component™));
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Snippet Code #3

f/if onl length i t . . . .
else if (uavelengthlsparameter —- true && AngleIsparancter — false) {  IN Case Wavelength is active and Angle inactive.

Jicreate container for information: _ Construct containers for data (containers for unit
(2, physicalvaluesEx.Count / 2, false);

ComplexFieldl1DArray outputCF = new ComplexFieldlDArray

for {(int wavelengthSteps = @; wavelengthSteps < variedParameters[@].Steps; wavelengthSteps++) { m Only one unlt and no SUbSGtS)

Complex TM = physicalValuesEx[2 * wavelengthSteps].GetComplexValue();
Complex TE = physicalValuesEy[2 * wavelengthSteps + 1].GetComplexValue();
double phaseShift = Complex.Polar(l, (TM.Arg() - TE.Arg())).Arg():; F:HI (jEitEl
double amplitudeComponent = Math.Atan((TM / TE).Abs()); —

container.

outputCF[@][wavelengthSteps] = phaseShift;
outputCF[1][wavelengthSteps] = amplitudeComponent;

f/help variables
MeasuredQuantity[] measuredQuantities = new MeasuredQuantity[2] { new MeasuredQuantity(PhysicalProperty.AngleDeg), new MeasuredQuantity(PhysicalProperty.AngleDeg) };

string[] strings = new string[2] { "Phase Difference"”, "Amplitude Component” };

DatafrraylD outputlD = new DataArraylD{outputCF,
measuredQuantities,
strings,
variedParameters[@].5tepSize.Value,
variedParameters[8].MinValue,
new MeasuredQuantity(variedParameters[@].5tepSize.PhysicalProperty),
"Wavelength");

ListOutput.Add{new DetectorResultObject{outputlD, "Result™});

P—

and subset names are not necessary, as there is

Construct output data
arrays and add them to
output list.

14



Snippet Code #4

/27 ondy angles are in parancter run In case Wavelength is inactive and Angle active.
//create container for information: Construct containers for data (containers for unit

ComplexField1DArray outputCF = new ComplexField1DArray(2, physicalValuesEx.Count / 2, false);

"~ ___—— and subset names are not necessary, as there is
only one unit and no subsets).
Complex TM = physicalValuesEx[angleSteps].GetComplexValue();

Complex TE = physicalValuesEy[angleSteps + variedParameters[1].Steps].GetComplexValue(); -
double phaseShift = Complex.Polar(l, (TM.Arg() - TE.Arg())).Arg(); Fl" data
double amplitudeComponent = Math.Atan((TM / TE).Abs{());

for (int angleSteps = @; angleSteps < variedParameters[1].S5teps; angleSteps++) {

container.

outputCF[@][angleSteps]
outputCF[1][angleSteps]

phaseShift;
amplitudeComponent;

}

//help variables
MeasuredQuantity[] measuredQuantities = new MeasuredQuantity[2] { new MeasuredQuantity(PhysicalProperty.AngleDeg), new MeasuredQuantity(PhysicalProperty.AngleDeg) };
string[] strings = new string[2] { "Phase Difference"”, "Amplitude Component™ };

DataArraylD outputlD = new DataArraylD{outputCF, Construct Output data
measuredQuantities,
strings, —
variedParameters[1].StepSize.Value, arra‘ys and add them to
variedParameters[1].MinValue, 1
new MeasuredQuantity(variedParameters[1].StepSize.PhysicalProperty), OUtpUt IISt'

"Incident Angle");

ListOutput.Add(new DetectorResultObject(outputlD, "Result™});

// Return the list with the new results Return OUtpUt ||St as
return ListOutput;
output.
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