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The angular distributions of secondary electrons (including Auger elec-
trons) of different encrgies emitted from polycrystalline silver bombarded
with primary electrons (Ep = 1000 and 2500 eV) were measured with a RFA
analyzer equipped with an additional collector (acceptance angle = 4°). Ad-
ditionally, the angular distributions of primary electrons of different ener-
gies elastically backscattiered from the same sample were also investigated
by means of a specially constructed rotable RFA analyzer equipped with a
channeltron. The results obtained show the cosine distribution of secondary
and Auger electrons emitted as shown previously in the literature. The an-
gular distributions of electrons backscattered elastically depend on electron
energy and are in good agreement with theoretical calculations (Monte Carlo
simulation of primary electrons trajectories in solids) proposed by Jabloiski.

PACS numbers: 79.20.Hx, 79.20.Fv, 34.80.Bm

1. Introduction

The information about the shape of the angular distribution of secondary
electrons emitted from a given sample bombarded with primary electrons can be
important for the calculations of the total current of electrons emitted. Such prob-
lem appeared among others in our previous paper [1] where the so-called backscat-
tering factor (an important factor for quantitative Auger and X-ray microanalysis)
was determined for noble metals and their alloys. The calculations of total electron
current (emitted in the range of angles 0°~90° in respect to surface normal) were
done in Ref. [1] based on the measurements of secondary electron energy distribu-
tion N(E) = f(E) measured with an RFA analyzer and the assumption of a cosine
distribution of secondary electrons independent on the electron energy as proposed
by Gerlach and Ducharme [2]. However, other authors have reported different re-
sults concerning the angular distributions of secondary electrons. For example in
the papers of Jonker [3], Bruining [4] and Kanter [5] the same cosine character of
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secondary electron angular distribution was reported and additionally the inverse
proportionality of secondary electron yield to the incidence angle of the primaries
was found. However, in the papers of Pendry [6] and Aberdam et al. [7] the cosine
square distribution was predicted theoretically for Auger electrons. Shimizu and
Ichimura [8] have found once more the cosine distribution of secondary electrons
based on Monte Carlo simulation of electron trajectories in the solids, but the
experimental results obtained by Oguri et al. [9] for Auger electrons (Cu-My3sVV
Auger lme) and secondary electrons (E ~ 10-eV, E, = 300 eV) show neither cosine
nor cosine square distribution. It seems that the problem needs some more inves-
tigations, and this was the reason for us to measure the angular distributions of
secondary electrons (E'= 50, 100 and 400 eV) and also Auger electrons (Ag-M NN
Auger line, E, = 2500 eV) emitted from polycrystalline silver. Another problem
is connected with angular distributions of electrons backscattered elastically. In
1985 Jabloniski [10] proposed a new method for the experimental determination of
the inelastic mean free path value of electrons in solids. This method is based on
the measurements and theoretical calculations of the so-called coefficient of elastic
backscattering of electrons in the solid — 7. This coeflicient is defined as shown
below
Ne = el/ Ip, ' (1)

where I is the current of electrons backscattered elastically, I, — primary electron
beam current.

It is clear that the 5. value for a given clement and electron energy can be
easily measured by means of any electron energy analyzer because I is simply
proportional to the area under the so-called elastic peak recorded in secondary
electron energy distribution N(E) = f(F).

The theoretical calculations of this coefficient are performed using the Monte
Carlo simulation of primary electron trajectory in the solid. The computer random-
izes a path of a single electron between successive elastic collisions and azimuthal
and polar angles of each elastic scattering. These operations are repeated until an
electron leaves the solid and in such a case its contribution to the total current of
electrons backscattered elastically — dI. is calculated in the following way:

dle; = exp{(— Z 2i) /A, (2)

where }°; z; is the total path of an electron in the solid, A — the assumed value of
the inelastic mean free path (if the total path of an electron is higher than about
11 x A dIg = 0).

The result of such calculations is obtained in the form of a histogram as
typically shown in Fig. 1. The parameters of a histogram are: the assumed A value
and the values of differential cross-sections for elastic scattering of an electron
— (do/df2)s (0 is a scattering polar angle) which must be known. In several
papers (see for example [11, 12]) values of (do/d2)s were calculated theoretically,
however, only for electron scattering on single atoms. The experimental X value is
obtained from the comparison of 7. measured and calculated theoretically:

7e[measured] = 7.(A)[calculated).
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Fig. 1.  The typical result of theoretical calculations of the current of electrons elasti-
cally backscattered.

The accuracy of the method presented (more in detail it is described in [10, 13, 14])
depends on the accuracy of the do/df2 calculations because the shape of a his-
togram presented typically in Fig. 1 depends on the shape of (do/df2)y = f(B)
dependence. So, in order to verify the method of A determination proposed in
Ref. [10] the measurements of the angular distribution of the current of electrons
backscattered elastically should be performed and compared with the histogram
calculated. Such verification was presented by Jabloniski et al. [12], however for two
elements only (Pd and Si) and a few experimental points. In our previous papers
(13, 14] we have determined X values for Ag and Cu. Here we present the results
of angular measurements of the current of electrons elastically backscattered from
polycrystalline silver performed for three values of primary electron energy (250,
500 and 1000 eV) in the range of emission angles 24°-90° in respect to the surface
normal.

2. Experimental

All the measurements of angular distributions were performed for polycrys-
talline silver of high purity (99.99%). The sample surface was cleaned by in situ
heating close to the melting point and the purity was controlled by AES (Auger
Electron Spectroscopy). The pressure of rest gases was equal to about 2 x 10~2 Pa.
Two different experimental techniques were used for the measurements of angular
distributions of secondary electrons and electlons backscattered elastically. Both
of them are described below.

2.1. Secondary (also Auger) electron angular distribution measurements

For these measurements a small hole (6 x 6 mm) was cut in the collector
of the typical 4-grid Retarding Field Analyzer (RFA) and an additional collector
was mounted behind it as shown in Fig. 2. This way a new, small RFA analyzer
was obtained with an acceptance angle equal to 4°. The sample could be rotated
in front of this analyzer by means of a rotable manipulator. From the first. view
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Fig. 2. The system with small collector in RFA analyzer.

this method seems to be not appropriate because while rotating the sample also
. the incidence angle of the primary electron beam is changed (as it is visible in
Fig. 2 an electron gun is mounted along the axis of RFA optics). It is possible
to find however a simple solution of this problem which is presented in Fig. 3.
Let us locate the sample in front of the small collector and next rotate it with

ELECTRON
GUN

Fig. 3. The experimental procedure for elimination of the influence of the incidence
angle on the secondary electron emission.

the same angle a. left and right with respect to the small collector axis. The
measured signal of secondary electrons (or Auger electrons) should be identical for
such two sample positions, provided that an incidence angle is the same, because
the emission angles are the same (in respect to the sample surface normal) and the
sample is polycrystalline. In our measurements these two signals are not identical
because the incidence angles are not equal to each other in'such two positions.
So, the difference between these two signals reflects the signal dependence on the
incidence angle. If one measures such pairs of signals for several values of ae one
may try to find the form of the signal dependence on the incidence angle with
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quite good accuracy. If this form is known all the measured intensities can be
normalized to the same value of the incidence angle. So, the signal dependence on
the emission angle can be obtained this way. A typical experimental example of
this procedure will be shown in Section 4.

2.2. The measurement of angular distributions
of electrons elastically backscaltered

The simple procedure of the angular measurements described above could
not be used in the case of electrons backscattered elastically because the supposed
dependence of the current of these electrons on the incidence angle (connected
to some extend with the shape of do/df2 on 6 dependence) seems to be rather
complicated. For that reason we have built a small RFA analyzer located on the
sample manipulator. The applied system of bearings made possible rotations of
this analyzer in the range of angles 0°-135° with respect to the sample surface
normal. Additionally, the sample could also be rotated in front of the electron gun
from 0° to 60° measured with respect to the electron gun axis, and this is shown
in Fig. 4. Due to the analyzer size for the normal incidence of the primary electron
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Fig. 4. The scheme of the system with small RFA analyzer.

beam the measurements were possible starting from the emission angle equal to
239 Instead of the typical collector this analyzer was equipped with a channeltron
and its acceptance angle was equal to 3°.

3. Data acquisition

The emitted current of secondary electrons of given energy — eV; was record-
ed in the small collector (see Fig. 2) by applying the constant retarding potential
(~V) to the grids of RFA analyzer together with a small modulation voltage equal
t0 0.56 Vpp in all measurements. The whole system was operating in N (E) = f(E)
mode and the signal recorded by lock-in nanovoltmeter was taken as a measure for
the current of secondary electrons emitted. For a given V; value (i.e. given energy
of secondary electrons) the sample was rotated in front of the small collector in
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Fig. 5. The typical record of the Ag Auger peak: a) as recorded; b) record after
smoothing and background calculations; ¢) after background subtraction.
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Fig. 6. The typical record of the elastic peak: a) the record; b) after background
subtraction.

the range of angles 0°-66° left and 0°-88° right with respect to the small collector
axis. Such measurements were performed for secondary electron energies equal to
50, 100 and 400 eV and two values of primary electron energy — 1000 and 2500 eV.
The intensities of the Auger (Ag-M2 3Ny 5Ny 5 line) signal was also measured in
N(E) = f(F) operating mode for E, = 2500 eV, I, = 20 pA and U = 8.4 Vj,.
A typical record is shown in Fig. 5a. In Fig. 5b the same signal is presented after
smoothing (cubic spline) and background calculation (Shirley method). The height
of the peak shown in Fig. 5¢ (after background subtraction) was taken as a measure
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of Auger electron current.

As a measure of the current of electrons backscattered elastically the height
of the elastic peak recorded in N(E) = f(E) mode by means of the small rotatable
RFA analyzer was taken. A typical record of this peak obtained for E, = 505 eV
is shown in Fig. 6. As it is visible the resolution of this analyzer is equal to about
0.32%. The modulation voltage in these measurements was equal to 0.4 V.

4. Results and discussion

The most important problem in the first part of our measurements was to
find the form of the dependence of the measured secondary and Auger signals on
the primary beam incidence angle. As it was described in Section 2.1 for each
a. angle (see Fig. 2) two signals were measured with different incidence angles
o; — a} = 22° + &, and o = 22° — .. The values of these signals recorded for a
secondary electron energy of 50 eV, a primary energy E, = 2500 eV and for three
a. values are shown below (I — intensity):

Qe «; I [arb. units]
37° 0.1156
15°
00976
o
e 3 o
12° 0.1102
o2 0.134
17° 0.1181

Based on such measurements for 10 or 12 «. values for different energies of sec-
ondary electrons (also for Auger electrons) we found that the signals measured
for a given a. become equal to each other with an accuracy of about 5%, if their
intensities are multiplied by the cosine of the incidence angle. An example is given
below:

Qe a; I [arb. units] I x cosa;
150 37° 0.1156 0.0923
7 0.0976 0.0929
10° 320 0.1321 0.1120
12° 0.1102 0.1078
50 27° 0.1341 0.1197
17° 0.1181 0.1130

It simply means that both secondary and Auger yields are inversely proportional
to the cosine of the incidence angle. So, the multiplication of a given signal by the
cosine of the incidence angle gives the signal normalization to the incidence angle
of 0° with respect to the surface normal according to the equation given below:
I1 (0e, o} )eos of = In(re, a7 )cos o? = I3(ce, af)cos af = Ip(@e)  if a;=0°.(3)
The real angular distributions of Auger and secondary electrons emissions obtained

in the above way are presented in Figs. 7-9. As it is visible all of them are of the
cosine-type. ‘ ~
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Fig. 7. Angular distribution of Auger electron emission; (o — experimental results,
solid and dashed lines — cosine and cosine square distribution, respectively); Jo — mean
value of (I* cos a¥/ cos of).
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Fig. 8. Angular distribution of secondary electron emission — Ep = 1000 eV; (0 —

experimental results, solid and dashed lines — cosine and cosine square distribution,
respectively); Jo — mean value of (I* cos a¥/ cos af).
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Fig. 9. Angular distribution of secondary electron emission — Ep = 2500 eV; (0 —
experimental results, solid and dashed lines — cosine and cosine square distribution,
respectively); Ip — mean value of (I* cos a/ cos a¥).
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Fig. 10.  Angular distribution of electrons backscattered elastically, Ep = 250 eV; I(43
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" In Figs. 10-12 the angular distributions of electrons backscattered elasti-
ca}ly measured with the small rotable RFA analyzer are shown for three values of
primary electron energy. The solid line in each figure represents the elastic cur-
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Fig. 11.  Angular distribution of electrons backscattered elastically, E, =500eV; 1(43)
— I value for a. = 43°.

Fig. 12.  Angular distribution of electrons backscattered elastically, E, = 1000 eV;
I(43) — I value for a. = 43°.

rent calculated theoretically (Monte Carlo simulation) where the (do/d$2)s values
were taken from the paper of Fink and Ingram [11]. As one can see in Fig. 10
(Ep = 250 eV) the agreement between theoretical calculations and the measure-
ments is quite good. For higher energies of primary electrons some discrepancies
are observed. For these energies two histograms were calculated for different as-
sumed X values (solid and dashed lines in Figs. 11 and 12). The results obtained
for higher A’s (dashed lines) were normalized to the I(43°) value obtained for
lower \’s to show the increase of the elastic current calculated theoretically with
the increase of X\. As one can see the increase of A in calculations gives a better
agreement between theory and experiment for lower emission angles; however, in
such a case the difference for higher angles increases. This suggests that the values
of (do/df2)s are not quite correct for higher electron energies.

5. Conclusions

The presented results show the cosine-type angular distribution both for
Auger and secondary electron emission independent on secondary electron energy.
In addition, the intensities of these emissions are inversely related to the cosine of
the incidence angle of the primary electron beam.
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The angular distribution of electrons backscattered elastically depends on
electron energy. The good agreement between intensities of elastic current mea-
sured experimentally and calculated suggests the correctness of the Monte Carlo
algorithm proposed by Jablonski [10] for A determination.
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