SCANNING VOL. 20, 92101 (2007)
& Wiley Penodicals, Inc.

& IWILEY ]
./ InterScience

i L0 WETHING G EE

CASINO V2.42—A Fast and Easy-to-use Modeling Tool for Scanning
Electron Microscopy and Microanalysis Users

Dosiipun: Droum?, Ansxcanng: Rearn Couvmuri!, Dany Jory?!, Xaviag Taster, VINCENT Aimiar!,

RAYNALD GAUVIN®

"Hlectrical Engincering Department, Universite de Sherbrooke, Sherbrooke, Québec, J1K 2R, Canada
IDepariment Mining, Metals and Matenials Engincening, McGill University, Montreal, H3A 22 | Canada

Summary: Monte Carloe simulabons have been widely
used by microscopists for the last few decades. In the
beginming 1t was a tedious and slow process, requinng
a lgh level of computer skills from users and long
computational ttmes. Recent progress i the macroelec-
tromics mdustry now provides researchers with afford-
able desktop computers with clock rates preater than
3 GHz. With this type of computing power routinely
avalable, Monte Carlo simulabbon 15 no longer an
exclusive or long (overmght) process. The aim of ths
paper 15 to present a new user-fnendly simulabon pro-
gram hased on the earher CASING Monte Caro pro-
gram. [The mtent of this software 15 to assist scanmng
clectron microscope users i interpretaton of imag-
g and microanalysis and also with more advanced
procedures including electron-beam Iithography. Thas
version uses a new architecture that provides results
twice as quickly. This program 1s frecly available to the
scientithe community and can be downloaded from the
website: www el usherb.calcasing. SCANNING 29:
92101, 2007, @ 2007 Wiley Penodicals, Inc.
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Introduction

The monvation of this work was to provide an easy-
to-use and accurate simulaton program of electron
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beam—sample inleractions in a scanmng electron micro-
scope (SEM). It can be used o assist scanming electron
microscopy users in planmng and mterpreting their rou-
tune SEM-based imaging and analysiz and also in more
advanced topics such as electron-beam hthography. On
the basis of a single-scattening algonthm, this software
15 specially designed for modeling low-energy beam
interactions i bulk and thin foil samples. The imtial
version of CASING (Hovington ef al. 1997) was devel-
oped for expert users and presented some hmitatons
in data handhng capabihities. These aspects have been
addressed in the present version by the development
of a new user imnterface. This paper presents the simu-
labon models used, the main features of the program,
and some example apphcatons.

CASING v2.A42 Structure and Principles

This software has been developed using C4-4- object
onented programming language. [t therefore takes full
advantage of the native PC operating environment. The
graphical interface used was the MFC hbrary. The fol-
lowing section descnbes the detmls of program opera-
ton: sample modehng, electron trajectory calculations,
output and other special features.

Sample Modeling

Two basic geometnies for zample representation are
handled by CASINO v242: vertical planes and hor-
izontal planes. These simple models can be used to
reproduce a large number of real samples such as mul-
ulayers, heterostructures and gramns boundanes. Using
the Simulatton'™odify Sample dialog box, the appropn-
ate type of geometries for the desired sample modehing,
the total number of regions with differemt chemical
composition, and the thickness or width of each region
are set. The substrate option extends the thickness of
the bottom region in the case of honzontal planes, or
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the width of both first and last regions 1 the case of
vertical planes, to a value much larger than the electron
penctration depth in the sample.

Each of the added layers then needs o be matched to
a chemical composition. This operation 15 easily done
by “double-chcking” on the layer and then entenng
directly the chemical formula (5102 for 5i104) or the

atommic or weight fraction of each element present. The

software will calculate an average density based on the
weight fracton of each element. but it 15 recommended

o use known density values in glem®, if available.
A hbrary funcbon allows the user to store special

composibons, for uncommon alloys and compounds.

Electron Trajectory Calculation

The mamn part of a Monte Carlo program 1s the sim-
ulabon of a complete electron trajectory. This section
descnbes the different steps and physical models used
by CASINO o calculate electron trajectones.

Ihifferent physical models are preprogrammed, so
cxpert users can set them using the Simulation/Change
Physical Models sccording o thewr different  prefier-
ences. |he present work uses the default values.

The tool 15 intended to represent, as accurately as
possible, the actual imteracton condiions i SEMs.

Modem electron optics and advanced electron sources
such as ficld emmssion can achieve subnanometer

image resolution on the sample. CASING assumes a

Caussian-shaped electron beam, where the user can
specify the electron-beam diameter of thewr instrument,

d, representing 99 9% of the total distnbution of elec-
trons. The actual landing positon of the electron on the

sample 15 thus calculated using eqi 1)
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where By are random numbers umformly distmbuted
between () and 1.

The imtal penctration angle 15 fixed by the user, and
no scattening angle 15 imbally calculated. The distance
between two successive colhsions 15 evaluated using
the equations:

L. = —i. log(Ry)[nm] (2)
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where C;, A; are the weight fraction and atomic weaght
of element 1, respectively, p 15 the density of the
region (glem”) and Ny the Avogadro’s constant. The
vialue of the total cross-section (Mot and Massey

1949, Cryzewski etal. 1990), o; (nm?), for each
chemical element of the region 15 determined using the

precalculated and tabulated value (Droun ef al ., 1997).

This program neglects the effect of inclasbic scatter-
ing on ¢lectron deviabion and groups all the electron
encrgy loss events 1n a continuous energy loss funchon
(Joyv and Luo, 1989). With this assumption, the energy,
in keV, between collisions can be calculated using the
following equations:
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where 4 and J; are atomic number and mean iomzation
podential of clement 7, respectively. Kj is a vanable only
dependant of % (Gauvin and L' Espérance 1992).

The elastic colhsion angle 15 determaned using pre-
calculated values of partal elastic cross-section and a
random number (Drown et al ., 1997). For regrons con-
taming muluple chemical elements, the atom responsi-
ble for the electron deviaton 15 determined using the
total cross-secton ratio (Hovington ef al . 1997).

These steps are repeated untl the clectron enenoy
15 less than 50 eV or the electron escapes the surface
of the sample and 1z recorded as a backscattered
electron (BE). The default momimum energy can be
adjusted wsing Simulatron/Opions; however, 1t 15 not
recommended o use a value lower than 30 V. Most
of the default physical models wsed are not accurate
below 30 eV, but higher values can be set by the user
in order o speed up the calculation.

As the electron travels within the sample, the pro-
gram will commect the trajectonies while crossing the
interface between two regions. In this case, no angu-
lar deviation 15 calculated and a new random number 15
gencrated to calculate the distance, L, in the new region.
Using the same random number to calculate I. when the
electron trajectory 15 crossing an interface will intro-
duce an artifact within the electron trajectory compared
to the green line, where a new random number was used
when an electron trajectory was crossing an interface.
Thas method produces a more rehable distnbution of
the maximum depth of electrons in homogencous and
muultilayer samples of the same chemical composition
compared to using the same random number o calcu-
late L. in each new regon.

Representation of Collected Daia

Once the electron trajectones are simulated v the
matenal, a large amount of mformaton can be denved
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from these raw data. The physical models belund
CASINO give information about the absorbed encrgy
in the sample and the electrons escaping the surface
of the sample with energy higher than 50 V. From
such informabon, different representations of the data,
depending on users requirements, can be gencrated by
the program. This section gives a bnef overview of the
oplons.

Figure | shows an example of the overview distn-
bution panel display for a thin 35 nm sihcon film sam-
ulated using 200000 electrons of | keV. Ths display
gives the user a guick overview of all the distnbutions
being gencrated whale the simulaton 15 sull runmng
and also once completed. Figure 1(a) shows the maxi-
mum pencirabon depth in the sample of the electrons,
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(b) the maximum penctration depth in the sample of
electron trajectones that will escape the sample surface
(BE), ic) the encrgy of BEs when escaping the surface
of the sample, (d) the energy of the transmtted elec-
trons when leaving the bottom of the thin film sample,
(e} the radial position of BEs calculated from the pn-
mary beam landing position on the sample, and (f) the
encrey of BE escaping area as a function of radial dis-
tance from the primary beam landing posinon. All those
distnbutions are normahzed by the number of pnmary
electrons simulated except for (e) and (). In the latter
two cases, the raw data are shown with the number
of BEs and the encrgy of the BEs in kiloelectronvolts.
The users may then apply their own normalization to
the data. Once the simulabon 15 completed, the data
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Fig 1. Dilferem distributions of options: (3) maximum peactration depth in the sample of the clectiron trajeclorics; (h) maximuam
pemctration depth in the sample of clectron trajecloncs thal will cscape the sample surface; (c) cacrzy of BEs when cscaping the
surface of the sample; (d) encrgy of the rensmitled clecrons when leaving the botlom of the thim (lm sample; () radial posilion of
Els calculaicd from the landing poinl of the primary beam on the sample; and ([) BE cnergy as a fuaction of radial escape posilion
calculaled from the landing point of the primary beam on the sample. (Sample. thin Alm (33 am) of silicon; Acccleraling vollage 1 EY,

Number of clectron trajectonics simulated — 00,000).



