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Course Outline

 Session 1:  Introduction to CompleteEASE
 Session 2:  Transparent Materials
 Session 3:  Absorbing Films using B-Spline
 Session 4:  Semi-Absorbing Films using Gen-Osc
 Session 5:  Thin Absorbing Films & Multi-Sample Analysis
 Session 6:  Advanced Topics and Review
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Session 3 Outline

 Review of Transparent Materials
 B-Spline Math
 B-Spline Layer
 B-Spline for Absorbing Materials

• Metal Films
• UV Absorbing Films
 Kramers-Kronig (KK) B-Spline
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QUICK REVIEW
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Transparent Materials
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Transparent Thin Films

Thickness shifts interference Index also affects amplitude
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1 3-1_Oxynitride_on_Si.SE

 Determine thickness and index 
 Review of procedure from Session 2 

HINT:  
Try Alternate Models

Estimate 
Thickness & Index

Fit Thickness & 
Cauchy Parameters

Add roughness, grading, 
anisotropy, absorption?

Si with Transparent Film.mod
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RESULTS
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Urbach Absorption Parameters
 k Amplitude

– Often the only fit parameter needed 
– Controls amplitude of the exponential tail

 Exponent
– Controls shape of the tail
– Default value often ok 

 Band Edge
– Specifies point at which k = k Amp
– Typically set to shortest λ (not critical)
– Only rescales other parameters
– Not fittable 

𝑛𝑛 𝜆𝜆 = 𝐴𝐴 +
𝐵𝐵
𝜆𝜆2

+
𝐶𝐶
𝜆𝜆4

𝑘𝑘 = 𝑘𝑘_𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 � 𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐸𝐸−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)
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Urbach Absorption

 Advantages
– Easy to use
– Works well for absorption tail

 Disadvantages
– Cannot be used for complex 

absorption
– Not Kramers-Kronig consistent

Would Urbach work here?
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Modeling Different Materials

For purpose of SE, we have 3 general categories:

Transparent Absorbing 
Regions

Absorbing
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New Tool: B-Spline
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Materials with Absorbing Regions
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Absorbing Materials (metals)
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Materials that Absorb

 We will apply the B-Spline and 
Gen-Osc layers to describe 
absorbing materials to fit their 
optical constants (both n and k). 

 Benefits:  
• Smooth, continuous functions
• Can constrain to “physical” shapes
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B-Spline Gen-Osc
 Interpolation functions to best describe the 

shape of optical constants
 Combine physically motivated Oscillator 

functions to describe physical nature of optical 
constants with minimal parameter set

Modeling Absorbing Region
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New Tool: B-Spline

Simple spline curve designed to represent your optical 
properties as a function of wavelength
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Nice Features of B-Spline

1. Smooth and continuous curve
2. Curve will not go beyond control points. 

Thus, avoid negative k by forcing control 
points >0.

3. When one point moves, it only affects 
shape of curve near this point – unlike 
some functions which affect the shape 
everywhere. 

4. Easy to apply Kramers-Kronig Integration
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Smooth Functions

 Polynomials: 

 Splines use multiple connected polynomials.
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What is B-Spline?

 B: Basis functions
 Spline: Sum of basis functions

B. Johs and J.S. Hale, “Dielectric function representation by B-splines”, Phys. Stat. Sol. (a) 2008.

Degree 0

Degree 1
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3rd Degree Basis Function

Coefficient

B-spline

xixi-1 xi+1 xi+2 xi+3 xi+4 xi+5

p1

p2 p3

p4

Desirable Property #1:
• Function, 1st and 2nd 

derivatives are smooth 
and continuous.
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Basis Spline: Summed Function
Di
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Photon energy (eV)

Nodes
B-spline
Spline components

Desirable Property #2:
• Each basis function affects 

only “local” shape of curve.
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B-spline:  Convex Hull Property

Coefficient

B-spline

Spline components

ε 2 

Photon energy (eV)

Desirable Property #3:
• Summed function can’t exceed 

highest or lowest node amplitudes.
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Optical Functions with B-Splines

  Two B-splines are independently adjusted:  ε1 and ε2.
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B-Spline Layer

 Found in Basic folder.

 Nodes are spaced in eV.

 Draw Node Graph 
displays position of 
nodes and resulting 
dielectric function.
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Getting Started with a B-spline

 Move the Nodes to a good location for your material:

Add B-Spline Layer:
Set “Init. Values”

Add Material:
Right-click > Parameterize Layer
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0.5 eV Node Spacing 0.1 eV Node Spacing

Choosing Node Spacing

Node Spacing Goal:  
• Decrease to describe optical constant features.  
• Increase to reduce total # of “free fit parameters”
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Node Spacing Recommendations

 Amorphous Dielectrics 
and Semiconductors

 Metals

 Organics

 Crystalline Materials

0.5 eV

0.3 eV

0.1 eV

0.05 eV
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Opaque Layers

 Treat metal as “substrate” if no light 
returns from bottom of layer. 
Typically 50-150nm thick. 

2 Measured Data (Ψ,∆)
2 Unknowns (n,k)

Absorbing

Ψ,∆

n,k

φ 

n(λ) t Ψ(λ) ∆(λ)k(λ)
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Opaque Metal Fitting Procedures

Add Metal as 
Substrate in Model

Right-Click on Metal “name”
Parameterize Layer > B-spline

Press Fit

Add B-Spline as 
Substrate in Model

Expand Nodes:
Add Metal as “Starting Mat”

Optimize Node Resolution

Pr
ep
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g 
th

e 
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sp
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e
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DEMONSTRATION:  Opaque Copper

OR
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2 3-2_100nm_Ni_on_Si.SE

 Assume Ni is opaque and use B-spline to determine 
layer optical constants  

QUESTIONS:
 Compare four node resolutions (1, 0.5, 0.3 and 0.1 eV) – which is 

preferred?

BONUS:
 How are the optical constants affected if:

– Nickel is actually 50nm thick
– Surface is oxidized (estimate with 1nm thick SiO2)
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Node Resolution # Fit 
Parms

MSE

1.0 eV 12 12.7
0.5 eV 24 2.6
0.3 eV 40 1.6
0.1 eV 116 1.5

RESULTS
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Films with Absorbing Region

 Need to determine thickness, n and k.
Absorbing 

Regions
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Identifying the Absorbing Region

1. Absorbing region affects “amplitude” of thickness oscillations.
2. Absorbing features have different frequency than thickness oscillations.

1 2
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Strategy:  Films with Absorbing Region

Separate problem into two steps:

n(λ) t Ψ(λ) ∆(λ)k(λ)
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B-Spline Procedure (absorbing region)

Fit Transparent Region with Cauchy

Right-Click on Cauchy:
“Parameterize Layer → B-Spline”

Optimize Node Resolution, Roughness, 
Grading,…

Setup B-Spline, Fit to Reference, Replace 
Layer

Wavelength Range Expansion Fit

1

2

3

4
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DEMONSTRATION:  SiNx on Si

Fit Transparent Region with Cauchy

Right-Click on Cauchy:
“Parameterize Layer → B-Spline”

1

2
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DEMONSTRATION:  SiNx on Si

Setup B-Spline, Fit to Reference, Replace 
Layer

3

Parameterize Layer window is used to match 
optical constants with new layer

Setting up B-spline:
• Choose Node Resolution
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DEMONSTRATION:  SiNx on Si

Wavelength Range Expansion Fit4
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WARNING:  Nodes too widely spaced

 B-Spline requires 
minimum of 4 Pts. 
 Otherwise it reverts to 

simple polynomial.
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Break!!
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3 3-3_SiC_on_Si.SE

 Determine SiC optical constants using B-Spline method 
(starting with Transparent Cauchy)  

QUESTIONS:
 What is your preferred resolution?
 Is roughness required?
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RESULTS



© 2025 J.A. Woollam                                                                                                         www.jawoollam.com                                                                                                                             45

Causality and Kramers-Kronig

 KK relations consider optical properties as “response” at a given time/place 
due to “cause” at all other times and places.

 Causality:  There can’t be a response before there is a cause. 
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P is “principal part “

KK relations give a “Physical” tie 
between the real and imaginary 
optical functions.
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Kramers-Kronig consistency

All Possible Combinations of Optical Functions

Does not 
guarantee 
correct answer, 
but rules out 
many incorrect 
answers

Match SE data

KK 
consistent

Smooth, 
Continuous 
Functions
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KK Implications on Optical Functions

 Normal / Anomalous regions
 Integration = area under curve.
 Absorption peak is “half-way” point 

for downward wiggle.

Photon Energy (eV)
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“Bumps Make Wiggles”
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Using the KK Equation

 We will describe ε2 and calculate ε1 from KK equation:

 Bumps create Wiggles
– Every absorption bump in ε2 is associated with a roll-over wiggle in ε1
– Larger bumps create larger wiggles.

 All Frequencies
– The calculation of ε1 depends on the values of ε2 at ALL Frequencies.
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Kramers-Kronig B-Spline
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Kramers-Kronig B-Spline
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 B-Spline function for ε2

 KK integral used for ε1

To account for ALL frequencies:

•  Einf (constant offset)
• IR Amp and IR Br
 (low-eV contribution)
• Tie-Offs

 (absorption outside 
measured range)
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3 3-3_SiC_on_Si.SE (REVISIT)

 Determine SiC optical constants using B-Spline method 
(this time use KK mode)  

QUESTIONS:
– Does surface roughness help?
– Does grading help?
– Does anisotropy help?
– Did you try any other alternate models?
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More B-Spline Features:  NODES
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Convert to Transparent B-Spline

Fit Transparent Region using 
Cauchy Procedure

Right-Click on Cauchy → 
“Convert to Transparent B-Spline”

• Enter Node Resolution
• Wavelength-Expansion Fit

Optimize Node Resolution, Roughness, 
Grading,…

 Forces e2 positive, uses KK mode, sets 
Cauchy range to be transparent
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Breakdown of ‘Convert to Transparent B-Spline’

Changes layer type to B-Spline using desired resolution in eV

Sets Cauchy wavelength range to be transparent range

Performs Wavelength Range Expansion Fit

Forces e2 positive

Turns on KK mode

Reevaluates tie-off on the UV side
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DEMONSTRATION:  Organic on Si
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Simplified B-Spline Procedure

Fit Transparent Region with built-in Si with Transparent Film Model

Right-Click on Cauchy Film → Convert To Transparent B-Spline

Optimize Node Resolution, Roughness, Grading,…

Enter resolution in eV

Click Yes to perform Wavelength Range Expansion Fit

1

2

3

4

5

Si with Transparent Film → Transparent B-spline
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4 3-4_Photoresist_on_Si.SE

 Determine optical constants using B-Spline method 
(starting with Transparent Cauchy)  

QUESTIONS:
 What is preferred node resolution?
 Transparent region? 
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RESULTS

Did bumps make 
wiggles?
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5 3-5_Organic_on_Si.SE

 Determine optical constants using the
Simplified B-Spline Procedure  

QUESTIONS:
 What is preferred node resolution?
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RESULTS
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RESULTS – Continued
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6 3-6_Dye_on_Glass.SE

 Determine optical constants using Simplified
B-Spline method

 Use “Glass_Substrate_3-6.mat”  

QUESTIONS:
 What is preferred node resolution?
 Is your result correct?
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RESULTS
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RESULTS – Continued
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Session 3 Summary

 Use B-spline Layer for:
• Metal Films
• UV Absorbing Films
 KK B-Spline helps ensure “physical” results
 Cauchy Fit → “Convert to KK B-spline”
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Thank you and enjoy your lunch!
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Additional Slides beyond this Point
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Enabling <Pseudo> Transforms 

 In CompleteEASE 6.42 and newer, the menu option for <Pseudo> 
Transforms is hidden by default.

 Go to CompleteEASE Configuration > General then change
Display Pseudo Transforms = True  (*Show advanced must be checked)
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Method: Direct Conversion

 For single reflection from surface, data can be 
directly “inverted” to get n,k. 
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ADVANCED:  Fitting TIE OFF NODES (1)

 Open “Demonstration_Organic on Si.SESnap
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ADVANCED:  Fitting TIE OFF NODES (2)

 Expand “Kramers-Kronig” section of B-Spline:
– Use Default Tie Off Behavior = OFF
– View Tie Off Positions = ON
– Fit “Tie Off n+1” amount 

(Default = 0.5eV)
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ADVANCED:  Fitting TIE OFF NODES (3)

 Results after fitting Tie Off Position. Fit adjusts value from 0.5 to 4
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