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1. Introduction

Thank you for purchasing a Woollam Spectroscopic Ellipsometer (SE) system. We
hope the information contained in this manual will help you develop a better
understanding and appreciation for data analysis using the CompleteEASE software.

1.1. Manual Overview

The manual is organized into the following chapters:

Chapter 1: Introduction

Chapter 1 will introduce you to ellipsometry. There is information about software
installation instructions, a list of short-cut keys, a list of the “conventions” used
throughout this manual, and a brief overview of ellipsometry fundamentals. In
addition, sections on File Structure and User Setup have been updated. If you are
upgrading to a new version of CompleteEASE, please contact the Woollam
Company for a special Application Note regarding “New Features of Interest”.

Chapter 2: Data Collection

Chapter 2 provides a quick overview of data collection. As the details can vary
depending on your instrument and configuration, this chapter is meant only for quick
reference and formal information should be sought from the Hardware manual
matching your instrument.

Chapter 3: Data Analysis 1 — Basic

Chapter 3 begins a series of chapters devoted to data analysis procedures. Each
chapter steps through examples provided with this manual. Chapter 3 describes the
basic SE data analysis algorithms used by the CompleteEASE software. All users
can benefit from understanding how the most basic models are constructed.
Examples in this chapter include:

e  Oxides on Silicon

e  Transparent Thin Films

e  Glass substrate considerations

e  Surface Roughness and Index Grading

e Logging and Reporting Results from a Series of Films

CompleteEASE Software Manual
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Chapter 4: Data Analysis 2 - Intermediate

Chapter 4 continues to build on principles of data analysis, focusing on absorbing
materials. The examples are intended to teach a few of the advanced features within
CompleteEASE. Examples in this chapter include:

e  Metal Substrates

¢  Organic monolayers on Gold

e Absorbing Thin Films (B-SPLINE approach)
e Absorbing Thin Films (GENOSC approach)

e Combining SE and Transmission data

Chapter 5: Data Analysis 3 — Advanced

Chapter 5 continues the description of data analysis for advanced applications.
Examples in this chapter include:

e Working with Uniformity Maps

e  Multi-Sample Analysis

e Model Non-lIdealities

e  Creating Alloy or Temperature Files

e Anisotropic Thin Films

Chapter 6: Data Analysis 4 — In Situ Data

Chapter 6 details how to work with time-dependent data that is measured during
deposition or etch of a film. This chapter is also useful when working with liquid or
heat stages, where real-time data can be measured dependent on sample conditions.

e  Working with In Situ Data
e  Growth Rate and Optical Constants model

Chapters 7 through 13: Feature References

These chapters are targeted toward advanced users that need an explanation of
specific topics. The chapters are organized as follows:

Chapter 7: Basic Screen Layout and Graph Panel
Chapter 8: Measurement Tab
Chapter 9: Analysis Tab

Chapter 10: Gen-Osc Functions
Chapter 11: In-Situ Tab
Chapter 12: Hardware Tab
Chapter 13: Options Tab
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Appendices: Additional Information
The Appendices include additional information for your reference.
e Appendix 14.1 Trouble-Shooting Guide.
e Appendix 14.2 Importing/Exporting WVASE32 data files
e Appendix 14.3 Comparing WVASE32 and CompleteEASE results.
e Appendix 14.4 Contacting the J.A. Woollam Company
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1.2. Installing or Upgrading the Software

The configuration files
are unique for each
ellipsometer system. If
you have problems
with installation,
consult the
Troubleshooting Guide
in Section 14.1

Before Installation

Verify that the computer used to operate the ellipsometer system meets all the
requirements listed in Table 1-1. Microsoft Windows XP is the preferred operating
system.

Table 1-1. Computer requirements for the CompleteEASE software.

COMPUTER
SPECIFICATIONS

REQUIREMENTS

Operating System Microsoft Windows 98, ME, 2000, XP, Vista.
32- and 64-bit Windows 7*
*fully tested for analysis, but some incompatibility with

hardware, so please consult JAWCo for updated details.

Memory (RAM) 256 MB

Hard Disk Space 120 MB

USB Ports 1 required, version 1.1 or higher

Processor Intel Pentium I11, AMD Athlon, or higher
1 GHz clock speed or faster
**Many ope_rations in CompleteEASE benefit from multi-
core processing power.

Display Color display

at least 800x600 pixel resolution

Upgrading versions prior to 4.45 (alpha-SE)

The software driver used for the alpha-SE was changed starting with CompleteEASE
version 4.47. This change was made to better support Windows sleep and suspend
features and to make it easier to add support for 64bit Windows in a future release.
On computers that were already running an older version of CompleteEASE, an
extra step is required to update from the old driver to the new driver. This step is also
required when the Alpha-SE is plugged into a different USB port if that port was
used with the old driver. Complete documentation is available from the Woollam
Company that describes how to perform the update.

Running the SETUP Program

Run the “CompleteEASE_Setup_4.xx.EXE” application from the provided
installation CD. This program is located on the CD along with a folder named
“CNF” that contains the configuration files to match one specific ellipsometer
system. Setup will install the CompleteEASE program files, the Java Virtual
Machine (VM) files which are required to run CompleteEASE, and other related
files (material optical constants files, optical model files, example files, etc.).
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NOTE: The CompleteEASE_Setup program will not automatically install the
calibration and configuration files for your specific instrument from the “CNF”
directory. This is done at the factory and if your files become corrupt, you will need
to copy all files from this folder into the corresponding C:\CompleteEASE\CNF\
folder after installation. These files will return the instrument to the factory setting
and replace any calibrations that have been recently performed. Please contact
JAWCo for further advice if this is required in the field.

Follow the onscreen prompts provided by the CompleteEASE_Setup program. The
default directory for installation is C:\CompleteEASE\. To minimize compatibility
problems, it is recommended to install the software in this directory. This is shown
in Figure 1-2. The installation CD includes configuration files for one specific
ellipsometer system. If you are installing the CompleteEASE software to run this
ellipsometer system, choose “Full Installation” as shown in Figure 1-3. This will
install the drivers required for hardware operation. Itis still required to copy the
CNF files after installation, as discussed above.

The CompleteEASE software can be installed on multiple computers for data
analysis purposes (most systems include 5-site license). If you are installing
software on a computer that will not operate an ellipsometer system, choose “Data
Analysis Only”, as shown in Figure 1-3.

NOTE: The CompleteEASE software is only compatible with the encoded
Experimental Data files measured using CompleteEASE. Thus, you can install
CompleteEASE at multiple computers, but only for use with data collected by
CompleteEASE.

ﬁ_%:i Setup - CompleteEASE . . . |$|_J o

License Agreement
Pleasze read the following important information before continuing.

Fleaze read the following License Agreement. Y'ou must accept the terms of this
agreement befare cantinLing with the inztallation. |

Thiz program iz Copyright [c) 1993-2000 by the )& wioollam Co., Inz., and iz intended
for uge only by its customers. Unauthorized use, modification, reproduction, or
digtribution of this program, or any portion of it, may result in zevere civil and criminal
penalties; violators will be prozecuted to the masimun extent possible under law.

@ | accept the agreement

() | do nat accept the agreement

| < Back ” Mexst » J | Cancel

e

Figure 1-1. License Agreement for CompleteEASE.
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5 Setup - CompleteEASE E=NEER

Select Destination Location
‘Where thould CompleteEASE be installed?

; Setup will ingtall CompleteE&SE into the following folder.

To continue, click Next IF you would ke to select a different folder, click Browse.

| Browsze...

Al least 129.4 MB of free disk space is required.

< Back I[ Mext > JI Cancel

L Pm——

Figure 1-2. Default folder location for CompleteEASE installation.

‘f}i Setup - CompleteEASE

Select Components
‘Which components should be installed?

Select the components you want to install; clear the components you do not want ta
inztall. Click Mext when pou are ready to continue.

[Data Analpsis Only [no hardware configuration or drivers are installed] v]

Full Installation
[t

1 {no hardware configuration o divers :

£ Back I[ Hest » JI Cancel

e

Figure 1-3. CompleteEASE Setup choices. The software can be installed for use with an
ellipsometer system or for data analysis only.

The next message you will receive asks which tasks you would like the installation
software to perform. The choice ranges from creating icons to associating
CompleteEASE file types. These possibilities are shown in Figure 1-4. If you
choose, a short-cut icon (Figure 1-6) will be placed on the Windows Desktop to start
the CompleteEASE program. However, do NOT start CompleteEASE until
following the system connection instructions. The software installation process
should take less than two minutes on most computers.
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f&’jﬂ Setup - CompleteEASE

Select Additional Tasks
‘which additional tasks should be perfarmed?

Select the additional tazks pou would ke Setup to perfarm while installing
CormpleteEASE, then click Mext.

[¥] Create a CompleteEASE icon on the desklop

Create a CompleteEASE icon on the Start Menu
[ Create a CompleteEASE icon in the YWindows StartUp folder
[¥] Azzociate CompleteEASE files with Motepad

|| Repair File Permissions

£ Back ” Mext > J| Cancel

e

Figure 1-4. Additional Tasks desired during installation of CompleteEASE.

ﬁ Setup - CompleteEASE

Ready to Install
Setup is now ready to begin installing CompleteEASE on your computer.

Click Inzstall to continue with the installation, or chick Back if you want to review or
change any seftings.

Destination location:
C:A\CompleteEASE

Setup type:
Drata Analygis Only (o hardware configuration or drivers are installed]

Selected components:
ain Files

m

Additional tagks:
Create a CompleteE ASE icon an the desktop
Create a CompleteEASE icon on the Start Menu
Aszociate CompleteEASE files with Matepad -

Fl

< Back “ Instal |I Cancel

e

Figure 1-5. Details just before installation.

CompleteEASE Software Manual Introduction e 1-7



DO NOT start the
CompleteEASE AW
program at this 70
time. CompleteEASE

Figure 1-6. CompleteEASE icon.

Operating Hardware

If you will be operating hardware with CompleteEASE, it requires the configuration
files for your instrument. These are provided with the installation CD that
accompanies each instrument. If upgrading to a newer version of CompleteEASE,
the configuration files should already be installed from the factory and do not require
any additional efforts. If you are installing CompleteEASE on a hew computer to
operate the hardware, or repairing a corrupted version, you can copy the contents of
the "CNF" folder from the CD provided with the instrument to the associated folder
on your hard drive: C:/CompleteEASE/CNF/.

NOTE: You will not want to copy configuration files from the CD if your system is
already operating with CompleteEASE, as this will overwrite your latest calibration
and return it to factory settings. This may require recalibration of your instrument.
Please contact the Woollam Company for further details.
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1.3.

Conventions Used in this Manual

The CompleteEASE software is written in JAVA with a Tab-interface to
conveniently organize software features. Figure 1-7 shows the front screen of
CompleteEASE.

£ ComplelsEASE -+ o o)
| Measurement | Insma 1 Analysis Harcware Lo Jptions
Eystem Status Fit Results
Waiting to Acquire Data MSE = 0.811
teasurement Cantrals Thickness #1=5T362 £0.112 &
e | A= 1.464 £0.00055056
Wipde: [Fask - Check Alkirrneit | B =0.00460 + 000031353
wineiel: [Mone i'i €= 000017558 £ 36414605
—1 moef Cauchy Film o 1.860 &V = 1.47452
| Save Datla aMer Messuremeant
| Measure
Mg Pray Rasulis
Ty
Spectroscopic Ellipsometric (SE) Data
45 - a9
Psi N,
Dall \
40 A : !
Model .,__ %
k.
\-
5 £
A a3
a0 "\ £
"
3 a
i a0
,
25 .
R
"\._ Fy
b2 7 a7
o ' -
20 e -
. o
i - .‘-""
15 = 824
1.0 156 20 25 30 35
Energy (aV})

Figure 1-7. CompleteEASE Software

To help the user navigate this manual, the following conventions will be followed to
describe features in the CompleteEASE software.

Tabs

When the software is used with an alpha-SE™ system, there are typically four Tabs,
as shown across the top of the software screen: Measurement, Analysis,
Hardware, and Options. An additional In Situ tab is available for M-2000 and

RC2 systems that may be applied to real-time measurements. Throughout this
manual, Tabs will be written in bold and italics.

Screen Panels

Within each Tab, there are screen areas referred to as panels. From the

Measurement tab shown in Figure 1-7, the panels include System Status,
Measurement Controls, and Fit Results. Throughout this manual, panels will be
written in bold, blue text.

CompleteEASE Software Manual
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Buttons

Figure 1-8 shows the Hardware tab for CompleteEASE. There are six panels:
Hardware Status, Controls, Alignment, Other, Routine Test Measurement and
System Information. Within some panels are various buttons. Buttons will be
designated with single ‘quote’ marks, such as ‘Align Sample’ and ‘Display Signal'.

€3 CompleteEASE 7 7 7 7 W W W 7 7 7 7 7 s ]
fMeasuremEm Insitu | Analysis ’/Hamware r Options ‘
Hardware Status Systern Information

laiangjtoldesuirsipatal System: SimSE On ESM Base

Caontrols Wavelength Range: 4.960 eV to 1.240 eV
Angle Status: 60.00

General | Calibration | Systern | Misc.

Z-Stage Status: 0.000mm
Alignment Other Translator Status: X Axis = 0.00000 cm, Y Axis = 0.00000 cm
Focus Probes: Installed

‘ Align Sample ‘ ‘ System Check |

‘ Display Signal H Mave To Load Pos |

Routine Test Measurement

\ Weasure || showResurs |

Edlit Hartware Canfig ‘ View Hardware Log

Figure 1-8. Hardware Tab, showing Screen Panels and Buttons.

Model Commands

Figure 1-9 shows the Analysis tab. Within the Analysis tab, there is a Model:
panel. The model includes many choices — some of which are shown in bold,
underlined, red letters. Within this manual, they will also be shown in bold,
underlined, red letters. For example, Add, Delete, and Save. Model details are
further divided into expandable sections, shown in bold letters preceded by a red + or
- symbol. The symbol preceding the text shows whether the section is collapsed (+)
or expanded (-). These sections will be listed using bold text with a red + symbol:
+MODEL Options, +FIT Options, and +OTHER Options.

Measurement | Insdu | Analysis | Hardware | Options
Data: Gonm Crdde on St Bodel S1wrth Thermal Dxide
| Gesn | Eave | il | SelRapges | | Do S Clear Coent Snapshol || Saes Srapshol |
LAl = Layer Commands: m Delete Save :
Gensrate )| frowa Fasat Include Surface Roughness = GFF
MSE = 0,687 |Layer #2 = 5102 JAW Thickness # 2 = 57.54 nm (fil)
Angle Offsat = 0.037£0.0014 }aner# 1 :INTR JA Thickness # 1= 1.00 nm =
Tolal Thickness = 58.54+0.006 nm Eubsirate = 3|_JAW
’ Angle Offset = 0.037 (fit)
+ MODEL Options
+ FIT Options
+ OTHER Options =
Graph Trpe
Speciroacopic Ellipsomelric (SE) Data
45 99
_l‘.r"“
40 -
v
v L y
kL Z

o
256 ‘I\ . .
\ »
\ e o

15
300 400 500

To0 BOD 800

600
Wavalength [rm)

Figure 1-9. Analysis Tab showing the Model section.
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Mouse-selected Menus

The CompleteEASE software also utilizes both left- and right- mouse-buttons to
access additional menus and features. Throughout this manual, if you need to select
the right or left mouse button, you may see the following symbols: (“BR) or (*BL),
respectively. Figure 1-10 shows the menu when the right mouse button (*BR) is
pressed within the Fit: results box.

e e L L T L e
Mezsurement | Insiu | Analysis | Hardware | Oplions
Data: Gonm Cride on St Model Slwith Thermal Oxide
Qpen | Save | Jaf | Sl Rapges | Dpen Saye Ciear Cpsn Snapshol Sgee Srapshol
i : = Layer Commands: m Delete Save
genarle || B || Fronamic || Beset Include Surface Roughness = OFF
MSE = 0.687 Layer #2 = 5102 JAW Thickness #2 = 57.54 nm (fil)

Angle C‘f_fset =0.037£0.0014 Subsiraie = S AW
Tofal Thickness = 58 5410 008 nm — A”sﬂ;m ]
| A P o
ptions
Bbaid - Farnated ns.
board - Table 'Ptlons
T I il g Copy Ar ia Repor 1o Clipboard crm 2
Graph Type Addio FitLog =
W Fl Lag Lol paomelric (SE) Data
45 5
P % -

Detta

ol
-’."
-"1.
| A
% /.‘..
2 I.‘x T = T
"
4 w
| . B7

15 a4
300 400 500 600 Too EOD ano
Wavalzrgth [rem)

Figure 1-10. Right-clicking mouse (“€R) in Fit results section (white area) brings up a
special menu related to the Fit.

Pipelining Descriptions
The descriptions used in above sections can be “pipelined” to form a convenient
description of software features or menus. In this case, the description will take on a
similar form as:

Tab>Panel:>‘Button’

For example, the ‘Open’ button within the Model: Panel under the Analysis tab is
conveniently described as:
Analysis>Model:>‘Open’

As another example, the command to right-click the mouse within the Fit: Panel

from the Analysis tab and then choose the “Add to Fit Log” menu choice would
read as follows:
Analysis>Fit:>(“6R)>“Add to Fit Log”

CompleteEASE Software Manual
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1.4. File Structure

The CompleteEASE software is installed on your hard-drive in a single directory.
However, it is helpful to understand the sub-directories used by CompleteEASE.
Figure 1-11 shows the sub-directories within the CompleteEASE folder.

e =]

{a-\_/ ®| )« Carnpl.. » » [ 42 || zzars

File  Edit Wiew  Tools o Help

& Recently Cha. Final Exarnples
B seorches HTMLelipbozrd
Jar

recipe

Tjalahn- E Manualpdf
OCommTeﬁt.em
P CompletsEaTE e
| CompleteERIEjar
T C ompleteEASE Manual pdk
G ompletsEASE Debugaip
[56] ease bt
T EASE Wanualp o

| ERRICRL D63, T

Falders ~

17 items

Figure 1-11. Structure within CompleteEASE folder.

The following table provides more details about each of these subdirectories and
their function within CompleteEASE.

Table 1-2. Directory Information within CompleteEASE

DIRECTORY FUNCTION
cnf Hardware configuration files
DAT Common Data files, including a sub-folder of Examples

that are shipped with the CompleteEASE software. Any
data files saved in this directory can be viewed and
opened by all users, but are read-only. This directory is
not intended for individual user files.

HTML Clipboard Files and Graphs used by CompleteEASE to construct
reports within the HTML Clipboard.

jar Java Application files

MAT Common Material Files to describe optical constants of

materials you may encounter. This folder is further
divided into: Advanced, Basic, Dielectric, Metal, and
Semiconductor folders. Files within this directory can
be viewed and opened by all users, but are read-only.
MOD Common Model Files to describe a sample and the
associated analysis strategy. Also location for Common
snapshots.

Further divided into Advanced, Basic, and Calibration
Wafers.

Recipe Common Recipe Files describe a complete
measurement and model strategy. This is pertinent to
variable angle or variable measurement point systems
and is not used with the alpha-SE system.
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Although the default directories will always be used by CompleteEASE, the user can
create their own directories to store Data files, Models, Materials, and Recipes. To
maintain the default files, any sub-directories created within the primary Directories
(as listed in Table 1-2) will be treated as “read-only”. For example, the three
subdirectories within MOD (Advanced, Basic, and Calibration Wafer) are read-only.

Recent List and Recent Folders

The CompleteEASE dialog boxes for opening/saving models, material files, and data
files all contain both a "recent" list and a "recent folders" list of entries. Both enable
the user to more quickly find files and folders where they have recently worked. The
Recent Folders list contains the last 10 folders that were visited (excluding the built-
in folders). This list is especially useful when combined with the ‘Browse For File’
button, which is described later in this section.

COMMON Location

Files can also be saved directly within the Mod directory. This location is
considered the COMMON directory for Models and Snapshots. Similarly, files
located directly in the \DAT or \MAT directory are considered the COMMON
locations for Data files and Material files, respectively. To demonstrate this, Figure
1-12 shows the \MOD directory structure, along with a corresponding
Analysis>Model:>‘Open’ dialog box. Notice the same folders are shown in the
dialog box, with the addition of “Recent”. Most folders are shown as blue, which
represents they are read-only. The only yellow folder is Common as it maintains full
access and shows the two files that were directly within the \MOD directory.

Name
+ vz nczd
Bazic

E Cocuments

B Pabypsilic
B T2 an

Ful ders -~

T items

By Brrkallycthanoge Calib ratian Wafers

E Ssearches 870 - Global Fitmad
= 8 Mg on
on on Glas.mod

Date madified Tupe S Open Model G G G G G G B

Folder Links: Elles:

| Date | Size
B30 214 PW 22 KB
1310 24 PM 22 KB
1310 213 PM 12 KB
1310 2:13PM B3 KB

S.mod

Glasi, Grade din od

Figure 1-12. Structure within the MOD directory along with the associated Open Model
dialog box.

Folder “Links”

The folders listed for Data, Models, Materials, Snapshots, and Recipes in
CompleteEASE are actually “links” to folders on your computer. The actual folders
can be located anywhere on the computer. CompleteEASE will retain a list of
“links” that you have made to these folders. To view the actual location of a folder,
(“BR) on the folder and computer location will show up at the top of the list, as
shown in Figure 1-16.

NOTE: If the folders on your computer are moved, deleted, or renamed, the “link”
inside CompleteEASE will be broken. The 'Refresh Folders' button has been added
to update all links.

CompleteEASE Software Manual
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Adding Folder “Links” (within CompleteEASE)

It is easy to add “links” to folders on your computer, so they will show up in the
CompleteEASE folders list. As an example, we will add a “link™ to existing data
folder. From the Analysis tab, press ‘Open’ from Data: and you will see the dialog
box as shown in Figure 1-13. The ‘Add Folder Link’ button will allow you to select
a folder on your computer to “link” with.

When you press the ‘Add Folder Link’ button, a directory of your computer will
appear in the CompleteEASE Folder Browser, as shown in Figure 1-14. If you need
to make a new folder, you can press the ‘Create New Folder’ button.

NOTE: Before pressing ‘Create New Folder’, you need to position your mouse on
the computer location where the new folder is to be created. After pressing the
button, verify that the location is correct from the follow-up menu before confirming.

Open Data
Folder Links: ‘| Eiles

i Recent i Marne ] Date | Size |

[ Common 2| [120nm Oside on SiE SH004 1111 AM 6 KB [~

1 Examples ¢ [1B00nm Oxide on 51 5E SH004 1116 AM 6 KB

o= [ Recent Folders ¢ |28nm Oxide on 5i.5E G004 11:08 AM 6 KB
“| |200nm Oxide on Si.3E G004 1114 AM 6 KB
2| |60nm Oxide on Gi.9E G004 1113 AM 6 KB
2| |a-8i Grow Sirm.ISE GIEDS 312FPM 1878 KB L
| |a-Si Multilayer SE 4116/08 341 PM B KB -
“| |a-8i on Glass #2 with Backside Refl SE 41603 458 FM G KB
“| |a-8i on Glass #2 3E 41603 457 FM G KB
2| |a-5i on Glass 3E 41603 337 FM G KB
:5 Aniso-Organic on 8i.5E BIZ408 10:53 PM 4 KB i |
o/ |Au_substrate. 5E 4MED3 313FPM G KE
:5 cronglass_SESE AMBI0S 348 PM B KB
:5 cronglass_T.5E AMEBI0E 348 PM 2 KB
A |cron 8i02 MaP SE 41608 317 PM 1930 KB
“| |Flowe-on Glass on 5i.5E G004 1117 AM 6 KB
:5 dlass substrate_rough SE AMBI08 251 PM B KB
:5 dlass substrate_smooth.5E AMBI08 252 PM T KB
:5 dlass substrate_taped SE AMBI08 251 PM B KB
ITO on Glass with Backside Refl. SE 41M6/03 456 FM G KB =
Add Folder Link | ‘ Refresh Folders :
File: arme: |
Comment:

Figure 1-13. Open Data dialog box, showing the Folder Links: to data folders on your
computer.

As an example, a Folder was created inside C:/Measurements/. First, select this
location with your mouse, as shown in Figure 1-14. Next, press the ‘Create New
Folder’ button and you will see the Input message, also shown in Figure, to ensure
that the location you chose is correct and request the name of new Folder to be
created. If the folder location specified is correct, type in a name for the new Folder
and press ‘OK’.

NOTE: Creating a New Folder as described above does NOT automatically “link”
this new folder within CompleteEASE.

After creating the new folder, select this folder from the CompleteEASE Folder
Browser list and press ‘Add Folder Link’. The folder will show up in the Open Data
window, as shown in Figure 1-15.
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1. Select
location
for new
folder

CompleteEASE Folder Browser -

¢ B computer |~ |

- =2 A
T E3Ch

o= ] §Recycle Bin
o= | Boat

o= ] CompleteEASE E Specify the name far the new folder to be created under the CiMeasurements Data falder

o= [ DELL
] Docurnents and 5 |T0m-201 0 Data

o= [ Drivers

o ] Intel ——

o C1.James 2. Verifylocation,name
o= | Jianing Eudora

o= I MS0Cache
o= | Perlogs IO K'
o= | Program Files
o= ) Program Files (x86)
o= ] ProgramData
1 Systemn Yalume Infarmation

/ ) Measurements Datd new folder, and press

|

Selected Folder: |C:1Measurements Data l |
| CreateﬂewFolder\H Refresh | | Add Falder Link || Cancel |
AN

S

Figure 1-14. CompleteEASE Folder Browser is used to search through folders on your

computer. To create a new folder, first select the correct location and then press ‘Create New

Folder’ button. Second, type a name for the new folder. It is always wise to verify the
location where the new folder will be created on your computer.

Folder Links: Eiles:

=1 Recent i Marme | Date | Size
23 Common i
J Examples

e [ Recent Folders
] Tom-2010 Data

Add Folder Link || Refresh Folders ISE & 5E =

File Harme: |
Comment:

Figure 1-15. Open Data list, showing the new “link” to Tom-2010 Data folder.

Creating New Sub-Folders

To create a sub-folder within an existing Folder Link, proceed with the new right-
click menu option: “Create New Sub Folder”. To do this, press the right-mouse
over the Folder location in CompleteEASE, as shown in Figure 1-16, and select
“Create New Sub Folder. Then, type in the name of the new folder you wish to
create, as shown to right in Figure 1-16.

NOTE: While the new sub-folder will appear, it is not directly “linked”. The
distinction will be further discussed later in this section.
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Onembata i B EE R B E s p =
Folder Links | Eiles
A Recent : Mame \ Date \ Size
(£ Common
I Ezarples
o= RecentFolders ;|
Torm-2
o CMeasurements DatalTom-2010 Data CompleteEASE Input =777 22 aa i g
(REETS [P L Enter a folder name:
Default Save Directory ‘Prujeclﬁ] |
Craate Mew Sub Folder >
|
Add Folder Link | | Refresh Falders : |SE & 5E :
File Mame |
Carmment

Figure 1-16. Right-click (*BR) on a folder to access options such as ‘Remove from List’ and
‘Default Save Directory’.

Adding Folder “Links” (Drag-and-Drop)

It is convenient to add new folder “links” to the list shown within CompleteEASE
using Windows drag-and-drop features. For example, we may want to store data and
results in a separate directory. To demonstrate, a new folder has been created in
Windows Explorer at C:\Measurements\James-2010 Data\.

To add the “link” to this folder in the CompleteEASE list, choose
Analysis>Data:>‘Open’ to access the dialog box shown in

Imesbims a

ey Cns o

Drag-and-Drop with
Left Mouse Button
[P

it are ments Unko iR g | Search

QU

|* File Edit Vesw Tools Help
e = [ Cpe [ Shars g Borm

Bt Fa by

. Jarmes-3010 Data I
| Tom-2010 Ciata

Faldrers Q] F—p— '

lames-2010 Data
' Fil= Falder
- Date modified; 8/13/2010 2:43 Ph

Figure 1-17. Now, switch to Explorer or My Computer within Windows and find the
data folder you would like to “link” into CompleteEASE. In this example, the folder
is called “James -2010 Data”. (¥BL) on the folder and hold the mouse button down
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while you move the folder over to the CompleteEASE Folder area (as shown in

]

Drag-and-Drop with
Left Mouse Button
= ) ] |

© Jarmes-2010 Datz
| Tom-1070 Data

Faldrers Rl ([ P———— '

lames 2010 Data
' Fil= Folder
Date modified; 8/13/2010 2:43 Ph

Figure 1-17). When you let go of the mouse button, the folder will appear in
CompleteEASE. This is not the actual folder, but rather a “link” to the folder
location on your compulter.

Drag-and-Drop with
Left Mouse Button
(0 ] |

o Jzrmes-3010 Datz
}} Tom-1010 Ciata

FDIU Ers ) L f| '

lares -201L0 Data
' Fil= Folder
- Date modified; 8/13/2010 2:43 Phd

Figure 1-17. Copying folders into CompleteEASE using drag-and drop.

Viewing SubFolders

In older versions of CompleteEASE, access was only granted to individual “links”.
Since version 4.0, CompleteEASE can expand each folder “link” to view 2 sub-
levels of folders below the “linked” location. An example of this is shown in Figure
1-18. Here, two “linked” folders are expanded to show sub-directories.
CompleteEASE automatically shows 2 levels of subdirectories within this folder.
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Folder Links FEiles:

1L Recent IaEmE | [WE | sEe

= & Recent Foiders
9 [L)James-2010 Data
% 3 Company X
EaRun1
[ Run 2

3 Compans Y
% [ Tom-2010 Cata
3 Projact A
] Project B
1 Projeci C

Add Foider Link. | Refresh Foiders ISERSE W

File Hame: |
Comment:

Hrowee For Flle LCancel

Figure 1-18. Open Data window with a couple folders expanded to show sub-folders.
CompleteEASE can view and access two levels of sub-directories within any linked folders.

CompleteEASE can “link” to any folder on your computer, so you can place the link
at different locations to view different levels. You will always view only the 2 sub-
levels below the “linked” folders. To demonstrate this, Figure 1-19 shows links to
three different folders: “James-2010 Data”, “Measurements Data”, and
“CompanyX”. It turns out that all of these folders are in the same filepath and when
expanded, they view the same sub-folders. However, because the “Measurements”
link is already 2 levels above “CompanyX”, it does not expand enough to see the
third sub-levels within “CompanyX”; namely “Run 1” and “Run 2”.

Open Data

Folder Links:

| Recent
L3 Common

Folder Links:

[ Recent
(CJ Common

o~ (13 James-2010 Data —

o= ] Measurements Data \

1 Examples
o= RecentFuIde/
o= [ Campany ¥

1 Examples
o= | RecentFolders
o[ Company ¥
CaRun1
A Run2
o [[J James-2010 Data
o [ Company ¥
2 Runi
3 Run 2

N 3 Compary Y

¢ [ Measurements Data
¢ [ James-2010 Data
3 Compary
3 Campany Y

Figure 1-19. Three “links” have been created — pointing to “James-2010 Data”,

“Measurements Data”, and “CompanyX”.

Even though these folders are within each other,

each will expand to show sub-directories two levels further down.

Default Save Directory

You can now make any folder the default save directory by (“BR) on the folder name
as shown in Figure 1-20. The location will be shown in bold text to designate that
the default location for opening and saving data files will be located here. Note that
the location can be bold in all different locations if this folder is a sub-directory of

another link.
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Open Data

Folder Links:

S Recent
(21 Common
O Examples
o= [ Recent Folders
¢ (2 compar

Marne

O Run Remova From List

[ Run CiMeasurernents Datallames-2010 DataCompary

J .
T %1 Ealmé.‘ns Default Save Directary

mi
QR Create Mew Sub Folder

QRunzZ
3 Campany ¥
¢ (1 Measurements Dala
¢ [ James-2010 Data
(23 Company ¥
(Z1 Company ¥
o= Tom-2010 Data

Add Falder Link H Refresh Folders iSE
File Mame ‘
Cormfrent

Folder Links:

| Recent

Z3 camman
| Examples
o= RecentFolders
¢ [1 Company X
3 Run1
I Runz
¢ [0 James-2010 Data
¢ C3J Company ¥
CIRun1
LI Runz
3 Companyy
¢ [ Measurements Data
9 [C1 James-2010 Data
(Z3 Company %
3 company Y
o= [ Tom-2010 Data

Figure 1-20. (“8R) on a folder name and press ‘Default Save Directory’. The location will
show up in bold and will become the default location when saving and opening files. Notice, it
shows up as bold in all different possible link locations.

'‘Browse for File'

This button brings up the Windows file dialog and allows you to choose a file from
anywhere your computer can access. When the file is opened the folder it came from
is also added to the Recent Folders list.

et

Browse
Loak ir: Measurements Data
I Mame
i File Folder (2)

Recenbhlaces JJarmes-2010 Data

! Torn-2010 Data

Desktop

! 'I;.l
James Hilfiker

-

-

Date modified

81372010 3:03 P
8132010 3:03 P

G E-

Type

File Folder
File Folder

L}

Open

Size

b

Computer
| ™
- <
Metwrork
File: name:
Flesof tyoe:  [&ll Files 7]

= |

I Cancel |

9

Figure 1-21. Standard Windows file browser.

1.5. Setting Up Multiple Users
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A spectroscopic ellipsometer is often used by multiple users. In this case, it is more
convenient to allow each user to establish a personal set of folder “links”. However,
this requires Login of each user. To configure CompleteEASE for multiple users,
make the following changes.

Go to the Options tab and select the ‘Edit Configuration” button. The
Configuration Parameters are divided into different areas. Expand the “General”
section, as shown in Figure 1-22, and make the following changes:

1. Change “User Log-in Mode” to Must Log In.

2. Change “Users Have Own Folders List” to True, by selecting the parameter
ON check-box.

3. OPTIONAL: You can decide whether to have all CompleteEASE folders

visible to all users by changing the “Always Add CE Folder” to True or
False. These are all folders within the CompleteEASE directories on your
computer and would show up for all users if this is True.

NOTE: After completing these steps, you must restart CompleteEASE before the
changes take effect. However, you may also want to setup the User List before
restarting (next step).

CompleteEASE Configuration

Configuration Parms Edit: User Log-In Mode

¢ General
Fant Mame = SansSerif

FontSize =18 Login Mot Reguired
Graph Font Size =18 Must Log In

Login Mot Regquired | A

Look & Feel = Metal Technician Logged In

User Log-In Mode = Lagin Mot Required Description

Alivays Add CE Folders = True Specifies how users will log into and
Users Have Own Folders List= true access software functions.

Clear Data On Logout = true
Always Show In situ Tab = False
Uze Unicode = True

o= Memory Management

o= Display Units

o= Hardware Simulation Mode

o= In Situ Tab Parameters

[] Show Advanced Config. Options

Close

Figure 1-22. CompleteEASE configuration dialog box. The General parameters area has
been expanded to view the “User Log-In Mode”, “Always Add CE Folders”, and “Users
Have Own Folders List” choices needed to setup multiple users.

After configuring CompleteEASE for multiple users, you will want to setup each
User with their own account. Press Options>Miscellaneous>‘Manage Users’ and
the User Management box will appear, as in Figure 1-23. Press ‘Add New User’ and
type in the name and password for each user you wish to add.
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NOTE: If the password area is left blank, no password will be required to log-in.

User Management

Current Users

User Mame Fassword Access Level
Default SysOp
James 1 SysOp
Tom T1 SysOp

Add Mew Lser || Edit User || Delete User

| Define Engineer Privileges

Cloze

Figure 1-23. Setting up Multiple User Accounts.

After entering each of the Users with their own account, you should close
CompleteEASE and restart. This will allow all of the changes to take effect. When
you restart CompleteEASE, it will open by asking to enter your User Name and
Password. The user names can be found in the drop-down list, as shown in Figure
1-24,

User Log In :

Lzer Mame:

Diefault
James

[Tnm
O 11T

Figure 1-24. Log-in is required when multiple users have been setup. The User Names can
be selected from a drop-down box.

Easswiord:

Any folders that are added by an individual user at this point will be shown for their
account only. However, if the folder is located within the CompleteEASE directory,
it will show up for all users. For this reason, it is preferred to create a folder outside
of the C:\CompleteEASE directory for files that individual users want to access. For
example, a separate folder can be created such as C:\Measurements. Within this
folder, each user can have their own sub-directory and CompleteEASE can be
configured by each user to link to only the folders they need to view.
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1.6. Short-cut Guide

There are two types of short-cuts within CompleteEASE. First, like with all
software, if a letter is shown that is underlined, the short-cut for that command is to
hold ALT button and press that letter. For additional short cuts that are more global,
incorporate the CTRL, SHIFT, and ALT buttons. These additional short cuts are

listed in Table 1-3.

Table 1-3. Short-cut reference.

SHORT CUT FUNCTION

CTRL-M Go to Measurement Tab

CTRL-A Go to Analysis Tab

CTRL-I Go to In situ Tab

CTRL-H Go to Hardware Tab

CTRL-O Go to Options Tab

CTRL-P Graph the Psi data curves

CTRL-D Graph the Delta data curves

CTRL-N Graph the “N” data curves (N,C,S format)

CTRL-C Graph the “C” data curves (N,C,S format)

CTRL-S Graph the “S” data curves (N,C,S format)

CTRL-1 Graph the <el> data curves

CTRL-2 Graph the <e2> data curves

CTRL-T Graph the Intensity data

CTRL-Z Graph the Depolarization data

CTRL-SPACE BAR Switch view from single-point to Map/Dynamic

CTRL-L Add to Fit Log

CTRL-ALT-L View Fit Log

CTRL-R Copy Analysis Report to Clipboard

CTRL-Y Toggle between single and double-Y axis.

CTRL-ALT-O Toggle Default Optical Constant units between “el
& €2” and “n & k”

CTRL-ALT-W Toggle Default wavelength units between “nm” and
“ey

CTRL-ALT-S Show graph statistics

CTRL-ALT-SHIFT-I Add the In Situ Tab

SHIFT-Mouse roller When positioned over model parameter, it will
increase or decrease this parameter.

CTRL-SHIFT-Mouse Same as SHIFT-Mouse roller, but with smaller

roller parameter increments.
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If you are working with Uniformity Mapping data, the following short-cuts can help
manipulate the data and graphs.

Table 1-4. Short-cut reference for mapping data.

SHORT CUT FUNCTION
CTRL-Click on Point Select/De-Select Point
CTRL-ALT-Click on Point Delete Point

CTRL-ALT-SHIFT Click on Point Show camera image from point
(when available)

CTRL-SPACE Bar Switch view from single-point to Map

Finally, when working with in-situ data or multi-sample analysis, there are additional
short cuts to help quickly switch between different data sets and models.

Table 1-5. Short-cut reference for mapping data.

SHORT CUT FUNCTION
CTRL-(F1, F2, F3...) Switch between models 1, 2, 3...
ALT-(1,2,3...) Switch between data sets 1, 2, 3...
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1.7. What is Spectroscopic Ellipsometry?

Ellipsometry is a non-destructive optical technique in which the sample to be
characterized is illuminated with a beam of polarized light, as shown in Figure 1-25.
Ellipsometry measures the change in polarization state of the measurement beam
induced by reflection from (or transmission through) the sample. The change in
polarization state is commonly characterized by the ellipsometric Psi (W) and Delta
(A) parameters defined in Eqgn. (1-1):

tan(P)-e” = p= fo
. (1-1)

S

In this equation, rho (p) is defined as the ratio of the reflectivity for p-polarized light
(rp) divided by the reflectivity for s-polarized light (r). p is a complex number, and
the ellipsometric parameters simply report this value in polar form: tan(‘¥) is the
magnitude of the reflectivity ratio, and A is the phase. Ellipsometry offers three
main advantages over simple intensity-based reflection or transmission
measurements:

1. Precision As the change in polarization state is defined by a ratio,
ellipsometry is not sensitive to changes in the absolute intensity of
the measurement beam (i.e., the sample itself is the ‘reference’ for
the measurement). Thus, it can remain accurate without knowing
“absolute” intensity values.

2. Sensitivity The phase information contained in the ellipsometric A
parameter provides enhanced sensitivity to ultra thin films, even
down to the sub-nm thickness level.

3. Information Ellipsometry measures 2 values (Psi and Delta) at
each wavelength, doubling the information content compared to an
intensity reflection or transmission measurement.

The high accuracy, precision, and sensitivity of the ellipsometric measurement make
it highly suited for demanding thin film metrology applications.

1. linearly polarized light ...
E  p-plane

s-plane 3. elliptically polarized light !

p-plane

plane of incidence

2. reflect off sample ...

Figure 1-25. Interaction of polarized light with a sample.

In Spectroscopic Ellipsometry (SE), Psi and Delta values are acquired as a function
of wavelength. This greatly increases the information content in the data set,
enabling the simultaneous determination of multiple sample properties. However, to
extract sample parameters such as film thickness and optical constants from the
measured SE data set, an optical model must be built to fit the data. The
CompleteEASE software provides a graphical user interface for building models and
displaying measured data and model fits. The fundamentals and theory of data

1-24 e Introduction

CompleteEASE Software Manual



analysis is explained in more detail in Section 3.1. The CompleteEASE program
also provides a simple interface to the SE hardware, making acquisition of accurate
SE data fast and easy.

For more information on ellipsometry theory, see the following references:

1. H. Tompkins and E. Irene, eds. Handbook of Ellipsometry,
William Andrew Publishing, New York, 2005.

2. H. Fujiwara, Spectroscopic Ellipsometry Principles and
Applications John Wiley & Sons, West Sussex, England 2007.

3. J.N. Hilfiker and J.A. Woollam, Ellipsometry, in Encyclopedia of
Modern Optics, edited by Robert D. Guenther, Duncan G. Steel
and Leopold Bayvel, Elsevier, Oxford, 2004.

4. J. A. Woollam et al., “Overview of Variable Angle Spectroscopic
Ellipsometry (VASE), Part I: Basic Theory and Typical
Applications”, SPIE Proc. CR72 (1999) 3.

5. B. Johs et al., “Overview of Variable Angle Spectroscopic
Ellipsometry (VASE), Part II: Advanced Applications”, SPIE
Proc. CR72 (1999) 29.

6. H.G. Tompkins and W.A. McGahan, Spectroscopic Ellipsometry
and Reflectometry, John Wiley & Sons, 1999.

7. R.M.A. Azzam, and N.M. Bashara, Ellipsometry and Polarized
Light, North Holland Press, Amsterdam 1977, Second edition
1987.
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2. Data Collection

The first step to any ellipsometry experiment is collection of data with the
ellipsometer. Measurement operations are better discussed in the hardware manual
for each instrument. CompleteEASE is used with alpha-SE, M-2000, RC2, and
AccuMap-SE ellipsometers from the Woollam Company. The details for data
collection depend on both the system type and individual ellipsometer configuration.
This chapter provides a brief overview of CompleteEASE data collection. More
details are provided in Chapter 8, which lists all features of the Measurement Tab,
and in the corresponding Hardware manual for your system.

NOTE: Instructions in this chapter are representative of various systems. For more
complete instructions, including details on system alignment and calibration, please
consult your corresponding Hardware manual.

2.1. alpha-SE Systems

CompleteEASE uses a simplified screen for data collection with the alpha-SE, as
there are limited angles of incidence and no mapping to consider. The Measurement
tab for an alpha-SE will appear as in Figure 2-1.

7 ComploteEASE o B
Measuremen! | Anaysis | Hardware | Options Cumont User 5 tiliker  Log Out

Sysiem Status Fil Results
Waiting to Acquire Data

Measurement Controls

Measure

Figure 2-1. Measurement tab for alpha-SE systems.
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There are five choices to make before collecting data. The user must select the i)
measurement “Mode”, ii) type of “Sample Alignment”, iii) measurement Angles, iv)
“Model” to use for data analysis, and V) whether to “Save Data after Measurement”.
Three of these options provide a drop-down menu, as shown in Figure 2-2.

IR | el |v Sample Alignment: |Standard |v

Fast Model: \Mone ‘v|
Standard (e I
L Standard one

i - Rohust ‘ Choose From File Dialog |
Transmiszion
W1 Fixed Height

FPrompt Height

.M. Long

Figure 2-2. Options for measurement Mode, Sample Alignment, and Model.

For the majority of measurements, the “Standard” Mode and “Standard” Sample
Alignment are used. Details regarding other choices are provided in Chapter 8.

Measuring a Sample

Once the Measurement choices are selected, you can press the ‘“Measure’ button to
begin, as seen in Figure 2-3. As the alpha-SE has automated sample alignment, the
system will align the z-height to detect reflected light from the sample (using the
selected Sample Alignment) and then collect measured data (using the selected
Mode). Finally, if a Model was selected, the data will be analyzed to determine the
resulting film properties.

&P CompleteEASE 77

[ Measurement [ Analysis | Hardware | Options

System Status
Acquiring Data ...
Measurement Controls

Mode: ’ Sample Alignment: ‘

Angles: [v]65° [¢] vl 75° [

Model: |

[7] Save Dat

Cancel Measurement

|
Figure 2-3. Pressing ‘Measure’ will start the data collection procedure. The System Status
will be updated to show the current hardware operation.

If the “Save Data after Measurement” check-box was selected, a dialog box will
appear, as shown in Figure 2-4. Find the location you wish to save the file within the
Folder Links: area and type in a File Name and Comment. If the folder “link” does
not exist, you can create a new folder or add a new link. These instructions were
detailed in Section 1.4.

NOTE: CompleteEASE data files are encrypted & saved with “.SE” or “.iSE”
extensions. These files are only accessible by the CompleteEASE program.
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Save Data

Folder Links. Edes.
) Common

¥ Measurement Data
& ) Andrea
& 2 Andrew
oL Greg

=]

A0 Folcer Link Refresh Foiders

| sae

Name Date

Cancsl ‘

Figure 2-4. Save Data dialog box. Type a File Name and comment and then press ‘Save’.

After SE data is acquired, the model analysis will be performed and the fit
parameters displayed in the Fit Results: panel. The model fit to the measured data is
also displayed in the graph: the black dashed “Model” curves should lie essentially
on top of the colored Psi and Delta measured data curves if the model fits the data
well. If this is not the case, the wrong model was selected to analyze the data. The
final result for a thin oxide on silicon is shown in Figure 2-5. The model parameters
will be reported in the Measurement>Fit Results: section, while a graph of Psi
and Delta versus wavelength are displayed at the bottom of CompleteEASE — along
with corresponding Fit curves from the model.

& (OEASE =727 % $5hin e P

Measursment | Analysis | Hardware | Options
System Status
Warting to Acquire Data
Measurement Controis
Made IF!SY . Sample Alignment |Standard
Angles: [ies® WI70° [ 750 90°(5-T)
Model [Sl wilh i’héfﬁ;:nl ‘57«4&2

v! Save Data ater Measuremant

Measure

T A A e Py by by by by by bata byt T )
Cumand sy is jndser  Log Out
Fit Results
MSE = 1,398
Angle Offset = 0.034 £ 00019

Total Thickness = 26.72 £ 0.008 nm

View Prev Resuils

Graph Type

Variable Angle Spectroscopic Ellipsometric (VASE) Data

160

35
Psi (64.98, 69.97, 74 ,98°) e
T Della (64.98, 63,97, 74.98°) [
X( e Modiel 140
25 — =
120
o
@ 20 ®
[a}
100
15
- el IR 500, o, MO 80
5 60
300 400 500 600 700 800 900

Wavelength (hm)

Figure 2-5. Successful measurement of thin oxide film using an alpha-SE system.
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2.2. M-2000, RC2, and AccuMap-SE Systems

For M-2000, RC2 and AccuMap-SE systems, there are more data collection choices.
This chapter will discuss the basic options for typical systems. As there are many
different configurations, it is suggested you consult your Hardware manual for the
details of your system and configuration. Figure 2-6 shows a representative
CompleteEASE Measurement tab for an M-2000 with mapping and camera. Due
to the number of choices for any measurement (how to measure, where to measure,
etc.), CompleteEASE uses a “Recipe” to describe all details. These recipe files can
be created and saved for any specific measurement or sample type.

&7 CompleteEASE o g X
[Tl nsitu | Analysis | Hardware | Options Log Out

System Status Fit Results Scan Map

Waiting to Acquire Data No Results Available

Measurement Contrals

Recipe: |=Select a Recipe= |v‘

Save Data after Measurement

Wiew Prev. Results‘ ‘Graph Parms. View Camera Image

Figure 2-6. Measurement tab for an M-2000 system with automated angle of incidence,
automated sample alignment, automated sample translation, focusing optics, and an
integrated camera.

Measurement Recipe

The measurement controls for this type of system are integrated into a “Recipe”.
Each Recipe describes the three basic components of data collection: 1) Data
Acquisition, 2) Mapping Scan settings, and 3) Modeling.

The drop-down box from Measurement>Measurement Controls:>Recipe: allow
the following options: 1) Prompt for Acquisition Parameters, 2) Prompt for Recipe
Components, 3) list of all Common recipes, 4) Choose From File Dialog, and 5)
Create/Edit Recipe. These options are shown in Figure 2-7.
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&7 CompleteEASE :

Measurement ERlgE] [/Analysis I/Hardu

Systemn Status

Waiting to Acquire Data

Measurement Controls

Recipe: |=5elect a Recipe= |v|

Acn. [sSelect a Recipes

=Prompt for Acquisition Parametarss
=Prompt for Recipe Components=
54, 65 and 75° 3sec, 3mm thick quick

Choose Fram File Dialog

Scan:
hadel:

CreatefEdit Recipe

Figure 2-7. Recipe Options.

<Prompt for Acquisition Parameters>

To get started without a full recipe, you can by-pass the Scan Pattern and Model, by
selecting <Prompt for Acquisition Parameters>. This assumes you only want to
measure at a single point and save data for modeling at a later time. You will be
allowed to specify the Data Acquisition Parameters, from a box similar to shown in
Figure 2-8. The options listed in the Acquisition Parameters box are described in
Chapter 8.

Acquisition Parameters Setup :

Data Acguisition Parameters

Data Type:|8tandard |V|

Acg. Time: |2.00 [v] High Accuracy Mode
Scan Options

Angle Scan; [55.00 | To [ro.00 | By [15.00

[l Measure In Transmission Mode

Alignment Cptions

Sample Tilt Alignment: |Aut0matic |V|
Sample Height Alignment: |Aut0matic-@uick |V|
Sample Thickness: |1 149 mm | Set To Current Position
[] Align At First Angle Alignment Angle: ’W
Cther Options

Do Mot Return Ta Sample Load Paosition

Do Mot Reposition Translatar

| Load || Ok || Cancel |

Figure 2-8. Acquisition Parameters Setup dialog box.

<Prompt for Recipe Components>

When you are ready to map your sample at multiple locations and/or you know the
model you would like to use for data analysis, you can choose these options as part
of the overall recipe. Selectiong <Prompt for Recipe Components> allows the user
to select the individual recipe components, which include Acquisition Parameters,
Scan Pattern, and Model — as shown in Figure 2-9. If the recipe components are not
established, they can also be created from the Recipe Components dialog box.
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Choose Recipe Components

Recipe
Acg. Parms: | =Select an Acguisition Parameters Set= “'| | Edit'Create ‘
Scan F'attern:|NDne “'| | Edit'Create ‘
Mudel:|Nnne ‘v|

Additional Parameters

Falder for saving acquired data:

[] Save Results Only - Mo Raw Data

[ ] Export measurement results

Load Existing Recipe | | Ok ” Zancel ‘

Figure 2-9. Choosing the various components for a Recipe.

‘Create/Edit Recipe’

This button allows you to create or edit a recipe. This selection opens the same box
as shown in Figure 2-9. Recipe options will be described later in this chapter.

The three primary components of any recipe are the Acquisition Parameters, Scan
Pattern, and Model; as shown in

Figure 2-10. Each of these components is discussed in further detail.

Choose Recipe Components

Recipe
Acg. Parms: | =Select an Acguisition Parameters Set= “'| | Edit'Create ‘
Scan F'attern:|NDne “'| | Edit'Create ‘
Model:|Nnne ‘v|

Additional Parameters

Falder for saving acquired data:

[ ] Save Results Only - Mo Raw Data

[ ] Export measurement results

Load Existing Recipe | | Ok || Zancel ‘

Figure 2-10. Components of a Recipe.
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2.3. Acquisition Parameters

The Acquisition Parameters describe how the data will be collected at each point of a
Measurement Recipe (whether single-point or scan). A common box for Acquisition
Parameter choices is shown in Figure 2-11. The individual details for these options
are discussed in the corresponding hardware manual.

Acquisition Parameters Setup

Data Acguisition Parameters

Data Type:|8tandard |V|

Acg. Time: |2.00 [v] High Accuracy Mode
Scan Options

Angle Scan: [55.00 | To [ro.00 | By [15.00

[l Measure In Transmission Mode

Alignment Cptions

Sample Tilt Alignment: |Aut0matic |V|
Sample Height Alignment: |Aut0matic-@uick |V|
Sample Thickness: |1 149 mm | Set To Current Fosition
[] Align At First Angle AIignmentAngIe:W
Cther Options

Do Mot Return To Sample Load Position

Do Mot Reposition Translatar

| Load || Ok || Cancel |

Figure 2-11. Acquisition Parameters Setup for M-2000 and RC2 systems. Choices listed
above can vary from system-to-system.

Data Type

The Data Type specifies the type of data to collect during the measurement, as
shown in Figure 2-12. For 95% of applications, the “Standard” option will be
selected.

Acquisition Parameters Setup

Data Acquisition Parameters

Diata Type: | Standard -

Standard

Generalized Ellipsometry
Mueller Matrix
|Transmission Intensity
Reflection Intensity

Figure 2-12. Different Options for Data Type.

Sample Alignment

Sample Alignment options depend on the type of system and configuration. In
general, there are two basic steps to sample alignment: Tilt alignment and Height
alignment. Common selections for each are described in this section.
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Tilt Alignment

Tilt alignment refers to the tip and tilt of sample relative to the incoming light beam
such that the reflected beam is aligned on the receiver unit at the correct angle of

incidence. Tilt alignment options include Skip, Manual, or Automated; as shown in
Figure 2-13.

Sample Tilt Alignment.  |Automatic hd
Skip

hanual

ALtormatic

Figure 2-13. Options for Sample Tilt Alignment.

The Tilt alignment is often skipped when using focusing probes, as the tip-tilt
alignment becomes less sensitive. It can also be skipped for applications where
common samples are measured that remain flat. For example, if a system is
continuously used to measure 200mm silicon wafers, the tip-tilt alignment of each
wafer will probably be very similar from sample-to-sample.

For Manual or Automatic Alignment, the system will study the reflection of a light
beam off the sample that is incident on a 4-quadrant detector. This detector allows
the beam to be centered onto the 4-detector elements by adjusting tip and tilt until all
4 detectors have the same intensity. This method allows very repeatable alignment
of the beam from sample-to-sample. An example of the Tilt Alignment step for an
Automatic System is shown in Figure 2-14.

PeompieteErSE 17 e | )
Cancel Alignment Align Mode  Detector Motor Increments:
® Autornatic | @ Lookdown | Z Stage
[] Use Data Acquisition Time O Manual O Recelver Tt Stage
H Z Position = 0.500mm
Sample Tllt Tilt Position = (0.071,0.024)

Intensity = 1.307
Ave. Signal = 0.000

Figure 2-14. Sample Tilt Alignment Window.

CompleteEASE Software Manual

Data Collection e 2-33



Sample Height Alignment

Sample Height Alignment refers to the adjustment of ellipsometer beam relative to
the surface of a sample to ensure correct positioning and adjustment for samples of
different thickness. This adjustment becomes increasingly important for systems
with smaller spot size (like Focusing ellipsometers). It is also more important to test
the Sample Height Alignment when many samples of different thickness will be
tested on the same Ellipsometer. The common choices for Sample Height Alignment
are shown in Figure 2-15. For Automated Height Alignment, the reflected beam is
detected by the Receiver unit and the intensity is recorded versus different Z-Height
positions. This is demonstrated in Figure 2-16. The position of highest intensity is
assumed to be the correct Z-Height for alignment of the sample.

Sample Height Alignment:  [Automatic-Guick -
Skip
Manual
Autamatic-Quick
Autamatic-Robust
Ilse Sample Thickness
Figure 2-15. Options for Sample Height Alignment.
@r e "_ZZ_ZZBKB"E
Align Mode  Detector Maotor Increments

[[] Uge Data Acguisition Time

Max Signal Intensity = 17.72
Current Position = 0.523

@ putomatic @ Lookgown  ZStage |05 | w

O Manual ) Receiver  TiltStage [0.02 |w

-3.71 mm

17.00 mm

Figure 2-16. Sample Height-Alignment window.
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2.4. Scan Pattern

The Scan Pattern is used to describe where each measurement should be performed
across a sample. This option is only needed for ellipsometers with automated sample
translation. To make a new Scan Pattern, press ‘Edit/Create’ button to the right of
the Scan Pattern selection of the Recipe Components box, as shown in Figure 2-17.

Choose Recipe Components :

Fecipe

B4

Acg. Parms: |55, g4, ¥4°, 3zec, 3mm thick, quick parms

“'H EditiCreate ‘

Scan F'attern:|NDne

“'H EditiCreate ‘

Mudel:|NDne

‘v|

Additional Parameters

Folder for saving acquired data:

[] 5ave Results Only - Mo Raw Data

[ | Expaort measurerent results

Load Existing Recipe |

| Ok || Cancel ‘

Figure 2-17. Choose ‘Edit/Create’ Scan Pattern from the Recipe Components dialog box.

The Scan Patter Editor, shown in Figure 2-18, allows you to describe both Circular
and Rectangular samples. There are many options to automatically fill-in the points
to measure, including Grid Fill, R-T Grid Fill, and Line Fill. Most of these
selections are intuitive and best learned by testing each button a few times.

Substrate Dimensions

= Dia. {cm) M [C] Draw Wafer Motch
Paint List

1. 0.0000, 9.5000 1= Grid Fill

2 38000, 85500 (= —

3. 2.8500, 8.5500 BT Grid Fill

4. 1.9000, 8.5500

5 08500, 85500 Line Fil

6: -0.0000, 85500 Point Cormmanis:
i
5 -1.9000, 85500 Sl

9: -2.8500, 8.5500 Edit Point

10: -3.8000, 85500

11: -5.7000, 7.6000
12; -4.7500, 7.6000 _
13: -3.8000, 7.6000 W
14: -2.8500, 7.6000 Delete Faint
15 -1.8000, 7.6000 —

16 -0.8500, 7.6000 = | Delete Al
Alignment Position

%o Jwloo | ‘A\\Qn at this position only "‘

Deskew Points
[[] Do Deskew  X1:{0.0 1:|0.0 ¥2:|0.0 ¥2:|0.0
[_] Record Image At Each Point Image Zoom

Scan Pattern Editor: (not saved)

Pattern Offset

Transmission Intensity Baseline

[[] Use Paint For Transmission Baseline ®|0.0 V(0.0

Figure 2-18. Scan Pattern Editor
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2.5. Model

A model is a description of how the data will be “fit” by CompleteEASE to
determine film thickness and optical constants (or other material properties). Models
will be described in significant detail in the upcoming chapters, with examples of
how to work with many common models. You can select any model of interest to
analyze the data during the recipe. For scans of multiple points, the model will be
used to analyze data from each point.

Basic Models

For convenience, CompleteEASE has a list of basic models in the “Basic” folder
link. These include transparent or absorbing films on silicon or glass substrates, as
shown in Figure 2-19.

€7 CompleteEASE e E H

FUEDE  Harchware rOptluna Log Out

Data: Mo Data Loaded Model: No Model Loaded
L il il il I 1l il 1
3| Open Model Baf
Fit:
Folder Links: Eiles
IE [ Recent MName \ Date | Size
(1 commaon a-3i on Glass (with Backside Reflectiony.mod 622106 12:52 FM 3 KB
(3 Adwanced a-5i on Glass.mad TI22I0810:53 AM 3 KB
1 Basic Glass Substrate (with hackside reflection).m... B/26/07 4115 FM 2 KB
(3 Calibration YWafers Glass Substrate-Transmission Data Include... 71221081217 FM B KB
o[ James Glass Substrate-Transmission Data Include.. /220081216 M 8 KB
Glass Subsirate mod 2081053 AM 1 KB
Glass with Absorbing Film (with Backside re.. B2Z206115PM 7 KB
Glass with Absorbing Film.mod TI2210810:54 AWM T KB
Glass with Transparent Film (with Backside ... B/220612:57 PM 2 KB
Glass with Transparent Film.mod T220810:54 AW 2 KB
ITO (thiny on Glass (with backside reflection)... B/22/06 12:58 PM 3 KB
— ITO (thin) on Glass.mad TIZ20210:54 AW 3 KE —
ITO an Glass (with Backside reflectiony.mod 622106 12:58 PM 3 KB
Grapl ITO an Glass.mod TI2210810:55 AM 3 KE ata ‘
Si with Absorbing Film.mod TI2210810:55 AM B KB
Siwith Mative Ouide mod TII2I0810:55 AW 1 KB
Siwith Thermal Oxide mod 22081055 AM 1 KB
Siwith Transparent Film mod TI2210810:55 AWM 2 KB
Add Folder Link
File Mame: |gi with Transparent Film.mod

Figure 2-19. From the ANalysis tab, press ‘Open Model’ and choose the “Basic” Folder
Link on the left — this provides access to many starting models on either glass or silicon
substrates.
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2.6. Running a Recipe and Viewing Results

After choosing the components of a Recipe, press the ‘Measure’ button.
CompleteEASE will collect data per the Acquisition Parameters at each of the
locations described in the Scan. After each measurement, the data will be analyzed
using the selected Model. An example of this process is shown in Figure 2-20. The
System Status will show the current hardware operation. The Fit Results will be
updated with the model fit results from each point. The Scan Map will show the
current status of a pattern map — green points are already measured, blue is currently
being measured, and red are yet to be measured. Finally, the Graph will show the
data being collected from the most recent point.

&7 CompleteERSE © 1
I"J'Ii asurement | | | |  LoaOut
Systern Stats Fit Results Scan Map
Acquiring Data at 70.00" (-0.75.0.38)... MSE = 4.492 //—"__'_“—MH\
Waazuremart Controls AROILIA MSE Y 3.089 o = “\\

Oxide Thickness = 26 01  0.006 nm P o i

Retipe | | Angle offset=0.043 £ 0.0032 f,’ '\\
.' P 5 # Sk / \I

) - | | % IJ
\

Cancel Measurement | \ / // /
o o

Craph Parms. | Time Remaining = 02:07 Migw Came@ imi.us.

arapn Type | Shoer Dl |

Spectroscopic Data At X=-0.75, Y=0.38 7 i
70 160
60 — ﬁilir: — =
Delta i | 140

40 | __,__,.,,...-- _120

30 | [

] 100
20 a

Psi
Delta

-180
0] 60
0 300 600 900 1200 1500 1800

Wavelength (nm)

Figure 2-20. CompleteEASE during a Recipe measurement with multiple points.

For maps of multiple points, the Graph can be toggled to Graph the parameters for
all points measured up to the current point. To do this, press the ‘Graph Parms’
button within the Fit Results section. The parameter to graph can be selected from a
drop-down list above the Graph, as shown in Figure 2-21.
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System Status Fit Resuts Soan Map
Acquiring Cata at 70,007 (0.28.-0.78). N T e
Measurement Cenfrals ARSI WESR e 7 A g
Rarip | || Angle Ofser = 0,049 £0.0034 o e Fr e
2 z:j\ /
Cancel Measurement | \_\\\ H—'—U'r/. ¢ i
| Grapn Fanma | Tima Rarsaing - 41 sse. View.Camara imaga
Oxide Thickness (nm) vs, Position Zoom Al
2.0 26234
26.163
1.0
26093
> 0.0 26022
25.951
-1.0
25880
2.0 ' I 25809
-2.0 -1.0 0.0 1.0 20
X

Figure 2-21. Viewing Parameter Results of Scan during Measurement.

When the Scan is completed, a table of results will be presented in the Fit Results
panel, as shown in Figure 2-22. The results of any model that are run during recipe
are saved with the measurement data and can be opened at a later time by pressing
the ‘View Previous Results’ button from the Fit Results panel. This opens the
window shown in Figure 2-23.

T

m_'ﬁ_sw bty | Haroware | optir: s=2a
Syestam StebuE Fit Resdts Gean Man
Wating to Acquire Data o LI R o B SR
signt | 1980 s || - .
Measurermart Cortrok: ) e il 4_._ﬁ....| // . Pt
Reeipe: [+Fromptiar Fecpe Componertss (] i P || 4 i,
] y | oam LEZR I:: Y
i £ Hardware 0K | 1.000 0.000 | ( Lt )
¢ Mt IR s
i owee Dty e £ M5 rermeent Ansote MSE | 3493 | 1.308 \ p
T " ide . ™
Measure Thehness | ‘sz _;u:n“ LS //
Angle Offset | 0048 | 0.009 1 “\..q_q_h o
i Fica Aasuls || BaphPam s e et i
Cnicle Thickness :-l
Oxide Thickness (nm) vs. Position Zoom Al
2.0 26.234
26.163
1.0
26.093
> 00 Em.om
25.991
-1.0
I 25.880
-2.0 25.809
-2.0 -1.0 0.0 1.0 20
X

Figure 2-22. Final Results after Scan.
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View Data
Location File Information
Current: James Chooge test
Files Recipe: CUSTOM
Ao, Parameters: 7071 second, Guick PARMS
| Mame | Date Soan Pettern: test.zoan
[test.SE |4r22108 [17:13] Model: Thermal Crxide on S1MOD
Z Alli Sigint Tilt X Tty | Ha
Average 0.7082 | 195896  0.0683 00263 |~
hlin 07082 175025 00628  0.0262
Mz 07082 | 21.2114 00688 00263
Std. Dev, 0.0000 | 07022 00000 0.0000
% Range 0.0000 | 9.4664 | 0.0000  0.0000
(-0.000,1.500) 0.708 20.266 0.0649 0.026 =
(-0.750,1.125) 0.708 19.950 0.0649 0.026
(-0.375,1.125) 0.708 20.485 0.069 0.026
(0.000,1.125) 0.708 20.446 0.0649 0.026
(0.375,1.128) 0.708 17.763 0.0649 0.026
(0.750,1.1248) 0.708 17.989 0.0649 0.026
(1.125,0.740) 0.708 21.211 0.0649 0.026
(0.750,0.740) 0.708 18.757 0.0649 0.026
(0.375,0.750) 0.708 18.289 0.0649 0.026
(-0.000,0.760) 0.708 20.084 0.069 0.026
(-0.375,0.750) 0.708 20.430 0.0649 0.026
(-0.750,0.750) 0.708 19.866 0.0649 0.026
-1.125,0.750) 0.708 20.024 0.0649 0.026
-1.125,0.375) 0.708 19.953 0.0649 0.026
(-0.750,0.375) 0.708 19.964 0.0649 0.026
(-0.375,0.378) 0.708 18.724 0.069 0.026
(0.000,0.3745) 0.708 19.937 0.0649 0.026
(0.375,0.374) 0.708 19.500 0.0649 0.026 E
Calc Multi-Sample Stats || Graph Data ‘ J | ll | Dl
| Copy Text To Cliphoard || Copy Table To Cliphoard

Figure 2-23. Viewing Results after measurements are completed.
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3. Data Analysis 1 — Basic

We have found that the best way to learn software features is through a series of real-
world examples, where the user can follow along. To this end, we have developed
examples that spread over multiple chapters to teach the common CompleteEASE
data analysis procedures. Following this tutorial is instructive for both beginning
and expert users. Chapter 3 begins with basic data analysis examples. Here, we
concentrate on thin films that are transparent. Chapter 4 continues with intermediate
concepts, concentrating on absorbing materials and the extra difficulties involved
with their characterization. Chapter 5 introduces a few advanced topics such as
multi-sample analysis and anisotropic materials. Finally, Chapter 6 introduces in situ
data analysis methods.

The section examples from this chapter are listed below, along with the primary
CompleteEASE features that are discussed.

Section 3.1 General Data Analysis Theory

Section 3.2 Samples with Known N,K: SiO2 on Si
FEATURES IN THIS EXAMPLE

e Opening model and data files o Fitting data
o Parameter error bars ¢ Hiding or renaming fit parameters
¢ Visualizing model changes e Thickness “Pre-Fitting”

Reporting “derived” parameters

Defining fit parameters (i.e. turning on and off)

Section 3.3 Transparent Thin Films - 1
FEATURES IN THIS EXAMPLE

o Cauchy dispersion equation ¢ Displaying optical constants

o Global fits e Expanding layers
e Renaming Layers

Section 3.4 Transparent Substrates
NEW FEATURES IN THIS EXAMPLE
o Graphing multiple data sets e Using the Graph Scratch Pad

o Including backside reflections ¢ Depolarization data
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Section 3.5 Transparent Films -2
FEATURES IN THIS EXAMPLE

¢ Surface roughness e Grade Layer
e Try Alternate Models

Section 3.6 Log and Report a Series of Films
FEATURES IN THIS EXAMPLE

e Copying to clipboard e Comparing optical constants in fit log
(Formatted or Table) o Copy Analysis Report to Clipboard
e Fitlog e Re-analyzing data from log

e Open/Save Snapshot
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3.1. General Data Analysis Theory

Data analysis is a very important part of spectroscopic ellipsometry (SE): without
data analysis, SE measures only the ellipsometric parameters Psi and Delta versus
wavelength. To determine sample properties of interest, such as layer thicknesses
and optical constants, a model-based analysis of the SE data must typically be

performed. The only exception to this is in characterizing the optical constants of
bulk samples, which is described on the next page. The model-based analysis

approach is summarized by the flowchart shown in Figure 3-1. The basic steps of

this approach are:

1. SE data is measured on the sample.

2. A layered optical model is built which represents the nominal structure of the
sample. This model is used to “generate” SE data.

3. Model fit parameters are defined, and then automatically adjusted by the
software to improve the agreement between the measured and model-generated
SE data. This is known as “fitting” the data.

4. The results of the fit are evaluated. If the results are not acceptable, the optical
model and/or defined fit parameters are modified and the data is fit again.

Measuremen

—»| Model

B

Results

Figure 3-1. SE Data Analysis flowchart.

I, Exp. Data
/ v

Gen. Data

n’k ¥
Compare 4, D
-—> | M

b

\_Fit Parameters ~

n.k b
Thickness
Roughness
Unif(frmity
4

The above steps will be described in more detail in subsequent sections. Keep in
mind that while the basic SE data analysis approach is straightforward, “real-world”
samples can often be difficult to analyze. The CompleteEASE software is designed
to simplify common SE data analysis procedures which work for many types of
samples, but there is no substitute for experience when dealing with complex
samples. Please contact your J.A. Woollam Co., Inc. representative if you require

assistance.
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“Pseudo” Optical Constants

If SE data is acquired on a bulk sample which does not have any oxide, surface
roughness, or any other films or overlayers, then it is possible to directly determine
the optical constants of the sample from the ellipsometric data. Equation 4-1 can be
used to transform the ellipsometric parameters Psi and Delta into the material optical

constants “n” and “k” (or equivalently, the complex dielectric function values “g1”
and “g2”).

(g)= (&) +i(g,) = (M)’ = (<n> + i<k>)2 =sin(¢)? -{1+ tan(g)> G;ZJZ] (2-1)

whereg is the angle of incidence and p is defined in Equation 1-1.

However, the direct transformation from ellipsometric data to intrinsic material
optical properties given by (4-1) is quantitatively valid only if all the assumptions are
met, that is, the sample does not have any oxide, surface roughness, or other films or
overlayers. Since all these assumptions are rarely met (or at least it is very difficult
to independently verify that they are met), the term “pseudo” optical constants is
used to describe optical constants which are derived from this analytic
transformation. The “<>” brackets are used to denote “pseudo” optical constants.

In CompleteEASE, pseudo optical constants <n> & <k> (or the pseudo dielectric
function <el> & <e2>) of the current SE data set can be displayed by selecting the
corresponding entry in the “Graph Type:” field of the Options tab. Viewing the data
in terms of pseudo optical constants can be useful for bulk samples.

t, | nk (film 2)

wfnk@my |

n,k (substrate)

Figure 3-2. Schematic representation of a layered optical model with 2 films, parameterized
by thicknesses t1 and t2, and optical constants n & k.

Layered Optical Model

The SE data analysis process for most samples begins by building a layered optical
model which corresponds to the nominal sample structure as shown in Figure 3-2.
Each layer is parameterized by a thickness (13, t,, etc.) and optical constants. Optical
constants describe how light interacts with and propagates through the layer. Using
the optical model and standard textbook thin film equations (Snell’s law, Fresnel
equations, etc.), the software can calculate “generated” or “simulated” SE data. If
the model is a good representation of the sample, the model-generated SE data will
be in good agreement with the SE data measured on the sample, as is illustrated in
Figure 3-3.
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Figure 3-3. Layered optical model in CompleteEASE, with model generated data: (a) the
model generated data (black dashed lines) are not in agreement with the measured SE data
(colored curves), (b) when the top layer thickness is adjusted appropriately, the model
generated data lies directly on the measured data.

Sometimes an ideal layered model does not adequately describe the optical behavior
of the actual sample. The CompleteEASE software can also model two common
“non-idealities”: surface roughness and index gradients. Surface roughness is
shown in Figure 3-4: to model the actual sample which may have a non-abrupt
“rough” surface, an “effective” roughness layer is added to the model. The optical
constants of the “effective” roughness layer are derived by mixing the optical
constants of the underlying material with the optical constants of “void” (which has
optical constants of n=1, k=0). The Bruggeman Effective Medium Approximation
(EMA) is used to calculate the optical constants of this “mixed” layer assuming 50%
void content. While the effective roughness layer approach is certainly an
approximation to the actual sample, this approach works extremely well for
modeling SE data when the size of the surface roughness is much less than the
wavelength of light used to measure the sample. For most SE systems, this implies
that surface roughness features must be less than ~40nm.
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Figure 3-4. Optical model for surface roughness: (a) actual sample with non-abrupt
“rough” surface, (b) optical model with “effective” roughness layer.

Sometimes the optical “constants” of a layer are not constant throughout the layer.
This may be caused by process variations during the film deposition. Figure 3-5
shows how CompleteEASE can model a “graded” film: the layer is divided into sub-
layers with small thicknesses, and each sub-layer has slightly different optical
properties. In CompleteEASE, a linear variation in the film index “n” is assumed for
the graded layer. This simplified approach, which is automated in CompleteEASE,
works well for modeling many types of samples.

Figure 3-5. (a) Continuous variation in the optical properties of the “graded” film, (b)
CompleteEASE approximation of the graded film with discrete layers.

“Goodness” of Fit: definition of the MSE

Quantifying how well the data generated by the optical model “fits” or “agrees with”
the measured data is an important part of the SE data analysis process. One can
easily see “by eye” that model (b) in Figure 3-3 fits the data much better than model
(a). However, to automate the analysis process, the data fit or “agreement” is
quantified by the “MSE” value defined in Eqn. (2-2):

MSEz\/—Zn:[ N F+(Ce —Cq F+(s¢ — 86 F]x1000

= (2-2)

[I3% 1) “ 2

where “n” is the number of wavelengths, is the number of fit parameters, and
N=Cos(2¥), C=Sin(2¥)Cos(A), S=Sin(2¥)Sin(A)

“MSE” is an acronym for Mean Squared Error. Actually, the definition given in (2-
2) should be called the “Root Mean Squared Error” (as the error summation is
divided by the number of measurement points minus the number of fit parameters,
and the square root is taken). However, for historical reasons, we still use the term
“MSE” to quantify the “goodness of fit”.
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Basically, the MSE sums over all the measurement wavelengths the differences
between the measured data (parameters subscripted with “E”) and model generated
data (parameters subscripted with “G”). In CompleteEASE, the difference between
the measured and model generated data is calculated in terms of the “N”, “C”, and
“S” parameters, which are derived from the ellipsometric Psi (W) and Delta (A)
parameters. The “N, C, & S parameters have the following properties which make
them better suited for the MSE definition (compared to using ¥ and A):

1. N, C, & S are always bounded between -1.0 and 1.0.

2. The rotating compensator ellipsometer configuration measures data with
approximately the same precision and accuracy in N, C, & S on any sample.

The N, C, & S parameters for the current data set in CompleteEASE can be plotted
by selecting the “N, C, & S” entry in the “Graph Type:” field on the Options tab.

The lower the MSE value, the better the fit or “agreement” between the measured
and model generated SE data. As the typical precision and accuracy of the measured
ellipsometric data in terms of N, C, & S is ~0.001, a multiplicative factor of “1000”
is included in the MSE definition of (4-2). This implies that an ideal model fit
should have an MSE of ~1. While this is achieved on certain types of samples
(single thin films on Si substrates, for example), the best model fits for more
complex samples (with thick and/or multiple layers) may exhibit much larger MSE’s
(>10) and still be considered acceptable. It is also possible to get an MSE smaller
than 1, but this implies the match to data is better than accounted for with random
measurement error. In other words, the results likely include some of the “noise”
present from data set.

“Fitting” the Data

To obtain the best fit between the model generated and experimentally measured
data (or in other words, to achieve the lowest MSE), parameters of the optical model
must be “adjusted”. The user defines which model parameters should be “adjusted”
in the fit. These adjustable parameters are also called fit parameters, and they
typically consist of layer thicknesses and parameters which define the optical
properties of the layers. The CompleteEASE software then uses a standard, iterative,
non-linear regression algorithm (the Levenberg-Marquardt method) to automatically
minimize the MSE by adjusting the fit parameters. The Levenberg-Marquardt
method does an excellent job of quickly converging to the best (lowest) MSE value,
assuming that: 1) the optical model accurately represents the sample, and 2) the
initial starting values for the fit parameters are reasonably close to their correct (best
fit) values. To help ensure that the best fit model is found, the CompleteEASE
software includes a couple of powerful features. These features will be used in the
data analysis examples which are presented later in this chapter.

o The “Try Alternate Models” command automatically fits the data using the
ideal layered optical model, and then with surface roughness and index
grading non-idealities added to the model. The results of the various model
fits are summarized in tabulated and graphical format, and the user can then
decide which model is most appropriate for the sample.

o The “Thickness Pre-Fit” and “Global Fit” options perform a large number
of trial fits to the data set, using a wide range of initial starting values for
selected fit parameters. The best fit model is then reported.
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Evaluating the Fit Results

Evaluating the fit results is arguably the most important (and unfortunately the most
overlooked) aspect of SE data analysis. For a model fit to be acceptable, the
following requirements must be simultaneously met:

1. The model generated data must fit the measured data.
Unfortunately, this is difficult to quantify exactly, but as a rough guideline
the MSE value should be in the 0.5 — 2 range for thin film samples which
exhibit relatively little structure in the SE data vs. wavelength curves. For
thick film samples with much structure/oscillations in the data, MSE values
as high as 10 — 20 may be considered acceptable. Another definition of an
“acceptable” fit is that the model generated data lies essentially on top of
the measured data set, reproducing all the structures and features (except
noise). However, it is not always possible to achieve a perfect fit and still
satisfy requirements #2 and #3 below.

2. The model should be unique.
The general rule of thumb is to choose the simplest model that adequately
fits the data set. It is always possible to reduce the MSE by adding more
layers and/or fit parameters to the model, but unless the MSE is
significantly reduced, the additional model complexity is not justified. It is
not generally possible to guarantee that a given model is unique (i.e., it is
the only optical model that can fit the data to the same MSE value). For
more complex samples, one should try alternate models and different
starting values for the fit parameters to partially verify model uniqueness.

3. The model and fit parameters must be physical.
Evaluating this requirement depends on a fundamental understanding of the
constituent materials and structure of the sample. For example, if the
optical constants determined from a model fit are outside acceptable bounds
for the material (e.g., k<O or n>10), the results are unphysical and should be
considered invalid. Often, a knowledge base of measurements on similar
samples is helpful in evaluating the “believability” of the fit results. For
example, from experience we know that index gradients would be
acceptable (or even expected) when analyzing data acquired on indium tin
oxide (ITO) films, but a model which reported an index gradient when
analyzing a thermal oxide on silicon sample would be questionable.
Complementary techniques such as stylus profilometry, AFM, XTEM,
SIMS or Auger depth profiling can also be used to corroborate the
physicality of the model fit results.

If the model fit is deemed unacceptable, try modifying the optical model and/or
defined fit parameters, and repeat the fit procedure until an acceptable fit is achieved.
Finding an acceptable balance between the quality of the fit and the model
complexity requires patience and experience.
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“Physical” Optical Constants

One important criterion for any model is that the resulting optical constants do not
have an “unphysical” shape. This can be difficult to evaluate without experience.
To help “jump-start” your understanding of optical constants, we show a few
examples of material optical constants and explain what makes their shape
“physical”. We will also show corresponding results that would be “unphysical”.

A.

Index (n) must increase toward shorter wavelengths when
the material is transparent (k=0).

PHYSICAL
1.70 1.0
1.68 08
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=
1.64 04
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Figure 3-6. Index must increase toward shorter wavelengths if k=0. These optical
constants are physical as they obey this rule.
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Figure 3-7. Index must increase toward shorter wavelengths if k=0. These optical
constants are not physical because n turns-over (decreasing toward shorter
wavelengths) below 600nm without any absorption (k=0).
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B. Index (n) will “turn-over” and decrease toward shorter
wavelengths if material becomes absorbing (k increasing).

PHYSICAL
5.0 40
45
30
40}
= 20
35
1.0
30
0 300 600 900 1200 1500 1800
nm
Figure 3-8. Index will turn-over and decrease toward shorter wavelengths when
material becomes absorbing (k increasing toward shorter wavelengths). These
optical constants are physical as they obey this rule.

C. Index (n) will return to the normal behavior of increasing
toward shorter wavelengths as the amount of absorption
begins to decrease (k decreasing).
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Figure 3-9. Graphed optical constants appear “physical”, as the index is
increasing for wavelengths above 400nm (where k = 0), index turns-over when
absorption becomes larger (near 350nm) and then returns to normal shape with n
increasing toward short wavelengths when the absorption decreases (below 320nm).
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D.

Extinction coefficient (k) cannot be negative.
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Figure 3-10. The graphed optical constants are “unphysical” because the
extinction coefficient, k, goes negative.
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3.2. Samples with Known N,K: SiO, on Si

FEATURES IN THIS EXAMPLE

e Opening model and data files o Fitting data
o Parameter error bars o Hiding or renaming fit parameters
e Reporting “derived” parameters o Thickness “Pre-Fitting”

o Defining fit parameters (i.e. turning on and off)
¢ Visualizing model changes

The simplest types of samples to analyze are those in which the optical constants of
each material are known. For this case, only layer thickness needs to be determined
in the optical model fit. Unfortunately, most samples do not fall into this category,
as the “optical constants” for most materials are rarely constant. Instead, they often
depend on the material deposition and processing conditions. The analysis examples
in the following sections demonstrate how to determine both layer thickness and
optical constants from SE data. However, in this section we show the “classic”
ellipsometry example which assumes known optical constants for the materials:
thermally-grown silicon dioxide films on silicon wafer substrates (SiO, on Si).

For high quality thermally grown oxide films on semiconductor-grade Si wafers, the
optical constants of both the Si wafer substrate and the SiO, film are known to be
constant. The CompleteEASE software has a standard model for analyzing this type
of sample. To open this model:

1. Start the CompleteEASE software (if the program is not open).
2. Select Analysis>Model:>‘Open’.

3. Highlight (by clicking) the “Basic” folder in the Folder Links: list on the
left side of the screen.

4. Select “Si with Thermal Oxide.mod” in the “Files:” section and click
‘Open’ button.

Next, open an example data file that we previously acquired on an ellipsometer
system:

1. Select Analysis>Data:>‘Open’.

2. Highlight the “Examples” folder in the Folder Links: list.
3. Select the “25nm Oxide on Si.SE” file.

4. Click the ‘Open’ button to open the selected data file.

After opening the specified model and data files, the CompleteEASE screen should
appear as shown in Figure 3-11. Note the experimentally measured SE data (the
ellipsometric Psi and Delta parameters versus wavelength) appear in the graph panel
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as red and green curves, and the optical model contains a substrate (SI_JAW) and
two layers (INTR_JAW and SI02_JAW).

£P CompleteEASE e E7 M
LUENTCCE  Hardware r Options ‘ Log Out
Data: 25nm Cxide on Si Maodel: Siwith Thermal Oxide
| Open ‘ | Save || Info. || Set Ranges | ‘ Cpen || Save || Clear ‘
Fit Layer Commands Add Delete Save =
Include Surface Roughness = QFF
Generate Fit Reset —
Layer# 2 = 5102_1AW Thickness # 2 = 100.00 nm (fit)
Layer# 1= INTE_JAW Thickness# 1 =1.00nm =
Substrate = SI_JAW

Angle Offset = 0.000 (7it)
+ MODEL Options -
+ FIT Options
@OTHER Options =

Graph Type

Spectroscopic Ellipsometric (SE) Data

35 130
Psi .
30 —‘ Delta ——— 1125
N —
-

25 AN P 120
£ L 3
20 = 115

o
15 S 110
~ I S
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Wavelength (nm)

Figure 3-11. CompleteEASE screen after opening the “Oxide on Si” model and the “25nm
Oxide on Si” example data.

Fit Results and Parameter Error Bars

To analyze the data, click on Analysis>Fit:>‘Fit’. The analysis will proceed very
quickly (less than one second on most computers) and the fit results will be
displayed in the Fit: panel (Figure 3-12). Of course, the main parameter of interest
is the total film thickness (27.42nm). The value after the “+” is the estimated error
bar on each fit parameter.

The error bar values reported by CompleteEASE come from the 90% confidence
intervals that are calculated by the fit algorithm. Since the confidence interval
calculation makes a number of statistical assumptions that are not in general
rigorously satisfied, the error bar values reported by CompleteEASE should not be
literally interpreted. In practice, the error bars provide an estimation of the
measurement reproducibility. Large error bars (relative to the magnitude of the fit
parameter) are a useful indicator that the model is not sensitive to the parameter (and
the parameter should likely be removed from the fit). The “Total Thickness”
parameter is a derived parameter (more on that later). Its error bar is calculated from
the sum of error bars for each varied thickness in the fit. Also note that after the fit,
the black dashed “Model” generated data curves are essentially on top of the colored
experimental data curves.
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Figure 3-12. SE data fit and results for oxide on Si sample.

As an exercise, use the “Si with Thermal Oxide” model to determine the total film
thickness for each oxide on Si example file: “60nm Oxide on Si”, “120nm Oxide on
Si”, “300nm Oxide on Si”, and “1600nm Oxide on Si”. Open each data file
(Analysis>Data:>‘Open’) and click ‘Fit’; the results should agree with the values
shown in Table 3-1. There are a few important trends to note in this table:

1. The MSE increases with thicker films (from ~1 to >10), though all data fits
are very good to the eye (i.e. black dashed Model curves lie on colored
experimental curves).

2. The reported “Total Thickness” values do not agree exactly with
thicknesses given in the file names (this is acceptable, as the file names are
only estimated film thickness values).

Table 3-1. Fit results from “Oxide on Si” example files.

Example File MSE |Angle Offset [Total Thickness (hm)

25nm Oxide on Si 0.943 |[0.001+0.0023 |27.42+0.007 nm

60nm Oxide on Si 0.687 |[0.037 £0.0014 |58.54 +0.006 nm

120nm Oxide on Si 2.510 |[0.071+0.0044 124.61 £ 0.007 nm

300nm Oxideon Si | 3.673 | -0.051 +0.0070 |273.02 +0.014 nm

1600nm Oxide on Si | 13.885 | -0.094 + 0.0261 | 1640.58 + 0.195 nm
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JAW Oxide on Si Model, with Interfacial Layer

The J.A. Woollam Co. “Si with Thermal Oxide” optical model supplied with the
CompleteEASE software has a number of unique features. First, the oxide film is
modeled as 2 layers: INTR_JAW, which is a higher-index interface layer, and
SI02_JAW, which contains the optical constants for the SiO, film (which are
different from the optical constants of a SiO, “fused silica” bulk sample). The
optical constants for these layers and for the SI_JAW substrate were published by
Herzinger et al." The interface layer adds model complexity, but it significantly
improves the data fit when the model is applied over a wide oxide thickness range.

To simplify the model and provide more unique fit results, the interface layer
(“Thickness #17) is fixed at Inm. This value is typical for thinner oxide films
(thickness < 100nm); while for thicker oxides, a slight fit improvement can be
obtained by also fitting the interface layer thickness. For example, open the
“1600nm Oxide on Si” file and fit the data with the “Si with Thermal Oxide”
model. Now add the interface layer thickness as a fit parameter by right-clicking

Turn fit parameters on/off the mouse on the “Thickness #1” value (that is, (“®R) on “1 nm”). The value is
by right-click of mouse on now shown in a bold font followed by the word “(fit)”, indicating that this value is
the parameter value. now defined as a fit parameter. (To turn “off” a fit parameter, simply right-click

(“BR) again on the parameter value.) Click on the ‘Fit’ button, and the results box
shown in Figure 3-13 should appear. Note the fit value for Thickness #1 is 3.48 (an
increase from the nominal value of 1nm) and the MSE is reduced slightly from
13.885 t0 10.316. Unless the explicit goal of the sample analysis is to characterize
the interface thickness, it is best to fix Thickness #1 at 1nm nominal value.

& c LI RS s
Analysis Optior

Data: 16800nm Crdde on Si

‘ Qpen H Save H Info. H SetRanges |

Fit:

MSE = 10316

Thickness # 1 = 3.4820.192 nm
Angle Offset =-0.120+£0.0188
Total Thickness = 1640.52+0 315 nm

Figure 3-13. Results from “Si with Thermal Oxide ” model fit to “1600nm Oxide on Si” data
with interface layer (“Thickness #1 ) added as a fit parameter.

Derived Parameters

Even though the interface thickness increased in the preceding fit, the Total
Thickness remained essentially the same (1640.58 vs. 1640.52 nm) for both fits. The
“Total Thickness” is not an actual fit parameter, as the value is “derived” by
summing all layer thicknesses in the model. Derived parameters can be added to the
results by turning “ON” the “Include Derived Parameters” option within Model:
>+FIT Options (Figure 3-14). In addition to “Total Thickness”, additional derived
parameters include “n” and “k” values for a specified layer and wavelength, optical
thickness, total optical thickness and many other possibilities. These will be

addressed further in a later example.

lem. Herzinger, B. Johs, W.A. McGahan, J.A. Woollam, and W. Paulson, “Ellipsometric determination of optical constants for
silicon and thermally grown silicon dioxide via a multi-sample, multi-wavelength, multi-angle investigation”, J. Appl. Phys. 83 (1998)
3323.

3-54 e Data Analysis 1 — Basic CompleteEASE Software Manual



o e o’'@ X
fMeasuremenl In situ | Analysis rHardware r Options |
Data: 1600nm Ozxide on Si Model: Si with Thermal Oxide

‘ Open H Save H Info. || Set Ranges | ‘ Ogen H Saye H Clear ‘ ‘ Open Snapshot H Save Snapshot |

A Layer Commands: Add Delete Save =

it | Reset | | Include Surface Roughness = OFF
MSE = 13.885 Layer # 2 = SI02_JAW Thi.ckness #2 = 1639.58 nm (fit)
_ Layer#1 =INTR_JAW Thickness#1 = 1.00 nm
Angle Offset = -0.094+0.0261 —
Tolal Thickness = 1640.58£0.195 nm| | oupstrate = SI_JAW
Angle Offset = -0.094 (fit)
+ MODEL Options
- FIT Options
+ Perform Thickness Pre-Fit = ON
Use Global Fit = OFF
Fit Weight = N.C.8
Limit W, for Fit = OFF
Limit Angles for Fit = OFF
Max. Acceptable MSE = 100.000
ﬂlnclude Derived Parameters = ON
Add Derived Parameter
1: Type = Total Thickness Layer #=1 Name = Total Thickness ml
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Figure 3-14. “Include Derived Parameter” section of the model.

If you wish to delete a Derived Parameters, simply right-click on the number (shown
in blue) next to the parameter you wish to delete.

Hiding, Renaming, and Bounding Fit Parameters

In the “Si with Thermal Oxide” model, “Angle Offset” was also defined as a fit
parameter. The “Angle Offset” is added to the nominal angle of incidence in the
optical model calculation. For most analysis (and especially when fitting for optical
constants) it is best to leave the Angle Offset fixed at 0. However, since the Si and
oxide optical constants are well known and there is only one additional fit parameter
in the model (Thickness #2), fitting the “Angle Offset” can slightly improve the SiO,
thickness analysis results by compensating for small sample alignment errors. Best
sensitivity to angle of incidence occurs for thin layers (<100nm).

“Thickness #2” is a fit parameter in the analysis, but this parameter doesn’t show up
in the fit results. “Thickness #2” was hidden to prevent confusion with the “Total
Thickness” that is reported. To hide a fit parameter so that it is not displayed in the
Results, left-click (“BL) on the fit parameter value. For example, if you (“BL) on
“1637.05 nm ”, the dialog box shown in Figure 3-15(a) will appear. “Minimum” and
“Maximum” values for the parameter can be specified to constrain the parameter
space for the fit. If the “Show Adv. Parameters” box is checked, the Parameter
Name, Error Bars, and Specification sections are visible. If the “Hide” box is
checked, the fit parameter value will not be displayed as a fit result.
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Figure 3-15. Fit parameter dialogs, showing how to (a) “Hide” or (b) “Rename” fit parameters.
High and Low specs for the fit parameter are also set in (b).

Edit “Thickness #2” as shown in the Figure 3-15(b) dialog box:

e  Check the “Rename” box, type in a different “Name:” for the parameter
(e.g., “Top Si027)

e Uncheck the “Hide” box
e  Type in values for “Low Spec.” (1200) and “High Spec.” (1400).

Click “Ok” to close the dialog box, and fit the data again (with the “1600nm Oxide
on Si” data file loaded). Fit results will appear as shown in Figure 3-16. Since the
“Top Si02” value (1639.58) is outside the Low and High parameter Spec (1200 —
1400), an (Out Of Spec.) message appears after the result.

Fit:

| Generate H Fit || Fit Dynamic || Reset |

MSE = 13.885

Si02-top = 1639.58+0.195 nm_ (Out Of Spec.)
Angle Offset = -0.094x0.0261

Tatal Thickness = 1640.58+0.195 nm

Figure 3-16. Fit results with parameter renamed and “Top SiO2” parameter “Out-of-Spec”.

Thickness Pre-fitting

One further concept will be demonstrated using “Si with Thermal Oxide” model.
For this example, reload both the “Si with Thermal Oxide” model and the “1600nm
Oxide on Si” example data file. From the Model>+FIT Options section, turn the
“Perform Thickness Pre-Fit” option to “OFF” by clicking on the underlined blue
value. Then press Fit>‘Generate’. The screen should appear as shown in Figure
3-17. Note that the data generated by the model (black dashed curves) using the
default thickness (100nm) does not match the experimental data. Now click the ‘Fit’
button: the data fit is still very poor, and the reported MSE is very high (677). This
illustrates what happens if you start the fit with parameter values that are not
reasonably close to their best fit values.
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Figure 3-17. Data generated from “Si with Thermal Oxide” model, using default parameter
values. The “Perform Thickness Pre-Fit” option is turned “OFF”.

Now set “Thickness #2” to “1650” and “Angle Offset” to “0” (by clicking on the
respective parameter values), and click “Generate”. The screen should appear as in
Figure 3-18. While the model and experimental data curves do not line up exactly
(slight shift), at least the basic structure and features in the data sets appear similar.
Click the ‘Fit’ button, and observe that a good quality fit is obtained.
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Figure 3-18. “1600nm Oxide on Si” data set, with model data generated using a closer

(1600nm) starting thickness value.
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A good starting value for “Thickness #2” is critical to achieve the best data fit.
Without the Thickness PreFit, the software tries to adjust the fit parameter
(thickness) to lower the MSE. However, the MSE profile is not a single minimum at
the correct thickness. It also contains many other minima, which are called local
minima. These local minima can trap the normal fit process. Each of these local
minima are at a much larger MSE value, as shown in Figure 3-19., so it is easy to
distinguish the correct answer from a thickness result that does NOT match the
Experimental curves. However, it is tedious to guess starting film thickness values
for all samples.

Parameter Uniqueness Fit
1000

800

600 |

MSE

400

200

0 500 1000 1500 2000
Thickness # 2

Figure 3-19. MSE profile for 1600nm SiO2 on Silicon data using the Thermal Oxide on
Silicon model. The only answer occurs when the SiO2 thickness is near 1640nm. However, a
normal fit will only find this answer if the starting point is near the final answer. To overcome
this problem, our patented “Thickness PreFit” automatically searches for a good starting
thickness near the final answer.

The CompleteEASE “Thickness Pre-Fit” option automatically provides a good
starting value for the thickest layer in the model, using a special patent-pending
algorithm. To demonstrate this feature, turn the “Perform Thickness Pre-Fit” option
back to “ON”. Input a “bad” starting value for the “Thickness #2” parameter, for
example “50”. Click ‘Generate’ to verify that the model starting parameters are not
close to the best fit. Now when you click the ‘Fit’ button, a good data fit appears on
the screen, even though the initial thickness value (50nm) was not close to the final
best fit value (1639.58nm). For most analysis, it is useful to have the “Perform
Thickness Pre-Fit” option turned “ON”, especially if accurate starting thickness
values are not available.

To better understand the Thickness Prefit, consider that the data will oscillate versus
wavelength as the film becomes thicker due to interference between reflected light
from the surface and bottom of a thin film. As thickness increases, more oscillations
will occur versus wavelength. Of course this is not independent of the index of
refraction, but the underlying principle is that a larger “optical thickness” will have
more oscillations. The Thickness Prefit works by quickly interpreting the data
oscillations to “estimate” the actual thickness, as illustrated in Figure 3-20. Often,
this fast calculation is adequate to get a good starting point for the normal fit
procedures.
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Spectroscopic Ellipsometric (SE) Data
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Figure 3-20. Thickness Prefit uses a proprietary algorithm to very quickly estimate the
thickness of a film based on oscillations in the data.

Visualizing Model Changes

It is useful to understand how changes in the model affect the generated data. For
example, an increase in thickness will shift the interference oscillations toward
longer wavelengths. CompleteEASE allows convenient simulation as a model
parameter changes.

e  Position the mouse over a model parameter you wish to adjust.

e Hold down the “Shift” key as you roll the mouse wheel up and down. The
model parameter is increased or decreased by a set increment and data are
re-generated with the new model values.

e  For smaller parameter increments, simultaneously hold “Ctrl-Shift” as you
roll the mouse wheel.
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3.3. Transparent Thin Films - 1

FEATURES IN THIS EXAMPLE

o Cauchy dispersion equation » Displaying optical constants

o Global Fits e Expanding Layers
e Renaming Layers

The next set of examples will demonstrate how to determine the film thickness and
index of refraction “n” for transparent films deposited on substrates with known
optical constants. While there are certainly cases in which it is not known a priori if
the film is transparent (films which are absorbing are covered in the following
chapter), there are also many applications where the film can be assumed
transparent, at least in the visible spectral range: optical coating materials (SiO,,
TiO,, Ta,0s, MgF, etc.), some nitrides (SizNg4, AIN), many organic films
(photoresists, PMMA, spin-on polymers, etc.), and so on. In addition, the presence
of periodic data oscillations suggests interference between top and bottom of a semi-
transparent film (as shown in Figure 3-21).

1
n

Figure 3-21. Interference within a transparent thin film.

The index of refraction for transparent films in the visible spectral range is often
specified using the Cauchy dispersion relation given by Eqn. 4-3. The “A” parameter
relates to the approximate amplitude for the material index, while “B” and “C”
parameters provide the shape or curvature of the index versus wavelength. Figure
3-22 shows index dispersion curves for three common transparent materials. For
most transparent materials in the visible spectral range, the index curves slightly
upward at shorter wavelengths, a behavior which is well described by the Cauchy
dispersion equation.

n(A) = A+%+% (4-3)
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Figure 3-22. Index of refraction “n” for common transparent materials, described by the
Cauchy dispersion equation.

Si with Transparent Film

This example uses the “Flow-on Glass on Si” example data file. First, fit this data
set using the “Si with Thermal Oxide” model as described in the preceding section.
The results should look like Figure 3-23; the data fit is reasonable, but discrepancies
are observed between the model and experimental curves in certain spectral regions,
and the MSE is fairly high (~28). In addition, there is a significant Angle Offset (-
0.698°). This is unreasonable for the hardware measurement, which had an angle
accuracy of 0.01°, which helps prove the model is not acceptable for this data set.
The “Flow-on Glass” material coated on this sample is similar to SiO,, but with
slightly different refractive index. Thus, it requires a different model that can
account for a different refractive index.

B T e R e R e e e e R S L B R T
Measurement | In situ | Analysis | Hardware | Oplions
Deata: Flow-on Glass on 31 Model- S with Themmal Oxide
Qp=n || Save Infe, | Sl Ranges Cpen Jaie Clear | | Open Snapsngl | Sgee Snapshol

i Layer Commands: Add Delets Save =

Ganarare By || Fromamic gl Include Surface Roughness = OFF
Layer#2 = SI02 JAW Thickness # 2 = 351.14 nm {fif)

MSE = 27.941 == SY ! =
Angle Offsat = =0 698+0 0551 Layer# 1= INTR_JA&W Thickness # 1= 1.00 nm =

i Subsirate = SI_JAW
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Figure 3-23. Fit using “Si with Thermal Oxide ” model.
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Right-click the mouse
(“BR) over a Layer name to
show its optical constants
(n,k).

To determine the index and thickness of the Flow-on Glass film, open the “Si with
Transparent Film” model (which is also found under the “Basic” folder in the Open
Model dialog box), and click the ‘Fit’ button. A nice data fit is obtained (though the
fit takes longer than the “Si with Thermal Oxide” data fit) with the fit results shown
in Figure 3-24. The reported fit parameters are Thickness #1 (which is the film
thickness) and the film’s Cauchy parameters: A, B, and C. The film index of
refraction at a specified wavelength (632.8nm) is also reported as a derived

parameter.
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Figure 3-24. Fit results for “Flow-on Glass on Si” example file using the “Si with

Transparent Film” model.

To display the film’s index of refraction versus wavelength, right-click (“BR) on the
material name “Cauchy Film” and choose the option “Graph Layer Optical

Constants” (Figure 3-25). The optical constants will be displayed in the graph
window as shown in Figure 3-26.

To display and edit the film Cauchy parameters, click (*®L) the red “+” symbol to

the left of “Layer #1”. The layer expands (and the “+”

turns to a

(73R

, which can be

clicked to collapse the layer), and the layer fit parameters are now accessible, as
shown in Figure 3-26. The “k Amplitude”, “Exponent”, and “Band Edge”
parameters describe an exponential “Urbach” absorption tail - not required for this

example.

NOTE: The Cauchy layer is described in further detail in Section 9.6
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Figure 3-25. To view a layer optical constants, (*6R) over the layer name and choose to
“Graph Layer Optical Constants”.

_@Domme EASE - : i =0 @
teasurement | in stu ritware | Options
Diata. Fiow-on Glass on & Modei: Si with Transparent Filn
| Lpan [ Save | Infa | .heﬁ Ranges Opan | Sayn | Clear Qpgn Snapshat Sz Snapshot |
Fi Layer Commands: Add Delste Save =
Senenals | Jal} #il Oy sl Include Surface Roughness = OFF
MSE = 2.692 Layer #1 = Cauchy Film Thickness # 1= 371.25 nm (fif)
: - A=1408 (fity B = 0.00504 (fif) C =-9.09567E-05 (fit)
Th_lclmess # 1= 2371.25£0,096 nm k Ampliude = 0 Exponent = =
A= 1.408£0.00032507 ot S =
B = 0.005040 00011589 = b;“I _95‘: ﬁiﬁ;_"ﬂm
C = -9.9567E-0541.2691E-05 (SuBstrala = SIHAW |
n of Cauchy Fllm @ 632 8 nm = 1413 Angle Offset = 0.000 1
: ’ ) "~ | |+ MODEL Options
+ FIT Options
1l i [ 1¥ |+ OTHER Onti =
Graph Type . [ 3!10'\\'[;313

Opt. Canst. of Cauchy Fllm va. nm
208 1.0

208 08
204 0.6
= kS
.02 0.4
2m T (u2
1.0 0.0

300 400 500 800 700 BOO anD

nm

Figure 3-26. Optical constants displayed versus wavelength. Also, the Cauchy layer is
expanded, displaying its available fit parameters.

Global Fits

Like the “Si with Thermal Oxide” model, the “Si with Transparent Film” model uses
the “Thickness Pre-Fit” option to provide a good starting value for the layer
thickness. To provide starting values for the film index, a “Global” fit is performed.
In a Global fit, a wide range of parameter starting values are attempted and the
values which result in the lowest MSE are then used as starting values for the “final”
fit. The “Use Global Fit” option is found within Model:>+FIT Options. With this
option “ON”, expand the section (click red “plus”) to display additional settings
which are used to customize the Global fit procedure (Figure 3-27).
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In the “Si with Transparent Film” model, the Cauchy “A” parameter for the film
(which is basically the approximate index of the film) is defined as a Global fitting
parameter. Up to 3 fit parameters can be used in the Global fit. The “Min.” and
“Max.” values for “A” are 1.3 and 3.0, and the “# of Guesses” is 30. When the ‘Fit’
button is pressed, the Global fit procedure performs 30 “trial fits” with different
starting values for “A”, distributed in equal increments between 1.3 and 3.0. At each
trial fit (i.e. for each value of “A” - which corresponds to the film index), a thickness
pre-fit is also performed such that the entire array of film thicknesses and indices are
attempted. A final fit is performed using starting parameter values from the trial fit
which had the lowest MSE.

Layer Commands: Add Delete Save
Include Surface Roughness = OFF
-[Layer # 1 = Cauchy Film Thickness # 1 = 371.25 nm (fit)
A = 1.408 (fit) B = 0.00504 (fit) C = -9.9567E-05 (fit)
k Amplitude = 0.00000 Exponent = 1.500
Band Edge = 400.0 nm
Substrate = SI_JAW
Angle Offset = 0.000
+ MODEL Options
- FIT Options
+ Perform Thickness Pre-Fit = ON
- Use Global Fit = ON
# of Data Paints = 20 # of lterations = 5
Parm#1=A
Min. = 1.300 Max. = 3.000 # Guesses =30
Parm #2 = (none)
Parm #3 = (none)
Include Wvl. Range Expansion Fits = OFF
Fit Weight = N.C.S
Limit Whl. for Fit = OFF

Limit Angles for Fit = OFF
Max. Acceptable MSE = 100.000
Binclude Derived Parameters = ON
Add Derived Parameter
1: Type =n Layer#=1 Wavelength =632.8 nm Name =n of Cauchy Film @ 632.8 nm
Low Spec. = 0.000 High Spec. = 0.000
+ OTHER Options
Configure Options
Turn Off All Fit Parameters

Figure 3-27. Settings for the “Si with Transparent Film” model; note the “Use Global Fit”
and “Include Derived Parameters” sections.

Since the Global fit process is computation intensive, a status bar with a ‘Stop’
button is displayed during the Global fit (Figure 3-28). To speed up the Global fit,
only a subset of the experimental data points are used during trial fits based on the
“Number of Data Points to Use” option. The number of iterations used in the trial
fits can also be limited. The default values for these options (20 and 5) are adequate
for most samples, but they can be increased if necessary: larger values may improve
the robustness of the global fit, but with the downside of increased analysis time.
Likewise, the Min., Max., and # Guesses for the parameter(s) may also need to be
“tuned” to handle specific types of samples.
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Figure 3-28. Status box and ‘Stop’ button displayed during a Global Fit.

Rename Layer & Fit Parameters

If you notice from this example, the Fit Results shown in the Fit: panel list the
Cauchy results, as shown in Figure 3-29.

Fit:

| Generate || Fit || Fit Dynamic || Reset |

MSE = 2.692

Thickness # 1 = 371.25+0.096 nm

A =1.408+0.00032907

E = 0.00504+0.00011589

C =-9.9567E-05+1.2691E-05

n of Cauchy Film @ 632.8 nm = 1.419§

Figure 3-29. Fit Results for Flow-on Glass.

When preparing this model for a new material, it can be helpful to rename the fit
parameters to describe the type of film being measured. Right-click on the Cauchy
layer and choose “Rename Layer & Fit Parameters”, as shown in Figure 3-30.

Layer Commands: Add Delete Save
Include Surface Roughness = OFF

Layer #1 = @mm@ Thickness # 1 = 371.25 nm (fit)

A=1.40 Graph Layer Optical Constants

- 9.9567E-05 (fif)

k Amplity
Band Ed
Substrate =
Angle Offse

Rename Layer and Fit Parameters
Save Layer Optical Constants
Parameterize Layer

View Layer Comment

1.500

+ MODEL Op
- FIT Options

+ Perform
[ |

Convert To EMA
Convert To Anisotropic
Grade Layer

Start Superlattice

Figure 3-30. Right-click on a layer to “Rename Layer and Fit Parameters”.
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This brings up the following dialog box, as shown in Figure 3-31. Choose what you
would like to rename — the layer as shown in the model, the layer parameters (for
Cauchy, this would be A, B, and C parameters), and the thickness parameter as
reported in the Fit Results. | have chose the first and third, which gives a final fit
(press Fit again) as shown in Figure 3-32.

Rename Layer Options

Mame: |Flnw—nn Glass

Rename Layer
[ | Rename Layer Parameters

Rename Thickness

Ok

Figure 3-31. “Rename Layer Options” dialog box.

&P CompleteEASE
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Figure 3-32. Final Fit Results with the Layer Renamed (in model) and the Thickness
Renamed (as shown in Fit: Results panel).
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3.4. Transparent Substrates

NEW FEATURES IN THIS EXAMPLE
e Graphing Multiple Data Sets e Using the Graph Scratch Pad

o Including Backside Reflections o Include Depolarization data in Fit

In the previous example, we introduced the Cauchy dispersion relation to model the
index of refraction for transparent films. In addition, the Cauchy can also be applied
to transparent substrates. This is the most common approach for substrates of glass
or plastic and the “Glass Substrate” model will use a Cauchy to determine the index
for glass substrates. This example will demonstrate the modeling of transparent
substrates.

With transparent substrates, we must consider a possible complication — the light
may reflect from the back surface of substrate and reach the detector. The backside
reflections will join the surface reflection, but these two collected beams will be
incoherent. This is an optical description for light beams that have lost “phase”
information relative to each other. In this case, the backside reflection will only
adjust the overall amplitude of the signal and not produce “oscillations” like we see
for thin films. This amplitude “offset” from backside reflections can lead to an error
in the reported substrate index if not handled correctly. Fortunately, the backside
reflections can be corrected in the software (described below).

Backside Substrate Reflections

The backside reflections that occur with transparent substrates are unwanted. They
will affect the measurement and can produce errors in the reported refractive index
for either the substrate or the thin films coated on the surface of the substrate. There
are multiple ways to deal with transparent substrates and this topic is reviewed by
Synowicki?. There are two general approaches to deal with transparent substrates.
The first is to avoid collection of the backside reflection. Methods to avoid
collecting backside reflections include:

e  Spatial separation of the backside beam via 1) thick substrate, 2) small
measurement beam size, or 3) wedged substrate.

e  Scattering and/or absorption of the backside reflection via 1) roughening the
backside to scatter light, or 2) applying index-matching material to the
backside (cloudy tape has been shown to be successful to this end).

If the backside reflections can not be avoided, then they need to be included in the
software calculation. This will be demonstrated during the example. Fortunately,
most Woollam SE systems collect depolarization data, which provides evidence of
whether backside reflections are present in the collected data. If the depolarization is
essentially zero, then no backside reflections reached the detector. This is the
preferred condition. If backside reflections reach the detector, the CompleteEASE
software can incorporate incoherent interference modeling to correct for the
situation. Let’s consider data from a glass substrate to better understand this
situation.

2R.A. Synowicki, “Suppression of Backside Reflections from Transparent Substrates”, Phys. Stat. Sol. (c) 5, No. 5 (2008) 1085-1088.
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Graphing Multiple Data Sets

Open the data file for “glass substrate_rough” from the Examples location. This
measurement was taken on a glass slide which was mechanically roughened on the
backside to eliminate any reflected light from the back surface. Next, (“BR) on Data
> ‘Open’ to access the “Append Data” command, as seen in Figure 3-33. Choose the
“glass substrate taped” data file from the Examples location. Repeat these steps to
also append the “glass substrate smooth” data file.

Note: While you can only Open one file at a time, the Append command allows
multiple files to be selected simultaneously.

&7 CompleteEASE

Data: glass substrate_rough
Fit:

Figure 3-33. (*8R) on ‘Open’ command to access the “Append Data” command.

When multiple data sets are appended, CompleteEASE allows all three to be
accessed in the Graph window (either individually or the complete set). Select the
“Graph Type” command at the top-left of the graph panel and choose to compare Psi.
From this same location, also turn off the Double Y Axis. Finally, choose the
“Graph All Data Sets” at the top of the Graph panel. This will allow a comparison of
the Psi curves collected from all three data sets as shown in Figure 3-34.
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Figure 3-34. When multiple data sets are appended, there are new choices at the top of the
Graph Panel to go to any specific data set. Selecting the “Graph All Data Sets” check-box,
allows comparisons with all data sets graphed.

Using the Graph ScratchPad

While the “Graph All Data Sets” provides a quick comparison of the three data sets,
it is not customizable. For example, we can’t change the colors or select a subset of
the total curves. For this purpose, we turn to the Graph Scratch Pad. Right-click
(“BR) within the graph area and choose to “Copy Data to Graph ScratchPad”, as
shown in Figure 3-35. This will copy all of the curves currently shown on the graph
and place them in an internal “pad” for further manipulation. Next, choose to “View
Graph ScratchPad” from the same (®R) menu. This opens the CompleteEASE
Graph ScratchPad, as shown in Figure 3-36. Play with the ScratchPad by selecting
which curves to compare, change their colors, and their styles. Finally, it is
beneficial to change their names to correspond to the data set that they came from.
Figure 3-37 shows a comparison of the taped and rough glass data — which are nearly
identical. This shows that taping the backside can be as effective as roughening the
backside of a transparent substrate for removing backside reflections. The data
comparison also shows a large difference between the rough or taped data and the
data with smooth backside. This large offset is caused by the light reflecting from
the backside of the substrate. Next, we will model each data set to show how this
backside reflection can produce error in refractive index measurement and finally,
how to correct for this backside reflection.

CompleteEASE Software Manual

Data Analysis 1 — Basic e 3-69



Graph Type Diate ot [ W3 glaes sumatrale_smaath [~ aph Al Dala Sets
i e ] D i L T —
2o
= Zoom Al
it Bai. 2 == Stastica A
— Cogy Giagh [ Cipaoang
220 o 1 1 | CopyDatata Clipooain I
| cmynam o peon sosren |
S8 t 1 t i e L |
¥ Show Logend
1] Show Symibols
210 ! =
W Ao Y-Grale
0 Marwsal V-2l
M5 ! ! : s iy WS —
,..—,,——’,’— 0 Marws H:5caln
w00 1 Uke Qlpboait asped &@ls —
300 00 500 GO0 T ER R 1w
Wavalangth [rm) ol et |

Figure 3-35. Right-click (*BR) within the graph area to access the “Graph Scratchpad”.

£7 Graph Scratchpad Pl g |
Graph |_2ndY | Color Style Curve Name
c1 vl O 0 Psi, #1
c2 vl O 0 Psi, #2
c3 vl O 0 Psi, #3
‘ Edit || Delete Delete All H Create Curve || Add Trend H Graph Settings | ‘ DOpen || Save ‘
Spectroscopic Ellipsometric (SE) Data
23.0
Psi, #1
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2250 {0 . _
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Figure 3-36. CompleteEASE Graph Scratchpad allows customization of the graph.
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Figure 3-37. The Graph ScratchPad is used to compare data from glass substrate where the
backside is roughened or taped to suppress backside reflections.

Before proceeding, clear the contents in the Graph ScratchPad by viewing the
ScratchPad and pressing ‘Delete All’.
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Figure 3-38. Fit to “Glass Substrate” data.
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Shortcut:

CTRL-Z to graph
Depolarization

In a later example, we will learn how to fit multiple data sets simultaneously.
However, for this example, we will focus on fitting each individual data set. Start by
opening the “glass substrate_rough” data file. Next, open the “Glass Substrate”
model from the Basic folder. Press ‘Fit’ and you should get the result as shown in
Figure 3-38. The data appear noisy, but this is primarily due to the graph scale.

Opt. Const. of Cauchy Substrate vs. nm
1.535 10

1.530

1.525

1.520

1.515

1510—— | - :
300 400 500 600 700 800 900

nm

Figure 3-39. Index of refraction from Cauchy model fit to bare glass substrate.

The final index of refraction can be viewed by right-clicking on the Cauchy
Substrate and choosing “Graph Layer Optical Constants”. Right-click (“BR) inside
the Graph and choose “Copy Graph to Clipboard” to transfer the graph shown in
Figure 3-39 to Word.

NOTE: Please copy the optical constants graph to the “Graph ScratchPad” before
proceeding as we will compare the results to future fits in this example.

Graphing Depolarization

Ellipsometry measurements use polarized light. If the sample is isotropic and ideal,
this measurement can be described by two values: ¥ and A. However, if a sample is
partially depolarizing, two parameters are insufficient to fully describe the change in
polarization. The patented Rotating Compensator technology used in the alpha-SE,
M-2000, and RC2 systems permits measurements of three reported quantities: W, A,
and %depolarization. The “%depolarization” should remain zero for ideal sample
conditions.

HINT: Some ellipsometers require DC measurement to acquire accurate
depolarization data. Please consult your hardware manual (or contact JAWCO) to
best measure the depolarization.

Before proceeding, press on “Graph Type” at the top-left of the Graph. Change
from “Psi & Delta” to “Depolarization”. Notice, the Depolarization graph in
Figure 3-40 is near zero. This indicates that little light is reflected from the
backside into the detector.
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Figure 3-40. Depolarization from uncoated glass slide (no backside reflections).

Next, open the “glass substrate smooth” data file. The graph of Depolarization is
now centered at almost 2%. This indicates the backside was smooth and

Shortcut: incoherent reflections from the smooth backsurface reached the detector unit.
CTRL-P to graph Change the Graph Data back to “Psi”. Press Fit:>‘Generate’. The model no
Psi. longer matches the experimental measurement even though this data is from the

same glass substrate (only with backside reflections). The backside reflections do
more than introduce depolarization — they also shift the ellipsometry values. Fit
the data with the same model and you should get results as shown in Figure 3-41.
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Figure 3-41. Fit results and optical constants for glass substrate_smooth data modeled
without backside reflections.

Before proceeding, view the optical constants and add these new results to the Graph
ScratchPad - allowing comparison of the two results in the ScratchPad as shown in
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Figure 3-42. The first fit result should be correct, as the glass did not include
backside reflections. The second fit, with a much lower index of refraction is
incorrect because the backside reflections were present in the data, but were not
considered in the model. Both fits had a good MSE, which shows that the wrong
model can often lead to misinformation. In this case, there are a couple ways to
ensure the correct model is found. For any bare transparent substrate, it is preferred
to measure multiple angles of incidence. This data would have shown us that the
smooth backside data was not correct, as more than 1 angle will not fit at the same
time in the presence of backside reflections. Unfortunately, this data was collected
from an alpha-SE with only a fixed angle. Fortunately, there is another method that
can account for backside reflections in measured data and help get correct results.
This is considered in the following section as it is a common occurrence with
transparent substrates.

ﬂ;‘ Graph Scratchpad n“ @ E
Graph | 2ndY | Color | Style Curve Name

c1 v] Ll 0 n, Backside Rough
c2 L] v 0 K
c3 v] [] 0 n, Backside Smooth
] O v] 0 K
| Edit H Delete H Delete All H Create Curve || Add Trend || Graph Settings | | Open H Save |
A opt c onst ofcauchy su bst mie Vs nm ................................................

1.54

A\“-
1.52
[ ——
1.50
n, Backside Rough

= n, Backside Smooth

1.46

|
1.44
—____-_‘—-———__
—_—™—
1.42
300 400 500 600 700 800 800
nm

Figure 3-42. Comparison of fit results for refractive index from within the CompleteEASE
Graph ScratchPad.

Including Backside reflections

Backside reflections are common with transparent substrates. Substrates are
generally thicker than the coherence length for the white light source of the
ellipsometer. Thus, the returning light does not interfere in a coherent sense, as its
phase information is lost compared to the reflections from the top-surface coatings.

Back-side reflections are undesirable when characterizing surface films. This is
especially true if the substrate is anisotropic. To prevent back-side reflections the
back-surface can be roughened to scatter light, as in Figure 3-43. For thicker
substrates, the backside reflections may be spatially separated at the detector and
thus not a concern.
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el

Figure 3-43. Reflections from the backsurface of transparent substrate are incoherent. This
light can be avoided by roughening the backsurface to scatter the reflected light.

If the backside reflections can’t be avoided, the “incoherent” summation of light
beams can be handled mathematically. To include backside effects in the model,
expand the +MODEL Options section of the Model. Turn “Include Substrate
Backside Corrections” to ON, as shown in Figure 3-44. The correction depends on
the amount of light collected from the backside, which can differ for different
substrates. In the Model Options section, select the “# Back Reflections” as a fit

parameter.
- oyl
fMeasuremem Insitu | Analysis rHardware ’/Oplions ‘

Data: glass substrate_smooth Model: Glass Substrate (Cauchy model for Glass Substrate, with Surface Roughness)

‘ Qpen H Save H Info. H SetRanges ‘ | Open H Saye H Clear ‘ | Open Snapshat || Save Snapshot
IAe Layer Commands: Add Delete Save =
Reset Include Surface Roughness = ON Roughness = «1.36 nm (fit)

MSE = 0284 + Substrate = Cauchy Substrate Substrate Thickness = 1.0000 mm

Angle Offset = 0.000
- MODEL Options
Include Substrate Backside Correction = ON
Transmission SE Data = OFF Reverse Direction = OFF
# Back Reflections = I (fity % 1st Reflection = 100.00 L
Model Calculation = Ideal

Roughness =-1.36+0.012 nm
A=1.421£0.00022944

B = 0.00510+0.00013185

C = -8.7066E-05+1.6576E-05

n of Cauchy Substrate @ 632.8 nm =

41 Il I M L et e e =

Figure 3-44. Model Options expand to allow Include Substrate Backside Correction. The
number of Back Reflections can be “fit” to best match the experimental data.

Fitting Depolarization

There is correlation between the substrate index and the amount of backside light
collected when modeling ellipsometry data at one angle of incidence. However,
depolarization data is only influenced by the amount of backside light collected. The
default setting is to ignore the depolarization data and only fit Psi and Delta. In fact,
the depolarization fitting selection is a hidden feature of the model. To show this
feature, go to the bottom of the Model: panel and press Configure Options. This
will bring up the dialog box shown in Figure 3-45. Check the box next to “Include
Depolarization Data” in the Fit Options section and then ‘Ok’. With this option
shown, choose Model:>+Fit Options and turn the “Include Depolarization Data” to
ON, as shown in Figure 3-46.
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[T SCATETTTg et = - —
[] Patterning = Tells the model to include depolarization data in the fit.
[] Multi-Model Patterning

Fit Options

Include Depolarization Data

[[]Include Reflection Intensity Data

[[] Transmission Data Weighting [

[] Use GenE/MM Data

[] More Fit Options
Other Oplions

[] simulate Data

[]#ofCores

[] Color Calculation

Include All H Clear All

(!

Figure 3-45. Press Configure Options to show additional Model options. In this example, we
will add “Include Depolarization Data” as shown.

+ MODEL Options
- FIT Options
Perform Thickness Pre-Fit = OFF
Use Global Fit = OFF
Fit Weight = N.C.S
Include Depolarization Data = % Weight = 100.00
Limit Wvl. for Fit = OFF
Limit Angles for Fit = OFF
Max. Acceptable MSE = 100.000
+ Include Derived Parameters = ON
+ OTHER Options

Configure Options
Turn Off All Fit Parameters

Figure 3-46. The “Include Depolariztion Data ” section within the +Fit Options section of the
model.

Press ‘Fit’ again for the “Glass Substrate_smooth” data including the backside
reflections (with fit to # of Back Reflections collected) and using the Depolarization
data in fit.

Note: You will probably have to reduce the # of Backside Reflections down to 1
(from default of 5) to get the depolarization data to fit.

When done correctly, the result should appear as in Figure 3-47. The measurement
of depolarization provides sensitivity to the amount of backside reflected light that is
reaching the detector. In this case, the best fit is with 1.5 backside reflections, as
shown in Figure 3-48 (where the number of backside reflections is varied to see
whether the number of backside reflections is a unique result). This means the
substrate is thin enough that the first reflection from backside is completely collected
in the detector, while the second reflection is spatially shifted enough to only collect
about half of this second reflection. Of course, as the number of reflections
increases, the amount of additional light reaching the detector is much lower and the
sensitivity goes down. Thus, there is little difference in the calculation between 3, 4,
and 5 total reflections from the backside.
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Before proceeding, let’s view the optical constants from this result and copy the
graph to the Graph ScratchPad for further comparison with our previous results. The
final comparison of optical constants is shown in Figure 3-49. The index for
backside roughened glass is similar (but not exactly equal) to the results for smooth
backside glass when the fit is corrected including depolarization. If the backside
effects are not considered, the fit results significantly affect the index of refraction.
There are two possibilities as to the difference in final results when corrected:

o Depolarization data not accurately determined.

e  Some backside reflections for roughened glass still remain.

i oo @
i ;easu'emﬁnl :_r. Nl 'Anslyals :_Hamware :_C-pnons-
Diata’ pfass subsirate_smooth Model Giass Substrate (Cauchy model for Giass Substrate, with Surface Roughness)
Open || S Inia | SetRanges Open Sarwe || Clear | Open Snapshal | Save Srapshol
Kk Layer Commands: Add Delete Save i
Generme || g _zeset || Include Surface Reughness = ON Roughness = -2.52 nm (fi)

Subsirate = Cauchy Substrate Substrate Thickness = 1.0000 mm
A=1.500 {ft) B=0.00529 (fif) C = -L.3833E-05 cfit
K Ampliude = 0.00000 Expenent = 1.500
Band Edge = 400.0 nm

Angle Offzet = 0.000

- MODEL Options
Include Substrate Backside Correction = DN
Transmission SE Data = OFF Reverse Direclion = OFF

MSE = 0.919

Roughness = -2 5240069 nm
A=1.50920.00083793

B = 0.0052%+0.00047648

C =-4B033E-0545 9641E-05

# Back Reflections = 1645640 0062

n of Cauchy Subsirate @ 622 8 nm =

i i T 7| # Back Reflections = 1.546 (fify % 1sl Reflection = 100.00 =
Craph Typa
Spectroscopic Ellipsometric (SE) Data
2.6
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=
=,
~E 2.2
o
<]
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Figure 3-47. Fit results including backside reflections and depolarization data.
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Figure 3-48. Uniqueness Test for the # of Backside Reflections, showing that the best fit
results from about 1.5 backside reflections. The depolarization measurement helps to quantify

this result.
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1.52 -
1.50 _
= n, backside rough
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Figure 3-49. Final comparison of glass index results. While the backside correction improves
the substrate index results (to match more closely with roughened backside), they are not
perfectly matched. When not corrected, the smooth backside measurement is very inaccurate.
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3.5. Transparent Films - 2

FEATURES IN THIS EXAMPLE

o Surface Roughness
e Try Alternate Models

e Grade Layer

Glass with Transparent Film

For this example, load the “Glass with Transparent Film” model and the “ZrO2 on
Glass” data file. Click the ‘Fit’ button: a Global fit will be performed and the fit
results are displayed as shown in Figure 3-50. The refractive index for the ZrO, film
can be displayed by right-clicking (“BR) on “Cauchy Film” and choosing “Graph
Layer Optical Constants. The results are shown in Figure 3-51.

| €7 compateease 1ETE R T T oo E
Messurement | i siu | Analysis | Hardwars | Options |
Data ZyO2 on Glass Model Glass wilh Transparent Fiim
Open || S Inia | SetRanges Open Sarwe || Clear | Open Snapshat | Save Srapshol
o Layer Commands: Add Delete Save
Generaie Fit _ Reset | Include Surface Rough = 0N Roughness = 11.17 nm (fit)
= [~ | +[Layer # 1 = Cauchy Film Thickness # 1 = 88.81 nm (fil)
MSE=1.175 Tl
Roughness = 11.1740.040 nm : |;"”T:Z‘;;J:?0 OC:"
Thickness # 1 = 88.81£0.025 nm " MOQDEI. b
A= 1.67340,00082480 | i ﬁ:::"“‘
B = 0.00954£0.00048968 5 DTHEFI'Q Ontions
C = 0.00104+6 6930E-05 P %
1 of Cauchy Film @ 632.6nm = 1. | | Cenfigure Options
K of Cauchy Film @@ 632 8 nm = 0.0fs|| Turn O All Fit Parameters
i 1 3
Craph Typs
Spectroscopic Ellipsometric (SE) Data
18 60
16 P..S! . 40
Model
14 !
. =
@42 .\\.\ a
a R a
M 0
10 S
& e
8 \\ﬁ___’///;‘c:hh""‘--—.._._... =20
6 -40
300 400 800 &00 700 800 400
Wavalength (nm})

Figure 3-50. Fit results from analysis of “ZrO2 on Glass” example file, using the “Glass with

Transparent Film” model.
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Figure 3-51. ZrO2 optical constants from fit using Cauchy dispersion layer.

The main difference between the “Glass with Transparent Film” and the “Si with
Transparent Film” model which was used in previous examples is the material file
used for the substrate: “7059 Cauchy” instead of “SI_JAW”. As the optical
constants for 7059 glass are representative of many glass substrates, this model can
be used as a starting point for many transparent films on glass. More accurate results
could be achieved by replacing the 7059 Cauchy material with optical constants
measured on your bare glass substrate (see section 3.4). In addition, because the
substrate is transparent, backside reflections may be an issue. To test whether
backside reflections are present in this data, press CTRL-Z to view the
Depolarization data as shown in Figure 3-52. As the depolarization is centered at
zero, it is likely that the backside reflections were suppressed to avoid collection at
the detector. These issues are discussed in more detail in Section 3.4.

Spectroscopic Ellipsometric (SE) Data

‘ % Depolarization
0.2 | . . |Model

% Depolarization

.8
300 400 500 600 700 800 900
Wavelength (nm)

Figure 3-52. Depolarization data is near zero percent, which indicates that backside
reflections were not collected even though substrate was transparent.
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Surface Roughness

An interesting feature to the current model is the inclusion of surface roughness (the
“Include Surface Roughness” option is set to “ON”). Actually, the best fit surface
roughness value for this sample is rather large: 11.17 nm. To test the importance of
roughness in this model, try fitting the data without surface roughness: toggle the
“Include Surface Roughness = > value to “OFF” by clicking (“8L) on the blue
underlined value. Since we already know the nominal thickness and index, it is also
wise to turn OFF both the “Use Global Fit” and “Thickness Prefit”. Go ahead and
click the ‘Fit” button, which will fit the data without roughness — resulting in a poor
fit and higher MSE, as displayed in Figure 3-53.

Note: Surface Roughness automatically skips any layer that has zero thickness. This
can be important when working with multi-sample analysis of multilayered
structures.

P CompletsERSE 5y ni i e oo E
Measurement | ¥ | Anatysis | Harawars | Options
Dt 202 on Glass Mode! Giass wih Transparent Fiim
Open || Save Inf | SelRanges Open Sarwe || Ciear | Open Snapzhol | Save Srapzhat
2 Layer Commands: Add Delete Save
Genecuie || _aset | Include Surface Roughness = OFF
K =7059 Cauchy
Thickness # 1= 91.40£0.473 nm
- Angle Offset = 0.000
A=1.74420.0251 + MODEL i
B = 0.09228+0.015581 +FITO tiunls
C =-0.00769£0.002173 HDTHEFI'i Ontions
n of Catchy Film @ 632.8 nm = 1.926 PN
k of Cauchy Film @ 632 6 nm = 0.00¢ | Senfigure Options
Turn OFf All Fit Parameters
i 1 I_T#
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16 =
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Figure 3-53. Fit to “ZrO2 on Glass” data with surface roughness OFF.

Graded Index

Surface roughness, which is one of the model “non-idealities” discussed in section
3.1, is very important to achieve a good model fit on this sample. Another non-
ideality described in section 3.1 is index grading. With the surface roughness turned
off, try grading the film as described below:
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e (“BR) on the name “Cauchy Film” of Layer #1. You should see a drop-
down menu, as shown in Figure 3-54. Choose “Grade Layer”.

e  The “% Inhomogeneity” and Thickness are defined as fit parameter.

e  Press ‘Fit’ and the results will appear as in Figure 3-55.

Model: Glass with Transparent Film

| Open || Save H Clear ‘ Cpen Snapsh

Layer Commands: Add Delete Save
Include Surface Roughness = OFF
+|Layer # 1 = |8 Thickness # 1 = 91.40 nm (fit)
+ [Substrate =| Graph Layer Optical Constants
Angle Offse| Rename Laver and Fit Parameters
+ MODEL Qp Save Layer Optical Constants
+ FIT Options Parameterize Layer
+ OTHER Op Wiew Layer Comment

Convert To EMA
Configure Comvert To Anisolion
anye O AnISotrapic
Turn OfT Al

Grade Layer

Start Superlattice

Figure 3-54. Right-click on Cauchy Film to access drop-down menu, then choose to “Grade
Layer”.

NOTE: Surface roughness and index grading often have the same effect on modeled
data, as they can both reduce the optical density of a material toward the surface. If
both give similar MSE values, it is up to the user to judge which is best for their
sample.

While the fit appears quite good to the eye, the MSE is slightly higher than for the
model which included surface roughness (2.1 vs. 1.175). It is also possible to
combine surface roughness and index Grading in the model: turn the surface
roughness back “ON” and press ‘Fit’ (leaving the “% Inhomogeneity” defined as a
fit parameter). The results shown in Figure 3-56 indicate this model yields the
lowest MSE yet (0.78).
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Figure 3-55. Fit to “ZrO2 on Glass” data with index Grading ON.
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Figure 3-56. Fit results for “ZrO2 on Glass” data fit with model that includes both surface
roughness and grading.
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Try Alternate Models

NOTE: This command will not work if the film is already graded. To remove
grading from our current model, (“BR) on Graded Layer and select “Remove
Grading”, as shown in Figure 3-57.

Layer Commands Add Delete Save
Include surface Roughness = OFF
- [Ele=le[=AM=WEN  Thickness # 1 = 91.26 nm (fit)
raph Layer Optical Constants  BliCEs = 3

Remove Grading /
T ]

+|5ubstrate = 7058_Cauchy
Angle Offset = 0.000

+ MODEL Options

+ FIT Options

Figure 3-57. Remove Grading by right-clicking on the Graded Layer name and then select
“Remove Grading”.

The process of trying optical models with and without surface roughness and index
grading is so common in SE data analysis that CompleteEASE has a command to
automate the procedure. Once a good starting model is established, click
Model>+OTHER Options>Try Alternate Models, as shown in Figure 3-58. Fits
will automatically perform with the ideal optical model, with surface roughness, with
index grading, and with roughness & grading. Fit results are summarized in
tabulated and graphical formats, as shown Figure 3-59. The highlighted “green”
column is a suggestion of the “best” optical model, based on 25% improvement in
MSE for each additional fit parameter.

Layer Commands: Add Delete Save
Include Surface Roughness = OFF
Layer # 1 = Cauchy Film Thickness # 1 = 83.07 nm (fit)
A = 1.840 (fit) B = 0.02420 (fit) C = -0.00285 (fit)
k Amplitude = 0.00000 Exponent = 1.500
Band Edge = 400.0 nm
+|Substrate = 7059_Cauchy
Angle Offset = 0.000
+ MODEL Options
+ FIT Options
BOTHER Options
Wvl. Range Expansion Fit Increment (eV) =0.50
Try Alternate Models
Fit Parameter Unigueness
Fit Parameter Error Estimation
Add Opt. Const. to HTML Report = OFF

Configure Options
Turn Off All Fit Parameters

Figure 3-58. Model panel with the +OTHER Options section expanded to show the Try
Alternate Models option.
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Analysis Results

Parameter Ideal Roughness Grading _ :
MSE 33.598 1175 2.100 _
Roughness MEA 111,67+ 0.396 & A _
A 1.752 + 0.0248 1.873 + 0.0008 1840 + 0.0014 _
B 0.08503  0.015422 || 0.00935 + 0.000490 | 0.02420 + 0.000860 _ =
c -0.00632 + 0.002130 || 0.00104 + 0.000066  |-0.00285 + 0.000114 _
% Inhomogeneity MEA A -17.30 + 0.161 _
Thickness # 1 91262+£4734 A || 88815+ 0.247A || 8306907524 _
n @ 632.8 nm 1.925 1.903 1.882 _ ]
k @ 632.8 nm 0.000 0.000 0.000 _
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Figure 3-59. Results of the Try Alternate Models command.
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3.6.

Log and Report a Series of Films

FEATURES IN THIS EXAMPLE

e Copying to clipboard
(Formatted or Table)

e Fitlog

e Open/Save Snapshot

e Comparing optical constants in fit log
e Copy Analysis Report to Clipboard
¢ Re-analyzing data from log

One of the most common applications of any ellipsometer involves measurement of
a series of thin films, which are to be compared and reported. The CompleteEASE
software enables simple logging, comparing, and reporting of results. This example

will step through a series of SiNx thin films on Silicon, using the analysis steps
taught in Section 3.3. However, the emphasis will be on using CompleteEASE to

log all fit results, compare optical constants for the various films, and finally create a

record (or report) of the results.

To begin this exercise, open “SiNx on Si-1” data file and the “Si with Transparent

Film” model in the ANalysis tab of CompleteEASE. Go ahead and press ‘Fit” and
the results shown in Figure 3-60 appear.

{7 CompleteEASE i (n
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Figure 3-60. Fit to “SiNx on Si-1" data file using “Si with Transparent Film” model.
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Copy to Clipboard

Each panel (white area) in the Analysis tab of CompleteEASE offers right-click
(“BR) menu choices. Examples of these right-click menus are shown in Figure 3-61.
In addition, the Graph also features a right-click menu, as shown in Figure 3-62. To
assist in creating reports, the model, fit results, and various graphs can be copied to
the clipboard and then pasted in various programs such as Word, Excel, or
PowerPoint. The Fit results can be copied to the clipboard using Formatted or Table
choices, where the former is best for pasting into a word processor and the latter is
preferred for pasting into a spreadsheet. The Model can be copied in its entirety or

as the layers only.

| £ completeEase

Measurement | Insitu | Analysis | Hardware | C

Data: sinx on si-1

‘ Open || Save || Infa. || Set Ranges |

Fit:

‘ Benerate H Fit H Fit D || Reset |
MSE = 3.736

Thickness # 1 = 92.00£0.022 nm
A =1.802£0.0012

B =-0.00907+0.00062998

C = 0.00280+8.3010E-05

n of Cauchy Film @ 632.8 nm = 1.794

¥ Auto Fit

View Fit Stats

Copy to Clipboard - Formatted
Copy to Clipboard - Table
Copy Analysis Report to Clipboard Cirl-R
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Model: Si with Transparent Film

Layer Commands: Add Delete Save
Include Surface Roughness = OFF

Layer # 1 = Cauchy Film Thickness # 1 = 92.00 nm (fit)
Substrate = SI_JAW

‘ Open Snapshot H Save Snapshaot

Addto Fit Log
View Fit Log
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Angle Offset = 0.000
+ MODEL Options
+ FIT Options
+ OTHER Options

Configure Options
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Figure 3-61. Right-click (vZR) menu choices from the Fit: and Model: panels.

Graph Typa sl ||
Spectroscopic Ellipsometric (SE) Data !
60 60
ZoemiAll
Stafislics s
s 40
55— Copy Eraph o Clipsoard
Copy Data to Clipbeard =
Psi 20
50 Copy Dala lo Graph Scraichpad Delta
Wiew Graph Scratchpad MUdE|
TFT Show Le gend 1° o
W AR 13 Show Symbials %
A0 Y-Scale —H-20 ]
g ) Manusl ¥-Soale
Wi—w Ayt i-Scals
0 Manual % Scale \\\ i
11 Use Clip baard aspect ratio e
35—
Cancel Menu ‘.,.»""'u... -60
30 -80
300 400 500 600 700 800 900
Wavelength (nm)

Figure 3-62. Right-click (“8R) menu choices from the Graph.
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Fit Log

Now, work through all five SiNx on Si samples in the Examples folder. To record
the final fit results for each film, right-click (“BR) on the Fit: panel and “Add to Fit
Log” after the fit is finished. This will save the current fit results. Type in an
appropriate name for each fit result.

The short-cut key to add results to the Fit Log is CTRL-L.

After all five data files have been fit and added to the Fit Log; choose to “View Fit
Log” from the right-click (“BR) menu of the Fit: panel. This should bring up a Fit
Log with each of the five entries, as in Figure 3-63. You can press on any of the
individual log entries to see the results from that sample.

The short-cut key to View the Fit Log is CTRL-ALT-L.

Log Entries Selected Entry

SiMNx - 1 Exp. Data File: |sinx on si-1

SiNsc- 2 Current Model: |Siwith Transparent Film

SiNx- 3

SiNx -4 Fit Parameters: 1Sk

SiNx- 5

Rename || Delete

| Compare || Reanalyze |

| Generate Reports || View Reports | #Fit=5#Times =1
| Load Log Entry || Clear Log || Open Log || Save Log || Close |

Figure 3-63. Fit Log showing results from all five SiNx on Si data files.

Comparing Results

Now, select all five Log Entries by selecting the first entry with your mouse and then
holding the shift-key down while you press the last Log entry. With multiple Log
entries selected, press the ‘Compare’ button. This will create a Table of results for
each sample, as in Figure 3-64. The columns/rows can be reversed by a simple
button click. Also, the statistics can be added with a click. This table can be
conveniently copied to the clipboard.
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Comparison :
Entry Comparison Table

MSE Thickness ... A B [ n of Cauchy Film (@ 632.8 nm
SiNx-1 3736 92.00 1.802 -0.00907 0.00280 1.79656
SiNx-2 2.651 101.28 1.735 -0.00044199 |0.00149 1.74272
SiNx-3 2.837 96.71 1.858 -0.00426 0.00280 1.86470
SiNx-4 3.210 87.61 1.916 -0.00298 0.00281 1.92565
SiNx-5 2516 105.48 1.804 -0.00032067 |0.00203 1.81552

[] Reverse Columns/Rows [ ] Add Statistics Copy To Clipboard

| Close || Compare Optical Constants |

Figure 3-64. Comparison Table showing results from all five SiNx films.

Compare Optical Constants

From the Comparison Table, press the ‘Compare Optical Constants’ button and
dialog box appears as in Figure 3-65. Select each of the layers you would like to
compare and choose the type of graph and you can compare the index for each of the
SiNx layers, as shown in Figure 3-66. If you would like to select all of the SiNx
layers, you can press ‘Select Layers by Number’ and choose 1. Otherwise, you can
individually select each layer by clicking the box in the representative model graph.
The final graph can be conveniently copied to the clipboard to be added to a report.

Optical Constant Compare Dialog

Display Options
[ cauchy Film [ Cauchy Film [ cauchy Film [ cauchy Film O cauchy Fim
-
[ s_ani (= N O sy (= (=T
Double ¥ Axis - X X X N X
sinx on gi-1 sinx on gi-2 sinxon gi-3 sind on si-4 sinx on 5i-5

[[] Mame curves by Layer Mame

Layer Selection Options

| Clear Selections |

| Select Layers By Mumber |

Figure 3-65. Compare Optical Constants Dialog Box.
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Optical Constant Compare Dialog B4

Display Options
[ cauchy Fim [ cauchy Fim [ cauchy Fim [ cauchy Fim [ cauchy Fim
Osi_saw Osi_saw Osi_saw Osi_saw

O s1_Jaw
[ ] Double ¥ Axis

sinxon si-1 sinxon si-2 sinxon si-3 sinxon si-4 sinxon si-3
[[] Name curves by Layer Name

Layer Selection Options

Clear Selections
Select Lavers By Mumber

Optical Constants

1
n, sinx on si-1
2.00 n, sinx on si-2 ||

1.75

1.70
300 400 500 600 700 800 900

nm

Close

Figure 3-66. Choose the layers to compare and the type of graph.

Re-analyzing Multiple Data Sets

The process we just finished for the series of SiNx samples is quick, but somewhat
repetitive. There is a much faster way to analyze multiple data sets and build a
master report. First, clear the Fit Log from our previous efforts. To clear the Fit
Log, press CTRL-ALT-L to view the Fit Log and press the ‘Clear Log’ button.
Now, you are ready to repeat this example using a faster method.

To start, press CTRL-ALT-L to view the Fit Log, if you are not already there. There
should be no current entries, as we just finished clearing the log. Press the
‘ReAnalyze’ button, which will open the dialog window as shown in Figure 3-67.
The basic concept is that we are going to add a “Row” describing each batch-
analysis we would like to run. The “Row” will contain three items: a File Group
(collection of data files), a Model, and an optional Log-Name.

NOTE: In older versions, CompleteEASE could only use a single model on a group
of data sets. Now, multiple “Rows” can be added to provide different types of
analysis (different data sets and/or modeling).

Start by pressing ‘Add Row’ to create the group of data sets to reanalyze. This
collection of data sets can be from entries already in the Fit Log (in which case they
need to be selected) or you can browse and select multiple data sets at this point by
pressing ‘Add’ from the Choose Files dialog box, as shown in Figure 3-68. Go
ahead and add all five SiNx data files that we just recently analyzed into a single File
Group. You will be asked to enter a Group Name - | chose SiNx. If you liked to
analyze other data files at the same time, you could add further Groups at this point.

Next, press “Choose a Model” and select the “Silicon with Transparent Film” model
that we used for these nitride films previously — as shown in Figure 3-69. You can
also add a “Log Name” that will be added to the end of each Log Entry after
reanalysis. Go ahead and press ‘Reanalyze’. This will run through the analysis of all
five data files and save the results of each to the Fit Log, as shown in Figure 3-70.
This one step has reproduced the entire example we worked earlier in this section.
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Note: The “Re-save Data” check-box allows the new fit results to be saved along
with each data file. In CompleteEASE, the data file can also contain the results — to
be reviewed at a later time.

Batch Reanalysis Setup
File Group | Model Log Mame
| Add Row | | Delete Row |
[] Re-save Data | Reanalyze | | Cancel

Figure 3-67. ReAnalyze Data window opened from within the Fit Log.

Choose Files :

Choose File Group Files in Selected Group

Selected Log Entries CACompleteEASE\dat\Examplesising on 5i-1.5E

Silx CACompleteEASE\dat\Examplesising on 5i-2 SE
CiACompleteEASE\datiExamplesising on si-3.3E
CACompleteEASE\dat\Examplesising on si-4 SE
CiACompleteEASE\datiExamples\sing on si-5.5E

‘ Add | ‘ Edit |
| Ok | | Cancel |

Figure 3-68. Creating Groups of Data Files

Batch Reanalysis Setup
File Group | Model [ Log Name
SiNx | C:\CompleteEASE\MOD\Basic\Si with Transparent Film.mod | 1
| Add Row | | Delete Row |
[[] Re-save Data | Reanalyze | | Cancel

Figure 3-69. Add Model and Log Name
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Log Entries Selected Entry
inx on si-1-1 Exp. Data File: |sinx on si-1

sinxon Sf'2'1 Current Model: |Si with Transparent Film

sinx on si-3-1 _

sinx on si-4-1 Fit Parameters: |1,

sinx on si-5-1

Rename || Delete

| Compare || Reanalyze |

| Generate Reports || View Reports | #Fit=5 #Times =1
| Load Log Entry || Clear Log || Open Log || Save Log || Close |

Figure 3-70. After reanalysis, each data file shows as a Log Entry. Notice the Log Name “1”
is added to the very end of each Log Entry.

‘Generate Report’

Now, use another approach to create a report for all the results. View the Fit Log
(CTRL-ALT-L) and select all five entries. Next, press the ‘Generate Reports’
button, as shown in Figure 3-71. This saves the results of each log entry into an RTF
file that can be opened by Microsoft WORD. This RTF file will be formatted as
shown in Figure 3-72.

Laog Entries Selected Entry
sinx an si-1 Exp. Data File: =inxon =i-1
anx on Sf'z Current Model: Siwith Transparent Film
sinx on si-3 )
i @ il Fit Parameters: (WMSE=2726
Sif on si-5 Thickness #1=92.00 nm
A=1.802
E=-0.00907
C=0.00280
n of Cauchy Film @ 632.8 nm=1.797
Eename || Delete
| Compare || Reanalyze |
| Generate Repors || Wiew Reports | #Fit=45 #Times=1
| Load Log Entry || Clear Log || Qpen Log || Sawve Log || Close |

Figure 3-71. All log entries are selected and the ‘Generate Reports’ button is pressed to copy
all results into the HTML Clipboard.
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lBample: sinx on si-1

Fit Results Optical Model

MSE=3.736 +Layor # 1= Gauchy Film Thickness @ 1 = 52,00 nm (i1)]
Thidmas: 1 =02 00 =0.022nm Substrate = 51 AW

A=10802=0.0012

B=-0.00007 = 0.00062008
€= 0.00280 = B.3010E-05

n of Canchy Film @ 632.8zm =
1.79656

Experimental and Model Generated Data Fits

Spactroncopic ERpacmetris (SE] Data

Figure 3-72. HTML Clipboard after a report has been generated for all entries in the Fit Log.

“Add Opt. Const. to Report”

If you would also like to add a graph of the optical constants for the SiNx layer, this
can be setup from the Model:>+OTHER Options> “Add Optical Constants to
Report”, as shown in Figure 3-73. If you have a multi-layer model, you may need to
change the Layer number to match the layer in your model that has the varying
optical constants. You would need to resave this model (with feature turned on) and
reanalyze all of the data sets again. We will skip this step, but demonstrate the
capability on a single data file in the next section.

Layer Commands: Add Delete Save
Include Surface Roughness = OFF
+|Layer # 1 = Cauchy Film Thickness # 1 = 105.48 nm (fit)
Substrate = SI_JAW
Angle Offset = 0.000
+ MODEL Options
+ FIT Options
- OTHER Options
Wvil. Range Expansion Fit Increment (eV)=0.50
Try Alternate Models
Fit Parameter Unigueness
Fit Parameter Error Estimation

Add Opt. Const. to HTML Report = BN Layer # =1

Configure Options
Turn Off All Fit Parameters

Figure 3-73. Use “Add Opt. Const. to Report” to include optical constant graphs when
reporting CompleteEASE fit results. Note that you need to add the Layer number
corresponding to the material of interest.
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Copy Analysis Report to Clipboard

Next, we will demonstrate how the report can be created for a single result. After
data analysis, right-click in the Fit: panel and choose “Copy Analysis Report to
Clipboard”, as shown in Figure 3-74. This will copy the same graphs that were
created as part of a report, but into the Clipboard. For this example, the Optical
Constants were copied to the clipboard as shown in Figure 3-75, since this feature
was turned on in the Model:>OTHER Options section.

7 e T e e Al
Memuement | In s | Analyss | Hardware. | Opions
Data sheon 35 Badel. Siwih Tramsgarert Fim
Lo |[ e |[ o |[ sovmaocns | [Lown |[ sz || cka | [ oo snasanat || s sracaror.
St e =
2 + FIT Options =
Ganee || Bt || Flmam Bazal - OTHER Qptions
MESE = 2516 Wi, Range Expansion Fit Increment (¢V) = 0.50
Thickness # 1 = 1054840017 nm ik

oW Fil State

A= 1,80420,00060232 Fit | usness
B =-0.00032050:0 00034638 Fit Parameter Error Estimation
€ = 0.0020324 4441E-05 Add Opt. Const. to HTML Report = B Layer#=1
n of Gawehy Flim @ ptions
|Fit Parameters i

Copy i Cipoaant -Fanrestaa

Cagy I Clipaaans - Table

Gy ABilvilE RUpoT I Glabo Seen Lometric (SE) Data
Aacbe FitLag
0 ViewFiLog ot 300
5
g0
a0
20
300

Wavelangth (nm)

Figure 3-74. Right-click in the Fit: panel to “Copy Analysis Report to Clipboard”

Sa i ® 5

Fit Results

AMEE =2 316

Teackess # 1= 103482 0017 em
A =120 = DOMDADNYE

B = 000032050 = 0.OM34633

C = 000200 + 4 JAIE-[5

n of Canchy Film § 632 $nm =
£81551

Optical Constants
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Figure 3-75. Example of Analysis Report, including Optical Constants graph.
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Save Log File

When finished with a project, you may want to save the results or send them to a
colleague. The Fit Log is a nice way to store all of the modeling results you have
completed. You can save a Fit Log, by selecting “View Fit Log” from the Fit: panel
right-click menu. Then, choose the ‘Save Log’ button, as shown in Figure 3-63.

The log will be saved with a “fit” extension. The log will include the list of all
entries, with the filename for each data file needed and the model layers. To open
the log, the data files must be in the same directory as the “fit” log file. Thus, if you
intend to send your log to a colleague, they will also need all of the Data files to open
the log file.

Snapshot

A better way to send single fits to a colleague, or save them for future use, is to save
the Snapshot of your fit result. A snhapshot will compress your data file, model, and
fit results into a single file with “SESnap” extension. Thus, a single snapshot file can
be stored or sent and then opened to get back to the same result that you saved. To
save a Snapshot after performing a Fit on a SiNx data example, simply click the
Model:> ‘Save Snapshot’ button, as shown in Figure 3-76. To open the Snapshot,
simply click the ‘Open Snapshot’ button.

A7 CompleteEASE i i o &
| Measurement | in situ | Analysis | Hardware | Gplions |
Dala. sing oo gi-5 Model, Siwith Transparent Fim
Qref || Save Irifg | el Rapgea open | Biye Clear | Open Snapshit | Give Snapandt |
it : Layer Commands: Add Delete Save =
| Leneraie | Eit | Fil [ Beset Include Surface Roughness = OFF
MSE = 2 516 + Layer # 1 = Cauchy Fllm Thickness # 1 = 105,48 nm (i)
ok [Substrale = 5I_JAW T
Thickness # 1 = 105.4840.017 nm =
£ Angle Offset = 0.000
A =1.80440,00060232 + MODEL Options
B =-0.00032050+0.00034638 LEIT Opﬁor?stl
C = 0.002034 444 1E-05
. PRt 2 - OTHER Options
n of Cauchy Film @ 8328 nm = 1.81§ ¥
Wivi. Range Expansion Fit Increment (eV) = 0.50
il I | Try Alternate Models -
Graph Tipe r ¢ J|
Spectroscopic Ellipsometric (SE) Data A
60 300
Psi A
Dalta |
Model
50 200
i) L]
5 : - : 100 3
/ —
30 e 0
o~
/ ___,_.....—-""‘
K‘ '-/_.n--“‘
20 - -100
300 400 500 800 700 800 900
Wavelength (nm)

Figure 3-76. Save a Snapshot of your result using ‘Save Snapshot’ button in the Model:
panel.
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4. Data Analysis 2 - Intermediate

This chapter continues the series of examples with intermediate concepts,
concentrating on absorbing materials. The section examples from this chapter are
listed below, along with the primary CompleteEASE features that are discussed.

Section 4.1 Metal Substrates
FEATURES IN THIS EXAMPLE

o Save Optical Constants e Save Model
e Building a Model e B-Spline Layer (basics)
o WvlbyWvl Layer o Graphing <Pseudo> Transforms

Section 4.2 Self Assembled Monolayer on Au
FEATURES IN THIS EXAMPLE

o Parameter Uniqueness o Fixing B-Spline Optical Constants

Section 4.3 Absorbing Thin Films (B-SPLINE)
FEATURES IN THIS EXAMPLE

e B-SPLINE Layer o Wvl. Range Expansion Fit
e Starting Mat = o Selecting a Graph/Fit Range
e Saving a Model e Zoom All

Section 4.4 Absorbing Thin Films (Gen-Osc)
FEATURES IN THIS EXAMPLE

o Gen-Osc Layer o Parameterize Layer

e Tauc-Lorentz o Cody-Lorentz
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Section 4.5 Multiple Layer Film Stacks
NEW FEATURES IN THIS EXAMPLE
e Modifying a Model o Global Fit/Pre-Fit with multiple layers

Section 4.6 Multiple Data Types (SE + T)
NEW FEATURES IN THIS EXAMPLE

o Appending Data e Fitting SE and Transmission data
simultaneously

e Parameter Unigueness e Graph ScratchPad
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4.1.

Metal Substrates

FEATURES IN THIS EXAMPLE

o Save Optical Constants e Save Model
o Building a Model o B-Spline Layer (basics)
o WvlbyWvI Layer o Graphing <Pseudo> Transforms

Substrate optical constants are an important consideration when modeling thin films.
Although certain materials, such as crystalline silicon are well understood and
remain constant, others substrates such as glass and metals are more variable. In
these cases, it is best to measure a bare substrate to determine optical constants.
Glass substrates were considered in Section 3.4. We will consider a metal substrate
for this example. Although the substrate is called a metal, it is actually a glass or
silicon substrate that is coated with an optically opaque metal film. The
measurement beam will not penetrate through the metal film, so we can consider it a
substrate. For most metals, it only requires 200nm thickness to absorb the light and
prevent measurement through the metal to layers or substrate below.

<Pseudo> Transforms

Open the “Au_Substrate” data file. Substrates offer a special case, as the
measurement involves only a single-interface (reflection from surface). The
experimental measurement of Psi and Delta can be directly inverted to determine n,k
using the pseudo-substrate approximation. The <Pseudo> Transforms can be
graphed by selecting the “Graph Type” and expanding the <Pseudo> Transforms
section, as shown in Figure 4-1. This allows you to graph the <n>, <k>, <e1>, and
<e2> values. It is important to note that these are a direct inversion of the measured
Psi-Delta data to “Pseudo” optical constants under the assumption that a single
reflection occurred at the surface. These values are not equivalent to the true optical
constants in the presence of any thin films (even a few nanometers surface layer).

NOTE: <Pseudo> optical constants are represented with “< > brackets to show that
they are not the “true” optical constants, but simply an inversion of the raw data only
valid for uncoated substrates.

| Spectroscopic Ellipsometric {SE) Data

. S
2
Delta

~ _atih. " | | | 80

27 e

24 4]
300 400 500 600 1aa BOD 800

Wavelength (nm)

Figure 4-1. Click on the “Graph Type” and Select <Pseudo> Transforms to expand to the
“Pseudo” optical constant choices.
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The <Pseudo> Transforms are shown for the Au data in Figure 4-2. Because the Au
layer is opaque, only a single reflection occurs from the surface, so the <Pseudo>
transformation is acceptable. We still need to model the data to create a layer that
holds the optical constants as shown below. We will demonstrate this concept using
two different layer types: the WvlbyWvl layer and the B-Spline layer.

Spectroscopic Ellipsometric (SE) Data

18 6.0
<n=> -~
15 —[ o] TS e
5.0
12 4
{40
M
c 09 *
0.6
03 —— |/
0.0 10
300 400 500 600 700 800 900

Wavelength (nm)

Figure 4-2. <Pseudo> optical constants for the Au substrate data.

WvIByWVvI Layer

Open the “Blank” Model from the Basic Folder. Press the “Substrate = none” to add
a material file for the substrate. Choose the “WvIByWvl” layer from the Advanced
Folder, as shown in Figure 4-3. Expand this layer, by pressing the + sign to the left
of the layer and your model should look the same as seen in Figure 4-4.

Folder Links

i Eiles:

|23 Recent

Ard Faldsr Link || Refrezh Falzers

Filg Hame |\'.-.usE.\'.l.-: mat
Comment:

drawse Far Flie

Wavslength-ov-w awelangth

‘| |Aodilive.mal

Bianal MaT

fimng ot apncal

{Vadol Subetraie ek
| By mat
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[ ][

aMar :
| M2403 307 PM

OKE
OKEB

Figure 4-3. Choose the Advanced Folder Link and then select the WvIByWvl.mat file.
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Measurement | In&my | Anafysis | Haroware | Opions
Data’ Au_Substrate Model: Blank (Biank Starting Moder)

Qpsn Bawe Inta. || SetRanges | Open || Sage | Claar Opgn Snapzhiot Save Snapshat

Pt ) - B Layer Commands: Add Delete Save 4
Generate || En || Fing || messt | | Include Surface Roughness = OFF
Bsubsirale = VivIByWvI L
Init. values: n= 1500 k= 0.000 Starting Mat = none 188 Pis.
Fit Opt. Const. = ON
Force E2 Positive = OFF
Show Parms = OFF
Angle Offsel = 0.000
+ MODEL Options
- FIT Options -

Graph Type

Spectroscopic Ellipsometric (SE) Data

18 6.0
s
i3 50
1.2 =
40
Log %
130
06

03 == \ 120

0.0 1.0
300 400 500 600 700 800 900

Wavelength (nm)

Figure 4-4. Model with WvIByWvl layer as substrate.

The WvIByWHvI layer starts with initial values of n=1.5 and k=0. However, these
values are not representative of a metal. It can be important to have good starting
values, as the Fit will proceed by moving the optical constants at each wavelength
independently to find the best match to the Experimental data at that same
wavelength. In this layer, there is no consideration of neighboring wavelengths, so it
is possible for the optical constants to get “lost” and find a local minimum instead of
the correct answer. To help the WvIByWwI layer find the correct result, it is better to
“seed” the starting optical constants closer to the final results. There are two ways to
accomplish this: entering “Initial Values” or entering a “Starting Material”. For this
example, we can use the <Pseudo> Transform graph as a guide for the “Initial
Values” — the <n> ranges from 0.2 to 1.6 while the <k> ranges from 1.7t0 5.8. A
good choice of “Initial Values” would be near the center of these ranges. Because
the Au values cover a very wide range, a better approach is to use the “Starting Mat”.
Press to enter a new “Starting Mat” from within the WvIByWvl layer and choose the
“Au” material file from the Metal Folder Link. This will enter the gold values from
Palik’s Handbook of Optical Constants as the starting values at each wavelength
within the WvIByWvl layer. You may be asking why we don’t stay with the
Handbook values. Unfortunately, metal optical constants can vary significantly from
source-to-source and are even discontinuous within Palik from his use of multiple
references. Right-click on Au to Graph the Optical Constants and you should see the
values as shown in Figure 4-5.
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Opt. Const. of Au vs. nm

18 —6.0
n s
15 —.H ™
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Figure 4-5. Optical Constants of Au from Palik’s Handbook of Optical Constants.

If you press ‘Generate’, you will see how closely the Palik Au values match our
experimental data, as shown in Figure 4-6. As you can see, the discontinuity in
Palik’s Au optic al constants also produces a discontinuity in the generated data.
Also, the match to our experimental data is not perfect because the optical constants
from Palik are not from the same Au process.

Graph Type

45 140

“ 130
- i 120
e 0,
A
[l @
100 2
90
30
80
25 70
300 400 500 600 700 800 200

Wavelength (nm)

Figure 4-6. Model generated curves from Palik’s Au values compared to our measured Au
experimental data.

Now, go ahead and press ‘Fit’. The WvIByWvl layer allows the n,k values to vary
independently at each wavelength to best match the experimental data. This
produces a nearly perfect fit to single-angle data, as shown in Figure 4-7. Now,
right-click on the WvIByWWVI layer to graph the optical constants — as shown in
Figure 4-8. These values can now be saved as a reference material file for “our” Au
process. Before proceeding, please copy the Optical Constants graph to the Graph
ScratchPad.
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Fit Opt. Const. = ON
Force E2 Positive = OFF
Show Parms = OFF
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- FIT Options -

Graph Type
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Figure 4-7. Fit to Au data using the WvIByWvl layer.

Opt. Const. of WvIByWvl vs. nm
1.8 50

] I oy NS -
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Figure 4-8. Optical constants of the WvIByWvl layer after fitting the Au data.

B-Spline

While the WvIByWvI layer works well for this simple substrate example, it does not
use neighboring wavelengths to help determine the optical constants. This can
produce small amounts of noise in the optical constants, due to any noise in data
points at a specific wavelength. We see small evidence of this around 800nm in
Figure 4-8. To keep the optical functions smooth, a B-Spline layer can be used for
the model, instead of the WvIByWvI. We will save the intimate details of the B-
Spline layer for a later example. In this exercise, we will build a model to fit any
metal substrate and then save this model for future use.
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Let’s start fresh by re-opening the “Blank” model from the Basic folder. Left-click
(YBL) on the Substrate = “none”, as shown in Figure 4-9. This will bring up the
“Open Material” dialog box. Choose the B-SPLINE material file from the Basic
folder and press ‘Open’. Expand the B-Spline layer such that it can be edited.

e  Set the resolution

to 0.1eV.

Set the Starting Mat = Au (from the Metals location)

The resolution defines how closely spaced to apply “nodes” when allowing the
optical constants to vary. The nodes are matched to the starting material file to

provide an estimate before

fitting. It is not necessary for the starting material to be

the same as the material you have measured, but we improve our chances of finding
the “correct” solution by choosing a starting point close to the correct values before

fitting.

€7 CompieeEASE 0

Measurement | Insmu | Analsis: | Haroware
Data’ All_Substrate
Qpen infa. | | SetRapges

Fit

Gawe

Dptions.
Model: Blank (Biank Starting Moder)

| Open Sags | Claar Open Enapshot Sgve Snapshat

Layer Commands: Add Delete Save

Generate || E1 || Fir |[ messt | | Include Surface Roughness = OFF
[Substrate =
Angle Offset = 0.000
+ MODEL Options
+ FIT Options
+ OTHER Options
Gonfigure Options
Turn Off All Fit Parameters
ér;m.“.T’.p! ..................................
Spectroscopic Ellipsometric (SE) Data
45
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27
24 70
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Figure 4-9. Starting the example for Au_substrate with the “Blank” Model.

Generate data and then attempt the fit. It should quickly converge to the answer as

shown in Figure 4-10.
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Figure 4-10. Fit to “Au_Substrate” data using B-Spline layer.

To view the optical constants as shown in Figure 4-11, right-click on Substrate

“B_

SPLINE” and choose “Graph Layer Optical Constants”. To view the spline points as
in Figure 4-12, press on ‘Draw Node Graph’ within the B-Spline layer. The red and
green curves are the smooth optical constants (el and e2) that are derived from the

B-Spline fit, with the open circles showing the individual spline nodes.

& COmPBERSE | 7 0 ik i T e e B S B R A S E b b e IZI"lZT|
Measurement nsiu | Analysis | Haroware Opl.lDI'VS
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generte | [ |[ Fibem Heaet Include Surface Roughness = DFF
[ -|Substrate = ne
WSS = 1.040 Init, values; n=1.500 k = 0,000 Starling Mat = Au [
Resolution (e\) =0.100 19 Pis. (1.388-3.250 e\) Draw Node Gra
Fit Opl. Const, = ON
Use KK Mode = OFF
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Figure 4-11. Resulting optical constants from B-Spline fit to “Au_Substrate”.
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Spline Opt. Const. vs. eV
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Figure 4-12. Spline points at 0.1eV resolution fit to the Au_Substrate data.

Before proceeding, copy the optical constants graph to the Graph ScratchPad. When
compared to the results from the WvIByWVI fit, we get more smooth optical

constants, as shown in Figure 4-13.

Opt. Const. of WvIByWvl vs. nm

-‘.-\
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06}

n, WvIByWhvl
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0.0 - -
300 400 500

600
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700 800 900

Figure 4-13. Index results compared from fits using WvIByWvl and B-Spline Layers.

As an exercise, change the Spline resolution to larger and smaller values and repeat
the fit. Does the fit quality change? You can use the Graph ScratchPad for

comparison.

Save

When happy with results, press Save right above the model to save the gold optical
constants. This opens the Save Layer Optical Constants dialog box as shown in
Figure 4-14. Choose the “Tabulated” choice from the right. Next, press mouse on
the substrate layer itself. After entering the file name and comment, the tabulated n,k
at each measured wavelength will be saved for future use.
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Save Layer Optical Constants
Save Type

|Substrate =: B-Spline

Dizpersion Parms.

Tahulated

Cancel

Figure 4-14. Save Layer Optical Constants dialog box.

Save Layer Optical Constants

Alternatively, the layer optical constants can also be saved directly from a right-click
menu over the Layer name (in this case “B-Spline”). This menu is shown in Figure
4-15. After pressing this selection, the user is asked whether to save the
Parameterized optical constants (values used by equation to reconstruct the optical
constants) or to save a tabulated list of optical constants at each measured

wavelength.
9 mp-hinSE 4 bR A 3
| Measurement Insiu | Analeis Hargware Options.
Data Au_Substeate Model: Brank (Bank Starting Model)
| Gnan S8 || I | SetRanges | Ogsn e Glpar Dmgn Snapshot. i Snapshol |
L Layer Commands: Add Delete Save =i
| Genzas Eil e | Eesel Include Surface Roughness = OFF
o =Subsirsie =
mSEShER Inif. valle Crapn Lajer Opbeal Conciarts Harting Mat = Ay =
Resolutlc Rename Layer nd Fit Faramesier= | 388-3.250 eV) Draw Node Graph
Fit Opt. (S Carer sl Copitarts.
Use Kl( r Paramedenae Lager
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Figure 4-15. Right-click over a layer name to choose “Save Layer Optical Constants” from a

drop-down menu.
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Sawve Layer Optical Constants

Choose the format for saving the layer's optical constants:

| Farameterized H Tahulated H Cancel ‘

Figure 4-16. Choose whether to save the Parameterized optical constants (values used by
equation) or a tabulated list of optical constants at each wavelength.

Au Substrate Model

After optimizing the analysis for a new sample, the model can be saved for future

use. Let’s use this Au substrate as an example. If additional Au substrates will be
measured in the future, a customized model would help reduce analysis time. For
this example, modify two additional settings:

e Replace the “Au” reference in the B-SPLINE layer with the metal optical
constants saved in this example (previous step).

e Include Derived Parameters for both ‘n’ and ‘k’ of the substrate (make sure
to change layer # to “0”).

Press the ‘Save’ button at the top of Model: panel to save the final model as “metal
substrate example” as in Figure 4-17.

Layer Commands: Add Delete Save
Include Surface Roughness = QFF
-|Substrate = B-Spline
Init. values: n=1.500 k =0.000 Starting Mat = au_test
Resolution (eV) = 0.100 19 Pts. (1.388-3.250 eV) Draw Node Graph
Fit Opt. Canst. = ON
Use KK Mode = OFF
Show Advanced Options = OFF
Angle Offset = 0.000
+ MODEL Options
- FIT Options
Perform Thickness Pre-Fit = OFF
Use Global Fit = OFF
Fit Weight = N.C.S
Limit Wl, for Fit = OFF
- Include Derived Parameters = ON
Add Derived Parameter
1. Type =n Layer # =[] Wavelength = 632.8 nm Name = n of B-Spline @ 632.8 nm
Low Spec. = 0.000 High Spec. = 0,000
2. Type =k Layer # =0 Wavelength = 632.8 nm Name = k of B-Spline @ 632.8 nm
Low Spec. = 0.000 High Spec. = 0.000
+ OTHER Options
Configur, ion
Turn Off All Fit Parameter:

Figure 4-17. Au Substrate model saved for future use.
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4.2. Self Assembled Monolayer on Au

FEATURES IN THIS EXAMPLE

e Parameter Uniqueness e Fixing B-Spline Optical Constants

This example uses the Au substrate result from Section 4.1. Thus, you will need to
complete 4.1 before proceeding to this example. To insure that the Au substrate
model works before proceeding, open the “Au_substrate” data file again and press
fit. If the fit does not work, then repeat Section 4.1 before proceeding.

Self-Assembled Monolayers

Self-Assembled Monolayers (SAMSs) are very thin organic layers that consist of a
single monolayer. Thus, they are generally less than 10 nm thick and often closer to
1-2 nm. Spectroscopic Ellipsometry is very sensitive to layers of this thickness, due
to the phase information available from the measured Delta parameter. However, the
index of refraction from such thin layers is not typically attainable. Instead, the
nominal index of refraction must be assumed in order to fit the thickness. As layers
become thicker than 10-20 nm, spectroscopic ellipsometry gains sensitivity to index
of refraction in addition to thickness. A common method for thinner layers is to
measure a similar material as a thicker film. From the thicker film, the index can be
measured and then fixed when measuring thinner layers. Because this
approximation may not always be true for such thin layers, the measurement of
SAM s is often qualitative and best used for comparison between multiple samples.

Open the “Organic on Au” data file and press ‘Generate’. The graph should appear
as in Figure 4-18. The Model dashed curves will represent a bare Au surface, as they
come from our model with only Au. Notice a shift in Delta toward lower values (at
all wavelengths). This indicates the presence of a thin surface coating. A larger shift
indicates a thicker film on the Au surface.

Spectroscopic Data (SE) Data
45— Fel 140

i Model | ."/ﬁﬂﬂ..‘-d-_ . el
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Figure 4-18. Data from “Organic on Au” compared to Generated Data from the bare Au
surface. Notice the shift in Delta toward lower values for the coated sample, which indicates
a surface coating.
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Add a new layer to the Model by pressing Model:>Add. Position the blue bar above
the Au substrate and click to add the layer. Choose Cauchy layer from the Basic
folder and press ‘Open’. The default values for Cauchy layer will be close to the
values needed for generic organic films. Thus, we will fix the optical constants for
the Cauchy layer and only turn on the thickness as a fit parameter.

BEFORE proceeding, it is important to FIX the Au optical constants. If we fit at this
time, the Au optical constants would also move and confuse our overall result.

To prevent the Au substrate optical constants from fitting, make sure to do the
following:

e  Turn OFF the “Fit Opt. Const.” command inside the B-Spline layer, as
shown in Figure 4-19.

e  Make sure the Global Fit is turned off.

;‘ Log Out

Maodel: metal substrate example

| Cpen || Save H Clear |

Layer commands. Add Delete Save =
Include Surface Roughness = OFF
Layer # 1 = Cauchy Thickness # 1 = 0.00 nm T
-[Substrate = B-Saline

Init. walues: n=1.500 k=0.000 Starting Mat = au_test

Resolution (e%) = 0.100 19 Pts. (1.380-3.250 V) Draw Node Graph
Fit Opt. Const. =

Use KK Mode = OFF

Show Advanced Options = OFF

+

Figure 4-19. Turn OFF the “Fit Opt. Const.” to insure the Au optical constants stay fixed at
the values fit from the bare substrate data.

Turn on the Thickness of the Cauchy layer as a fit parameter (by clicking it with the
right mouse button). Press ‘Fit” and the resulting thickness of 7.48 nm should be
reported. If you get a different thickness, make sure the Au optical constants did not
adjust from the previous fit.

Parameter Uniqueness

We will use this result to demonstrate a feature in CompleteEASE that helps to
visualize the model uniqueness. Go to the bottom of the Model: Panel and expand
the +OTHER Options. In this section, press the Parameter Unigueness command.
You will be asked which of the fit parameters you want to select for testing. In this
case, we have only fit the thickness, so choose Thickness #1, as shown in Figure
4-20.

CompleteEASE Parameter Unigqueness Fit 4

Select a parameter:
|Thickness #1 |V|

Figure 4-20. Choose fit parameter to test for Uniqueness.
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Next, you need to enter the “Minimum value”, “Maximum value”, and “# of fit
points”. These will define the test conditions. The parameter space between the
minimum and maximum will be divided into equal spacing to match the total number
of points entered. Then, the fit will proceed with the test parameter (Thickness #1 in
this case) fixed at each individual value. The MSE is captured from each fit for

graphing.

For this example, choose a Minimum Value of 2.5nm, Maximum Value of 15nm,
and 100 total points, as shown in Figure 4-21. You will get a warning that no other
fit parameters are selected, as shown in Figure 4-22. This is okay, as the test will
still proceed to show the MSE profile as the Cauchy thickness is varied, as shown in

Figure 4-23.

Parm. Unigqueness Fit Settings

Current value for Thickness #1 = 7.46

Minimurm Yalue: (2.5
Magimum Yalue: (15

#0ffit points: |100)

Figure 4-21. Settings for Parameter Uniqueness Test.

CompleteEASE

5]

® There are no fit parametars defined

Figure 4-22. Warning message shown when the only fit parameter turned on is the test
parameter. It is okay to proceed past this warning to see the MSE profile as that single fit

parameter is varied.
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Figure 4-23. MSE profile from Uniqueness test of the thickness for thin Self-Assembled

monolayer on Au when the optical constants are fixed.
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Right-click on the graph area and copy the MSE profile data to the Graph
ScratchPad. This will allow us to compare this MSE curve with our next test.

Next, allow the A, B, and C parameters in the Cauchy layer to fit. Repeat the
Parameter Uniqueness test with the same settings for Thickness #1. This time, the
result should appear as seen in Figure 4-24. Add this result to the Graph ScratchPad
and then view the ScratchPad to allow comparison of the two tests as shown in

Figure 4-25.
= _— T T T S s
Massurement | In sty |Analysis | Hardware | Oplions
Cala Organk on Ay Moosl Au Subsi@le [Biank Stating Model
Qpsn | Saw o !n:'IP.-.m:. | Cgeny Bage i Claas O Snapshal Eava Snagahol
il Include Derived Paremeters = GFF T
GengEe v )| Fromamic || Resst - OTHER Options
| mse=2658 Wuvl. Range Expansion Fit Increment (g\) = 0.50
Thickness # 1 = 7 460,019 nm Try Alternate
Unic R ( 2nd Parm lo Graph: MONE )
Fit Parameter Errer Estimation
Add Opl. Const. lo HTHL Report = OFF H
Configure Oplions P
Turn Off All Fit Parameters
Graph Tros e lila
Faramatar Unfqueriaaa Fit
=8
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Figure 4-24. MSE profile from Uniqueness test of the thickness when the Cauchy parameters
for thin layer are allowed to vary at each point.
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Figure 4-25. Comparison of MSE profiles from both tests, as seen in the Graph ScratchPad.
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4.3. Absorbing Thin Films (B-SPLINE)

FEATURES IN THIS EXAMPLE

e B-SPLINE Layer o Wvl. Range Expansion Fit
e Starting Mat = o Selecting a Graph/Fit Range
e Saving a Model e Zoom All

SE measurements on absorbing films are more difficult to analyze compared to
transparent films. This is because the general structure of the film optical constants
(n,k) versus wavelength is not always known before the measurement. To handle
absorbing film analysis problems, CompleteEASE implements a couple special layer
types: a “B-Spline” layer which allows arbitrary flexibility in n,k versus wavelength,
and the “Gen-Osc” layer which uses a summation of standard oscillator lineshapes.
The B-Spline is described in this example, while the Gen-Osc will be described in
the next example.

The B-Spline layer is perfect for materials that are partially transparent and partially
absorbing — such that the ellipsometer witnesses the onset of absorption. A few
example materials of this nature include:

e a-Si, a-Ge, a-SiGe e SiC
e 7ZnS, ZnSe e TiO,

e Most organics, such as polyimide, PEDOT, P2VP,
Alg3, P3HT, photoresists, and many more.

e Diamond-like carbon (DLC)

Identifying an Absorbing Film

Open the “SiC on Si” data file from the EXAMPLES folder. Notice that Psi and
Delta oscillate (Figure 4-26) as we have seen for transparent film examples. These
oscillations are caused by interference between light that reflects from the film
surface and light that travels through the film and returns from the bottom interface.
The thicker the film is, the more oscillations that will appear.
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Figure 4-26. Data from SiC film on Silicon. The interference oscillations in data suggest the
film is transparent at longer wavelengths, while the decrease in amplitude of these oscillations
at short wavelengths indicates UV absorption.

Unlike the transparent films we have witnessed, the interference oscillations decrease
in amplitude toward shorter wavelengths. This is a strong indication of absorption in
the ultraviolet spectrum. The oscillations are dampened, as less light is able to
penetrate the film and return to the surface to interfere with the top-reflected light.
This concept is illustrated in Figure 4-27. To model the SiC film on Silicon will
require a material file that can describe both transparent and absorbing regions.

~_—

\/
<

Figure 4-27. Interference oscillations occur when the light can travel through a thin film and
return from the bottom interface (red). If the light is absorbed, the light only comes from the
top-surface (blue) and will not produce interference.

Si with Absorbing Film

Now, open the “Si with Absorbing Film” model from the BASIC folder and click
‘Fit’. The results should appear as shown in Figure 4-28. To view the optical
constants of the film, right-click (“8R) on the “B-Spline” layer in the model and
select “Graph Layer Optical Constants”. The resulting optical constants (which are
the optical constants for the SiC film) are shown in Figure 4-29. The film is
essentially transparent (k~0) at longer wavelengths (A>600nm) with a gradual
increase in absorption at shorter wavelengths. The film index (n-red curve) also
increases toward shorter wavelengths.
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Figure 4-28. Data fit to SiC on Si using the Si with Absorbing Film model.
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Figure 4-29. Optical constants for SiC film using the “B-Spline” layer.
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The “B-Spline” Layer

The “Si with Absorbing Film” model settings are shown in Figure 4-30; the “+” next
to “Layer #1” was clicked to expand the “B-Spline” layer. The B-Spline layer
specifies the optical constants versus wavelength using a series of control points
which are equally spaced in photon energy (eV). The approximate spacing of the
control points is controlled by the “Resolution (eV) =" field and the resulting number
of control points within the current spectral range is listed after this value. Basis
spline curves (which are by definition smooth and continuous in the Oth, 1st, and 2nd
derivatives) are used to interpolate the optical constants between the control points.

Layer Commands: Add Delete Save

Include Surface Roughness = ON Roughness = 7.76 nm (fit)
-[Cayer # 1 = B-Spline Thickness # 1 = 511.71 nm (fit)
Init. values: n=2503 k =0.083 Starting Mat = none
Resolution (eV) = 0.300 7 Pts. (1.388-3.250 V) Draw Node Graph
Fit Opt. Const = ON
Use KK Mode = QFF

Query remote system for Opt. Const. = OFF

Show Advanced Options = QFF

Angle Offset = 0.000
+ MODEL Options
- FIT Options
+ Perform Thickness Pre-Fit = ON
BUse Global Fit = ON
# of Data Points = 20 # of lterations = 5
Parm #1 = Spline Layern
Min. = 1.300 Max. = 5000 # Guesses = 20

Parm #3 = (nong)
Include Wvi. Range Expansion Fits = ON
Limit Wl. for Fit= ON Range = 600.0 nm - 5000.0 nm
Fit Weight = N.C.3
Limit Whl. for Fit = OFF
Limit Angles for Fit = OFF
Max. Acceptable MSE = 100.000
- Include Derived Parameters = ON
Add Derived Parameter

2: Type =k Layer # =1 Wavelength = 632.8 nm Name = k of B-Spline @ 632 8 nm
Low Spec. = 0.000 High Spec. = 0.000
+ OTHER Options

Configure Options
Turn Off All Fit Parameters

Figure 4-30. Settings for the “Si with Absorbing Film” optical model.

Clicking on “Draw Node Graph” displays the graph shown in Figure 4-31. This
graph shows the location of the spline control points. The B-Spline layer always
works in terms of the complex dielectric function € = g; + ig, = (n + ik)?, which is
often written as “el & €2”. One set of control points (and associated spline curve) is
used to specify the dispersion in “e1” and a second set of control points is used to
describe “e2”. Using a smaller “Resolution” value adds more control points,
resulting in more flexibility to accommodate sharper features in the dielectric
constant spectra. However, setting the Resolution too low can result in unwanted
noise or unphysical artifacts in the dielectric function spectra.
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Spline Opt. Const. vs. eV
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Figure 4-31. B-Spline dielectric function “el & e2”, showing the location of the “control
points” (red and green dots), which are equally spaced in eV.

There are two ways to initialize the B-Spline layer control point values:

1. Click on the “n =" and/or “k =" fields which sets all control points to this
new value over the entire spectral range.

2. Click on “Starting Mat =" which chooses control points to match the optical
constant values from the specified material file.

The “Si with Absorbing Film” model uses the first method combined with the
“Global Fit” option to search a range of n and k values for the film. The “Use Global
Fit” section in Figure 4-30, specifies twenty n values ranging from 1.3 — 5 and three
k values ranging from 0 — 0.5.

Note: The Global Fit is a slow procedure and should be turned off if you have a
good starting guess for the optical constants. In this manner, you can save
significant time by avoiding the “automated” recipe — especially when dealing with
multi-angle data sets.

The “Fit Opt. Const.” button allows the user to turn on and off the fitting of spline
points from within the B-Spline. Thus, an absorbing material could be fit using the
B-Spline and then the “Fit Opt. Const.” button can be toggled to OFF to fix the
optical constants of this layer in place for further analysis.

Note: To FIX optical constants, the Global Fit also needs to be turned off

In the B-Spline layer, the “Use KK mode” is an advanced calculation that maintains
Kramers-Kronig consistency between the resulting el and e2 spline curves. When
this feature is ON, the optical constants will be constrained to a physical shape — thus
it should provide further assurance that the resulting optical constants are correct.
This feature will also reduce the total number of fit parameters, as only the e2 spectra
is described with a series of spline points while the el spectra is calculated via the
Kramers-Kronig transformation. Additional “Advanced Options” in the B-Spline
layer are further documented in Section 10.
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As you drag the mouse
across the graph with the
left-button held down, it
should create a “black
area’” on the graph to show
the range of wavelengths
selected.

Wavelength Range Expansion (WVL-EXPAND) Fit

The “Si with Absorbing Film” model uses a Wavelength Range Expansion (WVL-
EXPAND) fit within the Global Fit. This is explained in the subsequent section.
First, let’s demonstrate how the WVL-EXPAND fit routine works. The principle
behind the WVL-EXPAND fit is that a model may work better over a narrower
selection of wavelengths as compared to the entire measured range. Organic films
are an excellent example as they are typically transparent at longer wavelengths with
absorption only in the UV. Thus, a Cauchy is often adequate for longer wavelengths
but is not applicable to shorter wavelengths when the film becomes absorbing. The
B-SPLINE layer can work in both transparent and absorbing regions, but may find
the correct starting solution more readily in the transparent region. The transparent
region minimizes the fit complexity as only the index needs to be determined.

Range-Selecting Wavelengths

To manually perform a WVL-EXPAND fit, we first need to learn how to select a
subset of data over a specific wavelength range. This is simple in the
CompleteEASE program. First, choose a wavelength that will serve as an end-point
for the new data subset. Left-click (“BL) the mouse on this wavelength and hold the
mouse button down while dragging to the opposite end-point wavelength. If the
mouse drags off the side of a graph, all wavelengths in that direction will be included
(even expanding the graph to include wavelengths not shown).

As an exercise, open any data file and try the following:

1. Range-select 600-700nm using the mouse (Figure 4-32).

8 CompeteERSE ST T TR R R R TR R B T I e e e et g
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Data: ST on Si Model. Si with Absorbing Film
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Fit INClue SUrtate Rolciness = O Foughness = 7.76 nm ifit) |
=Layer# 1 = B-Solne Thickness # 1 = 31171 am [t
Generat Fit | gt Ini. values. k= D083 Starng Mat= i -
WSE = 4,451 Resolubon (g 0 7 Pts (1 33653 260 &) ietRN e CRerenTy

Fit Opt. Const.
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Figure 4-32. Range-selecting wavelengths between 600 and 700nm.

2. Range select wavelengths of 600nm and above. For this, start the mouse-button
just inside the current graph (near 600nm) and then drag beyond the right graph
boundary to incorporate all longer wavelengths (Figure 4-33).
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Figure 4-33. Expanding the current wavelength range to longer region.

3. Finally, select the entire wavelength range. This is accomplished by dragging
the mouse over both graph boundaries or pressing ‘Zoom All’ at the top-right of
the graph panel (Figure 4-34).
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Figure 4-34. Press ‘Zoom All’ to select the entire wavelength range.

Now, let’s return our attention to the WVL EXPAND fit. This fit works by taking a
limited wavelength range (as selected by the user), applying the current fit, and then
gradually increasing the range to both shorter and longer wavelengths until the entire
data set is included in the fit. The fit is performed at each new increment of
wavelengths.

To manually perform a WVL EXPAND fit, you choose the desired starting
wavelength region, and press +OTHER Options>WVL. Range Expansion Fit at

the bottom of the Model panel.
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WVL-EXPAND Fit with B-SPLINE Layer

The B-SPLINE layer works very well with the WVL-EXPAND fit. As the
wavelength range is expanded, the number of spline control-points automatically
increases to match the new wavelength range. The additional points are initialized
by extrapolation of the existing model, but then are fit to match the experimental
measurement. The true power of the WVL-EXPAND fit can be seen by extending
this fit to include Global Fitting (as described in next section).

Global Fits with WVL-EXPAND Fitting

The WVL-EXPAND fit can also be used in conjunction with the Global Fit. When
this option is “ON”, a WVL-EXPAND fit is performed at every trial of the global fit.
Thus, each fit will begin over a restricted range of wavelengths, followed by an
expansion of wavelengths to the entire range. The MSE of the final expanded fit is
compared between all trial fits to determine which result gives the best agreement.
The best fit from all the Global Guesses is reported.

- FIT Options
+ Perform Thickness Pre-Fit = ON
- Use Global Fit= ON
# of Data Points = 20 # of lterations = 5§
Parm #1 = Spline Layer n
Min. = 1.300 Max. = 5.000 # Guesses =20
Parm #2 = Spline Layer k
Min. =0.000 Max. = 0.500 # Guesses =3
Parm #3 = (none)
Include Wvl. Range Expansion Fits = ON
Limit Wvl. for Fit= ON Range =600.0 nm - 5000.0 nm
Fit Weight = N.C.S
Limit Wvl. for Fit = OFF
W@/nclude Derived Parameters = ON

Figure 4-35. Global Fit and Wavelength Range Expansion Fit regions of the model for
absorbing film using B-Spline layer.

Figure 4-35 shows the additional options available when a WVL-EXPAND fit is
turned “ON”:

Limit Wvl Range for Fit

This first option chooses whether to start with the user-selected wavelength range
(OFF) or the wavelength range chose within the model (ON). Typically, this option
would be turned ON for automatic models, as it does not require the user to decide
where to start. However, it can be turned OFF when first testing a model to
determine how to setup the initial wavelength range.
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Wvl. Expansion Wvl. Range

When the “Limit Wvl. Range for Fit” option is turned “ON”, this selection dictates
the starting wavelength range for the WVL-EXPAND fit. This option is helpful
when automating a model.

The Global fit with WVL-EXPAND fit is a very powerful data analysis algorithm
which “automatically” works for a wide range of samples. Here are some hints for
“tuning” the algorithm to analyze data sets when the default values fail:

Adjust the “Spline Layer n” and “Spline Layer k” ranges to values which
closely bracket the nominal optical constants.

For thicker films (i.e., data sets with many oscillations) it may be necessary
to increase the “# Guesses”; thinner films can use fewer “# Guesses”, which
will reduce the data analysis time.

For thin films (<100 nm) the WVL-EXPAND Fit may not be required.

For very thick films (>1 — 2 microns), it may be necessary to specify a more
limited spectral range (it is preferable that the film is transparent in the
limited spectral range).

Unless the nominal layer thickness is accurately known (and set in model),
“Perform Thickness Pre-Fit” option should be ON.

Before beginning the global fit, make sure all other model parameter values
are set appropriately (for example, if Surface Roughness is included in the
fit, its starting value should probably be zero).
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4.4. Absorbing Thin Films (Gen-Osc)

FEATURES IN THIS EXAMPLE

e Gen-Osc Layer e Parameterize Layer
e Tauc-Lorentz o Cody-Lorentz

In the previous example, we introduced the analysis of absorbing thin films via the
B-Spline layer. Another method for absorbing films that can be used independently
or after initial B-Spline modeling is the Gen-Osc layer. The Gen-Osc models the
absorbing features by describing the shape of the absorption. This example
demonstrates the common application of the Gen-Osc layer.

Parameterize Layer

The resulting B-Spline optical constants from the “Si with Absorbing Film” model
fit may be completely adequate for many applications. While the B-Spline layer
guarantees the optical constants versus wavelength will be “smooth”, it does not
always guarantee they are physical (that is, Kramers-Kronig consistent).
Furthermore, the B-Spline layer requires many fit parameters (two times the number
of control points), which may lead to correlation in the data fit. Once the general
shape of the optical constants are determined using the B-Spline layer, it is often
desirable to parameterize the optical constants with a simple analytic expression.
The “Parameterize Layer” command can conveniently perform this procedure.

NOTE: The Goal of Layer Parameterization is to match the shape of n,k from the B-
SPLINE fit using a dispersion model.

To parameterize the B-Spline optical constants for the SiC film in the previous
example, right-click on the B-spline layer and choose “Parameterize Layer” from the
drop-down menu, as shown in Figure 4-36. This opens “Parameterize Layer” dialog
box as shown in Figure 4-37, with the B-Spline layer optical constants plotted in the
graph. The default model (Gen-Osc) will automatically open in this window with a
starting oscillator (in this case, Cody-Lorentz).
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Figure 4-36. Right-click on a layer to drop-down menu, then press “Parameterize Layer” .
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Figure 4-37. Parameterize Layer dialog box, showing starting optical constants of the layer
along with the default Cody-Lorentz oscillator.

The “Gen-Osc” material file (which stands for General Oscillator) allows a
combination of various oscillator lineshapes. We want to match the shape of SiC
optical constants with an oscillator. There are many choices which are detailed in
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Section 10. For this example, left-click on the “Cody-Lorentz” name and choose
“Tauc-Lorentz” from the Input box, as shown in Figure 4-38.

CompleteEASE Input

Choose the oscillatar type:

Lorentz -
Larentz ImiAmp)
Harmuonic
Harmoanic mismp
Gaussian
DrudeiRT)
auc-Lorentz
Cody-Laorentz

Figure 4-38. Input box with choices of different oscillator types.

1]

The basic steps for matching optical constants with a new oscillator model are as
follows:

1. Match e2 by adjusting and then fitting the oscillator parameters.
2. Match el by adjusting and then fitting the eloffset or Pole values.
3. Final adjustment to all parameter to fit both el and e2.

Each of these three steps will be demonstrated for the SiC example, where we match
the SiC B-Spline results with the Tauc-Lorentz oscillator parameters.

Step 1. Match Imaginary Part Only.

Most oscillators are Kramers-Kronig consistent. This provides an internal coupling
between the real (el1, n) and imaginary (e2, k) optical properties. As we adjust the
oscillator parameters to match the shape of e2 from our B-Spline result, we will in-
turn be automatically adjusting the el shape via the KK transformation. Step 2 will
allow us to adjust additional parameters that will only affect e1, which is why it is
important to start with the e2 matching.

To control the Oscillator values, LEFT-click your mouse on the number next to the
Tauc-Lorentz oscillator, as shown in Figure 4-39. Note that the selected oscillator
will now have a shaded box surrounding the number.

NOTE: It is important to LEFT-click the mouse on oscillators you wish to adjust as
RIGHT-clicking will delete that oscillator from the list. 1f you do this accidentally,
simply press the Add Oscillator line.

When an oscillator is selected, control boxes will appear to allow manipulation of the
center energy, amplitude, broadening and possibly the bandgap. Not all of the gray
squares will appear if the oscillator values are outside the graphed range. To view all
of the control points, as shown in Figure 4-40, press the ‘Expand X-Axis’ button at
the bottom of the dialog box.
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Figure 4-39. Left-clicking on the number next to an oscillator selects that oscillator for

manipulation.
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Figure 4-40. Press the ‘Expand X-Axis’ button to view all of the control points that
manipulate the oscillator, even if they are outside the measured spectral range.
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Before we adjust any of the control points, it is easier to visualize the oscillator if we
change the OC View/Fit Type to “Imaginary Part Only”. This will show the green
curve of e2 (or k) from our B-Spline fit along with the dashed gray curve from the
oscillator we are adjusting. The goal is to match these two curves. If you position
your mouse over any of the gray control boxes, your pointer should change to an XY
arrow to show that you can now adjust that control box. This is shown in Figure
4-41, where the top control box is selected. This top control box can move both the
amplitude and the center energy. Practice moving the different control boxes to
better match the dashed curve to the green B-Spline data.

Parameterize Layer f_f_ z _f_f f_f_
New Layer OC View/Fit Type Wyl Units Fit

Open Material File n&k @ 1862 O nm Eit

Mat: Gen-Osc ViewsFit: |Imaginary Part Only : @ev

Layer Parameters

Gen-Osc - GENOSC =
Add Oscillator Fast Gaussian Calc = ON
Einf = 1.000
UV Pole Amp. = 0.0000 UV Pole En. = 11.000
IR Pole Amp. = 0.0000
Fit All Clear All Add Amp. Add Br. Add En.
@ Type = Tauc-Lorentz Amp1 = 5.0000
Br1=1.000 Eo1=4.000 Eg1=2.500 Common Eg = OFF

[Hl

Graph

2.5
2.0
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N 1.0
M
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1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
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| Replace Layer H Cancel ‘

Figure 4-41. Cursor positioned above the top control point turns to an XY Arrow to show that
this control point can be adjusted to change the shape of the selected oscillator.

After the oscillator parameters have been adjusted to better match the reference e2
shape, right-click (“BR) on the “Amp.”, “Br”, “Eo”, and “Eg” parameters. This will
turn them ON as fit parameters. Click the ‘Fit’ button. In this case, we are not
fitting the experimental data, but rather matching the imaginary oscillator shape (via
the parameters) to the reference optical constants.

The fit varies the oscillator parameters to match the imaginary curve shape as entered
from the B-Spline. Figure 4-42 displays the fit results; the black dashed curve in the
graph is calculated using the Tauc-Lorentz dispersion formula.
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Figure 4-42. Fit to imaginary values of SiC using a single Tauc-Lorentz oscillator.

Step 2: Match Real Part Only.

When finished matching the imaginary part with an oscillator, change the OC View/
Fit Type to “Real Part Only”. The oscillator list will be hidden from view, as the
only parameters allowed to vary during “Real Part Only” fitting are the Einf, and two
Poles, as shown in Figure 4-43. Poles are unbroadened oscillators that are placed
outside the measured spectral range to affect the real part of the optical constants in
the same manner that a strong absorption in that spectrum would. Thus, the UV pole
will pull the index up toward the short wavelengths while the NIR pole will pull the
index down toward longer wavelengths. The Einf value adds a constant offset to all
index values, which approximates the effects of absorptions that are significantly
distant from the measured wavelengths.
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Figure 4-43. The only parameters required when fitting “Real Part Only” are the Einf, and
two Poles.

For this example, it is best to adjust the parameter values before starting the fit.
When values are changed in the Layer Parameters panel, the optical constant graph
is automatically updated. Enter a UV Pole Amplitude of 100 and the curve raises
upward. The parameters can also be “dialed in” by positioning the mouse above a
parameter, holding down the “Shift” key, and rolling the mouse wheel. Figure 4-44
shows the curves after the UV Pole Amplitude has been raised to get closer to the
reference curve. However, the “tilt” of the curve does not match. This is because
the UV Pole Position may also need to be adjusted. In general, the closer the UV
Pole energy to the measurement range, the more “tilting” that will occur.
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Figure 4-44. Increasing the UV Pole Amplitude also raises the Gen-Osc “el ” value, but the
blue curve does not match the “tilt” of the red reference curve from our B-Spline. This will
require adjustment of the UV Pole Energy.

After adjusting the UV Pole Position and Energy to better match the reference B-
Spline curve, the two values are “fit” to give the best match. Afterward, the Einf
value was also added to the fit to get a good match, as shown in Figure 4-45.
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Figure 4-45. Fit to the B-Spline reference el value was achieved by varying (and fitting) the

UV Pole Amplitude, Energy, and Einf.
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Step 3: Match All.

If Step #1 and #2 were successful, the Gen-Osc will not match both real and
imaginary values of the reference. However, there can be some correlation between
values used to match the e2 curve and those used to match the el curve. Thus, a
final fit is often recommended with the OC View/Fit Type set to “All”. The most
common correlation occurs when one of the oscillators is centered outside the
measurement spectral range and thus can contribute in different ways to the el value
(via KK transformation), as the amplitude and center energy can adjust and still
provide a similar “tail” of absorption in the measured wavelength range.

Replace Layer

After you are happy the Gen-Osc matches both real and imaginary components of
the reference B-Spline, press ‘Replace Layer’ to apply the new oscillator model in
place of the B-SPLINE layer, as seen in Figure 4-46. The new oscillator can now be
used to fit data. Press ‘Fit’ to see how well the Tauc-Lorentz oscillator can describe
the experimental data. If further samples with similar optical constants are
measured, this model could be used directly — skipping the B-SPLINE layer step. If
the parameterization is not successful, press ‘Cancel’ to revert to the existing layer
optical constants.

Note: Fitting data is different than Fitting within the Parameterize Layer dialog box.
In the former, you are allowing the oscillator parameters to adjust to best match the
experimental SE data while the latter is used to get starting oscillator parameter
values by matching the shape of the reference optical constants.
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Figure 4-46. Gen-Osc has replaced B-Spline layer in the model.
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Glass with Absorbing Film

In this example, we will repeat the demonstrated procedures with an absorbing film
deposited on glass substrate. In general, the data analysis is similar, with different
substrate optical constants. Another consideration for transparent substrates is the
possible presence of backside reflections. In this example, the backside of the glass
substrate was mechanically roughened to avoid this extra complication. However,
section 3.4 described methods to handle transparent substrates when backside
reflections are present.

Open the “a-Si on Glass” data file and the “Glass with Absorbing Film” model, and
click the ‘Fit’ button. The results should appear as shown in Figure 4-47. The
“Absorbing Film on Glass” model uses the same procedures as previously described
for the “Si with Absorbing Film” model. As before, the optical constants are

described via a spline with equal spacing of 0.3 eV between nodes. This spacing can

be changed for materials that exhibit stronger optical dispersion. The initial values
are determined via a global fit of n and k with WVL-EXPAND fitting. To view the
optical constants of the film, right-click the mouse on the “B-Spline” layer in the
model and choose “Graph Layer Optical Constants”. The resulting “B-Spline”
optical constants from the fit are shown in Figure 4-48.
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Figure 4-47. Results using “Glass with Absorbing Film” model to fit the “a-Si on Glass”
data file.
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Figure 4-48. Resulting B-SPLINE optical constants for a-Si film.

Starting Mat

The two models for absorbing films in this example are very flexible and can be used
for many different materials. This is primarily due to the Global Fit of n k.

However, the data analysis takes longer than average, as the global fit attempts all
possible combinations of n,k starting values. To minimize analysis time, the global
fit range could be reduced. However, this would require knowledge of the
appropriate range for the material. If the material is known, it is also possible to use
a similar material file as the “Starting Mat” inside the B-SPLINE layer.

For best comparison of analysis time, re-analyze the “a-Si on Glass” data set using
the “Glass with Absorbing Film” model. The analysis takes between 20 and 25
seconds on a Pentium D computer. Re-open the “Absorbing Film on Glass” model
and make the following modifications:

e Expand the B-SPLINE layer and left-click “Starting Mat = none”. Open “a-
si.mat” from the Semiconductor Folder.

e  Turn OFF the global fit with Model:>+FIT Options.
e  Press Fit:>Fit’.

The data analysis should return the same result as before, but in less than one second.
Thus, this new model would be an alternative for a-Si when the optical constants for
the film are similar to the reference material file.
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Parameterizing Optical Constants with Cody-Lorentz

The a-Si optical constants can be parameterized, just as with the SiC values from the
previous example. There are two common oscillators used for amorphous silicon:
Tauc-Lorentz and Cody-Lorentz. To parameterize the B-Spline optical constants for
the a-Si film in this example, right-click the B-spline layer and then choose
“Parameterize Layer” from the drop-down menu.

The “Parameterize Layer” dialog box appears with the B-Spline layer optical
constants plotted in the graph. For this example, we will use a single “Cody-
Lorentz” oscillator.

As before, go through the three steps with the Gen-Osc parameterization, namely 1)
match e2 using oscillator parameters (set View/Fit to Imaginary Part Only), 2) match
el with poles and Einf (set View/Fit to Real Part Only), and 3) match both and
replace the layer. For step #1, there are two ways to manipulate the oscillator
parameters by hand before “fitting”. As an exercise, vary the parameters manually.

1. Dial each oscillator parameter by holding the SHIFT key down while the
mouse-wheel is rolled over top of the oscillator parameter. Holding CTRL-
SHIFT will make reduce the step-size of each adjustment.

2. Left-Click (“BL) on the number next to the Oscillator to highlight that
oscillator. This shows “control” points on the graph that can be grabbed and
adjusted with the mouse. Often, these control points are outside the measured
spectral range, as in Figure 4-49. To view the control points of the oscillator,
press the ‘Expand X-Axis’ button. This will widen the photon energy range to
view the entire oscillator, as seen in Figure 4-50. Try adjusting the oscillator
broadening, amplitude, and center energy by moving the gray control boxes on
the graph. This will change the shape of the oscillator.
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Figure 4-49. Click the number next to an oscillator to view the oscillator and its control
points (in gray). As is often the case, the oscillator is outside the measured energy range, so it
is difficult to locate.
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Figure 4-50. Press ‘Expand X-Axis’ to better view the oscillator and control points (in grey).
The control points can be adjusted with your mouse to change the amplitude, center energy,
broadening and bandgap for the selected oscillator.

Figure 4-51 displays the fit results; the black dashed curves in the graph are
calculated using the specified oscillator. Go ahead and ‘Replace Layer’ to add this

newly developed oscillator material file to
have an MSE near 1.2.

the model. Fit the data and the result will

Next, expand the oscillator layer in the model and add the following fit parameter to
the fit: “Ep”. This allows added flexibility to the optical dispersion. The MSE
should reduce to 0.8 as shown in Figure 4-52.

Add the additional fit parameters (Einf, Et,

and Eu) to the model to check for further

improvement. The question becomes whether slight MSE improvement warrants the
increased number of “variables” in the modeling process. As a general “rule-of-

thumb”, each additional fit parameter shou
clear choice.

Id decrease the MSE by 20% to make it a
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Figure 4-51. Optical constants of a-Si from SPLINE fit are matched with a Cody-Lorentz

oscillator.

provides a good fit.

Note: Due to correlation between oscillator parameters, it is likely that your results
will not exactly match the above results. In this case, it is common practice to try
and remove parameters until a minimum number of parameters is selected that still
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Figure 4-52. Final results using Cody-Lorentz oscillator to fit a-Si data set.

Saving a Model

After the appropriate Cody-Lorentz fit parameters are determined for the a-Si film,
the model can be saved for future use. This process is quite simple: press
Analysis>Model:>‘Save’. Choose the Folder where you would like to locate this
model and give the model a name. The “Common” folder is a central location for
easy access by all users. Figure 4-53 demonstrates this procedure.
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Figure 4-53. Press ‘Save’ from the Model: panel to bring up the “Save Model” dialog box.
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4.5. Multiple Layer Film Stacks

NEW FEATURES IN THIS EXAMPLE
e Modifying a Model o Global Fit/Pre-Fit with multiple layers

Open the data file “a-Si Multilayer”. This sample is similar to those discussed in
Section 4.4. The substrate is silicon with a SiO, film underneath the a-Si. No model
exists for this type of sample, so it will need to be constructed. It is preferred to start
by modifying a similar model. Let’s start with the model saved in Section 4.4 for a-
Si on glass using a Cody-Lorentz oscillator. Open this model from the “Common”
location. If you did not save the model, then repeat Section 4.4 before proceeding
and make sure to save the final model as suggested.

NOTE: Make sure to replace the substrate with silicon.

Left-click on the “7059 Cauchy” layer and open “Si_Jaw” from the Semiconductor
location of the Open Material dialog box.

Select the Add command from the top of Model panel. This will bring up the dialog
box shown in Figure 4-54. Move the mouse to locate the Blue bar between the two
current layers (as shown). This will be the location of the newly added layer.
Choose “Si02_Jaw” from the Semiconductor location of the Open Material dialog
box.

Add Layer To Model

Layer Type

\Layervﬁ = Gen-0sc
‘Suhsirate: Si_Jawy

‘ Standard

Intermix

Cancel

Figure 4-54. The Add command opens the dialog box shown. The blue bar can be moved up
or down to designate the location of the added layer.

Left-click the “Thickness #1= 0.00nm” designation for the SiO, layer to change its
thickness to a nominal value of 100nm. Also select this thickness as a fit parameter.
Generate data and the graph should appear as shown in Figure 4-55. The generated
data does not match the experimental data. If a fit is attempted from this point, it
will not be successful. Turn off the Global Fit in the Model and then press ‘Fit’. Go
ahead and reset the fit using the ‘Reset’ button. If you forgot to turn-off the Global
Fit, it may revert back to the spectral range-limited fit used by the Global Fit. In this
case, right-click on the ‘Reset’ button to choose the “Show Reset List”. You can
then choose to reset to the point right before you pressed ‘Fit’.
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Press ALT-R to reset the model to the previous values after verifying the poor fit
quality.

The poor fit is due to the unknown thickness values. There are a couple approaches
to determine better starting thickness values for each layer. Both approaches work
better if the Cody-Lorentz oscillator parameters are turned OFF before proceeding:

e Expand General Osc layer and right-click on each of the fit parameters that
was previously turned on, toggling them off.

Three layer thicknesses remain as fit parameters (SiO2, a-Si, roughness).
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Figure 4-55. Generate data with a nominal thickness of 100nm for SiO2 layer.
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Approach #1: Use a Global fit for both Thickness #1 and Thickness #2. Make sure
to turn off the Thickness Pre-fit. This method can take a very long time if the search
includes a wide range of possible thicknesses.

Approach #2: Use the Global fit for the SiO, layer thickness with the Thickness
Pre-fit turned on. This reduces the global fit dimension and works much more
quickly.

NOTE: Approach #2 will not work if the a-Si layer (Thickness #2) is used within
the Global Fit rather than the SiO2 layer (Thickness #1). The Thickness Prefit
always operates on the thickest layer in the model.

Figure 4-56 shows the successful fit of the sample. The current model does not
include the oscillator parameters, so the a-Si film must have similar optical constants
to the previous sample.
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Figure 4-56. Fit result for Layer Thicknesses only.
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Figure 4-57. The Fit Options section of Model: panel allow Derived Parameters to report the
optical constants from any layer in the model. With multilayer films, the correct layer # must
be entered.

The Cody-Lorentz parameters can now be turned on to improve the fit quality by
allowing the a-Si optical constants to vary. Figure 4-56 also points out that the
Derived Parameters are pointing to the wrong layer number. Within the Fit Options
section of the Model panel, change the Layer number from #1 to #2 for both the
Derived n and Derived k as shown in Figure 4-57.

Add the Cody-Lorentz parameters back as fit parameters (right-click on their values).
Turn off the Global Fit and Thickness Prefit (as the thicknesses are already well
known) and press the ‘Fit’ button. The results should appear as shown in Figure
4-58. Save the new model for future use on similar samples.
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Figure 4-58. Final fit results for a-Si multilayer.
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Oxide or Roughness?

There is often a question whether the surface is oxidized or rough. In the model
above, surface roughness was implemented with a final value of 2.29 nm. Turn the
roughness off and AddLayer of “SiO2 Jaw” on top of Layer #2. Fit the data. The
final result should have SiO2 surface layer of 2.70nm with an MSE of 1.25. Thus,
there is very little difference between roughness and oxide for this sample. This is
true in general when the film thickness is below about 5 nm. In the case of silicon, it
is more likely the surface is oxidized than rough, but both models work.

4-140 o Data Analysis 2 - Intermediate CompleteEASE Software Manual



4.6. Multiple Data Types (SE + T)

NEW FEATURES IN THIS EXAMPLE

e Appending Data o Fitting SE and Transmission data
simultaneously

e Parameter Unigueness e Graph ScratchPad

A common approach to increase the information content when measuring absorbing
thin films on transparent substrates is to supplement the SE data with Intensity
Transmission data. This extra information can help insure a unique result for
thickness and optical constants of the thin absorbing layer.

As a demonstration, open the “Cr on glass_SE” data file from the EXAMPLES
folder. This data was collected from a thin Cr film on glass, with the backside taped
to suppress backside reflections. Therefore, we can open the “Glass with Absorbing
Film” model. This model was described in an earlier example and is designed for
films that may be nearly transparent at longer wavelengths, but exhibit UV
absorption. While this model will likely work without modification for the metal on
glass, there is a better approach to start. Perform the following before pressing fit:

e  Turn off the Surface Roughness.
e  Turn off the Global Fit under the +Fit Options

e Choose the Cr.mat file from the metals directory as the “starting mat="
inside the B-Spline layer.

Parameter Unigueness

Now, you are ready to press ‘Fit’. Your initial result should look similar to that
shown in Figure 4-59. Because there is large correlation, pressing fit again-and-
again will result in different results with nearly the same low MSE. To visualize the
MSE profile, use the Parameter Unigueness option under the +OTHER Options
section of the model. Figure 4-60 shows the results for a Parameter Uniqueness test
of the thickness from 10nm to 50nm. Before proceeding, copy this curve to the
Graph ScratchPad for later comparison. Although there is a minimum value for the
MSE around 45nm, the MSE value is below 0.4 for most of the thickness range.
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Figure 4-59. Starting fit to only the SE data using a B-Spline layer.
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Figure 4-60. MSE profile from the Parameter Uniqueness test of thickness when only fitting
the SE data for a Cr film on glass.

Append Data

To help break this correlation apparent when only fitting the SE data, let’s add the
Intensity Transmission to the fit to provide additional information. We want both the
SE data and the Transmission Intensity data present in the fit. To this end, you need
to right-click (“BR) on the ‘Open’ data command and select “Append Data” as in
Figure 4-61. Choose to append the “Cr on glass_T” data file from the EXAMPLES
directory. This data was collected from the same sample. With both data files
present, you can switch between graphs of SE and T data by choosing the data set
right above the graph, as shown in Figure 4-62.
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Figure 4-61. Right-click on the ‘Open’ command to choose “Append Data” when adding
Transmission data to the already opened SE data.
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Figure 4-62. Choose the data set to graph by selecting entry just above the graph. Here, you
can see that both SE and T data for the Cr on Glass sample are open simultaneously. Thus,
they will both be included in the fit.

Transmission Data % Weight

Anytime Transmission Intensity data is fit, you should check the “Transmission Data
% Weight”. This is the value that tells CompleteEASE how to weight the
Transmission compared to Spectroscopic Ellipsometry data. Most models will have
this value set to 100%, so the Transmission Intensity has equal weighting to the
Spectroscopic Ellipsometry data. However, certain models can be saved with values
other than 100%. To view the “Transmission Data % Weight”, you will need to
press the Configure Options button at the bottom of the Model. In the Fit Options
section, check the “Transmission Data Weighting” option, as shown in Figure 4-63.
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Figure 4-63. Adding the “Transmission Data Weighting” option from the Configure Options
section of the Model.

After turning on the Transmission Data Weighting, you will need to set this value to
100% in the Fit Options section of the Model, as shown in Figure 4-64.

+ MODEL Options
- FIT Options
+ Perform Thickness Pre-Fit = Ok
Ise Global Fit = OFEF
Fit Weight = M,C 5
Transmission Data % weight = [T
Limit Wl for Fit = OFF

+ Include Derived Parameters = O

Figure 4-64. Change the “Transmission Data % Weight” to 100% in the +Fit Options
section of the Model.

Go ahead and press ‘Fit” again. If the model thickness starts close to the correct
answer, the fit should find a thickness near 14nm. This is the final result. However,
if the Cr thickness is started too far away from 14nm, the fit can get stuck in a
“local” MSE minimum. Repeat the Parameter Uniqueness test to check the MSE
profile, which should produce a curve as shown in Figure 4-65. It is obvious that
there is only a single thickness that will provide the best MSE, although we can also
easily see how it is possible to get stuck in the “local” minimum near 45nm.

Again, copy this curve to the Graph ScratchPad. Now, we can compare the MSE
profiles from the previous two Parameter Uniqueness tests by viewing the Graph
ScratchPad, as shown in Figure 4-66.
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Figure 4-65. MSE profile when fitting both SE and T data simultaneously for a thin Cr layer
on Glass.
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Figure 4-66. Graph ScratchPad comparing the MSE profile when fitting both SE and T data

or only the SE data from a thin Cr layer on glass.
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5. Data Analysis 3 — Advanced

This chapter includes further examples to demonstrate both advanced and specialized
topics. Advanced topics include multi-sample analysis, creation of composition and
temperature dependent material files and working with anisotropic or non-ideal
models. A few of the examples use data from mapped samples, which help
demonstrate how to work with data collected at multiple points from a sample.
However, not all ellipsometers have this capability, so modeling of mapping data is

only necessary for specific systems.

The section examples from this chapter are listed below, along with the primary

CompleteEASE features that are discussed.

Section 5.1 Map Data and Model Non-Idealities

FEATURES IN THIS EXAMPLE

e Show Map Data e Fit Scan Data
o Selecting single-points from Map ¢ Viewing Map Results

o Sellmeier Layer ¢ Model Calculation
(Non-idealities)
o Thickness Non-Uniformity ¢ Bandwidth (nm)

e Set Ranges

Section 5.2 Multi-Sample Analysis

FEATURES IN THIS EXAMPLE

o Selecting Multiple Points from Map o Model: Multi-layer (empty)
o CTRL-SPACE BAR to switch views. e Select/Un-Select Data Set

e Set Symbol Size e Zoom on “Map”
o Graph All Data Sets o Clear Multi-Data Set Mode
o Multi-sample Analysis o Add Fit Parameter
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Section 5.3 Creating OC Library for Composition or Temperature-dependent
materials

FEATURES IN THIS EXAMPLE

o Creating composition or temperature e OC Library Mode
dependent material files

e Opt. Const. Compare Model e Build Library
(OC Compare)

e Draw Graph

Section 5.4 Anisotropic Films
FEATURES IN THIS EXAMPLE

o Convert to Anisotropic o Difference Mode

e Graph Anisotropic Opt. Const. o Biaxial Layer

o Graph Anisotropic “Differences”
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5.1. Map Data and Model Non-Idealities

FEATURES IN THIS EXAMPLE

e Show Map Data
o Selecting single-points from Map
o Sellmeier Layer

o Thickness Non-Uniformity
e Set Ranges

e Fit Scan Data
¢ Viewing Map Results

e Model Calculation
(Non-idealities)

e Bandwidth (nm)

For this example, we will open a data file that contains multiple points scanned
across a silicon wafer with thick SiO, coating. Our goal is to effectively determine
the SiO, thickness and refractive index, along with the uniformity of the thin film

properties across the wafer.

Show Map Data

Open the data file “SiO2_Map” from the EXAMPLES folder. You should see a
color image of the Psi data across the center of a circular sample. To better
understand what is shown, right-click on the graph panel and check “Show
Symbols”. This will mark the individual measurement locations, as in Figure 5-1.
This uniformity map was created from a Radial scan of the wafer. We can visualize
the uniformity of the ellipsometry parameters, but need to first analyze the data
before we can visualize the thin film properties of interest.

Graph Trpe ] Show Wap sl

:

Translation Data: Psi

T0.48

¥ (om)
=

65.34

60.21

55,08

49.85

44 82

X {cm)

I 39.68
8

Figure 5-1. Map Data for “SiO2 _Map” data file. With symbols shown, we can visualize each

point on the wafer that was measured.
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Selecting a Point from the Map

If you press your left mouse button on any of the points of the map, it will load the
spectroscopic ellipsometry data from that single location into the graph. Thisis a
convenient way to choose a point to help construct a model to analyze the map. Go
ahead and select a point with your mouse. The graph will change to Psi/Delta, as in
Figure 5-2. Notice that an additional option is available at the top of the Graph
Panel: “Show Map Data”. This allows you to go back to the colorful map of Psi and
Delta.

GraphTyps [ Bhow Man Deta |
Spectroscopic Data At X=-1.21, ¥=2.75
100 300
80 LRI 1 T
| 200
60 (i WAN
= Wl s
& f / 100 g
40

20

¥ | e L -100
0 300 500 900 1200 1500 1800
Wavelength (nm)

Figure 5-2. Spectroscopic Data from a single-point of the map. This view was gained by left-
clicking the mouse on a map point.

Silicon with Transparent Film

While this film is SiO,, it is not necessarily a thermal oxide. Therefore, choose the
“Silicon with Transparent Film” model that was first described in Section 3.3 for an
unknown transparent layer. Go ahead and open this model and press ‘Fit” which
runs the model to fit the SINGLE point that is selected.

Before fitting all points on the map, we need to turn off the “Global Fit”, or the fit
will take a very long time. The fit result should appear similar to Figure 5-3. The
MSE is rather large which suggests there is a problem with this model. Thick films
have a large number of interference oscillations, especially at short wavelengths. On
this scale, it is difficult to see whether our model is adequate over the full spectrum.

Wavelength Units — eV

To better view short wavelengths, go ahead and convert the graph “Wavelength
Units” to photon energy (eV) instead of nm. This will expand the UV region to give
near-equal spacing between the interference oscillations. Wavelength and photon
energy are inversely related. Thus, large photon energies are actually the shortest
wavelengths. To convert to photon energy, either use the short-cut CTRL-ALT-W
or go to the Options tab and change the Wavelength Units to eV within the Display
Units panel. Figure 5-4 shows the data and model versus photon energy. For
simplicity, | have turned off the Double-Y axis for the graph. It is now very clear
that the short wavelengths (high eV) are not matched by the model. This is a
problem with the final Cauchy parameters that were found.
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Figure 5-3. Fit results for a single-point of the SiO2 map using the “Silicon with Transparent
Film” model.

Spectroscopic Data At X=-0.26047, Y=1.47721

Psi

80 Model

60

Psi

i
\./\/\/\/\/V\/VWW

Vv vy

1.0

40

20

0

0.0 2.0 3.0 4.0

Energy (eV)

5.0 6.0 7.0

Figure 5-4. Data fit for Psi shown versus photon energy (in eV) to better visualize the
discrepancies at short wavelengths (large eV).

5-150 e Data Analysis 3 — Advanced

CompleteEASE Software Manual



Fixing Cauchy Dispersion

The Cauchy parameters work well to describe the index of refraction in the
transparent region, but the Cauchy does have some limitations. It was not intended
to cover very wide spectral ranges and it does not necessarily maintain a “physical”
shape. The Cauchy parameters appear to fit the data well until about 4.5 eVV. Above
this range, there is not enough dispersion to match the correct interference
oscillations. To fix this problem, we can either redo the fit with the B and C terms of
the Cauchy included in the Global Fit (which will take a very long time) or range-
select the region that is fit and slowly add more wavelength range. The second
approach is demonstrated. First, range-select the data up to about 4.5 eV. Turn off
the Global Fit and Thickness Pre-fit. They are no longer needed, as we are close to
the final model. Press ‘Fit’. The Cauchy parameters will adjust to better match this
range. Your result should look similar to those shown in Figure 5-5.

For this example, do not worry about matching the manual results exactly, as you
may have selected a different point from the uniformity map.

Spectroscopic Data At X=-0.26047, Y=1.47721
100

80

60

Psi

40}

20

0.0 1.0 20 3.0 4.0 5.0
Energy (eV)

Figure 5-5. Cauchy fit to 4.5eV.

‘Set Ranges’

Next, extend the data range to 5.0eV. To add this extra range, let’s try using the
Data: > ‘Set Ranges’ command. This will allow you to type in the new MAX
photon energy. The ‘Set Ranges’ dialog box is shown in Figure 5-6. After selecting
up to SeV, press ‘Fit’. Keep adding extra photon energy in 0.5¢V increments and
fitting the data until you have all data graphed. The final fit should appear as in
Figure 5-7. The MSE is significantly improved — near 40 — compared to the previous
MSE of over 200.

CompleteEASE Software Manual Data Analysis 3 — Advanced e 5-151



Select Data Range

Wavelength Range
Min: (0,731 eV Max |8 et

Selected Translation Point

Selected Paint |><= 0.00, ' = 0.00 |v|

Graph Angle: = Graphvil [1 638 | ey

Figure 5-6. ‘Set Ranges’ command allows you to set the wavelength range and choose which

data point you have selected.
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Figure 5-7. Final fit to all wavelengths using Cauchy dispersion.

Sellmeier

Although we are able to get the Cauchy to better match the data with a little work, it
is not designed to handle such a wide spectral range. A better model for transparent
films that cover a wide spectral range is the Sellmeier relationship. It has the added
benefit of remaining Kramers-Kronig consistent — thus ensuring “physical” shape for

the resulting index of refraction.
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Replace the Cauchy layer in your model by pressing the Cauchy name with left-
mouse click and go to the Dielectrics directory. Choose “SiO2 (Sellmeier)” material
file in place of the Cauchy. Press ‘Generate” and the starting point should be close to
the experimental data, as in Figure 5-8. Go ahead and fit the SiO, thickness and all
four Sellmeier parameters. Your MSE should be near 30 (as compared to values as
high as 200 and as low as 40 with the Cauchy). Thus, this model better matches the
true shape of SiO2 index dispersion over a wide spectral range.

Spectroscopic Data At X=-0.26047, Y=1.47721
100

Psi
sol +1 1 E ] | | Model

60
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Energy (eV)

Figure 5-8. Generated data with the Sellmeier model for SiO2 (before fitting).

Fit Scan Data

Now that we have “tuned” the model for a single point from the map, we are ready to
fit data over all points. Make sure to simplify the model by turning OFF:

e the Thickness Pre-Fit and
e the Global Fit

Both options are found in the +FIT Options section of the Model. After both are
turned off, press the ‘Fit Scan Data’ button from the Fit: panel.

If you leave the thickness prefit and global fit ON during analysis of a full scan, it
will take excessively long. However, if there are large variations across the sample,
these may need to be turned back on — using caution and narrowing the search range
of a Global fit.

After the data from all points are analyzed, their results will be shown in the Fit:
panel, as in Figure 5-9. Now, if you press your left-mouse button on any of the
“blue” parameters, the graph will update with uniformity map of that parameter. As
an example, the Thickness #1 parameter is graphed, as shown in Figure 5-10.
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Figure 5-9. Scan Data results are shown in the Fit: panel. Press any of the “blue”
parameters in this list to view the map of that parameter.
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Figure 5-10. SiO, thickness uniformity map.

Model Calculation

Now, let’s return our attention to the fit at a single-point. Go ahead and left-click
your mouse on a point toward the center of the graph. Again, the spectroscopic data
from that point is graphed and automatically fit with our model. Psi and Delta are
matched reasonably well. However, there may be more information about this
sample to consider. Take a look at the depolarization curve, which was NOT
currently included in the MSE calculation. Press CTRL-Z to see a depolarization
graph as shown in Figure 5-11. The increasing depolarization toward short
wavelengths (large eV) is very common for thick layers. The cause of this
depolarization is due to a non-ideal consideration. The most common non-idealities
for thick layers are thickness non-uniformity or instrument bandwidth. Both can be
included in our model.
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Figure 5-11. Depolarization curve for the thick SiO2 film.

Model Calculation — Thickness Non-Uniformity

Go to the +MODEL Options section of the Model and change the “Model
Calculation” from “ldeal” to “Include Thickness Non-uniformity”, as shown in
Figure 5-12. This will calculate the effect on the data points if there was a thickness
variation within the measurement spot. Unless the system used a focused beam, this
is a valid possibility. Hold the SHIFT key down and roll your mouse button
up/down over the Thickness Non-Uniformity value. When you get to 2.4%, the
model curve will better match the experimental depolarization, as shown in Figure
5-13. This value can be fit — right click on the thickness non-uniformity and fit the
data. The MSE should reduce down below 20 (as compared to near 30 without
thickness non-uniformity). This is due to improvement in the Psi/Delta fits, as we
are not including the Depolarization data as part of the MSE calculation yet.

CompleteEASE Input

Model Calculation:

|deal

Include Bandwidth (eV)

Include Thickness Mon-uniformity

Include Bandwidth (nm)

Include Thickness Mon-uniformity and Bandwidth{nm)
Include Angular Spread

Include Bandwidth (eV), Thickness, and Angular Spread
Include Bandwidth (nm), Thickness, and Angular Spread

‘ Ok ‘ | Cancel |

Figure 5-12. Model Calculation choices.
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Figure 5-13. Depolarization data with 2.4% Thickness Non-uniformity in model calculation.

Model Calculation — Bandwidth (nm)

Next, try changing the “Model Calculation” to “Include Bandwidth (nm)”. SHIFT-
ROLL your mouse until the starting value matches the depolarization data. Then, fit
for the Bandwidth. The result should have an even better MSE than with Thickness
Non-Uniformity. The depolarization data are matched even better, as shown in
Figure 5-14. This is due to the spectral differences between bandwidth and thickness
non-uniformity. Thus, this model calculation appears to be the best. This is further
verified by the final result that shows Bandwidth near 4nm, which is physically true
for the M-2000 used for these measurements.
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Figure 5-14. Depolarization data fit with Bandwidth calculated in model.
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Include Depolarization Data

Thus far, we included Model Non-idealities to better match the depolarization data,
but the depolarization data were not included in the MSE calculation. Thus, we have
shown that the non-idealities will also better match the shapes of Psi and Delta (as
the MSE was reduced). Now, we include the depolarization data in the MSE
calculation. To do this, press the Configure Options menu at the bottom of the
Model. This feature is hidden. Under Fit Options section, check the “Include
Depolarization Data” choice, as shown in Figure 5-15. Press ‘Ok’. Now, we must
turn this feature on in the +FIT Options section. After turning on the “Include
Depolarization Data”, press ‘Fit” again. The MSE should be further reduced, while
the bandwidth stays close to where it was without including the depolarization data.
As a final step, re-fit all points of the map. Press ‘Fit Scan Data’ and you should get
resulting maps similar to those in Figure 5-16, Figure 5-17, and Figure 5-18.

Analysis time is much longer when Model Non-Idealities are included. You will
notice the analysis of all mapped points takes considerable time now that we include
the Bandwidth.

Show Model Options

Available Options Description
[ SCaueETnTyg T~ aoroT —
[] Patterning —| || Tells the model to include depolarization data in the fit.
[] Multi-Model Patterning

Fit Options

Include Depolarization Data

[[] Include Reflection Intensity Data

[[] Transmission Data Weighting [

[[] Use GenE/MM Data

[] Mare Fit Options
Other Options

[[] simulate Data

[]#ofCores

[[] Color Calculation

Include All || Clear All

{]

Figure 5-15. Press Configure Options to select hidden menu “Include Depolarization Data”.

Thickness # 1 in nm vs. Position
9 1157.49

" F =

1151.12

sl / A\ 114475

5o 1138.38
-

-3 1132.01

1125.64

-9 1119.27
9

-9 -6 -3 0 3 6
X (cm)

Figure 5-16. Final Thickness Map using Sellmeier model and including Bandwidth.
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Figure 5-17. Final MSE Map using Sellmeier model and including Bandwidth.
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Figure 5-18. Final Index at 633nm (1.960eV) using Sellmeier model including Bandwidth.
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5.2. Multi-Sample Analysis

FEATURES IN THIS EXAMPLE

o Selecting Multiple Points from Map e Model: Multi-layer (empty)
e CTRL-SPACE BAR to switch views. e Select/Un-Select Data Set

e Set Symbol Size e Zoom on “Map”
o Graph All Data Sets o Clear Multi-Data Set Mode
o Multi-sample Analysis o Add Fit Parameter

Once again, we will be working with “mapped” data from multiple locations across a
sample. This sample is more complex than the previous example. In addition to an
SiO, coating across the wafer, there are 5 patterned locations on the substrate with an
extra layer of Cr over the SiO, film. The Cr layers were deposited to nominally 10,
15, 20, 25, and 40nm thick. These layers are thin enough to allow light to penetrate
through to the underlying SiO; film. They were part of a study of different
ellipsometric methods to measure thin absorbing layers.® Figure 5-19 shows the
location of each of the Cr regions, along with their nominal thicknesses in
nanometers.

Figure 5-19. Overview of sample. The blue region represents a 100nm SiO2 layer. At the
five orange points, there is an additional Cr layer on the surface of the SiO2 film, with the
nominal thicknesses shown for each (in nm).

% J.N. Hilfiker et al. “Survey of methods to characterize thin absorbing films with Spectroscopic Ellipsometry™, Thin
Solid Films, 516 (2008) pp. 7979-7989.
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Short-Cuts for Mapping Data

Before proceeding with this example, it is helpful to review the short-cuts when
dealing with mapping data. The table below shows the important features we will
use for this example.

Table 5-1. Short-cut reference for mapping data.

SHORT CUT FUNCTION
CTRL-Click on Point Select/De-Select Point
CTRL-ALT-Click on Point Delete Point

CTRL-ALT-SHIFT Click on Point Show camera image from point
(when available)

CTRL-SPACE Bar Switch view from single-point to Map

Blank Model

Open the “Cr on SiO2 MAP” data file. You will see the data from translation scan
of the sample previously described — as shown in Figure 5-20. You can see “low”
points in Psi at the 5 locations that have been coated with Cr. To fit this data, we
need to first build a model. Because we need multiple layers, let’s try building the
model from the very beginning. Open the “BLANK” model from the Basic
directory. This will appear as shown in Figure 5-21. Left-click on the Substrate =
none and choose “Si_Jaw” material file from the Semiconductor directory. Next,
press the Add command and locate the next layer above the silicon substrate. For
our first layer, choose a Cauchy — which we will use to model the SiO, layer. Turn
on the “thickness”, “A”, “B”, and “C” Cauchy terms on as fit parameters. Next, go
to the +FIT Options section and turn on the Thickness Prefit. This model should be
adequate to fit any of the areas that do not have a Cr layer.
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Figure 5-20. Translation scan graph for “Cr on SiO2 MAP”.
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Model: Blank (Blank Starting Model)
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Layer Commands: Add Delete Save
Include Surface Roughness = OFF
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Angle Offset = 0.000

+ MODEL Options

+ FIT Options

+ OTHER Options

Configure Options
Turn Off All Fit Parameters

Figure 5-21. Starting with “Multi-layer (empty)” model.

Set Symbol Size

Before continuing, let’s increase the symbol size to better visualize the locations of
the measured points. Right-click on the graph panel. If “Show Symbols” is not
checked, do so at this time. From the right-click menu, choose “Set Symbol Size” as
shown in Figure 5-22. Increase the symbol size from default value of 1 to 2 or 3.
The graph shown in Figure 5-23 has symbol size set to “3”.
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Figure 5-22. From right-click menu on graph, select the “Set Symbol Size” option.
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Figure 5-23. Figure with Symbol Size set to “3”.

Zooming on Map

While this graph is not too complex, it is possible to collect hundreds or even
thousands of points on the same sample. In these cases, it can be helpful to zoom
into a certain location to better isolate a specific point. For demonstration purposes,
drag your mouse across a region of the sample, as shown in Figure 5-24. The
zoomed area is shown in Figure 5-25. To zoom back out to all points, simply right-
click in the graph area and choose “Zoom All”.

Graph Trpe [ Show Map Dats

Translation Data: Psi
g 6405
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54.35
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Figure 5-24. Drag your mouse over a graph area to zoom in to that region. A rectangle will
show you the location of your “zoom” region.
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Figure 5-25. Zoomed area of the Map.

Selecting Multiple Points on a Map

With our model ready to fit the SiO, locations, go ahead and press your mouse on
any of the points away from the Cr patterns (blue, purple, and dark green locations).
The data from those locations will be opened and fit automatically, as shown in
Figure 5-26. Next, go back to the map by checking “Show Map Data”. We are
going to select data from multiple points — all of which only contain the SiO, film —
to be graphed and fit at the same time. To select multiple points, hold the CTRL
button down when you press your mouse on the different areas. A larger grey circle
will be shown around each data point that is selected, as shown in Figure 5-27.

The spectroscopic data for this example may use eV for the wavelength— a carry-
over from the previous example. | have converted back to wavelength units of nm.
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Figure 5-26. Cauchy fit to a single-point with only SiO, film.
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Figure 5-27. Graph with multiple points selected — as shown by the larger grey circle
surrounding those points (4 pts in upper-left section).
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Changing the Graph

To toggle the graph from the “map” view of the graph to the individual spectroscopic
data from a single point, you can either un-check the “Show Map Data” menu, or
simply hold down the CTRL button and press the space bar. This also holds for
returning to the “map” view. Try this a few times.

From the Spectroscopic View, we now have multiple points selected, so there is a
new section to describe the location of each selected point and a check-box of
whether all data should be graphed together or one-at-a-time. This is shown in
Figure 5-28. Before, we had an MSE near 5 when fitting a single point. Press ‘Fit’
again and the MSE is now 22. That is because all 4 points are being fit to the same
model and it can not match all points with a single answer (i.e. thickness needs to be
different for each point).
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Figure 5-28. When multiple data points are selected, you can choose which point to view, or
select the check-box to “Graph All Data Sets” simultaneously.

Graph All Data Sets

There is slight variation between the four selected points. This is easier to visualize
by graphing all data sets at the same time. Before proceeding, simplify the graph by
turning off the double-Y axis and selecting only the 65 degree data (from ‘Set
Ranges’ menu, as shown in Figure 5-29. Now, it is okay to check the “Graph All
Data Sets” option and you see Psi curves from all four locations — see Figure 5-30.
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Figure 5-29. Choose ‘Set Ranges’ and select only the 65 degree data.
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Figure 5-30. Graph of all four Psi curves from multiple data point selection.

Selecting and Unselecting Data Sets

There is a right-click menu over the words “Data Set” above the graph that allow for
selecting, unselecting, and clearing data sets. This menu is shown in Figure 5-31. A
good test of these menus is to select each individual data set and fit the thickness for
each point. If you only have a single data point selected, your MSE should be near
six. Also, you can visualize which data set is selected by dropping down the list of
data sets. Notice in Figure 5-32 that all points that are not selected are marked as
such.

Graph Type [ Show ifsp Dala Dists. Sielect Data Sel “aphi Al Diala Sels
HERRE AR  Multiple Positions
Select Currend Data =t DMLY
0 Select ALL Data Sets
70 Fsi (65.00°), #1 Cielete Data Sat
Psi (65.00%), #2 | ooy pubs-Cota Setmose

801 psi (65.00), #4 i 1
Model i
50 y 4 by

Figure 5-31. Right-click over the “Data Set” text above graph to get extra choices for
selecting, unselecting, deleting, and clearing data sets.
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Figure 5-32. Drop-down list of points shows which are “(Not selected)”.
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Multi-sample Analysis

Thus far, we have fit each of the four selected points individually and as a combined
group. However, when we fit them all together, we had a single set of fit parameters
for the entire group. This may be okay for the Cauchy parameters — as the film is the
same everywhere — but the thickness is NOT the same at each point. There is an
advanced feature in CompleteEASE that allows multiple points to be fit
simultaneously with some of the fit parameters common to all points and other fit
parameters allowed to vary between points. Although the four points that are coated
with SiO, do not benefit from this powerful technique, the demonstration for these
points will help understand the basic concepts before applying to the Cr films —
which can benefit from multi-sample analysis.

To use this method, first go to the bottom of the Model and choose Configure
Options. Under the “Model Options” section, check “Multi-Sample Analysis” as an
Auvailable option. This is shown in Figure 5-33.

]

Show Model Options

Available Options Description

Model Options %] |Adds multiple sample analysis capability to the model
[[] wavelength Shift (which requires multiple appended data sets).
[] Ambient =1

[ Return Path Ellipsometer 3
[] Delta Offsets

[] Azimuthal Rotations
Multi Sample Analysis =
[] Adv. Bandwidth Options
[] Parameter Coupling
[] Use Previous Results
[] Scattering Factor

[] Patterning

4]

Include All | | Clear All

Figure 5-33. Check the “Multi-Sample Analysis” option from Model Options section.

Next, go to the +Model Options section and expand the newly available +Multi-
Sample Analysis section. Press the Add Fit Parameter text and choose Thickness
#1. The thickness for each “selected” data point will show up in the list below (as a
fit parameter). Now, right-click on the “Data Set” text and choose to “Select ALL
Data Sets”. This will allow us to vary and fit the thicknesses for all 4 locations in the
Multi-sample analysis section. The Cauchy parameters will still be fit — but the same
values will be used to fit all data sets simultaneously. Go ahead and press ‘Fit’.
Figure 5-34 shows the final results after the multi-sample analysis. The graph shows
the model matching each of the 4 curves — as four different thicknesses are fit along
with a common set of Cauchy parameters.
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Figure 5-34. Fit results for multi-sample analysis of four locations of SiO, on Si. A common
set of Cauchy values is used, while the thickness of each SiO, layer is allowed to vary in the
+Multi-Sample Analysis section of the Model.

Clear Multi-Data Set Mode

After the multi-sample analysis of four locations with SiO,, the Cauchy values from
the fit should be a good final result. We are now ready to turn our attention to the Cr
coated areas. To remove the 4 locations with SiO, only that are currently selected,
press the “Data Sets” text above the graph with right-mouse button and choose
“Clear Multi-Data Set Mode”. This returns to a single data set. Press CTRL-SPACE
BAR to go back to the map view.

Before we proceed, we want to turn off the fit parameters for the SiO, film —
including the thickness and Cauchy values. We are going to select the Cr coated
areas, but we don’t want the model to “automatically” try to fit this data — as we
haven’t added a layer for the Cr film. To turn off the “auto” fitting mode, right-click
your mouse in the Fit panel and un-select the “Auto Fit” option at top, as shown in
Figure 5-35. Now, we can select a point without automatically fitting that point. Go
ahead and select the point in direct center of graph (as shown in Figure 5-36).
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Figure 5-35. Right-click in the Fit panel and turn off the “Auto Fit” check-box.
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Figure 5-36. Select the center point of graph (shown surrounded by grey).

I show this data in Figure 5-37 with double-Y axis turned back on to show both Psi
and Delta. | have also generated data to show how different the center-point data are
compared to a model for the single-layer SiO, film.
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To fit this data, we need to add another layer to our model. Press Add and choose
location above SiO, film to add B-Spline layer from the Basic folder. Expand the B-
Spline layer and press the Starting Mat = none. Choose Cr.mat from the Metal
directory. This will calculate the B-Spline points to match Chromium optical
constants as published in Palik’s Handbook of Optical Constants. Hold the SHIFT
key and roll the mouse wheel over the thickness until it matches the data.
Unfortunately, this film does not have the same optical constants as “book” values.
This is common for metals, which will differ optically with different deposition
methods and processing conditions. Roll the thickness to 40nm, which was the
nominal thickness for the Cr layer at this location. The model with 40nm is
compared to experimental data in Figure 5-38.
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Figure 5-37. Data for center-point compared to model with single-layer SiO2.

40

30

10

Spectroscopic Data At Multiple Positions

180

130

120

Delta

90

Model

Psi (55.00, 65.00, 75.00°), #1

60

300

600 900 1200 1500
Wavelength (nm)

30
1800

Figure 5-38. Model with 40nm of Cr (starting mat in B-Spline is Palik’s Cr) compared to
experimental data at center point.

Because the results are not very close, we need to either global fit the B-Spline
parameters or fix the thickness to start. We will choose the latter, as we were given
the nominal Cr thickness. With thickness FIXED at 40nm, go ahead and press ‘Fit’.
The data fit reasonably well (see Figure 5-39), with an MSE around 4. However,
there is a small bump in the model at 3.5eV that don’t match. This is an
“interference enhancement” from underlying SiO2 film. We can only match this
region with the correct Cr thickness. Now, turn on the Cr thickness and fit it as well.
The final results appear as shown in Figure 5-40 with a good match across the
spectrum and MSE near 2.
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Spectroscopic Data At Multiple Positions
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Figure 5-39. Fit to center point with 40nm fixed B-Spline thickness. The miss-match near
3.5eV is due to interference enhancement from the underlying SiO2 film. The correct Cr
thickness will match this region as well.
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Figure 5-40. Final fit to center point.
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Multi-Sample Analysis (revisited)

Now that we have developed a model to match the center point — with Cr film on
SiO, on Si — go ahead and try this model for all points that are coated with Cr. From
the map view, press CTRL while choosing each point with the left mouse button.
The points will appear with grey circles surrounding them, as shown in Figure 5-41.

Next, switch to the Spectroscopic View (CTRL-SPACE BAR) and turn off the
double-Y axis and Set Ranges to only 65 degrees. This will allow a convenient
comparison of the curves, as shown in Figure 5-42. From this data alone, we can
estimate the points with thickest-to-thinnest Cr layers based on the shifts in data.
The thickest point was at center (in purple). As the data shift, the Cr film gets
thinner.

The order of points will differ depending on the order they were selected. Thus, your
colors may not match the same order in our Figure.
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Figure 5-41. Map view with all 5 locations selected that have Cr coating over SiO2/Si.
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Spectroscopic Data At Multiple Positions
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Figure 5-42. Spectroscopic Graph comparing the Psi curves from each of the 5 locations —
with only 65 degree data selected.

Now, let’s prepare the Multi-Sample Analysis. In the +MODEL Options section,
you will see that the Thickness #1 parameter is still selected (Figure 5-43(a)). Press
the Delete All Parms option to remove Thickness #1, as we will start with a common
SiO, thickness and only allow the Cr thickness to vary. Next, press the Add Fit
Parameter selection and choose Thickness #2 (Figure 5-43(b)).

] ;]

Model: Multi-Layer (ermpty) Madel: Multi-Layer (empty)
| Open ‘ | Save || Clear ‘ | QOpen ‘ | Save ‘ | Clear ‘
Model Calculation = [deal Wodel Calculation = |deal
- Multi Sample Analysis - Multi Sample Analysis
Add Fit Parameter Delete All Parms IERSNEETEEE Delete Al Parms
Data Set Thickness #1 Data Set Thickness #2
#1 104.48 nm #1 47.09 nm
#2 104.37 nm #2 47.09 nm
#3 103.32 nm #3 47.09 nm
#1 106.20 nm #4 47.09 nm
(a) #3 106.18 nm (b) #a 47.09 nm

Figure 5-43. (a) Press Delete All Parms to remove the Thickness #1 parameter from the
multi-sample analysis. (b) Next, press Add Fit Parameter and choose Thickness #2.

Before we begin fitting, we need to “tune” the different thickness values closer to
their final result. For this purpose, un-check the “Graph All Data Sets”. Now, go
down the list of points and SHIFT-Mouse Roll the different thicknesses shown under
the Multi-Sample Analysis section until the Generated curve better matches the
corresponding Experimental data curves. For more “fine” adjustment of the
thickness, hold both the SHIFT-CTRL buttons and roll the mouse button. This
decreases the thickness increment. An example is shown in Figure 5-44, where only
Data Point #5 is selected and the 5™ thickness is being rolled to better match the
curves.
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Figure 5-44. Match to Data Point 5 from rolling in the thickness under Multi-Sample Analysis
section of the model.

After all data points have been matched individually, press the “Graph All Data
Sets” menu again. Your graph should look similar to that in Figure 5-45. You
hopefully noticed that the curves for thinner layers were not perfectly matched when
we rolled the thickness. This is okay, as the thickest Cr layer does not match the
optical constants for the thinner layers. In fact, we will later remove this point from
the multi-sample analysis. For now, go ahead and press ‘Fit’. All five data points
will be fit simultaneously with a single B-Spline layer to describe the common Cr
optical constants and individual thicknesses for the Cr layers. The fit result should
appear as shown in Figure 5-46. The MSE should be just under 20.
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Figure 5-45. Preliminary data match by rolling individual thicknesses to pre-tune our guess
to all 5 data sets before fitting multiple sample data.
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Figure 5-46. Fit result for all 5 locations with multi-sample analysis.

Now, let’s remove the thickest layer from the multi-sample analysis. To do this,

choose the Point location for the center point from the drop-down list above the

graph. Next, right-click the mouse over “Data Set:” and choose to “Un-Select Data

Set”. The curve for the center point should disappear — leaving only four curves and

their corresponding models. Press ‘Fit” and the MSE should drop from above 19 to

less than 14. The center (thickest Cr) point does not share the same optical constants

as the thinner layers and thus is best left out of a multi-sample analysis. However,

the problem is not confined to just the thickest layer. It turns out that the Cr layer
optical constants appear to vary with thickness even for the thinner layers.
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NOTE: The multi-sample analysis stayed intact by “un-selecting” the suspect center
point. If instead we had deleted this point, the thicknesses listed in our multi-sample
analysis would now be pointing to the wrong sample locations and we would need to

roll these starting values over again.

Some of this variation is probably due to microstructure, possible roughness at the
surface and oxidation. To test this theory, turn on surface roughness in the model
and add it as another fit parameter in the Multi-Sample Analysis list. This will allow
each point to have different amounts of roughness. Press ‘Fit” and the MSE drops to
near 9. The thickness of the rough surface increases with the thickness of the film
(as shown in Figure 5-47). With this model, we could now add the thickest Cr point
back into the model to see if this trend (increasing roughness) will better match the
center point and be consistent (we expect larger roughness). Sure enough, the MSE
for all five points drops below 12 with the results shown in Figure 5-48. At this
point, research would continue by testing the samples with other techniques — such
as Atomic Force Microscopy — to see if the roughness result is true for this sample.

Stepkbiam azsiiir i rE R s T vm B
| Measurement ['insm | anansis | varaware | Qplons
Data: Cron 5102 MAP Model: Biank (Blaek Sarbng Modei}
| DOpan Sam i Sat Ranges Ogan Eaam Cler | Opan Snapshot Save Snagshot
F =
[ene ot Eit | Fii#can Qala Besel OFF
WESE = 7104 =
Thickness £ 2 (¥ = 23 6240 114 nm
Thicknass & 2 (2) = 18 6340084 nm
Thickmess # 2 (4) =8 870038 nm
Thickness # 2 (5) = 12 8420061 nm - o s
ReLghness (2) =2 540 100 ni nckie b5tk Backolde Conelien = DEF
Roughness {3) = 24820080 nm Made| Calsulativn = Heal
Roughness (4= 1410 (62 nm - Multi Sample Analysis
Roughness (5)= 2.34£0 077 nm
_________ 4.54 nm
1863 nm 348 im
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Ceaph Type ShorwManDats  Daba Sek: [#1 Mok selected) {-000000 em -000000 cmy || ] Graph Al Dats Seta
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Figure 5-47. Fit to four thin Cr films with roughness added to the multi-sample analysis.
Notice the resulting roughness increases as the Cr film thickness increases.
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- Multi Sample Analysis
Add Fit Farameter Delete All Parms
Data Set Thickness #2 Roughness

# 35.59 nm 737 nm
#2 26.01 nm 3.02 nm
#3 2030 nm 227 nm
#4 9.84 nm 0.86 nm
#5 15.16 nm 1.44 nm

Figure 5-48. Fit results for all five points, showing increasing roughness with increasing Cr
layer thickness.

As a final exercise press Data: > ‘Set Ranges’ and select all the angles back. Notice
when multiple data sets are selected (with more than 1 angle), each data set is
graphed with the same color. For example, all curves for Data #1 are in magenta and
all curves for Data #2 are in blue. This helps to group them and reduce the total
number of different colors graphed. Before fitting again, turn on the SiO, thickness
as a fit parameter and add Thickness #1 to the list of Multi-Sample parameters. With
all the angles selected and three different thicknesses included in the Multi-Sample
Analysis, press ‘Fit’ and the results should appear as shown below. You will notice
that the center SiO, thickness is larger than the remaining 4. However, this was
verified on a separate wafer that was not coated with Cr. Thus, the larger SiO,
thickness at center is to be expected. The final result is shown in Figure 5-49.

| ¢ CompleteEaSE -7 T oo B
| Measurement | Insi | raware | Opons
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= = e = +|Cayer # 1 = Cauchy Thickness # 1= 10679 om (oA
Lenerme Eit i Scan Cata Beasd T \L{
MEE = 5534 = | Angle Dfiset = 1000
Thickness # 2 (1) = 34 68+0 127 nm - MODEL Options
Thicknass # 2 (2) = 25 74+0 083 nm Inclule Substrers Backside Comaction = DEF
Thickness # 2{2) = 20 33+ Model Caloulation = kesal
Thickness # 2 (4) Multi Sample Analysis
Thicknass # 2 (5) Dielets Al Pamms
Rolghness (1)= Data Set Thickress #2 Roughness Thickness#1
=50 05D nm #H 3468 nm 1037 nm 105.79 nm
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Thicknass # 1(2) =102 BT+0.081 rm + FIT Options
Thickness # 1 (2= 101740062 rm «| | .OTHER Gptions -
Graph Trpe ShowMapData  DataSek [#1 (-0 00000 cm, -0.00000 cr) | | [l Graph Al Dsta Sets
Spectroscopic Data At Multiple Positions
40
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Figure 5-49. Final fit to all angles for 5 locations with Cr, SiO,, and Roughness thicknesses
included in the multi-sample fit.
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5.3. Creating OC Library for Composition or
Temperature-dependent materials
FEATURES IN THIS EXAMPLE

o Creating composition or temperature e OC Library Mode
dependent material files

e Opt. Const. Compare Model e Build Library
(OC Compare)

e Draw Graph

In this example, we will demonstrate how to build a composition- or temperature-
dependent optical constant library. This procedure can be used to create special
material files for any series of samples that show a systematic shift in optical
properties related to composition, temperature (or other material property or process
condition). During the process, B-splines are used to smooth the constituent optical
constant spectra for each known composition or temperature. The library is then
built using an interpolation algorithm based on the critical point shifting algorithm of
Snyder etal.* In the critical point shifting algorithm, the dielectric function at an
arbitrary composition or temperature is evaluated from a weighted sum of the nearest
reference dielectric function spectra, after the reference spectra are wavelength-
shifted to line up the critical point features. CompleteEASE simplifies this process
by automatically determining the wavelength shifting polynomials (that describe the
path of critical points versus composition/temperature) via a non-linear regression
analysis.

The full procedure for creating a composition or temperature dependent material file
is to obtain optical constants from a series of samples with varying, known
composition or temperature. This example will not demonstrate this initial step, as
the procedures for each individual film will be similar to those taught in earlier
examples. After successfully modeling the experimental data to determine accurate
optical constants for a specific composition/temperature, save the tabulated optical
constants for each material file. In this example, we work with a series of Siy.,Gey
material files that were obtained by fitting a series of layers with different
germanium compositions (x). The actual composition was measured by other means
—in this case XRD. Thus, we now have the optical constants (n,k) for a series of
known Si,Ge, compositions.

Before starting this example, change the Wavelength Units to “eV”, and the Optical
Constant Units to “el & e2” from the Options Tab.

Opt. Const. Compare Model

To start this example, open the “Opt. Const. Compare” model from the Advanced
Folder location. The model should appear as shown in Figure 5-50. Press the ADD
MATERIAL line seven times to add seven layers to the model. Each of these layers

‘P.G. Snyder, J.A. Woollam, S.A. Alterovitz, and B. Johs, “Modeling Al,Ga;,As Optical Constants as Functions of
Composition”, J. Appl. Phys. 68 11 (1990) 5925.
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will be used to hold the optical constants for a specific composition of Si;,Ge,.
Click on each layer where it says none to add a material file for that layer. There are
10 Siy.Ge, material files in the Examples Folder that were measured from a series of
thin films with known composition (as determined from XRD). In addition, we can
use crystalline Silicon and Germanium as the end-points for this material file. The
compositions related to each material file are provided in Table 5-2.

Model: Opt. Const. Compare (OC Compare)

Open || Save || Clear |

ADD MATERIAL CLEAR

Wil Range = 1.632 eV - 4593 gV

# of Wils = 300

Graph Type =gl and e?

Showy Difference = OFF

Fit Type =1 and e2

O Library Mode = OFF - Show Birefr. = OFF
[Ref. Material = none |

Figure 5-50. Opt. Const. Compare model.

Table 5-2. Compositions for each Si;.,Ge, material file used in this example.

MATERIAL FILE NAME GERMANIUM
COMPOSITION % (X)

Si_jaw.mat 0% (x=0.000)
SiGe-1.mat 5.2% (x=0.052)
SiGe-2.mat 9.8% (x=0.088)
SiGe-3.mat 15.5% (x=0.155)
SiGe-4.mat 20.4% (x=0.204)
SiGe-5.mat 26.3% (x=0.263)
SiGe-6.mat 31.9% (x=0.319)
SiGe-7.mat 37.1% (x=0.371)
SiGe-8.mat 42.3% (x=0.423)
SiGe-9.mat 49.3% (x=0.493)
SiGe-10.mat 53.9% (x=0.539)
Ge.mat 100% (x=1.000)

For this example, populate the seven layers with Silicon, SiGe-2, SiGe-4, SiGe-6,
SiGe-8, SiGe-10, and Germanium (all shown in green in table). Before you will be
able to set the compositions for each layer, you must turn ON the “OC Library
Mode”. Type the corresponding compositions for each layer as shown in Figure
5-51. The temperatures can remain at 25° Celsius for all files. 1f we were making a
temperature dependent file, we would adjust the corresponding temperatures to
match each material file.
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ADD MATERIAL CLEAR

Wvl. Range = 1.632 eV - 4.593 eV

# of Wvls = 300

Graph Type =e1 and e2

Show Difference = OFF

Fit Type =e1 and e2

OC Library Mode = ON Show Birefr. = OFF
Material = Ge x=1.0001t=25.00°C DELETE
Material = sige-10 x = 0.539t=25.00 °C DELETE
Material = sige-8 x = 0.423 t=25.00 °C DELETE
Material = sige-6 x = 0.319 t= 25.00 °C DELETE
Material = sige-4 x = 0.204 t= 25.00 °C DELETE
Material = sige-2 x = 0.088 t = 25.00 °C DELETE
Material = Si_JAW x=0.000 t=25.00 °C DELETE
Ref. Material = none

Build Library Resolution (eV) = 0.050
Spectra Shifting Parameters

Figure 5-51. OC Compare model setup to build a Library for SiGe films of different
composition.

Before proceeding to build the OC Library from these reference files, set the
wavelength range to match the material file. For the SiGe material files, the optical
constants were measured from 248nm to 1240nm (1eV to 5eV). Also, the “# of
Wvls” may need to change to allow the B-Spline to more accurately match the
reference files over this wide spectral range. The original material file contains
about 540 individual wavelengths. Thus, I have set the “# of Wvls” to 500 —
although this will significantly increase the amount of time needed for the
calculation. When ready, press Build Library, and a graph will appear as shown in
Figure 5-52. In this graph, the colored curves are the reference optical constants at
the specified compositions, and the black dashed curves are interpolated spectra at
reference and midpoint compositions. Thus, each colored graph should be matched
with a corresponding dashed black curve. The additional dashed black curves should
demonstrate whether the “shifting” algorithm has worked.

OC Library Spectra

60 50
0.000, 25.000
0.088, 25.000
0.204, 25.00 40
40— 0.319, 25.000 I
30
1.000, 25.000
= 20_,,—/{ ---- 20 ¢
..... 10
0 =
....... .
ol— 1 1 1 =2 -10
1.0 2.0 3.0 40 5.0

Y
Figure 5-52. Results after building OC Library for SiGe.
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Draw Graph

This graph can be very busy, but you can change the view by selecting a different
setting at the bottom of the model under Draw Graph. Pressing the el & e2
selection will open the dialog box shown in Figure 5-53. Figure 5-54 and Figure
5-55 show the el only and e2 only spectra for this example, respectively. In
addition, the graph can show the Shifted Spectra and WvI Shift Function to help
assess whether the composition library is successful. For advanced users, the
Library Resolution and Spectra Shifting Parameters can be modified, as shown in
Figure 5-56.

CompleteEASE Input

Select the graph type:

el & ez

el anly

g2 only

Shifted Spectra
Wiyl Shift Function

Cancel

Figure 5-53. Graphing selections after building an OC Library.

OC Library Spectra
0.000, 25.000
60— 0.088, 25.000
0,204’ 25.000
40— A
1.000, 25.000 £
B Ay et N
0
-20
1.0 20 30 = ]

eV
Figure 5-54. Graph of el only after building the SiGe composition library.
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OC Library Spectra
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Figure 5-55. Graph of e2 only after building the SiGe composition library.

Build Library Resolution (V) = 0.050
BSpectra Shifting Parameters
Wl Order = 3
Max. Comp. Order=3
Max. Temp. Order=3
Draw Graph Graph Type: €2 only
Save OC Library

Figure 5-56. Advanced features to customize the OC Library algorithm, including spectral
shifting parameters and resolution in eV.

To further assess whether the library algorithm was successful, you can zoom in on
each of the graphs. Figure 5-57 shows a zoomed view of the E1 peak for the SiGe
films. This shows that the peaks are shifted to higher energy with increasing silicon
composition.

OC Library Spectra
1.0 40

30

20

10

: | e X s 0
1.8 2.1 2.4 27 3.0 33 3.6

eV

Figure 5-57. Zoomed view of the E1 peak for the SiGe compositions, showing a nice shift in
critical point toward higher energy for increasing silicon composition.
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Save OC Library

After successful calculation of a composition or temperature dependent optical
constant file, press Save OC Library at bottom of the Model panel. This material
file can now be used to fit future data files. To demonstrate what this file looks like
and how it operates, click the “Reference Material = none”, which is the bottom
layer in our OC Compare model. Add your newly created material file in this entry.
Change the Graph Type in the Model to e2 only and roll your mouse over the
composition in this Reference Material. You will be able to visualize the optical
constants shifting compared to your refence constants as the composition is varied.
An example graph is shown in Figure 5-58, where the composition has been moved
to x=0.75 to see how well the shifting works between the two most widely spaced
reference values.

e

| & completeense
I]'Measurement -Anal-\fsls Hartiware | Opt n5|

Diata: Mo Data Loaded Madel Dpt Const Compare (D0 Compare]
Tpen | Sawm | o, | Sot Rapnos | open | Sayd | Claar |
Ft: Miatenial = sige-h = 1313 E- 26.00°C DELETE =
| cerere || o || cocwname || geem Material = sige-d «=0.304 £= 2500°C DELETE
. J L ] Watenal = zige-2 «=[0.088t=2500°C DELETE
MEE = 1571 Matenal = 5i_J&W x = 0.000t = 25.00"C DELETE B

w2 = -0.0247:£0,00352 Compoation = 0.75000
wild = -0 027 5+0.01444 (Library Ranges: 1.00 -5.00 e\, ¥=0.000 - 1 000, t=25.000 - 25 000)

wind = 046504008524 Eruied ik Clocadib fnen

Wil = 0258240 01925 =| -rer. Tateral = Allay_t=at
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Show Cata

Opt. Const. vs. eV
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Figure 5-58. The newly created Composition dependent file has been added as the Reference
material to compare to the original reference material files as the composition is varied.
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5.4. Anisotropic Films

FEATURES IN THIS EXAMPLE

o Convert to Anisotropic o Difference Mode

e Graph Anisotropic Opt. Const. o Biaxial Layer

e Graph Anisotropic “Differences”

In this example, we will allow a layer to have anisotropic optical constants, where
the index normal to the sample surface is different than the index in the sample
surface plane. This is common with many polymer films that orient along a specific
direction.

To start, open the “Aniso-Organic on Si” data file from the Examples folder. The
data should appear as shown in Figure 5-59. For simplicity, turn off the Double-Y
Axis and view the Psi curves. The oscillations show that this film is transparent over
the measured spectral range. Open the “Si with Transparent Film” model and press
Fit. The results of this fit should appear as seen in Figure 5-60.

Variable Angle Spectroscopic Ellipsometric (VASE) Data
100 300

i Psi (60.00, 75.00°)
il Delta (60.00, 75.00
200
60 [}
s o
& : 100 g
aof|
| X WV 0
20— +—f—— i
ok -100
600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 5-59. SE measurement from anisotropic organic film on silicon substrate.
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{7 CompleterASE |

Data. Anise-Organic on Si

apen || Save | Infa | Set Ranges

[ Measurement | Insiu | Analysis | Hargware | Options |

Model: Siwith Transparent Film

| Open Save | Clear Open Snapshol Save Snapahat

L Layer Commands Delete Save
| GeneE | Eit Fil Dmartiic || Resel Includa Surface Roughness = OFF

MSE = 339252 (0w Cf Spac)
Thickness # 1 = 1067 23+26.541 nm
A= 1 B20£0 0340

B = 0.08259£0.022522
C=-001898+0.007373

roof Cauchy Film @ B3 2 8 nrr 14039

Graph Tre

+|_a1,rer#1 = Cauchy Film Thickness # 1= 106723 nm {ht}
[Substrate = SI_JAW

Apole Cfser = 0000
+ MODEL Options
+ FIT Dptiens
+ QTHER Options

Configure Options
Turn Off All Fit Parameters

100

Variable Angle Spectroscopic Ellipsometric (VASE) Data

Psi

10

1200 1400 1600

Wavelength (nm})

Figure 5-60. Fit to the anisotropic film using standard Transparent Film model.

Upon closer inspection, the data at 75 degrees shows a common “signature” of
anisotropy in the film. The interference oscillations from anisotropic films will often
“tilt”such that the curves are higher on one side of the peak and lower on the
opposite side. This is demonstrated for anisotropic films on silicon at 75 degrees in
Figure 5-61. The red curve represents an isotropic film. The green curves are higher
on the long wavelength side of a peak and lower on the short wavelength side. These
represent anisotropic films with Nz > Nxy. The blue curves are lower on the long
wavelength side of a peak and higher on the short wavelength side. These represent
anisotropic films with Nxy > Nz.
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60 Simulc:lﬁon for 7|5° (Film on Silicon)
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Figure 5-61. Simulation for transparent films showing the effects of anisotropy with either Nz
> Nxy or Nxy > Nz as compared to isotropic data.

Convert to Anisotropic

Right-click over Cauchy Film to access the menu of options to modify the Cauchy
layer. From this list, choose to “Convert to Anisotropic”. The Cauchy layer will
now become embedded as part of a new layer named “Biaxial”. Biaxial stands for
anisotropy where Nx, Ny, and Nz are all different. However, the layer name is used
here to describe any anistropic film. Within the Biaxial layer, you can choose either
Uniaxial or Biaxial anisotropy. For our case, we will use Uniaxial anisotropy, as it
would require more advanced measurements to study the potential Biaxial anisotropy
of a sample. This will be described in more detail in a later Example.

Epl |

Jptions |

Model: Si with Transparent Film

| Open || Save || Clear | Open Snapshot || Save Snapshot |

Layer Commands: Add Delete Save
Include Surface Roughness = OFF
+Layer# 1= vl Thickness # 1 =1067.23 nm (fit)
Substrate =| Graph Layer Optical Constants
Angle Offse Rename Layer and Fit Parameters
+ MODEL Op save Layer Optical Constants
+ FIT Options parameterize Layer
+ OTHER O view Layer Comment
Configure | Convert To EMA
Turn Off Al convert To Anisotropic
Grade Layer
Start Superlattice

Figure 5-62. Right-click over the Cauchy Film to “Convert to Anisotropic”.

Biaxial Layer

The biaxial layer can be used in two different ways and both will work equally well
for this example. The choice is whether to have Difference Mode = OFF, as shown
in Figure 5-63 or Difference Mode = ON, as shown in Figure 5-64.
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-|Layer # 1 = Biaxial Thickness # 1 = 1067.23 nm (fit)

Type = Unjaxial
Optical Constants: Difference Mode = OFF
- Ex = Cauchy Film

A= 1.699 (fit) B=0.06389 (fit) C =-0.01898 (fit)
k Amplitude = 0.00000 Exponent = 1.500

Band Edge = 400.0 nm

- Ez = Cauchy Film

A = 1.699 (fit) B=0.06389 (fity C = IIEEEE (fit)
k Amplitude = 0.00000 Exponent = 1.500

Band Edge = 400.0 nm

Euler Angles: Phi= 0.000 Theta = 0.000

Substrate = SI_JAW

Figure 5-63. Biaxial layer with Uniaxial anisotropy and Difference Mode OFF.

-|Layer # 1 = Biaxial Thickness # 1=1067.23 nm (fit)
Type = Uniaxial
Qptical Constants; Differance Mode = ON
= Ex = Cauchy Film
A= 1,698 (fit) B = 0.06389 (fit) C = -0.01898 (fit)
k Amplitede = 0.00000 Exponent = 1,500
Band Edge = 400.0 nm
Index Differences:
dZ_A = 0.000000 (fity dZ_B = 0.000000 (fit) dZ_C =0.000000 dZ_D = 0.000000 dZ_|R = 0.000000
Euler Angles. Phi = (N Theta = 0,000
Substrate = SI_JAW

Figure 5-64. Biaxial layer with Uniaxial anisotropy and Difference Mode ON.

With the Difference Mode = OFF, each direction is described by an individual layer.
In our case, each direction is seeded with the Cauchy layer, as that is the layer we
started with. The layers could just as easily be B-Spline, Gen-osc, or a mixture of
these.

With the Difference Mode = ON, the x-direction is defined by a material layer, while
all other layers are determined by summing the x-direction optical constants with the
“difference” values calculated from the extended Cauchy type dispersion described
as the dZ (z-difference). This method can be extremely useful when the fit is
primarily sensitive to the index difference and not sensitive to the absolute value of
the index.

For this example, turn the Difference Mode to ON and then “roll” the mouse wheel
over the dZ_A parameter. If you roll this parameter to positive numbers, the
simulated curve will look worse than the isotropic fit (tilt in wrong direction).
However, if you roll the dZ_A parameter to negative values, it will start to match
better. Go ahead and fit the dZ_A and dZ_B parameters. Make sure you are still
fitting the Cauchy parameters and the thickness, but it is wise to now turn off the
Global Fit and Thickness Prefit, as we are close to the final answer. The final result
should appear as shown in Figure 5-65.
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Figure 5-65. Anisotropic fit using the Difference Mode = ON.

Now, right-click on the Biaxial layer and you will have two choices for viewing the
optical constants, as shown in Figure 5-66. If you prefer to see only the optical
constnats of a single direction, you can right-click on each individual material file
describing that direction, as shown in Figure 5-67. Of course, this only works when
the Difference Mode is Off in the Biaxial layer. Finally, if you prefer to graph the
index difference between the various directions, you can right-click on the biaxial
layer and choose “Graph Layer Optical Constants (anisotropic differences)”, as
shown in Figure 5-66. The graph for this example should appear, as shown in Figure
5-68.
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Figure 5-66. Right-click on Biaxial layer to graph the layer optical constants (as shown here)

Jptions

or to graph the “Anisotropic Differences”.
UK E’I E
Model: Si with Transparent Film
Open Snapshot || Save Snapshot |

Layer Commands: Add Delete Save
Incluge Surface Roughness = OFF

Type = Unizxal

+Ex=
+Ez=
Euler A
Substrate 5
Angle Offse
+ MODEL Op

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

View Layer Comment

-|Layer # 1 = Biaxial Thickngss # 1 = 1181.30 nm (fit)

Optical Constants: Difference Mode = OFF

Figure 5-67. When Difference Mode is Off, you can right-click on the various material files
describing the directions in the anisotropic “biaxial” layer to view them separately.
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Figure 5-68. “Anisotropic difference” graph for this example.
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6. Data Analysis 4 — In Situ Data

This chapter includes further examples pertaining to in situ data analysis. The most
common data analysis for dynamic measurements of growth or etch use the “Multi-
Time Slice” analysis discussed in the first example. However, we also demonstrate
the use of a Growth Rate and Optical Constants model (GROC) that can be very easy
to apply when the film matches the requirements (absorbing films with constant
growth rate and optical constants).

The section examples from this chapter are listed below, along with the primary
CompleteEASE features that are discussed.

Section 6.1 In Situ Data Analysis
FEATURES IN THIS EXAMPLE

¢ Viewing individual time-slices e ‘Dynamic Fit’

o Selecting multiple-time slices from o Multiple-Time Slice Analysis
dynamic scan

Section 6.2 Growth Rate and Optical Constants
FEATURES IN THIS EXAMPLE
e GROC Model o Virtual Interface
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6.1. In Situ Data Analysis

FEATURES IN THIS EXAMPLE

¢ Viewing individual time-slices e ‘Dynamic Fit’

o Selecting multiple-time slices from o Multiple-Time Slice Analysis
dynamic scan

In Situ data provides ellipsometry measurements that were taken versus time. This
often involves data as the thin films are being processed. The model may require a
description of changes in film thickness, optical constants, composition, or even
temperature versus time. The navigation, manipulation, and analysis of in situ data
have many parallels with the corresponding processes for uniformity maps and
multi-sample analysis. Thus, it can be helpful to review these examples before
proceeding with this example.

This example is split into two sections. First, we will discuss navigating and
selecting data sets from in situ time-dependent data set. These topics can be
considered by any user-level. Second, we will work to analyze the in situ data via a
multi-sample analysis approach and finally a time-dependent data analysis
procedure. As this data comes from an amorphous silicon film and will require
analysis methods including the B-Spline and Genosc layers, those examples should
be reviewed in detail before proceeding with this example.

Short-Cuts for Dynamic Data

Before proceeding with this example, it is helpful to review the short-cuts when
dealing with in situ dynamic data. The table below shows the important features we
will use for this example.

Table 6-1. Short-cut reference for dynamic data.

SHORT CUT FUNCTION

Click on Dynamic Graph Opens Spectroscopic Data from that time point.

CTRL-Click Dynamic Graph Selects Spectroscopic Data from that time point.

(Repeat for multiple time selections)

CTRL-SPACE Bar Switch view from dynamic to spectroscopic data.
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Navigating In Situ Data

Open “a-Si Grow Sim.iSE” data file from Examples folder. The time dependent data
will be shown in the graph in Figure 6-1. Notice a selection of 5 wavelengths is
graphed. These curves are not the only wavelengths measured, but represent the
shape versus time for the spectral range selected.

7 CompliteEnsE : - e S : : : 7 : o @ 3

Messurement m Hardvare | Cptions

Diata: a-Si grow sem Modat No Model Loadad

Opan B i SatRamgss ogen B || =

FE

Dymnamic Data
35
250.0 nm
10 b i =
25 // 1 !
o
# : !_,-—-“-“""‘_“--'.__
il e — — —
- . \_—/
10 { {
5
] 2 4 6 -3 10
Time (min.)y

Figure 6-1. Graph shows in situ data versus time.

Viewing Spectroscopic Data at a Specific Time

Left-click your mouse to select data for a specific time-slice. A line is drawn at that
time slice, as show in Figure 6-2. Now, you can either press CTRL-SPACE BAR to
toggle to the spectroscopic graph for that time-slice or “un-check” the box named
Show Dynamic Data located just above the graph. Data for a time-slice selected near
3 minutes is shown in Figure 6-3.

Dynamic Data
35

250.0 nm
438.4 nm

0 2 4 6 8 10
Time (min.)

Figure 6-2. Left-click mouse on graph near 3 minutes selects this time and shows the
selection as a vertical gray bar.

CompleteEASE Software Manual

Data Analysis 4 — In Situ Data e 6-193



£ CompleteEnsE
measaement [ Jptions
Hoded: Mo fodel Lozded

Siage

Hertware
Dt &-5i grow sim
R

gpen || goe || i P Tea

Fit

32

30
28
28

Psi

24

22

20

-{200

100

200 400

600
Wavelength {nm)

1000

]
gy
=1
o
Delta

Figure 6-3. To view the spectroscopic data at the selected time-slice, press “CTRL-SPACE

BAR” or un-check the Show Dynamic Data button just above the graph pane.

Turning off the “Auto-Fit” function

Now, let’s build a model to fit this time-slice. You should be able to do this step

with any time-slice between 2 and 3 minutes. Before we proceed, you will want to
turn off the “Auto-Fit” function so the data are not automatically fit every-time we
select a time slice or open a new model. To do this, right-click in the Fit pane region
and un-check the Auto Fit option, as shown in Figure 6-4.
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Figure 6-4. Right-click in the Fit pane region and turn off the “Auto-Fit” check-box.
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Building a Model

We will start with the assumption that we measure a coating that has known optical
constants. This will allow us a model and find the thickness at any point in time.
For our model, start with “BK7 Glass” substrate from the Dielectrics subdirectory
and then add “a-si parameterized” from the Semiconductor directory. Start by fitting
the a-si parameterized layer thickness only. You will find the fit is not adequate, as
shown in Figure 6-5.

Spectroscopic Data At 3.017 min.

32 300

30

- 200
2 P
K " {100 5

2 0

20

500 400 600 00 1000

Wavelength (nm)

Figure 6-5. Fit result for data near 3 minutes when only fitting the a-Si layer thickness (no
surface layer).

To improve the fit, we must consider that the surface of any silicon layer will be
oxidized and possibly rough. To fit the surface, we can either add an SiO, layer or
simply turn on the surface roughness thickness as a fit parameter. The improved fit
result is shown in Figure 6-6.
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Roughness = 50040 008 nm Angle Oset = 0.000
Thickness # 1 = 21.3040.005 nm + MODEL Optiens
+ FIT Dptions

@OTHER Options

Gragh Tipe L] Showe Dvn i Data

Spectroscopic Data At 3.133 min.

32
- Psi
30 e § Delta
i I Model
28 - s L 200
> =

_ 26 - o
n : 100 5
o 2 - 5

22 1o

20

i e
18 ook S 100
200 400 600 800 1000
Wavelength (nm})

Figure 6-6. Fit result for time near 3 minutes when including the surface roughness.
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‘Fit Dynamic’

Now, let’s fit these two parameters versus time to see how they change as the data
vary across the measured time span. Simply click the Fit Dynamic button in the Fit
pane and the software will progress from the earliest time slice and fit the data,
continuing toward larger times, as shown in Figure 6-7.

You may notice problems starting a dynamic fit with model that is tuned for a thicker
region of the data. If the fit fails, it may appears as shown in Figure 6-8. Here, the
fit finally matches the data at around 3 minutes. To solve this problem, simply
“tune” the fit for an earlier time before pressing Dynamic Fit. Go ahead and select a
time slice near 0.3 minutes. Roll the thickness values for the roughness and a-Si
layer until they are closer to correct for this new time. Press Fit for the single-point
and you should get a result like shown in Figure 6-9. Now, press “Dynamic Fit”
again and this time it should be successful. Press “Show Dynamic Data” to ensure
the model curves match the Experimental curves over all times, as shown in Figure

6-10.

NOTE: It can be beneficial for many applications to start the fit from end-point
rather than starting time, as the film thickness is often larger at the end of a data run.
To fit the data in reverse-time order, right-click the ‘Fit Dynamic’ button and select
“Fit Backwards in Time”.
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W@Laver # 1 = a-Si parameterized Thickness # 1 = 16.70 nm (fit)) L
|Substrate = BK7 Glass
Angle Offset = 0.000
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Figure 6-7. Data during Dynamic Fit of all measurement times.
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Figure 6-8. Fit fails until about 3 minutes because the starting thickness was not close for
early time region.

| 67 campleseense
I]'}.‘r'.easurement :’.Analysis [ Harchare .Ophnns
Diata; 8-Sl Grow Sim Model Muib-Laver (ematy]
| Open | Sava | Infa Wi Bat Ranges Gpen Baye | Clzar |
Fit Layer Commands: Add Delete Save

Include Surface Roughness = Ok Aoughness = 486 nm (1t

fGenarsts Fit Ft Dymarnie: [REEEN
G + Br# 1 = 3-5l paramelsrzed Thickness # 1 =4.29 nm (1)
WSE = 2015 Subsirate = BRT Glass

Roughness = 4 8620 019 nm ARglE Omset = 0.000
Thickness # 1 = 4.2920.006 KFn + MODEL Optiens
+ FIT Dptions

@OTHER Options

Graph Tepe: L] Show Dynamic Dats

Spectroscopic Data At 0.300 min.

30

a""‘“\ Psi
Della
25 Moclel i

20 \

5
200 400 600 800 1000
Wavelength (nm)

(=]
Delta

e resmr———

-40

Figure 6-9. Fit for a-Si and rough layer thickness at time slice near 0.3 minutes.
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Figure 6-10. Result for Dynamic Fit when it is successful.

You will also notice in Figure 6-10 that the Fit Pane shows the final results (from last
time). If you select the MSE, Roughness, or Thickness #1 with your mouse, the
time-dependence of these values will be graphed, as demonstrated in Figure 6-11 and
Figure 6-12.
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Figure 6-11. MSE values versus time after Dynamic Fit.
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Figure 6-12. Thickness values versus time after Dynamic Fit.

Selecting Multiple Time-Slices

For many materials, the optical constants will not be known and in situ data can be
very effective to determine thickness and optical constants. The main advantage of
in situ data is that it provides information about the sample at different stages of
growth. If multiple time-slices are fit simultaneously, we get the same advantages as
with multi-sample analysis (see section). To setup a multi-time slice analysis, view
the Dynamic Scan Data and then hold the CTRL key down when selecting the
multiple positions with your left-mouse button. An example is shown in Figure
6-13. These can now be viewed simultaneously in a similar manner as shown for
mapping data. Un-check the “Show Dynamic Data” box and then you can choose
which time slice you would like to view from a drop-down box. You can also view
all data sets simultaneously by checking the “Graph All Data Sets” box, as shown in
Figure 6-14 (here | have also turned off the double-Y axis on graph for simplicity).

Note: To quickly select multiple consecutive time-slices, hold the CTRL key down
and drag your mouse over the graph area you wish to select.
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Figure 6-13. Holding CTRL button down while left-clicking mouse on graph allows multiple
time-slices to be selected.
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Figure 6-14. Graphing spectroscopic data from multiple time-slices.

Manipulating Multi-Data Sets

Just like when manipulating multiple data sets from a “map”, there are additional
options by right-clicking over the words “Data Set” just above the graph, as shown in
Figure 6-15. For example, this is where we would go to “Clear Multi-Data Set
Mode”.
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Un-Belect Data et pic Data At Multiple Times
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Figure 6-15. Right-click on the words “Data Set” above a graph to access additional options
related to the multiple time-slice data sets.
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Multi-Time Slice Analysis

Now, let’s setup the multiple time-slice analysis. From the Model pane, press the
Configure Options menu at the bottom and then select “Multi Sample Analysis”
from the choices of Available Model Options, as shown in Figure 6-16. This is a
hidden feature as it is reserved for advanced users. Now, when we expand the Model
Options section, there is a Multiple Sample Analysis section that can be further
expanded. Click to “Add Fit Parameter” within this section and you will be able to
define any of the fit parameters as variable for different time-slices. Let’s do this for
Thickness #1, as shown in Figure 6-17. It will seed the current thickness for all
time-slices. This will not be correct and it is important to individually adjust the
thickness “starting-points” for each time slice. This can be done by selecting each
time slice individually in the graph and then rolling the thickness of the
corresponding time-slice from within the Multi-Sample Analysis section, as | have
done in Figure 6-18.

Show Model Options

Available Options escription

Model Options || |Adds multiple sample analysis capability to the model
[awelength Shift twhich requires multiple appended data sets)
] Ambient = 1

[[] Return Path Ellipsameter
[] Delta Offgets T
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Multi Sample Analysis
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[] Parameter Coupling
[] Use Previous Results
[[] Scattering Factor

Fit Options —

[ beatiicbe 0 O,

Incluce All || Clear All

Figure 6-16. Choose “Multi Sample Analysis” from the Available Model Options within the
Configure Options selection.
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Figure 6-17. Model Options section is expanded to view the newly added Multi Sample
Analysis section. Press “Add Fit Parameter” to designate a fit parameter to vary with each
time-slice.
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Figure 6-18. Starting points for all time-slices have been adjusted by rolling the mouse over
each individual thickness from within the multi-sample analysis section of the Model.

You can now press ‘Fit’ and all thicknesses (for each time slice) along with a single
roughness value that is used to fit all data sets is varied. This result is shown in
Figure 6-19. If the roughness was also changing with time, its thickness could be
added as a time-dependent variable within the multi-sample analysis section.

s
e S R L S R R e s A I S e 2 ) e
Izazuremant | Anatysis | Hardware | Optons
Dista, -5 Growe Sim Mol Wult-L e (enpnd
Lpan || Siave Infia || St Rangas | | baen || Saga || Slsar
T AL T g o
s - Multi Sample Analysis |
Ganesle Eil Fii Dhmaetiii || Best Add Fit Parameter Deleta All Parms
- = Data Set Thickness # 1
MSE =1.813 H # n
ROLQNNESS = 5 0040004 fm #2 18.80 nm 4
Thickn=ss # 1 (1) = £.9020.003 nm E #3 22850 nm |
Thickness # 1(2) = 19300005 nm # 4210 nm -
Thickness # 1 (3) = 32.5040,006 rm | #5 50.00 nm |
Thickness # 1 (4) = 42 100,008 K o d x
GraphTyme  [] Show Dynamile D#ta Dats Set | @4 1= 6500 min. | v | [ Graphvall Dsts Sets

shsctoscupic Data At Multiple Times
a5

30

200 400 600 8OO 1000
Wavelength (nm)

Figure 6-19. Fit results when a-Si thicknesses were allowed to vary at each of the five time-
slices, along with a single roughness for all time slices.
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Fitting Optical Constants

The real benefit of multi-time slice analysis is that it allows better results when
fitting optical constants for a layer. Let’s pretend we don’t know the optical
constants for this amorphous silicon layer. Replace the coating in your model with a
B-Spline layer. To get the B-Spline optical constants in the general vicinity of the
final answer, we will click on the “Starting Mat =" and choose a-Si from the
Semiconductor directory. This will seed the node values of the B-Spline to match
the reference a-Si optical constants, as shown in Figure 6-20.
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Figure 6-20. Starting with a B-Spline layer, choose “a-Si” for the Starting Mat to get the
node values in the correct general shape for this type of film.

You will notice that the starting point is not the correct final optical constants for the
time-dependent silicon simply by Generating data, as shown in Figure 6-21.
However, we have five time slices to provide adequate information about this film at
different thicknesses. Go ahead and press ‘Fit’. The node values will adjust in the
B-Spline to best fit the amorphous silicon data from ALL time-slices simultaneously.
This fit result is shown in Figure 6-22, with the B-Spline optical constants shown in
Figure 6-23.
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Figure 6-21. Generate Data and you see that the book-value a-Si optical constants used as a
starting point in our B-Spline do not match the experimental data. However, they are close
enough to give us a good starting point for fitting.
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Figure 6-22. Fit results with B-Spline Optical constants allowed to vary.
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Figure 6-23. Final optical constants from B-Spline fit.
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6.2. Growth Rate and Optical Constants

FEATURES IN THIS EXAMPLE

e GROC Model e Virtual Interface

In this example, we will consider a multi-layer of tantalum metal and amorphous
silicon thins films, where the process conditions are varied for each layer. During
deposition of each layer, the growth rate is constant and the optical constants should
not vary. Our goal is to determine the process condition from these six different
films.

Because of the ideal sample conditions, we are able to apply a simple model (called
GROC) to the dynamic data analysis. This model can only be applied to cases where
i) the growth rate is constant, ii) the optical constants do not vary during growth, and
iii) a virtual interface approximation can be applied for the underlying structure. The
latter requirement means the GROC is typically used for semiconductor and metal
growth, and not likely to work with dielectric layers.

Virtual Interface

A virtual interface can simplify dynamic data analysis by allowing us to ignore the
underlying sample structure and only consider the current thin film growth. The
virtual interface is placed near the surface of the film that is being studied. For
example, if we are determining the optical constants of Layer #3 in the stack of
Figure 6-24, we would place the virtual interface inside Layer #3 and ignore the
sample structure below this point.

Actual Sample Simplified Optical Model
Layer #4 Layer #4
.............. layer#3 ... VMirtwal 1 laver#3 . ..
Interface “Pseudo-Substrate”
Layer #2
Layer #1
Substrate

Figure 6-24. A virtual interface allows the underlying sample structure to be approximated by
a single interface. The optical constants at this interface are called the “pseudo-substrate”.

There are different ways to calculate the virtual interface, but we will limit our
discussions to the Common Pseudo-Substrate Approximation (CPA). This
assumption replaces everything below the virtual interface by an effective, semi-
infinite substrate that has optical constants equal to the pseudodielectric values for
the stack below that level. This approximation works amazingly well for
semiconductors and other high-index materials, but does not work for low index
transparent materials, like glass.
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Growth Rate and Optical Constants (GROC) Model

Go ahead and open the “Growth Rate and Optical Constants (GROC)” model from
the Model: panel, under the Advanced Folder. The GROC model is shown in Figure
6-25. As you can see, it does not contain a “layered structure” like a standard model
we are accustomed to using.

Rate = 3.00 A/s (fit)

Fit Opt. Const. = ON Draw Opt. Const. Save Opt. Const.

Layer = none
Angle Offset = 0.000 POI Offset = 0.000
Roughness = 0.00 nm

VI Mode =

Max. Times = 50

Spectral Resolution in eV = 0.050

Seed thickness = 10.00 nm

Surface Tracking Fit Mode = OFF

Limit Wi, for Fit = OFF

Start Time for Data = 0.000 min.

Figure 6-25. Example of the GROC model.

The Growth Rate and Optical Constant (GROC) layer is designed to simplify the
simultaneous extraction of growth rate and optical constants from dynamic in situ SE
data. GROC utilizes a ‘virtual interface’, which means that the user does not have to
specify an optical model for the undelying layers/materials. GROC also assumes a
constant growth rate, constant surface roughness, and that the optical constants do
not vary with film thickness over the specified time.

Note: The GROC assumptions are not valid during the nucleation phase of growth. |

The Common Pseudo Substrate Approximation (CPA) used within the GROC is not
generally valid for all materials, but does work quite well for growth of
semiconductors on semiconductors, or the deposition of absorbing materials (such as
metals, after about 5 nm of growth).

Note: The GROC is used for metals and semiconductors, such that the virtual
interface assumption is valid.

Rate

Rate specifies the constant growth rate of the layer. For the fit algorithm to
converge, the rate should be near actual value before starting the fit.
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Fit Opt. Const.
When ‘ON’

o layer optical constants are fit using a piecewise-continuous polynomial
representation for the optical constants. The spacing of the polynomial
“control points” are specified by the “Spectral Resolution in eV” setting.
‘Draw Opt. Const.” will graph the extracted optical constants, while the
‘Save Opt. Const.” button will save the extracted optical constants in a
tabulated material file.

e  Starting values for the polynomial match the “Layer” entry, if present. This
is helpful to “seed” reasonable starting optical constants.

When ‘OFF’

o the optical constants are specified by the ‘Layer’ entry. If the Layer entry is
empty or no fit parameters are turned “on”within the layer, then the optical
constants are fixed and only growth rate is varied. If parameters are turned
on within the “Layer” entry, then the optical constants are fit using this
layer and its dispersion equation fit results.

Note: Optical Constants can be “fit” whether Fit Opt. Const. is “on” or “off”.

Layer

The layer is used to “seed” optical constants when “Fit Opt. Const. = ON” and this
material file specifies the optical constants of the layer when “Fit Opt. Const. =
OFF”. Any fit parameters defined in the layer will be included in the GROC
analysis of the data, when “Fit Opt. Const. = OFF”.

Angle Offset

Feature only applied when ‘Fit Opt. Const. = OFF’ to avoid 100% correlation.

Specifies an offset to the nominal angle of incidence specified in the experimental
data file. Fitting the angle offset is useful when “known” reference optical constants
are specified in the “Layer” field.

Roughness

Specifies and/or fits the surface roughness of the growing film, which is assumed to
be constant during the selected time range. It is not always possible to uniquely
extract the optical constants, growth rate, and surface roughness: an adequate
thickness of grown material (>> ¥ wave) must be encompassed by the selected time
range, otherwise, the roughness should be fixed at 0.

VI Mode

Specifies how GROC implements the Virtual Interface. The “CPA” and “CPA — Fit
VI” modes assume the common pseudo-substrate approximation, which is typically
valid for the growth of semiconductors on semiconductors or absorbing materials
such as metals.

e “CPA”: the ellipsometric ¥ and A parameters at the first selected time are
simply inverted into pseudo optical constants, which are then used to
calculate the ellipsometric trajectory for the subsequent film growth.
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o “CPA-Fit VI”: defines the VI pseudo optical constants as fit parameters,
which minimizes the impact of random or systematic errors in the W/A data
used for the VI inversion.

Max. Times

To minimize analysis time, GROC limits the time slices during analysis to the
number specified— evenly distributed across the selected time range.

Seed Thickness

To improve the robustness of the fit, GROC performs an initial fit with an initial
subset of the selected time range before fitting all of the data. The ‘Seed Thickness’
specifies how much time should be included in this initial fit (the initial growth rate
is used to calculate the time, given the ‘Seed Thickness’). For most fits, the default
value is acceptable, but in some cases, smaller or larger (more likely) values could be
tried if the fit does not converge properly.

Surface Tracking Fit Mode

When OFF (which is the default), the dynamic data in the selected time range is used
in the GROC analysis. If ON, the dynamic data immediately preceding and including
(the # of points is specified by the “Max. Times” setting) the selected timeslice is
used in the analysis. Since the selected timeslice is automatically moved through the
data during a “Fit | Dynamic Fit”, this mode enables a GROC analysis vs. time,
which could be useful for extracting time dependent growth rate and/or surface
roughness changes.

Multilayer Example

Open the “Dynamic Ta-Si Multilayer.iSE” data file from the Examples folder. This
file is a dynamic, in situ measurement, so it will have “iSE” extension. There is a
drop-down box in the “Open Data” dialog box, as shown in Figure 6-26.

v
Files
i Hame Diate Sis.
Dynarnic Ta-5 MuflliareriSE WEIAT1ZISPM 3173 KB
ISE -
i 5E & SE
E I5E
SE
4 staring al 1. 6 11, 14, 17, Swrze
Qpen Cancel |

Figure 6-26. The “Dynamic Ta-Si Multilayer” data file is an in-situ measurement, which has
“ISE” extension. You can choose which files to view in the Data:>Open’ dialog box.
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The data graph should appear as shown in Figure 6-27, for Psi versus time. This data
was collected during the growth of six consecutive films, as described in Table 6-1.
Before the first minute, the substrate was monitored without film growth. This was
followed by six films alternating between Ta metal and amorphous silicon. For each
layer, the sputter gun current was varied to change the growth rate. Our goal is to
determine the growth rate and optical constants for all six layers, to characterize the
process conditions for this sputter chamber. To this end, we will be using the GROC
layer.

Dynamic Data

50
251.2 nm
40 1 | 3926 nm |
. v ~
a o / /’ e 3
i ,f \-\/“‘
10— A . |
1]
0 10 20 30 40

Time (min.)

Figure 6-27. Dynamic Ta-Si Multilayer dynamic data.

Table 6-1. Process conditions for all six layers of the dynamic Ta-Si Multilayer.

Layer TimeStart TimeEnd Film Gun Current
1 1 6| Ta 0.2
2 6 11| a-Si 0.3
3 11 14| Ta 0.4
4 14 17 a-Si 0.5
5 17 24| Ta 0.1
6 24 31| a-Si 0.15

Open the “Growth Rate and Opt. Const.” model from the Advanced folder link.
Next, we need to select the time range to be included in the analysis. Press the Data:
‘Set Ranges’ button to choose the data from the first tantalum film, from 1 to 6
minutes, as shown in Figure 6-28. Before we press fit, we can improve our success
by “seeding” optical constants into the polynomial by adding a “Layer”. Select the
“Layer” and add “Ta.mat” from the metals directory. Now, press ‘Fit’ and you
should get the results shown in Figure 6-29.
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Mode!. Growth Rate and Opt Const (Grown Rale and Optical Constant Exiractor)
[o0em || sam ][ cwar_ | opansmmsn || Save Snapstal |

Fats = .00 d's (1t
[ Figmame || Semal Eghgnt Const = O Draw Opt Const. Save Opt Const,
A r = none
Angle Offset = 0000 POl Offset = 0,000
Roughness = (.00 nm
Vihode = CPA [semiconductors;
Max. Times = 50
Spect sl Resaiution in ey = 0050

SelectDataRange -

Wavelength Range
tn: 2512 |nm Waz B4 nm
Time Range
== B (i 1] |min. waz & min..
Graph Tvoe | Snow Dymamis Data Graph) = =
Selectad Time Slice: |0.055 min.
S0
251.2 nm

a 10 20 30 40
Time {min.}

Figure 6-28. Press the Data: ‘Set Ranges’ button to choose the time range for the first
tantalum film (1 to 6 minutes).

—
7 CompletsEASE o1 H
taeasurement | In sty | Analysis |
Data Dyramic T3-31 Muilllayes Model Growlh Rate and Opt Const (Growth Rale and Optical Constant Edractory
|' open || Suwe || o || SerRanges | | Open I Saye || Clear ] | Qpen snagehot || Save Snapsnat |
Fit: Rate = 120 4/s (fit)
[ Generate "—'ﬂ || Y Fit Opt Const. = OH Draw Opt. Const. Save Opt Const.
R R | Laver=lE save Layeroc
MSE = 18 068 Anple Offset=0000 POl Offset = 0.000
Abiokts MSE = 15 698 Foughness = 0,00 nm
Rate = 1.20:0.005 &5 witode = CPA (semiconductors)

M. Times = 50

Spectral Resolution in =Y = 0 050
Seed thickness = 1000 nm
Surface Tracking Fit Mode = DFF
Limit W for Fi = OFF

¥

GCraphTyeR Wi Bhow Dynamic Data Gragh Hardwars F.smrl[n

Dynamic Data Zaom All

50

251.2 nm
3928 nm

10 20 3.0 4.0 50 6.0
Time {min.}

Figure 6-29. Results of GROC analysis over time range from 1-6 minutes for Ta film.
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The fit is not perfect, but remember that the GROC analysis requires the optical
constants and growth rate to be constant over the full time-range. The layer
deposition may not have started at exactly 1 minute and the first few data points of
growth may show nucleation effects where the metal optical constants are not
consistent with the thicker layer. To improve the fit, range-select the data from 2 -6
minutes, to ignore the early stages of film growth. Press ‘Fit” again and the MSE
should drop to near 1.5, as shown in Figure 6-30. Record the growth rate from this
fit and copy the optical constants to the Graph Scratchpad.

| & comptetszase A b o0 E
teasuremant | In st | Analysis | Hargware | Options |
Drata: Dyramic Ta-31 Mullliayes Model Growth Rate and Opt. Cansl (Growth Rale and Optical Constant Exdractor)
O | Sis it Ser Ranies e S Clear Open Snapahet | | Sive Snapsnal
Fit Rate = L27 &/s (fit) -
| Generate Fit | || ‘ma Fit Opt Const. - ON Draw Opt Const. Save Opt Const.
e i Laver = IR Save Laver OC
MSE = 1451 Anple st =10 POl Ofraet = ¢
Abioktz MSE = 1274 Foughness = 0LO0 nm L3
Rate = 1 270001 Afs witiode = CPA (semiconductors)
Mai. Times = 50
Spectral Resolution ingy = DOZ0
Seed thickness = 10 nim.
Surface Tracking Fit Mode = DEF
Lirnit W for FE = OFF -

P e

CraphTvps &2 Bhow Dynamic Dats Gragh Hardwara Pam: | (nons) =

Dynamic Data
27

251.2 nm

3026 nm -

4

|

Psi

15

12
20 3.0 4.0 50 6.0
Time {min.

Figure 6-30. GROC analysis for tantalum film growth from 2-6 minutes, ignoring the early
stages of film growth where the film optical constants may vary during nucleation.

If the graph disappears, as shown in Figure 6-31, press the ‘Show Data’ button in the
top-right of the Graph area.

Craph Type Wl Show Cymamic Data Craph Hardwara Parm |ln:|n:; - Shiw Drata:

Figure 6-31. If the dynamic data graph disappears, press the ‘Show Data’ button at the top-
right of the Graph panel.
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Now, let’s repeat this procedure for the other two regions of Tantalum growth (11-14
minutes, 17-24 minutes). Remember to avoid the nucleation region at the beginning
of growth. When you start a new region, the GROC will calculate the new CPA, so
the data at the first time will match. However, our growth rate may be too large or
small, as it remains from the previous fit. For example, Figure 6-32 shows the initial
generated curve for the third tantalum film, but the growth rate in the GROC is from
the fastest film (#2), so the generated data do not match. Roll the growth rate to a
better value to “seed” the GROC layer closer to the correct answer before pressing
‘Fit’.

Results for the second tantalum film (Figure 6-33) and third tantalum film (Figure
6-34) are shown, along with the final optical constants as copied to the Graph
Scratchpad (Figure 6-35 and Figure 6-36).

Dynamic Data
30

251.2 nm
392.6 nm

18.0 19.0 20.0 21.0

Time (min.)

220 23.0 24.0

Figure 6-32. Generate data for each new range. This will allow you to estimate whether the
previous Growth Rate is too fast or slow for the new film.
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open || gaw iy Sal Rspes Ogen Sae Cloar pan Snapahot SgueSnapsnn
Fr: Pae = LET &g 1) =
e FitOpt. Const. = 0N 5] THY Save Ost Censt
= — Layer = I Save Layer OC
M3E = 2.623 Ange Oset = 0000 FOICeset = 0000
Abahbs MEE = 1,996 Rrughness = 0L00nm
Rate = 2 670008 Ms W M = CPA [Samiecaduetors)
hiax. Times = 50
Spectral Resalition i e = LOS0
Saed thickness = 10 00 om
Surtace Tracking Fit Mode = QFE
Lk for FE= OFF -
GraphTies  kefShowDmemicDals  Giaph Handware Pam |inons) -
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B —
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-
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r
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Figure 6-33. GROC analysis for tantalum layer growth between 12 and 14 minutes.
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Figure 6-34. GROC fit for the tantalum film growth between 18 and 24 minutes.

Graph 2ndY Color Style Curve Name

c1 v] [l 0 n, Ta(1-6)
cz | v] 0 K Ta-(1-6)
c2 vl ™ 0 n, Ta (12-14)
c4 1 v 0 K Ta (12-14)
c5 v] ™ 0 n, Ta (16-24)
(5] v o k Ta (18-24)
‘ Edit ‘ ‘ Delete || Delete All ‘ | Create Curve || Add Trend || Graph Settings

45
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Figure 6-35. Graph Scratchpad comparing index of all three tantalum films.
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Figure 6-36. Comparison of the extinction coefficient for all three tantalum films.

Feel free to continue analysis for a-Si films, and the final growth rates for both
tantalum and silicon films should appear as shown inFigure 6-37.
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Figure 6-37. Growth Rate for Ta and a-Si films versus sputter gun current.
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/. Reference - Graph

In this chapter, the features and capabilities of CompleteEASE will be described,
using a “reference” format. That is, the features will be listed in the order they
appear on screen, but not necessarily in the order one would use to perform typical
procedures. The previous chapters on Basic System Operation and Data Analysis
should be studied for “procedural” documentation.

7.1. Basic Screen Layout

The basic layout of the CompleteEASE software consists of Tabbed Panes across the
top of the window, with a Graph always visible in the bottom section (Figure 7-1).
The window can be resized, maximized, or minimized using standard Windows
keystrokes or mouse operations. The divider bar between the Tab Panes and Graph
can be moved to adjust the relative size of the graph. The CompleteEASE screen
layout is saved when the program exits, and restored upon restart.

£7 CompleteTASE o @ @
Measurement | Analysis | Hardware | Options Currant User s hifker  Log Out
System Status Fit Results
Waiting to Acquire Data MSE =1388
Measurement Controls Angle Offset = 0.034 £ 0.0018

+
Moge |Fast v| Sampie Aionment |Stancara = Total Thickness = 26.72 £ 0.006 nm

Angles: [v]165* W7Dt v 75° 20%3-T)

Modsl |Siwith Thermal Onsge -

(v Save Data after Meagurement

Measure

Yiow Prev. Resuns

Graph Type

Variable Angle Spectroscopic Ellipsometric (VASE) Data

3 160
Psi (64.98, 69.97, 74.98) | ...
- S\ O [—— —~{Model ' 140
1| .~ I S _——
............................... 120
------------- =
Taof 3
100
15
3 I || ) fex oo om0 o - iy 80
5 60
300 400 500 600 700 800 900

Wavelength (nm)

Figure 7-1. CompleteEASE software with the Measurement tab selected.
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7.2. Graph Panel

The Graph panel is an important part of the CompleteEASE user interface.
Spectroscopic data, model fits, and optical constants are all plotted in the Graph
panel. The features described in this section can be used regardless of the type of
information displayed in the graph window.

If the mouse is stopped in the plot area for a few seconds, a “tool tip” box will appear
which reports the X and Y values corresponding to the mouse position. The mouse
can be moved to other positions and the X-Y values will be updated.

The legend can be repositioned by clicking (“BL) in the legend area and dragging the
legend box to the desired location.

‘Show Data’

If optical constants (or something else besides data) are being graphed, you can press
this button to go back to the data graph.

Range-Select

To “zoom in” on a specific spectral range, hold down (“BL) and drag over the
desired spectral range (Figure 7-2). The graph will then redraw, plotting only the
selected spectral range.

Graph e | snowosa ||
Spectroscopic Ellipsometric (SE) Data ;
80 300
60 e 200
Model
B 40 —= 100 §
/
20 0
0 C i
300 400 500 600 700 800 900
Wavelength (hm)

Figure 7-2. To select a specific spectral range (hold down the left mouse button and drag the
mouse over the desired range).

The same is true for uniformity maps, as shown in Figure 7-3. Dragging the mouse
over an area (left) will select this region to graph (right).

Transiation Duta: Psl Translation Data: Pxi
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> > a0}
3| 4935 4881
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Figure 7-3. Drag mouse over area of map (left) to select that area of the map (right).
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Zoom All

To plot the entire spectral range (or entire uniformity map area), simply press the
‘Zoom All’ button at top-right of the Graph pane (Figure 7-4). This same option can
be found at the top of the Right-Click menu from within the graph.

NOTE: ‘Zoom All’ does not appear if you change the graph to “Use Clipboard
Aspect Ratio”.

Grseh Type
Spectroscopic Ellipsometric (SE) Data
30

25

15
[ concamin_ 120

10 100
300 400 500 600 700 800 900

Wavelength (nm)

Figure 7-4. Right-Mouse menu from within the Graph.

7.3. Right-Click Menu (Graph)

Press (YBR) in the graph area to access the menu shown in Figure 7-5.

Zoom All Zoom All
Statistics Statistics
Copy Graph to Clipboard Copy Graph to Clipboard
Copy Data to Clipboard Copy Data to Clipboard
1 Copy Data to Graph Scratchpad Copy Data to Graph Scratchpad
View Graph Scratchpad View Graph Scratchpad
¥ Show Legend ¥ Show Symbols
115 show Symbols Set Symbol Size
® Auto Y-Scale ® Auto Z-Scale
O Manual Y-Scale 0 Manual Z-Scale
® Auto X-Scale Scale Z-range by n-Sigma
) Manual ¥-Scale [0 Graph Points As Line
1 ™ Use Clipboard aspect ratio ¥ Use Clipboard aspect ratio
Cancel Menu Cancel Menu

Figure 7-5. Right-click (*6R) menu from Graph panel for a spectroscopic scan and a map.

Zoom All

Press to graph all data, whether spectroscopic scan or uniformity map.
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Statistics

The graphed data undergo a variety of statistical calculations. For example, a
straight-through measurement of air can be used to verify the measurement accuracy.
The statistics of this measurement can then be calculated, as in Figure 7-6.

Graph Statistics

Parameter | Average |Std. Dev. | Slope |Minimum |Maximmum | Range |# of Points

Psi 4490876 | 0.01579 |-0.00008 | 44.96774 || 45.05014 ||0.08239 138

Delta -0.00625 | 0.02119 | 0.00002 | -0.13881 || 0.07393 ||0.21475 188

| Close H Copyta Cliphoard H Copy Textto Cliphoard |

Figure 7-6. Graph Statistics, taken from a straight-through measurement.

Copy Graph to Clipboard

Graph is copied to the clipboard for use in other programs.

Copy Data to Clipboard

Graphed data curves are copied to the clipboard for use in a spreadsheet.

Information will include a title line that matches the graph title; followed by columns
of information with a heading for each column. The first column is the x-axis
information — typically wavelength, followed by a column of information for each
curve on the graph.

Copy Data to Graph ScratchPad

Places the data curves from graph into the CompleteEASE ScratchPad where they
can be viewed and compared to other curves, along with customization of the curves
being viewed.

Profile Along X and/or Y Axis

For uniformity maps, the 2D curve is not copied to the Graph ScratchPad. Instead,
you are given a choice to copy the data points from along the X axis, Y axis, or both,
as shown in Figure 7-7. An example graph from x-axis of a Uniformity map is
shown in Figure 7-9.

Copy to Scratchpad

Which data should be copied to the scratchpad? (-1.4863,4.2475)
Profile Along X Axis |v
Profile Along X Axis
Profile Along ¥ Axis
i Profile Along X and Y Axes -

Figure 7-7. When working with Uniformity Maps, you get the above options when you select
“Copy Data to Graph ScratchPad”.

7-218 e Reference - Graph CompleteEASE Software Manual



View Graph ScratchPad

The Graph ScratchPad is a convenient place internal to CompleteEASE to compare
curves. The curves can be any type of data that is graphed, including raw data,
model-generated curves, optical constants, or even the MSE profile from a Parameter
Uniqueness test. An example of the Graph ScratchPad is shown in Figure 7-8.

& Graph Scratchpad i e &

Graph 2nd Y. Color Style Curve Name
(a2l v 5i- Thickness #1
C2 L v elta
c3 v 5i- Thickness #2
c4 v elta

‘ Delete H Delete Al H Create Curve H Add Trend H Graph Seftings ‘
Spectroscopic Ellipsometric (SE) Data

60 l l

55 T Psi - Thickness #1 | |
7N . |Psi- Thickness #2

50 \\"
g 45 Y
i S
35 g

A

CIEGIE
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300 400 500 600 700 800 900

Wavelength (nm)

Figure 7-8. The Graph ScratchPad can be used to compare all types of graph curves, and
customize the view for easier comparison.
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Figure 7-9. Graph Scratchpad results from the X-axis points of a uniformity map.

Show Legend
Turn On/Off the graph legend.

Show Symbols

Turn On/Off graph symbols for the Experimental Data. The model curves are still
represented as solid lines. Figure 7-10 shows an example data graph with symbols
on.
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Spectroscopic Data (SE) Data

300 400 500 600 700 a00 a00
nm

Delta

Figure 7-10. Graph with symbols turned on.

Set Symbol Size

Change the size of symbols representing map data points. The default size is 1, but
this can be increased or decreased depending on the view required.

Auto X,Y,Z Scale

X,Y,Z-Axis is automatically selected to show all data.

Manual X,Y,Z-Scale

User can select lower and upper X,Y,Z-axis limits. All data are still included when
fitting, but only points within this range are graphed.

Scale Z-Range by n-Sigma

User can quickly select the lower and upper Z-axis limits for mapped data based on a
multiple of the standard deviation. This can be useful when there are a few “bad”
points on an otherwise uniform sample. When selected, a dialog box appears
requesting the number of standard deviations to use when calculating the range, as
shown in Figure 7-11. All data are still included when fitting, but only points within
this range are graphed.

IE' Data range plotted: Average +/-'n’ standard deviations; please enter'n”.
[2.00] |

| Ok H Cancel‘

Figure 7-11. Enter the number of standard deviations to use for calculating the Z-range.

Graph Points as a Line

Allows user to show Map data unwrapped in a line graph. For example, a map of
SiO; thickness over a wafer is graphed as a Line in Figure 7-12.
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Figure 7-12. Map data graphed as a Line.

Use Clipboard Aspect Ratio

The standard graph will scale with the size of the graph pane. However, when the
graph is copied to the clipboard, it always uses the configured aspect ratio. Choose
this button to view the graph as it will appear when copied to the clipboard. The
clipboard aspect-ratio can be modified under the “Graph Clipboard Parms” section of
Options>Configuration Controls:> ‘Edit Configuration’.

Cancel Menu

Close the Graph menu.

7.4. Graph Type

The "Graph Type" drop-down menu at the top-left of the Graph pane lists the
different graph types, as shown in Figure 7-13.

Graph Type
Esi Ctrl-F
Delta Ctrl-D
Redfrhn)
Imirha)
I Ctrl-H
[ Ctrl-C
= Ctrl-5
=Pzeudo= Transfarms ... ¥
Intensity Chil-T
Depalarization chl-Z
¥ Double ¥ Axis
[T Difference Mode
More Options ... »

Figure 7-13. Graph Type Menu choices for standard ellipsometry data.
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There are additional options for this menu if the data type is either a Generalized
Ellipsometry measurement or Mueller-Matrix measurement. In either case, the
"Graph Type" menu will appear as in Figure 7-14.

Graph Type
NE ctlP |
Delta Chil-0
Reitho)
Irmirho)
ol Ctil-N
B Ctil-C
5 Ctil-5
=P=gudo= Transfarms .. [
Mueller Matrix Data ]
I3 Generalized Ellipsormetry Ratios
Select Ratios To Graph
Intensity Chil-T
Depolarization otz |
[J Graph vs. Anole
Single Wavelength = 500.0 nm ctiw §
¥ Double ¥ Axis {
[ Difference Mode
Mare Options ... 4

Figure 7-14. Graph Type drop-down menu for Anisotropic and Mueller-Matrix data.

Psi, Delta

When Psi or Delta are selected, the graphs plot the standard ellipsometry parameters
for amplitude ratio, Psi (W) and phase difference, Delta (A). These are traditional
representations of an ellipsometry measurement, based on equation 6-1.

p = tan(¥)e" = (6-1)

;Uz|n !

Re(rho), Im(rho)

Real and Imaginary rho graphs refer to an alternate view of the ellipsometry
measurement, based on rho (p), as given in equation 6-1.

N, C, S

Another alternate form of viewing ellipsometry measurements is based on the
Mueller-matrix formalism. For a standard, isotropic sample with no depolarization,
the Mueller-matrix response would appear as shown in Equation 6-2.
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1 -N 0 O
-N 1 0 O

M isotropic = 0 S (6'2)
0 0 -S C

Where

N =cos(2¥), C =sin(2¥)cos(A) ,and S =sin(2¥)sin(A) (6-3)

Thus, NCS are the non-zero elements of the isotropic Mueller-Matrix and are related
to the Psi-Delta curves traditionally graphed for ellipsometry. A few advantages to
the NCS notation include i) they are always defined and bounded between -1 and 1,
and ii) they are linearly related to the intensity harmonics measured by any
ellipsometer system. Thus, they are closer to the direct measureables of the
ellipsometer and there is approximately equal precision in N, C, and S.

<Pseudo> Transforms (<el>, <e2>, <n><k>)

The <Pseudo> Transforms menu expands to include <el>, <e2>, <n>, and <k>, as
shown in Figure 7-15. These are referred to as the "Pseudo” optical functions to
differentiate from the actual material optical functions. They are a direct calculation
based on the measured ellipsometry data with the assumption of a single reflection
from the surface. This calculation is given in Equation 6-4. The transformation can
be performed for any data set, but the "Pseudo” curves lose meaning when the
assumption of single reflection is not valid. In other words, they only transform the
data correctly for a substrate. The "Pseudo™ optical constants are NOT equal to the
material optical constants if there are any thin films or surface layers present during
measurement of the ellipsometry data.

(&)= (&) +ilg,) =(A)" = ((A)+ i<l-<‘>)2 = sin2(¢)[1+ tan2(¢)(;£jz} (6-4)

NOTE: "Pseudo" optical constants do not represent a layer's optical constants. To
view the layer optical constants, right-click on the layer and choose "Graph Layer
Optical Constants".

Graph Type
Esi Ctrl-P
éelta Ctrl-r SpeCt
Reirho)
Imirhao)
M Ctrl-N
c Ctrl-C
=l Ctrl-5
=FPzeudo= Transfarms ... B =el= cti1 |
Intensity Ctrl-T | =e2= Cir2
Depolarization ctlz | <0*
™ Doukile Y Asis i

Figure 7-15. <Pseudo> Transforms
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Mueller-Matrix Data

When Mueller-Matrix data is present, an extra selection in the "Graph Type" menu
will be available, as shown in Figure 7-16. These individual selections are described
below, but are related to the Mueller-matrix description of a sample as shown in
Equation 6-5.

Graph Type

Psi Cirl-P Variable
Delta Cirl-D

Re(rho)
Imirho)
ctr-N

[0 o =4

<Pseudo> Transforms ... 4
Mueller Matrix Data »| Mueller Matrix Diag
[J Generalized Ellipsometry Ratias Mueller Matrix Off Diag
Select Ratios To Graph Mueller Matrizx NCS
Intensity cwr | Select Mueller Matrix Elements
MM-Jones Quality
MM Derived Parameter
Show MM Graph Utility

Depolarization (=54

[J Graph ys. Angle
Single Wavelength = 500.0 nm Ctrl-v
¥ Double ¥ Axis

J Difference Mode

More Options ... »

Figure 7-16. Mueller-Matrix Graphing Options

mll m12 m13 ml4
m21 m22 m23 m24 (6-5)
m31 m32 m33 m34
m4l m42 m43 m44

Mueller Matrix Diag, Off Diag

The diagonal and off-diagonal choices select specific elements from the Mueller-
matrix of Equation 6-5 to graph. The diagonal elements will include any of the
measured values from my;, m,,, M3z, and m,,. The off-diagonal elements will
include all remaining elements that have been measured.

Mueller Matrix NCS

When choosing Mueller-Matrix NCS, the standard Mueller-Matrix elements that are
non-zero for an isotropic sample are graphed - which include all of the following that
were measured: Myq, My, Ma3, Maa, Mazand My, These elements relate to NCS of
Equation 6-2, via the following.

0

0
= (6-6)
0 0 C S 0 0 my; my,
C

0 0 m,; m,
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Select Mueller Matrix Elements

Opens a dialog box to allow you to select any number of the various measured
Mueller-matrix elements for graphing, as shown in Figure 7-17. This dialog box
then allows you to quickly select or clear all elements, select the on-diagonal blocks
or select the off-diagonal blocks.

Mueller Matrix Element Selection

B4

Select the desired Mueller Matrix elements

Mueller Matrix Elements
CIm11 w12 M13 M14

CImM21 [Jm22 M23 24
CImM31 [Im3z [JM33  [Im34
[CImM41 w4z  [ImM43 [ m44

Clear All Select All
On-Diag. Blocks Off-Diag. Blocks
| Ok || Cancel |

Figure 7-17. Select the Mueller-matrix elements you wish to graph by checking the
appropriate boxes.

The Mueller Matrix elements available for graphing will coincide with the measured
values. The last row/column of the Mueller matrix requires probing and detection of
the handedness of the polarization. This requires a compensator before or after the
sample. The RC2 has rotating compensators before and after the sample, so it can
detect all 16 elements of the Mueller-matrix, though generally represented as ratios
to the My; element. Other ellipsometer types may have compensators before or after
the sample, which allows them to collect the first three rows or columns,
respectively. Rotating analyzer and rotating polarizer ellipsometers (without
compensator before/after sample) can’t detect the fourth row or column. These
various configurations are shown in Equations (6-7a to 6-7d).

MRAE,RPE =
e o X
X X X X
(6-7a)
e o o o
e o o o
M RCE (Compensato—before-Sample) =
e o o o
X X X X
(6-7b)
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M

RCE (Compensato—after—Sample) =

(6-7c)
M RC2 — o o o
[ ] [ ] [ ] [ ] (6-7d)

MM-Jones Quality

This graph helps determine whether the Mueller-matrix can be converted into a
corresponding Jones matrix. The Mueller-matrix can handle both isotropic and
anisotropic samples with and without depolarization. The Generalized Jones matrix
can also handle both isotropic and anisotropic samples, but does not handle
depolarization. Thus, the MM-Jones Quality factor will only be close to zero when
the conversion is successful, signifying that the depolarization is not a significant
issue.

The basic definition of the MM-Jones Quality factor is simply the RMS error
between the measured MM parameters and the "closest" (in a least squared sense)
Jones matrix. There are exact formulas for converting a Jones matrix (4 complex
values) into a Muller Matrix (16 real values). However, there is no exact conversion
from MM to Jones (can't convert 16 to 8 values in general), so we perform a non-
linear regression fit to find the closest Jones matrix to the MM data, and report the
RMS error. In CompleteEASE, the RMS error is then multiplied by 1000, such that
a MM-Jones Quality of "1" means that the RMS difference between the closest Jones
matrix and the MM data is 0.001, which is the target value for MM data accuracy.

MM Derived Parameter

Multiply the specified Stokes vector by the measured Mueller-Matrix to determine
the "derived" outcome, as shown in Figure 7-18. The user gets a choice of source
polarization state and polarization state detector, as listed in Figure 7-19. In
addition, there are a large variety of derived parameters, as listed in Figure 7-20.
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Mueller Matrix Derived Parameter

Source FPolarization State: |Unpolarized H

s0; 51 52 53

Cierived Parameter:|Detected Intensity |V|
FPolarization State Detector: |Unpolarized =

di: dl: o2 da:

Assume Maormalized Mueller Matrix

| QI || Cancel |

Figure 7-18. Mueller-Matrix Derived Parameter

B3

Mueller Matrix Derved Parameter

Source FPolarization State: |Unpolarized |v

_t a1 57 npolarized
P-polarized

. S-polarized
Cerived Parameter: |Detacte B . ﬂ
+45° Polarizer

-45° Paolarizer
Folarization State Detector]Right Circular
|Left Circular

oi: d1: o2 specified

Assume Mormalized Mueller Matrix

| QK || Cancel |

Figure 7-19. Choice of Source Polarization States.

Mueller Matrix Derived Parameter |
Source Polarization State: |Unpolarized =
s0: 51. 52 53
Derived Parameter; |Detected Intensity |v
Azimuth | =]

Falarization State |Ellipticity
% Depolarization

di: dl: =l 3
51
Assume Mgz

=3 ]

Detected Intensity

|TDegree of Palarization 'P' E

Figure 7-20. Choice of Derived Parameters.
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Show Mueller Matrix Utility

This handy utility allows the user to view the Mueller Matrix elements graphically,
as shown in Figure 7-21 for a spectroscopic MM scan (X-Y Type) and in Figure 7-22
for a rotational MM scan (Contour Type).
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Figure 7-21. Mueller Matrix Graphing Utility.
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Figure 7-22. Contour plot of the Mueller Matrix.
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In addition to both X-Y and Contour graphing, the user can select the Data Type
from choices of i) Experimental Only, ii) Exp and Gen, iii) Diff Exp and Gen, or iv)
Generated Only. The standard X-Y Axis will be Wvl vs. Angle for spectroscopic
single-position measurements. However, in the case of automated rotation stages
that record the orientation of the sample for each measurement, there are also choices
of Wavelength (Wvl) vs. Rotation Angle or Angle of lincidence (AOI) vs. Rotation
Angle. In these two cases, the remaining parameter (AOI or Wvl) can be slid to
different positions. Press the ‘Graph Settings’ button to access additional features, as
show in Figure 7-23. Finally, you can select to maintain this Graphing Utility
“Always on Top” of other windows and you can copy both the graph and the data to
the clipboard.

Graph Settings

B4

Show Titles

[ ] Draw Grid Lines Show Legend [ | Draw Curves In Black

Element Label Position: [Top Right =

Axis Label Mode:

Max # of Wvls. to Plot (Contour Plot) (100

Ok

Figure 7-23. Graph Settings within the Mueller Matrix Graphing Utility

Generalized Ellipsometry Ratios

Anisotropic samples are often characterized using Generalized Ellipsometry
measurements, which consider the entire Jones matrix, as shown in Equation 6-7.

‘r:‘
pp sp
‘JAnisotropé = {"' F i| (6'7)
s

As ellipsometry measurements are a ratio of Jones matrix elements, there are three
measured values possible to access the entire Jones matrix. These values are referred
to as AnE, Aps, and Asp. Each is defined in the equations of 6-8.

l

-

AnE = tan(P)e" = 2 (6-8a)

rSS

<
w

Aps = tan('¥,,)e""” (6-8b)

1|%—=z %ﬂz

Asp = tan(¥,,)e"*” (6-8¢)

Pl

»

CompleteEASE Software Manual

Reference - Graph e 7-229



Select Ratios to Graph

You can select which of the Anisotropic ellipsometry ratios to graph from the dialog
box shown in Figure 7-24.

Ratio Selection

Selectthe desired ellipsametry ratios for graphing

Generalized Ellipsometry Ratios
ANE (RppiRss)
[] Aps (RpsiRpn)

[]Asp (RspiRss)

| 0]4 || Cancel ‘

Figure 7-24. Selecting Generalized Ellipsometry Graphing Options.

Intensity

Reflected or Transmitted Intensity that is collected at same time as SE data using
CompleteEASE. The Intensity represented here is an average of the p- and s-
polarization components. The accuracy of the Intensity data depends on the
instrument calibration. Please consult your Hardware measurement to improve
Intensity accuracy.

Because M-2000 and RC2 spectroscopic ellipsometers collect data from the AC
signal, the Intensity value measured here is also from the AC signal. Similarly, the
model calculations only consider the AC components. Depolarization is measured
from the DC signal and will not be measured (or modeled) as part of the Intensity.
See p-s (Total) Intensity in the More Options to collect the effects of depolarization
on Intensity.

Depolarization

Percent depolarization is collected on ellipsometers that incorporate adjustable or
rotating compensators. This information can be used to determine sample and
measurement non-idealities such as thickness non-uniformity, spectrometer
bandwidth, angular spread, and backside reflections.

In the presence of depolarization, the Mueller Matrix for an isotropic sample is
written below, as shown in . In Ellipsometry, all Mueller Matrix elements are
normalized to the first element, M11.

1 —-P-N 0 0
-P-N P 0 0
Ivlsam le =
g 0 0 P.C P-S
0 0 -P-S P-.C

(6-9)
With the Polarization (P) defined as:

P=+N?+C?+8S? (6-10)
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This gives the Depolarization that is reported by Woollam Ellipsometers as:

%Depolarization = (1— Pz)- 100% (6-11)

Graph vs. Angle

Most SE data is graphed versus wavelength. When multiple angles of incidence
have been collected, it can be useful to graph one wavelength versus angle to
visualize where the pseudo-Brewster angle occurs (when Psi goes through minimum
and Delta goes through 90° or 270°). Figure 7-25 graphs the data for an indium tin
oxide film (ITO) at 1500nm versus angle of incidence. At this high wavelength, the
ITO has become conductive and appears like a metal.

Variable Angle Spectroscopic Ellipsometric (VASE) Data

400 _ 1140

290 T ' : {120
Psi

38.0 -

37.0

Delta

B S : 80
36.0 - : T
\ 7.8 60

35.0} S 1 e .
34.0 \ ! / | ] 40
330 20
40 50 60 70 80
Angle of Incidence

Figure 7-25. Graph of ITO data versus angle of incidence.

Double-Y Axis

View two different data curves simultaneously, with each having its own Y -Axis.

Difference Mode

Difference Mode plots the difference between Experimental data and Generated data.

More Options

Additional graphing choices are listed in an expanded region, called “More Options”,
as shown in Figure 7-26. These include various intensities and error bars.
Single Wavelengtn = 1500.0 nm Cel-v

¥ Double Y Axis
¥ Difference Mode

More Options p-Intensity —
= s-Intensity
p-Intensity (total)
s-Intensity (total)

Psi Error Bars
-0.004 Delta Error Bars

Depolarization Error Bars
Intensity Error Bars

Mueller Matrix Error Bars

| MuellerWorb EnorBare |
Figure 7-26. More Options from the Graph Type menu.
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p- S- Intensity

The p- and s- Intensity values are measured from the AC signal. Thus, these values
represent Rp and Rs for reflection and Tp and Ts for transmission. Because they are
calculated strictly from the AC signal of the M-2000 or RC2 ellipsometers, these
values will not contain any effect from depolarized light. When CompleteEASE
models this data, it also calculates values corresponding to AC measurements.

p- s- Intensity (Total)

The p- and s- Intensity (Total) values are measured from both the AC and DC signal
in an attempt to measure the “total” reflection or transmission in the p- and s-
directions and include effects of depolarized light. This would be better comparison
to most spectrophotometric measurements (or even measurements from WVASE32)
as most do not distinguish between p-, s- and the unpolarized light along p- and s-.

Error Bars

The Error Bars of Psi, Delta, Depolarization, Intensity, and Mueller-Matrix are
calculated during measurement to estimate the random error associated with each
data point.
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7.5. Special Graph Items

This section will detail special graph items that are shown across the top of the
Graph panel when working with appended data, uniformity maps, rotation data, or
dynamic data. Each of these data types shares some graphing features in common.
There are extra items shown across the top of the Graph panel that allow selection
and viewing choices specific to these data types. Most wil have a drop-down list
called “Data Set” that allows selection of each of the different data sets to be
graphed, as shown in Figure 7-27.

o E

Graph Type Data Set | #3. 300nm Oxide on Si |+ | [¥] Graph All Data Sets
#1. 120nm Oxide on Si Spectroscopic Ellipsometric (SE) Data
#2. 1600nm Oxide on Si
100 #3. 300nm Oxide on Si

80 | /]\ A
\

. ﬂ kY

1R\ ¢ A AN

Figure 7-27. Drop-down list allows selection of various data sets.

If you right-click just to the left of the drop-down list (over the words “Data Set”,
you will be presented with data selection choices, as shown in Figure 7-28. These
choices include:

“Select Data Set” adds currently listed data set to the group for viewing and fitting.

“Un-Select Data Set” removes currently listed data set from the group for viewing
and fitting, but it remains in the list in case you would like to reselect it at a later
time.

“Select Current Data Set ONLY” will un-select all other data sets and select only the
current data sets. Again, none of the other data sets is removed from the list, so they
can be re-selected at a later time.

“Select All Data Sets” will select all data sets from the list to be active for viewing
and fitting.

“Delete Data Set” removes the selected data set from the Multiple-Data Sets List.

“Clear Multi-Data Set Mode” will remove all data sets from the Multiple Data Sets
List.
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Graph Type

100

Select Data Set
Un-Select Data Set

i | Graph All Data Sets

80

Select Current Data Set ONLY
Select ALL Data Sets

Spectroscop

Delete Data Set
Clear Multi-Data Set Mode

|

Figure 7-28. Right-click over the word “Data Set” to get a drop-down list of choices for
selecting, deselecting, and deleting data sets from the Multiple Data Set List.

Multi-Sample (Appended Data)

If multiple data files are opened at the same time (using the Append Data button),
then they will all be included simultaneously in the fit. It is possible to graph each
individual data set, by selecting it from the drop-down list, as shown in Figure 7-29.
It is also possible to graph all data sets simultaneously, by checking the “Graph All
Data Sets” box.

Green Type

a0

&0

2. 16000
3. 300nm Cude an 5t

Graph ki Ot St

farer (1

Spactroscopic Ellipsomatric [SE) Data

Psi

20

a
ano

£00 500

@00
Wavelength nm)

Tod BOD 00

Graoh Tyoe DataZet | #3 J00nm Calde on 51 | = | (] Graph 41 Cta Sate

Figure 7-29. Graph window with multiple data sets selected. Only one graph is currently
viewed, but all are included in the fit.

100

Spectroscopic Ellipzometric (SE) Dats

Pui

40

400 500

Wavelength (nm)

Figure 7-30. “Graph All Data Sets”.
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Rotation Data

Anisotropic samples are often characterized by measuring multiple sample
orientations, which is facilitated by an automatic rotation stage. Each measured data
set corresponds to a rotation azimuth and when this data is opened, each orientation
is maintained separately, as shown in Figure 7-31. All data sets can be graphed at
the same time, or individually, but all “selected” data sets will be included in the fit.
As this is Rotation Data, an extra button appears called “Show Rotation Data”.
When this check-box is selected, the data from a single wavelength are shown versus

rotation angle, as demonstrated in Figure 7-32. To change the wavelength graphed
for Rotation Data, choose the ‘Set Ranges’ button from the Data: panel.

Grieh Typs ShawFotaion Dats  DalaBat | %0, Rot = 1600 || (] Gripn M 2 Ses t |

Spoctrascoplc Data AL 337.50°

56

ANE Pal (55007, #1
ANE Pai {53.00%), #2

50

45

Pai

40

a6

a0

0 300 €0d 200 1200 1500 1200
Wavelength jnm)

Figure 7-31. Rotation Data with “Graph All Data Sets” selected.
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Figure 7-32. “Show Rotation Data” selected will graph the data from a single wavelength
versus rotation data.

Note: Hold the CTRL key down and drag the mouse over a range of rotation points
to quickly select them all.
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Map Data

When uniformity maps are collected — involving multiple points across a wafer, the
graph will show this map data as Psi-Delta from a single wavelength versus wafer
position. This graph appears when the “Show Map Data” check-box is selected, as
shown in Figure 7-33. To change the wavelength graphed for Rotation Data, choose
the ‘Set Ranges’ button from the Data: panel. If the “Show Map Data” check-box is
de-selected, the spectroscopic data from a single point will be graphed. In addition, a
slider-bar will be shown, as in Figure 7-34, that allows you to move “position” back
and forth to view all locations across the sample.

Graen Typs ] St Map Data

Translation Data: Psi

4379

¥ fem)

Figure 7-33. “Show Map Data” selected will view the Psi-Delta data for a single wavelength
across the sample.

Grmh Tipe ShaowMapDats Pt (L

Spectroscopic Data Af Xsb, ¥=0
100

=T EREn

a0
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Figure 7-34. With “Show Map Data” un-checked, the spectroscopic measurements from the
uniformity map can be viewed by sliding the “Position” bar to change locations across the
wafer.

With Uniformity maps, you can select multiple points by holding the CTRL key
down and selecting the various desired points.

Note: Hold the CTRL key down and drag the mouse over a range of map points to
quickly select them all.
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Dynamic Data

When “Show Dynamic Data” is selected, five wavelengths across the measured
spectral range are graphed versus time, as shown in Figure 7-35. If “Show Dynamic
Data” is un-selected, a slider-bar appears to allow you to view different time-points

of spectroscopic data, as shown in Figure 7-36.

-t:xl- Typs ] Stow Crnarmic Dats |
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Figure 7-35. Dynamic Data shows five wavelengths versus time.
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Figure 7-36. With “Show Dynamic Data” un-selected, the spectroscopic measurement from a
single time-point is graphed. A slider bar appears that allows you to move through different

time-slices.
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7.6. Graph ScratchPad

The Graph ScratchPad is used in CompleteEASE to add more control of how graphs
appear. While not a complete graphing package, it does allow you to change line
colors and offers a few different styles. Additionally, you can change the Legend
Names for each curve and choose which curves to graph and whether to place them
ona 2" Y-Axis. Anexample of the Graph ScratchPad is shown in Figure 7-37.

£ Graph Scratchpad

Graph 2nd Y Caolor Style Curve Name
Psi- Thickness #1
Delta
Psi- Thickness #2
Delta

‘ Edit H Delete || Delete All || Create Curve || Add Trend H Graph Settings ‘

1
c2
Cc3
C4

L=

IR

S|=o|o

spectroscop|cE|||psometr|c (SE) Data e

60 I ‘

55 Psi - Thickness #1
“ N\ . |Psi-Thickness #2

45 T
40 : S~

35 /

Psi

30 :
300 400 500 600 700 800 900

Wavelength (nm)

Figure 7-37. Example of the Graph ScratchPad, comparing multiple data curves.

Select any curve and press the ‘Edit’ button and you will get an expanded dialog
box, as shown in Figure 7-38. However, all of these items can be modified directly
from the curve by pressing in the associated area. You can also delete any curve by
selecting it and pressing the ‘Delete’ button. To delete all curves, there is a ‘Delete
All’ button.

Edit Selected Curve(s)

[w] Graph [ ] 2nd - Style:

Fsi- Thickness #2

Figure 7-38. 'Edit’ Button provides dialog choices similar to those listed in line.
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By default, each curve will maintain the same color as in the copied graphs. When
multiple curves with the same color are compared, this can be confusing and require
changes to many of the curve colors. To quickly facilitate this, CompleteEASE
allows you to select multiple curves in the Graph ScratchPad, as shown in Figure
7-39. Then, pressing the ‘Edit” button adds a new check-box called “Automatically
Set Colors”, as shown in Figure 7-40. The changes affect all selected curves, as
shown in Figure 7-41.

ﬁ Graph Scratchpad -

Graph | 2ndY
c1 v [] 0 Psi
IC2 v v 0 Delta
ca v [ 0 Psi
IC4 v v 0 Delta
cs v [ 0 Psi
c6 v v] 0 Delta
‘ Edit H Delete || Delete All || Create Curve || Add Trend H Graph Settings ‘
Spectroscopic Ellipsometric (SE) Data
60
Psi I
Delta ﬁ___":_..—--——"___r___(_____-—
Psi ] 130
50— Delta

Delta

/ N
// \s -30

-60

\

30

\\

20 90
300 400 500 600 700 800 00
Wavelength (nm)

Figure 7-39. Multiple curves are selected in the Graph ScratchPad.

Edit Selected Curve(s)

[¥] Graph []2ndY - Style:

Automatically Set Colors

lpsi I

‘ OK H Cancel ‘

[

Figure 7-40. With multiple curves selected, check the “Automaticall Set Colors” box to
change the colors of all consecutive curves.
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£ Graph Scratchpad

Graph 2ndY Color Style Curve Name
c1 v L (1] Psi
c2 [v] [v] o Delta
IC3 v L (1] Psi
c4 [v] [v] o Delta
IC5 v L (1] Psi
C6 v] [v] o Delta
‘ Edit ‘ | Delete || Delete All || Create Curve || Add Trend | ‘ Graph Settings ‘
Spectroscopic Ellipsometric (SE) Data
60
Psi l
Delta \ =,‘_,_...—---‘—'-'______.__.—--—-'_'
| a0
50 Delta >
]
Delta
| / ik
w 40 \

Delta

E / // \\ '3"
% ; / 160

20 90
300 400 500 600 700 800 900
Wavelength (nm)

Figure 7-41. Resulting curves with “Automatically Set colors”.

In addition to the curves that were added from the Graph, you can also create curves
by pressing the ‘Create Curve’ button. This will allow you to enter an equation and
manipulate the existing curve data using standard mathematical operations, as show
in Figure 7-42. The existing curves are all listed as parameters, as seen by pressing

‘Add Parameter’ button, shown in Figure 7-43.

Edit Equation

Enter an equation:
AFPFC 2] /0.0001 24

Add Farameter | 2k Cancel

Figure 7-42. 'Create Curve' button allows you to edit your own equation with reference to the
curves already displayed.

7-240 o Reference - Graph CompleteEASE Software Manual



Choose Parameter

Zhoose a Model Parameter:
1
L
C3
Ed

ik Zancel

Figure 7-43. 'Add Parameter" allows choice of the other curves or values available.

Press ‘Add Trend’ to fit a Linear, Quadratic or Quartic curve to a selection of the
data, as shown in Figure 7-44. You can extend this curve beyond the selected range
by a selectable number of “x units” and you can add legend information regarding
either the equation or the Y=0 intercept.

Trend Edilor

3 ! I |
Trend Tee || inear |v Fi ¢ (¢ <Index of remaction, n> ‘- Line E nine Unns [1 Legend (i
- i Ecuztion
Linear C1 <Indlex of refraction, n= = range for the trend line Ll
il = q =0 Intare
1800 =0y adradic 2 =BEdinction Coefiicient, k» Selected Range o
Quartic (Eah C3 =<4"FI[C2I"H/0.000124=
TR C4 <Tauc plot1 (Eay0.5=
1500 1 ———
1200
> 900
a00
30a
o
10 15 20
®
Uk

Figure 7-44. Trend-Line Editor from the Graph Scratchpad.

In addition, you can select two curves and right-click to “Calculate Intersection”
point, as shown in Figure 7-45. An example of the curve intersection is shown in
Figure 7-46, where the linear extension of two curves has been added and then their
intersection has been determined.

Graph 2ng Y Colar Sthyle Curve Name
1 v] [] 1] Thickness # 1
T1 v [ 1 0.031034% + 177.57
T2 v ] 1 0.10622% + 170.26

i Calculate Intersection '_

Figure 7-45. Right-Click to "Calculate Intersection™ between two curves.
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Figure 7-46. Curve Intersection Example.

Press the ‘Graph Settings’ button to change titles, change font size and show or hide

grid lines, as shown in Figure 7-47.

Graph Settings
Titles

hain Title: |Spectrnscnpic Ellipzometric (SE) Data|

Rs Title: |Wave|ength nm

Y-fyis Title: |Psi

'2-#s Title: |Delta

Settings
Show Grid Lines

| 2k || Zancel ‘

Font Size: Main Title = |24 Axis Title = |24

Figure 7-47. 'Graph Settings' button allows access to titles, font sizes, and grid lines.
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8. Reference - Measurement Tab

The Measurement tab is shown in Figure 8-1. This tab consists of three panels:
System Status, Measurement Controls, and Fit Results. The buttons and choices
within each panel can change depending on the hardware configuration. A brief
description of all commands within this tab is provided.

&7 CompleteEASE

o X

[‘Measurement | Analysis | Hardware | Options

Current User Is jhilfiker

Log Out

System Status
Waiting to Acquire Data
Measurement Controls

Mode: iFast

Angles: [v]65° 170 [¥]75°  []90%(S-T)

Model: iSI with Thermal Oxide

[v] Save Data after Measurement

Measure

Fit Results

MSE = 1.398
Angle Offset = 0.034 £ 0.0019

"‘v" Sample Alignment: |Standard [+ | Total Thickness = 26.72 * 0.006 nm

View Prev. Results

Figure 8-1. Measurement Tab for alpha-SE systems.

8.1.

System Status Panel

This panel describes the current hardware status. Before the ellipsometer is ready to
measure, the message will state “Not Initialized”. If the ellipsometer is ready for
operation, “Waiting to Acquire Data” will be displayed.

8.2.

Mode:

Measurement Controls: alpha-SE Systems

Specifies the type of measurement to collect on alpha-SE systems. Further details on

each mode are given in Table 8-1.

Sample Alignment:

Specifies how the Z-stage should be used to adjust the sample height before the
measurement. Table 8-1 provides details for each choice.
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Table 8-1. Measurement Settings for an alpha-SE.

Category Option Description
Mode Standard Use for most measurements (~ 10 seconds)
Fast Quick measurements (~ 3 seconds)
Long Low reflectivity samples or high precision measurements (~30 seconds)
Transmission Collects Intensity Transmission measurements.
M.M. Mueller-matrix measurement — for anisotropic and depolarizing samples
M.M. Long High Accuracy Mueller-matrix measurement
Sample None Stage location is below beam for straight-through (90°) measurements.
Alignment
Standard Use for standard reflected measurements. This setting does a quicker
search for the light beam near the previous alignment position.
Robust A thorough alignment of the light beam that searches over the full
translation range. Use for glass substrates with multiple reflected beams.
Fixed Height Moves sample stage to height described in hardware configuration file.
Prompt Height Allows user to enter the sample stage height for measurement. It is often
helpful to first perform a z-stage scan from the Hardware tab.
Model Press “Choose from File Dialog.”
All default models are saved within various folders including:
Common, Advanced, Basic, and Calibration Wafers
Only models in the COMMON folder will appear in the drop-down list.

For the “Standard” and “Long” modes, the motor home sensors are checked before
and after measurement. Also, they both implement Zone-averaging, which collects
data with input polarizer set to +45° and -45° and then reports the average. This
improves data accuracy.

The M.M. data modes allow measurement of 12 Mueller matrix elements. The
absolute intensity of m11 is measured, while all other elements are normalized to

mll.

To improve accuracy of Transmission Intensity and Mueller matrix measurements,
perform an “S-T Baseline” or “Off-Sample Baseline” prior to the sample
measurement (from the Hardware tab).

Model

Specifies which model will analyze the data. Ifit is set to “None”, data will be
acquired, but no data analysis will be performed.

Save Data after Measurement

Check this selection to insure the data are saved after each measurement. The
default setting for this option is ON, but it is “sticky” and will retain its new value
until the program is turned off.
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‘Measure’

Begins a measurement using the settings specified in the “Mode:” and “Sample
Alignment:” fields. After data is acquired, the “Model:” is used to analyze the data.
Results are placed in the box in the upper right corner of the screen.

Common Models

For convenience, you can move Models that are commonly encountered into the
“Common” folder. To move into the Common folder location, go to the Analysis
tab and press ‘Open’ from the Model: section. Search for the model of interest and
then drag the model name (right side of Figure 8-2) with mouse to the Common
folder (left of Figure 8-2). You can do this with multiple models.

&7 CompleteEASE

LUEWEIC  Hardware r Options Log Out
Data: Mo Data Loaded odel: Mo Model Loaded
L 1l L[
| Open Model
Fit .
Folder Links Files
E [ Recent Marne \ Date \ Size
[ carmman a-5i on Glass (with Backside Reflection). mod B/22008 12:52 PM 3 KB
[ Advanced a-5i on Glass.mod TI220B8 10053 AM 3 KB
[ Basic Glass Substrate (with backside reflection).m... B/28/07 415 FPM 2 KB
0 Calibration Wiafers Glass Substrate-Transmission Data Include.. /220081217 PM 8 KB
o[ James Glass Substrate-Transmission Data Include.. /22008 1216 PM 8 KB
Glass Substrate.mod TII208 1053 AM 1 KB
Glass with Absorhing Film (with Backside re.. B/2206 1:15FPM 7 KB
Glass with Absorhing Film.mod TI22i08 10:54 AW ¥ KB
Glass with Transparent Film (with Backside ... B/22006 12:57 PM 2 KB
Glass with Transparent Film.mod TI22i08 10:54 AW 2 KB
ITO (thin) on Glass (with backside reflection)... B/22/006 12:58 PM 3 KB
ITO ithiny on Glass.mod TI22NB 1054 AW 3 KB
ITO on Glass (with Backside reflection).mod  B/22006 12:58 PM 3 KB
Grap ITO on Glass mod TI22MNB 1055 AWM 3 KB ata
Si with Absorbing Film.maod T/22108 10:55 AM B KB
h w
hermal Oxide.mod TI2208 10055 AM 1 KB \
Siwith Transparent Film.mod TI22i08 10:55 AM 2 KB ’
Add Folder Link

File Mame: |Si with Transparent Film.mod

Figure 8-2. From the Analysis tab, press ‘Open Model’ and then you can drag-and-drop
models from any folder (listed on right) into the Common folder (shown on left).

All models that you move to the Common folder will now appear in the drop-down
menu from the Measurement>Measurement Controls>Model drop-down menu.
This is shown in Figure 8-3, where the Common folder (left) has five models and
these same models appear in the Model drop-down menu (right).
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9] £ Conpaamansy

Massuramant | ANISE | Hardtwarm | Ophons

o ™ System Status F
Vradting to Acquire Data

oasarEment Controts

Figure 8-3. The models moved to the Common folder (shown on left) will be quickly
accessible from the Measurement tab pull-down Model menu (seen on right).

8.3.

M-2000,

RC2, and AccuMap-SE Systems

For M-2000, RC2 and AccuMap-SE systems, there are more data collection choices.
This chapter will discuss the basic options for typical systems. As there are many
different configurations, it is suggested you consult your Hardware manual for the
details of your system and configuration. Figure 8-4 shows a representative
CompleteEASE Measurement tab for an M-2000 with mapping and camera. Due
to the number of choices for any measurement (how to measure, where to measure,
etc.), CompleteEASE uses a Recipe to describe all details. These recipe files can be

created and saved for any specific measurement or sample type.

ﬂ(dm

&7 CompleteEASE
T ad insitu | Analysis | Hardware | Options

Log Out

System Status Fit Results
Waiting to Acquire Data No Results Available

Measurement Contrals

Recipe: |=8elect a Recipes |V‘

Sawe Data after Measurement

Wiew Prey. Results‘ ‘Graph Parms.

Scan Map

Wiew Camera Image

Figure 8-4. Measurement tab for an M-2000 system with automated angle of incidence,
automated sample alignment, automated sample translation, focusing optics, and an

integrated camera.
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Measurement Recipe

The measurement controls for this type of system are integrated into a Recipe. Each
Recipe describes the three basic components of data collection: 1) Data Acquisition,
2) Mapping Scan settings, and 3) Modeling.

The drop-down box from Measurement>Measurement Controls>Recipe: allow
the following options: 1) Prompt for Acquisition Parameters, 2) Prompt for Recipe
Components, 3) list of all Common recipes, 4) Choose From File Dialog, and 5)
Create/Edit Recipe. These options are shown in Figure 8-5.

&7 CompleteEASE

Measurement

In situ r Analysis Hardy

Systemn Status
Waiting to Acquire Data

Measurement Controls

Recipe: |<Select 3 Recipe= |v‘

=Selecta Recipe>

=Prompt for Acguisition Parameters=
=Prompt for Recipe Components=
55, 65 and 75" 3sec, 3mm thick quick

Choose From File Dialog

Create/Edit Recipe

Figure 8-5. Recipe Options.

<Select a Recipe>

This listing is not an option, but rather a note to the user that they need to Select a
Recipe or change this setting before they can proceed.

<Prompt for Acquisition Parameters>

This option will by-pass the Scan Pattern and Model, assuming you only want to
measure at a single point and save data for modeling at a later time. You will be
allowed to specify the Data Acquisition Parameters, from a box similar to shown in
Figure 8-6. The options listed in the Acquisition Parameters box are described in
Section 2.3.

Acquisition Parameters Setup

Data Acquisition Parameters

Data Type: [Standarg
Ac. Tirme: | 2.00

Scan Options

|v|

High Accuracy Mode

#Angle Scan: [55.00 | To [ro.00 | By [15.00 |

[] measure In Transmission Mode

Alignment Cptions

Sample Tilt Alignment. |Au1umalic -

[~]
Sample Height Alignment |Automatic-@uick |v|

Sample Thickness: |1 149 | mm |SEITD CurrentF’usilinn‘

[] Align At First Angle Alignment Angle: [65.00
Other Options
Do Mot Return To Sample Load Position
Do Mot Reposition Translator
[ Lo [[ ox |[ cancar |

Figure 8-6. Acquisition Parameters Setup dialog box.
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<Prompt for Recipe Components>

This option allows the user to select the individual recipe components, which include
Acquisition Parameters, Scan Pattern, and Model — as shown in Figure 8-7. If the
recipe components are not established, they can also be created from the Recipe
Components dialog box.

Choose Recipe Components

Recipe

Ac. Parms: [=Select an Acquisition Parameters Set= |'|| EditiCreate |

5canPattern:|NDne |'|| EditiCreate |
Mudel:|NUne |v|

Additional Parameters

Falder for saving acquired data:

[] Save Results Only - Mo Raw Data

[ ] Expart measurement results

Load Existing Recipe ‘ Dk

Figure 8-7. Choosing the various components for a Recipe.

Common Recipes

All recipes that are saved in the Common Folder (C:\CompleteEASE\recipes) will
appear in the drop-down list as shown in Figure 8-5. In this example, the Recipe
called “55, 65, and 75° 3sec, 3mm thick quick” was created and moved to the
Common Folder. To move a recipe to the Common Folder, select the ‘Choose From
File Dialog’ option that is described next. This will open the Recipe Dialog box.
Navigate through the folder “links” on left to find the recipe you would like to add to
Common folder. Then, drag-and-drop the recipe listed under Files: to the Common
folder listed under Folder Links:.

Open Recipe (5}
Folder Links Eiles:
I Recent Mame | Diate | Size
] comman || |55, B5 and 75" 3zec, 3mm thick quic...| 2/2i0811:02 .. OKE
o [ Jarmes :

Ad Folder Link |

File Mame: |55, 65 and 75" 3sec, 3mm thick quick.recipe

Figure 8-8. Open Recipe dialog box.
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‘Choose From File Dialog’

This button opens a window to view the Folder links on your computer that may
contain recipes, as shown in Figure 8-8. Navigate to find the desired recipe and
select it to open.

‘Create/Edit Recipe’

The final button allows you to create or edit a recipe. Each of the options for a
recipe will be described later in this chapter.

The three primary components of any recipe are the Acquisition Parameters, Scan
Pattern, and Model; as shown in Figure 8-9. Each of these components is discussed
in further detail.

Choose Recipe Components

Recipe

acy Parms: «Select an Acquisition Parameters Sets

| EditiCreate ‘

Edit/Create ‘

-]
ﬁcanpaﬂem_‘None |v|
M

bottel: | None

Additional Parameters

Folder for saving acguired data:

[[] Save Results Only - Mo Raw Data

[] Export measurement results

Load Existing Recipe

Figure 8-9. Components of a Recipe.

Save Data after Measurement

Check this selection to insure the data are saved after each measurement. The
default setting for this option is ON, but it is “sticky” and will retain its new value
until the program is turned off.

‘Measure’

The ‘Measure’ button begins a measurement or recipe. There are also two right-
click menus for the ‘Measure’ button, as shown in Figure 8-10.

EE |
lfMeasurement r In situ rAnalysws rHardware E
System Status Fit Re

Waiting to Acquire Data No R

Measurement Controls

Recipe: |<Ee|ectaﬁecwpe> ‘V‘

A
odel:

Save Data after Measurement

Acguire Multiple Measurements

Show Recipe Schedular

Figure 8-10. Right-click on the ‘Measure’ button to choose “Acquire Multiple
Measurements” or “Show Recipe Scheduler”.
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Acquire Multiple Measurements

Right-click on the ‘Measure’ button to “Acquire Multiple Measurements”.

Show Recipe Scheduler

The Scheduler is a utility for running multiple recipes without user input. It is
primarily designed for cases where multiple samples are loaded onto the translation
stage at one time. The scheduler allows each sample to be measured with its own
Recipe. To activate the Scheduler utility, right click on the Measure button on the
Measurement tab and choose the “Show Recipe Scheduler” menu item. Currently
the scheduler supports the following steps:

e Run Recipe — run a predefined recipe

e Acquire Dynamic — acquire dynamic data for a specified amount of time

o Delay — pause for the specified amount of time

e  Set Temperature — set the temperature and wait a specified amount of time
e Move Translator — move the translator to a specified position.

A dialog box, as shown in Figure 8-11, will appear and allow the commands to be
established in a list form.

.. - - - - - — g
Steps
Enabled| Step Description | Translator Offset | Save Name
Double-click in a cell to editits value
‘ Add H Delete H Move Up H Move Down H Setup Filenames
Status
Run Schedule | Open H Save || Close |

Figure 8-11. Scheduler dialog box.

When a step is added, it can be formatted to be of any “type”, as listed in the drop-
down list of Figure 8-12. Each of the step types are described below.

Run Recipe

The run recipe step type allows the user to specify a recipe to be run, as shown in
Figure 8-13. A translator offset can be specified for the step that offsets the recipe’s
translator positions by a specified amount, as shown in Figure 8-14. After this single
entry is added, the Scheduler will list the “step” in a row, as shown in Figure 8-15.

Note: For the offset to apply, the recipe must be set up such that the Do Not
Reposition Translator box is not checked.
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@ Choose the step type to add: |
Run Recipe |v

Run Recipe

Acguire Dynamic Data
Delay =
Set Temperature
Mave Translatar

Figure 8-12. Run Recipe Step.

Edit Step

B4
=Select a Recipe= |v|

Figure 8-13. Edit Step to choose the Recipe.

Recipe:

Bd

Translator Ofzet. x= (ool | v= [ooooo |

Figure 8-14. Adding a Translation Offset.

Scheduler
Steps

Enabled \ Step Description \ Trans|ator Offset \ Save Name
|Run Recipe: a RECIPE | (0.0000, 00000) | C\CE398\dat & 5F

Double-click in a cell to edit its value

| Add || Delete || Move Up || Move Down

Status

Figure 8-15. Scheduler with single step entered.

Acquire Dynamic

The Acquire Dynamic step allows the user to specify a model number (as listed in

the buttons of the In Situ tab) and an amount of time to acquire data, as shown in
Figure 8-16.

Edit Step

5]
Aco. Time: [1.00 Model Kumber: (0

Figure 8-16. Editing a step for dynamic data acquisition.
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Delay

The Delay step inserts a delay in to the schedule. The delay time is specified in
minutes, as shown in Figure 8-17.

Wyait Time in minutes: |0.0000;

Figure 8-17. Adding a “Delay”.

Set Temperature

The Set Temperature step is used to change the temperature of a supported
temperature controller and then wait a specified amount of time for the temperature
to stabilize, as shown in Figure 8-18.

]
Setpoint Temperature: (0.0 "G
Wyait Time: |0.0000 minutes

Figure 8-18. Setting Temperature in the Scheduler.

Move Translator

The Move Translator step moves the translator to the specified position, as shown in

Figure 8-19.
Edit Step 5
Translator Position: X = |0.0000] Y= {0.0000

Ok Cancel

Figure 8-19. Adding a Move Translator Step.

Setting up Filenames

The “Set up Filenames’ button allows the data files to be named when running a
schedule. Figure 8-20 shows the Save Name Setup dialog. The default option is
“Automatically assign file name - <custom name><step #><time>". This option
prompts the user for a text string when “Run Schedule” is pressed and prepends this
text to the beginning of each automatically generated file name. The automatically
generated file name consists of the step number and the current time.

The second option is similar to the default except that the user is not prompted for a
text string. This results in a filename consisting of the recipe name, step number,
and time.
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The third option is to manually define the file names. When this option is chosen,
the user must go to each step in the scheduler that requires a file name and double
click on the table cell and choose a file name from the standard Save Data dialog.

Save Name Setup

[
File Naming Options

) Automatically assign file name - <custom name=<step #=<time>

) Automatically assign file name - <recipe==step #=<time=

) Manually choose file name for each step (double-click in table cell)

Save Directory
c\CompleteEASE\dat

| Ok H Cancel |

Figure 8-20. Assigning Filenames in the Scheduler.

8.4. Acquisition Parameters

The Acquisition Parameters describe how the data will be collected at each point of a
Measurement Recipe (whether single-point or scan). A common box for Acquisition
Parameter choices is shown in Figure 8-21. The individual details for these options
are discussed in the corresponding hardware manual.

Acquisition Parameters Setup

Data Acquisition Parameters

Data Type:|8tandard |V|
Acg. Time: (2.00 [v] High Accuracy Mode

Scan Options

Angle Scan: [55.00 | To [ro.o0 | By [15.00

[] Measure In Transmission Made

Alignment Options

Sample Tilt Alighment |Aummatic |v|
Sample Height Alignment: |Aummatic-@uick |v|
Sample Thickness: |1 18 mm |SetTn Cuyrrent Positi0n|
[] Align At First Angle alignment Angle:[5.00 |
Cither Options

Do Mot Return To Sample Load Position

Do Mot Reposition Trans|ator

| Load || Ok || Canceal |

Figure 8-21. Acquisition Parameters Setup for M-2000 and RC2 systems. Choices listed
above can vary from system-to-system.
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Data Type

The Data Type specifies the type of data to collect during the measurement, as
shown in Figure 8-22.

Acquisition Parameters Setup

Data Acquisition Parameters

Diata Type: |Standard -

Standard

Generalized Ellipsametry
Imueller hatrix
Transmission Intensity
Reflection Intensity

Figure 8-22. Different Options for Data Type.

Standard

Most applications require a “Standard” measurement. This is simply a standard
Spectroscopic Ellipsometry measurement. The data collected will include Psi and
Delta versus wavelength and angle of incidence. In addition, the depolarization and
reflected intensity will be measured. However, the measurement accuracy of
depolarization and reflected intensity depends on the accuracy of recent DC
calibrations and intensity baselines, respectively. For more details, please consult
your Hardware manual. Most models will ignore the depolarization and Intensity
measurements, unless instructed to consider this extra data.

Generalized Ellipsometry

Generalized ellipsometry measurements include the complete Jones matrix of a
sample, including the off-diagonal elements (which are assumed equal to zero for
Standard SE measurements). This type of measurement is useful for anisotropic
samples where the optical axis is not aligned parallel or perpendicular to the plane of
incidence. Generalized Ellipsometry measurements are not compatible with
measurements that exhibit depolarization, as it is based on a Jones matrix description
of the interaction between measurement beam and sample.

Generalized Ellipsometry measurements consist of three ratios, so you will end up
with three Psi curves and three Delta curves for each measured angle of incidence.

Mueller Matrix

Measurement of the polarization change using Stokes vectors to describe the light
beam. The Mueller-matrix is a 4 X 4 matrix, but not all elements can be measured
with each ellipsometer. In fact, the only ellipsometer to measure all 16 elements of
the Mueller-matrix is the RC2 system. For most samples, there is significant
redundancy in the Mueller-matrix and no need to measure all 16 elements. For
isotropic samples (with or without depolarization), the complete interaction can be
described by measuring 4 elements (M11, M21 or M12, M33 or M44, and M34 or
M43). If the sample also contains anisotropy, the number of necessary elements
climbs to 7 or 8. Only for the most advanced samples are more elements required for
complete characterization. Thus, less than 1% of all Ellipsometry Applications
require Mueller-matrix measurements.
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Transmission Intensity

Measure Intensity of transmitted light through the sample. For M-2000 systems, the
transmitted intensity is calculated from the AC components of the detected signal
and will not include any measurement of unpolarized light.

Reflection Intensity

Measure Intensity of reflected light. For M-2000 systems, the intensity is calculated
from the AC components of the detected signal and will not include any
measurement of unpolarized light.

Sample Alignment

Sample Alignment options depend on the type of system and configuration. In
general, there are two basic steps to sample alignment: Tilt alignment and Height
alignment. Common selections for each are described in this section.

Tilt Alignment

Tilt alignment refers to the tip and tilt of sample relative to the incoming light beam
such that the reflected beam is aligned on the receiver unit at the correct angle of
incidence. Tilt alignment options include Skip, Manual, or Automated; as shown in
Figure 8-23.

Sample Tilt Alighment:  |Automatic hd
Skip

hanual

Automatic

Figure 8-23. Options for Sample Tilt Alignment.

The Tilt alignment is often skipped when using focusing probes, as the tip-tilt
alignment becomes less sensitive. It can also be skipped for applications where
common samples are measured that remain flat. For example, if a system is
continuously used to measure 200mm silicon wafers, the tip-tilt alignment of each
wafer will probably be very similar from sample-to-sample.

For Manual or Automatic Alignment, the system will study the reflection of a light
beam off the sample that is incident on a 4-quadrant detector. This detector allows
the beam to be centered onto the 4-detector elements by adjusting tip and tilt until all
4 detectors have the same intensity. This method allows very repeatable alignment
of the beam from sample-to-sample. An example of the Tilt Alignment step for an
Automatic System is shown in Figure 8-24.
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€7 CompleteEASE ‘o X
Cancel Alignment Align Mode - Detectar Matar Increments
® Automatic | @ Lookdown | ZSlage
[[] Use Data Acquisition Time 2 Manual ) Receiver Tilt Stage
H Z Position = 0.500mm
Sample Tllt Tilt Position = (0.071,0.024)

Intensity = 1.307
Ave. Signal = 0.000

Figure 8-24. Sample Tilt Alignment Window.

Sample Height Alignment

Sample Height Alignment refers to the adjustment of ellipsometer beam relative to
the surface of a sample to ensure correct positioning and adjustment for samples of
different thickness. This adjustment becomes increasingly important for systems
with smaller spot size (like Focusing ellipsometers). It is also more important to test
the Sample Height Alignment when many samples of different thickness will be
tested on the same Ellipsometer. The common choices for Sample Height Alignment
are shown in Figure 8-25. For Automated Height Alignment, the reflected beam is
detected by the Receiver unit and the intensity is recorded versus different Z-Height
positions. This is demonstrated in Figure 8-26. The position of highest intensity is
assumed to be the correct Z-Height for alignment of the sample.

Sample Height Alignment;  [Automatic-Guick -
Skip

Manual

Altomatic-cuick

Altormatic-Fobust

Llse Sample Thickness

Figure 8-25. Options for Sample Height Alignment.
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C/EDREIRERSEE: =t s s o @ M
Cancel Alignment

[] Use Data Acquisition Time

Align Mode  Detectar Matar Increments

Zace
) Receiver  Tilt Stage

@ Automatic @ Lookdown
O Manual

Max Signal Intensity =17.72
Current Position = 0.523

=3.71 mm 17.00 mm

Figure 8-26. Sample Height-Alignment window.

Common Acquisition Parameters

When finished setting the Acquisition Parameters, you will be asked to save these
details in a file. If you will use the same Acquisition Parameters for future
measurements, the files can be saved or moved to the Common Folder. Then, they
will appear in the drop-down list when selecting your Recipe components. To move
Acquisition Parameters into the Common Folder, select the ‘Edit/Create’ Acquisition
Parameters button from the Recipe Components box. Next, press the ‘Load’ button
from the Acquisition Parameters box. This will open the File Dialog box, as shown
in Figure 8-27. Find the Acquisition Parameter Files from the appropriate Folder
and then drag them with the mouse from the list of Files: in the right to the Common
Folder Links: location in the left.

| Open Acuistion Paramsier

Folder Links Eiles
—iRacart _ _ hami Dty Sim |
&l Comeman [, 55, 757, 1586, amm ik, OAcK parme pamts 209 115 1KE
o= 5 Jamus

Al Foiger Link

Fila Mamu: !(.5__ 55, 75", 3565, I 1Rl H, Itk pams pares.

Open gaal |

Figure 8-27. When opening Acquisition Parameters, you can find files that you would like to
see immediately from the Recipe drop-down menu and drag them into the COMMON folder
shown on the left of this box.
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8.5. Scan Pattern

The Scan Pattern is used to describe where each measurement should be performed
across a sample. This option is only needed for ellipsometers with automated sample
translation. To make a new Scan Pattern, press ‘Edit/Create’ button to the right of
the Scan Pattern selection of the Recipe Components box, as shown in Figure 8-28.

Choose Recipe Components ;

Recipe

B4

Ao Parms: |55. G4, 748" 3sec, 3mm thick, guick parms

“'H EditiCreata ‘

Scan F'attern:|NDne

“'H EditiCreate ‘

Mudel:|NDne

"|

Additional Parameters

Falder for saving acquired data:

[] Save Results Only - Mo Raw Data

[ ] Export measurement results

Load Existing Recipe |

| Ok || Cancel ‘

Figure 8-28. Choose ‘Edit/Create’ Scan Pattern from the Recipe Components dialog box.

The Scan Patter Editor, shown in Figure 8-29, allows you to describe both Circular
and Rectangular samples. There are many options to automatically fill-in the points
to measure, including Grid Fill, R-T Grid Fill, and Line Fill. Most of these
selections are intuitive and best learned by testing each button a few times.

Scan Pattern Editor: (not saved) [
Substrate Dimensions
= Dia. {cm):|20.0 [] Draw Wafer Notch
Point List
1 0.0000, 8.5000 = Grid Fill
2 3.8000, 8.5500 = —
3. 2.8500, 8.5500 BT Grid Fill
4. 1.9000, 8.5500
5 0.0500, 8.6500 Line Fill
6. -0.0000, 8.5500 Point Commands:
G 400095400
5: -1.3000, 85500 Sddiol
9: -2.8500, 8.5500 Edit Paint
10: -3.8000, 8.5500
11: -5.7000, 7.6000
12: -4.7500, 7.6000
13 -3.8000, 7.6000
14: -2.8500, 7.6000 Delete Point
15: -1.9000, 7.6000 —
16: -0.8500, 7.6000 = Delete All
Alignment Position Pattern Offset
oo | vloo ‘Ahgn atthis position only ‘v‘ oo |wlo | Thetary oo ] Pl | Befi :
Deskew Paints Transmission Intensity Baseline
[]DoDeskew  31:/0.0 ¥1:(0.0 H2:(0.0 Y2:|0.0 [[] Use Paint For Transmigsion Bageline ®|0.0 V(0.0
[_] Record Image At Each Point Image Zuum.

Figure 8-29. Scan Pattern Editor
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As an example, if you press the ‘Grid Fill’ button, you will get the options shown in
Figure 8-30. The Scan Pattern also describes the overall Alignment methodology.
For example, you can choose to Align at a single point only. You can also choose to
do a full alignment at the first point and then z-alignment at all other points.

Grid Fill

Grid Spacing {cm): |2.D Grid Style: | Sguare -

B4

Grid Fill

Grid Spacing {crm): |2.0 Grid Shrle:

Grid Marain {cmi: 1 Extend Grid to Margin Tup'lrl
Left:[0.0 Right 0.0
[] Scan Region of Interest (cm) Bottorm: 0.0

Grid Margin (cm): |1 Extend Grid to Margin

Scan Region of Interest (crm)

Figure 8-30. Some Grid Fill Options.

Scan Region of Interest

Scan Region of Interest allows you to specify a grid over a portion of the substrate
instead of the entire substrate. The Top, Bottom, Left, and Right values are entered
relative to the center of the substrate.

For example, if the substrate is a 10x10 cm square, you can setup a grid over the
bottom right portion of the substrate by entering:

Top=0, Left=0, Right=5, Bottom=-5

Adding Common Scan Patterns

After you have developed Scan Patterns that meet your measurement requirements,
you can save these files for future use. If they will be routine patterns, you can add
the Scan Patterns to the Common Folder. To accomplish this, press ‘Load’ from the
Scan Pattern Editor. This will open the “Open Scan Pattern” dialog box, as shown in
Figure 8-31. Find the files you will routinely use and then simply drag them with
your mouse from the listing on right to the COMMON folder shown on the left.

OB PRI L s s e e T et B

Frolder Links: Eiles:
SARecenl _ Hame Dale [ =i
T i Tl 2hgn ezan |aAiTa 2 PP T RE

i
o E Jamnes
T Hew daps

Al Foloar Lk

Flle Biame; (48 Poini, full aligr.can

Cipen Lancel

Figure 8-31. Open Scan Pattern Editor. To move routine Scan Pattern files from any
location, simply drag them with the mouse from the list on right to the COMMON folder listed
to the left of this screen.
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8.6. Fit Results Panel

Data analysis results are placed in this text box, located in the upper right corner of

the screen, as demonstrated in Figure 8-32.

Fit Results

MSE = 13.237

Thickness # 1= 16483.57 £ 18.422 &
A=1.449 £0.0010

B =0.00377 £0.000093

C =-0.00000 £0.000011

n @ 632.8 nm=1.458

| View Previous Fit Results |

Figure 8-32. Fit Results panel in the Measurement Tab.

8.7. Right-click menu (Measurement>Fit Results:)

Copy to Clipboard — Formatted

Copy results to the clipboard in a format ready to paste into a word processor, as

shown below.

MSE = 2.837

Thickness #1 =96.71 £ 0.018 nm
n of Cauchy Film @ 632.8 nm = 1.865

Copy to Clipboard - Table

Copy results to the clipboard in a format ready to paste into a table or spreadsheet, as

shown below.

ERROR
PARAMETER VALUE | BAR
MSE 2.837
Thickness # 1 (nm) 96.71 0.018
n of Cauchy Film @ 632.8 nm 1.865
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8.8. ‘View Previous Fit Results’

Review results from past samples. This button will open a new dialog box, as shown
in Figure 8-33. Choose the Location and Files you wish to review and a table of
results is shown in the File Information panel. This table can be copied to the
clipboard with the ‘Copy Text to Clipboard’ and ‘Copy Table to Clipboard’ buttons.

View Data :: 2
Location File Information
CompleteEASE homework ‘v|
Files
Mame \ Date
CHROME SE 1708 [08:34] |~
duv30-#1_very fine scan.SE 1708 [08:34]
latio2 it - jun.SE 1221007 [15...
nb-hulk.SE 1708 [02:24]
Sample 1.5E A20i07 [15:35]
Sample 10.5E 20007 [15:34]
sample 11 PECYD SiM on Si... 12021/07 [15..
Sample 11.8E Gf20607 [15:35]
Sample 12.8E Gf20607 [15:35]
Sample 13 5E 20007 [15:35] | _
Sample 14.5E 2007 [15:35] |
Sample 15 5E 20007 [15:34]
Sample 16.5E 20007 [15:39]
Sample 17.6E Gf20607 [15:35]
Sample 12.8E Gf20607 [15:35]
Sample 19 5E 20007 [15:34]
Sample 2.5E a20i07 [15:35]
Sample 20 5E 20007 [15:34]
Sample 21.8E Or2007 [15:38]) ||
Sample 22.8E Gf20607 [15:35]
Sample 23 8E /20007 [15:356]
Sample 24 5E 20007 [15:34]
Sample 245 5E 20007 [15:34]
Sample 3.5E /20007 [15:35] ||
Sample 4.5E G/20i07 [15:35] | =
Cale Multi-Sample Stats | | Graph Data ‘
| Copy Text To Clipboard || Copy Tahle To Cliphoard

Figure 8-33. View Previous Fit Results Dialog box.

Select a single data file from the Files panel and you can ‘Open File’. This will open
the data file, but not the model that was associated with the previous fit.

Use the mouse to select multiple results in the Files panel and you will be allowed to
‘Calc. Multi-Sample Stats’. An example of this is shown in Figure 8-34.

Location Filé Irforrmiation
Come atEASE hmawinrk = [Multiple sample Statistics
Files i il
. o
o 8244 | 00000 | 55310
oo .
angan
2 | 00000
T
00
0000
100
1om
[T YE:
10w a4z | zo0n arasn |
O
[ A 1S
Sanple 455 AT T A5]
Bample 5 55 EF [1535]
{Znmnle G5 A2 155
ample T SITRGE (1535
I SEROT 1593
aruar
Cl NutlkBarrq s B
e Tent To Cliponan Capy Takls ToClipnagm
Clnsg

Figure 8-34. Viewing statistics from multiple samples.
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If the selected data file is a map of multiple points across the sample, all points are

shown in the list, along with the statistics across the top: average, min, max,

standard deviation, %range, and %uniformity; as shown in Figure 8-35.
%RANGE

The percent range is defined as:

%RANGE = 100%(Mj

AVERAGE

%UNIFORMITY

The uniformity is defined as:

WUNIFORMITY = 100%(S-|-D—Evj

AVERAGE

File Information
FULL_MAP_FOCUSED
Recipe: Focused FULL MAP
Acg. Parameters: 2 Angle Scan.parms
Scan Pattern: 1593 Point Map.scan
Model: Test-Genosc.mod
| Thickness #1 (nm) | Sigint Tilt X
Average 86.268 7.6515 0.0239 ||
Min 71.143 6.3241 -0.7397 [=|
Max 91.108 7.9145 0.5159
Std. Dev. 4117 0.1027 0.4239
% Range 23.14342 2078481 | -524517871
% Unifarmity 477262 1.34238 | -1770.88586
(14.500,6.500) 71.84 7.836 -0.598
(14.000,6.500) 76.98 7.807 -0.589
(13.500,6.500) 78.52 7.808 -0.584
(13.000,6.500) 79.50 TI72 -0.580
(12.500,6.500) 80.33 7748 -0.574
(12.000,6.500) 81.22 7.725 -0.572
(11.500,6.500) 81.83 7729 -0.575
(11.000,6.500) 82.38 7762 -0.578
(10.500,6.500) 8278 7.743 -0.588
(10.000,6.500) 83.70 7717 -0.597
(9.500,6.500) 84 62 7.680 -0.599
(9.000,6.500) 85.22 7.684 -0.585
(8.500,6.500) 85.66 7701 -0.563
(8.000,6.500) 85.96 7708 -0.533
(7.500,6.500) 86.25 7.720 -0.504
(7.000,6.500) 87.15 7706 -0.470
(6.500,6.500) 87.70 7.699 -0.428 [
4] Il | [¥]
‘ Copy Text To Clipboard ‘ | Copy Table To Clipboard

Figure 8-35. Map results will show the average, min, max, standard deviation, %Range, and
%Uniformity of each parameter across the top of list of all points.
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For map data, the ‘Graph Data’ button can be selected to open a new window that
allows the user to select the fit result they wish to view, as shown in Figure 8-36.

Graph Data

Farameter. |Tof

Dense Map of Si02: Total Thickness ~~°" "/

10 97035
80914
5
64793
S 0 48672
: i
32551
5
I 16430
10 309
10

X (cm)

Figure 8-36. Uniformity map of total thickness.
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9. Reference - Analysis Tab

The Analysis tab is shown in Figure 9-1. This tab consists of three panels: Data,

Model, and Fit.
& competeeast s
| Measurement | nsiu | Anansis | Haroware | Optians |
Data: sir on si-2 Model 5§ with Transparent Film
| Open Eave | Infn, SpiRanges open | Save Clear | Open Snapahot || Save Enapahot
Fit ) ) Layer Commands: Delete Save
FEp— || Fit e Resat Include Surface Roughness = OFF
= 1 +|_aver# = Cauchy Film Thickness # 1= 10128 nm (it}
Mak =2 el [Substrats = 5_Jawy
Thickness # 1 =101 2820017 nm Angle Offget = 0000
A=1.T35+0 DODGE3TE + MODEL Options
B =-000044193+0 00037310 +FIT Options
C=00014945 0102E-05 + OTHER Options
nof Cauchy Film @ 6228 o = 174272

Configure Options
Turn OFf All Fit Farameters

Graph Tywe

60

55—

50

40

35

30 A -
300 400 500 600 700 a00 900

Wavelength (nm)

Figure 9-1. CompleteEASE software with the Analysis tab selected.

9.1. Data: Panel

‘Open’
(“BL): Open a data file.

("BR): “Append Data” file to existing data, as shown in Figure 9-2. The data files
must share the same wavelengths.

(“BR): Recent List of Data files to open, as shown in Figure 9-2.
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| &2 completeEas

Ilf Measurement r In situ rAnaIysis r Hardware r Options |

Data: cron glass_T Model: Si wit
Oper 1 [ ‘o (BN | I:
Append Data =

Fit:

Gener;

C:\CompleteEASE\DAT\Examples\cr on glass_T.SE Cc
C\CompleteEASE\DAT\Examples\Cr on Si02 MAP.SE S

C:ACompleteEASE\DAT\Examples\Aniso-Organic on Si.SE ﬁ
CACompleteEASE\DAT\ExamplesiG0nm Oxide on Si SE ﬁ
C:CompleteEASE\DAT\Examples\200nm Oxide on Si.SE ﬁ
C:\CompleteEASE\DAT\Examplesi25nm Oxide on Si.SE L

CACompleteEASE\DAT\Examples\1600nm Oxide on Si.SE  fti¢
CACompleteEASE\DAT\Examples\120nm Oxide on Si.5E R
CACompleteEASE\DAT\Examples\sin on si-2.SE u
"

11l

C\CompleteEASE\datiSingle Line.SE
Figure 9-2. Right-click menu for ‘Open’ from Data: panel, gives access to “Append Data”
and the Recent List of Data Files to open.

‘Save’

(“BL): Save a data file. CompleteEASE data files are saved as encrypted files that
can only be opened with CompleteEASE. Their extension will be “.SE” for standard
measurements or “iSE” for dynamic measurements.

(YBR): Choose to “Save Data Subset” or “Export to Text File”.

“Save Data Subset”

Right-click on ‘Save’ to choose this option. The data subset will consist of the
reduced data that are currently selected (wavelengths, angles, time, multiple points
from a map, etc.).

“Export to Text File”

Right-click on ‘Save’ to choose this option. Data will be exported to a text file.

‘Info’

Shows information about the current data set opened in CompleteEASE. An
example of the information box is shown in Figure 9-3.

Exp. Data Information

Bd

Current File: Sample 11.SE
File Comment (Edit

Acquisition Type: Single Scan

# of Angles: 1

Angle(s) of Incidence: 70.062°

# of Wavelengths: 188
Ellipsometer Type: RCE+R-+derol

Information Text:
EllipsometerType: 14
CompleteEASE: 3.39
AcgTime: 0.000

Close

Figure 9-3. Information box showing details of data measurement.
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‘Set Ranges’

Choose the wavelength range and selected angles for use with current data set during
fit. Also allows selection of translation point from uniformity maps, as shown in
Figure 9-4. When mapped data are graphed, this dialog box also allows choice of the
graph angle and wavelength.

Select Data Range :

Wavelength Range

Min: [191.8 | nm  Max [1697.3 | nm

Selected Angles

R0.00°  &O0.00° Y0.00°
1] [ »

| Select All Angles |

Selected Translation Point

Selected Point [X=-14.50,Y=0.00 ||

Graph Angle: ﬂ Graph Wi, [7564 | nm

| Ok H Cancel ‘

Figure 9-4. Press ‘Set Ranges’ to select the wavelengths, angles, translation points and
graphing angles/wavelengths.

9.2. Fit: Panel

‘Generate’

(“BL): Generate data based on the current model and data set. Shortcut keystroke to
Generate data is Alt-G.

(“BR): “Clear Generated Data” allows removal of the generated data curves from
the graph.

‘Fit’
Fit data based on the current model and data set. Shortcut keystroke to Fit data is
Alt-F.

‘Fit Scan Data’

When uniformity maps are present, the third button will show ‘Fit Scan Data’ to
allow the model to be fit to each point from the uniformity map in sequence. Itis
important to clear multi-sample mode before pressing this button.
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‘Fit Dynamic’
(YBL): Fit dynamic data that has been taken versus time.
(*BR): Choose to “Append Fit Results”, “Fit Backwards in Time”, or “Fit
Backwards and Append”.
“Append Fit Results”

When fitting Dynamic Data, it can be helpful to fit different regions of time
separately. This menu option would be used after the first region has already been
fit. The new range can be fit and appended to the previous fit results.

“Fit Backwards in Time”

Use this option for dynamic data where the “end” result is better understood than at
the beginning of the experiment. For example, it can be used for Etching studies,
where the thickness at the last time is easier to determine.

“Fit Backwards and Append”

This feature combines the previous two. It will perform the fit starting at the longest
selected time and work backward — but then the results will be appended to previous
dynamic data fit results.

‘Reset’
(“BL): Restore the previous model parameters, from before the fit.
(“BR): Choose to “Show Reset List”.

“Show Reset List”

Provides a list of reset points that have been saved automatically by CompleteEASE
before and after each “fit” since the most recent data/model has been in use. An
example is shown in Figure 9-5.

Reset List :

Choose a recent state to open:

13:23:33 - Before Fit
13:23:34 - After Fit
13:85:18 - Before Fit
13:55:20 - After Fit

Zancel

Figure 9-5. Reset List allows user to reset to any recent positions, which are automatically
saved before and after each fit.
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9.3. Right-click menu (Analysis>Fit:)

Right-click the mouse within the Fit: Panel to access the menu options as shown in
Figure 9-6Figure 9-40. As seen, the selections can vary depending on whether fitting
a single point measurement, a uniformity map, or dynamic data.

¥ Auto Fit ¥ Auto Fit

View Fit Stats View Fit Stats

Copy to Clipboard - Formatted UETFEENEET S

Copy to Clipboard - Table Copy Parameters to Clipboard

Copy Analysis Reportto Clipboard cl-R Copy Analysis Report to Clipboard ctl-R
Add to Fit Log Ctrl-L Add to Fit Log Ctrl-
Wiew Fit Log Crl+AIt-L View Fit Log Cirl+Alt-

Advanced Graph Options

Figure 9-6. Right-click options from the Fit: panel after a fit to spectroscopic data and
uniformity mapped data.

“Auto Fit”

When this check-box is selected, the data analysis will automatically proceed when
new data are loaded or a point is selected. When un-checked, the data analysis only
begins after user presses the ‘Fit’ button.

“View Fit Stats”

After each fit, there are statistical values available that include the 90% confidence
limits on each fit parameter and a correlation matrix which shows the correlation
between each fit parameter, as shown in Figure 9-7. Correlation values close to +1
or -1 show two parameters are achieving the same purpose and are not unique.

Fifesl Rusils

Ok Capy CorT, Mak b CipBaars

Figure 9-7. “View Fit Stats” shows statistics such as the 90% confidence limits and
correlation matrix values after a fit.

“View Parameter Stats”

After fitting a uniformity map, this selection allows you to view the statistics from all
points in a map, along with the values from each location, as shown in Figure 9-8.
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Parameter Statistics

Position (cm]___MSE __| Thickness ... A B C nof Cauch...| |

Average | 205.888 70.42 23493 -0.0099 0.0004 23269

Min. 271.082 -1.00 13484 -0.0385 -0.0008 1.2590

Max. 316.900 138.37 3.0000 0.0433 0.0011 3.0860
Std. Dev. 22.943 66.37 0.8835 0.0327 0.0007 0.9422
%Range | 15485 | 197.9100 | 70.3005 | -828.9840 | 513.5014 | 78.5154
(14.5,6.5) | 304.991 138.37 2.9828 0.0433 -0.0008 3.0860
(1465) | 316.900 -1.00 1.4153 -0.0348 0.0009 13337
(13.5,6.5) | 271.418 107.65 3.0000 -0.0095 0.0003 2.9783
(13,65) | 315.060 -1.00 13484 -0.0385 0.0011 1.2590
(125,65) | 271.082 108.07 3.0000 -0.0097 0.0003 2.9777

| Copy To Clipboard H Close |

Figure 9-8. “View Parameter Stats” for all points of a Uniformity map.

“Copy to Clipboard — Formatted”

After fitting single point data, you can copy the results to the clipboard in a
formatted layout to be used by word processors or presentations.

“Copy to Clipboard — Table”

After fitting single point data, you can copy the results to the clipboard in a tabulated
layout to be used by spreadsheets.

“Copy Parmeters to Clipboard”

After fitting a Uniformity Map, you can copy the results from all points to the
clipboard.

“Copy Analysis Report to Clipboard”

After fitting, you can easily place the results into a report. The format of the report
will depend on the type of data analysis. For example, a single-point analysis will
appear as shown in Figure 9-9. The inclusion of the Optical Constants graph for this
report is optional and controlled within the Model:>+OTHER Options section.
After analysis of a uniformity map, the graphs from the map are copied as part of the
report, rather than the spectral fit quality, as shown in Figure 9-10. Finally, the
graphs from each spectral fit will all be copied if a multi-sample analysis has been
performed, as shown in Figure 9-11.
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Sample: FULL MAP FOCUSED

#

Fit Rezulis

MSE =3.714
Roughness =3 54 = 0,028
UV Bote Amp._Ti(kl = 23 0048 =
044513

Ampl_TiOD = 674 013 = 15837
% InhoenogeneRy = 3 20= 1.047
Thickuess # 1= %73 £0.038
o of TH0Z &) 631 8 om = 226300
I of TeO2 gy 215 O mem = 1. 19347

O Cunat o Gt PO v

Experimental and Model Generated Data Fits

Figure 9-9. Analysis Report from single point fit, with optical constants for layer added (from

Model: +OTHER Options).

Sample: Si02 Map|

Optical Modsl

ayer # 2 = SI0Z_JAV Thickness # 2 = 1168.45 nm (f

MSE 585449 51014 50.045 2071 14456

Angie OTigel 0.2640 02310 02064 0.0184 24 4816

Tota Trickness 116347 113803 NIT B el 3.4003
m

Model Parameters vs. Position

g Oyt wa. Pasiion

'ma
s

L e

Figure 9-10. Analysis Report from uniformity map.
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Experimentsi snc Mode! Generated Data Fita

‘:— l.,'*,‘x;
i dl ] f{

"y

Figure 9-11. Analysis Report from multi-sample analysis.

“Add to Fit Log”
Adds the current Fit results to the Fit Log for later viewing. CTRL-L is the short-cut
to add to fit log.

“View Fit Log”
View the Fit Log, which lists any fit results recorded there since CompleteEASE was
started, as shown in Figure 9-12. The Fit log is cleared when CompleteEASE is
closed, but can be saved and opened at a later time.

[
Log Entries Selected Entry
11-8-19 [0941] Exp. Data File: |120nm Oxide on Si
2011-0-19[0941] Current Model: |Si with Thermal Oxide

2011-9-18 [0941]
Fit Parameters: |1SE=2.510

Angle Offset=0.071 £ 0.0044

Total Thickness = 124.61 + 0.007 nm

Rename || Delete
| Compare || Reanalyze |
| Generate Repors || View Reports | #Fit=2 #Times =1
| Load Log Entry || Clegar Log || Open Log || Save Log || Close |

Figure 9-12. Fit Log dialog box.

‘Rename’
Select a Log Entry and then rename.
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‘Delete’

Select a Log Entry and delete from the Fit Log.

‘Compare’

Select multiple Log Entries and compare statistics, as shown in Figure 9-13. From
this Comparison dialog box, you can “Add Statistics”, “Reverse Columns/Rows” and
even ‘Compare Optical Constants’, which brings up a new dialog box as shown in

Figure 9-14.
Comparison
Entry Comparison Table
MSE Angle Offset| Total Thick...

2011-9-19[.../2.510 0.071 124.61
2011-9-19[..|13.885 -0.084 1640.58
2011-9-19[...|3.673 -0.051 273.02
Average 6.68935 -0.02467 679.403
Std. Dev. 5.25887 0.08574 835.705

B4

[ ] Reverse Columns/Rows Add Statistics | Copy To Clipboard ‘

| Close || Compare Optical Constants |

Figure 9-13. Fit Log Comparison shows results from each fit log entry.

Optical Constant Compare Dialog

Display Options

[]Double Y Axis
Mame curves by Layer Name

Layer Selection Options

| Clear Selections |

| Select Layers By Number |

[ sioz_sey O sioz_lawy O sioz_Jaw
O TR _Jsuni [ TR _Jaini O nTR_daiwny
O s O s [ si_smm

2011-9-19 [0941] 2011-9-19[0941] 2011-9-18 [0941]

Optical Constant

5.0

n, SIOZ_JAW
n, INTR_JAW

= 4.0

3.0

2.0

1.0

‘300 400

600
nm

Close

500

700

800 900

Figure 9-14. ‘Compare Optical Consstants’ brings up a box that shows each model and
allows you to choose the different layers to graph from each model.
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‘Reanalyze’

The Reanalyze Data dialog box is shown in Figure 9-15. It uses a table for
specifying analysis steps, consisting of a File Group, a Model, and a Log Name. A
File Group is a list of files to be reanalyzed. It can consist of one or more files in the
same directory. The model is a model file that has been saved to disk. The Log
Name is a text string that will be appended to the data file name when adding the
results of the reanalysis to the Fit Log.

Reanalyze Data (i)

Batch Reanalysis Setup

File Graup \ Madel Log Marme

Figure 9-15. Reanalyze Data dialog box.

To add an Analysis Step to the table, press ‘Add Row’. This brings up the Choose
Files dialog, as shown in Figure 9-16. By default the only file group available is the
“Selected Log Entries” group which contains the files from any fit log entries that
were selected before pressing the Reanalyze button. To add a group of files to the
available file groups press the Add button. This button brings up the standard file
dialog except that it allows multiple files to be selected. After selecting the desired
files and closing the dialog, you are given the chance to name the file group, as
shown in Figure 9-17. Note that if only one file is selected for a group then the name
is automatically set to the name of the file. After giving the group a name, it now
shows up in the Choose Files dialog, as in Figure 9-18. The file groups that are
created will be available until the software is restarted.

Choose Files
Choose File Group Files in Selected Group
Selected Log Entries

|

Figure 9-16. Choose files to add to groups for reanalysis.

CompleteEASE Input

Enter a name for the group:
|Group ﬂ\] |

(o] [ome]

Figure 9-17. Enter File Group Name.
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Choose Files

Choose File Group Files in Selected Group
Selected Log Entries cACE39Mdat123- 2.5
Group A cACEI9Ndati1 23- 3.5E

cACE299dat123- 4.5E
cACEIAMNdat1 23- 5.5

Figure 9-18. New Group Name shows up with the associated files.

To finish adding the row, choose a file group from the Choose Files dialog and press
Ok. A row is now displayed in the reanalysis table with the file group specified, as
shown in Figure 9-19. A different group can be specified by double-clicking on the
cell you wish to change. This also applies to the Model and Log Name items. To
finish setting up the analysis, specify a model and log name by double clicking the
appropriate cell and entering these parameters, as demonstrated in Figure 9-20.

Once the analysis is set up, the ‘Reanalyze’ button can be pressed to start the
analysis. The software will spin through all of the files and add the results to the
current Fit Log. The fit log for the example below is shown in Figure 9-21.

Reanalyze Data 7 [
Batch Reanalysis Setup
File Group | hiode| | Log Mame
Group A | =Double-Click To Choose=
| Add Row | ‘ Dielete Rowe |
[ Re-save Data | Reanalyze | | Cancel

Figure 9-19. File Groups show ups as a row in the Reanalysis dialog box.

Reanalyze Data
Batch Reanalysis Setup
File Group [ Maodel [ Log Marne
Group A | CACE39MMODBasiclSi with Thermal Oxide.mod | Thermal Cuide Model
| Add Row | ‘ Delete Riow |
[l Re-save Data ‘ Reanahze | | Cancel

Figure 9-20. Click to add Models and optional Log Names for each row.
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Log Entries Selected Entry

123- 2-Thermal Oxide Model Exp. Data File: 123-2
123- 3-Thermal Cxide Model

123 4-Thermal Cxide Model )
123- 5-Thermal Oxide Model Fit Parametars: |MsE=1 750

Angle Ofset=-0.029 + 0.0041
Total Thickness =19.72 £ 0.012 nm

Current Madel: | i with Thermal Cuxide

Renarme || Delete
| Compare || Reanalygze |
| Generate Reports || View Repots | #Fit= 2, # Times =1
| Loag Log Entry H Clear Log H Open Log || Save Log H Close |

Figure 9-21. Fit Log after reanalysis, with each File from the Group addes as a Log Entry.

‘Generate Reports’
Copies results of selected Log entries into a report in RTF format, which is saved to
a file.

‘View Reports’

No longer an active button.

‘Load Log Entry’
You can select a Log Entry from the list and open this result by pressing ‘Load Log
Entry’. The same is accomplished by double-clicking on the Log Entry.

‘Clear Log’

Clears log of all entries.

‘Open Log’/ ‘Save Log’
Opens a saved log. This is a convenient way to save results on your computer, but
requires that the data files are located in the same directory, as they are not saved as
part of the Log.

‘Close’

Closes the Fit Log.

“Advanced Graph Options”

After fitting a uniformity map, there are “Advanced Graph Options”, which allow
various combinations of X-Y parameters, as shown in Figure 9-22. This allows
graphical interpretation of possible correlation between parameters.

More importantly, after a dynamic fit, you can graph various fit parameters versus
time, as shown in Figure 9-23.
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Advanced Graph Setup
X-Axis Parameter

Y-Axis Parameter(s)

MSE

Absolute M3E
Thickness # 2
Angle Offset
Total Thickness
Time

MSE

Absolute MSE
Thickness # 2
Angle Offset
Total Thickness

‘ Draw Graph H Cancel ‘

Figure 9-22. After fitting a uniformity map, there are “Advanced Graph Options”’, which
allow various combinations of X-Y parameters.

Advanced Parameter Graph

30
27
24} Thickness # 1
E
£
=
3*
@
218
=
2
£
Ladl |
12
9
2 4 6 8 10
Time (min.)

Figure 9-23. Using Advanced Graph Option, the Thickness is plotted versus time after a

dynamic data analysis.

“Graph OCs vs. Time”

This choice allows the spectroscopic optical constants versus time to be graphed.
When selected, you will be asked for the type of optical constant graph, as shown in
Figure 9-24, the layer number, and the total number of curves to draw, as shown in
Figure 9-25. These curves will be equally spaced versus time across the selected
range of the data analysis. An example is shown for index of refraction of
amorphous silicon growth in Figure 9-26.

CompleteEASE Input

Choose the optical constant type to graph:

B4

n

k
el
g2

[

| Cancel |

Figure 9-24. Choose from n, k, el, or e2.
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CompleteEASE Input

Enter the number of curves to draw:
[10] |

Figure 9-25. Enter number of curves to draw, which will be equally spaced over the fit time

range.
Optical Constants
5.0
4.0
Time = 9.983 min.
= 3.0 l
Time = 8,21
Time = 6.450 min
Time = 5,550 min.
20 Time = 4.667 min.
Time = 3.783 min
Time = 2.900 min
Time = 2.017 min.
1.0
200 400 600 800 1000
Wavelength (nm)

Figure 9-26. Example of 10 index graphs from equally spaced sections of dynamic fit.

9.4. Model: Panel

The box in the right half of the Analysis tab displays all the options and
specifications for the current data analysis model. An example model is shown in
Figure 9-27. Details of each option within the model are given below.

ptions |

Model: Si with Transparent Film

| Open || Save || Clear | Open Snapshot H Save Snapshot |

Layer Commands: Add Delete Save

Include Suface Roughness = OFF

Layer# 1 = Cauchy Film Thickness # 1 = 274.05 nm (fit)
Substrate = SI_JAWY

Angle Offset = 0.000

+ MODEL Options

+ FIT Options

BOTHER Options

Configure Options
Turn Off All Fit Parameters

+

Figure 9-27. Basic Model: Panel in the Analysis Tab.
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‘Open’
(¥BL): Open a new model.
(BR): Merge models or View Recent List of Models to open.

(=gl = |

ptions |

Model: Si with Transparent Film

\_O n || Saua || Claar | | Nnan Snanshnt || Sava Snanchnt | w
Merge Models

La CACompleteEASEWWMOD\BasiciSi with Transparent Film.mod

In CACompleteEASEMMOD\Basic\Si with Thermal Oxide. mod

+lLa C:\CompleteEASE\WOD\Basicia-Si on Glass.mod

S CACompleteEASEMMOD\Basicla-Si on Glass (with Backside Reflection).mod

o

Figure 9-28. Right-click on Model: ‘Open’ button to either “Merge Models” or get a list of
recently opened models.

“Merge Models”
Right-click on the ‘Open’ button to merge models together.

‘Save’

(¥BL): Save current model and all model settings.

‘Clear’

Remove the current model.

‘Open Snapshot’
(YBL): Open a snapshot.
(“BR): View list of recently opened snapshots to open.

A snapshot is a single file that compresses all information from the CompleteEASE
screen, including the data measurement, model, and fit results. This is a convenient
way to save and store information. Because it includes all data, the snapshot can be
overwhelming size if created from large uniformity map data.

‘Save Snapshot’

Saves a snapshot file, which is a single file that compresses all information from the
CompleteEASE screen, including the data measurement, model, and fit results. This
is a convenient way to save and store information. The file will be given “.SESnap”
file extension.

Add

Press this button to add a layer. The Add Layer to Model dialog box appears. Select
the position of the new layer by moving the mouse to adjust the blue-bar and press
the mouse button (Figure 9-29). If Layer Type is changed to “Intermix” before
pressing the blue-bar in place, the layer will be an EMA mixture between the layer
below and above.
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Layer Type

Laver# 1 =: a-5i parameterized
Suhstrate = F059_Cauchy

Standard

Interrmix

Cancel

Figure 9-29. CompleteEASE “Add” dialog box.

NOTE: Holding the CTRL key down when pressing the Add button will
automatically add the new layer on top of the current model layers, rather than
asking for the position.

Note: With Backside Correction turned on, it is possible to add layers below the
substrate.

Delete

Press this button to delete a layer from the model. Choose the layer with the mouse
(making it blue) and click to delete (Figure 9-30).

Delete Layer From Model

Layer# 1= a-Si parameterized

Substrate = F0A8_Cauchy

| Delete Madel H Cancel ‘

Figure 9-30. CompleteEASE “Delete” dialog box.

Save

Press this button to save optical constants for a layer. Before clicking on the layer
you wish to save (Figure 9-31), choose the Save Type (either Dispersion Parameters
or Tabulated).
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Save Layer Optical Constants

ave Type

Dispersion Parms.

Tabulated

Cancel

Figure 9-31. CompleteEASE “Save” dialog box.

Include Surface Roughness

Turn on to fit a thin layer on the surface of existing model. The surface is modeled
with a Bruggemann Effective Medium Approximation mixing the top film with 50%
void. The only fit parameter available is the thickness of the rough surface. If the
thickness moves to negative values, the roughness layer is equivalent to -50% void
mixing, which increases the surface region optical properties (rather than lowering
them). The surface roughness layer is a “stealing” layer, in which it takes half of its
thickness from the layer below. Thus, if a 100nm Cauchy layer has 20nm surface
roughness on top, the model is actually calculated as 90nm Cauchy with 20nm
surface roughness.

Model Pictorial

The model is shown as a layer-by-layer picture with details regarding thickness and
other parameters to describe the individual layers. Any layer with a “+” can be
expanded to show more details about that layer. This is demonstrated in Figure 9-32.

Roughness = 0.00 A (fit)

Layer#2 =2a5i Thickness# 2 =420.00 &4
-|Layer # 1 = Cauchy Film Thickness # 1 = 1100.00 A (fit}
Roughness = 0.00 A (fit) A= 1.500 (fity B = 0.08000 (fity C = 0.00000 {fit)
Layer # 2 = -5 Thickness # 2 = 48000 A k Amplitude = 0 00000 Exponent= 1,500
+|Layer # 1= Cauchy Film Thickness # 1 = 1100.00 A (i) Band Edge = 400.0 nm
Substrate = S|_JAW Substrate = S|_JAW
(@) (b)

Figure 9-32. (a) Model with layers collapsed and (b) with Cauchy Film layer expanded.

Editing Layers

Each layer has a name, show in blue. Place your mouse over the layer name to do
the following:

(YBL): Open a new material file in place of the current layer.

(“BR): Choose from a menu to “Graph Layer Optical Constants”, “Append Text to
Layer’s Fit Parameters”, “Save Layer Optical Constants”, “Parameterize Layer”,
“View Layer Comment”, “Convert To EMA”, “Convert to Anisotropic”, or “Grade
Layer”. This menu is shown in Figure 9-33
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Layer Commands: Add Delete Save
Include Surface Roughness = OFF
( ifeamilg Thickness # 1 =274.05 nm (fit)

Substrate = Graph Layer Optical Constants
Angle Offse Rename Layer and Fit Parameters
+ MODEL Op save Layer Optical Constants
+ FIT Optiont Parameterize Layer
+ OTHER Op view Layer Comment

Configure | Convert To EMA

Turn Off Al Convert To Anisotropic
Grade Layer
........................ Start Superlattice

+
=
o

-
D
=
H
=

1

Figure 9-33. Right-click on a layer name to access this menu of options.

“Graph Layer Optical Constants”

Right-click on a layer to select this option — the optical constants will be graphed.

“Rename Layer and Fit Parameters”

Right-click on a layer to select this option — will bring up a dialog box, as shown in
Figure 9-34. There are three options for renaming the layer in the model, the layer
parameters in both the model and the fit results, and the thickness in the fit results.

B4

MName: |T3205| |

Rename Layer Options

Rename Layer
Rename Layer Parameters

Rename Thickness

| Ok H Cancel ‘

Figure 9-34. Rename layer options include renaming the layer in the model, renaming the
layer fit parameters, and renaming the thickness that is reported in Fit Results.

“Save Layer Optical Constants”

Right-click on a layer to save optical constants for that layer. You will be asked
whether to save the Dispersion model parameters or a Tabulate list and then proceed
to the File Location.

“Parameterize Layer”

Right-click a layer to parameterize the optical constants of that layer using a
dispersion model, such as the General Oscillator layer. This will open the layer
optical constants as reference values in the Parameterize Layer dialog box, as shown
in Figure 9-35.
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Parameterize Layer

Nesw Layer OC WiewFit Type Wi, Units Fit

Layer Parameters

Gen-0sc - GENOSC
Add Oscillator - Fast Gaussian Cale = ON
Einf = 1.000
L Pole Amp. = 0.0000 Wy Pole En. = 11.000
IR Pole Amp. = 0.0000
1. Type = Cody-Lareng Ampd = 20.000
Br1=6.000 Eol =6.000 Egl = 1.000
Ep1=1.000 Et1=0.000 Eul=0.500 Commaon Eg= 0OFF

Graph
4.5 - 2.0
el
4.0 e2 115
- el ’
: e2
b 1o
3.0 -
7] E—— 105
2.0 = 0.0
1.0 15 2.0 25 3.0 3.5
eV
| Replace Layer | | Cancel |

Figure 9-35. Parameterize Layer Dialog Box.

“View Layer Comment”

Right-click and choose this option to view the layer comments, which often tell the
source of the material file.

“Convert to EMA”

Right-click to replace the layer with an EMA, in which the original layer is now
embedded as the host material (Material 1). The second material is default to “Void”
with EMA% default to 0, but selected as a fit parameter. An example is shown in
Figure 9-36.

Layer # 1 = EMA Thickness # 1 = 124.13 nm (fit)
# of Constituents = 2
BMaterial 1 = Cauchy Film
Material 2 = VOID
EMA % (Mat 2)_james = 0.0 (fit)
depolarization_james = 0.333 Analysis Mode = Bruggeman
Substrate = SI_JAW

Figure 9-36. Example of the EMA layer where the Cauchy Film was automatically converted
to the host (Material 1) with void as the second material.
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“Unwrap from EMA”

After converting a layer to EMA, you can right-click on the EMA layer to unwrap
the host film back to a single layer without the EMA.

“Convert to Anisotropic”

Right-click to replace the layer with an anisotropic Biaxial Layer, in which the
original layer is now embedded as the starting material for both the Ex and Ez
directions. The default configuration is to have no orientation (determined by Euler
angles) and anisotropy set to Uniaxial (Nxy = Nz). An example is shown in Figure
9-37.

Layer # 1 = Biaxial Thickness # 1 = 124.13 nm (fit)
Type = Uniaxial
Optical Constants: Difference Mode = OFF
+ Ex = Cauchy Film
+ Ez = Cauchy Film
Euler Angles: Phi_james = 0.000 Theta_james = 0.000
Substrate =

Figure 9-37. Example of Anisotropic layer.

“Convert to Isotropic”

After converting a layer to Anisotropic, you can right-click on the Biaxial layer to
unwrap the host film back to an isotropic layer.

“Grade Layer”

Right-click to replace the layer with Graded Layer, where the original film is
embedded as the average refractive index. The % inhomogeneity is default to 0%,
but can be varied to allow the index to increase or decrease from the bottom to top of
the layer. An example of this is shown in Figure.

-|Graded Layer Thickness # 1 =124.13 nm (fit)
Grade Type = Simple # of Slices = 5
% Inhomaogeneity = 0.00 (fit)
- Material = Cauchy Film
A_james = 1.460 (fit) B_james = 0.00093 (fit} C_james = [NIIDEX (fit)
k Amplitude_james = 0.00000 Exponent_james = 1.500
Band Edge = 400.0 nm

Substrate = SI_JAW

Figure 9-38. Example of Graded Layer.

“Remove Grading”

After grading a layer, you can right-click on the Graded layer to unwrap the host film
back to a layer without grading.

“Start Superlattice”

Choose this layer as the start of a repeated structure.
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“End Superlattice”

This layer is designated as the top of the repeated structure. When selected, an
additional section will be added to this layer to control the number of repeats (called
SL Cits for superlattice counts), as shown in Figure 9-39

(SL End) Layer # 2 = BaTiO3 O Thickness #2 =20.00nm SLCnt=5
+|(SL Start) Layer # 1 = Cauchy Film Thickness # 1 = 40.00 nm (fit)
Substrate = SI_JAW

Figure 9-39. Model with superlattice start, end, and number of counts (repeats).

Angle Offset

Apply an offset to the angle when calculating the model. This parameter can be fit.

9.5. Right-click menu (Analysis>Model:)

Right-click the mouse within the Model: Panel to access the menu options as shown
in Figure 9-40.

Draw Model Optical Constants Profile

Copy Model To Clipboard

Copy Model (Layers Only) To Clipboard
Figure 9-40. Right-click menu from within the Model: Panel.

Draw Model Optical Constants Profile

Shows the depth profile of the optical constants from the substrate (left) to the
surface (right), as shown for a graded layer with a surface film, as shown in Figure

9-41.
Optical Constant Depth Profile (535.6nm)
45 0.030
40 1 ' ' 0.025
0.020
3.0 | | | |
e 0.015 x«
25 | | | |
0.010
i ‘_/_/——]7
1.6 : | | | 0.005
1.0 - . -10.000
-10 0 10 20 30 40 50

Distance From Substrate (nm)

Figure 9-41. Depth profile for a 2 layer stack, where the bottom layer is graded.

9-284 e Reference - Analysis Tab CompleteEASE Software Manual



Copy Model To Clipboard

This option copies the entire Model to the Clipboard, including the Model Options,
Fit Options and Other Options that are saved along with the Layer description. To
view the details from a section, such as the Model Options, it needs to be expanded
by pressing the “+” next to that section. An example of this “full” model is shown in
Figure 9-42.

Layer Commands: Add Delete Save
Include Surface Roughness = ON Roughness = 0.00 nm (fit)
+|Layer # 1 = B-Spline Thickness # 1 = 100.00 nm (fit)
Substrate = SI_JAW
Angle Offset = 0.000
- MODEL Options
Include Substrate Backside Correction = QFF
Model Calculation = Ideal
- FIT Options
+ Perform Thickness Pre-Fit = ON
+ Use Global Fit = ON
Fit Weight = N.C.S
Limit Wvl. for Fit = OFF
+ Include Derived Parameters = ON
HOTHER Options
Wvl. Range Expansion Fit Increment (eV) = 0.50
Try Alternate Models
Parameter Uniqueness
Add Opt. Const. to HTML Report = OFF
Configure Options
Turn Off All Fit Parameters

Figure 9-42. “Full” Model as copied to Clipboard.

Copy Model (Layers Only) To Clipboard

This option copies the Layered-description of a Model to the Clipboard. If you
prefer to see a layer collapsed or expanded, make sure to pre-select your view before
copying. An example of this model is shown in Figure 9-43.

Roughness = 0.00 nm (fit)
+|Layer # 1 = B-Spline Thickness # 1 = 100.00 nm (fit)
Substrate = SI_JAW

Figure 9-43. “Layer-Only” Model as copied to the Clipboard.
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9.6. Layer types

The CompleteEASE ™ software provides many different ways to represent the optical
constants of a material versus wavelength. These representations range from simple
tabulated lists for the optical constants to complex dispersion models. All of these
different representations are classified as layers in the CompleteEASE ™ program.
The layers currently available are listed in Table 9-1. The rest of this chapter
describes the operation and typical uses of the different layers in detail.

Table 9-1. Layer types in CompleteEASE ™.

Layer Name

Description

Standard (Tabulated N,K)

Contains tabulated values for the optical constants of a
material.

Void

Contains optical constants for air (vacuum): n=1, k=0.

EMA

A layer for mixing the optical constants of two materials
together to create a composite material.

EMA-Coupled

A layer for mixing the optical constants of two materials
together to create a composite material. In this case, the
Material #1 is a “Coupled” layer which gets optical constants
from a separate layer — referenced by the layer number.

Cauchy

A simple dispersion layer using three terms to describe and
index and an exponentially decaying function to describe the
extinction coefficient.

Cauchy_WwlI

A simple dispersion layer using three terms to describe and
index. In this special layer, the index can be defined at a
specific “design” wavelength.

Cauchy_Extended

A simple dispersion layer using three terms to describe and
index and an exponentially decaying function to describe the
extinction coefficient.

Sellmeier

A simple dispersion layer useful for modeling dielectric
materials.

Coupled

Obtains optical constants from a separate layer in model.

WvIByWvlI

Allows optical constants to be individually determined on a
wavelength-by-wavelength basis. This layer does not
enforce Kramers-Kronig consistency and inherently contains
a maximum number of fit parameters. Thus, it should be
used with caution.

Biaxial

Layer to describe the anisotropic optical constants of both
unixial and biaxial materials.

Temperature/Alloy

This layer contains optical constants of a material as a
function of temperature and/or composition.

General Oscillator

A layer that allows multiple oscillators of various types to be
used to represent the optical constants of a material.

B-Spline Layer

The B-Spline layer calculates a basis spline through evenly
spaced points in eV for both €1 and €2.
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Tabulated n,k

Most of the layers in the CompleteEASE ™ material library are standard tabulated
optical constant lists. The optical constants for this type are represented as a table of
values versus wavelength. The table can contain the real and imaginary parts of the
materials' dielectric function (& and &) or the materials' complex index of refraction
(nand k). If the user finds optical constant tables in the literature and wishes to use
them in CompleteEASE ™, simply type the table into a file in the correct format and
they can be opened.

Figure 9-44 shows how typical standard layers are represented in the Model. Unlike
the rest of the layer types described in this chapter, these have no user adjustable
parameters to define the optical properties making it the simplest layer type to use.

Layer # 2 = Si02_JAW Thickness # 2 = 2500 nm
Layer # 1 = INTR_JAW Thickness # 1 = 1.00 nm

Substrate = Si_JAW

Figure 9-44. A model constructed of standard layers — each set of optical constants is
described by a table of values versus wavelength.

Void

The Void layer is a special case of Tabulated N,K layer where the optical constants
are fixed for all wavelengths at the nominal values for air (vacuum): n=1, k=0.

EMA

The EMA layer uses the Effective Medium Approximation to calculate the optical
constants of a mixed material. Calculation is based on mixing optical constants of
two or three constituent materials, the percentage of each material, a depolarization
“screening” factor, and the calculation type. An EMA layer is shown in Figure 9-45.

The EMA layer in CompleteEASE provides three different EMA mixing methods for
the user to choose. These include a simple Linear combination, Bruggemann EMA,
and Maxwell-Garnet EMA. The Linear mixing simply interpolates between the
constituents dielectric functions to get the optical constants of the composite
material. The Maxwell-Garnett and Bruggemann EMAs are more common. The
Maxwell-Garnett assumes that spherical inclusions of materials #2 and #3 exist in a
host matrix of material #1. The Bruggemann EMA makes the self-consistent choice
of the host material. The Maxwell-Garnett and Bruggemann EMASs are very useful
for modeling surface and interfacial roughness as well as modeling poly-crystalline
materials by mixing together amorphous and crystalline optical constants of the
material.

-lLayer # 1 = EMA Thickness # 1 = Eﬂﬂm

# of Constituents = 2

Material 1 = a-si

Material 2 = Void

EMA % (Mat2) =230

depolarization = 0.333 Analysis Mode = Bruggeman

Figure 9-45. EMA model for mixed-constituent layers.
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EMA-Coupled

This is a special case of EMA layer, just as described above, except with the first
material using the Coupled description. This allows the Material #1 to obtain optical
constants from a separate layer in the model, designated by the layer number. An
example of the EMA-Coupled layer is shown in Figure 9-46.

Layer # 3 = EMA-coupled Thickness # 3 = 0.00 nm
# of Constituents = 2
- Material 1 = Coupled
Coupled to Layer # = 2 (B-Spline)
Material 2 = Void
EMA % (Mat 2) =
depolarization = 0.333 Analysis Mode = Bruggeman
+|Layer # 2 = B-Spline Thickness # 2 = 0.00 nm
Layer # 1 = Cauchy Thickness# 1=0.00 nm

Substrate = Si_JAW

-+

Figure 9-46. Example of the EMA-Coupled layer, where Material #1 receives its optical
constants from a separate layer in the model, referenced by the layer number.

Cauchy

The Cauchy layer is a commonly used layer for determining the optical constants of
a transparent or partially transparent film (Dielectrics and Semiconductors below the
fundamental bandgap). Over part of the spectral range, the optical constants of these
materials can be represented by an index that varies slowly as a function of
wavelength and an exponential absorption tail. The index of refraction of the
Cauchy layer is represented by an inverse power series containing only even terms
and the extinction coefficient is represented by a simple exponential tail. These
representations are as follows:

The Cauchy is a dispersion layer that describes the index of refraction using a three-
term equation, as in Equation 8-1.

Note: The wavelength units in the Cauchy layer, as expressed in Equation 8-1 as
A are microns.

In addition to the three terms for index of refraction (n), there are three additional
terms to describe an Urbach absorption tail, as in Equation 8-2. The Cauchy layer
and graph of the optical constants is shown in Figure 9-47.

n(4) = A+ % + %
(8-1)
k = kamp eexp(E—Bandedge) 8-2)

Figure 9-47 shows the Cauchy layer as displayed in the CompleteEASE model. The
A, B, C parameters are variable fit parameters that determine the index dispersion.
The k Amplitude and Exponent are fit parameters for determining the shape of the
extinction coefficient dispersion. The Band Edge parameter can be set manually but
is not a fit parameter since it is directly correlated to the k Amplitude parameter (the
extinction coefficient is equal to k Amplitude at the Band Edge.
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£7 CompleteEASE Peall = i |

[YEnatl Hardware | Options |

Data: sinx on si-2 Model: Multi-Layer (empty)
| Open H Save || Info. || Set Ranges | ‘ Cpen || Save || Clear ‘
Fit Layer Commands Add Delete Grade Save Parameterize =
_ Include Surface Roughness = QFF
Generate Eit Reset
[ gonerse || o | b cat E

A=1450 B=0.01000 C=0.00000
k Amplitude = 0.01000 Exponent = 3.000
Band Edge = 400.0 nm

Angle Offset = 0.000

| AMODEL Options A

Graph Type | Show Data ‘ ‘
Opt. Const. of Cauchy vs. nm
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Figure 9-47. Cauchy dispersion layer in CompleteEASE.

Cauchy_ WVL

This special representation of the Cauchy layer is found in the ADVANCED
materials directory. It provides the same shape as the Cauchy, but is described with
the terms shown in Figure 9-48. This allows the user to specify a known index of
refraction at a specific wavelength, without concern for the dispersion terms.

-|Substrate = Cauchy_Wvl
n=1450 B=0.01000 C =0.00000

Design wvl = 632.8 nm

Figure 9-48. Cauchy_Wvl layer is same dispersion shape as Cauchy, but allows entry of the
index at a design wavelength in-place of the A parameter of the standard Cauchy.

Cauchy_Extended

This special representation of the Cauchy layer is found in the ADVANCED
materials directory. It provides a similar shape to the Cauchy, but with ability to
decrease index quickly toward NIR spectral region by adding an IR term. An
example layer is shown in Figure 9-49 with the resultant optical constants shown in
Figure 9-50.

CompleteEASE Software Manual Reference - Analysis Tab e 9-289



Layer # 3 = Cauchy Extended Thickness # 3 = 0.00 nm
A=1.450 B=0.00500 C=
D =0.00000 IR =0.12000
Urbach Amplitude = 0.30000 Exponent = 2.000
Cody Amplitude = 0.200
Band Edge (eV) = 2.400

Figure 9-49. Example of the Cauchy_Extended layer.

Opt. Const. of Cauchy_Extended vs. nm
1.48 1.8

146 -

1.44

c 1.42

1.40]-

1.38

1.36 = T — ><lp,
300 400 500 600 700 800 900
nm

Figure 9-50. Optical constants from a Cauchy_Extended layer.

The Sellmeier Layer

The Sellmeier layer is another dispersion layer that can be used to represent
dielectrics. It is used to represent the optical constants of transparent dielectric
materials. CompleteEASE "™ uses a 2-term Sellmeier model to account for UV and
IR absorption. The representation for the index of refraction is:

1

A% 2
n:(E(OO)'FW - E/lZJ (8-3)

where g(0) is an index offset, A is the amplitude, B is the center energy, and E is the
position of a pole in the infrared. These are represented in the layer as ‘Einf’,
‘Amp.’, ‘Center En.’, and ‘IR Pole Amp.” respectively. Figure 9-51 shows the layer
as it appears in a model.

-|Substrate = Sellmeier
Amp. =0.743 Center En. = 0.11000 IR Pole Amp. = 0.01000
Einf = 1.000

Figure 9-51. The Sellmeier layer as displayed in CompleteEASE model.
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Coupled

Layer that has same optical constants as another layer in the model. An example is
shown in Figure 9-52

Layer # 3 = Coupled Thickness # 3 = 200,00 nm
Coupled to Layer # = 1 (Cauchy)

+|Layer # 2 = Gen-Osc Thickness # 2 = 50.00 nm

+|Layer #1 = Thickness # 1 = 200,00 nm

Substrate = Si

Figure 9-52. The “Coupled” layer gets optical constants from another layer in the model. In
this case, it is using the optical constants from Layer #1, the Cauchy.

WvIByWvlI

Layer, as shown in Figure 9-53, which allows the optical constants to vary
independently at each wavelength. This layer has the utmost flexibility, but also the
largest number of fit parameters. As it does not maintain Kramers-Kronig
consistency or even smooth continuous curves for the optical constant dispersion, it
should be used with extreme caution.

-|Layer # 3 = WvIByWy| Thickness # 3 = 100.00 nm

Init. values: n=1.500 k =0.000 Starting Mat=none 188 Pts.
Fit Opt. Const. = [@l\]

Force E2 Positive = OFF

Show Parms = OFF

Figure 9-53. Coupled Layer.

Biaxial

The biaxial layer allows the user to model anisotropic materials. This layer is used
for both uniaxial and biaxial anisotropy and has 3 Euler-angle terms to rotate the
orientation of optical axes relative to the ellipsometer measurement orientation.
There are two modes which can be used within the Biaxial layer. With Difference
Mode = OFF, the optical constants in all directions (2 for uniaxial, 3 for biaxial) are
independently described by material files. This is shown in Figure 9-54. With
Difference Mode = ON, the x-directed optical constants are described by a material
file while an extended Cauchy “difference” is established for the index difference
between the x-direction and the other orientations. This is shown in Figure 9-55.

-lLayer# 2 = Thickness # 2 = 0.00 nm
Type = Biaxial
Optical Constants: Difference Mode = OFF
+ Ex = B-Spline
+ Ey = B-Spline
+ Ez = B-Spline
Euler Angles: Phi= 0.000 Theta=0.000 Psi= 0.000

Figure 9-54. Biaxial anisotropic layer with Difference Mode = OFF
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Layer # 2 = Biaxial Thickness# 2 =0.00n

Type = Biaxial
Optical Constants: Difference Mode = ON.
+ Ex = B-Spline
Index Differences:
dY_A=0.000000 dY_B = SKeWY dY_C = 0.000000 d¥_D = 0.000000 dY_IR = 0.000000

dZ_A = 0.000000 dZ_B = 0.000000 dZ_C = 0.000000 dZ_D = 0.000000 dZ_|R = 0.000000
Euler Angles: Phi= 0.000 Theta=0.000 Psi=0.000

Figure 9-55. Biaxial anisotropic layer with Difference Mode = ON

Graded Layer

All other layer types can be graded to model the optical variation with depth through
the film. This is achieved by right-clicking a layer and choosing to “Grade Layer”.
An example Graded Layer is shown in Figure 9-56. There are four types of grading
that can be achieved in this layer: Simple, Linear, Non-Linear, and Parametric.
Grading is accomplished by dividing the thin film into a series of ‘slices’ that will
have varying optical constants to approximate the index gradient profile. The
number of slices can be designated. The primary fit parameter is the “%
Inhomogeneity” which will be positive numbers when the index is larger toward the
surface than the substrate and negative numbers if the index is smaller toward the
surface. If you right-click on the title “Graded Layer”, the optical constants will be
graphed, showing n and k at both top and bottom, as shown in Figure 9-57.

[|Graded Layer Thickness#1=0.00%
Grade Type = Simple #of Slices=45
% Inhomogeneity = 0,00 (fit)

+ haterial = cauchy

Figure 9-56. Example of a Graded Layer.

Opt. Const. of Graded cauchy vs. nm

1.56 1.0
- n Top
1.53 K Top 8
n Bottom
150 k Bottom 6
ot N
1.47 10.4
1.44 0.2

1.41 . . 0.0
300 400 500 600 700 800 900
nm

Figure 9-57. Graph of graded optical constants.
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Grade Type

There are four different types of grading available, as shown in Figure 9-58. Details
for each are described below.

CompleteEASE Input

Choose the grade type:

ISimple
Linear
Mon-Linear
Farametric

| Ok | | Cancel |

Figure 9-58. Grade Type selections include Simple, Linear, Non-Linear, and Parametric.

Simple Grade

Allows linear variation of the index by fitting or adjusting the “% Inhomogeneity”.
The index can either increase or decrease from the bottom of film to the film surface,
depending on whether “% Inhomogeneity” is positive or negative, respectively. An
example of the Simple Grade is shown in Figure 9-59, where a Cauchy layer exhibits
4% inhomogeneity. The Cauchy layer remains embedded in the Graded Layer, so
the “average” index of the layer can still be adjusted by the Cauchy parameters. The
grading of index will occur in both directions of the Cauchy — with a total range of
index between the top and bottom of the layer equaling the “% Inhomogeneity”.

NOTE: simple grade does not affect the extinction coefficient.

-|Graded Layer Thickness # 2 = 500.00 nm
Grade Type = Simple # of Slices=5
% Inhomogeneity = 4,00 (fit)

- Material = Cauchy

k Amplitude = 0.00000 Exponent = 1.500
Band Edge = 400.0 nm

Figure 9-59. Example of a “Simple” grade for Cauchy Layer.

Linear Grade

The Linear Grade uses an EMA to mix the current material with void. The amount
of void through the film is set by the “Slope” and “Offset” of the line. The “Offset”
defines the position where void goes to zero (or graded film exhibits same properties
as original film). An example of the “Linear” grade is shown in Figure 9-60, with a
slope of 0.1 and an offset of -0.2. The EMA void percentages are calculated for
bottom and top of layer, based on these slope and and offset.
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The EMA percentage is not necessarily a physical mixture of the material with void.
Rather, it is a mathematical calculation to adjust the optical constants up or down. In
fact, the EMA% can go negative to specify the index and extinction coefficient go
“up” (further away from void) rather than “down”. The main difference between
Linear and Simple Grade is that the Linear Grade affects both index and extinction
coefficient, where Simple grade only affects index.

-|Graded Layer Thickness # 2 = 500.00 nm
Grade Type = Linear # of Slices = 10
Slope = Offset = -0.200

Bottom Void % = 2.0, Top Void % = 12.0

EMA Mode = Bruggeman Depolarization = 0.333
- Material = Cauchy

A=2.000 B=0.00000 C=0.00000
k Amplitude = 0.00000 Exponent = 1.500
Band Edge = 400.0 nm

Use 2nd Mat = OFF

Figure 9-60. Example of “Linear” grade of Cauchy Layer-.

Non-Linear Grade

The “Non-Linear” grade is very similar to the Linear grade, in that it uses an EMA
mixing to vary the optical constants between bottom and top of the layer. The main
difference is that it allows the linear variation to be modified to exponential variation
with either symmetric profile about the center or a profile that proceeds from bottom
to top with same exponential shape.

Figure 9-61 shows a “Non-Linear” graded layer with embedded Cauchy. The
bottom and top EMA percentages can be set (or fixed) along with the exponent to
describe the grading shape. Press the “Draw Profile” text to see how the void
percentage is being distributed through the various slices.

A wide variety of grading profiles are possible, depending on whether the profile is
symmetric or not and the value of exponent is below 1 or above 1, as shown in
Figure 9-62 through Figure 9-65.

Graded Layer Thickness # 1 = 500.00 nm
Grade Type = Non-Linear # of Slices = 10
Bottom % = 0.00 Top % =10.00
Exponent = 0.1000 Symmetric Profile = ON
Draw Profile
EMA Mode = Bruggeman Depolarization = 0,333

- Material = [@1¥sig)
A =2000 B=0.00000 C=0.00000
k Amplitude = 0.00000 Exponent = 1.500
Band Edge = 400.0 nm
Use 2nd Mat = OFF

Figure 9-61. Example of Non-Linear Grade.
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Grade Profile: Exponent = 0.2, Symmetric

% of Material #2

40 7‘1?114
Fli]
oo 0.2 0.4 05 08 10

Position in film (0=holtom, 1=1op)

Figure 9-62. Grade Profile for a 21-Slice “Non-Linear” graded layer with Exponent = (.2
and Symmetry turned ON.

Grade Profile: Exponent = 2.5, Symimatry
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80 Grade Equation
Grasde Profile
3
i
=
5 40
£
o _.P‘PJ
0 ]
0.0 0.2 04 06 08 0
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Figure 9-63. Grade Profile for a 21-Slice “Non-Linear” graded layer with Exponent = 2.5
and Symmetry turned ON.

Grade Profile: Exponent = 0.2, NO Sym,

- I/’
3w
£
£ —
Grade Eguation
3 40 Era.‘:n Profile
0
a
0.0 0.2 0.4 06 08 1.0

Position in film (0=holtom, 1=1op)

Figure 9-64. Grade Profile for a 21-Slice “Non-Linear” graded layer with Exponent = (.2
and Symmetry turned OFF.

Grade Profile: Exponent = 2.5 NO Sym,
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Figure 9-65. Grade Profile for a 21-Slice “Non-Linear graded layer with Exponent = 2.5 and
Symmetry turned OFF.
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Slice Value

The profile is described by an equation between the top and bottom of the film.
Then, the number of slices is evenly distributed through the film and the value of
each slice is taken from the value at the center of each slice.

Note: The bottom and top “slice” do not have to be equal to the values of the
equation at the bottom and top of film, as they get their value from the “slice” center.

Parametric Grade

The parametric grade allows select dispersion model parameters to vary with depth
through the film, while the remaining parameters are constant. Thus, this layer only
works with layers such as the Gen-Osc and Cauchy. An excellent example of
parametric grading is used with indium tin oxide and other transparent conductive
oxides. In these films, there can be significant grading due to variation in the “free-
carrier” concentration with depth. The free-carriers lead to infrared absorption,
which is modeled with a Drude oscillator. Thus, the variation in the film properties
is not well represented by EMA mixing with void. Instead, the amount of IR
absorption will change from bottom to top, requiring a variation in the Drude
oscillator amplitude. The UV oscillator absorptions will generally stay constant
through the film — thus we want to grade only the Drude. Figure 9-66 is an example
of ITO layer with Drude grading by linear variation of the Resistivity of the
Drude(RT) oscillator.

-|Graded Layer Thickness # 1 = 150.00 nm
Grade Type = Parametric # of Slices = 11
Grade Equation = Linear
- Material = ITO-2 (GenQOsc)
Add Oscillator Show Dialog Fast Gaussian Calc = QN
Einf = 1.635
UV Pcle Amp. = 36.3274 UV Pole En. = 11.000
IR Pole Amp. = 3.7038
Eit All Clear All Add Amp. Add Br, Add En.
1. Type = Tauc-Lorentz
Name Value Grade % Grade Graph
Amp1 33,6253 OFF
Br1 1195  OFF
Eo1 4.666 OFFE
Eg1 3,515 QFF
Common Eg = QFF
2. Type = Drude(RT)
Name Value Grade Y% Grade Graph
Resistivity (Ohm-cm)2 0.019903 ON 10.00 Draw

Scat. Time (fs)2 OFF
Figure 9-66. Example of “Parametric” grade with a linear variation of the Drude resistivity

term.
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After the Grade Type is converted to Parametric, there are four choices for Grade
Equation, as shown in Figure 9-67. The Linear and Exponential grade equations
allow the parameters to be varied through the film in a linear or exponential fashion.
However, these grade types can be difficult for parameters that are close to zero.

CompleteEASE Input

[

Choose a grade shape for the parameter:

Linear
Exponential
Two Segment
Custom

Figure 9-67. Choice of Grade Equation for Parametric Grade types.

Two Segment

The two segment grade equation allows variation of the parameters between the
bottom, top, and a middle node — with linear variation between bottom-middle and
middle-top nodes. In addition, the position of the middle node can be varied. An
example of “two-segment” grade equation is shown in Figure 9-68, where the bottom
and middle resistivity values are set to 0.1 while the top value is 0.2. The middle
“Position” is set to 60% through the film. This gives the grade profile shown in
Figure 9-69.

Note: Even though the grade profile has 2 segments, the 21 slices are distributed
equally through the entire layer.

-|Graded Layer Thickness# 1= 150.00 nm
Grade Type = Parametric # of Slices = 21
Grade Equation = Two Segment Position (%) = 60,00 (fity
- Matarial = [TQ-2 {GenCsc)
Add Oscillator  Show Dialog Fast Gaussian Calc = ON
Einf= 1635
UV Pole Amp. = 36.3274 UV Pole En, = 11.000
IR Pole Amp, = 3,7038
Fit All Clear All Add Amp. Add Br. Add En.
1. Type = Tauc-Lorentz
Name Value Grade Bottom Value TopValue Graph
Amp1 338253 OFF
Br1 1195 OFF
Eo1 4568 OFF
Eg1 1.515 QOFE
Common Eg = OFF
2. Type = Drude(RT)
Name Value Grade BottomValue TopValue Graph
Resistivity (Ohm-cm)2  0.100000 ON 0.100000 0200000 Draw
Scat. Time (fs)2 D086 QFF

Figure 9-68. Example of a “Parametric” grade with “Two-Segment” equation. The bottom
and middle resistivity values are set to 0.1 while the top value is 0.2. The middle “Position” is
set to 60% through the film.
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Grade Profile of Resistivity (Ohm-cm)
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Figure 9-69. Grade profile for resistivity associated with the two-segment equation in the
previous figure.

Custom Grade Profile

Finally, the Custom Grade Equation allows the user to enter any equation to define
the variation of each parameter that they desire. The built-in variables for the Grade
Profile are the position in the layer [pos] which varies from 0 to 1 and value [value]
of the parameter being graded. Figure 9-70 through Figure 9-72 show how the
custom grade equation can be set up to model a linear grade of the amplidude of a
Cody Lorentz oscillator. The grade equation is evaluated at the center of each slice to
determine the parameter value for that slice. One thing to note is that if a grade
equation does not include the [value] variable then the parameter being graded
should be turned off as a fit parameter as it will be singular. If the user forgets to do
this, the fit will proceed correctly but the graded parameter will have an error bar of
9999. Also note that when adding custom grade equations for more than one
parameter that any fit parameter names that are the same between equations will be
treated as the same fit parameter. This eliminates the need to manually couple
parameters after entering the equations.

Roughness = 9.35 A (fit)

-|Graded Layer Thickness # 1=512.79 A (fit)
Grade Type = Parameiric # of Slices=5
Grade Equation = Custom

+ Material = 3-Si parameterized
Grading Parameters: Add Delete Delete All

Name Eguation Graph
Amp1 <Enter an Equation>

Custom Grade Fit Parameters
Substrate = 7059_Cauchy

Figure 9-70. Custom Grade of Amp1 before the equation is entered.

+

m

Edit Equation
[valug] * (1 + ([pos]-0.5)7% Grade) 100)

Equation:

Lse [pos] for layer position (0=bottorn, 1=top)
Lse [walue] for graded parameter value

Operator List

Figure 9-71. Edit Equation dialog showing the equation for a linear grade of the Amp1l
parameter.
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Roughness = 9.35 A (fit)

-|Graded Layer Thickness # 1 =512.79 A (fit)
Grade Type = Parametric # of Slices=5
Grade Equation = Custom

+ Material = a-Si parameterized
Grading Parameters: Add Delete Delete All

Custom Grade Fit Parameters
% Grade = 10.00000

Name Egquation Graph
Amp1  [value] * (1 + ([pos)-0.5)"{% Grade}/100) Draw

+[Substrate = 7059_Cauchy

Figure 9-72. Custom Grade of Amp1 after the equation is entered. The % Grade fit

parameter has been added to the parameter list.

Gen-Osc

The Gen-Osc layer is a General Oscillator material that allows the summation of
different oscillator line shapes. Figure 9-73 shows a Gen-Osc layer with two
oscillators of different types, along with associated graph of the resulting optical

constants.

Within the Gen-Osc layer you can add a new oscillator by pressing “Add Oscillator”.
To change the oscillator type, click on the “Type =" selection and you will get a
dialog box with your choices, as in Figure 9-74. The various oscillator functions are

described in detail in Chapter 10.

| 7 CampleteEASE -

( Measurement | Anahysis :'Har\:mans | Options |

Diata: a_taped Model: tulki-Layer [emphy]
dpan Save lnlo Set Ranges | daen Sayvs | Clear |
Fit Layer Commands: Add Delets Save =
P H En T— F— Include Surface Roughness = OFF
- =L || -[Substrate =
Aot Cacllistor  Show Diglog Fast Gaussian Calc = ON i
Einf =1 000
U Pole Amp = 00000 U Pole En = 11 000
IR Fole Amp. = L.ODOD
1. Type = Cotelgreng Ampl = S0000
Eri=E000 Eot =E000 Egi=3000
Ep1=1.000 Et1 =0.000 Eul = 500 Common Eg = QEE
2L Type = Gaussian Ampe = 3000000 Bre = 05000 EnZ = 1.000 =t
Anrile OFFseE = 1000 i
Graph Type
Opt. Const. of Gen-0sc vs. nm
3.2
3.0 -1.5
28
-11.2
286
= 0.9 =
24
22 & 11
20 403
18 = 00
0 300 600 200 1200 1500 1800
nm

Figure 9-73. Gen-Osc dispersion layer with both a Cody-Lorentz and a Gaussian oscillator.
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CompleteEASE Input

Choose the oscillator type:

Harmaonic
Harmonic ImiAmp
Gaussian
DrudeiRT)
Tauc-Lorentz
Cody-Larentz
Tanguy

FSermi-h0

1

Cancel

Figure 9-74. Choices for Oscillator Types within the Gen-Osc layer.

Press “Show Dialog” to bring up the Editor to visualize and manipulate the oscillator
parameters. This dialog editor is shown in Figure 9-75.

Edit Layer
Reference Material OC ViewFit Type Wyl Units Fit
Layer Parameters
Gen-0sc - GENOSC
Add Oscillator  Fast Gaussian Cale = ON
Einf = 1.000
L Pole Amp. = 0.0000 Wy Pole En. = 11.000
IR Pole Amp. = 0.0000
1. Type = Cody-Lorentz Amp1 = 50.000
Br1=6.000 Eol =6.000 Egl =3.000
Ep1=1.000 Et1=0.000 Eui=0.500 Comman Eg= 0OFF
Type = Gaussian Amp2 = 3.000000 Br2 = 0.5000 En2 = 1.000
Graph
10 8
6 ™\ 1
— 4 o
® 4 \\.__// \ ¢
2 =y = 12
0 0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
eV

Figure 9-75. Dialog Editor to view and manipulate the Gen-Osc parameters.

The oscillators can be manipulated by pressing the number to their left. Use care
when pressing the number, as each mouse-button does a different function:

(“BR) Delete the oscillator from list.

(YBL) Selects the oscillator and shows gray “drag-boxes” to allow manipulation of

the oscillator parameters on graph.
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The Dialog Editor allows the oscillator parameters to be matched to reference optical
constants. This procedure is demonstrated in the Analysis Example on use of the
Gen-Osc layer.

B-SPLINE

The B-Spline layer specifies the optical constants versus wavelength using a series of
control points which are equally spaced in photon energy (eV). The approximate
spacing of the control points is controlled by the “Resolution (eV) =" field and the
resulting number of control points within the current spectral range is listed after this
value. Basis spline curves are used to interpolate between the control points®.

B-spline curves are defined by a series nodes, which have a position and amplitude.
Basis polynomial functions at each node are defined by the recursive B-spline
formula (Cheney and Kincaid, “Numerical Mathematics and Computing,” Third
Edition, Brooks/Cole Publishing Company, 1994) in terms of the positions of the
adjacent nodes. Summing the basis functions (weighted by the amplitude at each
node) produces the resulting curve. B-spline curves have many desirable properties
for modeling dielectric functions:

e b-spline curves and their derivatives (up to the spline order minus one) are
continuous (the B-Spline layer uses 3rd order b-splines)

e the b-spline node amplitudes affect only the “local” shape of the curve, e.g.,
changing a node amplitude in the UV does not affect the curve in the VIS

e  b-spline curves exhibit a “convex hull” property, e.g., if all the node
amplitudes are non-negative, then the b-spline curve is also non-negative,
thus avoiding non-physical negative €2 values

e since the basis functions depend only on the node positions, the node
amplitudes which define the resulting curve are linearly independent, which
greatly increases computation efficiency

o the Kramers-Kronig (K-K) integral can be applied to the b-spline recursion
formula to generate K-K consistent basis functions (i.e., the €1 curve is
defined by the K-K transform of £2)

Figure 9-76 shows the default settings for the CompleteEASE B-Spline layer. The
node amplitudes can be initialized to constant n and k values (vs. eV) by clicking on
the “n=""or “k=" fields, or they can be initialized by specifying a “Starting Mat”.
The “Resolution (eV)” field defines the nominal spacing of the nodes, which are
equally distributed in eV over the selected spectral range of the data set. Clicking
the “Draw Node Graph” field plots the positions and amplitudes of the b-spline
nodes, along with the calculated dielectric function of the layer (Figure 9-77). The
“Fit Opt. Const.” setting turns ON and OFF all the optical constant fitting parameters
for the layer (e.g., node amplitudes and positions, pole amplitudes, etc.). If “Use KK
Mode = OFF”, separate b-spline curves are calculated and fit for ¢; and €,. When
“Use KK Mode = ON”, a b-spline curve is used to define ¢,, and ¢, is calculated
from via the K-K transform of ¢, (plus contributions from absorption outside the
measured spectral range). Figure 9-79 shows the Node positions when KK Mode is
turned on. Notice, there are nodes to describe ¢,, along with a few nodes outside the
measured spectral range — to help with the Kramers-Kronig integration.

®B. Johs and J.S. Hale, “Dielectric Function Representation by B-Splines”, Phys. Stat. Sol. (a), (2008).
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The B-Spline layer will automatically extrapolate/interpolate/seed node amplitudes
and positions if the selected spectral range and/or resolution is changed, or if KK
Mode is toggled.

Substrate = B-Spline.
Init. values: n=1,500 k=0,000 Starting Mat = nope

Fit Opt. Const. =
Use KK Mode = QFF
Show Advanced Options = OFF

Resolution (eV) = 0.300 6 Pts. (1.379-3.177 eV) Draw Node Graph

Figure 9-76. Default settings for the B-Spline layer.

Spline Opt. Const. vs. eV
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Figure 9-77. B-Spline layer Node Graph with KK Mode = OFF

Layer Commands: Add Delete Save
Include Surface Roughness = OFF

-[Substrate = B-Spline
Init, values: n= 1500 k=0.000 Starting Mat = €8

Fit Opt. Const. = DN

Use KK Mode = OFF
Query remate system for Opt. Const. = OFF

Show Advanced Options = ON
Show Modes = ON
spline_e1(1.976) = 30.1849 (fit)
spline_e2(1.978) = 8,.7401 (fit)
spline_g1(2.086) = 30,7408 (fit)
spline_e2(2.088) = 17.1372 (fit)
spline_e1(2.196) = 24.8026 (fit)
spline_e2(2.196) = 21.4102 (fit)
spline_e1(2.305) = 20.4348 (fit)
spline_e2(2.305) = 235187 (fit)
spline_e1(2.415) = 15.4651 (fit)
spline_e2(2.415) = 22,3081 (fit)
spline_e1(2.525) = 13.3682 (fit)
spline_e2(2.525) = 20.4173 (fit)
spline_e1(2.634) = 12,3660 (fit)
spline_e2(2.634) = 18.9894 (fit)
Show Parms in Fit = OFF
Force E2 Positive = OFF
PreFil when changing wavelengths = ON
Node Spacing Spectral Ranges: Add Dalete Dealate All
Assume Transparent Region = ON
Assume Band Gap = ON Band Gap (eV) = 0.600

Resolution {eV) = 0.100 7 Pts. (1.976-2 634 eV) Draw Node Graph

K osle MLt _ A oAAn (£

Figure 9-78. B-Spline layer with all advanced options displayed (KK mode off)
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Spline Opt. Const. vs. eV
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Figure 9-79. B-Spline layer Node Graph with KK Mode = ON.

Substrate = B-Spline
Init. values: n=1.500 k = 0.000 Starting Mat = Ge
Resolution {eV) = 0,100 7 Pts. (1.976-2.634 eV) Draw Node Graph
E Inf = 16.763 (fit)
IR Amp = 45.805 (fit) IR Br = 0.0000
Fit Opt. Const. = ON
Use KK Mode = ON (In Use)
Query remote system for Opt. Const. = OFF
Show Advanced Options = ON
Show Nodes = ON
spline_e2(1.976) = 5.8537 (fit)
spline_e2(2.086) = 17.0387 (fit)
spline_e2(2.196) = 21.6151 (fit)
spline_e2(2.305) = 23.3381 (fit)
spline_e2(2.415) = 22,4767 (fit)
spline_e2(2.525) = 20,3021 (fit)
spline_e2(2.634) = 17,2982 (fit)
Show Parms in Fit = OFF
Force E2 Positive = QFF
PreFit when changing wavelengths = ON
Node Spacing Spectral Ranges: Add Delete Delete All
Assume Transparent Region = ON
Assume Band Gap = ON Band Gap (gV) = 0.800
Use Default TieOff Behavior = ON
View Tie Off Positions = ON
Tie Off 0 {TieOff(1)-E} = 0.2000
Tie Off 1 {TieOff(2)-E} = 0.2000
Tie Off 2 {TieOff(3)-E} = 0.2000 spline_e2(1.376) =
Tie Off 3 {TieOff(4)-E} = 0.2000 spline_e2(1.576) = -1.6837
Tie Off 4 (min-E) = 0.2000 spline_e2(1.776) = -2.5510 (fit)
Tie Off n+1 (max+E) = 0.5000 spline_e2(3.134) = 16.7857 (fit)
Tie Off n+2 {TieOff(n+1)}+E} = 0.5000 spline_e2(3.634) = 3.7450 (fit)
Tie Off n+3 {TieOff(n+2)+E} = 1.0000 spline_e2(4.634) = 0.0000
Tie Off n+4 {TieOff(n+23)+E} = 2.0000
Tie Off n+5 {TieOff(n+4)+E} = 4.0000

Figure 9-80. B-spline with all options shown, with KK Mode = On.
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All the available options for the B-Spline layer are shown in Figure 9-78 for a B-
Spline with KK mode off and Figure 9-80 for a b-spline with KK mode on.

A brief description of each option follows:

Init. Values
Entering values for n or k in the Initial Values section will reset all node values
across the entire spectrum to these values.

Starting Mat

Entering a material file in the “Starting Mat” section will reset the node values to
match the reference material files across the spectrum. This can be an effective way
to get reasonable “starting” node values in the B-Spline layer.

Resolution (eV)

Spacing of nodes across the spectrum.

Draw Node Graph

Press to show the node values across the spectrum. This is useful to view whether
the node resolution is adequate to resolve the spectral features of a material.

E Inf

With KK mode = ON, this represents the ¢; value at infinity. When in KK mode, this
accounts for the absorption far outside the measured spectral range by adding a
constant offset to the ¢, curve.

IR Amp

With KK mode = ON, this value is the amplitude of a zero energy oscillator which
accounts for absorption at low energies, typically due to free carrier absorption (i.e.,
a Drude term).

IR Br

With KK mode = ON, this is the broadening of the IR oscillator. Often this can be
fixed at zero, but allowing to vary can improve the fit to some metallic dielectric
functions.

Fit Opt. Const.

Turn this On when you want to allow the node values to vary to match the
experimental data. After fitting is completed, this can be turned Off to hold the final
optical constant values fixed.

Use KK Mode

When turned ON, the optical constants are represented by a single spline curve for e2
with the KK transformation used to determine the el curve. Adds Einf, IR Amp, IR
Br, and extra nodes outside the measured range (tie-offs) to accommodate the KK
transformation and determine the correct el curve.
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Query remote system for Opt. Const.

Used with multiple ellipsometers to “feed” the optical constants for a layer from a
remote system (first ellipsometers) when fitting layers that need this updated
information.

Show Advanced Options

Many additional options are hidden to avoid confusion. Turning this On will allow
you to view the following Advanced options.

Show Nodes

Shows each node in the B-Spline, so you can turn on/off the fit for any of the
individual values.

Spline_e2(photon energy) / Spline_el(photon energy)

Each node that is shown is given as either the el or e2 value at a specific photon
energy. These nodes are positioned equally across the spectrum. When KK mode is
Off, there is a complete set of el and e2 nodes. When KK mode is On, only the e2
nodes are listed, as the el curve is generated from a Kramers-Kronig transformation.

Show Parms in Fit

Enables display of the all node positions and amplitude fit parameters in the Fit
Results; by default they are hidden to reduce the number of displayed parameters.

Force E2 Positive

Setting this to ON prevents &, nodes within the measured spectral range from going
negative. The tie-off nodes outside the spectral range are still allowed to go
negative, so it is possible that , may still go negative at the edge of the spectrum.
While forcing €, positive maintains “physical” dielectric functions, sometimes
allowing slightly negative &, values improves the fit convergence algorithms.

Prefit when Changing Wavelengths

It is difficult to maintain the optical constants of a b-spline when changing
wavelengths because of the effect of tie-off positions outside the selected spectral
range on the optical constants. When the spectral range is modified, the tie-off
positions and “values” will adjust the overall optical constant shape. When this
feature is turned On, the b-spline will save off optical constants before adjusting to
the new spectral range that can be used to “prefit” the new nodes to match. This
does not ensure the optical constants will not slightly adjust when changing
wavelengths, but helps minimize the adjustment by prefitting to the previous values.

Node Spacing Spectral Ranges

A single node spacing across the entire spectrum may not be optimal for all
materials. For this reason, CompleteEASE allows special spectral ranges to be
“added” with smaller or larger node spacing. GaP is a good example, as shown in
Figure 9-81, where the optical constants have no spectral features below the bandgap
(above 500nm) but quickly change at shorter wavelengths. It may be desirable to
reduce the total number of nodes by having a wide node spacing at longer
wavelengths and narrow node spacing at shorter wavelengths. Press to “Add Node
Spectral Spacing Range” and you will be presented with three dialog boxes, as
shown in Figure 9-82. The first will ask for the minimum wavelength range, the

CompleteEASE Software Manual

Reference - Analysis Tab e 9-305



second for the maximum wavelength range, and the third for the custom node
spacing to be used within this range. For GaP, | have selected a node spacing of
0.5eV everywhere, with custom node spectral range from 190-500nm of 0.1eV, as
shown in the model in Figure 9-83. The final node graph is shown in Figure 9-84.

Opt. Const. of GaP vs. nm

6.0 5.0
7]

5.0 {k | 4.0
4.0 3.0

c 4
3.0 20
20 1.0
1.0 0.0

0 300 600 900 1200 1500 1800

nm

Figure 9-81. Optical Constants for GaP from ultraviolet to near infrared.

CompleteEASE Input

[

Enter the minimum value for Range in nm:
[200.0] |

Figure 9-82. Input the minimum/maximum wavelengths and the node spacing over this range.

Substrate = B-Spline
Init. values: n=1.500 k = 0.000 Starting Mat = [€Eld
Resolution (eV) = 0,500 43 Pts. (0.733-6.425 eV) Draw Node Graph
Fit Opt. Const, = ON
Use KK Mode = QFF
Query remote system for Opt. Const. = OFF
Show Advanced Options = ON
Show Nades = QFF
Show Parms in Fit = OFF
Force E2 Pasitive = OFF
PreFit when changing wavelengths = ON
Node Spacing Spectral Ranges: Add Delete Delete All
Range = 190.0 nm - 500.0 nm Resolution (V) = 0.100
Assume Transparent Region = OFF

Figure 9-83. B-spline for GaP with custom Node Spacing between 190-500nm (0.1eV
resolution).
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Spline Opt. Const. vs. eV
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Figure 9-84. GaP optical constants within a B-Spline layer with 0.5eV node spacing above
500nm (below 2.48eV) and 0.1eV spacing below 500nm (above 2.48eV).

Assume Transparent Region

A bandgap or spectral region can be specified for which ¢, is fixed at zero.

Use Default TieOff Behavior

“TieOffs” are the nodes which account for absorption outside the spectral range
when in KK mode. The “default” behavior (which specifies default TieOff node
positions, with amplitudes being fit for each node) is adequate for most applications.
Turning the Default TieOff Behavior = OFF allows for complete flexibility in the
TieOff positions and amplitudes. This is typically only needed if there is a strong
absorption feature right outside the measured spectral region that is dramatically
influencing the optical constants.

View Tie Off Positions

The positions and amplitudes of the Tie Offs can be set and defined as fit parameters.
The positions are defined relative to the ends of the spectral range, and relative to
each other to guarantee monotonically increasing node positions. Five node
positions are defined above and below the spectral range; the amplitudes of the first
and last two nodes are fixed at zero, while the other six node amplitudes can be fit.

Intermix

If you add a layer and choose “Intermix” layer type before selecting where to add the
layer (Figure 9-85), a special “Intermix” layer will be added that mixes the optical
constants from the layer below and above in a 50-50% ratio. An example of this
layer is shown in Figure 9-86. The intermix layer “steals” thickness away from the
layer above and below to avoid moving the interference oscillations. This is
demonstrated in Figure 9-87. If Layer 1 and Layer 2 each have a thickness of 100nm
on the left side of this figure, their thickness will remain 100nm each on the right-
side of this model. The intermix thickness will show as a specific number, let’s say
50nm. In this case, the model will still show 100nm for Layer 1 and Layer 2, with
Intermix thickness of 50nm. However, the calculation will only consider 75nm of
Layer 1, 50nm of Intermix, and 75nm of Layer 2. Notice that the intermix thickness
was stolen from each of the surrounding layers. The total thickness on right and left
is 200nm, which is why the interference oscillations do not move significantly with
wavelength when introducing an intermix.
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Add Layer To Mod

Layer Type
Layer# 2= CauchyFilm
Lavers 1= asi Standard
Substrate = 7059_Cauchy Interrmix

Cancel

Figure 9-85. Choose “Intermix” before adding a layer between two layers to create a special
layer that mixes the optical constants of the layers above and below wherever this layer is
inserted.

Layer # 2 = SiQO2 Thickness # 2 = 100.00 nm
Intermix Thickness = 25.00 nm
Layer # 1 = a-si Thickness # 1 = 50.00 nm

Substrate = SI_JAW

Figure 9-86. Example of Intermix layer in a model.

layer 1
substrate substrate

Figure 9-87. The Intermix layer “steals” its thickness from the surrounding layers. Thus, a
model with 2 layers will retain their thickness on both left and right side of this figure, even
though the intermix thickness will become larger (showing that more of the two layers is
blurred together.

Composition Library

Layers that are marked as “Comp Library” or “Comp & Temp Library” were created
to show variation in optical constants as the composition or temperature are varied.

Several of the material files provided with the CompleteEASE ™ program contain
information on the optical constants of a material as a function of temperature and/or
alloy fraction. One example of this type of material is Al,Ga;,As. The file
AlGaAs_T.MAT supplied with the CompleteEASE ™ software contains information
on the optical constants of Al,Ga;,As over x values from 0 to 1 and temperature
values from 577°C to 650°C. Using this type of layer is very similar to using the
standard layer type for a material; the only difference being that there are
temperature and/or alloy parameters that can be edited and fit for. Figure 9-88 shows
how such a layer is represented in the model.
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Substrate = AIGaAs (Comp & Temp Library)
Composition = 0.20000
Temperature = 500.00°C

Figure 9-88. A Temperature/Alloy layer as displayed in the model. The composition and
temperature values are editable fit parameters.

Uniaxial and Uniaxial-Diff

Layers used to describe anisotropic materials. The Uniaxial layer is shown in Figure
9-89. Enter any material file into the Ordinary OC (in-plane optical constants) and
Extra-Ordinary OC (out-of-plane optical constants) sections. In this example,
Cauchy dispersions were used. The Uniaxial-Diff layer is similar, but you only enter
a material file for the Ordinary optical constants. The remaining terms are used to
express the index difference in a Cauchy-like summation to determine the Extra-
ordinary optical constants. An example of the Uniaxial-Diff layer is shown in Figure
9-90.

Substrate = Uniaxial

- Ordinary OC = Cauchy
A = 1.450 (fit) B = 0.01000 (fity C = SXTIN)
k Amplitude = 0.00000 Exponent = 1.500
Band Edge = 400.0 nm

- Extra-Ordinary OC = Cauchy
A = 1,550 (fit) B = 0.01000 (fit) C =0.00000
k Amplitude = 0.0000Q0 Exponent = 1.500
Band Edge =400.0 nm

Figure 9-89. Example of the Uniaxial layer. Enter any material file for both the ordinary (in-
plane) and extraordinary (out-of-plane) optical constants.

Substrate = Uniaxial-Diff
- Ordinary OC = Cauchy_Wwvl
n=1450 B=0.01000 C =0.00000
Design wvl = 632.8 nm

A = 0.10000
B = 0.00000
o 0.00000)
D = 0.00000

Figure 9-90. Example of the Uniaxial-Diff layer. Enter any material file for the ordinary (in-
plane) optical constants and then use the 4-parameter dispersion (Cauchy-like) to describe the
index difference..
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9.7. +MODEL Options

The full list of +MODEL Options are shown in Figure 9-91. To view many of
these, you first need to select Configure Options.

- MODEL Options
Include Substrate Backside Correction = OFF
Model Calculation = Ideal
+ Parameter Smearing
Patterning = QFF
Ambient Index >1 = OFF
Use Scattering Factor = QFF
Whl. Shift (nm) = 0.00
Return Path Elipsometer = OFF
Delta Offset: None
Source Rot. = 0.000 Receiver Rot. = 0.000
+ Multi-Model Patterning
+ Multi Sample Analysis
+ Parameter Coupling
Use Previous Results = OFF

Figure 9-91. List of all +MODEL Options

Include Substrate Backside Correction

Calculates the incoherent contribution of light reflecting from backside of
transparent substrates in the model. When turned ON, the section will expand, as
shown in Figure 9-92. Here, you can specify if the SE data were collected in
transmission through the sample or through the reverse side of the substrate
(opposite the coated side). There is also a selection for the number of backside
reflections and the percentage of first reflection that is collected (from top side).

Include Substrate Backside Correction = ON
Transmission SE Data = QFF Reverse Direction = QFF
# Back Reflections = 5.000 % 1st Reflection = 100.00

Figure 9-92. When Substrate Backside Correction is ON, there are additional choices to
consider transmission SE data, reverse direction measurements, and the number of reflections
from front and back.

Model Calculation

Choose different model calculations to handle non-ideal sample situations. For most
samples, the default setting of “Ideal” is preferred. However, there are many choices
related to spectrometer bandwidth, film thickness nonuniformity, and beam angular
spread, as shown in Figure 9-93, when these non-ideal situations are suspected.
These options are best used in conjunction with Depolarization data fitting, as an
ideal sample/measurement will not produce any depolarization.

When a “non-Ideal” Model Calculation is selected, it will expand to allow fit
parameters describing the amount of non-ideality, as shown in Figure 9-94. With
advanced options selected, there is even the ability to describe two different
bandwidths, with a selectable switching wavelength. This is useful for systems that
have two separate spectrometers. Each non-ideality is modeled by convolving
multiple data sets with different values. For example, model with thickness non-
uniformity would be calculated by convolving the data from multiple different
generated data sets with the model thickness varied over a range of values. The
number of convolved data sets to approximate the “non-ideality” can be controlled,
as seen in Figure 9-94, where the shape is set to Gaussian and “# of pts” is equal to 9.
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CompleteEASE Input

Maodel Calculation:

Ideal

Include Bandwidth (eV)

Include Thickness Mon-uniformity

Include Bandwidth (nm)

Include Thickness Non-uniformity and Bandwidth(nm)
Include Angular Spread

Include Bandwidth (eV), Thickness, and Angular Spread
Include Bandwidth (nm), Thickness, and Angular Spread

Figure 9-93. Different model calculation types.

Medel! Calculation = Include Bandwidth (nm). Thickness. and Angular Spread
% Thickness Non-uniformity = 0.00 Bandwidth (nm) = 0.000 Bandwidth (nm) IR = 0.000 Switch Wyl (nm) = 1000.0
Angular Spread = 0,000
Convolution Type = Gaussian Draw Profile
#ofPts=9

Figure 9-94. Expansion of the Model Calculation section to include settings for Bandwidth,
Thickness Non-uniformity, and Angular Spread.

Parameter Smearing

An advanced feature also allows other parameters to be “smeared”. This can include
smearing of any of the fit parameters. When turned on, this section expands as
shown in Figure 9-95, where the A parameter of Cauchy layer is smeared.

- Parameter Smearing
Parameter to Smear: A # Values =5 Smear Width = 0,100
2nd Parameter to Smear. (none)
3rd Parameter to Smear: (none)

Figure 9-95. Parameter Smearing expands to allow smearing of any fit parameter.

Patterning

Patterning is another advanced feature that expands when turned on to calculate the
model with only partial coverage of any designated layer. If all layers on the
substrate are patterned, you can choose Layer # = 0 to pattern all of them, as shown
in Figure 9-96. The %Patterned value lists the amount of film that is missing from
the measurement area. Thus, 0% would be a fully intact film and 100% would be a
non-existent film.

| Patterning = ON_Layer # (0 for all) = 0 % Patterned = 0.00 |

Figure 9-96. Patterning expands to allow calculation with partial coverage of any single
layer (or all layers).

NOTE: Patterning may be usurped if “Multi-Model Patterning” is also turned on.

Ambient Index > 1

Use when working with liquid-cell where ambient is water or some other solution.
When feature is turned On, the section expands as shown in Figure 9-97. Material
can be selected to describe index of ambient material. If this material file is
dispersion equation (such as Cauchy), the index of ambient can be fit and optical
constants saved in this section.
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Ambient Index =1 = ON
Material: H20 Palik3
Save Ambient Optical Constants

Figure 9-97. Ambient Index > 1 expands to allow material file to describe ambient index.

Wvl Shift (nm)

Use to simulate a wavelength shift if the ellipsometer wavelength calibration is
questioned.

Return Path Ellipsometer

Special configuration of M-2000 where source and detector are mounted side-by-
side and the measurement beam reflects from the sample, then from a mirror and
back off the sample surface on the way back to ellipsometer.

Delta Offset

Used to correct for windows. CompleteEASE accounts for Delta offsets from prisms
(Cauchy) or windows (1/A)

Source and Receive Rot.

Enter for rotation in degrees of either the source or receiver from the standard plane
of incidence. This feature is typically used in special hardware configurations for in
situ monitoring on chambers, where there is not room for the standard configuration.

Multi-Model Patterning

When Multi-Model Patterning is turned on, it overrides the simplified patterning
feature discussed earlier in the Model Options section. Multi-Model patterning
allows you to mix calculations from multiple model structures. All layers need to be
added to the Model in the order they will appear from the different regions of the
sample. For example, I have constructed a “layered structure”, shown in Figure
9-98, required for the hypothetical patterned sample shown in Figure 9-99.

Layer# 4 = NTVE_JAW Thickness # 4 = 2.00 nm (fit)

+|Layer # 3 = a-Si parameterized Thickness # 3 = 250.00 nm (fit)
Layer # 2 = Cr Thickness # 2 = 10.00 nm (fit)

Layer# 1 = SI02_JAW Thickness # 1 = 1000.00 nm (fit)
Substrate = SI_JAW

Figure 9-98. Layered structure to be used in a Patterned model calculation.

Surface oxide

a-Si Film

SiO2 Film
Cr Film

Silicon Substrate

Figure 9-99. Example of patterned sample, to be represented in CompleteEASE by a Multi-
Model Patterning.
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To setup the multi-model pattern for this sample, we will need three different models
— one for each of the areas that are different (within the measurement spot). The first
area is just Cr film on Silicon (I assume 25% of the measurement area). The second
area is Cr on SiO, on silicon (another 25% of area). Finally, we have the complete
stack of surface oxide on a-Si on Cr on SiO, on silicon over the remaining 50%.

To build this using the Multi-Sample patterning, you first choose “# of Models” to be
3. Then, you can select the various areal percentages. Next, add a fit parameter for
each of the layers that will vary from area to area — in our case, 3 of the 4 layers have
less than 100% coverage. The Cr film is coating the entire surface and if we make
the assumption that it is the same thickness in all areas, then we do not need to add
this parameter to the list. However, it may be easier to add this parameter to the list,
for visualization sake. The individual thicknesses in the different areas can be set,
fixed, or even fit. The final model for this sample is shown in Figure 9-100.

Layer Commands: Add Delete Save
Include Surface Roughness = QFF
Layer # 4 = NTVE_JAW Thickness # 4 = 2.00 nm (MSA)
Layer # 3 = a-Si parameterized Thickness # 3 = 250.00 nm (MSA)
Layer # 2= Cr Thickness # 2 = 10.00 nm (MSA)
Layer # 1 = S102_JAW Thickness # 1 = 1000.00 nm (MSA)
Substrate = S|_JAW
Angle Offset = 0.000
- MODEL Options

Include Substrate Backside Correction = QFF

Model Calculation = ldeal

Patterning = OFF

- Multi-Model Patterning

+

# of Models = 3
Add Fit Parameter Delete All Parms
Model % Thickness #1 Thickness#2 Thickness#3 Thickness#4
50.00 1000.00 nm 10.00 nm 250,00 nm 2.00 nm
25.00 1000.00 nm 10.00 nm 0.00 nm 0.00 nm
25.00 0.00 nm 10.00 nm 0.00 nm 0.00 nm
BFIT Options
+ OTHER Options
Confi Opti

Turn Off All Fit Parameters

Figure 9-100. Model using Multi-Model patterning to represent a sample with 3 distinct
areas.

Multi-Sample Analysis (MSA)

It is possible to fit multiple data sets simultaneously using the Multi-Sample
Analysis (MSA). These multiple data sets can come from i) appended data files, ii)
multiple selected points from uniformity map, iii) multiple rotations from automatic
rotation scans, or iv) multiple time slice selections from dynamic data.

The key to each of these scenarios is that we wish to have some parameters
consistent over all data sets and other parameters varied from data set to data set.

An example of multi-sample analysis is shown in Figure 9-101, where three oxides
on silicon are fit with a common Cauchy layer to describe same index, but the
thicknesses are allowed to differ for each data set.
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Figure 9-101. Example of Multi-Sample Analysis, where all three data sets are fit
simultaneously with common Cauchy optical constants and different film thickness.

Parameter Coupling

Parameter coupling allows users to enforce relationships between different fit
parameters. As an example in Figure 9-102 the Thickness of first data set in a multi-
sample analysis is double the second Thickness in the same fit. This ratio will be
enforced, and the thicknesses will adjust together during the fit.

The Coupling Mode can be a Ratio, Offset, or Custom Equation. The coupled
parameters include all “fit” parameters and the final equation is shown in the dialog
box so that you can verify it is correct.

Create/Edit Coupled Parameter

Coupling Mode: ‘Ratio ‘v|

Couple Parameter ‘Thiclmess#ﬂﬂ ‘V| to ‘Thickness?ﬁ (2}|V‘

Using ratio of |2 |

[Thickness # 1 (1)] = [Thickness # 1 (2)] * 2

| Ok H Cancel ‘

Figure 9-102. Example of Parameter Coupling, where Thickness in a MSA is coupled by
factor of 2X larger than another Thickness.
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Use Previous Results

When CompleteEASE saves a data file, it also includes the results of any analysis
that was performed (and saved). These results can be used for consecutive samples
that may require information from the “underlying” structure, as shown in Figure
9-103. For example, you may like to map the uniformity of a layer on substrate
before it undergoes some processing. The fit results from this first map can be used
during analysis of the next measurement after processing — maybe you like to fix the
thickness of first layer from the first measurement when adding a second layer to

multi-layer sample.

Use Previous Results = ON

Results File: C:A\CompleteEASE\DAT\205 backside_rough.SE

Figure 9-103. “Use Previous Results” expands to allow you to import results from a previous

fit (inside the data file).

9.8. +FIT Options

The full list of +FIT Options are shown in Figure 9-104. To view many of these,

you first need to select Configure Options.

- FIT Options
Perform Thickness Pre-Fit = OFF
= Use Global Fit = ON

# of Data Points = 20 # of |terations = 5
Parm #1 = (none)
Parm #2 = (none)
Parm #3 = (none)
Include Wwl. Range Expansion Fits = OFF

Selected Data = Standard Ellipsometric

Fit Weight = N.C.S

Include Intensity Data = QN % Weight = 100.00
Transmission Data % Weight = 100,00

Limit Angles for Fit = ON Included Angles = All
Max. Acceptable MSE = 100,000

Auto Fit Parameter Reset = ON
- Include Derived Parameters = ON
Add Derived Parameter

Low Spec. = 0.000 High Spec. = 0.000

Include Depolarization Data = OM % Weight = 100.00

Limit Wi, for Fit = ON Range = 380.0 nm - 900.0 nm

Skip Data Points in Fit=0 Max. Fit lterations = 50

1. Type =n Layer #=0 Wavelength = 832.8 nm MName = n of Glass_CGenosc @ 832.8 nm

Figure 9-104. List of all +FIT Options.

Perform Thickness Pre-Fit

When turned on, it uses Woollam’s patented algorithm to quickly estimate the
thickness for the thickest layer in the model. This algorithm is based on calculation
of zero-crossings when the data are oscillating due to the thickness.
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Use Global Fit

Allows fit parameters to be varied over a range of values to find the best match to the
data. The Global Fit is described in detail in the Example of Section 3.3.

Number of Data Points to Use

Used by Global Fit to improve speed. This refers to the number of wavelengths used
during the Global search.

Number of Iterations

This is the number of fits performed at each global fit iteration in an effort to
minimize the MSE from the various starting points.

Parm. #1, #2, #3

Up to three fit parameters can be included in the Global Fit.

Min. / Max. and # Guesses

Select the “search” range for each Fit Parameter that is included in the Global
Search, along with the number of guesses between the minimum and maximum
values.

Include Wvl. Expansion Fits

Decide whether the Global Fit should also use the WvI Expansion Fit.

Limit Wvl for Fit

Select a limited spectral range during the fit to increase speed of the Global Fit. This
feature only appears in conjunction with the wavelength expansion fit.

Selected Data

Choose which type of data to include in the Fit. Choices include Standard
Ellipsometry (SE), generalized-SE, Mueller-matrix, and Intensity data only, as
shown in Figure 9-105.

CompleteEASE Inp

Selectthe Data Type for fitting:

Standard Ellipsometric
Generalized Ellipsometry
Mueller Matrix

Mone {Intensity data only)

(o]  [conm |

Figure 9-105. Choose the selected data type to use during fit.

Fit Weight

Select the fit weighting, with choices as shown in Figure 9-106.
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c ASE Input SR g

Selectthe Fit Weighting:
N.CS

Exp. Std Dev.

Psi-only

Delta-only

Complex Rho

Re(Rho)

Im(Rho)

=<g1=and <e2=
<g1=-only

»

[» Ted]

<e2=-only
<n=and <k=
=n=-only
<k=-only
M-only
C-only
S-only

Psi & Delta

Figure 9-106. Select the Fit Weighting.

|

Include Depolarization Data

Turn this setting on when you want the depolarization data to be included as part of
the fit weighting. You can then select the percentage of weighting compared to other
data curves — set to 100% for equal weighting, lower for less-importance, and higher
for stronger importance.

Include Intensity Data

Choose whether intensity data should be included in the fit weighting, turn on this
setting. You can then select the percentage of weighting compared to other data
curves — set to 100% for equal weighting, lower for less-importance, and higher for
stronger importance.

Transmission Data % Weight

When Transmission Intensity curves are appended to the data set, they are fit
irregardless of the “Include Intensity Data” option agove. This setting allows more
or less importance to be placed on the Transmission Intensity data by increasing or
reducing its Weight percentage, respectively.

Limit Wvl. for Fit

Reduce the wavelength used during fitting.

Limit Angles for Fit

Reduce the number of angles used during fitting. You can use comma-separated list
to designate specific angles to include.

Max Acceptable MSE

Select this value to give a warning when fit exceeds this MSE.

Skip Data Points in the Fit

Reduce number of wavelength used during fitting by skipping this number of points.

CompleteEASE Software Manual

Reference - Analysis Tab e 9-317



Max Fit Iterations

Set the maximum number of fit iterations.

Auto Fit Parameter Reset

Will reset all fit parameters to their initial values before fitting new data. This can be
very useful with uniformity maps to avoid the fit parameters getting “lost” and not
able to recover after hitting a single “bad” data point.

Include Derived Parameters

To add a derived parameter to a model, open the Fit Options section and then turn
the “Include Derived Parameters” flag to “ON”. This allows you to add multiple
derived parameters. Figure 9-107 below shows how a derived parameter for
displaying the index of refraction at 632nm would look.

Include Surface Roughness = OFF
Layer # 2 = SI02_JAW Thickness # 2 = BT.04 & (fit)
Layer # 1 = [NTRE_JAW Thickness# 1 = 1000 A
Substrate = SI_JAW
Angle Offset = 0.019 (fit)
@MODEL Options
- FIT Optiens
Perfarm Thickness Pre-Fit = OFF
Use Global Fit = DFF
Fit Weight = fLC.S
Limit ¥l for Fit = OFF
- Include Derived Parameters = ON
Add Derived Parameter
1: Type =n Layer #= 2 Wavelength = 632.0 nm
Low Spec. = 0.000 High Spec. = 0.000

+ OTHER Options

Configure Options

Figure 9-107. Derived Parameters in +FIT Options

Clicking the mouse on the Type parameter allows you to change the derived
parameter calculation. The available types are shown in Figure 9-108. Some of the
types allow the specification of a wavelength and layer number for the parameter.

Choose the derived parameter type:

n a
K
Optical Thickness r
Total Thickness

Total Optical Thickness
Psi

Delta

Depolarization
=p=

=gd=

==

[M4]

k=

Constant
User Equation =
Color Coordinates
Sheet Resistance

| Cancel ‘

Figure 9-108. Derived Parameter Types.
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After fitting data using a model with derived parameters, the fit results section shows
the model fit parameters and the derived parameters. The derived parameters are
shown in gray instead of black.

Fit:

| Generate || Fit || Fit Dyhamic || Reset |

MESE = 1.526

Thickness # 2 = §7.0440.054 A
Angle Offset =-0.019+0.0021

fof SI02_JAW (@ 632.0 nm = 1 462

Figure 9-109. Fit Results window showing the Derived Parameter for index of the SiO2 layer
at 632nm.

User Equation

A new derived parameter type called “User Equation” has been added to
CompleteEASE (new in version 3.38) so simple calculations can be performed after
a fit has finished. If there is an error in the equation then the derived parameter will
not be displayed in the Fit: panel after a fit is completed. This derived parameter has
4 items that can be edited — a name, equation, and low and high specifications.
Figure 9-110 shows how the derived parameter displays in a model.

i commenense ST IR T e
Mezsurement | hst SRl HAaidware | Options Lo uit
Data; Sim Test 1 Model testd

SIpEn | Sava Inf | EatRapgas | Opan | e | Claar
Fit Layer Commancs. Add Delete Grade Save Parameterize =
Gengrde fi ! Risel | Incice SUIYBFE Roughness = DFE
: I ! - Layer#7 = Gz S THickness = 280,00 & [
MSE = 1 TE@ Laycr# 1 = [NTE_J& Interm Thickness = 10004
SI012 Thickness = 250 01+ 055 A Substrate = 5l AWE
Angle Cffset = -0.000£0.0015 Angle Cffset = Q00D (i)
Test Eruahe 264 + MODEL Options
HFT optiens =
+ Perarr Thickness Pre-Fit= 08
Lize Global Fit= OEE
Fit weight = BLCE
Lirnit Wed . for Fit = CFF
- Inclurde Denved Parameters = DN
A iver] Parameter
1 Type = Liger Equation Hame = Test Equation
Equation = "|Si02 Thickneas|+5* Eslit Equation
Low Spec. = 0L.000 High Spec. = 0000 =%
Craph Tvpe T Enen D
Spectroscopic Data (SE) Data Zao
70 100
60 80
S0
60 F
2 40 ®
4 °
30
20 20
10 0
0 300 600 900 1200 1500 1800
nm

Figure 9-110. Display of the Add Derived Parameter within the model.
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To edit the equation press the Edit Equation item. This brings up the Edit Equation
dialog as shown in Figure 9-111. In addition to specifying the equation this dialog
allows the user to enter the number of decimal places that should be displayed.

Edit Equation

B3

Enter an equation:

[[si02 Thickness]+5 |

# of Display Digits: |2

Figure 9-111. Edit Equation Dialog Box

The equation can contain numbers, operators, variables, and parentheses for
grouping. The available operators are: ‘+’ (add), ‘-° (subtract) , “*’ (multiply), ‘/’
(divide), and ‘“** (power). In addition there are a number of constants and functions
that can be used. These are shown below.

Functions
e sin
° Ccos
e fan
e log
e abs
e sqrt
Constants
e PI
o e

Variables in an equation are fit parameter names in enclosing brackets. An example
would be “[SiO2 Thickness]”. Any fit parameter name can be specified as well as
any derived parameter names that appears in the list above the equation.

Color Coordinates

This derived parameter calculates the color coordinates based on the specular
reflectivity of the final model. This was demonstrated by Johs et al. for specular
coatings and rolled metal samples®. An example of color coordinates is shown in
Figure 9-112, where it is listed as both a Derived Parameter in the Model: panel and
the results are shown in the Fit: panel. When “Color Coordinates” are selected as a
derived parameter, you have the additional choices of i) type of color coordinates, as
shown in Figure 9-113, ii) angle of incidence for calculation of reflectivities, iii)
choice of observer angle, as shown in Figure 9-114, and iv) choice of illumination
light, as shown in Figure 9-115.

® B. Johs, H. Arwin, T. Wagner, D. Appel, and D. Peros, “Accuracy of color determination from spectroscopic
ellipsometry measurements”, Thin Solid Films 519 (2011) 2711-2714.
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| Open H Save H Info. H SetRanges | ‘ Open H Save || Clear ‘ Open Snapshot H Save Snapshot

Fit: Binclude Derived Parameters = O el
Add Derived Parameter
‘ Generate ‘| Fit Scan Data || Reset ‘ I Type = Color Coordinates
MSE = 5 840 Color Coordinates = L*a*h* AOI = 45.0 Observer = 10° (1964 lluminant = D65
Thickness # 1 = 0.7940.007 nm L~ Low Spec = 0.00 L~ High Spec = 0.00
L==8838 a*Low Spec = 0.00 a* High Spec = 0.00 |
a*=§.53 b Low Spec = 000 b7 High Spec = 0.00 i
b*=135.94 - OTHER Options
Wyl. Range Expansion Fit Increment (ev) = 0.50
Try Alternate Models
Fit Parameter Uniqueness ~

Figure 9-112. Color Coordinates shown as a Derived Parameter, along with the fit results
using L*a*b* type.

Choose the desired color coordinates:

L*a*b* -

XXZ (Tristimulus)
RGH

Figure 9-113. Choose type of Color Coordinates.

CompleteEASE Input :

Choose the desired observer:
10° {(1964)
2°{1931)

Figure 9-114. Choose type of observer.

Choose the desired illuminant:

Figure 9-115. Choose desired illuminant.
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Sheet Resistance

This derived parameter, shown in Figure 9-116, calculates the sheet resistance of
layers between the starting and ending layer numbers. It sums the resistivities as if
they are parallel resistors, as shown in Figure 9-117. There are “Offset” and
“Multiplicative Corrections” available for matching ellipsometry measured values to
alternative techniques if needed (four point probe for example). The sheet resistance
calculation rules are as follows:

* The calculation assumes all layers in the selected range “touch” the contacts. The
user sets the selected range (start and end layer numbers) appropriately.

» By default all layers have an infinite resistivity.

» GenOsc layers with a Drude (RT) oscillator will use the Resistivity parameter for
the calculation.

» GenOsc layers with a Drude (NMu) oscillator will calculate the resistivity from N
and mu.

» Graded GenOsc layers using the parametric grade type will have the resistivity of
the slices summed up as if they are individual layers.

« EMA layers and graded layers not using the parametric grade type are considered
to have infinite resistivity even if they include a GenOsc layer with a Drude term.

« Intermix and Surface Roughness layers are ignored.

- Include Derived Parameters = ON
Add Derived Parameter
1. Type = BhEladi=EEehlss Name = Sheet Resistance
Start Layer =1 End Layer=1
Offset Correction = 0.000 Multiply Correction = 1.000
Low Spec. = 0.000 High Spec. = 0.000

Figure 9-116. Derived Parameter showing “Sheet Resistance”.

Parallel Resistor Model

Layer 1, t,
Layer 2, t,

Graded TCO film

Layern-1,t_,
Layern,, t,

Film thickness T =t,+ t,+ t;+ ...+ ,+t,

Resistivity Sheet Resistance
(©Q.cm) (€Ysq.)
T
= P
t, = — hob 6 b4, b R ="
n Pr Py Py Py Pn T
_ n P
= L P=1"71 1 1 1 R ==
g - — et — e — T
PPy Py Py Py

*i=1,2, ..n;and T in cm

Figure 9-117. Calculation of sheet resistance from multiple layers in a graded model.
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9.9. +OTHER Options

There are other options available in the Model: panel, including all those shown in
Figure 9-118.

- OTHER Options
Wvl. Range Expansion Fit Increment (eV) = 0.50

Try Alternate Models

Eit P Uni

Fit Parameter Error Estimation
im D

Add Opt. Const. to HTML Report = OFF
# of Processor Cores to use (available:8) =0
Show Color Calculation Dialog = OFF

Configure Options
JTurn Off All Fit Parameters

Figure 9-118. List of all +OTHER Options.

WvIl. Range Expansion Fit

Press this command to execute a Wavelength-Range Expansion Fit. The model will
be fit over the “selected” wavelength range first. Then, the data range is increased
toward shorter and/or longer wavelengths in increments. As each new range of data
is added, the data are fit again. This method works well in combination with the B-
Spline layer and is demonstrated in Example of Section 4.3

Try Alternate Models

The “Try Alternate Models” command automatically fits the data using the ideal
layered optical model, and then with surface roughness and index grading non-
idealities added to the model. The results of the various model fits are summarized
in tabulated and graphical format, and the user can then decide which model is most
appropriate for the sample. Example of report generated by this command is shown
in Figure 9-119.
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Analysis Results

Parameter Ideal _ Grading Roughness & Grading B
MSE 13.237 _ 12.803 2788
Roughness M4 _ AFA 6.65 + 0,428 nim
A 1.449 + 00010 _ 1.449 £ 0.0009 1,450 + 0.0006
B 0.00377 + 0.000093 _ 000362  0.000098 || 0.00358 + 0000068
C -0.00000 = 0.000011 _ 0.00002 = 0.000012 | 0.00002  0.000008
% Inhomogeneity WA _ 0.54 £ 0,130 0.44 % 0.096
Thickness #1 | 1648.36 + 1,842 nm _ 164017 + 1800 mm || 164742+ 1.251 nm ||
n @ 632.8 . 1.458 _ 1.458 1.450
Psi Fit Zoom All
100 ‘
Exp. Data
80 || Ideal 1 | A
. With Roughness
o With Grading
= 60—
(]
2 T /
£ 40
* N\
20 v
VTV \V4 N
0
300 400 500 600 700 800 900
Wavelength —|
1] i Tl ]
| Capy Table to Clighaard || Copy All To HTML Clipboarc. | ‘ Close |

Figure 9-119. Example of the Try Alternate Models report that is generated.

Fit Parameter Unigueness

This command allows user to test the uniqueness of a fit parameter. A single fit
parameter is selected to vary over a range of values. At each value, the fit parameter
is fixed while all other fit parameters are varied to find the best fit (lowest MSE).
The MSE is recorded to visualize the shape of MSE profile versus the varied fit
parameter. An example MSE profile is shown in Figure 9-120.

Parameter Uniqueness Fit
400

300 \

) N

® 200
=

100

0
1000 1200 1400 1600 1800 2000

Thickness # 1

Figure 9-120. MSE profile from Parameter Uniqueness test.
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Fit Parameter Error Estimation

This command tests the current model and data set for both random errors and
systematic errors. When pressed, a dialog box will appear as shown in Figure 9-121.

Fit Parmeter Error Estimatiol

Random Errors (Noise) # of Fits: |30

[] Exp. Error Bars %4: [100.00
[] Bootstrap Method % Replacement: [100.00
[] Parm. Perturbation % Increment: (5.0000

Systematic Errors

nieREE A

Angle Offset Degrees: |0.020000
[w] Wavelength Shift nm:|0.10000
[v] Psi Offset Degrees: |0.020000
Delta Offset Degrees: |0.050000
[] Transmission Offset %4 [1.0000
Substrate ‘o’ dn: (0.0010000
Substrate K dk: (0.0010000

Fit Errors Magnitude (+) Fit Errors Magnitude (-)

now Previous Results | [] Add Fits to Fit Log

| Ok H Cancel ‘

Figure 9-121. Fit Parameter Error Estimation dialog box.

Random Errors (Noise)

The “true” fit parameter precision can be experimentally determined by calculating
the standard deviation of the fit parameters obtained by multiple measurements on
the same sample. However, multiple sample measurements can be very time
consuming and impractical; it is desirable to estimate the parameter precision based
on a single measurement. The Random Errors (Noise) section will test the current
data set and model in three possible ways, as described below, to estimate the fit
parameter precision. An example of these tests is shown in Figure 9-122 for
measurement of a native oxide on silicon’. The test compares random error
estimations for various selections of angles of incidence. The Actual Standard
Deviations are calculated by measuring the same sample 50 times and checking the
statistics of the thickness “precision”. The Fit Stats are the 90% confidence error-
bars that are calculated after fitting a single data set. The Error Bars MC and
Bootstrap MC stand for the “Experimental Error Bars” and “Bootstrap” Monte-Carlo
simulations, as described in the next sections. For this sample, these estimates all
have similar magnitude, lending credibility to the value in estimating model
precision based on a single measurement.

" B. Johs, J.N. Hilfiker, and C.M. Herzinger, “Precision and Accuracy of SE Model Fit Parameters™, poster at ICSE-V,
Albany, NY, (2010).
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Native Thick Standard Deviation, Fixed Index

0.05

m AllAngles

0.045

| 45° Only
0.04

E55°Only

0.035 1 ®65°Only

E75°Only

0.03 -

0.025 7

0.02

0.015 1

0.01 1

Standard Deviation in Angstroms

0.005 7

0

Actual Std. Dev. Fit Stats Error Bars MC Bootstrap MC

Figure 9-122. Random Error tests for a native oxide on silicon, comparing results for all
angles of incidence with results from various single-angle measurements.

Expermental Error Bars

The experimental data are fit multiple times, but are manipulated before each fit such
that individual data from each wavelength are modified randomly based on their
measured error bars. The percentage listed here is associated with the amount the
experimental data are adjusted based on a percentage of the individual error bars.

Bootstrap Method

The Bootstrap method®? also fits the experimental data multiple times to check for
“precision”. The sub-set of data points used by each trial-fit are selected at random
from the total population of experimental data points. As the name suggests, each
time an individual data point is selected, it is replaced back into the general
population of experimental data points. This means that, during any single trial-fit,
the trial-sample can contain one, two, or more copies of any given data point — or no
copies at all, if it is never selected. The user determines the size of the trial-sample
relative to the total available data points by entering a Refill%.

Parameter Perturbation

The experimental data are fit multiple times. However, before each trial-fit, the fit
parameters in the model are perturbed by a percentage of their current value to check
if the fit is robust enough to return to the same solution.

Systematic Errors

Random errors (precision) do not consider the effects of systematic errors on the
model fit results. In many cases, the systematic errors can be more significant.
Thus, CompleteEASE allows the accuracy to be estimated in the presence of
different possible systematic errors. These errors may include measurement errors;
such as angle offset, wavelength shift, or data offsets; or they may include modeling
errors such as substrate optical constant inaccuracies. A new method is also
proposed that adds the fit “errors” to the data to estimate the inaccuracy of the
modeling.

8 R. Rosa, “The inverse problem of ellipsometry: a bootstrap approach,” Inverse Problems 4 (1988) 887.
9 “Bootstrapping (statistics)”. (2008, July 23). In Wikipedia, The Free Encyclopedia. Retrieved 13:46, August 21, 2008,
from http://en.wikipedia.org/w/index.php?title=Bootstrapping_(statistics)&oldid=227408982
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The Systematic errors are either added to the experimental data sets (constant offsets
in the ellipsometric data, and fit error magnitudes) or to the optical model (angle
offset, wavelength shift, and offsets in substrate optical constants). The changes in
the fit parameters in the presence of the assumed systematic errors are reported.

Angle Offset

Fit results are compared with and without an angle offset.

Wavelength Shift

Fit results are compared with and without a wavelength shift.

Psi Offset

Fit results from the standard data set are compared to a data set that is manipulated
by applying a constant offset to the Psi values.

Delta Offset

Fit results from the standard data set are compared to a data set that is manipulated
by applying a constant offset to the Delta values.

Transmission Offset

Fit results from the standard data set are compared to a data set that is manipulated
by applying a constant offset to the Transmission Intensity values.

Substrate ‘n’

Standard fit is compared to a fit where the model substrate index is manipulated by
applying offset.

Substrate ‘k’

Standard fit is compared to a fit where the model substrate extinction coefficient is
manipulated by applying offset.

Fit Errors Magnitude (+/-)

After a fit, there will be differences between the Experimental Data curves and the
Model-Generated Curves. These can be viewed as a “Difference Graph”. These
represent systematic errors of an unknown kind (and combination) where the data are
not perfectly matched by the model. Without knowing the type of systematic errors
that produced these differences, CompleteEASE tries to estimate the effect of this
error on the fit parameter accuracy by adding or subtracting the same “magnitude” of
error at every wavelength to the existing data set and refitting the manipulated data.

For example, Figure 9-123 graphs the difference between Experimental Data and the
Model-Generated curves for a thin organic film over a thick oxide coated silicon
wafer. The Fit Error Magnitude takes the absolute value of this curve and then adds
or subtracts this from the existing Experimental Data set (giving the +/- curves), as
shown in Figure 9-124.

This test was applied to the P3HT film, which is anisotropic and absorbing in the
visible spectral region. This makes it difficult to gain sensitivity to the extraordinary
direction, which is out-of-plane (normal to sample surface). This is seen in the
results of Figure 9-125 for the ordinary direction and Figure 9-126 for the
extraordinary direction.
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Fit Error Example (P3HT on 500nm SiO2/Si)

0.02

0.015

0.01

A N
WA

A
VWA

0.005

=
/—/

|
V1|
V

Figure 9-123. Difference Graph between Experimental Data and the Model Generated
Curves for a P3HT film on SiO2-Si substrate.

-0.005

Difference: Exp Dataand Model

-0.01

-0.015

300 400 500 600 700 800 900

Fit Error Magnitudes for Systematic Error Calculation
0.02
===Fit Error Magnitude (+)
0.015
===Fit Error Magnitude (-)
0.01
0.005 -
()
o
2
£ 0
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©
=
-0.005
-0.01
-0.015
-0.02
300 400 500 600 700 800 900
Wavelengthin nanometers

Figure 9-124. Fit Error Magnitudes (+/-) calculated from the Difference Graph.
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P3HT on 500nm SiO,/Si (ordinary optical constants)

—el_o, Initial Fit

5 - = el_o, FitErrors Mag. (+)
~==el_o,FitErrors Mag. (-)
/\/\ ——— e2_o0, Initial Fit
4 = = e2_o, FitErrors Mag. (+) L2

-== e2_o, FitErrors Mag. (-)

€;

1.5

NN 1
I,

0 T T T T T 0
0 200 400 600 800 1000 1200 1400 1600 1800

€
w

Wavelength in nanometers

Figure 9-125. Optical constants for the P3HT layer ordinary direction (in-sample-plane) with
Fit Error Magnitudes show the accuracy of the ordinary direction to be very good.

P3HT on 500nm SiO,/Si (extraordinary optical constants)
3.5 0.7
3 0.6
2.5 0.5
2 0.4
- ~N
W W
15 ——el_e, Initial Fit 03
- = el_e, Fit Errors Mag. (+)
~==el_e, Fit Errors Mag. (-)
1 ——e2_e, Initial Fit 0.2
— — e2_e, Fit Errors Mag. (+)
05 ~== e2_e, Fit Errors Mag. (-) 0.1
0 T T T T T T 0
0 200 400 600 800 1000 1200 1400 1600 1800
Wavelength in nanometers

Figure 9-126. Optical constants and Fit Error Magnitudes for the extraordinary direction
(out-of-plane, normal to surface) of the P3HT film show less sensitivity to the values in this
direction.
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Simulate Data

This option is used to simulate data based on the existing model. When the
command is pressed, you will see the simulation settings as listed in Figure 9-127.

Note: To simulate transmission results, the Backside Correction needs to be turned
to On and “transmission SE Data” also turned On.

Simulation Settings
VWavelength Range (nm): [250.0 |- [too00 by 5o |
Angle Range (degrees): [45.0 |- [r5.0 | by [10.0 |

Moise for Simulation (%) (100.0

[ Perform Sensitivity Calculation

| [6]28 H Cancel ‘

Figure 9-127. Simulation Settings.

Add Opt. Const. to Report

Choose this option to automatically add optical constants graphs to the report.

# of Processor Cores to Use

CompleteEASE can increase calculation speed by using multiple processor cores.
By default, when set to “0” all core will be used.

Show Color Calculation Dialog

Press this button to show a dialog box representing the color coordinates of the
current model, as shown in Figure 9-128.

Color Calculatiol

Color Coordinates: |L*a*b* ‘v|

L*=56.20,a*=1.79, b*=-12.92

AOQL |0 Observer: |10° (1964) lluminant: =

Figure 9-128. Color Calculation dialog box shows the color coordinates and estimated
graphical “color” based on current model, specified Angle of Incidence (AOI), observer angle
and illuminant light.
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Configure Options

Choose this command to show “hidden” features in the +MODEL Options, +FIT
Options, and +OTHER Options sections of the model. The choices are shown in

Figure 9-129.

Show Model Options
Available Options

Description

B

Model Options
Wavelength Shift
Ambient = 1
Return Path Ellipsometer
Delta Offsets
Azimuthal Rotations
Multi Sample Analysis
Adv. Bandwidth Options
Parameter Coupling
Use Previous Results
Scattering Factor
Patterning
Multi-Model Patterning

Fit Options

Include Depolarization Data

Transmission Data Weighting
Use GenE/MM Data

Mare Fit Options

Other Options

Simulate Data

# of Cares

Color Calculation

Include Reflection Intensity Data

[»

4]

Include All | | Clear Al

Allows fitting for a wavelengh shiftin the ellipsometer.

Figure 9-129. Configure which “hidden” options to show within the Model.
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10. Gen-0Osc Functions

This chapter describes the various oscillator functions available within the Gen-Osc

layer. Figure 10-1 shows the Gen-Osc dialog box. The “type” of oscillator can be

seletected from a dialog box, as shown to the right.

e Layar 2 R e e e e B
Reference Material OC MiewFt Type Wl Linits Fi
ipar Material Fils INEk LR nm il L
Lo WimwiFiE (Al -] | | EaY
Layer Paramelers
Sen-0sc - GEMNOSE
Lrid Daciistor  Fast Gaussan Cale = 0K
Einf =1.000
U Fale Amp. = 2203000 [At) UV Pole En. = 3,800 [t
IR Pole &mp. = 0 0000
Fit All Clear All Add Rinp. Add Br. Add En.
[ Tvre = Lomeng Ampi = 14000000 Er1 = 02420 En = 3658
Graph
12 18
- /\ = 12
] e ! ] =
3 — e g o ool sEASE 15
o . T 1| B e ] € L Chagse the cecilako troe
3 X 3
% ; : 9
1.0 20 30 40 5.0
evf
[mita e Exganua0 Ass =
e QF Cancel
Clzn

Figure 10-1. Left: Gen-Osc layer dialog box. Right: oscillator type input dialog box.

10.1. Real-Part (el)

There are four parameters at the top of the Gen-Osc Layer Parameters: panel that
are used to describe the real-part of the dielectric function. These include the Einf,
UV Pole Amplitude, UV Pole Energy, and IR Pole Amplitude.

Einf

Einf, or “¢,.”, is a purely real constant added to €1. &, is often referred to in the
scientific literature. “Einf = " is located at the top of the Layer Parameters: panel.

Pole

Poles are equivalent to Lorentz oscillators with zero-broadening. Their position
should remain outside the “fit” spectral range. As such, they only affect the real part

10-332 e Gen-Osc Functions

CompleteEASE Software Manual



of the dielectric function (¢1). They can describe dispersion created by absorptions
that occur outside the measured spectral range. They are defined in the equation:

n = oscillator #
Amp,
Cpoley, = =2 2 . .
En,”-E Fit Parameters (units):
En, (eV) & Amp, (eV?)

UV Pole & IR Pole Amplitude

The UV Pole (Fit parameters Amp. and En) and IR Pole (Fit Parameter Amp) are
located immediately below “Einf =" in the Layer Parameters panel. They also use
the Pole equation. For the IR Pole, En =0 eV always.

10.2. Lorentz

This is a version of the classic Lorentz oscillator model, described as:
n = oscillator #
_ Amp,Br,En,
Coene = B2 _E2 1 EBr Fit Parameters (units):
" ; Enn(eV) & Br, (V)
Amp, (no units)

In this style of the Lorentz oscillator, Ampn approximately equals €2 at its peak
value, and Br is approximately the full width at half-maximum (FWHM).

10.3. Lorentz

Im(Amp)

Adding an imaginary amplitude term to the Lorentz function allows &2 to be
asymmetric around the center energy, En. Note however, that €2 will become
negative when the imaginary term iAmp is greater than zero. This means that
another oscillator must be added to force €2 > 0 so that the total gen-osc function is
Kramers-Kronig consistent.
n = oscillator #
. _ (Amp, +i(iAmp,))Br,En, _ _
Lorentz_iAmp — Enn2 —E?—i-EBr, Fit Parameters (units):
En,(eV) & Br, (eV)
Amp, & iAmp, (no units)

Ampn approximately equals the €2 at its peak value, and Br is approximately the full
width at half-maximum (FWHM).

10.4. Harmonic

The Harmonic oscillator function is similar to that derived from perturbation theory
in qguantum mechanical treatments of single-electron transitions, and is typically
written in the literature as a two-term sum®®. The equation is:

19 For example, see S. Adachi, Optical properties of crystalline and amporphous semiconductors: materials and
fundamental principles,” (Kluwer Achademic Publishers, Norwell, MA, USA, 1999), p. 64.
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n = oscillator #

_ Amp,Br, 1 1 . .
Erarmonic = Br. B, Fit Parameters (units):
En, —E-i=% En+E-i— Eny(eV) & Br, (eV)

Amp,, (no units)

Ampn approximately equals ¢, at its peak value, and Br is approximately the full
width at half-maximum (FWHM). When the broadening becomes much less than
the center energy (Brn << En), the Harmonic oscillator is equivalent to the Lorentz
function above.

10.5. Harmonic Im(Amp)

Adding an imaginary amplitude term to the Harmonic function above allows ¢, to be
asymmetric around the center energy En. Note however, that €, becomes negative
when the imaginary term iAmp is greater than zero. This means that another
oscillator must be added to force €2 > 0 so that the total gen-osc function is Kramers-
Kronig consistent.

gHarmonic_iAmp = n= OSCI“atOI’ #
[Amp, +i(iAmp, )JBr, 1 . 1 Fit Parameters (units):
2 En ~E—i2f En 4E-ilh Eny(eV) &Br, (eV)
2 2 Amp, & iAmp, (no units)

Ampn is approximately equals the €2 (Im{c}) peak value, and Br is approximately
the full width at half-maximum (FWHM).

10.6. Gaussian

This Oscillator type produces a Gaussian line shape in €2 with a Kramers-Kronig
consistent line shape for €1.

{F(E—Enn]+r[E+EnnH . n = oscillator #
n O-H
Ecaussan = AMP, 2 2
. E -En, E+En,
"[em{_[ -, j }em{_( o, J D Fit parameters (units):
Br Enn(eV) & Br,(eV)
=3 |nn(2) Amp,(no units)

where Amp is the amplitude, En is the center energy, and Br is the broadening. The
function I" is a convergence series that produces a Kramers-Kronig consistent line
shape for ¢, (see footnotes ** *2 for details).

Amp, equals ¢, at its peak value (~En,). By defining o, = Br,/2,/In(2) » B
approximately equals the full width at half maximum value (FWHM).

10.7. Drude(RT) & Drude(NMu)

The classic Drude model describes free carrier effects on the dielectric response. Its
form is equivalent to a Lorentz oscillator with center energy equal to zero. There are

! See section 3 of D. De Sousa Meneses, M. Malki, & P. Echegut, J. Non-Cryst. Solids 351 no.2 (2006) 769-776.
12 K -E. Peiponen and E. M. Vartiainen, Phys. Rev. B 44 (15) (1991) 8301-8303.
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two versions of the Drude oscillator in the gen-osc layer: Drude(RT) and
Drude(NMu).

Drude (RT) is described by the following equation™, and has resistivity, o, and
mean scattering time, z, as fit parameters.

-n’ n = oscillator #
£ E)= -
Drude(RT)( ) gopn z, - Ez + |hE
Fit parameters (units):
where m'm, 1 resistiv'ity = p(£2cm)
T Ng’c  quN Scat. Time = z (femto-sec)

The physical constants are 7 ({Plank’s constant}/x), &, (the vacuum dielectric
constant), m, (the electron rest mass), and q (the electron charge).

The fit parameters for Drude(NMu) are N (the carrier concentration in cm?), u
(“mu”) (the carrier mobility in cm®V*s™) and m" (mstar, the carrier effective mass).
Note that mu and mstar are completely correlated, so the user will have to choose
which one to fit, and fix the other one.

n = oscillator #
B —h*q*N,mu,
&,(mu,mstar,m,E? +iq7E )

Eoruaxar (E) Fit parameters (units):
N (cm™), mu (cm?V's™)

mstar (no units)

10.8. Tauc-Lorentz & Cody-Lorentz

The Tauc-Lorentz (Jellison and Modine'*) and Cody-Lorentz (Ferlauto, et al*®)
dispersion functions both model the main absorption of amorphous materials using a
broad Lorentzian line shape with zero absorption below a defined bandgap energy.
The primary difference between the two functions is how they model absorption at
energies slightly larger than the gap energy. In this region the Tauc-Lorentz model
follows the Tauc law formula while the Cody-Lorentz follows the Cody formula:

Tauc Absorption Formula: &(E) a [(E — Eg)¥/E?]
Cody Absorption Formula: &(E) o (E — Eg)?

The Cody-Lorentz oscillator also includes an Urbach absorption term to model
absorption at energies below Eg.

Tauc-Lorentz

The equation for the Tauc-Lorentz oscillator function is given below. The bandgap
energies of any Tauc-Lorentz oscillator can be tied to Eg of the first Tauc-Lorentz in
the gen-osc layer by selecting Common Eg = ON.

B3 T.E. Tiwald, D.W. Thompson, J.A. Woollam, W. Paulson, R. Hance, Thin Solid Films 313-314 661 (1998).

“GE. Jellison, Jr. and F.A. Modine, ‘“Parameterization of the optical functions of amorphous materials in the interband
region,” Appl. Phys. Lett. 69, 371 (1996), Erratum, Appl. Phys. Lett. 69, 2137 (1996).

15 A.S. Ferlauto, G.M Ferreira, J.M. Pearce, C.R. Wronski, R.W. Collins, Xunming Deng, and Gautam Ganguly,
“Analytical model for the optical functions of amorphous semiconductors from the near-infrared to ultraviolet:
Applications in thin film photovoltaics,” J. Appl. Phys. 92, 2424 (2002).
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& (E)=¢, +is,, where

, n = oscillator #
Amp,Eo,Br,(E-Eg,) 1

£, = = E>Eg,
(E2 —Eonz)Z +Br,E* E Fit parameters (units):
£,=0 E<Eg, Ampn (eV),
Eon (eV),
Brn (eV)
< P J' é:gnz df [a], [b] Egn (eV)

(@l CompleteEASE uses the complete analytical solution to the Kramers-Kronig integral as
presented in Jellison & ModineEmr! Beokmark not defined. (agnacia|ly see the Erratum).

™ In order to maintain &, >0, WVASE® internally constrains Eg, and C such that Eg, < EO,
and C < 2Eo,. However these values are not limited externally — i.e., the user can enter

any value. Thus, a range of external Eg, and C values will produce the same dielectric
function.

Cody-Lorentz

The Cody-Lorentz oscillator is similar to the Tauc-Lorentz in that it defines a
bandgap energy Eg, and a Lorentzian absorption peak (parameters Amp, Eo, and Br).
However, for the Cody-Lorentz ¢,(E) o (E — Eg)? in the region just above Eg. The
Cody-Lorentz also defines two transition energies: Ep and Et. Ep is where
absorption transistions from Lorentzian to Cody behavior, and Et is where the
absorption transitions from Cody to Urbach behavior.

| =¢&, +ig,,» Where

‘E‘n
) n = oscillator #
Eexp( ] 0<E<(E, +E,)
gz(E): (E Eq : .
AE,I,E Fit parameters:
G = ; E E n Eln
EL (E Egn)2+E ? [( E2) +T, EZJ > Bt ) Ampn (eV)
Brn (eV)
E1 = (Egn + Etn )G(Egn + Em)L(Egn + Em) Egz ngg
G(E)=near-bandgap function L(E)=Lorentz oscillator function Epn (eV)
Etn (eV)
&, (& Eun (eV)
I EZ

(This is an integral in two parts”)

“ The Kramers-Kronig integral form is presented here for the sake of brevity. In CompleteEASE (as in
Ferlauto?), this Kramers-Kronig integration is solved analytically.
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Cody-Lorentz (Amp=5, En=4, Br=2, Eg=2, Ep=1, Et=0.1, Eu=0.5)

25
Eo
2.0 :
o Eg+Et —>
] S
o e T s e
L
1.0 Eg
0.5 i4— Ep —P
0.0l P : :
1.0 2.0 3.0 40 50

eV

Figure 10-2. Parameter definitions for the Cody-Lorentz oscillator in Gen-Osc.

In the equation, G(E) defines the Cody absorption behavior, while L(E) is a Lorentz
oscillator. Eg + Ep, is the energy where the function transitions from a Cody
absorption [£(E) o (E — Eg)?] to a Lorentzian absorption. Note that G(E) — (E —
Eg)%Ep? when E — Eg*, and G(E) — 1 when E >> Ep.

(Eg + Et) marks transition between Urbach absorption and Cody absorption. It is
important to note that there are differences between the Ferlauto et al15 and
CompletEASE definitions. Ferlauto et al defines Et as an absolute energy, while
CompleteEASE defines it as a difference:

Et Ferlauto — Eg CompleteEASE + EtCompIeteEASE

The Urbach absorption is fully Kramer-Kronig consistent; that is, the exponential
Urbach absorption in &(E) has a Kramers-Kronig transformed counterpart in &;(E)
function. The internal parameter E; guarantees that the &, function transitions
smoothly at the (Eg + Et) transition point. Eu defines the exponential rate;
specifically (Eg + Et) is the energy at which the Urbach absorption equals e™ of its
maximum value. The ratio E;/E guarantees that the Urbach exponential function
exactly matches G(E)L(E) at (Eg + Et).

10.9. Tanguy

Tanguy™®'” developed this expression as an analytical expression of Wannier
excitons, including bound and unbound states. The function makes no distinction
between bound and unbound states. As shown below, the function depends on five
parameters: amplitude Amp,, fundamental bound state energy Eg, , unscreened
binding energy Ry, broadening Br,, and Ing, (= In(g)). The parameter g is a

16 Christian Tanguy, “Optical Dispersion of Wannier Excitons,” Phys. Rev. Lett. 75, 4090 (1995).
Errata, Phys. Rev. Lett. 76, 716 (1996).

' Christian Tanguy, “Analytical expression of the complex dielectric function for the Hulthén potential,” Phys. Rev. B.
60, 10660 (1999).
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screening factor that can vary between 0 to . g — o is an unscreened Coulomb
potential, and g — 0 is total screening.

Amp, R, (~ . _ i -
ETanguy_n = (E-l—lB\{'; {g (g(E + IBrn ))+ g(é(_ E- IBr.n ))_ 29(5(0))} n= OSCI”atOr #
) Fit parametezrs (units):
()r——-r—— Ampn (eV?),
Eg';fz . Egéfz . e;lg" Egn (EV),
o Brn (eV),
e)=-2 |- -2 RN (eV)
)¢ Ingn = In(g,)
y/(z):M (digamma function) (dimensionless)

dz

10.10. Psemi-M0O & Psemi-Tri

The Psemi-MO and Psemi-Tri functions are a subset of the more general Herzinger-
Johs Parameterized Semiconductor Oscillator function originally introduced in the
WVASE32® psemi.mat layer'®. The Psemi oscillator combines a highly flexible
functional shape with Kramers-Kronig consistent properties.

The ¢, part of the Psemi function consists of four polynomials splines connected end-
to-end. Each spline connects smoothly with the adjacent spline, forming a single,
continuous function, as shown in

n = oscillator #

Psemi-Tn
12 i .
e A Fit parameters (_unlts):
B Rl Conrl Ampn (o units),
8 | Brn (eV),
2B AL=0.6 = = — it 1 Ecn (eV),
AL=05= = = e - -~ AR=05 WLn (eV)
4 ' [ ' WRn (eV)
i — e AR=02 ALn (no units)
§ ARN (no units)

Left End Point Right End Point
Ec-WL Ec + WR

e2

Figure 10-3. Two views of Psemi-Tri oscillator. Top: £2 showing the Amp, Ec, endpoints
and control-points. Bottom: Psemi-Tri for 3 different Br values.

'8 The psemi.mat layer is described in detail in the WVASE32® software manual.
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and Figure 10-4. The function’s shape is controlled by adjusting the center point,
Ec, the end points WL and WR, and the mid-width control points, AL and AR. Thus
the overall shape is controlled by the mid-points and location of the endpoints with
respect to Ec.

The function is forced to equal zero near the endpoints, and a gaussian broadening

parameter Br, rounds of the endpoints and peak (

e2

Psemi-Tri

Left Control A= Amp

Point AL

Right Control
Point AR

AL=0.6= = —

AL=0.5— = — & "~ ——— AR=05

-l — AR=0.2

V\ Ec /V
Left End Point Right End Point
Ec-WL Ec + WR

n = oscillator #

Fit parameters (units):
Ampn (no units),
Brn (eV),

Ecn (eV),
WLn (eV)
WRn (eV)
ALn (no units)
ARnN (no units)

Figure 10-3. Two views of Psemi-Tri oscillator. Top: &2 showing the Amp, Ec, endpoints
and control-points. Bottom: Psemi-Tri for 3 different Br values.

and Figure 10-4). The flexibility of these functions can be seen in the figure, as
combinations of left and right control point amplitudes can produce a wide variety of
asymmietrical €, absorptions.
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The Psemi-Tri oscillator shown in n = oscillator #

Psemi-Tn
12
L Fit parameters (units):
I R ™ 7] i conro Ampn (no units),
” | Brn (eV),
o sl AL=06- L - | Ecn (eV),
AL=05— = — 4 - — = AR=05 WLn (eV)
“ ' B ' WRn (eV)
i — e AR=02 ALn (no units)
" ARnN (no units)

Left End Point Right End Point
Ec-WL Ec + WR

82

Figure 10-3. Two views of Psemi-Tri oscillator. Top: &2 showing the Amp, Ec, endpoints
and control-points. Bottom: Psemi-Tri for 3 different Br values.

is a general-use Psemi function. The fit parameters are: Amp, Ec, A, B, WL, WR, AL,

and AR.
n = oscillator #
Psemi-Tri
12 . .
. Fit parameters (units):
10 Left Control mp ; -
Point AL Right Control Ampn (no units),
8 - Brn (eV),
o sl AL=06- L — - | Ecn (eV),
AL=05— - — & - —— AR=05 WLn (eV)
: ' e ' WRn (eV)
5 — —=— AR=0.2 ALn (no units)
ARnN (no units)
4] Py
\ Ec 77
Left End Point Right End Point
Ec-WL Ec+WR

el

A

Figure 10-3. Two views of Psemi-Tri oscillator. Top: &2 showing the Amp, Ec, endpoints
and control-points. Bottom: Psemi-Tri for 3 different Br values.
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The Psemi-MO oscillator models the shape of an My critical point seen in direct gap
semiconductors such as GaAs and InP, in the bandgap energy region. Variable fit
parameters are: Amp,, Br,, Eo,, WR,, PR,,, AR, and O2R,. Figure 10-4 shows the
effects on the &, line-shape for three different combinations of AR and PR values.

:4 WR >:

12 ] 1

- |

10 Amp=10 1/ : 1

Br=005ev 1| l

gl O2R=0 /AN ® = === AR=08 = —:

..-\..‘. “ I Ty | I

¥ 6 \ |

% I —=. AR=05 .

4 N r S | I

= 'EIY'*TJ' - == 2 AR=03 -:

2 e — N

! Ty |

0 [ BN
]

| ¢— PrR=05 —]

l—— PR=06 —I

Figure 10-4. &, plot showing the effects on the line-shape of the Psemi-MO oscillator for
different AR and PR values.

10.11. CPPB (Critical Point Parabolic Band)

The CPPB (Critical Point Parabolic Band oscillator) was developed by Aspnes® to
model the shape of the dielectric functions at semiconductor critical points (CP’s).
The shape of each CPPB oscillator depends on five parameters: the amplitude Amp,,
phase projection factor Phase,, threshold energy En,, broadening parameter Br,, and
exponent Mu,. Mu,can have any one of three values:

M =+ for 1-D CP’s,
=07 (becomes In(2Ey, — 2E —i7)) for 2-D CP’s, and
Hn = -Y2 for 3-D CP’s.

n = oscillator #

Mu,
£, cpps = AMp, giPhase (B'}J ,Mu, = £1/2 Fit parameters:
- " 2En, —2E —iBr, Ampn (no units),
Brn (eV)
) Enn (eV),
&, cpps = AMp, ™% In(2En, —2E —iBr,), Mu,=0 Phase(no units)
B Mun = (£ 0.5 or 0)
(no units)

9 D. E. Aspnes, “Modulation Spectroscopy/Electric Field Effects on the Dielectric Function of Semiconductors,” from
Handbook on Semiconductors, Vol. 2, edited by M. Balkanski (North Holland, 1980), pp. 125 — 127.
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10.12. Custom

The Custom oscillator provides allows the user to define a layer’s complex dielectric
or refractive index function.

Edit Equation dialog box

Selecting Edit Equation (located under Type = Custom in the oscillator list) opens
the Edit Equation dialog box. The box is shown in Figure 10-5. The user will need
to select the following:

e Optical Constant type: el &e2orn &Kk.
e Wavelength [wvl] in: A, nm, um, eV, or 1/cm.

The user then types the Real and Imaginary parts of the desired function into the
appropriate boxes.

As an example we will recreate the Lorentz style “.1” oscillator from the
WVASE32® genosc layer,

Amp - Eo
Elor_style_1 = m
Amp - Eo j.__Amp-Eo-E-Br
- +1- 2
(Eo*-E?f +E*.Br? (B0’ -E*f +E?-Br’

In this version of the Lorentz oscillator, Amp is approximately proportional to the
area under the &, curve. That is, when Eo >> Br,

©

Amp = %I(8L0r751y|61)jE

0

Figure 10-5 shows the Re{e} and Im{e} parts for & o syie 1 entered into the Custom
Oscillator Edit equation dialog box.

[

Optical Constants in : wWavelength (] in

[AmpTTEO ([ED]*2 - [wad]*2) 7 [ ([EO]2-[us 2102 + (w2 Br]
2]

Edit Equation

Bl:

AmplEal*fued] "B § { ([E0]*2-[anel] 2302 + [nndl]*2F[Br]"2 )
e

IJze [wnd] for wavelenath

Operatar List | ok || Cancel ‘

e ,,,————_—_—__———————————————————————————————————¥==
Figure 10-5. Custom Oscillator Edit Equation dialog box for & qr yype1 €quation.
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Operator List

A number of built-in operators and functions are available for use in the Custom
Oscillator equation. They are listed in Table 1-2.

Table 10-1. List of built-in operators and functions available in the Custom Oscillator.

OPERATOR/FUNCTION

NAME DESCRIPTION

+ Addition

- Subtraction

* Multiplication

/ Division

A Power
sgrt(arg) Square root(argument)
exp(arg) Exponent(argument)
sin(arg) Sine function(argument)
cos(arg) Cosine function(argument)
tan(arg) Tangent function(argument)

In(arg) Natural logorithm(argument)

log(arg) Base 10 logorithm(argument)
real(arg) Real part(argument)
imag(arg) Imaginary part(argument)

Argument can be any hardware parameter
parm(arg) that is recorded during measurement. Two
examples: parm(Temperature), parm(AlignX)

isPositive(test_val,eq_pos,eq_neg) isPositive(test_val,eq_positive,eq_negative)
Pl 7 (upper case “PI” required)
e Natural number (lower case “e” required)

Plank’s constant 6.626069E-34
Joules-sec (lower case “h” required)

5 = h/2 7 reduced Plank’s constant.
hbar 1.0545717E-34 Joules-sec
(lower case “hbar” required)
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The next example is a modification of the Lorentz oscillator used in the previous
example (see Figure 10-5). For this equation, the Amp parameter is replaced with
(2-Area/z). Now Area ~ area(e,) when Eo >> Br.

Figure 10-6 shows the Re{e} and Im{e} parts in the Edit Equation dialog box. Note
that the “PI” function is used in the equations.

Edit Equation [

Qptical Constants in ‘Wavelength [wwl] in

2l Area)PIFTEC][EQ2 - [unl]2) £ | ([EQ]"2-[unl]*2)"2 + [wrv]]"
el [27[Br1*2 )

T*[ArealiPIFE o] [ *[BH] 1 (0] 2-[wwl]*23°2 + [wl]*27[B1"2 )
gl

Use [ww] for wavelength
Operatar List

Figure 10-6. Custom Oscillator Edit Equation dialog box for & or area €quation. Note the use
of the “PI” function.

Edit Marker Parameters

Selecting Edit Marker Parameters (located under Type = Custom in the oscillator
list) opens the Edit Marker Parameters dialog box (Figure 10-7). For each custom
oscillator function, the user can select three markers to represent user-defined
variables.

B

Edit Marker Parameters

wariables for Osc. Marker

Armplitude: |Areat Broadening: =
Center Energy: :

Figure 10-7. Custom Oscillator Edit Marker Parameters dialog box for &o; area €quation.

Once selected, the user-defined variables can be varied by simply dragging the
marker boxes around the Graph (Figure 10-8) using a mouse.

Amplitude/Center Energy

marker
Graph
25
»
20 ad ’
Broadening iy Broadening
Bf——— marker \ R l marker = ———
@ | \
10 L, Eam— e
5
1] I eSO AR T oy th e
10 20 30 |=28063, 72238100 50

Aub fsis || Evparnded avis

Center Energy
marker

Figure 10-8. Graph panel with Markers identified.
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11.

Reference - In situ Tab

The In situ tab is used for real-time dynamic ellipsometry measurements where the
sample properties might change with time. It provides a number of useful options
for real-time dynamic data acquisition and display.

11.1. Displaying the In situ tab (if not visible)

The In situ tab should be visible among the other tabs. If it is not visible, follow this
procedure:

a. Select the Options>‘Edit Configuration’ button (Figure 11-1 Left). The
CompleteEASE Configuration dialog box will open (Figure 11-1 Right).

b. Select General>‘Always Show In situ Tab = true’ option (Figure 11-1 Right).

C. Select ‘Yes’ when the program asks, “Do you want to apply the changes?”

\

7 ComplsaERSE .

N\

Measurement

Miscellaneous

Heastn B

Hardware

In sty &natyzis
3 Cordiguration Confrols
2 [k on

o [Eue

Manage e

Abauit C

CompleteEASE Configuration ~ *

)

Configuration Parms

Edit. Always Show In situ Tal

Lo

al
User Login Made = Lagin Net Reguired
Atways Add GE Folders = True
Users Hare Own Falders List = False
Atways Show In situ Tab =
& Mermory Managsrnent

Parameter ON « —
eter

Description
inen this option is checked the insitu tab

ill ahways be displayed. When this item is
true inot checked the insitu tab will only be
s

‘ [ Show Advanced Gonfig. Optians: ‘

Figure 11-1. Left: Options tab with ‘Edit Configuration’ button indicated. Right:
CompleteEASE™ Configuration window with ‘Always Show In situ Tab = true’ option

selected.

NOTE: To display the In situ tab during a single session of CompleteEASE, press
CTRL-ALT-I.
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11.2.

In situ Tab features

The CompleteEASE™ In situ tab is shown in figure Figure 11-2. This tab consists
of a Status window, Data Acquisition & Alignment section, the Models panel, the
View panel and Graph.

£ CompleteERSE
weaswrement [GEGEN Anatyss | Hanware | Cpens

\waing fa Acguee Data Models

o Model Balected

Figure 11-2. Left: The CompleteEASE™ In situ tab. Right: Data Acquisition & Alignment
section prior to start of data acquisition.

Status window

The Status window (upper left corner of Figure 11-2) provides information about the
current status of the ellipsometer, such as “Initializing Hardware”, “Waiting to
Acquire Data” etc.

Data Acquisition & Alignment Section

This section is shown in Figure 11-3, immediately below Status window. The user
can start, stop, pause and trigger data acquisition, perform a hardware alignment and
System Check, and display the raw signal from the spectrometer. The user can also
choose the Fast Acquisition Mode.

&7 CompleteEASE
(Measurement | Insitu | Analysis | Haroware | Options |

Waiting to Acquire Data

<] Il | [»

| Start Acquisition System Check |

[] Fast Acquisition Mode

| Align Hardware Cisplay Signal |

Figure 11-3. Data Acquisition & Alignment section prior to the start of data acquisition.
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Start (End) Acquisition
Starts the data acquisition process (Figure 11-3 and Figure 11-4). After the
acquisition is started, the ‘Start Acquisition’ button changes to ‘End Acquisition’
which ends the data acquisition and saves the data to disk.

Note: The settings for Standard and Fast acquisition modes can be accessed through
the Hardware Configuration dialog box, within the Hardware tab.

Pause (Resume) Acquisition

This pauses or resumes the data acquisition when Standard acquisition mode is
selected (Figure 11-4 Left).

Trigger Acquisition
When the acquisition mode is set to Trigger mode (via Hardware Configuration
dialog box), a ‘Trigger’ button will also appear (Figure 11-4 Right). Selecting the
button will trigger a single data acquisition event.

9 CompleteEASE 9 CompleteEASE

EEM ~ansis | narvae | options

Acguisition Paused
Hardware: Sigint=1205, ¥=02, ¥=-17 Alignint=0E1
Fit:

EEM ~ansis | narvae | options

Tirne: 1.271
Hardware: Sigint=12 06, ¥=39, ¥=-18 Alignint=062
Fit:

| End Atquisition FauseAcquisidian |

[ Fast Acquisition kode

Figure 11-4 Data Acquisition & Alignment section during dynamic data acquisition. Left:
Standard Acquisition configuration, showing ‘End Acquisition’ and ‘Pause Acquisition’
buttons. Right: Trigger Acquisition configuration, showing ‘End Acquisition’ and ‘Trigger
Acquisition’ buttons.

Align Hardware
Selecting ‘Align Hardware’ button allows the user to align the ellipsometer Source
and Detector units or sample stage.

System Check
Starts the System Check Operation.

Display Signal
This will display the raw intensity signal output by the ellipsometer’s CCD array
spectrometer.

Fast Acquisition Mode
Checking this box changes the acquisition mode from Standard to Fast. The
Standard mode uses a longer acquisition time with high accuracy set to ON.

Note: With High Accuracy On, the measurement zone-averages the polarizer, which
takes over twice as much time per measurement, but significantly improves accuracy
as first order misalignments can be corrected.

Fast mode uses a shorter acquisition time with High Accuracy set to OFF. The exact
settings for the Standard and Fast acquisition modes can be accessed through the
Hardware Configuration dialog box.
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Models Panel

The Models Panel, shown in Figure 11-5, contains the models that can be used for

real-time analysis. Up to forty models can be added to the list (10 models per page
times 4 pages). Pressing one of the model buttons before or during data acquisition
causes that model to be loaded, and any data subsequently acquired will be fit to that

model.

NOTE: In order for a model to be accessible in the model panel list, the model must

be saved in the Common folder.

e
s |

Models

page [1][2][ 2] 4]

‘ 1: Filled Liguid Cell, Cal Wafer ‘ ‘ & Thermal Oxide on Si ‘

| | |
0l | |
| | |

| | |

Figure 11-5. The Models panel in the In situ tab.

Adding/Editing/Clearing a Models button

To add, edit or delete a Models button, right-click (“BR) on the button. The Models
Setup dialog box will appear, as shown in Figure 11-6.

Model Setup |
Model File |(none) [~
Fit Parameters
Offset Correction
Multiply Correction
AlignX Correction

[] Do thickness control [] Write report  [_] Merge with current model

Setup Graph Options

Acquisition Parameters

[[] Use Fast Acquisition Mode

Model Setup ::::

IModel File

Fit Parame

(none)

|(none)
Si with Thermal Oxide
cal wafer in H20 ambient

cauchy(index 1p5) on Au in H20 ambient

uncoated Au in H20 ambient

Figure 11-6. Left: Models Setup dialog box. Right: Model File list (only model files that have
been saved in the Common folder will appear in this list).

e Selecting a Model file

Select the desired model from the Model file list. Only model files that

have been saved in the Common folder will appear in this list.

e Clearing a Model button

Select “(none)” if you wish to clear a button of any model.

e Parameter Corrections

With a model selected, its fit parameters will appear in the parameter list.

Highlighting any fit parameter in the list allows the user to include Offset,
Multiply and AlignX Corrections to that fit parameter.
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e Do Thickness control
The Thickness control check box activates CompleteEASE to send a signal
to another program or device to stop growth or etch when a target thickness
is reached.

o Write Report
Selecting the Write Report check box to activate a report writing function.

e Merge
The ‘Merge’ check box allows the user to merge the selected model with
the current model in the Analysis tab. For example, suppose the current
model consists of a Thermal oxide on silicon (Figure 11-7). Note that the
Layer #2 thickness equals 568.15 nm, and is an active fit parameter in the
model.

Layer # 2 = S102_JAW Thickness # 2 = 568.15 nm (fit)
Layer# 1= INTR_JAW Thickness# 1= 1,00 nm
Substrate = SI_JAW

Figure 11-7. Initial Thermal oxide on silicon. Note that the thickness of layer #2 is
568.15nm and is an active fit parameter.

We then add a ‘Metal on thermal oxide on silicon’ model as a button in the
Models panel button list. This model has the same layers as the first model,
but with an additional layer #3 B-Spline layer to represent the metal.

+|Layer # 3 = B-Spline Thickness # 3 = 0.00 nm (fit)
Layer#2 = S102_JAW Thickness # 2 = 568.15 nm
Layer #1 = INTR_JAW Thickness # 1 = 1.00 nm
Substrate = S|_JAW

Figure 11-8. Metal on thermal oxide on silicon model, which has been merged with
the Thermal oxide on silicon model in Figure 11-7 above. Note that layer #2 is still
568.15 nm thick, but is no longer a fit parameter.

View Panel

The View panel, as shown in Figure 11-9, is where the information that appears in
the bottom graph is selected. Selecting ‘Parameters’ displays the parameters graph,
selecting ‘Log’ displays the run information log, and selecting ‘Fit’ displays a
spectroscopic view of the most recent time slice including the data fit.

Views

_ Baramelers ® Log ) Eit  Dynamic Data

Figure 11-9. The View panel.

Parameters

The “Parameters” radial button graphs the value of the fit parameters and hardware
alignment information during data acquisition. Figure 11-10 shows the parameter
graph during an in situ practice measurement of the 250A SiO, Si calibration wafer.
It is displaying the Thickness, MSE and Intensity versus time. The parameters that
the graph shows are selected from the four drop-down list boxes above the graph.
Parameters listed in the two left boxes are shown on the left y-axis and parameters
listed in the two right boxes are displayed on the right y-axis. Besides the Fit
parameters and MSE, the hardware parameters Siglnt, Intensity, AlignX, AlignY,
Hardware OK and Fit OK can also be displayed.
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Figure 11-10. The parameters graph.

Log

The “log” radial button records information during data acquisition. Recorded
information includes: the time when models are loaded or unloaded, and when the
data acquisition is stopped (Figure 11-11).

The user can also record information in the log. To add a comment, type it into the
textbox at the top (green arrow, Figure 11-11) and press the ‘Add’ button (red arrow,
Figure 11-11). The comment is stamped with the time that the add button is pressed.
Comments can only be added to the log during data acquisition. When data is saved,
the parameters graph and log data are saved with it, so all can be retrieved by
opening the experimental data file.

e e

Wi

CrBaramaters  @ilpg  CEt O Qunamic Data

Wdtoles

Figure 11-11. The Log data screen.
Fit
“Fit” radial button displays ellipsometric data vs. wavelength for the last recorded

time slice, as well as data generated from the fit model (if present). This is shown in
Figure 11-12 for a selected time-slice near 0.58 minutes.

Dynamic Data

The “Dynamic Data” displays one or more measured data values vs. time (Psi, Delta,
N, C, S, Intensity, etc.). The Graph Type menu allows user to select which measured
values are displayed. This is shown in Figure 11-13 for a section of dynamic data.
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Figure 11-13. The Dynamic Data screen.
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12. Reference - Hardware Tab

The controls available in the Hardware tab are different for the different
ellipsometer configurations. As a result, this chapter is divided into two major
sections: one section describing the AlphaSE’s Hardware tab and another section
describing the M-2000 and RC2 Hardware tab.

Full details of the Hardware tab can be found in the Hardware manual for each
individual ellipsometer. This Chapter is meant only as a general reference.

12.1. Configuration Files

The CompleteEASE software determines the hardware configuration based on the
“cnf” files that are located in the C:\CompleteEASE\cnf folder. These files may
include the following:

hardware.cnf

Describe the hardware configuration and options available with the current system.

CompleteEASE.cnf

Configuration file for user settable software parameters. These parameters should be
accessed by choosing ‘Edit Configuration” button from the Options tab.

CompleteEASEhard.cnf

Configuration file for user settable hardware parameters. These parameters should
be accessed by choosing ‘Edit Hardware Config.” from the Hardware tab.

bview.cnf

Used for in situ systems only

Privileges.cnf

User privileges when setup for password-protected User Log-in.
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rce-cal.cnf, rce-comp.cnf, rce-dc.cnf, rce-refl.cnf

Describe the most recent calibration and intensity baseline values for the hardware,
based on recent System Calibrations, System Checks, etc.

12.2. Hardware Tab — AlphaSE

The Hardware tab for an AlphaSE is shown in Figure 12-1. This tab consists of four
panels: Hardware, Signal, Calibration, and Show Logs. A brief description of all
commands within this tab is described.

£ CompleteEASE

Measurement

Hardware Signal Calibration Show Logs

| | | |
| | Max, Sig. Display | ‘ ‘ ‘

Z-Stage Scan

‘ Re-initialize Display 5-T haseling Hardware |

‘ Park Z-Stage Off-Sample baseline Error |

Figure 12-1. CompleteEASE software with the Hardware tab selected.

Hardware

Re-initialize
This button re-initializes the ellipsometer hardware, which initiates communication
over the USB link, scans the spectrometer, moves the motors to home position, and

tests the motors. Details of any errors that occur during hardware initialization can
be found in the “Hardware” and/or “Error” logs.

Park Z-Stage

Moves the Z-stage to the “park™ position such that the Z-stage shipping lock can be
engaged.

Signal

Display

Displays signal intensity of the light collected by the spectrometer. Average,
maximum, UV, and IR intensity values are also reported in the status box, along with
the current spectrometer “Dark Count” and electronics “Temperature”. An example
is shown in Figure 12-2.

Max. Sig. Display

Same as Display, except that the polarizer and compensator optics are adjusted to
find the maximum signal intensity. Window will appear as shown in Figure 12-2,
after the maximum signal is found.
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Cancel Raw Signal Display

Intensity: Ave=569.1, Max=1257.5 UV=2806 IR=1456
DarkCnt=66.6, Temperature=26.63

Signal Intensity Zoom Al

1200 £

0
300 400 500 600 700 800 800
nm

Figure 12-2. CompleteEASE “Signal Display” screen.

Z-Stage Scan

Scans the Z-stage to generate intensity vs. sample height profile. A sample should
be mounted and the ellipsometer unit set to the “Off-Sample” configuration before
clicking this button. The resulting signal intensity profile should appear
symmetrical, similar to the graph shown in Figure 12-3. The black dashed curve is a
polynomial fit to the measured profile, and the reported “MSE=" value quantifies the
symmetry of the profile. If the MSE value is greater than 0.02, contact your J.A.
Woollam Co., Inc. representative.

& CompleteEasE 2B T iRt i s R s e e g

Cancel Z-Stage Scan

Fitting Data ...

Message .
(l) Z-Sisne Scan Rasults: MSE=01.007, Peak Pos=14.803, Hoight=50.7, Witi=D 67183
60
£ 50D
@ ata
% 40 — Fit £\
£ 30 - -
= 20 i -
< 10
2 0 ______./ ] \;_._____
w
-10
10 12 14 16 18

Z-Position in mm

Figure 12-3. Results of a typical Z-Stage scan.
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Calibration

S-T Baseline

Acquires baseline spectra for the “Straight-Through” configuration such that
accurate transmission intensity and Mueller matrix data can be acquired. For best
data accuracy, always perform a S-T Baseline after moving the ellipsometer optics,
or if it has been a long time (> 1 hour) since the previous baseline.

Off-Sample Baseline

Acquires an “Off-Sample” baseline such that qualitative reflection intensity data can
be acquired. This option also calibrates and stores the angle of incidence which is
used for subsequent measurements. For best angle of incidence accuracy, perform
an Off-Sample Baseline after moving the source or receiver units, or after mounting
the sample chuck.

Show Logs

Hardware and Error Logs

These buttons display the Hardware and Error logs, which contain information useful
for diagnosing and debugging problems with the instrument. If the instrument is not
working properly, your J.A. Woollam Co., Inc. representative may require this
information to diagnose the problem: click the “Save Debug File” button that
appears in the log file, and email C:\CompleteEASE\CompleteEASE_Debug.zip file.
An example Hardware Log is shown in Figure 12-4 and Error Log is shown in
Figure 12-5.

Hardware Log File -

Oxide Thickness = 241.10 £ 0,083 &

ingle Offset=-0.001 £ 0.0033

2008-4-11 [146:52:41] 5-T Baseline: MSE=0.64, Ave_ Intensity=708.30, Pol Offisets=-0.025,-0.015, 0.020,-0.014

2008-4-11 [18:57:48] HardInit. Serial #=USB4E00448, Dark Cnt=68.8, Temp=26.25C, Firmware=USE4000 0.99.1, Driver=, PIC=1
2008-4-11 [18:58:28] Hardware Initialized

2008-4-11 [18:59:24] 5-T Baseline: MSE=0.88, Ave. Intensity=714 69, Pol Offisets=-0.031,-0.014, 0.028,-0.017

2008-4-11 [19:19:23] 5-T Baseline: MSE=0.82, Ave. Intensity=710.89, Pol Offsets=-0.031,-0.006, 0.021,-0.015

2008-4-11 [19:26:02] Off-Sample Baseline: MBE=1 44 Ave_ Intensit=354.80

Model Fit MGE=1435

Oxide Thickness = 2416 £ 0.010 nm

ingle Offset=-0.008 + 0.0035

2008-4-11 [19:52:52] Of-Sample Baseline: MSE=0.83, Ave. Intensity=G70.06

Model Fit MEE= 0828

Oxide Thickness = 22 45 + 0.005 nm

Angle Offset=-0.010 £ 0.0020

2008-4-14 [12:37:53] HardInit. Serial #=USB4E00448, Dark Cnt=63.7, Temp=23.5C, Firmware=USB4000 0.99.1 | Driver=, PIC=1
2008-4-14 [12:38:31] Hardware Initialized '
2008-4-14 [12:40:09] Z-Stage Scan Resulis: MGE=0.005, Peak Pos=14.005, Height=50.3, Width=0.68/1.85
2008-4-14 [12:41:31] Z-Btage Scan Results: MEE=0.007, Peak Pos=14.003, Height=507, Width=0 67/1.83
2008-4-14 [12:43:27] Of-Sample Baseline: MSE=1.18, Ave. Intensity=F58.52

Model Fit MEE=1.176

Oxide Thickness = 24.03 + 0.008 nrm

pngle Offset=0.025 + 0.0028 hd

Figure 12-4. Hardware Log.

.

CompleteEASE Log File

T[T T T DT 1S TS G TS OTY Gt U1 TS 18 LA LA U TS (e L ot
2008-4-11 [15:41:18] - Version 3.58, Java 1.6.0_05-k13, Windows xP #05)(5.1)
2008-4-11 [19:67:37] - Error: The project directory GG omplete EASEIC omplete EASE Ghfis not
2008-4-11 [18:67:38] - Version 3.58, Java 1.6.0_05-b13 Windows xP (x88)(5.1)
2008-4-14 [12:37:41] - Error; The project directory CAZompleteEASEVC ompleteEASE Cnfis not
2008-4-14 [12:37:43] - Version 3.99, Java 1.6.0_05-b13, Windows P (x86)(5.1]

] 1 I

Copy to Clipboard

Figure 12-5. Error Log.
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Note: The old ErrorLog.txt files are archived in the "\CompleteEASE\cnf\Archive"
folder. They are zipped to save space.

Note: When CompleteEASE starts, it checks the size of the ErrorLog.txt file. If
greater than 5MB, then it is saved to the Archive folder and a new file is created.

12.3. Hardware Tab — M-2000 and RC2

Figure 12-6 shows the Hardware Tab for an M-2000 System. This tab consists of
three panels: Hardware Status, System Information, and Controls. This section
describes the panels and the controls found on them.

Full details of the Hardware tab can be found in the Hardware manual for each
individual ellipsometer. This Chapter is meant only as a general reference.

121 = nre System nkrmate
SRRDE RS 107k System M<20000I On ESV Base
cortral Wavelength Range: 1818 i to 1657.3 nen
Angle Status: T5.00
¢ = - T.Stage Status: 2 FImm
Aigrmen Comer sSample Tt Statas: £ = 9187, 7 =0.440
e . T = s = 000000 em. ¥ Axis = 000000 cm(0, O}

Focus Probes: Mat
- Window Effects; OFF

& TRE MESsummant

Figure 12-6. M-2000 and RC2 Hardware Tab.

Hardware Status

The Hardware Status panel displays the current state of the hardware. This is the
same information displayed in the Hardware Status panel of the Measurement tab.

Controls

The Controls panel provides access to hardware functions other than those needed
for acquiring data. The hardware functions are separated into groups displayed as
tabs. The tabs are General, Calibration, System, and Misc..

General

The General tab shown in Figure 12-7 is nearly the same for all of the different
ellipsometer configurations. The available controls are as follows:
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Controls

General rCaIihratinn rBystem rMisc |

Alignment Other
‘ Align Sample | | Systermn Check |
‘ Display Signal | | hlove To Load Pos |

Routine Test Measurement

‘ Measure | | Show Results

Figure 12-7. General Tab.

Align Sample

Align the sample without acquiring data. For systems with automated alignment
capabilities a dialog is displayed allowing the user to choose between manual
alignment and automated alignment (Figure 12-8). Choosing No in the dialog
displays the manual alignment dialog. An Alignment screen with 4-quadrant
detector position and z-intensity is shown in Figure 12-9.

Sample Alignment

Wiould vou like to perform a full sample alignment?. {Choose "Mo” to display the alignment screen only)

Figure 12-8. The Sample Alignment dialog gives the user a choice of automated alignment or

manual alignment.

[T
Cancel Agnment

s Cl6 Al ia o Time:

Sample Tilt

X=-16

Y=-05

Intensity = 4.270 (4.690, 4.510, 3.986, 3.894)

Max Signal Intensity = 11.04
Average Signal Intensity = 11.01

Figure 12-9. Example of Alignment screen, showing a cross-hair to represent the position of
beam reaching a 4-quadrant alignment detector and blue “signal” across the bottom tracking

the signal that reaches the spectrometer.
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Display Signal

This function displays the raw signal intensity. This screen, as shown in Figure

12-10, is useful for debugging light intensity problems. The Average AC Intensity

includes all channels of the CCD spectrometer. The DUV AC Intensity is an average

of the first 3 channels, while the UV AC Intensity is an average of the first 10% of

CCD channels. The IR AC Intensity is an average of the last 10% of CCD channels.

e ]
Ave. AC Intensity = 11.003
DUV AC Intensity = 2.540
UV AC Intensity = 16.036
IR AC Intensity = 7.482
Gain = 4.0

we. AC Intensity = 11.003, DUV AC Intensity = 2.540, UV AC Intensity = 16.036, IR AC Intensity = 7.482, Gain=4.

35 e (CWAPA 2784, YR30 53 D)
30 "
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|
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Figure 12-10. Display Signal Screen.

System Check

A System Check is the most common procedure for calibrating the ellipsometer. See
the hardware manual for details on the System Check procedure.

Move To Load Pos.

This function configures the system to make loading a sample easier. This applies
only to systems with automated z-stages and translators. Generally, pressing this
button will result in the z-stage moving to its maximum value and the translator
moving towards the user.

Routine Test Measurement

This feature adds the ability to periodically measure a standard sample and then plot
the fit parameters and hardware parameters versus date. Using this feature requires
that a recipe be created and placed in the “\CompleteEASE\Recipe\Routine Test
Measurement” directory and the recipe name needs to be listed in the Routine Test
Measurements section of the Hardware Configuration, as shown in Figure 12-11. To
make this feature useful, users will need to be trained to always use the same sample
and to put the sample in the same position on the stage each time they perform the
measurement.
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Hardware Configuration ;

Configuration Parms Edit. Recipe

o= [Diata Acguisition
o= Mormal Calibration
o= Coarse Calibration
o= Systern Calibration |
¢ Routine Test Measurements
leasurement Period = 0.0 Description
Save Results To Database = False Recipe to be perfarmed when a routine test
Database Table Mame = JAWRoutine measurement is reguestad.
Recipe = Test Measurement|
o= \Window Effects
o Systern Check Seftings
& Parm. Return Yalues
o= Channel Subsets
o Miscellaneaus
o Alignment Parameters

[»

[Test Measurement |

Reset Farameter to Default |

1]

Show Advanced Canfig. Options

Close

Figure 12-11. Routine Test Measurements section of the Hardware Configurations.

Measure

Press to perform the “Routine Test”.

Show Results

Shows all past results of the “Routine Test”. This is a convenient way to track
the performance of a system, with results on the same sample. The values that
can be graphed include any fit parameters for the designated test sample
(thickness, refractive index, etc.) and many hardware parameters, such as
Intensity and Alignment values.

Calibration

The Calibration tab appears different depending on the type of ellipsometer. Figure
12-12 shows the Calibration tab for an M-2000 and Figure 12-13 shows the tab for
an RC2. It is not common for a user to need the controls in this tab as a System
Check will perform many of these functions.

Controls

General Calibration
Initialize Hardware

Coarse Calibrate | | Fine Calibrate |

| DC Offset | | Phase Sensor Info |

Figure 12-12. Calibraton tab for M-2000 ellipsometers.
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Contrals

| Initialize Hardware ‘ | D Offset Calibration ‘

| Standard Calibration H System Calibration ‘

Light Source Intensity

e [100% ﬂ [ aute
Systermn Status

Figure 12-13. Calibration tab for RC2 ellipsometers.

Initialize Hardware

This button re-initializes the ellipsometer hardware, which initiates communication
over the USB/TCPIP link, scans the spectrometer and moves the motors to home
position. Details of any errors that occur during hardware initialization can be found
in the “Error” log.

Coarse Calibrate and Fine Calibrate (M-2000 Only)

These calibrations can be performed in place of a System Check when it is not
possible to use the standard calibration wafer that is supplied with the instrument.
This situation ocurrs during in situ measurements on a deposition chamber that
requires a specific sample size. These calibrations will not determine the in-plane
window effects. Always perform a System Check instead of a Coarse or Fine
calibration when possible.

DC Offset

Measures the ambient light and electronic noise contribution to the measured raw
intensity. This button is most often used before acquiring depolarization data to
improve measurement accuracy, as the depolarization data is determined from the
DC component of the measured signal. A System Check automatically performs the
DC Offset as well.

Phase Sensor Info (M-2000 Only)

This diagnostic function displays information used to determine if the phase sensor is

working and the compensator motor is spinning. When troubleshooting a hardware

problem a J.A. Woollam Company representative may ask for this information.
Standard Calibration (RC2 Only)

A Standard Calibration is equivalent to a Coarse Calibration on the M-2000. The
System Check is the preferred method for calibrating the instrument when the
standard calibration wafer can be used.

System Calibration

See the hardware manual for information on the System Calibration.

Light Intensity (RC2 Only)

The Light Intensity box allows the user to change the current light intensity.
Normally this is left in automatic mode.
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System Status (RC2 Only)

The System Status button displays a diagnostics dialog with inforation on the phase
sensors and USB communication. When troubleshooting a hardware problem a J.A.
Woollam Company representative may ask for this information.

System

The controls in the System tab are dependent on the type of base the ellipsometer is
attached to. The main types of bases are the ESM (horizontal sample mount,
automated z-stage and angle), ES130 (horizontal sample mount, manual z-stage and
angle), Fixed Angle Focused (horizontal sample mount, automated z-Stage), Vertical
(vertical sample mount, automated angle), and Accumap. Some of the bases have
multiple attachments which can also change the controls available on the System tab.
Figure 12-14 through Figure 12-16 show the System tab for some of these bases.
Brief descriptions of the different buttons on this panel can be found below. See the
hardware manual for a detailed description of the use of these functions.

Cantrols

Calibration 5

Position Controls

| Angle || Z-Gtage

| Translator || Sample Tilt ‘

| Install Mew Sample Stage |

| Install Focus Probes |

Figure 12-14. System tab for ESM, ES130, and Fixed Angle bases.

Caontrols

Systermn
Angle Translatar
| Move Angle | | Mave Translatar ‘
| SetAngle | | Hame Translator ‘

| Config. Systerm Components |

Figure 12-15. System tab for Vertical bases.

Caontrols

calibration [

Position Controls

| Z-Stange | | Translator |

| Maove To Special Position |

Maintenance

‘ Change Lamp || Get Lamp Hours ‘

Figure 12-16. System tab for AccuMap systems.
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Angle, Z-Stage, Translator, Sample Tilt

These buttons allow the user to change the positions of the motorized base
components. For example, to change the position of the Z-Stage, press the Z-Stage
button and enter a position. The stage will then move to the specified position.

Set Angle (Vertical base)

The vertical sample-mount base does not have a home sensor for the angle so the Set
Angle function allows the user to set the current angle.

Install New Sample Stage (ESM, ES130 and Fixed Angle)

This function steps the user through the process of installing a sample stage
attachment. These attachments included items such as a Translator, Heat Cell,
Liquid Cell, etc. On bases with automatic detection capabilities the software will
automatically detect which stage is being installed. The other bases will display a
dialog with the different stage options and the user will select the one being installed.

Select New Stage
Sample Stage Cptions

@ Translatar ) Heat Cell
) Heated Liguid Cell

Figure 12-17. The Select New Stage dialog.

Install/Remove Focus Probes (ESM, ES130 and Fixed
Angle Focused)

Steps the user through the focus probe installation/removal procedure.

Configure System Components (Vertical base)

This button displays a dialog that allows the user to specifiy the attachments that are
currently installed. These attachments can include a translator, focus probes, camera,
rotator, etc.

C

=

Focus Probes
[ Probes Installed Camera Installed

Sample Stage Cptions

' Rotatar @ Standard
 Heat Cell 2 Insitu

[] Show Insitu Tab

Figure 12-18. The Installed Components dialog for vertical bases.

Change Lamp (AccuMap)

Steps the user through the lamp change procedure. See the hardware manual for a
description of this procedure.

Get Lamp Hours (AccuMap)

Displays the number of hours the lamp has been on since it was installed.
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Misc.

The controls in the Misc. tab cover functions that did not fit into the General,
Calibration and System tabs and are dependent on the type of base the ellipsometer
is attached to and which attachments are installed. Some systems will not have a
Misc. tab.

Controls

General rca\ihratinn raystem Misc

Display Sample Image

Additional Carnera Functions

| |
| Z-Stage Scan ‘
| |
| |

Additional Hardware Functiohs

Figure 12-19. Misc. tab for ESM bases.

Contrals

General rCaHbratlon rSystem m

‘ Z-Stage Scan || Display Sample Image ‘

‘ Dizable MMC || Reset MC ‘

Show Routine Meas

Figure 12-20. Misc. tab for AccuMap systems.

Z-Stage Scan (Systems with motorized z-stages)

This function scans the z-stage over a specified range and graphs the signal intensity
versus z-stage position. This is especially useful when working with transparent
substrates to determine if the backside beam is being collected.

Display Sample Image (Systems with USB camera
installed)

Displays the camera image of the sample in a dialog. The dialog can stay open while
other operations are performed.
Additional Camera Functions

Additional camera functions can include ‘Mark Measurement Beam Location’ and
‘Measure Camera Field of View’, as shown in Figure 12-21.
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Camera Functions

| hark Measurement Beam Lacation |

| Measure Camera Field Of View |

Close

Figure 12-21. Additional Camera Functions.

Mark Meas. Spot Location (Systems with USB camera
installed)

This function is used to mark the position of the ellipsometer probe beam on the
camera image when the sample is aligned. After performing this function the “Show
Beam” check box in the camera dialogs will provide an accurate representation of
where the probe beam is intersecting the sample.

Measure Camera Field of View (Systems with USB
camera installed)

This function is used to determine the field of view of the digital camera and
calibrate the automated movement of the translators with mouse-click on an image.
Disable MMC (AccuMap)
Pressing this button causes a user initiated fault on the translator. See the hardware
manual for details on when this function may be used.
Reset MMC (AccuMap)

Pressing this button attempts to reset all translator faults. After pressing this button
the translator is active and will move when commands are sent provided the door and
all safety catches are engaged.

Show Routine Meas. (AccuMap)

Displays a dialog showing the results of routine measurements acquired on the
Accumap. Routine measurements must be configured in the hardware configuration
dialog.

Additional Hardware Functions

May include other Hardware Functions, specialized for the individual system. For
example, an automated angle base may have an ‘Angle Correction’ button as shown
in Figure 12-22.

Hardware Functions

Angle Offset Correction

Figure 12-22. Angle Offset Correction as used with Auto-Angle bases.
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Angle Offset Correction

Measure calibration sample over a range of angles on automated angle of incidence
systems and then apply a correction to the mechanical positions to produce more
accurate angle of incidence for future measurements.

System Information

The System Information panel displays details about the ellipsometer configuration
and provides access to the hardware configuration dialog and hardware log. The
information provided includes the type of ellipsometer, wavelength range, and
current motor positions. Please have this information available when contacting the
J.A. Woollam Company for assistance.

‘Edit Hardware Config’

Pressing this button will bring up the Hardware Configuration dialog, as shown in
Figure 12-23. This dialog contains many settings for configuring the behaviour of
the hardware. The dialog displays a description of each parameter’s function so only
the “categories” will be discussed here.

]

Hardware Configuration -

Configuration Parms Data Acquisition

o= Data Acquisition

o= Mormal Calibration

o= Coarse Calibration

o= Systern Calibration

o Routine Test Measurements
o= Wyindow Effects

o= Bystermn Check Settings

o= Farm. Return Yalues

& Channel Subsets

o Mizcellaneaus

o= Alignment Parameters

o= Pattern Rec. Parameters

@ Camera Settings

o= Simple Ex situ beas. Modes
o= Liguid Cell Attachment

& Heat Cell Attachment

o= Transmission Aftachrment
o= Focus Option

Feset Parameters to Defaults

Desctiption
Default pararmeters for data acquisition

Show Advanced Config. Options

Close

Figure 12-23. Hardware Configuration window.

‘View Hardware Log’

This button displays the Hardware log which contains information on calibrations
and initializations.

Data Acquisition

Default parameters for data acquisition, including options as shown in Figure 12-24.
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Configuration Parms

¢ Data Acquisition

Acg. Time=1

Ac. Wait Period =0

Diata Ac. Type = Standard

Ach. Channels = All

Single Dynamic Yyl ta plot (innmi=10
High Accuracy = true

FastAcg. Time =1

Fast High Accuracy = false

Fast Acg. Graph Update = true
Marminal Angle =70

Alignment Tolerance = 80

Alignment Deviation Tol. = 40
Minirmum Intensity =10

Minirnum Signal Intensity=0

Sin. Intensity Deviation Tol. = 25

Skip Alignment = True

Skip Calibration = True
Alignment Acg. Time =04

Polarizer Fos. = 45

Analyzer Offset=-0.101896

Anahzer Offzet, HiA=10

Acguisition Mode = Standard

Insitu Data by # - Mot Time = False
Wyatch For AL Input Trigger = false
AL Input Transition = Low to High
UUse Trigger for Acg. Time = false

Auto Trigger Wait Time =10

Fixed Gain Mode = -1

Auto-save Interval = 45

IUse Big File Made = False

Buffer % for Big File Mode = 25
Custom Dynamic Data Unit=

Custom Unit Decimal Places =2
Shutter Lamp During Insitu Meas. = false
Insitu: Image Acg. Point Increment = -1
Z-Stage Pogition for Trans, Meas. =14
Intensity Baseline Time Increment=10
DC Offset Time Increment = -1

[»

-

Figure 12-24. Data Acquisition Configuration Parameters.

Normal Calibration

Configuration parameters describing the Normal Calibration, as shown in Figure

12-25.

Hardware Configuration

Configuration Farms

o= Data Acguisition

¢ Mormal Calibration

#ofCal Pts. =4

Folarizer Span =180

Acg. Time=8

Talerance = 0.1

Wavelength Cutoff (nm) = 100

¢ Coarse Calibration

#of Cal Pts. =51
Polarizer Span = 360
Acg. Time =1
Psi=45=False

[»

Figure 12-25. Normal and Coarse Calibration Parameters.

Coarse Calibration

Configuration parameters describing the Coarse Calibration, as shown in Figure

12-25.

12-366 ¢ Reference - Hardware Tab

CompleteEASE Software Manual



System Calibration

¢ Bystem Calilbration
#of Cal Pts. = a1
Folarizer Span = 360
Acg. Time =2
FOM Talerance = 0.1
Madel #1 = 25nm Oxide an Si
Madel #2 = 2nm Oxide on Si
Madel #3=
Include 5-T = true
Cal Maode=13

¢ Routine Test Measurements
Measurement Period =0
Save Results To Database=Falze
Database Table Mame = JANWROutine
Recipe = routine

Routine Test Measurements

Window Effects

| »

¢ Window Effects
Enahled = False
WinRetl =0
WinRet2=10
Celta Offset Mode = 2
Celta Offset! =0
Celta Offset2=10
Celta Offset3=10
Celta Offsetd =0
Celta Offset Err. Tolerance = 0.5
Min. Delta Offzet! Limit=10.2
# of Higher Qrder Terms = 1
winDispl =0
WinDisp2 =10
WinDispl-2=0
WinDisp2-2=0
RotDisp1 =10
RotDispz =10
RotDisp1-2=10
RotDisp2-2=10

¢ Bystem Check Settings
Model = 25nm Cxide on Si
Acg. Time = 4
Angle = B5

System Check Settings

Configuration parameters relating to the System Calibration, as shown in Figure
12-26.

Figure 12-26. System Calibration and Routine Test Measurement Parameters.

Configuration parameters relating to the Routine Test Measurements, as shown in
Figure 12-26.

Specifies settings for Window effects, as shown in Figure 12-27.

Figure 12-27. Window Effects and System Check Setting Parameters.

Specifies settings for System Check parameters, as shown in Figure 12-27.
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Parm. Return Values

Parameters for setting up how hardware and analysis parameter values are returned
through the “get()” functions, as shown in Figure 12-28

[ Parm. Return values

RealTime: # OfPts = 3

Fit CkfHardware Ok in spec. threshald =
#of Bad Pts. befare Err.=4

Smooth: # Of Pt =10

Final: # Pts At End To lgnore = 10

Final: # Good Pts To Include = 10

End Pt. Thk. Threshold = 0.5

End after first pt abowe target= False
Transient Time = 0

Dead Time = 1000

Shutter delay atter resume = 1000

Illse Taotal Thickness Toaling Factar= Falg
Tatal Thickness Tooling Factor=1

Figure 12-28. Parameter Return Values.

Channel Subsets

Specifies subsets of the channels for data acquisition, as shown in Figure 12-29.

¢ Channel Subsets

¢ Miscellaneous

¢ Alignment Parameters

Wyl Start#1 =100

Wiyl End #1 = 1000
Channel Skip#1 =10
Wyl Exclude Start#1 =10
Wiyl Exclude End#1 =10
Wiyl Start#2 = GO0

Wiyl End #2 = 9590
Channel Skip#2=2
Wiyl Exclude Start#2 =10
Wyl Exclude End#2=10
Wiyl Start#3 = 600

Wyl End #3 = 8580
Channel Skip#2=13
Wyl Exclude Stat#3=10
Wiyl Exclude End#3=10

Reinit hardware an first com. failure = True
lgnare CoarsePal Setting = true

End Acg. an aut of spec. report= False
Hide Initialization Error Dialogs = False
Remaove Pics. After Meas. = false

ZAlignment Intensity Threshold = 0.1
ZAlignment Intensity Averaging = 0

Look Diown Intensity Threshold = 0.05
lterate Threshald = -1

Focus Option: Z Align Each Angle = true
Z-Stage Height for Auto Tilt=-1

Include Alignment Parameters With Data 5
Show Translator Cantrols During Alignme
Z Camera Alignment Error=0.01

Tilt Camera Alignment Error=0.002
Camera Substract Background = Falze

Skip Map Point On Fail = True |

Carera Align Debug Mode = False

Figure 12-29. Channel Subsets, Miscellaneous, and Alignment Parameters.

Miscellaneous

Contains miscellaneous hardware parameters that do not fit in other categories, as
shown in Figure 12-29.

12-368 ¢ Reference - Hardware Tab

CompleteEASE Software Manual



Alignment Parameters

Pattern Rec. Parameters

¢ Pattern Rec. Parameters
Mowe Delay = 1500
#ofrepeats =2
Add MSE to Parameter Log = False
Debug Mode = False

¢ Camera Settings
Brightness =128
Show Grid = False
Show Ellipsometer Beam = False

¢ Simple Ex situ Meas. Modes
Short Meas Time=104
Standard Meas. Time =15
Long Meas. Time =%

@ Liguid Cell Attachment
Angle =74
Windows: Enabled = True
Windows WinRet! =-0.126309
Windows WinRet: = 00425849
Windows: Delta Offset Mode =2
Windows: Delta Offset! = 010833
Windows: Delta Offset2 = 0013593
Windows: Delta Offset3=10
Windows: Delta Offsetd = 0
Windows: Delta Offset Err. Tolerance = 0.5
Windows: Min. Delta Offzet! Limit= 0.2
Windows: # of Higher Order Terms =1
Windows: WinDisp1 = 004826
Windows: WinDisp2=-0.0003203
Windows: WinDisp1-2 = -0.015171
Windows: WinDisp2-2 =-0.000383
Windows: RotDisp1 = 0008027
Windows: RotDisp2 =-0.000633
Windows: RotDisp1-2 =-0.001486

Windows: RotDisp2-2=-0.001523

Camera Settings

Simple Ex Situ Measu. Modes

Liquid Cell Attachment

Parameters to describe sample alignment, as shown in Figure 12-29.

Describes settings for the Pattern Recognition features, as shown in Figure 12-30.

Figure 12-30. Pattern Recognition, Camera Settings, Simple Ex Situ Measurement Modes,
and Liquid Cell Attachment section of the Hardware Configuration dialog box.

Describes settings for a camera when included with system, as shown in Figure
12-30.

Details for ex situ measurement modes, as shown in Figure 12-30.

Describes hardware and windows related to a Liquid Cell, as show in Figure 12-30.
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Heat Cell Attachment

Describes hardware and windows related to a Heat Cell, as shown inFigure 12-31.

Hald Step

Wincows:
Windows:
Windows:
Winc owes:
Wincows:
Windows:
Winc owes:
Windows:
Windows:
Windows:
Winc owes:
Windows:
Windows:
Windows:
Winc owes:
Windows:
Windows:
Windowes
Windows

¢ Heat Cell Attachment
Angle=T70
Ramp Step Acg. Incr.=10

Wait Step Acg. Incr.= 10

Wait Step Termperature Threshold =1
Return setpaint to RT After Run = True
Serial Port= COM2

-RotDisp1-2= 0004723
CRotDisp2-2=-0.000164
¢ Transmizsion Attachment
Angle =140
Z-Stage Height=17.2
Allow Auto Transmission Baseline = True
Mon Trans. Meas. Allowed = False

Acd. Incr.=10

Enahled = True

WinRet! =-0.000023
WinRet? = -0.185096

Delta Offset Mode = 2

Delta Offset! = 0.016444
Delta Offset? = -0.073428
Delta Offset3=0

Delta Offsetd =0

Delta Offzet Err. Tolerance = 0.9
Min. Delta Offzet! Limit=0.2
# of Higher Order Terms = 1
WinDispl =-0.00542
WinDisp2 = 0.000237
WinDisp1-2 = -0.005346
WinDisp2-2 = 0.000037
RotDisp1 = 0.003493
RotDisp2 =-0.000248

Figure 12-31. Heat Cell and Transmission Attachment sections.

Transmission Attachment

Describes transmission attachment, as shown inFigure 12-31.

Focus Option

Describes hardware and windows related to a Focusing Probes, as shown in Figure

12-32.

¢ Focus Option

Winc owes:
Windows:
Windows:
Windows:
Winc owes:
Wincows:
Windows:
Winc owes:
Windows:
Windows:
Windows:
Windows:
Windows:
Windowes
Windows
Windows
Windows:
Winc owes:
Windows:

tlax. Angle Allowed = 75
Frobes Hawe Lenses = frue

Enahled = True

WinRetl = 010316
WinRet2 =-0.052296

Delta Offzet Made =2

Delta Offset! = 0.323332
Delta Offset2 =-0.143634
Delta Offset3 = 0.0075249
Delta Offsetd =0

Delta Offset Err. Tolerance = 0.5
Min. Delta Offzet! Limit=0.2
# of Higher Qrder Terms = 2
WinDispl = 0.024822
WiinDisp2 = 0.000036

WinDispt-2 = 0.001116
SinDisp2-2 = 0.000121
cRotDisp1 =-0.008942

RotDisp2 = 0.000705
RotDisp1-2 = -0.003371
RotDisp2-2=-0.000814

Figure 12-32. Focusing Probe Options.
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13. Reference - Options Tab

The Options tab is shown in Figure 13-1. This tab consists of four panels: Display
Units, Configuration Controls, Miscellaneous, and About CompleteEASE. A
brief description of all commands within this tab is described.

| Weasurement | instu | Analsis | Haraware | Options
Display Linds Configuration Conirols
Wavglengih Linits. [nm - Edil Configuration

Thickness Linftsz nm -
IR M Imgaet Configuration

Qplical Conglants n&k | w
. Sava Gonllguration

\ze Defaults

Miscelaneous

! Resst Win. Sizg Manage Users Show Manual (F1)

| view compieeEase snorcins

Figure 13-1. CompleteEASE software with the Options tab selected.

13.1. Display Units

Sets the “Wavelength Units:”, “Thickness Units”, and “Optical Constants” settings
display units.

Wavelength Units

Choose from A, nm, um, eV, and 1/cm for the wavelength units.

Wavelength is the distance between adjacent peaks of an electromagnetic wave,
commonly given in Angstroms (A), nanometers (nm), or microns (um).
Wavenumber refers to the number of waves in a length of one centimeter, with units
of reciprocal centimeters (1/cm).

If light is treated as a quantum of radiant energy (photon), its energy is given in
electron volts (eV) which is proportional to frequency. Choice of units depends
largely on the spectral range and application. The following relationship shows the
conversion between wavelength and photon energy.

P 1240

(13-1)
i EeV
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Thickness Units

Choose from A, nm, um, and mm for the thickness units.

Optical Constants

Display and report optical constants as either complex refractive index (n & k) or
complex dielectric function (el & e2, which stand for ¢; and g,). The two
descriptions for optical constants are related by the following:

£=n? (13-2)

All settings are saved when the program is exited, and restored when the program is
restarted.

‘Use Defaults’

Return all settings to their default values, which include wavelength in nm, thickness
in nm, and optical constants as “n & k”.

13.2. Miscellaneous
The Miscellaneous panel contains four buttons, as shown in Figure 13-2.

Miscellaneous

Reset Win. Size || Manage Users || Show Manual (F1) |

| View CompleteEASE Shortcuts |

e e AR A R R R R AR AR SR AR AR

Figure 13-2. Miscellaneous panel from Options tab.

Reset Win. Size
Return the CompleteEASE window to the default size.

Manage Users

Press ‘Manage Users’ to setup the user list, along with access level and password, as
shown in Figure 13-3. The User privileges can be defined for Engineer level, by
further pressing ‘Define User Privileges’, which opens the window shown in Figure
13-4. The User customization is further defined in the CompleteEASE
Configuration (next section).
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User Management

Current Users

User Mame Fassword Access Level
Default SysOp
Eob hobhy Engineer
Jill Jillian Technician
Add Mew Lser | | Edit User | | Delete User

| Define Lser Privileges |

Cloze

Figure 13-3. Manage Users window, where multiple users, passwords and privileges can be

established.

Edit User Privileges

Editahle Privileges

B4

Description Engineer
Save hodels v]
Access Advanced Hardware Tahs [ ]
Access Configuration Dialogs [ ]
Access User Management Dialog L]
Create Mew Folders v]

Close

Figure 13-4. Define User Privileges for Engineer level.

Show Manual (F1)

Press to show a PDF of the CompleteEASE manual, in an integrated PDF viewer.
Example is shown in Figure 13-5. This manual can also be viewed by pressing F1

key.

Note: The PDF manual file is located in C:/CompleteEASE folder on your
computer. It can be opened with Adobe PDF viewer for more accessible viewing.
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B Wanwal for CompleteEASE
Controls

[ Pageup [[ ragenomn |
zoom [100% ||

Qutline

[ 1. Inkraduciion
[ 2 Data Calieetion
{27 3. Data Analysis 1 Basic

[27 4. Data Analysis 2 - Intermediate com p Iete EAS E ™
[ 5. Data dnalysis 3 Advanced i3
I3 6. Reterence - Grapn D t A I M I
_f_‘:l?. Reference - Measuremeni Tab a a na ysls anua
=] 8. Reterence - Anafysis Tab
107 9. Reference - Hardware Tab
= 10 Referznce - Optons Tan
23 1. Apendices

Version 4.05

By J. A. Woollam Ca., Inc,
June 25, 2000

| Eneswwap o

Thickness ®1 In nm vs, Position

9 1181 88

[l 1155.14

3 114851
£ vz
= ¥

-3 113553

& 1129.00

-8 I 112248

=8 9

Figure 13-5. Press ‘Show Manual’ to view a PDF copy of the manual.

View CompleteEASE Shortcuts

Press this button to view a list of CompleteEASE shortcut keys, as shown in Figure
13-6.
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CompleteEASE Shortcuts

There are two types of shortcuts within CompleteEASE. First, like with all software. if a letter 1s shown that is —
underlined, the shortcut for that command is to hold ALT button and press that letter. For additional shortcuts that are
more global incorporate the CTRL, SHIFT, and ALT buttons. These additional short cuts are listed in Table below:

Shortcut Function
CTRL-M Go to Measurement Tab
CTRL-A Go to Analysis Tab
CTRL-H Go to Hardware Tab
CTRL-O Go to Options Tab
CTRL-P Graph the Psi data curves
CTRL-D Graph the Delta data curves
CTRL-N Graph the "N" data curves (N.C.S format)
CTRL-C Graph the "C" data curves (N.C.S format)
CTRL-S Graph the "S" data curves (N.C.S format)
CTRL-1 Graph the pseudo el data curves
CTRL-2 Graph the pseudo €2 data curves
CTRL-T Graph the Intensity data
CTRL-Z Graph the Depolarization data
CTRL-L Add to Fit Log
CTRL-ALT-L View Fit Log
CTRL-R Add Analysis Report to Clipboard
CTRL-ALT-O Toggle Default Optical Constant units between "el & 2" and "'n & k'
CTRL-ALT-W Toggle Default wavelength units between “nm” and “eV"
CTRL-ALT-8 Show graph statistics
CTRL-ALT-SHIFT-I Add the In Situ Tab
SHIFT-Mouse roller When positioned over model parameter, it will increase or decrease this parameter.
CTRL-SHIFT-Mouse roller | Same as SHIFT-Mouse roller. but with smaller parameter increments.

If vou are working with Uniformity Mapping data, the following short-cuts can help manipulate the data and graphs.

Shortcut

Function

CTRL-Click on Point

Select/De-Select Point

CTRL-ALT-Click on Point

Delete Point

CTRL-ALT-SHIFT Click on Point | Show camera image from point (when available)

CTRL-5PACE BAR

Switch view from single-point to Map

Close

Figure 13-6. List of CompleteEASE shortcuts.

13.3. Configuration Controls

‘Edit Configuration’

The ‘Edit Configuration’ button allows customization of the CompleteEASE
software configuration. Press this button to open the window shown in Figure 13-7.
Each item to the left can be expanded by pressing the circle to the left of the name.
Also, there are many hidden options, which will not appear until you check the box
at bottom of the screen: “Show Advanced Config. Options”. The list with all
Advanced options grows to that shown in Figure 13-8.

CompleteEASE Software Manual

Reference - Options Tab e 13-375



CompleteEASE Configuration

Configuration Parms General

o General

o= Memory Management
o= Display Units :
o= Hardware Simulation Mode Reset Parameiers to Defaults
o= |n Situ Tab Parameters

Description
General purpose configuration parameters.

[]'show Advanced Config. Options ‘

Close

Figure 13-7. Edit Configuration window.

Configuration Parms

o= General

o= Memory Management

o= Display Units

o= Remote Communications
o= Window Setup

o= Graph Clipboard Parms

©@= Hardware Simulation Mode
©= In Situ Tab Parameters

o= Data Export Parameters

= Shutter Controls

Show Advanced Config. Options

Figure 13-8. Edit Configuration window including Advanced Options.

Most of the settings within the CompleteEASE Configuration are self-explanatory
and describe the default settings for the software. If you press an item, it will give a
small description to the right of the window. Each item is listed in this chapter, with
a few items of particular interest discussed in detail.

General Configuration Parameters

The general configuration parameters are shown in Figure 13-9. A description of
each option appears when you press the individual line. User Log-In Mode and Users
Have Own Folders are two options that are used when managing multiple users.
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Configuration Parms

?

Eeneral
Font Mame = SansSerif
Font Size = 14

Graph Font Size = 16

Look & Feel = Metal

System time mode =3

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

Always Add CE Folders = True

Users Have Own Folders List = true
Clear Data On Logout = true

Always Show In situ Tab = False

Use Unicode = True

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

-

Figure 13-9. General Configuration Parameters.

Font Name

Name of CompleteEASE font family. Changes are made from drop-down box
selection, as shown in Figure 13-10.

[

Ed

it. Font Mame

SansSerif

Script MT Bold
Segoe Print

Segoe Script
Segoe Ul

Segoe Ul Light
Segoe Ul Semibold

SansSerif - ]

[« [N

Segoe Ul Symbol

Figure 13-10. Choose Font Name from drop-down box.

Font Size

Point size of CompleteEASE Font.

Graph Font Size

Point size of font used for text in graphs.

Look & Feel

Specifies the look & feel of the user interface elements, with choices from a drop-
down list, as shown in Figure 13-11
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Edit: Look & Feel

Metal |v
Metal
Rinimbus ult
CDEMaotif
Descriptiorwmdows
Specifies t

" . =1
A ‘Windows Classic Fr
interface efermerm

Figure 13-11. Various choices from drop-down box for “Look and Feel”.

System Time Mode

Specifies the method used by CompleteEASE to determine time, with the following
choices:

0. Javatime call

1. Windows GetTickCount

2. Windows timeGetTime

3. Windows Performance Counter
4. CPU Counter

User Log-In Mode
Specifies how users will log into and access sofware functions. This feature is
important when setting up multiple users, as described in section 1.5.

Auto Fit Enabled
Specifies if “Auto-Fit” is enabled when CompleteEASE is started. This is related to
the “Auto Fit” check-box from the Analysis>Fit: panel.

Always Add CE Folders

Indicates that folders under the base folder (usually C:\CompleteEASE) should
always be added to the users location list when CompleteEASE is started. This
feature is important when setting up multiple users, as described in section 1.5.

User Have Own Folders List

When User Log-in is required CompleteEASE wil keep each users location list
separately. This feature is important when setting up multiple users, as described in
section 1.5.

Clear Data on Logout

When User Log-In is required CompleteEASE will clear the data, model, and
selected recipe when a user logs out. This is important to prevent proprietary results
from remaining within CompleteEASE after a user has logged out.

Always Show In situ Tab

When this option is checked the insitu tab will always be displayed. When this item
is not checked the insitu tab will only be displayed when the installed sample stage
supports insitu measurements (Heat Cell, Liquid Cell,...).
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NOTE: If the In situ Tab is not shown all the time and user desires it on case-by-
case basis, just press CTRL-ALT-I to access the tab.

Use Unicode
Specifies the character encoding for saving configuration files and models. Must be
set on 'ON' to use extended (non-Latin) character sets; setting to 'Off' improves
backwards compatibility with earlier CompleteEASE versions.

Force Read of Tabulated Mat Files
Indicates that all tabulated material files should be read from the disk instead of from
the model file. This should almost always be set to FALSE.

# of Cores for Data Analysis

Specifies the # of processor cores for data analysis: ‘0’ means all the available cores
are used. This value can be over-ridden by the model options.

Memory Management Configuration Parameters

The memory is determined by the maximum number of wavelengths and maximum
time slices allowed with in-situ data. See Figure 13-12.

Configuration Parms

% Memory Management|
Max. Wavelengths = 1500
Max. Time Slices =100

¢ Display Units
Light Units = nm
Time Units = minutes
Rate Units = Als
Thickness Units = nm 1
Opt. Const. Units =n & k
Temperature Units = °C
Translator Units = cm
File Save Prompt = True - |

FY

Figure 13-12. Memory Management and Display Units section of the Configuration
Parameters window.

Max Wavelengths
Controls the amount of memory required by CompleteEASE by setting a maximum
number of wavelengths.

Max Time Slices

Controls the amount of memory required by CompleteEASE by setting a maximum
number of time slices for dynamic data.

Display Units Configuration Parameters

The Display Units section sets the default units for CompleteEASE. See Figure
13-12.
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Light Units

Units to diplay light wavelength or photon energy; with choices of A, nm, um, 1/cm,
oreV.

Time Units

Units for time; with choices of seconds, minutes, and hours

Rate Units

Units for rate of dynmic growth/etch; with choices of A/s, A/min, A/hr, nm/min,
nm/hour, um/min, and pm/hour.

Thickness Units

Units for thickness; with choices of A, nm, um, and mm.

Opt. Const. Units
Units for Optical Constants; with choices of “n&Kk” or “el&e2”.

Temperature Units

Units for temperature; with choices of °C or K.

Translator Units

Units for translator coordinates; with choices of cm or mm.

File Save Prompt

Automatically prompt to save data after each measurement.

Remote Communications Configuration
Parameters

The Remote Communications section helps establish communication for
CompleteEASE. See Figure 13-13 for the list of items in this section.

Configuration Parms

% Remote Communications|
Communication Type = NMone
TCPIIP Port # = 4444
RS232 Baud Rate = 9600
Serial port = (None)

Auto Report = False

Auto Report Format = Status Text LS
Allow Parameter Quuery = False
Save Results To Database = False
RunRecipe - Out Of Spec = False - |

[ »

Figure 13-13. Remote Communications section of the Configuration Parameters window.

Communication Type

Method of communication between a remote computer and the CompleteEASE
program. Choosing None indicates no communication will take place. Other
options include TCP/IP and RS232.
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TCP/IP Port #

Port number that the CompleteEASE server listens on.

RS232 Baud Rate

Baud rate for serial communications.

Serial Port

Serial port to use with serial communications.

Auto Report

Turning Auto Report on will result in a string containing the values of current model
fit parameters to be sent out on the Asynchronous TCP/IP port after data is acquired
and fit. This is only done if the communication type is set to TCP/IP.

Auto Report Format

Specifies the format of data reported using Auto Report. Status Text will return the
parameters as listed in the Simple Mode status box. All Parms will return all of the
parameters including those that are hidden.

Allow Parameter Query

When “true” an additional checkbox appears in a fit parameters dialog. When this
parameter is checked the model will try to ask via TCP/IP (remote computer must be
connected to port "TCP/IP Port #" plus 2) for the value of the parameter before the
fit.)

Save Results to Database

When true the fit results from a recipe measurement will be added to a data base. The
URL for the database should be set in a file named DB-URL.cnf in the cnf folder.

RunRecipe — Out of Spec

Specifies that when a RunRecipe command is received, the return string should
include :00S for each parameter that is out of spec or :EEL for each parameter
whose error bar exceeds the limit as defined in the model.

Window Setup Configuration Parameters

The Window Setup section sets the default window shape, size and location. See
Figure 13-14.

Configuration Parms

? llﬂindow Setup

Title Text =
Title Bar Color = —
Start Up Tab = Ex Situ
Width = 1214

Height= 1154

Top Left Corner X = 204
Top Left Cornery = 32
Divider Pasition = 415 =

[ »

Figure 13-14. Window Setup Configuration Parameters.
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Title Text
The text that apears in the title bar of the CompleteEASE program.

Title Bar Color

The color of the title bar when the program is active; if specified, must be 'blue’,
‘green’, 'red’, 'orange’, 'yellow', ‘purple’, or 3 integer RGB values seperated by spaces
(e.g., '160 250 240' is cyan).

Start Up Tab

The tab that is selected by default when CompleteEASE starts. If users are required
to log in then this mode is the default mode when technician level is selected.

Width

Window width in pixels.

Height
Window height in pixels.

Top Left Corner X

X position of top left corner of window in pixels.

Top Left Corner Y

Y position of top left corner of window in pixels.

Divider Position

Position of graph divider in pixels.

Graph Clipboard Configuration Parameters

The Graph Clipboard Parms section sets the default graph dimensions and resolution
when copying graphs to the clipboard. See Figure 13-15.

Configuration Parms

¢ |Graph Clipboard Parms)| =
Width in Pixels = 540
Aspect Ratio=1.8 —
Resolution Factor=3 L
Auto Legend Position = True
RTF Left/Right Margin =1
RTF Top/Bottom Margin =1 - |

Figure 13-15. Graph Clipboard Configuration Parameters.

Width in Pixels
Width of Graph on the Clipboard, in pixels.

Aspect Ratio
Ratio of Graph Width/Height when copied to the Clipboard.
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Resolution Factor

Oversampling factor for the Graph. This value is multiplied by the graph width and
aspect ratio to determine the total number of pixels stored in the image.

Auto Legend Position

Automatically place the legend so that it minimizes data coverage when copying a
graph to the clipboard.

RTF Left/Right Margin

The left and right page margins to use when creating RTF content for the clipboard.

RTF Top/Bottom Margin

The top and bottom page margins to use when creating RTF content for the
clipboard.

Hardware Simulation Mode Configuration
Parameters

The Hardware Simulation Mode section sets whether hardware can be simulated
when not attached. See Figure 13-16.

Configuration Parms

% Hardware Simulation Mode |
Simulation Enabled = false
Simulation Data File =

¢ In Situ Tab Parameters
Show Errar Bars in Parameter Graph = False B
System Check Button an In Situ panel = True
# of Model pages-Insitu =4
Rep. Converter Name =
Show Received Cmds = False
Allow Second Model = False
Single Model Mode =0
Show Fast Acg. box = True -

[ »

Figure 13-16. Hardware Simulation Mode and In Situ Tab Configuration Parameters.

Simulation Enabled
When checked, CompleteEASE uses simulation mode instead of the physical
ellipsometer hardware to acquire data.

Simulation Data File

Specifies the CompleteEASE data file to automatically load if Simulation is enabled.

In Situ Tab Configuration Parameters

The In Situ Tab Parameters section sets details regarding the In Situ Tab, which is

generally hidden on systems that are not designated for in situ. See Figure 13-16.
Show Error Bars in Parameter Graph

When this setting is turned on, the parameter graph will display 2 curves instead of 4,
with the error bars for curves 1 and 2 displayed on the right Y axis.

CompleteEASE Software Manual

Reference - Options Tab e 13-383



System Check Button on In Situ panel
When set to true, a System Check button will appear on the In Situ tab. When set to
false, a Check Substrate button will appear.

# of Model pages — Insitu
Number of model pages available in the In Situ tab. Each page holds 10 models.
There is a minimum of 4 pages and a maximum of 8.

Rep. Converter Name

If the name of a program is listed here, the program will be run after a model report
(generated by the simple insitu mode) has been written to disk. The program will be
given the report file name as a command line parameter. The program needs to be
located in the CompleteEASE directory.

Show Received Cmds

Displays the text of Received Commands in the In Situ tab status box.

Allow Second Model

When this setting is on, the user can assign a second model to a button that will be fit
to the data just as the first, but no report will be generated. The 2" model’s
parameters will show up in the parameter graph provided the fit parameters are
named differently than the first model fit parameters.

Single Model Mode
Specifies which model button will be activated when CompleteEASE is started.
Setting to ‘0’ disables this mode.

Show Fast Acq. Box

Includes the “Fast Acquisition” check-box in the In Situ tab.

Data Export Parameters

The Data Export Parameters relate to custom applications that send results out to
external programs upon completion of analysis within CompleteEASE. The various
setting parameters are listed in Figure 13-17.

Custom Export Application

This entry specifies the name of a custom user-supplied application that will be run
after each measurement to export the results to an external program or database. The
“Export Meas. Results” option should be checked, and the application must be
located in the CompleteEASE directory.

Append Timestamp to Data File
When checked, the current time will be appended to the name of data files acquired
through a recipe measurement.

Export Recipe Data as Text

Performing a recipe measurement when this parameter is set to true will result ni the
software saving an additional file with the data recorded in text format.
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Include Hardware in 1Pt Export Format

The new export format only applies when exporting results from single point recipe
measurements (no maps). When this parameter is set to True, the hardware related
parameters will be added to the exported text file. When this parameter is false
(default), only the fit parameters are added.

Shutter Controls Configuration Parameters

The Shutter Controls Parameters section sets details regarding in situ control of
shutters for real-time process experiments. See Figure 13-17.

Configuration Parms

¢ Data Export Parameters| il
Custom Export Application =
Append Timestamp To Data File = False
Export Recipe Data as Text = False
Include Hardware in 1Pt Export Format = Fals
¢ Shutter Controls
Treat as Signal = True
# of Shutters =0
1] M [T#]

[4]

Figure 13-17. Data Export and Shutter Controls sections of the Configuration Parameters
window.
Treat as Signal

Treat the shutters as signals instead of shutters. The difference is that in process
control conditions, a signal remains off until the target thickness is reached whereas
the shutter opens (turns on) when the growth starts and closes (turns off) when the
target thickness is reached.

# of Shutters

The number of shutters to be configured in the software. The maximum number is 4.

Import and Save Configuration

To copy the configuration from one computer to the next, you can ‘Save
Configuration’ and then ‘Import Configuration’. This will help to setup the
CompleteEASE software in the same way on multiple computers.

13.4. About CompleteEASE

Displays the “About” box shown in Figure 13-18, which contains the software
version number, memory availability, and copyright information.

Create Debug File

Click this button to create a debug file for sending in details to Woollam Company.
The name is: C:\CompleteEASE\CompleteEASE_Debug.zip. Email this file to your
J.A. Woollam Co., Inc. representative to aid in debugging problems with your
ellipsometer system.
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View Error Log

View the error log.

About CompleteEASE

Version: 4.62
ﬁ ® 1998-2011 This software is only for use by
JA Woollam Co., Inc. JA Woollam Co. Customers

Authors: Jeff Hale and Blaine Johs
Loaded Configuration: Default (Modified)
Hardware Firmware Version: 17.034 (17.037)

Heap Memory: Used =551.72MB, Max=1013.6MB
Mon Heap Memory: Used = 26.02MB, Max=100.7MB

Create Debug File View Error Log

Figure 13-18. About Box.
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14. Appendices

14.1. Troubleshooting Guide

Please contact your J.A. Woollam Co., Inc. representative with any questions
relating to CompleteEASE or your ellipsometer system. To reduce the support time,
please create and email the debug file described in the following section before
contacting your representative.

Your closest Woollam Representative can be found in Section 0.

Reporting Problems to the J. A. Woollam Co.

In the event that you have a problem with the EASE software or your hardware, we
have made it very easy to gather information about your current setup to send to the
Woollam Company. By following this procedure, your current configuration, log
files, and recent calibration data will be zipped into a file called
CompleteEASE_Debug.zip that you can email to us along with a description of your
problem and contact information. By providing all of this information in one place,
we should be able to help you quickly identify the problem.

Creating a Debug file
1. Click on the Options tab
2. Click on the ‘Creatae Debug File’ button.

3. The filename for the debug file is:
C:\CompleteEASE\CompleteEASE_Debug.zip.

Note: The Debug File packages all hardware and software configuration files, along
with the current Error Log into a single ZIP file.

Email this file to your J.A. Woollam Co., Inc. representative to aid in debugging
problems with your ellipsometer system.
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14.2. CompleteEASE Data Transfer (to/from WVASE32)

The data files in CompleteEASE ™ and WVASE32™ are not directly compatible, as
they have different file formats. The WVASE32 files are written in ASCII text,
while the CompleteEASE files are “encrypted”. The file encryption in
CompleteEASE is a “copy-protection” mechanism, as this software does not require
an “activator key” to run, like WVASE32 requires.

If you have a copy of the WVASE32 software and the software key (activator) that
accompanies it, you can easily import and export data files to modify their formats to
be compatible with either WVASE32 or CompleteEASE.

The Experimental Data window is used to execute the data transfer of files already
saved. Currently opened data is not modified.

Any data open in the Experimental Data window will be removed (deleted if not
saved) by performing the following steps.

Importing CompleteEASE Data to WVASE32:

1. From WVASE32, select “CompleteEASE Data Transfer” from the FILE
menu of the EXPERIMENTAL DATA window and then select “Import
Data from CompleteEASE”.

V.ALSE for Windows

L AVASEITERARLESTIN, DAT

B AYASENEXAMPLEST HERMALE DT
HCWNASE INEXAMPLES|THERMALS DT
AR TA AV THEPALS LT
LTVREITHAPPLETTHEEMALE DT
& VASE A 1 0aT
L WYASEINEAPLESSL-OHIDE DAT
B WYASE INEXAMPLESTS (LY ER DAT
B WVASE TN ENAMPLES S L_BARE. DAT
WM IZILERA E5 PO AT

£ MWLEE TR MPLER POLY_RL AT
CILWASE I ERAMPLES | POLY_O6.DAT
L WMASEEDIEHILES, DA ET CHL AT
C:\WWASE T ENANALES) O GAMIC. DAT
CHWMIZIANALES| 5 R P2 O *
CILWYASEIZIEXAMPLES ML T_BLLK. DAT I
CLWWASE IZIEXANPLES| MEE DT —!.Iﬂ.a.
CWMASETEAF L B da -
W HASITIR A NPLET HI-LO DAT

CILWYRSE T EXANPLES RO TH, [T

Bt

Figure 14-1. Choose the CompleteEASE Data Transfer menu from FILE menu of the
Experimental Data Window.

2. Browse to select data files you wish to import from CompleteEASE.
Multiple files can be selected.
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Select Files to Import from Complete EASE

1%

Look jn: ‘ |3 Examples j . ek EO-
250 5 @Flow-on Glass on Si.5E
‘—"\3 gﬁunm Oride on 51,56 @Fused Silica Substrate, SE
My Recent &8 120nm Oxide on Si.SE 5B Glass Substrate.SE
Documents g 3000 Oxide an 51,5 & cLass 56
fT &8 1600rm Oxide an 5.5E HBcLnss_T.oE
&) L Gans SE 10,58
Desktop |8 an1soTR SE 170 on Fused Siica.5E

@ITO on Glass with Backside Refl.SE
EBIT0 on Glass. 5E

Bita s

BT _FuLK,5E

@a-ﬂ Mulkilayer . SE
&-5i on Glass #2 with Backside Refl. 58
88 2-5i on Glass #2,5E

My D I
Y UOCUMENSE - <) on Glass.SE

. &) cHROME  SE BB _cr_Fa.5E
31)! @DLC.SE @Mu\ti—ordar Waveplate, 5E
My Computer < 1 >
- File hame: |25nm Oxide on Si.5E j Open
My Metworke Files of type: | Data Files [* SE."i5E) - Cancel
Flaces

™ Open as jead-only

Figure 14-2. Select files you wish to Import.

3. Browse to select the directory where you wish the new files to be saved.
Imported files will be saved in WVASE32 format in the directory chosen.

|

Browse For, Folder

Directory for Data Import from CompleteEASE:

[C2) BACKUR, 10
[C2) BACKUR. 11
[C3) BACKUR, 12
[C2) BACKUP. 13
[®] _orripleteEASE Data Transfer
(& DAt
IC2) Drivers b
[C5) EXAMPLES
) Mat
e
< | =

|

| €

[ Make Mew Falder ] [ (814 l [ Cancel ]

Figure 14-3. Choose the location to save imported data files.

4. After the files are imported, a message will appear, as in Figure 14-4.
Previous “.SE” and “.iSE” files are now saved in WVASE32 “.dat” format.

-
‘y 56 auk of 56 Files successtully imparted

CompleteEASE Data Import

Figure 14-4. Message after all files imported correctly.
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Exporting WVASE32 Data to CompleteEASE:

1. From the Experimental Data window in WVASE32, select the file menu
and choose “CompleteEASE Data Transfer”. Then, select the “Export Data
to CompleteEASE” option as show in Figure 14-5.

V.ASE for Windows
jull Eerge S=krl Drger DelsteDeta Change Data Tips
| pemEmre Takc
Apend Exp. Al

Herpe Exp, Filo

Experimental Data:

Selected Type nen Angle Data

Copy bociphoard
LS ESTEXAMPLES [TIN. DAT

2 A ASEREANPLES THERMALS DOT
1 MNESESEANPLES | THER ML DAT
NS EARLES (TR AT
5 WSS PLES THER AL AT
G MNASESNERAMALESITHERMALT DAT
LS AL 310 T
B NS AP S ILYER, [T |
9 CrMMASESELAMPLESISI_BGRE DAT
Y AR AN ESIPILY S 04T
[ ASERE R AMMES|POLY_R.DAT
Y ASERTERAMPMES|POLY_CH.DAT
Gl ASEEEN AHPLES I ETCHDAT
CiWY ARV X ANPALE S DR GANK, DAT
WY AR AL G R P S LT
il ASESTER ANPLES| MCT_BULK DAT
Y ASESHEY AN ES MEE DT
Y AR AP b

Y ASE S E Y AMES | H-L0.DAT
Dl AT M PLE ) G TH, DT

Egx

b

Figure 14-5. Selecting “Export Data to CompleteEASE”

2. Browse and select the WVASE32 data files for exporting to
CompleteEASE, as in Figure 14-6. Multiple files can be selected.

-

Select Files for Exporting to Complete EASE
Laok jn: | £ EX&MPLES - e @k E-

= ElaLGAs DA [#|OR-ETCH.DAT || TI0Z.DAT
L gb @] ANISOTR.DAT  |[#]POLY_OX.DAT

MyRecent || @|cHROME.DAT  [#]PoLy_R.DAT

Documents 9]0y pat |#]PoLy-S1.0AT
[ |#®] GLaSS.DAT |#]51_BARE DAT
|®|GLASS_T.DAT | #|SILVER.DAT
Deskton || @) GROWTH.DAT  |@] S1-OXIDE.DAT
. |®|HI-LO DAT |®] THERMALL, DAT
’_} |#]ito.dat |#] THERMALZ DAT
: |®|MBE.DAT |®] THERMALZ, DAT

My D b
WHRSUMENE | $IMCT_BULK.DAT | @] THERMAL4.DAT

|#|MG_CR_FS.DAT || THERMALS.DAT
|#|ORGANIC.DAT @] TIN.DAT

ty Camputer

@ File name: [BLEA4S DAT -] geen |
My Metwork,  Files of tupe: |Data Files [*.dat.* bdt] ﬂ Cancel
Places

™ Open as read-only

Figure 14-6. Choose WVASE32 data files you wish to export.
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3. Browse to select the directory for data exported to CompleteEASE, as
shown in Figure 14-7.. Exported files will be saved in CompleteEASE

format in the directory chosen.

Browse for Folder.

Directory For Data Export to CompleteEASE:

== Local Disk (i2:)
{C) AMDREA
) backup
=) CompleteEASE
I3 cnf
) DAT
e amples
= jar
I£3) MaT
1) MoD
1) recipe

. "= mAremlakaE ASELE10

4 | ¥

=

W

I [l 8 H Cancel ]

Figure 14-7. Browse for location to place the newly created CompleteEASE files.

4. After the files are exported, the following message will appear. Previous
“.dat” and “.bdt” files are now saved in CompleteEASE “.SE” and “.iSE”

formats.

CompleteEASE Data Export E|

L
\y 24 out of 27 files successfully exported

Figure 14-8. Message when all data files are exported. If files were unable to export, the
total number of successful files is listed.
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14.3. Comparing Results between CompleteEASE
and WVASE32

For users that are familiar with using WVASE32, they may find a longer learning
curve as they discover the features of CompeleteEASE. When comparing results
between analysis within WVASE32 and CompleteEASE, please consider the
following differences:

Fit Weighting

Make sure the Fit Weighting during data analysis in both software packages. The
WVASE default is “Experimental Standard Deviations”, while CompleteEASE uses
“NCS” for its default.

Depolarization Data

If data contain depolarization measurement, WVASE32 will include this in the MSE
calculation and fit. CE will not use the depolarization data during MSE calculation
and fit unless you turn on special "Fit Option".

Intensity Data

If data are collected with CompleteEASE, the Intensity is also recorded (but not used
in the Fit unless turned on with special Fit Option). If this CompleteEASE data is
imported to WVASE32, it will also import the Intensity data and WVASE32 will
automatically fit this data - thus it needs to be removed from the Experimental Data
(using Range Select) to match CompleteEASE standard fit.

Surface Roughness

Surface Roughness layers in CompleteEASE are "stealing™ layers that subtract half

of their thickness from the underlying layer. Thus, if your layer shows 100nm thick
layer with 2nm surface roughness, the actual model calculation will use 99nm thick
layer with 2nm roughness. This is not done in WVASE32: it would calculate with

100nm thick layer and 2nm roughness. WV ASE does use the "stealing" method for
the INTERMIX layer.

14-392 e Appendices

CompleteEASE Software Manual



14.4. Contacting the J.A. Woollam Co., Inc.

J.A. Woollam Co., Inc.

645 M Street, Suite 102

Lincoln, NE 68508 USA

PHONE: 402-477-7501

FAX: 402-477-8214

Sales@jawoollam.com or Support@jawoollam.com
www.jawoollam.com

Germany & Europe
L.O.T.-Oriel GmbH

Im Tiefen See 58
Darmstadt 64293 Germany
PH: 49-6151-880668

FX: 49-6151-896667
wagner@Iot-oriel.de
www.lot-oriel.com

United Kingdom
L.O.T.-Oriel UK & Ireland
1 Mole Business Park
Leatherhead, Surrey

United Kingdom KT227 BA
PH: 44-1372-378822

FX: 44-1372-375353
heath@Iotoriel.co.uk
www.lotoriel.co.uk

France

L.O.T. Oriel France

4, Allee des Garays
Palaiseau, France 91120
PH: 33-1-69194949
FX: 33-1-69194930
sudrie@lot-oriel fr
www.lot-oriel.fr

Italy

L.O.T. Oriel Italy

Via Francesco Sapori 27
Rome, Italy 00143

PH: 39-06-5004204
FX: 39-06-5010389
schutzmann@Ilot-oriel.it
www.lot-oriel.it

Japan

J.A. Woollam Japan
Fuji 2F 5-22-9 Ogikubo
Suginami-ku

Tokyo 167-0051 Japan
PH: 81-3-3220-5871
FX: 81-3-3220-5876
info@jawjapan.com
WWW.jawjapan.com

Korea

Wizoptics

#501, Taebo B/D

240-5 Gocheon-Dong
Uiwang-si, Gyeonggi-do
437-801 Korea

PH: 82-31-477-3785
FX: 82-31-477-3786
info@wizoptics.com
www.wizoptics.com

Singapore

Crest Technology

4 Loyang Street

Loyang Industrial Estate
508839 Singapore

PH: 65-6546-4811

FX: 65-6546-4822
marcus@crest-technology.com
www.crest-technology.com

India

Sinsil International

New Bramhand Annex
Phase 8, G7/G2

Thane (W) 400607

Mumbai, India

PH: 91-22-2489-5077

FX: 91-90-2722-5513
sinsilmumbai@gmail.com
www.sinsilinternational.com

China

Lamda Pacific

Room 906, Block C

No. 70 CaoBao Rd.
Shanghai, 200235, China
PH: 86-21-64325169
FX: 86-21-64326125
sales@lamdapacific.com
www.lamdapacific.com

Taiwan

Titan Electro-Optics Co.
14 Fl., No. 19-11
San-Chung Road

Taipei 115, Taiwan

PH: 886-2-2655-2200
FX: 886-2-2655-2233
sales@teo.com.tw
www.teo.com.tw

Australia

Scientific Solutions

P.O. Box 196

Nambour

Queensland, Australia 4560
PH: 61-7-5472-7288
info@scisol.com.au
www.scisol.com.au

Israel

VST Service Ltd.

P.O. Box 4137

19 Imber Street
Petach-Tikva, 49130 Israel
PH: 972-3-92477-10

FX: 972-3-92477-11
angel@vacuumlitd.com
www.vacuumltd.com
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15. Index

#

# of Cores - 13-379

%

%RANGE - 8-262
%UNIFORMITY - 8-262

Angle Offset Correction - 12-365
anisotropic differences graph - 5-188
Anisotropic Films - 5-184

Append Data - 3-68, 4-142

Append Timestamp to Data File - 13-384
Aspect Ratio - 13-382

Auto Report - 13-381

Auto X,Y,Z-Scale - 7-220

Auto-Fit - 6-194

Average AC Intensity - 12-358

<

<el>-7-223

<e2>-7-223

<k>-7-223

<n>-7-223

<Pseudo> Transforms - 7-223

A

Absorbing Thin Films - 4-96, 4-112, 4-121
AccuMap-SE - 2-29, 8-246

Acquire Dynamic - 8-251

Acquire Multiple Measurements - 8-250
Acquisition Parameters - 2-32, 8-253
Add - 4-136, 9-278

Add Layer Below Substrate - 9-279

Add Opt. Const. to Report - 3-93

Add Row - 3-90

Add Trend - 7-241

Align Sample - 12-357

Allow Parameter Query - 13-381

Alloy Files - 5-178

Alloy layer - 9-309

alpha-SE - 2-26

Ambient Index >1 - 9-311

Analysis Tab - 9-264

Angle Offset - 9-284

B

Backside reflections - 3-74
Backside Reflections - 3-67
Bandwidth (nm) - 5-156
Biaxial - 9-291

Biaxial Layer - 5-186

Blank Model - 5-160
Bootstrap Method - 9-326
Bounding Fit Parameters - 3-55
Browse for File - 1-19
B-Spline - 4-115

B-SPLINE - 9-301

Build Library - 5-180

C

Calculate Intersection - 7-241
Calibration - 12-355, 12-359

Camera Functions - 12-363

Cauchy - 3-60, 3-62, 5-151, 9-288
Cauchy_Extended - 9-289

Cauchy_WVL - 9-289

Changing the Graph - 5-165

Choose From File Dialog’ - 8-249

Clear Multi-Data Set Mode - 5-168, 7-233
Clipboard Aspect Ratio - 7-221
Cody-Lorentz - 4-132, 10-335, 10-336
Color Calculation - 9-330

Common Acquisition Parameters - 8-257
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COMMON Location - 1-13
Common Models - 8-245
Common Pseudo Substrate Approximation - 6-207
Common Pseudo-Substrate Approximation (CPA) - 6-205
Common Recipes - 8-248
Common Scan Patterns - 8-259
Communication Type - 13-380
Compare Optical Constants - 3-89
Comparing Results - 3-88
CompleteEASE.cnf - 12-352
CompleteEASEhard.cnf - 12-352
Composition Library - 9-308
Configuration Controls - 13-375
Configure Options - 9-331
Contacting Woollam Co. - 14-393
Convert to Anisotropic - 5-186, 9-283
Convert to EMA - 9-282
Convert to Isotropic - 9-283
Copy Analysis Report to Clipboard - 3-94
Copy to Clipboard - 3-87
Coupled - 9-291
CPA - 6-207
CPA-Fit VI - 6-208
CPPB - 10-341
Create Curve - 7-240
Create Debug File - 13-385
Create/Edit Recipe - 2-31, 8-249
Critical Point Parabolic Band - 10-341
Custom Export Application - 13-384
Custom Grade Equation - 9-298
Custom oscillator - 10-342

Lorentz (WVASE Style .1) - 10-342

Draw Graph - 5-181
Draw Profile - 9-294
Drude(NMu) - 10-334
Drude(RT) - 10-334

DUV AC Intensity - 12-358
Dynamic Data - 7-237

E

Edit Configuration - 13-375

Edit Equation - 10-342

Edit Hardware Config - 12-365

Edit Marker Parameters - 10-344

Editing Layers - 9-280

Effective Medium Approximation - 3-44, 9-287
Eg, Common - 10-335

Einf - 10-332

Ellipsometry - 1-24

EMA - See Effective Medium Approximation
EMA-Coupled - 9-288

Error Bars - 7-232

Error Log - 13-386

Error Logs - 12-355

Evaluating Fit Results - 3-47

Expermental Error Bars - 9-326

Export Recipe Data as Text - 13-384
Exporting WVASE32 Data - 14-390

D

Data Analysis - 3-40, 3-42

Data Collection - 2-26

Data Export - 13-384

Data Transfer (to/from WVASE32) - 14-388
Data Type - 2-32, 8-254

DC Offset - 12-360

Debug file - 14-387

Default Save Directory - 1-18
Default TieOff Behavior - 9-307
Define User Privileges - 13-372
Delay - 8-252

Delete - 9-279

Delete Data Set - 7-233

Delta - 7-222

Delta Offset - 9-312
Depolarization - 3-72, 3-75, 7-230
Derived Parameters - 3-54, 9-318
Difference Mode - 7-231

Display Sample Image - 12-363
Display Signal - 12-358

Display Units - 13-371

Double-Y Axis - 7-231

F

File Structure - 1-12
Filenames - 8-252
Fit - 9-266
Fit Dynamic - 6-196, 9-266, 9-267
Fit Errors Magnitude (+/-) - 9-327
Fit Log - 3-88
FIT Options - 9-315
Fit Parameter Error Estimation - 9-325
Fit Results - 3-52
Fit Scan Data - 5-153
Fit Weight - 9-316
Fitting Data - 3-46
Folder “Links” - 1-13
Folder Links
Adding - 1-14
Creating Sub-Folders - 1-15
Drag-and-Drop - 1-16
SubFolders - 1-17
Font - 13-377

G

Gaussian - 10-334
Generalized Ellipsometry - 7-229, 8-254
Generate - 9-266
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Generate Report - 3-92

Gen-Osc - 4-122, 9-299, 10-332

Glass with Absorbing Film model - 4-130
Glass with Transparent Film model - 3-79
Global Fits - 3-63, 4-119, 9-316

Grade Layer - 3-45, 3-81, 9-283

Graded Layer - 9-292

Graph - 6-191, 7-215

Graph All Data Sets - 5-165

Graph Clipboard - 13-382

Graph Points as a Line - 7-220

Graph ScratchPad - 3-69, 4-144, 7-218, 7-238
Graph Settings - 7-242

Graph Type - 7-221

Graph vs. Angle - 7-231

Graphing Multiple Data Sets - 3-68

Grid Fill - 8-258

GROC Model - 6-206

Growth Rate and Optical Constants Model - 6-206

H

Hardware Configuration
Alignment Parameters - 12-369
Camera Settings - 12-369
Channel Subsets - 12-368
Coarse Calibration - 12-366
Data Acquisition - 12-365
Focus Option - 12-370
Heat Cell Attachment - 12-370
Liquid Cell Attachment - 12-369
Miscellaneous - 12-368
Normal Calibration - 12-366
Parm. Return Values - 12-368
Pattern Rec. Parameters - 12-369
Routine Test Measurements - 12-367
Simple Ex Situ Measu. Modes - 12-369
System Calibration - 12-367
System Check Settings - 12-367
Transmission Attachment - 12-370
Window Effects - 12-367
Hardware Simulation - 13-383
Hardware Status - 12-356
Hardware Tab - 12-352
hardware.cnf - 12-352
Harmonic - 10-333
Harmonic Im(Amp) - 10-334
Hiding Fit Parameters - 3-55

Align Hardware - 11-347

Display Signal - 11-347

Fast Acquisition Mode - 11-347

Pause (Resume) Acquisition - 11-347

Start (End) Acquisition - 11-347

Status window - 11-346

System Check - 11-347

Trigger Acquisition - 11-347
Include Depolarization Data - 5-157, 9-317
Include Hardware in 1Pt Export Format - 13-385
Include Intensity Data - 9-317
Include Substrate Backside Correction - 9-310
Include Surface Roughness - 9-280
Initialize Hardware - 12-360
Install/Remove Focus Probes - 12-362
Installing the Software - 1-4
Intensity - 7-230
Intensity (Total) - 7-232
Intermix - 9-307
IR AC Intensity - 12-358
IR Pole Amp - 10-333

L

Limit Wvl Range for Fit - 4-119
Linear Grade - 9-293

Look & Feel - 13-377

Lorentz - 10-333

Lorentz Im(Amp) - 10-333

Im(rho) - 7-222

Imaginary Part Only - 4-123

Importing CompleteEASE Data - 14-388
In Situ Data Analysis - 6-192

In situ tab - 11-345

M

M-2000 - 2-29, 8-246

Manage Users - 13-372

Manual - 13-373

Manual Conventions - 1-9
Manual X,Y,Z-Scale - 7-220

Map Data - 5-146, 5-148, 7-236
Mark Meas. Spot Location - 12-364
Match All - 4-129

Max Time Slices - 13-379

Max Wavelengths - 13-379
Measure Camera Field of View - 12-364
Measurement Recipe - 8-247
Measurement Tab - 8-243
Measuring a Sample - 2-27
Memory Management - 13-379
Metal Substrates - 4-98

MM Derived Parameter - 7-226
MM-Jones Quality - 7-226
Mode: - 8-243

Model - 3-43, 9-280

Model Calculation - 5-154, 9-310
Model Non-ldealities - 5-148
MODEL Options - 9-310

Models - 2-36
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Models button Adding/Editing/Deleting - 11-348
Models Panel - 11-348

More Options - 7-231

Move Translator - 8-252

MSE - 3-45

Mueller Matrix - 8-254

Mueller Matrix Diag - 7-224
Mueller Matrix NCS - 7-224
Mueller Matrix Off Diag - 7-224
Mueller Matrix Utility - 7-228
Mueller-Matrix Data - 7-224
Multi-Data Sets - 6-200
Multi-Model Patterning - 9-312
Multiple Data Types - 4-97, 4-141
Multiple Users - 1-19

Multi-Sample Analysis - 5-159, 5-167, 5-172, 9-313

Multi-Time Slice Analysis - 6-201

Pseudo Transforms - 4-98
Psi - 7-222

N

N,C,&S-3-46
N,C,S-7-222
Non-Linear Grade - 9-294

o

OC Library - 5-147, 5-178

Off-Sample Baseline - 12-355

Offset - 9-293

Operator List - 10-343

Opt. Const. Compare Model - 5-178

Optical Constant type (Custom Osc.) - 10-342
Optical Constants - 3-48, 13-372

Options Tab - 13-371

R

Random Errors (Noise) - 9-325
Range-Select - 7-216

Range-Selecting Wavelengths - 4-117
RC2 - 2-29, 8-246

Re(rho) - 7-222

Real Part Only - 4-126

Re-analyzing Multiple Data Sets - 3-90
Recent Folders - 1-13

Recent List - 1-13

Recipe - 2-29

Recipe Scheduler - 8-250

Reflection Intensity - 8-255
Re-initialize - 12-353

Remote Communications - 13-380
Remove Grading - 9-283

Rename Layer & Fit Parameters - 3-65
Renaming Fit Parameters - 3-55
Reset List - 9-267

Reset Win. Size - 13-372

Resolution Factor - 13-383

Return Path Ellipsometer - 9-312
Rotation Data - 7-235

Roughness - 4-140

Routine Test Measurement - 12-358
RS232 - 13-381

Running a Recipe - 2-37

P

Parameter Error Bars - 3-52

Parameter Perturbation - 9-326

Parameter Uniqueness - 4-109, 4-141, 9-324
Parameterize - 4-121

Parameterize Layer - 9-281

Parametric Grade - 9-296

Park Z-Stage - 12-353

Perform Thickness Pre-Fit - 9-315

p-Intensity - 7-232

p-Intensity (Total) - 7-232

Pole - 10-332

Profile Along X and/or Y Axis - 7-218

Prompt for Acquisition Parameters - 2-30, 8-247
Prompt for Recipe Components - 2-30, 8-248
Psemi-MO0 - 10-338

Psemi-Tri - 10-338

Pseudo optical constants - 7-223

Pseudo Optical Constants - 3-43

S

Sample Alignment - 2-32, 8-255
Sample Alignment: - 8-243

Sample Height Alignment - 2-34, 8-256
Save - 4-105, 9-279

Save Layer Optical Constants - 4-106
Save Log File - 3-95

Save OC Library - 5-183

Saving a Model - 4-135

Scale Z-Range by n-Sigma - 7-220

Scan Pattern - 2-35, 8-258

Scan Region of Interest - 8-259

Screen Layout - 7-215
SE+T-4-97,4-141

Select a Recipe - 8-247

Select All Data Sets - 7-233

Select Current Data Set ONLY - 7-233
Select Data Set - 7-233

Select Mueller Matrix Elements - 7-225
Select Ratios to Graph - 7-230
Selecting a Map Point - 5-149

Selecting Multiple Points on a Map - 5-163

Self-Assembled Monolayers - 4-108
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Sellmeier - 5-152, 9-290

Set Ranges - 5-151, 9-266

Set Symbol Size - 5-161, 7-220
Set Temperature - 8-252

SETUP Program - 1-4

Shortcuts - 13-374

Short-cuts - 1-22

Short-Cuts - 5-160, 6-192

Show Data - 7-216

Show Map Data - 5-148

Show Symbols - 7-219

Shutter Controls - 13-385

Si with Absorbing Film model - 4-113
Si with Transparent Film model - 3-61
Signal - 12-353

Silicon Model - 3-54

Simple Grade - 9-293

Simulate Data - 9-330

s-Intensity - 7-232

s-Intensity (Total) - 7-232

Slice Value - 9-296

Slope - 9-293

Snapshot - 3-95, 9-278

Source and Receive Rot. - 9-312
Spectroscopic Ellipsometry - 1-24
S-T Baseline - 12-355

Standard SE Measurement - 8-254
Starting Mat - 4-131

Statistics - 7-218

Surface Roughness - 3-81

Surface Tracking Fit Mode - 6-208
symmetric profile - 9-294

System Check - 12-358

System Status - 8-243

Systematic Errors - 9-326

two segment grade equation - 9-297

U

Uniaxial - 9-309
Uniaxial-Diff - 9-309
Units - 13-379
Light - 13-380
Optical Constants - 13-380
Rate - 13-380
Temperature - 13-380
Thickness - 13-380
Time - 13-380
Translator - 13-380
Un-Select Data Set - 7-233
Unwrap from EMA - 9-283
Upgrading Software - 1-4
User Log In - 1-21
UV AC Intensity - 12-358
UV Pole - 10-333

T

Tabulated n,k - 9-287

Tanguy - 10-337

Tauc-Lorentz - 10-335

TCP/IP - 13-381

Temperature Layer - 9-309
Thickness Non-Uniformity - 5-155
Thickness Pre-fitting - 3-56
Thickness Units - 13-372

Tie Off Positions - 9-307

Tilt Alignment - 2-33, 8-255

Time Mode - 13-378

Time-Slices - 6-199

Transmission Data % Weight - 4-143, 9-317
Transmission Intensity - 8-255
Transparent Films - 3-41, 3-79
Transparent Substrates - 3-67
Transparent Thin Films - 3-40, 3-60
Troubleshooting - 14-387

Try Alternate Models - 3-84, 9-323

v

VI Mode - 6-207
View panel

Dynamic Data - 11-350

Fit - 11-350

Log - 11-350

Parameters - 11-349
View Previous Fit Results - 8-261
Viewing Results - 2-37
Virtual Interface - 6-205
Visualizing Model Changes - 3-59
Void - 9-287

w

Wannier excitons (Tanguy oscillator) - 10-337
Wavelength [wvl] (Custom Osc.) - 10-342
Wavelength Range Expansion - 4-117
Wavelength Range Expansion Fit - 9-323
Wavelength Units - 13-371

Wavelength Units —eV - 5-149

Window Setup - 13-381

Wl Shift (nm) - 9-312

WvIByWvl - 9-291

WvlbyWhvl Layer - 4-99

V4

Zoom All - 7-217
Zooming on Map - 5-162
Z-Stage Scan - 12-354, 12-363
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