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Electron Beam Interactions With Solids (Pp. 235-249)
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ELECTRON SCATTERING AND ENERGY LOSSES AS A FUNCTION OF THE INCIDENT ENERGY: APPLICATION TO

CHEMICAL ANALYSIS

Bernard

Jouffrey

Laboratoire d'Optique Electronique du C.N.R.S.,
29, rue Jeanne Marvig, 31055 Toulouse Cedex, France
Phone No. (61) 52-65-96

Abstract

This paper gives a rapid overview on the use
of the energy losses suffered by an incident elec-
tron beam. General approximations are remembered.
Then some recent results on inner shell excitations
as a function of energy (in high voltage electron
microscopy) are given, and the problem of thick
samples is rapidly discussed.

The problem of the observation of sensitive
materials in electron microscopy is discussed. A
simple model is proposed to determine some orders
of magnitude on the inelastic mean free path and
the elementary volume of defects created during the
irradiation with electrons of different energies.
This model can be used to have an idea of the evo-
lution, as a function of time, of the number of
characteristic electrons which have suffered a loss
corresponding to an inner shell excitation. So it
seems possible, when the cross section correspond-
ing has been determined, to know an approximate
variation of the characteristic electrons of the
imperturbed structure of the sensitive samples.

KEY WORDS: Electron scattering, High voltage,
Chemical analysis, Inner shell excitations.
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Introduction

The idea of using energy losses in a purpose
of chemical analysis is rather old since it was
proposed by Ruthemann (1942, 1948) and Hillier and
Baker (1944). Later on Watanabe observed the Be-
ryllium K edge (1966). After the independent works
of Wittry et al. (1969) on carbon in the 1970's,
and Colliex and Jouffrey (1970, 1972) on Li, C, A1,
Mg, Si, Cu and condensed rare gases (Jouffrey,
1975), it appeared that these characteristic losses
could be practically used for chemical analysis.
Isaacson (1972) performed experiments with a scan-
ning transmission electron microscope (STEM) and
Isaacson and Johnson (1975) published a review on
this method. More recently, Egerton (1975), Jouf-
frey and Sevely (1976), Colliex et al. (1976), Joy
and Maher (1977, 1981) and others have published
many results showing the interest and the diffi-
culties of this type of chemical analysis.

In this field, many questions have been dis-
cussed. One of them is the problem of increasing
the energy of incident electrons. For that purpose,
we have essentially used our 1.2 MeV microscope.

We have also been constructing, for a few years, a
high voltage STEM (1.6 MeV) with field emission gun.
Until now only a few experiments have been performed
on energy losses with our 3 MeV microscope.

The first idea of using high energy incident
electrons was based on the fact that the increasing
of the observable thickness would be of interest,
the other that the collection of characteristic
electrons would be easier.

We shall give a few results obtained in this
field. We shall discuss also, very briefly, the
general treatment of cross sections before giving
some results on the problem of sensitive materials.

Spectrometers

We have used, until now, three kinds of spec-
trometers: a) The Castaing-Henry filter up to 100
keV (Castaing and Henry, 1962); b) A magnetic /2
spectrometer type on our 1.2 MeV (Sevely et al.,
1973; Perez et al., 1975) (Fig. 1) and 3 MeV micro-
scopes (Fig. 2) (Jouffrey, 1978; Sevely et al.,
1982). The 3 MeV spectrometer is followed by two
lenses to magnify the spectrum; c) An filter on
the 1.2 MeV microscope (Fig. 3) (Zanchi et al.,
1975, 1977; Sevely et al., 1977; Jouffrey, 1978;
Zanchi, 1978).

(92




B. Jouffrey

A : Amplitude of the diffracted wave ar, : Displacement of the "cells" in the z di-
] ) . rection
a, : Bohr radius o
) ) s : Ar? : Square average displacement in the x di-
< - Velocity of Tight B rection (p is for perturbed and np for
- Critical dose nonperturbed)
LO : Fundamental energy level S : Irradiated surface of the sample
E; : Kinetic energy of the valence electrons S Excitation error (vector defining the dif-
e fraction conditions)
Li : Incident energy
. T AbsoTute temperature
" Energy of the nth atomic level a o P
k : ’ T f<q<)/2m
ALP : Energy loss corresponding to the back- ( } )/
’ ground before the edge U Activation energy
;LC : Elementary energy loss v : Speed of the electrons
;L[ Mean ionization energy ¥ : tlementary damaged volume
;Lj : Mean energy loss corresponding to the mean v : Speed of the electron after the collision
free path Ay Z : Atomic number
JLM : tqergy 105% corresponding to the excita- o . Thickness of the sample
tion of a K electron
Z : Initial thickness of the sample
ZLO 5B, = 0
1 i 7 o B 3 Ve
ey : Charge of the incident electron 1..
. : . ) :1/v/1 -
e, : Charge of the knocked on particle ! o
. - ) : Incident flux of electrons
; n(w) : Oscillator strength % ot
9 ’ : 2 A : Mean free path corresponding to the ele-
Fan : Generalized oscillator strength el mentary loss
ix<Q) it FOkn tagter A : Elastic mean free path
E ¢ Ditfraction veetor s Inelastic mean free path
I : Intensity corresponding to the scattered . : Mean free path corresponding to the K ex-
wave . citation
Io : Incident intensity Vi : Characteristic frequency
Tk " ( /3 5 3
fo ’ Io\ZO”p> oF : Inelastic cross-section
K - Wave vector %n : Inelastic cross-section corresponding to 1
m : Rest mass of the electron the excitation 0 » n
m. : Reduced mass ¢ : Scattering angle
N : Number of intact elementary volumes 00 : Screening angle
N, : Number of scattering centers by unit UB : Bragg angle
voTume 6 Characteristic angle corresponding to the

N : Number of small elementary volumes per mean ionization energy
unit volume

8 lean scattering angle

P : Probability of rearrangement 6, : Single deviation corresponding to a given
Pp(n) : Probability of n excitations corresponding excitation

to the background s : Single deviation corresponding to a K ex-
Ph(l) : Probability of the event of one K excita- “ citation
o tien Oon : Characteristic angle corresponding to the
q : Scattering vector excitation 0 - n
s : Position of cells WO : Wave representing the initial state of the
Fi . Position of the itM electron AL
= . . ¥ : Wave representing the final state of
T Position of the Jth electron n ;tom P 9 ne = B Lhe
;VX : Displacement of the "cells" in the x di-

rection

"

A




SELECTING SLIT_____

L2

OBJECT
OBJECTIVE LE

Energy Losses as a Function of the Incident Energy

lon pumping

Separating valve

Condenser lens

Object

't Objective lens

First intermediate lens

Q Filter

Scanning coils

Selecting slit

Second intermediate lens

Projective lens

Faraday cage

Counting system

Accelerator tube

Faraday cage

= Condenser lenses

Goniometer —
imen holder F He
| — } anticontamination

U
Obsective lens

’ Differential
tive pump First intermediate
3107 torr lens

Second
intermediate lens

Projective lens

Faraday cage

‘ I
| 2 LT
d L]
= T =
Magnetic prism with lenses =
and photograghic cha{b@ryrg 2 g
| s 2
seien S :
=

e I

Alternative
intgnsitier (image)

Fig. 1. 1.2 MV electron microscope with filtering
device.

Fig. 2. 3.5 MV electron microscope with a 7/2 spec-
trometer.

Fig. 3. Drawing of the Q system. C, C’ and I, I" are
pairs of conjugate points. The system is stigmatic.
Moreover the point I’ is achromatic. B represents the
magnetic fields. The intermediate lens IL1 transports
with the help of the objective the crossover in C and
the image in I. The spectrum is at the level of C’. Tak-
ing I’ as object, for the second intermediate lens IL2,
and choosing the loss by the selecting slit enables one
to get a filtered image.
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This type of attachment will before Tona be adapted
on a 100 kV instrument (Sevely et al., 1977). The

idea of the o filter was inspired by work of Senous-

si (Senoussi, 1971; Senoussi et al., 1972).

We refer to previous publications for the de-
scription of these attachments. In Fia. 4 is shown
a spectrum obtained at 1 MeV for different thick-
nesses of aluminium. In Fig. 5 is a carbon K spec-
trum at 2.5 MeV (Jouffrey, 1980).

The counting system we use is a Si(Li) doped
diode. The interest is to be able to separate the
pulses due to electrons or to photons. This prob-
lem is in fact important to get reliable results
(Kihn et al., 1980). The dynamic range is of the
order of 10% to 2.10% counts per second.

Elementary Excitations

We have been principally involved with two
types of inelastic collisions: inner shell excita-
tions and collective oscillations (plasmons).

Inner Shell Excitations
~The starting equation of the Bethe model to be
used for obtaining cross sections for comparison

with experiment is (Bethe, 1933):

4m ) vl —
dog, = 4-%37—-V a1;~[F n[‘ de (1)
where:
[F 2 (v 5 & T P ) v (3 ) dtr, (2)
on nt i 00 i

;
q is the scattering vector definina the direction
k' =k +q (Fig. 6) in which the electrons are
studied. V¥4 and ¥y, repreﬂent the initial and final
states of the atom. Vv and v' are the velocities of
the electron before and after the collision. m, is
the reduced mass, e; and e, are the charges of the
incident particle and the particle which is knocked
down. For electron interacting with one atom, we
can write:

o _ 2met dT ‘ 5 (3)
4050 = “mZ TZ Fon‘
where T = (fi? gq?)/2m, m being the rest mass of the
electron.

As was done by Bethe (1933), the quantity:
AE
1 2m . T (2)12 o
a?’ﬁV(En « EgJ |ron(Q)] = "—“‘[F (q)]? = fon (@)
is introduced. It gives:
_—t "

dg =208 ol & @y giiee 1)

‘on ~ mvZ AE
on

This expression can be integrated to be com-
pared to measurements in electron microscopy from
Tmin to T corresponding to the maximum q, corres-
ponding to the maximum scattering angle which is
used (the solid angle is s 2n sin ede). Using the
dipole approximation valid at a small scattering
angle, it gives:

2 )2
(O () 0 2me 1 f L F’ = (4)
Son'" > O % TpcZ gTaE B =
on “on

In this expression the change of the energy of
the incident electron is dependent on ¢? and
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AE (
“Fon Y

Yon T W7 - M) <

f and v are the classical relativistic terms. v
1/(1 - g2)Y/? with g = v/c, v and ¢ being respec-
tively the speed of electrons and the velocity of
light.
It is related to Tp:, through q = ke
(i By 737 V(6 k). min min on
Th1s last expression is easy to derive by

writina AEgny = (y - y')mc” which is the chance in
kinetic energy of the incident electron, y' being
the value of the relativistic parameter v following

the loss.

In electron microscopy, this formula may be
tested at low or high voltages. That is what we
have done at low energy (€0 keV) for the L._- edaes
of Al, Mg, Si, (Colliex and Jouffrey, 1970, 1872;
Kihn et al., 1976) and at €0 keV to 1.2 MeV in de-
tail for K excitaticns in C and Al (Jouffrey et al.,
1978). Some calculated values of ogn (0 ) are
aiven in Jouffrey et al., 1977.

For details about the oscillator strenath prob-
lem see the papers of Inokuti (Inokuti, 1971; Ino-
kuti and Manson, 1983) and Powell (1970).

Now equation (£) is not fully correct from the
relativistic point of view. The study of this prob-
lem has been carried out in detail by Fano (1956)
following the work of Moller (1932) and Rethe

(1932). The expression which is obtained is:
f ”
4 o
(0 - 9) = :‘ijeq O g —— + log ij—? -
on HEEE AEgn Yon :
(6)

don is given by equation (5) with \Eon replaced by
\Eon taken as 3/2(AE,,) due to the variation of f
with AEgn beyond the edge such as dF/dE ~ E-P’
beina of the order of 3. 1In this relation T?on is
nearly varying as 72. So it is rather favourable
for light materials. Tre <orresponu7nu mean free
path is given by xgp = where N¢ is the
number of scattering centers K electrons for in-
stance) per unit volume

The relativistic correction can be seen as
essentially one part due to the lonaitudinal cor-
rection (v(1 - g?))and the other due to the perpen-
dicular correction (~ log (1/(1 - g?)) - 1). These
two different corrections appear for bound elec-
trons (Bohr, 1915; Jouffrey, 1983). The other cor-
rection is due to the minimum transmitted momentum
k 6on. That can explain the different behaviour of
volume plasmons (longitudinal excitations) in com-
parison with other excitations as a function of the
energy.

Experimentally we have tried to compare our
results with these expressions, essentially in the
case of carbon and aluminium as we said before (Se-
vely et al., 1976; Jouffrey et al., 1980). It was
difficult to find a noticeable difference between
the two models even though it seemed that a slight
maximum for Ag was observed (Sevely et al., 1975;
Jouffrey and Sevely, 1976). This shows neverthe—
Tess that the global agreement between theory and
experiment is good.

Plasmon Mean Free Path

The experiments on the plasmon determination

of mean free paths show a variation in without

any maximum as is explained by the Pines expres-
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sion (Pines, 1956) or the Ashley and Ritchie treat-
ment (Ashley and Ritchie, 1970). Recent experi-
ments (Sevely et al., 1982) up to 2.5 MeV have con-
firmed that the gZcurve is correct.
Global Treatment
Starting from equation (1), it is easy to show
that:
do do. 5
on _ 1 _ 4y k'
X 4(a0) %

1 >
= (q)
EU [iZ fx\q/ it

T iq(rs - 7))
T i i’
143 e i J (7)
a, is the Bohr radius, fx(q) the form factor. rj
and r; define the positions of electrons i and j.
he Raman Compton simplification is to write
that the electron scattering factor is the same for
each electron i or j and that it is taken as real
Therefore:

.

2+ 590 T s s 6@ 1@
i#] i# J
£2(3)
s Z(Z - ]) 77_
do. ! f?(ﬁ)
B . O 1) _
SO: dQ - 4(5’) k_qﬁ{ [L = X—ZZ'*_] ('(3)

0

Using the Wentzel-Yukawa potential it is found for
instance,

d . 52 82 + 2p2
% 4(1)’ Z * O * 265
- X 752 YAILY: Y y

de a, k' | + E)( teZ+ UO)
where 6 _ = 1

0 ka
and is corresponding to the expression (5) ob-
tained with AEy, the mean ionization energy. We
see for instance og ~ 1.2 * 107" rad < 65 6 - 10-

rad at 1 MeV for AT.
from equations 7 or 8,

At a large angle we find,
the expression:

dﬁj - 27
e =4 = (9)
d”(]arge q) 4% Q

As we see the relativistic correction is done
only through simple terms. Experimentally, this
type of cross section is available for global expe-
riments on transmission or backscattering coeffi-

cients studies (Balladore et al., 1983; Soum et al.,

1979, 1981, 1983). On the other hand, it is more
difficult to get the stopping power through this
model. As a first approximation we can use an
average ]oss corre<pond1ng to A = 1/(noj). So,
dE/dx = (AE;)/2rs ere 11 is the inelastic mean
free path and

Chemical Analysis

The first K Toss image, which was published by
Colliex and Jouffrey (1970), had shown that, by
using the electrons corresponding to the K loss to
get an image, only the thin part of the graphite
sample was bright due to the single scattering of a
K excitation. The selection of electrons having
suffered energy losses just before the edge to get
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an image allows the observation of the thick part
of the sample. That means the background before
the edge is due to multiple scattering and, in the
thin part, the probability of exciting a K loss is
higher than the probability of exciting n small
losses, where n is such that n aEe = AEp, the sub-
script e being for elementary and B for background
at the level of the edage, if there is only one type
of loss for the background. In fact, in ? general

case, we would have to write aAEg = n; AEe\!/ + np
BENEP oF nats if we consider the background is
due to several processes (collective, individual

excitations, tail of inner shell excitations ...),
ni can be one for a given process. The height and
the shape of the backaround depend obviously on the
probability of every event and on the nature of the
sample and on the value of the edges.

As was calculated by Egerton (1975), in the
case of carbon, using the Gryzinski model, the most
probable part of the peak for_the backaround would
be around 40 mrad at €C keV (8% = (aER - E;)/Ej,
where AEg is the energy before the edge, say 200-
250 eV, E, the kinetic energy of the valence elec-
trons and Ej the incident energy). This point has
to be confirmed to establish whether the weight of
valence band individual electrons is important or
not. In fact, the point is to know what kinds of
excitation give the background.

Very simply it can be said that when increas-
ing the energy, the most probable angle for the K
loss diminishes as y/(v? - 1). If we consider that
the background is due only to a given type of exci-
tation, we have a probability which can be roughly
considered as a Gaussian around 6@ such that:

for one type of excitation. j varies as equation
(5) and n is independent of the eneray of the in-
cident electrons. So the ratio between 6g and ok

is of the order of /h 0i/0k. It does not vary as a
first approximation with E. In fact, it depends on
the aperture which is used. Now we look to the pro-
bability of a K loss for a sample of thickness z:

P.(1) = Z exp - Z_ exp - {é
) K K el
For the background we have:
1
PB(H) = HT,(_;AJN exp - ‘ZF'exp _ %7
e el K
n
So the ratio ?K<]) O S Rl
P.(n) n-1 A
B z K
(n-
=n! 4%i7~.2‘n 1) (10)
7

where lg7 is the mean free path corresponding to
the elementary loss at the origin of the backaround
(we can obviously have several) and C a constant to
calculate from the expressions of the elementary
interactions. QObviously these expressions are not
fully correct because we would have to include the
convolution due to the angular scattering problem
and the elastic scatterina and other excitations
but the tendency is to give an advantage to high
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voltage because of the multiple scattering between
other points.

A way to treat this problem of convolution was
described by Zanchi et al. (1981).

Fig. 7 shows experimental results which con-
firm again the gain in high voltage electron micro-
scopy (HVEM) (Jouffrey, 1982). We must add that,
because of the small scattering angle in high volt-
age , the collection efficiency is much better in
HVEM (Jouffrey, 1977). On the other hand, the
angle dependence studies are obviously more diffi-
cult to do.

So the interest of HVEM will be increased for
"thick" samples when we have plural scattering. At
the opposite, for very thin samples, it was not
possible to detect any definitive advantage except
for detecting very large losses (a few thousand eV).

So we have to remember here that it is easier
in increasing the energy of the incident electrons
to collect electrons corresponding to very large
losses. The larger the loss, the easier it is com-
pared to lower eneray incident electrons; Fig. 7
shows this point (the background is lower at large
losses when increasing the voltage). We succeeded
a few years ago (Jouffrey and Sevely, 1976) in de-
tecting the Germanium K Toss (v 11,500 eV).

Therefore it is a good way to do chemical ana-
lysis to use high energy electrons. The avajlable
thickness is generally around 2,000 - 3,000 A; it
means nearly five-ten times the thickness available
at Tow voltage. We can notice that the energy re-
solution is equal to 2-4 eV at 1.2 MeV. So it is
possible to have a better resolution at Tower volt-
age. We show here four examples. One is in bio-
logy with Be in a lung section. We see that the
mapping of Be clusters is well in evidence (Fig. 8)
in using the o filter system. The size of the clus-
ters is 100 A or slightly less. Another one is in
mineralogy (Fig. 9) whereit has been possible to
detect Tithium in triphylite and amblygonite. It
has in this domain also been possible to do rela-
tive quantitative analysis between Mn and Zn 1in a
natural sulphide (Sevely et al., 1981).

We show another example (Fig. 10) in very pure
iron in which were however detected some thin pre-
cipitates (Fourdeux (private communication)). We
had to use HVEM to study them; we were able to
detect easily the rare platelets which could be
found. Finally Al and N were easily detected at
1 MeV. The precipitates were recognized as an
aluminium nitride.

The Tlast is a ceramics Si Al ON sample (Fig.
11). It appears also on the same area that in this
ceramic the S/B is better when increasing the volt-
age (S defines the height of the peak and B the
background just before the K edge).

Many other applications have been successfully
done by our group using HVEM.

Thick Samples

As we discussed in Pérez et al., 1977, and is
shown in Fig. 12, the energy loss distribution is
varying as z/v?, where z is the thickness of the
sample.

This behaviour can be observed when looking at
the most probable energy losses at the full width
at half maximum. That corresponds to the general
behaviour of the energy losses as can be seen from
the simplest models of interaction. The comparison
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with some spectra obtained at 100 keV (Jouffrey,
1975) is interesting from that point of view. We
observe in that figure that background at the level
of the aluminium K loss will be less important when
increasing the voltage as was said previously.

We compared the Bethe stopping power and the
Landau distribution. Our experiments agree rather
well with the Landau calculations with some correc-
tions explained by Pérez et al. (1977).

This behaviour is interesting because it ex-
plains, for instance, the interest of using HVEM to
observe thick samples. It shows also when intro-
ducing the chromatic aberrations that, for a given
thickness, the resolution in HVEM will be much bet-
ter (Dupouy, 1968; Jouffrey, 1975).

Sensitive Materials

The interest of using HVEM for the study of
sensitive materials has been claimed and demon-
strated for a long time even if there are some con-
troversies about this point. The arguments were
based on the global behaviour of oj as a function
of energy.

In fact, the sensitive materials have a life-
time which increases with the energy of the inci-
dent electron, roughly as g- For a survey on this
problem see Dupouy (1974), Reimer and Spruth (1978),
Boudet (1981), Locatelli-Lapeyre (1981), Jouffrey
(1975) and Jouffrey et al. (1979). 1t has been
said that there is no gain because cut films or
plates to record the image need in the same time an
increase in exposure time proportional to g2. This
point is true if the lifetime of the sample is of
the same order or less than the one of the plate at
low voltage. However, if the lifetime is more by a
factor of say 10 or 100 or more, the gain will be
quite decisive for applications. As we know from
the work of Dietrich et al. (1983), it would be
still better to combine the observation with cool-
ing the sample down to about 4.2 K.

The study of sensitive materials becomes more
and more interesting. Outside the biological sam-
ple, organic conductors and semiconductors will be-
come more and more important. Resist for microli-
thography is also of interest. Therefore there is
an interest to study the sensitive materials' be-
haviour under the beam.

We know that, if we observe a crystalline or-
ganic sample, the diffraction pattern disappears
more or less rapidly. The outside spots disappear
first (Kobayashi and Ohara, 1966). This effect has
been explained by introducing a Debye-Waller factor
(see Reimer and Spruth,1978 for a review). It is
possible to introduce it easily through the kine-
matical theory of the contrast (see below).

Another point is to look in more detail at a
general law of disappearance of the diffraction
pattern. This problem is very complicated. How-
ever, the use of a very simple model enables one
to understand several points and also to raise
some questions. About the chemistry involved in
the change under irradiations see Pacansky (1983).

The expression for the wave is:

sexp -1 (3+q) -7

cells

with 5 the diffraction vector, S the vector meaning
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Fig. 7. This figure shows the K loss spectrum feature in I
the case of a given carbon film (4,100 A thick). Chang-
ing the energy gives a modification of the visibility of
the K signal. So these experiments confirm again the
gain in HVEM (Zanchi et al., 1981). C is the contrast
of the K peak.

(Imax - lmin)/lmin

AMBLYGONITE

Fig. 8. Pathological lung section. Mapping obtained by
selections energy losses on both sides of the beryllium K
edge. A is taken before the edge, B on the edge and C
beyond the edge. The accelerating voltage is 1 MeV.
The selected window is + 5 eV. (Same magnification
for the three micrographs).

Fig. 9. Detection of lithium K edge at 55 eV in thin u
mineralogical specimens amblygonite and triphylite (1
MeV).
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Fig. 10. Precipitate of an aluminium nitride in iron.
Fig. 11. Comparison of the same area of a SIALON

ceramic sample.
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Fig. 12. Energy loss distribution as a function of ac-
celerating voltage for a same 3 ym thick aluminium
sample. The most probable energy loss, the full width
half height and the mean loss are less important as the
electron incident energy increases.
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the deviation from the Bragg condition and r the
coordinate vector for the cells of the sample (g -

r is an integer). As it is well known in the Debye-
Waller model it can be written:

Texp - i (3+3)(r+ ar)

cells

That is equal to:

zexp [ - 1(5.¥)] exp - i(3 ar. + § ar)
cells <
where the component z is roughly the direction of

s and Argis the component of the displacement of
the cells in the direction g. Ar being small, it
is possible to expand the exponential. When doing
the average on Ar, the first order term in the ex-
pression is zero. The second order term has a fi-
nite value (see for instance Guinier, 1956). So we
have:

= 1 dz(exp - i sz)

. Ar§ + g2 ~ [Jg dz exp - i sz]

exp - % (g% - ar?). (11)
We imagine that for the perturbed molecules
will_be more important than for the nonper-
turbed one vax, So we find if we consider from
0 » z, the term Arfp and from z; + z, the term
'rB with obvious notations that the amplitude is:

AT X

1 e > .
A=z {lexp - 592 - Arhp) [(exp - i s z) -1+
1 P : .

(exp - 5 gz - Arb) [(exp - i szz) - (exp - i szl)]}

(12)

The second term is negligible since the Debye-
Waller factor is very small. Only the first term
remains. It shows that we have, adding to the fact
that the atomic scattering factor is small at a
large angle, an attenuation due to the Debye-Waller
factor. The disappearance occurs with the diminu-
tion of z;. In fact this model considers that the
cells which are perturbed give an equivalence to a
diminution of thickness (we shall see this point
again later on). It would be more correct to con-
sider that the cells are localized at random. So
an average has to be done to get the good amplitude
A. That can be done, at least partly, from the
phase amplitude diagram which gives a simple prob-
lem of locus to solve.

Now the problem is to describe z; as a func-
tion of time. The simplest way to do so is to con-
sider that the number of defects is proportional to
the inelastic cross-section to be determined and to
the time. So z; = NpSzo(l - ojopt) where oj is the
corresponding inelastic cross-section, ¢g the inci-
dent flux and Ng the number of small basic volumes
which corresponds to one defect (vy is the elemen-
tary damaged volume, S the irradiated area). The
critical dose is therefore 1/(o GO), which gives
only a rough appreciation. However, this model

shows that in some cases the intensity I = AA* can
first increase before decreasing.

We can remark also that Srhp and :rp

are a

Z1 ‘:O
_df:_(]-eXp_>_>E
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function of temperature but not exactly in the same
way. If they vary as a function of temperature
through the well known treatment of Debye-Waller,
ArZ at a given temperature has to be multiplied in
a Eough approximation by a term e™"' where P = v,
exp - U/(kTa). which takes into account the rear-
rangement of the damaged cells. o 1s a character-
istic frequency, U the "activation energy" of the
process and T5 the absolute temperature. More par-
ticularly it means at low temperature that Ary is
a function of the local rearrangement which is a
function of time (Kohl et al., 1981). In any case,
after rearrangement, only the first term of equa-
tion 12 remains. At room temperature, this rear-
rangement can be considered in many cases as prac-
tically instantaneous. So only the first term of
(12) remains.

Another way to try to understand what is oc-
curring is to remark that in the preceding model we
don't get a disappearance with time which becomes
slower and slower. This last effect makes diffi-
cult the determination of the critical dose (¢gt)cy
= Dgpo
rThe reason for this slowing down is easy to un-
derstand. The probability of creating defects can
be written (1 - exp - (z/*j) where )i is related to
oj by of = 1/(Noﬁ1)§ 1/Ng is the basic perturbed
volume. When an interaction has taken place in a
given volume, it becomes noncrystalline and there-
fore doesn't contribute any more to the diffraction
pattern. It gives diffuse scattering which in-
creases the background. It means that if another
inelastic event takes place in the same volume it
doesn't affect the diffraction pattern further and
therefore is not any more involved with our problem.
Only in this model a new damaged volume will give a
diminution of the diffracted intensity. So the
probability of perturbating new elementary volumes
becomes smaller and so needs an increase of elec-
tron dose above a pure proportionality. This type
of situation can be described, as an average, by
the type of equation dN/dt = - Noj &5 where N is
the number of intact volumes, or ZS/VQ)(dZ/dt) =
- (S/vg) z o5 99, that is written dz/dt = - z 0§ ¢p,
which has the obvious solution z; = zg exp - 0§ o4t
where z, is the initial thickness of the sample.

That can be treated by using, instead of the

mean distribution, the Poisson probability. So we
get:
o4
1y . - _ bzS
(1 - exp - ;f) ,OS dt = - =

j
Az being the change in thickness corresponding to
the creation of one defect. (4zS = vgq).

Z
So: (1 - exp - \vl) ’!’O

1 S dt = - NO AzZS

We remark that if z,/»j is small we have:

%?rfo Sdt ~ - Ng 825 or Ng zy0§ 005 dt = - Ngaz$

which is equivalent to the equation:

1
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The integration gives:

Z_ . N _Xx

Z, = A O T e

i i Tog [1+ (e

(13)

So we get a very simple variation of z as a
function of time with correct boundary conditions
(Fig. 13).

We can introduce this value in the kinematical
equation (12). So we can find oscillations in the
disappearance of the diffraction pattern.

More simply if we use a Poisson distribution
we can say as a rough approximation that the inten-
sity of a "spot" is given by an expression of the
form:

/\1- Zo/)\1
I =111 ~exp - +— log 1+ (e - 1)
e
‘0
_ N0\‘1’ ’
e i (14)
o | ok
For small t and small z, we find: x; ~ T$ =1
$o ) ) , 20
i t which is a good order of magnitude. I, = Igs
‘0 0

where I, is the incident intensity. To get rj it
seems possible to use, not the critical dose, but
the first beginning of the damage. It is also pos-
sible to calculate the inflexion point and to deter-
mine the slope at this level but detailed experi-
ments have to be performed. However, the compari-
son of these expressions has been made with experi-
mental values given by Boudet (1981) for polyethy-
lene (Figs. 14 and 15). If we take a critical dose
(¢ot)ey at 100 keV equal to 4.69 - 10'¢ e/cm? cor-
responding to an intensity of I 10~°I5, we get 2.
The point is that 1/Ng, the elementary volume which
is damaged in an "interaction," can also be adjust-
ed. For instance, xj = 730 A with Ny = 1.4 - 1021/
cn’ fits quite well with the expressions (de = 3,660
R). The comparison with the calculated stopping
power (we calculated 5.4 106 eV/cm at 100 keV)
would show that AE] ~ 40 eV is in good agreement.

In fact, by adjustment, it seems better values are
\j =1,000R, AE] ¥ 55 eV, and Ng = 1.46 - 10?1/cm’
(vO ~ 680 A%). No information is obtained on the
anisotropy. That damage is due to the global com-
bination between the direct collision effect and

the secondary electrons (the effect would be dif-
ferent close to the free surfaces but the equations
could also take into account, in an analogous way,
the mass loss; see above).

At higher voltages (2.5 MeV in the case of
polyethylene), the agreement between experiment and
the above expressions can be obtained. However,
with No = 1.46 - 10%!/cm®, we had determined be-
fore, we get Aj =7,4008 (1o = 11,860 A). This
value seems rather large. If we take a shorter
mean free path A5, in agreement with the Bethe law
as a function of the electron incident energy (in
that case xj ~ 2,600 k), we would find: Ny = 4.15

10?1/cm?® which corresponds to an elementary
damaged volume of about 240 A3. The damaged volume
at high energy would be less important compared to
lower voltages. In fact, it is very difficult to

say definitive things because: a) the model is sen-

2 [

[9a

sitive to the thickness which is not well known;

b) in polyethylene at high voltage, channeling ef-
fects seem important (Boudet, 1981); c) we need
more detailed experimental curves with other mate-
rials as well. Nevertheless, it is possible to
have a mean curve which can be matched with experi-
ments. From the rate of variation of z, it can be
deduced, by using expressions given by Crewe and
Groves (1974) and Zanchi et al. (1980), if, for in-
stance, it is possible to record a "K loss" or to
record a dark field image under given conditions.
It would be possible to take into account the ori-
entation effects and to determine also the spatial
resolution as a function of time.

In fact it seems possible with this model to
determine more directly the cross section o =
1/(Ngxi) and 1/Ng (Jouffrey, to be published).

The damage is due to a direct effect due to
the incident electron but also to the secondary
electrons. The global effect as we have seen can
be characterized by a mean free path »j. In this
model, the effect of diminishing the temperature is
to increase »; phenomenologically. That means this
quantity has to be multiplied by a term which is a
function of time (for rearrangement) and tempera-
ture in a way analogous to the one used by Kohl et
al. (1981).

When it is required to count electrons corres-
ponding to a "K" edge, the number of characteristic
electrons recorded after a time t will be of the

order of:
b t
. 2
N.=aSt—Tog[1+ (e 1 -1)e Notij
c 0”" Xy
- ot

X Z /A Ny

exp-=—1log [T+ (e T_.1)e do\i] (15)

Conclusion

One principal Timitation in the possibility of
doing chemical analysis in transmission electron
microscopy in the case of "sensitive materials" by
using either characteristic energy losses or x rays
is damage formation. The material evolutes during
the irradiation and so it is interesting to know
what is the part of the specimen which has changed
during the counting. Therefore, when »j is deter-
mined, it is possible to know if a given experiment
is possible.

The interest of energy losses for doing chemi-
cal analysis is now well established. In many ap-
plications the use of high energy incident elec-
trons can be quite interesting if the necessary re-
solution in energy on the spectrums is above 2.5 eV
about and the thickness of the specimens can be
much higher than the one used at Tower voltages
(v 100 keV). The use of 300 keV microscopes could
be an intermediate way of doing chemical analysis.
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