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“ABStract L . 'é

\.

Electron energy 1loss spectroscopy (EELS) ‘studies the’

energy d1str1butlon of electrons that have~been transmltted
AN

.through a th1n sample. The kinds of 1nformatlon whxch can be

obtalned from this, study ~ are presented S Basxc

!

1nstrumentatlon fcr EELS ékperiﬁents..is out$1ned wqth

empha51s ‘on the av01dance of expeerenta;aartlfaqts. &

- N \,( E

Broitte

The inner- shell 1oh;zatxon edges in EELS are normally

used to ‘1dent1fy thev presence_\oi partlcular elements

.__\ (‘ \‘t’

_Experiments were performedrtoganvestlgate the effect on the

\

51gnal/background ratio of\the collectlon aperture and the

5

thickness 'off the speclmen.s‘The nesults‘ show that the,
. y . -4

. - RO . /

...core-edge 51gnal/background ratio is increased by using

Jdark fleld 1llum1natlon~and thlcker samples only in. the case

.where the 1nstrumental background is high. It appears_more’

attractlve to work under br1g§§ f1eld cond1tlons and reduce
N
the instrumental background to a ‘low level by optlmleng the

de51gn of the electron detector.ﬁ

The low-loss reglon in EELS can be used to measure the

mean. free path of fast electrons 1n a solid. Exper1menta1

results fof® the mean} £ree paths ‘of several materlals are

presented, together w1th theoret1ca1 calculatlons based on

atom1c and plasmonzmodelé

/‘) -

7

The thlcknesé of a thinh lem 1s often requ1red in

\

microcharacterfzatron.r Q method based on a Kramers-Kronig
A ‘ :

"

»



sum rule ig outlined; theory ang experiments related with

Is PR

" this method are ﬁresented in detah;zﬁThéraccuracy of this
sum rule technigue is ~estimated go be +10% over the
. thickness range 10-150 nm. The methéd requires no knowledge
of the physical or‘chemical properties of thegépecimen éther
than its reffactive index. It irnvolves only $Alow radiation

‘dose, allowing good lateral resolution - (<10 rm) to -be

" achieved even by selected-area techniques.
> ‘ . . b\
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CHAPTER 1

THE MICROANALYTICAL INFORMATION FROM EELS

[ 4

1.1 INTRODUCTION -
.

During  the past four decades,  there has been a
proliferation of new physical techniques for elemental and
N structurai »énalysis! with particular emphasis on thé
analysis of extremely smaii specimen volumes with high
; sensiti&ity. Thesé physical té%hniqués involve bombardment
~of the 'specimen with material barticles Qr electromagnetic
radiation iﬁ order to produce.particular excitations of the
A .
‘elemehts - the specimen, or to obtain quantitative
information about the specimen by scattering or absorptign
of the .incident particles or radiétion. By now, all of the
practical methods of bombarding a specimen with particles or
radiation and all of the various signals that result frém
this bombardment have been explored as possible methods for
'microanalysig. The specimen can;beﬁbombarded by electrons,
ions, X-rays, light or neutrons, and various signals
cgnsisting ofi electromagnetic waves, éharged particles,
light or sound waves can be detected. In general, one
studies the energy dependence og\the emissiqn or“absorption

of some kind of particle or field by a selectég sample

" material. The energy ° dependence reveals dynamical



2

information -about the sample. In condensed matter ph¥sics,

where the sample may be inhomogeneous, it is useful to st 'y

not only the enefgy dependence but also fhé'nspatial

dependence of the emission or absorption rates.

c

Q

. Figure 1.1 shows a comparison  between four

~

spectroscopiqs of 'solids: photon absorption, electrons,"

X-rays, and neutrons, revealing the range of energies %Ed

I

wave vectors accessible go each of them (Schnatterly 1979%).
The diagonal vliﬁe gepresents éptical absorption. . It is
imposSible‘to jndependently vary the energy and'mémegggm of
a photon. Therefore, Agpy‘ éxcitétion\\én a solid that is

created by absorption of a photo ust lie on..the line-

shown. To move off this fixed liné&, a scattering experiment -

®

3

must be perfongd; A beam of particles is incjdent.on the
sample and ‘scatters through some 'angle, loéing a certain
_enérg;. The enérgy lost and the momenpﬁm transfered in the
sample can be ascribed to the creation of excitation. By
varyihg the 9cattering angle and the energy loss, an entire
région in energy-momentﬁm space can be studied. Inelastic
neutron scattering is the most powerful technique for the
--low-energy range (<0.1eV). On_ thé other hand, ineléstic
X-ray scattering is well.éuited toastudy high momentum and
large energy transfers because the energy resolution is
limited to = "1eV and the cross-section increases with the
momentum transfer. Inelastic electron scattering is nicely
complementary‘to all;of the above techniques since the range

<]

in energy-momentum space which c¢cn readily be covered
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overlaps each of their regions. _ g VoL

Electron energy loss spectroscopy (EELS) is the study

- of the energy‘distfibution of inelastic scattered electrons.

*In EELS, all the information th;k can be obtained about the

"specimen is contained in the angular and energy_distribution

of the electrons that have passed through, it as shown in

Fig. 1;2. By studying thzs dlstrlbutlon, which results from
interact;on between the electrons and ‘the spec1men, and

analyzing it in terms of an appropriate model, the required

-
s

N

information can be found,.—.

The most general way to.characterize these interactions

is to measure the momentum changes suffered by the electrons‘

as they’ pass through the sample. This is done by measuring
both the angle 8 through wh‘bchﬁ electron is scattered and

E, the change in energy relative, to the 1nc1dent energy B/
\ : ' .

(Fig 1.2) \:suall hcwever, it is sufficient to collect

all the transmittec electrons lying within a cone of some

L]

angular width B about the incident-beam directien, and to

analyze these for their energy loss. Although this approach f’

& : . “*

destroys information about the momentum transfer, since the :

spectrometer 1is -now integrating,information from the whole

angular range which it is accepting, -:it is the one most .

. - N _ .
generally‘ used. The information produced can be readily

related to (the 1mportant properties of the mater1a1 by
(‘
simple mafﬁematlcal models of the interactions. The result

. . < <, . :
obtained from such an experiment is an electron energy-loss-

P -

-
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Fig. 1.2. The geometry of. EELS in the electron microscope,
‘illustrating the scattering angle 8, the spectrometer.
ccllection angle B and the incident beam convergence angle
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spectrum, in which the trénsmitted signal intensity J(E) is
. . _ ) .
slotted as a function of the energy loss E' for all the

[ 3

electrons scattered within the angular’Eone B accepted by’

-

the spectrometer, ‘ _ 8
_ D«

Typical electron enérgxploss spectra recorded from a

/ E )
Y thin foil of carbon using 80 keV ‘incident electrons and with
B =10 mrad and 100=mrad, réspectiveLy, are, shown_ in

Fig. 1.3. The spectrum can- be diviﬁed into the following

L4

three parts. L ¢
(1) There is a large maximum in the intensity centered,
at E = 0, which is usually called the 'zero-loss peak',

(2) There are one or more peaks in a region extending

N

from the edge of the zero-loss peak out to about 50-100eV,
which is conveniently called the 'low-loss' region.
(3) The region lyiné above ~50-100 eV is the high-loss

region, * having, the deneral form of a rapidly falling
N , ¥ , ‘ : o
"background' on which are superimposed edges with various
‘ .
-features. : ' ¢

J
' The following sections will consider each part
! separately and discuss what useful analytical information it
~ . ' : o
can yield. ]

-

1.2 THE ZERO-LOSS PEAK
(

AN
As shown in-Fig. %.3, ome of the_iﬁportant features of

EELS spectra is the large maximuﬁ»ingthe intensity centered
g

-
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i o= 7

at E = 0. Since the electron spectrometer has definité
energy résolution and the incident electron beam..itself has
an inherent energy spreaa of 0.5eV to 1.5 eV arising both
frdm;thé natural energy width of the electron source and
ffom Ehe instabilitie; in the accelerating potential, the
zero-loss peak'has a finite energy'width. The reso%ugion of
“the electron énergféloss spectra is indicated by the widtﬁ

of the zero-loss peak. . : ’

H

There are three groups of electrons contributing to a
-zero-loss peak, Ong group is the unscattered electrons,
these having “passed through the samplé without any

interaction. Because they _have .not interacted with the’

specimen, they can carry no informa}ion about the sample and
’ - v
» . . %
are no use in microanalysis. The second group 1s the

»

elastically scattered electrons deflected by the nuclear

1

( The elastic electrons are of limited use
~ ~ ‘

-in' the microanalysis. However, if we collect them over a

charge of an atom,

sufficiently wide angular range, the eiastic crass section
bécqmes approximately pfbportional to 2z°/? w?ere Z is the
atomic number (Joy 1979). This sﬁrong dependence on the
atoﬁic number-makes possiﬁle an analysis of samples. Because
the total signal from the inela;ticglly scattered électrons

varies, as -&1”, the ratio of these two signals is

¢y proportional to the mean atomic number Z. After calibration

with a suitable standard, this technique can be used for ™
microanalyéis (Egerton et al. 1975). It has also been used
fol imaging and identification of single atoms (Crewe et al.

*

b
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Fig. 1.3. Energy loss spectra of carbon obtained with an 80

keV ingident beam and two values of ?B. »
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‘excitation when struck by a fast, incident electron.

1975, Isaacson et al. 1979). The third group of electrons in

the .zero-loss peak are those that have generated phonon
\ A

excitation. Phonons are v1brat10ns of the lattice 1n the

—
. -

sample. The‘energy losses. of electrons‘caused by _ phonons
have a broad angular distribution which is centered around

each Bragg dlffracted beama”h

~ ,s;‘;,.‘ g, 12
5, J')ﬁ'i 23
. The zero-loss peaki; "

is important because it
provides - an energy reference for the spectrum, gives ‘a.

measure of the resolution of spectrometer-and also provides
’ [} .
the norma}ization factor regquired for guantitative

microanalytical calculations.

3 |

1.3 LOW-LOSS REGION -

~

¢

The “-energy losses in this . region are due to the

interactions of 1incident: electrons with, the valence or
7

conduction electrons in the sample. When indiwvidual atoms

condense to form a sotid, there ' is considerable
rearrangement of their valence electrons, which results in

binding the individual atoms togethet. The valence electrons
1‘ < .

- may bSe Qquite localized as in the. homopolar bond and in

ionic crystals; or they may wander through the entire solid
. ‘

~as nearly free electrons inp a metal. In any cage, they

behave in a manner which appears as a collective wave
-~ -

- v
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: , , o
collective or wave excitation is called a plasmon. There is

an angu}ar fgequenc%P w, and e::itation quaneum' E, = pr
‘associated with .:heu collision where K = h/2mr and h is
fblanck's_'éonstant; _T%g; frequency of ‘oec&llation‘ w, is
)9roport1onal *to an where n, 1s—ehe—numbe§—of free electrons
per cm 1nvolved~ 1n the osc111at10n Because the plasmon
energy '16ss depends on thé free electron dens1ty, it can be
used to 1dent1fy the mategggl (Kunz 1966, Kloos 1973, Chen.
1976) . Unfortunately, materials showing sharp plasmon peaks
: mayvhave similar values:of Ep, so” that the- measured valuexls
not unique to any one metal 6r alloy. However, shifts_iﬁ the
plasmon pe€ak position‘canﬁbe uSediEp monitor the change in
coneentfekiqn_gj»one element in an alloyﬁ As an example,
~Fig.. 1.4 shows tQQWEZEGépce o{lepeétra'taken stepping across
the interface between Al and AlF, (Isaacson and Séheinfein
1985). In thie graph “the alum;;un metal side of the
interface is denoted by the negative éiste%ces whereas the
nlﬁ;- side of the interface is marked by :the_ positive
f;‘ distances. The bulk'plasmon of aluminum metal is indicated

by 'a' and occurs at 15e7/. The surface plasmon of aluminum

is indicated by 'b' when it occurs on the aluminum metal

side and by ;c‘j on .the AIF, side of the interface, fne

experimental results show that it is possible to detect

significant changes in the electron energy-loss spectrum at
: |

a spa;ial resolution of better than 0.8 nm _as the probe i;

moved across an aluminum-aluminum fluoride interfaee. jge

localization d1stance of -plasmone . obtained from this

.
i2
5o e
' By
. R
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Fig. 1.4. Stepped sequencé of énergy“lqss spectra Eaken as
the probe is moved across the- Al-AlF, interface. The

. positive distances are in the AlF, and the negative

’

diStahces'are in the. Al. Peak 'a' is the bulk plasmon of Al

metal. Peak 'b! islghe Al surface plasmon coupled to the

' underlying carbon film. Peak 'c' is the Al surface plasmon

in AlF, which is shifted in energy from 'b' due to a change

'in dielectric cons}ant across the interface.

AN
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experiment was compared .with theoretical calculation; the

 éxperimental_and tbeqretiéal }esults‘are Hn good agreéméntf
V(Cheng 1987).. N

A ' .

.+ The low-loss region. of EELS can also be ‘used to measure
the -mean free path of fast electrons in matter. The
experimental method and the theoretical calculations can be

“found in Chapter 4.:

In addition, the spectrum in the 1low-loss region
lptbvides the infg}mation'of the }maginary part of dielectric
fuhctioﬁ. By using kramers—Kronig.analysis, the surfaé' loss

f intensity présent.'in a récordéd low-loss spectrum can be
found and . the éQﬁoLﬁté local thickness of a sam@le can be
measured (Egérton and Cheng 1987). This method is based on

_ A £ s
the Kramers-Krbnig sum rule and is discussed fn Chapter 5.

t

. 1.4 HIGH-LOSS REGION
o’ '
As shown in Fig. 1.3 the spectrum in this fegion has
ghe general f%fm of a‘smoothly faiiing-'backg:bﬁnd"on which
_areﬁsuperimposed the inner-shell "{onization edges}. Tﬁis
portibn of Ehe EELS spectrum is the most important oné for
| microanalysis because the "ionization energy of an édge i? a

“'unique property -of an element (Ahn and Krivanek 1983).

. ,C“W
~ : B ‘
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A
The 'background' . contains 'nol microanalytical
information but is a dominant feature of th? spectrum, It
comes from a variety of effects s;ch as e :i:zations from

valence states to vacuum and pultiple plasmon losses. In a

multi-element system, each sugcessive edge will contribute

to the background intensity of the ges ihat follow at

higher energy losses. Because .of th&s/sﬁmpl
= _

derived from theory“is available to coﬁpute the background;

xity no formula

but a method has been found wﬁich,subtracts the backgrbund

from the experimental spéctrum (Egerton 1975, Maher 1979).
. \ \ )

¢

The ‘'characteristic edges' contain the, elemental
information. Each edge represents the energy loss éssociated
with the ionization of an electron from a particular in;ér
shell of a paf%icular type of ‘atom. An energy loss
‘measurement can fherefore be used to identify the chemical
components sof the sample. The.advantage of using EELS for

. L}
the detection of light elements has been well demonstrated.

' Low flﬁores&ence yield and poor collection efficiency make
the conventional X-ray microprobeJtéghn<;;e insensitive for
elements with low atomic.number[ In Eontrast, the efficiency
for'deLecting inner shell ionizatioﬁ events by EELS is hjgh
and the K and L shell crosé sections for the lighter
elements are particularly favorable (ﬁall and quta 1983).
Since the 'ionization edges' are set on a rel%tively high
background,. finding‘ the experimental condiEiéh which
improves the ratio of signal to backgrgund‘ks an important

‘task in microanalytiéal work. The theory and the experiments



—

related to this subject are discussed in Chapter 3.

A close inspf?tion of the %ohization éégés-in electron
energy loss spectra reveals a wide variety of 3&hapes and
structures, both near the edge and as far as several hundred
volts away froq\the’edge. Two other kinds of infdrmation can

be obtained from these fine structures. The 'pre-ionization

"fine structure' is the form of density of unoccupied bound .~

states into which the ionized electron can be placed. The
'extended fine structure' is a weak O%Fillatory ~structufe
extending for many hundreds of electron volts away from the
edge. These oscillations occur because thg electromagnetié
wave producéd by the ionization for some energy loss has a
wavelength which is of\the same order as an atomic'spacing.-
The wave can be diffracted by neighboring atoms and‘return
to . interfere with the outgoing wave. An analysis of this
fine structure provides important information about atomic
arrangements, especially for amorphous material. The tobic
of the _fine‘yétructure is discussed in detail in ‘many‘
references (Spence 1985, Leapman 1982, Disko 1981, Egerton
and VWhelan 1974; Isaacsoﬁ 1972); 1 is not, hogéver;»

involved in the present work.
L 2



' CHAPTER 2
. P

Iz

&

INSTRUMENTATION

A Eypical EELS system, used to obtain information on
-, . J
the elemental composition c¢r structure of a ‘specimen,

consists of the following compbnents: an electron source, a
suitable sample of material to be studied, a spectfometer

~

' forwanalysing the energy of the transmitted electrons, a

5
.

" detector apd'a spectrum storagé/display system (Fig. 2.1).
In éeneral, these components can take a variety of different
forms but we are mainly interéstedv in an ‘experimehtal
arrangement which 1is compatible with the operation of a

conventional transmission electron microscope (CTEM).

Ed

In ;his g%apter, an overall description of experimental
instrumehtation is, given. -The degﬁ%iption is in four
sections, :dealing with:'. (1) the JEM—1OO§b Electro;‘
Micggscope, (2) the electron spectrometer designed in the
Departmené of Physics, zhe Univ%rsi%y of Albgrta, and the .
commerc:al Gatan Electron Energy Loss Spectrometer, Model
607, (3) the system for recording and analysing data, (4) a '

standard vacuum system for sample preparation.
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Fig. 2.1. Typical EELS system' (Egerton 1982).
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2.1 JEM-100B ELECTRON MICROSCOPE

Experiments'd&ﬁcribed in this“thesis'were cagried.out
.ﬁsing é JEM-100B Electron Microscope on which a spectrometer
described in the next section was fitted. Figure 2.2 is the
column cross.section of JEM-100B. 4 fine beam is produced by

‘heéting ‘a filament 5% tungsteh wire, which emits.a few

9

, _ .
tenths, of a milliampere; these electrons ‘are then

accelerated through a potential difference of 20-100 kV. The

\

.

combination of filament and accelerating electrodes is

kncwn as an electron gun. The electrons then pasg\through

.wo condenser lenses, with which the operator cé&n control
the size énd angular spread of the beam? Since the specimen
locéted behind the‘condenserwﬂenses and immediately before
the objective lens is wusually thin, most electrons pass
through the specimen and en§®r the objective lens. Within
th BjectiVleens lies a small aperture, made of a metal

disc with a central hole 20-60 um pierced in it. Electrons

that have been deflected through sizable anvies by ‘the

specimen will hit the wall of the aperture; only-electrons

that'have been deflected through very Smell angles will pass

¥

through the aperturé and continue— to pass along the
\ N .

.microscope. Bexond the objective ‘lens the electrons pass

through three maghifying lenses, two intermediate. and one

projector, and finally fall onto*é&ther a fluorescent screen

or a photographic plate.

—
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Fig. 2.2. Column crass section of JEM-100B Electron

Microscope.
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In the present experiments, the maximuﬁ scafteriné
angle, limited by the obje?tiVe apérture "B, was ﬁeasured
using an aluminum diffraction étandard whose diffraction
pattern was rgéorded on a photographic plate.vThe rqdius,
R, ,» of ééch ring‘appearing in the diffraction pattern is

given by:

R,, = — . (2.1)

whéré"ke is the electron wavelength; L is the effective
distance of the specimén from the fluorescent screen or from
the photograéhiclplate;‘dMlzis the distance between adjacent
planes o; the crystal which héve diffracted the electfons
~and causec thé 'rings in the .§iffraction. pattern, The
distance 4, , can be found using the relationship for cubjc

structures since aluminum crystalizes in cubic system, i.e.,

- .

M

a

dhkl = (}32+k2+12)1/2 . (2.2)

]

14

where %ais the crystal cube edge ‘and h, k and £ are the

Miller 1indices. Thus, 'the diffraction constant of the

o

microscope, AL can be found By measuring R,/ directly from
the diffraction pattern. The maximum scattering angle

himited by the aperture, B, can then be found by means of

Y

the relationship:

” o B =R/AL o (2.3)

L.



where R is the shadow!:adiUS of the objective aperture which
has been superlmposed on ‘the aluminum diffraction pattern
and reégréed on the photographlc plate. The B values
reported/ in this thesis were all determined using this

methodf:' ~ ¢ '

’ ~

The JEM-100B Electron Microscope was equippéd with the
EM-BLG Goniometer Stage 1in order to study crystalline

specimens. The specimen is mounted on gimbals in the EM-BLG

tilting specimen holder (Fig}12,3). The - mechapism' ot the:

v v

system is so designed that the directions of'each tilting'

axis c01nc1de with the respectlve directions of the EM- BGS'W

¢ \
Goniometer Stage transverse control axis. With the help of

'the EM-BLG Goniometer Stage, the specimen can be tllted up

W“‘

to #30° in any direction by the vertlcal‘dlsplacementrof two."

driving shafts. L : - e

! . 4 )

Y
2.2 ELECTRON SPECTROMETERS

b
t . . 2.

_ . .&
After the electrons pass ,throy@h the postfspecimenjlﬁﬁ

. lenses (Fig. 2.1), a selected poftion of the eledtrdn

a\ distribution will pass through the collector aperture 1nto ”

the electron spectrometer. The function of the spectrompteru'”

is to resolve the electrons into their different energy

compopents and to focus this speéctrum ‘into an adjustable
. 9

o
&

C A
4%
R
bR

\

V
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Driving
-ghafrc

Driving fﬁ N\
yshaft o

| S—— Gimbal
Specimen  mechanism

Fig, 2.3. Tilting specimen holder.
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e.c

slit located in front of an electron detector. .

The léboratof&-made spectrometer (Egerton 1982),

"designed and built in thewfoepartment of Physics, the

- slit aséembly of the spectrometer which is equipped with a

University of Alberta, was us%d‘to perform the experiments

described in Chapter 3. This spectrometer was located below.

the viewing screen, so it was éasily i@sialled‘and does not
impair the basic performance or ease of opé;ation of the
microscope (Fig. 2.4). The design of t_é gpectromefer’is
based on a single sector magnet, in which the electron beam

: . : 3 . . .
is bent into a circle of constant radius and dispersed into

/

its component energies by means of a perpendicular magnetiq'

field. Figure 2.5 shows the magnet in which the magnetic
flux 1is generéted b; "window-frame" coils located in slots
around each polepfece. The outside of the magnet block

Ay

provides a return patﬁ for tﬁe magnetic field and shields
¢ *x

.the beam from external fields. The position of the detector

slit is designed to be movable by chariging "the length of .the

focussing tube. Figure 2.6 shows the focussing tube and the

JEOL scintillator and photomultiplier detector system.'This
arfangemeqt’allows;us to modify the slit easily, which was
convenient when performing the experiments described 1in

Chapter 3. ' '

The commercial Gatan Electron Energy Loss Spectrometer,

"Model 607, was used to perform the experiments described in

Chapters 4 and 5. This spectrometer is also of the single

.
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i

Fig. 2.4. Front view of the spectrometer, c 'is the camera
chamber of the JEM-100B. D is the dark field detector (which

is not required for energy analysis).:

£
G



Fig. 2.5. Side view
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through the magnet and field
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.spectrometer., Cross sections

, .

clamps are shown separately.
girders and copper tube are

magnet windings appear cross

\
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Fig. 2.6. The focussing tube .(a) and the-slit assembly (b)

of - the laboratory-made spectrometer. The exit of the

-

spectrometer B, coppet connecting: tube "C and JEOL detector

system D are shown in broken lines.
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mégnetic ‘sect type. It disperses electrons with - a
_second-order ‘aberration- cor;ected magnetic prisé. The
yimportant vcomponents Jinclude energy-selecting auxiliary
1focussing coilslnhich fine-tune the focal%ﬁroperties‘of the
-prism,f the electrostatically isolated drift-tube and the-

exchangeablé entrance aperture. All the components and the

accessories are shown in Fig. 2.7. Compared to other single

~magnetic  sector  spectrometers, ~ the Gatan Electron
; _ : , .
Spectrometer, Model 607, introduces two innovations:

electromagnetic focusSing coils which replace the usual

mechanical-alignment and®a hybrld electron detectlon system

&
which 1ncorporates both 51ngle electron counting and current

’measurlng of the photomult1p11er tube output (Krlvanek and
Swarin 1981). The electgonagnetn: f nsing c01ls contaln a
;dipole, two quadrupoles, and a séxtupole (see Fig;'g.7). The
;.d}pole has 'a low:'inductancg end 1ic useqv for fagt,
.undistorted scanning of .the spectrum nccde% for’flicker—free
’-dispiay 'of\athe low loss region "and particqlérly the
zero- loss peak on a v1deoscope display. Thé tw%\quadrupoles
give the two degrees 6f first-order focussing necessary in a
magnetic ,spectrometer. One ensures that electrons of the
same energy 5are‘ focusigd ‘into ,2 sharp line ‘at. the
energyfselecting slit, the other that‘the line is precisely
-parallel to the slit. The sextunole action is similar to
chénging the entrance curvature of the magnetidvsectorQ It
balance; one of the two important second-order aberration

N

coefficients. In practice, these electromagnetie¢ focussirg
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#ig. 2.7. The cross-section of Gatan Electron Energy Loss

Spettrdmeter, Model 607.
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coils ensure that the resolution of the spectrometer .is
limited by the third- rather than the second-order

aberrations.

\

»
4 <

Like ail electron-optical elements, a magnetic prism
performs‘ to its designed specifications only if it 1is
corﬁectly aligned = relative to the incident beam of
eleef}ons. Since the energy diseersion- is smell for
high=energy eiectroﬁs, the alignment must be done carefully.
The‘procedure of alignment and adjustment can be found from

references'(Egerton 1986; Gatan, 18c.).
E

Like many electronic deviceé, :he spectrometer takes a
v‘certain time to warm up before it becomes etable. T7”—‘
minimize'”tHe influence of an Unstabie incident-electron
beam,.fhe spectrometer was turned on 30 minutes af-er the
eiect;on microscope had been turned on. The etabili%y of the
spectrometer was then tested by checking the star.lity of
the zero-loss peak f or the\;ecorded spectru;. Figure 2.8
shows that thekeero—loss intensity becomes stable aitep**he.
spectrometer has been turned on for 60 minutes. Therefore,

if the optimum energy resolution is required, it takes at,

least 60 minutes to warm up the spectrometer. ////

“when the spectrometer 1is properly focused, stray
magnetic fields may still degrade the resolution because

these external fields may penetrate into the viewing chamber
and deflect the eleccron hcam before it enters the
NS f

. v d
spectrometer. The external interference \ comes from

~
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mains-frequency fields and their effect can be compensated
by using a simple circuit (Egerton 1986). Figure 2.9 shows
the effect of AC compensation against stray AC fields of the

main frequency.

S

2.3 THE\SYSTEM FOR RECORDING AND ANALYZING DATA
. ‘

/

The distribution of electron intensity at _the
d.spersion plane produced By the spectrometer K must be
converted into a form suitable for a multichannel analyser

(MCA). There are two possible ways to record the EEL

A

spectrum. One 1is the parallel readout which bas .the
advéntage of high collection efficiency and has gained
'considé}éble interest over the past years (Shuman 1981,
_\\\Nﬂgerfonv1982, Cheng 1983, Ahn énd Krivanek 1986, Egerton and

)
Crozier f987i. The other is the serial readout which is more

popular at the present time and was used in all the

experiments described in this thesis.

The serial detector system in the Gatan Electron

-

spectrometer, Model 507,§d§nsists of a photomultiplier. tube

(PMT) ‘and a PMT .signal-processing module (Fig)lZ;jG). The

anode of the photomultiplier tube (PMT) is held“ﬁiésgwﬁdfthe
ground potential so that both the PMT current and pulsés due

to signal electrons are a valid mé§sure of the signal

v

stréength. A simple R-C network at the input end of the

e



31
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Fig. 2.9. Effect of AC compensation against 'stray AC field.
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module separates the pulses from the DC fleveiF' The two.
signals are then processed in paralleli One isiproéessed byb
pulée—counting“electronics consisting of a preamplifier;‘a
discriminaﬁor, 2n emitteg-coupled logic (ECL) 'to
transistor-transistor logic (TTL) converter and a ratemeter;
this is called the pulse-counting mode. The other signal is‘
procéssed by current-measuring électronics consiéting of a
ﬁreamplifie;, an amplifier and a voltage to frequency kV-F)i
converter, and‘is called the current-measuring mode. Each
mode produces a, train ofr . TTL pulses to be wused by the
multichaﬁnel analyser (MCA) and a 0-10 V analog signal to be
uéed_by the videoscope. One or the other mode is selected as

the output source by a 'signal level' switch.

»

In all the experimenfs reported in this thesis, signals
obtained from the selected output source of the detector
'system are trapnsferred t% a 'TN-17iQ Multichannel Analyzer
(MCA), using j?gelecﬁed dwéil time (the time for whiEh thg'
data is stored in each channel). Affer acquisition the data
.are processed with the ﬂelp of a TN-1117 fioppy disk .memory
syséém (used.for recording spectra and loading the system

operating program), and a Texas Instruments Silent 700 data

terminal, @ -

As in any field of spectrometry, the detection system
for EELS plays an important role in determining the

performance of the technigue. An artifact of the detection
system may appear as.a systematic error in the final data
L
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unless suitable precautions or corrections are made. Because

uired for

of the large range of signal intensities in EELS, both
‘signal—processjng modes mentioned. above are reE

recording the signal. At low-to-medium electron intensities
the pdlse;counting mode‘is'preferable since it discriminates
against the weak noise pulses tgét wake up thé‘PMT dark
cd%rent. At high electron intensities the problem of the
pulse overlap becomes significant in the pulse-counting
mode; the :current-measuring mode 1is therefore prefeﬁfble
'since the PMT dark current becomes a small fraction bf the
total PMT current. Recently, Discko (19%6) reported that for-
count rates below 1 MHz,’ the signals obtained by the
_pulse-counting modé and by.the current-measuring mode were
~identical; but at Ahigher count rates the pulge-counting
signal was lower than the scaled curreﬂf-measuring (V—F)
signal, indicating the distortions of the pulse-counting
signal. Craven and Buggy (1984) also reported that the ratio
of the pulse-counting signal to the corrected V-F (analogue)
signal 1is constant .only over a lihited range of sfgnal
.levels. Tov avoid artifacts of the detection system, the
line%gr‘;anges of the pulse—couating system and of ghe
currént-méasurihg system in the Gatan spectrometer

(connected to the Tracor 1710 Multichannel Analyser) were

tested.

The linear range of the \pulse-counting system was

determined by changing the incident beam current and
« o . \
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observing the value of loé kI /I')Vfrcm a given specimen as a-

-

function of the counting frequency, hereAlf and I_ are the

1ntegrated intensities under the whole and the zero- oss
spectrum respectively. For non-distcrted pulse counting, the'
observed log,(I,/? ) values are expected to be independent of

the counting frequency, since the former is related only to

i - -

Ehel specimen thickness and the mean free path which are
constants for a given specimen (Chapter 4). Figute -2.11
_Sho&s thét for tHe detection sYstem under investigation, the
ldge(I /1Y values are independent of the counting frequency
‘at countlng frequencfes lowersy;than 1 MHz. This is cons1stent

with the result reported by Disko (DlSkD 1886}

To understand the behavior of the ‘
further. investigation on  the relationsnip Seﬁ@ééﬁ&;;he
expected ‘true’ frequency f, and the observed frequency £,
recorded by the counting system was carried out in the same

EELS system mentioned above but without a specimen. Various

frequencies were obtained by changing intensities of the

electron beam entering the spectrometer by means of a change
in the diameter of the illumination on tne-screen of the
microscope. The electron beam currents were measured with a
Faraday cup and converted into equivalent numbers cf "true'

input pulses. The calibrations of the beam currents and the

true frequencies were made in the linear range of the

puise-coUnting system (f <1 MHz). The results are plotted
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in Fig. 2.12 (symbols). The experimental results show that
£, initially increases linearly -with increasing f at
frequencies less than 1,5 MHz, then increases at a lower ,

rate and finally becomes saturated at very high frequencies

(above 20 MHz).A

. - Some workers (Reed 1972, Craven and Buggy 1984)
suggested lse of the following formula to describe the

‘behavior of the counting system:

£, = Eexp(pf.T)  (2.4)

X
»

where 7 is the deadtime which is defined as the period when

- pulses’ﬁ@ﬁgégactually being processed. The relationship

between f , and I according to Eq. (2.4) is also plotted in
Fig. 2.12 as the Jotted curve, Figure 2.12 shows that for

the system under investigation, predictions of Eg. (2.4)

agree’ well with the experimental datum only at f_<1.5 MHz;

it fails at highef fréquencies.

The following formula has .lso been - suggested to

describe the relationship between f and f, for a

-

pulse-counting system (Ruark and Brammer 1937, Cheng et al.

1987):

£

t
1+ftr

" ob

(2.5)

The relationship between f_, and f according to Eg.: (2.5) is

plotted as the solid curve in Fig. 2.12. The reasonable

i



w e
iﬂ.’!

v,
Al
)

38

ad

Fig. 2.12, Plot ‘of the true freqﬁency vs.. the. observed
frequency " of the pulse-counting system. The Isymbols
represent = the -‘experimental results. The magnification
indicated on the 'level' switch of the microscope screen was
5000. The slit of the spectrometef was widely .opened. The
~dwell time of the Tractor 1710 Multichannel Analyser (MCA)
was 10 ms. The ﬁﬁo%ﬁed and | sol;d .curves represent the
relationship accagding to Eqs. (2.4) and (2.5),

»
respectively.
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agrgemeh£4 betweén the experimeniél fesul£s and the curve
predicted from Eq._(2.$) suggestsFthat Eq. (2.5) can bé used
to correct the observed frequenqy at frequencigs higher than
1.5 MHz, thereby extending the range of electron intensities
which can be recorded in the pulse-counting mode.

The \1ineér range of thé"cufrent—mea5uring mode was
obtained 6; plotting the cur&e of the inéiaent electron beam
current (measured by the Faraday cup) versus the output
frequency frém the V~F convertor (VFC), read out from the
MCA. Figure 2.13 sﬁows thaf the highest freqhency in the

linear raﬁge of the VFC is about 1.2 MHz.

When the current-measuring mode is used together with
the low-to-high energy loss scan for recording a spectrum in
the low-loss region, the intense zero-loss beam has a

relatively brolonged effect on the detectioh syst®m (Joy and
] ’ )

:Maher. 1980). Disko (1986) has described the use of a

high-to-low energy loss scan to avoid the above problem.

Disko's suggestion was .Studied for a -35 nm thickness Ni
film. 1In £his experimeni, ‘the intensity. of the incident
beam, the entrance—apertqré,diameterlénd the exit slit of
spectrometer were adjusteé to ensure p@at‘the V-F convefter
was working in thé linear ‘Fangé. Figure 2.14 shows a
comparison of the spectra 6btainéd when scanning away from
the zero loss’tbwards the,highergenérg; losses (spectrum A)

and in the reverse direction (spectrum B)., In the region

following the zero.loss peak, the intenéity of spectrum A is
‘ ) ) , : _
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Fig. 2.13. Plot of the observed frequéncy of VFC vs. the

incident electron-beam current. The «current I is 1in

" " arbitrary unit,
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Fig. 2.14. Comparison of the Ni spectra obtained when

.

scanning away from the ‘zero _l'olss to higher energy losses

(spectrum-A) and in the reverse direction (spectrum B).
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o

higher than that of spectfum B. Tﬁis extra intensity may
cause the . results of; thickﬁess measurement ‘by the
kfamers-Kronig sum rule to be 10% higher than the true value
(Chapter 5). However, it may increase the measured mean free
path by only 3% (Chapter 4). |

@
[

In all the experimeﬁts reported in this thesis, the
counting frequency was under 1 MHz ‘whén the spectfum was
vjeqorded ~in the pulse—countihg mode; and the counting
frequency was under 1.2 MHz when the spectrum was recorded
in Fhe cgrfent-measuriﬁg mode to avoid artifacts of the
‘ detéction §ystem. Also, whenever necessary, the scan in the
current—meaSuring mode wgg‘\ in the reQerser,,directgon
(high-to-low energy loss  scan) to avoid the prolonggd

effects of the iritense zero-loss beam.

-

2.4 THE;VACUUM SYSTEM FOR FILM PREPARATION
s A % f: L ,' Ly -“'44: . !
' £

K f

3

.The .y5§3§$‘ éysfe%;wnsedifidr:}film preparation is"a
typical oilédiffusioh puﬁp‘eVa;ora£ioh systeh (Fig. 2.15) A
liquid nitrogen cold trap,;mouhged between the ﬁigh vacuum
valve and base_splate,”;vas used to prevent backst:eamin‘g of
oil vapour and to}réducé thé partial_prééé@jgioffébndenﬁable
qases..An.iopization guage was usg@ité;héagﬁre'tﬁebfe55ure
in the evapbration bell;jér. Théﬁw;?king pressure‘was below

5x10°® torr. The distance between thefsubstrate-and the the
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Fig. 2.15., ‘A typical vacuum system. The notation stand for
B, substrate; C, quartzcrystal - rate¥ controller and
deposition monitor; D, substrate mask; E, shutter; F, vapors
from evaporation source, G, adapter- collar between the bell
jar and the pump baseplate flange; H, air-inlet; valve; I,
.baseplate flange; , Pirani  or «thermgcouple "gauge;. K,
roughing .valve; L," . dbld aic ' trap; M, cooled chevron
baffles; N, diffusion pump; O,‘ coollng coils; P and Q,
backing valves; R, Pirani gauge; S, forepump with air-jinlet
valve T; U, dlff051on pump heater"v, filament hqlders, W,
multlple feedthrough X, ionization gauge, Y, Melssnev trap;
Z, baffle valve. . Sy
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evaporatlon/source is longer than 15 cm in order to obtaln a

uniform deposition. A simple calculat1on shows that~ the
non—unifotmiﬁy‘of the film (on a substrate which is 22x22

mm?) is less than 2% under these conditions.

There is a removable sjutter between the substrate and
the evaporation source. The shutter #as used to mask the

substrate when the source was warming up., After removing the
f . %2

‘shutter, the evaporatlon rate ,could be kept constant by

lk

~adjusting the: heater “icurrent slfghtly;* this was done

manually.

,
b

A quartz crystal was used ‘to monitor the thickness of

the evaporated fllm -and was hence an impnrtant part of the

system. The. crystal was gold coated and was placed above the

sources at the same“ dlstance as the substrate. The

S ; ) P
L]

where t is the thlckness of the evaporated film; Af is the

*@change of frequency bf the quartz- crystal oscillator; p is

~ material the calihratlon may be slightly different because

~ the den81ty~of the eyagorated material. The calibration of

. e 1
the unrtz—oscillator vas made on a copper film; for other

-

: Y L s : :
of ghe~differenb&st1ck1ng efficiencies. Eg. (2.6) was used

only to estimate the thickness of the evaporating film and

(3

’ \‘ss % .
guartz- osc1llator calibration curve was predetermined by.
b s
tlnterferometry as follows (Munoz 1983):
\,.' :” . ", . ‘ ' .

g o S

I ‘ Af . .

’ : ' .t = 1.67 — (2.6)

: ¥

?
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so to control the evaporation process. The actual thickness
. . N : ) ) ("(
of an evaporated film relied on the method of weighing.

K23
A



CHAPTER 3

THE SIGNAL/BACKGROUND RATIO OF INNER-SHELL IONIZATION EDGES

, IN EELS

. 3.1 INTRODUCTION

As mentioned in Chapter ! th§ inner-shell 1ionization

. edges in EELS are normally used §o identify the presence of’}"‘

a given element within the area of specimen defined by the

incident beam of electrons. A gquantitative: estimation,

giving the number of atoms of the element per unit area of
. h .

spe%imen, N, is obtained from the. following formula (Egerton

LI

1978a) . e e -
e gannt T A )
‘ g R o 23 ) R;;
1 1,(4,8) 1 R RN - S
_ e P S X F" O
G 1,(A,B) o,(8FF™ S S
| =
where B is the maximum electron scattering angle, which is
limited by the objective aperture; A is the enérgy wiﬁdow;
0,(A,B) is the partial cross-section of the element,
ggorrespondintho K-shell losses between the threshold enerdy:
‘ ;;i'-%(g

E, ahq é;+A, with a’scattering angle 6 less than B;glf(&jé)
is the intensity in the loQ—loss ﬂregion of the spectrum
integﬂfted up to an. energy loss E = 4; I,(4,B) -is the
intensity(in the high-loss region of the spectrum integrated
from E, to E,*4; and G is a factor which allows for any

fF e

——



47

difference in the detector gain between the low- and the

- high-energy region of the spectrum.

A

'The.intensity'integral under the low-loss energy\region

of the spectrum, II(A,B), is obtained by straightforward

summation of the channel counts. The intensity -integral

under the high-loss energy region of the spectrum, I,(4,8),
‘ sits, however, on a high background which is caused by other

loss processes and contains no special information.

Therefore, for measurements of I, (A,B8), the baékground has

to be stripped. The general method for background stripping

\

and for measurement of Ik(A,B) is given +below and is

. illustrated in Figqg. 3.1.

A fitting energy window (E,, WFZ) located before the

threshold energy E, is first selected, and is typically 50

to 200 eV wide. A power law AE'Y is then adjusted to fit the
data within the fitting energy window. The constants A and ¥y

in the npower law can be estimated from the following

-

formulas (Egerton 1980):

216g(1,/1,)
o, o et /T . (3.2)
L log(E,/E,) '

(1,41,) (15

E}Y - BTX -

where the fitting window (E,, ,E,) is divided in two halves

(3.3)

2

of respective integrals I, and 1,. Once the fit is made, the
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" power law AEY is extrapolated under the characteristic edge

up to a few hundreds of eV, The intensity integral I, (A,B)

is then evaluated using the following relation:

3 R A . . ¥
1.(a,B). = J J{E) dE .-_1——— [(E,+48)""Y - E)" Y] (3.8
.r _.Y' . ) SR

Y

Y .
\ ”

where J(E) 1is the total intensity including both the

background and the: signal. | “

Equations (3.1)-(3.4) show that ﬁhe improvement of the
signal/background ratio is important for EELS as a practical =
technique  for quantitative analysis since the

signal/background ratio for inner-shell excitation edges‘is

low.

Presented in this Chapter are the effect on the

sighal/background ratio of the collection aperture'ana the

thickness: of the specimen. The earlier Treports that the

'signal/badkground ratio, of the aluminum K-edge was sometimes

improved by an off-axis collection aperture and thicker

specimen (Oikawa et al. 1984, Hosoi et al. 1984) have been

" confirmed experimentally ‘but interpreted as an artifact

& . :
arising from the b{jsence of a high< instrumental background.
‘;.

Some .essential requurements regarding the electron-detection

1

) ? L. . & . .
systém to lmprove the slgnal/backgrodﬁﬁ ratio are discussed.
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3.2 USING A CENTRAL COLLECTION APERTURE (BRIGHT-FIELD
CONDITIONS) AND THIN SPECIMEN ‘

$ . , .
In transmission electron energy-loss spectroscopy,

inner-shell ionization edges are usually recorded using a

‘¢

central collection aperture’(as in bright—field imaging) and

" a very thin specimen. ,
. « L

The reason for using the bright-field condition can 5e
uhderstooa from_ the Bethe theory and the Bethe surface
(Bethe 1930, Igékuti 19715. . The Bethe theory provides a
qenerel framework for discussing the inelastic scattering of
fast electrons and leads to powerful criteria for judging
the rellabillty of cross settlon data. The central notion of
the theory is the generallzed oscillator strength (GOS) as a
vfuection of both the energy transfer and the momentum
transfer. The Bethe surface is  the f?%eneralized
oscillator- streng&p (GOS) density df(K,E)/dE as a function’
of both E and K, where E is the transferred energy and KK is

3
the transferred momen t um from incident electrons (K = a/2n

’ang§ h; is ‘the Planck's constant). A; an example, the~
hydrogenic GOS.for carbon KfShell excitation ie shown as a
function of E and In(Ka_)? in Fig. 3.2, where a, is tﬁe Bohr
‘radius (Egerton 1979). The main feature of the figure is
that -individwal curves show qualitatively the anguiar
dependence of K-shell scattering tor different amounts of

O
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Fig. 3.2, The Be*  surface for K-shell ionization in carbon

calculatég from iydrogenic model.
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energy loss, For an energy loss not much larger than the

r

threshold value E,, the scattering is forward-peaked (i.e.,
is of maximum inte:sity at scattering angle 6 = 0); whereas

for large energy loss (several times E,) the. scgptered

{

electrons are concentrated around an angle -given by (Kao)2 =

E/R(where R = 13.6 eV is the Rydberg energy), forming a

Bethe ridge which represents hard collisions, that is, those

w#ith small impact parameter. According to the properties ,of
- the Bethe surface, the signal/background-is expected to fall .

-1f the collection aperture is sized or displaced from the

optic =axis. In other words, using the brighf—field

* conditions the pre-edge backgibuhd should have a broader
angular distribution than that of the core-loss intensity;
as a result of non-dipole contributions from the Bethe
riage.

The reason for preferring a thin specimen is ‘that,

whereas the initial increase of the intensity at the

ionization edge arises from single scattering~ from inner
shells, the pre-edge background (in thicker sampleé)

contains an appreciable contribution from plural scattering,
/

mainly one or more "plasmon" losses. which ecede or follows.

the core-loss event. Increasing the sampleithickness should

therefore result in a lower signal/background ratio &gerton

1978a).

.
-

5o

.
A
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3.3 USING AN OFF-CENTER COLLECTION APERTURE (DARK-FIELD
CONDITIONS) AND THICKER SAMPLES

.

©

‘Oikawa, Hosoi and co-workers (Oikawa et at. 1984)
reported their experimehtal results for scattering angle
4dependenceubf the signal/background r?tio of si K4shell'ané
Al K—shell\electron excitation losses meésuredvfop sin;le
crystals and’evaporated films. Thé“scattering gngle, 8, is
iimitéd S} the position of the objective aperture. They
found that the ratio bf.phe signal fntegrai'for electrons
collectéd at the scattering angle 6 to that'collectedla,
zero scattering angle, $(8)/S(0), changed pefiodically: the
ratid of the background integral for’electrons éollncted‘at
the scat;ering'angle § to that collected at zero scattering °
angig,"B(G)/B(O), also changed periodically. However, fhe
latter was in anfiphase with the former. As a result; the
signal/ba_kground ratio changed periodically, with 'thg
scattering angie and had a maximum bet;een Bragg reflections
includihg the ceﬁgfal beam.;In addition, they found that the
aboveobservations were independent of the element (Si or
.Al), independent of the mateﬁial structure (éingle cfystal
or evaporated #£ilm), and indépendent of the thicknesé of ‘the
specimen. Based on their experiméntal results; Oikawa et al.

proposed to select the scattering<{angle between Bragg

reilections or just outside the center beam, i.e., using an
, .
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4 [3
,

: off—center:cplléction aperture (dark-field conditioms), to

imprbvé the Signal/backgrbund ratio. They concluded that

. this is a practical operation technique for guantitative

<

analysis of eleﬁehts in the high-energy loss ‘region;i'and
.hence; there is a need for knowing the "doubly partial

cross-section". | - o :

Hosoi, Oikawa and co-workers (Hosoi et al. 1984) also
c ot

reported the experimental results of the. effect of the
specimen thickness on the core-edge loss iqgﬁnsity using the

as the standard rule for

relative specimen thickness, t,

the specimen thickness in EELS (Zaluzec.1980).‘fhey found

that for aluminum single crystals, the cor--edge loss
. . " ] ! . 11

. : [ )

intensity increased monotoiically with increasing relative

t’ for t, < 1, but decreaied

for t. > 1. The .

monotonically with the increasing t R

R

relative specimen thickness"is defined as the ratio between

~the specimen thickness t and the total inelastic mean free

7

v

path X\ 'At t; b 1, the core-edge loss intensity had the

" maximuam value. Therefore, Hosoi, Oikawa ;and co-workers

<

suggested to use the relative thicfzifi of t, =1 as the
"opt imum specimen- thickness" to. ge he highé-str signal
intehsi?y'of the co:eFedge loss and hence to improve the

lﬁﬁgnal/backgroundqratio.
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3.4 EXPERIMENTAL

To understand the results of Oikawa's group: (Oikawa et

A

al. 1984, Hosoi et al. 1984) similar measurements on

vacuum;evaporated polycrystalline aluminum were performed
(Cheng and Egerton 1985). The method for preparing aluminum

f11m is described in Chapter 4.

The thin film aluminum specimen was irradiated with

100 keV electronsxfhi a -JEM-100B ccnventional transmission

)

| microscope. A 20 pum diame =r objective agerture (collection

semi-angle = 5 mrad) was used,ﬁtoi_?elect the range of

scattering angle contributing'.to .the .recorded spectrum;

‘dark-field conditions were obtained by tilting the incident

illumination rather than by shifting the aperture‘:o avoid a

large spherical aberration.

Energy-loss spectrai were ‘recordedv_in serial mode \b;
scanning the  magnetic field of the.electron spectrometer.
The electron “detector consisted of a thin phosphor screen
and a photomultiplier tube,'uhose output was‘digitized using.
a 5 MHz voltage to- frequency converter and recorded u51ng’a

ragor Northern TN1710 multichannel analyser. The background
precedlng the aluminum K-ionization edge was fitted to a
power- law energy dependence and the extrapolated background
was 1ntegrated between energy{losses of 1560 and 1620eV to
yield the background integralﬁg(e). The K4edge signalﬁsiel

was obtained by subtracting the background,from‘the spectral
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data over this same/energy/reglon.

The spec1men thlckness t was measured in terms of the“
. . r : o

/

. total inelastic mean free path, A, (= 100 nnﬁ”for 100 keV

incident elecbrqns),usrng the pelation: _g?“é;“

Y I

ﬂnhere51'rﬁﬁajl'5are thefintegrals under the whole spectrum

e 8 2
and under the zero- loss peak respectively.
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'THelinitial results at two different values of t/x are

shown in Figs” 3.3 and 3.4. As expected from the theoryq the

s

K#loss!signa and the pre edge background both decrease w1th

1ncrea51ng scatterlng angle, ‘the 51gnal/background ratio

rs

.,eventually falllng at hlgher angles. The 51gnal/background

5L

§ n?t significantly . " higher in the dark-field
. él . . ] -

Qbmdltaons »(8 > 0) comparigg?to that in the bright-field
g 5 -
sconditlons.(e = 0).

ratlo,‘%s

|
3 I
“V»'\: ,q," i

Since tﬁé{ difference between the vexperimental
“conditions perfgrmed and those of Oikawa et al. (200 kev
operatlon,,better angular resolutlon and larger 1ntegrat1on
window) were thought to be unlmportant to the results,

modifieat1ons H% the detector—sllt arrangement were made in -
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Fiqg. 3.3. K-loss signal S(6), backgrour;d 3“? B(6) " and
; v &

signal/background ratio S(6)/B(8) measured as a functlon of
scattering angle 6 for pol_y¢rystall,ine film of aluminum with
t/A = 0.34, using the non-degraded detector-slit geometry
shown in the inset. Th.e s';:attering angles which corréspond
to rings in the diffraction pattern are also sho.wn. |
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Fig. 3.4. The same as in *Fig. 3.3 but using a thick

1polycrystalline film of, aluminum with‘f/k = 0.59.
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an attempt to find the cause for the different experimental
',resu;ts reported here and'réported by Oikawa et al. (Cikawa
eé ?1. i984). The original 6 mm thick slit blades were.'
replaced with 0.8 mm brass;:ang the'lehgth 6f the élitb(in
the non-dispersive di:ectibn)~was increased from 1 to 10mm
(Fig. 3.5 inset). Figures 315”and”3.6 show'tha; unAer the
modified conditions, the signgl/backgébuna ratio at. 8 =0
were about four times lower fhénnthat sho;n in Figs. 3.3 and
3.4. With increasing stattéringuangie 8, the K-loss signal
and the pre;edge backgfouhd both decreased; butfthe pre-edge
~ background decreased faster than  the signal.  The
- signal/background ratio was higher in the dark-field

conditions compared to .the bright-field»conditions,,

Figures 3.7 and 3.8 show the results «©obtained bf also
offsetting the upper and lower detectér slits by.6 mm’in the
exit-beam direction (Fig. 3.8 inset). These }esults ciosély
reéeﬁble'those'reported by_Oikaw§,ﬁHosbi;and co—workers;lThe

background under the_bright—fiela illumination,was oné oéder
of magnitude high¢r~ than before, resulting in a low
signal/background- ratio. Furthermore,  comparing Fig. 3.7
with Fig. 3.8 it is seen that. under the bright-field
conditioné, the signal/backggound ratio increased . wit
increasing specimen thickness, which was the same as

observed by the previous workers (Hosoi et'al. 1984).

o _A'furtherfﬁhvestigation showed that the instrumental
,backgzouad" recorded  for the modified (degraded)

-~ : e ome

. Yo
\’ ' , . R
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dete cor-slit ac-rangemer (corresponding to Figs. 3.5 and
3. .., and Figs. 3.7 and 3.:, respectivelY) was muéh higher

1en tht recorded for the initial detector-slit arrangement.
corresﬁonﬁing to Figs. *.3 and 3.4),. as illustrated in
Tfas. 3.9-3.11, ‘In rec: 3ding the ihstrumental‘ background, -
the electron detector  used.  was a
'phosphc‘—écréen,f-« Jmultiplié; whose output was converted

into pulses, using a voltage-to-frequency (V-F) convértgf,
‘fof counting in the multicha&nel analyzer. The’ene;gyk#éhgé
was aboutCQOOOeV, a detector-gain change (x300) Qcéureg at
400 eV. The vertical axes in'?igs.‘3.9-3.11 show the number

of V-F counts per channel, on a logarithmic scale.

o

3.6 DISCUSSION
,s -
The data shown in Figs. 3.5-3.8 can be interpreted in
terms of the generation of an instrumental background to the

energy loss spectrum by the intense zero-loss component of

the undiffracted beam.

Under bright—field conditions,‘this component generaﬁes
hard X-rays at the lower biade-of the energy-selectihg slit
while higher energy losses are bézng recorded; If -the slit
material 1is sufficientiy thin, some of these X-rays méy

penetrate through to the electron d%tector and give rise to

a. spurious background signal (Kihn et al. 1980); In-

&
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addition, ba7kscattered electrons and X-rays generated at
thed slit blade can be reflected back through the slit
‘hopening towards the detector (Egerton 1978b Craven and
Buggy 19845, | The resulting’ backgrOUnd is increased By
lengthenrng the sl1t and by off tting the two edges so that

the effectlve'slif width is large fer electrons travelling

at an appreciable angle relative to the opt1c axis.

DUnder . bright;field_ conditions (the. “instrumental
background 1is also approximately independent of specimen
thickness. The core-loss: s/gnal is, however, 'proportional to *
.the specimen,thlckness. Consequently, at a high 1nstrumental
background ~the4 signal/background ratlov,is higher for a

thicker specimen than for a thin specimen. ‘'This explains the

results reported by Hosoi et al. .

Under;dark—fieldlconditions, the intense undiffracted

beam_ is intercepted by the .objective aperture; ~scattered

| electrons and X-rays generated there have a 1nuch~’smaller
probability -pf' reachlnq the detector. Therefore, the

instrumental background is . lower and the 51gnal/background

ratio is higher-than in the brightff1eld condition.

Although the  zero-order -undiffracted beam is USUally
the-most 1ntense and therefore acts as the main sourcé of

Qstray electrons and x rays, prom1nemt Bragg beams may make a,.
29

51gn1f1cant contribution  in thicker samples, whlch could

gxplain ,some of the wariation in background levﬁl dn
Figs. 3.3-3. 8 and bﬂ the data of Olkawa et al . The apparent
: m‘l R .

~



69

decrease in signal in bright field. [Flgs 3.5~ 3 8 also

observed in (Oikawa et al. 1984)] is probably an”artlfact

&

refleqtlng the d1ff1culty of performlng accurate background

f1tt1ng‘and subtractlon in the case of a weak ionlzatlon
edge superlmposed on a high background. However, some of the
angular dependence of S(8) and B(H) in Figs. 3.3 and 3.4

could result from real diffraction‘and channel}éng effects.
The experimentalV‘reSults A 1lustrate the need for

4

careful design of the electron—dgﬁecsion system, especially
T . ¢

for bright—field spectroscopy. Some of the essential

regirements are as follows. _ i

(1) The material of the energy-selecting slit must’be
fsufficiently thick to prevent»penetratlon by X-ray photons .
with energies up to the primary-electron energy.It appears
that 6 mm of brass or steel is sufficient for 100 keV
operation- for higher voltagee, it mlght be-neceésary to use
lead sheet behind the main SlltS The angle of the slit
edges should beé at least 80 Yso that X-rays generated by the

zero-loss beam are absorbed by the full thlckness of the

lower slit when recording energy losed above a few hundred
|

-~

ev,

(2) The defining edges of the slit must be in the same
ﬂfplane so that there is no eaay path available to stray

electrons'when‘the slit‘is almost closed to the'spectrOmeter_
exit beam.‘ The ”lengtb of the slit in the nOn—disperaive

direction should-be restricted so that it is just sufficient
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to accommodate small misalignments of‘the exit beam, due to

stray magnetic fields for example.

(3) The slit blades and nearby. reflecting surfaces

should be "palnted" with a layer of porous carbon (Egerton

1978b[ which has a-low backscattering coefficient (nq < 0.1),

)§

“f(45 Mlnﬁmuﬁgng the surface afea of the electron
detector and increasing its separat1on from the SlltS W1ll
reduce the 1nstrunental background since the stray electrons
and X-rays are emitted 1sotrop1cally whereas/ the

‘spectrometer‘ exit ‘beam has a relatively'»small- divergence
(Kihn et al. 1980). Making the ‘scintillator thin (around
100 um) will minimize 'the amount of X-ray fluorescence. The
use of electron-countlng technlques at high ‘energy loss
should also . help sinceb-some stray eleotrons and X-rays

create éetector—output pulses which fall below the

discriminator threshold (Kihn et al. 1980).

In eonClusion, the earlier findings that the‘core;édge
signal/hackground. ratio is increased by using dark-field"
'dllhminahion and thicker samples are\confirmed, but only, in
the case where the instrumental background 1is high. As
po1nted out by Olkawa'feg, al (1984), elemental analysis

using thetpark—fleldbEELS would:requdre the c¢alculation of
"ofﬁ-axis" barhial Cross sections._ It appears more

. /
attractive to work under bright-field conditions ‘and reduce
~the instrumental background to a low level by optimizing the

design of the electron detector.

e
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DETERMINATION OF THE INELASTIC MEAN FREE PATH

-¥
B

4.1 INTRODUCTION

The inelasgfc mean free path. is a useful éoncept in
EELS.»It is a quantity .simply rélated'to thg‘stopping pbwer
of a medium cbntaininé ‘free .eiectroﬁs, whose theoretical
rlculation has been of~intére§t, and a quantity which ﬁay
be detérmined_from charactéristic‘energy loSs'e#periment.
*21so, the relative thickness of specimen is‘gften expressed
as the ratio ;f the absolute local thickness t to the
inelastic mean é:ee path:), t/X. A thin sample .means that.
the sample thickness t 1s so-small compared;go the inela;tic
mean free path A that‘the hultiple-écattering processes can
be iénbred. In addition, it is deSirable in many cases to
know the absolute thickness of,speéjmen as discussed later
in Chapﬁer 5? With known mean free path, the absolute:local
‘thickness of specimen can be experimentally determinéa from

the log—ratio“&ethod (see later sections).

. '\. X
Many experimental measurements of the inelastic mean

free path.have-beenArepofted in the literature (Swanson and
Powell 1966,,7Perez et al. 1977, Spence and Spargo 1970)
These' measuréments were based on the Poisson probability
distribution. It is-known that electrons which have passed_

71



through a foil -of thickness

'loss, E, but in also any

Sevely 1976).

nultiple-ia of E

R .
o E 72 -

"v;_v a .
N e

t SUffer'nqt ohly one energy

(Jouffrey and

.The multlple fnergy losses nE are more intense

f@hennthe_fo1l is uh?CkEI. The probablllty of n scatterlng
B . . . 3 .
events within a specimen . with thickness t follows the
Poisson distribution as:-, .
. ¥
s S ep (4.1)
P, = — (=) exp(— (4.1
n N P N . .

i

A

where A is the mean free path for all inelastic scattering

processes,

hereafter.

According to Egq.

‘and will be simply called ‘the mean free path

(4.1), for

the probability P,
. '4.4 o

n-fold energy losses increases with?;fﬁECkhéss, passing a

k9

‘maximum at t/\ = n.

Based on this property,

the mean free

. ‘ H - &
path was measured as the thickness of the specimen which

gave the maximum

! [
(Spence and Spargo 1970).

The probab11§§> P méy
of the 1ntegrated 1nten51ty
~ ‘incident beam current or to

spectrum'It.

intensity

e

In other words,

of the. singls

plasmon loss

alsq'be expressed as the ratio
for the n-th scattering to the :

the integrated intensity of the

I U -t ’
P = — = — (=) exp(—) - (4.2)
I n! A
In the case of n =0, Eq. (4.2) becomes: '

~
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-

I, S oo
t = )\loge(;—)- | | (4.3)

where I, is the integrated intenSity‘ over the zero-loss:

)
H
Y

peak. Equation (4.3) has been used to determine the  mean

‘free path A by measuring i;t_and I, from the'energy—loss

spectrum recorded from a standard specimen whose thickness

has been calibrated independently..Similarly, the .specimen

thickness can be determined using Eg. (4.3) if the mean free
path is known. Application of Eq. (4.3) has been referred to

as the log-ratio method (Egerton and]Cheng 1985) There are

.
[

V'VarlOUS ways for calibrating. the thlckness of a standard

fjaccepted by the apert\_

>

»1nc1dent electron energ

-

spec1men. For example, for specimens prepared as evaporated

i I

or sputtered thin films, the thickness can be measured by -

the optical interferometry or their mass-thickness can be

deduced by weighing the substrate before and after the

dep051t10n process (Chopra 1969, Burge and Misell 1968). For

a specimen prepared as a wedge shaped crystal, the thickngss-
can be calibrated by the thickness fringe method (Spence and

Spargo 1970). ‘ o RN

" The mean free path not only depends on the chemlcal and

phy51ca1 propert es of the npec1men but also depends on the

g,nd,the maximum scattering angle

kthe detector. The lack of
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the literature. (Raether 1980 -BlackStock et al. 1955;
Horstmann and Meyer 1961) may be due to the different
aperture size of the detector . used in each experlment due
to different specimen conditionS'vsuch as the presence of
oxide layers or contamination;i grain size and defect
distribution, and due to errors in calibrating the specimen
thlckness (Tonomura and Watanabe 1967). The mean free path
can also be calculated theoretically. Moderate agreement of
the experimental results with the results calculated from
the plasmon formula for aluminum crystal has been reported

(Tonomuraland Watanabe 1967, Jouffrey and Sevely 1976).

The present reseirch wis 1n1t1ated in the attempt of
e

‘IV\

applying the log- ratio method for the determination of the
local thicdkness :of specimen, which requ1res'known.values of
the'mean free paths. Preliminary results tor the mean free
path of thin films :of Al;fCr,4Ni: Cu,vAg and Au (measured by
experimernits based on the@log—ratio method) are reported and
discussed. These results are compared with the theoretical

results predicted from the atomic model and from the plasmon

formula. Calculations based on an atomic model and on a o

plasmon formula (assuming either a free electron gas or a

jellium model) are.alsbd presented briefly.
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4.2 CALFULATION FROM AN ATOMIC MODEL
\ ) . oL .

An atomic model ‘provides a_meads'for'calculating'&%e'
"inelastic cross section, which is related to thé mean free

path A by:

nao

A .. ) . k 4 —_— » ' ’ (4.4)

where n_ is the number of atoms per unitrvoluﬁé'ahd o is the
inelastic cross section. If there is only one type of atom

and the atomic mass is A, then

N
. YA .
where p is the density of the specimen; N_ = 6.02x10?’_is

. Avogadro's number. Therefore, if n,- and o are known, the

‘mean free path X\ can be calculated frgm‘Eq.‘(4.4);

~ The total Cross section for ihelastic scatteting o'is

defined in terms of the sum of ‘all possible inelastic
= o -y -
céllisionerﬁich-manre%ylt from different processes. These:

processes are generally transitidns of - electrons from a.
'ground to an excited state, inéluding both the discrete and

.‘

the continuum mode.
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S

During an inelastic scattering event, an éxcitation
energy E % E, - E, may be transfered‘to an electron of an
atom that is excited from the ground state (n) with energy
.E_ to the excited sfate (m) ‘with energy" Em: The initial
state of the system is characterized by |v¢,> =4|§“ei>, wheré?
pi and e, fep:esent the momentum of the incident electron
and the energy of. the atdm‘~in' the‘uinitial state 1,
respéctively. Thé final state of the system is characterized
by [wf> = |ppr€e>y where p, and ?f'repreSent the'médentum of
the electron and the eﬁergy of the‘atom in the final state
£ ‘respectively. Accordfng to the ’GQlden rule, the
probability of a transition from the staﬁe i to the staté.f
per unit time, 'P(p;,pf), is ‘given By the ‘formula (Hénoc
1979):

27 "

P(pi,pf) ) ;{— <pf"e/tlv(r:'—’.)|,.pi'ei> ‘;(Ef) ’ '(4"5)

o

~in which V(r) and p(E,) designate the perturbation potential

of the atom and the density of final states respectively.

N\ . LS

: ~
Energy conservation of the system requires:

E, = E,
or : | ‘ .
. 2 2

P, P .
— 4 €, = - +e, v (4.6) .
2mo 2m o
. [0} . (}4

- ‘)d}‘?z

where m,_ is the mass of the electron. The density of finalgkf
- = , S &
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states is related to the momen t um by the equation (Henoc

1980) ¢

p(E,) = mp, | (4.7)

The: wave-functions of the initial and the final state are
the products of the wave-functions for the electron and for

~the atom in the initial and the final state respectively:

—" (ipiv'r> v (r) (4.8a)
‘pi‘_ 21{}{ exp i rav _ .Ba
: 1 32 ip,-r.
Ve = ) expl ) ¥, (r) . . (4.8Db)

2mh #

where r and r, are the coordinates of the incident electron

and of the electron‘oﬁ the atom respectively:

 Substituting Eqgs. (4.6)-(4.8)  into Eg. (4.5) and
considering that the solid angle subtended by the detector

is dQ, we have

Plp,,p,) =
), i

“ 1 . _i( " )‘r .7— ] . , . " l,’
' exp Py Py : V(f)q‘l(ra)wi(ra‘)dJradBr m_p, an (4.9)"
4yt W 8’ 8l ‘

3 3
.Since the incident electron flux is

*a

t

P

, N ji = [1/(2ﬂﬂ)3]pi/m°
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we also have:

P(p,,p,) = ———— —* 0,,(6) d@ . (4.10)
. i ’

o]

(274)% m

where o, (6) is the double-differential cross section
.. C e
corresponding to the transftlon from the 1initial state to

the ‘inal state at a scattering anglé 6. Thus, comparing

Eq. (4.9) with Eq. (4.10) we have: .‘ v g
0,(6) =
- X
Do P} (miger) Ve) ¥ (e )% (£)d% &% | (4.11)
sn’f* - | A :

o) -

where q = (p, - p;)/K 1is the gcattering vector. Its
ﬁagnitude is q = /k§(92+8§), in which k, = vaoV/% is the -
magnitude of the incident—electron' wave vector and 6, =
E/ymv? is the characteristic angle corresponding to the

4

‘energy loss E.

Setting ; .
v(r) = — - ) —= ©(4.12)
S < lr-r,
a

where Z is the atomic number and the summation is taken over
all the electrons in the atom, and using the Poisson formula
to replace the potentiai with the chérgé according to the

following expression:



exp(-iq-r) 47 gl T o
- d’r = — | 6(|r-r,|)exp(-iq-r) &’
|r-r, - q?
;’4ﬂ . R :
= — exp(-iq-r,) (4.13)
Eq. (4.11) becomes:
0., (8) = d
2etm_ ’ k, - , . » P |
(}{2.‘qz ) . Zexp(—l(q-r) ¥ (r ¥ (r,) d&’r, (4.14)
] a ’
where Kk

is the magnitude of the incident-electron wave
vector as before; and k, is of the
transmitted-electron wave vector.

i
-
&
i

_ i
the magnitude

al cross-section for inelastic scattering

isc obtained by summing over, all

2e2m;; : < < . . | | 3 |? ’
o ) Zexp(—lfq-r) wt(ra)wi(ra)dra
£41 " a

(4.15)

©

Further calculation will depend“on the forms of % and ¥ .

R

79
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1f the Wentzel model is used for the potential of the atom
(Lenz 1954) and the mean value E = (13.5/2)Z in eV is used
for E involved in q (Koppe 1948), then an analyticai fprmdla e

can be derived from Eq. (4.15) (Reimer 1984):

do 4y%2’ ‘ 1 ' : S
= L . (4.16)
ae  ald' (1 + q’rl) ' .

where v = V(1-v¥/c?); q = /k§(92+5§)»in which k = ymv/K as
before . and 55 = E/yn%vz\J is the <characteristic angle
corresponding to the mean energy loss E; a, is the Bohr

. ’ -1/3
‘radius and r, = 8,2 /

. Equation (4.16)‘can'be'éxpressed as a |
moré explicit form for the angular déﬁ?ndénqé (Colliex and

Mory 1984):

do 4y22Z 1 62 6* _,

— = 1 - (1 + =—— + —) o (4.17) .
ae . alk! (62 + 82)2 ; 62 82 ‘

where 6 = 1/k°ro, )

Assuming the angle 6 is in the range 6,<<6<6  and
ignoring the terms ‘inside the bracket whose orders are
higher than 2, Eq. (4.17) takes the form of the Lorentzian

angular distribution:

do 8vy’Z 1 S S 8)
— = - 4.18
ae  alk! (6% + 62)6] 4
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Integrating the Lorenhtzian angulap ‘distribution up to the

collecting angle B gives:

R +
’ 8my?zr? .Bz
o(B) = ’—;f;fL‘AlOge(1 * 53 )
acks , 6:
) 191
87ry'221/3 B’
= ———;;———- loge(1 + =) : : (4.19)

° E

Taking GC-—(Zésf/z as the cutoff angle (Colliex and Mbry
1984) and integrating the Lorentzian angular distribution up
to the cutoff angle givésrthe total-inelastic cross section:

811’722’/3 x

5 .
.0 x ———— log, (=) ‘ (4.20)
kZ “ 8

|4

Finally, using Eq. (4.4) the expression for the mean free

path i1s obtained:

‘ k2 BZ -1 ] :
NB) = ——— [loge(1 + = )] D 44.21)
n it

Thus,  if the chemical composition and the density of the
specimén are known, the mean free path may be estimated from

Eq. (a.21). ., - R .

?



dielectric constant e and describes the rosponse of the

-

v4.3 CALCULATION FROM A PLASMON FOR)-{ULA

Ineiéstic electron lﬁcatterin§4 in solidsli can be
§escribed 'in terms .of a complex dielectric const;np
€ = ;1 + ie,, which is a function of the angular frequency w
of the oscillation and ﬁhe scattering vector q. For q = 0,
the dielectric constant is related to the familiar optical -
cons?ants: the refractive vihdexb n and ﬁhe "extinction
coefficient Ko From electrodynamié ~ theory, the
doublefdifferential)inelastic scéttering cfoés section, per
atem @or' molecule, for gngggy loss- E = Hw ahd mgmentum

transfer Kg in an infiﬁite’ﬁedium is "(Ritchie .1957):"

d%o Im(-1/¢)
— = (4.22)
dSldE omovzna(92+825f ’ : -— :

4

where dQ = 276d6; 6_= E/(ymv*) as before. In Eg. (4.22),

E

the energy loss function Im(-1/¢) introduces the macroscopic

b

~

electron gas to the perturbation introduced by the incident
electron. If Im(-1/e¢) can be computed, the total cross

section may be obtained.

In the free-electron-gas model, the energy—ioss peak 1is

assumed to be infinitely narrow and is treated as a delta



. . :
function. The energy loss function can then be written as
(Raetl.er 1980):

"

Tt Im(=1/e) = % w, 80 = w) | ) o (423
< 4

where w, is tﬁé*ejgenfrequency of longitudinal osbillétions

in the e;gctron gas, and corresponds to EBF eigenenergy of

the eletron gas, Ep; w, is defined by:

- ——

1/2
n,e’ /
- w, = (4.24)
& 6orn
where n, is the number of electro. per unit volume; e  1is

tﬁg.permitivity in vaccum; and m ?s the effective f8ss of an
> & . : .
electron which differs from the rest mass m_.

% N
Substituting Eg. (4.23) into Eg. (4.22) and integrating
A :

Eqg. (4.22) over all energy range and ﬁp to the collecting
angle B, Nthe integral cross section per atom (br per

molecule) is:

E .
o(B) = —=— loge(-é-) (4.25)
3 \ namv? - 6, o

“ Assuming a sharp cutoff intensity at 6_, where 6 = Ep/)fkovf

in which ‘vf‘ is the Fermi wvelocity, and integrating
Eq. (4.22) over all energy and up to the cutoff angle 6,

"the total-inelastic cross section per atom is obtained:

\
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E e . |
/ 0 = —— log,(==) . (4.26)
\

Applying Eq. (4.4) the mean free path can be written as ®
(Raether 1980) 2 ‘

am v’ - g 1
A(B) = =—— |log (— ' ' 4,27
B - [6gee )] | ( )

'~ However, an energy-loss. peak secoxded in EELS - has
// ¢ .

always a certain_ width and may.not bé taken as_ the delta
futction. The jellium, 'model takes the width of the

energy-loss ‘peak into consic ration by _infrcducing the
‘dampind_‘constant "f‘ or the relakapion time . They are
relaﬁedb to »thé halfwidth of the energy-loss peak' avzﬁby
T =M/Ebz”and r - EV%/M,4fespéctiveTy; Therefore, derivation
of the mean free path from the, jeilium\ model has been
attempted and:;an extra term for the inelastic scattering

criss section has been found compared to the expression

derived \from the model of- the free electron gas. The

derivation of the mean free path from the jellium model (¢is

given below. \ . )

¢ >

‘Assume the displacement x—of electron due to an applied
‘electric field E must satisfy the equation of motion:
.. m ‘
mx-+ mCx = - eE ' (4.28)

where m. is the effective mass of ;Téitroh as before: I is

° \ \
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//ﬁ the damplng constant whose rec1procal is the relaxatlon tlme*

\

r. Then, for an . oscillatory field E E, expé-lwt)

Eq. (4.28) has the folipw}ng solution: . .{' el
ek v ; :
X = — (0 + 1T w) (4.29)
mo .- o
: .
The displacement x gives rise to a polarization
Toa
b . . .
# _ ' p= -enx = ton.E

<

: _ 2 a _
where X 1s the -electronic susceptibili}ig? The relative

pe:mittiVitx or dielectric function then @Skes the following

v

forme -

elw) = 1 + X

- .d
‘_w; ir wg »
=1 - + - (4.30) -

Wl w(wi4l?)

where w is the angular frequency yand w, = E /K is the.
A}

eigenfrequency for plasma oscillation as before. From

Eq. (4.30) thé'enefgy-loss function can be expressed as:

\

-1 E2(ER/7)
. Im|— —| = v E— (4.31)
b e(w) (E? - E;)‘ + E2R2/r? L
/\/
- Substituting Eq. (4.31) into Eg. (4.22) and noticing 6, =
. e

E/2yT, where T = movisz, we have
: A\
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do - 1 . EEO/7) ‘ 1 y ')v
= : : . 4.32
AQdE | 7amvin, (E?-E2)*+(EM/7)° 62+ (E/2yT)? o |

Integratiﬁg over ali energy range, Eg. (4.32) b'comes;v

do  EZ(M/7) h - |

aQ  rlamvin, | [(E2-E2)%+(EW/7)%) [67+(E/2yT)?]

v o . '
E ' E? . log,(6./8)
- S AL/AL %e{9/0) (4.33)
2ma_mv?n (6,2+67) 4nla mvin y'T?  (6,.%2+6%)7 -
€ \_ A . o ’ ' i
" where §, = Ep/imbvzt . 'Ef ;ﬂ '

BN

"Irtegrating Eg. (4.33) up to an angle B gives. the

N

Y

integral cross section per atom:

% e e
Lo . %
-\ . &

S

- | N . ;)
Eplog{(ﬁ/eg) \ J 1% :loge(9;/9) elde (1:34)
n a mv’ 2ma mvin,y*T? 2(6,7+67)? ;

The first term in the right hand of Eg. (4.34) has the same

form as that ih Bg. (4.25) derived from the free electron

formulé. The second term in the right hand of Eq.'(4~34) i's,

'

. however, - an ektra term compared with Eg. (4.25). ‘This term

can be further computed as: *° ' h
‘.';:‘ ( . . o : ’
3 dg ) '
. ¢h, )
L o S
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Lo ,.B » 2, ) ____'__ - ‘ . |
E2(H/1) log (@.48) - '
o, = 2 - g? e 546 » -
2ra mvin,y’T* " 2(6,2+6%)? ’ ST

~

R—

£, [log(BM,) .
_ B °9.(BM) 1ogc/[we@;/_,s>21} t o (4.35)

- mamvin, [ 1+(B/8,)7

S

‘where Eh&f= K/7- is the hélfwidth of'the'éhégy—lo peak as -

before. For most materials, the ratio of E/ to Ep,i in,the -
SRR . A ; b

————

range of 3% to 30% (Raether 1980). Therefore, if the
magnitude ?f(:he coli%%tfng angle B is similar -to that of

6', the extra te}m.oex will have a considerable contribution

E,
to the 1inelastic cross section. Si;Eb«-Qhe‘ value of 6.

increases
: $ o

the contgiHUtion of o,, may .be important’ when the incident
ER T

with decreasing energy of the 'nFident electron,

electron energy*is low. At normal experimental conditions,

for example, B = 30 mrad-and 6 = 0.1 mrad, the contribution

f

- of the term o, is n%gligible! B - “ :

4.4 EXPERIMENTAL v

)

e . The mean free path was measured based on Eq. (4.3).

Thin fil&s of Al, Cr, Cd,_Ni, Ag , Au, C and SnO, were '

' s . -~
. .
L)

e

!
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prepaﬂed by evaporatlon from tungsten or molybdenum wires

v 4
"o (or boats) in a standard vacuum system;descf1bed in. Chapter

2. The vapours _ were condensed onto ? unheated glass

]

ubstrates, 22nmlsquare and- of 0 15mm thlckness. To: obtaln

v

— . et
m1crobalance was used to we1gh the wSUhstrate before and

a'.

] H.. . o e

after dep051t10n w1th;a prec151on (determlned by repeated

D ass . ¥

welghlng) of +2 ug, equ1valent tO\an\accuracy of *( 6/p) nm

‘in the thlckness determlnatlon ﬁor a dep051t of den51ty o
__.r'— e )

g/cm?*: To .convert the welght dlfference inte a film

4

an 1ndependent measurement iofr thlckness,’la ‘sen51t1ve'

thickness, the bulk denslty of each metal was used In most

' cases, a very thin layeridbf-] »water-spluble organic‘

~".‘ . " L N

:compound, - (Victawet, aVaiiable'from;E.F.nFulham Inc., P.O.
Box 444 -'Scheneotady, N. Y'T23017"U;S.AQ) wasg evaporated

onto the glass before the flrst weighing to ensure that.

vnQﬁ’

e
portlons of the metal fllm cou?ﬁ later be float very toped

onto the. surface ofvdelonlzedeater and caught on 400-mesh

3

electron-microscope grids.

~

" The specimens were examined‘?inf a JEM-100B electron

.- microscope. Spectra from clean, {lat areas of film were

recordedaserlally withy defocussed 1llum1nat10n and an 1mage

,,.v- ot

of magnlflcatlon 5000 at the level of the CTEM screen. The

§

detect1on sirt of .. the Gatan 507 electron spectrometer was

set to give an énergy resolutlon of 3 ev an 1nstrumental
'tail' to the rlght of the zero loss peak was ‘avoided either

by scannlng downwards 1n energy ldss or: by recordlng spectra

i n‘

in the electron count1ng\mode. To av01d non llnearlty of the

B '-v"
W .
v T v * - -

4

.\“
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de-ector responée, .all count rates weré kept.below 1 MHz.

4.5 RESULTS AND DISCUSSION

The llnear relétlon of Eg. (4.3) naé teéted at various
collecting semi-angle 8 (5-20 mrad) Figures. 4.1( ) - 1(g)
show—that for films of Al, Cr, Ni, Cu, Ag, Au and ‘at a
‘1imited.aperture size, EQ. (4.3) -is applicable ovgr a wide
’range ’;f specimen thicknesé, typicS%ly 10-500 nm at tﬁe
incident e%s;gy E, = 100 kev, and ‘gh; linear grélation
‘bétwéén t énd lége(ldﬁ" has an accuracy ;Eogt 10% -in the
range of 0.2<t/\<5. | |

The experimentél ‘fesulté of the inélastié’ mean free
path .obtaified at an incident -electron energy E = 100 ﬁ;v
- have —been . plotted as the function of the collectiﬁg
‘apertufe, semi- angré B, in Figs. 4.2(a)-4.2(e) for films of
.Ki, Cr, Ni, Ag and Au. Also plotted in Figs. 4,2(a)-4.2(e)
are thé calculated inelastic cross sections‘ and the
‘finelastic mean free pa#hs (as a functibn ole) calculated
from the atomic model [Egs. (4.19) and (4.21)] and from the
pLasmon model [Egs. (4 25)-(4.27)]. The paraméters used in
the calcuiatlons are shown in Table 4.1, In: the calcylation

‘ from the plasmon formula, E, was taken as the measured loss

of the main loss peak. In the ‘calculation from the atomic

< ‘.

v
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Table 4.1 Parameters n=ed in calculating the mean free path

L 4

data is available for Cr and Ni. .

o

from &n atomic moc- ac oplasmon formula
. Material A P n, Eb* - Bgt. Qci
- (g/cm?) (10%3/cm®)  (eV) lA(mrad) (rmad)
S semimmmmmmemsmmmmmessos o meoooomooos
c . 6 2.0 0.10 ~ 24.0  0.13 7.1
Al 13 2.7 0.60 15.0 r’0.082 7.7
Cr - 24 7.2 0.86  26.8  0.15— F_
Ni 28 8.9 0.91  ©20.7 0.1 -
Cu 29 8.96 0.8% 19.37,_5.]1 11;0
Ag . 47 110.5 0.59 20,00 0.14 15.9
= au 79 19.3 0.59  29.0' 0.16 19.0.
n~
* Measured loss of the main loss peak.
T Calculated as 6, = Ep/ymov2 in which mov2 = 154 keV
(E, = 100 keV).
¥ Cutoff .angle in * plasmon formula 6_ = Ep/Hko;{; No v,
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mddel, the average energy loss E involved in the term 6, was
also taken as the measured loss . of the main loss peak.
Figures/4.2(a)-4.;(e) show that the measured mean free path
increases with—decreasing collecting angle B. This trend is
in agreement with that predicted‘ffom,the étomic model, 1in
which the'cutpff angle 1is l:;ge; but only agrees with that
predicted frﬁm the plash&n‘ formula at 6<6_. Figures
4.2(a)-4,2(e) also show that the atoﬁic model underestimates.
AMB) by .a factor up to '3, especially for free-electron
metals such as AlL_The effor may be due to the soJid-gtate
effect (Egerton 1986). The ‘mean free path calculatéd from
the plasmon formula is generélly too high compared with the
expefimental Adta, except for Al and Ag at relativel,; low
_semj-anglés. This may be due - to \the inner-sheil

. . ) ) {
contributions and the band-structure effects which are not

considered in the plasmon model. ' ) o

The measured mean free patﬁs A for all inelastic
sdéttering processes occurring withing the recorded energy
range“for different mate;ials_ are plotted in Fig. 4.3,
together with the datum obtdined by Malis (Malis et al.
1987). Figure 4.3 shows that A generally decreases with
increasing (mean) atomic number Z. The Z-dependence can .be

approximated by a power law A « 7797, 1t happens that this

A?

Z-dependence is similar to that predicted from the atomic
’ (e}

model [Eg. (4.21)]. From the measﬁred A-Z graph an empirical

Ed

formula, including also the B- and E_-dependences expected

’

on the basis of electron-scattering theory [plasmon formula,
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.\H*?eQ-Eq. (4.27)}, can be derived as (Egerton et al., - 7,
. A o ' -

Kl S
Malig et al. 1987):

106 F E,

. - (4.36)

E log, (28E,/E,)
\

where X is expresifé;/%ﬂ—'ﬁmi\_Eo in keV; E_= 7.6 2&3633“5
F = (1+E,/1022) (1+E 511)7? is a relativistic factor (Egerton

1986). For a compound, the mean atomic number is taken as:

>

“\

#a
|

.where 2, f and X] are atomic number, atomic fraction and

mean free path for each constiglent element.

Bquation (4.36) hag been tested for 20 keV <E < 120 kev
and 2 mrad <Bf< 20 mrad, and found 't? be a reasonable
approximation within an accuracy of #20%; see. Fig. 4.4.
‘However, where the convergence semi-angle of the incident
electrons exceeds B (as may happen for incident probes less
than 100 nm in diameter), the former anglé Sﬂould_bg used in

place of the latter (8) in Eg. (4.36) (Malis et al. 1987).

A»knowlédge of the mean free path, even if only to an
accuracy of *20%, can be useful for estimating the effects
of inelastic scattering of electrons in 5§ solid. It also

enables the local thickness t of an electron-microscope

specimen to be rapidly determined using the log-ratio method

L4
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[J

. '[Eq.(4.3)]), prowided phe mic¥oscope is equipped _with an
energy—loSs;’Spectruméter and the approximate .mean atomic

number of the specimenisYknown.
. 1 @ X i

\Y
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MEASUREMENT;OF LOCAL THICKNESS USING KRéyERS—KRONIG SUM RULE

. : LA
IN ELECTRON ENERGY-LOSS SPECTROSCOPY
- . N ;_'—/

- L
- - v

G

v , 5.1.INTRODUCTION  °
There ale a number of situations ip- which it is
necessary to kabw the local thickness of a TEM specimen;afﬁf

2

example, when converting the areal densities provided by EDX.

..

[}

- or EELS- microanalysiss into elémentallconcentratiops, Qhen
applyiqg fluorESQénce corrections  td_tbe "EDstfgggl; apd x
when estimating defect concentrations from a TEM imabe{~The
thicineés ié also reguiréd when ygiﬁg the TEM to measure
étfuc?uré factoré, cr§ss 4secti§ns or mean \free paths for

““Tastic or inelastic scattering (Egerton and Cheng 1987).

v

Several methods  of tpicknessa 'determinatioh are
available, each with its own strengths and weaknesses. A
procedure baéed on cbnvérgent—beam diffraction is generally
thoUgﬁt“to be the most acéurate,fbutvis_applicable only.to‘
~grystalline:-regions of a specimen.’and 1s time-codsumipg,
Sincé it involves photographic recording followed by
grgphical analyiis (Kelly et al. 1975, Castro—Fernandez et
Cal. 1985). \ ’ |

< Mfyros

Ve -
.



109

Another téchnique.‘invqlves tilting the specimen ana
measuring . the iaterai shift of gold bparticles : or
coﬁtédination spots introduced onto .the top anQ— bottom
surfaces (Berriman et al. 1984);,ﬁn;ike the conve;gent—beam
'methoa, the total thickness ‘is méaéuréd; inclhding any
_ amérphous l(é.g. oxide) layers present at each surface.
However, ﬁhe accuracy ofVcontamination—spot'measurements is
perhaps no bet£er than 50 nm (Rae et al. 1981) and the
sufface. decoration and contamina%ion .spots may interie:e
with subsequenﬂ TEM'imaginé of thé same speciment Another
. destructive 'teChhiqug relies . on TEM observation '6f a
transverse secfion,x cut at a known angle relative to the

o

' . N . . . . ' : ‘( Y .
layer whose thickness is to be determined (Berriman et al.

1984). | -

3

. ~If the microscope is fitted with an EDX detector, local

thickness can be deduced ffqm “the béckggound intensity |
(bremssﬁfghlung ‘cont:nuum) in»fthe X-ray emission spectruﬁ
.(Hall and Gﬁptg 1983). Applied to organic specimens, this.
metho8 is capable of giving'haSs-fhickness to an accuracy of
 around '120%  V@Leapman . et ’ai. 1984) .if - instrumental
contributions: to. the background‘ are sufficiently low.

n dose

v

Because the measurement involves a substantial electro

_to the specimen, mass loss can be a problem (Hall and Gupta

]

1983, Leapman et al. 1984) . N ”ﬂ\j

Thé electron, energy—loss spectrum in the ‘low-loss~

3 - 5
- 3 o

region may be used . to. extract physiéal information,
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including the specimen thickness.

L

The simplest method to estimate the specimen thickness

is the log-ratio method. By recc-ding the spectrum up to an

energy loss ‘(typically one or two hundred e at which the

intengity has fallen to & low value, 4&nd easurjng the
integral I_ under. the zero-loss Qfak and the total integral
I, under the spectrum, the specimen thickness t is measured
using Eq. 4.3, i.e., . \

t = A 1o§e(1t/10) | ’ (5.1)

“where X\ is the mean freé pathlr for all inelastic scattering
processes occurfing within the reQPrded energy fange
(Egerton and Cheng 1985). This eqpationAcan be derived by
considering the Poisson statisti§§ of plural scattering as
~given in Chapter 4. The main limitation of the log-ratio
method is thét it provides an absolﬁtg measurement of
]
</»

thickness only if the mean free path-is known .

; ¢
FQr elastic scattering up to an angle B, the method

based on the Bethe sum rule gives*tHevmass~thickness of the

specimen as (Crozier and Egerton 1986):

o

Bm T { E,S(E)

pt =
4malR1, log (1 + B*/6})

'

0

-

where p 1s the density of the specimen; t 1is the thickness

of the specimen; B = A/Z for an element (A being the atomic

4

¢
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weight and 2 the;Zatomic number of the specimen) and
B = M/(EZn 7,) for a compound of molecular weight M,>ni being
the number of‘ atoms of atomic number Z, within each-
molecule; m_=\I., 67x1077 kg .being the nucleon . mass;
T = mv’/2 is a relat1v1st1cally modified ,incident—beam
energy; a, = 0.053 nm is the Bohr radius and R = 13.6 eV the
Rydberg energy; 6, = E/(2yT) is the characteristic angle for
inelastic scattering at an energy loss E, y = 1/v (1-v?/c?)
being the usual relativistic factor for an electron whose
incident velocity 1is wv. In practice, the energy—logg
spectrum mhsg be recorded up to ‘an energy loss of at least
1 kev,. or with good signal/noise ratio to avoid
underestimating pt because Eq. (5.2) contains the energy
loss E as a weighting ‘féctor;  ana_ hencé* th2 integral
converges fairly slowly. In addition, derivation of S(E) by
means of the Fourier-log deconvolution is exact only for a
large collgction angle, whereas a faifly small valuelpf B is
desirable to ensure that the dipole app oximation is obeyed
over the entire energy range. The chosen value of B must
therefore be a compromise, introducing an aﬁount of erfor
whose magnitude hags yet to be determined (Crozier and

Egerton;1986).

-

Thisychapter presents a third method for determining
the absolute thickness of specime: with Kramérs-Kronig sum
rule in electron energy- loss spectroscopy (Cheng and Egerton
1986). The method requires no knowleé e of the physical or

chemical properties of the specimen cother - than the

] o
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. r |
refractive index and ipvolves only a low radiation dose. The

L
accu?acy of the method is estimated to be “+10% over the
t?ickhess range*10-150 nm. The theory and the implementation

of ure method, and the experimental results are given below.

N

5.2 THEORY
The measurement of specimen thickness . using the
Krame:s;Kronig sum rule in EELS is based on the theory of
inelastic scattering and the Kramérs-xronig relation.
Therefore, the theory of inelastic scattering 'and the
Kramers-Kronig relation will Be given briefly in the first
two sectiogs. Then the expression for the determination of
specimen thiékness using the Kramers-Kronig sum°rule in EELS

will be derived.: // >

4
%72.1 INELASTIC SCATTER.NG OF FAST: ELECTRONS IN’MATTER

A fast electron, in ©passing through matter, is
inelastically scattered through interaction with outer- anhd
inner-atomic electrons, and ‘tﬁereby losses energy. In a
: solid, . however, sgveral atoms interact simﬁltaneously with
the input fast electron. The effect of this;on the energ%
loss of the input electron can be macroscopically regardeé

as resulting from the dielectric polarization of the medium

by the input electron..The latter is generally expressed in
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terms of a (complex) relative permittivity or dielectrfc
. ¢ .
response function: e(w) = e, (w) + ie,(w), where w'z E/K ‘is

the angular- frequency. '

An expression for the electron-scattering power of an

infinite medium can be derived using electrodynamics

(Ritchie 1957) as follows.

The transmittédv electron, having goordinate r -and
“moving with a velocity v, 'is represented as a point charge
-eb(r-vt), t being the time. In the non-relativistic case,
the electric tield prodbced by the electren moving throagh
matter can be déf{ned by the scalar. potential ¢ which is

spaéé and time dependgnt. This pgtential satisfies
by = -4med(r-vt) 9 (5.3)

in which the dielectric response fumction e is written as an

operagor (Landau and Liftshitz 1960).

M
=y

Expanding ¢ as a Fourier-space integral, 1.e.,

+ 0o

%
¢ = ¢, exp(ik-r) d’k < (5.4)

i

and taking the Laplacian of Eg. (5.4), we have

.
¢ = 4,
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A¢ ¢ k’exp(ik-r) d’k (5.5)

The Fourier componegt of A¢ is

? - *

Therefore, we have

E} /\ )
5 ’ © € ¢ =
k
N : - 2m%k?

exp(-itv-k)

¥

and ¢, depends on time t through -a-factor exp(-itv-k). The

operator ¢ acting on a function exp(-itv-k) multiplies it by

[

.
e(v-k). Hence) we have .
4 . (A._riix" . \

. e
~ exp(-itv-k)
2m2k?e (v k) P

R

9y

(¥

The Fourier components of the field strength E , and of.the

0’
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potential ¢, are related by:

Eexp(ir-k) = —grad[¢kexp(ir:k)]

v
or .

Ek = -j?kk.

Thus, we have

E ek (~itv k) (5.6)
= - exp(-itv k T o
k 2772sz(V‘k)' p ,‘ ' . .
L
‘ ‘ ~

The total field strength E, is obtained by inverting  the
Fourier transform: | |

/g
+ o0

E = Eexp(ir-k) d’k . _ (5.7}

The force F = eE; and hence, from Egs. (5.6) and;(5.7) w€

have

R -

- Letting the welocity be the x-direction, using k,v = w,
. P
putting gq = V(k§+k§), and replacing dkdk, by 2wgdg, the

magnitude of F can be written as:
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g

1 N
l dg dw - (5.8)°
0 ' .

vigi+w? e(w)

ot

where q, is the upper~limit of the integration. It is

-

(=<}

_convenient to write

;
-

R ° 1 1 '
= Re + 1Im (5.9)
e(w) [e(w)] [e(w)‘ ‘

with  the real paft R&[1/e(w)y] and the imaginary part
4 .

Im?1/i(w)7t respectlvely even and odd functions. Thus

Eq. (5.7 :an be rewrltten in the exp11c1tly real form:

&
.‘ '_1 ¢ . .
Im dg dw (5.10)
v q 2+0? e{w)
0

The" energy - loss per unit parth length\ ofv the

transmitted electron, dE/dx, which 1is also called the

stopping powef of the substance with respect of the
transmitted electron, is the work done by the force: over

/

that distance (unitfparth length), i.e.,

% | F = —" | | | (5.11)

S8,

-
PN A
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For inelastic scattéring, the stopping power is related

to the double-differential cross section (per atom) by:

ge® [[  d%
— = |'| nE dQ dE : (5.12)
dQdE . -

, ; | e
where n_.represents the number of atoms per -unit volume of
the medium. By writing dg &“koﬁ,ahd dQ = 27646, where k, is

the wave vector of the incident _electron: and & the

scattering angle, Egs.(5.10)-(5.12) give:

4

X 3,
\

d%0 Im(-1/¢) 1 ‘ -

> — — . ' (5.13)
dQdE "\ nfam vin,  6°+6; \ e

where 6, = E/(ym_v*) and y = 1//(1fv2/cz).a§ before.

. 3
-,
. -

1f the thickness ~of a film through which a’ faét_fﬁﬂ

N . . - Tyt T ) AN

electron penetrates is t, the energy loss rrobability for: ¢
. . N 3 "

single scattering, P,, can be expressed as \Daniels et :al..

Yy
)

1970) : . ‘ T ;gl
o % ? .‘ {h
Pt
S
t =3 1 e
Pt Tla m v? tm elw)| 62+42 o
0 © E -&.;'
. W58

By assuming the dipole approximation, the single-scattqtiggg_

distripution (ssp) = within the energy-loss spectrum for
d

inelastic scattering up to an angle B can then be written in
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the form:

. t1, -1 2
S(E) = - Im[ llog (1+—) (5.14)
. mamV e (w) ;

Therefore, knowing the single-scattering distribution S(E)
and the information about the imaginary part of 1/e(w), the -

absolute thickness of the specimen may be determined from
. :

Eq. (5.14).

The single-scattering distribution S(E) can be derived
from the measured energy-loss intensity J(E) acquired in a

multichannel analyser, as described in later sections. The

*inggrm%tion about the imaginary part of'1/e(w) can be found

from the Kramers-Kronig relation; which is given 1in the

following sedtion¢

5.2.2 KRAMERS-KRONIG RELATION

£The Kramers-Kronig relation, dérived independently by

'HiA, Kramers (1927) and R.de L. Kronig (1926), gives the

real part of the response of a linear passive system when

~the 1imaginary part of the response at all frequencies 1s

known and vice versa.
—-.I;

The Kramers-Kronig relation is usually derived using
tﬂe Cauchy s bheofem to relate the real part.and the
@maglnary parti%g %g(w on the real axis. To use Cauchy's

theorem the follow1ng p%spertles of e(w) are requ1red

an §

- . ?
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(1) The poles of e(w) are all below the real axis. .
(2) The integral of e(w)/w\vanishes when taken around an
infinite semicircle 1in ;ke , upper haif of the complex

w-plane.

.
-

/(3) The function Re[e(w)] is even and Imle(w)] is odd with

respect to real w.

The real system that satisfies the above three
requirements is called the causal physical system. A
complete derivation of the Kramers-Kronig relation using

Cauchy's theorem can be found in many text books (Kittel

1976, Jackson 1962), and will ndt be given here.

1

A different approach to derive the KramerszKronig

i . 4 * -~ ‘
relation was given by qunson (1975). He wuses a simple
time-domain method without recourse to complex analysis.
From the time-domain results, a Fourier series method for
numerical evaluation of causality relation 1is derived.

Johnson's 'method eliminates the need to use numerical

integration, - the wuse of time-consuming logarithms 1in

'evaluating the function, and the need to deal with the

Cauchy principal parts in integrating over the pole in thé
integrand. In addition, through the use of 'the fast Fourier

transform algorithm, the calculation is much more rapid than

the conventional integration. Because of the advantages of

Johnson's approach ‘mentioned above, and Dbecause the
Fourier-domain techniqueé applied in Johnson's approach were

used in determining specimen thickness with Kramers-Kronig
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sum rule, Johnson's approach is given below, \\
. N

First, consider a real function e(t\-é(t),-and let p(t)
and q(t) be its even and odd contributions, i.e.,.

a

e(t) - (t) = p(t) + q(t) = (5.15)

Then, it can be proved that f-r the causal function

e(t)-6(t), ,the follwing fbrmula is valid (Johnson 1974a):

p(t) = sgn(t)q(t) (5.16)

The function of sgn(t) is defined by

n
Ve
=]
cr
S
|

[ JN
-

Al V

0,
0,
0,

—_— ~

, ot

aAd can be written as a Fourier transform of i/mw (Johnson

1974b):

“d

+@

1
P| ~— exp(-iwt) dw

w

A |

sgn(t)

where P represents the Cauchy prﬁncipal part of the
integral. By the gonvoiﬁtion theorem and noting that
e(t)-6(t), pgt) and q(t)'érébthe inverse. Fourier traﬁsﬁorms
of e(w)-1, e (w)-1 and ‘e,(w) respectively; the familiar

Kramers-Kronig relatioh is obtained:

- L]
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o +Co - '
| [ ) ‘
elw) - t=-p| . 2T au (5.17)
, : R W w
- R .
v Al Vo o @ .
RN ;?
) i ’, f;;r} ?'q

Since the fUﬂC@lOﬂ 1/e(w¥p15§§$50 a response of the solid to
an ‘'input' function (th% high-energy 1nc1dent electron),
1/e(w) 1s also a causélvfunction, liké‘e(w). Therefore, the
Kramers-Kronig relation [Eg. (5.17)] can be writte; in gie

following forh:

S
- '] dw’ (5.18)

The importance of the Johnson's approach is that it not

only gives a dlfferent method to derlve the K: ‘ame:rs- Kronlg
relation, but also g1ves the gelation betweer the Fourier
transform of el(w)-1 and e,(w) :2%ough Eq. (5.16). If e (w)-1

and e,(w) are represented by Fourier exponential series in

the range (-w,, w,) i.e.,‘ : : 5
G ) » ikmw . :
%ﬁg{ e (w) - 1 = L p, €xpl( (5.19a)
\‘,% « k=-oo “ ‘ ‘
i i :
> W Z +0
< , ’ ikﬂw
e,(w) = ) -ig exp( ) ..(5.19h)

wl
«l‘/‘ k=~
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then, by using Eq. (5.16) we have -

: ? . krw
e, (w) =71 = 2.) p, cos(j:—) (5.20a)
k=1 "1
. : krw -
e,(w) = 2 ) P ?i‘fré—:‘) ' (5.20Db)

~
L

Equations (5.20a).and.(5.20b) show that by findipg values of

AN

p, which 'satisfy Eq. (5.20b) and then substituting these
®

values into Eg. (5.20a), the function e, (w)-1 may be found

from the function ez(w). Again, since the function.1/e{w) is

causal, the following equatiéns[ similar to Eqs;(5.20a) and

-(5.20b), are obtained: o
- : - (1) (5.21a)
: Re - L= 2 cos{— .21a
Tletw LB w,
k=1 -
Q . 1 T . kTT(;)
& ' Im =2 , p, sin(—) (5.21b)
e(w) .= LW, _

/

. ) | , . .
Equations (5.21a) and (5.21b) - are~ used in the thickness
‘measurement with the Kfamérs—Kronig sum rule as will be seen

in the later sections.

e
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5.2.3 EXPRESSION FOR THE SPECIMEN THICKNESS USING THE

'KRAMERS-KRONIG SUM RULE ’ %ﬁ

As a special tase of the Kramers-Kronig relation at

w ='0, Eg. (5.18) takes the tform:

1 -1 . o
R|. — Imj|-— | dw (5.22,
[” w [f(w)] )

which has been called the Kramers-Kronig sum rule (Egerton

’

€

“and Cheng 1987).

In principle, at w =0 (i.e , E = 0) R¢[1/2(w)] in

$£q. (5.22) denotes the value of

-

A

‘ S 1 e, (0)
* Re|- =
: . : [f"(O)] e2(0) + €2(0)

For 'a loss-fré%’dielectrdi (62<<q;), this expression reduces
to Qe (00177, €,(0) being the static dieléctric constant -
(relative permittivity) of the specimen. 1In éractice, the
optical value of 1/¢, (i.e. the value relating ﬁo a photon

energy between 2 eV and QSeV) is more appropriate (Keil
1968, Daniels et al, 1970), since the instrumental energy
resolution is typically 2 eV, in which case an integration

over energy loss takes no account of vibrational-mode losses
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which lie within the meV region. In other words, R&[1/e(0)]

in Eq. (5.22) can be replaced by n? for an insulator or

semiconductor, n being the refractive index. For "a good

conductor 'such as a metal, e, and e, are large for E<3 eV,

. S0 both,Re[176(O)] and n" % can be taken as zero.

Using Egs.(5.14), (5.22) and replacing Rel[1/e(0)] in

the left-hand sic= of Eg. (5.22) by n’?, we obtain the

i
oty

]

following expression for specimen thickness:

' saT S(E) . .
t = dE (5.23)
E log, (1+p%/6)

Equation (5.23) has the advahtage that tﬁe 1/E factor,
combined with the rapid decrease in S(E) with increasing
energy loss, ensures that the intégr;l converges :apidiy, SO
that lhe singlé—scattering distribution need be knéwn’onfy
up to about 100 eV (see later, Fig. 5.9). However,.this same
weighting factor gives prominence to low tnmrgy losses
(<10 evV); tO‘OStain én.accugate value of t, it 1is therefore

desirable to achieve good energy resolution and take account

6f surface-mode energy losses, as discussed below.

3
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5.3 IM?LEMENTATfON OF THE KRAMERS-KRONIG SUM RULE

H

AS a first step towards the use of Eg. (5.23), a

single-scattering distribution s(E) mist be derived from the

ﬂEasured energy-loss intensityvdistributioh J(E) acquired in
a multichannel analyser. For ALhié purposéT"Fourier—log
deconvolution (Johnson and Spence 1974; Spence 1979) has
. been used- Then, the experimenta%ly—derived.
.sihgle—scattering distribution S(E) has to be carrected for
surface-mode scaﬁtering. This ;caﬁLering arises from the
fact »that, in addition to undergoing inelastic écattering
»Qithin the'specimen,“a‘transmittedAelectron can lose ener

as gt crosses the entrance and exit surfaces. Details of the
methods of deﬁonvolution, of the correction for sur:ace-mode
scattefing, aﬁd of the fast Fourier transform‘applieﬁ in the
Fourier-log deconvolution and in the correction for the

s}

surface-mode scattering are civen below.

5.3.1 DECONVOLUTION METHOD

In the Fourier-log deconvolution a delta-function
approxémation is used. The delta-functign approximation 1s
"eguivalent to ignoring instrumental energy broadening and is
reasonably accurate ~when inelastic peaks inl the measured

spectrum acquired in a multichannel analyser are.

IS

considerably broader than the zero-loss peak “(Swyt and

\

Leapmen 1984, Egerton 1986).

L4
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»
1 ) ’

Assuming independegt scatteringevents, the intengity

I, integrated over the energy loss spectru&’ and

~ N

. ) . e ﬁ o . *
cdrrespondlng to scattering of order n, follows the Poisson

distribution:

1 ot -t
I,=1P == (=) expi—) (5.2¢)
n! A, A

b

where I is the incidénf beam curreht;*Pg
SR . v L : &
¢ B0 . Cro e . w . L

of n scattering events within . a specimen with thickness t; .

and A i$§§ﬁérh%§%_freé %ath for the inelastic scatterinq as
A - ' ' ’ ' :

 before. - B PR

.18 the:p;obabi}ity

a,
The case n = 0. cor:eSponds ‘to the absence Qoflg;he

inelastic scattering and is represented in the energy-loss

s

spectrum by'the'intensityldistqibution'over the zero-10ss

peak Z(E):

o v

"

.\f

EE | Z(E).= I_8(E) "

(38 -
el 3
4 . . »
o
N .

where f;uis the integrated intensity over the zeto-peak as

[}

before. From Eq. (5.24) we have

J

f
)
~

5 -t
I, =1 exp(-—)

. - ° X ‘ : e
» ’ o . v . B
.~ v ’ ) . B

The ‘case n = 1 corresponds to the single scattering and

“op

is characterized by an intensity tdispributibn.'S(E). Frij//f\

Eq. (5.2¢) the single-scattering intensity I, 'is:. : Y
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-t t

t
I.,=| S(E) dE = I (=) exp(—)
’ J A P Y
The case n = 2 corresponds to the double scattering and
has an energy dependénce of the form S(E)*S(E), where #

denotes a convolution  over the energy - loss. The

double-scattering component would therefore bg:

e

S(E)*S(E)
21 1,

D(E) =

. . i ¢ ! - 3 s . . 3 . e i
Likewise, the n order-scattering contrlbutloq is equal

<

- to:

n

™ e I,

S(E)*S(E)*. - -- *S(E)

{ !
n! I]

N(E) =

The observed energy-loss intensity distribution J(E),
including .the zero-loss intensity disttibution, . can
therefore be written in the following form:

N “x
AR W
g . :

J(E) = [2(E) + 8(E) + D(E) + --- + N(E) +

. . " ’ . N

S(E)  S(E)*S(E)
=1 |8(E) + + + e e (5.25)
I 2! 1} |

[+]

Taking the Fourier transform of both sides of

Eq. (5.25) and using the cénvolution formula, the following
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N

equation is obtained:

0 : . <
’ S(v) s"(v) :
Jw) = 1| 1+ ¥ + S
: I, n! 17 y
s(») { ;
= 1_ exp - { (5.26)
- 1

1

-

By taking the logarithm of both sides of Eq.5.26, we have

1

- 3(v) . |
S(v) = Iologe[ Hg% S (5.27)
IL-‘-

Pt
i

: . w4 ¥
In Eq. (5.27) S(v) and J(v) are thg complex numbepsiof the

forms S,+iS, and J,+iJ,, respectively. Therefore, by

comparing the real and the imagidary part in Eq. (5.27), wve

" have: .
T s.(s) = 0.51,log,[3%) + 32(»)] -1 log],  (5.28a)
and h | ?li o | o
& | : |
R
s, v = v I, .. (5.28b)
where ’ ‘ ”¥v¥f\ - ‘
; 3,(») .
Yy = arctg . (5:28¢c)
L)

‘Equations (5.27) and (5.28) gives the simple relationships

-
A
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between the Fourier transforms of the single-scattering

<

intensity distribution and of the measured -spectrum. By
perfofminé one forward and one inverse transform,'all the

double- and multiple-gcattering distributions can be removed

+ »0
from the measured spectrum.

*

M- is noticed that the value of the phase V¥ in

Eq. (5.28c) 1s restricted to the range -m/2 to n/2 by the

~arctg function; whereas for a thick sample when the

scattering parameter t/\ exceeds m/2, the true value of the

’

phé:e ¥ may lie outside the above rangg. In the present work

whel such a situation occurs, the computer is instructed to

correct each discontinuity by adding or substracting

*

“multiples of . The deconvolution then works for samples of

) . ‘a
arbitrary thickness.

~

. X 4 ' :
5.3.2 CORRECTION FOR THE SURFACE-MODE SCATTERING

_Collecﬁive excitations of electrons exist not énly in

~the vclume of a plasma but also at its boundary"
Longitudinal waves of sﬁrface charge denéity which run along
the surféce as polarization waves are pogSihle (Ritchie
1957). Therefore, the. single-scattering intensity
distribution derived froﬁ the measured total 1intensity

disstribution. J(E) should be written;as a sum of two terms:
\ |
- S(E) = SV(E) + SS(E)
. _

. where S (E) is the contribution . due to the inelastic

- : . 129

o
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scattering within the specimen and S (E)¥is the contribution
due to the transmitted electron crossing the ehtrance and
the exit surfa:;. For applying Eg. (5.23) cofrectly, EV(E)
instead of S(E), should be used. Tﬁus; after deconvolution

S(E) has to be corrected for the surface-mode scattering. .

For a clean and smooth surface:which 1s perpeﬁdiculér
to the incident beam, sur face-mode scattering is
characterized by a diffgrential probability (per unit solid

anglé and unit range of energy loss) given by (Raether 1980,

.Egerton 1986):

a’p_ B 6 (1-¢)? (5.29)
_ m .
dQdE  wlyamiv®  (6%+61)?

-

1
, A 5 » ‘
In order tojapply Eg. (5.28), the following transformation
3 . ' ' ’
steps are nécessary.

First, change the surface-energy-loss function

1m[(1le)2/e(1fe)] to: | ) ‘ )

Im

(1-e)2Y "~ de, -1 |
= + Im(—) (5.30)

e(1+e) (e1+1)2+e§ €

Secondly, integrate the angular distribution of the
surface energy loss over the scattering angle up to the

maximum scattering angle B, which is limited by the
' W
objective lens aperture, as below:

s
[
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2m6° . | /\

o e—

— db
2402)2
(62+62)
-2n6 78 A Lt (9) B
= + + — arctgl—
2442 2,92
ge+6; i 6<+6, ’ 6, 6, . .
-7 4
= + — arctg(—)
Bo+8; E £

f.

Since in practice 6,<<B, the above formula becomes:

s

B S
27mh° 4 1 '
———— 438 = a(— - -) (5.31)
(62+67)° 26 B
) .

Finally, the following expression for the surtface
p

component of the single-scattering distribution is obtained:

S_(E) = 2I_(dp /dE) ‘ <
)
1 m 1 be, =1 ,
= — ( - =) -.Im(—) (5.32) i
ma k T 26, B | (e, +1)%+¢2 € .

\

In Eq. (5.32) k,=ymv/H is the incident-electron wavenumber

as before and the factor of two allows for the fact that the

specimen has two surfaces. ¥

]
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-

4
Z

surface component of the single-scattering distribu iecr is

The -procedure for using Eg. (5.32) to corre “he

as follows. | E | s
.

¢

First, on the aSSumption:that S(E) derived from the
Fourief-log deconvolution is dominated-by the volume-loss
component, Eqg. (5.23) is used to provide a first estimate of
s@ecimenufhickness. For this purpose, values 6f E,, B and n
agé féquired. If the spectral data is acquifed with a CTEM
opérated ;n image modé'(image:@n the screen), the collection
angle is dété?minéd by the radius ofv£he objective aperture.,
A rough estimate of B can be obta: ned »h’ sl %“‘3ﬁy

2
2

aperture radius by the focal length of ﬁhe ¢njéc ;’% ,
more accurate value is achieved by recording the diffia§1§8;
pattern of a crxst;lline mathriai, removing the objective
aperture dufing tﬁe pHotographic exposure as described 1in
Chapter 2. Because B occurs within the logarithm term of
| Eq. (5.23), a 10%_errof in collection angle gives typically
only a 3% or 4% change in the derived value of specimen

. . - *
thickness. As discussed earlier, n°? can be taken as zero

for a metal; for semiconductors, n’? is considerably less

e
[

than unity so the refractive ‘index does not.have to be known

to high accuracy.

Secondly, also on the assumption that S(E) is dominated
by " the volume-loss component, Eg. (5.14) and the
Kramers-Kronig relation [Eg. (5.18)] can be uséd to estimate

Re[1/e(E)], and thus the real and imaginary parts of the

U \
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dielectric finction e(E) (Daniels et al. 41970, Isaacson

1972, Wehenkel 1975, Colliex et al. 1976, ia 1979).
4 .

This 1is accomplished using the urier-domain technique
(Johnson 1974a) described in sectlign 5.2.2 and the fast

Fourier t®ansforms described below in section 5.3.3.

Finally,  using these values of ¢ (E) ‘and  €,(E) in

¥

S

5.32), the surface component  S_(E) of  the
single-scattering distribution i:& .be calcllated’ and
subtracted from S(E) to yield thé volume-loss contribution.
’1,Employing SV(E)‘rather than. S(E) in‘Eq. (5,23) leads to a

revised 3stimate of specimen thickngss. ir .
T

Figure 5.1 shows . the energy-loss spectrum vof
single-crystal silicon and polycrystalline evaporated
aluminum. The d;shed line vshows the single-scattering
distribution thainea byrFour%er-log deconvolution; the peak
remaining at 30 eV in aluminum ariges from use -of the
delta-function approximatidn and from the ‘double-plasmén
process (Spence and Spargo 1971, Egerton et al. 1985). Thé
dotted line represents.thé estimated volume-loss intensity,
obtained from the single-scattering distribution by\
subtracting the surface component given by Eg. (5;32). Note
tﬁét fhis subtraction* increases the intensity at the
volume-plasmon peak, since S_(E) becomes négative at higher
values of E (Raether 1980). Figure 5.1 also shows that the
surface-mode scattering tends.to involve lower energy loss

than corresponding bulk processés. The relative importance
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Fig. 5.1. Enérgy-lqss spectra of (a) single—cryétai silicon’
and (b) polycrystalline evaporated aluminum, The aashea‘line
shows the single-scattering distribution obtained by
Fourier-log deconvolution; the dotted line represéhts the

ot

estimated VOEQTe_IOSS intensity.
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\
N
of the surface-scattering intensity distribution, S_(E) is
therefore }greatest in the 0-10 eV region and in spectra

-

recorded from very thin specimens.

5.3.3 FAST FOURIER TWSFOM %

The Fschnguévof fast Fourier~ transform (FFT)L?as been
adopted in determining; speciﬁ;h thickness’ ﬁgz . the
Kramers—Kroﬁig sum ‘rule, inciuding the deconvolution step
and thekgtep for correctior of the surface-mode scattering.
This te;hnique requires'much less computing time than the
technique of ‘the normal Fourier tranform. Its concept is

given here.

Invprécessing data by digital computer, a contin&ous
fourier transform is approximated by lettiné‘the integrals
go over to sums. One works therefore &ith a discrete set og\\'
data. The experimentally measured data is usually available
only over a finite range; and thus the Fourier iﬁtegrals
will be of finite range. The spectral analysis of the
sampled d;ta over a finite range 1is referred to as the
discrete Fourier tr;nsform (DFT) (Higgins 1976).'The‘§ampled

data set X, (0<k<N) 1is represehfed by a set 'of Fourier

coefficients A

[

;{\v O A

o | N1
g A = z X, exp(-i2nrk/N) (5.33)

k=0



v

' Fourier transform (5.33) has N terms in ‘the sum and N
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Where N ‘is the number of the data pointé. The discrete

-

coefficients, so that N? multiplications' are required in
computing the DFT. .
, .

The fast Fourier transform (FFT), developed by Cooley
and Tuke§ (Cooley and Tukey 1965), does tﬁe same operation
with only N log,N multiplications. The mathematics of the
FFT involves first a splitting of the data set X into odd

and even labeled points, Y and 2

v Wt then use of the

periodicity of the exponential function to eliminate

s

redundant operations.

g

Let
Y, = ng
Z, ='?{2x—1
for k = 0, 1, - ,N72—]

Then, Eg. (5.33) may be rewritten as:

W?" -i4wfk -i2nr(2k+1)

A = ) {Y exp(——) + 2, expl—= 1} (5.34)
- " N N
k=0

E]

Bringing a constant phase%'factor out of the 2, term,

Eq. (5.34) takes the following form:

L]

Id
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Ar = .

_&t‘ ' C\ . ° . | . . -

' A -idwrk " Siopr TV -idnrk :
/ Yy?xp(——::f—) f exp( ) Z'thexp(——;;——) | (5.35)
k=0 ; k=0

S

This will‘generate the whole set of Al if r is allowed to
vary over the Zull range (OSr<N)..Let r vary over half the

- range (0<r<N/2). We may write EgQ. (5.35) as:

- A =3B +WC, (5.36) %’
for 0 s r < N/2 T
‘,,‘,.‘/" .
where
2-1
%- -i14nrk
Br‘= 2 Y, exp N
k=0
0
2_ - ¥
VEU Siamrk 0
C, =, I exp(——) L
N
k=0 “
-i2n
W = exp(- )
N
However,  since both B and C_- are periodic in ' the

“

half-interval, generating A_ for the second half of the
range may be done without further computation using the same

B, and C,:

Al""N/27= Br - wCr ' » v' (5.37)

for 0 S r < N/2
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" Therefore, the work of computing an N-point transform A_ has

been reduced to computing two N/2-point transforms B _ and C,
and the appropriate multiplicative phase factor W'. This is
already a saving of time since -2(N/2)?<N’. The two N/2-point

transforms are not computed yet; each is split further into

two N/4-point tranforms. This prccedure continuesluhtil N

one-point transforms are obtained. It takes log,\N of‘thése
splittings) so that generating the N one-point tranforms

takes a total of, approximately, N log,NN operations rather

than the N2 operations when the DFT algorithm is used.

Sincé ﬁhe fast.Fourier tranform (FFT) technique ig ﬁsed
in computing the specimeﬁ -thickness, the .entire vspectraf
processing ptogramA(ZOO lines of Fortfan;'Appendix'A) is
executed in only b.2 sec on an Amdahl 4581 cBmputer, or less
than 10 sec with a PDP_11/23 minic3mputér (Egerton;and Chénd

§

1987).

5.4 EXPERIMENTAL RESULTS
Experimental invéstigation of Eq. (5.23) as a method of

thickgess'measurement was performed to find out what degree

of accuracy is obtainable under typical electron-microscope

conditions and what are the best choices  of the

[

externally-variable parameters (incident energy, collection

"

»
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angle etc.). The range of material tested covers several

- metals, semiconductor silicon and semimetal carbon.

—
S’

5.4.1 METALS

Most of the measufementswwere made on thin films of the
metals Al, Cr, Ni, Cu, Ag and Au evaporated from tungsten or
‘molybdenum wires (or boats) in a standard vacuum'system and
condensed onto unheated glass substrates. The methods for
making the films, for taking the speetra, and for measuring
the thickness df the film’independently‘Sy'weighlng with a

Q
sensitive microbalance are\described in Chapter 4.

N

'

Results }otlfilms of Al, Cr, Ni, Cu, Ag and &u are
illustrated in Figs. 5.2(a)-5.2(f), where the straight lines
- of unit slope represent ideal agreement between the;weighted
thickness and that détermined fron'the Kramers—Kronig sum

I‘VU l e, : . e'; i " ) - e 2
o . /3 T_ 2 ‘

' Figure 5.3 sﬂst* the degendence of the measured
¥ P

thicknes on the collecblon sémi- angle B, which was varied
by changing” the objective—lens aperture. Open data points
ere the initial estimates of thickness; filled points ate
the revised estimates; based on the volume loss 1nten51ty-
Horizontal llnes show the thlckness deternlned by welghlng,
vert1cal . llnes indicate th scatterlng -angles (for

v

E, = 100 kev) corrésponding to" the first two diffraction
rings. The dashed cdrve represents the behav1our expected'
(for 137 nm Al) if the angular distrlbutlon of inelastic

o
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. . . . _
Fig. 5.2. Plots of film thlckness de%ermlned by theig

Kramers-Kronigw sum rule vs. film thlckness determ1ned by
weighing for-metals: y(>; Al, (b) Cr, (c) Nl, (d) Cu, (e) Ag,
and (f) Au. The open squares represent the 1n1t1al estlmate

4

of thickness, neglecting surface-mode scamter1ng; thejﬁkﬁled~

Ll N
1 T ) o5

- squares -include a first-order - correction :foér surface
scattering, based on Eq.(5.32). E .= 100keV; B = 5.3mrad.

¥ (to be continued) ﬁ T Aﬂ\_'
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scattering had a sharp cutoff at the critical angle for
plasmon excitation. K .

Theoretically, the logarithmic angular dependence in
Egs.(5.14) and (5.53) is correct dnly if the maximum
‘collecting angle B 1is smaller than the cutoff angle Qc

(Egerton 1986). \Thgrefore, - the value of t should be an
'underéstimate if B is too laFgei Hoﬁever, Eq. (5.23) ignores
the fadt that some elec:roné are scattered élastically as
well as ineiastically. In the case of a single-crystal or
pdfycrystalline ggpecimen, these electrons will contribute
significantly to the inelastic intensity J(E) if strongly
d_ffracted beams lie,jﬁét outside the collection aperture,
leadgng to an overestimate of‘ t. If B 1is too small,
Fourier-log deconvblution will tend to oversubtract the
plural-scattering intensity, probably by about 10% for
. ﬁ‘= 5 mrad and E| ;.100 kev (Egerton 1986); a%;pough the

resuiting percentage underestimate of t will be only half as

¥large as a result ®f the 1/E factor in Eq. (5,23).

/
1

Thesé predicted,trenés are visible in Fig. 5.3. As £ 1is
inﬁ%eased; the measured thickness first’increa%gs slightly
ana thén'decreases. If the objective aperture is removed,
giving an effective éolleétion angle of the order of,
100 mrad, the thickness isaundérestimated, although not to
the extent.predicted on the assumption that the dsciilatbf

strength drops abruptly to zero at the critical angle for

plasmon excitation,(about 8 mrad for aluminum). According to.

o
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W
g

these experlments, realistic thickness values are obtained
(at 100 keV 1nc1dent energy) with any aperture semi-angle in
the tange 5-15 mrad. More generally, B should be comparable

‘

@1th_4. e lowest order Bragg angle (ob]ectlve aperture

3 dlameter half that of the 1nnermost diffraction r1ng) ‘as in

- core-loss m1croanalys1s.
I ; » g '

i _ : _

T In all of the measurements, . standard CTEM illumination

COﬂdlthﬂS were used where the’effect of the lhcident-beam'
convergence can be neglected. ‘In the case of Eine probes,
the convergence angle' a héy approach or exceed the
COllectlon angle 3 and aAconvesgence correction should be
applled .as in the case of energy- loss elem Btal analysis.
An apprOX1mate correctlon woyld involve dividing t by the
correctlon&factor.Fz calculat%d for a characterlstlc angle
jie; approorlatefgto the mean energy loss f(@gerton 1986). A
morev'sophisticated' procedure would be to lncorporate _an
analytfcwl formula for the collection efficiency (Scheinfein

and Isaa” -on 1284)‘into the integral of Eg. (5.23).

<

Yo ;- . - B
.:.if‘ . ""~.“' . ) )
Fiqure a 5. 4"ﬁ5hows the result of applylng{9 the

Y il
5' !

Kramers- Kronlg sum rule at different 1nc1dent beam energies
~In the case of ?he talibrated aluminum sample, the measured
thickness (wit'l “ace correction) remalns within 10% of
the weighed valu: for‘accelerating,voltages in the range
20 keV %o 100 keVv. It seems reasonable to expect Eq. (5;53)
to apply eQually well at higher incident energies; except

that aboveh 300 keV retardation effects become appreciable
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Fig. 5.4. Measured thickness of evaporated aluminum®films,
plotted as a function of incident-electron energy. The
collection semi-angle, B = 4.8mrad. The filled data points

include the surface correction. - The horizontal line

indicates the weighed tl -kness of the aluminum film,
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throughout the energy-loss speétrumAiéﬁﬁ would modify the

angular distribution of inelastic scattering (Egerton 1986).

The ﬁéasuréments on evaporated thin fiims of s? metals
are summarized'in'Table 5.1, where the apparent = - »rs in
thickness [the deviation of the experimental points from the
lines of unit gradieﬁt in Figs. 5.2(a)-5/2(f)] -has been
divided into random and systematic components. The
syétématic ‘error is the percentagg by which the séraight
“line in Figs. 5.2(a)-5.2(f),7passin§ through the origin and
representing a best fit-to the expgriméntal points, deviates
in slope from unity. The fandom error represents the mea-
square deviation 6f-the data points from this line. Random
errors are around 6% and probably reflect thé influence of
statistjcal noiée, ;nstrumental instabilities jﬁt;. The
s§stema£ié errors are all positive, indicating that the
thickness obtained from Eq. (5.23) is greater than that

S C o )
measured Pv weighing. ;

4

“Two factors might léccount for this systematic
'discrepanby. Firstdy, after reweighing the glaés substrate
there<;ou1d be additional‘oxidation of the metal film (for
“‘example when immersing the substrate in wate; in order to
detatch the film) and this oxygen will increase the amount
of inelastic scattering and therefore the value of t.
Sec9ndly, the films are polyc;yétallépe .and will contain
iztérnal 'voids' or regiohs of reduced density at graip

boundaries. If these voids are sufficiently small (e.g. less
. ’ < '
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Table 5.1. Thickness measufements on evaporated thin films
of al, Cr, Ni, Ag and Au o
. ‘
‘Material ‘Melting point Radom errbr ' Lgystgﬁatic
(°c) : (%) , efroé (%)
Al 660 4 ¥
Ag 960 ' +6 .46
iku | 1064 6 0
, Cu. 1083 | +6 i}» . +10
Ni 1455 w7 413
" Cr

1857 210 422
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than the .loqaiization “Yolume associated with inglastic
scattering) and uniformly distriboted,' the filmsgcan be
considéred 'to have lower phfsical densih& than a oeffect
single crystal. The-reduced 'apparent density’ of thin films
is well known, although the measured reduction factor is
highly variable (Blois and Rieser 1954, Wolter 1965, Chopra
1569) andﬁprobahly depends on tH&,methods of measurenent,
the grain size and thleilm thi -kness. )

In sopport of these afguments, ;helsystematicverrors in
Table 5.1 tend to incfeese with theAn£1t§ng'point of the
metal. 'High‘ melting pOinf, generally. implies small 'grain,*
size, reduced 'density' and increased likeiihoodvof.in:e:nal
oxidatfon within the film (Chopra 1969). 'In fact che
"hchromlum fllms (for whlch the systematlc error was lar-es-).

'kwere found to contaln up to 30% of oxygen, based on ana. ’sis

- of the oxygen K- 1onlzatlon edge visible at hlgher enercgy
-loss. Moreover, the systematlc error is close to zero for‘
the‘gold films, which were found by TEM ‘observation to have

)

a reletlvely_large grain size (>30 nm) and which should be j
freeA of oxide, It 1is Fheiefore quite possible that the i
systematlc efrors shown in Table 5.1~ arise mainly from?
imperfections of the test samples, rather than f:om.errors.

associated with the ‘Kramers—Kro%gg method of thickness

determination.



5.4.2 SILICON

A futher %ihveétigatioh on the accuﬁ?cy -of the

Kramers Kronlg method of the thlckness determlnatlon was
/f
made by comparlng h ~4th1ekness meaﬁurements made, on

X

spec1mem5+ of 51mgle crystal silicon us1ng the thickness

.frlnge method~ The thlckness frlnges appear - at the Bragg

¢

ondrtlom and the ext1nct10n°dlstance can be calculated

‘

y;.v

wB%sea on the dynamlcal theory (lesch et al. 1977, Spence

?m'“"” - 7 . \‘
1980 Relmer 984) ‘ PR ' -

N s g

"0‘ s
\_._. L EYWAR

®
.-

o e ; : R

.Suitab@e wedge;shapedbxiﬁgle crystals of silicon were

ERNNE

prepated u51ng the chemlcal pol1sh1ng technique (Cann 1973).

First, commerc1al 5111con ‘wafers 0.25 mm in thickness,

o T

orlented in. the_(111) plane, were glued to a brass block.

> =y

.Then a h1gh speed drlll whose inner diameter was sllghtlyi

'flatger than 3 “mm was used to dr1ll s111con dlSCS from the

-,
P

,ubrass sxllcon block w1th an abra51ve paste dabbed between

the br?ss drlll and “the surface of the 5111con wafers? ‘The
. w "’w °

vo%,t:ained’ s111con discs (3 l"ln diameter and 0.25 mm in

thlckness) were then placed dlrectly, by a set of teflon

Rt @

‘coated tweezers, over an acid jet at a p051t1on wthh was

’approx1mately 2 mm above the nozzle of the jet. The

comp051t10n of the ac1d was 9 parts of HNO, (70%) and 1 part
of HF (48%). Tpe ac1d jet ejected the- ac1d with a speed of
approx1mately ?0 drops or 3 ‘ml per minute. The pollshlng of

one s1de of th% s111con disc was allowed to contlnue untll a

'eQeflnlte dlshed shape appeared. The disc was then/turned
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over and other 51de placed over the ]et suntil perforatlon

was observed. The silicon disc ‘was then placed in a beaker

containing the same acid mixture described above for'about
7.

10 sec to give a final polish to both. sides before‘qéing

alternately washed in distilled water-and ethyl algohol.

The silicon specimen, Prepared as above, was examined
in‘a JEM 100B electron microScope at an accelerating voltage
of 100 kv The orientation Of the spec1men with respect to-

r.

the electron beam was varied by using a 'EM-BLG tllglng

specimen holder. In this holder, the specimen, mbunted on*

F

gimbals, can be tilted up'to +30° in any dlrectlon by the

. N2
vertical displacement of two driving shaf;s, as descrlbed in
Chapter 2. In this way the specimen was orlented so a8S toz

approximately satisfy the Bragg condition for ”thé (220)

Plane. pectra were then recorded with the spectrometer 

entrance aperture located at the centre of successive brlght

thickness fringes runnrng parallel to thq edge of 'the

specimen, ‘ e

N bob,

n

Flgurebs 5 shows the dlffractlon pattern oﬁs;he silicon
sample taken from a relatlvely unlform wedge~shaped reglen
of the“sample. It indicates that the (220) Bragg condition .
has been nearly satisfied; Figures 5r6(a).and 5.6(b) show
the: thickness fringes of ﬁhe‘ single—crystal of silicon
obtained in the bright and the dark field at the
maghification of about 5&105. The energy-loss spectra-of the

silicon specimens at various thicknesses are shown in



e

Fig. 5.5

single-cry:
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{é%;gé of ~ the
NEF . ,

“B%;gg condition.



Fig.

‘obtai

and i



156

ystal silicon =~

ght field (a)



157

Figs. 5.7(a)-5.7(f). Figure 5.8 shows the Kramens-&ronig
" measurement of- local .thickness of- a‘ silicon specimen,
plotted against local thickness g1ven by the pendellosung
f;lnges. The. local specimen thlckness (horlzontal axis on
Fig. 5.8) wae taken as (m/Z)E"220 where m is an‘integer (1,3
or 5 for the dark-field and 2, 4 or 6 for‘the’bright—field
image); E 220 = zno/(1+w2 - 73 nm is an ”effective‘
extinction d1etance, calculated from the extlnctlon d1stance
£,,, = 77nm and the deviation parameter w measured from the
‘electron dlffraCtIOW pattern (Hirsch et al. 1977). Using a
4computer program based on a more complicated model .provided
by Dr. Sheinin in Physics Depaprtment, the Univereity of
Alberta,, the bsame extinction distance was obtained. In
Fiz. 5.8 the sum rule ~appears to overestimate the local
thickness at small °t,_ but this dgscrepancy largely
disappears if one asshhes that each surface of the spec imen
was covered by about 5 nm of .native oxide .(Philipp and Taft
1982): iBeing amorphous; the. oxlde ~would hot‘ affecﬁ the
thickness-fringe / measurements but would increase che
Kramefs—xroaig esglmate of thickness.

In applying equation (5.23) .tq Silico?, the optical
refractiQe index has been taken as n = 3.3 ‘(Pphilipp and
Ehrenreich 1963) Since the importaht}factcr is 1-n7%, a 10%
error in the value of n would cause onhly a .2% change in
thickness. A similar situation applies to many other
semiconductors, n being relatively high. Most insulators

(including organic compounds) have refractive indices less
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 ;~Eig, 5.7. Energy-loss spectfum of silicon specimens a£
3J§§riogs thickness corresponding to the dark field 1in
‘ Fig. 5,6(5): (a) thé finst fringe, Cb)}the second fringe,
wri(E)‘ ﬁhé third ‘fringe, and to the bright field in
Fig. Q.G(a): (d) the firsg$ﬁringé, (e) the second fringe,

(f) the third fringe.
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thali two, in which case. the accuracy of n is more important.

5.4.3 CARBON.
, 'f‘;
In the case of the ‘semi-metal carbon, the thickness

determlned by the Kramers- Kronlg method was compared ‘with

the thlckness measured from the K- edge signal of carbon,

The preparation of the carbon films was described in
Chapter 4. The following formula was adopted to calculate

o
the thickness of the carbon film from the K-edge signai:

| A 1,(4,8)
t = - (5.38)
N,po (4,8) I,(4,B)

K

where A is the atomic weight of the carbon atom; N, is the

vAvogadro'é number ; P is the density dﬁfcarbon- o (4,8) is

the partial cross-sction:of the’ element as before (Chapter
3); and the terms I (4,B) and I, (a, B) aée the integrated
intensity in the low—loss and the hlgh—yggg region of the

spectrum as before (Chapter 3), respective{ﬁ%&d

. § A : ,
In applying Eq. (5.23) to the sem13m§§al, n? in

e,
b

Eq. (5.23) should be repiaced by the more é&x

agt quantity
Re[1/e(0)], in accordance with Eg. (5.22). In the case of
evaporated carbon film, results obtained .from -the optical

measure 'nt, i.e. e. = 3.0 and €, = 2.8 at E = 2 eV

/
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(- igemann €. al 1974), have been wused. This  gives

[ €] = eJ/\e$1§)v= C.”8. However, " examination of the
a[-1, ¢ E)) curve for czrton [Fig., 5.9(a)] reveals that the‘

:J region containsg appreciable ‘intensity, which iS‘w
only oeartiaily ;nciudp in the integral.of Eq. (5;23) if the

separation noi-’ itensity minimum) occurs around 5 eV as

Ee

in the experiments. The thickness will therefore . be

underestimated unless a suitable correction factor , is

applied. 1=

.

Figure 5;10 presents the Kramers—Kréaig measurement of
1local thickness of very thin films-of évaporéted carbon,
plotted against the film thickness determined from the
K-ionization edge. The horizontal coordinate represents £ilm
thickness determined from the K-ionization edge, taking‘a
70 ev integration - window ;and (relativistic) hydrogeqic'
partial cross séctions, énd‘assuming a film density of“1.§.
The vertical coordinate was calculated from Eg.(5.23) with
the lower limit of integration set to 8 eV and n’ set to
zero, the —resulting thickness  being multiplied by a
corre;tion factor of 1.5 before subtracting the surface
-correction: At = 8 nm. Deviations of the data points ‘from
the dashed line may reflect errors in measurement, in the‘
partial cross section or in the density of amorphous carbon.
The coefficient 1.5 is based on t%e fact that in fhe region
0-5 ev the integral Ji Im(-1/e¥/ﬁng’ gives about 30%
contribution td'the integration over the whole energy range

[see Fig. 5.9(a)]}. No, correction would be necessary for

§

|
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* measurements performed with a spectrometer system (using,
- £ L
for . example, a field-emission source) having sufficient

energy resolbdtion to give an intensity minimum below 2 eV,

" The requireme for gqood energy . resolution can be

relaxed in the case of> a metal, where e, and ez'are both
large below E =5 eV so.that Im(-1/¢) remains low. In gold,
for example, the 1-5 eV region contributes less than 10% to

the integral in Eg. (5.23), despite the presence of an

energy-loss peak just below 3 eV, as seen in Fig. 5.9(b).

5.5 APPROXIMATIONS

The 1/E weighting factor in Eq. (5.23) ensures that. the
~~ntfibution of plural scattering‘to'the integral is modest
for t<\, A beihg “the total-inelastic mean free path as

before (50-150 nm for E_ = 100 keV and typical values of B).

-

“This consideratiqn suggests that the raw<spectral.intensjty‘
J(E)~ miéht' be used in Eq. (5;235, in place of the
single-scattering distribution S(E), tegether with a’
\/”J;;rrection factor C which makesNapproximaté'allowance for
plural scattering. In other words: |
o - o .
2a T J(E)

- - d(E) (5.39)
cr (1-n7?) E log,(B/6,)

0 -
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ﬁwhe;e the reasonable additional assumption that Bé/9§>>1

over the eﬁ%rqy range where J(E)/E is sign}@icant'has been
T e . /

made. The jinteg?%l, in Eq. (5.39) efi}udes the zero-leoss

: . .o )" L4 if’ s A )

. intensity- but includes an est flate of the inelastic

contributioh beneath the zero-losk peak, obtained by linear

or cosine-bell interpolation’ below the first minimum,

-

A suitable correction factor € can be deduced by
assuming'S(E) to be shar ly peaked at an energy E as. in

the free- electron plasmon mddel (Egerton 1986):

CCoa 1+ 0L3(8/A) = 1 +.0.310g,(1,/T,) (5.40)

for t/A<1,2. |
 Table’5.2 gives the film thickness measured by weiéhing
and by aﬁbljing the Kramers-Kronié'sum“fule yithouf and with
the approximatidhs; The use of Eqs.(5.39) and (5.42), rather
than"Eq. (5;23), ‘remeveé the need fb deconvolution"and
feeuité in iees.then 10% change in measured thlckness,_ﬁor

~t<550 nm and E = 100 keV (see 3rd and 4th columns of Table

'
‘{“.,

5.2).
_ y ,
~ Another p0551ble 51mpl1quatlon arlses from the fact

®that correctlon of a spectrum ‘for surface mode scatter1ng°

'produces a decrease‘At 1n estlmated thlckness whlch appears
i E
to be independent~ (w1th1n our exper1mental error) 3% ‘the

'spec1men materlal sand thlckness [Elgs. 5. 2(a) 5%2(£)] and

only sllghtly depemdent on the collection angle and incident
. . . ‘ . . Lo - .. - o . » » .

¢« o ‘ o
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Table 5.2. Film thickness measured by 'weighing (t,) and by

v

applying the Kramers-Kronig sum rule, without (t,) and with
(t,) a correction for surface scattering and without and

_with the approximations

Film  Weighted t,(nm) o tz(nm)y
t,(nm) = Eq..(5.23) Eg.(5.39) Eg.(5.32) Eq. (5.41)

Al 20 28 27 19 19
o 41 45 44 37 3§
- 73 81 77 70 69
133 143 157 135 149
Cr 14 22 Y, 14 14
-39 62 64 54 - 56¢
56 75 74 66 . 66
_ » o
Cu 30 42 Y 33 | 33
59 72 72 63 6
Ni 14 26 25 19 7
35 82" . 42 . 38 34
38 52 50 42 a2
Ag 24 - 370 36 26 28
30 43 42 32 34
53 - 65 65 . 55 53
Aw 1019 18 9 10
733 &1 40 -, 33 7 32

47 53 54 48 _ 46
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| ‘."enérgy (Figs. 5.3 and-5.4). The local thickness of the

sample may therefore be taken as:

. t = t, - At | - (5.41)

where t, é%s the first estimate of thickness (ignoring

surface effects) obtained from-Eq. (5.23) or ﬁq. (5.39). An
average over. the fésults obtained from ther/%etav/ films
_'lisﬁedfin Table 5.2 (for B = 5.3 mrad, E, = 100 keV) giveé
at, = (8.4%1.6) nm, which can be taken as 8 nm for practical

purposes.

The use of Bgs.(5.39) and (5.41) -avoids both
deconvoluticon and Kramers-Kronig analys}s,féllohfng the data
processing to be reduced to a few lines of computer code
(See App?ndix B). For t/}é1.2, the accuracy of thickness’
determjnatioh does not{appear'to be'signfficéntly worse 1in
comparison with the more exact_procedure (compare columhs' 2,.
5 and 6 Of Table é.é).”

|

5 : i
f - : . . el
‘ /g’ g . -
5.6 CONCLUSIONS ‘
& v et oY "
.~ It has been shown how to“?pgly the Kramers-Kronig sum

rule to measure the absolute 1local  thickness of a TEM
specimen without knowing an inelastic mean free path., For
100 keV incident energy, ‘the accuraéy obtaifnable is

typically =10% or #2 nm (whichever is larger) over the
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W . - . . . ‘;—1‘;} \‘ - »
thickness range 10-200 nm. The fast*Fourier transform
_ . . C

&
P

technigque has been used to reduce the computing time

-
Y

‘required for deconvolution (to derive the single-scattering

distribution)} and fbr Kramers-Kronig analysis-(to‘estimate,
. the surface-scattering intehSity); For film thicknésséé
belbw 1Q0 nmf the use of a correction factpr to allo% for
plural , scattering - and an experiméntaliy‘ based
surfaée-scéttefing .correctioﬁ. w?%dch fhe computing
.rgquirements “even fufthgr' without significapt loss of
accuraéyt The measuremenés can be made on very small areas
2.3, 10 nm diameter), the éadiation,'dqsef being loﬁ iﬂ
corparison with those need té appiy the continuum (Hall)

method to an X-ray emission spectrum.

L; . -

/
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APPENDIX A
. b -

FORTRAN PROGRAM FOR FOUR%ER-LOG DECONVOLUTION,
KRAMERS—-KRONIG ANALYSIS AND ITERATIVE SUBTRACTION

OF THE SURFACE-SCATTERING INTENSITY

THE DIPOLE APPROXIMATION 1S ASSUMED.

FOR M>MMIN, *
A GAUSSIAN TAIL AA*EXP(-M%M/S2) OF THE ZERO-LOSS PEAK
IS SUBTRACTED FROM THE INELASTIC DATA, TAKING
PARAMETER AA AS THE HIGHT OF Z(E) AND S2 FROM AREA
AO=SQORT(PI/SQRT(S2)). IN THE REGION M=0 TO MMIN,

THE INELASTIC INTENSITY IS TAKEN AS A*X+B*X*X,

A AND B BEING FOUND FROM THE KNOWN SLOPE AND
INTENSITY AT M=MMIN (THE TRUE MINIMUM IN DATA).

(X =J3-1) :

kkkkkkkkx¥kx%k%x VERSION 160CT85 #xkkkkkkkkkkkkkkkkxkx

INPUT DATA IS READ FROM A DATA FILE (NAME = D,??7?
IN THE FILE CATALOG) WHOSE FIRST LINE CONTAINS THE
FOLLOWING NUMBERS, EACH FOLLOWED BY A COMMA:
ND - THE NUMBER OF CHANNELS OF THE SUPPLIED SPECTRUM
NN - “THE NUMBER OF CHANNELS USED IN FOURIER ANALYSIS
(MUST BE OF THE FORM 2**K AND NOT LESS THAN ND)
NLINES - THE NUMBER OF LINES OF OUTPUT DATA IN EACH
i LOOP
NLOOPS - THE NUMBER OF ITERATIONS USED TO ESTIMATE
THE SURFACE-LOSS INTENSITY ,
EPC - THE ENERGY-LOSS INCREMENT PER CHANNmL' )
EQ - THE INCIDENT-BEAM ENERGY, IN KEV LR
BETA - THE COLLECTION'SEMIANGLE, IN MILLIRADIANS
R1 - THE REFRACTIVE INDEX OF THE SPECIMEN
(FOR' A METAL, ENTER A LARGE NUMBER SUCH AS 1000)
: {

THE SECOND LINE IN THE DATA FILE CONTAINS AN
TDENTIFICATION LABEL, WHICH IS PRINTED QUT AT THE
TOP OF THE OUTPUT DATA -
. . -

SUCCESSIVE LINES OF “THE DATA FILE CONTAIN THE
EXPERIMENTAL SPECTRUM, IN THE FORM OF INTEGER ..
NUMBERS (CHANNEL COUNTS) EACH FOLLOWED BY A &
COMMA. TO AVOID LOSS OF DATA POINTS, ND SHOULD
BE A, MULTIPLE OF TEN. .

© AN

TO RUN THE PROGRAM, $RUN FGKKS 5=0.2?2??

e




501

179

AR 41) ND,NN,NLINES,NLOOPS, EPC EO, BETA,RI
FORMY 415,4F10.0)
WRITE(6,501) ND,NN,NLINES, NLOOPS , EPC, EO, BETA, RI

- REAL LABEL(20)

503

- 502

101
102

201
202
203

204

205

678

READ(5,503) LABEL
WRITE(6'§O3) LABEL

‘FORMAT (YDA4)

DIMENSION ID(1024) o o :
READ(5,502) (ID(I),I=1,ND) . SRR
FORMAT(10I18) . -

DIMENSION D(2048)

FIND FIRST MAXIMUM IN THE DATA ARRAY 1ID(1):

"IA=0

NOISE=ID(1)+ID(2)+IABS(ID(1)-1D(2))
DO 101 I1=1,ND
IF(ID(I1). LT NOISE) GO TO 101
(1D{(11).LT. ID(11—1)) GO TO 102

A=IA+ID(I1) ‘
NZ=I11-1
FIND FIRST MINIMUM AFTER ZERO-LOSS PEAK :
DO 201 I12=11,ND
IF(ID(12).GT.ID(I2-1)) GO TO 202 ' ®
IA=IA+ID(I2) — : : ‘

REMOVE THE GAIN CHANGE, IF ANY:
D 204 13=12,ND
IF(ID(I3).LT.9%ID(13-1)) GO TO 304
ID(13-1)=2*ID(13-2)-1ID(I13-3)
ID(I13)=2%ID(I3+1)-1D(I13+2)
G=FLOAT(ID( I3))/FLOAT(2*ID(I3-1) -1D(13-2)-1D(1))
GO TO 205

G=1.

I13=ND

AQ=FLOAT(IA- ID 1)%x(12-1)) \
MMIN=2#%(I2-NZ)-

(MMIN CORRECTED TO CORRESPOND TO TRUE MINIMUM VALUE)
MFIN=2%(ND-NZ)+1 ]
MG=2% (13- Nz)+1 .
MM=2 NN ‘

DN= FLOAT(ID(ND))*(FLOAT(Z*ND

s

@  =2%NZ+1)*%3)/(FLOAT(MM))**3

CALCULATE'PARAMETERS OF GAUSSIAN TAIL OF Z(E),

- ASSUMING:

e

AA=FLOAT(ID(I1—1)-ID(1))

S2=A0%A0/AA/AA/3. 14

X1=FLOAT(MMIN-1)

G1=AA/EXP(X1*X1/S2)
B=(G1*(2.*X1*x1/82+1.)—FLOAT(ID(12-1)-ID(1))/x1/x1)
A=G1%2.*¥X1/52-2.%B*xX1 ‘ :
WRITE(6,678) A,B,

FORMAT(2F 10.4)

DO 302 J=1,MM,2

EXTRAPOLATE DATA TO ZERO AT END OF RANGE: -
D(J)=(FLOAT(ID(ND)-ID(1 1) )+DN) * (FLOAT( 2%ND-2%NZ+1)*%3)

/(FLOAT(J)*#*3)/G - DN/G -FLOAT(ID(1))
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IF(J.GE.MFIN) GO TO 302
IF(J.LE.MMIN) GO TO 301 |
TRANSFER EXPERIMENTAL DATA INTO ARRAY D(J):
L TLOAT(ID({(J-1)/2+N2)9/G ) B
1F.J.GE.MG). GO TO 300 . o - ‘
SUBTRACT ZERO LEVEL AND GAUSSIAN TAIL FROM LOW-E DATA:
GTAIL=0. ’ : :
KX=FLOAT((J-1)*(J=1))/S2 -
IF(XX.GT.150)GO TO 299 '
GTAIL=AA/EXP(XX) '
299 D(J)=D(J)*G-GTAIL-FLOAT(ID(1))
300 GO TO 302 -
ADD AxJ+B#*J*J FUNCTION FROM J=1 TO MMIN:
301 D(J)=A*FL0AT(J—1)+B*FL0AT((J—1)*(J—1))
302#D(J+1)=0. ‘ : . .
WRITE(6,651) : L |
651 FORMAT('0', : ! ’
@' INELASTIC INTENSITY BEFORE DECONVOLUTION: ')
DO 601 1=5,ND,5 ; .
601 WRITE(6,602) D(2*1-9),D(2*1—7),D(2*1~5),D(2*1—3),
o, oD(2xI-1) | ' :
602 FORMAT(5(F10.1)) . -
PUT DELTA FUNCTION IN FIRST CHANNEL OF SHIFTED ARRAY:
D(1)=A0 - \ - .
CALL FFT(NN,+1,D) -
PROCESS FOURIER COEFFICIENTS, REMOVING PHASE
'DISCONTINGITIES: -
‘NP1=O
"THP=0.
DO 403 I=1,MM,2 )
TH=ATAN(D(I+1)/D(1)) v
DTH=TH-THP A § .
THP=TH .
IF(DTH.LT.1.57)GO TO 401 -
NPI=NPI®1 :
401 IF{(DTH.GT.~V.57) GO TO 402
NPI=NPI-1 S
402 TH=TH-FLOAT(NPI)#*3.14159265
D(1)=(0.5%A0*ALOG (D(1)*D(I)+D(1+1)*D(1+1))
@ ~-A0*ALOG(A0) ) /FLOAT(NN) s
D(I+1)=A0*TH/FLOAT(NN)
(DIVIDING BY NN CORRECTS FOR SCALING FACTOR IN
INVERSE FFT) ‘
403 THP=TH . '
CALL FFT(NN,-1,D) :
WRITE(6,652)
652 FORMAT('0',
@' SINGLE-SCATTERING INTENSITY AFTER DECONVOLUTION: ")
DO 611 I=5,ND,5
611 WRITE(6,602) D(2%1-9),D(2%I1-7),D(2¥I-5),D(2¥I-3),
0 D(2*1-1)
DIMENSION SSD(2048)
DO 440 J=1,MM
410 SSD(J)=D(J)
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'KRAMERS KRONIG ANALYSIS OF THE SSD, USING THE FFT
SUBROUTINE ) N
DIMENSION DI(1024) ‘
TGT=EQ*(1022.12+E0)/(511.06+E0)
APPLY APERTURE CORRECTION APC: ‘ » |
LOOP=1 | ®
99 SUM=0. : : ‘ ' :
AREA=0. , b
DO 10 J=3,MM,2 . - '
- AREA=AREA+D(J)
E=EPC*FLOAT(J-1)/2.
APC=ALOG (1.+(BETA*TGT/E) **2) . !
D(J) D(J)/APC o :
10 SUM=SUM+D(J)/E
RK=SUM/1.571/(1-.-1. /RD/RI)*EPC .
TNM=332. 5*RK/(A0*EPC)*EO*(T +EO/1022 )/ (1.4E0/511.)*%%2.
TOL=AREA/AQ

'RLAM=TNM/TOL

WRITE(6,61) TNM,TOL, RLAM LOOP
61 FORMAT('0', ' THI CKNESS= - F5 1 TUNM', 4x 'T/LAMBDA= '

) "F4,2,4X,'LAMBDA = ! ,F5.1,’ NM‘ 5x QOP
APPLY NORMALIZATION FACTOR RK AND STORE
ARRAY DI:

DO 20 J=1,MM,2
D{J)=D(J)/RK
D(J+1)=0.
20 DI((J+1)/2)=D(J)
- CALL FFT(NN,+1,D) :
IM=2%NN-1 . ' ‘ *
DO 30:1I=1,NN
TRANSFER SINE'COQFFICIENTS TQe COSINE LOCATIONS
D(2%I-1)=-2.%D( 2*I)/FLOAT(NN)
30 D(2x1)=0. .
DO 40 J=1,NN,2° '
CONVERT FROM AN ODD FUNCTION TO AN EVEN FUNCTION:
4y D(NN+J)-?b(§u¢J)
CALL FFT(NN,-1,D)
DO 70 J=1,MM,2 '
CORRECT FOR TAIL OF THE REFLECTED PART OF THE EVEN
FUNCTION:
70 D(J)=D(J)+1.-D(NN=1)/2.% (FLOAT( NN~1)/FL0AT (MM-J) ) *%2
WRITE(6,63)
63 FORMAT(/' ', 5%, 'EV',4X, RE(1/EPS)' 3%, "IM(-1/EPS)",

@ - 4x,‘EPS1' 6X, EPSZ’ 5X, VOLUME' 5X,'SURFACE' /
T=E0* (1. +E0/2 /511 06)/(1 +EO/511 06) ¥%2
RK0=2590.%(1.+E0/511. 06)*SQRT 2.%xT/511,06)
MLINES=2*NLINES
DO 80 J=3,MM,2
EN;FLOAT((J-l)/Z)*EPCI
RE=D(J) : '
DENoD(3)#D(3)+DI ((3+1)/2)#D1((3+1) /2] .
EPS1=D(J)/DEN )

_ EPS2=DI((J+1)/2)/DEN
DEN2=(EPS1*EPS1+Epsztspsz—89344i*2+Epsztapsz

. \

AP
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SRFELF=4.*EPS2/((1. +EPS1)**2+EPSZ_EPS2)'-!H((J+1)/2)
SRFINT=2a*RK/RKO/$NM*(1571 .*xTGT/EN- 1000 /BETA)*SRFELF

D(J)=0. . A

D(J+1)=0. ‘

IF(J.GE.NN) GO TO 44
D(J)=SSD(J)-SRFINT

IF(J.GE.MLINES) GO TO 46
WRITE (6, 66) EN;RE,DI((J+1

FORMAT (F8. 1 (F11 2))
CONTINUE .

'CONTINUE

D(1)=0.
D(2)=0.

. LOOP=LOOP+1" :
1F (LOOP.LE.NLOOPS) GO TO 99

STOP -
END

SUBROUTINE FFT(NN,ISIGN,D)"t

DIMENSION D(1024)
N=2%*NN
J=1

=1’
IF(1-J)1,
TR=D(J)
TI=D(J+1)
D(J)=D(1)
D(J+1)=D(I+1) .
D(I)=TR
D(I+1)=TI
M=N/2
IF(J-M)5,5,4
J=J-M

“M=M/2

1F{M-2)5,3, 3
J=J+M

=2

ML;=MM-N
IF(ML)7,10,10
1S=22*%MM

TH=6.283185/FLOAT(1SIG" MM
 ST=SIN(TH/2)

W1=-2,*%ST*ST

W2=SIN(TH)

WR=1, :

WIi=0. 3
DO 9 M=1,MM,?2

DO 8 1I=M,N,IS

J=1+MM

"TR=WR¥D(J)-WI*D(J+1)

TI=WR¥D(J+1)+WI*D(J) -
D(J)=D(I)-TR
D(J+1)=D(I1+1)-TI

)

)/2),EPS1, EPSZ D(J) SRFINT

B



D(I)=D(1)+TR _
8 D(I+1)=D(1+1)*TL
TR=WR .
~ WR=WR*W1-WI¥W2+WR
9 WI=WI*W1+TR*xW2+WI
MM=1S a
GO TO 6 :
10 RETURN "
END f

<
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APPENDIX B

FORTRAN PROGﬁAM FOR THICKNESS MEASUREMENT BY KRAMERS ~KRONIG

’

SUM RULE WITH APBROXIMATE CORRECTION FOR PLURAL SCATTER}NG

AND FOR SURFACE-MODE SCATTERING‘FOR LARGER TH@CKNESS

eXeoXe

e { v

C':‘ » ‘r- N . . :
C " DATA FOR 47NM GOLD FILM, 2EV/CHANNEL, 100KEV, 5.3MRAD
C COLLECTION: - : L .
c :
' DIMENSION ID(70)

ND=70

EPC=2. . N ,

BETA=5.3 ’

E0=100 | ®

RI=1000 ’

DATA ID/1,1,9,381, 14393, 1805,238, 238 222 234,263,258,

@359,302.294 288 409 459,482, 386 425 499 468, 426 454

- ©409,396,365,334,352,282, 332,311,296,292,251,278,285,

©241,248,205,216, 21%%206 216,199,188, 168,157,164, 145,

@121,127,128,115,118,124,82, 107 94 82 86,91, 76 82 61

052, 57 /56,57 i

VESTIMATE INSTRUMENTAL BACKGROUND LEVEL AND ASSOCIATED

'NOISE

I1B= (ID(1)+ID(2 ))/2 ‘ .

.NOISE= IB+1+IFIX(SQRT( (FLOAT(16*I1B)) )3 —"
C FIND FIRST MAXIMUM IN THE DATA ARRAY . ID(I)

13=9 ’

DO. 101 11-1 ,ND
» IF (ID(I1).LE. NOISE) GO TO 101

_ 1F (1D(11).LE.ID(I1-1)) GO TO 102
101 IA=IA+ID(I1) -
102 N2Z=11-1 ; . : -
C FIND FIRST MINIMbM AFTER ZERO-LOSS PEAK:
\DO 201 ‘12=11,ND , .
IF (ID(12).GT.ID(I2-1)) GO TO 205 s
201 IA=IA+ID(I2) : [ :
205 NSEP=I2-1 " .
ESEP=FLOAT(NSEP-NZ) *EPC
AO=FLOAT(IA-1B*NSEP)
Cc LINEAR INTERPOLATION FROM NZ TO NSEP:
DO 301 1=NZ,6NSEP_
301 ID(I)= IB+(ID(NSEP) ~1B)*(I- NZ)/ NSEP- NZ) y
TGT=EO*(1022.12+E0)/(511.06+EQ)
C ALLOW FOR E#*-3 EXTRAPOLATED INTENSITY:
SUM=FLOAT(ID(ND) IB)/ALOG(BETA*TGT/ ND-N2Z) /EPC /3./EPC
AL=FLOAT( (ID(ND) - IB)*(ND NZ))/2. :

4
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o B . . 185
-C ~* APPLY KRAMERS-KRONIG SUM hULE-
+ DO 15 I=11,ND ~
E= EPC+FLOAT(I-NZ) - . . ’
APC=ALOG (BETA*TGT/E) S .~ o
. SUM=SUM+FLOAT(ID(1)-1B)/E/APC E , e '

15 AI=AI+FLOAT&ID(I)-1B) : o . S
TOL= ALOG((AI+A0)/AO) _ , S R
 C=1.+0.3%TOL o e

“TKEV=EQ* (1.%E0/1022.)/(1,+E0/511¢)*¥2.° .. o0 7
- TNM=105. B*TKEV/C/AO/(1 -1. /RI/RI)*SUM 8. T -
"RLAM=TNM/TOL. T TN
WRITE(6,61) TNM, TOL, RLAM asap— o L,;': : : ‘
61 FORMAT( 0' ! T— fs LUNM z“'m/LAMBBA_ ,F4.72,3%,.

©' LAMDA F5 'NM' 3x 'SEPARATION POINT- ,F4.1,'Ev')
- ,STOP . e s o f~~’&a,_ _ ‘ .
"END T : |
T= 47, 3NM T/LAMBDA 0. 68 LAMBDA &aquM SEPARATION PO‘FT 8. OEV




