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Penetration of an electron beam in a thin solid film:
The influence of backscattering from the substrate
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The fractions of absorbed, backscattered, and transmitted electrons bombarding a thin solid film
are calculated as functions of the film thickness both in the absence and in the presence of a sub-
strate. The depth distribution of the absorbed electrons has also been calculated.

I. INTRODUCTION

The interaction of an electron beam with a solid target
has been extensively studied since 1930.!73 An excellent
review of the early works about this subject has been
given by Birkh®dff.* More recently, several theoretical
models and experimental data have been proposed.®™ !¢

In the past few years several Monte Carlo simulations
have been described by a number of researchers!’ 33 in
order to approach the problem numerically. The most
recent investigations have been performed for keV elec-
trons due to the increasing interest in material analysis
techniques such as electron probe microanalysis,'®?’
electron-energy-loss spectroscopy,?’ Auger electron spec-
troscopy,zg"32 etc.

The numerical approaches are very powerful in calcu-
lating, in particular, the fractions of absorbed, backscat-
tered, and transmitted electrons bombarding a thin solid
film but does not give any general formula. In this paper
the fractions of absorbed, backscattered, and transmitted
electrons bombarding a thin solid film are calculated as
functions of the film thickness both in the absence and in
the presence of a substrate. The results regarding thin
films in the absence of a substrate are in very good agree-
ment with the Cosslett and Thomas experimental data.’
On the other hand, the equations regarding a thin film
deposited on the top of a substrate of a different material
can be used to evaluate the film thickness just by measur-
ing the backscattering fraction.

II. DEFINITIONS AND PROPERTIES

When a particle beam impinges on a solid target, a
fraction f, of the beam is absorbed, a fraction fj is
backscattered, and the remaining fraction f is transmit-
ted. The sum of these fractions is equal to 1 and each of
them lies in the range O—1. Their value depends on the
thickness s of the target. There exists, in particular, a
thickness R so that, for each s >R, the fraction of
transmitted particles f is O while that of backscattered
ones is equal to the so-called backscattering coefficient .
Both the maximum penetration range R and the back-
scattering coefficient r depend on the material, on the pri-
mary energy E, of the particle beam, and on the kind of
particles.

8

The fractions f 4, fp, and f depend on s through the
function £=s/A(E) where A(E) is the mean free path of a
particle of energy E, and E is the beam mean energy after
a path of length s inside the solid. In the continuum-
energy-loss approximation, when a particle has traveled
in the solid along a path equal to R, it has completely lost
its energy. Since A=0 for E =0, then £— « for s—R.
On the other hand, since A(E,) has a finite value, then
£—0 for s —0. The function &, expanding the thickness
range 0=s <R to the extended range 0=§ < «, takes
into account the mean energy lost in the solid target by
the particle beam.

The dependence of f 4, fp, and fr on £ will be found
taking into account that

L4 &)+ fpE)+frE)=1 (1)
and that

for £&—0 then f,—0, f5—0, fr—1, (2)
while

for §£—> o then f,—1—r, fp—r, fr—0. (3)

III. THEORY OF ABSORPTION,
BACKSCATTERING, AND TRANSMISSION

Let us suppose known values for f 4, f5, and f, for a
film of thickness s bombarded by a particle beam of pri-
mary energy E,. We are interested in the values of these
fractions when the film thickness is incremented by As.
Let us indicate with A£ the increment of the extended
thickness given by

AE=E(s +As)—E&(s) . 4)

The fraction of particles absorbed by the film of thickness
s +As,

falgls +As)]=Ff4(£+A8),

is given by the fraction absorbed by &, plus the fraction
transmitted through & and absorbed by A§, plus the frac-
tion that, once transmitted through £ and backscattered
by Ag, is absorbed by & and so on. Reasoning in such a
way, one obtains the following infinite sum:
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FalEFAE=Ff 4 (E)F+fr(E)f ((AE)+ fr(E)fp(AES 4(£)
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T (6 p(AEfp(E)f 4(AE) + f1(E)f5(AE)f(E)f5(AE)f 4(E)+ - -
=fa&)+ S 4(E)fr(E)fp(AE) ﬁ [fp(E)f (A + fr(E)f 4(AE) i [f5(&)fp(AE)]" .
n=0 n=0

Reasoning in the same way, we obtain
SE+AE=Ffp(E)+ (&) p(AE)f1(E)
+fr(E)fp(AE) fp (&) fp(AE) fr(E)+ - -+

=fp(&)+ fHE)fp(AE) § [f5(&)fp(AE)]"
n=0

and
SrlE+AE)=fr(E)fr(AE)

©

=fr&)fr(A8) X [fp(E)fp(AE)]" .

n=0
Now, since

3 156 5(AE)]"= !
n=0

1—fp(E)fp(AE) ’

then

f4E+AE)
SaE)fp(AE fr(E)+ [ 4(AL) fr(E)
1—f5(E)fp(AE)
_ FHE fR(AE)
FplE+AE)=fp(E)+ = /(6 (5E) (6)
Sr(E)fr(AE)

T S TR %)

Let us consider the case in which A§=c and, as a
consequence,

fAEFAE)=f (AE)=1—r
and f(Af)=r. Equation (5) becomes, in such a case:
A Efr(E)+(1—r)f (&)
1—=rfp(§) '

Taking into account Eq. (1) in order to eliminate f (&),
the following relationship between fz(£) and f,(&) fol-
lows:

=fal8)+ ,  (5)

1—r=f,0&6)+

szfI%_zﬂfB+l ’ ®)
where

_1+72

p=— 9)

Equation (8) can also be obtained by using (6) in the same
limit. Once (8) has been substituted in (6) one can con-
clude that

_ Sal&) =25 O (AT 15(AE)
Talb A= 1= /5(E)5(80) B

The substitution of (8) in (5), once one takes into account
(7) and (10), gives Eq. (1).
By using (8) it is easy to see that
1—fr _ 2u—fs
SB 1+fr

and, as a consequence,

1—f7(8)

f8(&)
Therefore, r can be found not only by measuring f for a
bulk but also by measuring f; and f for a very thin
film.

Now we suppose that our fractions f (&), f5(£), and
fr(&) are differentiable for all the value of £. Let us indi-
cate, in particular, with o, the derivative of fz(£) calcu-
lated in the origin

f28) | _dfs
£ g

[remember that f5(0)=0].
By using Eq. (10) [or (6)], it is easy to see that

fB(E+AE—f5(E) _ fa(AE) fE(E)—2ufp(§)+1

=1i 11
p=lim (11)

o=lim (E=0) (12)

£—0

Ag Ag 1—fp(8)fp(AS)
(13)
and, therefore,
d
df; =o(f3—2ufz+1)=0f2. (14)
Equation (8) gives
dfT/d§=fB_.“ (15)
dfp/d§ fr
and, then,
af
d—;=afT(f,,—u). (16)
Since
df, _ dfs  dfy
then
d
/4 =ofrlu—fs—fr) . (18)

g
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Equation (14) is equivalent to

dfp dfp
— =2vod§& , 19
fa—(1/r)  fp—r ¢ 3 (19)
where
y=1=r’ (20)
2r

The integration of Eq. (19) with the boundary condition
f5(0)=0 gives

1—exp(—2vof)

/58 1—r2exp(—2vo£)
By using (8) [or (14)] and (21), it follows that
fr&)= 1-r? exp(—vo§) (22)
T 1—r2exp(—2vo &) P
and, by using Eq. (1), one concludes
—(1— rexp(—2vo§)—(1+rlexp(—voé)+1 )
Sa®)=0=r) 1—r2exp(—2vo )
(23)

IV. THE INFLUENCE OF THE SUBSTRATE

Let us now consider a system composed of a film of the
material x of thickness s deposited on a substrate of the
material y. In the following, the superscripts x and y will
indicate the material considered (for example, R* and R”
will indicate the maximum penetration ranges in x and y,
respectively). We assume that the thickness of the sub-
strate is larger than R”, namely the substrate is a bulk for
the primary energy considered.

We expect that the maximum penetration range will be
some combination of R* and R” depending on the film
thickness: in particular, when s—0, then this combina-
tion will approach R” and when s— R *, the combination
approaches R*. We will indicate with 4 ,(£) the fraction
of electrons absorbed by the film, with A5(£) the fraction

J

hg=fptfrr’fo+frr’for’fr+frr’for’fpr’fr+ -

=fp+(frPr 1+ fer’+(far’P+ -]

=fa H PP /= fpr)

of electrons backscattered by the system, and with Ar(&)
the fraction of electrons transmitted across the interface
between the film x and the substrate y.

These fractions are obviously different from the corre-
sponding f (&), fp(&) and fr(&) relative to a film of x
without substrate because of the influence of backscatter-
ing from the y substrate. Obviously, each A fraction lies
in the range (0—1) and the following equation holds:

h (&) +hp(E)+hrp(E)=1. (24)

If we indicate with r* and r»” the backscattering
coefficients of, respectively, x and y, we expect that

for £&—0 then & ,—0, hg—r’, hp—1—r7, (25)
while

for £&— o then b, —1—r*, hg—r*, hy—0. (26)

V. CALCULATION OF THE RELATIONSHIP
BETWEEN THE h AND THE f FRACTIONS

In order to calculate the relationship between the &
and the f fractions, some simple consideration has to be
done about the contribution given to the A fractions by
backscattering from the y substrate. Let us consider the
absorbed fraction /. First of all, a fraction f, is ab-
sorbed by the film, then a fraction fr” goes back across
the interface, and so a fraction f;r”f , is also absorbed,
then a fraction f,r”f5 is reflected back in the y substrate
and so a fraction f,r’fgzr’f , is also absorbed. In such a
way one can write down the following infinite sum of con-
tributions to the absorbed fraction:

hy=f 4+ Frrfatfor?for’fatfor?forfarf o+ -
:fA{1+fTry[1+fBry+(fBrY)2+ . ]}
=f 1+ frr?/(1—fpgr)] . 27)

In a similar way one can calculate the fraction of back-
scattered and transmitted electrons:

he=fr=Frr’fa—frr’fo=SFrr’fer’fa—frr’for’fr— -

:fr—fTVy+fT’ny_fTrny"y*'fTrny’ny_'"'

=frl1+fpr?+(fpr? P+ - 1= frr?[1+ for?+(fpr?)+ - - -

=fr(1=r")/(1—=fpr¥) .

(29)
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Equations (27)-(29) allow one to calculate the changing
in absorption, backscattering, and transmission due to
the presence of the substrate.

VI. CASE IN WHICH THE MATERIAL
CONSTITUTING THE OVERLAYER IS THE SAME
AS THE SUBSTRATE: DEPTH DISTRIBUTION
OF THE ABSORBED ELECTRONS

Let us consider now the particular case in which the
material constituting the film is the same as the substrate.
In such a case we can avoid all the superscripts and the
interface is now only an imaginary boundary at the depth
s below the surface, then hy =r and (28) becomes

hg=r=fp+f2r/(1—fgr). (30)
Equations (27) and (29) read, in such a case,
hy=f 1+ frr/(1—fpr)]
=(1—n{[fa+f5(1=1]/(1—fzr)}, (31)
hp=fr(1—=r)/(1—fgr). (32)

[The third member in (31) has been obtained by making
use of (30).] Equations (31) and (32) are the same equa-
tions given by Cosslett and Thomas® and express the fol-
lowing facts remarked by these authors.

(1) The number of electrons absorbed in a surface layer
of a bulk of a given material is greater than the number of
electrons absorbed in a film of equal thickness.

(2) The number of transmitted electrons across an
imaginary boundary below the surface of a bulk of a
given material is less than the number of electrons
transmitted through a film of equal thickness.

By substituting Eqgs. (21)-(23) in Egs. (30)-(32) we ob-
tain

hy=(1—r)1—exp(—voé)], (33)
hg=r, (34)
hr=(1—r)exp(—vo§) . (35)

The derivative of (33) gives the depth distribution of the
absorbed electrons as

dh ,
ds

=vo(l—rlexp(—vo&)dE/ds . (36)

VII. RESULTS

Equations (21)-(23) give the dependence of f,, f3,
and f; by the extended thickness §&. The comparison
with the available experimental data can only be per-
formed once the relationship between the extended thick-
ness £ and the real thickness s is known. This is the
disadvantage of the formulas derived in this paper be-
cause they require the knowledge of such a relationship.
This relationship will depend both on the energy-loss law
and on the energy dependence of the mean free path of
the particle beam inside the solid.

We wish to study the case in which the energy-loss law
is given by
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R =KiEf ,
EP=(1—u)Ef ,

(37

where K is a constant dependent only on the material
constituting the target, the exponent p does not depend
either on the material or the primary energy, u is the re-
duced depth s /R, and E, is the primary energy. The en-
ergy dependence of the mean free path we wish to consid-
er here is given by

A=K, E?, (38)

where K, is a constant dependent only on the material.

Equations (37) and (38) contain all the information
concerning the energy lost by the particle beam along its
path inside the solid: their origin can be found, for exam-
ple, in Ref. 11. By using such equations, one easily con-
cludes that

10
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FIG. 1. Fractions of electrons absorbed (f ) and transmitted
(fr) for (a) Cu and (b) Au thin films as functions of the reduced
depth u. Solid lines are the theoretical trends while squares are
the Cosslett and Thomas 10-keV experimental data (Ref. 9).
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u
1—u

&=k , (39)
where kK =K /K, is a constant dependent only on the
material.

Once (39) has been substituted in (21)—-(23), the depen-
dence of f 4, fg, and f by the real thickness s is known
if the backscattering coefficient 7, the maximum penetra-
tion range R, and the product ko, namely, the derivative
of fp in relation to u calculated for u =0, are given. In
Fig. 1 the absorbed and transmitted fractions as calculat-
ed by (23) and (22), respectively, are shown with » =0.29,
R =0.46 um, and ko =1.0 [Fig. 1(a)] and with » =0.47,
R =0.27 pum, and ko =3.5 [Fig. 1(b)]. The Cosslett and
Thomas experimental data® of a 10-keV electron beam
bombarding a copper target [Fig. 1(a)] and a gold target
[Fig. 1(b)] are also shown (the values of , R and ko have
been chosen in order to fit such experimental data).

Obviously, the particular choice of the energy loss and
mean-free-path functional form is not dependent on the
theory described by Egs. (21)-(23). On the other hand,
the agreement between theory and experiment indicates,
in particular, that the energy-loss law given by Eq. (37)
and the energy dependence of the mean free path given
by Eq. (38) are suitable to describe the energy lost by an
electron beam inside a solid target.

In particular, the depth distribution of the absorbed
electrons, Eq. (36), becomes

( )_dhA
pru= du

={vok(1—r)exp[ —vo&(u)]} /(1—u)* . (40)

The maximum of the distribution is found to be at the re-
duced depth v =u_,, =1—vok /2 and one can easily see
that

plu g, )={4(1—rlexp[ —(2—vok)]} /(vok), (41)
p0)=(1—r)vok), (42)
p(1)=0. (43)
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FIG. 2. Depth distribution of the electrons absorbed in a
copper and in a gold target bombarded by a 10-keV electron
beam.

For copper, u,,,=0.21 while, for gold, u_, = —0.45:
this means that, for gold, p is a decreasing function hav-
ing its maximum value in the origin (Fig. 2).

VIII. CONCLUSIONS

The fractions of absorbed, backscattered, and transmit-
ted electrons bombarding a thin solid film have been cal-
culated as functions of the film thickness both in the ab-
sence and in the presence of a substrate. The depth dis-
tribution of the absorbed electrons has also been calculat-
ed. The Cosslett and Thomas experimental data are in
very good agreement with the results of the calculation
regarding thin films without substrates.
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