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7 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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A SESSION 3 OUTLINE

" Review of Transparent Materials
= B-Spline Math
= B-Spline Layer
" B-Spline for Absorbing Materials

e Metal Films

* UV Absorbing Films
" Kramers-Kronig (KK) B-Spline
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TRANSPARENT MATERIALS
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é@ TRANSPARENT THIN FILMS

Index also affects amplitude

Thickness shifts interference
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3-1_Oxynitride_on_Si.SE

= Determine thickness and index

= Review of procedure from Session 2

Estimate

Thickness & Index

¥ Si with Transparent Film.mod
Fit Thickness &

Cauchy Parameters

Yoo HINT:
Add roughness, grading,
anisotropy, absorption? Try Alternate Models
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r T e
€7 CompleteEASE
[ Measurement | Insitu | Analysis | Haraware | Options | Env_cCell |
Data: 3-1_Oxynitride_on_Si Model- Si with Transparent Film
| Open || Save || Info. || Set Ranges | | Cpen || Save || Clear | | Cpen Snapshot || Save Snapshot |
Fit: Layer Commmands: Add Delete Save =
| Generate || Fit || Fit Dynamic || Reset | Include Surface Roughness = ON Roughness = 3.51 nm (fit)
. . B = Layer # 1 = Cauchy Film Thickness # 1 = §9.86 nm |(fit)
Optical Constants of Cauchy Film vs. nm ’;SE 'hé"?éz_ 45150048 A =1.693 (fit] B =0.00494 (fit] C = 0.00036742 (iit]
c?ug nesls B o '+4 nm - Urbach Abzorption Parameters 1
2.10 0.15 Thickness # 1 = 99.3620.014 nm k Amplitude = 0.00021185 (fit] Exponent = 1.928 (iit] T
A =1.693:0.00019905 Band Edge = 400.0 nm
g B =0.0049424.5139E-05 Sbhale=SLAW
C = 0.000346742+2.0163E-04
200 k O ] 2 k Amplitude = 0.00021165£46.0965E-06 + MODEL Options | |
Exponent = 1.928+0.009834 + FIT Options
n of Cauchy Film @ 1.940 eV = 1.70781 IOTHER Options —
1.90 0.09
T
(- V4 Data Model Results
1.80 0.06 Variable Angle Spectroscopic Ellipsometric (VASE) Data
100 | | 400
Psi (55.00, 65.00, 75.00°)
1.70 0.03 80 Delta (55.00, 65.00, 75.00°)
Model 1300
60
1.60 — 0.00 - o
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0
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ﬁ? 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

-|Substrate = Cauchy
A=1450 B=0.01000 C=0.0000

- Urbach Absorption Parameters
k Amplitude = 0.0000 Exponent
Band Edge = 400.0 nm

= 1.500

C
A? +A4

B
n(d) =4+

k = k Amplitude - eExponent(E—Band_Edge)

— Typically set to shortest A (not critical)

— Only rescales other parameters
— Not fittable
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Optical Constants of Cauchy Film vs. nm
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é@ URBACH ABSORPTION

Would Urbach work here?

\Opt. Const. of LINBO3 O (TaucLorentz) vs. nm
4.0 1.8

= Advantages

— Easy to use
— Works well for absorption tail 35 //\)(A\ : 15
= Disadvantages 30 BN 2
— Cannot be used for complex =% \ T e
absorption * \ >
] . 1.5 0.3
— Not Kramers-Kronig consistent / \
1 'Oo 200 400 600 800 1 oooci0

Wavelength (nm)
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%E MODELING DIFFERENT MATERIALS

For purpose of SE, we have 3 general categories:

Regions




7 NEW TOOL: B-SPLINE

® Nodes
== B-spline

— Spline components

RN

Photon energy (e)

Dielectric function (g)
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ég MATERIALS WITH ABSORBING REGIONS
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é@ ABSORBING MATERIALS (METALS)
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ﬁg | 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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MODELING ABSORBING REGION

B-Spline

= Interpolation functions to best describe the
shape of optical constants

Layer # 1 = B-Spline Thickness # 1 = 44.41 nm (fit)
Resolution (eV) =0.300 19 Pts. (0.738-6.438 eV) Draw Node Graph
Fit Opt. Const. = ON
Use KK Mode = OFF
+ Nodes
+ Advanced

Spline Opt. Const. vs. eV

5.0 3.0
Spline e1 ’_.°
Spline e2 ! 2.5
4.0 $
s ia
. & {20
3.0 A L
" ¢ e
S '.‘.#M P e Jis o
Pt
2.0 - *
H L ]
™ -41.0
10 ’
Jos
~J‘ & [ ]
»
0.0 LY Moy | 0.0
1.0 2.0 3.0 4.0 5.0 6.0
eV
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= Combine physically motivated Oscillator
functions to describe physical nature of optical
constants with minimal parameter set

r@ Parameterize Layer léf
New Layer Layer Parameters Fit
| Open Material File | Gen-Osc - GENOSC Eit
Mat: Gen-Osc - €1 Components WISE = 0.0587
- Einf = 0.804 (fit] Einf = 0.804 + 0.007149
splay UV Pole Amp. = 0.000 UV Pole En, = 11.000 Amp1 = 208.1729 + 0.41196
® 18 e2 On&k , _ Bri = 2.381 + 0.002026
I Fole Amp. = 0.000 Eo1=3.593 0001059
viewrit [ [~ - &2 Components Eq1=1676 0001371
Oscillator Menu: Add Delete Delete All
[] Show All Oscillators Fit Menu: All None Amp. Br. En.
‘Wavelength Units Type = Tauc-Lorentz Amp1 = 208.1729 |fit)
@ ev O nm Brl = 2,381 (fit] Eol = 3.593 (fit] Egl = 1.676 (fif)
Graph
25 30
20 / \ - —~ 25
15 __,,_...-—-’/ #
— 7/ N\ 120
10 A
— o™
[ \ 115
5—— el New Layer — N
e2 New Layer
! 10
ol el Model \
e2 Model \
_ -5
5 W"—“’-—
“,9”’
-10 Loz L. 0
0.0 1.0 2.0 3.0 4.0 6.0 7.0
eV
| Replace Layer | | Cancel ‘
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7
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NEW TOOL: B-SPLINE

Simple spline curve designed to represent your optical
properties as a function of wavelength

Spline Opt. Const. vs. eV

Spline e1
Spline e2

el

&y

F ALY

09

o°

'. b
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NICE FEATURES OF B-SPLINE

Smooth and continuous curve

Curve will not go beyond control points.
Thus, avoid negative k by forcing control
points >0.

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

Easy to apply Kramers-Kronig Integration

www.jawoollam.com
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7 SMOOTH FUNCTIONS

= Polynomials: p.(X)=ax"+a, x""+..+ax+a,

= Splines use multiple connected polynomials.
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ggﬁ WHAT IS B-SPLINE?

Degree O
= B: Basis functions
= Spline: Sum of basis functions
A Degree 0
LT /— Degree 1
Degree 2
/— Degree 3
y Degree 1

Y

0 1 T T 1 : :
lig L List lisa Liss lisa i+5
X
Figure 1 B-spline basis function 7, for degrees 0, 1, 2, and 3.

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

© 2025 J.A. Woollam www.jawoollam.com 20



é@ 30 DEGREE BASIS FUNCTION

Desirable Property #1:
Function, 15t and 2d
derivatives are smooth
and continuous.

© 2025 J.A. Woollam www.jawoollam.com



m

BASIS SPLINE: SUMMED FUNCTION

AN

® Nodes O
, Desirable Property #2:
— B'Splme e Each basis function affects

— Spline components only “local” shape of curve.

L d‘!‘!‘!&;

Photon energy (eV)

Dielectric function (g)
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gg B-SPLINE: CONVEX HULL PROPERTY

Desirable Property #3:
* Summed function can’t exceed
=mm B-spline highest or lowest node amplitudes.

@ Coefficient

— Spline components

Photon energy (eV)
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é@ OPTICAL FUNCTIONS WITH B-SPLINES

= Two B-splines are independently adjusted: ¢, and ¢,.

95 ‘ 3.0
Spline e1

9.0 spline e2 1 T i 2.5
8.5 1 o 1 2.0
8.0 SR G 1.5

3 ! X
75 1.0
7.0 1 05
65 _—i S $ 0.0
6.0 0.5

1.0 1.5 2.0 25 3.0 35 4.0

eV

© 2025 J.A. Woollam www.jawoollam.com



—

ggﬁ B-SPLINE LAYER

- Substrate = B-Spline
Resolution (eV) = 0.300 18 Pts. (1.241-6.453 eV) Draw Node Graph

Fit Opt. Const. = ON
Use KK Mode = OFF
+ Nodes
+ Advanced

B-Spline Node Graph for Si with 0.100 eV Resolution

60 50
o
. ! H .
; $ Spline e1 140
40 . ’ s Spline e2
LA ¢ é
.‘ H h-.‘ N
.»' : ':‘ : -30
20 o L o®, *
o® ) d
-— 00000““"““". : "" 20
® H “ & (<)
0 : i .
: V% ee
." ..000:3’.0.:::'”“” -{10
. Y ,’n Pooee,
-20 0000/000000000000000000° ‘ b Jo
-40 10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
eV

" Found in Basic folder.
" Nodes are spaced in eV.

" Draw Node Graph
displays position of
nodes and resulting
dielectric function.
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ggﬁ GETTING STARTED WITH A B-SPLINE

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

Add B-Spline Layer: Add Material:

Set “Init. Values” Right-click > Parameterize Layer
- Substrate = B-Spli — =¥ =
’ I'\?er:o?ution (evl?i 0.300 13 Pts. (1.240-4.960 eV) Draw Node Grap Substrate = SRV .
Fit Opt. Const. = ON Graph Layer Optical Constants

—— + MODEL Op1 Graph Layer Absorption Coefficient

Init. values: n =1.500 k = 0.00 Starting Mat = none + FIT Options| Rename Layer and Fit Parameters
U C U v — U + |
Assume Transparent Region = OFF OTHERO Parameterize Laver Y GenOsc
Show Nodes = OFF Confiqure Ve
Node Spacing Spectral Ranges: Add Delete Delete All T off All View Layer Comment B-Spline
+ Advanced urn
Convert To EMA Cauchy

Convert To Anisotropic

Grade Layer
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7 CHOOSING NODE SPACING

50 50

40 Spline e2 //\\ 40 Spline e2 A

Silicon (Reference)

ol Silicon (Reference)
30 ‘0"“ - [+ 'O
2 \ 30 §
20
N N

10 :
Ol- — = 10
ﬂ-'/ )
-10 0 ssoossssssssse o

0000w

0 2 4 6 8 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
eV eV

Node Spacing Goal:

* Decrease to describe optical constant features.
* Increase to reduce total # of “free fit parameters”

e2

e2
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ﬁ? NODE SPACING RECOMMENDATIONS

= Amorphous Dielectrics
and Semiconductors

0.5 eV

0.3 eV

= Metals

0.1eV

= Organics

= Crystalline Materials

0.05 eV




7 OPAQUE LAYERS

" Treat metal as “substrate” if no light Absorbi
returns from bottom of layer. >Ording

Typically 50-150nm thick.

YA

2 Measured Data (\W,A)
2 Unknowns (n,k)

© 2025 J.A. Woollam www.jawoollam.com
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OPAQUE METAL FITTING PROCEDURES

AN

. Add B-Spline as Add Metal as

£ 5 Substrate in Model Substrate in Model

a0 C

c 9

o o Expand Nodes: Right-Click on Metal “name”

o Add Metal as “Starting Mat” Parameterize Layer > B-spline
Press Fit

4

Optimize Node Resolution

© 2025 J.A. Woollam www.jawoollam.com



DEMONSTRATION: OPAQUE COPPER

Substrate = B-Spline
Resolution (eV) = 0.300 18 Pts. (1.241-6.485 eV) Draw Node Grapl
Fit Opt. Const. = ON
Use KK Mode = OFF
- Nodes
Init. values: n=1.500 k =0.00

Measurement | In situ | Analysis | Hardware | Options

i W —

E=aro

Data: Demo_Opaque Cu

Model: Blank (Blank Starting Model)

‘ Open H Save H Info || Set Ranges ‘

‘ Open H Save H Clear ‘

Fit:

|
‘ Generate |‘ Fit Dynamic H Reset |

‘ Open Snapshot || Save Snapshot ‘ I

Layer Commands: Add Delete Save
Include Surface Roughness = OFF

Force E2 Positive = OFF MSE = 1.294 Substrate = B-Spline 1]
. _ Resolution (eV) =0.100 53 Pts. (1.241-6.485 eV) Draw Node Graph
Assume Transparent Region = OFF Fit Opt. Const. = ON
Show Nodes = OFF Use KK Mode = OFF M
Node Spacing Spectral Ranges: Add Delete Delete All Ifiﬁff:ﬁced |
+ Advanced =
Data Model Results Show Data ‘
O R (@ parometerie Layer | Variable Angle Spectroscopic Ellipsometric (VASE) Data
e || @
Include Surface Roughness = OFF . £-Spiine Resolution (V) = 0.100 53 Pis. [1.241-6.485 &V) DY ez s 312041 /
7 Fit Opt. Const, = ON /—-"
Substrate = [Tl} | =T i oot Moo e 42 ’ _— 140
Graph Layer Optical Constants e net :::d“ .
- - e |-_ vancet /\/
+ MODEL Op{ Graph Layer Absorption Coefficient vewrtfn [ 39 7 a = 120
- . [ Show All Oscillators
+ FIT Options Rename Layer and Fit Parameters || waveiengin unis I 4 A/ / ©
+ OTHER Op Save Layer Optical Constants ® ey O nm q i v ] ! Da_ 36 // / 100 %
Confiaure G Parameterize Layer » GenOsc Graph >(\// / =
View Layer Comment B-Spline 0 5.0 / e
Turn Off All Y e y g
Convert To EMA Cauchy 10 40 \
. : Psi (55.00, 65.00, 75.00°)
Convert To Anisotropic 20 [ —— 50 30 /o Delta (55.00, 65.00, 75.00°) 60
Grade Layer = / } e_ Iew Lc:jye‘r e % ,«/V Model
-30 el Model 2.0 27 ] 40
. k / €2 Model . 0 200 400 600 800 1000
’ = ' Wavelength (nm)
-50 0.0
1.0 20 3.0 40 5.0 6.0 7.0
eV
‘ Replace Layer | | Cancel |

© 2025 J.A. Woollam
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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 SiO,)

© 2025 J.A. Woollam
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RESULTS

5.0
//
. 4.0 -0.1eV resoluti —
Node Resolution - 1hm Surface oxide =
3.0 /
1.0 eV 12 12.7 - /
2.0 :
0.5 eV 24 2.6 -
ol /]
0.3 eV 40 1.6
0.1eV 116 1.5 00 300 600 900 1200 1500 1800
nm
8.0
k - 0.1eV resoluti =
70 K - Inm surface oxide =
6.0 p
5.0
40 »
3.0 //
2.0 _
/
1,
% 300 600 900 1200 1500 1800
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é@ FILMS WITH ABSORBING REGION

= Need to determine thickness, n and k.

Y Fin Regions

Substrate Substrate

Absorbing

N~
-]

Y in degrees
D W
- -
.
S &
N
S9I33p Ur'y

\O
-

[E—
-
I L]
3 ]
1
N
)

2 1 2 1 2 | 2 1 2 1 2 _90
0 300 600 900 1200 1500 1800
Wavelength (nm)

-
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é@ IDENTIFYING THE ABSORBING REGION

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

* Ebl Egggg; % Psi k75.00°)
. | | si (65.00°

25 \r/\/\ 50 /\ N

i A ANENANN

N i =S By AN RV iV

0 200 400 600 800 1000 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Wavelength (nm) Energy (eV)
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é@ STRATEGY: FILMS WITH ABSORBING REGION

Separate problem into two steps:




ﬁg B-SPLINE PROCEDURE (ABSORBING REGION)

1 Fit Transparent Region with Cauchy
¥
5 Right-Click on Cauchy:
“Parameterize Layer - B-Spline”
¥
3 Setup B-Spline, Fit to Reference, Replace
Layer
¥
4 Wavelength Range Expansion Fit
\

Optimize Node Resolution, Roughness,
Grading,...

© 2025 J.A. Woollam www.jawoollam.com



DEMONSTRATION: SINX ON Sl

1 Fit Transparent Region with Cauchy

¥

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

© 2025 J.A. Woollam

I o R e R T )
Analysis | Hardware | Options
Data: Demonstration_SiNx on Si Model: Si with Transparent Film
| Open H Save H Info. H Set Ranges | | Open H Save H Clear | | Open Snapshot || Save Snapshot |
|| Fit: 5 ammands: _Add Delate 3y
| Generate | Et | Ftomemic || Reset | #Pinclude Surface Roughness = ON Roughness %,6.38 nm (fit)
MSE = 1.794 = Layer # 1 = [@E=Wlildlnl Thickness # 1 = 114.28 nm (fit)
Roughness =6.38+0.032 nm Substrate =| Graph Layer Optical Constants
Thickness # 1 : 11_4 -25_'_0 006 n Graph Layer Absorption Coefficient
_ P + MODEL Op' Rename Layer and Fit Parameters
A =2.006£0.00023322 i P Save Layer Optical Constants
B = 0.01870+0.00022461 + FIT Options 252 V=8
C = -47818E-05+5.0918E-05 || * OTHER Op FAseeie & S
a - n - I | ’l' onfia . View Layer Comment B-Spline
is - Convert To EMA Cauchy
Data Model Results
= Convert To Anisotropic
Variable Angle Spe Grade Layer t (VASE) Data
45 { Start Superlattice 300
40 / / Psi (55.00, 65.00, 75.00°)
< Delta (55.00, 65.00, 75.00°)
/ Model B
35 AN
...---"""“""'—"'M
/ S
& 30 / \\ ><M 100
25 / - e s N
/ \ \"\.“‘ 10
20
15 -100
400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

Delta
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3

¥

DEMONSTRATION: SIN, ON Si

Parameterize Layer window is used to match

optical constants with new layer

Setup B-Spline, Fit to Reference, Replace

Layer

\ 4

Setting up B-spline:
* Choose Node Resolution

© 2025 J.A. Woollam

New Layer

Mat.: B-Spline

Layer Parameters

,

OC View/Fit Type VWl Units

Open Material File On&k @Wel&e2 Znm

|

B

Fit Opt.
Use KK
+ Nodes

B-Spline - BSPLINE
Resolution (eV) = 0.300 6 Pts. (0.731-2.464 eV) Draw Node Graph

Const. = ON
Mode = QFF

+ Advanced

Graph

0.8

-0.6

0.4

4.35 |
el New Layer
il e2 New Layer
4.95 e1 Model
e2 Model
l 4.20
@
| 4.15
L
4.10 / /
4.05 ———

0.2

4.00
0.

0.0

1.0

e?2
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ﬂ CompleteEASE

¥

DEMONSTRATION: SIN, ON Si

Wavelength Range Expansion Fit

[

Measurement | In situ | Analysis | Hardware | Options

Data: Demonstration_SiNx on Si

Model: Si with Transparent Film

‘ Open H Save “ Set Ranges ‘ ‘ Open H Save H Clear |

| Fit

‘ Open Snapshot H Save Snapshot | |

(e e[

=

+ MODEL Options

MSE = 1.782

Roughness = 4.60+0.061 nm
Thickness # 1 = 114.71+£0.087 nm
n of B-Spline @ 632.8 nm = 2.04§

+ FIT Options
- OTHER Options
U NCEREESGENSEED  Increment (V) = 0.50 Graph MSE vs. Start Wvl_

Try Alternate Models

Fit Parameter Error Estimation

41

Add Ont Canst ta Renort = OFF o
i D

Fit Parameter Uniqueness L

41

Data Model Results

Show Data |

Variable Angle Spectroscopic Ellipsometric (VASE) Data
[(x=11117151, Y=53 8593, Y2=330.8748)|

50 300
Psi (55.00, 65.00, 75.00°)
40 Delta (55.00, 65.00, 75.00°)
Model 1200
30 /\\ ><M
-— ©
d - R KL
. a
20
M_‘:m
-0
10 \ \/ / /
0 -100
0 600 900 1200 1500 1800

Wavelength (nm)
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2.60

2.50

2.40

c 2.30

2.20

2.10

2.00

Do e ™ R S —

Measurement | In situ | Analysis | Hardware | Options

Data: Demonstration_SiNx on Si Model: Siwith Transparent Film

| Open || Save H Info. || Set Ranges | | Open || Save H Clear | [

Fit:
‘ Generate ‘| Fit Dynamic H Reset ‘ *+ MODEL Options

MSE = 1.794

Roughness = 6.38+0.032 nm
Thickness # 1 = 114.25+0.006 n
A =2.006+£0.00023322

B =0.01870+0.00022461

C = -4.7818E-05+£5.0918E-05

- OTHER Options

WNNERBERSGERE BN Increment (eV) = 0.50

Fit Parameter Uniqueness
Fit Parameter Error Estimation

)

-
Expansion Wyl. Range ‘

4] I I [*]

Add Ont Conat tn Rennrt = OFF . .
I Choose wavelength expansion range (nm):

Min: [191.7] | Max: [1697.1 |

| Ok H Cancel |

: =

0.60

0.50

0.40

0.30 ~

0.20

\

0.10

e

300 600

0.00
900 1200 1500 1800
nm




WARNING: NODES T0O WIDELY SPACED

= B-Spline requires
minimum of 4 Pts.

= Otherwise it reverts to
simple polvnomial.

© 2025 J.A. Woollam

D B A
New Layer OC View/Fit Type Whwil. Units Fit
| Open Material File ‘ Oné&k ®el &e2 ©nm Eit
Mat. B-Spline View/Fit: Al -] | @ev
I [ Show All Oscillators
Layer Parameters
. (0.729-1.231 eV) Praw Node Graph
Use KK Mode = OFF
+ Nodes
+ Advanced
Graph
6.40 | 1.0
e1 New Layer R S
6.35 e2 New Layer — 108
630 e1 Model /
: e2 Model los
o
- - ©
o / 104
—0.2
0.0
0.90 1.00 1.10 1.20 1.30
eV

www.jawoollam.com

| Auto Axis || Expanded Axis |

‘ Replace Layer H Cancel ‘




BREAK
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3-3 SIC_on_SI.SE

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

QUESTIONS:
= What is your preferred resolution?
= |sroughness required?

© 2025 J.A. Woollam www.jawoollam.com



RESULTS

. [ @ completeense =)
Roughness = 1.31 nm (fit) -
e : fMeasurement rln situ rAnalysis [’Hardware [/Optiuns rEnv. Cell |
-|Layer # 1 = B-Spline Thickness # 1 = 5§91.35 nm (fit) Data: 3-3_SIC_on_Si Model: Si with Transparent Film
Resolution (eV) =0.300 19 Pis. (0.729-6.200 eV) Draw Node Graph [ open || swe || o || setanges | [ open |[ sae || clear | Opgn Snapshot || Save Snapshot|
FIT Opf COHST = ON Fit Layer Commands: Add Delete Save =
: : — | Generate || Fit || Fit Dynamic || Reset | Include Surface Roughness = ON Roughness = 1.1 nm (fit)
Use KK Mode = OFF B -lLayer # 1 = B-Spline Thickness # 1 = 591.35 nm (fit)
MSE =1.828 Resolution [eV] = 0.300 19 Pts. (0.729-6.200 eV] Draw Node Graph| |=
+ NOdeS Roughress = 1.31£0.012 nm Fit Opt. Const. = ON
Thickness # 1= 591.35£0.065 nm Use KK 'Mode - o
+ Advanced n of B-Spline @ 632.8 nm = 2.63642 + Nodes - B
— * Advanced
Substrafe = SI_JAW Substrate = SI_JAW

+ MOINEL Cyesdi

Opt. Const. of B-Spline vs. nm

3.2 1.8 Dala  MWodel  Results
/-\ Variable Angle Spectroscopic Ellipsometric (VASE) Data

/ \ Psi (45.00, 60.00, 75.00°)

=0 \f’ N : T2 | | T v e B |
/
/

3.0

o S

=0 \ \\\ 0.9 x VVM ’
/

24 at A, ]

220 v 1 o
4] b IO/

(3]
3
Delta

N

100
1.8 0.0 0 0
0 300 600 900 1200 1500 1800 0 300 600 900 12 1500 1800
nm Wavelength (nm)

© 2025 J.A. Woollam www.jawoollam.com




—

gg 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.

2 (* w'e,y(w0)
KK relations give a “Physical” tie &1 (a)) =]1+—P > Z 5 do'
between the real and imaginary T 0 ' —w

optical functions.

20 1 &(0)-1
orlo) =22 p[ )

dow'

P is “principal part “
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ggz KRAMERS-KRONIG CONSISTENCY

All Possible Combinations of Optical Functions

Smooth,
Continuous
- . Does not
unctions
guara Ntee

correct answer,
but rules out
many incorrect
answers
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é@ KK IMPLICATIONS ON OPTICAL FUNCTIONS

= Normal / Anomalous regions “Bumps Make Wiggles”

= |ntegration = area under curve.

= Absorption peak is “half-way” point Anomalous
for downward wiggle. 30 , [ )

2.5 -
2.0 -
1.5 -
1.0 -
0.5 -

0.0
1.0 2.0 3.0 4.0 5.0

Photon Energy (eV)

Dielectric Function
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é@ USING THE KK EQUATION

= We will describe ¢, and calculate ¢, from KK equation:

&/(w)= 1+£P - a)’fz (a)'z) do'
T Y0 w'"—w

= Bumps create Wiggles

— Every absorption bump in g, is associated with a roll-over wiggle in €,
— Larger bumps create larger wiggles.

= All Frequencies

— The calculation of ¢, depends on the values of ¢, at ALL Frequencies.
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gg KRAMERS-KRONIG B-SPLINE

- [Substrate = B-Spline

Resolution (eV) = 0.300 19 Pts. (0.729-6.200 eV) Draw Node Graph
Fit Opt. Const. = ON
Use KK Mode = ON (In Use)
- Kramers-Kronig
E Inf = 1.250 (fif)

IR Amp = 0.00 (fit) IR Br = 0.000
Use Default TieOff Behavior = ON
View Tie Off Positions = OFF

+ Nodes

+ Advanced

© 2025 J.A. Woollam www.jawoollam.com



KRAMERS-KRONIG B-SPLINE

N

" B-Spline function for ¢,

5.0 . . . |
— - | '
% a0l | = KK'integral used for ¢,
C
0
S 30 -
Ex === B-Spline (&) | To account for ALL frequencies:
O mmmm= B-Spline (82) ]
'S 2.0F & Nodes|c) 1 ° Einf (constant offset)
b * IR Amp and IR Br
= 1.0 (low-eV contribution)
* Tie-Offs
0.0 ' ' (absorption outside

0.0 3.0 6.0 9.0

measured range)
Photon Energy (eV)
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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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é@ MORE B-SPLINE FEATURES: NODES

Roughness = 1.33 nm (fit)
-lLayer # 1 = B-Spline Thickness # 1 = §91.51 nm (fit)
Resolution (eV) = 0.150 39 Pts. (0.731-6.451 eV) Draw Node Grapk
Fit Opt. Const. = ON
Use KK Mode = OFF
- Nodes
Init. values: n=1.500 k =0.00 Starting Mat = Cauchy Film
Force E2 Positive = OFF
Assume Transparent Region = OFF
Show Nodes = OFF
Node Spacing Spectral Ranges: Add Delete Delete All
+ Advanced
Substrate = SI_JAW

Assume Transparent Region =
Assume Band Gap = ON Band Gap (eV) = 1.200

Assume Transparent Region = ON
Assume Band Gap = Transparent Region = 500.0 nm - 10000.0 nm

© 2025 J.A. Woollam www.jawoollam.com



7

Fit Transparent Region using

CONVERT TO TRANSPARENT B-SPLINE

Cauchy Procedure

¥

Right-Click on Cauchy =

“Convert to Transparent B-Spline”

 Wavelength-Expansion Fit

Optimize Node Resolution, Roughness,

© 2025 J.A. Woollam

Enter Node Resolution

¥

Grading,...

Model: Si with Transparent Film

‘ Open H Save || Clear ‘

+|Layer# 1=

Substrate =

+ MODEL Op

+ FIT Options
+ OTHER Op

Layer Commands: Add Delete Save

Include Surface Roughness = OFF

[OEMRY Thickness # 1 = 586.33 nm (fit)

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

View Layer Comment

]

Convert To Transparent B-Spline

S

Configure ¢

Convert To EMA

Turn Off Al

Convert To Transparent B-Spline
Convert To Anisotropic

Grade Layer

Start Superlattice

Ok Cancel

Enter the desired resolution in eV: |25

E5C)

IE‘ Would you like to perform a wavelength expansion fit?

Yes Mo

Cauchy range to be transparent

www.jawoollam.com

= Forces e2 positive, uses KK mode, sets




%ﬁ BREAKDOWN OF ‘CONVERT TO TRANSPARENT B-SPLINE’




DEMONSTRATION: ORGANIC ON S

7 CompleteEASE

Layer Commands: Add Delete Save
Include Surface Roughness = OFF

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

Parameterize Layer »

View Layer Comment

+|Layer # 1 = CEMANEINY Thickness # 1 = 406.31 nm (fit)

Convert To Transparent B-Spline
Convert To Anisotropic

ment (eV) = 0.10

S

_

=

A

Measurement | In situ | Analysis | Hardware | Options
Data: Demonstration_Organic on Si Model: Si with Transparent Film
| Open H Save H Info. || Set Ranges ‘ ‘ Open || Save H Clear |
Fit:
‘ Generate || Eit || Fit Dynamic || Reset |
MSE =4.717
Thickness # 1 = 406.3120.070 nm | [Substrate =
A =1.566+0.00020327
B = 0.00890+8.8781E-05 *+ MODEL Op
C = 0.00028347+1.2397E-05 + FIT Options
n of Cauchy Film @ 632.8 nm = 1| | - OTHER Op
Wvl. Ra
Trv Alte Convert To EMA
Fit Para
] 1l [» Eit Dara
- Grade Layer
Data Model Results Start Superlattice
Convert To Transparent B-Spline .
Enter the desired resolution in eV:
Ok Cancel
L —
-
2| Would you like to perform a wavelength expansion fit?
Yes Mo
N

© 2025 J.A. Woollam

100 300
/
80 A //
/ Psi (65.00, 75.00°) | 200
Delta (65.00, 75.00°)
Model .
- 60 Ve -
g -1100 e
40 A e T, /,//
i -~
/ | O
20 / \\ -
0 1,100
0 300 600 900 1200 1500 1800
Wavelength (nm)
2.2 0.8
2.0 I n
I{ Lk | o6
1.8 N
c \ 0.4 x
1.6
Ho.2
1.4
1.2 0.0
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% SIMPLIFIED B-SPLINE PROCEDURE

4 Click Yes to perform Wavelength Range Expansion Fit

5 Optimize Node Resolution, Roughness, Grading,...
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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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E
-|Layer # 1 = B-Spline Thickness # 1 = 89.76 nm (fit)
Resolution (eV) =0.100 66 Pts. (1.242-6.492 eV) Draw Node Graph
Fit Opt. Const. = ON
Use KK Mode = ON (In Use)
- Kramers-Kronig
E Inf = 0.887 (fit) €7 CompleteEASE
IR Amp = 0.0844 (fit) IR Br = 0.000
Use Default TieOff Behavior = ON I Measurement | Insitu | Analysis | Hardware | Options | Env. Cell
View Tie Off Positions = OFF || ‘Data: 3-4_Photoresist_on_Si Model: 3-4_Photoresist_on_Si_Solution (Snapshof)
- Nodes ‘ Open || Save || Info. || Set Ranges | | Open || Save || Clear | Open Snapshot || Save Snapshot |
Init. values: n=1.500 k=0.00 Starting Mat = Cauchy Film
Force E2 Positive = ON Fit Layer Commands: Add Delete Save =
Assume Transparent Region = ON | Generate || Fit H Fit Dynamic || Reset | Include Surface Roughness = OFF
Assume Band Gap = ON Band Gap (eV) = 2.800 MSE = 4.499 -lLayer # 1 = B-Spline Thickness # 1 = 89.76 nm (fit) T
Show Nodes = OFF Resolution [eV) = 0.100 &6 Pts. (1.242-6.492 eV) Draw Nede Graph
L Thickness # 1 = 89.76£0.019 nm ) _ .
Node Spacing Spectral Ranges: Add Delete Delete All £ Inf = 0.887£0.003453 Fit Opt. Const. = ON
Range = 330.0 nm - 420.0 nm Resolution (eV) = 0.0500 . -0, £0.004095 Use KK Mode = ON (In Use)
Range = 243.1 nm - 275.6 nm Resolution (€V) = 0.0500 IR Amp = 0.08442 - Kramers-Kronig
+ Advanced neEne e o Einf = 0.887 it
Substrate = SLIAW IR Amp = 0.0844 [fit] IR Br = 0.000
Use Default TieCff Behavior = ON |
Vicnar Tie (ff Pociticne = (FFE i
Opt. Const. of B-Spline vs. eV Data  Mocel R Show Dala
39 1.8 Opt. Const. of B-Spline vs. nm
2.00 0.50
el .
3.6 e’ 1.5
1.90
—0.40

*’| Did bumps make \ 12 | s
3.0 .
. wiggles? / o osy) M
. /‘

/ \/\/\/ k /// _06 \ \\vf\/‘\ o0

24 —

— 1.60 ~

—-0.30

el

S I
1.8 0.0 v
1.0 2.0 3.0 4.0 5.0 6.0 7.0 1.40 0.00
0 200 400 600 800 1000

Energy (eV)

Wavelength (nm)
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3-5 Organic_on_SI.SE

= Determine optical constants using the
Simplified B-Spline Procedure

QUESTIONS:
= What is preferred node resolution?

© 2025 J.A. Woollam www.jawoollam.com



RESULTS

— ————— - - ™
£9 CompleteEASE ; - . BN
[ Measurement | Insitu | Analysis | Hardware | Options |

Data: 3-5_Organic_on_Si (Snapshot) Model: 3-5_Crganic_on_Si_Solution (Snapshot)
Dpen Save Infa. Set Ranges Dpen Save Clear Cpen Snapshot Save Snapshot
Fit Layer Commands: Add Delete Save el
Generate Eit Fit Dynamic Reset Include Surfoce Roughness = OFF
= Layer # 1 = B-53pline Thickness # 1 = 126.62 nm (fit
MEE = 3.492 4 (i)

Resolution (eV) =0.100 58 Pts. [0.731-6.451 eV] Draw Mode Graph
Fit Opt. Const. = ON
Use KK Mode = ON  [In Use)

- Kramers-Kronig

Thickness # 1 = 124.42+0.009 nm
E Inf = 0.808+0.004014
IR Amp = 0.054240.001023

r of B-Spline @ 432.8 nm = 1.66172 E Inf = 0.808 [fif
IR Amp = 0.0542 (fit]) IR Br = 0.000
Use Default TieOff Behavior = OFF

View Tie Off Positions = OFF

- Nodes
Init. values: n=1.500 k=000 Starting Mat = Cauchy Film
Force E2 Positive = ON
Azssume Transparent REegion = ON
Assume Band Gap = ON Band Gap [eV) = 2.721
Show Modes = OFF
Mode Spacing Spectral Ranges: Add Delete Delste All

+ Advanced

Substrate = 51 JAW

[4]

4] [ I [ ]
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7 RESULTS - CONTINUED

Variable Angle Speciroscopic Ellipsometric (VASE) Data

100
80 A
Opt. Const. of B-Spline vs. nm /\\
2.00 0.60 = ﬂ \
\ a 'Z ‘x... ‘N
n
(\ \ -10.40 v
1.80 0 300 600 900 1200 1500 1800
Wavelength (nm)
- / \ / \ \ -10.30 x«
Variable Angle Speciroscopic Ellipsometric (VASE) Data
1.70 AN 0.20 300
1 —— | 738
1.60 —_— 200 M/
U J0.10 ;
U = 100 4-—//__ —
1.50 0.00 & —
0 300 600 200 1200 1500 1800 P / ---------------------------------
Wavelength (nm) 0 /r
-100 -l
0 300 600 900 1200 1500 1800

Wavelength (nm)
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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?

" |syour result correct?

© 2025 J.A. Woollam www.jawoollam.com



RESULTS

CompleteEASE

- - — -

_' —-— - el »

ESEERTSC)

[ Measurement | Insitu [ Analysis | Hardware | Options |

Data: 3-6_Dye_on_Glass (Snapshot)

Model: 3-6_Dye on_Glass_Solution (Snapshot)

Save Snapshot

Dpen Save Info. Set Ranges Open Save Clear Open Snapshot
Fit Layer Commands: Add Delete Save
Generate Fit Fit Dyna Reset Include Surface Roughness = OFF
-Layer # 1 = B-Spline Thickness # 1 = 827.08 nm (fit
MSE = 3.544 L4 le=oilus 827.08 nm (fit]

Thickness # 1 = 827.08+0.135 nm
E Inf = 0.889+0.004480
IR Amp = 0.012120.00080513

n of B-5pline @ 632.8 nm = 1.580%4

Fit Opt. Const. = ON
Use KK Mode = ON (In Use)
- Kramers-Kronig
E Inf = 0.889 (fit)
IR Armp = 0.0121 (fit] IR Br = 0.000
Use Default TieOff Behavior = OFF
View Tie Off Positions = OFF
- Nedes

Force E2 Positive = ON
Assume Transparent Eegion = ON

Show Nodes = OFF

Resolution [eV)] = 0.100 &9 Pts. (0.732-6.405 V] Draw Mode Graph

Init, values: n=1.500 k=0.00 Starfing Mat = Cauchy Film

Assume Bond Gop = ON Band Gap (eV] = 1.356%

Mode Spacing Spectral Ranges: Add Delete Delete All

+ Advanced

Range = 440.0 nm - 800.0 nm Eesolution [eV] = 0.0500

Substrate = Glass Substrate 3-4

l

© 2025 J.A. Woollam
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RESULTS - CONTINUED

Variable Angle Speciroscopic Ellipsometric (VASE) Data

30
25 \’\jl\'f\\r/\\//ﬂ\\\_«/
Opt. Const. of B-Spline vs. nm 20 \'\-w/“vf\//\ P
1.80 0.40 N
15

P

A f\/\ VAN v Y /

1.70 \/ 0
U \ 0 300 600 900 1200 1500 1800
- \ \ / \ -10.20 ~ Wavelength (nm)
1.65 A \\___ Variable Angle Spectroscopic Ellipsometric (VASE) Data
\\ \ T 250
-10.10
1.60 A 200 _—
UU AN
150
1.55 0.00 o
0 300 600 900 1200 1500 1800 2 100
Wavelength (nm) 0
0 e ot v PN ,__\ ..........
-50
0 300 600 900 1200 1500 1800

Wavelength (nm)
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7 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”




ﬁgj THANK YOU AND ENJOY YOUR LUNCH!




éz JA. Woollam-

ADDITIONAL SLIDES BEYOND THIS POINT




= |n CompleteEASE 6.42 and newer, the menu option for <Pseudo>

ENABLING <PSEUDO> TRANSFORMS

Transforms is hidden by default.
= Go to CompleteEASE Configuration > General then change

Display Pseudo Transforms = True (*Show advanced must be checked)

© 2025 J.A. Woollam

@ CompleteEASE Configuration

=)

Configuration Parms

Uszer Log-In Mode = Login Mot Required
Auto Fit Enabled = True

Always Add CE Folders = True

U=zers Have Own Folders List=False
Clear Data On Logout = False

Always Show In situ Tab =True

Use Unicode = True

Force Read of Tabulated Mat Files = False
# of Cores for Data Analysis =0

Always Save Measurement Data = False
Default To Double Y Axis = False

Display Pseudo Transforms = True|
Minimum Delta Value =0

Enforce Fit Parameter Range Limits = True
Tabulated Mat File Save Maode = Display Units Mode

-

Edit: Display Pseudo Transforms

Parameter ON

Reset Parameter to Default

Description

Show Advanced Config. Options

Specifies whether the Pseudo Transforms
of =n=, =k=, =e1=, and =eZ= should be
shown in the Graph Type menu.

Close

www.jawoollam.com
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é@ METHOD: DIRECT CONVERSION

" For single reflection from surface, data can be
directly “inverted” to get n,k.

Pseudo Optical Constants
<n>&<k>, <el1>&<e2>

(i) =sin*(g)- 1+tan2(¢)-(1‘—”)2

1 + ,0 =g]= Cirl+1
Intensity Ctrl+T a7 Cirl+2
B B Drepolarization Ctrl+£ __
,I;, Graph vs. Angle <k= =
: Single Wavelength = 2 430 eV Ctrl+W
where, p =tan(P)e™ =L 7 Double Y Aris S/
]"S Difference Mode

Maore Options ... [
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m

= Open “Demonstration_Organic on Si.SESnap

Opt. Const. of B-Spline vs. eV

2.2 0.8
n

2.0 K —

/ \V o6
= //_/ / \ H0.4 x
1.6 —

S e
1.4 / \
1.2 0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
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eV

Spline Opt. Const. vs. eV

ADVANCED: FITTING TIE OFF NODES (1)

45 ‘ 15
40 et . /
e2 i/ 110
Spline Model : /
35 ;' -.
3.0 '.-" : 15
_// : (Y ':' cs
2.5 “d’ :—“ ..'. ..... . -0
2.0 Y
-5
1.5
1.0 -10
-3 0 3 6 12 15
eV
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ﬁ? ADVANCED: FITTING TIE OFF NODES (2)

= Expand “Kramers-Kronig” section of B-Spline:
— Use Default Tie Off Behavior = OFF

-lLayer # 1 = B-Spline Thickness # 1 = 406.22 nm (fit)

— View Tie Off Positions = ON Resolution (V) = 0.100 58 Pts. (0.738-6.464 eV) Draw Node Graph
Fit Opt. Const. = ON
L Ci T ” Use KK Mode = ON (In Use)
Fit “Tie Off n+1” amount e s
(Default = 0.5eV) Sl )

Tie Off 1 {TieOff(2)-E} = 0.2000 2000
Tie Off 2 {TieOff(3)-E} = 0.2000 spline_e2(0.138) = 0.000
T|e Off 3 {TleOff(4) E} = 0.2000 2000 spline_e2(0.338) = 0.000
= 2(0 538) = 0.000
pline_e2(6.964) = -7.8209 (fit)
=0. u spline_e2(7.464) = 10.7291 (fit
Tie Off n+3 {TleOff(n+2)+E} = 1.0000 spline_e2(8.464) = 0.000
Tie Off n+4 {TieOff(n+3)+E} = 2.0000
Tie Off n+5 {TieOff(n+4)+E} = 4.0000
+ Nodes
+ Advanced
Substrate = SI_JAW
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é@ ADVANCED: FITTING TIE OFF NODES (3)

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

Opt. Const. of B-Spline vs. nm
22 0.8

Spline Opt. Const. vs. eV

4.5 15

n - fitting tie-offs ‘1 /
20 k - fitting tie-offs —~ A\ 4.0 © .

- / - e2 S :"'. .
. v( N 106 Spline Model / A 10
18 / 35 i

1.6

2
» %
. . b A
’ ' \
¥
) P D “
»
\ " .
-, .
Y . A * %
. K ® Y SEET PE R ® —
\ : .
. Yt
25 '
- [
"

14 v |
/ 2.0 : 1°
! [ )
19 0.0 :
15 -10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 c 5 s 10 15 20
nm eV
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