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I. INTRODUCTION

This database provides values of electron inelastic mean free paths (IMFPs) in solid elements
and compounds at selected electron energies between 50 eV and 10,000 eV (although most of
the available data are for energies less than 2,000 eV).

The database was designed mainly to provide IMFPs for applications in surface analysis by
Auger-electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). For these
applications, IMFPs are needed for quantitative surface analyses (to correct elemental sensitivity
factors for variations of IMFP with chemical state), for defining the surface sensitivity, and in
calculations of the transport of signal electrons in solids. The IMFPs are also useful for defining
the surface sensitivity of other surface-characterization methods in which electron beams are
employed and for applications in which knowledge of the transport of low-energy electrons in
solids is needed.

In AES and XPS, a user often needs IMFP values at one or more specified electron energies or
wishes to display IMFPs as a function of energy. The database can provide IMFP information
from up to three types of sources: calculated IMFPs from experimental optical data for a limited
number of materials, IMFPs measured by elastic-peak electron spectroscopy (EPES) for some
elemental solids, and IMFPs from predictive formulae for all materials. The calculated and
measured IMFPs were generally reported in journal papers at specified electron energies, and it
was convenient to fit these IMFPs with appropriate functions so that IMFPs could be found by
interpolation for intermediate energies [1].

A user of this database can obtain and display IMFP values for elements, inorganic compounds,
and organic compounds at specified electron energies or energy ranges. For a selected material
in each class, the user can specify a source of IMFPs (calculations, measurements, or predictive
formulae) and then choose from a number of options for the IMFP units (nanometers,
Angstroms, or milligrams per square meter) and the type of display (linear, logarithmic, or
linear/logarithmic coordinates).

The user can display the IMFP results graphically (that is, a plot of IMFP versus electron
energy), obtain an IMFP for a selected electron energy, obtain IMFPs for a number of specified
energies, and create an IMFP Table for regularly spaced electron energies. The IMFPs from the
latter two options can be stored in files for later processing (e.g., on-screen comparisons of
IMFPs from different sources for the same material or comparisons of IMFPs for different
materials), printing, or permanent storage. Finally, graphical displays can be saved in Windows
bitmap format for easy incorporation into other documents.

NIST released version 1.0 of the Electron Inelastic-Mean-Free-Path Database (SRD 71) in
September, 1999. Version 1.0 was designed to operate under the DOS operating system. Version
1.1 was designed to operate under the Windows 95, Windows 98, or Windows NT operating
systems, and was released in December, 2000. The database screens were redesigned to make
use of the database easier and more convenient. There were no changes or additions to the data
in the database although there were some changes to the N, parameter values listed in Table A.1.
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The installation program for Version 1.2 was changed so that it would operate on newer versions
of the Windows operating system; Version 1.2 was released in December, 2010. There were no
changes or additions to the data in the database although a new About box was added to the main
menu. This box shows three references, a 1999 critical review [1] and two recent reviews [2,3]
that discuss evaluations of the compiled data, methods of determination, and uncertainty.

Il. GETTING STARTED

Packet Content
CD-ROM
Users’ Guide

Alternatively, the files on the CD-ROM and a PDF file with the Users’ Guide can be
downloaded from NIST (http://www.nist.gov/srd/surface.cfm).

System Requirements

1. Personal computer with Windows 95, Windows 98, Windows NT, Windows 2000, Windows
ME, Windows XP, Windows Vista, or Windows 7 operating system

. CD-ROM drive

. Screen resolution: 1024 by 768 pixels.

. System font size: small fonts.

. Printer: Laser printer supporting the PCL 6 printer language.

. Hard disk space: 720 kilobytes minimum. Larger amounts of storage are required if numerous
files are created with the database. It is suggested that 30 Megabytes be available, particularly
if graphic files are created.

OOk, WN

The database has been designed to operate optimally at the screen resolution given above.
However, it can also be operated at a lower screen resolution, e.g., 640 by 480 pixels, or 800 by
600 pixels. At higher resolutions, the database will operate correctly but there may be difficulty
in reading text on the screen. For all resolutions, small system fonts must be selected.

To change the screen resolution or the system font size, follow these steps:
1. Double click the My Computer icon on the desktop.

2. Click the Control panel icon.

3. Double click the Display icon.

4. Click on the Settings tab.

5. Set a given resolution by moving the slider.

To change the system font size, proceed as follows depending on the operating system in use:
For Windows 95 or NT, select Small Fonts in the Font Size box.

For Windows 98, click on the Advanced... button, select the General tab, and then select the
Small Fonts option in the Display box.
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For Windows XP, click on the Advanced... button, and then select the Normal size (96 DPI)
option in the Display box.

For Windows Vista, click on Appearance and Personalization, Personalization, Adjust font
size (DPI) in the left pane, and select Default scale (96 DPI).

For Windows 7, click on Appearance and Personalization, Display, and select Small - 100 %
(default option).

Installation

1. Insert the CD-ROM into the disk drive of the computer.

2. Click the Start button on the task bar.

3. Click the Run command.

4. Type D:\SETUP (if D: is the drive letter for the disk drive) and click OK.
5. Follow instructions on the screen.

Alternatively, the following procedure can be used:

1. Insert the disk into the disk drive of the computer.

2. Double-click My Computer on the desktop.

3. Double-click the icon corresponding to the disk drive.
4. Double-click the Setup icon (showing the computer).
5. Follow instructions on the screen.

If files have been downloaded into a directory on the user’s personal computer, double-click the
Setup icon (i.e., setup.exe).

Should difficulty be encountered in installing the database as described above (e.g., due to
security settings on the computer), the database can be launched by double-clicking on
IMFPWIN.exe located in the Program Files directory.

By default, the database is installed in the directory C:\PROGRAM FILES\NIST\IMFPWIN.
Furthermore, an IMFPWIN icon is created. This icon appears after clicking the Start button and
choosing Programs.

Removal of the Database

1. Double click My Computer on the desktop.

2. Double click the Control panel icon.

3. Double click the Add/Remove Programs icon.
4. Select Install/Uninstall.

5. In the list of programs, click Imfpwin.

6. Click the button Add/Remove.
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I11. STRUCTURE OF THE PROGRAM

Main Menu

NIST Electron, Inelastic-Mean-Free-Path Database

Database File Management Comparisons  Disclaimer  About

NIST Standard Reference Database 71

NIST ELECTRON
INELASTIC-MEAN-FREE-PATH DATABASE

Version 1.2

Data provided by
C. J. Powell, Surface and Microanalpsiz Science Division
Mational Institute of Standards and Techhology
Gaithersburg, MD 20899, ISA

Software developed by
A Jablonski, Institute of Physical Chemistry
Polish &cademy of Sciences, Warsaw. Poland

Distributed by
Standard Feference Data Program
Mational Institute of Standards and Technolagy
Gaithersburg, MD 20833, USA

Copyright 2070 by
the L. 5. Secretary of Commerce
on behalf of the United States of America. All rights reserved.

Figure 1. The title screen and main menu.

The five options of the Main Menu are listed in the upper part of the title screen (Fig. 1), and the
submenus corresponding to the first three options are shown in Figs. 2, 4 and 5.
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The functions of the five main menu options are as follows:

1. Database (Figure 2)

NIST Electron, Inelastic-Mean-Free-Path Database

BEIEEEES File Management  Comparisons — Disclaimer  About

Elements 4 NIST Standard Reference Database 71
Inorganic conpounds  #

Organic compounds — #

e the sssin NIST ELECTRON
INELASTIC-MEAN-FREE-PATH DATABASE

Version 1.2

Data provided by
C. J. Powell, Surface and Microanalysis 5cience Division
Mational Institute of Standards and Technolagy
Gaithersburg, MD 20833, USA

Software developed by
A Jablonski, Institute of Physical Chemistry
Polish Academy of Sciences, Warsaw. Poland

Digtributed by
Standard Reference Data Program
Mational Institute of Standards and Techrnology
Gaithersburg, MD 20893, ISA

Copyright 2070 by
the L. 5. Secretary of Commerce
oh behalf of the United States of America. &l rights reserved.

Figure 2. First option of the main menu (Database)

With this option, IMFPs can be obtained for elements, inorganic compounds, and organic
compounds. For each of these three classes of materials, submenus (Figs. 3(a)-(c)) enable the
selection of data sources and the types of data to be obtained. These submenus are described in
Section IV. Operation of the database can be terminated by choosing End the session.
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NIST Electron, Inelastic-Mean-Free-Path Database

File Management Comparisons  Disclaimer  Abouk

erence Database 71
Single IMFP value

Multiple: IMFP values E CT R O N

End the session Table with IMFP values

INELASTIC-MEAN-FREE-PATH DATABASE

Version 1.2

Organic compounds — #

Data provided by
C. J. Powell, Surface and Microanalysis 5cience Division
Mational Institute of Standards and Technolagy
Gaithersburg, MD 20833, USA

Software developed by
A Jablonski, Institute of Physical Chemistry
Polish Academy of Sciences, Warsaw. Poland

Digtributed by
Standard Reference Data Program
Mational Institute of Standards and Techrnology
Gaithersburg, MD 20893, ISA

Copyright 2070 by
the L. 5. Secretary of Commerce
oh behalf of the United States of America. &l rights reserved.

Figure 3(a). Elements submenu for the Database menu of Figure 2.

NIST Electron, Inelastic-Mean-Free-Path Database

BEIEEEES File Management  Comparisons — Disclaimer  About

Elements ' AT Ctamdard Rofn-ance Database 71
Inarganic compounds  » PR LEELEN i IS

Organic compounds — # IMFPs From predictive Formulae CT R O N

End the session Single IMFP value
Multiple IMFP values

INELAST lorwrermrv E-PATH DATABASE

Version 1.2

Data provided by
C. J. Powell, Surface and Microanalysis 5cience Division
Mational Institute of Standards and Technolagy
Gaithersburg, MD 20833, USA

Software developed by
A Jablonski, Institute of Physical Chemistry
Polish Academy of Sciences, Warsaw. Poland

Digtributed by
Standard Reference Data Program
Mational Institute of Standards and Techrnology
Gaithersburg, MD 20893, ISA

Copyright 2070 by
the L. 5. Secretary of Commerce
oh behalf of the United States of America. &l rights reserved.

Figure 3(b). Inorganic Compounds submenu for the Database menu of Figure 2.
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NIST Electron, Inelastic-Mean-Free-Path Database

BEIEEEES File Management  Comparisons — Disclaimer  About

Elements 4 | NIST Standard Reference Database 71
Inorganic conpounds  #

Organic compounds VR L ELET RIS T
IMFPs Fram predictive Formulae CT R O N

End the session

INELAST] "= = PATH DATABASE

Version 1.2

Data provided by
C. J. Powell, Surface and Microanalysis 5cience Division
Mational Institute of Standards and Technolagy
Gaithersburg, MD 20833, USA

Software developed by
A Jablonski, Institute of Physical Chemistry
Polish Academy of Sciences, Warsaw. Poland

Digtributed by
Standard Reference Data Program
Mational Institute of Standards and Techrnology
Gaithersburg, MD 20893, ISA

Copyright 2070 by
the L. 5. Secretary of Commerce
oh behalf of the United States of America. &l rights reserved.

Figure 3(c). Organic compounds submenu for the Database menu of Figure 2.

2. File Management (Figure 4)

NIST Electron, Inelastic-Mean-Free-Path Database

Database NEIENGERERE

Compatisons  Disclaimer  About

NIST ELECTRON
INELASTIC-MEAN-FREE-PATH DATABASE
Version 1.2

Data provided by
C. J. Powell, Surface and Microanalysis 5 cience Division
Mational Institute of Standards and Techholagy
Gaithersburg, MD 20899, USA

Software developed by
A Jablonski, Institute of Physical Chemistry
Palizh Academy of Sciences, Warsaw, Poland

Distributed by
Standard R eference Data Program
Mational Institute of Standards and Techhology
Gaithersburg, MD 20899, ISA

Copyright 2070 by
the L. 5. Secretary of Commerce
oh behalf of the United States of America. All ights reserved.

Figure 4. Second option of the main menu (File Management).

This option allows the user to save files created in the present session to another directory for
permanent storage, to delete files from the database directory, to print files containing IMFP

IMFP 7



data, to print figures showing displays of IMFP data as a function of electron energy, and to load
files containing IMFP data or figures that were created in earlier sessions and stored in another
directory.

3. Comparisons (Figure 5)

NIST Electron, Inelastic-Mean-Free-Path Database
Database  File Management WelaEREGEN Disclaimer  Abouk

IMFPs From the database only
IMFPs From other sources and the database

ase 71

NIST ELECTRON
INELASTIC-MEAN-FREE-PATH DATABASE

Version 1.2

Data provided by
C. J. Powell, Surface and Microanalpsiz Science Division
Mational Institute of Standards and Techhology
Gaithersburg, MD 20893, ISA

Software developed by
A, Jablonski, Institute of Physical Chemistry
Polish Academy of Sciences, Warzaw, Poland

Distributed by
Standard Reference Data Program
Mational Institute of Standards and Techhology
Gaithersburg, MD 20893, ISA

Copuright 2070 by
the L. 5. Secretary of Commerce
on behalf of the United States of America. Al rights reserved.

Figure 5. Third option of the main menu (Comparisons).

With this option, IMFP data for different materials and/or from different sources can be
graphically compared.

4. Disclaimer (Figure 6)

The NIST disclaimer is stated.
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The National Institute of Standards and Technology (NIST) uses its
best efforts to deliver a high quality copy of the Database and to
verify that the data contained therein have been selected on the

basis of sound scientific judgement. However, NIST makes no warranties
to that effect, and NIST shall not be liable for any damages that may

result from errors or omissions in the Database.

Figure 6. NIST disclaimer.
6. About box (Figure 7)

The About box gives information on the release date of this version of the database, how the
database should be cited in publications, and references to evaluations of the compiled data,
methods of determination, and uncertainties [1-3].

Version 1.2 of the NIST Electron Inelastic-Mean-Free-Path Database
was released in Decemhber 2010.

For a literature citation. the database should be viewed as a book published by NIST.

The citation would therefore be:

C. J. Powell and A. Jablonski, NIST Electron Inelastic-Mean-Free-Path Database.
Yersion 1.2, SRD 71. National Institute of Standards and Technology. Gaithersburg.
MD (201D0).

References that discuss evaluations of the compiled data. methods of determination,
and uncertainty are:
C. J. Powell and A. Jablonski, Evaluation of calculated and measured electron inelastic

mean free paths near solid surfaces. J. Phys. Chem. Ref. Data. 28. 19 (1999).

C. J. Powell and A. Jablonski, Surface sensitivity of x-ray photoelectron spectroscopy.
Nucl. Instr. Meth. Phys. Res. A 601, 54 (2009).

C. J. Powell and A._ Jablonski, Progress in quantitative surface analysis by x-ray
photoelectron spectroscopy: Current status and perspectives. J. Electron Spectrosc.
Relat. Phenom. 178-179, 331 (2010).

Figure 7. The About box.
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V. RUNNING THE DATABASE PROGRAM
Starting the Database
The database can be started by any of the following means:
1. Click the Start button, choose Programs, and then the IMFPW!IN icon.
2. Click the Start button, choose Run, and type:
C:\PROGRA~1\NIST\IMFPWIN\IMFPWIN,
and then click OK.

3. Double-click the My Computer icon on the desktop, select the C:\PROGRAM
FILES\NIST\IMFPWIN directory, and double-click on the IMFPWIN icon.

Database
(First option of the main menu)

Elements
(First option of the Database option on the main menu)

The user will initially select an element and a source of data (Figure 3(a)).

The Periodic Table of the elements will then appear (Figure 8), and an element can be selected
by clicking on the button for the element of interest. A selection is indicated by a change of color
from black to red.

An element can be deselected by clicking again on another button. After a selection has been
made (Cu in the case shown in Figure 8), the OK button should be clicked. Clicking on the
Cancel button returns control to the opening screen and the main menu. Note that it is not
possible to select an element shown in bold letters.

After an element has been selected, a screen will appear showing the IMFP data sources

available for that element. For example, if copper (Cu) had been chosen, the screen shown in
Figure 9 would be displayed.
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Select elements
1 Elements 2
H s ; He
Elements indicated with bold letters
5

4 cannot be selected. 5 6 7 a 9 10

Li | Be = : B (& N 1] F | Ne ‘
Sucocessiul selection is marked with red color.

112 13 14 15 16 17 18
Ma | Mg Al S B 5 Cl Al‘

3B/ 3

19 20 21 2 23 24 25 B X
i Br | Kr ‘

3738 3B 40 4 42 43 44 a5 48 47 43 43 BOD BT B2 B3 B4

Fb | 5r W Zr | Mb| Mo | Te | Ru| Bh| Pd | 4g | Cd | In | Sn| Sb | Te | Xe ‘
55 BB &Y 72 73 VY4 Y5 VB Y7 78 VY3 8O0 @ 82 83 84 B85 86

Cs | Ba | La:| HF | Ta:| W | Re | D= Ir Pt | &u | Hg| Tl | Pk | Bi | Po | At | Bn ‘
87 88 83 58 B3 B0 E1 B2 B3 B4 EE BB BY BB B3 VO ¥

Fr | Ra | Ac Ce| Pr| Nd| Pm| S5m | Eu| Gd| Tb | Dy | Ho| Er | Tm| ¥b | Lu ‘

0 9 s2 93 94 95 96
Th | Pa| U | Np Pu| Am Em‘ ,/DKI

X Cancel

Figure 8. Screen for selecting an element (here Cu).

Status Select units
Element Cul2=29) {+ Angstroms
Units : Angstroms - — .
Source : Tanuma, Powell and Penn

Surface Interface Anal 17 [1331) 911,  mo/m™2
IMFP values determined from optical data and a theoretical model

Energy range : from 50 &4 to 2000 e\
x Cancel

Select source
Ashley. Tung. Anderson & Ritchie (from optical data)
Kwei. Chen, Tung & Wang (from optical data)
Ding & Shimizu (from optical data)
Gries (from predictive formula)
EPES & Monte Carlo calculations (experimental data)
Recommended IMFP values (best consistency of published data)

Additional selectior

Figure 9. Sources of IMFP data for copper.

One of the data sources should then be selected. If experimental IMFP values are desired (i.e.,
IMFPs measured by elastic peak electron spectroscopy), an additional selection of a data source
should be made in the bottom box of the screen. Further information concerning the selection(s)
(the reference, the electron energy range for the IMFP data, and how the IMFP data were
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obtained) appears in the status box. The user should also select the preferred IMFP units
(Angstroms, nanometers, or milligrams per square meter) in the box in the upper right of the
screen (although units can be changed on later screens). The OK button should then be clicked.

Four types of data sources have been utilized to provide the IMFPs in the database:

1. IMFPs calculated from experimental optical data (for a group of elements and a small
number of compounds). An analytic function has been fitted to calculated IMFPs for a
particular material and data source to allow convenient interpolation [1,4].

2. IMFPs measured by elastic-peak electron spectroscopy (EPES) and the use of either Monte
Carlo calculations or analytical theory (for a group of elements). An analytic function has
been fitted to measured IMFPs for a particular material and data source to allow convenient
interpolation [1,4].

3. IMFPs obtained from predictive formulae.

4. Recommended IMFPs (only for Ni, Cu, Ag, and Au) [1].

Further information on the sources of calculated, measured, and recommended IMFPs and the
uncertainty of the IMFP data has been published elsewhere [1-4]. These references also contain
a description of the procedures used to fit IMFPs that were calculated or measured at specific
energies so that convenient interpolations can be made. The predictive formulae are described in
Appendix A; for most applications, use of the TPP-2M equation of Tanuma et al. [5] is
recommended.

For the example of Cu, seven separate data sources are shown in the screen of Figure 9. The first
four of these are calculated IMFPs based on the work of the authors shown at the left of each
line. For IMFPs from the work of Tanuma, Powell, and Penn [6], IMFPs are provided based on
specific IMFP calculations for a selected element, if available, or otherwise from the predictive
IMFP formula TPP-2M proposed by these authors [5]. If this formula has been utilized,
information to this effect will be given on the screen for that element.

The following source in Figure 9 allows IMFPs to be calculated from the predictive IMFP
equation (G-1 formula) of Gries [7].

The next line on the screen of Figure 9 indicates that measured IMFPs are available for Cu from
EPES measurements and Monte Carlo calculations; selection of this line will lead to the
appearance of six sources of data in the lowest box of Figure 8 from which the user should make
a selection.

The last line on the screen of Figure 9 indicates that recommended IMFP values [1] are available

for copper. The following screen (Figure 10) shows a graphical plot of calculated IMFPs for
copper from Tanuma et al. [6] versus electron energy.
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Single IMEP value

Cu

Change coordinates

Change electron energy ™ log(IMFP) versus log(E]

IMFP walue *+ Energy steps of 1 &Y I
Energy - 60 eV " Erergy steps of 10 &Y
Inelastic mean free path . 4.88 Angstroms " Ererqu steps of 100 &

Tanuma, Powell and Penn

Inelastic mean free path [&ngstroms)

20

10

o
|

T T T
0 500 1000 1500 2000
Erergy [g]

x Cancel | MultipIeIMFPs| Table withIMFF's| Increase energ_l,J| Decrease energ_l,l| Line type | Ehangeunits|

Figure 10. Graphical display of calculated IMFPs for copper (from Tanuma et al. [6]) as a
function of electron energy.

The energy dependence of the cross section can be displayed in linear, semilogarithmic, or
logarithmic coordinate systems; these coordinates are chosen with the buttons in the upper-right
part of the screen. The IMFP units can be changed by clicking the Change Units button at the
bottom-right of the screen, and the line type can be changed by clicking the Line Type button at
the bottom of the screen. This plot provides a convenient means for showing the energy
dependence of the IMFP. If it is desired to store or print a graphical plot such as that shown in
Figure 10, a file with the IMFP data should be created with the Table with IMFP values option to
be described shortly and then the Comparisons option of the main menu should be used to
prepare a graphical display of the data in the file; this latter display can be printed and a file can
be created for transfer to other applications.

An IMFP value for a particular energy can be found by clicking the cursor inside the plot at a
position close to the desired energy. The IMFP and the chosen energy appear in the upper-left
corner of the screen. The selected energy can be changed by clicking on the Increase energy or
Decrease energy buttons; these changes will occur in steps of 1 eV, 10 eV, or 100 eV depending
on the choice of button selected in the upper part of the screen. In this way, numerical IMFP
values for particular electron energies of interest can be quickly found.

There are two additional methods by which numerical IMFP values for a particular material can
be found and also stored. First, by clicking on the Multiple IMFPs button of the screen in Figure
10, the user can obtain IMFPs for specified electron energies. As an example, Figure 11 shows
the screen that would appear if the silicon IMFP measurements of Gergely et al. [8] had been
selected earlier; these IMFPs are derived from an analytic function fitted to the IMFP
measurements [1].
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Multiple IMFP values

Si
Gergely et al.. Yacuum 48 [1997] 621
Elastic peak electron spectroscopy
Multiple [MFP values Status
Mo Energy [eV] IMFP [Angstrams] Minimurn energy : 100 eV
Masimum energy 5000 e
1 100.0 4.43
2 1154.0 31.14
3 1387.0 3605
4 16200 40.80
Change units
Create file
Enter the file name
[up to 8 characters)
The name will be completed
wih extension MFP
Create
Enter energies in el [max. 99)
Add | Delete | Inzert | i'L LCloze

Figure 11. Example of multiple IMFP values from the measured IMFPs for silicon of
Gergely et al. [8].

A series of electron energies can be entered into the box on the lower-left of the screen and the
Add button clicked after each entry. These energies and the corresponding IMFPs will then
appear in the center box of the screen. Entries in this box can be removed by selecting the
relevant line(s) and clicking the Delete button. Similarly, new entries can be inserted above a
selected line using the Insert button. The status box in the upper-right of the screen indicates the
energy range of the original data; IMFPs can be obtained only for energies within this range. The
IMFP units can be changed by clicking on the Change units button. Finally, a file can be created
containing the indicated energies and IMFPs by entering a suitable file name in the box of the
right-side of the screen and clicking the Create button. Such a file will be given the .MFP
extension. A window will then appear on the screen indicating that the file has been successfully
created; this window would show a diagnostic if, for example, an unsuitable file name had been
chosen. This option is a convenient means of storing IMFPs at user-specified electron energies
for a selected material and data source.

Second, a Table can be created containing IMFPs for regularly spaced electron energies within
the energy range of the original data source. Figure 12 shows the screen that would appear if the
Table with IMFPs button in Figure 10 had been clicked and if measured IMFPs for silicon from
Gergely et al. [8] had been previously selected.
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Table with IMEP values

Si
Gergely et al.. Yacuum 48 [1997] 621
Elastic peak electron spectroscopy
Table with the inelastic mean free path values Create table
Mo Energy [eV] IMFP [Angstrams] Mumber of the IMFP ,99—
1 100.0 4.43 v walues [max=. 401]
2 150.0 £12 .
3 200.0 770 Minimurn eneray (%1 100
4 2800 9.20
5 300.0 10,64 .
5 350.0 12.03 Maxirum energy (Y] [5000
7 400.0 13.38
g 450.0 14.70
g 5000 15,99 Lreate
10 BE0.0 17.25
ikl EO0.0 18.49
12 E50.0 19.71
13 700.0 20,90 ;
14 7500 22113 Direnge Wil
15 800.0 2325
16 850.0 24.40 Create file
1; gggg %ggg Enter the file namme
19 1000.0 2778 [up to 8 characters)
20 1050.0 28.08 hd The name will be completed
with extension ANG
Distribution of the IMFF values
(* Linear distribution
Create
" Logarithmic distribution

Figure 12. Table with IMFP values derived from the measured IMFPs for silicon of
Gergely et al. [8].

The number of IMFP values in the Table can be selected by the user in the box at the upper-right
of the screen; the default value is 401 (the maximum number). The user can also choose to have
the energy values in the Table distributed uniformly on either linear or logarithmic scales by
selecting the appropriate button on the lower part of the screen. Clicking on the Create button in
the upper-right of the screen will then create the Table in the center of the screen. The IMFP
units can be changed as before by clicking on the Change units button. Finally, a file can be
created containing the Table of energies and IMFPs by entering a suitable file name and clicking
on the Create button in the lower-right of the screen. Files of this type are given extensions of
ANG, .NAN, or .MGM depending on whether the IMFP units are Angstroms, nanometers, or
milligrams per square meter, respectively. This option is a convenient means of storing IMFP
data for a selected material and data source over the energy range of the original data (shown at
the upper-right of the screen). This file can be later used to create a graphical display of the
IMFP data (e.g., for comparisons, printing, or transfer to other applications).

Clicking on the Close button in Figs. 11 and 12 will return the user to the main menu. It is then
possible to go directly to screens for obtaining a single IMFP value (Figure 10), multiple IMFP
values (Figure 11), or a Table with IMFP values (Figure 12) for the previously selected element
and data source using the submenu shown in Figure 3(a).

Inorganic Compounds
(Second option of the Database option on the main menu)

The user can choose to obtain calculated IMFPs for a limited number of inorganic compounds or
to derive IMFPs from predictive formulae (Figure 3(b)). If the first choice is made, the screen of
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Figure 13 appears in which four sources of calculated IMFPs are shown in the center part of the
screen.

Select source and compound

Status Select units

Inorganic compound ; Gallium phosphide [GaP) * Angstroms
Lnits : Angstramms B (S
Source : Tanuma, Powell and Penn

Surface Interface Anal 17 [1531) 927, ® e

IMFP values determined from optical data and a theoretical model

Energy range  from 50 & to 2000 &
oy ang X Cancel

Select source

Tanuma. Powell & Penn

Akkerman. Boutboul, Breskin et al.
Kwei. Chen. Tung & Wang
Ashley et al.

Select compound

Indium phosphide (InF)

Potassium chloride (KCI)

Lead sulfide (PbS)

Lead telluride (PbTe)

Silicon carbide (SiC)

Silicon dioxide (Si02) -

Figure 13. Screen to select source and compound to obtain calculated IMFPs for inorganic
compounds.

If one of those sources is selected, the compounds for which calculated IMFPs are available
appear in the lower part of the screen. After a compound is selected (and, if desired, the IMFP
units changed using the box at the upper-right of the screen), the OK button is clicked and a
series of screens similar to Figs. 10, 11, and 12 will then appear depending on whether the user
wishes to obtain an IMFP value for a single electron energy, multiple IMFP values, or a Table of
IMFP values as described for Elements in the previous section.

If the second choice is made, a Periodic Table of the elements similar to Figure 8 appears (but
now the gaseous elements are not shown in bold). At least two elements should be selected by
clicking on the appropriate boxes. After clicking the OK button, a screen similar to Figure 14
appears.

The name of the compound should be entered in the box in the upper-left of the screen. The

stoichiometry coefficients for each element in the compound should then be entered in the next
lower box.
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IMEPs from predictive formulae

Enter the name of the inorganic compound Select predictive formula
[the name should not exceed 55 characters] = TPP-2M equation

|5 liurn phosphide (GaP) " Gries (G1 equation)

Enter the stoichiometry coefficients Select unitz
Element Atamic number Stoichiometry coefficient @ Angstioms
" MWanometers
Ga Ell 1.000
 mgdm2

Enter density [gicm™3]

413
P 15 [ 000 V0K
Add XK Cancel
Enter the number of valence electrons per molecule, My Comment
a To contitue, all the input

parareters listad here

Enter the band-gap energy, Eg [2V) must be introduced

2.24

Figure 14. Screen used to obtain IMFPs from predictive formulae for inorganic compounds.

The user can choose to obtain IMFP values from the predictive TPP-2M equation of Tanuma et
al. [5] or the predictive G-1 equation of Gries [7] using one of the buttons in the top-right of the
screen; these equations are described in Appendix A. If the TPP-2M equation is selected, values
for the density, number of valence electrons per molecule, and bandgap energy should be entered
into the appropriate boxes; information on the latter two parameters is given in Appendix A. If
the G-1 equation is selected, only the density value should be entered. The IMFP units can be
changed, if desired, using the buttons on the right side of the screen. After clicking OK, screens
similar to Figs. 10, 11, and 12 will appear. It is possible to go directly to the desired screens from
the main menu after a data source and compound have been selected using the submenu options
shown in Figure 3(b).

Further information on the sources of calculated IMFPs for the inorganic compounds and on their
uncertainties has been published elsewhere [1-4].

Organic Compounds
(Third option of the Database option on the main menu)

Similar choices are made to obtain IMFPs for organic compounds as described above for
inorganic compounds, as in Figure 3(c). Figure 15 shows the screen that indicates sources of
calculated IMFPs for organic compounds and, for the selected source, the compounds for which
IMFPs are available.
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Select source and compound

Status Select units
Organic compound — : 26-n-Paraffin f* Angstroms
Lnits : Angstrams B FEEIEES
Source : Tanuma, Powell and Penn

Surtace Interface Anal. 21 [1934] 155, £ mg/m2

Walues of IMFP obtained from optical data and interpolation
uzing modified Bethe equation

Energy range : from B0 & to 2000 &
ayrang X Cancel

Select source

Select compound

 26-n-Paraffin

Adenine

Beta-Carotene

Bovine plasma albumin (BPA)
Deoxyribonucleic acid (DNA)
Diphenyl-hexatriene

Guanine

Figure 15. Screen to select source and compound to obtain calculated IMFPs for organic
compounds.

File Management
(Second option of the main menu)

With this option, a user can save files created in the present session to another directory for
permanent storage, delete files from the database directory, print files containing IMFP data,
print figures showing displays of IMFP data as a function of electron energy, and load files
containing IMFP data or figures that were created in earlier sessions and stored in another
directory (Figure 4). These options will be described in turn.
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Save Created Files
(First option of the File Management option on the main menu)

Files containing IMFP values are created by the database (as described above) as text files in the
directory in which the database is located (default C:\PROGRAM FILES\NIST\IMFPWIN). The
files created by the Table with the IMFP values option have extensions of .ANG, .NAN, or
.MGM (for which the IMFPs are in units of Angstroms, nanometers, or milligrams per square
meter, respectively) while the files created by the Multiple IMFP values option have the .MFP
extension. Files containing IMFP figures are created by the Comparisons option (see below) and
have the .BMP extension.

The Save files option allows the user to save files in the database directory to any other directory
for permanent storage. Figure 16 shows an example of a screen for this option.

Save created files

Select diive and the destination directony Select files to sawve

o 0K
= Ch GaP_PLOT.EMP
Cancel
SLTAN ANG Sl
Progress
ST [=]
Select typez of files to zave
| 4l files (MG * NAN; * MGM: *. MFF; % BMF] ~|

Action after saving selected fles

Bl e st f ety it |eave these files in database directory

" Delete selected files from database directory

E:hfiles " Delete all data files from database directory

Figure 16. Example of saving three files from the database directory to the C:\FILES directory.

The center panel shows illustrative data files in the database directory; if desired, files with
particular extensions can be selected for display using the box on the right side of the screen. The
file(s) to be saved should be selected by clicking on the file name(s) (and simultaneously
pressing the Shift key or the Ctrl key if multiple selections are desired). The destination directory
for the saved files is selected in the panel located in the lower-left corner of the screen; in Figure
16, the directory C:\FILES has been selected as the destination directory for three selected files.
The user then selects one of the three buttons in the lower-right corner of the screen to indicate
whether the selected files should also be retained in the database directory after the Save files
operation, whether these files should be removed from this directory, or whether all data files in
the directory should be removed. The OK button should then be clicked to save the designated
files. Appendix B gives an example of the content and format of a saved text file.
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Delete Files
(Second option of the File Management option on the main menu)

Data files created during the present session or during previous sessions can be deleted with this
option. Figure 17 shows an example of this option.

Delete files from the database directory

Select files to delete
oK
GaP_PLOT BMP v
GaP_TAMN.ANG
GaP_TPP.ANG
Si_ COMP.BMP
Si_GERG.ANG
Si_PLOT.BMP
Si_TAMANG
x Cancel
Select types of files to delete
|4l =N NN *MEM: *. MFP * BMP) ~|
Pathto the database directony Action
&+ Delete zelected files from database direct:
C\Program Files\NISTSIMPPWIN EEE SRS CR RS ClEEa
" Delete all data files from database directory

Figure 17. Screen illustrating deletion of a file from the database directory.

The user should initially select the directory from which files are to be removed; by default, the
database directory is selected, as shown in Figure 17. It is possible to display files with selected
extensions using the middle box on the left of the screen. The user then selects one or more files
for deletion from the list. If desired, all data files in the database directory can be deleted by
choosing the second button in the lower-right of the screen. Deletion of the selected files occurs
after the OK button is clicked.

Print Files
(Third option of the File Management option on the main menu)

IMFP files created by the database (i.e., those with .ANG, NAN, MGM, and MFP extensions)
are text files and can be opened and printed by common word-processing software. These files
can also be printed with this option of the database. A screen similar to Figure 18 appears and, if
desired, the user can select files with a particular extension for listing.
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Print files from the database directory

Select fils to print

j-'L Close

' G
Si_GERG.ANG
SLTAMANG

Print

Select types of files to print

| 4l files [* ANG: * NAN. % MGM. *. MFF) |

Pathto the database directory Comment

C:\Program Files\MISTMMFFWIN

Figure 18. Screen illustrating selection of an IMFP file from the database directory for printing.

Unlike the previous file-management options, the user can only select a single file for printing at
a time. Printing is initiated by clicking the Print button. If a user wishes to print files stored in
other directories, these files can be loaded into the database directory using the Load files option
described below. Appendix B contains an example of a printed file.

Print Figures
(Fourth option of the File Management option on the main menu)

Files with figures created by the Comparisons option of the database (see below) have the .BMP
extension and can be inserted into documents produced by common word-processing software.
These files can also be printed with this option of the database. A screen similar to Figure 19
appears that lists files with the .BMP extension in the database directory on the right side of the
screen.
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Print figures from the database directory
J:'L LCloze

Select figure to print

GaP_PLOT EMP
Si COMP.BMP

Load image

Size of the printed figure

Frint

Smallest | J Largest

Position & Clear image

Figure 19. Screen illustrating selection of a figure from the database directory for printing.

A file can be selected and, after clicking the Load image button, the figure appears in the center
of the screen. This figure can be printed in one of eight sizes by moving the pointer in the lower
part of the screen with the mouse. The printed sizes are approximately 5cm x 4 cm, 7cm x 5 cm,
85cmx6.5cm,10cmx 7.5¢cm, 11.5cm x 9 cm, 13 cm x 10 cm, 14.5 cm x 11 cm, and 16 cm X
12 cm for pointer positions 1, 2, 3, 4, 5, 6, 7, and 8, respectively. Clicking the Print button
initiates printing. Files with figures that are stored in other directories can be loaded into the
database directory using the Load files option.

Load Files
(Fifth option of the File Management option on the main menu)

With this option, it is possible to transfer files to the current database directory (default:
C:\PROGRAM FILES\NIST\IMFPWIN) that had been saved previously to other directories. An
example of this option is shown in Figure 20.

In this example, the directory C:\FILES has been selected as the source directory in the upper-
left box on the screen. It is possible to load files with the .ANG, .NAN, .MGM, .MFP, and .BMP
extensions, and listings of files with selected extensions can be chosen using the box in the
lower-right of the screen. One or more of the files listed in the upper part of the screen can be
selected and then loaded into the database directory by clicking OK.
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Load files

Select drive and the source directony Select files to load

" OK

= C:A GaP_FLOT.BMP

Si_COMP.EMP

Si_PLOT.BMP

x Cancel
Progress
= =~
Select typez of filez to load
| 4l files (MG NAN; * MGM: *. MFP." BMP) ~|

Path to source directony

C:Mfiles

Figure 20. Example of loading a file from the C:\FILES directory to the database directory; in
this example, files with a .BMP extension are listed.

Comparisons
(Third option of the main menu)

This option is useful for making graphical comparisons of IMFP data from different sources for
the same material or for comparing IMFP data from different materials. The option is also useful
for creating a graphical display with a single set of IMFP data. These graphical displays can be
stored or printed for later use.

Files containing IMFP data are needed for use of this option. These files can be created from
IMFPs provided by the database for any material using the Multiple IMFP values or Table with
IMFP values options described above for the Elements option of the Database option in the main
menu. The IMFP data to be compared must be in the same units; that is, the IMFPs to be
compared will be in files with extensions of .ANG, .NAN, and .MGM for IMFPs expressed in
Angstroms, nanometers, and milligrams per square meter, respectively. Alternatively, files with
these extensions that were created in previous sessions and stored in other directories can be
loaded into the database directory using the Load files option described above.

On selection of this option, the user will choose to compare IMFPs only from the database or to
compare IMFPs from the database and other sources (Figure 5). In the latter case, comparisons
are made with IMFP data from other sources (e.g., recent publications) that are entered by the
user. These two options will now be described.

IMFP 23



Inelastic Mean Free Paths from the Database Only

Figure 21 shows an example of a screen that appears when this option is chosen.

IMEPs from the database only

Select files to plot

 OK

GaP_TAMN.ANG
GaP_TPP.ANG

x Cancel

Select types of files to plot

Files with IMFP values in Angstroms [*ANG] j

Pathto the database directony

C:\Program Files\MISTAMFFWIN

Figure 21. Screen showing selection of two files from the database directory with IMFP data to
be compared.

Files with IMFPs in the desired units can be listed according to their extensions using the box in
the middle-left of the screen. Up to four files can be selected for comparison at a time. The OK
button should then be clicked. Figure 22 is an example of a graphical comparison of IMFPs
calculated for silicon by Tanuma et al. [6] and of IMFPs measured for silicon by Gergely et al.

[8].

Linear, logarithmic, or semi-logarithmic display coordinates can be selected using buttons on the
upper-right of the screen. The line type on the display can be varied by clicking the Line type
button, and the display can be printed by clicking the Print button. A file containing the display
can be created by clicking the Create file button; a window will then appear in which the user
can enter a suitable file name. This file will have the .BMP extension.
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IMEPs from the database only

Change coordinates
" log(IMFP] wersuz loglE]
" IMFP wersus log(E)
................................................... S TAN.ANG " loglIMFP) wersus E

Si_GERG.ANG :

Inelastic mean free path [Angstromsz]

T T
a 2000 4000 G000
Energy (%]

x Cancel | Line type | Frint | Create file |

Figure 22. Screen showing comparison of IMFPs for silicon from two data files. The dotted line
shows IMFPs calculated by Tanuma et al. [6] and the solid line shows IMFPs measured by
Gergely et al. [8].

Inelastic Mean Free Paths from Other Sources and the Database

If this option is chosen, a screen similar to Figure 23 appears. With this screen, one or more files
in the database directory can be selected as in Figure 21. In addition, the user can enter electron
energies (in eV) and corresponding IMFP values (in the same units as the IMFP data in the
selected files) in the boxes on the right side of the screen; on clicking the Add button, these
entries will be transferred to the summary box above. If desired, a line on this box can be
selected and then removed by clicking the Delete button. When data entry is complete, the OK
button should be clicked, and a screen similar to Figure 24 will appear. This screen shows IMFPs
for silicon from the same sources as in Figure 22. The open circles in Figure 24 are effective
attenuation length (EAL) values for silicon that were measured by Ebel ez al. [7] (and which
were entered on the screen of Figure 23). As expected, the EALs are smaller than the

corresponding IMFPs [8].
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IMFEPs from other sources and the database

Select files to plat IMFPs from other sources
GaP TANANG Mo Energy (V] IMFP [Angstroms]
1 1157.0 2290
2 1387.0 26.90
Add |

Select units

IMFP values in Angstroms j Delete

Path to the database directory

C:\Program Files\MISTAMFFW
" 0K X Cancel

Figure 23. Example of selection of files for comparison of IMFP data from the selected files with
IMFP data entered by the user.

IMFPs from other sources and the database

Change coordinates
" loglIMFP] wersus loglE]
" IMFP wersus loglE)
................................................... Si TAN.ANG " logl|MFP) wersus E

Si_GERG.ANG

Inelastic mean free path [Angstromsz]

T T
a 2000 4000 G000
Energy (%]

x Cancel | Line type | Print | Create file |

Figure 24. Screen showing IMFPs for silicon from the two data files shown in Figure 23. The
dotted line shows IMFPs calculated by Tanuma et al. [6] and the solid line shows IMFPs
measured by Gergely et al. [8]. The open circles show effective attenuation lengths for silicon
measured by Ebel ez al. [10].
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V. UNCERTAINTIES OF CALCULATED, MEASURED, AND PREDICTED
INELASTIC MEAN FREE PATHS

Detailed evaluations of the uncertainties of IMFPs calculated from experimental optical data,
IMFPs measured by elastic-peak electron spectroscopy (EPES), and IMFPs obtained from
predictive formulae have been published [1-4,11]. We will give here a brief summary of
information from these evaluations. The most detailed analysis was of calculated and measured
IMFPs for seven elemental solids (Al, Si, Ni, Cu, Ge, Ag, and Au) for which there were
calculated IMFPs from at least two independent sources and measured IMFPs from at least two
independent sources [1].

Consistency of Calculated Inelastic Mean Free Paths

It was convenient to compare calculated IMFPs for a particular material from a particular source
over the available energy range with IMFP values obtained from a function fitted to calculated
IMFPs from all available sources for that material [1]. Two measures of deviation of individual
IMFP values from the fitted IMFPs were employed. First, the average root-mean-square
deviation RMS of the individual IMFPs from the fitted IMFPs was found to be 0.89 A for the
group of seven elemental solids [1]. Second, the average of the mean percentage deviations R for
each element of the individual IMFPs from the fitted IMFPs was found to be 4.4 % [1]. Similar
values of RMS and R were found in similar evaluations of calculated IMFPs for Fe, Al,O3, SiOy,
KCI, poly(butene-1-sulfone), polyethylene, and polystyrene [4]. The values of RMS and R for the
seven elements indicate the variability in IMFPs that can be found from the use of different sets
of optical data and different technical approaches [1].

Consistency of Measured Inelastic Mean Free Paths

For the same group of seven elemental solids, a similar comparison was made of measured
IMFPs for a particular material from a particular source over the available energy range with
IMFP values obtained from a function fitted to measured IMFPs from all available sources for
that material [1]. Values of RMS and R were again computed to describe the variability of the
measured IMFPs for each solid with respect to the fitted IMFPs. For the seven elemental solids,
the average value of RMS was 3.00 A and the average value of R was 13.2 % [1]; these values
are about three times larger than the corresponding values for the calculated IMFPs. Similar
values of RMS and R were found in comparisons of measured IMFPs for Fe, Mo, W, and Pt [4].
The values of RMS and R for the seven elements are a measure of the uncertainties of IMFP
measurements by EPES [1].

Consistency of Calculated and Measured Inelastic Mean Free Paths

A similar comparison has been made of the measured IMFPs for the seven elemental solids with
the corresponding calculated IMFPs [1]. It was convenient to compare the measured IMFPs for
each element to a function fitted to all of the calculated IMFPs for that element. Values of RMS
and R were again calculated to describe the deviations of the measured IMFPs about the fitted
IMFPs. For the seven elemental solids, the average value of RMS was 4.56 A and the average
value of R was 17.4 % [1]. Similar values of RMS and R were found in comparisons of measured
IMFPs for Fe, Mo, W, and Pt with functions fitted to the calculated IMFPs for these elements
[2]. Although the values of RMS and R found in the comparisons of measured and calculated
IMFPs are much greater than the corresponding values found in the comparison of calculated
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IMFPs from different sources, the precision of IMFP measurement in a particular laboratory is
generally sufficient to show that the energy dependence of the measured IMFPs is close to that
expected from the IMFP calculations [1,4].

Recommended Inelastic Mean Free Paths

In the comparisons of the calculated IMFPs for each of the seven elements, comparisons of the
measured IMFPs for those elements, and comparisons of the calculated and measured IMFPs for
the same elements, it was found that the values of RMS and R for Ni, Cu, Ag, and Au were
appreciably less than the corresponding average values for the group of seven elements [1]. The
database contains “recommended IMFPs” for Ni, Cu, Ag, and Au that were derived from a
function fitted to the calculated IMFPs for each element [1].

Uncertainties of Calculated and Measured Inelastic Mean Free Paths

In the comparisons of calculated and measured IMFPs described above for the group of seven
elements, the values of RMS and R are considered to be indications of the uncertainties in the
calculations and measurements, respectively. These values of RMS and R, however, should be
considered as lower limits to the uncertainty because it has not been possible to quantify
potential sources of systematic error in the calculations and measurements [1-3]. In the absence
of more detailed knowledge of the systematic errors in the IMFP calculations and measurements,
the average value of RMS = 4.56 A found in the comparison of measured IMFPs with the
function fitted to the calculated IMFPs for each of the seven elements and the corresponding
average value of R = 17.4 % will be considered as reasonable estimates of the IMFP standard
uncertainty.

This discussion of uncertainties has been based on an evaluation of calculated and measured
IMFPs for seven solid elements [1]. There is no known reason for the uncertainties in IMFPs of
other materials to be substantially different. Measured IMFPs for non-elemental solids,
however, may have additional uncertainty due to the need to determine the surface composition
over the depth probed by EPES if there is reason to believe that this could be different from the
bulk composition [1].

For some elements and compounds, the database contains more than one source of calculated or
measured IMFPs. In general, it has not been possible to quantify the uncertainties in individual
IMFP measurements or calculations. Until this can be done, no guidance can be given to a
preferred source of data. The “recommended IMFPs” should nevertheless be used for Ni, Cu,
Ag, and Au. For these four elements, calculated and measured IMFPs from other sources are
also provided so that users can access these data if they wish to (or if future analyses show that
IMFPs from particular sources have a lower uncertainty).

There is an additional source of uncertainty in IMFPs from the database arising from the use of

analytical functions to fit the calculated and measured IMFPs from each source so that
interpolations could be made. Information on this uncertainty is given elsewhere [1,4].
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Uncertainties of Inelastic Mean Free Paths from Predictive Formulae

IMFPs can be obtained conveniently from two predictive formulae in the database, the TPP-2M
equation of Tanuma et al. [5] and the G-1 equation of Gries [7]. These formulae can be used to
obtain IMFPs in materials for which no IMFP calculations or measurements have been made.
These two equations are described in Appendix A.

Information on uncertainties of IMFPs from the two equations will now be presented.

TPP-2M Equation of Tanuma, Powell, and Penn

Tanuma et al. [5] derived their TPP-2M equation from an analysis of their calculated IMFPs for
electrons of 50 eV to 2000 eV energy in a group of 27 elements [6] and a group of 14 organic
compounds [5]. This equation is based on the Bethe equation [12] for inelastic electron
scattering in matter but with modifications suggested by Inokuti [13] and Ashley [14] to describe
the IMFP dependence on energy for energies less than 200 eV.

Comparison of IMFPs from the TPP-2M equation with those directly calculated from optical
data showed average RMS deviations of 10.2% for the group of 27 elements, 8.5 % for the group
of 14 organic compounds, and 18.9% for the group of 15 inorganic compounds [5]. These
deviations were considered to be satisfactorily small on account of the similar uncertainty of the
optical data used in the IMFP calculations and the empirical nature of the modifications to the
Bethe equation. The larger deviations found for the inorganic compounds was expected because
the optical data for these compounds had greater sum-rule errors than for the other materials
[5,15].

Comparisons of IMFPs calculated from the TPP-2M equation for Ni, Cu, Ag, and Au with the
corresponding recommended IMFPs for these elements show satisfactory agreement [4]. The
average value of RMS between IMFPs from the TPP-2M equation and the corresponding
recommended IMFPs was 0.90 A and the corresponding value of R was 10.9 % [4].

The uncertainties of IMFPs obtained from the TPP-2M equation can be expressed in two ways
depending on the intended application of the data. If, for example, IMFPs for two materials are
to be compared, then the standard uncertainty of each is estimated from the comparison with the
recommended IMFPs to be 0.90 A or 10.9 %. If absolute values of IMFPs are required, the
standard uncertainty will be the quadrature sum of one of these values and the corresponding
uncertainty found in the comparison of measured and calculated IMFPs (4.56 A and 17.4% for
RMS and R, respectively). This combined standard uncertainty is thus estimated to be 4.7 A or
20.5 %.

There is one additional source of uncertainty in the use of the TPP-2M equation. For some
elements, it is not clear whether the parameter N, should be simply the number of valence
electrons, as defined in Appendix A, or whether this number should be increased to include the
number of core electrons with binding energies of less than about 30 eV [6,16]. For some
elements (listed in Table A.1), N, has been increased to include these shallow core electrons but
for others the core electrons have been excluded. In some cases, the inclusion or exclusion of the
shallow core electrons does not lead to changes of more than 20 % in the IMFPs calculated from
the TPP-2M equation but larger changes can be found for other elements [17].
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G-1 Equation of Gries

Gries [7] developed his G-1 equation from an analysis of the calculated IMFPs of Tanuma et al.
[5,6,15] over the 200 eV to 2000 eV range and an atomistic model of inelastic electron
scattering. The G-1 equation has a different dependence on material parameters than the TPP-
2M equation of Tanuma et al. At an energy of 2 keV, the average deviations between IMFPs
from the G-1 equation and IMFPs of Tanuma et al. were similar in magnitude to those reported
by Tanuma et al. [5] for their TPP-2M equation (although it should be noted that the
comparisons of Tanuma et al. were made over the 50 eV to 2000 eV energy range).

Tanuma et al. [11] have analyzed the Gries model and have pointed out some important
limitations. Although the G-1 equation provides useful estimates of IMFPs for many elements
and compounds, there can be substantial deviations (of up to about 50%) for a few of the
materials that have been examined to date. Since there is presently no explanation for these
deviations, it is believed that the TPP-2M equation has greater general reliability [11]. Although
use of the G-1 equation requires knowledge of just one material parameter (the specimen
density), it is recommended that IMFPs be determined from this equation only if a user has
reason to believe that the TPP-2M equation will not give satisfactory results.
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Appendix A
PREDICTIVE FORMULAE FOR ELECTRON INELASTIC MEAN FREE PATHS

IMFPs can be obtained conveniently from two predictive formulae in the database, the TPP-2M
equation of Tanuma et al. [5] and the G-1 equation of Gries [7]. These formulae can be used to
obtain IMFPs in materials for which no IMFP calculations or measurements have been made.
Information on the uncertainties of IMFPs from these two formulae is given in Section V.

These predictive formulae will now be described in turn. Information on atomic weights and
elemental densities is given in the final section.

TPP-2M Equation of Tanuma, Powell, and Penn

Tanuma et al. [5] proposed the following equations for the calculation of the IMFP 4 (in
Angstroms) as a function of electron energy E (in eV) and various material parameters:

1 E
 E’[BInGE)-(CIE)+(DIE?)]

(A1)

where

p = —010 + 0.944/(E5+ EHM2 + 0.069,°  (A2)

g
y = 01910 (A3)
C=1.97-091U (A4)
D=53.4-208U (A5)
U= NyplM = E;/829.4 (A.6)

and E, = 28.8 (NypIM)*? is the free-electron plasmon energy (in eV), p is the density (in g cm™),
Ny is the number of valence electrons per atom (for an element) or molecule (for a compound),
M is the atomic or molecular weight, and Ey is the bandgap energy (in eV). Equations (A.1)
through (A.6) are collectively known as the TPP-2M equation.

Table A.1 shows recommended elemental values for the parameter N, in the TPP-2M equation.
During the development of the TPP-2M equation, there was ambiguity in the choice of a value of
N, for elements in which there were core-levels with binding energies less than about 30 eV
[6,16,17]. Measurements of Auger-electron yields for many solid elements by Seah and Gilmore
[18], however, have given experimental guidance on the appropriate choice of N, for many
elements. For the rare-earth elements, these authors recommended that the 4f electrons should be
excluded in the count for N,. In more recent work from the same group, however, the
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recommended choices for the rare-earth elements have been revised [19] to include the 4f
electrons but the details of the analysis have not been published. Comparisons of IMFPs
calculated from optical data for Gd, Th, and Dy with IMFPs obtained from the TPP-2M equation
and various values of N, nevertheless indicate that the 4f electrons should be excluded [17]. This
conclusion is supported by an analysis of the energy-loss function for these three elements and
the expectation that the 4f electrons do not contribute substantially to the energy-loss function
for energy losses less than about 50 eV [20]. On this basis, values of N, for the rare earths in
Table A.1 have been computed from the sum of the chemical valence [21] and the 6 5p electrons
that contribute strongly to the energy-loss spectrum [17]; these values of N, are larger than those
recommended in Version 1.0 of the database where N, was equated to the valence. There is now
a non-physical discontinuity, however, between the N, values for the rare earths and those for
Cs, Ba, and La. Further work is needed to establish the influence of 5p-electron excitations in the
latter three elements and of similar core-electron excitations for other elements in groups IA, 11,
and I11 of the Periodic Table [17].

For compounds, Ny is calculated from the sum of contributions from each constituent element
(i.e., Ny for each element multiplied by the chemical or estimated stoichiometric coefficient for
that element).

Values of the bandgap energy E4 for many compounds can be found in a number of books [22-
26]. Table A.2 contains values of E4 for some elements and representative compounds. If a
value for the bandgap energy Eq4 cannot be found for the compound of interest, it is satisfactory
to estimate this parameter because the IMFP is not a sensitive function of E4 [15,27]. For highly
ionic compounds such as the alkali halides, Eg is generally between 6 eV and 11 eV. For oxides,
Eq is often between 1 eV and 9 eV.

Table A.1. Recommended values for the number of valence electrons per atom (the parameter
Ny) for each element for which IMFPs can be computed in the database.

Z Element Ny
1 H 1
2 He 2
3 Li 1
4 Be 2
5 B 3
6 C 4
7 N 5
8 0] 6
9 F 7
10 Ne 8
11 Na 1
12 Mg 2
13 Al 3
14 Si 4
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
62

Cl
Ar

Ca
Sc
Ti

Cr
Mn
Fe
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Kr
Rb
Sr

Zr
Nb
Mo
Ru
Rh
Pd
Ag
Cd
In
Sn
Sbh
Te

Xe
Cs
Ba
La
Ce
Pr
Nd
Sm

OO0 ~NO O, WNEF 00 NO O

OO OO WNPEFOOLONO O~ W
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63 Eu 8
64 Gd 9
65 Tb 9
66 Dy 9
67 Ho 9
68 Er 9
69 Tm 9
70 Yb 8
71 Lu 9
72 Hf 4
73 Ta 5
74 w 6
75 Re 7
76 Os 8
77 Ir 9
78 Pt 10
79 Au 11
80 Hg 12
81 TI 3
82 Pb 4
83 Bi 5
90 Th 4
91 Pa 3
92 U 3

Table A.2. Values of the band gap energy £y for elements and selected compounds (at room
temperature) from the indicated references.

Material Eq Reference
(eV)
B 1.55 24
C (diamond) 5.4 24
Ge 0.67 24
Se (gray) 15 24
Si 1.107 24
Sn (alpha phase) 0.08 24
Te 0.33 24
AgBr 2.50 24
AgClI 3.0 20
Agl 2.63 24
AlAs 2.16 24
AIN 6.02 24
AlIP 2.5 20
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AlSb 1.60 24

BN 4.6 24
Cds 2.42 24
CdSe 1.74 24
CdTe 15 24
Cu,0 2.2 20
GaAs 1.35 24
GaN 3.34 24
GaP 2.24 24
GaSh 0.67 24
HgTe 0.2 20
InAs 0.36 24
InN 2.0 24
InP 1.27 24
InSb 0.16 24
KCI 8.5 20
MgO 7.3 20
NaCl 8.6 20
PbS 0.5 24
PbSe 0.37 24
PbTe 0.25 24
SiC (alpha phase) 2.86 24
TiO; (rutile) 3.05 20
ZnO 3.2 24
ZnS 3.6 24
ZnSh 0.56 20
ZnSe 2.58 24
ZnTe 2.26 24

G-1 Equation of Gries

Gries [7] developed the following equation for the prediction of the IMFP 2 (in Angstroms):
A = 10ky(V, 1 Z YEI(l0g E — ky) (A.7)

where ¥, = Mlp is the atomic volume (in cm® mol™), Z* is a parameter found empirically to be
equal to Z*?, Z is the atomic number (for an element), and &, and k- are parameters. Values of
k1 and k, were found from fits of Eq. (A.7) to the IMFPs calculated by Tanuma et al. [5,6,15] for
groups of selected elements and compounds: 0.0020 and 1.30 for the 3d elements (Ti-Cu);
0.0019 and 1.35 for the 4d elements (Zr-Ag); 0.0019 and 1.45 for the 5d elements (Hf-Au);
0.0014 and 1.10 for the remaining elements (with which Y is included instead of the 4d
elements; 0.0018 and 1.00 for organic compounds; and 0.0019 and 1.30 for inorganic
compounds. The terms V, and Z* in Eq. (A.7) were generalized by Gries to apply to a
compound A,Byg, ...C;, with corresponding atomic numbers Za, Zg, ... Zc and atomic weights
Ma, Mg, ... Mc, as follows:
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*— (pzH 2 gz % v L+ ZE DY (p g+ .+ (A.8)
Va=((PM 4+ qMp+ ... +rMc) p(p+q+ .. +r) (A.9)

Equations (A.7) through (A.9) constitute the G-1 equation.
Atomic Weight and Density Data

Numerical data for atomic weights and material densities are needed for evaluation of the TPP-
2M equation of Tanuma et al. and the G-1 equation of Gries.

The database makes use of atomic weights recommended by the International Union of Pure and
Applied Chemistry in 1995 [28]. Elemental densities have been obtained from Ref. 29 and are
shown in Table A.3. Other Handbooks containing density data were reviewed and numerous
(generally small) discrepancies were found. Since the conditions of measurement in the various
sources were not specified (and no references were provided), it was not possible to make a
selection of data on scientific criteria. Instead, densities from Ref. 29 have been arbitrarily
assumed to be “correct.” If more reliable density data becomes available for particular elements,
suitable adjustments can be made to IMFPs or EALs obtained from the database using the
equations given above. The calculated IMFPs of Tanuma et al. for carbon in the database are for
glassy carbon with a density of 1.8 g cm™ [6]; IMFPs can be calculated in the database with the
Gries G-1 equation [Egs. (A.7-A.9)] using either the density for graphite or for diamond in Table
A.3. Densities for inorganic compounds and organic compounds can be obtained from Refs. 29
and 30, respectively.

Tanuma et al. developed an earlier predictive IMFP formula, designated TPP-2, based on
calculated IMFPs for a group of 27 elements [6]; this predictive equation was later modified, in
one parameter, to become the TPP-2M equation given above after consideration of calculated
IMFPs for a group of 14 organic compounds [5]. The extent to which an IMFP calculated from
the TPP-2 equation depends on material density has been analyzed for several representative
elements and inorganic compounds [6,27]. Similar tests have not been made for the TPP-2M
equation although it is thought that the earlier tests with the TPP-2 equation should provide
general guidance. The database can, of course, be utilized to examine the variation of calculated
IMFPs for a material of interest with different assumed densities in the TPP-2M and G-1
equations.
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Table A.3. Densities of elemental solids at or near room temperature [29].

Z Element Density
(g cm™)

3 Li 0.534

4 Be 1.85

5 B 2.34

6 C 2.2 (graphite)
3.513 (diamond)

11 Na 0.97

12 Mg 1.74

13 Al 2.70

14 Si 2.3290

15 P 1.823 (white)
2.16 (red)
2.69 (black)

16 S 2.07

19 K 0.89

20 Ca 1.54

21 Sc 2.99

22 Ti 4.506

23 \Y 6.0

24 Cr 7.15

25 Mn 7.3

26 Fe 7.87

27 Co 8.90

28 Ni 8.86

29 Cu 8.96

30 Zn 7.14

31 Ga 591

32 Ge 5.3234

33 As 5.75

34 Se 4.39 (alpha phase)
4.28 (vitreous phase)
4.81 (gray)

37 Rb 1.53

38 Sr 2.64

39 Y 4.47

40 Zr 6.52

41 Nb 8.57

42 Mo 10.2

44 Ru 12.1

45 Rh 124

46 Pd 12.0
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47
48
49
50

51
52
55
56
57
58
59
60
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
90
91
92

Ag
Cd
In

Sn

Sb
Te
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta

Re
Os
Ir
Pt
Au
Hg
TI
Pb
Bi
Th
Pa

10.5
8.69
7.31
5.769 (gray)
7.265 (white)
6.68
6.24
1.93
3.62
6.15
6.770
6.77
7.01
7.52
5.24
7.90
8.23
8.55
8.80
9.07
9.32
6.90
9.84
13.3
16.4
19.3
20.8
22.59
225
215
19.3
13.5336
11.8
11.3
9.79
11.7
154
19.1
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Appendix B
EXAMPLE OF A FILE CONTAINING INELASTIC MEAN FREE PATHS

The listing shown below is an example of an IMFP data file produced by the database. This file
was created using the Inorganic Compounds option of the Database option on the main menu,
the option to calculate IMFPs from predictive formulae, the TPP-2M equation of Tanuma et al.
[5], and parameters for silicon nitride.

COMPOUND: SILICON NITRIDE

SOURCE:
Tanuma, Powell & Penn
Surface Interface Anal. 21 (1994) 165
Values of IMFP obtained from TPP-2M equation

MOLECULAR WEIGHT: 140.28346

DENSITY: 3.4400 g/cm**3

TABULATION:
Energy IMFP

eV Angstroms

50.000 5.83
100.000 6.26
150.000 7.10
200.000 8.10
250.000 9.13
300.000 10.17
350.000 11.19
400.000 12.21
450.000 13.22
500.000 14.21
550.000 15.19
600.000 16.16
650.000 17.12
700.000 18.07
750.000 19.01
800.000 19.94
850.000 20.86
900.000 21.78
950.000 22.69
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1000.000
1050.000
1100.000
1150.000
1200.000
1250.000
1300.000
1350.000
1400.000
1450.000
1500.000
1550.000
1600.000
1650.000
1700.000
1750.000
1800.000
1850.000
1900.000
1950.000
2000.000

23.59
24.49
25.37
26.26
27.14
28.01
28.88
29.74
30.60
31.46
3231
33.15
34.00
34.84
35.67
36.50
37.33
38.16
38.98
39.80
40.62
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Appendix C
CONTACTS

If you have comments or questions about the database, the Standard Reference Data Program
would like to hear from you. Also, if you have any problems with the diskette or installation,
please let us know by contacting:

Joan C. Sauerwein

National Institute of Standards and Technology
Standard Reference Data Program

100 Bureau Drive, Stop 2310

Gaithersburg, MD 20899-2310

Internet: srdata@nist.gov

Phone: (301) 975-2208

FAX: (301) 926-0416

If you have technical questions relating to the data, contact:

Dr. C. J. Powell

National Institute of Standards and Technology
100 Bureau Dive, Stop 8370

Gaithersburg, MD 20899-8370

E-mail: cedric.powell@nist.gov

Phone: (301) 975-2534

FAX: (301) 216-1134

Prof. Dr. A. Jablonski

Institute of Physical Chemistry
Polish Academy of Sciences
ul. Kasprzaka 44/52

01-224 Warsaw

Poland

E-mail: ajablonski@ichf.edu.pl
Phone: (+48) 22-343-3331
FAX: (+48) 22-343-3333
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