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Electron Beam Interactions With Solids (Pp. 33-42)
SEM, Inc., AMF O’Hare (Chicago), IL 60666, U.S.A.

SECONDARY ELECTRON EMISSION

Hellmut Seiler

University Hohenheim, Institut fir Physik
Garbenstr. 30, D-7000 Stuttgart 70
West Germany
Phone: 0711/4501/2150

ABSTRACT

The paper surveys experimental and theoretical work on
secondary electrons released by primary electrons with ener-
gies greater than 100 eV with regard to electron microscopy
and microanalysis. The secondary electron emission is a
rather complex phenomenon: 1) The interaction of energetic
primary electrons with material and the excitation of elec-
trons of the solid into higher energetic states, 2) The trans-
port of the electrons to the solid-vacuum interface, 3) The
emission of secondary electrons over the surface barrier into
the vacuum.

For the interpretation of scanning electron micrographs
especially the secondary electron yield is important, the es-
cape depth of the secondary electrons and the contribution
of the backscattered electrons to the yield. The yield depends
on the material of the surface and on the angle of incidence.
The investigation of the fine structure in the energy distribu-
tion of the secondary electrons released on clean surfaces is
necessary for the theories, e.g. the production of secondary
electrons by plasmon decay.

Keywords: Secondary electron emission by primary elec-
trons, secondary electron yield of metals and insulators,
escape depth of the secondary electrons, contribution of
backscattered electrons to the yield, recent theoretical work
on secondary electron emission, retarding field analyzer
(RFA), angle resolved secondary electron spectrometer
(ARSES), cylindrical mirror analyzer (CMA).
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INTRODUCTION

Secondary electron emission (SEE) discovered in 1902 by
Austin and Starke, is the process by which electrons are emit-
ted from the surface of a solid as a result of its bombardment
by fast primary electrons (PE).

Fig. 1 shows schematically the energy distribution of these
electrons released by fast PE with energies Epp>100 eV.
According to their energy the electrons can be divided in two
groups:

1) Electrons with energies E <50 eV: Secondary Electrons
(SE); 2) Electrons with energies 50 eV <E <Epp: Inelastical-
ly or elastically backscattered electrons or reflected electrons
(RE).

According to the two groups we can define

1) SE-yield 6 = number of SE/number of PE
2) Backscattering coefficient » = number of RE/num-
ber of PE and also a total yield ¢ = 6 + 7.

Using PE with Epp = 2 keV we get on metal surfaces
0.3, Auger yield =
1073, npge = number of elastically reflect-
ed electrons per PE = 0.03. Fig. 1b shows the energy distri-
bution of electrons released from a Ta-surface by electron
impact of 1000 eV. The peak of the ERE is also to be seen if
Epg = 25 keV (Bauer, 1979).

SEE is a complex phenomenon involving interactions be-
tween energetic electrons and a solid, electron transport and
surface physics. The PE may be scattered elastically. These
ERE are used for the investigation of crystal structure in
LEED and HEED (Low resp. High Energy Electron Diffrac-
tion). The PE may be scattered inelastically and undergo
characteristic energy losses. These can be divided into 4 cate-
gories (Ertl and Kiippers, 1974):

1) Excitation of core electrons, if the energy of the PE is
sufficient to ionize the atom by exciting one core electron to
an unfilled state above the Fermi level.

2) One electron excitations of valence electrons. An elec-
tron in the valence band may be excited to a higher level of
the same band (intraband transition) or into another energy
band (interband transition). The energy losses of the PE are
typically of the order 3 — 20 eV.

3) Collective excitation of valence electrons (Plasmon
Losses). The theory of plasmon excitation has been devel-
oped by Bohm and Pines (1952, 1953). The frequency w, of

number of Auger electrons per
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Fig. 1a Schematic energy distribution of electrons emitted
from a surface as a result of its bombardment by fast
electrons.

Fig. 1b The energy distribution of electrons emitted from a
Ta-surface. Epp = 1 keV.

LIST OF SYMBOLS

SE = Secondary electron

SEE = Secondary electron emission

PE = Primary electron

E = Energy

RE = Reflected or backscattered electron
ERE = Elastically RE

) = Secondary electron yield

n = Backscattering coefficient

g = Total yield = 6 + 73

w = Volume plasmon frequency

W = Surface plasmon frequency

n, = Electron density

m,e = Mass, charge of electron

€ = Permittivity of vacuum

€n = Dielectric constant

A = Mean escape depth of SE

EJt = Most probable energy of SE

HW = Half width of energy distribution of SE

6Mm = Maximum of SE-yield

E. = Energy of PE where & reaches its maximum

J = Ionization energy

T = Maximal escape depth of SE = 5\

IMFP = Inelastic mean free path of monoenergetic elec-
trons

d = Angle of incidence of PE against surface normal

6pg = Number of SE released per PE

oge = Number of SE released per RE

B = Ope/ Opg

D = Information depth in SEM

¢ = Energy to produce one SE

B = Constant < 1

[ = Density

E, = Ew/ER

¢ = Work function
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the volume plasma oscillation of an electron gas is given by

o = n, e?

H m ¢,
n, = density of the electrons
m = mass of the electron
e = charge of the electron
€, = permittivity of vacuum

The theory of surface plasmons was developed by Ritchie
(1957).

ws=wp/Vl+eD

e, = dielectric constant of the medium outside
the solid

The excitation of surface plasmons depends strongly on
thin adsorbed layers on the surface. Without adsorbed layers

wg = wp/\/#ZV

The energy losses of the PE are between S and 60 eV.

4) Excitation of surface vibrations (Phonons). These
energy losses are very small, in the range of some 100 meV
and cannot be detected with normal spectrometers in reflec-
tion (Froitzheim 1977). In transmission they were detected by
Boersch et al. 1969.

The electrons which have suffered characteristic energy
losses can be distinguished from the other features in the
energy distribution curve (Fig. 1a) by changing the energy of
the PE. They have a constant energy difference with respect
to Epg. Auger electrons and SE have fixed energies and only

the shapes and the heights of the various peaks may change
on variation of Epp.

In the elementary theory of SEE developed by Salow
(1940) and Bruining (1954) and others, the SE-yield 6 as a
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function of primary energy Epp can be written in the fol-
lowing form:

6 = [ n(x, Epp) f(x) dx (1

n (x, Epg) is the number of SE produced at a distance x from
the surface by a PE with the energy Epy.

f(x) = B e ~*Ns the probability that a SE originating from
the depth x reaches the surface and is emitted into the
vacuum.

B is a coefficient which takes into account that only a frac-
tion of the excited electrons migrates towards the surface,
reaches the surface and passes over the surface barrier into
the vacuum.

\ is the mean escape depth of the SE.

The SEE has been reviewed by several authors: Bruining
(1954), Kollath (1956), Dekker (1958), Hachenberg and
Brauer (1959),Streitwolf (1959), Whetten (1961), Puff (1964),
Bronstein and Fryman (1969). But recently there has been a
lot of new experimental or theoretical work in this field:
Kanter (1961), Jahrreiss (1965), Wittry (1965), Mayer and
Holzl (1966), Seiler (1967, 1968), Appelt (1968), Simon and
William (1968), Seah (1969), Drescher et al. (1970), Shimizu
and Murata (1971), Kanaya and Kawakatsu (1972), Murata
(1973), Shimizu (1974), Fitting (1974, 1976, 1980), Willis and
Feuerbach (1975), Voreades (1976), Pillon et al. (1976),
Chung and Everhart (1977), Reimer and Drescher (1977),
Kanaya and Ono (1978), Alig and Bloom (1978), Ono and
Kanaya (1979), Ganachaud and Cailler (1979), Chase et al.
(1980), Rosler and Brauer (1981), Cailler et al. (1981).

EXPERIMENTAL METHODS FOR MEASURING SEE

Fig. 2 shows different analyzers and electron microscopes
for measuring SEE.

1. Retarding Field Analyzer (RFA)

This analyzer is normally used for determining the crystal
structure of the outermost layer of single crystals by Low
Energy Electron Diffraction (LEED) and for material
analysis by Auger Electron Spectroscopy (AES). By sweeping
the potential of the retarding grid the energy distribution of
the emitted electrons can be measured independent of their
emission direction. With the collector, o and » can be deter-
mined and hence the yield 6 = ¢ — 5. This RFA can be very
simply built into ultra high vacuum systems so that SEE can
be measured on clean surfaces.

2. Angle Resolved-SE-Spectrometer (ARSES)

With a revolving Faraday cup, combined with a retarding
field, it is possible to measure the energy-angle-distribution
of SE.

3. Cylindrical Mirror Analyzer (CMA)

By sweeping the potential of the outer cylinder, electrons
of a certain energy are focused on the detector. This CMA is
mostly used for AES because of its high S/N-ratio. In the
energy spectrum the SE can be seen, but the CMA is not well
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Fig. 2 Various analyzers and electron microscopes for mea-
suring SEE.

suited for exact measurements of SE-yield. The take-off-
angle is only 42 +6° and the electrons are mostly registered
by a multiplier, the characteristics of which may influence
the number of measured SE.

4. Scanning Electron Microscope (SEM)

The number of SE which reach the detector per object
point gives the SE-signal. This signal is influenced by SE
released by RE at the wall of the microscope. Furthermore
most SEM’s do not use ultra high vacuum, so that the surface
of the objects are contaminated. Hence it is sometimes diffi-
cult to use results of SEE for the interpretation of image-
contrast in a SEM.

5. Emission Electron Microscope (EEM)

Normally in EEM the electrons are released by photoemis-
sion or ion impact, but it is also possible to use a PE-beam to
release SE. These SE are accelerated by an electric field, fo-




Fig. 3 Energy distribution E-N(E) of SE and of RE (near
ERE) of an oxidized Al-surface (-a-) and of a clean Al
surface (-b-) (Bauer and Seiler, 1982). On the clean Al
surface the volume plasma (AE = 15 eV) and the sur-
face plasma loss (AE = 10.6 eV) are to be seen. E, . =
0.5 keV.

cussed by a cathode lens and the object is imaged on a screen.
By using an aperture in the focal plane of the cathode lens it
is possible to separate the SE from the RE. In an ultra high
vacuum EEM it is possible to use the information on SEE for
the interpretation of the image contrast. EEM’s are rather
rare, because they allow only imaging of plane surfaces.

EXPERIMENTAL DATA ON SEE

1. Energy distribution of SE

The energy distribution of SE, released by fast PE (Epg>
100 eV) is nearly independent of the energy of the PE, and is
characterized by the most probable energy Egi; and the half
width (HW). Eg;. is difficult to measure. Generally 0 eV is
chosen at the intersection of the steep linear increase with the
energy axes. In a correct description the energy Egp should
be measured above the Fermi energy. Eg: and HW both
depend on the material of the surface. HW is smaller for in-
sulators than for metals and especially the HW depends
strongly on very thin layers on the surface (Dietrich and
Seiler, 1960). According to Kollath (1956), for metals 1.3 eV
<Eg: = 2.5eVand 4 eV < HW < 7 eV. New measure-
ments on clean metal surfaces show 1 < E{p < 5eVand3 <
HW < 15 eV (Schafer and Holzl, 1972). Fig. 3 shows the
energy distribution of an oxidized Al-surface and an Al-sur-
face cleaned by ion sputtering (Bauer and Seiler, 1982).

Superimposed on the energy distributions of clean surfaces
there are often some maxima. Only some of these can be in-
terpreted as Auger-maxima. This SE-spectroscopy will be
discussed later.

2. Angle distribution of SE

The angle distribution of SE from polycrystalline surfaces
is a cosine-distribution, nearly independent of the angle of
incidence of the PE (Jonker, 1957). The angle distribution of
SE of a single crystal face shows an anisotropy (Burns, 1960),
and the energy-angle-distribution shows a sharp fine struc-
ture (Appelt, 1968).

The angle distribution of the SE is not important for image
contrast in SEM because the extraction field of the SE-detec-
tor is generally strong enough to collect the SE.

3. SE-yield

Fig. 4 shows schematically the SE-yield 6 as a function of
primary energy E,. The general shape is the same for all

materials: ¢ increases with Epp, reaches a maximum value
6™ at Eff}: and then decreases with increasing Epg. Values for
6™ and EJJ}; can be seen in many publications (Seiler (1967,

1968); Kanaya and Kawakatsu (1972); Kanaya and Ono
(1978); Ono and Kanaya (1979)).

H. Seiler
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Fig. 4 The SE-yield 6 as a function of primary energy.
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However some care must be taken because often in older
papers o™ is cited instead of 6™. For metals we have values
0.35 = 6™ =< 1.6 at 100 eV = EP < 800 eV, for insulators
1.0 < 6™ =< 10 for 300 eV =< Egx < 2000 eV. High values for
6 are found on single crystals of insulators such as MgO:
6™ = 20 — 25. Very high values 6 > 100 are found for sur-
faces with negative-electron affinity (see 5). 6™ reaches high
values if Epf is also high, so that for metals 6™/ Epg =
2.10 3¢V ~! (Ono and Kanaya, 1979).

An interesting example of the simultaneous increase of
6™ and E P is shown by Beisswenger and Gruner (1974) mea-
suring the yield of reactive evaporated BeO-layers.

There exists no monotonic relation between 6 and the
atomic number Z of the surface atoms. So a material analysis
by measuring the SE-yield is not possible. Many authors tried
to show regularities of the dependence of 6™ within the ele-
ments of the periodic table (e.g., Seiler (1967), Ono and
Kanaya (1979), Makarov and Petrov (1981)). Atoms with a
large diameter have small 6™ (Seiler, 1967). According to
Ono and Kanaya (1979) 6™ and EpPp depend both on the
i(iniz_ation energy J of the surface atoms: 6™ ~ J4/5 EPg ~
Jg

In SEM the energies of the PE are normally higher than
EPe. For Epp > EW 6 is proportional to Epp =08 (Reimer
and Pfefferkorn, 1977). For Al 6 decreases from 6 = 0.3
(Epg = 10 keV) to 6 = 0.03 (Ep = 100 keV). The yield
depends strongly on thin surface layers and in particular the
contamination layer at the impact point of the electron beam
in normal vacuum changes the yield (Wittry (1965), and
Seiler and Stark (1965a)).

The measurement of 6 on the surface of insulators is dif-
ficult because of charging effects. If ¢ = 6 + n > 1, the
charging of the surface becomes positive, but the positive
potential of the surface can only reach values of the potential
of the collector. If o = 6 + n < 1 for Epg > EJ, the charg-
ing of the surface becomes negative. The incoming PE are
decelerated and the potential of the surface changes until
1 is reached. The potential of the surface may reach
values near the potential of the cathode of the PE beam.

Thin insulating layers can be investigated on conducting
bulk material. The charging can be limited by field emission
through the layer or by electron-induced conductivity. Using
highly insulating material such as KCI or BaF,, especially
when evaporated under rather high pressure to give a layer of
low density, field enhanced SEE may arise (Goetze et al.
(1964), Goetze (1968), Seiler and Stiark (1965b)).

g =

4. Escape depth of the SE

The escape depth of the SE is very small. Only SE excited
near the surface have a certain possibility to reach and to
leave the surface. The escape probability for SE produced at
a distance x from the surface, decreases with e ~*’A, where \
is the mean escape depth, which can be measured by various
methods (Seiler, 1967). Layers of increasing thickness were
usually evaporated onto bulk material. Beyond a particular
thickness T of the layer, 6 no longer depends on the bulk
material. If 9y = Tagers b gives a maximal escape depth of

3
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the SE and we can assume that T = 5e\ (Seiler, 1967),

The escape depths of the SE from metals are very small
(A= 0.5 — 1.5nm; T = 5 nm) compared with that of insula-
tors (A = 10 — 20 nm; T = 75 nm). Mean escape depths of
metallic oxides as Al,O; and MgO and alkali halides as Bak,
NaCl and KCI are shown by Kanaya and Ono (1978). The
high yields of insulators may be caused by the large escape
depths. According to calculations of Ono and Kanaya (1979)
the escape depths of the SE show regularities within the
elements of the periodic table.

This mean escape depth of SE is different from the inelas-
tic mean free path (IMFP) of monoenergetic Auger electrons
(AE) in the material. The IMFP of AE is also the mean
escape depth of AE. If an AE has lost energy it is no longer
detectable as an AE, whereas a SE, which has lost energy
may still have sufficient energy to leave the surface. Thus the
mean escape depth of SE of a particular energy should be not
smaller than the IMFP. An estimate of the escape depth for
an electron can be obtained / Simon and Williams (1968) /
by use of the following three-dimensional random walk for-
mula: escape depth X\ = (N/3)!1/2.IMFP. N is the number of
collisions in which the electron can participate and still be
emitted. Amongst the values of IMFP’s for slow electrons
reported by Kanter (1970), Quinn (1962), Voreades (1976),
the curve of Seah and Dench (1979) is the most powerful,
covering measurements in different materials and with differ-
ent energies. This curve shows a minimum IMFP of 0.5 nm
for electrons with energies of about 40 eV.

Hence the \ (SE) seems to be rather small compared with
the IMFP’s. However it must be taken into consideration,
that 1) the energies of the SE must be calculated above the
Fermi level, and 2) the mean escape depth of the SE is mea-
sured by the decrease in the SE-current with increasing thick-
ness of layers with smaller SE-yield. A large contribution to
the SE-current stems from SE with energies above the most
probable energy which are thus nearer the minimum on the
curve of IMFP’s.

5. The yield 6 as a function of the angle of incidence.

6 increases with increasing angle of incidence ¢ against the
surface normal according to
6(d) = 64/cos I, 69 =06(3=0°) )

this relation is valid for objects with a mean atomic number
and not to close to 90°. The increase of & with increasing
angle of incidence ¢ is greater for objects with low atomic
number and smaller for specimen with high atomic number
as shown by Reimer and Pfefferkorn (1977). This increase of
6 is due to the small escape depth of the SE. The longer the
pathway of the PE within the escape depth of the SE, the

higher the yield. With increasing ¢ 6™ and Epg increase /

Reimer and Pfefferkorn (1977), Salehi and Flinn (1981)/.

Using single crystals superimposed on the monotonic in-
crease, there is a fine structure (Palmberg (1967), Seiler and
Kuhnle (1970)) as shown in Fig. 5 which causes the electron
channelling pattern (ECP) and the different brightness of
different crystal faces (the orientation contrast) in SEM and
EEM (Carle and Seiler, 1966).
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Fig. 5 Dependence of the total yield o and 5 on the angle of
incidence for a Si-(111)-face (Seiler and Kuhnle,
1970).

6. Contribution of RE to SE-yield

SE are not only released by PE but also by RE. This con-
tribution by RE to the SE-yield has been investigated by
several authors (Kanter (1961), Bronstein and Frayman
(1969), Seiler (1967, 1968), Drescher et al. (1970), Kanaya
and Kawakatsu (1972), Fitting (1974, 1976), Reimer and
Pfefferkorn (1977)).

Kanter (1961) showed that the SE-yield of thin foils is less
than that of bulk material because most PE can penetrate
thin foils, 5 is very small and hence the SE are released almost
exclusively by PE.

The SE-yield is given by two parts:

6 = 6pg + 1 0gg 3)
Opg is the number of SE released per PE
Ogg is the number of SE released per RE

For Epg > EPgis 6gg/6pg = B > 1. The measurements of
Bronstein reviewed by Seiler (1967) result for Epp < 5 keV,
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B = 4; for Epg= 10 keV, 8 = 2; Drescher et al. (1970):
B > 1, because firstly the mean energy of the RE is less

than Epp and so 6 is nearer to 6™, and secondly the angle of

distribution of the RE causes that (at normal incidence of the
PE) the pathways of the RE are usually longer than those of
the PE. With increasing angle of incidence of the PE, (3
decreases (Seiler, 1968).

This contribution of RE to 6 is very important for the ob-
servations in SEM. There is often a contamination layer on
the object surface so that the image contrast is caused by the
difference in n rather than in 6. For an Al surface with a con-
tamination layer we get a yield 6 = 0.10 at Epp = 20 keV.

With 8 = 4 we can calculate that 6p = 0.07 and 6z = 0.28.

The spatial distribution of SE released by RE at an angle
of incidence of 50° was determined by Hasselbach and Rieke
(1978, 1982) in a combination of SEM and EEM. Only the
SE-Image is focussed by the cathode lens on the photograph-
ic plate. The spatial distribution of the SE released by the RE
from a fine electron probe increases with increasing energy of
the PE and is much greater for Si than for Au.

7. Information Depth

The Information Depth D in SEM is defined as the depth
below the surface of the object contributing to the SEM pic-
ture. Object details in a depth d, with d < D, can be recog-
nized. D depends on the minimal contrast which is detectable
in the SEM, on the maximum exit depth of the RE which is
about R/2 (R = range of the PE), even if secondary elec-
trons or Auger electrons are used, and on the difference Ay in
the backscattering coefficients between the object detail and
the adjacent material (Seiler, 1976).

Assuming a minimal contrast of 0.01 in the SEM, the in-
formation depth is D = R/8<1n (100 An). With the energy
range relationship the information depth becomes D = 1.4 -
1n (100 Ap)«E!'35(D in pg/cm? for E in keV). The calculated
values are in rather good agreement with experimental
results. In a SEM with 8 keV primary electrons, gold can be
detected within compact aluminium in a depth less than
D = 30 nm.

SEMIEMPIRICAL THEORY OF SEE

The elementary theory developed by Salow (1940) and
Bruining (1954) has been reviewed by Dekker (1958) and
Kollath (1956).

The SE-yield can be written in the following form:

6 = [n(x, Epp) f(x) dx 8]

n(x, Epp) is the number of SE produced at a distance x
from the surface by a PE of the energy Epg..

f(x) is the probability that a SE produced at x reaches the
surface and is emitted into vacuum.

Assuming that n(x, Epp) is proportional to the average
energy loss per unit path length

1 dE

Bhs B == t dx

4)
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e is the energy required to produce a SE. It is generally as-
sumed that
f(x) = Bee ~¥* 5)
were B is a constant < 1, and takes into account that only a
fraction of the excited electrons migrates towards the surface
and the probability of these electrons reaching the surface
and pass over the surface barrier into vacuum.

According to Young (1956, 1957) the energy dissipation of
PE within the material is approximately constant and hence

—dE

_ A (6)
dx R

where R is the range of the PE
From equations (1, 4-6) we get an expression for 6 (Epp)

RB Epp

6 = — P e —x/h gy
o€ R (7)
Epg A

6=8B — (1 — e RN (8)
€

Using the energy range relation
R L.15 = 10%  Epg . 135
S ©)
nm o / (kg/m>°) keV

we get 6 = 6 (Epp) or 6 = 6 (R)

6 (Epp) is a function which increases with Ep up to a
maximum 6™ at EJ}; and then decreases.

For Epp » El:: 6 ~ Epp =%, whereas experimentally /
Reimer and Pfefferkorn (1977) / 6 ~ Epg —0.8 was measured.

The reduced yield 6 / 6™ as a function of Ep/Ey is in-
dependent of the constants B, ¢, p, which are characteristic
for the material under consideration. Thus according to this
theory the reduced yield curves should all follow a single uni-
versal curve.

B
e = LI (BT =6
6[‘!1

—2.3«E "

) (10)

with E, = Epp/EDL.

Calculating the maximum of the yield curve 6 = 6 (R) we
get the maximum for

R =23\ (11)

According to several authors (Seiler (1967); Simon and

Williams (1968); Buchholz (1969)) the maximum of the yield

curve is reached if the range of the PE is approximately the

escape depth of the SE. Using the maximal escape depth
R = T and the mean escape depth R = \, the theoretical

39

value corresponds well with the experimental data.
With (7) and (10) we get

5[1’1.E

———— = 0.4
Epg « B

(12)

Using the experimental values for different metals / Ono
and Kanaya (1979) /

6m 2.1073 €
— 8 —————, weget— = 200.eV (13)
EPg eV B

For insulators a relation exists (Alig and Bloom, 1978) be-
tween ¢, the electron hole-pair creation energy and the band
gap Eg: e =28+ Eg. From this B can be estimated. (Si:
B = 0.034, Ge: B = 0.013, KCI: B = 0.32).

From (9) and (11) the mean escape depth )\, of the SE can
be estimated from experimental values for EPg, and then

compared with experimental values for )\exp.

Al: Ap = 3.7 nm, )\exp ~ 0.5 — 1.5 nm
Pt: Ap = 1.5nm, A,, =0.5 — 1.5n0m
MgO: )\, = 18 nm, )\c‘p = 10 — 20 nm

MISCELLANEOUS PROPERTIES OF SEE

1. Influence of work function on SEE

Contrary to photo, thermionic- and field-electric emission,
the work function ¢ of the surface is not as much important
for SE yield. Metals with high ¢ often show also high é. Both
¢ and 6 are small if the diameter of the surface atoms is large,
as for Li, Na, K, Rb, Cs. Of the three processes which con-
tribute to SEE, 1) SE production, 2) migration of the elec-
trons to the surface and 3) escape of the SE over the surface
potential barrier, the first two processes strongly depend on
the bulk properties, while the third process should cause an
increase in 6 with decreasing ¢. Palmberg (1967), Schifer and
Holzl (1972) tried to reduce ¢ by evaporating Na on Ge or Pt-
surfaces. Reduction of ¢ from 4.79 to 2.3 eV increased 6™
from 1.2 to 3.6, while EJ}; increased from 700 to 2000 eV.
Haas and Thomas (1977) investigated the SE-yield of differ-
ent single crystal faces of Cu. The increase of 6™ from 1.2 to
1.5 with decreasing ¢ from 4.65 to 4.35 eV was found to be
determined primarily by ¢ of the different crystal faces and
not so much by the bulk lattice orientation.

2. Fine structure of the energy distribution of SE

Heinrich’s (1973) measurements on polycrystalline Al
showed that for very clean surfaces, the peak of the energy
distribution of SE is broadened and a structure appears. Sub-
sequently many measurements (Everhart et al. (1976), Chase
et al. (1980), Massignon et al. (1980), Bauer and Seiler
(1982)) of the SE region and of the characteristic loss region
near the elastic electron spectrum have been made in order to
explain the structure. Everhart et al. (1976) and Chung and
Everhart (1977) concluded that an appreciable contribution
to the total number of SE emitted from nearly free electron
metals under keV electron bombardment may come from the




decay of surface and volume plasmons into single electron
excitations.

3. Excitation of SE with slow PE

Using PE with high energies Ep > 100 eV there are many
possibilities for excitation of electrons, which can migrate to
the surface and leave the surface as SE. With slow PE we
have fewer excitation possibilities. So it should be possible to
separate between Auger processes and interband excitation
(Holzl, 1965).

Very interesting is the Total Current Spectroscopy (TCS)
of Komolov and Chadderton (1979): A beam of low energy
electrons (0 — 15 eV) is directed to the surface and the emis-
sion of electrons is investigated by monitoring the target cur-
rent. A TCS-signal is the derivative of the target current with
respect to the incident energy of PE. TCS gives information
on the interaction processes which alter the electron emission
especially on the energy dependence of the elastic reflection
coefficient.

4. Angular resolved SE-spectroscopy (ARSES)

Usually the angle integrated energy distribution of SE is
measured. In ARSES the energy distribution of SE released
by slow PE from monocrystalline samples in a particular
direction is measured. The experiments of Willis and Feuer-
bach (1975), Willis and Christiansen (1978), Schifer et al.
(1981), Holzl and Schéafer (1981) show a fine structure which
can be partially correlated with the one-dimensional density
of final states along symmetry lines corresponding to each
face. A theory of ARSES was developed by Feder and Pen-
dry (1978).

5. SEE by surfaces with negative electron affinity

If an electropositive material such as Cs is deposited on a
wide-band-gap, heavily doped, p-type semiconductor, a
reduction of the surface barrier and band bending occurs.
Under these conditions, the conduction-band minimum in
the semiconductor may lie above the vacuum level. There-
fore, electrons which are excited into the conduction band
can still be emitted after they have become thermal electrons,
provided they can pass through the bent-band region. The
SE-yield can reach values 6 > 100 at Ep > 2 keV. It was

estimated that the escape depth is increased to 200 nm and
6™ > 200 for Efx > 5 keV / Simon and Williams (1968) /.

6. Modern theories on SEE

Kanaya and Kawakatsu (1972) and Dionne (1973) have
developed a theory of SEE by a generalized power law con-
cerning the energy loss of electrons penetrating into a solid
target. Kanaya and Ono (1978) presented a theory for SEE
by insulators, combining the free electron scattering theory
with the plasma theory. Based on the energy retardation
power formula concerning penetration and energy loss from
an electron probe into solid targets, Ono and Kanaya (1979)
could show, that 6 due to both PE and RE is a function of
three parameters: atom number Z, first ionization energy J,
and the backscattering coefficient ». The values calculated

for 6™, EPg and N agree with the experiment of many
authors.
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Monte-Carlo calculations of SEE from metals and from Al
were published by Ganachaud and Cailler (1979). The various
types of collisions suffered by an electron travelling in the
solid are analyzed. The different damping mechanisms for
plasmons are reviewed and their influence on SEE is empha-
sized. The elastic and ionizing collisions with the ionic core
are described by a random model and the relative importance
of each of the above processes for SEE is discussed. Cailler et
al. (1981) described the interaction of an energetic electron
beam with a metallic target and the fundamentals of SEE and
calculated the mean free path of an electron in Cu between
two inelastic collisions.

Rosler and Brauer (1981) developed a theory on SEE for
nearly-free electron metals and applied it to Al. The creation
of SE by PE collisions with metal electrons in core states and
in the Fermi sphere is considered. In particular a calculation
is given of SE production by plasmon decay on the base of a
general model potential. Both elastic and inelastic collisions
of internal secondaries are taken into account. Ep is limited
to 1 to 2 keV. General formulas are derived for the excitation
functions, mean free path scattering functions and for 6.

A simple calculation of the energy distribution of SE from
metals was given by Chung and Everhart (1974). A model for
the calculation of the energy distribution of SE from semi-
conductors was presented by Bouchard and Carette (1980).
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