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Abstract 

The secondary electron emission spectroscopy 
can provide useful information about the transi
tions in the electronic structure from solids and 
deals with the detection of fine structures super
imposed on the true secondary peak, in the kine
tic energy range of the true secondary electrons. 

Several mechanisms have been proposed for 
the creation of these fine structures: diffraction 
phenomena, plasmon decay, interband transitions 
to unoccupied levels, Auger transitions and more 
recently, autoionization emission. Some features 
could not be explained as being due to any bulk 
effect and were considered as indicative of a need 
to include surface wave-matching arguments in 
the analysis of secondary electron emission spec
tra. 

The authors give a review of the recent litera
ture on the topic, including their own experience 
on the subject. 
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Introduction 

The secondary electron emission is the emis
sion of electrons from a solid as a result of the 
bombardment by a primary electron beam. Many 
important applications of this phenomenon can be 
found as for instance, scanning electron micro
scopy, Auger spectroscopy, particle multipliers. 
The secondary electron emission was discovered 
by Austin and Stark in 1902 and remained for a 
long time a rather confidential topic. Some papers 
by Farnsworth and by Copeland were published 
between 1920 and 1940 (see for instance, Farns
worth (1925, 1926, 1928) and Copeland (1933 a, 
b, 1935, 1940)). Bruining (1954) wrote a book on 
the physics and application of secondary electron 
emission. Harrower (1956) studied the Auger and 
secondary electron emissions as well as the ener
gy loss spectra from Mo and W and gave evidence 
for fine structures in each case. In the years 60-
75, Bronshtein and co-authors published many 
papers; the list is too long to be quoted here but 
we can mention for instance Bronshtein and Segal 
(1960 a,b), Bronshtein and Fraiman (1961) Bron
shtein and Denisov (1965). Theories of secondary 
electron emission from metals were developed by 
Baroody (1950), Wolff (1954), Stolz (1959), 
Streitwolf (1959), Puff (1964), Cailler (1969), Ga
nachaud ( 1977), Chung and Everhart (1977) and 
Schou (1980). Hachenberg and Brauer (1959) 
published a complete monography on the topic, 
including their own theoretical contribution. 
Sickafus (1977 a,b) studied the linearization of the 
secondary electron emission from surfaces of 
metals. Very recently, many excellent review pa
pers on the secondary electron emission were 
published, in which a great number of works 
have been quoted. For instance, Schou (1988) 
wrote a very interesting paper establishing very 
clearly the similarities but also the differences 
between proton and electron induced emission. 
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Seiler (1983, 1984) has presented experimental 
results on secondary electron emission related to 
scanning electron microscopy. Bindi et al. (1980, 
1987) and Lanteri et al. (1988) have described in 
details the main theoretical models based on the 
Boltzmann transport equation. Devooght et al. 
(1987) and Dubus et al. (1987) presented their 
original work on the age-diffusion model for low
energy electron transport in solids. 

Taking into account this abundant recent 
literature on the secondary electron emission, we 
have decided to limit our presentation to two 
features of the topic. 

The secondary electron emission spectroscopy 
deals with the detection of fine-structures super
imposed on the true secondary peak, in the kine
tic energy range of the true secondary electrons 
and can provide useful information about the 
transitions in the electronic structure from solids. 
Several mechanisms have been proposed for the 
creation of these fine structures : diffraction phe
nomena, plasmon decay, interband transitions to 
unoccupied levels, Auger transitions and more re
cently, autoionization emission. Some features 
could not be explained as being due to any bulk 
effect and were considered as indicative of a need 
to include surface wave-matching arguments in 
the analysis of secondary electron emission spec
tra. In the present paper, we give a review of the 
work devoted to the secondary electron emission 
spectroscopy, including our own experience on 
the subject 

In a second paper (these proceedings) we will 
consider the description of secondary electron 
emission by simulation models on computers. 

Basic formulas of SEE 

The basic quantity for the description of the 
secondary electron emission is the number of 
electrons emitted with energy Es in the direction 

Q
5

, per unit time and per unit area of the surface. 
Using Rosier and Brauer's terminology (198 la,b, 
1988) and neglecting spin, this is the energy and 
angle dependent current density j(Es,Q s>· This 

differential current density j(Es,Qs) is normalized 

to unit of primary electron current impinging on 
the surface. In such a definition, the primary 
electrons are supposed to have an equal energy 
EP and a given incidence angle ep· Unfortunately, 

there are only a few number of experimental re
sults on j(Es,Qs) and usually the experimental re

sults are presented under one of the following 
forms : 
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-the energy distribution 

(I) 

-the angular distribution 

(2) 

-the electron yield 

(Ep 
CJ(Ep) = J n j (Es) dE5 = 8(Ep) + T](Ep) 

0 

(3) 

where 8 is the integral of j(Es) up to the conven

tional upper limit of 50 eV and T] the integral 
from 50 eV to Ep. Typical plots of these different 
quantities are given in Fig. I. 

For a long time it was considered that the an
gular distribution followed a cosine distribution, 
that the energy distribution was a smooth curve 
characterized by the position of its maximum 
and the value of its half-height width and that 
the yields could be described by universal laws. 
We wanted to show that the reality is likely more 
complicated than this general view. 

1) Energy distributions and secondary 
electron emission spectroscopy <SES} 

The secondary electron emission spectroscopy 
can provide useful information about the transi
tions in the electronic structure from solids. Quite 
usually, it is used in relation with the electron 
energy loss spectroscopy (EELS) and the ultra
violet photoelectron spectroscopy (UPS) and deals 
with the detection of fine-structures superimpo
sed on the true secondary peak, in the kinetic 
energy range of the true secondary electrons. 

Several mechanisms have been proposed for 
the creation of these fine structures. We can 
quote 

- diffraction phenomena 
- plasmon decay 

- interband transitions to unoccupied levels 
- Auger transitions and more recently, 
- autoionization emission. 

In the present section, we shall illustrate the 
interesting aspects of SES with the help of some 
examples. 

D i(fraction phenomena 
This interpretation was given by Goto and Ishi

kawa (1972) to explain the fine structures they 
observed in the secondary energy distribution 
from a Si [111] single crystal. Diffraction effects 
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Characteristic energy loss peaks 
2 
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Fig. I a Typical energy distribution of the elec-
trons emitted from a solid target submitted to a 
bombardment by primary electrons. In the pre
sent case, the target was in copper ((111) single 
crystal) and the primary energy was of 200 eV. 
(From Roptin (1975)). 

Fig. I b : Typical angular distributions of : (A) the 
secondary ( ) and (B) the inelastically backscat
tered primary electrons (o). (C) cosine law. In the 
present case, the target was in gold and the pri
mary energy was of 200 e V. (From Cailler et al. 
( 1977)). 

a,8,Tl 

0.5 

TJ 

0 200 400 600 800 
Fig. le Typical curves for the primary energy de
pendence of the yields. (From Cailler et al. 
(1977)). 
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were also utilized by Koshikawa et al. (1973) to 
explain the structures in the cr(Ep) and Tl (Ep) 

curves obtained from a Fe (110) single crystal. 
};3ut, the same authors concluded from studies on 
secondary electron energy spectra from Fe(l 10) 
(Koshikawa et al. (1974)) that all spectra measu
red at various emission angles with a fixed angle 
of incidence were in agreement with each other 
when they were normalized to constant peak va
lue. As a consequence, the escape process of se
condary electrons were considered as being the 
same as that in a polycrystalline material. Feder 
and Pendry (1978), showed that in tungsten, the 
fine-structure in angle-resolved secondary elec
tron spectra is related to the total reflectivity in 
low-energy electron diffraction. 

Plasmon decay 
A plasmon is a quantified collective oscillation 

arising in rather free electron gases. It was des
cribed in details by Pines and Nozieres (see for 
instance Pines (1953, 1956, I 960), Nozieres and 
Pines (1958, 1959)), Raether (1965) and Ritchie 
and co-authors (see Ritchie (1957), Ritchie and 
Eldridge (1962) and for the surface plasmon: Rit
chie (1963, 1968, 1972, 1973 ), Ritchie and Maru
sak (1966) and Braundmeier et al. ( 1972), Ritchie 
et al. (1990) (these proceedings)). 

Generally speaking, two mechanisms are es
sentially the origin of bulk plasmon loss process : 
the intrinsic loss, occurs simultaneously with the 
creation of a hole in core electronic levels, the 
extrinsic loss, instead, is connected with the 
energy loss due to inelastic scattering events 
which take place on the electron way towards the 
surface. The two mechanisms give rise to loss 
structures that coincide in the spectra but can be 
distinguished by investigating on the variation in 
the normalized intensity of the first bulk loss 
structure as a function of the primary electron 
energy (see Chiarello et al. (1984) ). 

The most often quoted example for plasmon 
decay is that of aluminium. Whereas the possibi
lity of an important contribution of plasmon de
cay to the secondary electron emission was theo
retically predicted by Cailler (1969) (see Fig.2), 
the earlier experimental results were obtained in 
the mid 70's by Henrich (1973), Cailler and co
authors (Roptin (1975), Pillon et al. (1976, 1977)), 
Cailler et al. (1977), and Everhart et al. (1976). 

Our measurements were performed by using a 
four-grid hemispherical retarding-field energy 
analyzer. Because of the very high sensitivity of 
the true secondary peak from Al, to the state of 
the surface, it was necessary to perform a deep 
cleaning of the sample by a series of argon ion 
sputtering and annealing cycles. After the first 
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0.2-

0.1 

Ep in eV 

1000 2000 

Fig.2 : Aluminium : Theoretical and experimental 
results on the primary energy dependence of the 
contribution oo of the secondary electrons emit

ted from an aluminium target by penetrating 
primary electrons (From Cailler (1969)). (1) theo
retical contribution from the individual excita
tions, (2) theoretical contribution from plasmon 
decay by creation of one electron-hole pair, (3) 
theoretical contribution from plasmon decay by 
creation of one or two electron-hole pairs, (4) 
sum of curves 1 and 2, (5) sum of curves 1 and 3, 
(6) experimental results by Bronstein and Frai
man (1961). 

n(Es) 

0 51 
5.5 

6.4 

10 I Ii_ 2 
10.5 

, , 

, 
I 

, 
, 

• n'(Es) 

n(Es) 

15 Es 
ineV 

Fig. 3 : Aluminium True secondary peak n(Es) 

and derivative curve n'(Es) = dn(Es )/dEs at 

Ep=300 eV. Modulation amplitude for n(Es) : 80 
mV peak-to-peak, for dn(Es)/dEs : 1 V peak-to
peak, (from Pillon et al. (1976)). The high energy 
part of the true secondary peak can be well des
cribed by three power laws (dash-dotted curves). 
The corresponding boundary energy values are 
5.5 and 10.5 eV. 

60 

n(Es) 

I -- after ion sputtering 

2 ----- after ion sputtering 
and annealing 

270 280 290 300 Es 
in eV 

Fig. 4 : Aluminium : Energy loss spectrum at 
Ep=300 eV. Modulation amplitude : 0.2 V peak

to-peak, (from Pillon et al. (1976)). 

cycle of the cleaning process, the Auger spectrum 
was still typical of an oxidized surface, but after 
numerous cycles, an Auger spectrum characteris
tic from clean aluminium was obtained. During 
the cleaning, the width of the true secondary 
peak increased and two features (most clearly 
visible on the derivative mode spectrum) appea
red at about 10.6 and 15.4 eV above the Fermi 
level (see Fig.3). If the localization of these fea
tures was not very well resolved on the energy 
distribution n(Es), the high energy part of the 
true secondary peak could however be separated 
into three energy ranges in each of which the 
experimental curve was rather well described by 
a power law (see Fig.3). The energies of the 
boundary values of these energy ranges 
measured from the vacuum level were found 
being E 1 =5.5 eV and E2= 10.5 eV. Also, breaks in 
the slope were pointed out in the derivative 
curve by the presence of the negative peaks at E' 1 

= 6.4 eV and E' 2 = 11.2 eV. The true secondary 
peak structures were interpreted as being due to 
an emission of electrons excited from the valence 
band by an energy transfer during the decay of a 
surface or bulk plasmon. Different observations 
strengthened this interpretation, as for instance, 
the simultaneous appearance of characteristic 
plasmon energy losses in the electron energy loss 
spectrum (see Fig.4) and the close agreement 
between the experimental and the theoretical 
values of the plasmon energies. 

Similar results were obtained quite simulta
neously by Everhart et al. (1976). 
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n(Es) 

0.5 

0 

n(Es) 

0.5 

10 20 3o Es in eV 

0 IO 20 30 Es in e V 

Fig.5 : Theoretical energy distribution of the se
condary electrons emitted from noble metals 
(a) Cu, (1) Theoretical results (W=l l.leV, Ep= 

200eV, Rmin=l.4A, Ain=27 A), (2) Theoretical re
sults (W=lO.leV, Ep=200eV, Rmin=l.4A, A= 27A), 
(3) Experimental results (Scheibner and Tharpe 
(1967); 
(b) Au (1) Theoretical results (Boltzmann trans
port equation and constant mfp), (2) Theretical 
results (Boltzmann transport equation and Ritchie 
and Ashley's mfp (1965)), Experimental results 
(Rudberg (1936) (from Cailler (1969). W= EF+<D 
where EF is the Fermi level and <I> the work-func
tion of the material, Rm in is the impact parame

ter and A.in the total inelastic mean free path. 
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0.5 

n(Es) 

0 

J 

I 

(a) 

3 

' 

Be-~-~-~->< 
................. 

5 

(b) 

25 17 

270 280 

After 

10 

7.5 

290 

15 Es 
in eV 

, n(Es) 

300 Es 
in eY 

Fig.6 : Silver : (a) The true secondary peak before 
and after in-situ surface cleaning and (b) the 
energy loss spectra after cleaning. (From Cailler 
et al. 1977). 

Theoretical evaluations of the contribution of 
plasmon decay to the secondary electron emission 
were then given by Ganachaud (1977), 
Ganachaud and Cailler (1979 a,b) and by Chung 
and Everhart ( 1977). However, scattering from 
the nuclei was neglected in the paper by Chung 
and Everhart. 
lnterband transitions 

The possibility of the presence of features in 
the secondary electron peak of noble metals had 
been theoretically predicted from a comparison 
between the electron and optical transition pro
babilities by Cailler (1969) (see Fig. 5). For cop
per, similar results were obtained by Ganachaud 
and Cailler (1973) (see also Cailler and Ganachaud 
(1972)), either through a Boltzmann equation or a 
Monte-Carlo simulation method. 
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n(Es) 

0 

n(Es) 

150 

5 

(1) 

(2) 

(b) 

(a) 

10 lS Es in eV 

200 Es in eY 

Fig.7 : Gold : (a) The true secondary peak before 
and after in-situ surface cleaning and annealing 
(I) polycrystalline Au after annealing (2) poly
crystalline Au before annealing (3) [ I 001 single 
crystal and (b) the energy loss spectra after 
cleaning. (From Cailler et al. 1977). 

Experimental observations were brought in 
studies performed on graphite by Willis et al. 
(1971a, 1971b, 1974) and interpreted in terms of 
interband transitions. For noble metals, measu
rements were performed by Pattinson and Harris 
(1972) on polycrystalline silver and by Roptin 
(1975) and Cailler et al. (1977) on silver and gold 
single crystals. For single crystal silver, a fine 
structure was observed at nearly 7 .2 e V above 
the Fermi level (Fig. 6a) and was correlated with 
an electron energy loss at 7.5 eV (Fig. 6b) and 
with optical energy loss measurements. An expla
nation in terms of interband transition to unoc
cupied final states was proposed. It had been ini
tially proposed by Smith (1974), in order to ex
plain the rapid appearance of peaks in his pho
toelectronic energy distributions at growing pho
ton energy. This explanation was also in agree
ment with band structure calculations performed 
by Cooper et al. (1971), showing an horizontal 
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IS i 
I 
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II 11 
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12eV 12eV 
12eV 

24.8 
(27_4) 

25 ; 

Pt(l00) 

Pt (111) 
x2 

30 Es ineV 

~· v-v 
12eV 12eV 

Fig_8 : Secondary electron spectroscopy of plati
num surfaces (From Lang ( 1977)). (a) Secondary 
electron spectra of Pt ( 11 I) and Pt ( I 00)_ Peaks 
occur at retarding voltages YR : 1-6, 3.5, 4_5, 6.5, 
12.2 and 20.0 V. The corresponding energies 
measured with respect to the Fermi level are gi
ven in parentheses. (b) Final states for optical 
transitions (From Seignac and Robin ( 1972))_ (c) 
Secondary electron spectrum of Pt ( I 00). Evolu
tion of the fine structure of the 12 eV peak and 
growth of the 17 eV peak as a function of expo
sure to CO, in Langmuir (L) : (a) 0 L, (b) 1.6 L, (c) 
3.4 L, (cl) 5.8 L, (e) 7.2 L, (f) 9 L. 

band at 6.8 e V above the Fermi level along the 
direction XW of the Brillouin zone. For gold, a fine 
structure appeared in the secondary peak at 
about 16 e V above the Fermi level (fig. 7a) and 
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n(Es) 

0 5 10 15 Energy Es measured in e V 

n'(Es) 
,Iv,F" >he co,dodioo b,od edge 

0 
conduction 

band 
edge 

(a) Energy Es measured in e V 
above the conduction band edge 

Fig.9(a) : Secondary electron spectroscopy of BaO 
(From Thomas et al. (1978)). Secondary electron 
spectrum for BaO at a primary beam energy of 
50 eV. Peaks occur at 3.9, 5.5, 7.4 and 11.0 eV 
(secondary electron energies measured with 
respect to the conduction band edge). 

13a 
(5s) 

27.5 

0 
(2s) 

22 

I 

Ila 
(Sp) 

Eken-on energy loss (eV) 

40 30 20 

0 "' 
(2p) .3 

12.5 

0 

n'(Es) 

Electron 
energy loss 

spectrum 

Fig.9(b) : Electron energy loss spectrum of BaO. 
(From Thomas et al. (1978)). Loss peaks were 
designated according to the mechanism respon
sible. The interband transitions were indicated 
by the involved initial filled level. 

was correlated with a structure at 25 e V in the 
electron energy loss spectra (Fig.7b). We will re
turn to this question in the section devoted to the 
doubly differential angle-energy distributions. 

Lang (1977) studied the secondary electron 
emission from platinum with a four-grid retar-
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Fig.9(c) : Partial XPS spectrum of BaO and energy 
diagram for interband transitions (From Thomas 
et al. (1978)). 
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Fig.9(d) : Partial XPS spectrum 
diagram for plasmon decay 
Thomas et al. (1978)). 

\ 
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of BaO and energy 
transitions (From 

ding field analyzer and observed several peaks in 
the energy distribution. In spite of the absence of 
detailed band-structure calculations in the energy 
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range of interest, he interpreted five of these 
peaks as arising from transitions to states in the 
unoccupied f bands (Figs. 8a and 8b). A 6th one, at 
21 eV, was sensitive to the surface reconstruction 
of Pt and was considered as having an unclear 
origin. 

Lang (1977) applied also SES (Secondary elec
tron emission spectroscopy) to the characteriza
tion of adsorbate-covered Pt surfaces and to the 
determination of the amorphous or graphitic na
ture of carbon surfaces. For that, he introduced CO 
and C2H 4 in the chamber and studied the evolu
tion of the SE spectrum, during room temperature 
adsorption of these gases. He observed that some 
peaks from Pt were attenuated and that new 
features could be detected (Fig.8c). These modifi
cations brought informations on the physical ori
gin of fine structures. Lang showed that for a suf
ficiently long exposure to ethylene, the secondary 
spectrum of the Pt surface, was very similar to 
that of a pyrographite surface and he proposed to 
discriminate between graphitic and amorphous 
carbon with the help of SES. He showed also that 
the secondary electron peak, as a whole, was 
sensitive to the temperature and to the surface 
disorder. 

Thomas et al. (1978), have studied by SES, ELS 
(electron energy loss spectroscopy) and XPS (X
ray photoelectron spectroscopy) the electronic 
structure in BaO. They found that, at primary 
beam energies below 100 e V, the secondary 
electron spectrum was dominated by a peak at 
3.9 eV, whereas weaker structures were present 
at 5.5, 7.4 and I 1.0 eV (Fig 9a). The electron 
energy loss spectrum (Fig.9b) exhibited broad 
plasmon excitation peaks at 12.5 eV (surface 
plasmon excitation), 27.5 eV (one-bulk plasmon 
excitation) and 55 eV (two-bulk plasmon excita
tion) and many additional structures. In order to 
correlate the secondary electron and the electron 
energy loss spectra, the positions of the Ba(5s and 
Sp) bands and the O(2s and 2p) bands were loca
ted by XPS (see Figs. 9c or 9d). Then, the struc
tures at 5 .5 and 7.4 e V in the secondary electron 
spectrum were related to plasmon decay (see Fig. 
9d), whereas the structure at 3.9 eV was inter
preted as arising from interband transitions to a 
large peak in the density of states at about 3.8-
3.9 eV above the conduction band edge (Fig. 9c). 
This peak in the density of states was attributed 
to the unoccupied Ba(4f) states). A second peak in 
the density of states, located at 0.8 eV, was simi
larly attributed to the Ba(5d) states. Finally, Tho
mas et al. have concluded that most of seconda
ries were produced by direct excitation from the 

O(2s) and Ba(5s and Sp) levels to the unoccupied 
Ba (4f and 5d) states. 
Auli'er transitions and Fano autoionization 

emission 
These two different mechanisms show however 

some resemblance. They are both two-step me
chanisms. Auger transitions can occur in each 
atom, at the exception of the first elements of the 
Mendeleiev table. Autoionization emission was 
described by Fano and Cooper (1968) in a review 
paper on the spectral distribution of atomic oscil
lator strengths. It has been detected for instance 
in the heavy alkali metals (see Nygaard (1975)) 
and in the less-than-half full d-shell transition 
metals. In this latter case, the process was asso
ciated with the existence of important correlation 
effects in the d-bands. Indeed, such important 
correlation effects are needed to produce autoio
nization. 

A clear description of autoionization emission, 
can be found in Cornaz et al. (1987), for instance. 
For the sake of clarity, we will reproduce it in 
what follows. In the first step of both 
mechanisms (Fano and Auger emissions), a 
primary electron interacts with an atom and 
transfers a part of its energy by exciting a core 
electron of the target atom. In an Auger 
mechanism, the primary and the excited electrons 
acquire energies well above the Fermi level, so 
that the atom is left ionized. If for instance, its 
initial configuration is np 6 n dz where z is the 
occupancy number of the d-shell in the neutral 
atom, its intermediate configuration after the first 
step is np 5 n dz. In the first step of an 
autoionization process, either the excited electron 
or the primary one acquires an energy just above 
the Fermi level, so that its kinetic energy is too 
low for it to escape from the vicinity of the atom. 
In that case, the atom is in the configuration 
n p 5 n d 2 d * at the end of the first step, where the 
electron in the excited state is described by d*. 

In both cases, the atom is left excited with a 
np-hole, so that a nd electron will jump to the va
cant np state, in order for the atom to return to a 
minimum energy state. The energy in excess will 
be taken by an electron of the same nd band, 
which will be ejected from the atom. Then, for an 
Auger transition, the final state of the atom will 
be np6 nd 2

-
2 , whereas for an autoionization emis

sion, it will be np6nd 2
-

1. According to Fano, the 
detailed shape of such an excitation is determined 
by the resonant interaction between the nd 2 d * 
configurations and the continuum f levels. 

Cornaz et al. (1987) measured the SES and the 
EELS from vanadium (see Fig. 10a). In the EELS 
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Fig. lO(a) Electron energy loss and secondary 
electron spectra from vanadium (From Cornaz et 
al. (1987)). 
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Fig. I 0(b) Electron energy loss and secondary 
electron spectra from zirconium (From Erbudak 
et al. (1987) and from Aebi et al. (1987)) 

spectrum they observed two structures at 10.0 
and 21.0 eV, representing the plasmon losses. A 
peak at 32.0 eV was also detected and attributed 
to a higher-order plasmon loss. The onset of the 
3p-3d excitation appeared at an energy of 37.1 
eV which is the bottom of the 3p 112_312 core le
vels. The transition reaches its maximum at 
around 50 eV and stretches as far as 60 eV. In 
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Fig. lO(c) : Electron energy loss and secondary 
electron spectra from tantale (From Cornaz et al. 
( 1987)). 

this energy range, a fine structure was resolved 
at 41 eV in the second derivative mode. At 66.0 
eV, the dipole-forbidden 3s-3d transition (M 1) 

could be observed. To explain the origin of this 
transition, Cornaz et al. (1987) performed a calcu
lation by using an analytic function f(E), given by 
Dietz et al. (1974) to describe the Fano autoioni
zation emission (In this function, a summation is 
made over the final-state multiplets). They were 
able to show that the calculated results using the 
atomic data were in good agreement with the ex
perimental curve and, as a consequence, that the 
discrete final state multiplets interacted with the 
continuum and that the np-nd (here 3p-3d) exci
tations were of atomic character. 

In the spectrum of secondary electrons, the 
M 2,3 VY Auger emission was identified at 28.0 e V 
and the autoionization emission appeared with its 
maximum intensity at 44.5 eV and nearly stret
ched over an energy region of 20 eV. The excita
tion and emission spectra obtained from a V(l 10) 
surface were identical with those for V(I00), ex
cluding an effect of the orientation of the surface 
on the observations. 
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Fig.11 Eccentricity parameter (Jahrreiss and 
Oppel (1972)) 

Similar results were observed in other transi
tion metals (Figs. !Ob and !Oc). For instance in 
the secondary electron peak from tantalum, 
three main structures were identified at 25.2, 
34.5, and 44.3 eV. The two structures at 25.2 and 
34.5 eV were assigned to the 0 3 VY and 0 2 VY Au
ger transitions and the structure at around 44.3 
eV was interpreted as belonging to the autoioni
zation emission related to the 0 2 hole. The 0 3 hole 
autoionization emission should appear at around 
35 e V, that is in coincidence with the 0 2 VY Auger 
line. The small intensity of the autoionization 
peak indicates that the atomic character of the 
5p-5d transition is less than in the 3d and 4d 
transition metals. 

Aebi et al. (1987), Erbudak et al. (1987) and 
Palacio et al. ( 1987), proceeded to similar studies 
on Y, Zr, Nb and Mo. They studied also the effect 
on the SES and EELS spectra, of an oxidation of 
the Zr surface. For clean Zr, the dominant 
structure in the SE spectrum was the N2 ,3N 4 ,5N 4 ,5 
transition, with its maximum at 24.3 eV. The 
N 1 N 2N 4,5 and N 1 N 3N 4•5 Auger transitions could be 
resolved in the second derivative mode. The 
autoionization emission appeared between 29.0 
and 43.7 eV and the N 1N 4 ,5N 4 ,5 Auger emission 
was peaked at 47.8 eV. 

Under oxygen adsorption on the Zr surface, 
there are important modifications in the 
N2,3N 4,5N 4 ,5 , N 1N 2N 4 ,5 and N 1N 3N 4 •5 Auger transi
tions which were interpreted as resulting from an 
electron transfer from metal to oxygen reducing 
the occupancy of the Zr 4d band. On the contrary, 
no important change was reported in the energy 
and the intensity of the autoionization emission 
peak. 

2) Angular distributions 
The angular distributions of secondary elec

trons were often reported to follow typically a 
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Fig.12 : Angular distributions of the true secon
dary (i0), the inelastically backscattered primary 

(i 17) and the total (i0 ) electron beams from a gold 

(111) single crystal target. The primary energy 
was of 300 e V and the incidence angle of 20°. 
Ref. Cailler et al. (1977). 

cosine law. This question was studied by several 
authors. Jahrreiss and Oppel (1972), studied an
gular distributions of the true secondary and the 
backscattered primary electrons from thin films 
of Al and Au. Measurements were performed in 
forward and backward directions with primary 
energies in the interval 1 to 20 keV and with 
normal or oblique incidence of the primaries. In 
addition, the angular distributions of secondary 
emission from bulk samples of Al, Cu, Ag, Au, In, 
Ni, Ta and W samples were investigated. For the 
true secondary electrons they found only very 
small deviations from the cosine distribution in 
transmission as well as in backemission. An 
exemple of angular distribution is shown in their 
paper for a self-supported thin film of gold. The 
thickness of the film was of 50 nm and the pri
mary energy of 10 keV. On the contrary, for the 
backscattered primary electrons, they observed 
several characteristic differences between the 
measured curves and the cosine distribution. The 
overall shape of these distributions, drawn in a 
polar plot, were characterized by an eccentricity 
parameter x = a/b (see Fig. 11) where a is the 
length of the distribution curve in the surface 
normal direction and b the larger length of the 
same curve in a direction parallel to the surface. 
J ahrreiss and Oppel ( 1972) Oppel and Jahrreiss 
(1972) have compared angular distributions of 
secondary and backscattered primary electrons 
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Fig.13 Simulated angular distribution from 
copper (Ganachaud ( 1977)) A : True secondary, 
B : Inelastically backscattered, C : cosine law. 

from self-supported thin films as well as on poly
crystalline and single crystalline samples in AI 
and Au. Hornemann and Jahrreiss (1976), measu
red angular distributions on evaporated layers of 
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Fig.14 : Simulated angular distributions from gold 
(Ganachaud (1977)), A True secondary, B : 
Inelastically backscattered, C : cosine law. 

Ag, Sb, Ce, Pt, Au, Pb and Bi of backscattered pri
mary electrons and were able to discriminate 
between electrons which have undergone single 
and multiple scattering. Bronshtein et al. (1972) 
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Fig.15 : A complete energy distribution of the electrons emitted from a gold [111) 
single crystal, as measured with a moving Faraday cage in the (00) spot (From 
Cailler et al. (1977)). Results obtained for the electron energy loss spectrum (Cailler 
et al.(1977)), the UPS emission (Hermanson et al. (l 975)) and the band structure 
calculations (Christensen (1976)) are also shown for comparison. 

Es in eV 

reported measurements on the angular distribu
tion, for different targets, different primary 
energies and different incidence angle. Cai lier et 
al. (1977) measured with a rotating Faraday cage, 
the angular distributions of the true secondary, 
the inelastically backscattered primary electrons 
and the total emitted current. Fig. 12 shows the 
results obtained on an Au (111) single crystal 

target, for a primary energy of 300 eV and an in
cidence angle of 20°. The true secondary electron 
exhibited more or less a cosine distribution, whe
reas the inelastic backscattered primary electron 
distribution revealed strong anisotropies. These 
anisotropies were still perceptible on the total 
current, but with a clearly lower strength. 

Some angular distributions obtained for Cu and 
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Fig.16 : Emergence angle dependence of the true 
secondary peak from a gold (111] single crystal, 
as measured with a moving Faraday cage. From 
Cailler et al. (1977). 

0 5 10 15 

Au, by Ganachaud (I 977) with a Monte-Carlo si
mulation model on a computer are shown in Figs. 
13 and 14. In such models, the coherent diffrac
tion effects were not taken into account, so that 
crystalline effects could not be included. In every 
case, the angular distribution of the true seconda
ry electrons followed a cosine law. A completely 
different evolution with the primary energy was 
observed for the backscattered primary electron 
distribution. For Cu and at low energy, a high in
tensity was calculated in the normal direction to 
the surface. This anisotropy was decreasing with 
increasing primary energy. At 1 keV, the calcula
ted eccentricity (Xcal = 1. 1) was found in satisfac
tory agreement with measurement results 
(Xmeas= 1.1) by Jahrreiss and Oppel (1972). For Au 
the eccentricity was very small at 200 eV. On the 
contrary, it was high at 600 eV, but presented a 
slight decrease when the primary energy was in
creased to 1200 eV. An explanation in terms of 
relative values of the inelastic, the elastic and the 
elastic backscattering mean free paths was 
proposed. 

3) Angle-energy distributions 
An angle-energy resolved secondary electron 

distribution was measured by Cailler et al. (1977) 
with a moving Faraday cage rotating around the 
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Fig.17 Incidence angle dependence of the true 
secondary peak from a gold [ 111 l single crystal, 
as measured with a moving Faraday cage. From 
Cai lier et al. (1977). 

sample. The ambient magnetic field was compen
sated by Helmholtz coils and its residual value 
was measured with a Hall probe. The horizontal 
component was found to be of 0. 15 G and the 
vertical one of 0.3 G. A LEED diagram was taken 
for a primary energy of 127 e V and an incidence 
angle of 20°. In the (00) spot direction (the cor
responding measured emergence angle was 15°) 
the LEED diagram had an amplitude maximum. 
Its intensity was rapidly vanishing when the 
Faraday cage was rotated by a few degrees from 
its optimal value 15°). The energy distribution 
obtained in this (00) spot direction was shown to 
exhibit a very sharp fine structure at about 17 eV 
above the Fermi level (see Fig. 15). It was shown 
to be correlated with a structure at 25 e V in the 
electron energy loss spectra. A comparison with 
results of UPS measurements, obtained in a cons
tant-initial-state energy spectrum mode by Her
manson et al. (1975), was performed. In the UPS 
spectra, there were strong structures, which were 
associated with atomic transitions from occupied 
d levels located between -4.35 and -6.85 eV be
low the Fermi level, to unoccupied f-levels 
located between 14 and 18 e V above this Fermi 
level. This explanation was supported by a 
comparison with band structure calculations by 
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Christensen (1976). The similitude in the 
transition energies and in the final state energy 
levels, allowed us to consider that Hermanson's 
interpretation could be applied to our results. An 
additional proof was found in the fact that the 
structures in the UPS and SE spectra had the 
same width in energy that the f-bands. The 
apparent amplitude of this structure was clearly 
decreased when the Faraday cage was rotated 
(Fig.16). Furthermore, a second less intense 
structure (see Figs.15 and 16) could be observed 
near a kinetic energy of 5 to 6 e V, that is about 
11 eV above the Fermi level, in correspondence 
with similar observations by Hermanson et al. 
and with results of band-structure calculations. 
All these structures were shown to be 
independent of the incidence angle (Fig. 17). 

Much more detailed angle-energy distributions 
were given by Willis and Feuerbacher (1975), 
Willis et al. ( 1976, 1977), Willis and Christen
sen(l 978), Christensen and Willis (I 978, 1979). 
For instance, Willis and Christensen (1978) have 
measured angle-resolved energy-distribution of 
secondary-electron emission from (100), (110), 
and (111) tungsten surfaces by using a LEED-Au
ger 130°-sector cylindrical electrostatic analyzer 
with an angular resolution of less than 0.1 °. The 
first grid of the LEED optics was grounded in or
der to provide a hemispherical region free from 
electrostatic field around the sample. 

The magnetic fields in the scattering and ana
lyzing region were reduced below 10 mG by en
closing this region with Mumetal shells. The tar
get crystal could be rotated about an axis of its 
surface (varying polar angle 0) and about an axis 
normal to its surface (varying azimuthal angle <j>). 
The primary electron beam was incident at an 
angle of 45° to the crystal surface normal and had 
a beam-energy spread of around 0.3 eV at the 
beam energy 100 eV used in the experiments. 

Angle-resolved energy-distribution spectra of 
secondary electrons emitted normally to W crys
tal (100), (110), and (I 11) faces, were measured 
for an incidence angle of 45°. They showed 
clearly resolved minima, indicative of an energy 
gap along the three principal-symmetry lines rH 
(L'l <100>), rN (L <110>) and rP (A <111>) of the 
Brillouin zone (Fig.18). These minima extended 
from 2.5 to 4.5 eV, 0.8 to 5.4 eV, and 3.2 to 4.4 
eV, respectively. Other fine structures appeared 
in the lower secondary electron part of spectra 
obtained on the (100) face (at around 2.5, 5.0 and 
11 e V) and on the (111) face (at 3 e V). They were 
superimposed on a high intensity background and 
their width was increasing with the secondary 
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electron energy. Such fine-structures appeared to 
be absent in the case of the W(l 10) spectrum. In 
order to make a more detailed comparison with 
the theoretical density of bulk states profiles, the 
background was very roughly subtracted from 
the experimental secondary electron spectra. A 
good agreement was reached in the case of the 
(100) and (110) faces particularly at lower ener
gies. The agreement was not so good for the (111) 
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Fig.19 Angle-dependent secondary electron 
emission spectra showing the spectral intensity 
for (100), (111) and (110) tungsten surfaces and 
for given values of the emergence polar angle 0e. 
These values of the emergence angle were chosen 
in order to exhibit the anomalies P, R and S. (a) 
W(J00), 0e=l0°, (b) W(lO0), 0e=30°, (c) W(I 11), 

0e=30°, (d) W(l 10), 0e=30°. In this latter case 
there is no apparent anomaly in the angle-resol
ved SEE spectrum. From Willis and Christensen 
(1978). 

face, however even in this case, there was a good 
correlation between the theoretical band gap of 
the bulk density of states of crystals and minima 
in the secondary electron spectrum. 

The angular dependence of the SEE spectra 
from ( 100), (110), and ( 111) tungsten surfaces 
was studied as a function of the emergence polar 
angle 0e (in the range 0 to 70°) along azimuthal 

directions <)>. The experimental spectra and theo
retical bulk single-particle densities of states 
were found to show a good overall agreement. Se
condary-electron yield results might be represen
ted as the sum of two contributions, one from the 
bulk and the other from the surface. 

However, three "anomalies" were apparent in 
the angle-resolved SEE spectra (see Fig. 19) : 

1) a peak labeled P in the W(l 11) spectra 
2) a peak labeled R in the 0e=l0° W(l00) 

spectra and 
3) a peak labeled S in the 10<0 e < 7 0 ° 

W(lO0) spectra . 
These features could not be explained as being 

due to any bulk density of states contributions 
and were considered as indicative of a need to 
include surface wave-matching arguments in the 
analysis of secondary electron emission spectra 
(see Fig.20). Such a wave-matching was expected 
to affect mainly the relative intensities of the fine 
structures. 
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The feature S was identified with emission due 
to an intrinsic surface resonance effect associated 
with a band of surface states (resonances) arising 
in the surface Brillouin zone, inside the energy 
gap between the bulk states. These surface states 
(resonances) are a common feature of the W(I0O) 
surface and were also observed in the case of or
dered monolayers of adsorbate gases on this sur
face. These latter adsorbate-induced resonances 
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Fig.20 : Schematic diagrams of the mechanisms 
pro-posed by Willis and Christensen to account 
for the background emission in the band gap and 
the anomalies P, R and S in the angle-dependent 
secondary electron emission spectra from tungs
ten. (a) One-dimensional schematic illustration of 
final-state electronic wave-functions in vacuum 
and the bulk of the solid, (b) Surface resonance 
bands, (c) Surface emission (tailing of vacuum 
states), (d) Vacuum-bulk-resonance matching 
(transmission), (e) Lower -band-edge resonance 
matching 

disappeared when the adsorbate "superlattice" 
was becoming disordered, under thermal treat
ment. 

The background emission in the band gap was 
attributed to surface emission. Indeed, for ener
gies above the vacuum level, the continuum of 
plane-wave vacuum states are always able to pe
netrate a short distance into the solid. This tailing 
of the vacuum wave functions into the surface 
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region was considered as matching at every point 
in the surface unit cell the waves emitted from 
surface excited atoms and the vacuum plane 
wave states. 

The peak P was connected with an enhanced 
emission ans10g from the quantum-mechanical 
(wave-matching) properties of the transmission 
probability function T(E,k 11). Indeed, the trans
mission of current through the surface is conside
rably enhanced when the bulk emitting state has 
a group velocity which is exactly equal to that of 
the emitted electron in vacuum. Under these par
ticular conditions, the current carried by the 
Bloch waves incident on the surface is conserved 
and the transmission probability amplitude coef
ficient has a maximum value. This structure is 
particularly sensitive to surface contamination. 

Peak R at 0e=l0° from the W(IOO) face, repre
sents an example of a resonance matching effect 
called by Willis and Christensen "the lower-band
edge resonance matching". This sharp resonance 
which is the result of constructive interferences 
between component waves of comparable magni
tude exists at the extremities of energy band gaps 
on the zone boundaries. On these boundaries, the 
component plane-waves travelling in opposite di
rections combine to form standing waves. The 
standing wave associated with the lower-band
edge presents an amplitude maximum at the ou
termost atomic layer, thereby providing a local 
source of current. In contrast, the upper edge of 
the gap represents a minimum in the wave am
plitude at the surface. Surface emission arising 
from the tailing of the plane vacuum state into 
the solid could be enhanced by the lower-edge 
resonance. As a result of measurements, the P 
fine structure was effectively shown to be shar
ply peaked at the lower band edge. A similar si
tuation could exist for peak P for emission at 
0e=20° from the W(l 11) face, but it was conside

red that here the effect was less clear due to the 
simultaneous incidence of the above described 
vacuum bulk resonance matching mechanism. 
Again, these features are sensitive to surface 
perfection and contamination effects. 

Schafer et al. (1981) have measured the angu
lar resolved energy distribution of true secondary 
electrons emitted normal to a clean W (100) sur
face with a 180° spherical deflector analyzer. 
Their results obtained for an incidence angle of 
45° presented an overall agreement in the ener
getic positions of the fine structure features with 
those of Willis and Christensen (1978), but diffe
red significantly as regards the general shape of 
the true secondary peak. Indeed, contrarily to 
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Fig.21 : Electron secondary emission spectra ob
served at different emergence polar angles Se in 

the r XWK azimuth for the case of a copper 
sample covered with chlore. From Zimmer et al. 
(1984). 

those of Willis and Christensen (1978), all the 
curves obtained by Schafer et al. exhibited a ge
neral shape which was close to that obtained for 
the smooth angle-integrated energy distribution 
curve. This smooth background was 
approximated by an analytical function B(E) = 
E/[(E+<j>)(E+b)Y] with <I>= 4.55 eV, b= 2.7 eV and y = 
1.88, and the experimental data for the angular 
resolved energy distribution were divided by 
B(E). The results so obtained by Schafer et al. 
were in excellent agreement with reflection 
coefficient measurements and theoretical results 
deduced from the Feder and Pendry theory 
( 1978). 

The origin of the differences between the Willis 
and Christensen (1978) results and their own 
measurements was not discussed in details by 
Schafer et al. However, in their paper, it is stron
gly suggested that these differences could find 
their origin, at least partially, in the transmission 
functions of the analyzing systems. 

Recently, Zimmer et al. (1984) measured angle
resolved electron energy distribution curves from 
Cu(OOl) c (2x2)-Cl by photoelectron spectroscopy 



M. Cailler and J.-P. Ganachaud 

and SES. The resolution parameters were typi
cally of ± 1 ° and of 60 to 100 meV. The curves 
were taken at different polar angles e, both in the 
rxwK and the rxuL planes of the Brillouin zone of 
Cu. A peak observed at kinetic energy Ekin with 
respect to the vacuum level Ev and emission angle 
e with respect to the surface normal was associa
ted with the vacuum wave-vector component 

1/2 
k 11= sine [( 2m/t-i 1 Ekinl (4) 

whereas k.1 remained undetermined. Two fine 
structures appeared in the SES spectrum, when 
copper was covered with chlore. Zimmer et al. la
belled them A and B in the rxwK plane (cf. Fig. 
21) and C and D in the rxuL plane. Only feature B 
was observed in spectra taken from the clean 
Cu(00I) substrate. Therefore, the appearance of 
bands A, C and D had to be correlated with the 
ordered overlayer mesh. Contrarily to the other 
ones, the feature B was only very weakly disper
sed in energy. It was considered by Zimmer et al., 
as being due to direct secondary electron emis
sion from the substrate. The features A, C and D 
could not be explained as contributions from Au
ger transitions nor as a secondary electron emis
sion arising from a transition to empty chlorine
derived bands. According to Zimmer et al. ( 1984 ), 
band D could only be interpreted in terms of 
substrate band emission followed by a surface 
umklapp process induced by the adsorbate. On 
the contrary, the bands A and C might also well 
be explained by a surface resonance emission in
duced by the adsorbate. 

4) Secondary electron emission crystal 
current method {SEECC) 

This technique which is not a spectroscopic one, 
was proposed by Argile et al. (1984), to study 
metal monolayer adsorption by measuring 
changes in the secondary electron emission crys
tal current. The crystal current ic is equal to (cr-1) 

ip, where CJ is the total secondary emission coeffi
cient (including reflected primaries) and ip is the 
primary electron current. The principle of this 
type of measurement is well known and it is used 
qualitatively in scanning secondary electron 
emission spectroscopy. But, Argile et al. were the 
first to proceed to a detailed quantitative compa
rison of ic variations with Auger electron spectro
scopy (AES), LEED and work function measure
me·nts. Results obtained on Cu (111) and Cu (100) 
single-crystal substrates have shown that the ad
sorption of monolayer quantities of lead could be 
readily followed by the crystal current measure-
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ments and that the prec1s10n was higher than that 
attained by AES. They were able also to detect 
changes in adsorbed layer structures that were 
much less apparent from the AES data. 

As mentionned by Argile et al., the most ob
vious explanation for the observed variations of 
the crystal current is work function changes in 
the surface barrier during adsorption. Argile et al. 
have shown that changes in yield are not neces
sarily related to work function changes. For ins
tance, for the (I 11) face, the most significant dif
ference is observed when the monolayer 
coverage is exceeded. Indeed, in that case, the 
work function attains a plateau whereas the 
crystal current decreases sharply. For the (100) 
face, a sharp maximum in the crystal current 
followed by a drop was observed for a coverage 
of 2/3, which could not be correlated with any 
variations in the other measurements. 

Argile et al. have shown that these changes in 
the crystal current should be correlated with 
structural changes in the ad-layer. The crystalli
nity of the surface layers may have an influence 
through electron scattering and diffraction at 
different stages: the partial reflection of the pri
mary beam, the penetration of the absorbed pri
mary beam, and the creation and emergence of 
the secondaries. For example, enhanced surface 
ionization could occur due to scattering of the 
primary beam along the surface. This suggestion 
was based on observations of "resonance effects" 
in Auger emission (enhancement of the emission 
from the surface for certain energies of the inci
dent beam). 
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Discussion with Reviewers 

J. Schou : From your calculations as well as the 
experiments by Jahrreiss and Oppel (1972) and 
Oppel and Jahrreiss (1972) one notes that the an
gular distribution of the emitted (true) seconda
ries is a cosine distribution. This is striking com
pared with neutral particle emission, i.e. sputte
ring, for which the cosine distribution is the ex
ception rather than the rule (Lam, these procee
dings). I suppose that you agree in the statement 
that the cosine distribution for the electrons is a 
consequence of the isotropic internal distribution 
of electrons (Hachenberg and Brauer (1959), Ros
ier and Brauer ( 1981 ), Schou (1980) and Gana
chaud and Cailler (1979b). Do your simulations 
show any significant deviations from the cosine 
distribution (or the internal isotropic distribution) 
at low energies, e.g. below primary energies of 
100 eV? Are there any deviations for the secon
daries that are generated directly by the backs
cattered electrons ? 

Authors : In Al, our calculations indicate that 
the true secondary electrons have a nearly cosine 
distribution even for energies as low as 100 eV 
(Ganachaud and Cailler (1979b). These theoretical 
results are in good agreement with the experi
mentally observed distributions which, unfortu
nately, are the most often measured at high pri
mary electron energies. For the backscattered 
electrons, the angular distribution depends 
strongly on the primary energy so that for an 
energy less than 100 e V, the eccentricity parame
ter x introduced by Jahrreiss and Oppel can reach 
values as high as 2. Again, a quantitative compa
rison with experimental results is unfortunately 
not directly possible in the absence of measure
ments in this energy domain. However, according 
to Jahrreiss and Oppel the variation of x with res
pect to the primary energy should be somewhat 
universal and it was shown by Hornemann and 
Jahrreiss (Vakuum Technik,25,(1976) p.99) that 
there is a maximum in the eccentricity vs. pri
mary energy curve. A similar observation was 
performed by Ganachaud (1977) in a theoretical 
simulation of the secondary electron emission 
from gold. 

The origin of the cosine distribution for the 
true secondary electrons has never been comple
tely determined, however valuable work on this 
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topic can be found in Ganachaud's thesis (I 977) 
or in papers quoted in the question. From this 
work it can be thought that the external cosine 
distribution is the result of an internal isotropic 
distribution near the surface and of the surface 
transmission effect. A description of the escape 
function for the L23 VY Auger electrons was also 
given by Cailler and co-workers (see for instance, 
Cailler, Barzine and Ganachaud, Surface Sci. 154 
(1985), p.548). Whatever the interest of these 
different studies is, a more complete description 
of the secondary electron escape function has to 
be undertaken. A very complete description 
should take into account the directional effects 
inside the target as well as the transmission 
function dependence on the surface roughness 
and the quantum mechanical effects. 

J. Schou : Could you explain why the spec
trum for Al2 0 3 is much narrower than for pure 
aluminium? 

Authors : The width of the secondary peak is 
a very used parameter for the characterization of 
the secondary electron peak but in no way, the 
only important characteristic. In fact, a secondary 
electron peak should be described in true ampli
tude and not only with a maximum height nor
malized to a unit value. If so, it could be verified 
in some cases that differences in the shape of the 
secondary electron peak could result principally 
from a decrease in the height of the peak and 
from a shift in the location of the zero of energy. 
An example of this was obtained on gold samples 
(CaillerM, Pillon J, Roptin D, Ganachaud JP, Mignot 
H and Dejardin-Horgues C. "Contribution experi
mentale et theorique a l'etude de !'emission elec
tronique secondaire, Contrat ATP CNRS n°1996, 
1977). For Al samples it was experimentally 
found that the height of the secondary electron 
peak for the oxidized target was much larger than 
for sputtered specimen and that there was a shift 
in the location of the zero of energy. This should 
be connected with the fact that the Al2 0 3 layer is 
a rather thick insulator layer. Unfortunately, no 
experimental proof of the differences in ampli
tude can be shown at the present time. A second 
explanation is to be looked for in the contribu
tions to the secondary electron emission of the 
bulk and the surface plasmon damping. Indeed, 
for sputtered Al, the plasmon damping mecha
nisms bring a very important contribution to the 
secondary electron emission (very roughly 50%) 
and because of the plasmon energies, they de
termine for the essential, the width of the true 
secondary peak. The shoulders in the shape of the 
secondary electron peak can appear rather weak 



Secondary Electron Emission from Solids. I. 

but in fact, they are only "the emerged part of the 
iceberg". The secondary electron emission from 
the oxidized target is higher than that from the 
sputtered specimen but apparently does not ex
hibit plasmon damping contributions. 

J. Schou : What is the main reason for the fast 
decrease of the electron spectra at the high 
energy side (Figs. 3 and 5-7)? Do the authors 
agree in the statement that decrease is primarily 
caused by the strongly increasing stopping power 
for the low-energy electrons (comp. Schou 
(1980)), or in analogy with this, a strongly redu
ced mean-free-path for the emerging electrons in 
the solid with increasing energy (compare Fig.2 in 
Ganachaud and Cailler (l 979a))? 

Authors : This is probably the good answer. 
R. Bindi : Could you say something about the 

suitable orientations in experimental 
observations and theoretical description of 
secondary electron emission? 

Au tho rs : Different complementary orienta
tions seem to be interesting. The first one is con
nected with an extension of theoretical models to 
materials other than Al in order to simulate the 
final-state effects. From this point of view, the 
introduction of autoionization emission has to be 
performed. A second orientation is the study of 
insulators. A third one is the study of surface ef
fects (transmission function, source function, etc.) 
on the secondary electron emission properties. Fi
nally, a study of the secondary electron emission 
of materials covered with a thin film could bring 
informations on the absolute values of the mean 
free paths. It should also be interesting to study 
the effects of the interface roughness and, for 
instance, to explore if there is a relation between 
the secondary electron emission properties of the 
samples and the adhesion strength of the coating 
on its substrate. 

79 

M. Kotera : Can you evaluate the influence of 
the autoionization process including Auger effect 
on the total amount of secondary generation in 
the specimen? 

Authors : At time, no theoretical study of the 
autoionization emission contribution to secondary 
electron emission was performed. As mentionned 
above, it should be an interesting orientation for 
future works. 

P. Nordlander : How different is the secon
dary emission induced under similar energy 
bombardment using ions, electrons or X-rays? 

Authors : Concerning the transport of the 
electrons which have been excited in the solid by 
electrons, by ions or by X-rays, the situations are 
very similar. On the contrary, some striking diffe
rences can occur in the excitation processes. A 
very interesting review paper on the comparison 
between the secondary electron emission from 
solids induced by electron and ion bombardment 
was written by Schou ( I 980), in which the inte
rested reader will find many detailed informa
tions. As indicated by Schou, the basic interaction 
between a primary electron or a proton and the 
target electrons are similar. However, there are 
some differences, for instance, when a light par
ticle like an electron interacts elastically with an 
ion in the solid, it can experience large backscat
tering effects. This is not the case when the inci
dent particle is an ion, so that, for instance, there 
is no backscattered proton beam at sufficiently 
high energies of the primary beam. Therefore, in 
that case, and contrarily to the secondary electron 
emission induced by electron bombardment, all 
the secondary electrons are created by the pene
trating proton beam. ln spite of these differences 
and as reported by Schou, the energy distribution 
of the emitted secondaries obtained in both cases 
are fairly similar. 

The situation is complex for heavier ions be
cause of the possibility of modification in the tar
get (knock-on effects for instance) or in the pri
mary ion charge state. 
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