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1 Introduction

1.1 General Aspects

1.11  What is ellipsometry?

Ellipsometry is an optical technique for surface and thin films analysis. It is based
on the measurement of the change in polarization state of a light beam caused by the
reflection on the material surface or the transmission through the material. From the
change in state of polarization one can deduce film thickness and optical properties of the
material. The principle was discovered already more than a century ago. However, over the
past few decades the technique
has progressed rapidly due to
the availability of computers
and thus automation of high
accuracy ellipsometers. The
field of applications is wide:
microelectronics, display, opto-
electronics, photovoltaics,
chemistry, metallurgy etc. Ellip-
sometry is especially suited to
the characterization of semi-
conductors where we have

A

Normal

Elliptic

massive substrates, thin film layers ranging from few nanometers to tens of micrometers,
and also multi-layer structures. Furthermore ellipsometry is a fast and non-destructive
technique that allows the monitoring of film growth in real time.

1.1.2 What does it measure?

Ellipsometry measures the change in state of polarization of a light beam caused by the

Ellpsometry measures reflection on the sample surface (or the transmission through the sample). The measured

Y and A
“ parameters are the so-called ellipsometric angles ¥ and A. They are related to the ratio of
the complex Fresnel reflection coefficients 1y and ry,. Thereby 1, is the reflection coeffi-
cient for light polarized perpendicular (German: “senkrecht”) to the plane of incidence
and 1, is the reflection coefficient for light polatized parallel to the plane of incidence. This
is expressed by the fundamental equation of ellipsometry:
fundamental equation rp A
of ellipsometry p=—=tanVe
T
S
where
_ Il o o
o tan¥=—+ 0 <¥Y<90
S |75
N
b and
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A=yp—-06 0 <AL360°

From the measured parameters ¥ and A the optical and structural properties of the sample
can be determined by appropriate modeling. Sample parameters of interest are for exam-

ple:
- optical constants in near UV, visible, and near IR wavelength ranges

- mono- or multi-layer thickness

thickness of layers in superlattice structure

surface and interface roughness
- anisotropy

- gradient of optical constants in single layers

Ellipsometry is a highly accurate and precise metrology technique because it measures the
change in state of polarization (expressed by the ratio of reflection coefficient magnitudes
and difference in phase change) rather than simply an intensity.

1.1.3  Limits of applicability

Very rough and The major limiting factors come from the state of the sample surface. Ellipsometry
inbomogensous samples are excludes all scattering effects and only deals with specular reflection. Therefore the rough-
diffculs 1o analyze by ness of the surface and also of interfaces between two media must not exceed the wave-

i 1 . . . . .
ipromety length of the light. Otherwise non-specular scattering of the incident beam occurs which

causes depolarization of the reflected light beam.

The thickness of the film must have low variation over the width of the light spot other-
wise the assumption of parallel interfaces is no more valid; it means that the surface must
be as plane as possible. That is why the different steps of surface preparation must not be
neglected.

Assuming a perfect optical surface the minimum thickness of a film that can be deter-
mined is related to the sensitivity of the ellipsometer. This is in the sub-monolayer range.

The maximum thickness of a film that can be determined depends mainly on the wave-
length range and the spectral resolution that is used. Typically films up to several tens of
pum can be analyzed.

1.1.4  Procedure of ellipsometric experiments

1) Acquire An ellipsometric experiment follows always the same procedure:
2)Mode!
3)Fit

4)Results

1. an ellipsometer measurement yields the ellipsometric angles ¥ and A not the required
sample parameters like thickness and optical constants.

2. Itis necessary to create a model of the sample to determine the sample parametets.

3. Once the model is built, calculated data must be fitted to the experimental data and the
best match between the two sets has to be found.

4. The user has to evaluate the best-fit model in order to decide whether the predictive
model is physically reasonable and whether the different parameters are unique and not
correlated.

S
~
Q
X
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SE data analysis flowchart:
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1.1.5  Accuracy of ellipsometric measurements

Ellipsometry is a very Ellipsometry is a very sensitive and reproducible technique. However, it is very difficult to
sensitive and highly determine the absolute accuracy of an ellipsometer. One way is to compare results with
reproducible technique, certified standard samples. However, the thickness of these samples is usually certified
but the absoluts acouray not better than +/-5A. This values are well above the sensitivity of an ellipsometer.
is hard to define . .
Another way is to compare results with complementary methods such as AFM or RBS
microscopy.

1.1.6  Final words

Ellipsometry is a very powerful but not an all mighty technique: we cannot determine the
structure of a complex sample without any input information of the sample. There are
some limits of applicability regarding maximum and minimum thickness and absolute
accuracy. Nevertheless ellipsometry is one of the most sensitive and precise tool for
thin film thickness measurements. Furthermore, ellipsometry allows the determi-
nation of the optical constants (n and k) over a broad spectral range, from near IR
to UV. And this can be done all in a non-destructive way which is important for
research and much more for industrial applications.

S
~
Q
X
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1.2 General Introduction to DP2 Software

The graph below shows the general user interface of DP2 software:

1 4 Shell title bar
6 13 14

12 TreeView menu

) &

k¥

H% ‘ ‘ %‘ ?\?\‘at. g;q. ﬁod g‘d ‘Rk;c. ?I'k;m.
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S
~
N
X
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1 The Show/Hide icon palette is a toggle command which hides the area located below the
15 TreeView and the Main Screen. This area displays an icon for every file which has been loaded.
Thus, it becomes easy to take a look and switch between the currently loaded files.

2 The Show/Hide TreeView icon is a toggle command which hides the TreeView menu. This is
useful as it magnifies the working View screen.

3 This command is a short-cut which closes the opened TreeView Explorer folders.

4 B? Open the Options Software screen.

5 The TreeView Explorer simplifies the access to the TreeView. Click on the field to activate the
scroll bar, then select the node to open it.

6 % The Manual Measurement icon launches the Views screen . The Views screen is in fact

the Real Time Acquisition panel. Depending on your System(s), an intermediate screen could
ask for the acquisition to launch.

Mt ii.;q_ E.;..j_ Srd. ﬁzc_ %m_ Creation icons: from these «short-cut» icons, the user can cre-
ate a new material, acquisition routine, model, grid, recipe or report template.

8 Eﬁ Launch the Export files package feature.

9 Eﬂ Launch the I mport files package feature.

10 E: The Check Files Integrity is a very powerful feature which is recommended for ex-

perimented users only. This feature analyzes the files integrity and verify the links between
built models, recipes etc...

11 77 Click on the Search feature to find a DeltaPsi2 file. The following screen will be dis-
#" | played:

Find files and folders ...

Enter part of the name here :Imdl <\

Activates the search

¢ Start of the name Enter the query string to find
& Anywhere in the nﬂme\ . . .
. licaton LibranyMatorey e — Select specific criteria
@FPD1 mdl .
Select the searched file in the
=¥ 1.mdl . . .
B 11y 2 mot | list, then click on the Go icon
e 4/-/ to select this file in the TreeView.
=k e Double-click goes directly to the file.

gi(?lx on il Close the Search screen and select
&) thermal oxide.mdl / the searched file in the TreeView

Close the Search screen

NOTICE: the * sign must not
be used in the search query string

9/2/08
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12 TreeView Main Menu allows the user to access files. It contains nodes which are detailed
below:

" ., Functional node which is used to browse through the files of the software.
There are three possibilities to open/close the functional node:

» Using the left button of the mouse, double-click the node name,

e Left-click on the +/- indicator in front of the icon. If this indicator does not
exist, the node is empty,

» DeltaPsi files: each file node represents a DeltaPsi file located on the hard
disk. To open the file, double-click with the left button of the mouse.
: Each type of file is marked on the icon: i.e. SPE for spectroscopy, REF for
reference...
@ * Unknown file: this icon signifies that an unknown file has been found.

NOTICE: Right-clicking on an element name will display a popup menu. This menu
contains specific options related to the node. Do not hesitate to try features included in
this menu.

13 Shell Title Bar: includes the Print command, the About button (DeltaPsi version informa-
tion) and the Help button which is not active.

14 Help online is available by clicking the icon located on the Button Bar.

16 Views screen: this is the main working area. This screen is in fact an independent window
which can be resized using the following icon located on the upper right hand side of the

screen:
S = E

Window is minimized Close window
and reduced to smple  minimized (Windowed) screen
title bar

I E3
\

Back to full size screen

Al If several windows have been opened, these two buttons
switch between the windows.

9/2/08
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Additional options can be accessed by clicking on the icon located on the upper left hand side
of the window. Depending on your size status, some options cannot be activated (greyed).
Here below is an example of such of screen:

{ Anange lcons ! j/
Cascade - |

Tile <l— &

Festore
{fifejii=

M=o -
Beduce
Minimize

Cloze
r Cloge

Mest

- F

Acquisition Routines
Blloys

Dispersions
Experimental

Iser defined formula
Poink by Poink Calculated
Patkern Recognition Screens
Recipes

Recipe Results
References

Models

MultiModels

Repart Templates

17 DeltaPsi2 status bar information.

18 Shell status bar information.

19 Data manipulation feature

9/2/08
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Ctil+F4 ISR
Chl+FG I—/

Arrange all minimized windows to make them visible

Arrange all windows in =" —~¥windowed—"—™ state wi
same size with cascaded display

Arrange all windows in =" —¥windowed—~"—™™ state anc
the size to be all visible at once

Standard Windows management options

Open a sub-menu detailed below

Close the active window

Activate next window

Close all windows

Each listed choice will close the related window,
e.g. 7 —¥Dispersions— ™ will close all dispersion f
windows

13
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2 Basic Principles of Optics

2.1 The electromagnetic wave according to Maxwell equations

An electromagnetic wave is a transverse wave consisting of an electric field vector and a
magnetic field vector. The magnitude of both vectors is a function of position and time.
These two vectors are mutually perpendicular and both are perpendicular to the direction
of propagation. The frequencies are ranging from ca. 3 10" to 3 10'°Hz. The important
quantity describing the light wave is the electric field vector. The magnetic field vector is
not important because the induced magnetization in the material can be neglected since
the motion of magnetic moments of electrons and nuclei is too slow to follow the rapid
optical oscillations.

The electromagnetic field is described by Maxwell’s equations:

Mascwell equations % F = 0
V-B=0
- - 10B
VxE+———=0
c Ot
- - uedE
VxB-EZZ 0
c Ot
where E and B are the electric and magnetic field, c is the speed of light, p is the permea-
bility and is the dielectric function.
Combining these equations leads to the electric field wave equation:
—.z 1 0°E
VZE-—— =0
v° Ot
with the optical impedance
C
V=—
Jue
The electromagnetic plane wave is a solution of the electric field wave equation
= - 2m-n .. . .
E(r,t) = Eoexp( y q.rjexp(— 10- t)
where 7 is the position vector along the direction of propagation, t is the time, the vector
q is a unit vector along the propagation of the wave, 71 = n + ik is the complex index of
refraction, is the angular frequency of the wave, is the wavelength and isE, a complex
x vector constant specifying the amplitude and polarization state of the wave. A plane wave
§ propagating along the z-axis of an orthogonal coordinate system can be described by:

Explore the future HORIBA




Basic Princples of Optics 15

E(z,t) = Eoexp(lznT.n qzzjexp(— 10 - t)

Electric field E(z,t)

Linearly polarized plane 7 Direction of
wave propagating along y ; / propag ation
the 3-axis

Magnetic field B(z,t)

2.2 Interaction of light with matter: complex index of refraction

When a light beam hits an interface between two media several phenomena can be
observed. The wave in general slows down, changes direction, can be absorbed and/or
reflected by the second medium. Optically the media are described by their complex index

n: index of refraction of refraction 7 and their thickness.
k: coefficient of absorption . . ~ . . . .
The complex index of refraction # =n + ik consists of the index of refraction n and the

extinction coefficient k. It describes the interaction of light and matter. Both, n and k, are
functions of the wavelength. The index of refraction describes the phase velocity of light
in a material. The extinction coefficient describes how the intensity decreases as the light
passes through the material.

0: Transparent medium 1: Absorbing medium
ﬁO:ﬂo ﬁlzﬂl—ik1
depth penetration

The decrease in intensity in an absorbing medium can be described by the following law:

9/2/08

[=I,exp(—a-z)
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Basic Principles of Optics 16

With the absorption coefficient o

o=

The penetration depth is defined by:

A
D, =
4n-k
When the thickness of the film is greater than ca. 4x the penetration depth the film can be

treated as a substrate because too less light reflected from the interface reaches the detec-
tor. In this case the thickness cannot be determined, only the optical constants n and k.

There are mainly three processes causing the interaction of light with matter:
1. electronic transitions
2. molecular or lattice vibrations

3. free carrier absorption

Electronic

9/2/08
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2.3 Reflection and Refraction of Light

2.3.1 Law of reflection

The angle of reflection 0_is equal to the angle of incidence 0,:

2.3.2 Law of refraction:

The light that is transmitted through the interface changes its direction according to the
Snell-Descartes law:

n,sinf, =n,sinbd,

The knowledge of this law will allow us to determine the Fresnel coefficients.

E|

Index 10,

eV

Index ﬁl

2.4 Polarization

Polarization refers to the behaviour with time of the electric field vector observed at a
fixed point in space.

2.41 Linearly polarized light

Light with its electric field oriented in a constant transverse direction - although its
magnitude and sign vary with time - is called linearly polarized. The transverse direction
could be for example the x- or y- direction or any other direction perpendicular to the
direction of propagation (z). In general any linearly polarized light can be described by the
superposition of components polarized in the x-direction and in the y-direction. The
amplitudes can be different however they must be in phase.

9/2/08
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2.4.2 Circularly polarized light

If the amplitudes of the two components are equal and their relative phase difference is
for example equal to /2 then the light is circulatly polarized.

If the phase difference is equal to —/2 + 2m (m=0, £1, £2,...) then the electric field vec-
tor is rotating clockwise at the frequency of the light as seen by an observer toward whom
the wave is moving. This is called right-circularly polarized light. The electric field vector
makes one complete rotation as the wave advances through one wavelength.

If the phase difference is equal to +/2 + 2 (=0, £1, £2,...) then the electric field vector
is rotating counterclockwise at the frequency of the light as seen by an observer toward
whom the wave is moving. This is called left-czrcularly polariged light.

2.4.3 Elliptically polarized light

In general the two components of the light wave have different amplitudes and are out of
phase. The result is elliptically polarized light. The tip of the electric field vector describes
an ellipse in the projection on the x-y plane.

The most common components to describe the state of polarization are the component
along the x-direction and the component along the y-direction. However, in general any
two orthogonal polarization states can be used to describe the polarization of the light
wave. For example also the two oppositely polarized circular waves can be used.

9/2/08

Elliptically polarized light can be formed for example by the reflection of linearly polarized
light on a surface.
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So usually in ellipsometry we see elliptically polarized light after reflection on the sample at
the detector when the incoming light is linearly polarized:

3 - Elliptically polarized light
1-Linearly polarized light : ~/
Ei -

[T e

"2 -reflect o Sample

2.4.4  Partially polarized light

The electric fields of photons emitted from an incandescent light source are oriented in all
different directions. This is called unpolariged light. In general the electric field varies in a
way that is neither totally regular nor totally irregular, it is partially polarized. This partial
polarization can be expressed by the degree of polarization.

2.5 The Fresnel coefficients

Assuming a plane wave arrives at the sample surface, one part of the wave is reflected and
the other part is transmitted. The electric field vector can be decomposed in two compo-
nents as mentioned above, in a component E perpendicular to plane of incidence (s — for
German “senkrecht”) and in a component Ep parallel to the plane of incidence. Both

Explore the future HORIBA

9/2/08




Basic Princples of Optics 20

components show different behaviour during reflection and thus reflection leads to a
modification of the light polarization. The reflection of the components is described by
the Fresnel coefficients of reflection r, and r:

p
The complex: Fresnel r r
. . _ s .
coefficients I, = _pl = ‘rp‘exp(lsp) I, = E - =L exp(lﬁs)
E s
P
Ep
o Ep Reflected light
Incident light
Es
plane of
incidenc
The modules of the coefficients give the amplitude modifications of the electric field com-
ponents. Their phases give the phase shift caused by the reflection.
The ratio p of these two coefficients is exactly what an ellipsometer measures:
. I .
Fundamental equation of p= p_ tan¥V elA
ellipsometry r
S
with
)
tan¥ = —
rS
A=5, —3,

and €[0;90°] & €[0;360°].

The parameters W and A are called the ellipsometric angles. The analysis of ¥ and A
allows to obtain optical properties of the sample.

2.6 Relation of Fresnel coefficients to material properties

For a homogeneous sample the Snell-Descartes equation is

9/2/08

n,sin0, = n,sin0,
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where 0 and 0; are the angle of incidence and refraction and is 1, the refractive index of
the sample and 1, f the surrounding material. By using this equation and the properties of
the electromagnetic field at an interface one obtains the Fresnel coefficients for reflection
and transmission:

reflection
_ 1, cosb, —1n,cosb,

Fresnel coefficients r ~ ~
A * f,cos0, +1,cosb,

_ n,cosh, —n,cosb,

n,cosO, +n,cosH,

transmission
¢ = 2n,cos0,
n,cos, +n,coso,

2n,cos0,

t. =
S ~ ~
n,cosO, +n,cosf,

In this simple case of a semi-infinite sample without top layer it is possible to calculate the
dielectric function of the material directly from the ratio p =1, /1

2
~ ey~ 1-
€=1n,>=n,s1n%0, 1+(1_p) tan’0,,
TP

2.7 The Brewster angle

The reflectance R is calculated from the reflection coefficients r by:
R®= |/*] and RP = | /P
If we plot the reflectance R versus the angle of incidence (AOI) we see that RP shows a

minimum for a certain AOI and gets equal to O for a certain AOI in the case of a dielectric
(k =0) whereas R® increases with AOL

The AOI where RP shows a minimum is called the principle angle and in the case of
dielectric materials (RP = 0) the Brewster angle.

9/2/08
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0.8 1
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0.6

0.4 -
0.2
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081 T
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angle of incidence / °

The Brewster angle can be calculated from the indices of the two media by:

n
_ 1

tanf, = —
nO

The phase retardation of the p-wave shifts abruptly from zero to 180° at the Brewster
angle for dielectrics.

The Brewster angle for some materials is shown in the next graph:

Brewster's Angles
’ : Ge
80 - Semiconductors c-si SiGe .
75 P
20 TiQ, ZnSe e
Co *°
R €5 AlLO. . *"a; '
E‘ 60 s 02 el S|3N4
< n'l . Glasses, polymers & other
55 S dielectrics
50 H20 ]
45
40 T T T T T 1
0 1 2 ] 4 5 6
Refractive index at 633 nm
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2.8 Reflection with films

n, =n, —ik, substrate

In the case of a deposited film on a substrate, the part of light which is transmitted cannot
be ignored as it is the case for a bulk material because it is reflected on the film-substrate
interface.

The resulting reflected wave returning to the medium 0 is composed of light which is
reflected from the first interface as well as light transmitted by the first interface, reflected
by the second one and then transmitted by the first one, and so on. Assuming the previous
derivation for the Fresnel reflection and transmission coefficients of a bulk material is
locally valid for the reflection and transmission of a beam from any interface, we can now
calculate the Fresnel coefficients which are functions of the optical properties of the film
and the ambient. The calculation of the coefficient for the p-polatization is independent
from the one for the s-polarization; any atbitrary incident light beam can be described as a
linear combination of the two polarization states. For a single film, the ratio of the ampli-
tude of the outgoing resulting wave to the amplitude of the incoming light beam is defined
as total reflection coefficient:

. r P p :
Taj;il.re];lemoﬂ rp _ Ep total _ I'01 + 1‘12 eXp(—1'2B)
coefficients total i p. P :

E, 1+1,,"r, exp(—i-2B)

s E ol _ L, + rlzsexp(— i 2B)
E' 141, exp(—i-2p)

S

where

Fundamental equation of ellipsometry

B is the phase change from the top of the 2n-d
fils to the bottom of the film p=

j n,cos0,

9/2/08
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2.9 Effect of film thickness

For normal incidence the total reflection coefficient for a single film system is give
by:

_ Tyt rpexp(—i-2B)
S B r011'1zexp(_ i 2[3)

When the thickness and wavelength are such that the light reflecting from the top surface
and the light reflecting from the interface layer-substrate or layerl-layer2 are 180° out of
phase, which is the equivalent to 2B= m, the exponential term of the reflectance is -1 and
we have the greatest amount of destructive interference. It results in the first order mini-
mum on the reflectance spectrum.

When 2B= 2, the value of the exponential term is +1, the reflectance is the same as the
reflectance of a film free substrate and we have a first order maximum.

The minima occur for 23 = m, 3w, 57, 7w... and the maxima occur for 2f = 2m, 4x, 67,
8m...

For the following illustration we plotted the reflectance of a 1000A thick SiO, layer on a
substrate whose index of refraction “n” is 3.87 and whose extinction coefficient “k’ is
0.0165.

1st order maximum

0.400 /'

0.300 -

F:

oo ~ SiO2-1000A

— ——- Film free
[ L L L (L L L [ L ] (UL T | o T o
200 400 GO0 800 1 000 1 200 1 400 1 600 1 800 2000
Wiavelencth (nim)

1st order minimum

If we increase the thickness of the SiO, layer several higher-order maxima and minima
appear successively. The reflectance spectrum of a 3000A SiO, layer on the same substrate
as above is shown in the next figure:

9/2/08
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We can make the following observations:
- the spacing between maxima and minima increases with wavelength
- increasing the thickness causes all the positions of the maxima and minima to
move toward a longer wavelength
- thicker films provide more maxima and minima than thinner films for any
wavelength range

9/2/08
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3 Ellipsometry Basics

3.1 Definition Ellipsometry

Ellipsometry measutes the change in state of polarization in reflection and transmission
experiments.

3.2 Fundamental equation of ellipsometry

Fundamental equation of The relation between ellipsometric angles ¥ and A with the reflection coefficients for
ellipsometry parallel and perpendicular polarization is given by:
P
T A
p=—=tan¥ e’
r

This equation is called the fundamental equation of ellipsometry.

3.3 Dependence on Sample Properties (single wavelength)

In this chapter Psi-Delta curves are shown as functions of substrates, film thickness and
optical constants.

3.3.1 Substrates

For pure substrates the measured Psi-Delta values must be in the following intervals:
0<W<45°
0<A<180°

9/2/08
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This is shown for some examples in the following graph:

350 i
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3.3.2 Single films: thickness variation

When growing a thin film on a substrate the W—A trajectory describes a closed curve if
the film is transparent. This is shown for SiO, on Si substrate (AOI: 70°, 633nm):

300
250 /
200

{4— pure Si substrate
150

o

8

©

e 40nm Si02 140nm Si02 —

\/ 80nm Si02 120nm\Si02
100 v y
50
0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Psi/°
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After one «period» (P) the curve reaches the starting point. The period depends on
wavelength, AOI and refractive index of the material:

A

P=
2\/n? —n? sin(40I)

For SiO, on Si substrate (AOI = 70°, 633nm) the period is ca. 280nm. So it is actually not
possible to distinguish a SiO, layer of a certain thickness t and a layer of thickness t + nP.

For example the following SiO, layers would give the same - values: 20nm, 300nm,
580nm, ...

This is called the «period problem» of single wavelength ellipsometry.

The period does not depend on the substrate. For example the next graph shows W—A
trajectories of SiO, on different substrates. Although the curves look quite different the
period length is always the same.

300

250 +
Si (0= 13.865-0.020)

200 1 3'
Al (n= 1.373-7.618)
150 4

100 A

Delta/°

LiTa03 or LiNbO3 (n=2.15)

iR

200nm Si02 (n=1.465)

Gl =1.4
0 A 4 o 4— Class @ ) on various substrates
Quartz (n = 1.5) {@ 633nm
'50 T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Psi/®

3.3.3 Single films: variation in n

The dependency of the W—A trajectories on the refractive index n is shown in the next
graph. As long as k = 0 the curves are closed with a period that depends on n.

9/2/08
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3.3.4 Single films: variation in k

If k > 0 the W—A trajectories are not closed any more they converge into the ‘V—A values
that represent the film as pure substrate:
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For films thicker than the ca. 4x the penetration depth it is not possible any more to
determine the thickness of the film. It can be regarded as a substrate. That means that one
can determine n & k of this film directly from W—A values.

Remember the penetration depth is defined by:

3.4 Spectroscopic information

The spectroscopic information eliminates the period problem because the period is
wavelength dependant. The following graph shows the W-values of SiO, films on Si
substrate (ted: 50nm, blue: 330nm, green: 610nm) at AOI = 70°:

e i
I
50.000 I / V\
N

NP AT e
10.000 v v

200 400 600 800
Wavelength (nm)

W)

=
—]
[~

N/

One can see that the curves coincide at 633nm but are different at the other wavelengths.
Again, the thicker the layer the more “interference fringes” appear.

3.5 Different ellipsometer types

The different There ate three major techniques to measure the ellipsometric angles W and A :
ellipsometers have .

components in - null elhpsornetry

conimon - rotating element analyzer

- polarization modulation ellipsometer

All types of ellipsometers consist of a light source of some sort, a device that defines the
state of polarization before the light strikes the sample and a device that determines the
state of polatization after reflection.

9/2/08
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3.5.1 Null ellipsometer

This kind of ellipsometer is based on the principle of signal extinction. The azimuths of a
polarizer and an analyzer are manually adjustable to obtain the configuration where the
light intensity that is detected is minimized.

3.5.2 Rotating element ellipsometer

This is a very common type of ellipsometer. One of the polarizing elements (polarizet,
analyzer or compensator) rotates at a frequency of ca. 10 to 300Hz. This leads already to
an improvement of acquisition time compared to null ellipsometers but acquisition is still
rather slow. The range of frequencies is prone to noise caused by mechanical vibrations,
requiring an elaborate signal treatment.

Rotating polarizer (RP) or analyzer (RA)

Rotating polarigzer (RP) or analyzer (RA) with compensator (C)

9/2/08
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Rotating compensator (RC)

N "R

' ~
~
___SAVPLE |

°

3.5.3 Polarization modulation ellipsometer (PME)
This ellipsometer shows optimized acquisition speed and a large spectral range from the
The PEM allows . N . .
very fust IR to the UV. The high acquisition speed is due to the presence of a photoelastic modula-
easnrements tor (PEM) whose acquisition frequency is around 50kHz. The drawbacks of this ellipsom-

eter are the chromatic behaviour of the modulator and the sophisticated optical
calibrations. This type of ellipsometer allows extremely accurate results, thanks to a high

performing electronic system.

N "R X%
| SAWPLE |

3.5.4 Summary

Technique RA / RP RA/ RP and B PME
compensator
Modulation 10 - 300Hz 10 - 300Hz2 10 - 300Hz 50kHz
frequency
sin2W¥ - cosA
Measured tan¥ - cosA tan¥ - tanA tan¥ — tanA sin2¥ - sinA
parameters
cos2¥

9/2/08
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Simple design No rotating

Easy calibration elements
High accuracy also

High accurac Wide spectral range
at A~ 0° or 180° 5 ¥ P g

Large spectral range

Strength No Wavelength (thil’l transparent CCD detection ngh accuracy for
dependent optics films) possible all ¥ and A
CCD detection Fast acquisition:
possible Ims
Noiagf‘:f;‘;g? Al Complicated Difficult Difficult
- calibration technology technology
Weakness Errrc;rsj dilz to CCD detection not Difficult Difficult calibration
polatization possible calibration CCD detection not
Moving part Moving part Moving part possible

3.5.41  Detailed description of the Polarization modulation (PM) ellipsometer

The layout of a classical PM ellipsometer is as follows:

Analyzer

Polarizer Modulator

Sample Optical fiber

Optical fiber

detector
Monochromator [ ]

Light
source

filters

\ Data acquisition

Shutter and computer

Elliptically modulated polarized light

Source

The typical light source is a Xenon arc lamp of 75 Watt with a spectral range from the near
IR to the UV.

Optical fibers

9/2/08

The optical fibers are used to couple the light beam from the output of the light source to
the input of the polarizer and from the output of the analyzer to the input of the mono-
chromator. Generally the optical fibers have a Imm core diameter and are of two types:

- UV fibers which cover the range 190 - 880nm
- NIR fibers which cover the range 260nm — 2100nm
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Polarizer

The polarizer defines the state of polarization before the light strikes the sample.

Photoelastic Modulator (PEM)

The polarization modulator induces a modulation of the state of polarization that means
that the ellipticity of the polarization varies as a function of time.

The modulator used in the spectroscopic ellipsometers of HORIBA JOBIN YVON is
based on the photoelastic effect: Stress is applied to a silica bar so that its optical proper-
ties are modified. In its equilibrium state, the modulator is optically isotropic with one
index of refraction, and becomes birefringent (with two indices) under mono-axial stress.
A cosine variation of the stress modulates the birefringent state of the silica bat (resonance
frequency f = Q/2n ~ 50 kHz). The phase retardation between the two components of
the electric field is:

S(t) = AsinQt
whereby
_ 2n-d(n1 _no)
A

A

EX - EX

| I
/ i

\ 4

linear elliptical
polarization polarization

The applied stress is wavelength dependent. It is regulated with a modulation voltage, so
that the modulation amplitude is kept constant.

The modulator temperature must be controlled and kept constant. The advantages of the
photoelastic modulation are: very fast acquisition, high accuracy and working frequency
far from ambient noise sources.

9/2/08
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Linearly polarized light

modulator

Piezo electric transducer —’
(50 kHz)

Analyzer

The analyzer is similar to the polarizer of the entry and is located just after the sample and
photoelastic modulator.

Monochromator

The monochromator separates the light into its various components before it reaches the
detector.

Detector

The detection system is composed of various elements:
- photomultipliers for the UV and the visible spectral range
- a InGaAs detector for the IR spectral range

Acquisition interface
Except for the sample placement, the operation of the ellipsometer is entirely automated.
The computer interface owns command modules to control:

- step motors for azimuths of analyzer, polarizer and modulator

- goniometer for the angle of incidence

- amplitude of the photoelastic modulator

- shutters and filters

- high voltage of the photomultipliers

- slits of the IR monochromators

9/2/08
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4 Measurement QuickStart

Preparation of System

* Switch on the controller unit and the computer where the DeltaPsi2 software is
installed.

* Turn on the light source (usually a Xe arc lamp) and wait 15min to let it stabilize.

* Open the DeltaPsi2 software and click on the “software options” tab{ [

The following window will appear:

Software Options

User Library file folders

-
User Librany —J
Current User Library profile : ® Sortby name ( Sort by creation order

Application Library | |Default LJ

g"'Create a new profile . ‘ Delete the current profile ‘

File name formats

Folders :

C lta er Libra quizition Fout ~
File explorer Diata Manipulation C:hDelaPsi2tUser LibranDefaulthD ata Manipulation’, =
| Substrates C:ADelkaPsi2yUszer LibransDefaulthSubstratesh i
Tool bar Materials C:ADekaPsiziUser LibrargADefault\Materialsh
= Samples C:ADelaPsi2yUszer LibrarsDefaulthS amplesh
todels C:ADeltaPsi24User Libran\Defaultsh odels's
Progress screens - ; - -
| tultimadels C:ADeltaPsi2hUzer Librant\D efault\Multimodels'
= Modeling Scenarios C:ADelkaPsi2yUszer LibrarnsDefaultukodeling Scenario’
Calculated : T : - 3
Girids C:ADelkaPsi2sUszer LibransDefault\Grids'
observables - 1 . - -
e Recipes C:ADelkaPsi2yUszer LibransDefault\Recipes'
Acquisition Feport Templates C:\DelaPsi24Uszer Libran\DefaultsReport Templates'
pﬁrﬂmEterS | Acquisition Data C:ADelaPsi2yUser LibranDefaultAcquizsition D atah
Observables Model Results C:\DeltaPsi2iUser Libramg\DefaultsModel Fesults'
RIEGISIOn Mulimadel Results C:ADeltaPsiz\User Libran/\Dief sultsMulimodel Fesults'
Modeling output Modeling Scenario Results C:ADelkaPsi2sUszer LibransDefault\Modeling Scenario Resultsh
LJ Fecipe Results C:ADelaPsi2%User Librant\Default\Recipe Results'
F 1| |Model Reports C:ADeltaPsi2hUzer Libran\Defaultitodel Repartsh -
| [l Close T —

e Choose “user library” and choose an existing user library profile in the drop-down
menu or “Create a new profile...”.

* Close the “software options” window and click the “manual measurement” tab to open
the “Views” screen: %

Sample Positioning

* Place your sample on the stage and switch on the autocollimator illumination.

* Look through the eyepiece of the autocollimator and align the crosshairs so that the
centers overlap by adjusting the two knobs underneath the stage.

* In the views screen set the monochromator to 2.75eV (or 450nm if you prefer to work
with wavelength).

* Adjust now the height of the stage by turning the corresponding knob underneath the
stage. Try to find the position where SO is at its maximum

* In the views screen click “SO adjustment” or manually set the high voltage so that SO is
between 60 and 80mV.

DeltaPsi2 Software: Acquisition Interface

9/2/08

* Click on the «Create a new acquisition routine...» tab: i‘;q_
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* The following options will appear (they will be explained for scanning systems — for
MWL systems the main points are mostly identical):

Create new acquisition routine ... R‘

(" Application Library

Ellipsometer IReerctumeterl LCE l

Ellipsometer Calibration

Spectroscopic Mono

Spectroscopic MWL

Kinetic Mono

Kinetic ML

R&T Mono

R&T MWL

$ET (2T (2D | |2 |2 (2T

X cancel

They allow you to choose the data type you wish to acquire.

> Ellipsometric Calibration: For calibration of your system

> Spectroscopic Mono: Choose this option if you want to acquire ellipsometric data
over a certain wavelength range.

foc Acquisition Routine - Nonamel . acq

| Spectroscopic mono acquisition setup ] Graph setup | Graph ]

[ Acquisition simulation Spectrum range

Configuration choice User unit : |eV ﬂ

[No merge -~ Start - 1500 ey

- M=0" A=+45" ~] Eng - so00
Increment : 0.050 ev

Mode : |Standard ﬂ

Calibration index: |No data ~|

Micro-Spot : | j

Background : |Backgmund on ﬂ
x High Voltage :  |Automatic ~ |[250 v Incidence angle - | 7000 *
S
§ S0 Min : | 60 mY Integration time : | 1 % 200 ms
S

S0 Max : | 80 mV Accumulation © | 1
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> Kinetic Mono: Choose this option if you want to acquire ellipsometric data as a
function of time.

@ Kinetic Acquisition Routine Mono - Noname1.ack

Kinetic mono acquisition setup \ Result ]

Kinetic parameters Acquisition conditions

Sampling Time : 0 s
Integration Time : 200 ms

A=+45 4

Configuration : =

Incidence angle :| J0.00 *
Total Duration
i Points Number : 10

Micro-spot: | j
i Time : 0 h | ﬂmin| 0 s

Background : |Elac:kgruund on ﬂ
Acquisition result format
(& Binary format | J

(" Text format

High voltage : Automatic « | |20V
Spectral position 9 9 | J |

in: 1]
User unit : |eV ﬂ 50 Min | v

S0 Max : | 80 mv
Position : | 1.500 eV

> R & T Mono: Choose this option if you want to acquire reflection or transmission data
over a certain wavelength range.

@ Acquisition Routine - Noname1.acg

:R&T mono acquisition setup ‘ Graph l

Calibration index: |N’D data ﬂ Mode : |Transmissiun ﬂ
Spectrum range Transmission
User unit : |EV ﬂ

Mode: |Unpolarized -
Start : 1.500 ey | ~|
End : 6.000 @y [~ New DC signal reference

Increment : 0.050 gy

Drag-and-drop a reference file here :

1|

Micro-Spot : | -
Background : |BﬁCk9’UU"d on ﬂ

| [~

%

S

~

N High Voltage : | - ||2s0 v Incidence angle : | s0.00 *
S0 Min : | 60 mVY Integration time : | 1 x 200 ms
S0 Max : | 80 m¥ Accumulation : | 1
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5 Advanced Acquisition

5.1 Introduction

The UVISEL system is able to acquire data basically from any given sample. Moreover
besides ellipsometric data we can also acquire reflectance and transmittance data.

If you click on the Acq. Tab on top of the page:

I

2
Mat. Acq. mod. &rd. Rec. Tem.

The following window will appear:

Create new acquisition routine ... R|

. " Application Library

Ellipsometer lReerdumeter] LCE ]

Ellipsometer Calibration

Spectroscopic Mono

Spectroscopic MWL

Kinetic Mono

R&T Mono

O91BIIBIO16]

R&T MWL

X Cancel

The different options for the UVISEL ellipsometer ate:
Ellipsometric Caltbration: system calibration

Spectroscopic Mono: acquisition of ellipsometric data in reflection and/or transmission
with a scanning monochromator

Spectroscopic MWL: acquisition of ellipsometric data in reflection and/or transmission
with detection at fixed multiple wavelengths

Kinetic Mono: acquisition of ellipsometric data in reflection and/or transmission at a spec-
ified wavelength as a function of time

R&'T Mono: acquisition of reflectance and/or transmittance data with a scanning mono-
chromator

R&T MWL: acquisition of reflectance and/or transmittance data with detection at fixed
multiple wavelengths

9/2/08

Explore the future HORIBA




Advanced Acquisition 40

To optimize the data acquisition (in terms of data quality and measurement time) the
following parameters have to be set before the measurement:

- spectral range

- angles of incidence

- spectral step sizge: equal increments in wavelengths or energy?
- detector settings

- spot sige

- measurement parvameters (experimental data types)

This parameters will be discussed in detail for the most important acquisition mode, the
spectroscopic mono, but most of the information is also relevant for the other acquisition
modes.

5.2 Sample preparation

Before the data acquisition is started the sample has to be prepared and positioned on the
sample support.

5.2.1 Surface cleaning

Ellipsometry is very sensitive to the microscopic surface state whereas it is rather
insensitive to macroscopic particles: large objects only scatter the light away from the
detector. But surface roughness or oxidation layers may have strong effects on the
speculatly reflected beam.

Overlayers including native oxides or surface roughness can be removed by chemical or
mechanical treatment. The user should refer to a library of surface treatments for the
considered material.

If the overlayer cannot be removed it can be included in the layer model.

5.2.2 Back surface reflections

In the case of transparent samples that are polished on both sides the light beam reflected
from the backside reaches the detector and affects the measurement.

9/2/08
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Incoherent
Coherent reflection

reflection
1 st beam
‘ 2 nd beam

Ambient

Coherent system

Incoherent system
Glass

\ Ambient or second
A A coherent system

One way to avoid this backside reflection is roughening the backside surface.
Roughening provides a scattering effect and a non-specular surface which prevents the
penetrating beams to be reflected from the back.

Backside roughening can be applied for example to samples based on plastic substrates
especially when these are optically anisotropic.

Roughening can be achieved with sandpaper assuming that it does not leave residue such
as inclusions in the sample.

Note that backside reflections are not necessarily a problem. In some particular cases (thin
transparent substrates with both sides polished) the backside reflections can be included
in the layer model.

Assuming the optical properties of the transparent material are isotropic we can
distinguish three cases:

- the case of substrates whose thickness is < 1 mm:
The detection head will collect several incoherent reflected beams; the exact amount of
them is not critical as far as there are at least two collected beams. The modeling will

assume infinite number of backside reflected beams. The problem can therefore be solved
by proper modeling.

- the case of substrates whose thickness is between 1 and 2 mm:

In this case the backside reflected beams tend to be separated. The backside reflected
beam can be suppressed mechanically with an appropriate spot size and angle of
incidence. If this is not possible the only solution is to roughen the backside.

- the case of substrates whose thickness is > 2 mm:

In this case, the back surface beams are sufficiently separated so that the backside
reflected beam can be clearly suppressed mechanically with an appropriate spot size and
angle of incidence.
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5.2.3 Sample positioning

The levelling of the sample is performed with the Autocollimator. Adjust the screws of
the stage so that crossing points of both reticules coincide:

Adjustment knobs

Bad Sage
adjustment

Good Sage
adjustment

5.3 Ellipsometric calibration acquisition mode

This mode is used for calibration of system devices. It is used only in extraordinary
situations when the ellipsometer needs to be fully calibrated. For this type of calibration, it
is advised to ask for the assistance of HJY Service Engineers. Do not perform this
calibration for routine measurements.

& Ccalibration Routine - Noname .acq

[v System initialization [¥ -Full ellipsometer calibration

[~ Monochromator

- [ Multichannel

[~ Polanizer & analyzer zero sefting

|~ Fast ellipsometer calibration

-

-

5.4 Spectroscopic Mono acquisition mode

The following figure shows the DP2 page for setting the acquisition parameters:
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Spectroscopic mono acquisition setup lGraph setup ] Graph ]

[ Acquisition simulation SRS ED FEEE

Configuration choice User unit : eV i

[No merge ~| Start - 1500 ey
(I M=0° A=+45° =] End : 6.000 ey
Increment : 0.050 ev

Mode : |Standard ﬂ

Calibration index: hd

Micro-Spot : | j
Background : |Backgruund on ﬂ

| [

High Yoltage :  |Automatic > ||250 ¥ Incidence angle : 70,00 *
S0 Min : | 60 mV Integration time : 1 x | 200 ms
S0 Max : | 80 mY Accumulation : 1

5.4.1 Spectral range

The spectral range option allows the user to define the range of wavelength or photon

energy over which he wants to have measurement points.
1 S wavelength range &y p

The choice of optimal spectral range depends directly on the material under study and of
course on the information that is needed (thickness and/or optical constant in a certain
spectral region).

5.4.11  Optimal spectral: thickness and/or optical constants

If the user is attempting to determine the thickness(es) of layer(s) in the sample, few well
chosen wavelengths might be enough to obtain the correct information. Of course, the
acquisition over multiple wavelengths allows the overdetermination of the thickness and
thus lead to a higher accuracy.

If the user is attempting to determine the optical constant at certain wavelengths, data
must be acquired in the corresponding spectral range. Assuming DeltaPsi2 lineatly
interpolates optical constant between two points of measurement, one has to see how
sharp absorption peaks are. The wavelength or energy increments have to be set so that
these peaks can be sufficiently resolved. Typically, the increment in energy for data
acquisition ranges between 0.1 eV to 0.905 eV.

It is always preferable to acquire data in the transparent spectral range of the material, as
this allows to reduce the correlation between the different fitting parameters and to
eliminate the determination of material absorption from the analysis. It is important to
repeat that ellipsometric data must be acquired in the transparent spectral range of the
material to determine the thickness of the film. Therefore the appropriate spectral range
for various types of materials is discussed in the following section.

S
~
Q
X
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5.4.1.2  Optimal spectral range for various material types

Dzelectric materials

Dielectric materials are, along with semiconductors, the most commonly encountered
class of materials. Examples for dielectric materials are SiO,, STiO3, SiC, Si;N, HfO,,
LaOj3, Ta,0s5, TiO,, MgO or Al,Oj .... These materials are transparent over a wide spec-
tral range from IR to deep UV. Ellipsometric measurements from IR to UV The measure-
ment of these materials can be done over a very broad part of the spectral range because
they are transparent from IR to UV and even deep UV. Ellipsometric maesureemnts from
IR to UV provide a wealth of information. Al,O5 for example is transparent from IR to
deep UV due to its wide energy band-gap. Silicon dioxyde instead is transparent for wave-
lengths > 250nm.

The transparent region for low-k materials is in general smaller than that for high-k
materials ranging from the near IR to the visible/near UV, thus for energies < 3 - 4eV.
Transparent organic materials have an absorption tail in the UV region which can be
described by dispersion functions.

Semiconductors

Semiconductor materials exhibit a band gap. In general we can basically decompose the
spectra of semiconductors into two regions:

- energy > band gap: the material begins to absorb and the absorption increases
smoothly

- energy < band gap: the absorption coefficient of the material approaches zero
(material becomes transparent) and the index of refraction decreases
monotonically with decreasing photon energies.

The absorption processes for semiconductors are mainly due to interband transitions
above the energy band gap.

Semiconducting material can have crystalline or amorphous structure. For crystalline
semiconductors the transition from the transparent region to the absorbing region at the
band gap is very sharp. Amorphous semiconductors instead have broad absorption
bands. In fact, amorphous solids exhibit absorption tails below the band gap (Urbach
tails), which are far more extensive than the absorption tails of crystalline solids.

Metals

The classical model used to describe metals is the Drude model assuming a gas of free
carriers. The absorption of energy of an incident beam by the free carriers can be
explained by the fact that the electric field of the light beam induces a conducting current
whose dissipation leads to the absorption of incident energy. When resolving the Maxwell
equation, we obtain the following dependency:

2

©p

g=l-——"—
O +1iyo

E
where 9 =271 — and @, as the plasma frequency:
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with:

N the density per volume unit of free carriers

€ the dielectric permittivity of the void
- m the mass of the electrons
~e=1610"C

This frequency is the resonance frequency of the free electron gas around the equilibrium
state. For common metals, it is located in deep UV and is the frontier between two
regions:
- © <o, (IR-visible area): the metal has a complex index and is highly absorbing
and reflecting.
- © >, (UV region): the index of the metal is almost real, k=0: the metal is

transparent.

In general, most of the metals are highly absorbing in the IR region and absorbs lesser
and lesser as the photon energy approaches the UV region. However, even if most of the
metals become transparent in the UV, the analysis and the modeling operations remain
quite difficult.

In general, ellipsometers enable to measure film thickness of metal ranging from 0 to
500A, depending on the absorption of the metal understudy.

Glasses and plastics

Glasses could be equally regarded as dielectric materials. Most of glasses are transparent
over a large part of the spectral range but some of them have an absorption edge in the
UV when wavelength gets below 300nm or so. Colored glasses have absorptions in the
visible area caused by dopants in the glass matrix. Float glass can be absorbing even in the
whole spectral range.

For measurements of thin layers on glass it is always advantageous to determine the
dispersion of the pure glass substrate in advance. The dispersion of the substrate must be
known very precisely because usually the “optical contrast” (difference in dispersions)
between deposited layer and glass substrate is very low.

Plastics are similar to glasses in terms of transparent regions, however, their
characterization is much more complicated because they can be highly anisotropic.

Transparent conducting oxides

Transparent conducting oxides like ITO (indium tin oxides) show absorption in the UV
due to interband optical transitions and also in the IR due to free carrier absorption. The
modelling of the dispersion is rather complicated near these absorption bands. However,
there is a transparent region in the visible part of the spectrum (400nm-760nm) where
modelling is relatively straight forward.

Carbon-based materials

Carbon can bond in both, planar (sz) and tetrahedral (sps) configuration leading to
graphite or diamond form. Diamond-like-carbon (DLC) is mainly used as protective
coating due to its hardness and low-friction. Diamond itself has a high energy band
gap of ca. 7.1eV whereas the energy band gap of graphite is much lower. Annealing
in DLC deposition processes causes a decrease of the band gap so that it approaches more
and more the one of graphic-like-carbon (GLC). For both, DLC and GLC, a strong
absorption occurs at the energy bang gap and transparency is found only well below the
band gap energy.

Explore the future HORIBA
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Summary:
MATERIALS TYPES SPECTRAL RANGE
) . High-k IR to deep UV
Dielectrics
Low-k IR to near UV
Below band ga
Crystalline g P
. Low absorption
Semiconductors
Below band gap
Amorphous )
broad band of absorption
0<w, Highly absorbing in IR and
Metals VIS
0>, Less absorptive in UV
Normal IR to visible
Glasses -
Float glasses Absorbing
Plastics PET, PEN, PP, PC Transparent VIS
Transparenjc conducting Transparent in Vis
oxides
Diamond IR to UV
Transparent Below band gap:
Carbon DLC IR to UV
Transparent Below band gap:
GLC IR to VIS

5.4.2 Choice of optimal step size

After the setting of the spectral range, the user must adjust the step size. The step size
must be low enough to resolve spectral features like sharp absorption peaks or
interference patterns in thick layers and large enough to make the acquisition as
fast as possible.

2 Set step size

Step size commonly ranges between 0.1 €V to 0.005 eV depending on the measured
sample.

In chapter 1 it was shown that the separation of maxima and minima of the interference
pattern decreases with increasing film thickness. This means that with increasing thickness
the step size has to be decreased to resolve properly the interference pattern and thus
determine unambiguously the film thickness.

The chart below shows typical step size values for different thickness ranges:

Film thickness Step size (eV)

Onm to 200nm 0.1eV 20nm

Step size (nm)

200nm to 500nm 0.05eV 10nm

9/2/08

5nm, well resolved for
wavelengths > 300nm
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800nm to 1.2um 0.02eV 5nm, well resolved for
wavelengths > 800nm

2nm, well resolved for

1.2um to 2um 0.01ev wavelengths > 400nm
2nm, well resolved for

2um to 30pm 0.005eV wavelengths > 500nm

5.4.3 Choice of optimal range units

We gave step size values in nanometers for the wavelength scale and in electron-Volts as
an equivalent for the photon energy scale. However, keep in mind that acquisition of data
with a spectral range in nanometers and acquisition of data with a spectral range in eV do
not provide the same spectrum shape and the same distribution of points along the spec-
trum.

The conversion from wavelength to energy is expressed by:

~ 1240
- k(nm)

Note that this conversion formula can only be applied to the endpoints of the spectral
range but not to the step size! The following example shows that this would not make
sense:

E(eV)

From: 1eV From:248nm
To: 5eV >< To: 1240nm

Every:0.025eV ——— | Every:49600nm !!!

The software applies the conversion formula automatically only to the endpoints of the
spectral range and not to the increments.

To pass from a spectrum in eV to a spectrum in nanometers, or the contrary, the software
converts the range bounds and calculates the increments so that the number of points is
kept constant, for example:

From: 1eV From:248nm
To: 5eV >< To: 1240nm

Every:0.025eV _— Every:6.2nm

This gives 161 data points in both cases.

Note that for thick layers the interference pattern cannot be resolved for short wave-
lengths when data is collected in nanometers but they can be resolved for corresponding
high energies when collected in photon energies because there the minima and maxima are
separated neatly equally over the whole spectral range.

As an example of a 450nm thick sample of SiO,/Si is shown in the energy range 1eV to
5eV corresponding to a wavelength range of 248nm to 1240nm (data collected in photon
energies with increments of 0.05eV. This gives 81 points):
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Then converted into wavelength scale, the points still remain equally spread over the inter-
ference structure:

Wi

Wavelendgth (nm)

Data collected in wavelengths with increments of 12.4nm. This gives again 81 points:
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400 E00 200 1 000 1 200
Wavelength (nm)

It is obvious that data collected in nanometers does not resolve features in the short wave-
length range.

Then converted into a photon energy scale, the points are not equally spread over the
interference structure:
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Wavelengths or photon energies?

In the following chart, we suggest which scale to use depending on the type of sample:

Sample Features Optimal units choice
' Rapidly changing features in Best to measure in terms
Thick, transparent films Y and A at short
wavelengths of eV
Thick, UV absorbing Data features flat at short Best to measure in terms
§ films wavelengths. of nm
N
h Very thick and Difficult to resolve short Measure only long
transparent films wavelength features wavelengths in terms of nm
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5.4.4 Choice of optimal angles of incidence

The goal is to work as close as possible to the Brewster angle (BA) of the substrate
because there the highest sensitivity can be achieved.

3 Ser angle of incidence
The BA can be determined by calculation tan(BA) = n_p¢rate Of by monitoring ‘¥

as a function of the AOI because ¥ = 0 at the BA!
highest sensitivity

around the Brewster Note that you do not need to be exactly at the Brewster angle to perform the acquisition,
angle being near the Brewster angle is sufficient to enhance sensitivity.

In the following chart, we provide reasonable angle of incidence combinations for differ-
ent types of samples:

Samples Combinations
Thin films on Si 65°,70°, 75°
Thick films on Si 60°, 70°, 75° or 55°, 65°, 75°
Other films on glass 55°, 65°, 75°
Films on metals 70°, 80°
Anisotropic and graded films 55°,65°, 75° or 45°, 60°, 75°

Variable angles of incidence

The variable angles coupled with spectroscopic ellipsometry are used to collect a great
quantity of data. However the user must take these informations with a certain care, espe-
cially in the case of samples with an overlayer or a roughness layer, because acquisition
with variable angles does not always produce completely independent information.

The advantages of this mode are:

- for a given wavelength, the acquisitions at different angles of incidence can give
independent information and allow to reduce the measurement noise (improve of
S/N).

- additional data statistically improves the determination of confidence limits

- the variation of the angle allows the determination of the angle for which the
values of ¥ and A are the most sensitive.

5.4.5 Configurations (Azimuth setting of modulator and analyzer)

The UVISEL can acquite data for vatious azimuth settings of the modulator M and the
analyzer A. The two most important configurations are described in the following table:

9/2/08
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Configurations Modulator M Analyzer A
II 0° or 90° +45°
111 +45° +45°

- configuration II: allows accurate determination of A in the whole range but
cannot be determined precisely at ca. 45°.

- configuration III: allows accurate determination of ¥ in the whole range but
cannot determine A precisely at around 90° and 270°.

5.4.6 Configuration modes

In general we recommend to measure only in configuration II and use (Is,Ic) as fitting parameters.

The DP2 software allows automatic measurements in one or more configurations to get
the optimal set of data.

Configuration choice

-
[IE M=0" A=+45° !

No merge

This is the standard mode of acquisition. The user can select configuration 11 or III. As a
result one file is obtained either from configuration II or from configuration II1. Note that
the fit for an anisotropic material can only be done in configuration II (with A=45° and
M=0°).

The merge function

There are three types of merge: Standard merge, High accuracy merge and Smart
merge which provide an acquisition in two scans. The principle of these merges is to
measute in configuration II & III and calculate the best ¥ and A values using both acqui-
sitions.

Standard merge

The standard merge function automatically generates three result files: xxx-ClLspe, xxx-
ClIILspe and xxx-STM.spe.

For the example, a measurement of thermal oxide on a Si substrate gives the following
and for configuration II (blue) and III (red):
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There are obviously mirror effects for around 45° and for around 90° and 270°. The
cause of these effects occurs in the last step of acquisition, the recreation of ¥ and A
from Is and Ic:

- in configuration II:
Is =sin2¥sin A Ic=sin2%¥ cosA

- in configuration III:

Is =sin2¥sin A Ic =cos2¥

The two couples (Is,Ic) are shown below; notice Is does not depend on the chosen
configuration.
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- in configuration II only sin(2'¥) is known. It only defines ‘¥ in the interval [0,45],
the values above are flipped down around the line W=45°. On the other hand, in
configuration III, the term cos(2'¥) allows determination of ¥ over the complete
domain.

- in configuration III only sinA is known. It defines A on the right half of the
trigonometric circle, the left-side values are flipped right around the vertical axis.
On the other hand, in configuration II, the terms sinA and cosA allow
determination of over the complete domain.

That is why the resulting standard merge file xxx-STM.spe contains A from configuration
II file and ¥ from configuration III file.

Thermal Oxide on Silicon
-0.100
-0.000
--0.100
--0.200
Is 0.000 :8'288 Ic
-0.200 -0.500
'0.400 ; -0.600
-0.600 -0.700
-0.800 -0.800
15 2 25 3 35 4 45 5
Photon Energy (eV)
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High accuracy merge

Like the standard merge, this one includes two scans. The final spectrum is composed of:
- A taken from configuration II
- W is calculated with Is and Ic from configuration III and A from configuration II

ISIH

1
with the following formula: ¥ = — arctan| T O
Ic "sinA

Smart merge

Again the first scan is in configuration II and the second in configuration III. The final
spectrum is then composed of:

- A taken from configuration II

- W is composed of several segments: the limits of the segments are determined by
specified W threshold values. The segments with ¥ less than this threshold
give ¥ from configuration II and the segments with W greater than the threshold
give ¥ from configuration II1.

Remarks

A fit can give a bad result after a merge acquisition when:
- configuration II gives wrong ‘¥ values: it is not possible then to fit on ¥ and A
- configuration III gives wrong A values: it is not possible then to fit on ¥ and A
- configuration III gives wrong Ic values: it is not possible then to fit on Is and Ic

In general we recommend to measure only in configuration II and use (Is,Ic) as fit-
ting parameters.

The only interest of the merge method is to extract exact values for ¥ and A but does not
improve the fitting itself.

5.4.7 Detector settings

5.4.7.1 Integration time

The integration time is the amount of time allowed for the signal to be acquired for each
measurement point. In general select the shortest integration time that will give sufficient
S/N in the interesting spectral range. Greater integration time provides better S/N but
longer acquisition time.

For standard acquisition we use an integration time of 200ms, for measurements of
samples with low reflectivity we recommend a value of 2000ms.

5.4.7.2  Background

Background off: does not take care of the background signal.

Background on: two acquisitions are carried out for each data point. The system closes
the shutter located on the light source path and performs an acquisition. A signal plus dark
acquisition are performed with the shutter open. The dark acquisition is then subtracted
from the signal plus the dark acquisition; this technique minimizes the effects of any drift
that may occur.
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Automatic background: if the offsets calibration was performed, a results file (back-
ground.ini) was saved on the hard disc. If an acquisition is launched using this mode, the
[SOpackground noise (HV)] will be then subtracted from the acquisition data.

5.4.7.3 High voltage

The high voltage box contains the value the user has to set to optimize the gain; this is the
voltage applied to the photomultiplier tube (PMT). If you do not know what value to put
notice that before launching an acquisition, the user has to acquire the signal in real time
through the VIEWS window and make some settings described further so as to be in opti-
mal conditions of acquisition. Then by clicking on S0 adjustment button, the high voltage
value will be automatically adjusted.

5.4.7.4  Measurement spot size
The Micro-spot feature allows the user to set the size of the incident beam diameter. The

choices are 1200, 250, 120 and 60um. By reducing the spot size, the signal will decrease,
though small spot size may be needed for small or structured samples.

5.5 Spectroscopic MWL acquisition mode

The following figure shows the DP2 page for setting the acquisition parameters:

i Acquisition Routine - Monamel.acq

Spectroscopic MWL acquisition setup | HV values | Graph setup ] Graph ]

A . . Spectral range
[ Acquisition simulation User unit - |eV ﬂ

Start : 1.50 gy
Configuration choice
3 End : 6.00 gy

N -
| © merge J [ Use only one modulation:
[ M=0" A=+45° |

Number of wavelength : i

Number of mirror shifts :

Default values |

Calibration index: |ND data j

Mode : |Standard -
Micro-Spot : | j J
Background : |Elal::kgr|:|und on ﬂ
High Yoltage : |Autumati|:: ﬂ
S0 Min : | 60.00 my Incidence angle - | 70,00 -
S50 Max : | 80.00 mv Integration time : | 1 s | 200 ms

Most of the parameters are identical to the Spectroscopic Mono mode. However some
additional parameters have to be set:

S
~
Q
X

Explore the future HORIBA




Advanced Acquisition 56

Number of wavelengths:

A limited number of wavelength points can be selected.

Number of mirror shifts:

This is the minimum number of shifts necessary to cover the selected wavelength range.

Use only one modulation:

A fixed modulation amplitude is used: the measurement is faster but the precision
decreases in the IR.

5.6 Kinetic Mono acquisition mode

This mode allows the user to follow the growth of a material, in a reactor, in real time and
for a given wavelength. This acquisition mode is very appropriate for industrial applica-
tions like process control. Usually this mode is used to determine thickness of the layer as
a function of time.

The following figure shows the DP2 page for setting the acquisition parameters:

& Kinetic Acquisition Routine Mono - Nonamel.ack

: Kinetic mono acquisition setup l Result ]
Kinetic parameters Acquisition conditions
Sampling Time : 0_s
Configuration : |II: M=0° A=+45"~
Integration Time : 200 ms
Incidence angle :| Jo.oo -
Total Duration
® Foints Humber : 10
Micro-spot : | hat
" Time : 0 h | l]min| 0 s
Background : |Elal::kgr|:|und on -
Acquisition result format
(@ Binary format | J
7 Text format
High wvoltage : Automatic ~ | |[250 W
Spectral position = = | J |
S0 Min ¢ 60 mY
User unit : |eV - |
S0 Max : | 80 mv
Position : | 1.500 eV
S (37 views |
kl Prepare [=1 | & Views Sawve Sawve As | Save as Default
~
(=
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Sampling time:

Select here the time interval between measurement points.

Integration time:

Set integration time according to S/N.

Total duration:

Defined either by the number of points or by the total time of the experiment.

Spectral position:

Choose the wavelength (energy) where the data are taken.

5.7 R&T Mono acquisition mode

This acquisition mode measures the intensity of a transmitted or a reflected beam:
- in transmission L/

- in reflection Iz /1

[o] =

7

The transmission mode is very useful to decorrelate the analysis of thin absorbing films on
transparent substrates or multilayers on transparent substrates.

The measurement in transmission requires several conditions:
- the sample must be placed perpendicular to the normal incident light beam

- The user must pay attention that the transmission measurement of a thick sample
(>2mm) may not provide accurate data.

- in this acquisition mode the user must pay attention that fluctuations in lamp
intensity or bad light collection may introduce errors in the measurement.

- for both, the reflectance and transmission mode, the user has to create a reference
file for each wavelength.

Nevertheless, this measurement type is very important since it can be applied to glass sub-
strates, which are of course very important in display technology etc.

9/2/08

The following figure shows the DP2 page for setting the acquisition parameters:
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{R&T mono acquisition setup I Graph ]

Calibration index: |N° data ﬂ Mode : |Trﬁnsmissiun ﬂ
Spectrum range Transmission
User unit : |eV ﬂ

Mode: |Unpolarized -
Start - 1500 ey | ~|
End - 6.000 gay [ New DC signal reference

Increment : 0.050 ey

Drag-and-drop a reference file here :

il
Micro-Spot : | ﬂ
Background : |Bﬁ|::kgrl:|und on ﬂ
| [
High Voltage © | ~||250 v Incidence angle : | 90.00 *
S0 Min : | 60 mVv Integration time : | 1 x 200 ms
S0 Max : | 80 mv Accumulation : | 1

Note that the High Voltage must be fixed during the whole experiment because we want
to compare absolute intensities.

Mode:

Choose transmission or reflection mode. Both can be performed in polarized or unpolar-
ized mode.

Reference file:

Transmission and reflection experiments need a reference measurement of a known sam-
ple. This can be simply air (transmission) or Si (reflection). Choose whether you want to
acquire a new DC signal reference or use an already existing measurement (Drag-and-
Drop).

5.8 R&T MWL acquisition mode

The following figure shows the DP2 page for setting the acquisition parameters:

S
~
Q
X
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R&T MWL acquisition setup ‘ HY values ] Graph l

Spectral range a
p g Mode : ransmission -

User unit : |eV ﬂ

Start : 1.50 ev Transmission
- 6.00
End: = Mode: |Unp|:||ﬁrized ﬂ

[ Use only one modulation

Number of wavelength : hd [ Mew DC signal reference
Number of mirror shifts :
Default values | Drag-and-drop a reference file here :
il

Micro-Spot : | ﬂ

Background : |Bal:kgruund on ﬂ

High Voltage : | J Incidence angle : | S0.00 *
50 Min : | 60.00 mv Integration time : | L | 200 ms
DO Ll 2 | §0.00 [} Calibration index: |NlJ data ﬂ

Most of the parameters are identical to the R & T Mono mode. However some additional
parameters have to be set:

Number of wavelengths:

A limited number of wavelength points can be selected.

Number of mivror shifts:

This is the minimum number of shifts necessary to cover the selected wavelength range.

5.9 Summary: measurement strategies

The following table shows typical settings for important applications:

Sample type Spectral @ nge/ AOI General settings Additional
Step size measurements
Thin transparent |y 1 /0 ¢y 70° IT = 200ms
layer/Si
Thick transparent |15 g 10,005V 70° IT = 200ms
layer/Si
e}
=
§\ Absorbing layer/Si | Transparent region 70° IT = 200ms
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. . VASE: 65°, 75°
Multilayer/Si UV-VIS/0.05eV 70° IT = 200ms R
4 , VASE: 65°, 75°
Organic layer/Si UV-VIS-IR/0.05eV 70° IT = 200ms R
Glass substrate UV-VIS-IR/0.1eV ca. 55° (BA) IT = 1000ms
Thin layer/glass UV-VIS/0.1eV ca. 55° (BA) IT = 1000ms
VASE: 60°, 65°
Multilayer/glass UV-VIS-IR/0.05eV ca. 55° (BA) IT = 1000ms .
, VASE: 60°, 65°
Organic layer/glass | UV-VIS-IR/0.05eV | ca. 55° (BA) IT = 1000ms r
Metal substrate UV-VIS/0.05eV 70° IT = 200ms VASE: 65°, 75°
Thin Transparent |7y g/ g5ev 70° IT = 200ms VASE: 65°, 75°
layer/metal
Ihick Transparent 6 1g 10,005V 70° IT = 200ms
layer/metal
) IT = 1000ms VASE: 60°, 65°
Plastic substrate UV-VIS/0.05eV ca. 62° (BA)
Config. 11 T
) IT = 1000ms VASE: 60°, 65°
Polymer/plastic UV-VIS/0.05eV ca. 62° (BA)
Config. 11 T
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6 QuickStart Modeling

6.1 Introduction

The collected data of an ellipsometry measurement are the intensities of the harmonics of
the reflected or transmitted signal in a predefined spectral range. These harmonics are
mathematically treated to extract values of Is and Ic for each selected wavelength thus pro-
viding spectra Is = f(A) and Ic = f(A). These values are not material parameters or
thicknesses thus ellipsometry is an indirect technique of measurement.

Starting from the values Is and Ic, the software can calculate quantities of interest such as

Yand A.

To extract parameters of interest like optical constants and thickness from the measure-
ment a model has to be set up that allows theoretical calculation of Is and Ic (or ¥ and A
etc.). The parameters of interest are determined by comparison of theoretical and
experimental data (fitting: detail in chapter 6), the true optical constant values of
the different parts composing the sample structure.

A layer model can includes:
- layer structure: bare substrate, mono- or multilayer, super lattices. ..

- optical dispersions for each material: literature values, dispersion formulae, alloys,
effective media

- thickness of the different layers

- optical anisotropy, index gradients,. ..

This abundance of modeling parameters is provided in order to match the experimental
data as close as possible. Once the unique best fit is obtained the given model is consid-
ered the most sensible representation of reality. Thus the values for the modeling parame-
ters (thickness, optical constants,...) obtained by the fitting operation will be considered as
being the real ones.

Obviously, ellipsometry does not provide 100% exact values but which technique does?
However, despite of errors due to modeling or measurement, ellipsometry is still an
incredibly accurate, reproducible and precise optical technique of measurement. Further-
more, the present thin film calculation software has been designed to fulfil the analysis
requirements for a great variety of users: the DP2 software can be used just as well by thin
films research workers and by operators in semiconductor fabs.

Never forget that you have in hand a tool that is sample sensitive down to the atomic
scale, just by putting your sample under light, in air environment without destroying.

9/2/08
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6.2 Pre-requirements for modeling

Before starting the modeling step, there are some questions the user should answer to cor-
rectly proceed through this fundamental step of ellipsometric data analysis. Indeed, to
build a model the user has to know the maximum of information about:

- the substrate, its composition, its historic (cleaning, annealing,...), its surface state
(roughness, native oxide,...)

- the coating material(s) composing the sample, the number of films, deposition
method, the type(s) of interface(s), post-treatment(s) like annealing

- homogeneity of the sample, isotropy or anisotropy (birefringent material,
preferential polarization,...), index gradient

- presence of overlayer(s) like thin oxide film or roughness layer

The user has to keep in mind that all ellipsometric analyses are model dependent because it
is not possible to measure physical and optical quantities directly. The desired parameters
such as dielectric functions, refractive indices, material compositions, and film thicknesses
are determined by reference to a model that is an idealized mathematical representation of
the sample. So, the model must be physical and note that any inaccuracies in the fixed
parameters will lead to inaccuracies in the final results.

Ellipsometric modeling provides a real challenge and is the part of job that is the most
stimulating to the user of ellipsometry. The technique has a reputation of time sharing
10% for measurement and 90% for analysis. This is partly true but the pleasure or benefit
consecutively obtained afterward just gets consecutively higher.

6.3 DeltaPsi2 software environment — Modeling Interface

In this section we review a number of important software concepts or menus which are
used during data analysis with DP2. You should be familiar with all of these environments
as they are used throughout the analysis examples of this document. Discover each ele-
ment of modeling software environment before proceeding onward.

6.3.1 Configurate and discover the working environment: User Profile

DP2 is a multi-user working platform. Thanks to the user’s profile feature, all files to work
with remain in a local environment. Consequently you can chose to create a profile for
each user, for a group of users, for a specific application...To create a profile click on sof-
ware gptions button By and create a new profile. ..

g#‘ Create a new profile __.

There are no limits to the number of defined profiles. Once a new profile is created or an
existing one is selected, the central node for handling analysis is the TreeView. Its general
overview is detailed in the DP2 reference manual and its functionalities are similar to those of
windows explorer.

9/2/08
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6.3.2 TreeView folders

[C = B[O [ Nel Aeq & . o . .
=]| There are 4 main folders in this tree. They are visible directly when you launch the soft-

= ¥ User Library ware. Two of these are libraries and two others are for data:
-+ W Acquisition Routines

i 1.5-6.5 0.1.acq - User library
fity AM zero calibration.acq

i@ GST2.acq - Results

ful) natif acq

fl) natif? acq _

) Noname1.acq RCPOI"[S

3 routine by - Application library

P> Data Manipulation
Substrat .. . . . .

: Mt The secondary folders are visible or hidden according to a selection made in “software

P Models : e

it option/file exploret”.

Cicular.grd

4 Circular49.grd 3 : : : _ .
Complexgrd » Application library and User library have the same sub-structure. The first one is

%g[us_lﬁptgrd ) the pre-set HORIBA Jobin Yvon library containing model examples, reference files,

imple_array.gr . . . . . . N .

P Recipes material dispersion files delivered with the installation disk. The latter should be the
B Report Templates result of your work. It starts containing empty folders every time you create a new pro-

+ I Acquisition Data file

P Model Results
P Recipe Result . . . .

¥ Roporte We suggest your work to be saved in the User library. Copy from the application
& I Model Reports : . . :

= b Rocime Roports library files of interest in your user library.
¥ Application Library

N Acquisition Routines

> D n Bou » Results folder is the place where raw data are saved. These are either measured
ata Manipulation

P> Substrates data or modeling result data.

P Materials

P Models

P Grids

e o > Reports folder is the place where formatted data are saved. Modeling results or recipe
- B Report Templates results are saved here following a template format for printing or displaying HTML or
microsoft word DOC documents.

6.3.3 Creation of a new model

Create a new model by clicking on the Mod. tab.:

Make sure «User Library» is selected and then click on the «Spectroscopic Model» button.

Create new model ...

(" Application Library
Spectroscopic Model
@ Serial Multimodel

@ Bound Multimodel

X Cancel

6.3.3.1  Built your model using layers for each material

9/2/08

Drag acquisition data, reference, dispersion, etc. files from the tree view selection menu
and drop it into the sample structure
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Drag the experimental measurement file from the directory results — acquisition data to
the grey bar “Exp file”.

L LR ] | |

:aag A NN T S R

=] = =] men =]

L4 AI203

2 Al2o3_pal.ret
5 AI2O3-E_pal.rel
= AIZ03-O_pal.rel

« JAIGalnN

« Alg3

- DAu

= ac

= aCr

< aCo

« aCuPC

= afilter

- uFsG

= Laglass

< almo

« _ametal Thichrust set [ = F = Cu r

= Z1MoSi AT 70,000 " TEpFin (Sl

- N

= aNiCr

« JNiFe

= aNPD

+ LPEDOT [ [l [ Elpolymer_classical dsp

+ LPET B Csisarst

= aP

+ LPLL-PGA L I | Y | T

= dpolymer o R || ads |@|ea || s |@|ea| "

A default angle of incidence of 70° is given. You can change it by clicking on “70°”.
Generally do not fit the angle of incidence.

From “Modeling description” menu, click “Edit...”. From the “Modeling conditions” tab,
the “Experimental file spectral range” fits your model to the spectral range of the used
experimental file. However, if you want to use a smaller range, you can use a “User
defined spectral range”. Click “Ok”.

6.3.3.2 Set the unknown properties of the sample as model fit parameters

Check the boxes in the sample structure, and an “F” will appear

Fm [iEpo dsp x|

| | .C-s'i_isam

6.3.3.3  Launch the fitting process

Now the fitting process can be launched. The software will automatically adjust the
selected fit parameters to improve the agreement between the measured and the model-
generated data.

Click on the “Fit” tab

um .Er l. 1 ol den. x| ]
[ Csi_isaret K
Fitng chaies Fiting procedae Madeing deseription |~ Dupul descrphon e
[ - | (oo <] [Datua ]| [Cusar  =]| Shwieion Save
Mg lem | s | B | do | @ e | mod | @ Es | e Save s

6.3.3.4  The results are displayed graphically and in numbers.

The fit quality can be checked with the value of X2 (a smaller value indicates a better fit to
the experimental data) and visually compate the measured experimental data and the final
best-fit calculated data.

9/2/08
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herafion: 14 - |BGEIAN70
Parameter ] Value
L1 Thickness [nm] 1313.193000

y polymer_classical g= 2.4549940

&f polymer_classical ss 2.7998000

K polymer_classical wt 41143260

o polymer_classical wp 0.0000000
polymer_classical I, 0.4300584
polymer_classical I'd 0.0000000
polymer_classical f, 0.0000000
polymer_classical w, , 0.0000000
polymer_classical y, 0.0000000
polymer_classical f, 0.0000000

180 polymer_classical w, , 0.0000000
polymer_classical vy, 0.0000000
A £
Fitting finished
Guess: 1B/16  + Stored best y* - 56.E341
: Photon Energy (V) ’ o] 1 o
Esop | B gos=

6.4 Materials files

In both the application and the user library there is a folder called materials. The folder
contains files that represent the optical properties materials. These optical properties can
be either expressed as complex refractive indices N = n + ik or as dielectric functions €
=g, + ig,. The two expressions are related according to € = N2,

Note that optical properties for a material are physically meaningful if k > 0 and €, = 0 and
that these optical properties are given only for a limited spectral range.

DP2 offers different “file” possibilities to handle optical properties. Here is a short
overview.

6.4.1 Material file types

6.4.11  Reference (*.ref)

A reference file contains tabulated values of optical constants (n,k) as a function of
wavelengths taken from literature.

These files have text format in a structure similar to all deltapsi2 experimental data files.
They contain a table with 3 columns, wavelength or energy, real part then imaginary part
of optical properties. Most of Application library files are from this type and contain
energy and dielectric function. We will often mention these files as reference files. One can
already keep in mind that optical properties in such files are fixed and consequently
cannot be adjusted. A complete list of application library available reference files is given
in the appendix.

9/2/08

Example:

| SiDZ_wur.rEﬂ
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Access:

In the left-hand selection menu, expand «Application Library» «Materials»

Modelling Strategy:

Using reference files means that the optical constants are fixed values. The advantage is
that only the thickness will vary during the fitting process. The disadvantage is that it may
not exactly represent the real optical constants of your material.

When to use it 2

Often used materials like c-Si, SiO,, Al, Al,O3, etc. are present in the application library.
Use them as a starting step for modelling. A low value of the x> implies a good represen-
tation of the optical constants and thickness of your sample under analysis. In the contrary
case modify your model or your fit parameters until the best desctiption is found.

Examples:

Transparent Dielectric

ZrO2 Optical Constants

2.2

2.15\
2.1

2.05 \

1.9
500 1000 1500 2000
Wavelength (nm)
Absorbing Dielectric
SiNx Optical Constants
26 0.65
2.5 \ 10.55
2.45 \ 0.5
2.4 \ 10.45
2.3511 0.4
2311 10.35
n 225 k
2.2 \ 0-3
2.15 \ \ 10.25
2.1 \ 0.2
2.05 \\ 10.15
2 \ 10.1
1.95 — 10.05
1.9 0
200 300 400 500 600 700 800
Wavelength (nm)

S
~
Q
X
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Metal
Cobalt Optical Constants
6
5.5 15.5
5 5
4.5 4.5
4 4
95 k
3.5
3
25 3
2 2.5
1.5 2
250 500 750 1 000 1250 1500
Wavelength (nm)
Semiconductor
Al(x)Ga(1-x)As Optical Constants
s\
4.‘-, /1\ / \ 3.5
4 &\/ 3
3.5 J\ 2.5
n 3 2 k
|
2.5
2
I\
1.E
\J/ O
500 1 000 1500
Wavelength (nm)

Organics, polymers: Transparent at longer wavelengths, absorbing in FUV

Polymer Optical Constants

L 0.5
0.45
cosll L]\
ol 04
1.85 /\ \ 0.9
1.8 H 03
i 025
1.75 ’ \ — 02
1.7 ——
0.15
es| |
o ) \ 0.1
o [ \ 0.05
§ 1.55

0
200 400 600 800 1000 1200
Wavelength (nm)
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6.4.1.2  Dispersion Formula (*.dsp)

Optical dispersion means dependence of optical properties on wavelength or pho-
ton energy. Sometimes this dependence can follow an explicit analytical formula,
called dispersion formula. These dispersion formulae mostly are physically related to
optical transitions in materials, however, they also can be purely empirical without any
physical meaning.

DP2 offers pre-defined dispersion models which can be used straight forward. A legiti-
mate question is “which one should I use?”. Chapter 6 will explain in detail the most
important dispersions. Appendix A give the theoretical background of all dispersions.

Note that a dispersion file contains the following information:
- the type of dispersion equation
- the dispersion parameters, real numbers

- the dispersion parameters boundaries: an optional constraint when fitting these
parameters. When min = max = 0, the fitting routine considers no boundaries.

Example:
SiNx.dsp

Access:
Click on the “Mat” tab to access the dispersion files.
Ll

Examples for often used dispersions:

Main dispersion formula Materials family Materials examples

Oxides (SiO,, SiON, Al,O3,
HfO,, MgO, ZrO,), polymers,

organics

Transparent and weakly

Lorentz oscillator . . .
absorbing dielectrics

Drude oscillator Metals Al, Ag, Cr, Cu, Ti

1 ine dielectri SiN, a-C, oxides (TiOs, T2,0x,
New amotphous, Tauc Lorentz Semi-absorbing dielectrics and a-C, oxides (TiO,, Ta,Os5

semiconductors Zn0), AIN, photoresist
Kato-Adachi, Crystalline semiconductors AsGa, InP, Infs, HeCdTe,
Adachi-New Forouhi Y InGaP, ZnTe, CdTe

A dispersion file is used when a reference file for the material is not available or if the ref-
erence file does not lead to good fitting results (high 2 value).

Comment:

Weigh the benefit gained (goodness of fit) when using a dispersion based model instead of
a reference file against the added complication (more regression parameters). As a rule of
thumb the Xz should be improved by an order of magnitude when using a dispersion file.

9/2/08
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6.4.1.3 * ALY files

In Deltapsi2, the optical properties of four families of semiconductor materials can be
described by an alloy modeling. These families are:

* Al Ga;_ As

* Hg; ,Cd,Te

* Si;_ Ge,

* Iny Ga,As Py

The three first ate ternary alloys, the last one is a quaternary alloy. For the three first, the
composition is defined by the stoechiometry x, a value that can vary between 0 and 1. The
fourth family of alloy is the quaternary material Iny_ Ga,As Py_,. Its optical properties are
given for the case of x = 0.47 y. This stoechiometry relation restricts this family to the
alloys that are lattice matched to InP. For this case, composition is defined by stoechiome-
try y, also between 0 and 1. For example:

y = 0 corresponds to the material InP
y = 1 corresponds to the material Inj 53Gag 47As.

For a given family of alloys, the modeling is based on existing reference files of known
composition between 0 and 1. The software applies an appropriate interpolation proce-
dure to generate optical properties for intermediate compositions within the interval [0, 1].

Note that an alloy file contains the following information:
- the type of alloy
- its composition

Using this type of material file illustrates how ellipsometry can give access to the composi-
tion of materials.

* PPC files

PPC means point-by-point calculation. This kind of material file is devoted to cases
where fitting extracts the optical properties directly from experimental data at each wave-
length. Assumptions are made regarding all other parameters that are kept constant.

Modeling with PPC file types will be illustrated in detail later in this manual.

* SPE or *.CLC files

SPE files are directly generated by acquisition routines. CLC files are calculated files
that can be generated in the simulation environment. These two types of files are text files
with standard DP2 data format. We consider in the following explanation ellipsometric
data (remember DP2 also handles Reflectance or Transmittance data).

It is known from ellipsometry basic theory that angles ¥ and A for a sample are related to
the “pseudo-index” of a sample according to the following equation:

p =tanye™”

g 2 (12P)°
€=n"=sin 0|l ttan"0p——5
(1+p)
with @ as the angle of incidence.

When the sample is a bulk material, its pseudo-index is simply the complex index of
refraction of the material.

9/2/08

An ellipsometric data file can be seen as a material file, both, SPE and CLC files,
can be used in the materials folder. and consequently in the model.
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6.4.2 Creation of a dispersion file in the DeltaPsi2 software

For the creation of a dispersion Click on Mat in the top bar:

I A T -2
Mat., Acq. Mod. Srd. Rec. Tem.

6.4.2.1  Creation of a dispersion file with a pre-defined dispersion formula

Select Dispersion in the following window if you want to use a given dispersion formula to
describe your material dispersion:

Create new material ... g|

" Application Library

Alloy

-

Dispersion

User Defined Formula

Fpc Point-by-Point Calculated ‘

X Cancel

A dispersion window is displayed with a rolling menu to select a dispersion among the 32
existing, a list of adjustable fitting parameters and a graph that plots the dielectric function
or other optical parameters (n, k,....) as a function of photon energy or wavelength.

Adjust the fitting parameters to your convenience and save as your dispersion.

The *.dsp file will be placed in the aterials folder in the User Library of the TreeView. You
can then drag and drop it in the layer model.

Each dispersion formula is an adjustable function. The parameters of the function are fit-
ted when the corresponding check box in the model window is activated as shown below:

Flﬂ 30.0) @ioz.dsp x| X

. C—si_isa.ref =

A fitting window appears by clicking twice on the check box allowing you to select the
parameter(s) to fit. An example is shown below for the dispersion formula “Classical” that
takes into account only the single lorentz (transparent) oscillator set fot the SiO, material.

9/2/08
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Dizpersion Fit Parameters

b= X

Dispersion file name : Si02.dsp
Dispersion formula name : Cauchy Absorbent

Parameters |

Nominal Check: & Absolute ¢ Relative

Fit| walue Min Max |Internal | Output Fitting mode for A -
A v 1.0000000 | 0.0000000| 0.0000000 r * Nominal value
B v 0.0000000 { 0.0000000 | 0.0000000 [ r " Multiguess absolute :
C v 0.0000000 | 0.0000000| O0.0000000[ r  Multiguess relative :
D [~ | o.ooo0000 o.0ooo000 | 0.0000000 - © Multistart absolute -
E I 0.0000000 ( 0.0000000| 0.0000000 r ¢ Multistart relative -
F I 0.0000000 ( 0.0000000| 0.0000000 r

6.4.2.2  Creation of a dispersion file with an alloy function

The dispersion for alloyed materials is created by an interpolation technique. The interpo-
lation is based on real measurements that were performed for a series of compositions for
the four alloy types of the library: Al Gay_(As, Hgy  Cd,Te, Siy_(Ge, and In;_ Ga,As Py

To create an alloy material with the Alloy feature of DP2, perform the following steps:

In the model window, go to mat and select Alloy

Create new material ... R|

" Application Library
Alloy <
Dispersion

User Defined Formula

Ppc Point-by-Point Calculated

X Ccancel

In the Alloy window, select the alloy type. According to the x value the user set, the soft-
ware will generate a spectrum of the given alloy by interpolation between the existing spec-
tra of this alloy measured for well defined compositions.

Alloy type :
|AIpYGa(1-x)As ~|

Default X : 0.730 » :

9/2/08

Save the material in the material folder of the User Library with the extension *.aly.
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You can drag and drop it in your model, like the other material files in DP2

6.4.2.3  Creation of a dispersion file with the PPC feature

The Point-by-Point Calculated feature (also called NK fitting routine) fits n and k on a
point-by-point basis. NK fitting does not use dispersion equations for the optical con-
stants but it requires the exact knowledge of the film thickness.

It was shown that spectroscopic ellipsometry measures two parameters, and as a function
of wavelength. The optical properties of a sample (n, k) vary with wavelength, but the
thickness (d) is of course independent of wavelength. If the thickness is known then a
point-by-point calculation can invert the ellipsometric equations and give n and k for the
sample at each wavelength.

The DeltaPsi software achieves this by performing the following steps:

From the main menu, select Mat. choose Poznt-by-Pozint Calculated.

Create new material ... &|

" Application Library

Alloy

Dispersion

User Defined Formula

Ppc Point-by-Point Calculated 4
X Cancel

Then the following options appear:

Default n&k guess value source :

i® Fixed index guess value : Y n: 1.000
" Previous guess value : k: 0.000

" Material 1 :

Drag-and-drop a material file here E
" Material 2 :

Drag-and-drop a material file here @
" Material 3 :

Drag-and-drop a material file here @

" Table values : Clear table

Energy n k

The fixed index guess value feature uses fixed optical constants, n and k, as the guess for
each point.

The previous guess value feature uses the previous NK fit as the new guess for each point.

The material 1, 2 & 3 feature uses one or several materials created by dispersion as start-
ing point for the guess at each point. To perform this, drag and drop the material(s) to the
appropriate box and check the box that contains the material you want to fit with.

9/2/08

When you save your PPC material you create a *.ppc file in the materzal folder of the User
Library.
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For the use of the material 1, 2 & 3 feature we recommend to have one (ot several) dis-
persions that provide a good fit in order to have the best starting point for the guess.

If you want n and k over all the spectral range or over one specified region, you will surely
notice that, for most materials there are regions of the spectral range where the fit is not
perfect. That is why we recommend to decompose the spectrum:

- for each region of interest, create a different *.ppc file

- for region(s) of the spectral range where the fit is good, use your current
dispersion as starting point for the guess and be sure to perform the fit only over
the specified region. To do this go to Modeling description > edit > Modeling
conditions then check the box User defined spectral range, here you can select
the interval and the increment; we recommend to set the same increment you
used during acquisition.

- for region(s) of the spectral range where the fit is not satisfying try another
dispersion which provides a better fit over the specified region(s), then use it as
starting point for the guess and fit over the specified region(s).

- in the fitting step, fit only on the PPC material; don’t fit the thickness (it is
supposed to be constant)

- fit only using the Marquardt algorithm: go to Modeling description > edit
>fitting params, choose Marquardt in Minimization algorvithm.

- after each fit, click on Update above the graphic displayed in the model window:
it updates your *.ppc file, so when you open your PPC material, you get access to
the optical constants for each photon energy or wavelength. If you created a
*.ppc file for each region you can have n and k over the complete range of
acquisition.

- to see if you performed correctly the entire process, you should obtain a XZ equal
to zero.

6.4.2.4  Creation of a dispersion file from analytical expressions

Select User Defined Formula in the following window if you want to compose your dispet-
sion formula from analytical expressions to describe your material dispersion:

Create new material ... &|
This function is L

dedicated to " Application Library
advanced users

Alloy

Dispersion

User Defined Formula

Fpc Point-by-Point Calculated

X cancel

A window is displayed that allows to compose the dispersion formula from pre-defined
blocks:

S
~
Q
X
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@ User defined formula - Noname1.udf

Spectral range and comments Formula | A %l | Ql 1:1| @l |[

Build standard farmula ... Add new formula block, ... | Ql Left: I LI s I—

Build from dispersion file ...

Fixed parameters : Walue Minirnum | M awirnurn |

Function blocks :

Select the formula block to add...

Select the formula block : Formula block detail :

Epsilon

N 2

Ozcillator Stat f(o .

Dirude model 170
or

Amorphous 2 2 :

Sellmeier Transparent COO - CO + I’Y CO

Sellmeier Absorbent ] ]

Kinf

Cauchy Transparent

Cauchy Absorbent

Conrady

Schatt

Fixed Index

SqrtEps]

Transition EOD

Excition EOD

Transition E10

Excition E10

Mew Amorphous
Tauc Larentz
Forouhi
Transition EO0
Transition E1
Excition W annier
CHO E2a
Excition E0

Mew Forouhi
Hartman

Tanguy

Tanguy Extended
Aframovitz
Larertz Oscillators - General
Larentz Dzcillators - General [ acuurn]
Gauss

Cody Loentz
MicroSi
MicroSiL

PolySix

PalySiL

Ok I Cancel |

The example below shows a new dispersion formula composed of two blocks, a Drude
and a Tauc Lorentz term to represent micro-crystalline silicon:

S
~
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6.5 Creation of a Layer Model

Model files are kept in model folder with the extension: *. MDL. In the main window
of DP2, click on Mod button

L 2
Mat. Acq. Mod. Srd. Rec. Tem.

and select Spectroscopic Model:

Create new model ...

(" Application Library

Spectroscopic Model

@ Bound Multimodel
X Cancel |

The following window is displayed:

|| - ' a B 3
B | B 5] B o e B e | P 0 %] | 2 =0
Ml i Model - Nonamel _mdl BER
=B User Library HESH“S] 5' |m Gaye restlts Nel Updzte | Glio repnrll
b hesults PN JEN N o =110 ol | e e
28 eports
P Application Library Left: | = o= =] min |
Thickness unit: [A v|| [V Clear results before fit | [¥ Clear graph befare simulstion | [~ Shew all fiting steps
a0~ 70.000 YEw e | |
Fitting cheice: ~ Filting procedure Modsling description |~ Dutput description
~]||[singie Step =] ||[Detaut =1 ||[Detaut ]| | Simudation Save
Add |1ﬁf|£du..| Add |1ﬁf|£du..| Add |1ﬁf|£du..| Add |1ﬁf|£du..| Fit Save As
NonameT.mdl
Current profils : Default |

Moemarer| | 1A @& G L || Cymanuel || B manuel - irasait erd | B The model winedaw - Mieta... [ 8 Jobin Yvon 7 Heriba BB 095

with:

1 TreeView
2 model part
3  result window
4

fit/simulation graph window

In the TreeView go to the Results/Acquisition data folder and drag and drop the experi-
mental file in the Exp. File box.

S
~
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Then go in the TreeView to the materials folder of the User Library (for created materials)
or of the Application Library (for reference materials) and select the material(s) for the
substrate layer (S).

Drag and drop the material(s) from the TreeView window to the substrate layer

To create layers on top of the substrate layer just drag and drop a material file above the
substrate layer.

For example a two-layer model look like this:

20 10000 [ [B.dsp S
O 10000 FAdsp x| x

l Substrate.spe £

For all layers a mixture (effective medium approximation: EMA — details in chapter 5) of

maximum three materials per layer can be created. For example a layer consisting of mate-
rial A and B would look like this:

O _wo0%  NDAw S00% X e w007~

Thickness Proportion Material

Number of layer

In the grey fields, you can:
- set thickness and/or composition values. A click on these values allows to open
the “Fitting Choice Properties” window where you can set the fitting conditions.
- delete a layer by clicking the cross in the grey part on the right side.
- create/delete a layer repetition by a right click in the grey part

- change the type of layer by a right click in the grey part (gradient layer, anisotropic
uniaxial/biaxial layer or gradient anisotropic uniaxial/biaxial layer).

In the coloured fields you can find all that concerns the material(s) and:

- access the material file by a double click on the material name in the layer. This
possibility allows the user to see and/or modify the optical properties of the
material. The modification of optical properties is not possible with reference
files, you can only modify *.dsp, *.aly and *.ppc files. Remember to save your
material file after modifications!

- delete a material by clicking on the cross in the colored parts
- set “Titting parameters” by opening the “Fitting Choice Properties” window by a
right click on the colored fields.

The modeling step and the fitting step are connected: some of the actions made in the
modeling step are part of the fitting step. The fitting of a model to data is explained in
detail in the corresponding chapter.

9/2/08
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6.6 Thin Film Layer Structures

6.6.1 Modelling Strategy for Substrate

A film free substrate is characterized by: 0 < ¥ < 45° and 0 < A < 180°. A measured
value of greater than 45° implies that the sample is not a simple substrate, but has at least
one film on it.

6.6.1.1  Opaque Substrate

The ellipsometric measurement of an opaque bulk substrate provides directly its optical
constants (n,k) (assuming that the substrate is uniform and isotropic). An unknown sur-

face film or roughness will cause the (nk) values to be slightly different from the true
ones.

The ellipsometric measurement of the substrate can be used as a reference file. Just drag
and drop the ellipsometric measurement (.spe) inside the substrate.

’“IE £000.0 | [[sio2 osabs.dsp XX

. substrat lah 66.spe X

6.6.1.2  Transparent Substrate

A transparent substrate exhibits basckside reflections.

Casel: The substrate was measured with its backside reflections.

Beam Number

Use the «backside reflection» model. This model allows the optical treatment of the
backside reflections collected during the measurement.

It consists in the use of void in the substrate, then add a layer that represents the transpar-
ent substrate (do not forget to mention its thickness), then continue your sample structure
under analysis. In the example below, thicknesses are in A.

Backside Reflection model [ 2600% [ [Flsinb.dsp 50.00 % * | [void.dsp 5000 % * X
[F] 17626 .Iﬂsinb.dsp x X
[ soooooo.o [ Bkzref 5| %

[ void.ref =

Case2: The substrate was measured without backside reflections (the surface at the bot-
tom of the substrate can be roughened: the light is scattered or the backside reflections are
spatially separated from the first reflection and masked).

9/2/08
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Sample with a mask

Use a simple substrate containing the reference or dispersion of your transparent material
substrate.

] 5000 T [lznonew. dsp
| Bidret

6.6.2 Modelling Strategy for Single Layer

If the layer consists of a transparent material then we see interference fringes over the
whole spectral range:

0.8001 /\ / [ m 10.200
ool Il AL Lol Lol L]
oaooll LU LT T {1000
oo | RN T i
S LT Y e
0,200 VLW Il 1-0.400
ool LT U
ool LT Y] -oeco
oo T T o
v U
? Pr?oton Eﬁergy (<§V) °

A Semi-absorbing material would show damping of the oscillations in a part of the spec-
trum. The following example shows a layer that is transparent from 1.5-3.5 eV and absorb-
ing for energies above 3.5 eV:

9/2/08
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e
0.200 ( / H / [oo0
Is 0.000 H )H’ \ /V [0.200 .
-0.200 W w U \ I 0.000
1 o
-0.600 W v LU 0400

In the absorbing region the film behaves like a substrate. Light must penetrate the film to
determine its thickness. In the example of the semi-absorbing material, you can determine
the thickness in the spectral range 1.5 - 3.5 eV.

The thicker the transparent films is the closer the interference fringes are:

50 nm SiO2 on c-Si substrate

1.000 —
0.800 \ 0.200
0.600
0400 T \ 0.000
0.200 \ \ -0.200

ls_gggg \ \ / "\ |-0.400 °
' VAN
-0.400 \ \ _0.600
-0.600 \

-0.800 vih - -0-800

2 3 4 5 6
Photon Energy (eV)
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200 nm SiO2 on c-Si substrate

0.800 // \\ /m +0.200
s LN AL [ |

o200, |+ 4| [
s 0000 | A LA o
-0.200 \/ ) / \ { / \ N\}-0.400
ouool M U]
-0.600 / \/ / v [-0-600
-0.800 / }\ A -0.800
? PP?oton Eﬁergy (:V) °

10.000

-0.200

1 micron SiO2 on c-Si substrate

0.800 /] ﬂ ﬂ m 0.200
0.600 // [ﬂ; / { I H ” J ’ (
o.a00 LI I AR O IR I 1 -0
s A A
e oo LLUTHIINAR L )
0200 LCHUHATLN -0.400
-0.400 ‘ P l 0 600
-0.600 J / f ) ‘ ’ '
-0.800 f } f J J ) 0 800
/U

2 3 4 5 6
Photon Energy (eV)

2 microns SiO2 on c-Si substrate

1.000 \
0.800 n ﬂ ﬂ £0.200
0.600 | n .
0.400 |
0.200 | “ 10.200

Is 0.000 * ‘ "
-0.200 } -0.400
0400 I [-0.600
-0.600
-O-BOOUMLWVH -0.800

2 3 4 5 6
Photon Energy (eV)
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To get a first guess of the thickness, change the thickness of the layer and press the simu-
lation button to see whether the calculated interference period matches the measured one:

Explore the future HORIBA




QuickStart Modeling 82

INE 200000 | sio2_isaref
. C-si_isa.ref
Fitting choice Fitting procedure Modeling descrption Output description ] ]
|Default j |Single Step j |Defaull j |Defaull j Sl J’ Save
add | fif | Eat. | ads | i | add | | Ea || aad | | Ea | Fit Save s

Alternatively multiguess or multistart functions allow to vary automatically the initial fit-
ting values of thickness in a range defined by the user.

Click on the thickness value of the layer. The fitting choice properties screen will appear,
then select the multiguess or multistart options available in the thickness tab. The larger
the range and the smaller the increment, the longer the model calculation will take.

Activate Multiguess or
Multistart functions

Fitting Choice Properties for layer #1

Thickness Materials] Special functiuns] L.B.R. ] Checks]
v Fit

(" MNominal value : 200000 A

® Multiguess absolute :

Start : 10000 A
(" Multiguess relative :

End : 20000 A
(" Multistart absolute :

Increment : 1000 A
(" Multistart relative :
" Correlated to .  Layer number : 1« :

Ratio factor :

® Fixed : ’W
(" Variable Start: ’W
End : 1.000
Increment : 0.000

Ok | Cancel |

6.6.3 Modeling Strategy for a Layer Deposited on both Sides of the

Substrate

This case often happens when a dip coating technique is used to deposit the layer.

If the substrate is transparent (like glass in the visible or c-Si in the NIR) and the backside
reflections are collected during the measurement (that is there is no mask that hides the
backside reflections, or the surface at the bottom of the substrate is not roughened) then
the layer model has a structure as shown below:

S
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m 3147 | [MasT-2_tdsp x| %
O 10280 [ Osio2.dsp x| x
A9 30000000 [0 csiisare B
O 10280 [ Osio2.dsp x| x
.Dvuid.dsp X

The model is based on the backside reflection model, so it implies void as the substrate. In
this example, there is on both sides of ¢-Si a SiO, layer.

6.6.4 Modeling Strategy for Multilayers
Itis good to know the approximate thicknesses of the individual layers. If this information

is not available the multiguess or multistart options can help, but this might be very time-
consuming for more than two layers.

6.6.5 Roughness

Roughness is a small-scale variation in the height of the sample surface. It is often due to
the thin film deposition technique or sample preparation.

Roughness

Surface roughness is described as a discrete thin film at the surface. This layer can
be described with the effective medium approximation (EMA) as a mixture of the material
of the layer below with void (air) in a 50:50 ratio.

For this purpose add another layer and drag and drop the void reference file and the mate-
rial of the layer below in this new layer. The default composition for a two-material layer is

50:50.

BE 50.0/J% [ESiNcdsp 50.00 % *[1| Void_asp.ref 50.00 % X X

e 1480 PEsincdsp x| x
. Csi_wor.ref x

Modelling Strategy:

For small roughness thickness starting value is ca. 50A. Generally do not adjust the com-
position. For large roughness the thickness starting values might be 150 — 500 A. The
EMA that is mainly used is the Bruggeman model (it is set by default and called EMA in
DP2).

Thick roughness layers might scatter and depolarize light. Compare the Xz achieved with a
fixed composition of 50:50 and a fitted composition parameter. Does the result make
physically sense (for example 100% void: 0% material does not)?

Always begin with a simple model and increase complexity step by step. Add a rough over-
layer on top of the structure and see whether the goodness of fit oA improves signifi-
cantly.

9/2/08

Thin film deposition techniques that often produces a rough ovetlayer are sol-gel, anodiz-
ing, evaporation, sputtering, etc.
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The oxidation (oxide layer < 100A) of a surface can show the same effect as a roughness
layer on top of the sample.

The use of a roughness layer can improve drastically the goodness of fit (XZ) in a model.
Typical examples give a goodness of fit of 1.5 < %% < 10 without roughness layer for a film
thickness < 5000A. Adding a roughness layer can lead to 2 <1.

Note that surface roughness extracted by spectroscopic ellipsometry correlates with
roughness measured by other techniques, such as AFM.

The example below shows how adding a roughness layer can improve the fit:

* Model without roughness: ¥2=6.23

. 22636 [ Eesiemdsp X%
lDwgsnavmsp i

Fitting results: Model without roughness
0.750

0.500
0.500 % -

0.250
0.250 '\ ;

s * f 0.000 |,
0.000 1 =
-0.250 /_0.500
-0.500 -0.750

1.5 2 2.5 3 3.5 4 4.5
Photon Energy (eV)
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* Model with roughness: y2=0.46

e w30% PEeSondsp 000 % % Void ref 5L00% X %
e w57 PFesimdsp x| x
PMatassnew.dsp x
Fitting results: Model with roughness
'\
‘ 0.500
0.500 Tl
; 0.250
0.250 |I ‘
Is . ‘. | 0.000 lc
0.0001{ | 1 ({
'( ! -0.250
"t
-0.250 \
ll ! M -0.500
»
-0.500{ ¥4¢ -0.750
1.5 2 2.5 3 3.5 4 4.5
Photon Energy (eV)

6.6.6 Interfacial Regions

An interface describes the common boundary of two layers. In a thin film structure a
mixture of the material below and above the interface is assumed (using the Effective
Medium Approximation EMA theory).

In the example below we want to create an interface layer between layer 3 (P-si-as) and the
top layer (sio2_cl):

In the blue area of layer 3 click right and select copy layer to clipboard and then paste layer
to clipboard. Another layer will be inserted above the layer 3 that contains the material of

this layer. Then drag and drop the material of the layer 5 inside this new layer. A default
composition of 50:50 is set:

[Fl 20000 | [Esioz_cl.dsp XX
= 100.0/[F]% ] P-sias_jelref 50.00 % <[ [Flsio2_cl.dsp 50.00 % X X
[Fl 40000 [ P-sias_jelref x| x
O 790.0 .Dsin_new_tt_wﬂ.dsp |2
O 18070 | sicz_isaret x| x
l C-si_isa.ref &3

A reasonable starting value for the thickness of the interface layer is: 100A.

In a first step keep the composition fixed and adjust the thickness of the interface. It is
possible to automatically vary the thickness by using the multiguess or multistart option.

In a second step fit on both, the thickness and the composition and see whether there is a
significant improvement in the goodness of fit.

9/2/08

An interface layer is usually used when a homogeneous layer model gives a large % and
adding a roughness layer still does not give a satisfactory v
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Thin film deposition technique that produce inhomogenous coatings and thus interface
layers are sol-gel, anodizing, evaporation, sputtering, etc.

The example below shows how an interface layer can improve the fit:

* 4 layer model without interface: y2=24.5

1904.4| i@andﬂsp X %
35917 [ Psias_jelref x| x
0 730.0 [Csin_new 1w dsp ] %
O e I sioz isaret /%
[ Csiisarel =
4 layer model without interface
0.750 0.750
0.500 0.500
0.250 0.250
Is 0.000 0.000 Ic
-0.250 -0.250
-0.500 -0.500
-0.750- -0.750
1.5 2 2.5 3 3.5 4 4.5
Photon Energy (eV)
* 5 layer model with interface: 3?=8.7
F G ilﬂsfaz-_mm 3
E i mx [ Psiasjelrel 02,19 % [{[Fsioz_cl.dsp 17.01 %%
(WE 35056 [ Pesicas jelret x| x
[ [ Dsin_new_t:_wb.dsp x| x
I [T [ sio2_isaref b
l C-si_isa.rel B
5 layer model with interface
0.750 0.750
0.500 0.500
0.250 0.250
s 0.000{ 0.000 Ic
-0.250 -0.250
-0.500 -0.500
-0.750- -0.750
1.5 2 25 3 3.5 4 4.5
Photon Energy (eV)
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7 Advanced Modeling

7.1 The most important dispersion formulae

As already said the real and imaginary parts of the optical properties of solids are wave-
length / energy dependent. This dependency can be described by so-called dispersion for-
mulae. These dispersion formulae can be classified in the following groups:

- empirical formulae

- classical oscillator models

- amorphous and multiple oscillator models
- transition based models (excitons,...)

The dependency of the optical properties on wavelength is due to different types of opti-
cal absorption processes in the materials. The most important are:

- interband absorption

This type of absorption occurs when a bound electron absorbs a photon from the light
beam and is transferred to a higher energy level of the material. This absorption process
appears in the range from NIR to UV. This process is typical for nearly all semiconductors
and dielectric materials. Metals also show interband absorption, but additionally a strong
absorption of photons by free carriers.

- intraband absorption

This is the second most important type of absorption process in which an electron
absorbs a photon from the light beam and is transferred to a different energy state within
the same band.

- free carrier absorption

Conducting materials such as metals contain free electrons which are not bound to any
specific atom of the material. The absorption is usually proportional to the concentration
of carriers. Because such materials have no bandgap, as Fermi energy for a metal lies
within one of the electron energy band, the free carrier absorption is an intraband absorp-
tion phenomenon.

7.11 Empirical Formulae

These formulae are mostly based on polynoms. The most important examples are Cauchy,
Sellmeier, Conrady and Briot. They can be used in the case that the refractive index
changes simply with wavelength. Note that they are not Kramers-Kronig consistent
(Appendix A).

7.1.11 Cauchy dispersion

Usually the Cauchy dispersion is only used for transparent materials. The refractive index
is then given by (transparent Cauchy):

B-10* C-10°
A2 " A

n(h)=A+

9/2/08
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k(X)=0

However, the DeltaPsi2 software allows to take a small absorption into account (absor-

bent Cauchy):

B-10* C-10°
n(A)=A+ % 4 =
E-10° F-10°

+
A2 A

k(A)=D.107 +

A, B, C, D, E and F are the fitting parameters.

These formulae can provide reasonable description of simple materials, but complicated
dispersions cannot be determined and sometimes fitting of the coefficients does not con-
verge to a good solution.

7.1.1.2  Sellmeier dispersion

This dispersion is very similar to the Cauchy dispersion. The expressions ate:

2
g=n’ (7\,) =A+B- # and k(X) =( (transparent)
B 0
or
e 2112(7L):1+—A4 and k(1)= ¢ T (absotbent)
142710 n-D102 A+ ———+—

7\’3

7.1.1.3  Conrady

The Conrady dispersion is a variation of the Cauchy Transparent dispersion and can also

be applied to transparent and simple materials:

B-10> C-10°
+ + a

s nd k(1)=0

n(L)=A

7.1.1.4  Briot (Schott)

This dispersion formula is based on mathematics of Abelian and elliptic functions:

A,-107 A, -107 LA 10°° A 1077

n(M)=A,+A,-107 -1+ . + x x x

9/2/08

k(X)=0
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Note that empirical dispersion relations such as Sellmeier, Cauchy, Conrady and
Briot (Shott) have been widely used to describe transparent substrates and thin
films till now. The constants in these formulae have no physical meaning.

7.1.1.5 Haltman

A further empirical model is described by the Haltman formula:

C
n(E)= M(E)-B
k(E)=0
AE) =1

7.11.6  Fixed index

This model is mainly used to describe the dispersion of the ambient (air, liquid,...):
n(E) = const
k(E) = const

7.1.2 Classical oscillator models

Classical oscillator models are derived from the equation of motion of a bound charge. In
the DP2 software the classical oscillator model contains:

- Lorentz oscillator
- Drude oscillator
- high frequency constant

- and additional oscillators

7.1.2.1  Lorentz oscillator
A Lorentz oscillator describes an electron bound to a heavy ion by a “spring” with a
restoring force.

The single Lorentz oscillator is mostly used to describe transparent dielectric materials
(I'p=0) such as SiO,, SiON, Al,O3, HfO,, MgO or weakly absorbing materials (I"j0).

The formula for the Lorentz oscillator is:

(SS — 800 )('l)t2

2 2 .
L~ +1N o

Q]

where is the light energy (eV), €4, is the dielectric constant for high frequencies, g is the
static dielectric constant, ®, is the transition energy of the absorption process and I' is the
damping constant.

9/2/08

For example in the next graph a Lorentz oscillator with £,,=1, £,=2, ¢,=3eV and I';=0.7 is
shown (Im(g) in red and Re(g) in blue):
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7.1.2.2 Drude term

The Drude free electron model is used mainly for metals. It can be derived from the
Lorentz oscillator model by assuming that the restoring force is zero (@, = 0). That means
that all electrons are free to move throughout the material. The equation for the Drude
oscillator is given by:

2

©p

2 .
-0+l o

where is the light energy (¢V), o, is the plasma energy of the free electron gas and I'p is
the damping constant. The damping force describes the scattering of the electrons associ-
ated with electrical resistivity.

7.1.2.3 Additional oscillators

Sometimes it is necessary to use additional oscillators for example in the case of materials
that have several absorption bands such as organic polymers.

These additional oscillators have the form of Lorentz oscillators and are given by:

2
2
fio
=1

2
(OFS

2 .
i - +1’Cj03

where o is the light energy (eV), f is the oscillator strength, ® is the transition energy of
the absorption process and is the damping constant.

7.1.2.4  Summary: classical formula

9/2/08

The equation of the classical formula in the DP2 software is therefore given by:
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(Ss — &, ) (’Ot2 + (DPZ + .

2 2 : 2 . 2 2 :
o -0+l -0 +il'e Fo, -0 +ite

2
f oy

E=¢E_+

o0

When the user checks the fitting box of the classical dispersion in the Model window, the
software will ask the user to select the type(s) of oscillator:

Dispersion file name : Nonamel.dsp ll
Dispersion formula name : Classical
Parameters Sub—furmulal
— High Frequency
[—
S0
H
— Single Oscillator
. 3 r#0 =l
(85 800 ) (Dt
2 _ 2 4+ T
O, "0 iro =
¥ Drude Model
2 [—
0]
P
2 .
-0 +1'; o e
— Double Oscillator
7 2 y.#0 ;I
2 f ] [0] Uj \I',# 1}
2 _ 2
10— 0" T =

7.1.2.5 Quatre Oscillators

This dispersion formula is just an extension of the double oscillator formula of the classi-
cal dispersion and is used for materials with several absorption bands such as polymers.

elo)=c, +3

2 2 .
10, — 0 +iyo

2
fo

7.1.3  Oscillator models for amorphous materials

In thin film technologies a lot of materials exist in an amorphous or nearly amorphous
structure. The optical properties of these materials can depend strongly on the growth
conditions so that there can be a great variation of optical parameters. In the following we
describe the most important dispersion models for this type of materials.

Common to these models is that there is an energy band gap below which there is
no absorption.

7.1.31  New Amorphous

9/2/08

Probably the most commonly used dispersion formula for amorphous materials is based
on a parameterization introduced by Forouhi & Bloomer:
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n(co)—n +B(co—0)j)+C
o ioa—oaj i+1ﬁj2
2
fj((‘)_wg)2 0>,
k(co): (OJ—O)j)+Fj
| 0 0 <o,
where

f.
B= ﬁ[sz - (oaj —O)g)z]
]
C=2f;: Fj(‘”j - (’Jg)
with the following fitting parameters:
- n, the long wavelength (low energy) refractive index
- ©; the energy of maximum absorption

- 1j the oscillator strength

©, the band gap energy

I the broadening factor

The New Amorphous dispersion formula, which can be regarded as a single oscillator
above a certain energy band gap below which there is no absorption, can be extended to
allow 2 or 3 oscillators above the band gap:

- Double New Amorphous
- Triple New Amorphous

The fitting parameters are thus n, O, fi’ ©;, l"i with 1 <j<3.

This is necessary if there are additional absorption bands present in the material.

7.1.3.2  Amorphous

This dispetsion is based on an earlier parametrization found by Forouhi & Bloomer:

H(E):\/g-l- BO'E+CO

E’-B-E+(C

A[E-E,)

= "¢ E>E,
K(E)= E’-B-E+C

0 E<E

where

9/2/08
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The fitting parameters are: &, Hy, A, B and C The formulae can be extended to use up to
4 oscillators (Double-, Triple- and Quadruple Amorphous).

The drawback is that not all parameters have a proper physical meaning. €., is the high fre-
quency diclectric constant and E, is the energy band gap. A is simply a factor but B and C
are expressions of physical parameters:

B =2E, and C = E?+T?

This makes it very difficult to guess proper start values for the dispersion.

The recommendation is to use the New Amorphous formula which is much more
intuitive.

Although the Amorphous or New Amorphous parameterization works for a lot of materi-
als and is very useful for spectroscopic ellipsometry there are some physical problems:

- the approximation k(E) = 0 for E < E, is not physically realistic
- for E >> K, the (New) Amorphous formula predicts k(E) = constant which of

course cannot be true for a real material.

A consequence is that these dispersions are not Kramers-Kronig consistent.

7.1.3.3 Tauc Lorentz formula

The Tauc Lorentz dispersion formula corrects the unphysical problems of the (New)
Amorphous dispersion. This formula is based on the Tauc expression and Lorentz oscilla-
tor model. The imaginary part of the dielectric function near the band edge is given by:

A-E,-C(E-Eg)’
%.(2 02)g 2g)2 E>E,
e,(E)=2n(Ek(E)={ \E —Ey ) +C-E
0 E<E,

N

There are 5 fitting parameters: the energy band gap E,, the peak in the joint density of
states E, the high frequency dielectric constant €, in the &; expression (see below), the
factor A4, which includes the optical transition matrix elements, and C the broadening fac-
tor.

The real part €, is determined from €, with the Kramers-Kronig relation:

9/2/08

o+ 2opel8)
sl(E)—8w+n PE{§2—E2 dg

For details on this calculation refer to appendix A.
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The Tauc Lorentz expression is consistent with known physical phenomena and is obvi-
ously Kramers-Kronig consistent.

7.1.4 Transition based dispersion models

These dispersion models are mainly used to describe transitions near the band gap
in semiconductors. These are mostly band-to-band and excitonic transitions.

7.1.4.1  Adachi Model Dielectric Function (MDF)

The dielectric function of a material is composed by contributions from all transitions
between the valence band and the conduction band.

The Adachi-MDF is mainly applied to transitions appearing in semiconductors near the
band gap, namely E, Eq+, E{, E{+.

The complex dielectric function of the MDF model is composed of different terms corre-
sponding to these transitions:

e=g, +¢g +¢,+¢g,

The assumption is again that for energies lower than the fundamental band gap the
absorption is zero: Im (€) = 0 for E < E,

For the transitions at Eand at Ej + Ay we get:

A f(Xo)+ f(Xso)

€ =1y E03/2 2(E0+A0)3/2
with
214+ —+/1-x
f(x)= :
X

_E+il’
Xo = E,

_E+il
Koo = E, +A,

The contribution of the excitonic transitions is described by:

A, |

X

82 :Z n3 G
" E, —(Oj—E —il,

2
n

In theory, the sum is done for an infinite number of excitonic states, but most of the time,
only the first excitonic states are observable. The others are included in the band to band
contribution due to their proximity.

9/2/08

For transitions Ej and E + | the contribution is:
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B
€, = ——;-ln(l—éz)
&
with
E+i1l
g=—rt
El

The fitting parameters are Ay, Ay, B1, Go, Eg, Eq, T, I'1, Ap and €.

7.1.4.2 Excitonic model

This model describes the contribution of excitons at the transitions E(, Eq+A(, E; and

E+A,.
€= 8ex,O + Sex,l
= A, 1 1 1
o0 = 25 G 3 G
! EO—(nzoj—E—lro E0+AO—(n§j—E—ﬂ“o

E1+A1—{“}—E—ﬂ“0
2

With the following parameters:

9/2/08
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€0 High frequency
Ey K, transition

Dy, also called A Ey+D transition
Gy Broadening parameter
Ay Strength parameter
Ay Exciton strength parameter
Gy Exciton binding parameter
E, E; transition

Dy, also called A E{+D; transition
Gy Broadening parameter
By Strength parameter
B, Strength parameter
B, Exciton strength parameter ( E)
B,y Exciton strength parameter (E+D)
G, Exciton binding parameter
Gy, Exciton binding parameter
E, E2 transition
Co Strength parameter
G, Broadening parameter

7.1.4.3  Tanguy model

The tanguy dispersion formula is used for alloyed II1-V-semiconductors such as InGaAsP
to describe the transitions near the band gap energy. The formula of the Tanguy model is:

a4
b—(E~il)’

| E,’ 2\/15g \/Eg+E+iF \/Eg—E—iF_
n—————+ 2,2 —— -
R R

by 2 1 _ 1
SR e R e R
E, E, +E+il E,—E-il

The fitting parameters are:

e(E)=¢, +

AVR
+

E+il’

- £g: low frequency dielectric constant

E,: band gap energy

I': broadening parameter

a, b: dispersion parameters for E < E,

9/2/08

¢, d: dispersion parameters for k at E > Eg

- R: energy of exciton

A: coefficient proportional to the square of the Kane momentum
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7.1.4.4  Tanguy Extended Model

The Tanguy Extended dispersion formula is used as the Tanguy formula, however, it is
mainly applied in the near-IR spectral region. The formula is:

a Ax/ﬁ
+

b—E? E+il

g[¢(E +il)]+ g[¢(- E —iT)] - 2¢[¢(0)]

with

g(¢)=2In(¢)-2n- cot(nt)-2¥(¢) _%

so that we obtain:
n= Re(x/g )

L 1m(ve) E<E,

im(Ve)+c(E—E,)+d(E-E,} E>E,

The fitting parameters are the same as the one from Tanguy formula

- g low frequency dielectric constant
- B, band gap energy
- I': broadening parameter

- a, b: dispersion parameters for E < E,

¢, d: dispersion parameters for k at E > Eg

R: energy of exciton

A: coefficient proportional to the squatre of the Kane momentum

7.1.5 Further models and combination of previous models

There are further dispersion models implemented in the DP2 software. Some are exten-
sions or combinations of already discussed models. The most important are:

- Afromowitz
- Kato-Adachi
- Kato-Adachi IR
- Adachi-n Forouhi
- Adachi-New Forouhi
They are all described in detail in appendix Al

9/2/08
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7.1.6

Summary

The following table summarizes again the discussed dispersion models and their applica-

tions:

Fitting
Dispersion type Dispersion Materials
parameter
Transparent or weakly
absorbent materials: SiO,,
Classical classical SiION, Al,O3, HfO,, MgO, 4 up to12
oscillators 710,
Metals with Drude Oscillator
Quatre oscillators Polymers, TPD materials 9
Cauchy Transparent or weakly 3upto6
absorbent thin materials: glass,
Sellmeier 3uptob
thin SiO, films..
Polynomial
Conrady 3
Transparent and simple
Briot 6
materials
Haltman 3
New Amorphous Al O3, TiO,,T2,054 S5upto 11l
Transparent or complex
Amorphous Amorphous absorbent matetials, Alq3, 5up to 14
AIN, pentacene
Tauc Lorentz a—SiXNy:H, 5upto 11
Excitonic 19
Semiconductors I1I-VI, ZnTe,
Adachi-MDF 8
HgCdTe
Semiconductors I11-V, InGaP
Transition-based Tanguy 7
near band gap energy
Semiconductors 111I-V in the
Tanguy Extended 8
IR region of the spectra
Afromovitz Semiconductors 111-V 6

98



Advanced Modeling 99

Kato-Adachi Semiconductors I1I-V till 3eV 11
Combination of Kato-Adachi IR 8
previous Adachi n Fourouhi 8up to 14
dispersion Adachi-New PZT: lead zirconate titanate,
Fourouhi i

7.1.7 Dispersion parameter manual adjustment - Examples

During the fitting process the DP2 software automatically adjusts dispersion parameters to
obtain the best fit. In complex cases the solution of the fitting process might be far from
the best solution. Therefore it is crucial to set the starting parameters for the dispersion
models as close to reality as possible.

For this reason it is important to get the maximum of information of the optical properties
of the material to be modelled by consulting literatute values and/or the reference files of
the DP2 software.

In the next chapters dispersion models and corresponding start values for various materi-
als are discussed.

7.1.71  Classical/Drude Oscillator dispersion for Aluminium

The following graph shows in the dispersion window:
- n of the Drude Oscillator in blue
- k of the Drude Oscillator in red
- n of the Aluminium reference file in green

k of the Aluminium reference file in black
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The above graph is obtained when you open a classical dispersion with the aluminium ref-
erence superposed on it. The starting fitting parameters are:
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E, 1.0000000
e 2.5000000
o, 12.0000000
o, 0.0000000
T, 5.0000000
r, 0.0000000
F| 0.0000000
®o; 0.0000000
yi 0.0000000
F, 0.0000000
®02 0.0000000
Y, 0.0000000

Aluminium is a metal, so we use the Drude Oscillator dispersion whose parameters are the
plasma frequency @, and the damping constant I'y. € is generally set to 1 and we do not
fit on it. All other parameters, except for @, I'y and &, are set to 0.

o, and I'y are now adjusted to match the reference curve. The following set of parameters

is a good guess for matching the dispersion with the reference from 2.5e¢V to 6eV:

€0 1.0000000
®, 15.6500000
Ty 0.6200000
\ I I I I 5 000
| | | | (2000
soood LN oo :+ -------- :L -------- :k -------- I
| | | I [ 7 000
n E E E E L
| . | : < 000
1.000 - - - s - o o PR e R RREEEEEE I
E E E E [ 4000
Region ! ! ' ' -—a.l:u:u:u
o of mismatch ! ! ! ! i
S : : : :
S 2 3 i 5 B
Phaton Energy (2]
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Aluminium, like all metals, is strongly absorbent in the IR. Usually it does not matter if the
dispersion is not appropriate in the IR region, because most of time the visible and UV
region are of interest. However, if the IR region is important a more sophisticated disper-
sion formula is necessatry.

7.1.7.2  New Amorphous dispersion for TiO,

The following graph shows in the dispersion window:
- n of New Amorphous in blue
- k of New Amorphous in red

- n of TiO, reference file in green

- k of TiO, reference file in black
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P IR A

1 1
1 1
1 1
L L
S
2 3
Photon Energy (e

4=

The goal is to adjust parameters so that the dispersion matches the reference. Initial
parameters of the New Amorphous dispersion are for example:

n,,= 1.0000000
0g= 3.0000000
f; = 0.1000000

©; = 5.0000000
I'; = 0.5000000

9/2/08

Look at n of the reference file near the lowest energy: n(1.5eV) = 2.265. We can put this
value to n,.
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0360
0340
0320
0300
0280
0260
0240
0220
0200
0180
0160
Foqan k
0420
0400
0080
0050
0040
0020
0.000
0020
0,040
0,060

5.000 4

4.000 4

n 3000 4

2.000 4

1.000 4

1 1

1 1

1 1

L L

T T
2 3 4
Phicton Energy (V)

According to the reference there is no absorption (k = 0); That means that we have to set
o; and O high enough so that there is no absorption in the given spectral range. For

J
example set @, = 4.9¢V and ®; = 6eV; by definition , < @;. You will obtain:

g g

0,360
0,340
11 B S e e T T S 0320
0,300
0,280
0,260
0,240
0,220
0,200
-0.180
0,160
F0140 &
0,120
0,100
0,050
0,060
0,040
- 0.020
0.000
0,020
- _0.040
- _0.080

40004 - -

n3.0004---

20004 - - -

10004 - -

1

1

E

4
hoton Energy (8%

Then adjust the strength and the broadening parameter. An increasing oscillator strength
leads to a higher value of n. A decreasing broadening parameter leads to a steeper increase
of n with energy. Set for example f; = 0.25 and r i = 0.10eV thus we obtain a correct curve
profile:

9/2/08
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01,360
0,340
0,520
0,300
0,230
0,260
0,240
0,220
01,200
0130
0.1 60
Foq4n K
0.1 20
0100
0,050
0060
0,040
0,020
0.000
0,020
0,040
0,050

5.000 4

4.000 4

N 3000

2.000 4

1.000 4

1 1

1 1

1 1

L L

T T
2 3 4
Photon Energy (&)

Finally we adjust again the value of n. For example set n = 1.55:

0,380
0,340
0,520
0,300
0 280
0,260
0,240
0220
0200
F0.180
0160
F 040 K
0120
0100
0,050
- 0.050
0040
0,020
- 0.000

5.000

4.000

N 3.000

2.000

1.000 1 0040

--0.060

1 1 1

1 1 1

1 1 1

L L L

T T T

2 3 4
Photon Energy (2%

The final start values in this case are then:

n,, = 1.5500000
g = 4.9000000
£, = 0.2500000

9/2/08

©; = 6.0000000
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r j = 0.1000000

It does not matter if the starting parameters lead to a dispersion that does not exactly
match the reference values because they will be adjusted in the fitting process. Real TiO,
samples can show different optical properties for example they can show absorption for
lower energies which means lower values for @, and ;. For example for one of our sam-
ples we found after the fitting process the following parameters:

n,, = 1.9922565
= 3.0720084
f, = 0.1764574
;= 4.2158175
I; = 0.4805436

7.1.8  Effective medium approximation

Effective medium approximations (EMAs) are used to describe the optical constants of
mixtures of materials of known optical constants.

EMAs are applied successfully when inhomogeneities are at scale somewhere in between
atomic distances and the wavelength. The most important applications are:

- surface roughness layers
- interface layers
- porous materials

- mixture of materials

7.1.8.1 The effective medium models

The DP2 software uses several models of effective medium, according to the phase pro-
portions in the mixture:

- MG for Maxwell-Garnett model

- EMA for Bruggeman model

- EMAMG for Maxwell-Garnett & Bruggeman model
- 8S85C for Sen, Scala & Cohen model

Maxwell-Garnett model

This model is based on the Clausius-Mosetti relationship which describes the dielectric
function of a set of spheres that are at a certain distance to each other and homogeneously
immerged in a host medium. This model defines the dielectric function € of the effective
medium according to the following formula:

. g, (1+2f)+2¢,(1-f)
o g,(1-f)+e,(2+f)

With the dielectric constant of spherical particles £) immerged in a host medium whose
dielectric constant is €. f is the volume fraction of the spheres.

9/2/08
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The Maxwell-Garnett model is valid in cases where there are inhomogeneities in granular
form. It is only valid for a two-component mixture. It is for example very useful for cer-
tain nanocrystals embedded in hosts and for cermats. However, the proportion of the
inclusions in the host medium must be low, otherwise the Bruggeman model, which is dis-
cussed next, must be used.

EMA-Bruggeman model

In this model the different components of the mixture are treated equivalently, without
preliminary assumption on the relative proportions. This model is self-consistent: the mix-
ture of the different materials forms the host medium, which means that the dielectric
function of the host medium is the EMA-Bruggeman dielectric function.

In this model the number of phases can exceed 2. The dielectric functions of the different
materials are g; (with i=1,2,3,...) with corresponding volume fractions f;. The dielectric
function of the effective medium fulfills the following equation:

€ —¢€
Y EE
i g, +2¢
This polynomial equation has a degree equal to the number of material components. For
example, in the case where 1 = 2, f, = 1-f; and the following equation has to be solved:
—2e? +[3f,(e, —&,)+2¢, ¢, Je+€,8, =0

In the DP2 software the number of components per layer is limited to three to avoid com-
plicated calculi and eventual correlations between the different parameters.

This model is very useful for modelling surface roughness consisting of 50% void and
50% material of the layer below.

EMAMG

The EMAMG model is a combination of the Maxwell-Garnett model and the Bruggeman
model.

SSC model

Sen & al presented a self similar model based on the following equation:

€8 _ &%

e+2¢g, g, +2¢,

The derivation provided by Sen & al results in:

[ij | (gj _s
€, —¢g ) &

with ¢@ the proportion of the host medium

This model is applied to a fractal medium of infinitely wide particle size distribution. For
example it is useful for modelling real porous systems, which show a wide size distribution
of the void inclusions.
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7.1.8.2  Effective medium approximations in DP2

Explore the future HORIBA




Advanced Modeling 106

To create an effective medium in DP2 a layer has to be created that contains the host
medium and one or two additional materials. The materials can be assigned to the layer
simply by “drag and drop” from the material folders in the User or Application library:

- User Library > Materials if materials are created by the user
- Application Library > Materials if already existing materials are used

If there are more than one material assigned to a layer there will be the additional fitting
parameter “%”, which is the proportion of the different materials. By checking the pro-
portion fit box this parameter will be adjusted during the fitting process.

By default, a mixture of two materials is set to 50% of material A and 50% of material B.
To adjust the proportion click on any % symbol displayed on the layer and the following
window appears Fitting choice Properties for layer # >Materials :

Fitting Choice Properties for layer #2 | X|

Thickness Materials |Special Routine | Checks |

[ iFit volume fraction:

Fit Material name Yolume fraction

M Param.|TiO2 dsp |5|].uu %
™ Param.|void.dsp |5|].uu %

Effective medium method

EMA j Screening factor : I 2.0000

“Yolume fraction fitting mode for first material

 Nominal value {above wvalue)

" Multiguess absolute :
" Multiquess relative :
" Multistart absolute :
" Multistart relative :

¢ Correlated :

Ok I Cancel

Volume fraction: the proportions can be adjusted; for a three component mixture the
same window with three values of proportion will appear.

Material name: the different materials that compose the layer are shown with their respec-
tive fit box.

Volume fraction fitting mode: the different fitting functions on the proportion can be
chosen.

Effective medium method: the method for the effective medium approximation can be
selected.

In the following sections some examples for the application of EMAs are shown.

S
~
Q
X
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7.1.8.3  Examples for EMA

Roughness layer

In the case of TiO, layer on a glass substrate we start with a simple model using a New
Amorphous dispersion for the TiO, layer:

’!IE 1321.9 PETioz.dsp x| X

l Glass.spe X

The acquired spectra (dots) and the fit (lines) are shown in the graph below:
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The results of the fit are:
d = 1321.9A for the thickness and
%% = 12.88 for the goodness of fit

Now we add a roughness layer on top of the TiO, layer. This roughness layer is repre-
sented by a mixture of 50% TiO, and 50% void with a starting thickness of 30A:

¢ ol 363 0% [JETi02.45p 50.00 % X‘lenid_dsp 50.00 % % %
WA e EEmonds < x

. Glass.spe X

The acquired spectra (dots) and the fit (lines) are shown in the graph below:

9/2/08

Explore the future HORIBA




Advanced Modeling 108

0.5
0.45 4
0.4
035
0.3
0.25 4
0.2
0.15
0.1
0.05

005 |
-0.1
015 |
0.2
025 {4
ER

035

Phaoton Eneray (&%)

The results are now:
d = 1306.2A for the thickness of the TiO, layer,
d = 36.3A for the thickness of the roughness layer and

x2=1.23 for the goodness of fit (ten times better than without roughness layer!).

Interface layer

An interface layer may form between two layers for example by diffusion (mixture) or the
given sutface structure (hooking):

- material composite with portion of material B < portion of material A

The layer model would in this case look like the following:

@ 10000 [ [FB.dsp x| x
e s00% PBEadse 80.00 % % |[F)B.dsp 20.00 % X %
E 10000 A dsp x| x

Once a good fit is obtained with a fixed proportion, one can try to fit on the proportion to
further reduce the value of XZ.
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- hooking layer with portion of material B = portion of material A
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WO uwa s <
e 00x PEagse 50.00 % *| [ [F]8.dsp 50.00 %/ *| %
WE wed  Hmass <

Also in this case one can try to fit on the proportion to further reduce the value of Xz.

Porous layer

If the porous material A is embedded between the substrate and material B the model
would look like:

2 E 10000 [ [FB.dsp x| x
_IEI 1000.0 El llElA.dsp 50.00 % X|! Void_asp.ref 50.00 % X %

l Substrate spe 3

The layer with the porous material A is modelled by: material A & Void. It is recom-
mended to set the proportion as fitting parameter.

The situation is similar for a material where the optical properties depend on thickness. A
rigorous treatment of this case is done by choosing a “gradient layer” but mostly a 2 layer

model is enough. For example if the optical index increase from bottom to top the model
looks like:

AE s [FAds [
ulﬂ 1000.0 |E| llEA_dsp 50.00 % X|! Void_asp_ref 50,00 %| | %

l Substrate_spe %

The material is modelled by two layers: the normal layer and an effective medium layer
with material A & Void. A fit on the proportion is also recommended. This model can
equally be used for the inverse case by exchanging layer 1 and 2.

7.2 Back side reflections

7.2.1 Transparent Substrate

9/2/08

In many cases the analyzed sample including the substrate is transparent for at least a part
of the spectrum. If the backside of the sample is in addition polished then back side reflec-
tion phenomena can occur.
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Incoherent
reflection

Coherent
reflection 1 ¢t peam
’ 2 :d beam

Ambient

Coherent system

Incoherent system
Glass

\ Ambient or second
coherent system

Assuming the optical properties of the transparent material are isotropic we can distin-

guish two cases:

Case 1: The substrate was measured with its backside reflections

Beam Number

Use the “backside reflection” model which allows the optical treatment of the backside
reflections collected during the measurement:

Use void as the substrate and then add a layer that represents the transparent substrate
(assign the correct thickness to this layer!). Then add the layer structure as usual. An exam-
ple is shown below:

IF] 25.0([] 3 ilﬂsinh.dsp 5000 % il:luoid.dsp 50.00% = *

17626 [Flsinb.dsp X =

[ soooono.o I Bk7.ref %] x
I wvoid ret E:

The backside reflection model can be optimized by setting the total number of backside
reflected beams and the percentage of the first and the last collected beam with the limeted
backstide reflection function.

This function can be accessed by clicking on the thickness of layer 1 and then from the fit-
ting choice properties tab by clicking on L.B.R. Check the box “use limited backside
reflection”.

9/2/08
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Fitting Choice Properties for layer #1
Thickness | Materials | Special functions L.B.R. lChecks
Limited backside reflection

v Use limited backside reflection
Number of reflections :

I Fit * Nominal value : | 2

" Multiguess :
" Multistart :

First beam number :

I Fit * Nominal value : | 0

 Multiguess :
 Multistart -

First beam % : I 100.00

Last beam % : I 75.00

We advise to use the limited backside reflection function for thin transparent substrates of
ca. Imm thickness.

Reasonable values for the settings are:
- Number of reflections: nominal values = 2
- First beam number: nominal value = 0

- This means that the beam reflected from the surface and the first beam reflected
from the backside are collected. In general do not fit the number of reflections.

First beam % = 100

Last beam % = 75 (can be adjusted manually from ca. 70% to 80% to improve
the fit)

Case 2: The substrate was measured without backside reflections

This can be achieved by roughening the backside surface or if the backside reflected beam
is spatially separated from the first reflection by masking it.

Sample with a mask

0

9/2/08

Sample where the bottom of the substrate is roughened
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In this case a simple substrate containing the reference or dispersion file of the transparent
material can be used as the substrate, for example:

A

500.0 ID:nunw.dsp
 BKirel

7.3 Advanced layer structures

9/2/08

Explore the future

Until now only isotropic layers with constant optical dispersion through the layer were
treated. These layers are called “simple layers”. However, layers can be anisotropic or can
show a dependency of optical parameters on depth.

A layer can be added to an existing layer model by clicking with the right mouse bottom
above the existing layers. The DP2 software allows to choose between the following types
of layers:

Thickness unit: | & w | | [¥ Clear results before fit | [ Clear graph before simulatior | [ Show all fiting steps

a0l J0.000* ¥ Exp File:
RS-
Gradient layer
Anisotropic Uniaxial layer
Anisotropic Biaxial layer
Grad.Anisotropic Uniaxial layer
Grad.Anisotropic Biaxial layer
. C-si_isa.ref
Fitting choice Fitting procedure Modeling description Output description } }
|Default j |Single Step j |Default j |Default j Simlation Save
Add |1ﬁ'r| Edit.. | Add |11_ﬁ'r| | Add |1ﬁ'r| Edi.. | Add |ﬁ_ﬁf| Edit . | Fit Save b

- Simple layer: isotropic layer with homogeneous optical dispersion

- Gradient layer: isotropic layer with depth dependency of the optical dispersion

- Anisotropic Uniaxial layer: layer with uniaxial anisotropy and homogeneous

optical dispersion

- Anisotropic Biaxial layer: layer with biaxial anisotropy and homogeneous optical

dispersion

- Gradient Anisotropic Uniaxial layer: layer with uniaxial anisotropy and depth

dependency of the optical dispersion

- Gradient Anisotropic Biaxial layer: layer with biaxial anisotropy and depth

dependency of the optical dispersion
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7.3.1 Graded Optical Constants

Graded optical constants are used to describe a gradual variation of optical constants (n
and k) through a film. The refractive index at the top of the layer can thereby be larger or
smaller than the index at the bottom of the layer. The index profile can be linear or expo-
nential.

To add a gradient layer click right in the model area and then add Gradient layer.
The example below describes a TiO, layer as a gradient layer.

First we use “void” inside one of the two layers (top & bottom) to vary the index of refrac-
tion. It can be used with reference or dispersion materials.

The index at the top of the layer is higher than the one at the bottom:

T | [tio2.dsp x| %
!D 1000.0 I

Newe Pio2dsp 8000% X | Voidref 2000 % X
I Csi_war.ref B

The index at the bottom of the layer is larger than the one at the bottom:

SRRl Btz sp B000% % Voudre B
© 8 | [tiozdsp s
I Csi_wor.ref -

Alternatively the same dispersion formula can be used as a starting point but with two dif-
ferent names allowing the fitting process to provide two different dispersions, one at the
top and the other one at the bottom of the layer:

0 0000 T IDtiuZ—tup_dsp Ed B
: E IDtiuZ-buﬂum.dsp X
I Csi_wor. ref %

A gradient layer can be used if a homogeneous layer model provides a large %% and adding
a roughness layer is not enough to provide a satisfactory x>

The example below (TiO, layer on a glass substrate) shows how % can be successively
improved by adding a gradient and a roughness layer:

Results with a single layer model:
x? =1324; d= 1317 A

Results with a single layer + roughness layer:
x> = 2.31; thickness (TiO,) = 1297A; thickness (roughness) = 34A

Results with a graded layer:
%% = 4.1; thickness = 1293A

9/2/08

Results with a graded layer + roughness layer:
x% = 0.94; thickness (graded layer) = 1304A; thickness (roughness) = 34A
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[F] 50.0/J% | [ITiOz-top.dsp 50.00 % % | Void_asp.ref 50.00% X %
|H T [OTioz-top.dsp x| x
!E‘ 7000 e [JOTio2_bottam.dsp x

.Dglﬂss.dsp £

The final model leads to a nearly perfect fit as can be seen in the graph below:

0.500 T T

0.600

0.4001 4 }0.500
0.300“"%’ """"""""" “Fo 400
0.200f f 7\ 10.300

Is 01001 fF 14 ~10.200 Ic
0.000f f [ -0.100

0100} AF b 0 000
0.200ff ot AT _0.100
-0.300 AR B W 4 U S N -0.200

1 2 3 4
FPhoton Energy (eV)

With the following “graded” optical constants for TiO,:

2; F /o5
28 V8 T Y
S5 AN\

AN e
2.4 J__f

f \'\ -0:45

>y
2.3
2 2 _.-d".f.-r [ \70'3
. p—
2.1 // 10.15
]
21 —1— — 0
1 2 3 4
Photon Energy (eV)
——tio2-bottom.dsp (n) ——tio2-top.dsp (n)

—=—tio2-bottom.dsp (k) tio2-top.dsp (k)

7.3.2 Optical Anisotropy

A material that is anisotropic has different optical properties in different directions. At the
opposite an isotropic material has the same optical properties in all directions.

In the most general case the dielectric tensor is a rank-2 tensor (3 x 3 matrix) in eigenaxes
coordinates. This tensor is diagonal. The three distinct refractive indices are ng, n

9/2/08

yand n,.
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=]

<
0 0 n.
Anisotropy is an intrinsic material property. Reasons are non-symmetric atomic or molec-
ular structures of long range order throughout the material. Common anisotropic materi-
als are non-cubic crystals such as sapphire, rutile, calcite, lithium niobate and ordered
polymers or organic materials like liquid crystal films.

A sign of anisotropy is asymmetric interference fringes in the spectra.

In DP2 we define the laboratory coordinates by (N, S, P): N describing the direction of
anisotropy perpendicular to the sample surface, S perpendicular to the plane of incidence
and P parallel to the plane of incidence.

The Euler angles , and are used to describe the relative orientation of the two coordinate
systems (ny, 0y, n,) and (N, S, P).

N

An axis of anisotropy is defined as the axis along which isotropy is broken (or an axis of
symmetry such as normal to crystalline layers). Anisotropic materials can have one or two
such optical axes.

An uniaxial material has 2 different optical constants (n, = ny n,) which are also called
extraordinary (E) or ordinary (O). The birefringence magnitude is then defined by

n=n,—ng.
A biaxtal material has 2 axes of anisotropy and thus 3 different optical constants
(nX ny nZ)'

There are three simple cases of uniaxial anisotropy in DP2 when the optical axis (i.e. n.) is
parallel to N, S or P. In all other cases (ne not aligned with one laboratory axis N, S or P or
for biaxial anisotropy) the Euler angles have to be set.

To add an anisotropic layer into your model click right in the model area, and then add
Anisotropic uniaxial or biaxial layer.

9/2/08

Explore the future HORIBA




Advanced Modeling 116

T S over
Gradient layer
Anisotropic Biaxial layer
Grad.Anisotropic Uniaxial layer
Grad.Anisotropic Biaxial layer

Note that the anisotropic material can be used also as a substrate:

Fitting parameters

Copy substrate to dipboard

Simulation ‘ Save

| Edit ... | Fit | Save &g

i
g| Changeto *| Anisotropic Uniaxial substrate r

Anisotropic Biaxial substrate

A uniaxial anisotropic layer model would look like this then:

L M 385919 E .lELaFii—extraurdinaire.dsp x X
: 0 .lELaF}ordinﬁire.dsp x
.I:l caf? dsp X

Modeling an uniaxial anisotropic layer

Modeling an anisotropic layer or substrate mostly relies on the identification of the direc-
tion of the axis of anisotropy from “pre-measurements’:

- if two measurements at the same point on the sample rotated by 90° around its
normal provide the same results the axis of anisotropy is N.

- if two measurements at the same point on the sample rotated by 90° provide
different results the axis of anisotropy perpendicular to N (in-plane anisotropy).

There are 3 methods to identify the direction of the axis of anisotropy in the case of in-
plane anisotropy in order to uncouple S and P directions.

1. using the MM-16 rotate the sample to annul the off-diagonal elements of the Mueller
Matrix: mij = 0

M, M, my; my,
M,y My, myy myy

My My, M’B3 JMM

_13?41 M 45 M’% JMLM_

2. using the UVISEL in the configuration M = 0 and A = 0 rotate the sample to annul R
and R2 (R = R2 = O)

3. if the sample is transparent a birefringent sample will affect the light extinction between
crossed polarizers.

Modeling an biaxial anisotropic layer

In DP2 an biaxial anisotropic layer can be described by 3 orthogonal optical properties:

GQO 2 7 | [Mlayer z dsp E3|23
Q [F]  1000.0 % [[Elayer x.dsp ES
) ,}P Y lIEIayery,dsp X
[Nm 10000 1 sio2_isaref x X
l C-si_isaref X
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The orientation of (nx, ny, nz) in the laboratory coordinates (N, S, P) is expressed by the
Euler angles. Click on the thickness of the biaxial anisotropic layer. In the fitting choice
properties tab select Euler angles:

Fitting Choice Properties for layer #2

Thickness Euler Angles | Z Axis | Special functions | LB.R. | Checks

% {(Rotation around N axis) -

Nominal value : oo *

Multiguess absolute :

o)

Multiguess relative :

Multistart absolute :

XY

Multistart relative -

" Correlated o same axis of layer :

B (Rotation around X axis)
I~ Fit
+ Mominal value : 11 [=F

" Multiguess absolute :
" Multiguess relative -
" Multistart absolute :
" Multistartrelative :

=

Correlated to same axis of layer : -
ip {(Rotation aound 7 axis)
~ Fit

& Nominal value - [ oo °

" Multiguess absolute -
Multiguess relative :
Multistart absolute -

Multistan relative :

g 8 B

Correlated to same axis of layer :

4] [+ ]

For simplicity try to describe the material with the first two Euler angles @ and ©.

[
»

v
o

S
~
Q
X
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@ rotates the in-plane orientation around the sample normal:

N
Rotation round N axis
n, is fixed
n,
ny
@ ) |-
sample > P
ny

S

O tips the Z-direction away from the sample normal:

N
1 Rotation round x axis
n, is fixed
n,
0 ny
sample > P

7.3.3 Periodic structure

A periodic structure is a repetition of one to x layers.

For example if there is 20 times the layer stack (SiO,/TiO,) on Si it is not necessaty to fit
the thickness of the 40 individual layers. One can assume that the all SiO, and all TiO,
have the same thickness and thus reduce the number of unknown parameters drastically.

The most important applications are mitrors, anti-reflective coatings (ARC) and multi-
quantum wells.

To model a periodic structure click on the blue number of the layer and select Create rep-
etition. A default repetition value of 2 appears in the selected layer. You can change it by
clicking twice on it. By using the horizontal lines of the repetition feature you are able to
select the layers involved in the periodic structure.

9/2/08
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Fitting parameters
Delete layer

Copy layer to clipboard

Create Repetition

Change to 4

A typical periodic structure would look like:

i B0 10000 BEtio2.dsp x| x
1 @ 10000 I sio2_isaref x| %
. C-si_isa.ref x

7.4 Bound Multimodels

A bound multimodel is useful to bind several experimental data types from the same sam-
ple or different samples that exhibit at least one common physical property. Combining
data provides generally the advantage to reduce strong parameter correlation in the optical
modeling process.

To create a bound multimodel click on «Create a new model..» tab. Make sure «User
Library is selected and then click on the «Bound MultiModel» button.

Create new model ...

(" Application Library

Spectroscopic Model

@ Serial Multimodel

@ Bound Multimodel

X Cancel

7.4.1 Multiple data for the same sample

It is generally advantageous to collect as much independent experimental data as possible.
Reflectance, transmittance and ellipsometric data all provide complementary information.

It is important to make sure that data were acquired from the same location on the sample
under analysis.

As an example we show the combined analysis of transmittance and ellipsometric data:

Usually first a measurement is performed in the ellipsometric mode. Then both optical
heads ate moved to 90° to petform the second measurement in the transmittance mode.

S
~
Q
X
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Build one model for each measurement configuration and set the fitting parameters for
each model.

The model for the ellipsometric mode has to contain the corresponding experimental file
and the right angle of incidence. Make also sure that the right spectral range for the fitting
and the right fitting parameters are chosen (Is, Ic) or (‘F, A). By default, the experimental
file full spectral range and (Is, Ic) data are selected.

Thickness unit: | & || v Clearresults before fit | [ Clear graph before simulation | [ Show all fitting steps
ADl: 55.000 * ¥ Exp File: | EnPNc22)4-protect uv on_mask. spe E
| 483.0/[F%  [[FlznPNc2z.udi 9366 % <1 void.ref B34 % X %
[Wm 42319 [ znPNc2z.udi x| %
. Sin2?_isa. ref £

Note that in this example the ellipsometric measurement of the sample has been per-
formed with a mask avoiding the measurements of backside reflections.

The model for the transmittance mode has to contain again the corresponding experimen-
tal file and the angle of incidence set to 0° (do not confuse with the 90° of the ellipsometer
heads, here this is the angle of the sample in the plane of incidencel). Make also sure that
the right spectral range for the fitting is chosen and that the fitting parameter is T.

Thickness unit : m [v Clear results befare fit | [~ Clear araph before simulation | [~ Shaw &l fitting steps
A0 0.000 * ¥ Exp.Fle: | T_ZnPNC22) spe E
ﬂlﬂ 483.0[F%  [EznPNcez.udi 93.66 % * | Void.ref 634% % %]
Am [ [ElznPNc22.udi x| x
ulj 10000000.0 . Sio2_isa.ref ] >
[ wvoid.ret e 3

Then create a bound multimodel and drag and drop the two model files in the blank area
in the right of the window. The first model is called M1 and the second M2.

(£ Neosnd Wudtibliadil - Nosusn? ham

Bound Maltimodel Presus |
Do el e 1 the bt belows A%l ajajn stgnl [+ B8 ol L b i
Leh =] x x| R e
F agwrarerin fie
¥ BEre o ek it
wans
2 Trlsidud Vsl
]
§ Rl
g e | | ]
N
(=

Click on bind. For this example the layer of ZnP and the roughness are coupled for the
two models. It means that layer 2 and 3 of model M2 measured in transmission and layer 1
and 2 of model M1 measured in standard ellipsometry are coupled.
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Bind Parameters |‘£
M1 <5 2 |
M2 - ZnP(Nc22).mdl
A0l L1d L2d | L2%ZnPNe22.udf

_ 401 H

k=]

£ L1d H [

& L2d [v [

& Lad — [v

Z. | L3zznPucz2ud [v

o

c

N|

'_

1
—
=
X Cancel

Now the fit can be launched. The thickness and optical constants for ZnP as well as for
the thickness of the roughness layer are forced to be identical for both models. The results
are shown below:

tound Muttimodel Feds |
S o8] Al% 2/eu| Slmn/ Gl ol ki m-| g
Lot o =] % [Pkt =] Rat[e =

MZ - Z0P[NC2?) ml

Expesmserdal bhe —
<Honds‘homaston Dalay LBV _ZnPINCZ2 e josiT i’ ‘h ‘.‘-
00 "ﬁn“.. 1
! Potion Erprigy (8V1 :
1_InPgeci 0000 Proeon Enengy = 0.8 e ce000
Thicknesses of ZnP ol sln gl
film and roughness =
3’ minimization on T
\ X * 1.287843
Itecations Nusber = 41
rag ::“‘Thlbk_nzls h = 42329.801 + 58.810

Mi - L3 Thickness (A - 404,387 4 05,300
b MI - L1 Thickness (4] = 4129 801 * 0.000
} B2 - L2 Thickowss [L] = 484.387 + 0.000

EL = L3 % ImPNCIZ.uas = s3.68 1 0.%0
- L2 & InfNoli,udt = #i.80 1

ZnP optical constants

am_ag;uﬂgg*
2 TfMcRud
1

sw b
S |

Sere | Semin Brd | Fi Update model

- il . .
InPNcil Nev Alworphousd 13 = 0.0000075 2 0.0000029
[0) 2rPNea2 Nav Amarphousd wy = 17200070 & O.00EMERD
) Enftcis New Amorphousd £y = 0.0887717 = 0,001

This method is used for layers on transparent substrates (like thin layers on glass) when
strong parameter correlation is present.

7.4.2 Multiple Sample Analysis

Any time two or more samples are known to have some physical property in common, the
analysis of both (or all) samples may be performed simultaneously, with the common
physical property coupled across the models for the different samples.

Simply perform the ellipsometric measurements of your the samples. Then build a model
for each sample and set the right fitting parameters. The experimental vatiables are (Is, Ic)
ot (¥, A) for ellipsometric measurements.
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* Example Combined analysis of two samples
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*Measurement strategy
- Simply perform the ellipsometric measurements of your two samples.

*Modelling features

- Build each model and register them. Make sure to set the fitting parameters for each mod-
el. The experimental variables are (Is, Ic) or (y, A).

- The two samples are composed of a GeSbTe alloys deposited onto a SiO, layer, the sub-
strate is silicon. The GeSbTe films are nominally identical but of differing thickness.

[~ 75.000° ¥ Exp.File: | GST_Ful_H02 15h 11mm 38 spe

[IFesT1_udsp 4—

. leinZ.dsp
D 3000000.0 [ csiisaret
'D 1028.0 | Osioz.dsp
lenid,dsp

X x| X x| %

75.000 * ¥ Exp. Fiie: | GST_Ful_#01.15h T8mm 21s.spe

P EGST-1_tdsp 4—

leluE.dsp
I Gsilsaref
1008.0 MDsio2.dsp
leuld.dsp

3000000.0

[l BB 2| E

- A dispersion is used to represent the optical properties of the GeSbTe alloy. Note that
you have to use the same name for both, «GST-1_tl.dsp» for this example. As the name
is the same, the optical constants are bound by default.

- Then create a bound multimodel and drag and drop the two model files in the blank area
in the left of the window. The first model is called M1 and the second M2.

- Launch your fit. The GeSbTe film thickness will vary on each sample and a single set of
GeSbTe optical constants are forced to be identical for both films.

£ Bound MuliModel - G5T-bind-mg bam

Bound Mullimodel Fesas |
Do il bt S]8] Al Qo) sinin @ Boik @ 4l
M1 - GET1-b madl et i W [emeton frwegy =] Fighe: i -l

MZ - GS12-bmd|

T e
. I e .F:m‘.ﬁwat‘if:
- H
H—"“ ;

{.. ottt
il T

1 2 3
Proton Energry ()

TPl B2

_Ful_# A% 10nm| 1s = 0011 Fhoton Erergy = 085 oY k=015

a|n 8

? mimimization on Ls,lc

i3 = BIA(EV) ASinid), de = $in(EV)Coxid)
¥ = 0.386247

Iterations Huber = 0

Thicknesses

PP imeters
< Ti W1 - L4 Thicknesa [K] = 85.087
max (] =

4 GETE T 2761 .
3 Eezde 4 GET-1Ttl ew - Optlcal
T E 5 GIT-1tl A = 15 5

aha. 0 oEET-1TtL K, - a0 1 oooessas ff Constants
1 R 1| ™ ea7-1_01 ¢ = 2.2469760 % 0.00B8T39
s ]

Farealarion mareiv &

swe | savepe ] Fr Upets rrodels

Fitting results of combined analysis of two samples

When to use it ?

* Anytime, two or more samples have some physical property in common.

e Itis very useful to characterize ultra-thin films like thin metal or organic films on opaque or glass
substrate. These examples are well known to provide strong correlation between thickness and
optical constants.
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Results Accuracy

* The parameter correlations should be reduced.

* A unique solution should be obtained.
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8 Fitting model to data

8.1 The fitting process

A spectroscopic ellipsometry measurements yields experimental data that have to be fitted
to a model to determine the unknown sample parameters.

The goodness of fit (GOF) is determined by the %2 value which should be as low as possi-
ble. If we measure for example spectra of ¥ and A then the x2 value is a comparison of n

theoretically calculated pairs (Y, Ay,) and n experimental determined pairs (¥, Aeyp):

N (lPh -¥ )~2 (Ah —A )-2
2 . ¢ exp )i ¢ exp )i
X —mm; T, PA 4 I P

L1

with I'; the standard deviation of each data point (generally set to 1).

One difficulty in such a process is to set optimal starting values for the unknown parame-
ters in the model from which the theoretical pairs are calculated. The simulation option of
the DP2 software is a fast way to check whether a model is approximately correct or not.

Another common problem of the fitting process is the correlation of different parameters
of a model. In this case the solution might not be unique but might dependent on the ini-
tial set of starting parameters. The solution might then correspond to a local minimum and
not as wanted to the absolute global minimum.

8.2 The iterative algorithms

In the bottom of the model window, the user can go to Modeling description > edit > fit-

ting parvams and select the minimization algorithm: Levenberg-Marquardt, Simplex or
Thick Film.

Modeling description Iz‘

Modeling description name : |Defaull

Modeling conditions Fitting params ISimuIﬂIiun params ] Optical calculations params ]

Name of fit curves : ‘

[¢ Clear fit results before fit Minimization Observables
(& User selection :
(" Mueller matrix only
" Mueller matrix and user selection :

Error
Maximum lterations

Is b 0.0100
100
Ic hd 0.0100
Fitting stop criteria -
[Nothing =] NA
X2 - 1E-6
Nothing hd NiA

AXF : 1E-30
|[v Recalculate from W, A
[~ Elli Equivalent Calculations

Minimization algorithm

[ee) |Mﬂrquﬂrdl ﬂ
Q Marquardt
Q Simplex
(o Thick Film
B I
Ok Cancel | Save as default
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8.2.1 The Levenberg-Marquardt algorithm

This algorithm is a combination of the Inverse Hessian method and the steepest descent
method. It uses the calculus of partial derivatives. The choice of starting parameters is
here critical because the algorithm can converge easily to a local minimum. Therefore the
starting values for the fitting parameters have to be set very cautiously to avoid this. How-
ever, if the starting fitting parameters ate already close to the ideal solution, the Levenberg-
Marquardt algorithm converges very rapidly.

Another advantage is that the algorithm provides a correlation matrix and an esti-
mate of the uncertainty for each fitted parameter.

8.2.2 The Simplex algorithm

The Simplex algorithm is a geometric minimization method that does not use the cal-
culus of partial derivatives. The big advantage is that it is able to “crawl out” of local min-
ima to find the global minimum. The simplex is a geometrical figure in a n-dimension
space that has n+1 vertices: n is the number of unknown parameters (adjustable parame-
ters). The n+1 points in the n-dimension space form a triangle in 2D, and tetrahedron in
3D. This minimization method evaluates a function at each vertex and attempts to move it
into a new minimum. Fach new minimum of the function becomes a vertex of a new
polyhedron. This is repeated until the absolute minimum is encountered. The simplex
formed from the points should thereby be non-degenerate, thus it should have a non-zero
volume.

With this method the choice of initial values is not critical, which is important when
little information on the studied material is available. However, this algorithm is slow and
fitting many parameters can be really time-consuming. Moreover, this algorithm is not
always sensible to the global minimum we search: two consecutive fits do not lead neces-
sarily to the same solution.

To conclude, the simplex algorithm is good for opening a path to the final solution. How-
evet, it is not the best method to find the final solution. Another disadvantage is that the
user cannot get access to the measurement precision or a parameter correlation matrix
with the simplex method.

8.2.3 The thick film algorithm

This algorithm is based on a fast Fourier Transformation and can therefore be applied
only to spectra of thick layers that show at least some interference pattern.

8.2.4 Conclusion

The Simplex method and the Levenberg-Marquardt algorithm are complementary. How-
ever, with a high number of unknowns (more than 6), some difficulties might appear:

- the initial parameters may be critical for the solution
- the uniqueness of the solution

Keep in mind that the Simplex method is used to approach the solution and has to be used
when little information about the sample is provided. The Levenberg-Marquardt algo-
rithm is faster but it can be used only when the starting values are already close to the solu-
tion.

S
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Most of the time, for simple samples (thin monolayer or thin bilayer) of well defined mate-
rials (reference or simple dispersion) the Levenberg-Marquardt algorithm will yield the
best solution.

8.3 The fitting functions

Nominal value: this option is used to perform the fit for a given value of the parameter

Moultiguess: this method allows the user to perform a fitting process with different initial/
end values of the parameter. The retained fitted value is directly related to the best x>

Multistart: this method allows the user to perform a fitting process with different constant
values of the parameter. %2 is calculated for these fixed values. The retained value is
directly related to the best x2.

Multiguess and Multistart have two options: absolute and relative:

The option absolute allows the user to choose the guess range and the increment value;
the defined interval of values is independent from the nominal value.

The option relative allows the user to define the guess range as a variation in percentage
around the nominal value and not as an interval of values.

Correlated: this option allows to correlate a parameter from the current layer to a corre-
sponding parameter of second layer. This ratio can be constant or variable. The fitting
process will be performed only on the current layer and the retained value is the one which
will reach the best XZ.

8.4 How to perform a fit

8.4.1 15 STEP : Define and set the fitting parametets

Once the structure of the model is defined (type of layer, materials, succession of lay-
ers...), the user has to define the fitting parameters and set their values. The fitting param-
eters can be thickness, angle of incidence, proportion of an effective medium layer and
parameters of an optical dispersion.

To define the fitting parameters, just check the appropriate fit box. Note: when the user
checks the fit box of the material, a window appears: Dispersion Fit Parameters, Alloy Fit
Parameters or PPC Fit Parameters in which the optical fitting parameters of the materials
can be defined.

To set a value for the thickness, the angle of incidence or the proportion respectively click
on thickness value, AOI value and proportion value. The Fitting Choice Properties win-
dow appears in which you can set the appropriate value.

9/2/08
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The only way to set the value of the different optical fitting parameters, open the material
by a double click on the material name (or by a right click on the material name, then select
Open material). Then, set a value for each parameter and save your material; the displayed
window is the same you obtain when you create a material.

An alternative way of defining the fitting parameters and their values is to right click on
the layer and select Fitting parameters; the Fitting Choice Properties window appears. In
this window, several tabs are displayed: Thickness, Materials...in which you can define
and/or set the different fitting parameters.

8.4.2 24 STEP: Fitting description

Once the parameters are defined and their values are set, the next step of the fitting pro-
cess is to determine the way the fit will be performed. The user has to determine:

- the fitting functions
- the iterative algorithm

- the spectral range on which the fit will be performed

the observables on the graph

- the ellipsometric configuration used to acquire the spectrum

The fitting functions apply for angle of incidence, thickness and proportion. A left click on
these values (or right click + Fitting parameters on these values) allows to access to the
Fitting Choice Properties window where the fitting functions are displayed:

- multiguess absolute
- multiguess relative
- multistart absolute

- multistart relative

The iterative algorithms can be determined in Modeling description by clicking edit; these
option are available in the Fitténg params tab. The user has the choice between:

- the Levenberg-Marquardt algorithm
- the Simplex algorithm
- the Thick Film algorithm
and can also determine the maximum number of iterations. We suggest 100 iterations for

simple cases of model, and 1000 iterations for complicated cases where the Xz does not
cease to decrease.

The spectral range, ellipsometric configuration and observables can be determined in
Modeling description by clicking edst;, these option are available in the Modeling condi-
tions tab. By default, the DP2 software uses the experimental spectral range and the exper-
imental ellipsometric configuration. If you wish to modify the spectral range for the fitting
process, we recommend you to take the same increment of wavelength or photon ener-

gies.

8.4.3 3"YSTEP : To launch the fit

9/2/08

Once all the fitting requirements and fitting choices are done, the user can perform a sim-
ulation to rapidly see whether the starting parameters are reasonable. The other option is
to launch the fit. Here are the simulation and fit buttons:
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Simnulation

Fit

When a simulation is launched, the simulation appear together with the experimental
results in the fit/simulation graph window:

I Model - 5i02.mdl HEE

Results | @IE Save results filel Edate | Shie rEDortl
Al &fev| Siepe| @ile b o | m-|

Left:lls j X:IPhotonEnergy j Hight:llc

'
'
|

_
T

4

Photon Energy (g%

SimA | 1 | s = 0.247 | Photon Energy = 1.5 &V | Ic = 0.035

TP [ | O |5 | B fon o B e Bom | FRi B[ (F [ 0] B2
= o | = \ L=
=

leration: [4 | w% [6616853
1
Parameter [ alue
L1 Thickness [A] 5542.204
s 0
N 2| |
Fitting finished
B Guess: 171
5] dump 5T fbort
=S e Clo==
< T 0] i T T T S D —

Si02dE04Man. SI02.mdl

Cuarent profile : maddog

A Jobin Yvon / Horiba ‘S manusleliipsa | B manual - Mierasaft ward | EA5ans tirs - Paint

Which shows the fit result (thickness in this case), the goodness of fit (XZ) and the number
of iteration needed to get the result.

In the fit window one can:

Abort the fit: it stops immediately any fitting process and only the last 2 value
displayed on screen is retained

- Jump to the next start value (available for Multiguess or Multistart fitting): this is
used to pass to the next guess when the current guess seems to be not reasonable

Stop the fit: this stops the fitting process, but the best % obtained so far is
recalculated and retained

9/2/08

Close: this is available when the fitting process is terminated and allows to return
to the main window of DP2
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8.5 Fitting procedures

Sometimes it is necessaty to perform a fit in separated steps.

For example polymers can have a very complicated optical dispersion in the UV but are
mostly transparent in the visible and the IR. It can be advantageous to determine in a first
fitting step the thickness in the visible-IR part of the spectrum and then determine in a
second step the dispersion in the UV with the fixed thickness from the first fitting step:

First we define the model and fitting conditions for step 1:

In the model description we sct the fitting range from 0.7 to 2eV and name it step 1.

Modeling description R|

Modeling description name : |step 1

Modeling conditions l Fitting params | Simulation params | Optical calculations params |

Spectral Range Ellipsometric Configuration

(" Experimental file full spectral range ® Experimental file configuration

i Experimental file limited spectral range " User defined configuration :
Start : | 0.7000 |eV ~ | Modulator angle : | 0.0 ~
End: 2 eV Analyserangle: | 450 °

" User defined spectral range :
Start - | 15000 |eV ﬂ Measurement angles
End - ,W eV " Angle of incidence V.A S E.
e = ,W eV (" Theta angle V.AS.E.

(@ Use spectrum number : 1

| Display specific observables after fit or simulation :

Bottom axis observable : |Photon Energy hd

Left axis observable : Is -

Right axis observable : Ic b

Ok | Cancel | Save as default

Then we define the fitting parameters thickness and Cauchy coefficients for the polymer
in this spectral region:

“IE 1000.00 .lEIponmer cauchy dsp
. C-si_isa.ref
Fitting choice Fitting procedure todeling description Output description _ _
|step 1 ﬂ |polymer 2 steps j |step 1 j |Default j Simulation Save
add | ﬂ| Edit ... | Add | ﬂ| Edit ... | Add | ﬁ| Edit ... | Add | ﬁ” Edit .. | Fit Save Az

We name it step 1 in the Fztting choice menu.

Now we define the model and fitting conditions for step 2:

In the model description we set the fitting range from 4 to 6.5eV and name it step 2.

S
~
Q
X
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Modeling description

Modeling description name : |step 2

Modeling conditions l Fitting params ] Simulation params ] Optical calculations params ]

Spectral Range Ellipsometric Configuration

" Experimental file full spectral range (@ Experimental file configuration

(s Experimental file limited spectral range (" User defined configuration :
Start : | 40000 |ev | Modulator angle : 0.0 "

End: 6.5 eV Analyser angle : 450

" User defined spectral range :

Start - | 1.5000 |eV d Measurement angles
End : 6.0000 eV " Angle of incidence V. A S E.
Increment : 0.0500 &V " Theta angle V.AS.E.

(* Use spectrum number : 1

| Display specific observables after fit or simulation :

Bottom axis observable : | Photon Energy b

Left axis observable : Is b

Right axis observable : Ic hd

Ok | Cancel | Save as default

Then we define the fitting parameters polymer in the given spectral region: now it is only

point-by-point calculation of the dispersion — the thickness is fixed to the value found in
the first step:

50 100000 " [Flpolymer ppc
. C-si_isa.ref
Fitting chaice Fitting procedure tadeling description Output description ; ;
|step 2 j | polymer 2 steps j | step 1 ﬂ |Default j Simulatior Save

add | ffp | Eair |

| @[ e | Ak || et || aw | Ear | Fi Save s

Now we can set-up the fitting procedure that we call for example “polymer 2 steps” by
assigning the fitting choice and corresponding model description (MD):

User defined Fitting Procedure &|

Procedure name : |p|:||ymer 2 steps

Drag Fitting choices from

here to the fitting steps list Fitting steps 4 Move step up | | i Delete step |
Detault + ¥ 1-step1(MD: step 1)

fitting choice 1

fitting choice 2 ¥ 2-step 2 (MD : step 2)

step 1
I —

9/2/08

[~ Check X* <|[100
v Apply
Madeling description : -

« OK X Cancel |
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Now the complete fitting procedure can be launched.

8.6 Quality of Data - Goodness of fit (GOF)

When a model is used to describe experimental data the software always provides some
sort of result. The user then has to decide whether the result is good or not. There are
some techniques that help the user to evaluate the quality of the results. The first steps for
an evaluation are:

- check the goodness of fit (GOF) value represented by Xz

- compare visually the measured optical data and the final best-fit calculated data

- check whether results are physically reasonable boundaries % output check
criteria

These issues are discussed in detail below.

8.6.1 xz value

The % value is a direct measure of discrepancies between measured optical data and the
final best-fit calculated data. High %2 values are usually indicative of a poor fit to the exper-
imental data.

Note that what is a low and what is a high 2 value depends on the layer model and the fit-
ting conditions. A high XZ value in one case can be a low value in another. Generally
speaking, the more simple the model is the lower the %2 value should be.

For example, the XZ values for a spectroscopic ellipsometer measurement in the range
1.5eV-5eV should give the following values:

Samples %

Si0, 20A on Si 72<0.20
Si0, 20004 on Si <2
PZT 5500A on Pt ¥2 <10
TiO, 5500A on Si 72 <10
AIN 250004 on Si v2<15

The following points have to be kept in mind when evaluating %2 values:

- the thicker the layer the more structure is in the spectra the higher x> will be

- optical properties that enhance structural features in the spectra will lead to higher
Xz values

- by reducing the fitting range, the x> value generally decreases because the
spectrum shape appears simpler on small wavelength intervals. However,

reducing the fitting range reduces the precision because information is
suppressed, so that generally the confidence limits increase.

9/2/08

- reducing the number of measurement points will lead to a lower Xz value because
the spectra will have less features
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8.6.2  Physically reasonable parameters

The determined parameters should of course make physically sense. Signs of failure are for
example:

- negative thickness values

- negative dispersion values (peak energies, band gaps, damping,...)

- transparent materials: an index of refraction that increases with increasing
wavelength

Unphysical optical constants are a sign for an inappropriate optical model. The optical
constants may become unphysical in order to compensate the deficiencies of the model.

One way to avoid this problem is to fix the unphysical optical constants to reasonable val-
ues and to fit only the other parameters. If this does not work a more sophisticated model
has to be chosen.

8.6.3 Confidence limits

The Marquardt Levenberg fitting algorithm provides confidence limits for each parameter.

If a confidence limitis of the same order of magnitude as the fitting parameter itself there
is very likely a problem with the model. Even if the %2 value is good, the optical constants
make physically sense the fit can still be bad if the confidence limits are high. The reasons
can be:

- the experimental data are not sensitive to the fitted parameter of interest

- the model is incorrect and the final XZ value is large and thus bad. In this case, all

the fitted parameters are affected by large confidence limits: the larger the x>
value the larger the confidence limits.

- parameters are strongly correlated. In this case their confidence limits will be very
large.

8.7 Uniqueness of fit

The final thing the user has to do in the fitting process is to determine whether the best-fit
result is unique or not.

Non-unique results can occur if:

- there are parameters that only weakly affect the fit: the best thing to do is to fix
these parameters to reasonable values and to not fit them.

- there is strong correlation between parameters: reduce the parameter set in order
to eliminate the correlations.

8.7.1 Parameter correlation

Parameter correlation occurs when:

9/2/08

- there are too many unknown parameters in the model

- the effects of one parameter compensates exactly the effects of another parameter
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Cortrelations between parameters can be identified by the following symptoms:

- the Marquardt Levenberg fitting algorithm provides a correlation matrix. If the
magnitude of any of the non-diagonal elements of the correlation matrix is close
to unity then strong parameter correlation exists.

- the fitting process needs a lot of iterations and the x> value is only slightly
reduced during each iterations: the iterative algorithms are not capable of
determining which of the correlated parameters needs to be adjusted.

- the fitting parameters take drastically different values at each iteration and the x>
value varies only slightly. In this case at least two parameters are correlated and

compensate each other and/or the Xz value is not sensitive to the given
parameter(s).

- static repeatability measurements: if the repeatability value of parameters is bad
although %2 is reasonable then parameters are correlated

- profile scans across the sample: physically reasonable parameters should vary
steadily across the sample. If there are “jumps” then there is most probably
parameter correlation

Parameter correlation can be of course also avoided by combining different optical data
types like data from spectroscopic ellipsometry (at different angles of incidence), reflecto-
metry and transmission measurements. The DP2 software can handle all these data types
and all data can be fitted simultaneously.

9/2/08
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9 Routine Measurements

There are methods that allow the user to automate the measurements and the out-putting
of the results. These methods will be described only shortly here because there is a detailed
description in the DP2 user manual.

9.1 Recipes

With the help of recipes you can automate your measurements. Click on the recipe button
and you see that there are two types of recipes:

Rec.

Create new recip

(" Application Library

Immediate Recipe ‘

@ Mapping Recipe ‘
X Cancel

The main application of the Zmmediate recipe is to measure repeatedly at the same spot
with the same acquisition routine & model. However by defining groups you can also
apply different acquisition routines & models repeatedly at the same spot:

@ Immediate Analysis Recipe - Nonamel.rci

Definition lSampIe Judgement Criteria ] Execution Criteria ]

Delete group

Group| Repetition count | Acq. Routine | Model | Sampling Interval |
1 | 1+~ | 0.0 =~|s
2| e 0 | 005

The mapping recipe allows the application of acquisition routines & models to a series
of different points on the sample (grid):

(@ Mapping Recipe - Nonamel.rem EDBEEE:
Definition 1 Mapping Steps I Sample Judgement Clileria} Execution Criteria I General Parameters 1
PR mode :
(without PR A
Grid - [~ Show points order
test.grd YT
Points (mm) : All ‘ Select | Unselect ‘

v (K= 0000 Y= 0.000y

V2 (X= ENOOO0Y=  0.000)

¥'3 (XK= 3535 V= 35355

¥4 (x=  0000Y=  50.000) N
s - -353B5Y=-  35355) X
V6 (X= 0000 Y= 0.000)

V7 (X= 3B3E5 Y= -353E)

VB (= 0000Y=  -50.000)

¥9  (®= 3535 Y= -35.355)

Create gmup| Modify gmup| Delete gmup| X = -391.429 mm, ¥ = 60.000 mm

Group Paints Acg. Routine Model
1
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~
Q
X
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9.2 Reports

With DP2 reports can be created automatically after the measurements. You can set-up a

template for a report by clicking the ‘;I'Em. button.

Create new report template ...

" Application Library

act Acquisition Results Report Template

@ Data Manipulation Report Template

molt Model Report Template

@ Recipe Report Template

X Cancel

In the report templates you can activate features like headers, pictures of the layer model,

acquisition data, results, etc.

As an example the options for the Acquisition Results Report Template are shown below:

Choose report type : Page orientation : @ Portrait  Landscape
# Formatted Report Page list:

" Flow Report

" HTML Repori

" M5 Word Report

Drag and drop el Add ‘ ‘
to your report layout

Header

Acquisition

Graphic
Diata shanip.

Erabhlc
Data #hanip.

Tauc Plot
Data dhanip.

ndkTable

Picture file
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10 QuickStart

10.1 SiO,/Si: HJY certified sample

In this chapter the basic steps are shown to perform the complete analysis of a very simple
sample, the system test sample: native SiO,/Si substrate.

The idea is to begin with the analysis of a simple sample to get the automatisms that will be
needed for analysis of more difficult samples. As already discussed, the main steps of any
analysis are:

- system start

- sample positioning

data acquisition

modelling
- data fitting

System start
- Switch on the controller unit and the computer where the DeltaPsi2 software is installed.
- Turn on the light source (usually a Xe arc lamp) and wait 15min to let it stabilize.

- Open the DeltaPsi2 software and click on the “software options” tab:| [

The following window will appear:

Software Options

Usaribias +| uUser Library file folders
A Current User Library profile : @ Sortby name ( Sort by creation order
Application Library | ]Default :_J

|

3‘7’ Create a new profile __

File name formats

File explorer Data Maripulation C:ADeltaPsi2iUser LibrantDefaulthD ata M anipulation'.
Substrates | C:ADelkaP 2y zer LibranDefault\Substrates' Tl
Tool bar Materials C:ADekaPsi2iUser LibranDefaultsM aterials'
| Samples C:ADelaP g2y zer LibranhDefaulthS amples'
todels C:\DeltaPsi2User LibrarysDefaultshodels's
Progress screens - | ; - -
| = tultimadels C:ADeltaPsi2hU zer LibranD efaultshultimadels',
= Modeling Scenarios C:\DeltaPsi2iUser Libran\Default\Modeling 5 cenario®
Calculated : T : - 3
Girids C:ADelkaP g2y zer LibrarsDefault\Grids'
observables - 1 . - -
Sii Recipes C:ADelaPsi2i)zer Librang\Default\Recipes’
Acquisition Feport Templates C:\DelaPsi2yUser LibrarysDefaultsAeport Templates'
2 parameters —— Acquisition D ata C:ADelaPsi2tUser Librant\Defaultacquisition D atat
Observables Madel Results C:\DeltaPsiz\User Librany\DefaultiModel Resultst
| Multimodel Results C:ADelaP g2y zer LibranDefault\Multimodel Results'
Modeling Scenario Results C:ADelaP 2y zer LibranDefault\Modeling Scenario Resultsh,
Fecipe Results C:ADeltaPsi2yser LibransDefaultsAecipe Results'
todel Reparts C:ADeltaPsi2hU zer LibranyhDefaulthbodel Repartsh, -

- Choose “user library” and choose an existing user library profile in the drop-down menu
or “Create a new profile...”.

- Close the “software options” window and click the “manual measurement” tab to open
the “Views” screen: %ﬁ
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Views screen:

y_Hig“ g‘%‘ Mat Acq Mod Grd Rac Tem

r‘ - Ellipsometer Views

EEAEIRE™

I>|_

2- ' User Library
- Acquisition Routines
B> Data Manipulation

: aUl:St-'ﬁ:ES o I U O s | 110.808 |m\/
e aterials | i | i : H | i i
- Samples & ) I 49.295 my Is 0.42846

P Models

- Multimodels i | 9.864 my e | 010308
- Modeling Scenarios e

I 042846
W Grids 0 ; |

—I* Recipes 0 5 10 15 20 25 30 35 40 45

[070908 @ S0 Adjustment |
P Report Templates
Results 1| Ellipsometric data
B> Acquisition Data E
w| 13074 a| 764727
. Mud_el Results Integration Time | 200 ms ,3,
P Multimodel Results o
P Modeling Scenario Res High Yoltage I 0 v I
B i =) Semi-infinite model
:EE::?E Results User unit: |Cm j S
- 421 i I 4.214
--* Model Reports Micro-Spot I B o Er &
: Multimodel Reports Configuration (I M=0" A=+45" ~| %
Modeling Scenario Ref |72.2?I] 0978
> Recipe Reports Background IBﬁEkngUﬂd off J n k I

=W Application Library
=B Acquisition Routines
- Data Manipulation

Motors
P> Substrates lﬁ - Ii_1 I—ﬂ_El
5. Materials ’7Munuchmmatur [x] Stgpl :1. | Stgrtl 4000.00 cm By 010 cm ' -

s | -
: M::EI_:S _lﬂ Pause | Close I New spectroscopic | (it} New multiwavelength |
| | ¥ o=
¥
Ellipzameter
Yiews

| Current profile : Defaul:

Sample positioning
- Place your sample on the stage and switch on the autocollimator illumination.

- Look through the eyepiece of the autocollimator and align the crosshairs so that the cen-
ters overlap by adjusting the two knobs underneath the stage.

- In the views screen set the monochromator to 2.75e¢V (or 450nm if you prefer to work
with wavelength).

- Adjust now the height of the stage by turning the corresponding knob underneath the
stage. Try to find the position where SO is at its maximum

- In the views screen click “SO adjustment” or manually set the high voltage so that SO is
between 60 and 80mV.

Data acquisition

For data acquisition click on the Acg. button:

I A T -2
Mat., Acq. Mod. Srd. Rec. Tem.

The following window will appear:

S
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Create new acquisition routine ...

" Application Library
Ellipsometer lReﬂecmmeter] LCE ]

Ellipsometer Calibration
Spectroscopic Mono
Spectroscopic ML
Kinetic Mono

R&T Mono

R&T MWL

X Cancel

Choose Spectroscopic Mono:

@ Acquisition Routine - Noname1.acq

Spectroscopic mono acquisition setup leph setup ] Graph ]

[ Acquisition simulation Broe i e

Configuration choice User unit : eV hd

|No merge | Start: 1500 ey
|“: M=0" A=+45° ﬂ End : 6.000 gy
Increment : 0.100 ev

Standard ﬂ

Mode :
Calibration index: m

Micro-Spot : | j
Background : |Backgmund on ﬂ

| [

High Voltage :  |Automatic v [[250 v Incidence angle : 70.00 *
S0 Min - | 60 mY Integration time : 1 x | 200 ms
SO Max : | 80 my Accumulation : 1

9/2/08

Sawve As | Sawve as Default

' Run |$Iriggers| %«J Views |
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For a thin SiO,/Si sample the acquisition parameters should be the following:
- AOL: 70° (close to the Brewster angle of a pure Si substrate)

- spectral range: in order to test the system the complete spectral range should be
used

- step size: 0.1eV: this allows the resolution of all spectral features of a thin SiO,/Si
sample

- configuration II: you want to determine very accurately and do not expect to be
close to 45°.

- integration time: 200ms

- Since the sample is already in the right position you can run the acquisition. Enter the
sample name any comments if needed. Click “o.k.”.

- After the measurement is run the acquired spectra are stored automatically in the folder
Results\ Acquisition data. The spectra should look like the following:

36- R " k170
34 165
32 \\ // 160
30 \ / 155
28+ g 150
26 //%\\:/ 145
247

W() o /o~ 1404 ()
20% J/ Y - 135
e )4 \ 130

16 v N 125
14E )/ \ - 120
12 7 N\ 115
10- o 1o
= I

2 3 4 5
Photon Energy (eV)

Different parameters can be displayed as functions of the wavelength or photon energy:

- ¥ and A: the ellipsometric angles known to a wide community and therefore used
for publications, reports, etc.

- I, and I these are the measured parameters of a phase modulated ellipsometer:
they are usually used for the fitting process
- nand £ or g, and &;: optical constants: useful to see immediately the properties of

a substrate or a “pseudo”-substrate

For example the graph from above looks in the I (E) and I(E) representation like this:

9/2/08
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Native oxide

0.900+

0.800 jy&"»&

0'700; Xf ¥ |f-0-400
0.6001 . / _0.450

ls 0-500- X < -0.500 Ic
0.400- F.0.550

0.3001 x& / 0,600
0.200- @9{ 74"‘ o 0,650
0.1001 ' M % -0.700

2 3 4 - 5
Photon Energy (eV)

Modelling

To create a new model click on the Mod. tab:

I . T -2
Mat., Acq. Mod. Srd. Rec. Tem.

The following window appears:

Create new model ...

(" Application Library

Spectroscopic Model

@ Bound Multimodel

X Ccancel |

You can choose the folder where you want to put the model file (User library or Applica-
tion library). Click on Spectroscopic Model to access the model window:

9/2/08
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G R 5 e o e b o P2 5 Slee
| User Library | & Model - Noneme? mdi

=W User Library || Frouas |
| :)L\‘A::xlllunlluubnux | Al%l @\|Q|mM-__JW e | Al
P Substrates Len: [ =] x =] moni] =

P Samples
P Models
P Mulimodels

P Modeling Scenanos

P Grids

P Racipes

P Repon Templates 2 3
= W Results

# B Acquisition Data
P Model Fesuls
P Muttimodel Results

P Modeling Scenario Rosulls
P Recipe Results
- W Reports
B Model Feports
>

B Rocipe Reports r I Show
- W Application Library | s 700007 | vom e
+ I Acquisition Rowtines | B # l]
= I Dala Manipulation
P Substrates
5

B Multimodels 1
P Mudeling Scenanos
P Grids

P Rocipes

P Repon Templates

| 1~ Fiting choice - Fiing procedur [ Miadeling descrpiion |~ Duspd devcipion
| |[etust =1 |[5ingk Stea =]||[Cete =]/ [Oeina x| || Ymickony Sive

o FLE; pog | 6w || as | || ase | ]ee || as | f e | i Svehs

Horver?

ralie ; Defak

1 Sample Sructurearea M odeling screen layout

2 Results Graphicsdisplay area

3 Fitting Resultsarea

Within Results\Acquisition data in the Treel iew, select the acquired file *.spe and drag
and drop it to the corresponding area (Exp.File).

Go to the Application Library\Materials folder and drag and drop the file C-si_ésa.ref
into the pink bar marked § for substrate. Then drag and drop the file $702_zsa.ref from
Application Library\Materials above the substrate:

O 10000 [ sioz_isaref o

. C—si_isa.ref Ze
The next step is to change the default value for the thickness (1000A) to the approximate
value of your sample (in this case 20A): click on the displayed thickness value to open the

window Fitting choice Properties for layer #1 and adjust the thickness. Keep thereby the
option nominative value:

‘_Iﬂ 20.0 . Sio2_isa.ref x| X

. C—si_isa.ref 7

Now a simulation can be launched by clicking on the corresponding button to check
whether the thickness start value is reasonable.
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Data fitting

Now that the model is set-up the experimental data can be fitted. For that click on Edzt in
Modeling description on the bottom of the model window:
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 Modeling description —|

IDefauIt j
add | 7 | Ed..

Select fitting params and verify that I and I are the minimization observables. Choose
Marquardt as Minimization algorithm.

Modeling description

Modeling description name : |Default

Modeling conditions Fitting params l Simulation params ] Optical calculations params ]

Name of fit curves : |

[v Clear fit results before fit Minimization Observables
" User selection :
(" Mueller matrix only

(" Mueller matrix and user selection :

. | - Error
aximum lterations
|Is ﬂ 0.0100
100

’7 |Ic ﬂ 0.0100
Fiti L

itting stop criteria |Nnthing ﬂ N/A,
X2 - |1E—B | Nothi ~| NZA

othing x

AX*:  [1E-30

[v Recalculate from W, A
[ Elli Equivalent Calculations

Minimization algorithm

|Marquardt ﬂ
h: [1E-16
tol:  [1EA15

Ok | Cancel | Save as default

Click “Ok”, save the model and launch the fit with the appropriate button.

Results
The page displayed after the fit will be:

S
~
Q
X
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& Model- Nonamel.mdl m-
Resuis | @%m Gavelesu\lshle‘ Update ‘ smwuepnn|
Al ale) | e G4 B of 2 m-| @
Left: [w ¥ =:[ProtonEnergy | Right:[a ]| x* minimization en Is,Ic
40.0000 180.0000 ;(f = (2%} xSin(4}, Ic = Sin(2¥}xCos(4)
|7y Iterati =11
35.0000 +170.0000
Parameters
30.0000 | 160.0000 1) L1 Thickness [A] = 16.434 = 0.274
Correlation matrix
25.0000 +150.0000 =
Y ) A7) :
20.0000 | 1400000 Initial data for fit
Model File : Nonamel.mdl
15.0000  130.0000 Fitting Choice : Default
Fitting Routine : Simple Fit
10.0000 | 120.0000 Experimental file: LotId.SampleId.0%h 25mm 0
Spectrum
5.0000 p 110.0000 TRange
Increment :
Points Number:
Fit 1 W=89932"° Photon Energy = 1.5 eV A=1752290"° < | >
Thickness unit : | & = || [ Clear resuits before fit| [ Clear graph before simulatior | [~ Show al fiting steps
A0l 70.000° ¥ Exp. File ;| LotidSampleld.05h 25mm 025.spe
ME 200 [l sio2_isaref =
. C-si_isa.ref X
Fitting cheice Fitting procedure Modeling deseription |~ Qutput description
[Defauit =] [singls Step = |[pefau =] [etaut = ||| SEmm Save
add |11j;| Edit | Add ‘ @‘ ‘ dd |1ﬁ;| Edt | Add ‘ @‘ Edit ‘ Fit Save s

where you can see that:
thickness = 18.434A + 0.274 (confidence limits)
%% =0.13 (and thus < 0.20 as required)

You can try now to change the spectral range for this specific case. Click on Edzt in Mod-
eling description on the bottom of the model window, and check the box: User defined
spectral range in Modeling conditions. Try different settings. The result should stay more
or less the same as shown in the table below:

Thickness (A) 2

From: 1.5eV
To: 5eV 18.434 0.13
Increment: 0.1eV
From: 1.5eV

To: 4.5eV 18.638 0.14
Increment: 0.1eV
From: 1.5eV

To: 4.0eV 18.341 0.11
Increment: 0.1eV
From: 1.5eV

To: 3.5eV 17.840 0.09
Increment: 0.1eV
From: 1.5eV

To: 3eV 18.350 0.09

Increment: 0.1eV

9/2/08
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This is due to the fact that the result for the thickness is nearly independent of the spectral
range in the case of a transparent material. This is not necessarily the case if the deposited
layer shows a complicated dispersion with absorption bands (examples in chapter 10).

9/2/08
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11 Application Examples

11.1 Overview

The following table summarizes the examples discussed in this chapter:

Chapter Task Sample Topic

11.2 Thickness of thin film SiO2/Si UVISEL configurations

11.3 Thickness and dispersion Si3N4/Si Dispersion files

11.4.1 Transpatrent substrate glass Back side reflection

1142 Film on transparent 2-Si/glass Back side refilectiovn
substrate Amorphous dispersion

11.5 Composed materials OPSL EMA

11.6 Multilayers TiO2/S102/Si Layer repetition

11.7 Complicated dispersions Organic layer NKk-fit

11.8 Inhomogeneous layer ITO/glass Graded index layer

11.9 Correlated parameters TiO2/glass Bound multimodel

11.10 Non-cubic crystals Al2O3 Uniaxial anisotropy

11.11 Strained materials polymers Biaxial anisotropy

11.2 Thickness of a single film

11.2.1 Silicon Oxide on Silicon

11.2.1.1  Key points

- Influence of the measurement configurations

11.2.1.2

9/2/08
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- How to use of the merge function

Typical settings of acquisition parameters:

Sample Thermal oxide layer
Spectral range 1.5-5eV
Increment 0.050eV

144
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AOI 70°

Spot size 1mm x 3mm

Integration time | 200ms

configuration 1T & III in standard merge

11.2.1.3 Experiment

The standard merge (STM) acquisition function generates automatically 3 files:

one for the measurement in configuration II: xxx-ClLspe, one for the measurement in
configuration III: xxx-CllLspe and the “merged” file: xxx-STM.spe. The two next figures
show ¥ and A spectra for configuration II (blue) and configuration III (red). Remember
that from the definition of the ellipsometric angles (pItan‘PelA) the domains are [0, 90[ for

Y and [0, 360] for A.

80 /,-\
70-
60}

/
50 / ‘\
40 J‘(\ .»«..M

] e R =
30- .\
20 \
10 .E,)/

2 3 4 5
Photon Energy (eV)

350 3 /’///‘
300 o -
250 aassotoftoeette e,

|

200% /"’ \
0 150 ] \‘\\

|

|

] 7 N
K | .\. - | [//

2 3 4 5
Photon Energy (eV)
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There are obviously mitror effects on ¥ around 45° and on A around 90° and 270°.
Explanation:
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¥, A are calculated from Is and Ic in the last step of the acquisition flowchart, which starts
by digital processing in the acquisition board (details in appendix C):

S

s 1o e (1)

S,

The deduction of ¥ and A from Is and Ic is according to the following relations:
Configuration II, for M = 0 and A = 45°: Is = sin2'¥sinA and Ic = sin2%¥cosA
Configuration II, for M = 45° and A = 45°: Is = sin2¥sinA and Ic = cos2¥

The next graph shows Is and Icfor the two configurations (note that Is does not depend
on the configuration):

14

08 A adrtey o 04

0.6 3\ [0.2
NN /s J |
02 S / -

. o \\ A\ { foz,
_0.4E \ \ d/ \ / /:
8] \-

4] ~ e [

2 3 4 5
Photon Energy (eV)

\

A closer look at the trigonometric functions shows that:

b4 A

sin2¥ defines W in the interval

[0, 45] only. Values above are knowing sinA and cosA allows

Config. 11 Ained down around the line determination of A over the
2 $ — 450 complete domain
cos2V¥ allows the determination of sin defines A n the interval [0, 90)
Config. 111 only. Values above are flipped down

¥ over the complete domain around the line A = 90°

The resulting standard merge file contains therefore W from configuration I1I and A from
configuration II.

9/2/08
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The next table summarizes fitting results for the two configurations:

File Thickness XZ Fitting spec
Config. II 859 2 (s, Ic)
Config. I1 855 400 ¥, A
Config. 111 859 1000 (Is, Ic)
Config. 111 860 2000 (¥, A

STM 859 2 (Is, Ic)

STM 859 2 ¥, A

147

The high XZ or a wrong thickness result from:
configuration II file has the wrong and cannot be fitted using (‘F, A)
configuration III file has wrong and cannot be fitted using (‘F, A)

configuration III file has wrong Ic and cannot be fitted using (Is, Ic)

Conclusion:

we recommend to restrict generally to configuration II and use (Is, Ic) as minimization
observables. The only interest of STM is to extract exact values for ¥ and A but it does
not improve the fitting process.

11.3 Thickness and dispersion of a single film

11.3.1 Silicon Nitride on Si

11.3.1.1 Key points

- Choice of dispersion
- Tlustration of local minimum
- Fitting functions and algorithms

This example illustrates the determination of optical properties of the film by two different
dispersion models.

It also emphasizes the behaviour of fitting algorithms and wrong mathematical solutions
(local minima).

11.3.1.2  Typical settings of acquisition parameters:

Sample Si3N4 layer
% Spectral range | 1.5 —5eV
§ Increment 0.050eV
(=
AOI 70°
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Spot size 1Imm x 3mm

Integration time | 200ms

Configuration | II & III in standard merge

11.3.1.3 Experiment

The standard .spe file obtained in configuration II should look like that:

40 ] A T\- A h { bif |I:_ 320

RV
' N/
VAR “\ I =

304

l-I»'(")zs'\ }

/W/\\ /\////
NN T
AN

Photon Energy (eV)

Note that W is flipped for some parts of the curve. This is not important for modelling
which is done on Is and Ic and not on ¥ and A.

11.3.1.4 Interpretation

Optical properties of a material can be described either with the dielectric function or with
the complex index of refraction. The relation between the two complex values is:

re(g) + iim(e) = (n + ik)?

The first dispersion under study is called classical. Classical, because it is not based on
quantum mechanics.

9/2/08
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Dispersion formula :
Classical

Adachi-3 Forouhi
Adachi-Forouhi
Adachi-New Forouhi
Afromovitz
Amorphous

Cauchy Absorbent

Cauchy Transparent
Conrady

Double Amorphous
Double New Amorphous
Excitonic

Fixed Index

Haltman
-|Kato-Adachi
Kato-Adachi IR

New Amorphous
Quatre Amorphous
{Quatre Oscillators
Schott (Briot)
|Sellmeier Absorbent
-Sellmeier Transparent
| Tanguy

Tanguy Extended

" Tauc Lorentz

HTauc Lorentz2

Tauc Lorentz3

Triple Amorphous —

OTriple New Amorphous b

I3l «

The complete expression is:

2 2 2
& - .
& :8r+igi:goo+ (25 ‘2900.)(0[ + 2@P + 2 sza).]

w-o e - e 7T - 1,0

For SizNy we use only one Lorentzian oscillator, so that the dispersion can be written as:

2
N (6.-&)w,

E=E. T
w, - T,

The graphical representation is:

T 1

.
: - 4000
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H
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1 .000 ] - = ooo
! |
H
: |
H
.

0000 [ -1 oo
. |
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}

= 3 a =
Photorn Enerday [e™")
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Note that:

if I'y = 0: im(g) = 0: the material is transparent.

if Iy 2 0: im(€) = 0: the material shows absorption.

im(g) is small except around ®,. The FWHM of this peak is equal to I'y.

for @ — 0, re(e) = &

for @ — oo, re(€) — €4

- €4 1s usually equal to 1 unless otherwise specified.

If we enter the parameters €,=4 and ®,=10 the following dispersion is generated:

& Dispersion formula - SiN osc.dsp EEE
Dispersion formula &l Alx ealn slme|wle B ol 1k m-|
|C|355i,;ﬂ| ~| ll Left In B | Photon Energy v | Right Ik -l
range Unit

Min : I [I,E!id;l IeV LI
Max: 6.50 =~ : 2 450
Increment 0.050 +[~ H
Angle of incidence :[ 70,000 °
o _ : 2.400

2.350

| ————
Value Min Mat
) 1.0000000 | 00000000 | CLO000OO 2.300
€s 40000000 | 00000000 | 0L0000O0 :
wt 10.0000000 | 0.0000000 | 00000000 H
n2.250 0.000 k

wp 00000000 | 0.0000000 | 00000000
T, 0.0000000 | 0.0000000 | 00000000 H
rd 00000000 | £.0000000 | 00000000 H 2.200
, 0.0000000 | 0.0000000 | 00000000 :
We 4 00000000 | 0.0000000 | 00000000 H
Vs 0.0000000 | 0.0000000 | 00000000 2.150
f, 0.0000000 | 0.0000000 | 00000000
[ 00000000 | 00000000 | CL0000000 2100
Vs 00000000 | 00000000 | CL0000000 .

2.050

1 2 3 4 5 6
Photon Energy (eV)
Save | Save As ... SiNoscdsp | 1 [ n=2003 [ Photon Energy = 0.65 eV k = 0.000

We recognize €, = 4 in low energies (nzzss for m=0).

We use this material SiN osc.dsp into the mdl environment:

um .ESiN osc.dsp x| X

l Csi_uv._ref &

Simulations with varying thickness show that 2000 A will be a good guess :

S
~
Q
X
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Is 0 .

Photon Energy (eV)

Fitting thickness and two dispersion parameters leads to following results :

thickness : 2506 A + 26
g, = 3.24 £ 0.05

o, = 9.28 * 0.06

=11

and an excellent graphic agreement :

1

|SO- '/ i A Olc

2 3 4 5
Photon Energy (eV)

We repeat fitting with different initial values for thickness in the range 500 to 5000A:

Initial thickness X2 thickness result - comment
500 4100 169A - Bad
1000 3300 550A - Bad
S 1500 2400 639A - Bad
S 2000 11 2500A - Good
2500 3300 2500A - Bad
3000 11 2500A - Good
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3500 5000 1327A - Bad
4000 4300 2000A - Bad
4500 5400 2000A - Bad
5000 5200 2200A - Bad

Obviously, only two thickness start values, 2000 and 3000A give good solutions (lowest
Xz). For the other start values the Marquardt minimization algorithm falls into a local min-
imum where % is much higher.

Note that starting from the right thickness (2500A) leads to a bad solution. This is
due to the fact that we are fitting in addition to thickness also 2 dispersion parameters.
This shows that permanent care has to be taken with multi-dimensional minimization rou-
tines.

The next figure shows the fitting function and local/global minima:

Initial 3000
thickness 4

2500

AL

[\
S
S
S

£/
)
%

)

o
.{%/

7
'-‘e
'?f
v

— o
IR
05- AN
0—
2
X "2
0.5 —
-4 -
1.5 =L
5
0 ——
72
-5

Iterations

The red trajectory starting from the right thickness does not lead to the best (global) mini-
mum. The minimization algorithm falls into a local minimum with correct thickness but a
much too high ¥ value caused by the incorrect final dispersion parameters.

Two green trajectories starting from wrong thicknesses (2000 and 3000A) follow the high
slope of the % surface, thus avoiding the local minima met above, and fall into the correct
solution, which corresponds to the global minimum.

DP2 can handle these potential difficulties in two ways:

1. multiguess

9/2/08

several fits are performed with different start values:
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X

Fitting Choice Properties for layer #1
Thickness IMateriaIs 1 Special functions ] LB.R. ] Checks]
[+ Fit

" MNominal value - 2000.0 A
Multiguess absolute :
2 Start : 0.1 A

.

(" Multiguess relative :
End : 50000 A
" Multistart absolute :
Increment : 100.0 A
" Multistart relative :
" Correlated to :  Layer number : 1 :
Ratio factor :
@ [ixed 1.000
" Yariable Start: 1.000
End : 1.000
Increment : 0.000
Ok Cancel |

In the present case we apply multiguess absolute, starting from different thicknesses
between 0 and 5000A (increment100A). We find the correct solution:

thickness: 2506A + 26A
£,=3.24 + 0.05

o, = 9.28eV * 0.06eV

=1

The multiguess method was applied here only for one variable (thickness), but of course it
can be applied to every adjustable parameter.

The method is very reliable but can be very time consuming. For example if we choose in
the case of m adjustable parameters 10 guesses for each parameter the number of fits will

be 10™

2. Simplex minimigation method

At the beginning the user should again set start values for the adjustable parameters. For
example if m parameters are adjustable the Simplex method will generate randomly m
additional sets of these m variables. The result is a polyhedron in a m-dimensional space.
The Simplex method will then twist and scrunch this polyhedron around a neighborhood
of “small” Xz. This method is less sensitive to local minima than the Marquardt-Levenberg
algorithm. Its drawbacks are speed and the fact that two successive attempts will never
give the same solution. Therefore one should repeat the fit several times to make sure the
method has really reached the best solution. Although DP2 allows it, we suggest not to
combine this method with the multiguess option.

In the following table the results of 10 successive attempts (same initial values) are sum-
marized for the present example.

9/2/08

Simplex X2 Solution found, comment

1 8000 2500 A — Bad
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2 4200 1500 A — Bad
3 4700 1100 A — Bad
4 4200 1300 A — Bad
5 3300 2500 A — Bad
6 4000 2600 A — Bad
7 64 2200 A — Bad
8 4000 1400 A — Bad
9 10 2500 A — Good
10 2600 1600 A — Bad

Unfortunately only attempt number 9 leads to the correct solution. This means that one
has to repeat the fit many times to be sure about the correct solution.

Now we return to our initial problem, the properties of the nitride layer. The best solution
for the moment gives ¥* = 11. If we set additional I'j as unknown parameter we get:

thickness: 2564A *+ 31A
€, =3.13 £ 0.05

o, = 9.25¢V % 0.0eV
I’y = 0.06eV * 0.02eV

So XZ has decreased from 11 to 8 (thus 30 %) while the number of fitted parameters has
increased from 3 to 4 (thus 33 %). This means that the introduction of one more parame-
ter does not improve the fit significantly. The model using a Lorentz dispersion formula
has reached its limit in this case. An alternative is the new amorphous formula, which cor-
responds to a rewriting of the original Forouhi-Bloomer formula:

. Bi (0-0;)+ Cj

n=n,
(0-0) + r?

and

2
filo—o
— 2 29) sk (0g) =0
+Fi2

k(>g)= (m_w.)

where B; = % [Fiz-(ooi-(og)z] and Cj = 2fiFi(mi'OJg)
|

The following graph shows an example of this dispersion:

9/2/08
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Note that for ® < 0,: k = 0 that means the material is transparent below the band gap.

We try the following start parameters for SizNy:

n,, = 1.75
0y = 3.42eV
§=0.16

(D] =17.31eV
Fi =1.7e¢V

B Dispersion formula - SiN new.dsp

Dispersion formula : & Al alan| See| @le o ko -
|Ngw Amorphous Ll ll Left: In | % IPhomn Energy | H\ghl.lk =1
Spectral range : Unit
Min : 065 <[] [ov  ~ 2.600
Manx - 6.50 -~ 5550 0.400
Increment : 0.050 ~ : -
Angle of incidence :| 70.000 * 2.500
= 0.350
2.450
0.300
Valus Min M :
e 17500000 | 0.0000000|  0.0000000 i 2.350 0.250
wg 34200000 | 00000000 | 0.0000000 : :
q wi00000 | omoomooa | ooon. (- 2.300 «
w 73100000 | 0,0000000 | 0.0000000 ;N 0.200
T 17000000 | oooooooo | ooomoooo, | 2.250 )
2200 0.150
2.150
2050 0.050
GQO 2.000
NS 0.000
N
X Photon Energy (eV)
_EM L"f**l SiNnewdsp | 1 n=1957 [ Photon Energy = 0.65 &V ] k= 0.000
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We use now the dispersion SiN new in the model instead of SiN osc:

ulﬂ lIESiN new.dsp x| %

l Csi_uv.ref &

and get:
x2 =495
thickness = 2530A + 19A

Thus X2 has decreased from 11 to 4 while the number of fitted parameters has increased
from 3 to 6. This means that the New Amorphous formula should be used instead of the
classical formula.

An additional reduction of XZ can often be achieved by adding a fop layer in the layer
model. This top layer is defined as an EMA (effective medium approximation) of 50% of
the underlying material and 50% of void. A good start value for the thickness is in most
cases 30A. The volume fraction is usually kept fixed but thickness becomes an additional
fitting parameter.

The new layer model would then look like:

¢ [G] 26.5/[]% [E)SiN formation.dsp  [50.00 %|XE Void.ref 50.00 %% ¥
_IE lIESiN formation_dsp % 28
l Csi_uw.ref %5

In the present case this overlayer improves the fit to = 2.8. The total thickness (layer +
overlayer) is very close to the one layer model result.

0.800- )ZLN‘%M SiNalgi\ £\ -0.800
0.600? x / 95 / ;\& ;—0.600
osool S 1A\ \ ¥ | lfosoo
020l £ A X N 4 [ A1 1Fo200
Is 0'0005 # jg \ X Z i \\ 3/&/ f\% £0.000 Ic
:Siiiﬁﬁéx R - 020
o000 e o S .
-0.800- | %@Zé | I \f -0:800
’ Photoi Energy (eV) ) °

The results of the dispersion parameters are then:

n,, = 1.679

9/2/08

0y = 4.226eV
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f; = 0.081
o; = 7.074eV
I'; = 0.887eV

11.4 Transparent substrates

11.4.1 Pure glass without film

11.4.1.1  Key points

- Back side reflection
- Influence of substrate thickness

- Reflection & Transmission experiments

11.4.1.2 Typical settings of acquisition parameters:

Sample Glass substrate
Spectral range | 1.5—6.5e¢V (825 — 190nm)
Increment 0.050eV
AOI 55°- 60°
Spot size 1mm x 3mm
Integration time 1000ms
Configuration I

For transparent materials that are polished on both sides we get effects due to the backside
(BS) refection of the light beams:

Incoherent
reflection

Coherent
reflection 1 st peam
.‘ 2 :d beam

Ambient

Coherent system

Incoherent system
Glass

\ ‘ ‘ Ambient or second
coherent system

9/2/08

In the case of a Imm thick glass sample that is polished on both sides the detection head
will collect several incoherent from the BS reflected beams. The exact number of collected
incoherent beams is not critical as long as they are at least 2.
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When the substrate thickness is bigger than 2mm the BS reflected beams are sufficiently
separated from the front side reflected beams so that they can be masked and do not reach
the detection head. This separation can be optimized by adjusting the spot size of the
beam on the sample (beam diameter & angle of incidence).

The following table suggests solutions for different substrate thickness ranges:

thickness/mm Solution
<01 Measure as it is. Model calculations assume infinite number of
’ coherent BS reflected beams.
Measute as it is. Model calculations assume infinite number of
0.1-1 .
incoherent BS reflected beams.
1.9 Mask the BS reflected beams with appropriate spot size (beam
diameter & angle of incidence).
> 2 Mask the BS reflected beams.

Note that BS reflection effects can be observed for all materials that are transparent in a
part of the light spectrum. For glass the transparent region is in the visible, for other mate-
rials such as Si, InP, GaAs the transparent region is in the NIR.

The following graph shows calculated spectra for a Imm thick glass sample, with (dots)
and without (lines) BS reflected beams:

*o3ecccecees -0.0200
..““‘“uunnoo
L LT TYS
22,0000 oo
° 0.0150
[ ]
21.5000
L]
weE) -0.0100 A (%)
]
21.0000
_ ° | 0.0050
\ °
20,5000 .
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A."‘ 0_m
2 3 4 5
Photon Energy (eV)

In the low energy range the two spectra are very different. That is the spectral range where
the BS reflection affects the measurements. In the high energy range the glass is absorbing
so that no light reflected from the BS reaches the detector. The absorption edge of the
glass is around 4.2eV.

11.4.1.3 Experiment

9/2/08

Since glass has a reflectivity of only ca. 5% the integration time is increased to 1000ms to
improve signal-to-noise ratio (S/N).
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The BS reflected beams will be included in the model: we have a real substrate (void)
underneath the Imm thick glass layer:

0 10000000.0 [ [Flglass.dsp x| x
lenid_dsp &

The optical properties of the void substrate are of fixed index type dispersion with n = 1
and k = 0 over the whole spectral range.

The optical properties of glass can be modelled by a New Amorphous dispersion. Start
values are for example:

Parameter value Comment
n, = 1.45 Refractive index of glass at long wavelengths
0, = 3.8 Absorption edge, optical bandgap
f;=0.01 Small value for small k
;=12 Absorption peak, in far UV
Ij=15 Damping parameter: not critical as long as it is positive

9/2/08
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The following graph shows measurement (dots) and fit (lines):
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-0.0050 e —+} 0.5800
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The model described above did not given an excellent fit. For the transparent region of a
material we would always expect Is = 0 ( = 0) with or without BS reflection. The measure-
ment does not give Is = 0. This is due to surface roughness on the glass.

Assuming that the sample is symmetrical, we therefore add a standard roughness layer
(30A, EMA: 50% glass & 50% void) on both sides of the glass.

The final layer model would therefore be the following:

“E 50.2 |:| lmglass.dsp 50.00 % X|! Void.ref 50.00 %X %
0 Doooo0o00]  [Flglass dsp ¥
um 35.0 |:| lIEglass_dsp 50.00 % X|! Void_ref 50.00 %[ % *

I void.ref x

The fit is now much better:

- 0.7000
M . ...
M oo
° 090,00 °
0.0150 s ee® 11 06800
® .
0

\»\\ .‘. [ 0.6600

0.0100 o®

/ e
°
°
s ) -0.6400 |c
0.0050 \
//; \\Qi‘\\ -0.6200
1000 °
o ° o ®od - 0.6000
Pe’e ° A 03
LYY *0eee o o
Py,
[N
-0.0050 v—2aa,, od 0.5800
2 3 4 5
Photon Energy (eV)
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We can derive the final dispersion parameters:

n, = 1.373
®y = 3.496eV
f, = 0.002
; = 7.987eV
I = 0.063

Leading to the following dispersion curves:

/’(0.010
1.850

1.800 //

1.750 /
e

1.700 /

. o 0.004

1.550 / 0002

1.500 —— /

1 2 3 4 5 6
Photon Energy (eV)

0.000

11.4.2 a-Si on glass

11.4.2.1 Key points

- New Amorphous and Tauc Lorentz dispersion
- spectral range for thickness determination

- importance of overlayer

11.4.2.2 Typical settings of acquisition parameters:

Sample a-Si on glass

Spectral range | 1.5—6.5e¢V (825 — 190nm)

Increment 0.050eV
%
S AOI 559 - 60°
X

Spot size Imm x 3mm
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Integration time 1000ms

Configuration 1I

11.4.2.3 Experiment

The following graph shows a measurement of a-Si on a glass substrate:

a-Si on glass

gtet ML 200
o200l LA~ 0000
> oo L HH L 0200
0.200° VRITAA ~}0.400
-0.400 / \V/ [ ——r -0.600
VvV T -0.800

1 15 2 25 3 35 4 45
Photon Energy (eV)

The spectrum can be divided into two parts:

For energies < 2.5e¢V there are interference fringes indicating that the material a-Si is
transparent in this spectral region. The thickness of the a-Si layer is basically determined in
that spectral range.

For energies > 2.5¢V the fringes disappear, a-Si is absorbing in this spectral range.

11.4.2.4  Analysis

A first attempt is to model a-Si as a single layer with two different dispersion formula: a
single layer model with New Amorphous dispersion gives a fit value of xz = 87 while
using a Tauc-Lorentz dispersion leads to x2 = 32.

The fit result is better with the Tauc Lorentz formula. However, the fit can further be
improved to X2 ~ 8 when an overlayer is introduced to the layer model:

. asi formation.dsp 50.00 % x[. Void.ref 50.00 % xl X
. asi formation.dsp ><| X
10000000.0 [ 1737.4sp x| x

. Void.ref X

This overlayer is an EMA of 50% a-Si and 50% void. Physically it corresponds to a rough-
ness layer + a native oxide layer that forms on a-Si (as it does on ¢-Si and p-Si).

9/2/08

The following graph shows the experimental data (dots) and the final fit (lines):
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Fit result: a-Si on glass
0.800f 7 0.600
0.600:\ Elg’F\ W -0.400
0.400:\ %* /h* ﬁ -0.200
0.200 -0.000
> oool UL E e 0200"
0.000- --0.200
0200 IRl %WM}-OAOO
-0.400-5 )\%Z( 7( ;—-0.600
e s 10800
1 15 2 25 3 35 4 45
Photon Energy (eV)
The deduced dispersion parameters for a-Si are then:
Eg=l.672eV
€, = 0.764
A =222.674
E, = 3.609
y2 = 2.272
The corresponding dispersion is displayed in the graph below:
(n,k)=f(E) for a-Si
5 000" \ +—13.500
] // ,\/ 3,000
4.500—_ / / \ -2.500
4.000 £2.000
’ B 1500 ‘
3.500 / \ -
-1.000
.000 [
3 ] -0.500
2500 ————--t—eereot 0000
1 15 2 25 3 35 4 45
Photon Energy (eV)
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11.5 Composed Materials

11.5.1 Oxidized porous Silicon Layer (OPSL)

11.5.1.1 Key points

- inhomogeneity of OPSL

- EMA: composition of SiO2 and ¢-Si (crystalline Si)
- Model improvement step by step

- Total thickness of OPSL layer

11.5.1.2 Typical settings of acquisition parameters:

Sample 10pm OPSL Reference (0.5pm SiO,)
Spectral range | 0.75-4.5eV (1655-275nm) | 0.75-4.5eV (1655-275nm)
Increment 0.005eV 0.050eV
AOI 70° 70°
Spot size Imm x 3mm Imm x 3mm
Integration time 200ms 200ms

11.5.1.3 Measurement of the reference sample:

In this example we analyze a sample coated with a layer of silicon and OPSL (approxi-
mately 10um thick) and a reference sample coated with a SiO, layer (approximately 0.5pum
thick).

The reference is analyzed to determine the optical properties of the material in a simple

layer structure. As a first step we use the reference file to model SiO, and introduce a
roughness layer on top (EMA: 50% SiO, & 50% void):

i) 53.0/J% [ Sio2_isaref 50.00 % XE Void.ref 50.00 % X *
CE es77 Il sioz_isaref x| %
l C-si_isa.ref x

9/2/08
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Below the experimental (dots) and fit (lines) data:

1.000

- 0.000

I= 0.000

-1.000

3
Phaoton Energy (e

As a result we get:

y2 =382
thickness SiO, = 6576.7A
thickness roughness layer = 53A

The fit is excellent so that the optical properties of SiO, correspond to the used reference
file.

The dispersion of SiO, is displayed below:

9/2/08
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11.5.1.4
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The spectrum is acquired in the range 0.750 - 4.5¢V (275-1700nm) which corresponds to
the transparent region of SiO,.

The amplitude of the interference fringes decreases fast around 1.5eV. We can ascribe this
unexpected behaviour to the fact that the OPSL layer is a mixture of transparent SiO,,
void and c-Si. ¢-Si is already absorbent around 2 ~ 3eV.

Because of the absorption we better fit in the spectral range 0.75 - 1.40eV (885 - 1700nm)
to determine the thickness of the OPSL layer.

11.5.1.5 OPSL results and comments

The OPSL layer should be a mixture of SiO,, ¢-Si and void. Thus the layer is a mixture of
a high index component (C-si) and two low index components (81O, and void). The index
of void and SiO, are close compared to the index of ¢-Si so that we actually cannot distin-
guish between SiO, and SiO, + void. There would be strong correlation between these
two components.

Therefore we can start with the following model: one layer which is composed of ¢c-Si with
inclusions of SiOy:

ulﬂ 100000.0 m . Sin2_isa.ref 20.00 % X|! C-si_isa.ref 80.00 % % *

. C-si_isa.ref £3

This first attempt provides a very bad fit with Xz ~ 2500 so that we have to improve the
model.

The process of OPSL deposition suggests a dependency of SiO, proportion on depth
within the film. So that we create a succession of EMA layers with increasing SiO, content
from bottom to top:

AUE svoo0o|F% [ sioz_isaref 60.00 % X|! C-si_isa.ref 4000 % %| ¥
UE 10000 % [ Sioz_isaret 2000 %/ X[ C-si_isaret 80.00 % %

. C-si_isa.ref zs

We choose 90000A for the top layer and 1000 A for the bottom layer. The total thickness
of the layers should be around 100000A. Then there are two possible approaches: the top
layer has a high index (higher c-Si content than SiO,) or a low index (lower ¢-Si content
than SiO,). Both approaches lead to bad fit results with %2 values around 500 ~ 570. How-
ever, fits are already better than in the previous model.

We continue adding layers:

"m’m IE l Sio?_isa.ref ’W‘ 2 l C-si_isa.ref ’m‘ ¥ 24

AE 10000/F% [0 sioz_isaref 60.00 %% [ Csi_isaref 140.00 %/ % X

@ 1o000/[F% [ sioz_isaref 2000 %|* [ Csi_isaref 80.00 % % X
l C-si_isa.ref £3

The ¥? value drops now sharply to 80 ~ 90.

We continue adding layers:

9/2/08
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C-si_isa.ref ’m‘ £y 2

C-si_isa.ref ]W\ £g 2%

C-si_isa.ref ]W\ £E) 2%

C-si_isa.ref ’W‘ x| %
ps

Sin2_isa.ref ’m £
Sio2_isa.ref W 58
Sio2_isa.ref ’m %8
Sio2_isa.ref ’m‘ 55

C-si_isa.ref

U s00000/H%
E 10000 7%
M 10000 %]
WE o0

]

The % value drops to ~10.

We add now a final layer close to 100% SiO, on top. We suppose that this layer is the
thickest, however, we try now different thickness start values by using the multiguess
absolute function. We try start values in the interval 80000 - 110000A (increment 5000A)
and get the following final result:

im’—| III . Sio2_isa.ref ’m‘ Z l C-si_isa.ref ’m‘ £g) &3
M 10000/[F% M siozisare 90.00 % X[l C-si_isaref 10,00 % % X
M 1o000/[F% M siozisaret 80.00 %% [l] C-si_isaref 2000 % X %
AUE 1o000|[F% [ sioz_isaref 60.00 %X ] C-si_isaref 40,00 % X X
ulﬂm III . Sio2_isa.ref W Z l C-si_isa.ref ’W‘ £g) &3
! C-si_isa.ref £8

We get a x2 value of 4.73.

Physically the top layer should be 100% SiO,. So we add a “thin” layer of pure SiO, on
top:

“IE . Sio2_isa.ref 2
“E”—| EI . Sio?_isa.ref ’m‘ & l C-si_isa.ref ’m‘ x| X
CUE 10000/[% B siozisaref 90.00 %X [l C-si_isaref 10.00 % X X
M 10000/[F% B sioz_isaret 80.00 %% ] C-si_isaref 20,00 % X %
ANE 1o000/[F% B siozisaref 60.00 %% [l C-si_isaref 40,00 % X X
CHE 1o0000/[F% M sioz_isaret 2000 %/ %[l C-si_isaref 80.00 % X X

. C-si_isa.ref £8

The experimental (dots) and fit (lines) data are shown below:

9/2/08
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| el (2] 00| B2

hteration : |3 X 2605376
Parameter [value
L1 Thickness [A] 799.966
L2 Thickness [A] 1032.585
L3 Thickness [A] 1716.561
L4 Thickness [A] 2330.490
L5 Thickness [A] 58374.270
LE Thickness [A] 1228.080
L1 % Sio2_isa.rel 10.73
e L2 % Sio2_isa.rel 44.51
L3 % Sio2_isa.refl 75.76
L4 % Sio2_isa.rel 52.67
L5 % Sio2_isa.refl 58.19
Il ] |
Fitting finished
- Guess: 171
07s o0& 0.85 09 0.5 1 105 11 ERE] 1z 125 13 1.35 1.4 [ [ o e |
Phatan Energy (sV
o 1= =1 ston [
<1 T I |l B ]| T ] ]| T T T T

samplemdl

Current profile : manual [

:#f) Démarrer =1 o || Sumanuslsliipsa | ) marual - Microsoft W I[ & Jobin Yvon 7 Hori 7] Sans titie - Pairt

The results for thickness and composition of each individual layer can be seen in the next

figure:

imm l Sio2_isa.ref £y &2
JUE esasie[Fu I siozisaref 98.18 % * ! C-si_isa.ref [ 1.82 %] %|*
E 23286/[F% [ siozisaref 92.88 %] X! C-si_isa.ref BEREET
E 1nasFx [ sioz_isaref 75.77 %] X! C-si_isa.ref [24.23 %| X X
Am 03sa[Fn [0 sio2_isaref 14454 %] X! C-si_isa.ref 5546 %| X X
N\ 7993)[Fn [ sioz_isaref 10.76 %] X! C-si_isa.ref 89.24 %X X

l C-si_isa.ref £8

The best XZ value is 2.60 with a total OPSL layer thickness of 95483.3A.

11.6 Multilayers

11.6.1 Eight layer High-Low Stack on Silicon

11.6.1.1 Key points

- layer repetition

- layer correlation

11.6.1.2  Typical settings of acquisition parameters:

Sample 4 repetitions of TiO,/SiO, on Si
§° Spectral range 1.5—6.5eV (825 — 190nm)
S Increment 0.050eV
AOI 70°
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Spot size Imm x 3mm
Integration time 200ms
Configuration 11

In this example we will fit ellipsometric data from a eight layer high-low index stack depos-
ited on silicon substrate to determine the refractive indexes and thicknesses of all eight lay-
ers. The sample structure is approximately 4 x (1150A TiO, / 710 A SiO,) / Si:

TiO,
SO,

TiO,
SiO,

Si substrate

11.6.1.3 Experiment

The corresponding Layer model is the following;::

m 30.0/0% [MEto2 dsp 000% %[ void ref 000%* >

b AE 7100 [mtio2 dsp X1 x

1 “lﬂ 1150.0 . Sio2_isa.ref X x
. C-si_isa ref x

It consists of a repetition (4x) of the SiO,/TiO, stack and a roughness layer on top. The
measurements and the fit with this model is shown below.

Generated and Experimental spectra: AR coating
] ¥ -350.00
] ¥ il [
70.00 ¥ i
] E * -300.00
%0003 * fgﬁ_zw.oo
%0007 X )F ’ﬂf 20000
¥ 40,00 F A0
] -150.00
30.00 i
] -100.00
20.001
] -50.00
10.00 [
| IS I . N I "
400 500 600 700 800
Wavelength (nm)
| —Fit(¥) * samplebspe (W) — Fit(4) #* sample5.spe (A) |
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We get the average thickness of the SiO, and the TiO, layer as well as the average disper-
sion of the TiO, layer. Additionally we get of course the thickness of the roughness layer:
Average thickness SiO,: 1162A
Average thickness TiO,: A

Thickness roughness:
Dispersion of TiOy:

Optical constants of TiO2 in Hi-Lo index stack
3.050 ‘\ -0.600
3.000
2950 \ -0.550
2 000 \ \\ +0.500
2.850 -0.450
2.800 1\ \ ]
5750 l \ 0.400
2700 ]. \ -0.350
n 2.650 [ k
600 I\ \ 0.300
2550 \.( \ -0.250
2.500 +0.200
2.450 l‘ \ L0 150
2400 \ \ '
2 350 \ +0.100
2.300 \ -0.050
2.250 0.000
400 500 600 700 800
Wavelength (nm)

11.7 Complicated dispersions

11.7.1 NK-fit for an organic layer

11.7.1.1  Key points

- Performing a NK-fit
- Creation of calculated files *.clc

- Refractive index /dielectric constant extension to a higher range

11.7.1.2  Typical settings of acquisition parameters:

Sample Organic layer
§° Spectral range 1.5—-6.5eV
N
S Increment 0.050eV
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AOI 70°

Spot size Imm x 3mm
Integration time 200ms
Configuration 11

This analysis is performed on an unknown organic layer of ca. 400A thickness. The diffi-
culty here is that none of the dispersion models is able to provide a good fit over the entire
measurement range of 1.5 - 6.5eV. A good fit can only be obtained in the reduced spectral
range of 1.5 - 5eV.

Thickness and optical properties can be determined from 1.5 — 5eV. To get the optical
constant also from 5eV to 6.5¢V with the same precision that we have for the reduced
range 1.5-5e¢V we can use the NK-f# function. This function allows direct calculation of n
and k in the spectral region of interest if all other parameters including thickness are well
known and fixed.

The model for the reduced range of 1.5 - 5¢V is a single layer model with a multiple oscil-
lator dispersion. In this case we use Treple New Amorphous (classical dispersion would
provide similar results). For the substrate we use the material file Csi_wor.ref that provides
data points in the UV region, which we need later:

Pm 419.2 .E|L1 organic.dsp e

. Csi_wor.ref S
|

It is not straight forward to find the set of parameters for this kind of dispersion.

The method we suggest is to begin with simple or double oscillators and to launch a fit on
the interval 1.5 - 3.5¢V or 1.5 - 4eV. Try different start values for the dispersion parame-
ters until the xz value cannot be improved anymore.

Select now a dispersion of the same type with a higher number of oscillators (for example
New Amorphous — Double New Amorphous) and launch the fit on the same interval
(using the previously found parameters as start values).

If there is an improvement of the fit try to extend the range, for example: 1.5 — 4eV or 1.5
—4.5eV.

Carry on adding oscillators and extending the range as long as the xz value can be
improved.

With Triple New Amorphous we get a Xz value of 2 and a thickness of 419.2A in the range
1.5 - 5eV. The dispersion parameters are displayed below. Once we exceed 5eV the fit
starts to deteriorate and the % value increases. That is the point where we better use the
NK-fit function to obtain 7 and £ until 6.5e¢V.

The dispersion parameters (triple new amorphous) for the reduced range 1.5 — 5eV are:

Ny, 1.6658216
O 2.7930357
Fy -0.0048616
§ o 4.6567426
Iy 0.3770423
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F, 0.1749506
G5} 3.0110691
r, 0.1551019
Fy -0.0077110
s 3.8020499
I, 0.2434855

To use the NK-fit function click on Mat. and select Poznt by Point Calculated. Drag and
drop the dispersion that was found in the reduced range to the material 1 box and activate
the box:

@ Point by point calculated - L1 organic PPC_ppc

Default n&k guess value source : Al%l |e\| 1:1| %lll@l@ EIEI%I -|'|
 Fixed index guess value : } n: IW Left: I” j ><:Iph‘:'m"' Energy ﬂ Hight:lk =
k

" Previous guess value : : I 0.000

|- 0500

= Material 1 : po2ms [ 0as0 !
| L1 organic.dsp ﬁl 2000 |

. : I foaon

i Material 2 : ' 1asn ] ;
| Drag-and-drop a material file here ﬁl ll: [ 0ss0
1,900 - ’ '

 Material 3 : ! i
| Drag-and-drop a material file here ﬁl E 1.850 1 0300 H

" Table values : Clear table | E 1.800 - Lozsok E
Ener n k : i E
oy 1750 oo

1.700

Foaso
1,650 1

1600 4

1.530

Save | Save As .. | 11 organic dsp| 1 [ 'n-1888 | Photon Energy -075ev | k-0.000

Then replace the dispersion layer of your model by the PPC layer you just created:

! [m] 192 {[FIL1 organic PPC.ppc x| x
l Csi_wor.ref

The dispersion of the layer is now fitted at a fixed layer thickness (obtained by fitting in the
reduced range).

Launch the fit in the spectral region 1.5 - 6.5¢V (using the Levenberg-Marquardt algo-
rithm). The fit should give a XZ value of 0. Update the model and the PPC file to get the
dispersion of the layer in the complete spectral range.

Opening the PPC file in the material folder to get access to the optical constants:

9/2/08
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@ Point by point calculated - L1 organic PPC_ppc

Default n&k guess value source : Al %l | e\l 1=1| %l || @l@ gl El ﬁl -|'|
¢ Fixed index guess value : } n: I 1.000 | Left: I” j E Iphm” Energy j FHg’ht:lk I
s
" Previous guess value : k: I 0.000 | |
i 2050
" Material 1 : ,
' 2.000 1
|L1 triple new.dsp M :
" Material 2 : E 1850
| Drag-and-drop a material file here M j i 1 000 |
" Material 3 : '
A 1850
| Drag-and-drop a material file here M 1
& Table values : Clear table | E n 800
| Energy n | k I;l 1750
6.100 1.601444 0.331571 i
6.150 1.600200 0.345464 o T
6.200 1.997747 0.340738 .
6.230 1.996699 0.337184 |
6.300 1.994166 0.333372 1600
6.350 1.592194 0.329983 i
6.400 1500238 0.326556 P
6.450 1.589373 0.323919 !
6.500 1.587549 0.319779 j E
Save Save As .. | C ppc - Table 1 n=1669 | PhotonEnergy=1.58Y | k=0.000
Optical constants

You can also create a *.clc file which can be used as a reference file of the organic layer by

activating the box Table values and clicking on the icon .

Now we can use the PPC file in the model:

" [GIEX B v oganicolcee x[x

l Csi_wor.ref 3

and fit the thickness over the entire spectral range:

S
~
Q
X
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HE R e =
[

Acquisition Data B3 (T Model - L1 -final.mdl

Model - L1-final. mdl. Fitting Choice - Default. Routine - Simple Fit

. lteration : |2 ¥ |0.019893
: : : : : Parameter [valae
L1 Thickness [A] 419125
Is 0 s
=
KN ] |
Fitting finished
4 ' : : . Guess: 1/1
2 3 4 5 [ [ i N
Fhoton Energy (%) 1| Stop (i o=
4 | || | LU I | L 1] | PR | ]I T I B | 5 ]

L1-final.md

[ Curtent profile : manual

A, Jobin Yvon 7 Horiba = manueleliipso | B manusl - Mictasoft wiord | 97]Sans tine - Paint

The result is:

thickness = 419.125A
x> = 0.019893

Note that X2 value is not exactly 0. This is due to the fact that for the PPC calculation we
used start values (thickness of 419.2A) that are not 100% exact. Hence, the calculated
material contains little imperfections but is still very close to reality.

11.7.1.3 Interpretation

The starting point of the NK-fit is to obtain the best fit possible in a reduced spectral
range (here for example 1.5 - 5eV instead of 1.5 - 6.5eV) to determine the thickness and
dispersion of the layer.

Then these values are fixed and the optical constants # and £ are calculated in the com-
plete spectral range.

However, keep in mind the NK-fit provides results from a calculation and not from a
measurement. The quality of the results depends directly on the quality of the model.
Important is to obtain a very good fit in the reduced spectral range.

11.7.2 Quaternary semiconductor material

11.7.2.1  Key points

- Alloy function

11.7.2.2 Typical settings of acquisition parameters:

S
~
Q
X
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Photodiode
Sample
structure
Spectral range | 1.5 —6.5¢V
Increment 0.050eV
AOI 70°
Spot size Imm x 3mm
Integration time | 200ms

176

Configuration |1l

Sample structure:

Native oxide

InP

Ing.76 Gao.24 Asg 57 Po.ss

InGaAs

c-InP

11.7.2.3 Experiment

The corresponding layer model is the following:

| 300/0% [ @EinPdsp 000% * || Voidref 000%**

Bll® 200000 HEinP.dsp HE

BNE 12000 [ EinGaAsP aly (0.430) = >

MM 13000.0 | EinGaas dsp HE
| EInP.dsp =

It consists of a InP substrate, a InGaAs, InGaAsP and InP layer with an overlayer on top.
The dispersion of InP and InGaAs was modeled with the Kato-Adachi dispersion for-
mula. For the quaternary material the alloy function was used.

The measurements and the fit with this model is shown below.
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Fit results of APD structure

LN
I Y [
’)\& )4 \ -0.15
/ / ”ﬂﬁ?& -0.20

[_0.25Ic

.0.30
H
l’% [ 0.35

|
4*
/A

1
i
:

\

3 ,{ J LY [-0.40
--0.45
¥ L
600 800 1000 1200 1400 1600

Wavelength (nm)

[x APD (Is) —Fit(Is) x APD (Ilc) —Fit(ic) J

As a result we get the thickness of each individual layer and the dispersion of the materials.
For the quaternary material we also can derive the composition:

Thickness InGaAs: 13095A

Thickness Ing 74Gag 24As) 57P 43: 1192A
Thickness InP: 20525A

Thickness overlayer: 21A

Dispersions:
(n,K)=f(A) for InGaAs & InGaAsP
4.600- //\\ 2200
\ 2.000
4.400 1.800
\ 1.600
4.200 \\
l, \ 1.400
n 4.000 ] 'E \ 1.200
t .'I 1.000
3.800 Y H\ 0.800
0.600
3.6001 \WH\. 0.400
e .
-M
3.400 R —— 0.200
%\_'\N‘
600 800 1000 1200 1400 1600
Wavelength (nm)
—a— InGaAsP.aly (n) —— InGaAs_KA.dsp (n) —=— InGaAsP.aly (k)
—— InGaAs_KA.dsp (k)
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11.8 Inhomogeneous layers

11.8.1 Polymer / ITO on glass substrate

11.8.1.1 Key points

- graded index layer

11.8.1.2 Typical settings of acquisition parameters:

Polymer / ITO on

Sample e

Spectral range | 1.5-6.5¢V (825-190nm)

Increment 0.050eV
A.O1 58°
Spot size 1mm

Integration time | 200ms

The measurements and the fit with this model is shown below.

Polymer

ITO
Glass

11.8.1.3 Experiment

ITO is a semi-transparent conducting material that exhibits absorption in the FUV and
NIR. It is known to be inhomogeneous due to deposition methods and post-treatments. A
graded layer model has therefore to be taken into account:

EIEI 200.0 BEpotymer dsp x| x
X X
13000 T [ENTO_top dsp
E | [EITO_bottom dsp x
lI:IGIass.dsp 3

For both the polymer and the ITO we use the classical oscillator model for the dispersion.

The experimental data and the fit are shown below:
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Polymer / ITO / Glass

0.900 R il 0.900
0.800 \ I\ 0.800
0.700 k . \ /'/‘\ 10.700
0.600

0.500 1 x\ / A 7% flosoo
Tl 25V
\

'\ / / 10.500
0.200 [ \
| 14 /

0.300

i
\ Lo.400
0.100 » » AN —& 0.300

1 1.5 2 25 3 3.5 4 4.5
Photon Energy (eV)

As a result we get the thickness of both layers and the optical constants:

Thickness ITO layer: 1280A
Thickness Polymer layer: 210A

Dispersions:
Polymer Optical Properties
1.56
1.55
1.54
n 0k
1.53
1.52 /
1.51
/
1 15 2 25 3 3.5 4 45
Photon Energy (eV)
Graded ITO Optical Properties

2.6 1.1
2.4 \ o 1
22 \ 0.9

2 — 08
18 l M/ 0.7

n16 \ #0.6

1.4 \ 0.5

15\ Jlos

p /%%_ N i 0
0.6 R 01

I
1 1.5 2 25 3 3.5 4 45
Photon Energy (eV)

[ to_top.dsp (n) - ito_botiom.dsp (n) — ito_top.dsp () __—ilo_botiomdsp (k) |
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11.9 Parameter correlation

11.9.1 TiO, on Glass: Bound Multimodel

11.9.1.1 Key points

- Bound Multimodel
- Transparent substrate

- Reflection and Transmission data

11.9.1.2 Typical settings of acquisition parameters:

Sample TiO, on glass
Spectral range | 1.5 —6.5¢V (190 —
825nm)
Increment 0.050eV
AOI (SE) 70°
Spot size Imm x 3mm
Integration 200ms

time

Configuration |11

Sample structure:

TiO,

Glass substrate

In this example we analyze a TiO, layer on a glass substrate. The TiO, layer is not homo-
geneous in depth. Therefore we model the TiO, layer with two layers:

A top layer of TiO, modelled by an appropriate dispersion formula and a bottom layer
described by an EMA of TiO, and Void.

The sample is equally coated on both sides. Measurements are performed in transmission
and in reflection.

The model for the reflection measurement is the following:

AE 7963 [ [FITi02_Di52T2-1_mm16.dsp x| %
_E [Fl% [ |[E]Tio2_Di52T2-1_mm192.68 % X‘l Void.ref 7.32 % X| X

ll:l glassnew.dsp =

Explore the future HORIBA
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On layer 1 the thickness is fitted in the multiguess absolute mode (range: 0.1 to 1000A/
increment: 200A).

The model for the transmission measurement is the following:

I [[ITio2_Di52T2-1_mm16.dsp x| %
| [FITio2_Di52T2-1_mm1/92.68 % X ! Void.ref [ 7.32 %)% X
|:| ll:l glassnew.dsp 53 %%
SO0 O] PETioz pisaTz2-1_mm192.68 %) ! Void.ref [ 7.32 %)% X
1 |m| P us=io00 [[FITio2_Dis2T2-1_mm16.dsp x| %

l Void.ref x

Here the multiguess absolute mode (range: 0.1 to 1000A / increment: 200A) for fitting the
thickness is applied to layer 4.

We set a correlation between layer 2 and 4, between layer 1 and 5 and between the propor-
tions of layer 2 and 4. The “Correlated to” feature can be selected by left-clicking on the
thickness/proportion value of the layer of interest.

In transmission the light beam goes through the entire sample. Therefore we set the
Void.ref file as the substrate in the layer model.

Now we can combine the two different measurements and two different models for the
sample. The dispersion that is used for TiO, must be of course the same for the two mod-
els. Also, the thickness of the corresponding layers must be the same.

To meet these requirements we use the Bound Multimodel feature of the DP2 software.
This feature allows to bind parameters of different models.

Click on Mod. and choose Bound Multimodel. The following window appears:

Bound Multimodel | Resuts |

B el s e st belowﬂﬁ A% ee| S| @l B o 1] i

Left: | = o =] might: =l

M2 - Reflection TiO2.mdl

E=perimental file :
<Results\Acquisition Data> T_DIS2T 2. spe

BT

Ti0Z2_Di52T 2-1_mrn1E.dzp
Ti02_DE2T2-1_mmifidsp  |!
glazzhew.dzp
Ti02_DiE2T2-1_mmifidsp [}
Ti0Z2_Di52T 2-1_mrn1E.dzp
“oid.ref

Save | Save s .. | Bind | Fit [ pdate madels

or | = || ||

9/2/08

Explore the future HORIBA




Application Examples 182

Drop the model files of the transmission and reflection measurements in the upper left
box of the Bound Multimodel window. To display one of the models, just click on it.

Binding the parameters:

Click on bind at the bottom of the window. The following window appears:

Model2
a0l Lid | L1%Ti0ZDiS2T21_nmiGdsp | L2d
A0l []

L1d [ [
Lad [ [

— | L2xTiD2DiE2T21_mmiB.dsp [
3 C C
% L4d [v [

L4 % Ti02_DiS2T2-1_mm16.dsp [v'
L5d [ [v]

X Cancel |

In this case model 1 is the model for the transmission measurement and model 2 is the

model for the reflection measurement.

Now we activate the boxes to bind the following parameters:
- thickness of layer 4 of model 1 with thickness of layer 1 of model 2
- thickness of layer 5 of model 1with thickness of layer 2 of model 2

- composition of layer 4 of model 1with the composition of layer 1 of model 2.

Now we can launch the fit.

11.9.1.3 Results and Comments

The following two graphs show the experimental results and fits.

We obtain the following set of parameters with a xz value of 0.644768:
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¥’ minimization on Transmission
v = 0.644765
Iterations MNuwbher = 13

Parameters

1) M1 - L1 Thickness [i] = 7858.8e1 £ 0.000
21 M1 - LZ Thickness [i] = 783.071 £ 0.000
3) M1 - L4 Thickness [i] = 783.071 £ 9.831
4} M1 - LS Thickness [i] = 785.861 £ 10.274
3) Mz - L1 Thickness [i] = 783.071 £ 0.000
6) M2 - LZ Thickness [i] = 7858.8e1 £ 0.000

2z.70 = 0.00
2Z2.70 = 0.15
.70 = 0.00

7] M1 - LZ % TiOZ _Di5aTZ-1 mwlb6.dsp
) M1 - L4 % Ti0Z DiSZTiZ-1 mmlé.dsp
9) M2 - L1 % TioZ DiS2Ti-1 mmlé.dsp

1l
]
o]

10) TioZd DiS2Ti-1 mmlé ne S 1.5105450 £ 0.0273055
11)Ti0Zd DiS2Ta-1 mmle  wy S 1.3667940 £ 0.1395556
12)TioZ DiS2Tza-1 mmle £] = 0.05276862 £ 0.0133736
13)TioZ DiSfZ2Tza-1 mwmlé  w] = 6.6452490 £ 0.2127505
14)Ti0Z DisaT2-1 mmle T'J = 0.61775582 £ 0.1276324

The next step is to update the models by clicking on #pdate. The models with the final
parameters are then:

For reflection:

° [EEIY) PFTioz_piszT2-1_mmis.dsp x| %
“EI 783.1 m lIIITiOZ_DiEETZ—I_mmI 92.70 % X|! Void_ref 730 % % %
ll:lglassnew_dsp Z

For transmission:

> [EEY) PFioz_pisz2T2-1_mm16.dsp )
E 731F% N[FETio2_Dis2T2-1_mm1/92.70 % ¥ |! Void ref [ 7.30 %] %| X
I:I ll:lglassnew.dsp RS
0 w30 | METio2_Dis2T2-1_mm182.70 % ¥ |! Void ref | 7.30 %] % X
O 7sss I [FITio2_Di52T2-1_mm16.dsp 3

l Void.ref x

The thickness results are now written in the model. The dispersion of TiO, is shown
below:
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TiO2 Optical Constants
] -0.250
2.900]
2800y 0,200
2700k [

11 5
2.500:I.| 0150
" 25001H k
I [
24004 '*\ -0.100

23004 [
22001 -0.050
2100 — !
— 0.000
400 600 800 1000 1200 1400 1600
Wavelength (nm)

11.10Non-cubic Crystals

11.10.1 hexagonal Al,O3 / Al

11.10.1.1 Key points

- uniaxial anisotropy

11.10.1.2 Typical settings of acquisition parameters:

Sample AlL,O5 / Al
UVISEL: 1.5 - 6.5¢V (825 — 190nm)
Spectral range
(MM-16: 430 — 850nm)
Increment UVISEL: 0.050eV
AOI 70°
Spot size 1mm x 3mm
Integration time 200ms
Configuration 11

Sample structure:

Anisotropy Aluminium oxide

Al substrate

9/2/08
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Mueller Matrix measurements with the MM-16 show that the Al,Oj5 layer exhibits anisot-
ropy because the off-diagonal elements are not 0 especially when the measurements are
done in random positions that is away from the direction of the optical axis and at rotation
of 90° from the optical axis and when the optical axis is not orthogonal to the sample

plane.
M11 M12 M13 M14
0.300 0.
! A
0.100 0 o
1.000 0.00 /H /H [\ / | / 13 0000t i "\
-0.100
-0.200- 0. 0.
-0.300 °
500 600 700 800 500 600 700 800 500 550 600 650 700 750 800 850 500 550 600 650 700 750 800 850
om om = w
M21 M22 Mm23 M24
0.300 0.
0.20(
i “ A
oo | I L \ /
0.00( ] H /\ \ / M221 — 23 o
-0.100 1T T
0200l N/ / . o
-0.300: .
w0 w0 70 e ) o e e T e W w0 o w0 wo

JOU VS W oA e L
A T UL A WA AL

M1 M2 0. M43 ]

0 4, RAAIAl pRARTIRA VA

500 550 600 650 700 750 800 850 500 550 600 650 700 750 800 850 500 550 600 650 700 750 800 850 500 550 600 650 700 750 800 850

Measurements with the UVISEL at the same spot but under different rotation around the
sample normal are equal thus indicating uniaxial anisotropy of N-type. The corresponding
layer model is therefore:

1 e WEA208-E.dsp < x

M 20000.0)

IE- 0 [[FA203-0.dsp B
[ AlLasp.ref =

It consists of one uniaxial anisotropic layer (N polarization) with two different dispersions
for the ordinary (O) and the extra-ordinary direction (E). The dispersion model is the clas-
sical oscillator model:

2
s:1+—§85'21)?3t with [=0
Wt "M +1F00)

The experimental data and the fit are shown below:

S
~
Q
X

Explore the future HORIBA




Application Examples 186

Fit results
0.500
1.000
[ R A
0.500 ﬁ J0.000
Is 0.000 x lc
& A 'ﬂ'.\ -0.500
W y
-1.000 v 3 -1.000
500 600 700 800
Wavelength (nm)

As a result we get the thickness of the Al,O5 layer and the anisotropic optical constants:

Thickness Al,O3: 19940A

Dispersions Al,O3:

Anisotropic aluminium oxide optical constants
1.502
1.500 N
1.498
1.496 1\"'&-5_‘
e,
1.494
n1.492 e 0.000 k
1.490
1.488
1.486

1.484
1.482

—

500 600 700 800
Wavelength (nm)

[—=— AI203 e.dsp (n) — AI203 o.dsp (n) — Al203 e.dsp (k) — Al203 o.dsp (k) |

One can observe a birefringence of n = 0.01 = n - ng.

Note that the Al,O5 layer is porous and has therefore a rather low refractive index.
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11.10.2 Strained materials

11.10.3 stretched polymer foil

11.10.3.1 Key points

- biaxial anisotropy

11.10.3.2 Typical settings of acquisition parameters:

Sample PET foil
Spectral range | UVISEL: 1.5 — 6.5eV (825 — 190nm)
Increment UVISEL: 0.050eV
AOI 70°
Spot size Imm x 3mm
Integration time | 200ms
Configuration |II

11.10.3.3 Experiment

Mueller Matrix measurements with the MM-16 show that the PET foil exhibits anisotropy
because the off-diagonal elements are not 0. Before the actual measurements were
performed the optical axes of the sample have to be found. This is achieved by looking at
the sample between crossed polarizers and by using a microscope in conoscopic mode.

With the crossed polarizers we can find the trace of the optical axes:
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The microscope in conoscopic mode yields the type of anisotropy (uniaxial or biaxial) and
the direction of the optical axes by comparing the images with references from literature.

The microscope in conoscopic configuration:

Main ref. frame Screen Lab ref. frame
of the film diffuser Y
Laser source Ya z,
T ]|
4 Z
AR R x
Polar Polar camera
(vertical) \ Sample holder (horizontal)
3D rotations
Microscope objective i . incidence angle d'incidence
(x100, NA : 0.8) ULWD onto the polymer sheet

Below we see the image compared with theoretical shapes:

From there we get the information that the anisotropy is biaxial and the direction of the
optical axes.

We now can align the sample for subsequent ellipsometer and transmission measure-
ments.

The layer model is:

1 504 ellitrans vase z.dsp

. 604 ellitrans vase x.dsp
l 504 ellitrans vase y.dsp
[ void.dsp

z
[ 90 00000 X
v

Xoo® X X

SJ»

containing a biaxial layer with Euler angles and taking into account backside reflections.
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z
ng PP

b &;; —— MK
Jw

(P_\,_.,

The dispersions for x, y, z are described with a classical oscillator model:

op . (omedol

o — +1Fo(0

First we fitted measured ellipsometric transmission data (three AOIL: 5°, 20°, 35°):

l
| lh

R

1.00001

1.0000

P
Y

Ist 0.0000-

m
I " mf

-1.0000

b

$

|
‘W ‘2 ~I'll ﬁ \'

1,000

1,500

2,000

Wawelength (nm)

The results could be confirmed by fitting the ellipsometric data in reflection (AOI = 70°):
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0.2500] - - ]
02000 ..114146M * \o.h /\ﬂ }YL\ /.i/“05000
e it e
20500] AT ] Eoseoo
ISo.oooo_ : H ‘ ” .’ ‘HI\ \‘I. 0.3000
0.0500] f el e 111/ 1 o] ] fozsoo
{).1000E \ ” \ } \ '\ V/ -0.2000
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020001 ‘T4l 'u % ¢ 1\-/ / V .\] 01000

As a result we get the thickness of the foil:

Parameters
1) L1 Thickness [um] = 188.%88%00
2) L1 & Rotation = 0.2
3) L1 8 Rotation = -0.2
4) L1 I Rotation = -0.4
and the optical constants:
1.780 ‘\
1.760\\
1.740 ~ \\
\
\\ \H
1.700 ————
Rh
1.680
1.660
n
1.640
1.620
1.600]\
\\
1.580 \
1.560 \\
1.540 S
1.520 \\\
\HH
450 500 550 600 650 700 750 800 850
oo Wavelength (nm)
N
N
X
where:
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ngat 633nm = 1.684
ng —ny, =-0.021
n,—n, =0.168
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12 Application Data Sheets

Next pages show some Application Models sum up on Data Sheets.
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Spectroscopic Ellipsometry Data Sheets -

SiO, / c-Si Substrate

Model
| 733[J% | Sioz_isaref 50.00% % | Void.ref 50.00 % X *
M se275 | Sio2_isaref x] %
. C-si_isa.ref X
Fit Conditions Fit Results
« Spectral range : 0.75-4.75 eV A 3l Fa ez
* Step size: 0.05 eV osf' ] 17' L foe ) [
» Angle of incidence : 70° A A S | A -
« Fit parameters 1 1] ]
* Thickness : layers 1 and 2 bl IR I Woa
» Materials 02| 4f 0ol 11 1 1 | 0.2
« ¢-Si, Si0,,, void: Reference library . oo ' f O
s 0 1) 4 c
{ [ o1 | | 0.4
0.2 | {
H | ! {1 1
ol ‘I + . 4 I T4 0.6
.os," 1/ ' ' Wl f-0.8
t-. ' ', . | ‘1
1 15 2 25 3 35 4 45
Photon Energy (eV)
General Remarks %! minimization on Is, Ic
lg = L0 ) x51inifd), Ic = Sin(2¥) xCos(d)
* Adding a surface roughness on top of the SiO,
film provides an improvement of the %2 by a factor wrber = 12
2. Hence the final model takes into account the " Ca—
roughness. 1) L1 Thickness [A] = 5227.530 %+ 4.931
* Using a dispersion formula for SiO, materials, eg 2) L2 Thickness [&] = 73.290 £ 9.848
adjusting the refractive index of SiO, doesn't
provide an improvement of the 2. Correlation matrix
ml= =Zn
1.000 -0.9580
1.000
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Model without roughness
M s2e3a " Sio2_isaref x| x
. C-si_isa.ref s
Fit Results
]r_’ minimization on Is, Ic 1 r:""\l "‘. -'f' fﬂ. .
I3 s-Sanl2¥) xSini{d), Ic = Sin{2¥) xCos(d) ol | Y & ¥ {
i = 6.748984 ool 4 Y {] It | 00
Iteracions Numbher = 5 | i (o |
0.4 y -
Parameters o2 +f d { ] AEEE M | 0.2
1) L1 Thickness [L] = 5263.133 + 1.283 e !
] | 1 ", | e
‘ I LB | a0 4
Correlation matrix 02 ! | | T i t
=l= 1 1 " 1 y !
1.000 4] | ! - | |os
08| | J d 1| :
0s8l/ 1! f : 08
1 1.5 2 . 3 35 ’ 4 4:5
Photon Energy (eV)
Model with SiO, dispersion
Mm@ 730% DEsiozdsp  5000% X[ voidrei 5000 % X %
WE  swo  [Esiozdse x
. C-si_isa.ref x
* Model Information:
» Si0,:Classical formula, transparent Lorentz
oscillator with £_ =1.0
Fit Results
x’ minimization on Is, Ic \ ﬁ N '9:‘- '4"‘1 llc"—'l 02
n(ﬁ), Ic = Sin(2¥) xCosi4) 0.8 \ ] ik. J.I p"ﬁ . l"ll lf-
Q= 3.727626 ) osl\ J ¢ 4 f1U% U4 \| foo
Iteracio Nurher = 12 0.4 i ,# ‘ | 1!r|¢' |l|-I \ Firl /JT-.
IR \ | &I
Parameters 0.2 ‘-.f ! r{|1 } fT el o2
1) L1 Thickness (k] = 5189.980 £ 18.815 s ol | I \7 RIR L
z) L2 Thickness [i] = 75.287 % 9.679 |l rP ol T|' ||141-0.4
3) [6102 es = 2.1182 £ 0.0080 02| | T | f 11
4) 102 wt = 13.6051 £ 0.0792 04| | l f !, | U' ‘
f } ¥ i -0.6
o Correlation matrix 061 ‘ f .4 \/ |
N =l= =Z= =3= 4= -08; T‘?‘ f flld « }-0.8
. 1.000 -0.484 -0.953  0.057 W f._,f o it
1.000 0.230 -0.196
1.000 0.133 1 2 3 4
1.000 Photon Energy (eV)
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Optical Constants of SiO,
Reference Library

.51 Optical Constants of SiO2

1.5
1.49
1.48
1.47
1.46

1.45

1.44

1 156 2 25 3 35
Photon Energy (eV)

4

45
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Optical Constants of SiO,
Dispersion Formula

Optical Constants of SiO2

1.5

1.49

1.48

1.47

1.46

1 15 2 25 3 35
Photon Energy (eV)

4

45
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Spectroscopic Ellipsometry Data Sheets

SiN, / c-Si Substrate

Model
M@ 1540% DEsiNcdsp  50.00% * [ Void_asp.re 50.00 % X %
m 71950 * [FISiNx.dsp x| X
. C—si_isa.ref s
Fit Conditions Fit Results
» Spectral range: 0.75-4.5 eV
« Step size: 0.01 eV 06| a W
* Angle of incidence: 70° 1 11l
ng 0.4 {Y 1 {‘_
« Fit parameters 4 11
* Thickness: Layers 1 and 2 02 ihj 51,
» Optical constants: SiN, . .'l‘ 51108
. s of {1111}
* Materials 1 ! '|I i
* ¢-Si: Reference materials 02|} ﬁ-; ! 14
* SiN, : Double new amorphous formula { b + -
-0.4{3! i ¢
06
1
Photon Energy (eV)

Optical constants of SiN,

9/2/08

%' minimization on Is,Ic
fR L STin (), Ic = Sin(2¥) ~Co={d)
Optical Constants of SiNx Cer = o
0.35
24
0.3 Parameters
235 1) L1 Thickness [A] = 7195.013 % 13.570
' 095 2) L2 Thickness (i) = 15.400 + 1.069
23 ) 3 [5ix n= - 1.9666 £ 0.0050
) 0.2 4)] 5iNx  wg - 2.0760 £ 0.0229
n225 k 51| siNx  £3 - 0.1040 + 0.0032
. 0.15 &) SiNx  w) = 44,6386 £+ 0.0314
Ti| SiNx T3 - 1.2689 = 0.0230
22 0.1
Correlation matrix
2.15 0.05 =l= =2= sdn - ntn =
1.000 =-D.061 =-0.759 =-0.360 =-0.384 0.299 =-0.236
21 0 1.000 =-0.126 =0.120 0.017 ©0.213 0.097
1 2 3 4 0.985 0.493% -0.823 0.180
1.000 0.755 -0.908 0.434
Photon Energy (eV) 1.000 =-0.56% 0.910
1.000 -0.243
1.000
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Model without roughness

| 72160 | [ESiNxdsp x| x

. C-si_isa.ref =

Fit Results

x’ minimization on Is, Ic
= lelf) ¥S3nid), Ic = Sin(2¥) «Cos(d)
0.8 -
ere ons Number = 9
0.6
Parameters
0.4 1) L1 Thickness [A] = 7216.106 £ 17.287
2) SiNx ne = 1.9740 = 0.0062
0.2 lc 3) SiNx wg = 2.1018 £ 0.0273
' 4) SiNx f£3 " 0.0951 + 0.0038
5) SiNx ) = 4.5513 =+ 0.0358
0.0 6) SiNx TIj = 1.2255 & 0.0268
-0.2 Correlation matrix
m]lw =Z= =3m =q= =5= (T4 ]
0.4 1.000 =-0.802 =-0.393 -0.404 0.345 -0.240
3 1.000 0.778 0.508 =~-0.812 0.19%2
4 1.000 0.758 ~0.%504 0.429
Photon Energy (eV) 1.000 =-0.581 0.506
1.000 -0.253
1.000

General Remarks

» Adding a roughness layer on top doesn’t improve
significantly the results. Others techniques may help to
state on the final model.

9/2/08
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Spectroscopic Ellipsometry Data Sheets

AIN/ Glass Substrate BR

Optical constants of AIN

AIN Optical Constants

[
o
L]

1 2 3 4
Photon Energy (eV)

o002

0011

oo

0009

0008

0007 &

0006

0005

0004

0003

0002

9/2/08

Model
E se3%  PEANdsp 50.00 % X! Void.ref 50.00 % X %
AE emd AN i
WlClioooeoos]  WidSAeS Backside reflection " "
I void.ref model 2
Fit Conditions Fit Results
- Spectral range : 0.75 - 4.75 eV 04 . & m Ko
« Step size: 0.05 eV 03 | - i los
« Angle of incidence : 70° os| |} B4 gl M _ 05
« Model Information: Backside reflection model aldl @l 4y N 1t HEIRINAICE
* Fit parameters - | i " 1 -" ; It | I |4 0.4
* Thickness : layers 2 and 3 o/l | ' VU IR Ed
« Optical constants: AIN B AREIIREN VLTV s
» Materials . :1 [ 111 LI 03
« 1737, Void: Reference library o | | i | ! 1 Il Yoz
L] | 5 51 < d | 2
* AIN: Classical formula, transparent Lorentz e W | ¥ s 1] L[] 'Ji 02
| | q
oscillator with ¢ _ =1.0 0.1 ! |\t N R e
il \l [\ Mo Jes
- : S i \ 0.0
1 2 3 4
Photon Energy (eV)

¥’ minimization on Is,Ic

Iterations Number = 4

Jc = Sin(2¥) ~Cos(4)

Parameters
1) L2 Thickness [&) = 6728.415 % 29.512
2) L3 Thickness [&) = 56.236 = 4.007
3)| A1N =s = 4.3048 £ 0.0298
4)| AIN ot = 8.9168 + 0.0382
S)|AIN Ty 0.1581 £ 0.0165
Correlation matrix
alw =22= =3= =d= =S=
1.000 -0.057 =-0.9¢8 0.071 =-0.,197
1.000 -0.00%9 -0.051 -0.154
1.000 0.154 0.221
1.000 0.086
1.000

Explore the future
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Model without roughness

AU 7705 " [FlAIN.dsp x| X
" O 10000000.0 " [1737.dsp x| X
. Void.ref X
Fit Results
2 0.4 s
¥° minimization on Is, Ic e
Is = _Sin(2%) »Sin(d), Ic = Sin{2¥) xCo=s(d) 0.3 \ 06
= = - . [ |

oo Tumber = 7 02|, ) 118 i I 05
02|/ Lid ] B Lo

Parameters | [ 4l | || \ I"lo.a
1) L2 Thickness [L] = 6770.474 + 62.200 0.1/} t ! o a3
2) AIN es - 4.2920 * 0.0627 ® 01)/ 1] N [ Mos™
3) AIN ot = £.9543 + 0.0849 o | t : .P;

4) AIN T, = 0.1852 + 0.0369 "l [t 1\ | | . )"
0.0 {1 I 02

| 1y | | 0.2

Correlation matrix 0.1 | l AN | e
=]lm =Zs =3= =d= 01 {7 | 111 ¥y [fo.1
1.000 -0.968 0.064 =-0.204 ; i ¥ | q oy

1.000 0.166 0.222 0.2 o - Y >

1.000 0.093 J 0.0

1.000 % 4
Photon Energy (eV)

General Remarks

» Adding a rough surface layer provides a
decrease of the 2 from 28 to 6, hence the final
model chosen includes the rough overlayer.
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Spectroscopic Ellipsometry Data Sheets

Model

TiO,/ c-Si Substrate

Optical constants of TiO,

TiO2 Optical Constants

| 167.1 " [Fltio2.dsp x| X
. Csi_wor.ref s
Fit Results
Fit Conditions
* Spectral range : 1.5-4.2 eV
* Step size: 0.1 eV - N &3
« Angle of incidence : 70° [\
« Fit parameters J 7N -
« Thickness : layer 1 0 ' i
* Optical constants: TiO, \ _
* Materials 06 \ J181
» c-Si: Reference library Is ; A of Ie
« TiO,: New amorphous formula 05 ‘ e
04 e 0.1
03 02
sz 26 3 38 4
Photon Energy (eV)

¥ minimization on Is, Ic

l:.er ons Number = 7

Ic = S5in(2¥) xCos(4)

09 Parameters
1) L1 Thickness [A] = 167.086 % 0.753
2)|cioz ne = 2.0373 £ 0.0296
3)|tiog wg = 3.2193 * 0.0333
06 4)|tioz £3 = 0.4781 £ 0.0388
‘ §)|tiez w3 = 3.9600 % 0.0267
6)ltio2 TI') - 0.5786 x 0.0211
03 Correlation matrix
- =1= =2= =3= =5= =6=
1.000 -0.49%7 =-0.318 =-0.179 0.210 0.129
1.000 0.812 0.024 =-0.458 =-0.704
1.000 0.653 -0.828 -0.528
[ o 1.000 -0.850 0.2z82
N 15 2 25 3 35 4 1.000 0.123
X Photen Energy (eV) 1.000
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Spectroscopic Ellipsometry Data Sheets

Al, O,/ c-Si Substrate

9/2/08

Model
x| X
[Fl 16441 ~ [FlA1203.dsp
. c-Si_Jy.clc ®
Fit Results
Fit Conditions
* Spectralrange : 0.6 - 4.75 eV
« Step size: 0.05 eV - ™ /'—';1 0.6
+ Angle of incidence : 70° A\ ] I‘l
« Fit parameters 7 1 5 _f | 03
* Thickness : layer 1 0.4{ 7 { Y £ l|'
* Optical constants: Al,O4 u % \ J I \
* Materials s 0 \ ': #f | 0.0
« c-Si: Reference library ] k.2 £ Mg
* Al,O,:Classical formula, transparent 0.4 * \ fﬁ f \f \ o3
. . =0, ! J + 4
Lorentz oscillator with ¢ =10 { I L4
*' 4 - \ H 06
-0.8 ‘5/ LMJJ*
1 2 3 4
Photon Energy (eV)
Optical constants of Al,O,
2 - - - -
. ¥ minimization on Is,Ic
Optical Constants of Al203 Te = Sini2W) «5in(d), To = 5in(2¥) ~Cosid)
1.69
1.68 ofis Nunber = 5
1.67 Parameters
1.66 1) L1 Thickness [i] = 1644.146 + 2.455
n 165 2) 11203 == = 2.5717 + 0.0043
F3)|ALE203 wt = 11.8291 £ 0.0a%20
1.64
1.63 Correlation matrix
4 =1= =z= =3=
.62 1.000 -0.88%  0.174
1.61 l1.000  0.271
1.000
1 2 3 Bl
Photon Energy (eV)
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Spectroscopic Ellipsometry Data Sheets

Model

AUE 12375

_I:I 3800000.0

SiON / c-Si Substrate BR

~ [FISiON.dsp
l C-si_isa.ref

. Void.ref

Fit Conditions

» Spectral range : 0.75-4.75 eV
* Angle of incidence : 70°
* Model Information:
* Backside reflection model
* Thin polished c-Si substrate

transparent region of c-Si

* Fit parameters
* Thickness : layer 2
* Optical constants: SiON

* Materials
* c-Si, Void: Reference library

oscillator with €. =

Optical constants of SiON

SION Optical Constants

* Measurement performed in NIR which is the

» SiON: Classical formula, transparent Lorentz

Backside reflection
model

X

x

1 15 2 25 3 35 4
Photon Energy (eV)

45

x| X
=

Fit Results

0.8 [ 4

05|

Is 0.0 | i f
03 1 1 4
-0.5

-0.8 . ¢\

-~
- i
Snaant="

03 .4 ‘

1 1.5 2 25 3 35
Photon Energy (eV)

45

0.0

0.8

¥’ minimization on Is, Ic

Iz = i l' iZ!F’) *5infd), Ic =
= IE = Number = 6
Parameters
0k 1) L2 Thickness [i]

2] 10N =3
3) |3i0oN

Sin(2¥ «Cosi(d)

1237.467 <+ 2.856
Z.54z0 £ 0.0059
10.8696 £+ 0.1421

wt
Correlation matrix

=]= == =3=
l.000 -0.78Z2 0.368
1.000 0.z06
1.000

9/2/08
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Spectroscopic Ellipsometry Data Sheets -
Si;N,/ SiO,/ c-Si Substrate
Model
WE eso WEsENass x %
| 221.8 "~ Si02_wor.ref x X
. Csi_wor.ref s
Fit Conditions Fit Results
» Spectral range : 1.5-5 eV
* Step size: 0.05 eV 77 —
* Angle of incidence : 70 odl 7 \ o8
« Fit parameters N b b |
* Thickness : layers 1 and 2 03] J 05
* Optical constants: SizN, a1} / &
* Materials Is 1 , AN | Ic
* SiO,, c-Si : Reference library 00 ; X J J % |ee
* Si,N,: New amorphous formula \ '
03 \ H ; 0
05 \ : o
0.8 e T A VR 08
15 2 25 3 35 4 45 5
Photon Energy (eV)
Optical constants of Si;N,
2 : - 2
3 minimization on Is, Ic
Optical Constants of Si3N4 I3 = Sin(2%) =5in(d), Ic = 5in(2¥) *Cos(d)
02
aioer = 6
22
b Parameters
1) L1 Thickness (k) = 221.774 % 4.108
215 0,008 2) LZ Thickness [i] = 695.000 % 4.995
3)[SISNE e = 1.8279 ¥ 0.0123 |
q)| 13N wy = 3.9313 % 0.0551
n oy 0,008 ¥ 5)| s13Na 3 = 0.1456 % 0.0134
6)| S13N4 w3 = 7.1105 £ 0.1129
7| s13N4 T3 = 1.4901 % 0.0928
0.004
205
Correlation matrcix
=]= =2= =3= =4= =5= =R= =7=
- 0.002 1.000 =0.887 =0.513 =0.234 0.317 0.356 0.244
2 ] 1.000 0.463 0.235 =0.389 =0.446 =0.337
1.000 0.906 0.394 =0.946 0.312
o 1.000 0.686 =0.921 0.591
1 2 3 4 1.000 =0.412 0.974
Photon Energy (eV) 1.000 =0.304
1.000
oo
-
[N
[N
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Spectroscopic Ellipsometry Data Sheets

General Remarks

* The fit results is quite good by using the
reference materials of the library.

* It may be improved by improving the p-Si
optical constants.

9/2/08

Si0, /p-Si / Si10,/ c-Si Substrate

Model
| 530.0 | Si02_wor.ref x| X
AUE 39785 " P-si-as_jel.ref X X
| 2270 | Si02_wor.ref x] %
. Csi_wor.ref x
Fit Conditions Fit Results
 Spectral range : 1.5-5.0 eV
* Step size: 0.05 eV ‘0
. T T L
* Angle of incidence : 70° - N A A/ =
« Fit parameters o8| Al /4lf A )
* Thickness : layers 1, 2 and 3 ISP N \
. 06| || |
* Materials | 1Y \
» SiO,, p-Si (as doped), c-Si: Reference 0.4l \
library a4 -_i
Is { . \
0.0 \
02 i-_
04 4
06 iy
08 e N
15 2 25 3 35 4 45 5

Photon Energy (eV)

0o

0.8

¥ minimization on Is, Ic

= 4 ) xS2mid)

Parameters

1) L1 Thickness [4]
2) L2 Thickness [1]
3) L3 Thickness [i]

s

nonon

I = Sin{2¥) xCosid)

226.951 + 7.109
3978.528 £ 4.299
530.018 + 0.637

Correlation matrix

=].= =%= =3=
1.000 -0.3%58 0.023
1.000 -0.018
1.000
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Spectroscopic Ellipsometry Data Sheets -
p-Si / SiO, / c-Si Substrate
Model .
TE no00% [ [Fesidsp 5000% X [Jvoiddsp  50.00% X X
WO PEesias x|
U 30389 | Sio2_wor.ref x| x
. c-Si_Jy.clc X
Fit Conditions Fit Results
* Spectral range : 1.5-3.25 eV
* Step size: 0.025 eV ,
« Angle of incidence : 70.1° J ™
. J | H
* Fit parameters 05 s 1 d ‘.I 0.5
* Thickness : layers 1 (with multiguess), 2 and 3 r S | { 1
. . o ' |
* Optical constants: p-Si ' g | £ 03
* Materials 0.3 - 1 l ] -‘. .‘ '
« Si0,, c-Si: Reference library B | T A ab
* p-Si: Tauc Lorentz formula * 0.0 '.-' / | i - ie
» * { ..-I‘ II-. | 0.3
a3l 4 3
/ Y 05
5| \ A *
. \ - 08
15 2 han il 5 3
. . ton Energy (eV)
Optical constants of p-Si
p-Si Optical Constants ' minimization en Is,Te
Iz = " BleSIinid), Ic = Sin(2V) ~Co={d)
ations Nux - 14
Parameters
1) L1 Thickness [A) = 3039.078 £ 8.501
2) LZ Thickness [11 = 1406.980 =% 9.420
3) L3 Thickness [k = 31.001 % 1.943
4)| p21 !g - Q. F 3 +
S} psi o= - 3. - -
6} p21 A - 49, - -
7} p2i1 E, - 3. : <
8)|psi C - 0. 2
Correlation matrix
m]lw L Fa =3= =dm =Sw sgw I?I =Ew
1.000 =0.19%7 0.121 =0.352 ~0.266 ~0.180 0.17% =0.2Z1L
1.000 -0.2Z81 0.150 0.023 -0.030 ~-0.047 D.zZ08
1.000 <«0.083 ~0.0%8 -0.002 0.0BS -0.118
1.000 -0,09% 0,887 0,202 0,880
1.000 -0.520 -0.954 D.218
1.000 0.608% 0.877
1.5 2 25 3 1.000 0.437
oo Photon Energy (eV) 1.000
>
[N
[N
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Model without roughness

WE | WiFesids Sl
M\ 30215 | Sio?_worref x] %
. c-Si_Jy.clc x
Fit Results
¥’ minimization on Is,Ic o
= PR SIn(d), Ic = SIn(2¥) =Cosid) =
! = 40.205510 | o o
wmber = 10 05 N v/ =
wl '| 4 .I' L
M “ { b | ! i 03
1) L1 Thickness [i] = 3021.514 + 20.775 %a of A
2) L2 Thickness [A]) = 1448.743 =+ 21.506 ' prd J | lt N e
3) psi Eg = 0.,9709 * 0.2808 | i - by 2
4) psi = = 5.1841 + 0.9478 s J . | i
5) psi A = 43,8655 * 11.7866 0o} Y L
6) psi E, = 3.6295 + 0.0671 J 1 ¥ F A ey
7) psi C - 0.3381 + 0.0474 ] £ § Y \| J
03lf  / Eisrd ¥ W
Correlation matrix / / ) / 9 . los
=]l= =Z= =3= =4= =5= == a7= | ¢ 7 | 4 b .
1.000 =-0.145 =-0.320 =0.258 ~=0.153 0.180 =0.152 » o -
1.000 ©0.13¢ =-0.064 =0.017 =0.017 0.17S 0510, A R
1.000 =0D.Z201 0.896 0. 268 0.871 b v 08
1.000 -0.584 -0.953 -0.444 KLY,
R E ;
1.000 Photon Energy (eV)

General Remarks

» Adding a rough overlayer strongly decreases the
x2 value.

9/2/08
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Spectroscopic Ellipsometry Data Sheets -

Amorphous Silicon/ Glass Substrate

Model

| 649 [J% | [FlaSiTLdsp 50.00% * | Voidref  50.00% X %

E 82683 " [FlaSi_TLdsp x| X
.Dglﬂss new.dsp ®

Fit Conditions Fit Results

* Spectral range : 0.75 - 3.65 eV

* Step size: 0.025 eV 0.6 3
« Angle of incidence : 70° IT i :1T fr F’ ; ‘h e
« Fit parameters ( I| | | +'1 |‘] ’ l ‘1
* Thickness : layers 1 & 2 0.3 J T ' H | | |1 | I 0.3
* Optical constants: a-Si I A l T | I‘ f| | ¥
* Materials . | ,|‘: ‘ |l [l i H’ . .
« Void, Glass new: Reference library ol _-.| ."“ | "+|"_ +_:||.:! Iy 0.0
« a-Si: Tauc Lorentz :% I w. * f] t IIi‘
UT et LALL) IJL f
T R ————t-03
03| it 14 141 4§t
|V ﬁ t“*h pli!}
£ 41 8 L‘o -0.6
1 2 3
Photon Energy (eV)

Optical constants of a-Silicon

minimization on Is,Ic
; W 2 5im(d), Ioc = Sin(2¥) =Cosid)

W Z2.417339
Sinisane=tirher = 3

Optical Constants of a-Si

Parameters

11 L1 Thickness [i] = B268.300 =+ 24,712

2] Lz Thickness [i] = 64.900 + 1.458

31 [a51 TL Eg = Z.0ZB7 = 0O.006z
4) |agi TL ew = 1.7343 + 0.0811
5)|asiTL 4 = 141.0855 + 2.0226
&) |aSi TL E, = 3.8332 + 0.0228
T lasiTL «© = 1.8823 + 0.0328

Correlation matrix
=1= == =3= =d= =E= =g= ==
l.000 -0.z273 0.150 0.a78 -0.407 -0.1%&5 -0.148
l.000 -0.182 -0.5z%9 0.11%& 0o.gg3 -0.1329
1.000 o_ozz 0.&7% -0.434 o.z70

1 15 B 2.5 & 35 1,000 -0.447 -0.878 -0.147
Photon Energy (eV) l.000  ©0.110  0.613

l.o00  0.017

1.000

9/2/08
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Model without roughness

@ 5135 " [FlaSi_TLdsp x| X
.Dglﬂss new.dsp X

Fit Results

minimization on Is,Ic
L0 L x53nfd), JTo = Sin{2¥ «Josid)

Parameters
1) L1 Thickness [i]

11z.703 ;
0.02586 Is ol

= +

z] asi TL Eg = Z.0708 % T [l -|| | J 0.0 lc
3) &%i TL == = 3.6028 £ 0.1968 | 1 ‘l| :Mg 1114
4] a%i TL 4 = 124.7316 * 10.1517 el J‘“ .,
5] aSi TL E, = 3.2131 + 0.0537 J'i ALY 1 Py 0
&) a%i TL < = 1.5282 + 0.1037 0.3 " 44 I“J % ~ -0.3

- + 'R MRIE, 13

|- {". T | u'

Correlation matrix A I J{ 'yp' 7l .
=1= =F= =3= =4= =E= =5= A 06
1.000 -0.004 -0.597 -0.352 0300 -0.197 1 1.5 2 2.5 3 35

1.000 -0.293 0.887 -0.575  0.337 Photon Energy (eV)

l1.000 -0.121 -0.474 -0.Z246
l.000 -0.583 0.e0l

l.000 -0.1&7

1.000

General Remarks

» Amorphous silicon is very often a rough
material, and adding a rough overlayer is of
major importance to increase the fit results.

9/2/08
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Spectroscopic Ellipsometry Data Sheets 1

Amorphous Silicon/ Glass Substrate BR

Model

| 187 []%  [FlaSidsp 5000% > [Jvoiddsp 50.00% X

HIE .IE&—Si.dsp =]

-D =000000.0 .E“H?-dSP Backside Reflection .
.Dvuid.dsp figgel ®

Fit Conditions Fit Results

* Spectral range : 0.6 - 6.5 eV
* Step size: 0.1 eV

* Angle of incidence : 70° 0.8 \ _,.v""'m 0.2
» Model information: T o~
 Multiguess on layer 2 varying the thickness 08} | rd »*10.0
between 0 to 1000 A by step of 250 A. 0al | 7 N’
* Backside reflection model | \ .'" P -0.2 |
« Fit parameters o0z ¢
« Thickness : layers 2 & 3 0 \ ‘P' -0.4
* Optical constants: a-Si . P ﬁ_,.-’
* Materials -0.2 S 06
* Void, 1737: Reference library 0.4k ;,". /
« a-Si: Tauc Lorentz Steart s -0.8
1 2 3 4 5 6
Photon Energy (eV)
Optical constants of a-Silicon
Optical Constants of a-Si ¥’ minimization on Is,Ic
15 = : RLxSimfd), Ic = SIini2¥ =Cosid)
45 3 ber = &0
4
75 Parameters .
35 o 17 L2 Thickness [A] = 346.188 £ 1.433
' = 2] L3 Thickness [i] = 15.653 + 0.904
n 3 /’ = K 3| a-81i Eg = 1.5656 + 0.0215
15 4) &a-31 == = 0.54953 £ 0.0617
25 5i| a-5i & = 170.0085 £ 4.2550
&) a-3i E, = 3.7023 £ 0.0147
2 1 7 a-31 C = 2.1200 £ 0.0201
15 0.5 Correlation matrix
=1= =z= =3= =4= =E= =&= =7=
1 0 l.000 -0_8&87 003 0.304 -0.0%& -0_.35F o.0&7
1 2 3 4 5 ] 1.000  ©0.1%0 -0.613  0.289 0.521 -0.174
Photon Energy {ev) l.000 -0.0%98 0.%85 -0_5386 -0_027
l1.000 -0.z40 -0.1l&8 0.111

l.000 -0.5877 0.0zl
1.000 -0.113
l.000

9/2/08
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Model without roughness

Wo s Eesi <
O soo0000.0 | [1737.dsp x| X

.I:lvnid.dsp a
Fit Results
2
¥ minimization on Is,Ic \
J'.n td), Ic = Sin(2¥) xCosid) 0.81* ",.*”Mﬂm—, 0.2
'm' 4 e
ICETACIONS Number = 6 0.6] | "t” 100
". .-it. 9" ._1“
Parameters 0.4 }'—\-3‘4’. &
1) L2 Thickness (k] = 364.929 * 3.837 i ,7 -0.2
2) a-81i Eg = 1.4718 £+ 0.0655 Is 02| 4 lc
3) a-Si g% - 1.0871 £ 0.1241 | / _-‘.
4) a-Si A = 147.7662 & 11.2022 0 v -0.4
5) a-5i E 3.5311 + 0.0427 I‘. .!'T_'.. ..‘-‘
6) a-Si C = 2.1975 + 0.0619 02 -*/ J e 06
{ / '
Correlation matrix 0.40 Jy o/
=]l= 2= a3s sq= { 1% =6= g sY ‘.—;‘ 0.8
1.000 0.358 -0.225 0.215 -0.076 -0.208 1 2 3 4 5 6 '
1.000 -0.008 0.968 -0.829 -0.236
1.000 -0.081 0.23L 0.048 Photon Energy (eV)
1.000 -0.910 -0.093
1.000 0.120
1.000

General Remarks

 The rough overlayer on top of amorphous silicon
has a strong impact on the decrease of the 2. Hence
the final model includes the rough overlayer on top.

9/2/08
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Spectroscopic Ellipsometry Data Sheets 12

ITO / Glass Substrate BR

Model
| 308[]% | [FIITO_oscdrd 50.00% = | Void_asp.re 50.00 % % *
BB 173 PEliTo_oscdr dsp x| x

_ 1 x| X
D 20000000.0 .Dglﬂssnew_”'dsp Backside Reflection
. Yoid_asp.ref Model by

Fit Conditions Fit Results

» Spectral range : 0.75-4.0 eV
* Step size: 0.05 eV )\
« Angle of incidence : 70.1° 0.8/ 1 0.8
» Model information: 06l 1 N
* Backside reflection model ' 'I "-....-"' " " 0.6
* Fit parameters Is 0.4] | 5. A iy le
* Thickness : layers 2 & 3 { \
» Optical constants: ITO 02| 1.

* Materials < e -, w L4
« Void, glassnew_jy: Reference library 0 *, e v 1]10.2
« ITO: Classical formula mixing absorbing e W

Lorentz oscillator + Drude 1 2 3 4
Photon Energy (eV)

Optical constants of ITO

Opt[c-al Constants of ITO “1 minimization on Is,Ic
22 = LA 25T Ay, To = 5ipf2¥ =foz ()
2 1 1.4 =
fiber = 4
18 1.2
16 \ 1 Parameters
14 \ 1] LZ Thickness [A] = 1731.508 + 9.11Z2
n 12 1 08k 2] L3 Thickness [:l] = 30.789 4+ 6.262
‘ 3) ITO_DSC:dr =] = 3.8893 £ 0.0262
1 || 06 4) [ITO oscdr  wt = 5.2784 £ 0.0500
08 0.4 5] ITO_DSC:dr wp = 1.90z4 £ 0.00295
06 6] | ITO oscdr T = 0.28z4 £ 0.0355
0.4 & 0.2 7y ITO oscdr Td = 0.0%38 £+ 0,.0039
1 2 3 4 Correlation matrix
=1= =F= =3= =4= =E= =g= =7=
Photon Ene'gy (eV) 1.000 -0.2&63 -0.547 0,102 -0.4z24 0.1%z -0.003
l.000  0.02z -0.002 0.0l -0.604 -0.019
l.o00  oO.701  0.787 0.172 -0.102
1.000  0.533 0.250 -0_105
oo 1.o00  0.108 -0.217
< 1.000 -0.095
N 1.000
SN
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Model without roughness

IE .EITD_uscdr_dsp X X

(/00 z0000000.0 * Clglassnew_jy.dsp x>

. Yoid_asp.ref oS

Fit Results
¥’ minimization omn Is,Ic X
D(2¥) *5in(4), Ic = 5in(2¥) xCos(4) osli/t 0.8
. '...".
Wrher = 6 y
0.6 L Y
I Yo’ i . 0.6
Parameters 4 1| g el
1) L2 Thickness [A] = 1745.266 =+ 11.212 Is 0.4 1 . 1R - ic
2) ITO oscdr =3 = 3.8809 £ 0.0334 g ] b I \
3) ITO osedr wt =  5.2764 + 0.0670 o2l 1. T T
4) ITO oscdr wp = 1.8974 £ 0.0123 o . ._-""" O
S) ITO oscdr T - 0.3902 £ 0.0410 ',._.__;_-,--.'"' -, e D
6) ITO oscdr Id = 0.0948 £ 0.0113 0 % vy 1j0.2
T '-.. :{
Correlation matrix 1 2 3 44
=1= == =3= =4= =E= ==
1.000 =-0,8539 0.112 -0.410 .07 -0.014 Photon Energy (eV)
1.000 0,712 0,788 0,301 =0,108
1. 000 0.543 D.416 =0.113
1.000 0.22% =-0.230
1.000 -0.1l48
1.000

General Remarks

» The presence of the rough overlayer improves the
goodness of fit.

« ITO films are often known as inhomogeneous, and /
or rough. We advise to test different models including
single layer + roughness, single graded layer, 2
layers with 2 different ITO optical constants. To
choose between those different models, weight the
benefit gained on the y? against the added
complication (more regression parameters, more
complicated model, etc).

9/2/08
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Spectroscopic Ellipsometry Data Sheets -

PolySilicon / SiO, / c-Si Substrate

Model

WE su
WE wrams

o

c3682% X | [Flat32.21% % [Jvo 3097 % X *

c$7237% X | [Flat1924% % [Jvo 839% X *

E 49954 Sio2_wor.ref x| X
c-Si_Jy.clc X
Fit Conditions Fit Results

* Spectral range : 0.6 — 5.0 eV
* Step size: 0.01 eV

* Angle of incidence : 70°

* Model information: o B“ .r ﬁ 0.8
« Polysilicon material is represented by a OIB f 0.6
mixture of c-Si + a-Si + Void. 0'4 ﬁ {4 q 0.4
* The layer 3 represents the surface layer ' q‘ P&i i II* 11 0.2

: - o2} {4t i1 1 2
which can be considered as the surface 0 4 f 'J; ¥: 1 #- 00
roughness. ° 1; I 411’!-. 3 -
: 02|41 #id il 2 -0.2

* Fit parameters :; 'ﬂ' *j ' Iif“ 3
* Thickness : layers 1, 2 and 3 -0.41|% ¢ RIS RELE -0.4
« Optical constants: a-Si 06|14 11 ! L’ ¥ 0.6
« Material composition: layers 2 and 3 osllgi M f‘ 08

« Materials ¥

-
%]
W
§-S
o

* Void, ¢-Si, SiO,: Reference library

Photon Energy (eV
 a-Si: Tauc Lorentz gy (eV)

Optical constants of p-Silicon of layer 2*

3’ minimization on Is,Ic
* ae - LB =) - F - -
Optical Constants of Polysilicon R+ e = JiniET) xeanid)
50 r = §
6
4.0 Parameter:s
1) L1 Thickness [R] = 4995.371 % 3.302
5 2) Lz Thickness [K] = 2677.395 £ 12.495
30 3) L3 Thickness (K] = 154.787 + 8.091
n4 K 4) L2 % c-8i_Jy.clc = 72.37 + 1.57
S) L2 & a-Si.dsp = 19.24 + 0.89
20 §) L3 % c-Si_Jy.clc = 36,82 £ 1.68
3 7) L3 % a=Si.d=p = 32.21 + 1.30
8) [a-31i Eg - 1.3636 £ 0.0135
1.0 9)|a-51 o= = 3.2371 £ 0.1867
2 10|a-S1 & = 252.3961 * 14.2340
11]a-5i E, - 3.5115 £ 0.0223
1 2 3 4 5 1z2|a-51 C = 1.3596 + 0.0301
Photon Energy (eV)
Correlation matrix
1= =z =3 4= =5= “g= 7=
1.000 0.049 =-0.009 =0.044 0.032 =0.01Z 0.019
*In deltapsi2, build a new spectroscopic model, and put in the substrate 1000 -0.86f c0.gi6 0.aee o.fa -o.nee
She results found for layer 2, eg 72.37% c-Si + 19.24% a-Si + 8.39% void. i 1.000 -0.798 0.3%%  0.040
IAThen under modeling description, click on edit, and in the modeling 1.000 -0.28L 0.269
[Sconditions tab, choose “User defined spectral range” and put 0.6-5 eV. 1.000 'E': :33
Then, click on simulation, and in the results display area, select the (n,k)

axis.
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Model without roughness

M 20665 % 1 ct61.93% X WFat19.48 % X W[ Jvo 1859 % X *
WE ss [ Siozvore < x
. c-Si_Jy.clc oS
Fit Results
x’ minimization on Is,Ic
2 l2®) x5in(d), Ic = Sin(2¥) =Cos(d) 0.8 0.8
ber = 12 1
0.4
Parameters U'dq
1) L1 Thickness (i] = SO11.624 + 11.051 3
2) L2 Thickness (k] = 2966.537 + 19.423 0 ! 00
3) L2 % c-51 Jy.clc = 61.93 % 1.49 Is { ! - "
4) L2 % a-Si.dsp - 19.48 + 1.34 4 4’ '
S) a-S5i Eg = 1.2082 + 0.0674 1 1143 0
6) a-5i == =  12.1403 * 1.1853 -0.4 1131 it -0.4
7)) a-351i A - 170.3311 + 14.6276 4 4 g
8) a-Si E, - 3.0759 + 0.0403 {
9) a-5i C = 0.8031 + 0.0469 -038|| d ¥ 08
Correlation matrix 2
=1= =2= =3= =4= =E= == =7= Photon Energy (eV)
1.000 0.002 0.000 =-0.023 0.107 0.009 0.086&
1.000 -0.036 -0.335 -0.036 -0.139 0.161
1.000 -0,65Z -0,182 0,254 -0,242
1.000 0.562 =0.683 =0.335
1.000 -0.553 0.05%4
1.000 0,388
1.000

General Remarks

* The rough overlayer on top of layer 2 decreases the
%2 by a factor 10 !. Hence the final model includes the
rough overlayer on top.

9/2/08
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Spectroscopic Ellipsometry Data Sheets

Optical constants of LaF,

LaF, / CaF, Substrate
3 2
Model
@ 2s8% [MFLaF3dsp 50.00% =< | Void_aspr 50.00 % X %
T R T %
.Dcﬂfz.dsp X
Fit Conditions Fit Results
» Spectral range: 0.75-4.5 eV
* Step size: 0.005 eV
* Angle of incidence: 70° 07
» Model Information: Multiguess used for the 1st 1331k vitsaits s, '
layer because the thickness is very thick. 0.1 a4 s |! 14 ﬁ tel i
« Fit parameters ._I, b i r'llli 8l ey T 114
* Thickness: Layers 1 and 2 Imwl | i | ! | A ii: i]‘lgj E ’ ;
« Optical constants: LaF, - . el el W I
* Materials Is ' i i ﬂ_" ) | I !I]h |l,l:l AR 0.6 1c
- op e ks e e
» Glassnew: Reference material iy | ) |* - II‘Y II f I‘T |l r ,l T H )i
e LaF;: Classical formula, transparent lorentz 'mllalii'hp] m ! : HII. ) ¥l ':l I I*f.‘f
oscillator with €~ =1.0 VL ol ',L! SOt e {‘Jg :
-‘Hc-‘-m EELE ;4 '””’?1'
3t .
1 15 2 25 3 35 4 45

Photon Energy (eV)

¥? minimization on Is, Ic
= Sinl2¥) x5inid), Ic = Sin(2¥) xCosid)

LaF3 Optical Constants
0.004
1.65 0.004
1.64 g
0.003

" 163 '
“ 0.002
162 0.002
0.001
1.61
2 3 4
Photon Energy (eV)

9/2/08

umber = 24
Parameters
1) L1 Thickness [i] = 38105.430 <+ 22.730
2) - 25.780 + 0.634
3) = 2.5791 £ 0.0020
43 = 14.4977 £ 0.0208
S) |LaF3 Ty - 0.3262 £ 0.0058
Correlation matrix
m]lm mZn =3m =g4= mSm
1.000 0.035 -0.5%%2 0.024 -0.449
1.000 -0.04% -0.041 -0.114
1.000 0.089 0.466
L1.000 0.158
1.000
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Model without roughness

T <
!DcﬂfE.dsp X

Fit Results

¥’ minimization on Is,Ic

.f.n (4), Ic = 5in(2%¥) xCo=(4)
Iterations Number = 17

Parameters

1) L1 Thickness [A] = 38101.300 % 39.226
2) LaF3 es = 2.5803 £+ 0.0035
3) LaF3 ot = 14.4853 + 0.0371
4) LaF3 T, - 0.3371 £ 0.0101

Correlation matrix

=l= 2= =3= mdm

1.000 -0.9%0 0.014 -0.444
L.000 0.108 0.462

1 15 2 286 3 35 4 45 1.000 0.169

Photon Energy (eV) 1.000

General Remarks

» Adding a rough overlayer on top of the film stack
decreases the x2 by a factor 3. Hence the final model
takes into account the roughness.

9/2/08
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Spectroscopic Ellipsometry Data Sheets

Ta,0;/ c-Si Substrate

Model
| 150.0 _ [F]Ta205 dsp x] x
. Csi_uwv.ref e
. i Fit Results
Fit Conditions
* Spectral range : 1.5-5.0 eV 0.9 AN 0.8
* Step size: 0.1 eV g \
« Angle of incidence : 70° 0.8 / { los
* Fit parameters / .
* Thickness : layer 1 0.7 / bl
. |
* Optical constants: Ta,Og / |
» Materials 1s 0.6 i e
« ¢c-Si: Reference library i 0.2
+ Ta,0,: New amorphous formula 08 #
' loo
0.4 ’
s 02
03l ol . ¥
15 2 25 3 35 4 45 5
Photon Energy (eV)
Optical constants of Ta,O;
Ta205 Ootical Con 11 minimization on I=s, Ic
a pucal Constants i Is = Sin(2F «5in(d), Ic = Sin(2¥ *Cosid)
05 = 0.1555%9
26 gotons Maber = 4
25 0.4 Parameters
1] L1 Thickness [A4] 150.011 + 0.514
24 2)| Taz05 ne= = 1.7882 + 0.0311
03 3 Ta2db  wg = 3.8918 £+ 0.071z2
n23 4)| Taz05 £3 = 0.2256 + 0.0235
By TazdE w] = E.1712 4+ 0.04159
22 0.2 6] Tazos T =  [0.7003 £+ 0.0297
24 Correlation matrix
04 =1= =F= =3= =4= =L= =5=
1.000 -0.5%3 -0.064 0.1%% 0.077 0.310
B 1.000 0.70% 0.l88 -0.70% -0_539
1.000 0.744 -0.985 -0.183
0 —
S 15 2 25 3 35 4 45 1.0080 f'ggg gféﬁ
g Photon Energy (eV) l.000
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Spectroscopic Ellipsometry Data Sheets -

Zn0O / Glass substrate

Model

Sm %  [FlznOdsp  50.00% X |  voidref  50.00% X X
_E .EZnD_dsp x| %

.Dglﬂssnew_jy.dsp oS
Fit Conditions Fit Results
» Spectral range : 1.5-5.0 eV
* Step size: 0.05 eV o . .
+ Angle of incidence : 69.9° AT '
« Model: Backside reflections coming from the 0.4 B N o NN
transparent glass substrate have been masked. 03P~ [ 1] 0.5
« Fit parameters 03| )\ | f . 05
» Thickness : layers 1 and 2 with multiguess i [
; 02 ’ ] t e 0.4
* Optical constants: ZnO . ) / , e
* Materials . ol A T Iy 04
« Glass new_jy, void : Reference library 0.1 S S ' 03
* AIN: Kato Adachi formula 0.1 . v 1 i -
0.0 ' / f
' 1/ J 03
0.0 1 W f !
| J 0.2
0.1
v/ 0.2
0.1
2 3 4 5
Photon Energy (V)

Optical constants of ZnO

ZnO Optical Constants ¥! minimization on Is,Ic
A I=s SinfZ¥) «5inid), Ic = Sini2¥ =xCosid)
i Jumber = 31
Parameters
1) L1 Thickness [.E.] = 1824.252 £ 5.444
2) LZ Thickness [:i..] = 107.679 £ 2.517
3)| Zno  gw = -1.33588 + 0.5051
4) | Zn2 E, = 3.2498 £ 0,.0035
51| EZn0 A, = 11.8401 £ 1.4931
61 Zn0 T, = 0.0009 +£ 0.0034
71| EZn0  Ey = 3.3792 4+ 0.0073
g)| Zno By = 0.3862 £ 0.0416
)| E€n0 By x = 0.1066 £ 0.0105
10) Zn0 T4y = 0.0%00 £ 0.0079
11) Zno E, = 15.3260 £ 1.2734
GQO 12} E2n0 = 3.9161 £ 0.5002
g Photon Energy (eV) 13) Zn0 T, = 0.0340 +£ 0.0158
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Model without roughness

WE | pEwoss x| x

.Dglﬂssnew_jy.dsp X
Fit Results
ation on Is, Ic 04r e . 0.7
% Ic = 5in{2%) »Cos(4) ’ vie
0‘ " .-"-. - - g 0.0
\ e ainacaiiua it
¢ 03f" ¥ e 0.5
Parameters 0.3 : t f 0.5
1) L1 Thickness [R] = 1808.248 & 42.214 of P B
2) In0 ew =  -0.6937 £ 2.1827 021 /v / : 0.4
3) Zn0 E, = 0.1145 £ 1.2347 sl L 3} | i -
4) Zn0o A = -0.7744 £ 0.8993 is - . . i
5) Zn® T, = -1,1582 £ 1.1470 01 \ \ 1 o/ 0.3
6) Zn0 E, = 2.8104 £ 0,0159 { | .
7) In0 B, =  0.5991 £ 0.0618 & Y 17 ¥. 03
8) Zn0 Byx = -0.0106 * 0.0090 00 | J
9) Zn0 T, =  0.0006 £ 0.0094 \ | T e
10) Zn0 E, = 34,1684 % 29.8814 00 ! v ' 0.2
11)Zn0 € = 3.8394 + 2,0540 a4 b ¥ ’ 5
12)Zn0 T, = 2.3005 £ 1.6773 s X P 02
01 .o " .'_—-
2 0.1
15 2 25 3 35 4 45 5
Photon Energy (eV)

General Remarks

* The final model includes a rough overlayer on top
that provides an excellent fit results.

9/2/08

Explore the future HORIBA




220

Application Data Sheet 17

Spectroscopic Ellipsometry Data Sheets

GaAs Oxide/ GaAs Substrate

Optical constants of GaAs oxide

Optical Constants of GaAs Oxide

1.74
1.72
1.7
1.68
" 1.66
1.64
1.62
16
1.58
1.56

1 15 2 25 3 35 4
Photon Energy (eV)

45

9/2/08

Model
'IE 49.7 .mgﬂﬂs—nxide.dsp x| =
. Gaas_isa.ref =
Fit Conditions Fit Results
» Spectral range : 0.75 - 4.75 eV
» Step size: 0.05 eV
* Angle of incidence : 70° 0.8 .
* Model: Backside reflection model S EAE
0.7 * J -
* Fit parameters ' v I S
* Thickness : layer 1 0.6 e, .-a-'i-n--vﬁ:"' -0.3
* Optical constants: GaAs oxide e, ]/ A
+ Materials 0.5 *, F" f \ PP R
+ GaAs_isa: Reference library Is 0.4 " tf v 04'C
* GaAs oxide: Classical formula, transparent "., ,f [ '
Lorentz oscillator with €., = 1.0 0.3 :::f' f 0.4
0.2 /,/ \
\ -0.5
0.1 Ed”‘#‘f” \ |
S -0.5
1 16 2 256 3 35 4 45
Photon Energy (eV)

¥’ minimization on Is, Ic
(2% «x5infd), Ic = Sin{2¥ xCos{d)

Parameters
1) L1 Thickness [4]

49,738 £ 0.685
2.3914 £ 0.0603
§.2930 £ 0.2324

2) |gaas-oxide =3
3) |gaas-oxide wt

Correlation matrix

=]l= =Z= =3=
l.000 -0.913 -0.230
1.000 0.561
l.000
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Spectroscopic Ellipsometry Data Sheets 18

PVK/ SiO, Substrate

Model
BE 14585 PEpvicud X X
. Sio?_wor.ref s
Fit Results
Fit Conditions

» Spectral range : 0.6 - 4.3 eV

- Step size: 0.05 eV 0.2 N\ :‘-’Q"IO .
. \ v . 1 T
* Angle of incidence : 70.3° 0.15{2 ¢/ 3 {
. \ I } ¢ los
* Fit parameters 0.1] 1 ]
* Thickness : layer 1 0.05 Tt { |05
» Optical constants: PVK _ 1‘& 1 ?»ﬁ" 05lc
- Materials o / O € 0.4
- . L ' 3
* SiO,: Reference library k {An { St
« . '0.1 - IJ ‘c y :
* PVK: Absorbing Lorentz 5 oscillators Il % ;’
-0.15 \.f t{ o3
't R4
L 2
1 16 2 25 3 36 4
Photon Energy (eV)
x’ minimization on I=s,Ic
= Ea ) 53 fd), Too = Sip(2F) ~Cosid)
. arber = 13
Optical constants of PVK
Paramecers
1) L1 _Thickness [i] = 14558 521 + 2 554
i 21 lpvk  e= = 2.0914 + 0.0463
Optical Constants of PVK 3) |pvk Oscillatoro £ = 0.0097 + 0.0013
2 4] |pvk Cscillatord o, = 3.6038 £ 0.0023
0.3 5) |pvk 0seillatorn v o= 0.0876 + D.0094
1.95 8 |pvk Oscillatori £ o= 0.0754 + 0.0235
19 0.25 71 |pvk Oscillatorl w, = 4,.3024 + 0.0264
’ 8] |pvk Oscillatorl v = 0.3178 £ 0.0553
185 0.2 9y |pvk Osecillatorz £ = 0.0255 + 0.0042
g 100pvk OscillatorZ oy = 3.7637 + 0.0057
n 1.8 0 15‘ 11ipvk OscillatorZ v = 0.2438 £ 0.0304
1Zpvk Oscillatori £ = 0.0240 + 0.0116
1.75 13)pvk Oscillatord o, = 4,1650 + 0.0064
0.1 14)pvk Oscillator3d v = 0.1304 + 0.0375
1.7 15Ypvk Oscillatord £ = 0.3722 + 0.0547
0.05 16)pvk Oscillatord w, = 4.9977 % 0.1100
1.65 17ipvk Oscillatord v =  -0.2462 + 0.0875
0
1 1.5 2 2.5 3 3.5 4 Correlation matrix
Photon Energy (eV) =1= =z= =3= =4= =5= =6= =7=
bo 1.000 o_484 -0_036& o.038 -0.0Ze 0.z42 -0.0z2
> l.000 -0.06% -0_118 -0.0=2% 0.473 -0.07Z2
[N 1000 0.E511 0.301 o.zg8z -0.173
=) 1_000 0.471 o.o070 -0.101
1l.000 o.z32 -0.1z0
l.000 -0.z87
1.000
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Spectroscopic Ellipsometry Data Sheets

Optical constants of SiGe x=0.148

Optical Constants of SiGe x=0.148

5.5

45

N3s

2.5

1.5

4.5

5

16 2 25 3 35 4

Photon Energy (eV)

SiO,/ c-Si/ SiGe / c-Si Substrate

Model
| 107.9 | sioZ_isaref x| %
M 2263 | cSi_dycle x] %
3 [T T Y " [FISiGe.aly (0.148) x X
. c-Si_Jy.clc X
Fit Results
Fit Conditions
* Spectralrange : 1.5-5.0 eV
* Step size : 0.05 eV 0.0
» Angle of incidence : 70° 0.8 7/ o
» Fit parameters 0.8 0
* Thickness : layers 1,2, 3 0.7 .,.«"" . -0.2
+ Composition: SiGe alloy o6k ] 1 03
* Materials s W\ ! J ¢
» ¢-Si, SiO,: Reference library 05 +-".,.~ ‘f " -0.4
« SiGe: Alloy 0.4 Vv 05
0.3 et U
o2l A7 / 0.6
. IQ‘.. + -
18 2 25 3 35 4 45 &
Photon Energy (eV)

Is,Ic

1! minimization on
. T = FimfA),

Ie = Sini2%F) ~Cazfd)

9/2/08

unkber = 4
Parameters
1) L1 Thickne=ss [i] = 4047.970 + 17.985
Z) LZ Thickness [L] = 22Z6.276 £ 4.186
%) L3 Thickness [L] = 107.947 + 0.511
4) |L1 SiGe.aly X = 0.145 £ 0.007 |
Correlation matrix
=1= =z= =3= =q=
l.000 -0.Z233 -0.0F0 -0.354
1.000 0.049 0.03z2
1l.000 O.0z3
1.000
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Spectroscopic Ellipsometry Data Sheets

MgO/ Glass Substrate

Optical constants of MgO

Model
E 2351 0% FMgodsp  5000% X N[ Jvoiddsp  50.00 % X *
[ 53765 " [FIMgO.dsp x| X
. Glass.ref X
Fit Conditions Fit Results
» Spectral range : 1.5-5.5eV
« Step size: 0.025
* Angle of incidence : 70.2° -
- Fit parameters 0.35 : 5 2 8 | '\" ii
. Thi . .\ |
Thlgkness :layers 1 and 2 0al A A A ] }-":l fo7
* Optical constants: MgO 119 IV 11 ! ﬁ { }
- Materials 0.25{f 4 4 | ;‘3 [ }r (S ERITERE-
* Glass: Reference library s 02ff 1 ‘:\P 't { ; L& -.; ]5&; f 110.6 |
¥ Hlu | + | | L
* MgO: Classical formula, transparent 0.15% ! fmt 1 r' H; || W 19 9
. . _ .". i + ' I'. 4 ‘| :l
Lorentz oscillator, with £_=1.0 oa[} f 11 ! ti [ V] 1] [os
0.05 \ 3 Vj MY SR PN
\-u; - o . “ ‘.,.-‘ \/
ol s 0.5
2 3 4 5
Photon Energy (eV)

xl minimization on Is, Ic

1.76

1.74

Optical Constants of MgO

Is = Sini2%) x51in(d),
ﬁm one Nunber = 9

Parameters

Ic = Sini2¥) =Cos (4)

1.72

1.7
1.68
1.66

1.64

2 3 4 5
Photon Energy (eV)

9/2/08

1) L1 Thickness [i] = 5376.542 £ 14,054
2) LZ Thickness [A] = 235.059 * 2.856
3)| MgO == = 2.5995 + 0.0091
4)| MgO wt = 11,2335 = 0.1163
Correlation matrix
=l= =2= =3= =4=
1.000 0.106 -0.672 0.270
1.000 -0.184 -0.032
1.000 0.474
1.000
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Model without Roughness

B sss73 * [EMgO.dsp s

. Glass.ref =

Fit Results

¥’ minimization on Is, Ic 0.7
Is = Sipn{2¥) »Sinfd), Ic = Sin(2V¥) ~Cos=s(d) 0.7
4 0.6
0.6
Parameters g
1) L1 Thickness [Lk) = 5557.308 % 115.681 I 0.6
2) Hgo es =  2.5830 + 0.0747 06 lc
3) MgO wt = 12.5126 % 1.6336
0.6
Correlation matrix 05
=]= =2= =3= g
1.000 =-0.592 0.262
1. 000 0.549 0.5
1.000 05
0.5
Photon Energy (eV)

General Remarks

» The MgO exhibits a strong rough overlayer
that must be taken into account in the final
model.

9/2/08
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Spectroscopic Ellipsometry Data Sheets -

BaSrTiO, / Sapphire Substrate BR

Model
WE ss[0w% [IEBsTdsp  5000% X/ Voidref  50.00% X *
‘IEI 645.8 _ [FIBST.dsp x| X
E | [JAL203_E.dsp x| x]
1 D_EZI]I]I]I]I].I]
_ 0 .DAL?DLU-dSP Backside reflection
. Void.ref eas X
Fit Conditions Fit Results
* Spectral range: 1.5-5.5 eV
* Step size: 0.05 eV
* Angle of incidence: 70° T ."f 0.4
* Model: Backside reflections 0.32] » {,’ g Iﬂ g
« Fit parameters 0.24 4 , i i\ |‘ ,;"
* Thickness: Layers 1 and 2 ’ bt & {; |I mil. .
« Optical constants: BST o1 || [| [} Il»ll i il r ] 0.3
. ; [ & | 'JT tRall 1414
Materials . . Is 0.08] | # H { |l rl i | J Io_; e
* Al,O, void : Reference library 4 /TJ; 114 Tl l || f | f l LI / __
« BST: New amorphous formula 0 J%| [l|| '|, : k_‘h 1 IR'E 'y
A | 1 IR ! 1 ‘u‘ 01
-0.08{l | | '|Tu | 4 L
Iy sl
0461 A ¥ 1 .
¢ v
2 3 4 5
Photon Energy (eV)

Optical constants of BST

ll nininizntion on Is,Ic
Optical Constants of BST dp-r= naaas in(d), Ie = Sin(2¥) «Cosid)
m 4 i = 11
2.45 er
06
24 Paramecers
2135 0.5 1) Lz Thickness [A] = 645.965 £ 3.078
2) L3 Thickne== [§] =« 35 350 + 2 432
23 3)| BST mne = 1.8198 % 0.0133
2.25 0.4 4)| BST wa -  3.5887 + 0,0587
n K s)| BST 123 = 0.2361 % D.0179
22 03 6)| BST w3 =  4,9464 £ 0,0436
215 71| BST T3 =  0.9771 % 0.0291
21 0.2
Correlacion macrix
205 =]l= =2= T == =E= =g= =7=
2 01 1.000 =-0.146 ~-0D.41l4 ~-0.42Z28 ~-0.479% 0. 464 0.093
1.000 0.4%98 0.58% 0.6032 =0, 399 0.186
195 1.000 0.%1% 0.69¢ =-0.842 -0 362
0 1.000 0,783 -0.821 -0,361
2 3 - 4] 1.000 =-0.892 0.253
Photon Energy (eV) 1000 0.008

9/2/08

Explore the future HORIBA




226

Model without roughness

| 652.8 ~ [FlBST.dsp x| X
1

E  [JAL203 E.dsp x| X
[1 s200000.0 =
0  [JAL203_0.dsp
. Void.ref X
Fit Results
0.4 - 7105
{ . =1 :-" 0.4
¥’ minimization on Is,Ic e 1 - _ﬂ | {f 0.4
T SedR 2B xS (), To = Fin(2¥ ~Cosid) 021 [} [l e ot LYY/ J 0.3
. ':r'l*l'l*T!h % o
- 'y | r I |fl' ¥ o:}l
Ite unkber = 4 Is li [ ‘hL "FI 1 ’lJ L.|J ‘L!I Er \7 0.3,
1 f | ' | 13 I.. L | ¥ ‘:.I n 4 "
Parameters 04 fh (1 |H?‘% ; ag' .;‘.L
1) LZ Thickness [i] = 652.856 + 6.217 00 JUSRE /AN AT IR N 4 (¥
2] BST nw = 1.7459 + 0.0169 1j i \h! Y | e
3) BST wg = 2.7834 + 0.1777 VoMWY 0.1
4) EBST £j =  0.1123 + 0.0201 02|y W v 4\ 0.1
5) BST w]j = 5.1446 + 0.0613 v Lt
6] BST T3 =  0.9491 % 0.0560 B Pho?on Enetgy‘{e\f} S

Correlation matrix
=1= =F= =3= =d= =E= =G=
l.000 -0.0%: -0.3207 -0.3204 o.z74 -0.01l&
1000 0.347 -0_166 -0_Z87 -0.5499
1.000 0.80z -0.85%4 -0_045%
l.000 -0_845 0. E45
l.000 -0.1&3
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Spectroscopic Ellipsometry Data Sheets -

PZT /| Pt Substrate

Model
| 241 % | [FJPZTdsp 5000% % | Voidref  50.00% X *
[F 56234 " [FIPZT.dsp x| X
l Ptspe ®
Fit Conditions Fit Results
» Spectral range: 1.5-3.8 eV
* Step size: 0.01 eV
* Angle of incidence: 70° .
0.9 4
» Model Information: Pt substrate was measured in ﬂ {"-l {\* fl} *'“: 0.8
a 1st step to be able to use the « spe » file directly 0_6r R ‘ f ].l. it A
l L {11 ;i # 0.5
in the substrate. - ¢ f} 1IN {1 74. Ij
« Fit parameters : f’{‘ I 14 ; ) !,"T-l ; 'Jl.T,"i‘,ﬁ . 0.3
-Thigkness: Layers 1 and 2 s 0 ‘I; {1 ) j I 'jT .I"IM'??’ 0.0 le
* Optical constants: PZT I 11 ; $ 1111 h I LIJ-;‘J,’ vy
« Materials -0.3 : | lf |,' 4 .!j : ;+ ] l* 'H ‘ td { " 103
« Pt: Spe file — raw data - | 11 .j 1111 4] :Ir 05
« PZT: Adachi New Forouhi formula ; 13T 138 : { f;* Ig""
l He :: “v "i -0.8
09| 1A UV ¥
1.5 2 25 3 3.5
Photon Energy (eV)

¥° minimization on Is, Ic
Ka )y eSimfd), o = Jin(Z2¥) xCosid)

Optical constants of PZT

Optical Constants of PZT
32 0.2 Parameters
31 0.18 1) L1 Thickness [i] = 5623.402 + 24.105
. 0.16 2) L2 Thickness [i] = 24,104 + 1.693
0.14 31 |PZT n= = 2.0671 + 0.0076
29 01 4y |PET Eg = 2.6218 + 0.0257
na2g N 51 |PZT £3 = 0.0864 + 0.0046
0.1 &) |PZT wj = 4.49589 + 0.0093
27 0.08 71 |PZT T3 = 0.3536 + 0.0107
26 0.06 81 |PEZT & = -0.1002 + 0.0649
25 0.04 a) |PET T, = 4.5255 + 0.2093
: 0.02 10]PEZT &, 3.3675 + 0.1363
zﬁs 2 25 3 35
Photon Energy (eV) flzrrelfg.:on 1::?:.1:1:( =d4= =5= 6= ==

1.000 -0.12% -0.92Z5 0_Z10 o.o23 -0_11Z2 0.1zk
1.000 0.073 0.00z -0

1l.000 -0.056

1.000
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Model without roughness

WE s

!IE PZT.dsp
! Pt.spe

Fit Results

y' minimization on Is, Ic O'Qh q Py 1 0.9
: z n{d), Ic = Sin{2%) =~Cosi{4) y 1.‘ | [\* 51‘ o?
ar = 18 o8 1T : l# JT1< “ 5‘ o
'] : | L
+ st *ls s 114
Parameters 0.3 ! ; ‘-}: { i1 .\ J‘ | ':‘ 0.3
1) L1 Thickness (k] = 5679.248 + 36.064 tR 1 -‘; 114 140 L ' J'l i1 %
2) PIT 1= - 2.0560 + 0.0114 B ol R 11181 .T- 11131 ‘1_,*:,1!( loo le
3) PIT Eg = 2.6188 + 0.0378 113 (11411114 ‘T‘ 111413
4) PIT £3 - 0.0866 £ 0.0071 03: "‘ LR -_T"L.' '+«11:
5) PZT wj = 4.4906 £ 0,0139 = |l I '-T ' “. 01 W -0.3
6) PZT T3 - 0.3590 + 0.0169 i aF | 4 19T 211 133
. L ] ,
7) PIT & = -0.4376 £ 0.1278 06} Tii # ! ,i: I ]I 0.6
8) PZT T, - $.0960 £ 0.4244 .4 | Ad I 4
9) PIT i = 3.5172 £ 0.2746 09 U’-‘,‘ U.'; ur‘,' ] 0.9
Correlation mactrix 15 2 25 3 35
=l= == 3= ade =fe - =7= Photon Energy (eV)
1,000 -0.922 0,163 0,030 -0.082 0.062 0.053
1.000 ~0.00& 0.087 =-0.269% 0.040 =-0.0453
1.000 0.925 =D.557 0.795 =0.058
1.000 -0.4€1 0.9589 =0.0%¢6
1.000 -0.378 0,024
1.000 =-0.050
1.000

General Remarks

» Adding a rough overlayer on top of the film stack
provides a significant decrease of the 2. So the final
model takes into account the roughness.

» The sample substrate was platinum. The material is
listed in the application library of the software.
Nevertheless, the optical properties (n,k) of metals vary
strongly vs their composition. Thus as metals are
strongly absorbing materials, the solution is to measure
them and use the “spe” experimental file directly in the
substrate.
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Spectroscopic Ellipsometry Data Sheets

FeO / Glass Substrate
Model

|

306.2

.IEFE-D.dsp x| X

.Dglﬂssnew_jy.dsp X
Fit Conditions Fit Results
* Spectral range: 1.5-4.0 eV
* Step size: 0.05 eV
* Angle of incidence: 70.3° o
* Model Information: The backside of the glass "".. _},.4"
substrate was roughened (hence the backside 0.4 "‘-._ .J;?’."
reflection model is not used here). "-.- ‘;-"'" 0.2
« Fit parameters 0.2 ,,v"'
» Thickness: Layer 1 ) I
» Optical constants: Fe-O Is 0 '*.‘ ;f loo lc
» Materials '-._’_ j" py &
* Glassnew: Reference material by S o
* FeO: New amorphous formula -0.2 "},‘ ‘_.‘ 0o
FARCH o '
Y| e
15 2 25 3 35 4
Photon Energy (eV)

9/2/08

Optical constants of FeO ¥} minimization on Is,Ic
Is = _Sipni2® «5inid), Ic = Sin(2¥ «Cos{d)
Optical Constants of FeQ =3
28
1 Parameters
27 1) L1 Thickness [L] = 306.229 + 15.743
' 0.8 21 [Fe-0 ne = 1.7526 + 0.0194
’ 3) |Fe-0 wg = 1.2748 + 0.1348
26 4} |Fe-0 £3 0.2959 + 0.0232
n 0.8 5) |Fe-0  wj 3.1659 + 0.0543
25 6) |[Fe-0 T'j 1.1306 + 0.0289
0.4
24 Correlation matrix
' 0.2 =l= =Z= =3= =4= =£= =g=
’ 1l.000 0.558 0.8839 0.z1% 0.71¢ -0.337
23 1.000 0.507 -0.270 0.474 -0.765
' 1.000 0.E4E 0.362 -=-0.378
1.5 2 25 3 35 1.000 -0.456 0.3324
Photon Energy (eV) 1.000 -0.383
1.000
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Spectroscopic Ellipsometry Data Sheets 24

Polymer / BK7 Substrate

Model

| 430 []% | [Flpolymerdsp50.00% % | Voidref  50.00% % *

-m 6935.4 .Iﬂpulymer.dsp x] X
. BK7.ref X

Fit Conditions Fit Results

 Spectral range: 0.75- 3.5 eV
* Step size: 0.025 eV

« Angle of incidence: 70° é .‘ . ?ﬁ*,
* Model Information: The backside of the glass 0.1p ,_q; \ 1 Vs 1 o\,
substrate was roughened (hence the backside 1 I ?T 1 1 } ! # W\
reflection model is not used here). L i 'I’T i '|T I ] ™ ‘.-'\0-5
| ' + L)
« Fit parameters JAR! { 1111 o7 "
* Thickness: Layers 1 and 2 Is L { b || 11V f lc
« Optical constants: Polymer ol Vil t} fl .' |i t 9
[ ' L |
* Materials ¥si 1
. *5. | # J |
* BK7: Reference material J L ‘[’ ’ ‘Il { 4
* Polymer: Kato-Adachi b 9 * $ e Vi | 05
~ ¥
1 2 3
Photon Energy (eV)

x’ minimization on Is,Ic
Z = o ¥ «5ipfd), ITo = Sini2¥ ~fox(d)

' = [0.492054

Optical constants of Polymer

Optical Constants of Polymer 018 e Number = 15
1.72 Parameters
0.12 1) L1 Thickness [L] = 6935.387 + 15.155
1.7 Z) LZ Thickness [Ai] = 4z.951 + 3.564
0.1 3] |polymer e« = Z2.1663 + 0.0359
1.68 4) |polymer E, = 3.6343 + 0.0639
' 0.08 5) |polymer &, = 8.4971 + 1.0385
n B &) |polymer T = 0.0000 + 0.0276
1.66 0.06 7} |polymer E, = 2.6128 £ 0.0146
: 8) |polymer B, = 0.0923 £ 0.0070
1.64 Q) |polymer By x = 0.0344 + 0O.0062
0.04 10y polymer T, = D.1468 + 0.0253
11jpolymer E, = 2.3044 + 0.0056
. 02 12)polymer C = 0.0211 + 0.0027
1.62 0.02 polym
13)polymer T, = 0.0524 + 0.0079
1 2 3 Correlation matrix
Photon Energy (eV) 1= == —a= =4= =5= == =7=

1.000 a_1E7 -0.0&0 0.0z 0.0zl 0.1l00 -0.03E
l.000 0.3584 -0.140 -0.Z63 -0.1:22 0.157

l.000 -0.E533 -0 3326 0.17¢ 0.1&4

l.000 0.7%5 -0.0le -0.058
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Model without roughness

'E 6904.7 .mpulymer_dsp x| %

| BK7.ref X
Fit Results
-
0.12 % ."'. ,_-*1. ¥ minimization on Is,Ic
0.1} ol d i %-' 'FA 0.6 = Sin AP xSin(d), Ic = SIoi2W «<Cosid)
J 4N e 0 . -
0.08/! ’; o 7] § = 0.6
; ! b 4 | k 4 Nt tnber = 9
0.08 - Y Jt ~ 0.6
0.04 J !L - .| 4 ," v Yos Parameters
Is - AR L.' P - 1) L1 Thickness (L] = 6904.666 + 24,154
002{ Y 741 144 | 1 0.6 2] polymer e= = 2.1223 + 0.0400
o \{/ I \ [ y 3) polymer E = 3.5441 + 0.0594
oozl 4F v U1 WU 0.5 4] polgmer K, = 7.7283 + 1.0197
; & | ¥¢ 0.5 5) polymer T = 0.0511 + 0.0453
-0.04f J L4 L1 6) polymer E, = 2.5774 + 0.0338
.0.06 :v::f S L Vi 0.5 7) polymer B, = 0.1357 + 0.0134
"L.-'I » «3 0.5 8) polwmwer Byx = 0.0443 £ 0.0109
-0.08 L« 2) polymer T, = 0.1954 + 0.0353
1 2 3 10) polymer E, = 2.2877 £ 0.0077
Photon Energy (eV) 11) polymer © = 0.0230 + 0.0047
1zZ)polymer T, = 0.0525 + 0.0120
Correlation matrix
=1= =F= =3= =d4= =E= =g= =7=
l1.000 -0.10z -0.010 0O_00o0 o.o076  -0.1Z0 0. 006
l1.000 -0.480 -0.3917 0.126 0.130 -0.z4Z
1.000 0.644 -0_0Z0 -0.10§6 a.1e32
1.000 o.ols 0o.00l1 -0._0zg
1000 0.0l -0_.53%
l.000 -0.&6E2
General Remarks 1.000

» Adding a rough overlayer on top of the film stack
decreases the y2 by a factor 2. Hence the final model
takes into account the roughness.

* Itis important noticing that the E, E,, and E, values
correspond to the energy at which the 3 extinction
peaks (k) displayed on the graph “Optical constants of
polymer” are maximum.

* We guess the presence of these absorption peaks
directly on the raw (lIs,Ic) data.
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Spectroscopic Ellipsometry Data Sheets 25
AlGaN / AIN / Sapphire Substrate
Model
| 155 []% | [FJAIGaN_T.ds 50.00% = | Voidref  50.00% %
G _ [FlAIGaN_T.dsp x| X
M 8164 " [FJAIN_T.dsp x| X
E | AI203E_jy.ref X
H .
hd 0 || Al203-0_jy.ref X
Fit Conditions Fit Results
» Spectral range: 0.6 - 4.0 eV
» Step size: 0.01 eV
* Angle of incidence: 70.07° 02 !; P % : F 3
+ Model Information: Ha | '!.; B ; 'Y
« Sapphire is an anisotropic material (in this i1 8t 31 ; : Jljf‘ fr IT r A ’f;' T
example N oriented). | +E...' Jdl +1.’t]"[[“;} ]
* Multiguess on AlGaN thickness varying from 5 ¢ 4f. . 1'3-"'“ ,i-n.'mxa T. s
Ueas JUMIE 0.2
7000 to 13 000 A by step of 1000 A. IhIRa LY I..‘,‘;:;,?'.’f!:'. '-,"jujﬁi
) l‘i 1 "z" "++_l"_ |4 1-0.-,‘ ||
« Fit parameters AR SRR l-: YT i
« Thickness: Layers 1, 2 and 3 - )| 1 ¢y LY
« Optical constants: AIN, AlGaN PR | . i ¢ § 2400
* Materials 1 2 3 4
« Al,O,-O, ALL,O,-E, Void: Reference materials Photon Energy (eV)
« AIN, AlGaN : Classical formula, respectively
trans;faorent and absorbing lorentz oscillator with
8°° T Is,Ic .
Optical constants of AlIGaN fo = an (R rtes iy
Optical Constants of AlGaN Parameters
0.014 1] L1l Thickness [4] = 4816.998 + 14.097
2.45 2] L2 Thickness [i] = 9032.307 + 19.219
' - 3] L3 Thickness [4] = 15.545 + 1.6&7
2 4 0012 4| RIN_T == = 4.1243 £ 0.0167
’ S)JAIN T wt = 9.9395 £ 0.22:22
0.01 6)[EIGan T &3 = T.6002 £ O.01%
235 7| 11GaN T wr = 7.2200 + 0.0264
n_ 3 0.008 k )| ALGaN T T, = 0.1273 £ 0.0031
. 0.006 Correlation macrix
2.25 =1= =F= =3= =4= =E= =g= =7= =g=
n 1.000 O.231 0.035  -0_53& 0_41% -0_.483% -0.385 -0.250
” 0.004 1.000 o.0oz -0_E500 -0.111 -0.8268 o.1&58 -0_287
22 l1.000 -0_0E4 0.035 -0.044 -0.021 -0.1&E
0002 von s pose oo 0
1 2 3 4 l:CIDD 0:293 0:351
Photon Energy (eV) toee fjéﬁﬁ
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Optical constants of AIN
Optical Constants of AIN

1 2 3 B
Photon Energy (eV)

Model without roughness

SE s03as _ [FJAIGaN_T.dsp %! x

HE asi24 iIENN_T-dSP x| X
E i AIRZO3-E_jy.ref X

sﬁp 0 ! Al203-0_jy.ref x

Fit Results

02
0.4

1:‘ 1 . c* . L"
1 ¥ |y "‘ffjf'tll. ’%
TJ J | ) i’ﬁ |
021 1 ; il qu.O
1 2 3 )

Photon Energy (eV)

General Remarks

* Adding a rough overlayer on top of the film stack
decreases the 2 from approximatively 7 to 5. Hence
the final model takes into account the roughness.

x’ minimization on Is, Ic
S Sinid).,

= 6.950035

per = 1

Parameters
1) L1 Thickness [i] = 4812.
2) L2 Thickness [i] = 9034.
3) klN_T ES = 4
4) RIN T wt = a
5) AlGalN T es = 4
6) AlGaN T wt = 7
7) AlGaN T T, = 0
Correlation matrix
=l= =2= =3s =d4=
1.000 0.223 -0.53% 0.414
1.000 =-0.492 =0,111
1.000 0.411
L.000

.1257
.8455
. 6057
.2309
L1391

400
900

5=
-0.488
=-0.866

0.353
-0.224

1.000

16.
<433

L0197
.2515
L0182
L0315
.0097

22

o o e e ]

I = 5in{2%¥) «Co={d)

520

=6=

-0.
- 1587
-0.
=0.
.296
. 000

381

324
778

=T=
-0.
=0.
.154
=0
.349
.207
. 000

249
288

2zl
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Spectroscopic Ellipsometry Data Sheets 26
GaAs / InGaP / Germanium Substrate
Model
| 194[J% | Gaas_isare 50.00% % | Voidref  50.00% X *
S 20254 " Gaas_isaref =] x
2@ 106197 " [FlinGaP.dsp x| X
: x| X
-D 1500000.0 . Ge_palik 1102.ref Backside reflection
. Void.ref model X
Fit Conditions Fit Results
» Spectral range: 0.75 - 3.0 eV
» Step size: 0.01 eV
* Angle of incidence: 70.0° 0.4 0.2
« Model Information: Backside reflections model is 0'3 )i t } ; )
used as Germanium substrate is transparent in the ' .If ' :}* ﬁ | TL .1 . !
NIR wavelength range. 0.2 1|t i 1“! Ti “ J,‘i 0.0
« Fit parameters 0.1 |'. ||" fLI |||‘|f'., -0.1
* Thickness: Layers 1,2 and 3 Is ot *4.1-"' q'.|"'|!|* 0.21c
* Optical constants: InGaP {14143 wj'_j.ﬂ‘; an
+ Materials 0T Rl 48 i # o
+ GaAs, Ge, Void: Reference materials 0.2 h" ‘3;11‘4' S '
 InGaP : Adachi-Forouhi FERE AN 00
p Py 0.6
1 2 3
Photon Energy (eV)
. x’ minimization on Is,Ic
Optical constants of InGaP Is = Sin(2F) »5in(d), Ic = Sin(2¥) »Cosid)
Optical Constants of InGaP
4 0.35 Parameters
1] Lz Thickness [i] = 10619.650 + 19.257
3.9 0.3 2y L3 Thickness [L] = 2025.360 + 4.375
: 3] L4 Thickness [Li] = 19.434 + 0.519
38 0.25 4)| InGaF E, = 1.8344 + 0.0039
’ S} InGaP i, = 0.o0752 £ 0.0270
3.7 6| InGaP T = 0.0126 + 0.0029
0.2 7 InGaP L, = 9.1150 £ 0.4935
N 3.6 K g)l TnGaP == = 6.37686 + 0.0439
35 0.15 9)| InGaP L, = 0.0764 + 0.0357
. 10) InGaF B, = 7.5243 £ 0.0058
3.4 0.1 1) InGaFP O, = 14.2154 £+ 0.0381
C 1 i i
3.3 0.05 =lc;rre ix;:lun I:?:rlx a e e .
32 l1.000 -0.153 0.0l4 0.0zl 0.0%4 -0.018 -0.019
0 1.000 -0_050 0.101 o.o037 0.03& o.153
1.000 -0.031 0.0o08 -0.048 -0.044
1 2 3 1.000 0.3z0 0.686 0_.537
Photon Energy (eV) 1000 -D.340 0-seT
°Q0 1.000
[N
[N
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Model without roughness

SE 20329 " Gaas_isaref X X
S [F 106186 " [FlinGaP.dsp x| X
O 15000000 " Ge_palik 1102 ref x X
. Void.ref X
Fit Results
0.4 0.2 %' minimization on Is3, Ic
f : i Sin(d), Ic = 5in(2%) ~Cfo=(d)
03 Qoo | Q- 112706303
| " fber = S
0.2 0.0
Parameters
0.1 -0.1 1) LZ Thicknes= [K] = 10618.560 % 61.004
: 2) L3 Thickness [A] = 2032.940 £ 13.744
Is o]l -0.21c 3) InGaP E, - 1.8333 £ 0.0130
4) InGaF & - 0.0729 £ 0.0842
-0.11{+ -0.3 Sy InGaP I - 0.0141 £ 0.0098
0.4 6) InGaP A = S.0449 £ 1.5105
02 = 7) InGaP == - 6.3897 £ 0.1356
05 8) InGaP &, B 0.0758 £ 0.1220
03 - 9) InGaP B, - 7.5256 £ 0.0195
'.-0.5 10) InGaP C, - 14.2195 £ 0.1302
Correlation matrix
Photon Eﬂergy (eV) =1= =z= =3= =4= =5= =f= =7=
1.000 -0.146 0,042 0.012 0.002 -0.035 -0.49%0
1.000 0.082 0.003 0.038 0.120 =0.037
1L.000 =0.334 0.68%9 0.615 =0.349%
1.000 -0.376 0.333 -0.40%9
1.000 0.416 -0.1%4
1.000 =0.44%
1.000

General Remarks

* Adding a rough overlayer on top of the film stack
decreases strongly the 2. Hence the final model takes
into account the roughness.
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Spectroscopic Ellipsometry Data Sheets 27

3x(Si0, / Ti) / Glass Substrate

Model

SE 1ene " Sio2_worref <] x
| 301.8 " [ElTidsp x| X
| 323.9 " Sio2_wor.ref x] x
| 305.1 " [FlTidsp x| X
| 595.0 " Sio2_wor.ref x] x
G 715 " [FTidsp x] x
'I:Imuuuuuu_u .I:|1?3?.dsp x| X

Backside reflection

.Dvuid.dsp model X
Fit Conditions
* Spectral range: 1.2 - 6.5 eV 0.8 3} .’/‘ﬂ‘
* Step size: 0.05 eV 06| Y
« Angle of incidence: 70.0° 04| 4 FAN BN LU A
» Model Information: Backside reflections model is 0.2 e’“‘"‘_\./_\._ .;' ! 11
used as Glass is a transparent material. s ol | Vo +| { "
« Fit parameters .02 L / ! 11 oz
. Thic_:kness: Layers 1_, 2,3,4,5,6and7 0.4 '* ; v’ 1 3
* Optical constants: Ti 06 sl :: ! 14
» Materials 4 Y I
Qi - - -08 L v J1j0.0
+ 1737, Void, SiO,: Reference materials V) e
« Ti : Full classical formula including 3 S 3 4 S 6

Photon Energy (eV)

absorbing lorentz oscillator + drude oscillator

. . . ¥ minimization on Is,Ic
Optical constants of Titanium LTI Y T

 Mumber = 16

Optical Constants of Titanium
Parameters
\ 2 1) LZ Thickness [i] = 71.521 £ 21.070
2.6 \ 2] L3 Thickness [I] = 594.99¢ + 69.937
1.8 3] L4 Thickness [L] = 305.074 + 39.598
\ 4] LS5 Thickness [L] = 323.937 &£ 17.159
2.4 1.6 5] L& Thickness [L] = 301.774 + 20.320
14 6) L7 Thickness [A] = 1271.181 + 10.257
”22 K 71 |Ti = = 4.8754 £ 0.3816
' 1.2 5l |T1 == = 7.0492 + 0.4037
9 |Ti  wt = £.4026 + 0.10569
2 1 100|Ti  wp = 5.8581 + 0.7731
0.8 11iTi T, = 4.0532 £ 0.25911
1z)|Ti rd = -4.6Z55 + 0.5853
1.8 0.6 139Ti £ = D.3508 + 0.2443
oo 14)Ti oy = Z2.7640 £ 0.1049
3 ‘ Phitonﬁnzrgy(ex?) = 15T vy = 1.7685 & 0.4375
B\ 18)Ti £, = 51.5894 + 10.7062
17T oy = 0.934% £ 0.0790
18T v,y = 2.3151 £ 0.2418
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General Remarks

* Negative parameters have been found in the
Titanium dispersion parameters. Nevertheless the
optical constants found are physical.

9/2/08
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Spectroscopic Ellipsometry Data Sheets 28

YBaCuO / SrTiO, Substrate

Model
® X
| 997.8 " [FlYBaCuO.dsp
. SrTi03 substrate_spe X
Fit Conditions Fit Results
» Spectral range: 1.2 - 6.0 eV
» Step size: 0.05 eV
» Angle of incidence: 67.9° p—
» Model Information: SrTiO, substrate was 0.6p _e’-""'-., 7 ."-\. o4
measured in a 15t step to be able to use the 055 t / ”"'-h,'-,. 0.4
« s.pe » file directly in the substrate. \ . g 0.3
* Fit parameters 05| W' 0.3
» Thickness: Layer 1 Is k) Ic
+ Optical constants: YBaCuO 045 ] % 0
+ Materials P 0.3
+ 1737, Void, SiO,: Reference materials 04l. \'\ .ﬂ\\’ 0.3
» YBaCuO : Full classical formula including 3 0.3s| "“va" 0.2
absorbing lorentz oscillator + drude oscillator 2 3 4 3 5
Photon Energy (eV)

()pth:al(x)nstants Of‘Yisa(:UC) “] minimization on Is,:[c
Iz _= Xa ) =5infd), o = Sipf2® «Josf¢a)
Optical Constants of YBaCuQ #
1.85 0.75 Iterations Numbher = 3
1.8
1.75 0.7 Parameters §
1] L1 Thickness [A4] 997.761 + 7.757
1.7 0.65 21| ¥BaCud == = 1.1195 + 0.1461
1.65 ' 31| ¥Bacul == = 3.2870 £ 0.0487
n 186 K 41 | ¥TEaCud wt = 2.96581 + 0.6495
1.88 086 5| YBaCud  wp =  2.3385 £ 0.0172
&) | ¥BaCud T, = o.4044 + 1.3370
1.5 0.55 71| ¥Bacuo rd =  0.4892z + 0.02&1
1.45 8) | TBaCtud £, = 0.9990 £+ 0.07564
1.4 J////f05 99 | TEacud oy 4 = 2.7010 £ 0.03583
10| YEaculd vy = 1.9646 + 0.1175
2 3 4 5 6 11| ¥BaCul £, = 0.1399 £ 0.0582
Photon Energy (eV) 12| YEaCuld oy, = 3.7381 + 0.0408
13| TEaCud v, = 1.4119 + 0.2653

Correlation matrix
=]= =F= =3= =d= =L= =5=
l.000 -0.108 0.53z 0.zle -0.3249 0.3E87
l1.000 -0.548 -0.3964 0o.534 -0.879
1.000 0.731 -0.E64 0.871
l.000 =-0.497 0383

9/2/08
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Spectroscopic Ellipsometry Data Sheets

Fit Conditions

» Spectral range: 1.2 - 6.5 eV
* Step size: 0.1 eV

* Angle of incidence: 70.5°

used as Glass is a transparent material.

* Fit parameters
* Thickness: Layer 2
* Optical constants: a-C

* Materials
* Void, SiO,: Reference materials
* a-C : Double new amorphous formula

Optical constants of a-Carbon

Optical Constants of a-C

Photon Energy (eV)

Model
| 615.4 " [FlaCdsp
" O 10000000.0 " Si02_uv.ref

. Void.ref

* Model Information: Backside reflection model was

N 0.55
1.75 "
. / 0.45

o 1.65 04
- 0.35
1.55 03
- 0.25

2 3 4 5 6

9/2/08

Amorphous Carbon / Glass Substrate BR

x| X
. . o
Backside Reflection
Model ®
Fit Results
0.4 - _-"q‘ .
ul" 4 "I:":.
~ A Y
[5 02 .'-'. 1' |C
‘.n _il... -.
bt s
0 ‘.- ..'. > - 0 4
2 3 el 5 6
Photon Energy (eV)

¥’ minimization on Is, Ic
Is Sipg(Z2F) =Finid), Ic = 5in(2¥) «foz{d)
’ i Jurnkber = 10
Parameters
1) L2z Thickness [i] = £15.3832 £ 7.497
21 |a-C ne = 1.4693 £+ 0.00290
Ija-C  wg = =-2.,0516 £ 0.2710
4) |a-C £ 0.014¢6 £+ 0.0020
S)a-C oy = 4.5943 £+ 0.0223
6lja-C T4y 1.4684 £+ 0.04435
?la-C £ = 0.2054 £ 0.0103
g)|a—-C = -0,8055 x 0.1261
9)|a-C Ty = 2.8885 £ 0.3476
Correlation matrix
=]l= == =3= =4= =L= =5=
1.000 0.499 0.463 0.474 -0.141 -0.09%0
l.000 0.784 0.8%6 -0.632 0.398
1.000 0.790 -0.657 0.052
1.000 -0.775 0.611
1.000 -0_.514
1.000

Explore the future
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Spectroscopic Ellipsometry Data Sheets

Model

Me s

| [IMgF2.dsp

T [[ETio2 T.dsp

X | X
x ]

MgF./ TiO,/ c-Si Substrate

Linear graded

Fl 13412
! 5 | [FITio2 B.dsp layer
. Csi_wor.ref 2
. i Fit Results
Fit Conditions
 Spectral range : 0.75-4.5 eV
» Step size: 0.025 eV -~ = S o 7y 1.0
« Angle of incidence : 70° ogll v 7| ] \
r 4 / \ A
« Fit parameters cal %40 § &b ] W e
* Thickness : layers 1 and 2 1 X I 1 I 1 o e
* Optical constants: TiO, linear gradient i B 3\“..' I {11 2 .
* Materials wool1 {1 % I ¥ Y 4 AL o8
« c-Si : reference library ol 34 \ f t l Ao
* TiO, : New amorphous formula ¥ ’ Yoy | !
* MgF,: Classical formula, transparent Lorentz oscillator <02 ¥/ 1} s |03
08 i/{." b vl \ PP
1 2 3 4
Photon Energy (eV)

Optical constants of TiO,— B Bottom, T Top

of the graded layer

TiO2 Optical Constants

29
28
2.7
26
25
24
2.3

22

-
L]
w

Photan Energy (eV)

[—Ti02 8. dsp (n) —=-TIO2 T dsp (n) — TvO2 B dsp (k) —=TIO2 T.dsp (k) |

¥’ minimization on Is, Ic

2 l2W) %5in(d) ,
2.588211

Ic = Sin(2¥) =xCo=s(d)

9/2/08

HCTO Nurdber = 2

Parameters

1) L1 Thickness [.f.] = 1341.200 £ 3.955
2) Lz Thickness [A] = 2111.801 & 2.764
3)|TiOo2Z B  nee = 2.0822 + 0.0202
4) |TiOZ B wg - 3.1909 + 0.0430
5)|TiOoZ2 B £3 = 0.2555 £ 0.0256
6)|TiOoZ B ) = 3.9848 %+ 0.0347
7 |Tioz B TI'jy - 0.4769 + 0.0298
8)|Ti0Z T ne= = 1.9929 £ 0.0170
9) ITiOo2 T wy = 3.1925 + 0.0785
10JTiOoZ T 13 =- 0.2522 + 0.0259
11]Ti02 T w3 = 4,3735 £ 0.0383
12)Ti0o2 T Tj - 0.6639 £ 0.0286
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Optical constants of MgF, 272 Optond Conetams

1.385

1,0000000
e | 1.8558800 1378

i I -16. 2837960 -

* In the physical formula of the Lorentz oscillator, the 1%
wt parameter is squared so that the negative i 3 2
parameter found for wt is good and provides Phaton Ensegy (o)
physical optical constants (as shown on the right).

s

n

Model without gradient

AE 21047 | OMgr2.dsp -
M 13328 | [ETio2 dsp x| X

. Csi_wor.ref =

Fit Results

!’ minimization on Is, Ic
Sl x 51N (1), Ic = SIin(2¥) xCozid) o
Y’ = 6.626963 a3} A & P Way 10
IterETTo Tumber = 11 081 $. y ] \
b ., P 1 ~ . 4 0.8
o_aL " ? i d 4 l 4
Parameters 4 G J A ; <o
1) L1 Thickness [i) = 1332.598 + 3.323 0.4]1 \J 1 7 1 1 1 “e
2) Lz Thickness [A] = 2104.743 £ 2.094 1 gy ! ¥ el FLR
3) Ti0Z2 n= - 2.0673 £ 0.0096 02| ¢ e A ke i) Wt 8 | o N 04
4) TiO2 wg - 3.2400 £ 0.0202 i - 74 J %] 3
5) Tioz £) - 0.3527 + 0.0196 s 00] § f T, : T V3T 3} ' [
6) Ti02 w3 = 4.1150 + 0.0198 \ X 01 Y14 1
7) TiOZ T3 = 0.6887 + 0.0189 021 | / { L i1 4 {39 0.0
as | 1 ¢ L . | 1 |
R -0.4 » “i 9 L ¥ 4 1 0.2
Correlation matrix 1 Y | -
=l= 2= =3= =45 =5= =5= =7= 0.6 | :. -‘ 1 3
1.000 -0.270 -0.165 ©0.203 -0.155 -0.106 -0.450 I 1] b |04
1.000 ©0.315 0.450 0.646 =0.027 0.711 . ' v A
1.000 ©0.780 0.802 -0.845 0.350 08 | J \ 7 |
1.000 0,821 -0.608 0,231 -\_/ £ v |08
1.000 -0.633 0.704 = > 3 -
1.000 -0.138
1.000 Photon Energy (eV)

General Remarks

* The TiO, gradient improves strongly the fit results,
hence the final model contains it.

9/2/08

* MgF, optical properties are not fitted as they were
previously analyzed.
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Spectroscopic Ellipsometry Data Sheets

GeSbTe / ¢c-Si Substrate

Model
x| X
| 332.7  [FlGeSbTe.dsp
. c-Si_Jy.clc X
Fit Conditions Fit Results
» Spectral range: 1.5-6.5eV
* Step size: 0.1 eV
* Angle of incidence: VASE 65-70-75° e
* Model information: VASE was used in the model, 0.8 Gl o ——
i - il W i o 0.4
in order to increase the results stability. 2 S
Nevertheless, it is not mandatory. e 7 .,..-““"m.. 0.2
* Fit parameters 0.6 .f"‘,"! _."".*" " |
* Thickness: Layer 1 {ff_,- .-"-". 100
* Optical constants: GeSbTe Is 0.5 1Y 2 S 6% le
7 rd a‘. .
* Materials 0.4| [
# o -
« ¢-Si: Reference materials s ~j:,f,-' A 04
» GeSbTe : Double tauc-lorentz formula ' Lﬂ-’,f'
ey K 0.6
0.20f .
2 3 4 5 6
Photon Energy (eV)

1’ minimization on Is,Ic
s _= e F) x3inid), Ic = Sin(2¥ =Cos(4)
Optical constants of GeSbTe £ S MNumber = 2
Parameters
Optical Constants of GeSbTe - 1) L1 Thickness [A] = 332.700 + 3.742
= 21| Ge3bTe Eg = 0.5119 + 0.0427
22 31| GelbTe =« o 1.3604 + 0.0662
4) | Ge3bTe A, 128.0018 £ 9.58929
. 5) | Ge3bTe E,; = 2.0732 £ 0.0531
1.8 k 6)|Ge3hTe C = 2.9384 £+ 0.0735
7| GesSbTe A, = 4.3146 + 0.4419
1.8 8) | GeSbTe E, o 7.0773 £ 0.0816
9)|Ge3bTe C, = Z2.0007 +£ 0.1520
1.4
- Correlation matrix
1.2
=]1= =F= =3= =4= =LC= =5=
2 3 4 - ¢ l.000 o.5a3 0.104 0.590 -0.524 -0.6&63
Photon Energy (eV) - ) ) ; . ;
1.000 0.345 0.997 -0.9%1 -0.3978
1.000 0.378 -0.345 -0.26Z2
oo l.000 -0.9%: -0.981
: 1.000 0.988
S 1.000
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Spectroscopic Ellipsometry Data Sheets

Model

|

19177

Fit Conditions

» Spectral range: 1.5-5.5eV
* Step size: 0.05 eV

* Angle of incidence: 70.5°

* Fit parameters

* Thickness: Layer 1
* Optical constants: PMMA

e Materials
« c-Si: Reference materials
* PMMA : Classical formula, Transparent

Lorentz oscillator with €., =1.0

Optical constants of PMMA

Optical Constants of PMMA

~ [FIPMMA dsp
. Csi_wor.ref

1.58
1.57
1.56
1.55
1.54
Nq53
1.52
1.51
1.5
1.49

2 3 B
Photon Energy (eV)

9/2/08

PMMA / c-Si Substrate

X
=
Fit Results
ra F 1 403
0.75 % T ) § 4
. F A 1 I,‘ .
0.5 A e f 4100
v 7 0 f
0.25 Y 17 WA
1 ‘I’I : : 4 | L] |I 1 ‘03
Is 0 1:F 7 | I 4 le
W : LA B P
'025 :‘,_.-' l‘ ‘f b 05
0.9 :I .l-"l' JI I
[ : * |
07504 7 ; L -0.8
z—"i k_ffhc
2 3 4 5
Photon Energy (eV)
Ic

x] minimization on Is,

= S5in{2%¥) xCosia)

Is = 2 »Sinfd), Ic
@»
SLETIUNS Nunber = 7

Parameters
11 L1 Thickness [i] = 1917.747 + 4.170
Z) |PHHA &3 = ¢.1806 = 0.0054
3) |PMML  wt = 11.8130 £ 0.05827
Correlation matrix
=]l= =F= =3=
1.000 -0.953 0.159

1.000 0.1z8

1.000

Explore the future HORIBA




Application Data Sheet 33 244

Spectroscopic Ellipsometry Data Sheets -

4(Si0O,-TiO,) / Glass Substrate

Model
I E s . sio2_isaref x| X
| | 673.4 " [ElTioz.dsp x| X
x| X
MD 10000000.0 .DGIESS-[’SP Backside reflection
"~ Void.ref ool x
Fit Conditions Fit Results
* Spectral range: 430 - 850 nm
* Angle of incidence: 70°
* Model Infprmatlon: . 08 06
* Backside reflection model
« The repeated layer function was used to 06 04
repeat 4 times the TiO,/SiO, layers. The results 0.4 02
provide an average thickness of these 4 times
repeated layers. 0.2 0.0
« It is worth noticing that the wavelength range Is o -0.21¢
is limited from 430 to 850 nm. Hence the TiO,, ey
dispersion used is a transparent Lorentz 0.2 :
oscillator providing an extinction coefficient (k) 0.4 -0.6
equal to 0. na
: 06 8
* Fit parameters
* Thickness: Repeated layers 1 and 2 500 600 700 800
« Optical constants: TiO, Wavelength (nm)
» Materials
* Glass, Void: Reference materials
* TiO, : Classical formula, Transparent Lorentz % minimization on Is,Ic,Ic’
oscillator with e 10 i.&"i .S'.’E xSinfd), Ic = Sin{2¥ =Cosid)
. . ' = 2.661902
Optical constants of TiO, T ber = 4
Optical Constants of TiO2 p
: arameters .
2.36 : 1) L2 Thickness [4i] = 673.362 + 1.451
2) L3 Thickness [A] = 1118.061 £ 1.227
2.34 f 3)[Tioz == = 4.7116 + 0.0100
232 4) | TioZ wt = -6.5152 £ 0.0837
2.3 Correlation matrix
3 =1= =Z= =3= =d=
2.28 1.000 -0.639 -0.548 -0.Z83
: 1.000 0.312z -0.22E
2.26 ! 1.000 -0.447
: 1.000
2.24
R 222 : « Negative wt parameter is possible as in Lorentz
N 450 500 550 600 650 700 750 800 35“' oscillator formula wt is squared.
> Wavelength (nm)
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Spectroscopic Ellipsometry Data Sheets -

Y;Fe;0,,/ SiO, / c-Si Substrate
Model

ilil %, !mvaFeﬁmz_d 50.00 % x|! Void_asp.re 50.00 % X *
AE 1zsea " [FlY3Fe5012.dsp x] %
WE s

Sin?_isa.ref

C-si_isa.ref

Fit Conditions Fit Results

 Spectral range: 0.75 — 2.50 eV
» Step size: 0.005 eV
* Angle of incidence: 70°

* Model Information: 0.8 {ﬁ ﬁ I
* The fit was performed on a restricted spectral 06 ;I’ i F r 0.8
range due to the strong absorption of Y;Fe;O,, £l ,f 1 f}: ;I' it fg 0.6
material above 2.5 eV. More investigation is 0.4 $ ". fel ot .1. f NS ;'3: !\ )
necessary to extend the spectral range of fitting, 0.2{i ’ J{ I f:’: i I.-li M’.; A (0.4
eg. Testing others dispersion formulae. I B3 ; #1311 f. :f:':j 1 .5 i o B
* Fit parameters 15 ':I: :j:\‘:;,‘ :I"’Jr'.f"'l:.: -
» Thickness: Layers 1, 2 and 3 i BAREAR B! ! ‘ §! ISR H 0.0
* Optical constants: Y,;Fe;O,, 04|74 g : 1 ::» ] :‘I‘ .i‘ 15‘ 02
« Materials J- pi Li1 48 GV
o . 06 UV UV Yy §V 0.4
* ¢-Si, SiO,: Reference materials
. _ 0.8 1.2 16 2 24
* Y;Fe;0,, : Classical formula, Absorbing Photon Energy (eV)

Lorentz + Drude oscillators

u' minimization on Is, Ic
. e = afd), Ic = 5in(2¥) =Cos(4)
Optical constants of Y,Fe 0,, Q= 13.107720
IteraTTe Tunber = 1
Parametcers
Optical Constants of Y3FeSO12 1) L1 Thickness [L) = 1568.700 % 41.520
245 0.09 2] L2 Thickness [A) = 11256.100 % 52.587
0.08 3) L3 Thickness [k) = 50.200 + 4.480
24 4) [Y3Fe5012 == = 3.4261 * 0.0607
0.07 s) |Y3Fes0o1z == - 4.6384 + 0.0346
235 o oe 6) [¥3Fes012  wt - 3.3583 £ 0.0362
7) |¥3Fes012  wp = 0.3011 # 0.0141
n 23 0.05 " 8) |¥3Fes012 T, = 0.3468 = 0.0051
9) |Y3Fe5012 Td = 0.1370 + 0.0395
223 0.04
Correlation matrix
22 0.03 =]l= =2= =3= =4= =5= =H= =7=
0.02 1.000 -0.18Z =0.zZ17 =-0.208 =-0.070 0.265 0.46S
2.15 = 1.000 0.021 -0.164 -0.$35 -0.226 -0.252
1.000 0.000 =0.010 =-0.01Z =-0.128
= 08 1.2 16 2 24 1.000 0.435 -0.896 0.589
N Photon Energy (eV) 1.000 =0.033 0.342
1.000 =0.377
> 1.000
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Model without roughness

2@ 113368 | [[)Y3Fe5012.dsp x| X
'IE ! Sio2_isa.ref ® X
! C-si_isa.ref *

Fit Results

' minimization on Is,Ic 0.8
Is = Sinl2¥) »5in({d), Ic = 5in(2¥) Cos(d) .
X' = 34.289070 06 ,’,' 4
: p=NTrber = 12 it J*
04)} Il L\
4
Parameters 0.2 f il f, I-
1) L1 Thickness [&] = 1733.484  70.907 “1 11t 133
2y L2 Thickness [i] = 11335.840 <+ 86.036 Is 05,. .i;‘;
3) Y3FeS012 == E 3.4510 + 0.0950 114}
4) Y3FeSO12 s - 4.5885 + 0.0SS0 -D.ZI" 'R B
S) Y3FeS012 ot - 3.3257 £+ 0.0600 } :I:*'
6) Y3IFeS012 wp - 0.3345 + 0.0224 04|} {
7) Y3Fe5012 T, = 0.3455 + 0.0090 BF IR
8) Y3Fe5012 rd = 0.2432 £ 0.0517 -0.6 LRy
Correlation matrix as 1.2 16 2 24
=1= =2= =3= =4= =5= =6= =7= Photon Energy (eV)
1.000 -0.258 -0.113 0.023 0.265 0.55¢ -0.298
1.000 =0.185 =0.939 =0.241 =0.324 =0.076
1.000 0.440 -0.879 0.597 -0.139
1.000 -0.014 0.3591 0.138
1.000 =-0.322 0.244
1.000 -0.177
1.000

General Remarks

+ Adding a surface roughness improves the x2by a
factor 3.

9/2/08
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Application Data Sheet 35

Spectroscopic Ellipsometry Data Sheets

Anodised Al / Al,O, / Al Substrate

Model
AE 13583 " [Flanodised Al.dsp x] x
o 70.9 | AI203_pal ref x X
| nkAlclc .
Fit Conditions Fit Results
» Spectral range: 0.6 — 6.0 eV
» Step size: 0.05 eV
« Angle of incidence: 70° ‘*ﬁ ;y’ "T iy
* Model Information: 0.75 * { N | {1 -
« The substrate is the measurement file of the oal A | f I 4 t]
Aluminium substrate itself. Cleaning the MIAE j { ][00
substrate is required as Aluminium surface 0.254 \ b m TI i , i
always exhibits a native Al,O, film. Y 41 Ha £1 |03
* A remaining Al, O, interface film was found s 0 1 L 'Y F 3 IV {1 lc
(from previous results explaining the non-fitting .0.25 i1t 11 ] £ Y d o 05
of this film). 1 Y \ f,a ] I \ +| ] ;
* A merge acquisition is necessary for metals. 0.5 { \ Y { R '_‘.* ) 0.8
* Fi 1 B { 11 | e
it parameters 075 A :,a._. : A ‘4,. ‘
¢ P s s L
1 2 3 4 5 6

* Thickness: Layer 2
* Optical constants: Anodised Al

» Materials
* Al,O,: Reference materials
* Anodised Al: Classical formula, Transparent

Lorentz oscillator with €., =1.0

Optical constants of Anodised Al

Photon Energy (eV)

9/2/08

Optical Constants of Anodised Al
18
1.78 Parameters
176 1) L2 Thickness [A4] = 1358.307 £ 5.107
174 2) |anodised L1 £33 = 2.6660 £ 0.0114
3) |lanodised Al wt = 11.6110 £ 0.0416
n172
1 Correlation matrix
; =l= = =3=
68 1.000 -0.986 0.474
1.66 1.000 -0.338
1.000
1.64
1 2 3 4 5 3

Photon Energy (eV)

? minimization on Is, Ic
! W «5infd), Ic = Sin{2¥) »Cosid)

X
Is

Nubher = 7
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Spectroscopic Ellipsometry Data Sheets -

Anodised Porous Al / Al,O, / Al Substrate

Model

- E .IE anodised porous Al E_dsp =] X

[ 26 o .IE anodised porous Al O.dsp X

o 709 " AI203_pal ref =] %
.~ nkAlcle S

Fit Conditions Fit Results

» Spectral range: 0.6 — 6.0 eV
» Step size: 0.05 eV
* Angle of incidence: 70°

* Model Information: o
* The substrate is the measurement file of the 08 /', \ 5 f 0.2
P . . . L 4 4
Aluminium substrate itself. Cleaning the \ 4 !
substrate is required as Aluminium surface 0.6 7~ 4 ‘f ! loo
always exhibits a native Al,O, film. 0.4 '.‘ % i I
* A remaining Al,O, interface film was found 02| / % i ;! { 02
(from previous results explaining the non-fitting Is 7| ¢ (R j J lc
of this film). 0 / v { ] 04
* A merge ggquisition is necessary for metals. 02 \ J’; j ] 0.6
* The conditions of elaboration of anodised 1 'E ~ 7 1 '
Aluminium film introduces uniformly distributed 0.4 R AY b .08
pores on the surface. This is modeling by using -06 1* ;( \ J
an anisotropic film (N oriented as pores are L A4
perpendicular to the surface). 1 B 3 4 S 6
« Fit parameters Photon Energy (eV)
* Thickness: Layer 2
* Optical constants: Anodised Al
* Materials
* Al,O,: Reference materials
* Anodised Al: Classical formula, Transparent ¥’ minimization om Is,Ic
Lorentz oscillator with ¢ =1.0 n e de T mmEn s
RTTUTIY iumber ~ 11
Optical constants of anisotropic anodised Al rarameters
1) L2 Thickness 8 = 936.757 + 1.881
Optlcal ConstamsofAmsouoplc Anodised Al 2) |anodised porous Al O s = 1.7511 4+ 0.0042
J) |anodised porous Al O wt = 13.6688 % 0.3535
1.44 4) |anodi=ed porous Al E £= = 1,8700 + 0.0073
1.42 5) |anodised porous AL E wt = 13,2305 % 0.216S
1.4 Correlation macrix
e =le ) e “-g= =S
n 1.000 =0.83% =0.386 =-0.721 0.136
138 1.000 0.78§ 0.746 ~0.189
1.000 0.454 =0.21%
1.38 1.000 0.439
1.000
134
oo 1 2 3 4 5 €
Photen Energy (eV)
[N
=N —— mod el porous Al D 0 |1 ——— arodsed porons AE B0 |
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Model without anisotropy

HIE 963 5 .mﬂnudised porous Al dsp x| =
WO s [ A03palref Tk
.~ nkAlcle X
Fit Results
2
¥ minimization om Is, Ic h ~~
I= -i‘ " *Sin(d), Ic = Sin(2¥)=Co=(d) 0.9 g % ; J 03
.* : :
er =7 06 ‘I. :‘ ! 0.0
Parameters 0.3 3 A I‘; ! {
1) LZ Thickness [i] = 963.512 + 6.062 Is o SR | ; ] 031
Z2) anodised porous Al gs = 1.6853 £ 0.0076 0 '. : q 1
3) anodised porous Al wt = 10.5597 £ 0.1594 . ¢ i I |
03f R | 4 -0.6
Correlation matrix 'y VAT 4
=1l= =2Z= =3= 'R Y Yy 1
1.000 -0.874 0.582 06 0 - X [
1.000 -0.138 : I PAS AW, 0.9
1.000
1 2 3 4 5 6
Photon Energy (eV)

General Remarks

 The anisotropic layer contained in the final model
results a ¥2=0.5 compared to 7.2 for a simple layer.

9/2/08
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Spectroscopic Ellipsometry Data Sheets

Model
| 1985 [Fl% | [F]Zro2.dsp
| " [F]zroz2.dsp

Fit Conditions

 Spectral range: 300 — 830 nm

» Step size: 5 nm

* Angle of incidence: 70°

* Model Information:
* Multiguess on thickness varying from 800 to
1500 nm by step of 100 nm for layer 1.
» The model includes a top surface layer which
is very porous (percentage of void ~ 8%).
 The glass substrate is a dispersion file. It
means that it has been separately measured
and modeled.

* Fit parameters
* Thickness: Layers 1 and 2
* Optical constants: ZrO,,
+ Composition of layer 2: % void + % ZrO,

» Materials
* Void: Reference materials
* ZrO,: Classical formula, Transparent Lorentz

oscillator with £ =1.0

Optical constants of ZrO,

Optical Constants of ZrO2

2.06
2.04
2,02

n1.98
1.96
1.94
1.92
1.9

1.5 2 25 3 35 4
Photon Energy (eV)

9/2/08

91.66% X Void.ref

.Dglﬂss B270.dsp

ZrO, / Glass Substrate

g.349% * %

® X

x

Fit Results

0.6
0.5
0.4 ¢
0.3
0.2
300 400 500 600 700 800
Wavelength (nm)
x’ minimization on Is, Ic
Is = ¥. Py x5infd), Iec = Sin(2¥) xCos(d)
Iters Nyumber = 27
Parameters
1) L1 Thickness [i] = 954.342 + 8.093
2] L2 Thickness [i] = 198.460 + 7.619
3) LZ % Zr02.dsp = 91.66 4+ 0.30
4) | Zr02 &= = 3.4848 + 0.0038
5)| 202  wt = 8.2982 £ 0.0457
Correlation matrix
)]s =2 =3s =4= =En
1,000 =-0.9%2 =0.841 =0.001 0.473
1.000 0.829 -0.028 -0.447
1.000 0.100 -0D.178
1.000 0.6l
1.000

Explore the future HORIBA




251

Model without porous surface layer

WO nes  Ewoz X

.I:Iglﬂss B270.dsp X

Fit Results
%! minimization on 1Is, Ic *
s = Sand2¥) *5in(d), Ic = Sin{2¥) xCosid) 06
Number = 5 "'__ 0.5
Parameters ! 0.4 e
1) L1 Thickness [A] = 1143.294 + 5.298 \ '
2) ZIr0oz =s = 3.5319 % 0.0232 "-._
3) zroz wt = 9.5027 + 0.3670 5 {03
-.L. w I. -
Correlation matrix ! : 0.2
a]l= =P= =3= - \'. W J,-"..
1.000 =0.165 0.419
1.000 0.695 2 3 4
1-000 Photon Energy (eV)

General Remarks

 The anisotropic layer contained in the final model
results a ¥2=0.5 compared to 7.2 for a simple layer.

9/2/08
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Spectroscopic Ellipsometry Data Sheets

9/2/08

PolySilicon / a-Si / SiO, / Glass Substrate

Model
ilﬂ . Sio?_uv.ref X
| 4330 IE.  [Flat 954% % ct8597% X | [Jvo 443% % %
| 132 " [Fla-Si.dsp x| X
250 30000 "~ Sio2_uvref X x
x
O 70000000 !l:h 737 dsp e ——
.DVDid.dSp model =
Fit Conditions Fit Results
» Spectral range: 1.5-6.5 eV
* Step size: 0.1 eV
* Angle of incidence: 70°
* Model Information: - N——
« Backside reflection model 44 P s . PPN
« Polysilicon material is represented by a 0.8 b 4
mixture of a-Si + c-Si + void {1 / =
* Native oxide on top surface of the sample 0.6 &~ 0.2
* SiO, layer is not fitted as it comes from ' G P
i Is Iy 1 f 03
previous results. 04 [/} f 4
« Fit parameters & Pl y 0.4
* Thickness: Layers 1,2, 3,4 and 5 02{{ | 'l_. & T J 05
+ Optical constants: a-Si V] 1\ y :
« Composition of layer 4: % a-Si + % c-Si + % 0|, \ | TR g -0.6
void o ¥ S 0.7
. ; 2 3 4 5 6
Mate”.als ) . Photon Energy (eV)
* Void, Glass, SiO,: Reference materials
* a-Si: Tauc Lorentz formula
Optical constants of a-Si L O D LS (2 ~Cosld)
*x’ - 0.854492
= i -9
Optical Constants of a-Si
——— 35 Paramevers
1) L3 Thickness [A] = 135.230 #+ 22.437
2) L4 Thickness [A] = 433.020 % 17.727
4 3 3) LS Thickness (i) = 35.239 % 1.667
4) L4 ¥ a-Si.dsp = 9.54 % 1.71
25 S) L4 ¥ ¢-81 Jy.clec = 85.97  2.22
35 : s)[a-51 Eu = 1.1959 £ 0.071%
7| a-51 = = -3.0059 £ 1.7527
2 8)| a-81 A = 184.4456 + 37.4818
n 3 k gyl a-31 E, = 4.4428 + 0.3641
1.5 iga-Si C - 4.3307 £ 0.9595
2 5 Correlacion matrix
' ! 1000 -0.733 0586 -0.110 ©0.520 0.958 ©.294
1.000 -0.280 0.314 -0.380 -D.223 D.0z7
2 0.5 1.000 =0.314 0.898 0.341 =0.141
1.000 =0.800 =D.I46 0.509
— — B 3 B
4 1.000
Photon Energy (eV)
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Optical constants of p-Si of layer 4*

Optical Constants of p-Si

6 *In deltapsi2, build a new spectroscopic model, and put in the

substrate the results found for layer 2, eg 9.54% c-Si + 85.97% a-Si +
4.0 4.49% void. Then under modeling description, click on edit, and in the

5 modeling conditions tab, choose “User defined spectral range” and
put 1.5-6.5 eV. Then, click on simulation, and in the results display

4 3.0 area, select the (n,k) axis.

n k

3 2.0

2 1.0

1

2 3 4 5 6
Photon Energy (eV)

9/2/08
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Appendix A Detailed Description of Dispersion
Formulae and Settings

Next pages detail each Dispersion Model available from DeltaPsi2 Software.

9/2/08
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Appendix A1: Lorentz Dispersion Model

Spectroscopic Ellipsometry (SE) is a technique based on the measurement of the relative phase change of reflected
polarized light in order to characterize thin film optical functions and other properties. The measured SE data is
described by a model where layers refer to a given material. The model uses mathematical relations called disper-
sion formulas that help to evaluate the material’s optical properties by adjusting specific fit parameters.

This technical note deals with the Drude dispersion formula.

Note that the technical notes «Classical dispersion model» and «Lorentz dispersion model» are complementary to

Theoretical model

Drude’s model (1900) is based on the kinetic theory of
electrons in a metal which assumes that the material has
motionless positive ions and a non-interacting electron
gas. This simple model uses classical mechanical theory
of free electron. It was constructed in order to explain the
transport properties of conduction electrons in metals
(due to intra-band transitions in a quantum-mechanical
interpretation), conductive oxides and heavily doped
semiconductors.

Since the conduction electrons are considered to be free,
Drude oscillator is an extension of the single Lorentz oscil-
lator to a case where the restoring force and the reso-
nance frequency are null ([g=0, ®; = 0) - see «Lorentz
dispersion model» technical note.

The equation of motion is:

d ~ -
m-?‘;+m-Fd-v=—e-E (l)

where:

* m (dv/dt) is the acceleration force; m is the mass of the
oscillator (here the electron) and v is the speed of the gas
of electron;

* m Iy v is the friction force;

* the term -e.E is the electric force; it contains the term
E=Eq €' which is the electric field of pulsation ® and
-e which is the electric charge.

The solution of the previous equation is given by the fol-
lowing expression for oscillation amplitude:
= - ot _ € Eo
vlw)=v, - =—- 2
( ) ’ m iw+1, ( )

The conduction density of current J_ corresponding to the
movement of the N electrons per unit volume is:

- N é?

J (@0)=-Nev =mﬁ (3)

The displacement density of current of vacuum is ex-
pressed by:

7, =L
o

where D is the electric displacement of vacuum: D = g(E.

iwe, E (4)

The total density of current J is given by:

2
j(w)zjc+jd:{ N-e

)+iweo}E (5)

m-(Fd+ia)

Assuming that the plasma can also be characterized by
identifying the total density of current to a global dis-
placement current Dtot = gpg,E. A new expression for the
total density of current is then given by:

()= 5’; —iwe, T E (6)

The identification of the two last formulations of the total
density of current J yields:

J(w){

By simplifying that last expression, it is possible to deduce
Drude’s dielectric function &(w) given by the following
equation:

N-é? ) - - -
W+lwao]E=1wgog(a))-E (7)

Né 1 o,
glw)=1- . =1- - 8
8(0)) me, (a)z—il“da)) ~0’+i-T, 0 ( )

Note that for @ — o0, g(0) — 1 then it is possible to re-
write the dielectric function as:

&(o)= S(w)—m )

like in DP2 software, where €(o) is the high-frequency
contribution that is usually superior or equal to one.
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The real &;(w) and imaginary g;(w) parts of the dielectric
function are given by:

2
— 2 (10.)
r

and

2
a)p-F

= 10.2
82(0)) m ( )

Behaviour of Drude dielectric function

* If o<w then the real part of ¢ is negative: any electrical
field cannot penetrate the metal that is totally reflective.
The optical constants of the material are complex.

* If =, then the real part of the dielectric function is ze-
ro. This means that all electrons oscillate in phase
throughout the material propagation length.

* If o>, the reflectivity decreases and the metal be-
comes fransparent. The refractive index of the material
is 0|mos’r real.

e When @?>>T fhena( )=1-(® 2/0) ). The imaginary
part of the dle egfric function can be approximated by
gilw) = (0,2 T/w?) and there is no absorption at the high
frequency imit.

The parameters of the dispersion formula

2 parameters are used in the Drude’s model. Both @,
and Ty influence the real and imaginary parts of the di-
electric function.

* ®, is the plasma frequency. It corre-
sponds to the photon energy position _IN-€?
where ¢ (o) is approximately zero. As @, | “°p = m-€,
increases the amplitude of g.(®) and &(®

increases too.

* Iy (in eV) is the collision frequency. Generally, for metals
0 < T’y < 4. AsT'gincreases the broadening of the ab-
sorption tail increases too.

Limitation of the model

The Drude oscillator describes well the optical properties
of metals but does not take into account the notion of op-
tical energy band gap Eg semiconductors and the quan-
tum effects.

Parameter setup

Note that:
- The Drude’s dielectric function is available in the
Classical dispersion formula in the DeltaPsi2 software.

2 - The sign o before a given parameter means that ei-
ther the amplitude or the broadening of the peak is
linked to that parameter.

256

Drude’s model predicts monotonous decrease of ¢ r

o) fo
decreasing photon energy. It is also characterized [Jy mo-
notonous increase of g(®) (absorption tail) with decreas-
ing photon energy towards the NIR region.

& Dispersion formula - Drude.dsp
Dispersion formula: | _A1%] &[4 11| & e B e b -
Lett: [ r | ®:[PhotonEreray  +| Pight: [« ~|
Spectral range :
Min: [ 0801| oo
Mk 6.50 41000
Increment : 0.050 - 2000

| B |
vae | 000

10000000 |

[
0.ooo0000 |

19,000
18 000
F17 ooo
16 000
F15.000
F14 000
F13.000
F12.000
F11 000
Fn0nn ¢ |

gon '
4000 -4

£3
wt

|
|
| ey 5000 -
wp [ 0000000 | i i Foooo
I [ oooooooo | L i ¥ R Sl See b ' 5000
Id [ 10000000 | [ Iy ! 7000
|
‘ 1
|
|
|
|

fy 0.ooo0000 | ‘ o
-5000 441~
Wy 4 [

i
fy
"uU i
Y2

|5.000

|-4.000

'
00000000 | 8000 F 4o N | P A 3000
[ | ! b2 000
[ S " S OSSR S
: \.____ 1 J1.000
: —
1 2 3 410, 5 3

Photon Energy (%)

0.ooo0000 | -10.000
[

< >

Save Save As

Druds dsp 1 e r=0630 Photon Eneray = 5.5 8 2i=0057

Starting values of a classical Drude function

Application to materials

This model fits well the optical properties of metallic sam-
ples and heavily doped semiconductors. The spectral
range used for fitting depends on the material as shown
in the array below.

The asterisk * refers to parameters that are negative and
thus do not have any physical meaning but represent
good starting values to perform the fit on the material.

S.R. means Spectral Range.

Materials | €& Wp Ny |S.R. (eV)
Al 1.0 [15.702] 0.696| 1.5-6.5
Co 3.694 |12.175| 5.799|0.75 - 4.75
Mo -1.366 |19.972| 8.357| 1.5-5
NiCr 1.0 [14.270| 4.020| 1.5-5
NiFe 1.0 |14.790| 4.780| 1.5-5
Ti 1.0 | 10.9 | 253 | 1.0-6.0

References

1) J. M. Cazaux, Introduction a la physique du Solide, Masson

(1996)
2) H. M. Rosenberg, The Solid State, Oxford University Press
(1988)
3) F Wooten, Optical Properties of Solids, Academic Press (1972)
4) E. Hecht, Optics, Chap. 3, Hardcover (2001)
5) www.ece.tamu.edu/People/bios/hemmer files/15-dispersion.ppt
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Appendix A2: Drude Dispersion Model

Spectroscopic Ellipsometry (SE) is a technique based on the measurement of the relative phase change of reflected
polarized light in order to characterize thin film optical functions and other properties. The measured SE data is
described by a model where layers refer to a given material. The model uses mathematical relations called disper-
sion formulas that help to evaluate the material’s optical properties by adjusting specific fit parameters.

This technical note deals with the Drude dispersion formula.

Note that the technical notes «Classical dispersion model» and «Lorentz dispersion model» are complementary to

this one.

Theoretical model

Drude’s model (1900) is based on the kinetic theory of
electrons in a metal which assumes that the material has
motionless positive ions and a non-interacting electron
gas. This simple model uses classical mechanical theory
of free electron. It was constructed in order to explain the
transport properties of conduction electrons in metals
(due to intra-band transitions in a quantum-mechanical
interpretation), conductive oxides and heavily doped
semiconductors.

Since the conduction electrons are considered to be free,
Drude oscillator is an extension of the single Lorentz oscil-
lator to a case where the restoring force and the reso-
nance frequency are null (=0, w; = 0) - see «Lorentz
dispersion model» technical note.

The equation of motion is:

where:

* m (dv/dt) is the acceleration force; m is the mass
of the oscillator (here the electron) and v is the
speed of the gas of electron;

* m Iy vis the friction force;
e the term -e.E is the electric force; it contains the

term E=E,, ¢'® which is the electric field of pul-
sation ® and -e which is the electric charge.

The solution of the previous equation is given by the fol-
lowing expression for oscillation amplitude:

— — iot —e EO
=9 - - . 2
v(a)) Vo€ m iw+l, ( )

The conduction density of current J. corresponding to the
movement of the N electrons per unit volume is:

- Neé?

J(@)=—Nev :WE (3)

The displacement density of current of vacuum is ex-
pressed by:

- _oD_. =
szgzla)aoE (4)

where D is the electric displacement of vacuum: D = g(E.

The total density of current J is given by:

2
Ho)=TJ.+J, =[Ne.+iweo}E (5)
m-(Fd +za))
Assuming that the plasma can also be characterized by
identifying the total density of current to a global dis-
placement current Dtot = gpg,E. A new expression for the
total density of current is then given by:

J(w):%:mgo FE (6)

The identification of the two last formulations of the total
density of current J yields:

J(@{MHMO]E:iwgos(w).ﬁ )

By simplifying that last expression, it is possible to deduce
Drude’s dielectric function &(w) given by the following
equation:

Né’ 1 o,
glw)=1- . =1- . 8
g(a)) me, (a)z—iFda)) ~0*+i-T, o ( )

Note that for @ — o, €(0) — 1 then it is possible to re-
write the dielectric function as:

2(o)=é(0)-—5—"——(9)

~0’+i-T,

like in DP2 software, where g(x) is the high-frequency
contribution that is usually superior or equal to one.
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The real &1(®w) and imaginary g;(®) parts of the dielectric
function are given by:

()=1(6(0) - Cif (10.1)
and
T
:7_)17 10.2
82(0)) - w2+1—12 ( )

Behaviour of Drude dielectric function

* If <o, then the real part of € is negative: any
electrical field cannot penetrate the metal that is
totally reflective. The optical constants of the
material are complex.

* If =, then the real part of the dielectric func-
tion is zero. This means that all electrons oscillate
in phase throughout the material propagation
length.

* If ®>o, the reflectivity decreases and the metal
becomes transparent. The refractive index of
the material is almost real.

* When 0*>>Iy* then &,(0)=1-(@,%/®?). The
imaginary part of the dlelectrlc functlon can be
approximated by &(®) = (©, 2TI'/®?) and there is
no absorption at the high frequency limit.

The parameters of the dispersion formula

2 parameters are used in the Drude’s model. Both ®
and Ty influence the real and imaginary parts of the di-
electric function.

IO is the plasma frequency. It cor-
responds to the photon energy w. — N-e?
position whete g,(®) is approxi- | “P " \m.¢q
mately zero. As @, increases the

amplitude of 'sr(oogj and &;(®) in-
creases too.

* I'y (in eV) is the collision frequency. Generally,
for metals 0 < I'y < 4. AsI'yincreases the broad-
ening of the absorption tail increases too.

Limitation of the model

The Drude oscillator describes well the optical properties
of metals but does not take into account the notion of op-
tical energy band gap Ej semiconductors and the quan-
tum effects.

Parameter setup

Note that:
1 - The Drude’s dielectric function is available in the
Classical dispersion formula in the DeltaPsi2 software.

2 - The sign o« before a given parameter means that ei-
ther the amplitude or the broadening of the peak is
linked to that parameter.

Drude’s model predicts monotonous decrease of ¢
decreasing photon energy. It is also characterized

o) for
[)y mo-
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notonous increase of g(®) (absorption tail) with decreas-
ing photon energy towards the NIR region.

(B Dispersion formula - Drude. dsp
Dispersion formula : M_‘_‘_‘ QJm Jé E%“g EE @ ﬂ
i ] Klpwemew o] Al ]
Spectral range :

Min : ,W
e BTy
Increment : 0.050 -

|ereerrrr]
vaue |

1.0000000 |
0.0000000 |
0.0000000 |
40000000 |
0.0000000 |
1.0000000 |
0.0000000 |
0.0000000 |
0.0000000 |
0.0000000 |
0.0000000 |
0.0000000 |

0.000

-1.000

-20004§--

-3.000

e
£5
wt
wp
T
rd
fy
Wo 4
¥4

fy
Wo
V2

ano0}-§-4

z ¢ -5000

go00 -4 f--

-7.000

-8.000

-9.000

-10.000

| . . H |
1 2 3 W, s 6

Photon Energy (%)

&0 | >

Save Save As

Drude dsp 1 €r=0830 Photon Energy = 6.5 v £ j=0057

Starting values of a classical Drude function

Application to materials

This model fits well the optical properties of metallic sam-
ples and heavily doped semiconductors. The spectral
range used for fitting depends on the material as shown
in the array below.

The asterisk * refers to parameters that are negative and
thus do not have any physical meaning but represent
good starting values to perform the fit on the material.

S.R. means Spectral Range.

Materials | € Wp s+ |S.R. (eV)
Al 1.0 |15.702][ 0696 [ 1.5-6.5
Co 3.694 [12.175| 5.7990.75 - 4.75
Mo |-1.3667[19.972| 8.357| 1.5-5
NiCr 1.0 |14.270] 4.020| 15-5
NiFe 1.0 |14.790] 4.780| 15-5
Ti 1.0 | 109 | 253 | 1.0-6.0
References

1) J( é\g.é)Cozoux, Introduction a la physique du Solide, Masson
1

2) I(—| M.) Rosenberg, The Solid State, Oxford University Press
1988

3) F Wooten, Optical Properties of Solids, Academic Press (1972)

4) E. Hecht, Optics, Chap. 3, Hardcover (2001)

5

) www.ece.tamu.edu/People/bios/hemmer files/15-dispersion.ppt
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Appendix A3: Classical Dispersion Model

Spectroscopic ellipsometry (SE) is a technique based on the measurement of the relative phase change of reflected
and polarized light in order to characterize thin film optical functions and other properties. The measured data are
used to describe a model where each layer refers to a given material. The model uses mathematical relations
called dispersion formulae that help to evaluate the thickness and optical properties of the material by adjusting

specific fit parameters.

This application note deals with the classical dispersion formula. Note that more detailed explanation are given in
the technical notes: Drude’s and Lorentz dispersion model.

Theoretical model

The classical dispersion model is based on the sum of the
single and double Lorentz, and Drude oscillators.

(85 _800).(”(2 + (Dg i

2
f; - og;
2 2 2 Tt 2
o —0° +i-Tj-0 -0 +i-ljro Hoj-o+iv;-o

Fo)=¢, +

* Lorentz dispersion model

The Lorentz classical theory (1878) is based on the classi-
cal theory of interaction between light and matter and is
used to describe frequency dependent polarization due to
bound charge.

The Lorentzian dispersion formula comes from the solu-
tion of the equation of an electron bound to a nucleus
driven by an oscillating electric field E. The response is
equivalent to the classical mass on a spring which has
damping and an external driving force. It generates
damped harmonic oscillations.

In the DeltaPsi2 software the classical dispersion formula
contains three oscillators.

(.-2,) @ + 2 R,

g(a)):gm-‘r 2 2 . 2 2 .
o -0 +i-Ty0 To,-0" +iy, -0

o

B Dispersion formula - Absorbent Lorentz.dsp
A - e - k] E
Dispersion formula : Al%| 81| & By @@EE@ =
Clssical OO T =l
Spectral range :
Spectral range oo
Min : 060 . | 5 aonoo
Max : 6.50 -
Increment - 0.050 - 2000
| e |-4 00000
Value
£ 1.0000000 | 20m
s 25000000 | —
wt EE
0.0000000
o ’_ 1.000
7 10000000 | .
rd 0.0000000 |
fly 0.0000000 |
w4 0.0000000 | o008
¥y 0.0000000 | 1 00000
f, .oooooo0 |
i m .oooooo0 | -1.000
0.0000000 ; * T :
= r 1 2 I H 5
¢ s Photon Energy (=)
Save Save As lsorment Lorentz.ds 1 e r=2561 Photon Energy = 06 8V €i=007779

Single Lorentz oscillator

Parameters describing the real part of the dielectric
function

* The constant €, is the high frequency dielectric
constant. Generally, €, = 1 but can be greater
than 1 if oscillators in higher enegies exist and are
not taken into account.

* The constant g, (€, > €,,) gives the value of the
static dielectric function at a zero frequency. The
difference g - €4, represents the strength of the
single Lorentz oscillator. The larger it is then the
smaller the width I'j of the peak of the single
Lorentz oscillator.

Parameters describing the imaginary part of the sin-
gle Lorentz oscillator dielectric function

* o, (in eV) is the resonant frequency of the oscilla-
tor whose energy corresponds to the absorption
peak. When o, increases then the peak is shifted
to higher photon energies. Generally, 1 < o, < 20.

* I'j (ineV)is the broadening of each oscillator also
known as the damping factor. The damping effect
is due to the absorption process involving transi-
tions between two states. On a graphic represent-
ing gj(®), I'y is generally equal to the Full Width
At Half Maximum (FWHM) of the peak. As I
increases the width of the peak increases, but the
amplitude of that decreases. Generally, 0 < I'j <
10.

Parameters describing the imaginary part of the mul-
tiple Lorentz oscillators dielectric function

* £(G=1,2..N)term is the oscillator strength
present in the expression of the multiple Lorentz
oscillator. As fj increases then the peak amplitude
increases, but the width of the peak ¥} decreases.
Generally, 0 < f; < 10.

* o (ineV) (=1,2... N)is the resonant (peak)
energy of an oscillator for a collection of several
Lorentzian oscillators. It is similar to ®, . Gener-

* Yj(@neV)(=1,2... N) parameter is the broad-
ening parameter corresponding to the peak ener-
gy of each oscillator. It behaves like I, .
Generally, 0 <v; < 10.
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* Drude dispersion model

Drude’s model (1900) is based on the kinetic theory of
electrons in a metal which assumes that the material has
motionless positive ions and a non-interacting electron
gas. This simple model uses classical mechanical theory
of free electron. It was constructed in order to explain the
transport properties of conduction electrons in metals
(due to intra-band transitions in a quantum-mechanical
interpretation), conductive oxides and heavily doped
semiconductors.

Since the conduction electrons are considered to be free,
Drude oscillator is an extension of the single Lorentz oscil-
lator to a case where the restoring force and the reso-
nance frequency are null (=0, ®; = 0).

In the DeltaPsi2 software the classical dispersion formula
contains the Drude model expressed as below:
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Application to Materials

The Lorentz oscillator model works well for insulators and
semiconductors above the band gap.

The Drude model describes well the optical properties of
metals but does not take into account the notion of opti-
cal band gap energy E

The combination of bo‘rf\ is often adequate when the ma-
terial is a little conductive and has a metallic character
(like conducting oxides ITO, RuO5,).

The graph above typically shows the influence of Drude’s
function characterized by an increasing absorption (imag-
inary part of the dielectric function) toward the IR region.

& Dispersion formula - BiSiCaCul_Whole Classical. dsp
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&) > Photan Enerdy (24 1 i1
The asterisk * refers to parameters that are negative and
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Classical Drude function

* o, is the plasma frequency corresponding to the
photon energy position where €.(®) is approxi-
mately zero. When o, increases then the ampli-
tude of the €,(w) and &;(®) increases too.

* I'y (in eV) is the collision frequency. As I'y in-
creases the broadening of the absorption tail in-
creases too. Generally, for metals 0.4 < Ty < 4.
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thus do not have any pt?/siccl meaning but represent
good starting values to perform the fit on the material.

Materials €0 € [V Wp o ]
Ag -2.875 3.401 9.6310 8.707 1.783 0.073
Al 0.959 16.787 1.637 13.320 0.705 0.119
Cr 3.9 4 0 20.000 0 100.000
Cu 1 1.65 1.80 4.00 3.00 0.85
IrO; 1.0 6.209 6.650 3.989 9.002 0.819
ITO/PET 1.0 4.077 6.841 1.244 2.365 0.107
ITO/glass 3.201 4.039 4.935 1.850 0.302 0.0854
MoSi 1 7.948 6.628 2.714 9.081 7.870
NiCr 1 0.890 0 14.270 0 4.020
NiFe 1 0.880 0 14.790 0 4.780
SizNa 1.0 5.377 3.186 0 0 0
SnO; 0.714 0.792 4,933 7.814 1.141 15.546
Ta 1 1.790 0 21.530 0 19.799
TiN 1.348 3.610 5.067 4.769 6.339 4.343
YAG: Tb(10%) 1.0 2.545 10.342 0.793 0 0
YsFesOr 3.410 4.636 3.369 0.305 0.346 0.165
Zn0 1 2.900 7.250 5.450 2.700 17.150

HORIBA




List of materials following Drude and double Lorentz
oscillator models

Materials £p £ Wt Wp o I

Al 0.884 0 0 13.346 0 0.119
Au 4230 | 6.956 8.481 7.971 7.449 0.078
BiSrCuO| 2.059 4.403 5.048 2.023 3.388 0.239
C60 2.306 3.362 4.556 0.000 1.046 0.000

Cr 1.769 | 56.676 | 1.311 4.179 5.715 0.609

Cu 3.070 8.173 2.234 8.896 0.880 | -0.047
CuPC 2.551 0 0 0 0 0

Mo - Pal | 2.216 10.869 | 4.190 8.306 2.048 0.347
p-Si 7.000 0 0 0 0 0

SiC-pal| 2922 6.401 6.843 0.000 0.974 0.000
Ta 1.129 2.617 3.140 7.683 1.527 0.045

Ti -0.551 0 0 5.415 0 1.942
TiN 3.050 0 0 12.071 0 11.321
Materials fi Wo,1 Y1 fa Wo,2 Y2
Al 9255 | 1.990 | 1.667 | 7.766 | 1.572 | 0.391
Au 1476 | 0182 | 4243 | -3011 | 6619 | 2692

BiSrCuO| 0.104 3.058 0.285 0.154 3.816 0.514
C60 0.223 2.704 0.439 0.364 3.523 0.420

Cu 6330 | 2137 | 0909 | 9.926 | 4597 | 10.564
Cr 1648 | 6769 | 3.606 0 0 0
cupCc | 0425 | 2022 | 0210 | 0.149 | 3574 | 0334
Mo-Pal| 3.003 | 1712 | 0557 | 11119 | 2426 | 1.475

p-Si 6.000 | 3400 | 1.000 | 5500 | 4.400 | 1.250
SiC-pal| 0154 | 2403 | 21188 | 0080 | 4.042 | 1.203

Ta -1.935 | -1.971 | 0926 | 18717 | 7.896 | 26.969
Ti 0.300 | -5.789 | -0.404 | 2102 | -3.328 | 2.203
TiN -1.089 | 2,006 | 1026 | 0929 | 4743 | 1.011
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Appendix A4: New Amorphous Dispersion Formula

Spectroscopic ellipsometry (SE) is a technique based on the measurement of the relative phase change of re-
flected and polarized light in order to characterize thin film optical functions and other properties. The meas-
ured data are used to describe a model where each layer refers to a given material. The model uses
mathematical relations called dispersion formulae that help to evaluate the material’s optical properties by

adjusting specific fit parameters.

This application note deals with the new amorphous dispersion formula. For further information about the
original theory derived from Forouhi-Bloomer, please refer to the technical note «Forouhi Bloomer alias

Amorphous dispersion formula».

New Amorphous theoretical model

The «New Amorphous» dispersion formula was derived
by Horiba Jobin Yvon on the basis of Forouhi-Bloomer
formulation. This new formulation was established in
order to give a Lorentzian shape to the expressions of
the extinction coefficient and refractive index. The ab-
sorption coefficient is given by :

—_— w>w
k(w)= (w—wj)2+rf ()
0 ;forwswg

The refractive index is written through this formula :

Blw-
n(w)=n A . =

)+C
) +r?

)

where :

Extension to multiple oscillators: «N -
New Amorphous»

The New Amorphous formulation can be extended to
the case where many oscillators are present in the ma-
terial. Such dispersions are called «N - New
Amorphous » and are given in the array below.

Number of
parameters

Number of

Formula .
oscillators

New Amorphous N=1 5

N=2 8

Double New Amorphous

Triple New Amorphous N=3 11

The equations for k(®w) and n(w) for N oscillators are
given below :

- for the extinction coefficient :

N
fi-lo-of
m Horo=o. )

;formS(Dg

- for the refractive index :

NB;-lo-w;)+C,
n(w)=n, +3 ( 21) 21 (5)
=1 (m—coj) +Fj
Increasing the number of oscillators leads to a shift of
the peaks of absorption toward the ultraviolet region.

The parameters of the equation

Parameter describing the refractive index

The term n(w) is an additional parameter, at least
greater than one and equal to the value of the refrac-
tive index when @ — oo.
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4 parameters describe the extinction coefficient.

* 71, 2,3) (in eV) is related to the strength (am-
phtude) of the extinction coefficient peak. As the
value of f; increases both values of the refractive

index and extinction coefficient increases. Genet-
ally, 0< f <1.

* I;(=1,2,3) (in cV) is the broadening term of the
peak of absorptlon The larger Fj is the larger the
absorption peak but the smaller its amplitude.
Generally, 0.2<I'<8.

* o (ineV)is approxlmately the energy at which
tHe extinction coefficient is maximum (peak of
absorption). As the value of ®; increases the ab-
sorption peak is shifted towards the UV region.
Generally, 1.5<o <10.

* o, (ineV) is the energy band gap. It is equal to the
minimum of energy required for a transition from
the valence band to the conduction band. It is the
energy from which the absorption starts to be

non-zero: k(E 2 Eg) 2 0. Always, ®,< ;.

Relations between «Amorphous» and «New Amor-
phous» parameters

The array below gives the relations between the pa-
rameters of Forouhi-Bloomer and New Amorphous dis-
persion formulae.
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New Amorphous function

{?: Dispersion formula - New Amorphous. dp
Diparsionfomaia: | AL 2] SRR/ @6 B ol i m-|
Lett: [n =] %:[rretcnEnergy =] Riht: [k ~|
Spectrol range ©
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]
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Double New Amorphous function

@-‘ Digperzion formula - Alg3_Double New Amorphous. dep

“Al%| @@ 1] /e8| @[+ 1) of ] m-
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A f
B 2.0
C 032[+1"2
Jeo Noo
Eg g

N.B: In DeltaPsi2 software, the user is advised to per-
form fitting using the «New Amorphous» formula (and
its extensions) instead of the «Amorphous» one because
B and C parameters are often correlated.

Parameter setup

Note that :

- The graphs below show the different contributions (in
red dashed lines) to the imaginary part of the Double
New Amorphous dielectric function (in red bold line).

- The sign « o« » before a given parameter means that
either the amplitude or the broadening of the peak is
linked to that parameter.

Dispersion formuln ;
Double New Amorphoital =] o [Proton Energy = Right: [k =]
Spectral range :
Min : 0.60 - 1380
1.860 i { ey
[FEVE 6.50 - H : 4 ¢l =
1.840 % : ) + 0Ty
I 2 0040 2 | ygagd R
- . e SRy
== 10004l !
Vi | 1780
ne LCECC] I ) O U Y A
wg E [ T S
[ oomso000 [ 1
17204--
@ 2sooo0[ 1700 -
T, ofemo | -5
, nncmcml—‘ —
P ISAZ’]]II,_" 1640} - -
r, L] I IS S SO L.}
1,500 ;
1880 4o odsnnnnnensdanenneaafll
Y IR SRR NS 4 1 i
1 2 W, 36, 4 L [
Photon Energy (eV)
< >
Save Save AS e New Amorph 1 n=1683 Photon Energy = 06 eV k= 0.000

Optical properties of Alg3 given by the Double New Amorphous function

Applications to materials

The new amorphous model works particularly well for
amorphous materials exhibiting an absorption in the
visible and/or FUV range (absorbing dielectrics, semi-
conductors, polymers).

We advise the user to compare the results obtained be-
tween the new amorphous and Tauc-Lorentz dispersion
formula. The Tauc-Lorentz model may fit better the ab-
sorption part of the experimental spectrum.
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Materials following the New Amorphous model

The asterisk * refers o parameters that are negative
and thus do not have any physical meaning but repre-
sent good starting values to perform the fit on the ma-

terial.

Materials | ng Wy f w i |S. R (eV)
aC | 1564 0542 | 0123 | 3.620 | 2.645| 1.5-35
AlGaAs | 1.123]| 4.170 | 2.192 | 5.569 | 0.510 | 0.6-3
ALO; | 156 | 985 | 246 | 104 | 0.44 |0.73-4.73
AIN | 1.574] 0.490 | 0.558 | 5.604 | 7.897 | 15-5
Alg3 | 1.526] 0.422 | 0.061 | 8.465 | 2.278 | 0.75-4
Amino- 14 o9g| 1.342 | 0.181 | 4659 3.166 | 1.5-6
Silane
asi |[1.750] 1250 {0750 | 35 | 1.3 | 15-5
p-Si | 2626] 0599 | 0.123 | 3.908| 0.510] 1.5-5
AsSe |2.499| 1.686 | 0.242 | 2471|0562 | 0.75-45
AZO | 1.923| 2.828 | 0.134 | 3575 | 0.516 | 0.6-2
Ba%iro*‘ 1.843| 3.702 | 0.256 | 4.892 | 0.940| 1.5-55

3

BaTio; | 1.500| 3.000 | 0.100 | 5.000 | 0.500 | 1.5-5.5
BaFeO |2.538| 0936 | 0.022 | 2.374 | 0.213 | 0.75-4.7
BK7 | 1.456| 5500 | 0.073 | 8.127 | 1.347| 15-55
Ge dc‘;ped 3.270| -3.336* | 0.010 | 2.550 | 0.245| 1.5-6
CH 1.650| 0.488 | 0.084 | 3.443| 1.839| 0.7-3
crx | 1.361] 2.108 | 0.023 | 4299 | 1.186 | 0.7 - 4.75
pLCc | 1.501| 0.420 | 0.003 | 2.783 | 2.237 |0.75- 4.75
Organic .

Do | 0580 [ -1.104* | 0.222 |11.552| 4.026 | 0.75-4
Fe oxide | 1.787| 0.510 | 0.179 | 3.282 | 1.149 [0.75 - 4.75
GaN | 2.145| 2.620 | 0.048 | 42908 | 0.290 | 0.65-3
Geo, |1.576| 1.172 | 0.199 | 1.262 | 6.064 | 0.75-2
Glass | 1.130| 3.428 | 0.009 |16.953| 0.282| 0.65-5

Glass 1737| 0.626| 3.238 | 0.0549|41.765| 2.309 | 1.5-6.5
Hfo, | 1.436| 4.831 | 0.250 [12.138| 2.718 | 0.75- 4.5
InN~ | 2.200] 1.900 | 0.200 | 2.250 | 0.250

InGayN | 1.857| 6.448" | 0.006 | 4.915| 0.762 | 0.75-3
In,0; | 1.526| 3.429 | 0.111 | 3.631 | 0.484| 15-5
LiAlO; | 2.139]-12.354*| 0.003 | 2.533 | 0.518

LiNbO; | 2.149| 4.183 | 0.478 | 4902 | 0.556 | 1.5-5
MoSi | 2.089| -5.100" | 0.172 | 2.928 | 4.385 | 0.75-4.5
LPCVD [ g34| 2.192 | 0.164 | 5.412 | 2.170 | 1.5-47
Nitride
NPD | 1.781| 2.763 | 0.054 | 3.374 | 0.318 | 0.75-4
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Materials ng Uy fy w I S. R (eV)
e-PEDOT-PSS| 1.563 | 4.149 | 0.0027 | 5.163 | 0.152 08-54
0-PEDOT-PSS| 1.471| 3.374 | 0.025 | 6.542 | 0.773 ' '

Pl 1.485] 3.604 | 0.092 | 56.375| 1.322| 1.5-6.5
Photoresist | 1.557] 1.301 ] 0.011 | 5.352 | 0.490 | 1.5-6.5
Polymer 1.660| 0.875| 0.0434 | 2.435| 0.442 0.6-4
PMMA 1.456] 3.667 | 0.130 | 4.212 | 7.144 0.6-6
e - PPV 1.516] 2.878 | 0.0832 | 3.144 | 0.126 08-53
0-PPV 1.538] 1.766 | 0.0763 | 2.383 | 0.241
PZT 2.345] 3.000| 0.183 | 4.350 | 0.424 | 0.6-4.7
Resist 1.537| 2.629 | 0.00364| 5.312 | 0.079 1.5-3
SiGeC 3.023] 0.500 | 0.100 | 4.000 | 0.900 0.8-3
SiNy 2.071] 4.388 | 0.657 | 5.288 | 2.848| 1.5-6.5
SiNy 1.750] 3.420| 0.160 | 7.310 | 1.700 | 0.75-4.5
Si3Ny 1.794] 2.221 | 0.031 | 7.340 | 0.623 | 0.75-4.75
Sio 1.500] 2.362 | 0.0841 | 5.878 | 1.561 0.6-6
TAC 1.448| 2.947 | 0.0507 | 5.244 | 1.966 1.5-4
Ta,0s 1.788] 3.892| 0.225 | 5.170 | 0.700 14-5
TeO, 2.096] 2.952| 0.278 | 4.282] 0.652| 0.75-4
TiO, 2.096] 2.952| 0.278 | 4282 0.652| 0.75-4
TiVOy 1.879] 1.479 ]| 0.124 | 3.848 | 0.849| 0.75-4
WO 1.818] 2.199| 0.025 | 4.734] 0.325| 1.5-4.5
WOy 2.646] 2.952 | 0.802 | 3.105| 1.011| 1.5-4.5
ZnOy 1.405| 2.737 | 0.102 | 3.385 | 0.305 1.5-4
n0, 1.852] 3.062 | 0.127 | 3.372 | 0.218 1.5-4

model

Materials ng Wy f; Wy
Alg3 | 1.630 | 2.590 | 0.029[ 4.642
AZO | 1.605 | 1.825 | 0.001] 3.520
EIL 1.329 | 0.376 [0.0203] 5.420
EML | 1.329 | 0.376 |0.0203| 5.420
ETL 1.702 | 2.881 [0.0979] 2.976
FeCo | 4966 | 0.524 [0.142] 2.230
oxide
Blue 1 4616 | 1.463 |0.0339 1.620
Filter
Ge 2.389 | -0.918"| 0.366 | 4.436
HIL 1.695 | 2.695 | 0.135| 3.275
HTL | 1.702 | 2.658 | 0.097| 3.201
In,0s | 1.427 | 3.047 | 0.020| 4.922
ITO 1.555 | 2.866 | 0.777| 3.385

LaTeMnO| 1.650 | 0.227 | 0.049]| 4.307
NPD | 1.717 | 2.893 | 0.066| 3.167
p-Si 1.800 | 2.250 | 0.550]| 3.250
TPD | 1.571 | 2.515 p.00729 3.933
varnish | 1.604 |-0.519*] 0.053 |-1.662*

Materials following the Double New Amorphous
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Materials | T 5 | o | ©» |s.r v) References

Alg3 0.613 | 0.015 |2.990| 0.187 | 0.75-4
AZO 0.176 | 0.022 | 4.126| 0.761
EIL 0.385 | 0.003 | 3.031] 0.169 | 0.8-4
EML 0.385 | 0.003 |3.031] 0.169 ]| 0.8-4
ETL 0.100 | -0.060* | 3.398-0.538*] 0.8 -4

D. Palik, Handbook of Optical Constants of Solids Il, Chap. 7.
R. Forouhi, |. Bloomer, Phys. Rev. B 34, 7018-7026 (1986).

R. Forouhi, I. Bloomer, Phys. Rev. B 38, 1865 (1988).
E

1. E.
2. A
3. A
4. G.E Jellison, F. A. Modine, Phys. Rev. , 69(3), 371-374 (1996).

FeCo | 5976 | 0.905 |0.346|-0.016*] 0.75-4
oxide
Blue 1 0634|0.00588] 1.928| 0.117| 0.7-2
Filter
Ge 1.862 | 0.003 |2.248] 0.119| 0.8-2
HIL 0.369 | 0.0109 | 3.688] 0.229| 0.8-4

HTL 0.298 | 0.0071 | 3.604] 0.167 | 0.8-4
In,03 0.740 | 0.049 ]4.049] 0.662 1.5-5
ITO 0.230 | 0.003 | 5.025] 0.075| 0.8-4
LaTeMnO| 0.771 | 0.059 | 1.815] 0.459
NPD 0.185 | 0.031 | 3.493] 0.232 | 0.75-4
p-Si 0.450 | 0.250 | 4.250| 0.500
TPD 0.232 | 0.0206 | 3.440| 0.202
Varnish | 0.201 | 0.001 | 6.367] 0.654 | 1.5-6.5

Materials following the Triple New Amorphous
model

Materials ng Wy fy Wy I f
CuPc 1.300| 1.000 | 0.003 |1.700] 0.050| 0.002
PET 1.653| 2.216 |0.00036|4.174] 0.133| 0.0095

Poly- 14 000l 3.500 | 0.010 |4.500] 0.200] 0.100
carbonate

ARC

coating |1.565| 4.373 |0.00289|5.451| 0.189 | 0.0316
Polymer

Photoresist]1.480| 3.980 | 0.00048]5.426]0.0536] 0.0046

Materials (o M fa (Y I3 |S. R (eV)
CuPc 2.000] 0.050 | 0.020 |3.750] 0.479| 0.6-4
PET 5.018| 0.303 |0.00704|6.421| 0.339| 1.5-6.5
Poly- 15.500| 1.000 | 0.050 |6.300| 1.000 | 1.5-6.5

carbonate

ARC coa-
ting 4.385|0.0204] 0.0248 |6.363| 0.455] 1.5-6.5

Polymer

Photoresist|4.397| 0.115| 0.0242 |6.453| 0.366 | 1.5-6.5
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Appendix A5: Tauc-Lorentz Dispersion Formula

Spectroscopic ellipsometry (SE) is a technique based on the measurement of the relative phase change of re-
flected and polarized light in order to characterize thin film optical functions and other properties. The meas-
ured SE data are used to describe a model where layers refer to given materials. The model uses mathematical
relations called dispersion formulae that help to evaluate the material’s optical properties by adjusting specific

fit parameters.

This technical note deals with Tauc-Lorentz dispersion formula.

Theoretical model

Jellison and Modine developed this model (1996) using
the Tauc joint density of states and the Lorentz oscillator.
The complex dielectric function is :

X¢g; ) (1)

prp T (

Here the imaginary part € 1 of the dielectric function is
given by the product of imaginary part of Tauc’s (1966)
dielectric g; 1 function with Lorentz one &; | . In the approx-
imation of parabolic bands, Tauc’s dielectric function de-
scribes inter-band transitions above the band edge as :

ol )= (55 @

E

&y =€, H1°€p =€

where :

- Ay is the Tauc coefficient

- E is the photon energy

- Eg4 is the optical band gap

The imaginary part of Tauc’s dielectric function gives the
response of the material caused by inter-band mecha-
nisms only : thus & 1 (E <Ej) = 0.

The imaginary part of the %oren‘rzmn oscillator model is
given by :

A -E,-C-E
&, (E)=——5———(3)
(E*-E2f+C*-E
where :
- A is the strength of the &, 1 (E) peak
- C is the broadening term of the peak
- Eq is the peak central energy
By multiplying equation (2) by equation (3), Jellison sets
up a new expression for g | (E)

AE,C(E-E,F

1 for E>E
& TL(E): & %Er =1 E (E2
0

—EJ+CE * (4)
forE<E,

where A=Ar x A .

The real part &.7; of the dielectric function is derived from
the expression of g; using the Kramers-Kronig integration.
Then, it comes the followmg expression for g;:

T &g l(é)

olE)=s o) p [0

dé (5)

8

where P is the Cauchy principal value containing the resi-
dues of the integral at poles located on lower half of the
complex plane and along the real axis.

According to Jellison and Modine (Ref. 1), the derivation
of the previous integral yields :

ACa, E;+E;+a-E,
ralta ‘E, | E,+E,-a-E,

a—2-FE
+arctan| —%

4-A-E,-E, -(Ez—yz)x

-l

a+2-F a—-2-FE
x| arctan| ——= |+ arctan| —=
C C

AE, (g +E§)-ln[‘E_Eg‘}+

+

r-C*E E+E,
2agpe,, [ ealEr) |
-t £

\/(Eg—Ez)Z+E§-C2
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where:
a, =(E2-E}) E*+E>.C*~E}-(E2 +3-E?)
a, =B —E2)(E2+E2)+ E2.C?

e g o)

¢t :(E2 —72)2 +a’-C*/4
Extension to multiple oscillators

In the case of multiple oscillators (N> 1) the expression of
g; confains now a series over all the oscillators.

ﬁ:l AE G (E E)z forE>Eg
& =9 i= E (E2 Ez) +Cl.2 E2 (8)
0 forESEg

and g, is re-written as the following sum :

£0)

Deriving this infegral yields the analytical expression of
the real part of the dielectric function :

Y| 4,-C -aq E'+E.+a-E
i i n .In ! g g
2-7-{taE, Ei2+E§—a-Eg

A a 2-F_+a
— L. a7 arctan| ———— |+...
-E, C

i

(Bl 3P 250

oa-2-E }
+arctan| —%
G
+4-Al.-Ei-Ei-(Ez—yz){arctan a+2-E,
T-("-a C,
a—2-FE }
+arctan| ——%
G
Ai'Ei'Ci'(E2+E52')1 ‘E_Eg‘
- x-tE o E+E,
2A,,E,.4C £l \E—Eg\(EJng) (10)
- \/(E(f—Egz)z+Eg2Cf
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The parameters of the equations

The name of the different Tauc-Lorentz formulae present
in the DeltaPsi2 software depending on the number of os-
cillators are given below. It indicates the number of pa-
rameters too.

Number of Number of
Formula .
oscillators parameters
Tauc-Lorentz N=1 5
Tauc-Lorentz 2 N=2 8
Tauc-Lorentz 3 N=3 11

Increasing the number of oscillators leads to a shift of the
peaks of absorption toward the ultraviolet region.

1 parameter is linked to the real part of the dielectric
function

* g, (00) = g, is the high frequency dielectric con-
stant. This is an additional fitting parameter that
prevents €; from converging to zero for energies
below the band gap. Generally, €,,>1.

At least 4 parameters describe the imaginary part of the
dielectric function

* A (in eV) is related to the strength of the i ab-
sorption peak. The subscript «i» refers to the
number (i=1, 2 or 3) of oscillators. As A; increas-
es, the amplitude of the peak increases and the
Full Width At Half Maximum (FWHM) of that
peak gets slightly larger. Generally, 10<A;<200.

* C; (ineV) is the broadening term ; 1t 1s a damping
coefficient linked to FWHM of the it peak of ab-
sorption. The higher it is the larger that peak be-
comes and at the same time the smaller its
amplitude is. Generally 0<C;<10.

* E, (in eV) is the optical band gap energy.
* E,; (in eV) is the energy of maximum transition
probability or the energy position of the peak of

absorption. The subscript «i» refers to the number
(i=1, 2 or 3) of oscillators. Always, Eg<Ei.

Limitation of the model

The Tauc-Lorentz model requires €; to be zero for energies
less than the band gap. Consequen’rly, Tauc-Lorentz mod-
el does not take into account intra-band absorption: any
defect or intra-band absorption increases g; below the
band gap and generates bad fits in that reg|on

Valid spectral range

The Tauc-Lorentz model well describes the behaviour of
materials for energies E < E; where E; is the transition en-
ergy of the oscillator of hlghes’r order.
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The asterisk * refers to parameters that are negative and ) 5 e Ea Modine, Appl. Phys. Lot 69 (3), 371-374 (199).

thus do not have any physical meaning but represent 3 Froium, G. E. Jellson & F A. Modine, Appl. Phys. Leti. 69 (14), 2137 (1996).
good starting values to perform the fit on the material. 3) H. Chen, W. Z. Shen, Eur. Phys. J. B. 43, 503-507 (2005).

Parameter setup Materials Eg €0 A Eo | C |S.R (eV)
The Tauc-Lorentz model works particularly well for amor- aC 1.305 [3.774] 38.835]6.33516.227] 1.5-5
phous materials exhibiting an absorption in the visible AlGaN | 3.300 |3.000]100.000{4.50011.000} 1.5-2.5
and/or FUV range (absorbing dielectrics, semiconduc- As;S3 2.349 |1.240|133.819]4.574|5.935|0.75 - 4.75
tors, polymers). AsSSe 1.000 ]1.600] 50.000 |3.500]2.000] 0.75 - 4.5
Note that : DLC 0.374 ]2.960] 11.558 |3.533]13.346] 0.7-2
- The graph below shows the different contributions (in GaN 3.200 |3.500/100.000]4.500[1.000] 1.5-3
red doshed |ines) to ’rhe imoginory por‘t Of ‘rhe TOUC GeSbSe 1.851 2.062| 54.70313.41212.045] 0.65-3
Lorean dieleCTriC fUnCﬂOﬂ (ln red bold |ine). InGaN 3.000 3.5001 100.00014.500] 1.000 15-3
- The sign «= » before a given parameter means that ei- Polymer| 3.027 |[1.701] 32.921|5.759|2.416] 0.7 -4
Ther ’rhe 0mp|i’rude or ’rhe broodening Of fhe peGk is pon-SI 0.882 3.937] 49.597 13.71110.321] 1.5-3.25
linked to that parameter. a-si | 2030 [1.692|142.599|3.840|1.908|0.75 - 3.65
Tauc-Lorentz function a-Si:B | 1.267 |2.148|143.380|3.617|1.994[0.75 - 4.75
i D isrinlismua s (S ree Torets, a-Si:H 1.393 10.626]171.105]3.582]2.201]0.75 - 4.75
ey sl aE s 2 Mol m SiO,N, | 3.864 |1.760| 77.340 |8.363|3.550| 1.5-6.5
iR s ’ﬁ o S S W £ 7 i T Ta-C 1.395 |2.558] 67.312]8.713]9.760] 1.5-5
R ) T - Zns 2.976 |4.500| 57.167 |3.954/1.200| 1.5-6.5
iy LY VN GeSbTe| 0,450 [2,024]158,795/1,688]|2,397] 0,65 -3
vawe | [ 10,000 i 200
Eg 20300000 | 5000 f
o e | R Materials following the Double Tauc-Lorentz model
Ep 3ea00000 [ |9 zzzg
= e= 4000 ” | Materials| Eg €p A, E,
= 5 W Blue 14 451 | 2.346 | 6.236 |1.617
Filter
R T ] oxide | 4 168 | 0.894 | 41.060 |6.464
. s e coating
Save J Save At 5 jauc Lorertz.d: Ll e r=7.958 Photon Eneray = 0.5 &V i =0000 Polymer 3420 2771 113260 4234
Dielectric function of a-Si represented by a single Tauc-Lorentz SiC 1.521 |-1.657*] 4.026 |5.678
oscillator Ta,0s | 4.261 | 1.827 |188.580|4.188
Double Tauc-Lorentz function
13 Dispersion formula - Blue filter 2xTL dsp Materials C1 A2 E2 Cz S R (ev)
o siail=l sl o) I gy i N fi'l‘t‘eer 0.146 | 2.227 | 1.987 |0.377| 0.6 -2.2
in : . 0.60 a0 R i
. e | oxide | 4 440 |-6.269*| 3.763 |2.390] 1.5-5
tncrement:[ 0040 | 152 o coating
| . Polymer| 1.455 | 6.870 | 4.806 [8.345] 0.7 -5
= |“ma,[' 3 I L sic -5.129*|51.264| 9.561 |3.869|1.5-6.5
|| | Ta,05 | 5.278 |58.367| 5.354 |1.246|1.5-6.5 | .
e e || "1 ) S
== ke oo =
— | F g M P, SR MO SO SOMNS SO b Materials following the Triple Tauc-Lorentz model s
C. 03773493 150 T ' | :!: s
150 i oo Materials | Eg | ¢p A, E, C, A, =
By o e v ey ; ; it a-Si [1.405]1.029]-16.227*|6.800]5.454] 1.310 | =
- o ‘SM; r s . S  ——_— — HfO, 4.97212.764| 80.221 |7.451]0.876] 4.604 g
Dielectric function of a blue filter represented by a double Tauc- - %
Lorentz oscillator P y Materials Ez C, As Es Cs [S.R. (eV) S
a - Si 0.807]2.215] 185.343]13.707]12.379] 0.6 -6 Ti
Applicaﬁons to maferials HfO, 4.192|6.834| 4.469 |6.368]0.599] 1.5-6.5 E
Materials following the Tauc-Lorentz model References :
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Appendix A6: Cauchy and related Empirical Dispersion
Formulae for Transparent Materials

Spectroscopic ellipsometry (SE) is a technique based on the measurement of the relative phase change of re-

flected and polarized light in order to characterize thin film optical functions and other properties. The meas-

ured data are used to describe a model where each layer refers to a given material. The model uses

mathematical relations called disFersion formulae that help to evaluate the thickness and optical properties
|

of the material by adjusting specitic fit parameters.

This technical note deals with the Cauchy and related empirical transparent dispersion formulae to calculate
the real (n) and imaginary (k) parts of the complex refractive index for a material.

Theoretical Model

Equation of Cauchy Transparent

The earliest dispersion formula was established by
Cauchy (1836) who set up simple empirical dispersion
law. The “Cauchy Transparent” dispersion works best
when the material has no optical absorption in the visi-
ble spectral range and consequently generally has a
normal dispersion which means a monotonous de-
creasing refractive index with increasing wavelength in
this way:

1< n(j’red ) < n(}“blue)

The following equation connects the refractive index to
the wavelength (in nm):

+104-B+109-C
o 2 )

n(/l) =A

Equation of Cauchy Absorbent

A second formulation of the Cauchy model is the
«Cauchy Absorbing» dispersion and it is more suitable
to describe the optical properties of weakly absorbing
materials. Here a non-zero extinction coefficient is giv-
en in an expression similar to the previous used for the
refractive index:

4 9
n(z):A+102'B+104C

’ 10° ; 10°-F @)
k(1)=10"-D+ Tt

The parameters of the equations

3 parameters are used in the equation of the Cauchy
transparent model and 6 parameters in the Cauchy ab-
sorbing model.

Parameters describing the refractive index

* A is a dimensionless parameter: when A — o
then n(A) = A.

* B (nm?) affects the curvature and the amplitude of
the refractive index for medium wavelengths in
the visible.

» C (nm* affects the curvature and amplitude for
smaller wavelengths in the UV. Generally,

0<|Cl<[B|<1<4 (3).

3 parameters describe the extinction coefficient.
* Dis a dimensionless parameter similar to .4,
* E (nm?) is analogous to B,
* F (nm* behaves like C.

Limitation of the model

Cauchy’s formulation cannot be easily applied to met-
als and semiconductors.

The parameters used do not have any physical mean-
ing and therefore, these empirical relations are not
Kramers-Kronig consistent. From first principles, the
Kramers-Kronig relation relates the index of refraction
and extinction coefficient parts; it means they are not
independent quantities. In other words, if the value of
the extinction coefficient is known over the entire spec-
tral range, the index of refraction coefficient can be
calculated.
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Parameter setup

Cauchy Transparent function

8] Dispersion formula - Cauchy Transparent. dsp
Dispersion formula - _A|%] e 11| S(F(6| @f[¢ B of w2l m-|
Cauchy Transparent Lt |" j X |W"!|!ﬂ9h ;l Right |k ﬂ
Spectral range -
Min : 190.76 - | 150 3
= 1.545 " .
Max - 2066.54 - 1.540 C ] B -
1535 | ' -
Increment : 5.000 - 1530 ; ] I
p— 1598 ] i
Vake m 1.520 . '
1
A I i C
H 1.510 ' L
B 02016558 | || g8 H i
H . i
Al 1500 : i
C avszezs0] i N8 t 451 0,00000 K
1.490 - !
1485 :
1.480 1
" 1475 H
1.470 :
1.465 ]
1460 L
1455 . '
1.450 : A
1448 i :
1.440 : HE SNy
500 1000 1500 2000
S 3 ‘Wavelength (nm)
Save Save As .y Transparentc 1 n=143 Vavelengéh = 2 085 758 nm k= 0.00000

Optical properties of SiO given by the Cauchy transparent function

Cauchy Absorbent function

& Dispersion formula - SiN_Cauchy Absorbent.dsp
Dispersion formula Al @)e 1| Sl @le B of k| -
Cauchy Absorbent Ledt: |" ﬂ e [wnmengh j Fight [k j
Spectral range : . 0005
Min : 190.76 - | Lo, ' ; H i Jooe
' H i fooes
Max : 206654 . | s &t i i
' H N
Increment : 5.000 - 2550 - -nmmem e TN S, H i foors
o070
s
vae | I 2500 -~ e
A 20002253 || 2450 oo
B 0055
B 0638843 ||| 2400 S g
T [ 0085
D 06585085 | | 004D
H 2300
E 02347 | | 0035
F 02123988 E - 0.030
,_ N 0025
2.200 -
0020
2050 44y ~Fonis
2400 4-%- i o
' 0005
2050 - X---Nago----- e 0.000
i \'M 0005
500 1000 1500 2000
i l ‘Wavelength (nm)
Save | Save AS cauchy Absorbent 1 n=2002 Wavelength = 2 065.758 nm k=-0.001

Optical properties of SiN given by the Cauchy absorbent function

Application to materials

The Cauchy model is used for transparent materials
like insulators, glasses exhibiting no or very low optical
absorption in the Far Ultra Violet.

Materials A B C D E F S.R (eV)
ChG Glass 6.5 0.7 0 0 0 0
HfO 1.993 | 1.303 | 0.158 0 0 0 1.5-5.5
MgF 1.386 | 0.117 | 0.109 0 0 0 1.5-5.5
Pl 1.631 | 0.497 | 1.337 |771.776] - 0.587 | 1.117
SiN 2.000 | 0.638 | 0.690 | -0.658 | -0.236 | 0.212 | 1-6.0
SiO, 1.447 | 3660 0 0 0 0 1-6.0
TiO, 2.374 | 1.932 | 6.855 0 0 0 1.5-6.0
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Appendix A6a: Briot Dispersion Formula

Theoretical model

This dispersion model is based on a Laurent series
(1864) expressing the equation for the refractive index
of transparent materials:

102 4,
12
1044, 10°%-4, 107-4

+ = 34 I 44 e (1)

n*(1)=A4,+1072-4,- 7% +

with:

k(E)=0 (2).

The previous equation of the refractive index is also
known as the Schott equation because it was used by
the Schott company until 1992 when it was abandoned
and replaced by the Sellmeier formula. However, Bri-
ot’s equation remains widespread use elsewhere.

The parameters of the equations

Parameters describing the refractive index

A, (dimensionless), A, (in nm?), A, (in nm?), A;
(in nm*), A, (in nm® and A5 (in nm®) are the dif-
ferent coefficients of the development in Laurent
series.

* Ay is a positive parameter that prevents n%(\)
from being negative.

* The low order terms of the development (1; <0
and A,) contribute to the intensity of the refrac-
tive index curve for long wavelengths in the visi-
ble and IR regions.

* The high order terms of the development (A3, A4y
and A;) contribute to the intensity of the refrac-
tive index curve for small wavelengths in the UV
region.

Limitation of the model

Briot’s formulation cannot be easily applied to metals
and semiconductors.

This empirical relation is not Kramers-Kronig consistent
and therefore does not have any physical meaning.

Parameter setup

Schott-Briot function

A% e 1| &5 @4 B ol 2 -

DI )
Leit [ BRI
Spectral range -

- 1,550 5 '

Min : 190.76 . = e : ! A

i

A Ay A ' A ]

- 150 451 T4 3 | 2 ' 1

Max 206654 | s fTS T :

Increment : 5.000 1530 ' i '

1 1525

== I

Walue | 1515

2067541 d 150 1
Ay [ 1.505 i - H '
A, 05964294 [ 10| | ! ' '
AQ 1.0544703 [_ n: :i 0000 k
A, EREEET s
A, 7agoeaz| | 1480
-
Ay 00512109 [ 1470

L
500 1000 1500 2000
‘Wavelength (nm)

< »

Save Sméﬁ {o2_Schett.Brict ds 1
Optical properties of SiO5 given by the Schott-Briot function

n=1428 ‘Wavelength = 2 085 758 nm k= 0.000

Application to materials

The Briot model is used for transparent materials such

as crystalline quartz across the range 300nm~
1600nm.

References
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Appendix A6b: Hartmann Dispersion Formula

Theoretical model Hartmann function
The Hartmann’s (1926) model, has the following gen-  ERESEeaTIEET
eral form: ( ) ' 99 Dispersion formuln - A% A& 11] S(B86| Gff¢ 1 o b m |
' o 3] [ 3] Ry 3
Spectral range ©
Min : [1mzs. | 1E e
C Max - ’W 1.540
nNE)=A+——— U ncrement-| 5000 | 150
E) ME)-B Y i S |
el | ! 1515
This equation works for transparent films that do not |5 %,’Z 128
have absorption: c | I S
KE)=0 (2). | =
The parameters of the equations = = A
. . < > Wiavelength (rm)
3 parameters are used in the equation of the Hartmann |y | — e

model and allow to define the refractive index.

* A(A>1)is a dimensionless parameter; when A
— o0 then n(A) > A.

* Band Chave the dimension of wavelengths (nm). App’,’caﬁon to materials

* B is the resonance wavelength for which the re- . )
fractive The Hartmann model is used for transparent materials

like insulators, glasses.

Optical properties of SiO5 given by the Hartmann function

* index diverges. The fit must be performed for
wavelengths A # B otherwise n(A) — .

* ( determines the amplitude (strength) of the re- Materials A B C S.R (eV)
fractive index for Wavelengths }\. — B. S|02 1.429 124.312 8.335 0.7-6

TiO, 1.890 178.621 | 203.804 1.5-4

Limitation of the model

The Hartmann formula cannot be easily applied to  References
metals and semiconductors.

This empirical formula is not Kramers-Kronig consistent  I- P”P1//|5C1E?C|6W0r|d~wo|fr0m-Com/PhysiCS/HGﬁmﬂﬂﬂDiSpersiOﬂ-
ormula.ntm

and therefore does not have any physicc1| meaning. 2. I(—| W.) Lee, Trans. Opt. Soc., Volume 28, Issue 3, 161-167
1926).
Parameter sefup 3. www.optics.arizona.edu/Palmer/cgi-bin/index/dispeqgns.pdf

The Hartmann function has similar application to the
Cauchy Transparent dispersion. It is useful for transpar-
ent materials with normal dispersion.
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Appendix A6c: Conrady Dispersion Formula

Theoretical model

Conrady’s equation (1960) allows the refractive index
to be derived using the following equation for n(A):

10°-B 10°-C
n(}“)z A+ + PES (1)
for a transparent film for which:
k(E)=0 (2).

The parameters of the equations

3 parameters are used in the expression of the Conra-
dy model.

Parameters describing the refractive index

* A is a dimensionless parameter: when A — o

then n(A) = A.
* B (nm) has the same dimension as a wavelength.

This parameter affects the curvature and amplitude of
the refractive index for visible wavelengths.

+ C (nm>) influences the behaviour (strength) of
the refractive index at small wavelengths in the
UVv.

Generally,

0<|C|<|B|<1<4 (3)

Limitation of the model
Conrady’s equation cannot be easily applied to metals
and semiconductors.

This empirical formula is not Kramers-Kronig consistent
and therefore does not have any physical meaning.

Parameter setup

Conrady function has similar application to the Cauchy
Transparent formula. It is useful for transparent materi-
als with normal dispersion.

Conrady function

& Dispersion fermula - Conrady.dsp
Dispersion formula : _ﬂlﬁlqe\‘-“ Qﬁ@l@@ﬂﬂﬁﬂ
T =] [ ] o B
Spectral range :
i 1 1550 H
Min : 190.76 - et i
Max : 2066.54 1540 :
o = 1535 c E H B
Increment : 5.000 1530 H
e 1.525 4 C
15204 i
vae | 015} N
A = R | HE
oogeoss [ || 1sesd
5 nnﬂ?maF S | I i
C A n1esst : — ol ok
RE-E | 1 :
14854
1.480 §
14754
1470 §
14854
14604
14551
1.450 §
14454 A
1440 § \
1435 L -
200 400 600 8O0 1000 1200 1400 1600 1800 2000
& 5 Warvelength (nm)
Save | Save Ae | corrady dep 1 net435 Wavelength = 2 085758 rm kw0

Optical properties of SiO5 given by the Conrady function

Application to materials

The Conrady model is used for transparent materials
like insulators, glasses.

Materials A B C S.R (eV)
SiO, 1.427 0.111 0.00513 0.7 -6
TiO, 2,500 -1.148 0.731 1.5-4

References
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1 .
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Appendix A6d: Sellmeier Dispersion Model

Theoretical model

Equation of Sellmeier Transparent

The Sellmeier formula (1871) is semi-empirical but it
remains more accurate than the Cauchy dispersion law
for characterizing the refractive index of a material
across a wider spectral range. The transparent Sell-
meier equation for the index of refraction looks like:

nZ(A)=A+BxL (1)

A2 — A2

without absorption:

k(2)=0 (2)

Parameters of the Sellmeier Transparent function

3 parameters are used in the equation of the Sellmeier
Transparent model to describe the refractive index vari-
ation.

Parameters describing the refractive index

* A(1<.A)isadimensionless parameter that deter-
mines the value of the refractive index when when
A — o and B ~ 0. It represents the contribution
of the ultraviolet term.

* B (A< B)isanother dimensionless parameter that
determines the shape of the refractive index in the
visible range.

A (in nm?) is the resonance wavelength for which
the refractive index diverges. The fit must be per-
formed for wavelengths A # A, otherwise n*(A)
—> 0.

Equation of Sellmeier Absorbent

The Sellmeier Absorbent equation for the refractive in-
dex is written as follows:

2y 1+4
() =— )

I+——

A

and the extinction coefficient is given by the relation

below:
ClOz-E 1 (4)
102%-n-D- 2+

A A

k(2)=

Parameters of the Sellmeier Absorbent function

2 parameters describe the refractive index

* A is a dimensionless parameter that is linked to
the amplitude of the refractive index. When A —

©then ) - Vi A.

* B (in nm?) has an influence on the curvature of
the refractive index: if B > 0, n increases with A
and the bigger B is the more straight n2(7\,) is. If B
< 0, n decreases with A.

3 parameters describe the extinction coefficient

* (' is a dimensionless parameter that determines
the strength of the absorption coefficient curve.

D (nm'l) and E (nm) are terms corresponding to
a development series similar to that of Schott-Bri-
ot formula. Increasing D and E involves a de-
crease of the absorption coefficient.

Limitation of the model

Sellmeier equations cannot be easily applied to metals
and semiconductors.

These empirical relations are not Kramers-Kronig con-
sistent and therefore do not have any physical mean-

ing.
Parameter setup

The Sellmeier Transparent function behaves like the
Cauchy Transparent function. It exhibits normal disper-
sion, so the refractive index decreases with increasing
wavelengths.
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Sellmeier Transparent function

&, Dispersion formula - Si02_Sellmeier Transparent.dsp

Dispersion formula - Al @61 Sty Gyl B o k| m-|
Sellmeier Transparen(iiC 0 | ® [waveengn  w] Aok [k ~|
Speciral range © 1556
Min : 190.76 - 1550
4 1ses] B
Manc - 2066.54 - 1.540
1535
Increment - 5.000 - 1,530
S 1528
Vahe | 1520
J 1s1s
A 13170057 | F
B 07541925 [ [ 4505
A 1500
Aa m?sza?sas[_; e p:
1.490
1485
1.480
1475
1470
1485
1460
1455
1.450
1445 AA
1440 Mo K
500 1000 1500 2000
< 3 Wavelercth (rem)
Save ‘ Save As Selimeier Transpare 1 net43 ‘\Wavslength = 2 055 753 nm K=0000
—

Optical properties of SiO5 given by the Sellmeier Transparent function

The Sellmeier Absorbent function behaves like the
Cauchy Absorbing function. This function also gives
decreasing absorption and dispersion with increasing
wavelength. Note that this is not physical in the pres-
ence of absorption as the Kramers-Kronig relation
states that the refractive index should normally increase
with increasing wavelength.

Sellmeier Absorbent function

& Dispersion formula - Sellmeier Absorbent. dsp

a, 5
Dispersion formula : M@xe\”@g@@ﬁﬂﬁﬂﬂ
Sellmeier Absorbent \-G'filﬂ j X-[Wwelemh j nghtilk j
Spectral range :
o j| 1610
Min : 0.60 - e
Max : 6.50 - 1590
= 1580
Increment : 0.050 - 1570
m 1560 {]
T v. [ 1550 |
ke d 1seofl }
A 09000000 (| 1ss0f
B 1.0000000 [ |- ::‘?g 1
c 01000000 [ if 450 f-1-
D 10000000 [ [f  res0 |
A 1as0f
E 01000000 |} et
1480
1450 -\
1440
LEELE
1420 f
1410
1400
1390
200 400 600 800 1000 1200 1400 1800 1800 2000
& 5 Wavelength (nm)
Save | Save As Selmeier Absorbert dsp. 1

Optical properties of a polymer given by the Sellmeier absorbent function
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Application to materials

The Sellmeier model is used for transparent materials
such as organics, insulators, glasses.

Valid spectral range

The Sellmeier equation mostly holds for wavelengths
far from Aq in the range of transparency.

References

1. http://en.wikipedia.org/wiki/Sellmeier_equation
2. http://www.schott.com/optics_devices/english/download/tie-
29 refractive_index v2.pdf
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Appendix A6e: Fixed Index Dispersion Formula

Theoretical model

The Fixed index dispersion formula is given by constant
refractive index and extinction coefficient for any wave-
length:

{n(/l) =const.=n

k(A)= const.= k

The parameters of the equations

Only 2 parameters are needed to describe the model:
e 7 1is the value of the refractive index.

* ks the value of the extinction coefficient.

Limitation of the model

This formula strictly describes the vacuum. The Fixed
index equation does not apply to metals and semicon-
ductors.

Parameter setup

Fixed index function

2 Dispersion formula - Fixed Index dsp

Dispersion formutn; | A% A/ 11| 513/ @[ ¢ & o 12| -]

Left: [ = %:[weveengn  «| Right: [« -
Spectral range ;

Min 190.76 +
Max : 2066.54 «
Increment : 5.000 -+
n 1,5000000

k 00000000 [

n1 500 - - - - 000000 k

L
200 400

500 H00 1000 1200 1400 1600 1600 2000

2 . Wavelength (rm)

Save ‘ Save As e rdex.dsp 1 n=1.500 Wissisngtn = 190,756 nim k =0.00000

Fixed Index formula given a refractive index equal to 1.5

Application to materials

The Fixed index model is applicable to non dispersive
materials like air. It is often used when the measure-
ment is performed in different ambient media (liquids).
It can be used to decrease the number of fitting param-
eters when the material dispersion can be neglected.
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Appendix A7: Forouhi-Bloomer alias Amorphous
Dispersion Formula

Spectroscopic ellipsometry (SE) is a technique based on the measurement of the relative phase change of re-
flected and polarized light in order to characterize thin film optical functions and other properties. The meas-
ured data are used to describe a model where each layer refers to a given material. The model uses
mathematical relations called dispersion formulae that help to evaluate the thickness and optical properties
of the material by adjusting speciﬁc fit parameters.

This application note deals with the original Forouhi & Bloomer dispersion formula also known as «Amor-
phous» (name used in the DeltaPsi2 software). We recommend the use of the updated «New Amorphous» for-

mulation, please refer to the corresponding technical note.

Forouhi-Bloomer alias «<Amorphous»
theoretical model

The Forouhi-Bloomer formulation (1986, 1988) is ap-
plicable to amorphous semiconductors and dielectrics
and is based on the quantum-mechanical theory of ab-
sorption. It takes into account the optical band gap in
the inter-band region. It is supposed that the valence
and conduction bands are parabolic and are separat-
ed by a forbidden band whose width is E,. Peaks that
can be seen in the optical spectrum correspond to
transitions of electrons between two states. For an
amorphous material, a single peak is present in the op-
tical spectrum which refers to the transition between the
bonding state in the valence band and the anti-bond-
ing state in the conduction band.

For crystalline semiconductors dielectrics and metals,
several peaks can be observed, indicating the transi-
tions occurring between the critical-point in the valence
and conduction bands.

In the interband region, metals, semiconductors and
dielectrics have similar structure in their optical func-
tions. Thus, the same physical processes are involved
for these three types of materials.

Optical properties depend on inter-band transitions of
electrons that are related to photon absorption.

The equation of a(w) below derives from the quantum
expression of the absorption.

Equation of (o)

where:

- O(w) is the total number of ways a photon, of energy
o is removed from the incident intensity in a unit vol-
ume and a layer of infinitesimal thickness Ax; ©(w)

varies with the type (amorphous, dielectric, metallic)
of the material considered.

- ®(w) is the transition probability rate at which a pho-
ton is absorbed from the incident intensity in the fre-
quency range [® ; ® + do).

- Ig is the incident photon intensity.

With ®(w) defined as:

The equation of ®(®) is deduced from first-order time-
dependant perturbation theory for direct and finite
electron transitions. ®(®) depends on the dipole posi-
tion matrix element squared between initial final states
and also on the lifetime of the excited state through the
following equation. For an amorphous material, the
expression of ®(w) is given by:

(o)

2
! 2.1
(E”*—Eg—h-a))z+h2'y2 -

cb(a)):@ez wl,
3c

E

I

CONDUCTION BAND

E =

[

ANTIBONDING "

Eg{' EG* = EG

F, —
BONDING

VALENCE BAND

Fig. 1 Orbital states of the energies
of the energies E5 and ES* (Ref. 2)
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where:

- e is the electron charge

- c is the light speed in vacuum

- h is the Planck constant

- E=ho is the photon energy

- E5 is the energy of the initial state

- E5* is the energy of the final excited state

|<0 0>| is the dipole matrix element squared be-
tween the bonding and anti-bonding states.

X

In the case of crystalline semiconductors, dielectrics
and metals, ®(o) is the sum over the number of types
of transitions.

@(0)): 4-w-h o2 ‘-1, i <1-(’zrit i'f(:my -
3. = )
: - (2.2)
{[Ec (f(crit )_ Ev (Ecrit )] i h- 0)}+ hz4yJ2

where:

- the sum over N refers to the sum over the number of
observed peaks associated with the transitions.

- |<" G KR >|J is, the dipole matrix element squared
between the i critical-point state in the valence
band and the i critical-point state in the conduction

band.

With ©(w) defined as:

O(w) is proportional to the number of possible transi-
tions for a given photon of energy % to be removed.
O(w) depends on the product of the number of occu-
pied electron states in the valence band times the num-
ber of unoccupied electron states in the conduction
band. The densities of states in the valence and con-
duction bands are assumed to have a parabolic shape.

Therefore, ®(w) is written as
(o) [dE,n,(E,)-n.(E, +ho) (3.1)
where:

- (E)=estx(E” —E)”* (3.2) is the density of states in
the valence band.
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-, (E)=cst x (E ~ g ¥? (33)is the density of
states in the conduction band.

- the band gap energy is £, = E/" —E!* (3.4)

For amorphous and crystalline materials the final ex-
pression of O () is

(9‘1(60):G)c(a))=cst><(h-a)—Eg)2 (3.5)

For metals £,=0, ®m(w) has the following expression:

0, (w)=cstx(h-w) (3.6)

Equation of k(w)

Knowing the equations of O(w), ®(®w) and a(w) it is
then possible to determine k(w):

k(a))=ia(a))=ii©(a))®(a)) (4.1)

By neglecting all the second order processes and re-
placing all @,4(®) and @,(w®) by their respective expres-
sions the corresponding extinction coefficient is derived
through these equations:

The final equation for the extinction coefficient of
amorphous materials is written as:

A'(E_Eg)2 -forE>E
k(E): E*-B-E+C ~ or g (4.2)
0 ;forESEg

with

A=cst- ‘<a*|x|a>‘2 Xy
B=2:(E, - E,) (4.3)
2y

4

The final expression for the extinction coefficient of
crystalline materials is written this way:

C=(E,-E)+

N A.x(E—E)2
J g ’.f E>E
k(E)= ;Ez—Bj-E+cj o= B (4.4)
0 ;forESEg
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where A;, Bj and C; are given by:

n(E)—n(oo):i-P-ijP%dE’ (5.1)

C}"lt

,4.::y<-cst‘<k0

kC‘;’ll> j
=2-E.\k,,, )-E,\k,, )| 4.5 - i -
4 lj
=2 [ ( crl) ( crlt)] ( ) where P is the Cauchy principal value containing the
B . residuals of the integrand at poles located on the lower
[E ( crlt) v(kcrit)j +

half of the complex plane and along the real axis.

The derivation of K-K yields the final expression for the
The final expression for the extinction coefficient of
metals is written as:

refractive index:
In the case of an amorphous material:

- AXE B,-E+C,
;for E>E — 0 0 )
R e R T "B et g e B2
0 ;for E<E, where
2
where A;, B; and C; are given by: B, _4 [—B ‘BLE, g +Cj
o\ 2
A B
A, =y, st (e, )| =5 ((Eé +C)Z-2E,- Cj (5.3)
J _2 [E ( crtt) Ev(];crit)]j (47) Q=%1[4C_B2
2 2
- Y
[E ( cm) o (kcm >]j " 4 In the case of a crystalline semiconductors and metals:

Crystalline semiconductors and metals may have sever-
al peaks present in the structure of the extinction coeffi- N B, -E+C,,
cient which reveals the presence of several oscillators. \/_ Z : :

The number of oscillators determines the name of the -B,-E+C,;
dispersion formula as shown below:

(54)

where:
_A,( B
F Number of Number of A —’+E y:} E2 +C,
ormula _
oscillators parameters QJ 2
Amorphous N=1 5 4 B
Double Amorphous N=2 8 Cy, aj( E2 +C, ) 7—2 E,-C, ] (5 5)
Triple Amorphous N=3 11 E /
Quatre Amorphous N=4 14 —.l4.C
T2

Equation of n(o)

Then Kramers-Kronig (K-K) relation is used to deter-
mine the refractive index through a Hilbert transform of

k(E):
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The parameters of the equation

Parameter describing the refractive index

The term g(0) is an additional parameter correspond-
ing to the high-frequency dielectric constant. It is at
least superior to one and equal to the value of the di-
electric function when @ — .

At least 4 parameters describe the extinction coeffi-
cient.

* A, B, Care positive non zero parameters referring
to the electronic structure of the material. For
crystalline semiconductors, dielectrics and metals
the subscript «» (7 = 1, 2, 3) for the parameters A,
Bj, C} refers to the number of oscillators.

* A (in eV) is related to the dipole matrix squared
and gives the strength (amplitude) of the extinc-
tion coefficient peak. Due to correlation between
Aand C, the higher 4 is the higher the absorption
peak and the smaller its width C is. Generally,
0<A<2.

* B;/2 (in eV) is approximately the energy at which
the extinction coefficient is maximum (peak of
absorption). As the value of B increases the ab-
sorption peak is shifted towards the UV region.
Generally, 3<Bj-<30.

* Ci(in eVZ) is related to the broadening term of the
absorption peak. It depends on the energy differ-
ence between different states and on the lifetime
of transition. If there is no lifetime contribution in
the expression of B then C; 2 B2/4. The larger C;
is the larger the absorptionpeak but the smaller its
amplitude. Generally, 3<C;<150.

* E,(incV) is the energy band gap. Itis equal to the
minimum of energy required for a transition from
the valence band to the conduction band. It is the
energy from which the absorption starts to be
non-zero: k(E 2 Ej) 2 0. E,<B for all cases.

Limitation of the model

The Forouhi-Bloomer dis}Persion has some drawbacks
due to the generation of unphysical results. Thus ac-
cording to Jellison & Modine (Ref. 4):

* The Forouhi-Bloomer model accuracy is rather

bad below the band gap.

* After the fit, several energy gaps in the Forouhi-
Bloomer equations might be negative.

* The limit of k() — cst as E — 00 is inconsistent
with what is predicted by experiments, that is k(E)
— 0.

* Forouhi-Bloomer does not respect time reversal

symmetry because k(E) # k(-E).

* The B and C parameters are often correlated.
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Parameter set up

Note that:

- The graphs below show the different contributions (in
red dashed lines) to the imaginary part of the triple
Amorphous dielectric function (red bold line).

- The sign «oc » before a given parameter means that

either the amplitude or the broadening of the peak is
linked to that parameter.

Amorphous function

(& Dispersion formula - a-Si_Amorphous. dsp

Dispersion formula - | Al %] 22 11| S[Bx(8| @[¢ | of b2 -
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Optical properties of a-Si given by the Amorphous function

Triple Amorphous function

{5 Dispersion farmula - Alg2_Triple Amorphous.dsp
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Applications to materials Materials | C, A, B, c,
The amorphous model works particularly well for GaAs 8.618 | 0.148 | 6.248 10.037
amorphous materials exhibiting an absorption in the GaP 13.967] 0.024 7.946 15.957
visible and/or FUV range (absorbing dielectrics, semi- Ge 5.280 | 0.304 6.789 12.694
conductors, polymers). InGaP 11.297] 0.164 3.395 3.124
. } c-Si 11.778] 0.054 7.361 13.625
Materials following the Amorphous model I
The asterisk % refers to parameters that are negative Materials A B, C, A,

and thus do not have any physical meaning but repre-

sent good starting values to perform the fit on the ma- GaAs 0.116 ) 9.790 | 24.412 0.018

rorial GaP 0.090 |10.249| 26.699 0.005
Ge 0.013 | 8.710 | 19.046 0.014
: InGaP | 0.114 | 8.033| 16.913 0.098
Materials| e ] A | B | C | E9 IS R (V) c-Si 0.153 | 8.632 | 18.817 | 0.047
AIN |2.472| 0.066 [17.670]80.000] 0.809 | 1.5-3
AlinGaP|5.521]0.0229] 6.714 |11.282| 2.046 | 0.75-3 .
a-C |2275| 0.194 | 7.342|28.634| 0.132 | 1.5-35 Materials | B. Ca |S-R. (eV)
a-GaAs |4.766| 0.407 | 5.872| 9.605| 1.418 | 06-3 GaAs |12.450140.969] 0.6 -3
a-Si |3.453| 0.865| 6.703 |13.237]| 0.906 | 06-5 GaP 12.719]40.528] 0.6 -3
a-Si:H |3.710] 1.090 | 6.670 |12.720] 1.270 | 06-5 Ge 9.997 125.250) 1.5-3
a-SiGe [1.037] 0.63 | 8.085|19.125]|-0.894*| 0.8-3 InGaP ]13.008]39.464] 0.6 -3
SiN  |3.569] 0.225 | 13.491|48.649| 4.299 | 0.6-6 c-Si 10.314126.859] 0.6 -3
TaOx |3.443] 0.294 [10.925|30.523| 3.801 | 1.4-5
Tiox |4.470| 0.470] 8.300 |17.799] 3.190 | 06-5
WO, |3.962| 0.060 | 7.756 |15.175[ 2.895 | 1.5-45| paferences
Znse |5.521] 0.022| 6.714 |11.282| 2.046 | 0.6-3

. E. D. Palik, Handbook of Optical Constants of Solids Il, Chap. 7.
. A. R. Forouhi, I. Bloomer, Phys. Rev. B 34, 7018-7026 (1986).

]
2
. . . 3. A.R. Forouhi, |. Bloomer, Phys. Rev. B 38, 1865 (1988).
Materials following the Triple Amorphous model 4. GE Jellison, E A Modine, Phys. Rev. , 69(3), 371-374 (1996).

Materials | €9 | Eg | A4 B Cq Az
Alq2 2.360]2.439]0.005] 9.384 |22.042] 0.0162

Materials| B, | Co | A Bs Cs |S.R. (eV)
Alg2 6.07919.29310.003]11.208]|31.444| 0.75-4

Materials following the Quatre Amorphous model

M aterials £P Eg Ay B4
GaAs 4.324 | 1.253 0.000 5.870
GaP 4.148 | 0.932 0.002 7.470
Ge 4.879 ] 0.784 0.144 4.526
InGaP 4.996 | 1.296 0.040 6.681
c-Si 5.664 | 2.065 0.011 6.860
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Appendix B Propagation of Polarized Light:
Jones and Mueller Formalism

The two most important mathematical descriptions of polarization are the Jones and the
Mueller Formalism. The Jones formalism ia applicable only to completely polarized waves,
but it can deal with coberent beams. The Mueller formalism instead is applicable also to par-
tially polarized light, however, it can deal only with incoberent beams.

B1 Jones formalism

During a reflection under non normal incidence, the plane of incidence is defined by the
incident beam and the normal direction on the sample:

1 - Linearly polarized light

3 - Elliptically polarized

2 - Reflect off sample

Y

The propagation vector of the light is z, the electromagnetic field can be described by two
components, one perpendicular to the plane of incidence (s) and one parallel to the plane
of incidence (p). These two axis define an orthogonal basis to describe the light polariza-

tion. A representation of the electric field vector is then:
Jones vector for an arbitrarily

polarized beam E= EsS + Epp

. E.(?)
E{Epw}

E,() and E((7) are the instantaneous scalar components of E.

or written as a Jones vector:

9/2/08

By preserving the phase information it is possible to handle coherent waves:
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If for example B, = Eq and , = ¢ we get:

_ 11
E= EOpel(pp |:1:|

Representing a light polarized lineatly at 45°.

Since absolute amplitudes and phases are usually not interesting the irradiance can be not-
malized to unity so that we get:

and also:

For right-circular light we have E, = Eg and but the s-component is leading the p-com-
ponent by 90°:

igs
i E.e
R — i(p,-m/2)
Eye

BN

So that the normalized Jones-vectors for right-circular and respectively left-circular polar-

ized light are:
- 1|1 - 1|1
ﬁ 1 and \/5 !

One refers to two polarization states as being orthogonal when their Jones vectors are
orthogonal. E z and E ; form such a set, as do E » and E g

Dividing by Ey.e'” yields:

Any polarization state can be described by a linear combination of the vectors of such an
orthonormal set.

An opgcal element transforms an incident beam represented by Ei into a transmitted
beam E, . This can be described now mathematically using a 2 x 2 matrix:

- a a,. |- o

11 12

E = { }E = 4E,
a21 a22
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With the Jones matrix A . The effect of # optical elements can then simply be determined
by matrix multiplication:

E, =4, 4AE,

Examples for Jones matrices:
Horizontal linear polarizer:

1 o]

_0 O_
Vertical linear polarizer:

0 0]

_0 .

Linear polarizer at 45°:
1|1 1
211 1
1|1 -1
21-1 1
eiﬂ/4 1 O
0 —i

Linear polarizer at -45°:

QWP, fast axis vertical:

QWP, fast axis horizontal:

Circular polarizer right:

1| 1 i
2| —1 1]
Circular polarizer left:
1|1 -1
2[i 1
B2 Mueller formalism
Stokes vector for an arbitrarily All possible states of polarization, including partial polarization, can be described by a set
polarized beanm of three real numbers. If we include the total light intensity we have four real, measurable

quantities, the Stokes parameters S, Sq, S,, S5 forming the Stokes vector:

. S, I,

§\ § = Sl = Ix_ly
Sz I7r/4_1—7r/4
_S3_ L IR_IL
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where:

I,= total light intensity

I .= intensity through a linear polatizer at 0°
I,=  intensity through a linear polarizer at 90°

I,,, = intensity through a linear polarizer at 45°
]—77/4 = intensity through a linear polarizer at -45°
I, = intensity through a right circular polarizer
I, = intensity through a left circular polarizer
and [, =1, +]y =1 ,,+1  ,,=1,+1,.

It is often convenient to normalize the Stokes parameters by dividing each one by the S,.

The set of parameters for natural light is then:

0
0
_O_
Examples for Stokes vectors:
1 1
! -1
horizontally polarized: 0 vertically polarized: 0
0] 0
1 1]
. , o. |0 , . o.| 0
linearly polarized at 45°: linearly polarized at -45°:
1 —1
1 -
0 o
right circular polarized: 0 left circular polarized: 0
1 | —1]

For completely polarized light we must have:

9/2/08

Se=8"+8;+85;
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Furthermore, for partially polarized light we can now calculate the degree of polarization

by:
Deg,,, =+/S’ +S: +82 /8,

Also in the Mueller formalism we have a matrix method to deal with the vectors represent-
ing the state of polarization. These Mueller, 4 x 4 matrices are applied in much the same
way as are the Jones matrices:

with
S, = MS,
_M11 M, M, M14_
M = M, M, M, M,
My My, My M,
_M41 M, M, M44_
Examples for Mueller matrices:
Horizontal linear polarizer:
I 100
/1 1 0 0
210 0 0 0
000 0
Vertical linear polarizer:
1 -1 00
1|-1 1 0 0
200 0 00
0 0 0 0]
Linear polarizer at 45°:
1 010
10 0 0 O
2110 10
000 0
Linear polarizer at -45°:
1 0 -1 0
110 0 0 O
2/-10 1 0
0 0 0 0]

9/2/08
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QWP, fast axis vertical:

1 0 0 O
010 O
0 0 0 -1
00 1 0]
QWP, fast axis horizontal:
1 0 0 O
01 0 O
0 0 0 1
0 0 —1 0]
Circular polarizer right:
1 0 0 1
110 0 0 O
210 0 00
100 1]
Circular polarizer left:
1 0 0 -1
110 0 0 O
200 00 0
-10 0 1|

9/2/08
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Appendix C  Deduction of Psi and Delta from
raw data

The measured intensity of a phase-modulated ellipsometer can be written as:
I)=11[1y+ I, sin(dp+ A, sin @2 + 1, cos(dp+ A, sin @ 7)] 1)

with the amplitude of modulation .4, and the frequency of modulation @. I is a pre-factor
(lamp intensity, sample reflectivity, transmission of optical elements), which is omitted
during later calculations. pis the rest-birefringence of the modulator.

The factors I, I, and I, contain the azimuth of the polarizer P, the modulator M and the
analyzer A in respect to the plane of incidence and the ellipsometric angles y and A:
Iy =1+ cos 2A cos 2M cos 2(P - M) - {cos 2A + cos 2M cos 2(P - M)} cos 2y (la)

s = sin 2(P - M) sin 2A sin 2y sin A (1b)
I.=sin 2(P - M) {sin 2M (cos 2y - cos 2A) + sin 2A cos 2M sin 2y cos A} (1¢)
We make the following transformation:
sin(0y + A, sin @ #) = sindycos(A,, sin @ 7) + cosdysin(A,, sin @ )

(and analogous for the cos-Term)

and the following series expansion:
sin(A,,sin w4 =2 J,(A,)sinwzr+ ...
cos(A, sin wi) = Jy(A,) + 2 ],(A,) cos 2w 7+ ...

whereby J,(A,,) is the n-th Bessel-function of A .
these terms will be used again in equation (1).

The detected signal can as well be written as:
S@) =Sy + 5+ 8, At L ©)
Where again ® = modulation frequency of the photoelastic modulator.

By Fourier-analysis we get the coefficients S, 51 and 5.

A comparison of equations (1) and (2) yields:

So=11{ly+ Jo(A,) (I cos 5p+ I, sin 5y (3a)
§ S, =112]4(A,) (I, cos Sy— 1 sin 5y (3b)
S,=1[2]xA,) (I, cos Sy+ I, sin &))] (30).
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and further by normalization

s =51 (42)
SO
and
s, =52 (4b)
SO

Is and Ic can now be calculated by inversion of the equations from § and §, (whereby I, =
1 in the given configurations). The values for 4, and J) are determined during the cali-
bration of the system.

) S,. .
% €088, + ——22——sind,
Is = 2T, (A) 2T,J,(A)
S
— JO (Am) %0
2T,J,(A,)
——20 08§, - ——2——sind,
e = 2LL,(A,) 2TJ,(A,)
1=Jy(A,) S
2T2J2 (Am)

(T and T, the norms of the electronic transfer functions of the system for each harmonic)

All the measurement is funded on the determination of the values I and I, which are
directly proportional to the ellipsometric angles and .

Summary: determination of the ellipsometric angles and from the detected signal:

S, (1s (¥
S, |— > >
NI klc kA
S,
Examples for the last step:

configuration II (for example P = 45°, M = 0°, A = 45°):
IO =1

I, = sin2 sin

I, = sin2 cos

configuration IIT (for example P = 90°, M = 45°, A = 45°):
IO =1

9/2/08

I = sin2 sin

I = cos2
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Measuring in these two configurations we already can determine a polarization factor for
isotropic samples:

P = Is+Ic+Ic'

9/2/08
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Appendix D  Deduction of Mueller Matrix and

Jones Matrix elements from
UVISEL Data

D1 TUVISEL data and Mueller matrix elements

The relations for the intensities I, I, and I, of a phase-modulated ellipsometer in the con-
figuration ASMP (analyzer - sample - modulator - polarizer) with a sample represented by
the corresponding Mueller-Matrix M are:

Iy =M1 + Mj; cos2A + M3 sin2A + cos2(P-M) X
X [cos2M (Myq + Myy cos2A + My sin2A) + sin2M (M3; + M3, cos2A + Msj sin2A))

I = sin2(P-M) My + My cos2A + My; sin2A)

1. = sin2(P-M) X
X [cos2M (M3 + M3, cos2A + Mjjz sin2A) - sin2M (Myy + My cos2A + Myj sin2A)]

wheteby Mij G4,j =1, 2, 3, 4) the elements of the Mueller-Matrix of the sample.

P = azimuth of polarizer
M = azimuth of modulator

A = azimuth of analyzer

In the following we show the expressions for the most important configurations:

For a Polarizer setting of +45° (P-M = +45°) we get the following simplified expressions:

IO = M11 + Mlz cOos2A + M13 sin2A
I, = Myq + Myp cos2A + Myjz sin2A
1. = cos2M (M3; + M35 cos2A + Mj3 sin2A) - sin2M (Myg + My, cos2A + Myj sin2A)

and further:

for the “alignment” configuration (M = 0° or 90°, A = 0° or 90°) :
— A

Io =My + (D7 My
— A

I, = My, + (DA My,
— M A

L= (D7 Msy + (1) My

9/2/08

for the “calibration” configuration I (M = £45°, A = 0° or 90°) :
— A
o =My + (D)7 My,
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I =My + (DA My,
Io= - (DM My + (1) My

for the “measurement” configuration II (M = 0° or 90°, A = £45°) :
Ip=Myy + ()" M3

I = My + (DA Mg

Te= (DM My + (1) My

for the “measurement” configuration IIT (M = +45° A = £45°):
Ip=My; + ()" M3

I, = Myy + (1) My

o= - (DM My + (1) Mas)

(the factor (-1)F = +1 for an element (A or M) with azimuth E = 0° or +45° and (-1)F = -
1 for E = 90° or -45°).

D2 Determination of the Mueller matrix elements

We measure in the following 8 configurations:

1L.M=-45 A=-45 Ic=A
2.M=-45° A =45 Ic=B
3.M=0 A=-45 Ice=C Is=D
4. M=0 A=45 Ic=E Is=F
5M=-45°  A=0 Ic=G
6. M=0 A =90 Ic=H Is=1
7.M=0 A=0 Ic=]

L

8. M=-45 A =90

—
(@]
Il

in matrix formalism that means:

9/2/08
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0 4 1 0 -1 0 0 0 O O O M12 A
0O -1 0 1 0 0 O O 0 O M13 B
0 c 0 0 01 0 -10 0 O M?21 C
o D 0 0 0 0 0 o0 1 0 -1 M?22 D
O -£ 0 0 0 1 0 1T 0 0 O M?23 E
0O -F 0 0 0 0 0 0 1 0 1 |x{M3l|=F
-G 0 1 1 0 0 0O O O 0 O M32 G
H o0 0 0 0 1 -1 0 0 0 O M33 H
1 o 0 0 0 0 0O o0 1 -1 0 M41 1
-J 0 0 0 o0 I 1 0 O 0 M42 J
L o 1 -1 0 0 0 0 O 0 M43 L

So that we can determine the following elements of the normalized (M11=1) mueller
matrix: M12 ; M13 ; M21 ; M22 ; M23 ; M31 ; M32 ; M33 ; M41 ; M42 ; M43.

i 1 M 12 M 13 —]
M _ M 21 M 22 M 23
UVISEL M31 M32 M33 _
_M 41 M 42 M 43

Note that if one inverts the direction of light (i.e. PMSA instead of ASMP) t would be pos-
sible to measure M' and thus further 3 elements: M4, My, and M3y This means that the-
oretically it is possible to measure 14 of the 15 normalized elements of the Mueller matrix.
Only Myy cannot be determined!

D3 Deduction of Jones matrix elements from the Mueller matrix elements

Non-depolarizing Mueller matrices are transformed into Jones matrices using the fol-
lowing relations:

] ] i [¢Xy
Jones matrix: J = {J”‘ J.xy :| = pxxei¢ pxyei¢
.]yx .]yy pyx e pis pyy e »

where the amplitudes are:

P :f\/Mu + M, + M,y +M,,

Py :%\/Mn + M, + M, - M,

Pyx =%\/M11 +M,, =M, - M,

9/2/08
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Pyy =%\/M11 -M,-M, +M,,

and the relative phases are:

¢xy — ¢xx — arctan(M]
M13 + M23

¢yx — ¢xx — arctan M
M41 + M32

¢yy — ¢Xx = arctan M
M33 + M43

The phase @, is not determined; it represents the absolute phase relative to which the
other phases are determined.

HORIBA JOBIN YVON
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