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Abstract

This paper deals with the backscattering and
the transmission of electrons with energy < 3 keV
through thin self supporting films, or on bulk me-
tals.

We present the main theoretical models used
in such problems, and we analyse mainly the models
based on the Boltzmann transport equation, similar
to those developed in our laboratory.

For any model shown here, we try to give the
precise domain in which they give reliable results
as well as the Timitations connected to the sim-
plifying assumptions.

In the case of the most sophisticated model,
we give original results for copper. The models
are presented in a comparative form, and when it
is possible we compare our results with the expe-
rimental ones. The theoretical models were applied
to Al and Cu. We give, for bulk metals, the values
of the backscattering yield, and the energy dis-
tributions of backscattered electrons.

In the case of thin self supporting films, we
studied mainly the backscattering and transmission
coefficients, as well as the energy distributions
of transmitted and backscattered electrons.

KEY WORDS : Backscattering and transmission of
eTectrons through metal films, backscattered elec-
trons, energy distributicns, elastic scattering,
inelastic scattering, transport equation, dielec-
tric loss function.
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Introduction

Interaction of electrons with energies of
some hundreds of electron volts, up to some tens
of keV, with matter, is mainly constituted by
elastic scattering by ions, individual or collec-
tive inelastic interactions with valence elec-
trons, and excitation or ionization of inner
shells, followed by an electronic rearrangement.

This interaction gives rise to a number of
phenomena such as emission of secondary and back-
scattered electrons, X-ray emission and Auger
effect ; Auger and X-ray emission are competing
and are a result of reorganisation of the ionized
atom. These phenomena are the starting points of
many methods of analysis based on the electron
bombardment of a target, which have been exten-
sively developed during the last few years. Among
the methods of analysis, one can mention transmis-
sion electron microscopy, scanning microscopy,
microdosimetry, Auger spectroscopy, etc.

Thus, one can explain the interest in the
knowledge of angular and energy distributions of
electrons scattered in a material, as well as in
the mechanisms of energy losses. This allows the
complete characterization of the materials and the
determination of yields in induced phenomena (99).
For example, in electron microscopy, the knowledge
of the angular distribution of electrons is neces-
sary to estimate the image contrast. Similarly,
the distribution with depth of the X-ray emission
is necessary to correlate the measurements of
emerging X-rays intensity to the intensity of X-
rays emitted directly, the latter being itself
connected to the chemical constitution of the sam-
ple (34,42,63,77). In Auger spectroscopy, the io-
nization of atoms by backscattered electrons gives
a supplementary Auger yield, and leads to the in-
troduction of a backscattering factor in the ex-
pression of the total Auger yield. The theoretical
determination of this factor necessitates the
knowledge of the angular and energy distributions
of backscattered electrons in the vicinity of the
surface (47,48,55,69). After a presentation of the
main models for electron scattering in materials,
we analyse those founded on the Boltzmann trans-
port equation, focusing our interest, mainly on
backscattering of Tow energy electrons (<3 keV).




The interest in such an analysis lies in the
fact that for low energy electrons, the theoreti-
cal values of energy losses and mean free paths,
are not easily obtained, while in the energy ran-
ge over 10 keV, the theoretical computation of
energy loss per unit path length founded on the
Bethe-Bloch theory are in good agreement with ex-
periment. Furthermore, as mentioned by Pouchou

et al. (77) and Fitting and Reinhardt (33) low
energy electrons are widely used in microanaly-
sis, since their small depth of penetration al-
lows the study of regions in the neighbourhood of
the target surface. In the energy range 1-100 keV
Neidrig (71) has analysed electron backscattering
and its application to electron microscopy.

Theoretical models

According to the objective and to the energy
range considered, several theoretical models of
electron scattering in materials were proposed.
They allow us to describe separately either the
backscattering or the transmission of electrons
through thin films, or both phenomena, simultane-
ously. These models could be classified according
to different criteria : either according to the
computationnal method, or to the choice of a par-
ticular parameter, such as the stopping power
(energy loss by unit path length of electron), or
also to the nature of the data attainable by the
models. According to Adesida et al. (1) and
Fathers and Rez (30), one can consider three main
classes of models.

Simple models

The first concerns the models, initially de-
veloped by Everhart (29) and Archard (3). These
allow us to obtain uniquely the backscattering
yield as a function of the atomic number of the
target. Everhart made the hypothesis that the
backscattering phenomena is due to a single,
large angle scattering event, whiie Archard assu-
mes that electrons suffer a great number of small
angle diffusions. Developments of the Everhart's
model including energy distributions of backscat-
tered electrons were proposed by Mc Afee (64),
Iafrate et al. (43) and Sogard (93). A more so-

phisticated model was given by Kanaya and Ono (51).

Monte Carlo models

Such modeTs are founded on the simulation of
electronic trajectories and actually they are the
most widely used ones. When an electron interacts
with a material, its direction and its energy are
modified. To simulate the electron trajectory, it
is necessary to determine the trajectory Tength
between two successive scattering events, the
energy and direction of the electron after each
event. These data are obtained by sampling the
corresponding distributions. According to the
energy of the incident electrons, and the thick-
ness of the target, several approaches were pro-
posed. For electrons with energies greater than
some tens of keV, the multiple scattering theo-
ries are used. These allow us to determine the
general result of a set of successive inter-
actions after any step of the electron trajec-
tory ; this method is used among others, by Patau
et al. (72), Vicario and Escudie (103), and Gaber
and Fitting (34).
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The multiple scattering theories give cor-
rect results for energy distributions, only if
the energy lost by the electron during a given
path length is weak compared to its initial ener-
gy as shown by Terrissol and Patau (96). Another
model, called "conventional" by Shimizu and
Murata (86) is frequently used in the case of
bulk samples and energies of some tens of keV.

It is based on the "continuous slowing down" ap-
proximation, and uses a Bethe energy loss law, or
an equivalent law (27,52,53,63). The electron
trajectory is always simulated as a set of
straight Tine segments, the residual kinetic
energy at the end of an elementary path, is dedu-
ced from the energy loss law. The direction of
the electron is modified according to the angular
diffusion law adopted, such as Rutherford's.
However, in such models, the assumption of conti-
nuous energy loss induces a fundamental defect in
the energy distribution of electrons transmitted
through thin films : all the electrons lose a mi-
nimum amount of energy, in contradiction with the
random character of inelastic scattering. Simpli-
fied models allowing one to take into account
these effects were carried out, for instance by
Liljequist (60,61). The most satisfactory method
for the description of electron transmission
through thin self-supporting metal films, and
more generally the transport of electrons with
energies of about 1 keV, is the "direct simula-
tion" method proposed among others, by Cailler
and Ganachaud (18), Dejardin et al. (22), Shimizu
et al. (88,89), Green and Leckey (38), Ichimura
et al. (44,45), Adesida et al. (1), Akkerman and
Chernov (2), Fitting and Reinhardt (33), De Salvo
et al. (23,24). This model allows one to consider
individually, all the scattering processes :
elastic scattering, individual and collective
interactions, inner-shell ionization. With this
model it is sufficient to know the differential
and total cross sections of the elementary pro-
cesses. Clearly this model leads to more realis-
tic electronic paths, at the expense of computing
time, so, the use of this model for high energy
electrons incident on bulk target is not easy.
Models based on transport equation

In this section, we group all the models
founded on Boltzmann equation which was formula-
ted initially by Bethe et al. (7) for the trea-
tment of small angle electron scattering and ne-
glecting the energy loss. However, in further de-
velopments (49,50) obtaining analytical solutions
requires simplifying assumptions, which Timit
considerably the domain of validity. Numerical
treatment of this equation was carried out by
Brown et al. (14,15) to analyse the production
of X-rays and by Bennett and Roth (6), for stu-
dies concerning secondary electron emission. The
numerical methods for solving integro-differen-
tial equations avoid the use of approximations
generally found in other formulations as shown
by Fathers and Rez (30), Rostaing et al. (83),
Lanteri et al. (56).




Transport models for backscattering

Theoretical models of backscattering and electron
transmission based on transport equation

The models developed here are in their gene-
ral behaviour similar to Monte Carlo calculations.
Continuous slowing-down model - Model I

Among the modeTls based on the BoTtzmann
transport equation, it is the first and the sim-
plest in its formulation (57,95,106). The basic
assumptions are the following :

- At any time interval dt, we associate a varia-
tion ds of the electron path, ds = |V|dt, where V
is the electron velocity.

- A range-energy law gives for each elementary
path ds, an energy loss dE. So, the inelastic
processes are taken into account in the same way
for all the electrons. Only, the energy loss ef-
fects are considered, the angular scattering being
neglected.

- The elastic scattering is the only process con-
tributing to angular deflection, leading to tra-
jectories of various lengths, and then to an ener-
gy distribution of the electrons.

So, the transport equation is written :

_ _ o, Tls,us%) |
IS o * Ke(ssux) (1)

where f(s,u,x) is the density of electrons after a
path length s having a velocity v, a direction 6
with respect to the inward normal such that

u = cos 6, and located at a distance x from the
surface ; Ka(s,u,x) relates all the elastic pro-
cesses which induce variations of the particle
density per unit path length.

If we call 0g(0,s) the differential cross
section, for elastic scattering under an angle O
(0<6<m) and oe7(s), the total cross section, the
equation (1) may be written :

af(s,u,x) _ _ L f(s,u,x)
as X Ae(s) (2)
P [1 f(s,u',x).F ;(u,u') du'
Ae(s) 1 R -
) (T Oe(O,S)
with Fe](U,UI) = ZJOW o dD (3)

diffusion function for elastic scattering

Ae(s) = ﬁ;gé?(—y is the elastic mean free path
(m.f.p.) and n_ is the number of scattering cen-
ters per unit = volume.
u' = cos 6' is the electron direction before scat-
tering, and ¢ the azimuthal angle.

A simplified formulation of this equation,
related to the case where the small angie scatte-
ring is dominant has been widely used (7,92,%),
and can be written :

afls.u,x) _ . af(s,u,x)
3s E E
1 b 2y af(s,u,x)
Al G (O s T

where A(s) is the "transport m.f.p." defined by
Bethe et al. (7)

1 .
sy - " e

This equation has been applied by Brown and
Ogilvie (14), Bennett and Roth (6) and Lanteri et
al. (56,57) to backscattering analysis, and by
Rostaing et al. (82) to the transmission of elec-
trons through thin films.

In the continuous slowing down models, wha-
tever the choice of the cross section and of the
energy-1oss law, all the electrons transmitted
through thin films Tose a minimal amount of ener-
gy corresponding to straight Tine trajectory,
i.e., to a path length equal to the target thick-
ness. This anomaly prohibits the application of
such models in the analysis of the transmission
problems. To overcome this shortcoming we deve-
loped a model allowing one to take into account,
the energetic effects in the inelastic scattering
and to introduce the angular effect in such pro-
cesses in a more convenient way.

Model II

This model developed by Lanteri et al. (58)
takes into account the energy dispersion due to
inelastic processes (straggling). The basic con-
cept was presented in a simplified way by Birkhoff
(11) and applied by Cowan and H51z1 (20) among
others. In the steady state the transport equation
is written :

Jﬂoe(o,s). (1-cos@) sino do (5)
o

>
> > > > -
0-=- % v flr,p) + Ke(r,E) + Kin(F,ﬁ) (6)
where f(F,ﬁ))is the particle density, m the parti-

cle mass, p the momentum, and r the position
coordinates.
The terms Ke(¥,p) and Kin(;,ﬁ) are related res-
pectively, to the elastic and inelastic processes
inducing, per unit time, a variation of the den-
sity of particles.

With fig. 1, we can write in the case of azi-
muthal symmetry :

Y
Figure 1. Geometry of our system.




0= - u17\§f£%§3312—+ Ke(E,u,x) + Kin(E,u,x) (7)

where E is the particle energy and v,u,x as defi-
ned in "Model I".

If the full terps for Ko and Kijn are inserted in
eq. (7), one can write :

oo B uLx) . FIELULX)
0="-u—x N (8)
1
1 J : : . f(E,u,x)
+ f(E,u',x) F_;(u,u") du sl
Ae(Ei 1 el AT E
V' 1

E
o 0 el sy e FEE ) devan
Q/E |v| MnT

2 (B
(usu') = } " e

with F do
el 6 oeT(E)
O3 (E"»0) L2
and F(E,E',a) = 5;;;TF77*'6(E_E cos“a) (9)
o = inelastic scattering angle
EO: energy of the incident electrons
oin(E',a) = inelastic differential cross section
OinT(E.) = inelastic total cross section
AinT(E) = total inelastic m.f.p.
E" "= electron energy before interaction
E = electron energy after interaction
1 . & f(E,U,X)
Introducing : Y(E,u,x) = V"_X}TE7_7 (10)
1 1 1
and = + (11)
AT(E) Xe(E) 1nT(E7
the equation (8) can be written :
i o W (E,u,x)
B(E,u,X) = =g (Bu 2LEUX)
+1 AT(E)
+ J—1 X;TF) Y(E,u',x) Fe](u,u ) du
D st
+ ; Y(E'5u',x) F(E,E',u,u')dE d@
QJE MnT

This equation appears in the literature only in
two simplified forms, each one showing only one
aspect of the problem, either the elastic aspect
with the corresponding equation named "Transfer
equation", or "Fokker-Planck (49,50) equation"
when small angle scattering is prominent, or the
inelastic aspect which leads to the "energy dis-
tribution equation", and to the "straggling" phe-
nomena (3,29,107).
Model III

his model carried out by Rostaing et al. (84)
is very close in its form, to the previous ane,
but it allows us to make a better and much more
detailed analysis of the inelastic processes, and
to point out the existence of a fine structure in
the electron energy spectra. Thus, in this model,
the interactions with jellium and the ionisation
of the inner shells are treated separately. For
metals such as aluminium, the interactions with
the jellium separate into individual and collecti-
ve processes. So, if the errors in the numerical
treatment are minimized by a convenient choice of
the discretisation steps, the purely theoretical
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Model IIT allows us to check the validity of the
cross sections of the physical scattering pro-
cesses. In the case of noble metals, the inter-
actions with the jellium will be considered as a
whole, but they are always distinct from inner
shell effects. In the particular case of copper
the use of an experimental dielectric loss func-
tion is only a way to overcome the Tack of theo-
retical information. In the transport equation
the elastic scattering leads to a term in the
form previously shown in Models I and II, but the
cross sections will be computed by the "partial
wave" method which gives more reliable values for
m.f.p.'s, mainly for noble metals. The transport
equation is now written in the case of N inelas-
tic processes (83)

BEsR) = = A (E)y BUEMLX)

J+1 AT(E)
+

ST Y(E,u',x) F
-1 Ae

e1(u,u')du‘ (13)

J JEOAT(E') :
Y(E',u'yx) F.(E,E'u,u') dE'dQ"
ol NE) L
The knowledge of the diffusion functions F
of any inelastic process, leads, for the mean

energy loss during an inelastic collision, to the
expression : E-E

‘E:JO

where EF is the Fermi energy and if we denote

FAE F(AE) d(aF) (14)

N .
F=.z g (15)
s 1
1 i
. N A
we can write AE = F

.
—%2—ZE1 (16)

where AE. is the mean energy loss for an irelas-
tic interaction of type i. The total energy loss
per unit path length is thus given by :

N AEi

S= I 5T L

=l ™
In this formulation, the energy and angular dis-
tribution of all the inelastic processes are
taken into account. The application to the analy-
sis of the transport processes for a given netal
depends only on the knowledge of the differantial
cross sections of the elementary processes. This
model is therefore similar to the "direct Monte
Carlo simulation".

Scattering cross sections

Elastic scattering - Interactions with ions

Two cross sections were considered, a
Rutherford cross section with a screening pira-
meter and a more realistic cross section conputed
by the "partial wave method".

Rutherford cross section : This cross section
used by many authors can be written :

2 4
o (E,0) = £ — (18)
€ 4E° (1 - cosO + 2€)




Transport models for backscattering

where £ is a screening parameter which allows us
to avoid the divergence for zero diffusion angles
and maintains the strongly forward prominent cha-
racter of the diffusion.

The total cross section is :

(E) - 2294 ™
eT 4 E2 : 'S( +€)
and the elastic m.f.p.

 aag?
WlE) = —Cry
ﬂNApZ e

o (19)

£(1+€) (20)

Thus, the knowledge of m.f.p. values found in 1i-
terature allows us to calculate values of &£(E)
used in our computations.

The diffusion function can be written :
2c(1+€) (1428 - uu')

F

o (21)

ylusut) = 372

[(u—u')2 +45(1-uu') +4EZ]
This expression written by Strickland and
Bernstein (95) was generalised by Lanteri et al.
(57) and used in backscattering computations (56).
However, as pointed out by Krefting and Reimer
(54), this cross section is only a very rough ap-
proximation, and therefore, not suitable in the
case of heavy metals (44).

Cross sections given by the partial wave method

The previous cross section is mainly used in the
energy range over 1 keV, but fails in the low
energy range. In the partial wave method, the
crystalline potential is a "muffin tin" potential,
that is with a spherical symmetry inside the Aug-
mented Plane Waves (APW) spheres, and a constant
value outside the spheres. These computations were
carried out by Ganachaud (35) and Mignot (68) ;
the differential cross section can be written :
o (E,0) = z (28+1) e'® (coso) |2
£ 2=0

where E is the electron energy, O the elastic
scattering angle, k the wave vector of the inci-
dent electron, &, is the phase shift between

the 2th partial * wave and the free spherical
wave, and the P, are the Legendre polynomials.
The total cross”section is given by :

_ A 2
OeT(E)

= z sin”§,
2 920 .

A comparison between these two cross sections was
carried out for several metais, by Ichimura et al.
(44) and by Valkealahti and Nieminen (102). The
cross section given by means of partial waves ex-
pression method of Mott was largely used, namely
by Kotera et al. (53) with various crystalline po-
tentials. The values thus obtained are very close
for all the potential chosen by these authors.
For energies of about 1 keV, such cross sections
are quite different of Rutherford screened cross
section particularly for small deviations where
they are higher. This result is analogous to that
observed with our computations by partial waves
method. Thus, the Mott cross section could also
be used in our computations and will allow us to
take into account in a realistic way the small
angles scattering effects.

1 .
I'z—“ & S1n691 PQ,
(22)

(28+1) (23)

1931

Inelastic scattering

ModeT T - In this model, we use either the
theoretical energy-range relation given by Bethe
et al. (7), or experimental laws related to maxi-
mal ranges or to practical ranges. The experimen-
tal laws are generally written in the form :

Lo Es))

s = A(E (24)
where E(s) is the incident electron energy after
a path length s, A a constant depending on the
material, and 1.3. <1 < 1.6.

Model II - In this model the whole inelastic
phenomena are taken into account by means of a
Rutherford cross section :

n 4
G lEat) = e , S95.2 (25)
inT E;T sin a

Zeller and Ruste (107), Dashen (21) and Lanteri
et al. (58) introduced a minimum scattering angle
"op" given, in non relativistic kinematics and
under the assumption of the target electron at
rest, by :

1/2 AE)1/2

5y e

a, = arc sin (75 (25bis)
where AE is the energy loss, and E, the electron
energy. This will avoid divergences for zero scat-
tering angle and leads to a minimum energy loss

in an inelastic scattering event :

AE = E sin® op
the inelastic m.f.p. is then given by :
2
Xeoo(E) = —BE_ tof 5 (26)
inT m
NAQZWe
and the mean energy loss by unit path length
will be : 4
o ZNApZﬁE Log sinocrT
AE = - (27)
A.E

Thus, the parameter "a " could be computed

either according to the values of the

m.f.p. found in the literature, or, according

to experimental or theoretical values of the

energy loss per unit path length.

Then, the diffusion function for inelastic scat-

tering can be written :

tgzu 2

F(EE' ju) = — T £O3.& §(F.Ev cosa)  (28)
sin'a

Taking into account the angular relation :

E

1/2 1
uveug) - [mD) 0D

l /
where ¢ is the azimuthal angle, the transport
equation is :

cosd (29)

0 = - uA(E) . §—91§§E:51-- W(E,u,x)
1) . |
+ J_17;T?7 . Fel(u’u ) v(E,u,x) du (30)
E (m A (E")
2 5 ("1 2 dE'.d
m JE Jo Mip(ETD S (E'-F)° ’




: B 2
with Em = E/cos o

Therefore, the use of this model needs only a
knowledge of elastic m.f.p. together with either
the inelastic m.f.p. or the energy losses per unit
path Tength.

Model III - In this model, the inelastic pro-
cesses are analysed in a more detailed way. In the
case of aluminium, we will consider interactions
with inner shell electrons, individual inter-
actions with conduction electrons, and collective
interactions with the electron gas which leads to
bulk plasmon creation (87). In the case of copper,
the latter two processes will be considered as a
whole.

Interacticns with inner shell electrons

Such interactions are the main mechanism res-
ponsible for the energy losses of charged parti-
cles. In spite of their Tow occurrence probability
these interactions are the most important in the
slowing down of the primary beam. Among the nume-
rous analysis of the corresponding cross sections
(16,28,35,65,66,90,104) we will retain those of
Gryzinski (39,40,41) who uses the Coulomb colli-
sion model for two moving particles, which applies
in an extended energy range, to a wide variety of
materials, and to all the inner shells. In such a
formulation, the differential cross section for an
energy transfer AE from an electron with an energy
E to an inner shell electron is given by :

(BE,E,U) = —2 i = (31)
ORERES = 3 %o [T B

with ¢ = 6,56 (eV)2 (nm)z, energies being expres-
sed in%eV, U; identified with the binding energy

of an "i" shell electron.

Setting : X = - and Y = = g_ can be written :
' U 9y © o :

3/2

1 X - 1

900Y) = x () ¥(I-x)

) 1/(1+Y)

+%Log[2.718+(X—Y)1/2J§(1-%) (32)

The total cross section is obtained by integration
over all the energy losses ; however Gryzinski
gives a simple expression of the total cross sec-
tion :

0.(E) = 4} . Q(X) (33)

—
>
1
—_
~—

o +%(1—i) . Log (2.718+ (X-173/2]

2X L
(34)

To take into account the angular dispersion
of the incident electrons, we assume the target
electron at rest. This Teads to :

AE = E sin® a0 <a< n/2 (35)

where AE is the energy loss, E, the incident
electron energy, and o, the scattering angle.
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Interaction with Jel1ium

The dielTectric theory for an infinite elec-
tron gas leads to the differential cross section
for an electron of energy E, yielding an energy
Ww, with a scattering angle o (10)
o __m  EH) 1 [ = ] (36)
SEER E S A
d(fw)d2  n“nHa q )

where n is the electron number per unit volume,
m the electron mass, a _, the Bohr radius, q the
momentum transfer, and e(q,w) the longitudinal
dielectric function.

Thus, after integration on the azimuth of the
scattering angle, we obtain an expression for the
m.f.p. 2

/42
-1 2m E - Ko
A.(E):—rJ J 1
J T a, fw a[ E ] g?

1 .
Im [ - e ] sina do diw (37)

This general formulation is convenient both for
individual and collective excitations, according
to the integration ranges. The dielectric Tloss
function Im%—1/s(a,w)] will be a theoretical or

an experimental one, depending on the target mate-
rial. So, in the case of aluminium, we know a
theoretical loss function, and we will consider
separately individual and collective interactions,
while in the case of copper, we know only an ex-
perimental dielectric Toss function, and we will
not be able to do this separation.

Case of aluminium - The Mermin (67) dielec-
tric function takes into account a finite life-
time of elementary excitations and can be expres-
sed by :

(140 e (@ + ) - 1

e(g,w,t) =1 + : (38)
i €L (g,w + %) -1
T+—

™ g (g,0) - 1

where e is the Lindhard's (62) dielectric func-
tion modified by introducing the complex

frequency (w+ %) and t, the finite lifetime of
the elementary excitation. T is correlated
with the damping factor y, by the relation :

AE; 5 (q)
y=n1o = Tim —/2 (39)
P oo Mgy (@)
woy is the plasmon frequency, and AE1/2 is the
full width at half maximum

(f.w.n.m.) of the plasmon peak.

The factor y allows us to take into account in an
approximate way the dissipative processes, such
as phonon losses or interactions with defects or
impurities existing in a real material.

We maintain for Mermin's dielectric function the
separation into two domains as is usually done
with Lindhard's dielectric function. In such a way

|
|




Transport models for backscattering

the two interaction processes, individual and col-
lective will be separated, even if this separation
is not entirely justified with Mermin's dielectric
function. For collective interaction, taking the
value 15.8 eV for the energy loss by plasmon exci-
tation in Al, and considering the dispersion of
losses, we restricted the integration range to
energy losses between 8 and 36 eV. The scattering
angle o varies from 0 to a., the cut-off value
which depends on the energy loss.

We have :

[—[E— -4y -1 + (1+4y)1/2] EF

cos a. —— 3 = (40)
E(1-dy ?F)”2

where y = %%— and E is the incident electron

energy. F
The electron - electron scattering m.f.p. is
computed by integration of relation (36) in the

range 0 < E < E - EF and o <a < - - with :
e -4y - 1- (1+4y)' /%) €
F
COS 5y =~ : — (41)
E(1-4y TF)W

Case of copper - For the noble metals, the
"d" electrons can participate in conduction pheno-
mena. The jellium must be redefined (17) and the
dielectric theory cannot be applied here. A com-
plete theoretical calculation of the dielectric
function does not exist, therefore, we used an ex-
perimental function deduced from transmission
energy loss measurements carried out along the
axis normal to the surface (105). Corrections must
be made to eliminate the effects of multiple Tos-
ses, and of surface interactions (31,78,105). The
values of €(0,w) are thus obtained. Following the
conclusions of Nagel and Witten (70), and bearing
on the weak q dependence of the loss function,
Ganachaud (35) proposed a separable form for
e(q,w)

e(q,w) = (1 + aq) €(0,w) (42)

where a is a constant parameter, e(q,w) is the
mean value of e(¢,w) around the q direction.

In the limiting case, when q ~ 0, both longitudi-
nal and transverse dielectric constants can be
considered to have the same value. This justifies
the use of the experimentally obtained optical
constant, for the dielectric constant (5,76).

We can see on figure 2, that the Wehenkel's (105)
Toss function is very close to that of Feldkamp
et al. (31) determined in the same experimental
way. The most pronounced peak corresponding to a
20 eV energy loss, can be assigned to collective
excitations. The fair agreement between these au-
thors allows us to use such experimental dielec-
tric Toss function to overcome the lack of purely
theoretical results. However, collective excita-
tions do not appear clearly in the €4 and g5 cur-
ves calculated from the Toss functions. Under the
assumption proposed by Ganachaud (35), the loss
function can be written :

o [_ E(%,w) J: 1 jaq " {- E(;,w) } e

I (- 1—)
K £Qqw)
T /
/’/
p
0,5F J
4
i S o
Energy transfer (eV)
O L 1 ! 1 I i ¥
0 20 40 60 80

Figure 2. Dielectric Toss function for copper.
Full curve after Wehenkel (105), Dashed curve

after Feldkamp et al. (31).

Using this relation, in the expression of A_1

integration over the solid angle can be done
analytically, and the inverse m.f.p. is expressed
by :

d(Hw) (44)

Concarning the angular aspect of such interactions
the incoming electron suffers, generally, only
small deviations. The differential cross section
(26) strongly favours the small angle scattering.
Probability for an angle greater than 2° is 1 %

of that without deviation (Fig. 3). Thus, general-
1y we neglect the angular deviations for such
interactions.

Results for aluminium

Scattering parameters - We mention in table 1

the vaTues of the inelastic m.f.p. used in the
different models. In model II, the values are
obtained from Penn (73) and Ashley (4). For model
III, we give our theoretical values computed with
a value y = 0.1 for the damping factor. The values
of the total inelastic m.f.p. are to be compared
with those previously mentioned, and with those
recently given by Penn (74). One can see that our
values are close to the more recent ones. In table
2, we give the theoretical values of the energy
losses per unit path length, obtained from our
computations. These values, close to those of
Ashley (4), are to be compared with the experi-
mental values of Rostaing et al. (83), Lanteri

et al. (58) and Fitting (32) shown in table 3.

One can see, that the theoretical values are well
in the range of the experimental ones, and more
precisely between the values deduced from maximal
range, and maximal practical range (n- < 1 %).
Thus, we use the value y = 0.1 in our computations.
The elastic m.f.p. values are mentioned in table 4,
they are computed bu the "partial wave" method
from data given by Ganachaud (35), and are compa-
red with values deduced from the results of




Shimizu et al. (88). In model III, these values
are used directly, while in models I and I, we used
Rutherford's cross sections with a screening para-
meter £ adjusted to retrieve values of the m.f.p.
given in table 4. Thus, the angular dispersion is
different in models I and II, from that in model
III, as shown in figure 4.

oﬂoggg%%)

...6 0 i
0 10 30 50

Figure 3. Angular dependence of the differential
cross section for interactions with the jellium

H. Lanteri, R. Bindi and P. Rostaing

Results - Very few experimental and theoretical
results in the energy range considered here

(Eg < 3 keV), are available. The values of the
backscattering factor np. for bulk metal, are gi-
ven in table 5, as a function of the energy of

the incident electrons. They are in good agreement
with the experimental results of Roptin (79),
?ro?shtein and Fraiman (12), Thomas and Pattinson
98

=
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Figure 4. Ratio of the differential cross section
given by the "partial wave" method, op, to the
Rutherford's differential cross section as func-

- tion of the scattering angles for EP = 1 keV,
10 COPPEr 2 keV and 3 keV in aluminium (from " (10)).
E(keV) 3 2.5 2 1.5 1 0.5 Ref.
MinT Model 11 4.7 4.12 3.6 2.8 2.07 1 .22 (4) (73)
xe-,p] 8.16 7.04 5.9 4.7 3.44 2.08
xe~,e— 24.7 20.6 16.9 12.4 8.3 4.2
AL1 215 187 159 130 103 83 our results
N 23 41 35.5 29.5 2357 17.8 12.2
AT Model III 5.38 4,46 3.7 2.9 201 1.23
AinT 5.2 —~ 3.72 2.94 2.14 127 (74)

Table 1. Inelastic scattering mean free paths in Al (nm).

out with y = 0.1 (A is the total inelastic m.f.p.).

inT

Computati - -y - i
putations of Ae bl and Ae so” Were carried
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E(keV) 3 2.5 2 1.5 1 0.5 Ref.
e ,e 2.4 2.8 3.4 4.3 5.9 10.2 our

e ,pl 2.05 2.38 2.85 3.6 4.9 8.2 results
Ly 1.36 1.51 1.1 1.97 2,27 2.35

Lys 4.8 5.4 6.25 7.43 9.16 11.4 (82)
Total 10.61 12.09 14,21 17.3 22.23 32.15

Total 1 12.7 15 18 23.4 33 (4)

Table 2. Theoretical energy losses per unit path length in Al. Computations for e, e and e , pl scat-
tering were carried out with y = 0.1 (eV/nm).

E(keV) 3 2.5 2 1=5 1 0.5 Ref.
(a) " 12 13.5 15.7 195 28,1 our results
(b) 14 15..3 17.2 20 24.5 34.9 (56)
(c) 13.8 14.6 15.6 17 19..2 23.6 (32)
Table 3. Experimental energy losses in Al, eV/nm. a) from maximal range values ; b) from maximal prac-
tical range values ; c) from results of Fitting.
E(keV) 3 2.5 2 1.5 1 0.5 Ref.
A o (nm) 3 2.8 2.4 1.95 1.4 0.9 (88)
A e (nm) 2.65 2,45 2,17 1.85 1.4 0.92 (35)

Table 4. Elastic scattering mean free paths in Al (nm).

E(keV) 3 2 1.5 1 0.5 Ref.
(a) - 0.16 0.17 047 0.7
Model I
(b) 0.13 0.14 0.14 0.14 0.12 our results
Model II 0.21 - 0.18 0.155 0.09 (56)  (58)
Model III - - 0.17 - - | (82)

Extreme exp. values 0.18-0.24] 0.2-0.28 - 0.22-0.34 = (53)

quoted by Kotera et al.

After Roptin = = 0.19 0.19 0.21 (79)

Tab1e.5. Backscattering factor TRo for bulk Aluminium. a) using a maximal range ; b) using a maximal
practical range. In Model II, o is adjusted to energy losses deduced from a maximal practical range.
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The theoretical values given by Kotera et al. (53)
are slightly greater than all the other values.

In the case of thin targets, we show in figures 5
and 6 the theoretical variations of n. and Ny as
functions of the target thickness d, R for a pri-
mary energy of 3 keV.

0.2} P ®

I e il I

0 50 d(nm) 100

Figure 5. Backscattering coefficient np given by
the 3 models as function of the Al target thick-
ness d, for E_ = 3 keV : a) Model I ; b) Models II
and III. ©

o
n
T

0 50 d(nm) 100

Figure 6. Transmission coefficient n+given by the
3 models as function of the Al target thickness d,
for Eq = 3 keV : a) Model 1 ; b) Model II ;

c) Model III.

The values of n,(d) are very close for the three
theoretical mod£1s,and are 1ingood agreement with
the experimental ones. The theoretical values of
nR(d) given by models II and III, are greater than
those obtained from model I. This can be ex-
plained by the taking into account of the inelas-
tic scattering, either in a global form (Model IT)
or in a detailed form (Model III). The energy dis-
tribution of electrons backscattered by the bulk
metal are shown in figure 7 for Eg = 1.5 keV. One
can observe on the curve of model III the bulk
plasmon Tosses which is the result of the use of
the dielectric loss function in the computation
of the diffusion function. We also show in this
figure the energy distribution curve obtained by
Shimizu et al. (89). These authors indicated that
a more detailed analysis in the range of the cha-
racteristic energy losses reveals the existence
of 6 plasmon peaks. This result 1is in fair agree-
ment with the results of our computations given
in a previous paper (59).

H. Lanteri, R. Bindi and P. Rostaing
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Figure 7. Energy spectra of electrons backscat-
tered by bulk Al targets for E, = 1.5 keV: a)
Model I; b) Model II; c) Model III; d) results of
Shimizu and Ichimura (89).

The energy distributions of electrons transmitted
through thin self supporting films are given for
two typical cases in figures 8 and 9. In figure 8
corresponding to a 20 nm thick target, and to

Eo = 2 keV, we can observe for model III, the
existence of bulk plasmon peaks. The general as-
pect of the curve is close to that given by

model II, while the continuous slowing down model
(Model 1) fails. One can see in figure 9, for a
50 nm thick target, and E5 = 3 keV, that energy
distribution curves are much smoother and that
bulk plasmon peaks are not very important.

d& I dr]r
IE model | ¢

a

N

18 E(keV)— 2

Figure 8. Energy spectra of electrons transmitted
through 20 nm thick Al targets for Ey = 2 keV :
a) Model I ; b) Model II ; c) Model III.
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Figure 9. Energy spectra of electrons transmitted
through 50 nm thick Al targets for Eg = 3 keV :
a) Model I ; b) Model II ; c) Model III.

This is the indication of a quasi complete diffu-
sion state inside the material. These results can
be compared with the experimental results of
Ishigure et al. (46) and with the theoretical cur-
ves of Dejardin et al. (22). These last authors
used a direct Monte Carlo simulation method, and
their results are given only for primary energies
lower than 1 keV, i.e., in the case of small thick-
nesses. We show in figures 10 and 11 the energy
spectra of 1 keV incident electrons transmitted
through 8 nm and 12 nm thick targets, respectively.
One can see that a good agreement exists with our
theoretical results. The comparison with experi-
mental results of Ishigure et al. (46) is more
difficult, due to the fact that these authors used

10,5

0

L !

0.8 0.8 E (ev)—

Figure 10. Energy spectra of electrons transmitted
through 12 nm thick Al targets , for Eg = 1 keV.

Full curve : Model III ; dashed curve : results of
Dejardin et al. (22).
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Figure 11. Energy spectra of electrons transmitted

through 8 nm thick Al targets, for Ep = 1 keV.
Full curve : Model III ; dashed curve : results of
Dejardin et al. (22).

a 127° electrostatic velocity analyser, so that,
their measurements are given in a certain number
of directions, but not in the whole half space.
A good agreement with our results seems however
obtained with their results in a direction of
emergence about 23°.

Results concerning copper

Scattering parameters. We mentioned in table 6,
the vaTues of the elastic scattering m.f.p. In
model II, we used total inelastic m.f.p. values
given by Cailler et al. (19), while the values of
m.f.p. for all the specific processes were compu-
ted by ourselves and used in model III. The total
m.f.p. values computed in this way are lower than
those of Penn (74?. Our computed values of energy
losses per unit path length are indicated in
table 7, these values are slightly Tower than
those of Tung et al. (101). Table 8 shows the va-
lues of energy losses per unit path length dedu-
ced from experimental range energy laws ; these
values are in good agreement with the theoretical
ones. As in the case of Al, the values of the
energy losses given by our computations, are si-
tuated between values given by a maximal range,
and a maximal practical range. The experimental
values of energy losses per unit path length were
used in model I. The values of the elastic m.f.p.
given in table 9 were computed by the partial wa-
ve method, and were used with the corresponding
cross section in model III. In models I and II,
we used the Rutherford's cross section, in which
the screening parameter £ is adjusted according
to the m.f.p. values of table 9.
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E(keV) 3 2.5 2 1.5 1 0.5 Ref,
Aipp (Model IT) 2.92 2.53 212 1.68 1.22 0.7 (59)
A oa = 0.1 3.56 3.04 2.51 1.97 1.4 0.8
AM1 161 140.5 120 100 80.6 68.6 our results
5 ; . 13.3 9.4 83
o3 30 25.5 21.5 17.5 (83)
Xs 3.12 2.66 2.2 1.74 1.25 0.73
inT
A 4.08 = 2.95 2.35 1.73 1.07 (75)
inT

Table 6. Inelastic scattering m.f.p. in Cu (nm). Computations of Aj were carried out with a = 0.1.
(AinT is the total inelastic m.f.p.).

| |

E(keV) 3 2 1 ;  Ref.
|
Jelium 29 12.4 8.8
a = 0.1
M.. Shell 12,2 8.5 6.5
23
(82)

My Shell 2.9 2.3 1.8
Total 37.1 23.2 17.1 1
Total 50 39 ! 30 (101)

Table 7. Theoretical energy losses per unit path
Tength in Cu (eV/nm). Computations for scatte-
ring with Jelliumwere carried out with a = 0.1.

Results. Values of the backscattering factor n
of bulk copper, for the three models, were

Ro

mentioned in table 10 together with the experimen-
tal results of Pillon (75), Bronshtein (12), and

Lanteri et al. (55). Whichever model is used, the
theoretical results are always lower than the ex-
perimental ones. It is to be noted that values
given by model II, were obtained with an adjus-
tment of the angular dispersion of Rutherford's
cross section, by means of the screening parame-
ter £. Model III, in which we used a more realis-
tic cross section computed by the partial waves
method, does not allow us to obtain better re-
sults. This seems to indicate that the elastic
cross section at a small angle is much more pro-
nounced. The energy distributions of backscatte-
red electrons by bulk copper are shown in figure
12 for all the models with Eo = 1.5 keV. One can
see that the curve given by model III shows fine
structure in the neigbourhood of the primary
energy. This structure reflects the peak shown by
the dielectric loss function for an energy trans-
fer of about 25 eV (fig. 2). The hump in the ener-
gy distribution curve, at approximately 80 eV, is
probably due to the contribution of the M23 shell.
This structure is also clearly apparent in figure
13 which corresponds to the backscattering by

bulk copper, with E5 = 3 keV. Concerning the gene-
ral behaviour of the energy distribution curves,

g_>774;;;;9577 . 3 { 2:5 2 1.5 1 0.5 Ref.
h_yg;—_};3FVA—- ERIRTE: ¢ 1740 L 20.3 25 35 59 our results
(b) 20.7 23.9 28.4 35.5 49 84 (56) (83)
(c) 35.4 [ 375 40 43.2 t 49 60.6 (32)
| |
Table 8. Experimental energy losses in Cu eV/nm.
E(keV) | 3 2.5 2 1k 1 0.5 Ref.
Ao (nm) 162 141 1 1 0.88 0.735 (35)

Table 9. Elastic scattering m.f.p. in Cu (nm).
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E(keV) 3 2.5 2 1.5 1 0.5 Ref.
Model I 0.125 - 0.1 051 0.09 0.05 our results
|
Model II J 0.23 - 022 022 0.205 0.15 (56 ) (58)
Model III 0.16 0.16 0.16 0.17 = = (82)
Extreme exp. P = - - 10.3 - 0.37{0.3 - 0.38,0.32-0.364 (13) (56) (75)
values in lit. | '
Table 10. Backscattering factor "Ro for bulk copper.
dng
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\ Figure 13. Theoretical energy spectrum of elec-
'10.2 trons backscatte~ed by bulk copper target, for
\ E_ = 2.5 keV.
0
\ results obtained from model II, when the parame-
101 ter ap in the inelastic cross section is adjusted
: according to the energy losses, or to the m.f.p.
“ values. One can see that the agreement between
the two models is correct, but one must also have
in mind, that in model II the directional depen-
i ; . . s X dence of the elastic cross section has been modi-
7 9 11 13 15 fied to obtain an angular behaviour, similar to

E(keV) ———

Figure 12. Energy spectra of electrons backscat-
tered by bulk copper target, for Ej = 1.5 keV :
a) Model I ; b) Model II ; c) Model III.

one can see on figure 12 that the curve given by
model I is much depressed in comparison with the
others, while that given by model II, modified by
the effect of the screening parameter, is close to
the curve given by model III. In the case of thin
self supporting targets, we presented in figures
14 and 15, the variation of the backscattering
(nR) and transmission (n;) coefficients, with the
target thickness, for Ey = 3 keV. For ny(d), an
asymptotic value is reached for d = 30 nm, while
n+(d) is continuously decreasing. The values given
by model II, with the screening parameter adjusted
are greater than the other theoretical values. The
energy distributions of 3 keV incident electrons
transmitted through a 20 nm thick target, are given
in figure 16. We indicated on the same figure, the
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the partial wave cross section. No fine structure
appears on these curves, probably an indication
that a complete diffusion state is reached inside
the material. However, one can see in figure 17
obtained for 10 nm thick targets, that a fine
structure similar to that observed by reflection,
appears clearly when Eg > 2 keV. The influence of
the elastic cross section was carefully analysed
by Rostaing (82) who showed that the Rutherford
cross section leads to an increase of backscatte-
ring, and to a decrease of transmission. Thus, it
seems that in the case of copper, an important
point is the perfect knowledge of the elastic
cross section. A high collision rate, together
with non negligible scattering angles, leads to
an angular effect of such scattering process,
that are dominant compared with the other proces-
ses. The relative magnitude between transmitted
and backscattered electrons is always connected
to a variation of the absorption. We believe that
the excessive absorption observed, is due to an
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Figure 14. Backscattering coefficient "R given by
our models as function of the Cu target thickness
d, for E5 = 3 keV : a) Model II ; b) Model IIIL.
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Figure 15. Transmission coefficient nt given by
our models, as function of the Cu target thick-
ness d, for Eg = 3 keV : a) Model II ;

b) Model III.

insufficient knowledge of the elastic cross sec-
tions, leading to a less satisfactory description
of the competition between the elastic scattering
and the energy loss in inelastic collisions. For
interactions with jellium, the assumption retai-
ned in model III, i.e., "interaction without de-
viation", leads to a decrease in backscattering
effect. However, the contribution of such inter-
actions to the angular dispersion, can only be of
secondary importance, and cannot by itself explain
the discrepancy with experimental results.

Conclusion

We showed the feasibility to build up theore-
tical models for electron scattering in materials,
based on Boltzmann transport equation, in which,
elastic and inelastic processes are described in
the same way as that in Monte Carlo simulation
models. Comparisons of these two types of models,
when possible, give good agreement. In the case of
aluminium, the three models presented here, lead
for n to very close results. The values of R
are identical for models II and III while
model I sTightly underestimate these results. En-
ergy distribution of backscattered electrons given
by the three models have the same general beha-

H. Lanteri, R. Bindi and P. Rostaing
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Figure 16. Energy spectra of electrons transmitted
through 20 nm thick copper target, for Eg = 3 keV :
a) Model III ; b) Model II with o determined ac-
cording to dE/dS ; c) Model II with ap determined
according to AinT.
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Figure 17. Energy spectra of electrons transmitted
through 10 nm thick copper targets for various
energies of the incident electrons.

viour, while the true values given by model I are
slightly too low. This model fails absolutely for
the energy distribution of transmitted electrons.
The advantage of model I (continuous slowing down
approximation) or of the model II, in which, the
energetic dispersion of inelastic processes is
introduced in an approximate way, is that they can
apply to a wide variety of materials. The main pa-
rameters required are in such cases : the stop-
ping power, the total inelastic m.f.p., and the
elastic m.f.p. These data can be obtained experi-
mentally or theoretically with adjustable parame-
ters. Thus models I and II could be used for back-
scattered energy distributions with or without
corrections of their amplitude.
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To the contrary, model III allows the analy-
sis of the different elementary processes. In this
case, one only needs to know the values of the
differential and total cross sections for all the
elementary processes. These theoretical data exist
only for a limited number of materials. This mo-
del is quite convenient for the analysis of the
fine structure observed in energy distributions.
Besides, we showed the possibility to apply such
model to noble metals, using an experimental die-
lectric loss function. Comparison with experimen-
tal results, in spite of their scarcity in the low
energy range of incident electrons, shows that it
is necessary to improve the agreement, particular-
1y for noble metals. We think that such an impro-
vement could be obtained with model III, using a
better choice of elastic and ionisation differen-
tial cross section (24,85). Thus, the application
of these models to the analysis of a wide range of
phenomena induced by electron bombardment can be
envisaged. As a first example, we can mention, the
secondary emission, a phenomenon which can also be
described by means of a transport equation (25,26,
80,81,90,91). The inclusion of the energy and an-
gular dispersion of incident electrons in the con-
tinuous slowing down approximation (Model I), was
carried out by Bindi et al. (8,9). The results
thus obtained are in good agreement with those ob-
tained by a simulation method (36,37). One can
also apply these models to the study of the in-
fluence of backscattered electrons in Auger spec-
troscopy, then compare the results with those ob-
tained by simulation (44,97). The results given by
the transport models could also be used to deduce
quantitative information on the cross sections, by
means of the experimental energy spectra obtained
by reflection as shown by Tougaard and
Chorkendorff (100).
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Symbol Table

f(s,u,x) Electron density after a path length s
with direction 6 and depth x

s v

v Electron velocity (nm.s-1)

s Electron path (nm)

X Depth (nm)

8 Angle of electron direction with the
inward normal ; u = cos 6

0 ETastic scattering angle

OoT Total cross section for elastic
scattering (nm2)

9q Differential cross section for elastic
scattering

Fe] Elastic diffusion function

Ae Elastic mean free path (nm)

' Angle of electron direction before

scattering ; u' = cos 6'

) Azimuthal angle

Ne Number of scattering centers per unit
volume (nm-3)

A, Transport mean free path (nm)

P, Momentum
r Position coordinates

m Electronic mass (g)
0,0, Inelastic scattering angle
Ey U Energy of the incident electrons (eV)
OinT Inelastic total cross section (nm?2)
in Inelastic differential cross section
Rea e T Inelastic mean free path (nm)
M 1" Electron energy after interaction (eV)
F Inelastic diffusion function
Ay Total mean free path (nm)
E' Electron energy before interaction (eV)
Q Solid angle
AE ,AE . Energy loss (eV)
B Mean energy loss (eV)
Er . Fermi energy (eV)
Ai Mean free path for the inelastic
interaction i (nm)
Fj Partial inelastic diffusion function
8 Total energy loss per unit path Tength
Z Atomic number
e Electronic charge (C)
& Screening parameter
A Atomic weight (g)
NA Avogadro number
o, Density (g.cm‘3)
k Wave vector of the incident electron
Sy Phase shift between the 2 partial wave
’ and the free spherical wave
Py Legendre polynomial
9, Constant (eVZ2 nm2)
Ui Binding energy for the i shell (eV)
X Reduced energy
Y Reduced energy loss
g Inelastic cross section for interaction
! with the i shell (nm2)
Aw Transfer of energy (eV)
a, Bohr radius (0.0529 nm)
#iq Momentum transfer
€ Dielectric function -3
n Electron number per unit volume (nm ~)
A Mean free path for jellium interactions
J 4 Lifetime of elementary excitation (s)
Y Damping factor
W Plasmon frequency (rad/s)
of Cut off value of the scattering angle
< (Plasmon excitation)
y Reduced energy transfer
& ax Maximum scattering angle (electron -
electron scattering)
AE1/2 Full width at half maximum (f.w.h.m.)(eV)
N Transmission coefficient
R Backscattering factor
"Ro Backscattering factor for bulk metai
d Thickness of the target (nm)
Em Minimum energy transfer during
inelastic scattering (eV)
1 Energy exponent in the experimental

energy range relation.
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Discussion with Reviewers

H. Seiler : Can you apply the obtained results for

a calculation of the contribution of backscattered
electrons on secondary electron emission ?

Authors : The values of n are obtained from our
models. This procedure allows us to compute the in-
ternal secondary source function, taking the effect
of backscattered electrons into account. The trans-
port of internal secondary electrons is then
described by a transport equation (text refs. 8, 9,
and Bindi et al. J. Phys. D. Appl. Phys. (1980) 13,
461-470). Thus one can obtain total yield 6 = &5 +
Cn (1). The contribution of backscattered elec-
trons can be obtained, if we use experimental

values of the relative efficiency of backscattered
and primary electrons for secondary creation. This
is a semi-empirical method. A purely theoretical
determination of the backscattered contribution im-
plies, after the determination of 6 and n, the com-
putation of &y (the fraction of secondary electrons
created by incident electrons during their direct
path through material). This computation is carried
out with the following assumption: All the incident
electrons move through the escape region of second-
ary electrons with their initial direction, only

the energy loss is taken into account. This allows
us to perform the computation of a source function
excluding the effect of backscattered electrons.
From such a source function (of the secondary elec-
tron emission) one obtains a theoretical value of

89, and using equations, a theoretical estimate of
the contribution of the backscattered electrons
(Bindi et al. J. Phys. D. Appl. Phys. (1980) 13,
2351-2361). -

H. Seiler : Can you estimate the dependence of the
coefficient of elastically reflected electrons on
the atomic number and compare the results with the
values published by Schmid et al. (Scanning Elec-
tron Microsc., 1983; II: 501-509)?

Authors : The theoretical model and the numerical
resclution method used in our model do not allow

a realistic and reliable analysis of the elastic
peak. The initial aim of these models was an appli-
cation to SEE and in such a phenomenon, the elas-
tically reflected electrons do not intervene. The
fine structure observed in the neighbourhood of
primary energy, is due to energy losses by plas-
mon excitation.

P. Rez : Could the authors tell us something about
the numerical methods used to solve the transport
equation and what are the 1ikely sources of error?
Authors : Two numerical methods were used in our
models. In model I, we use a "Splitting up" method
(57) which 1is particularly successful in solving
problems where the time, appears explicitly, while
in models II and III, we use a "predictor-cor-

1945

backscattering

rector" method easily applied to stationary pro-
blems. It can be shown that if these computa-
tional methods converge, they converge toward

the exact solution of the equation, if the dis-
cretisation net tends toward 0 . The error of
such methods is thus uniquely connected to the
refinement of the discretisation net. In the two
methods, for practical use, the discretisation
step for s (Model I) and for E (Models II and III)
we chose taking into account the minimum charac-
teristic energy losses for all the interactions,
and checking that an evolution of these steps do
not introduce noticeable modification of the re-
sults. The error is also introduced for a chosen
discretisation net by the computation of integral
terms. To avoid such problem, we used a Gauss in-
tegration method with an order such that the in-
tegration error is always lower than the trunca-
tion error of the computer. More refined AE steps
were used for precise analysis of characteristic
energy losses (59).

P. Rez : In my experience the ratio of total in-
elastic to total elastic scattering is the key
parameter for determining the backscattering.
Could the fact that the copper backscattering is too
low be due to too much inelastic scattering as
compared to elastic scattering ?

Authors : Our theoretical results on copper gives
values of R and Nt lower than the experimental
values. We = show '(82,84) that for the same value

of Xe , a modification of the angular aspect of
the elastic cross sections leads to a variation of
the absorption and to a modification of the ratio
between transmitted and backscattered electrons.
Thus, besides the ratio of elastic to inelastic
total scattering, we think that the description
of the angular effect in elastic scattering is
also of great importance.

P. Rez : Does neglect of exchange in the cross
section lead to any serious error ?

Authors : In the energy range used here (Ep<3keV)
the inelastic m.f.p. is practically unaffected by
the exchange effect,thus one can consider such
an effect of minor importance for the phenomena
analysed in our models.

J. Schou : How are the prospects for extending the
methods, in particular method III, up to primary
energies above 3 keV ?

Authors : An extension of these models, mainly

ModeT TII, up to primary energies above 3 keV do

not involve particular problems, except an expense

of computing time if energy steps are maintained

to values below 8 eV. Indeed, in such an energy
range, differential cross sections are well under-
stood ; this is not the case in the Tow energy

range (< 1 keV). Moreover, with primary energies
over 3 keV, the experiments can be carried out more
easily than for low energy, since it is compara-
tively easy to prepare thicker targets with a well-
determined thickness and a high degree of homogene-
ity s
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