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ABSTRACT

The different aspects of electrons backscattered and
transpitted from solid targets are calculated in terms of
a simple analytical model, for normal incidence of the

energy range 0.01 to 3 MeV.

A proposed analytical model for backscattered depth
distribution function is given for various targets and

incident energies.

An analytical formula to calculate the range of
electfon in solids is also given. The numerical results
of these models provide a fairly good prediction in
comparison with experimental results and Monte Carlo

calculations.

1. INTRODUCTION

Information concerning the backscattering from solids
is of great importance for its application in scaning
electron microscopy, x—-ray microcanalysis, electron beam

induced currents, electron beam lithography.

For this reason the backscattering from solid has
been extensively studied but there is much interest in a

theory which describes backscattering as it will be possible.



Electron backscattering can be described neither by
theories based on single scattering only (1 to 4) nor on
multiple scattering process only (5 to 9). These theories
either describe eertain limiting cases, or difficult to
evalute,

The Monte Carlo simulation caleulation reproduce well
the experimental data AHMMED (10 and 11), but they are
usually computer-time=consuming.

The transport theory ameng the analytieal troatpents
is well defined but it needs more approximations, for
golving its eguations (12). Therefore a strong interest
exist in simplifying theorotical models which can be
treated analytically. ' AHMED (13) eombining the single
scattering and multiple scattering give the backscattering
coefficient for bulk and thin film targets as & functien
of energy which agrees well with experimental results.

In the following section we will give an analytieal
model for the transmission and backscattering coefficionts.
From these modeles a backscattered depth distrebution.
function deducied as a function of an electron incident
energy and nature of elements. '

All these treatments are carried out for an elestron
beam incident normally, of energy range 0,01 to 3 MeV and
for targets of €, Al, Cu, Ag and Au.

2, ANALYTICAL STUDY OF TRANSMISSION AND BACKSCATTERING

PHENOMENA

2.1 TRANSMISSION

The coeficient of transmission cannot be obtained theo-
retically over a wide energy range (14 to 15) and for large
variation in atomic number Z.



Therefore a semi-empirical relations are preposed:

- Kanaya and Okayarmma {(17)

Y X ) with X = 22— and ¥ = 0.187 22/3
S 1-X r :

T = exp =~ |

- Verdier and Arnal (18)
Pt
T = exp - X with X = cen ‘e {1}
k.r ’

where r is the electron range and k and Pt are parameters
of target material. For a given atomic number Z for
different energies, expression (1) give a "normalized"

curve, which is not the case (19).
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Fid.1. Normalized curve of copper at different

energies.



As Fig. 1 shows, the normalization does not exist
for energies greater than 1 MeV. It is necessary to
have an expression for Pt which varies as a function of
incident energy EO.

The proposed form of the transmission coefficient

is expressed as:

Pt X
T = exp - X with X = — e “e e (2)
*u
where
¥, =C VB —%r )&
\Y)
The parameters C, n, Pt and a are given by:
3.39 x 107° z 6.22
c = 222 X 10, n= 0.75 + 1.38 & + —355—
p A 2 2
Zp
- 4 * -
p, = =875 2 (V,0.284 . . . g g25x107?
t A \"
Log 2
20'38 log(Vx1O“2)...(3)

where Z is the atomic number, A is the atomic weight and p
is the density (gm.cm3) of the studied eleément. The
acceleration tension V of the incident electron and it's
relativistic value is given in KV and the thickness x and

x, are given in microns.

The calculated results from Eg. (2) is plotted in
Fig. (2) showing good agreement with the experimental

values for energy range 0.05 to 3 Mev.
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Fig.2. Transmission coefficient of silver as
a function of target thickness and energy

of electrons.

2.2. BACKSCATTERING

2.2.1. Backscattering Model Deduced From Transmission

Expression

The backscattered electron is a transmitted electron
with its direction towards the entering surface. Then we
can apply the same law of transmission i.e. exp =X t ;7 the
reduced depth X is the crossed thickness which is different
from the trajectory of electron in the target. :
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Fig. 4. Comparison of our model with our experimental

results (19) for Au.

In Figs. (3) and (4) a good agreement between experimental
results and the predection obtained from Equation (7) 1is

observed in the enexrgy range 0.01 to 3 MeV.

For bulk targets we compare the results obtained from
Equation (8) for C, Al, Cu, Ag and Au with the exprimental
results, (which are collected by TABATA (23}); in TFigs. (5)

and (6) which show a good agreement for a wide energy
range up to 20 MeV.



The number of backscattered electrons at the depth
X and thickness dx is given by:
P

aN = p, X °©

£ -1 T (X) dx

If the angular distribution of transmitted electrons
is the same as backscattered one, then the fraction of
backscattered electrons across the thickness dx for
second time is:

T (2X)

drR (x) = T (X)

aN

but the normalized angular distribution function

of transmitted and backscattered electron are different,

AHMED (20) and SOUM (21), which are given respectively by:
FT(e) = Cos2 8 and FR {(6') = Cos o'

Consequently, the backscattered electrons must cross a

thickness X,> X , which we proposed as:
R N
n/2
Xp é Cos 6' 2m 8in &' do'
X~ % 773 = 1.5
i) 2 .
& Cos™ © 2 « Sin ¢ 46

Then, the fraction dR at the depth X and thickness dx obey
the following relation:
P _-1

t

T (2.5X) = p X T (2.5%X) dx ... (4)

T (X)

drR (x) =

By a simple integration, we have the backscattering
coefficient as:

CRK) ==l (1o (2.5%)) ... .. . (5)

2.5t

For bulk targets we have the following expression:

1
2.5F¢
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2.2.2. Comparison With Experimental Results:

Equations (5) and (6) are simple ones like that: of
Everhart (1) and Archard (9). As Everhart died , we shall
adept our model to the experimental results. The expression

of P, is modified such that Equations (5) and (6) agree

t
well with the experimental results. Pr (modify Pt) is
given by: ‘
P, = a; . a, as
with
a, = 8.7 (z-1"F - 0.34
, (— Y
a3, = 1+ i Exp 0.19 2°
*
a (¥4 0.4 x 10716 212 y2 40.35
3 \Y
in this expression the tension V is given in volt. Then
the backscattered coefficient is given by:
R (X) = L [ 1 =T (2.5X) 1 ... ... (7)
2.5 r
R S N -
2.5"r
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Fig. 3. Comparison of our model .with our

experimental results (19) for Al.
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results (23) for C., Al and Cu.
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3. DEPTH DISTRIBUTION OF BACKSCATTERED ELECTRONS

For each backscattered electron, it is of interest
to know the depth at which it begins to return to the
entry surface of the sample, Electrons thus provide

information from different depths in the target.

AHMED (13) combined the single and multiple scattering
in a combined diffustion model. In this model the differential

backscattered coefficient is given by:

aR (y) = £, (y) } —1—1‘;2—},2— ay  eee eee(9)
where
3 =2y . _2 (1=Cos) ) is the ratio of solid angle

1-y 4
and fr (y) is the probability function of backscattered

electrons at the reduced depth y = x/r. +rrom Equation (9)
we can obtain:

2 (1~vy) dr{vy)

£ W -2yl &y

e e «ee (10)
Differentiating Equation (7) we can have:

- 4T (2.5X) )
5 B A B D

2.5 "r

dR (x)

From Equation (1) we can obtain:

Pt Pt~1
dar (2.5X) = Pt (2.5) X T(2.5X) dx ... (12)

Subestituting Equation (12) in Equation (11), and taking
the reduced depth y = x/r, then we can obtain:

t r P P, -1 2.8 vr
(=) y T (—'TX—->..(13)

drR (y) =P
t r Xy H
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The depth backscattered distribution function is given
from Equations (10} and (13) by:

P
t P P -1
_ (2.5) r."t “t (1-y) 2.5 yr
£ (y) = 2 e () Y - T( ) .o (14)
(2.5)Pr Xy (1-2y) Xy

LR T r 1 ¢ | T T T 'y
o067 0.!33 0200 0267 033 0. 0.500

Fig.7. The depth distribution Fig.8. The depth distribution

function for Al as a function of Au as a
function of normalized function of the norm-
depth y for different alized depth y for
energies. different energies.

Figs. (7) and (8) show the distribution function fr(y)
of backscattered electrons for a semi-infinite Al and Au
targets and for incident electron energies o.5 MeV, 2 MeV
and 3 MeV calculated from relation (14). In this calculation
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we used the range of electrons in matter given by (22) as:

_ nn -0.825
r (EJ)) = qC E~ (1 + YEQ) NP .o ... (15)
with -3 ’
y = 0.9785 x 10

The constants C and n are characteristic of the target -
element in qdestion and the coefficient g results from

the "normalization" of transmission curves. The energy

is expressed in KeV and the thickness in um. This rclation
Taithfully represents the experimental results of electrons
in the energy range from 0.01 to 3 MeV and for many elements

from Aluminium to Platinum.

3.1. Examination of f_(x) Results:

Our calculated results obtained from Equation (14) are
compared with, AHMED (23) Monte Carlo calculation for Al
and Au at 1 MeV in Figs. (9) (a) and (b), which are in a good

aareement.
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1.2 4 a 378pm
-] — THEORETICAL A
i 1 MONTE CARLO i pm
| ] — THEGRETICAL
08 _| 1 MeV 4 _| I MONTE CARLO
§ .
] AL ]
04 ya
- Il
l‘ J T ] ¥ I T l T T T T T T T y T l T ' T I T [ T I ] I T l ﬁ~>y
D067 013)  ©200 0267 033 000 s 0067 0133 0200 0267 Q3%  0LGO 0.5

Fig.9. Comparison of our model and our Monte Carld

calculation results obtained for normalized

\ depth distribution functions.
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Also we compare the calculated results” of Equatlon

(14} with that of Murata . (24) at 20 Kev:

(10),

part of the curves.

in Fig.

=

Examination of £

coments. First, these

we find a small dlfference

{x)- results leadg'to

curves show tha

Al.@nd:vAu,
the decaying

he foiiowing

or a given energy,

the incident electron cannot be backscatte! ed from beyond

a certain depth, hence

The thickness xr

range r/2 of the electrons, this confirﬁs,

forward by certain authors that backsc&if"

the half range.
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From Fig.

backscattered function
X, = 2.28 um and for Au = 0.32 um
with r/2 values. o

Secondly,

can thus be identified-w

(10) the normalized depth

the characteristics of thi

the notation of t;

MO MONTE CARLO

\an bulk targets.

'h:the’half—maximum

e'sﬁggQStion put
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ffj%f}is equal te

whicé”'

istribution
,quM@RATA(24).

'stulbutlon

o} for Al at

;nuaccordance

[ étributiOn

function depend on the nature of the target and the energy

of incident electrons.

—>» Xpm
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The most probable depth) of backscattered electron

xp and the average depth Xy

in pm for different atomic

numbers Z and different energies is given in Table (1).

From this table (1) for the same energy xp
become smaller as Z increase.

and x
Thus the portation of

av

single scattering in case of Al is stronger than multiple

scattering at the same energy,

thus backscattered

near the surface for heavy elements and more deeply

light elements,

Table (1)

appear

for

(approximately x/8 for Au and x/5 for Al).

X
av

angd x

different energies.

for different elements and

—

0.5 Mev 1 HMeV 2 MeV 3 Mev

*p | *av | ¥*p [*av Xp | ¥av | *p Xav
Al 135/145.4{378.5(385 [945.51953 1553|1558
Cu 30 {37.2 }80.5 |97.1[202.3236.5{3%4 |458
Ag 18 [28.2 [52.5 |73 142.8|176.5| 250 {289.5
Au 6 12.5 120 31.6147 75.5 196 123

e
The integral é fr(x) dx give the area under the

curve of fr(x), which

, this

incident energy

decreases with increasing the

area 1is proportional to the bac
backscattering coefficient R, which decreases

increasing the incident energy in practice.

also with

This area also increases with the increasing of 2,

which is also confirmed by the experimental results.
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4. CONCLUSION

In this paper, analytieal diffusien models for
transmission coeffiecient and backsecattered coefficient
as a function of atomie number ¥, thiekness of targets
and the energy of incident electrens a¥e given,; which
are in agreement with the experimental results., From
these modeles, we derived an expression for the backscattered
depth distribution funstion, whieh is examiend for
difforent elements and different energies, all these
caleulated results are in agreement with Momte Carlo
ealeulatien for different energies and elements. The
. most probable depth and avezage depth are given.

The experimental and analytiesl data presented
provide evidence that .the propesed simple analytical
models are useful in the deseription of seattering
processas in targets,
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