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7 Session 4 Outline

= General Oscillator Layer
" Fitting materials with absorption using Gen-Osc

— Pre-built Gen-Osc layers
— Creating your own Gen-0Osc
— Cauchy - B-Spline - Gen-Osc

= Gen-Osc Diagnosis
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Using the Gen-Osc Layer

= Gen-Osc contains equations to describe
material optical constants

= |t is useful for any material
(transparent or absorbing)

= |t is often more robust than the B-spline
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/7 Modeling Absorbing Region
Gen-Osc

= Qverlapping “hills” at preset spacing = Choice of “hills” with selective shapes

® Nodes
= B-spline
— Spline components

= (3@NO0SC

— Individual Osc.

Dielectric function (g)
Dielectric function (&)

AN

Photon energy (e) Photon energy (eV)
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é?f Oscillator Model for Optical Functions

" Interaction between light and materials (optical vibration) can be
described by same classical equation of motion as mass on a spring
(mechanical vibration)

External E-field I $

ﬁ T OIIOIIOIIOIIOI Driving

| eueueueuel force
eueueueuel

Dipoles $
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" The dipole response is like
a mechanical oscillator

= Real and imaginary
components are
“connected” via Kramers-
Kronig (KK) equations.
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7 Gen-Osc Layer in CompleteEASE

-|Substrate = Gen-Osc
how Dialoc

- e1 Components

Einf = 1.000

UV Pole Amp. = 0.000 UV Pole En. =11.000

: IR Pole Amp. = 0.000
- e2 Components

Oscillator Menu: Add Delete Delete All

Fit Menu: All None Amp. Br. En.

1. Type = Gaussian Amp1 = 10.000000 Br1 =0.1000 En1 = 3.000

el - Einf & Poles:
Describes the effect on €1 from out-of-range absorptions

e2 - Oscillator List:
Describe absorptions within the analysis range, affecting ¢,
and KK transformed ¢, shape

© 2025 J.A. Woollam
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Choose the oscillator type:

Lorentz

Lorentz Im{Amp)
Harmonic
Harmonic Im{Amp)
Gaussian

Drude

Drude(RT)

Drude(MNMu)
Tauc-Lorentz

Cody-Lorentz
Cody-Lorentz IR
Tanguy
PSemi-M0
PSemi-M1
Psemi-M2

PSemi-M3
PSemi-Tr

PSemi-Full (Relative Endpoints)
PSemi-Full (Absolute Endpoints)
CPPB

CPMO

CPM1

TOLO

Custom

Pole

[ w J»

L om ] [» 4]

[+ 4]

(A ]

Ok Cancel
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7 Describing Absorption Shapes

= Most oscillators have Amplitude, Broadening, and Center Energy to
describe the shape of g,.

= Some also include Bandgap Energy —separates absorbing and
transparent regions.

Gaussian Oscillator Tauc-Lorentz

| /\/ V i
3.0 e = Amp=100 _[ef
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é? Which oscillators should | choose?

= @Gaussian: organics, dielectric, semiconductors

= Tauc- and Cody-Lorentz: amorphous dielectrics and semiconductors
= PSEMI: crystalline materials, especially direct bandgap

= Lorentz: Metals and mid-IR phonons

= Drude: Conductive materials (metals, TCOs, heavily doped semis)

4.0 30 60 3.0
€2, a-Si
€2, SiNX -125 50} -12.5
3.0} /
{20 40| -12.0
N 2.0 115 ¢ Y 30| H1.5 ¢
110 201 €2,ITO1.0
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1.0 \\ e2, Al
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0.0 : : e — ¥ 0 ‘ ' — 0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Energy (eV) Energy (eV)

© 2025 J.A. Woollam jawoollam.com



—

7

Optical Properties of Real Materials

= Absorption from different sources occurs at different wavelengths

" |ntegration under all absorptions is required to get the correct

real part from KK transformation

6.0

5.0

e

Gen-Osc

4.0

3.0

2.0 §

1.0
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Using Einf and Poles

Measured Wavelengths

e =
o N

- -eae®

Dielectric Function

P ——el

s ———el- (KK)
: w1 - (Einf)
el- (UV+IR Pole)

Energy (eV)
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7 Gen-Osc Methods

METHOD 3:

Fit Data with Constructing your | RESSS0A gi:aNellg
Pre-built Gen-Osc Own Gen-0sc




Demonstration 1: Using existing Gen-0sc

= Amorphous silicon thin film on 1737 Glass

Roughness = 5.33 nm (fit)

-ILayer # 1 = a-Si_Aspnes_cl Thickness # 1 = 335.66 nm (fit)
Show Dialog
- e1 Components
Einf = 1.133 (fit)
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000
- e2 Components
Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En. Display Units = OFF

Eo1 = 3.871 (fit) Eg1 = 1.791 (fit) Ep1 = 1.5645 (fit)
+ Urbach Absorption Parameters

1. Type = Cody-Lorentz Amp1 = 83.943 (fit) Br1 = 2.681 (fit)

+|Substrate = 1737 Glass_Genosc

MSE = 3.456

Roughness = 5.33 £ 0.015 nm
Thickness # 1 = 335.66 + 0.085 nm
Einf=1.133 £ 0.0116

Amp1 =383.943 £ 0.7446

Br1 =2.681 £ 0.006380

Eo1 =3.871 £ 0.006881
Eg1=1.791 £ 0.001238
Ep1=1.545 £ 0.0164

© 2025 J.A. Woollam
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7 Normal Dispersion

" |ncreasing the frequency (higher energy, shorter wavelengths) typically
increases the dipole effects in the material (increases the index)

External Light
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7 Poles and Einf

Poles add dispersion (curvature) to the ends [Pubstrate = Gen-Osq

Show Dialog

of the transparent spectral range R
UV Pole Amp. = 0.000 UV Pole En. = 11.000
A IR Pole Amp. = 0.000

omponents

g (E) - EZ E2 Oscillator Menu: Add Delete Delete All
n

Fit Menu: All None Amp. Br. En.
n 1. Type = Gaussian Amp1 = 10.000000 Br1 =

Poles — center energies must 3.5 I ' ' i ! i I
be outside of model’s valid 30 F
V' spectral range - -
: BN  RPole €4 -
g dispersion -
20 - UV Pole -
B dispersion ’
€, (model) 15 g -
&, (model) g, (model) 1.0 [ —~
05 | * _
5 I " ] ) 1 . ] i
: 0.0
measured spectral range : 1.0 2.0 3.0 4.0 50
i Photon Energy (eV)
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IR Pole models
dipoles from o

atoms/molecules
4

Atomic polarization

Physics behind “2 Poles”

2.0
Energy (eV)

3.0

Electric polarization

UV Pole models dipoles
from electron cloud

5.0
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Demonstration 2: BK7 Substrate

" Fit data with both Sellmeier and Cauchy — compare results

Include Surface Roughness = ON Roughness = 13.44 A (fit)

-ISubstrate = Gen-Osc
Show Dialog
- e1 Components MSE = 1.054

Einf = 1.466 (fit) Roughness = 13.44 + 0.039 A
UV Pole Amp. = 92.7823 (fit) UV Pole En. = 10.665 (fit) Einf=1.466 + 0.0117

i C';Ff)ricss :er:fs = 0.0200 (f) UV Pole Amp. = 92.7823 + 2.28468
Oscillator Menu: Add Delete Delete All Sort UV Pole En. =10.665 + 0.0560
Fit Menu: All None Amp. Br. En. Display Units = OFF IR Pole Amp. = 0.0200 £ 0.00017652

(There are no oscillators added.)

© 2025 J.A. Woollam jawoollam.com



é?f BK7 Substrate: Sellmeier or Cauchy?

Full Wavelength Range:

MSE (Sellmeier) = 1.054
MSE (Cauchy) = 1.536

Limited 250-1000 nm:
MSE (Sellmeier) = 0.723
MSE (Cauchy) =0.734

© 2025 J.A. Woollam
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4-01: Fused Silica Substrate

* Fit data with both Sellmeier and Cauchy — compare results

MSE (Sellmeier) = 0.626 152
MSE (Cauchy) = 1.188

1.50 \ n, Cauchy
Roughness = 0.17 nm (fit) n, Sellmeier

-|Substrate = Fused Silica_Sellmeier
Show Dialog 1.48
- e1 Components c
Einf = 1.528 (fit) 146
UV Pole Amp. = 59.9546 (fit) UV Pole En. = 10.225 (fit)
IR Pole Amp. = 0.0128 (fit) —_—
- e2 Components 144 —
Oscillator Menu: Add Delete Delete All Sort \
Fit Menu: All None Amp. Br. En. Display Units = OFF

(There are no oscillators added.) 1.42

0 500 1000 1500 2000 2500
Wavelength (nm)
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7 Gen-Osc Methods

METHOD 3:

Fit Data with Constructing your | RESSS0A gi:aNellg
Pre-built Gen-Osc Own Gen-0sc




/7 Pre-Built Gen-Osc

Fit Data with

Pre-Built Gen-Osc

1. Add pre-built Gen-Osc layer in your model.
2. Adjust and fit Thickness-only to match data.

» prevents oscillator parameters from getting lost.
3. Turn on Oscillator Fit parameters.
4. Watch for “lost” parameters — simplify your model.

© 2025 J.A. Woollam jawoollam.com
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Material File Names and Comments

= The new material files tell you they are a “Genosc”.

= Click on a file to see Comment

File Name: |COC_Genosc_mat

Comment:

Files:

Name =

Genosc for cyclic olefin copolymer (COC). Published by Hong, Synowicki, and

Hilfiker, Appl. Surf. Sci. 421 (2017) 518-528. 190nm to 1700nm

Open Cancel

= Right-click layer name to View Layer Info.

Graph Layer Loss Function
Rename Layer and Fit Parameters
Save Layer Optical Constants
--------------------------------------------------------- Parameternze La'}rer

Layer Information

Applicable Wavelength Range: 140.0 nm to 60000 nm

Anisotropy: extraordinary

View Layer Information

Convert To EMA
Convert To Anisotropic
Delete Layer

Long Name: lithium niobate

LiNbQ3 film on Si02-5i, Fit to VUV, RC2, and IR data (3 orientations): 140nm to 6um

© 2025 J.A. Woollam

Close

Float Glass_Tin Side_Genosc.mat

Fused Silica_IR-Grade_Genosc_VUV-NIR.mat
Fused Silica_Sellmeier.mat

Fused Silica_UV Grade_Genosc_VUV-NIR.mat
Ga203 Film_Fujwara-Collins_Genosc.mat
GdF2_Genosc_VUV-NIR.mat

H20 _Palik_Sellmeier.mat
HfO2_CodyLaorentz.mat
HfO2_TauclLorentz mat

IMO_Genosc.mat

In203_Genosc.mat

ITIO_Genosc.mat
[TO-HighDoping_N-mu_Genosc mat
ITO-HighDoping_rho-tau_Genosc.mat
ITO-LowDoping_N-mu_Genosc.mat
[TO-LowDoping_rho-tau_Genosc.mat
IZO_Genosc.mat

Kapton_HN_Biaxial mat

Kapton HN_X_Genosc.mat

Kapton HN_Y Genosc.mat

Kapton HN_Z_Genosc.mat
KNbO3 a_ GenOsc.mat

KNbO3 _b_GenOsc.mat
KNbO3 ¢ GenOsc.mat

LaAlO3 GenOsc.mat

LiINbO3 Film_Extraordinary_Sellmeier. mat
LiINbO3 Film_Ordinary_Sellmeier mat
LINDO3 Film_Uniaxial_Sellmeier.mat

LiNDO3 Genosc_Extraordinary_VUV-NIR.mat |

LINDO3 Genosc_Ordinary_VUV-NIR.mat
LiINDO3 Genosc_Uniaxial_VUV-NIR.mat
MAPDB(l_1-x Br_x)3_composition.mat

MAPDBBr3_Fujiwara-Collins_Genosc.mat

jawoollam.com



4-02: Using Existing Genosc: Al,O, thin film on Si

* Fit data with both Sellmeier and Cauchy — compare results

— Hint: Delete the oscillator (we are fitting the transparent region)

MSE (Sellmeier) = 3.552

MSE (Cauchy) = 8.941 168
1.66 |
-|Layer # 1 = Gen-Osc Thickness # 1 = 2971.24 A (fit) 1.64 \ n, Sellmeier
Show Dialog \ n, Cauchy
- e1 Components 1.62
Einf = 1.485 (fit) c \
UV Pole Amp. = 100.6613 (fit) UV Pole En. = 10.142 (fit) 1.60
IR Pole Amp. = 0.0200 (fit) \
- @2 Components 1.58 ~—
Oscillator Menu: Add Delete Delete All Sort \§=_
Fit Menu: All None Amp. Br. En. Display Units = OFF 1.56
(There are no oscillators added.) 154
Substrate = SI_JAW 0 300 600 900 1200 1500

Wavelength (nm)

© 2025 J.A. Woollam jawoollam.com
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Which Gen-Osc Parameters to Use?

Are oscillators in the same energy range @.\,
_--""----L \J

dS YOUr data? /
- '

What parameters have been used?
Which parameters have a big effect?

Test parameters — do they improve fit
quality (lower MSE)?

— If no, press RESET and turn them off.

22000 Lost Parameters may include:
=~ 1) negative amplitudes, ii) very small broadenings,

and iii) out-of-range energies

© 2025 J.A. Woollam




4-03: Use Prebuilt Gen-Osc: SiNx on Si

= Use Prebuilt SINx GenOsc mat file
= Match thickness
= Fit parameters and check for correlation

HINTS:
= Did you try surface roughness?

Fit Data with
Pre-Built Gen-0Osc

© 2025 J.A. Woollam



SiNx on Si: Results

Roughness = 51.07 A (fit)

[Layer # 1 = SiNx (CodyLor) Thickness # 1 = 1180.04 A (fif MSE = 5.342
Show Dialog Roughness = 51.07 + 0.238 A
-el Cpmponents Thickness # 1 = 1180.04 + 0.116 A
Einf=1.025 UV Pole Amp. = 97.2437 + 8.91036
IR Pole Amp. = 0.000 AMDb1 = 29 '204 + 1252'
- e2 Components mpi = 29. * 3.
Oscillator Menu: Add Delete Delete All Sort Br1=6.587 + 0.4039
Fit Menu: All None Amp. Br. En. Display Units = OFF Eo1 =7.851+0.1154
1. Type = Cody-Lorentz Amp1 = 29.204 (fit) Br1 = 6.587 (fit) Eg1=2.226 + 0.0111
Eo1 =7.851 (fit) Eg1 = 2.226 (fit) Ep1 = 3.671 (fit) Ep1 =3.671 + 0.2445
+ Urbach Absorption Parameters ) -
Substrate = Si_JAW Optical Constants of SiNx (CodyLor) vs. nm
2.50 0.60
Variable Angle Spectroscopic Ellipsometric (VASE) Data l
50 ‘ 2.40 E 0.50
Psi (55.00°) ‘\
— Psi (65.00°) 230 0.40
\\ ....... Model \\
N c 2.20 \ \ 0.30 ~
Q ' / s ey
‘,.' ] ..‘ :, \\“ 2.10 \ 0.20
‘ 2.00 \ — 0.10
0 ? 1.90 0.00

0 300 600 900 1200 1500 1800 0 300 600 200 1200 1500 1800
Wavelength (nm) Wavelength (nm)
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4-04: Use Prebuilt Gen-Osc: Nb,O. on Si

" Use Prebuilt Nb205 GenOsc.mat file
= Match thickness

" Fit parameters and check for correlation

Hints:
= Any non-idealities?

© 2025 J.A. Woollam

Fit Data with

Pre-Built Gen-0Osc




—

égf Nb,O. on Si: Results @\

-|Layer # 1 = Nb205_Genosc Thickness # 1 = 8091.86 A (fit) MSE = 10.798
S .
I [ Thickness # 1 = 8091.86 + 1.221 A
Ei\?f;:'cjxoo 107.0559 UV Pole En. = 10.443 AmpT = 313.841 + 4.2777
ole Amp. = 107. ole En. = 10.
RS AT SRAEE Br1 =1.521 + 0.006641
- e2 Components Eo1 =4.397 £ 0.002294
Oscillator Menu: Add Delete Delete All Sort —
Fit Menu: All None Amp. Br. En. Display Units = OFF Eg1 = 3.364 + 0.001027
1. Type = Cody-Lorentz Amp1 = 313.841 (fit) Br1 = 1.521 (fit) Ep1=6.444 + 0.0553
Eo1 = 4.397 (fit) Eg1 = 3.364 (fit) Ep1 = 6.444 (fit) Bandwidth (nm) = 3.024 + 0.0125
+ Urbach Absorption Parameters
Substrate = Si_ JAW

Variable Angle Spectroscopic Ellipsometric (VASE) Data Optical Constants of Nb205_Genosc vs. nm
50 3.3 1.5
Psi (45.00°) L
Psi (55.00°
40 ( ) 3.0 [/V\ n 11.2
Psi (75.00°) EJ :
Model 57
o] — AN I
n@_ 4\:""\ | \é c 24 ~_ X~
20 A - / — Hos
\ ‘ V\ ............ 2.1
10 “. \ 3 / -
A \/ 1.8 \ 0.3
0 15 0.0
0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800

Wavelength (nm) Wavelength (nm)
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4-05: Using Existing Gen-Osc: amorphous Silicon on Glass

= Start by fitting the Glass substrate (or use Glass Substrate 4-05.mat)
= Add the a-Si Genosc, roll-in the thickness and oscillator parameters.
" Fit to get thickness and optical constants.

Fit Data with
Pre-Built Gen-Osc

© 2025 J.A. Woollam



Results: a-Si on Glass

Roughness = 48.62 A (fit)

- Layg:;1 Ega-f)i_Aspnes_cl Thickness # 1 = 923.60 A (fit) MSE = 2.413
w Dialog
-el Components ROUghneSS = 4862 + 0098 A
Einf = 1.000 Thickness # 1 = 923.60 + 0.105 A
lLIJ?VPF;(I);eA/?nn;p;:OOb%%O UV Pole En. = 11.000 Amp1 = 611.390 + 8.4071
- @2 Components Br1 =2.683 + 0.005517
Oscillator Menu: Add Delete Delete All Sort Eo1 =3.424 + 0.001935
Fit Menu: All None Amp. Br. En. Display Units = OFF — +
1: Type = Cody-Lorentz Amp1 =611.390 (fit) Br1 = 2.683 (fit) Eg1 1.450 £ 0.002748
Eo1 = 3.424 (fity Eg1 = 1.450 (fit) Ep1 = 11.896 (fit) Ep1=11.896 £ 0.1049
+ Urbach Absorption Parameters
+|Substrate = Glass Substrate 4-03 3.2 18
Variable Angle Spectroscopic Ellipsometric (VASE) Data 3.0 \ E 1.5
30 300

- /—-——.’g N 2.8
]

e TE— {200
20 A 1677 c 2.6 ~— 0.9 x
D 4 : e
e 15 < \/W)( ] |10 24 0.6
10 ER\\TAe ? [Psi (55.00, 65.00, 75.00°) / \
Delta (55.00, 65.00, 75.00°)
\)\/f \ Model 10 2.2 0.3
0 6

~

|

Delta

\/;;/WW 100 2.0 l \\\

] 0.0
00 900 1200 1500 1800 0 300 600 900 1200 1500 1800
Wavelength (nm)

0 30
Wavelength (nm)
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7 Gen-Osc Methods

METHOD 3:

Fit Data with Constructing your | RESSS0A gi:aNellg
Pre-built Gen-Osc Own Gen-0sc




Simplify my Genosc

= Check to see if your oscillators are outside the data energy range. If
yes, they only contribute to the KK integration (g,).

UV-IR_Genosc Thickness # 1 = 808.53 nm (fit)

UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000
- e2 Components
Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En. Display Units = OFF
1: Type = Cody-Lorentz Amp1 =706.350 (fit) Br1 =0.924 (fit)
Eo1 = 4.618 (fit) Eg1 = 3.385 (fit) Ep1 = 10.604 (fit)
+ Urbach Absorption Parameters
Type = Gaussian Amp2 = 22.881139 (fit) Br2 =0.0195 (fit) En2 = 0.0535 (fit)
Type = Gaussian Amp3 = 9.902605 Br3 =0.0318 En3 = 0.0556
Type = Gaussian Amp4 = 8.123109 Br4 = 0.0239 En4 = 0.0740
Type = Gaussian Amp5 = 1.480561 Br5=0.0246 En5 = 0.105

(Sl el

2 Edit Layer

Reference Material

Layer Parameters

Fit

Substrate = Si_JAW

© 2025 J.A. Woollam

Open MaterialFile || Glear | | Nb205_UV-IR_Genosc - GENOSC =
] - e1 Components
L Einf = 1.050 (fit)
Display UV Pole Amp. = 0.000 UV Pole En. = 11.000
®el&e2 Un&k T Loss IR Pole Amp. =0.000 1
- e2 Components
V,ewfp,t_ Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En. Display Units = OFF
LI Show Al Oscillators 1. Type = Cody-Lorentz Amp1 = 706.350 (fit) Br1 = 0.924 (fit) H
Graph Wavelength Units Eo1=4.618 (fit) Eg1 = 3.385 (fit) Ep1 = 10.604 (fit)
H + Urbach Absorption Parameters
= i = = it) En2 = 0.0535 (fit) =]
Graph
6.6 T 1.0
el Gen-Osc
6.3 e2 Gen-Osc 108
6.0 ~ 1 . . 2
NOwS values In t g
~— c o
o 0.7 )
0.4
current spectral range
Mt J o
51 / -
4.8 — | 0.0
0.5 1.0 1.5 2.0 25 3.0 3.5
eV
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7

= Strategy 1:

Replacing Oscillators with Poles

Delete the unnecessary oscillators — change pole values

= Strategy 2: “Start Over” - use the Parameterize Layer command to
use your current values as reference for a new Genosc.

© 2025 J.A. Woollam

Show D
-e1 Com
Einf

Graph Layer Optical Constants
Graph Layer Absorption Coefficient
Graph Layer Optical Conductivity

-lLayer # 1 = Nspd@}S TVAEWETEY Thickness # 1 = 808.53 nm (fit)

UV F Graph Layer Loss Function =11.000
IRP Rename Layer and Fit Parameters
- €2 co".! Save Layer Optical Constants
E_SE:‘ Parameterize Layer * Gen-Osc L - OFF
y Ilt | View Layer Information B-5pline 'tlts N : 924 (fit
= | Convert To EMA Cauchy 30 éﬂ q (At (fit)
+ Convert To Anisatropic R ]
2. 1Cradelayer 1139 (fit) Br2 = 0.0195 (fit) En2 = 0.0535 (fit)
3 R 605 Br3 =0.0318 En3=0.0556
4. 1Delete Layer , 109 Br4 =0.0239 En4 =0.0740
5: Type = Gaussian Amp5 = 1.480561 Br5=0.0246 En5=0.105

Substrate = Si_JAW

jawoollam.com




é?f Disabling or Deleting oscillators

D E L ET E -[Cayer # 1 = Nb205_Genosc Thickness # 1 = 1179.95 A (fit)
Show Dialog

- e1 Components
Einf = 1.000

N559 UV Pole En. = 10.443

= Right-Click “#”
— Shift-Right-Click “#” s e
deletes without warning

tz Amp1=274.228 Br1 = 1.693
=3.335 Ep1=5.929
#ion Parameters

Type

+ Urbach A%
Type = Gaussian Amp2 = 10.000000 Br2 =0.1000 En2 = 3.00

D I SA B L E 3. Type = Gaussian Amp3 = 10.000000 Br3 =0.1000 En3 =3.000

Substrate = Si_JAW Delete Oscillator
= Right-Click

Oscillator Type - Urpacn Ao
2. Type= Amp:
3. Type =| Change Type P
4: Type =|Disable L

5. Type =| Reset Values E
ate = S JAY Delete

(=]

- MODEL Options
Angle Offset = 0.00
Include Substrate Backside Correctio

’J & Are you sure you want to delete this oscillator?

rpu

© 2025 J.A. Woollam jawoollam.com



Demonstration 3: Simplify Existing Gen-Osc: Nb,O. on Si

" Open SNAPSHOT: Demo3 Nb205-Si
= Simplify the existing model.

Constfructing your
Own Gen-0OscC

© 2025 J.A. Woollam



[

Nb,O. Demonstration: Results

Model: Demo3_Nb205-Si (Snapshot)

Open Save Clear

# CompleteEASE

Measurement

Data: Nb205_Restricted (Snapshot) Model: Demo3_Nb205-Si (Snapshot)

Analysis | Hardware | Options

Layer Commands: Add Delete Save

F| Open H Save H Info H Set Ranges | ‘ Open H Saye H Clear ‘ ‘ Open Snapshot H Save Snapshot InCIUde Surface Roughness = OFF
it: Layer Commands: Add Delete Save = — : — -
Generate. || Eit || Fit Dynamic || Reset Include Surface Roughness = OFF - Layer #1= Thickness # 1 = M {flt)
VISE = 7 247 -[Layer # 1 = Nb20O5_UV-IR_Genosc Thickness # 1 = 8078.69 A (fit) Show Diﬂlog
==
Ehl;kn:sgs;; 11=ngga.egi1.1e4A R - e1 Components
inf=1.958z1. Einf = 1.958 (fit) inf = ;
Amp1 = 706.633+4800.0877 UV Pole Amp. = 0.000 UV Pole En. = 11.000 Einf = 2.775 (fit) . .
Er11= %%;250101.4168155 IR Pole Amp. = 0.000 - UV Pole Amp. = 49.8056 (fit) UV Pole En. = 4.877 (fit)
e = e aeEEl - e2 Components = .
Eg1=3385+1.3698 Oscillator Menu: Add Delete Delete All Sort IR Pole Amp. =0.0429 (f't)
ﬁp1 ; 101-?11;4253430"1330132083311 Fit Menu: All None Amp. Br. En. Display Units = OFF - e2 Components
mpZ = 13. + - 1. Type = Cody-Lorentz Amp1 = 706.633 (fit) Br1 = 0.925 (fit :
Er22= %9112601686?:52283 Ey£1 =4.620 (fit) Eg'l = 3'.3335 (fit) Ep’1 (= 20_501 (fit) ( ) > OSCI"atDr MEI‘IU A.dd DE'EtE DE'EtE A" SOI"t
fe =5 ESEe * Urbach Absorption Parameters Fit Menu: All None Amp. Br. En. Display Units = OFF
Bandwidth (nm) = 1.7810.0842 2. Type = Gaussian Amp2 = 13.464542 (fit) Br2 = 0.0120 (fit) En2 = 0.1486 (fit) L / L L ' play
3. Type = Gaussian Amp3 = 3.902605 Br3 = 0.0318 En3 =0.0556 There are no oscillators added.
4: Type = Gaussian Amp4 =8.123109 Brd = 0.0239 En4 =0.0740 =]
5. Type = Gaussian Amp5 = 1.480561 Br5=0.0246 En5=0.105 Substrate M

Substrate = Si_JAW

= Data: Nb205_Restricted (Snapshot)

+ Data 4+ Model Show Data Qpen gave lnfo Sat Raﬂges
Variable Angle Spectroscopic Ellipsometric (VASE) Data

40 Fit:
' Psi (45.00°) Generate || FEit || FitDynamic || Reset
30 Psi (55.00°)
_ y MSE = 7.151 "
g 20 {75007 Thickness # 1 = 8078.48+0.939 A

Einf = 2.775+0.0110

\/ \/ UV Pole Amp. = 49.8056+0.38905

0 UV Pole En. = 4.877+0.007033

300 900 1500 1800 IR Pole Amp. = 0.0429+0.00075211
Wavelength (nm) Bandwidth (nm) = 1.785:0.0757

WY
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4-06: Making a Genosc: Ta,O on Fused Silica

= Fit the data with existing Genosc
= Simplify the Genosc for the limited wavelength range

HINTS:
= |s the backside smooth or rough?

Constfructing your
Own Gen-0OscC

© 2025 J.A. Woollam



Ta,O: on Fused Silica: Results

Include Surface Roughness = OFF

Layer # 1 = Gen-Osc Thickness # 1 = 8021.94 A (fit)
Show Dialog
- e1 Components
Einf = 2.290 (fit)
UV Pole Amp. = 72.3690 (fit) UV Pole En. = 5.934 (fit)
IR Pole Amp. = 0.0175 (fit)
+ e2 Components

+Substrate = Fused Silica_Sellmeier Substrate Thickness = 1.0000 mm

- MODEL Options
Angle Offset = 0.00
Include Substrate Backside Correction = ON
Transmission SE Data = OFF Reverse Direction = OFF
# Back Reflections = 1.543 (fit)

% 1st Reflection = 100.00

MSE = 6.367

Thickness # 1 = 8021.94 +2.181 A

Einf =2.290 £ 0.0974

UV Pole Amp. = 72.3690 * 5.39413

UV Pole En. =5.934 + 0.0877

IR Pole Amp. = 0.0175 + 0.00682

# Back Reflections = 1.543 + 0.0339

© 2025 J.A. Woollam

40

10

303

ol ;
400 500 600 700

Variable Angle Spectroscopic Ellipsometric (VASE) Data

|
Psi (55.00°)
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7 Gen-Osc Methods

METHOD 3:

Fit Data with Constructing your | RESSS0A gi:aNellg
Pre-built Gen-Osc Own Gen-0sc




é@ Procedure: Building your own Gen-0Osc

Building
Oscillator
Model




[

7

Opt. Const. of B-Spline vs. nm

2.30 0.8
n
K
2.20 /\
& \ Ho6
2.10
c \ \ 104 x
2.00 \
Ho.2
1.90 T~
1.80 0.0
0 300 600 900 1200 1500 1800

© 2025 J.A. Woollam

Wavelength (nm)

jawoollam.com

Substrate =

+ MODEL Op
+ FIT Option

+ OTHER OpJ Save Layer Optical Constants
Parameterize Layer
View Layer Comment

Configure

Turn Off Al

Using Current Results as Reference

Layer#1 = Iﬂ@Thickness #1 =126.63 nm (fit)

Graph Layer Optical Constants
Graph Layer Absorption Coefficient
Rename Layer and Fit Parameters

Convert To EMA




Building a Gen-0Osc

Match ¢, with oscillators

#F Parameterize Layer

New Layer Layer Parameters Fit
‘ Open Material File H Clear | Gen-Osc - GENOSC
] e2 Components (Imaginary Part) VGE
Mat: Gen-Osc Oscillator Menu: Add Delete Delete All Sort lomo? = 1620047 £ 0.85712
Display Fit Menu: All None Amp. Br. En. Display Units = OFF Bri = 2239 + 0 005402
Type = Tauc-Lorentz Amp1 = 162.0947 (fit) Br1 = 2.239 (fit)}}j Fol=23689+0002357
Eo1 =3.689 (fit) Eg1=1.328 (fit) Eg1=1.328 + 0.004628
Graph Wavelength Units
v [
Graph
30 | T
New Layer ; ‘
25 Model >
20 - -
15 = ',‘.v =1
o 4 .
[b) e,
10 =
/". _____
5 —
“_“9.-; "
0 e
-5 0 ul
1.0 2.0 3.0 4.0 5.0 6.0 7.0
eV
‘ Replace Layer | | Cancel ‘

© 2025 J.A. Woollam

Match ¢, with Einf, Poles

#F Parameterize Layer
Layer Parameters

Gen-Osc - GENOSC
e1 Components (Real Part)
Einf = 0.767 (fit)
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000

New Layer

| Open Material File H Clear ‘

Mat.: Gen-Osc
Display
®el&e? On&k Closs

View/Fit: [Real Part Only H

MSE =022
Einf=0.767 £ 0.0226

el New Layer
e1 Model

10

el

When finished,

Replace Layer

‘ Replace Layer |

Cancel |

4.0

4.5




Manipulating oscillators

= SHIFT- “Mouse-Roll” on Parm.
— CTRL-SHIFT for smaller step

= | eft-Click # to view “handles”

— Drag grey boxes with mouse

J.A. Woollam

49 Edit Layer ‘ =
Reference Material Layer Parameters Fit
_.OpenmaternlFie Gen-Ost - GENOSC =
- e1 Compeonents
Mat.: N
Einf=1.000
Display UV Pole Amp. =0.000 UV Pole En. = 11.000
@ el8e2 ©nsk IR Pole Amp. = 0.000
ents =
View/Fit: |All - Menu: Add Delete Delete All
All None Amp. Br. En.
S A S = Gaussian Amp1 = 1000000 Br1 = 12502 En1= 25696
Wavelength Units = Gaussian Amp2 = 3 000000 Br2 =05000 En2=4.000
_ . £ = Gaussian Amp3 = 2.000000 Br3=0.2500 En3=5.000 b
@ eV @ nm -
Graph
3.0 4.0
20 3.0
|
o 1.0 209
0.0 1.0
e :[\/
1.0 0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
eV

jawoollam.com




4-07: Making a Genosc: a-Ge Thin Film

= B-spline fit is already completed > saved as Snapshot

= Convert the b-spline to a Genosc
— Can you get similar MSE?
— How do your Genosc optical constants compare to B-spline

HINTS:
= |t will take more than one oscillator to find
a great match to the b-spline.

Constfructing your

Own Gen-0sc

© 2025 J.A. Woollam



a-Ge Thin Film : Results

Roughness = 46.83 A (fit)
Layer # 2 = a-Ge_Adachi_cl Thickness # 2 = 3179.79 A (fit)
Show Dialog
- e1 Components
Einf = 1.296 (fit)
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. =0.000
- e2 Components

Oscillator Menu: Add Delete Delete All Sort 6.0 4.0
Fit Menu: All None Amp. Br. En. Display Units = OFF
1. Type = Cody-Lorentz Amp1 = 55.015 (fit) Br1 = 2.642 (fit) 5.0
Eo1 = 3.101 (fit) Eg1 = 0.878 (fit) Ep1 = 0.699 (fit) : I
+ Urbach Absorption Parameters // / \ -3.0
2: Type = Gaussian Amp2 = 3.483783 (fit) Br2 = 1.1284 (fit) En2 = 1.857 (fit) 4.0 .,
3. Type = Gaussian Amp3 = 6.358459 (fit) Br3 = 2.5087 (fit) En3 = 3.876 (fit) \
Layer # 1 = SiNx_Film Thickness # 1 = 955.45 A (fit) c 3.0 20 x
Substrate = Glass Substrate ' / N E 8328:5 '
20 Vi \ n, B-spline
' k, B-spline
/ \\ : 110
Genosc MSE = 2.803 1.0 ~—
- S —
B-spline MSE = 2.485 /
0.0 s 0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Energy (eV)

© 2025 J.A. Woollam
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4-08: Making a Genosc: ZnO Thin Film

= B-spline fit is already completed > saved as Snapshot

= Convert the b-spline to a Genosc
— Can you get similar MSE?

— How do your Genosc optical constants
compare to B-spline

Constructing your
Own Gen-0OscC

HINTS:
=  Why build your own when there is an existing ZnO gen-osc?
- Parameterize to Genosc, then “Open Material File” and

choose ZnO_Genosc.mat

Rename Layer and Fit Parameters

Save Layer Optical Constaris

Parameterize Layer Gen-0Osc New Layer
View Layer Information B-Spline

Caonvert To EMA Cauchy

Cnnverdt To Anisotronie |

bl

Open Matenal File Clear

© 2025 J.A. Woollam jawoollam.com



/N0 Thin Film : Results

Roughness = 126.29 A (fit)

-|Layer # 1 = ZnO_Genosc Thickness # 1 = 926.09 A (fit)
Show Dialog
- e1 Components
Einf = 1.000
UV Pole Amp. = 219.7595 (fit) UV Pole En. = 11.035 (fit)
IR Pole Amp. = 0.0446 (fit) 6.5 25
- e2 Components
Oscillator Menu: Add Delete Delete All Sort e1, Genosc
Fit Menu: All None Amp. Br. En. Display Units = OFF 6.0 e2, Genosc 120
1. Type = PSemi-M0 Amp1 = 1.871 (fit) Br1 = 0.0765 (fit) e1, B-spline
Eo1 = 3.301 (fit) WR1 = 5.1752 (fity PR1 = 0.354 (fit) 55 e2, B-spline
AR1 = 0.666 (fity O2R1 = -0.394 (fit) “_.""“‘"""n-m_____ 115
2. Type = Gaussian Amp2 = 0.270272 (fit) Br2 = 0.2460 (fit) En2=3.398 ¢ty _ [ | | | ¢{&% | e ~
3. Type = Gaussian Amp3 = 0.551993 (fit) Br3 = 0.9438 (fit) En3 = 6.960 (fit)| o °-0 / ®
+|Substrate = 7059_Genosc / \ 11.0
4.5 \
4.0 /,/ - o5
B-spline MSE = 3.329 3.5 ~ J
Genosc MSE = 3.206 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Energy (eV)
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7 Gen-Osc Methods

METHOD 3:

Fit Data with Constructing your | RESSS0A gi:aNellg
Pre-built Gen-Osc Own Gen-0sc




é?f Procedure: Building your own Gen-0Osc

[ Cauchy » B-Spline ]

Building
Oscillator
Model




—

/7 Cauchy = B-Spline > Gen-Osc

= Putting all the pieces t

N
-

Y in degrees
b
-

Film

Film

Substrate

Substrate

S
-

[—
-

| 1 1
- - \O
&) -
S92I39p ur'yy

| 1
I
W

300

600 900 1200 1500 1800

-90

Wavelength (nm)

© 2025 J.A. Woollam
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/7 Build Gen-Osc from B-spline fit results

Cauchy P B-Spline
1. Cauchy Fit transparent region only

2. B-Spline fit to all wavelengths

3. Build Gen-Osc from B-spline n,k results
» Fit reference — g, first, then ¢,
* Generate data before fitting

4. Fit Data (¥ & A) using Gen-Osc

Build Gen-Osc
from B-Spline n,k

Fit Data with
Gen-0Osc

© 2025 J.A. Woollam



4-09: Fit Chalcogenide Glass Substrate with Genosc

= Start with Cauchy Fit (> 900 nm)
= Extend to all wavelengths with B-spline
= Convert to Genosc

Cauchy P B-Spline

© 2025 J.A. Woollam

Build Gen-Osc
from B-Spline n,k

Fit Data with

Gen-0sc




## Edit Layer

Reference Material Layer Parameters Fit

Open Material File H Clear | Gen-Osc - GENOSC I

- e1 Components

Mat: B-Spiine Einf = 1.353 (fit
Display UV Pole Amp. = 48.2022 (fit) UV Pole En. = 8.681 (fit)|-
@®el&e2 On&k OLoss IR Pole Amp. = 0.000 # CompleteEASE

- e2 Components

Measurement | Analysis | Hardware | Options
viewFitja 4] Oscillator Menu: Add Delete Delete All Sort . Data: 4-09_Chalcogenide Glass

Model: Blank (Blank Starting Model
Fit Menu: All None Amp. Br. En. Display Units = OF odel: Blank (Blank Starting Model)

Show All Oscillators 1: Type = Cody-Lorentz Amp1 =24.082 (fit) Bri=2 ‘ Open H Save H Info H Set Ranges ‘ | Open H Save H Clear | ‘ Open Snapshot H Save Snapshot
Graph Wavelength Units Eo1 = 2.608 (fit) Eg1 = 1.714 (fit) Ep1 = 0.958 (fi Fit: Layer Commands: Add Delete Save =
H + Urbach Absorption Parameters =] | Generate ‘| Fit Dynamic H Resst ‘ Include Surface Roughness = ON Roughness = 76.39 A (fit)
q] 0 I v - | -[Substrate =
MSE = 1.009 B Show Dialog
Graph Roughness = 76.3940.048 A - e1 Components
15 ‘ 10 Einf = 1.304£0.0325 Einf = 1.304 (fit)

UV Pole Amp. = 48.4369£2.51720

UV Pole Amp. = 48.4369 (fity UV Pole En. = 8.767 (fit) E
e1 Gen-Osc / \ LY Pole BN = o TeTx0 0769 IR Pole Amp. = 0.000
R 4 mp1 = 34.5665. - e2 Components
12 2 Gen-Osc — 8 Brl = 3.823:0.2263 b

L Oscillator Menu: Add Delete Delete All Sort
el Ref. e ™ Eo1=23.711:0.0928 Fit Menu: All None Amp. Br. En. Display Units = OFF
e2 Ref. Eg1=1.712:+0.002178 1: Type = Cody-Lorentz Amp1 = 34.566 (fit) Br1 = 3.823 (fit)
\ Ep1=0.7580.0197 Eo1=3.711 (fit) Eg1 = 1.712 (fit) Ep1 = 0.758 (fit) H
9 6 Amp2 = 105.86834.0847

Bi2 = 2 86840 0981 + Urbach Absorption Parameters
re = 2,965+, 2. Type = Cody-Lorentz Amp2 = 105.868 (fit) Br2 = 2.868 (fit
Eo2 = 4.352+0.0370 = 2 y = w

\\\\ Eo2 = 4.352 (fit) Eg2 = 1.497 (fit) Ep2 = 10.436 (fit) Common Eg = OFF
6 4 Eg2 =1.497:0.0805 + Urbach Absorption Parameters
Ep2 = 10.436+3.2785

+ Data <+ Model

\
\
/

e2

4]

3 7 - \\ = 2 Variable Angle Spectroscopic Ellipsometric (VASE) Data
’ / \\ 35
0 Ao - B 0 30 >
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 4.;.._“_.__\_\
eV 25 \
& 20 \ Psi (55.00°)
- \ Psi (65.00°)
N Model
10 = e OIS Wtonteomossesnerererrrrere: oo
R IR

B-spline MSE = 0.947 5o 300 600 900 1200 1500 1800
Genosc MSE =1.009 Wavelength (nm)

A. Woollam




[

Are Additional Oscillators necessary?

Roughness = 3.79 nm (fit)
Layer # 1 = Gen-Osc Thickness # 1 = 147.21 nm (fit)

ow Dialog

Substrate = S| JAW

= Add from Oscillator Menu

= SHIFT-“Left-Click” on graph

© 2025 J.A. Woollam

6; Edit Layer

Reference Material

| Open Material File || Clear |
Mat.: B-Spline
Display

wel&el Zin&k

e TR

Show All Oscillators

Wavelength Units

Layer Parameters

Gen-0sc - GENOSC

- @1 Components
Einf = 0.683 (fit)
UV Pole Amp. = 172.4982 (fit) UV Pole En. = 11.000
IR Pole Amp. = 0.000

- 22 Components
Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En.
1. Type = Tauc-Loreniz Amp1 = 27.9721 (fit)

Fi

it

MSE = 0.00547
Einf=0683+ 00157

UV Pole Amp. = 1724982 + 5.
Amp1=27.9721+ 1.40740
Br1=4934+0.1442
Eo1=5531+0.0664
Eg1=2773+0.0102

Amp2 = 1.833342 + 0.053386
Br2 =3.7442 + 0.08410
En2=7.847 +0.1009

eV ) nm (f
<] i | [» q Il
..... - raph
51 T
e_1_ @en—Qsc
48 e? Gen-0Osc /-*'"-- \\_ # 25
el Ref. L~ 2
e2 Ref. /
4.5 / / \ 2.0
o 42 7 / p 1.5 ¢
3.9 / 1.0
7 ya i
3.6 ] / 0.5
3.3 SRR 0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
eV

jawoollam.com




7 Disabling or Deleting oscillators
DELETE

; Open Materil Fiie | Gen-Osc - GENOS|

= Right-Click “#”

1.00
Display -

Einf =

@ el &e2 On&k

- Shlft'nght‘C“Ck ”#” View/Fit: | Al - - : i | Ete geletenu

Menu: All
[7] Show All Dscillators e

d e | etes Wlt h O Ut Wa rn | ng — = Gaussian Amp1=1.000000 Br1=1.2502 En1 = 2.596

= Gaussian AmpZ2 = 3.000000 Br2 =0.5000 EnZ2 = 4.000
@ eV © nm

= RIght-Clle Oscillator Type T Urpacn ARYPrpu

Type = Amp:
Type =| Change Type 1P
Type = | Disable I
2. Type =|Reset Values IP:
ate = Sl_JA!\ Delete

DISABLE

el il

n

jawoollam.com
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4-10: Photoresist on Silicon: Cauchy - B-Spline - Genosc

=  Build a Genosc for this Photoresist.

= |f you have trouble with the b-spline, | saved my snapshot — start there
HINTS:

Cauchy P B-Spline
= Can you match MSE of your b-spline fit?

= How many oscillators did it take? Build Gen-Osc
from B-spline n,k

© 2025 J.A. Woollam



2% Edit Layer

Reference Material

Open Material File || Clear ‘

Mat.: B-Spline
Display
®el1&e?2 On&k <loss

vewre [T

Show All Oscillators
Graph Wavelength Units

v 1]

Photoresist on Si

Layer Parameters

Gen-Osc - GENOSC m
- e1 Components
Einf = 1.499 (fit)
UV Pole Amp. = 51.6460 (fit) UV Pole En. = 9.620 (fit)
IR Pole Amp. = 0.0140 (fit)
- e2 Components
Oscillator Menu: Add Delete Delete All Sort ||
Fit Menu: All None Amp. Br. En. Display Units = OF
Type = Cody-Lorentz Amp1 = 0.0229 (flt) Br1 =0
Eo1=3.201 (fit) Eg1 = 2.979 (fit) Ep1 =0.0677 (
+ Urbach Absorption Parameters
2: Type= Gaussmn Amp2 = 0.094079 (flt) Br2=0.1

Fit

3 Tve=G = = I~
I I [#]
Graph
4.0 | 1.8
el Gen-Osc
e2 Gen-Osc 115
35 el Ref. :
e2 Ref.
—11.2
3.0
o 0.9 @
2.5 e
/ V N 0 6
N B
20 ~
\ —H0.3
_—
1.5 — — 0.0
0.0 1.0 2.0 3.0 4. 0 5.0 6.0 7.0
eV

Close

## CompleteEASE

Results

Analysis Hardware | Options

Data: 4-10_Photoresist on Si

Model: 4-10_Photoresist-Si_Genosc_James (Snapshot)

‘ Open Snapshot H Save Snapshot

Layer # 1 = Gen-Osc Thickness # 1 = 217.12 nm (fit)

‘ Open H Save H Info || Set Ranges ‘ | Open || Saye H Clear |

Fit: Layer Commands: Add Delete Save

‘ Generate || Fit H Fit Dynamic H Reset | Include Surface Roughness = OFF
MSE = 3.952 Sl

Thickness # 1 = 217.12£0.019 nm
Einf = 1.499£0.0112 =
UV Pole Amp. = 51.6460+1.71463

IR Pole Amp. = 0.0140+0.00043496
Amp1 =0.0229+£0.00073184

Br1 =0.159£0.001943
Eo1=23.201+0.00049396
Eg1=2.97940.007423
Ep1=0.0677£0.007591

Amp2 = 0.094078+0.0022113

UV Pole En. = 9.620£0.0716 m

Show Dialog

- e1 Components
Einf = 1.499 (fit)
UV Pole Amp. =
IR Pole Amp. = 0

- e2 Components
Oscillator Menu: Add Delete Delete All Sort

60 (fit) UV Pole En. = 9,620 (fit)
40 (fit)

Fit Menu: All None Amp. Br. En. Display Units = OFF
1. Type = Cody-Lorentz Amp1 = 0.0229 (flt) Br1 =0.159 (fit)
Eo1 =3.201 (fit) Eg1 = 2.979 (fit) Ep1 = 0.0677 (fit)

+ Urbach Absorption Parameters

2: Type = Gaussian Amp2 = 0.094079 (fit) Br2 = 0.1206 (fit it)
Br2 =0.1206:0.00140 | 3. Type = Gaussian Amp3 =0.042664 (fit) Br3 = 0.1196 (fit it) ||
En2 =13 370+0 NNN2G2R2 = " - . a PN Arnoe e ~ =
=+ Data =+ Model

Variable Angle Spectroscopic Ellipsometric (VASE) Data

100

80

|
Psi (55.00°)
Psi (65.00°)

60

Model

Psi

40

20

7.0

Energy (eV)




4-10B: Photoresist on Silicon: Diagnosing Genosc Problems

Open Snapshot: 4-10B_Photoresist-Si_Genosc_ PROBLEMS
= | quickly made a Gen-osc to match the b-spline for this photoresist.
= Please diagnose (and fix) any problems with my Gen-Osc

Cauchy » B-Spline

Build Gen-Osc
from B-spline n,k

© 2025 J.A. Woollam
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Model Comparison

Model

Advantages

Disadvantages

Recommend

Easy to use.
Smooth functions.

= No physical basis — just
“curve fitting”.

= Best for metals, organics, and
crystalline materials.

May be physically related
to absorption phenomena

features.

B-spline , , = Large number of fit *can capture all details in n,k
Customize node spacing. _
_ . parameters. *perfect for sharp features when using
Kramers-Kronig consistent. | | Easy to use incorrectly. custom node spacing
= Best for amorphous dielectrics and
Few Fit parameters. , semiconductors.
. . = Can be tedious. _ . .
Kramers-Kronig consistent. *can be described with 1-2 oscillators.
Gen-osc = May not capture all

= Better for constraining certain
parameters for similar materials (or
for anisotropic optical constants)

© 2025 J.A. Woollam
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Session 1:
Session 2:
Session 3:
Session 4:
Session 5:
Session 6:

© 2025 J.A. Woollam

Course Outline

Theory, Substrates (Si and Glass)
Transparent Films

Absorbing & Semi-Absorbing Films (B-Spline)
Semi-Absorbing Films (Gen-Osc)

Thin Absorbing Films and Multilayers
Advanced Topics
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S TRty

/7 Lorentz oscillator

= (Classic “Harmonic” Oscillator
ATE,

2 2 | . e
EO _ E + ZFE Hendrik Antoon Lorentz

(1853-1928)

E(E)=¢g(x)+

Lorentz Oscillator

\at 2

4.0

-|Substrate = Gen-Osc
Show Dialog

- e1 Components
Einf = 1.000
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000

- e2 Components
Oscillator Menu: Add Delete Delete All
Fit Menu: All None Amp. Br. En.
1: Type = Lorentz Amp1 = 4.000000 Br1 =0.5000 En1 = 3.000

w
o

N

o
oW
S

1
O
8

RN
o

* 3¢&, Parameters: Amp, En, Br

Complex Dielectric Function

Q
o

* Broad Absorption

4L
o

e Useful for metals

o

© 2025 J.A. Woollam jawoollam.com
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= Lorentz oscillator with E, =0

= Describes unbound charge - no restoring force

-|Substrate = Gen-Osc
Show Dialog

- e1 Components
Einf = 1.000
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000

- e2 Components
Oscillator Menu: Add Delete Delete All
Fit Menu: All None Amp. Br. En.
1. Type = Drude(RT) Resistivity (Ohm-cm)1 = 0.001000 Scat. Time (fs)1 = 5.000
2. Type = Drude(NMu) N2 = 1.0000E+20 mu2 = 10.000

mstar2 = 1.000

* 2¢, Parameters: R, Tor N, Mu

* Describe long-wavelength absorption
from conductivity: metals, doped
semiconductors & conductive oxides

el

Drude Oscillator

Paul Drude
(1863-1906)
Drude Oscillator
10 15
0 : —
/ 112
10 ‘ el - N=1E22
\ // e2 - N=1E22
.20 19
-30 \/ e2 - N=1E20 5
-40 A
I\ I
'50 T \
.60 k — 0
0.0 1.0 2.0 3.0 50 6.0
eV

e?2

© 2025 J.A. Woollam
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http://en.wikipedia.org/wiki/File:Paul_Drude.jpg

—

/7 Gaussian Oscillator

= Gaussian line-shape for g, KK for €,

_(E—EO )2 _( E+E, jz r

e (EY=Ae " ° ' —Ae " ° with o=—F7—

’ ( ) 2 ln(z) Carl Friedrich Gauss
= Shorter absorption tails than Lorentz (1777-1855)

Gaussian Oscillator

-|Substrate = Gen-Osc
Show Dialog

- e1 Components
Einf = 1.000
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000

- e2 Components
Oscillator Menu: Add Delete Delete All
Fit Menu: All None Amp. Br. En.
1. Type = Gaussian Amp1 = 10.000000 Br1 =0.1000 En1 = 3.000

/
* 3 Parameters: Amp, Br, En _ .

Einf=1
|

el

Very useful for:
* Materials with bandgaps
* Multiple UV absorptions in amorphous
materials

5.0 6.0

© 2025 J.A. Woollam jawoollam.com



é?f Tauc-Lorentz Oscillator

= Adds Bandgap Energy (E,)

(£-E,)

— NO absorption at energies below Eg &,(E) o 5
E G.I;. Je:lisc;n Jr.
= Near band edge, ¢, follows Tauc-law formula: (Oak Ridge N
= Asymmetric shape of g, Tauc-Lorentz
-|Substrate = Gen-Osc 8 ‘
Show Dialog
e Lot 6 A= Amp=100 _ fet
e

IR Pole Amp. = 0.000

UV Pole Amp. = 0.000 UV Pole En. = 11.000 {
- e2 Components
Oscillator Menu: Add Delete Delete All 4

zt M'I?;pue: ﬂaﬁrﬁ?A%p% 100.0000 / Br=0.5
Br1 =0.500 Eo1=3.000 Eg1=2.500 Common Eg = OFF E /
* 4¢, Parameters: Amp, Br, Eo, Eg ° \\
M --_'_';=—— T

« Amorphous semiconductors and 0 -~

dielectrics (UV albsorptions) E=)5 T _ Einf=1

8- .| E0_3 |

G.E. Jellison, Jr. and F.A. Modine, Appl. Phys. Lett. 69, 371 (1996), Erratum, _%_0 1.0 20 3.0 4.0 5.0 6.0
Appl. Phys. Lett. 69, 2137 (1996) eV

© 2025 J.A. Woollam jawoollam.com



-[Substrate = Gen-Osc

Cody-Lorentz Oscillator

Defines band-gap and optional Urbach tail below the gap

ey(E)oc (E—E,f

Follows Cody absorption:

Show Dialog

- e1 Components

Einf = 1.000
UV Pole Amp. = 0.000 UV Pole En. =11.000

IR Pole Amp. = 0.000

- e2 Components
Oscillator Menu: Add Delete Delete All Sort

Fit Menu: All None Amp. Br. En.

1. Type = Cody-Lorentz Amp1 = 20.000 Br1 = 6.000
Eo1 =6.000 Eg1=1.000 Ep1=1.000

+ Urbach Absorption Parameters

/ (5) Parms: Amp, Br, Eo, Eg, Ep, Et, Eu

Amorphous semiconductors and
dielectrics (UV absorptions)

Hint: Leave Et=0, Eu=0.5

A.S. Ferlauto, G.M Ferreira, J.M. Pearce, C.R. Wronski, R.W. Collins, Xunming
Deng, and Gautam Ganguly, J. Appl. Phys. 92, 2424 (2002).

Robert Collins

(Univ-Toledo)

S 0.0f
@)

o |
1.5

.--- Tauc-Lorentz
=== Cody-Lorentz

-3.0

© 2025 J.A. Woollam
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Parametric Grading

= Allow individual parameter to
vary with depth through the film

= Select main parameters, such as
amplitudes, bandgap energies,
resistivities

Keep balance between # of slice
and model complexities

© 2025 J.A. Woollam

jawoollam.com

+

Roughness = 7.04 nm (fit)

-|\Graded Layer Thickness # 1 = 199.60 nm (fit)

Grade Type = Parametric # of Slices =51
Profile = Two Segment Position (%) = 84.04 (fit)
- Material = ]TO (GenOsc)
Show Dialog
- e1 Components

Name Value | Grade | Bottom Value | Middle Value

Top Value

Graph

Einf 1.595 | OFF

UV Pole Amp. | 0.000 | OFF

UV Pole En. | 11.000

OFF

IR Pole Amp. | 0.000

[©]
i

F

- e2 Components
Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En.
1: Type = Tauc-Lorentz

Name | Value | Grade | Bottom Value | Middle Value | Top Value

Graph

Amp1 | (Graded) 40.4117 31.8177 66.5203

Draw

Br1 30.893

Eo1 15.000

Eg1 2.424 FF

2: Type = Gaus

Name Value Bottom Value | Middle Value | Top Value

Graph

Amp2 | 6.094700

Br2 2.0850

En2 6.787

3. Type = Drude(RT)

Name Value | Grade | Bottom Value

Middle Value

Top Value

Graph

Resistivity (Ohm-cm)3 | (Graded) | ON 0.00012887

0.00016768

0.00027680

Draw

Scat. Time (fs)3 (Graded) | ON 7.845 6.367

12.741

Draw

Substrate = 7059 _Cauchy Substrate Thickness = 1.0000 mm




Demonstration #4: ITO on Silicon

= Fit the data with existing ITO layer.
= |mprove fit with “Parametric Gradient”

Fit Data with
Pre-Built Gen-0Osc

© 2025 J.A. Woollam



E

4? CompleteEASE

4 CompleteEASE

Show Dialog
- e1 Components
Einf = 2.586 (fit)
= UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp.
- e2 Components

Thickness # 1 =793.39:1.107 A
Einf = 2.586+0.0287
Amp1=57.1426+3.77126

Br1 =1.867+0.0651
Eo1=4575+£0.0330

Eg1=3.578£0.0223 Oscillator Menu: Add Delete Delete All Sort

Amp2 = 8.3732:0.91284 I Fit Menu: All None Amp. Br. En. Display Units = OFF
Br2 = 2.109£0.1562 &

Eo2 =7.091+0.0857 g Eo1 = 4.575 (fit) Eg1 = 3.576 (fit)

Type = Tauc-Lorentz Amp1 = 57.1426 (fit) Br1 = 1.967 (fit)

Analysis | Hardware | O
Data: Demo4_ITO on Si
‘ Open H Save H Info H Set Ranges ‘ Open Snapshot H Save Snapshot
Fit: Layer Commands: Add Delete Save =
‘ Generate |‘ Fimrams ‘ Reset ‘ Include Surface Roughness =
VISE = 23176 = - Layer # 1 = ITO-HighDoping_N-mu_Genosc Thickness # 1 = 793.39 A (fit)

<

+ Data  + Model

Show Data

Data: Demeo4_|TO on Si

‘ Open H Save H Info H Sef Ranges

Measurement | Analysis | Hardware | Options With G rad i ng

| | 0

Fit:

| Open Snapshot H Save Snapshot |

Layer Commands: Add Delete Save

‘ Generate ‘| Fit Dynamic H Reset |

Include Surface Roughness = Roughness = 16.63 A (fit)

MSE = 6.608

Roughness = 16.63x0.317 A
Thickness # 1 = 773.74£0.174 A
Einf = 2.237£0.0169

Amp1 = 47.3420£1.19390

= | -Layer # 1 = Graded Layer Thickness # 1 = 773.74 A (fit)
M Grade Type = Parametric # of Slices =11
Profile = Two Segment Position (%) = 18.13 (fit)
- Material = ITO-HighDoping_N-mu_Genosc
Show Dialog
- e1 Components

Variable Angle Spectroscopic Ellipsometric (VASE) Data
70

Psi

60 Psi

50

Model

\
(55.00°)
(65.00°)

40

Psi

30

20

10

0 300 600 900
Wavelength (nm)

1500 1800

Br1=1.857+0.0219 fi
Name Value | Grade Bottom Value | Middle Value Top Value Graph
Eo1=4.571+0.009235 Einf 2.237 OFE
Eg1 = 3.604£0.008980 UV Pole Amp. | 0.000 | OFF
Amp2 = 28.6749:0.96611 UV Pole En. |11.000 | OFF
Br2 = 4.199:0.1389 g IR Pole Amp. | 0.000 | OFF =
+ Data <+ Model
70
60
50
40
‘w
o
30
N
10 o
Optical Constants of Graded ITO-HighDoping_N-mu_Genosc vs. nm
ol 25 25
0 /\ 1200 1500 1800
2.0 2.0
15 rop 15
c n-Bottom §< ~
k-Bottom
1.0 \/ 1.0
0.5 AN 0.5
U —
00 = | 00
0 300 600 900 1200 1500 1800

Wavelength (nm)
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