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SYNOPSIS

Secondary electron emission yield and characteristic energy
losses from a number of metals have been measured in the present
investigation. Owing to the known adverse effects of poor vacuum
conditions and any consequent contamination of the surface on fhe
secondary emission properties, all experiments have been cond@%ed in a
clean ultra-high vecuum environment - typical pressure under operating
conditions being « 10_9 torr and the residual gases enalysed by a
quadrupole residual gas analyser. Total yield hes been measured from
Ni, Ag, Pt, Bi and TaC. A quantitative assessment of the variation of
the total yield & with angle of incidence of the primary beam, in the
energy range 200 - 1300eV and of the mean derths of origin of secondary

electrons in these materials, hes been made. The total yield from TaC,
which 1s currently favoured as a low yield material, and the effect of
surface conditions on its yield have also been investigated.

Bharacteristic energy losses have been measured from Ag, Bi, Be,
Ta and TaC by using a spherical retarding field energy analyser coupled
with electronic differentiation. This technique involves energy modulating
the electron beem and extracting the signal using phase sensitive detection
nethods. The accurate values of energy losses obtained in this manner,
established the validity of such a technique end the potential of the
analyser in characteristic energy'loss studies. In particular, two losses

at 15 and 30¢V have been observed in TaC which has not been investigated

hitherto, New energy losses at 13.5eV in Ag and 7.9 and 12.5eV in Ta



have been found. The various energy losses in the different materials
have been attributed to the excitation of volume and surface plasmons and
to intertend transitions. Intensity veriations with changes in
environment have also been noted, Both changes in the intensity and
shape of the loss peaks with contamination have emphasised the necessity
for meintsining the target surface clean under ultrs-high vacuum

conditions.



Synopsis

Acknowledgments

CHAPTER I

Basic processes in secondary electron emission

1.1
1.2
1.3
1.4
1.5

1.6
1.7
1.8

1.9
1.10
1.11

1.12

1.13

1.14
1.15

Introduction

Wualitative scheme of secondary emission
Energy spectrum

Yield

Correlation of bmax and work function

Normalised yield
Temperature dependence of yield

Dependence of & on the angle of incidence
of the primarics

Surface effects
Beckscattered primsries
Angular distribution of secondaries

Fine structure in enssgy distribution
c¢f secondary electrons

Secondary emission from insulators
Malter effect

Conclusion

10

12

13

15
17
22
24

28
29



CHAPTER IT Review of some experiments on SEE
2.1 Introduction
2.2 Preparation of clean surfaces
2.3 Preparation of low yisld surfaces
2.4 Yield messurements
2.5

Measurement of the inelastic reflection
coefficient

2.5.2 Range of primary electrons

2.6
2.7

CHAPTER TII

3.1
3.2

3.3
3.4
3.5
3.6
3.7
3.8

2.5.b Role of inelastically reflected
electrons in SEE

2.5.c Range of slow segondaries

Energy distribution of gecondary electrons

Conclusion -

On the study of characteristic energy losses

of electrons

Introduction

Experimental observation of characteristic

energy losses

Gualitative interpretafions of CEL
Plasma oscillations in umetals
Surface plesmons

Dielectric theory of ensrgy losses
Plasmon studies

Conclusion

Page

30
30
34
35
38

43

46
A
51

52
52

57
59

70
72
78



CHAPTER IV On the theories of secondary electron emission
4.1 Introduction
42 Semi-empirical theories
4.2.a Power law
4.2.b Jonker's medification
4.2.¢c The constant loss theory
4.2.d Sternglass' theory
4.3 Free electron theories
4.3.a Kadyschevitsch's theory
4.3.b Baroody's theory
Lol Wave mechanicai theory
4.5 Conclusion
CHAPTER V  The present experimental investigation
5.1 Introduction
5.2 Experimental apparatus

5.2.a2 Vacuum system

5.2.b GQuadrupole residual gas analyser
5.2.c Electrical feed-throughs

5.2.4 lMagnetic shielding

5.2.¢ Electron beam supply

5.2.f The spherical grid

5.2.g TFilm deposition unit

79
80
82
85
86
88
91
91
93
96
101

103
*104
7105
110
112
113
114
115
"116



CHAPTER V Contd,

Experimental techniques and procedure

5.3
5.3.a Retarding field energy enalysers
5.3.b Fhase sensitive detection
5.3.c Pumping-douwn proéedure
5.3.4 Target prepsration
5.3.¢ Measurement of the yield
5.3.f Study of the characteristic energy losses
5.4 Conecliysion
CHAPTER VI Results and discussion of results
6.1 Introduction
6.2 Residual gas analysis
6.3 Yield measurements
6.3.a Tantalum carbide
6.3.b Nickel
6.3.c Silver
6.3.d Bismuth
.6.3.6 Platinum
6.4

Characteristic energy loss studies
6.4.a Silver |

6.4.b Beryllium

6.4.c Bismuth

6.4.d Tantalun

6.4.¢ Tantalum Carbide

Page

116
117
122
123
125
126
127

129

130

130

132
132
134
136 .
137

138

139

139
- 143

147
148



CHAPTER VII Conclusions and suggestions for further work

List of Symbols

References

Fj
)
@

150



CHAPTER 1

The Basic Processes in Secondary Electron kmission

1.1 Introduction

When electrons with sufficient kinetic energy bombard a
solid surface, the surface will emit electrons. The bombarding |
electrons are considered "primary" electrons and the emitted electrens
"secondary"; the entire process being termed "secondary electron
emission" (SEE), It was Austin and Starke (1) who, for the first time,
in 1902, noticed the phenomenon of secondary electren emission while
studying the reflection of cathode rays from metal surfaces. They
observed that the number of electrons emitted by the metal was 1argef
than the number hitting it. This could not be explained merely as
reflection bdt rather as the aéditional liberation of electrons from the
metal under the influence of the bBembarding electrons. |

Ever since the discovery of Austin and Starke, numerous
experimental and theoretical investigations have been made‘concerning
the phenomenon of secondary electron emission. The theories range from
‘relatively simple empirical treatments to highly complex quantum mechani-
cal investigations. Considerable experimental evidence bas been gathered
from metals, insulatofs and semiconductors under different conditions.
Despite the long history of the phenomenon and the vast amount of

study on it, many questions have yet to be answered ragarding the actual
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production and escape mechanism of secondary electrons.

Secondary emission is predominantly a surface effect since the proba-
bility of electron escape decays exponentially with depth. The effects
of surface contamination thus become very important. It is frequently
very difficult to ascertain whether the éxperimental results are
actually characteristic of the prepared target or of some contaminating
element or of some compound formed by the contaminant and the target
material., Much experimental effort has been extended in obtaining clean
target  surfaces, with varying degrees of success., Flashing metallic
surfaces at high temperatures probably has been the most suedessful,
but this technique has been limited to a few metals such as tungsten,
tantalum and molybdenum. Heat treatment is open to criticism in the case
of some metals such as aluminium where the oxide is much less voladtile
then the metal itself. Thus if the surface is once oxidised, it may not
be possible to clean it off purely by heat treatment. Some authors
prefer to prepare the targets by evaporation in a good vacuum;_ In all
secondary electron emission studies it is e&sential to have the best
possible vacuum conditions, since the characteristics can vary so much
with adsorbed layers of foreign materials.

Early investigations on seccndary electron emission had a very
Straightforward approach. primary - eclectrons bombard the surface of a
materisl, where, by certain mechanisms, electrons are caused tolesave the
material. One need only measure the number of so called "secondary
electrons" per second as a function of their eﬁergy (E) and their

direction (0) i.e. measure J(E,0 ) and construct a theory to satisfy

-2~
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these results, Even though this approach gives a rough idea of
secondary electrons, to completely understand the mechanism of
secondary emission within the material, more advanéed and complicated
approaches must be made.

J(E, ©) can depend only on the states of the interacting
systems, that is to say, on the properties of the primary electron
beam and on the physical and chemical properties of the target, such as
chemical composition, crystal structure, surface conditions, tempera-

ture , ste.

1.2 (uslitative scheme of secondary emission

The phenomenon of secondary emission is a coemplicated problem
in nature. Although the full understanding of fhe mechanism involved is
lacking, several schemes seem to explain logically the different
¢lementary processes involved. These schemes are based on a multiplicity
of events transpiring between the penctration of the rrimary electrons
into the solid and the emission of the secondaries.

The interaction of primary electrons with the targst and tbe
Subsequent emission of secondary electrons have been diagramatically
Tepresented by Hachenberg and Brauer (2) as shown in fig. 1,

The process can be explained as follows. 1) The Primary
electron beam impinges upon the surface of the target where it interacts
with the surface potential barrier and is split into two pérts
(a) those which are reflected and (b) those which penetrate the
Surface.. 2) Those electrons penetrating the surface interact with the

Ruclel and electrons of the materisl and are thus distributed by elastic
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collisions with the nuclei and ene;gy is lost through interaction with the
electrons. The elastic collisions cause the beam to be sﬁlit again into
various directions; some of whi;h are'backscattered towards the surfacs.
These reflected primaries also will produce secondaries part of which
ﬁill escape into free space (3,4,5). A primary elcetron going into the
solid, owing to the Coulomb forces, excite atomic electrons, at the same
time losing a fraction of its initial energy at each excitation or
collision, High energy primaries may excite eny electrons, but lower
energy primaries ( ~100 ev) will usually excite only conduction band
eleétrons. These "internal secondary electrons" thus generated interact
with different components of the solid, such as electrons and phonons
and spread towards the surface.

Whether such an electron ever escapes from the surface of the
target depsnds on several factors. The kinetic energy associated with
its velocity component perpendicular to the surface must be greater
then, W, the qifference between the bottom of the conduction band
and the vacuum level, when it reaches the surface (fig. 2) (6.7).

An individual slectron in the solid will fail to emerge,
therefore if 1) its initial energy from the collision with primary
€lectron is less than W 2) it loses sufficient energy from subsequent
collisions so that by the time it reaches the surface, its kinetic
energy is less than W. 3) If arrives at the surfacs af an angle
Such that the velocity component perpendicular to the surface is too
small,

With regards to the last, consider sn electron with

-l -



energy

v< R

e (e g 2w

Assume that its motion at the surface makes an angle © with the normal

to the surface. For escape

I V2 2w

or im v Cos? o 2> W

i.e. Cos2 o >

==

The greetest angle from the normal at which an electron with
arrival energy E, can escape from the surface is then

1
cos™ (D7 (1

0 =

For 2110 < o, electrons of kinetic energy E, will escape. The
Solig angle involved im Q =f4dQ =é2" éeo sin €36 4d¢

=27 (1 -Cos ® o)

The probability of escape P(E) of an electron of energy E,
can be computed. If an isotropic angular distribution of the electrons
Teaching the surface can be assumed and taking into account the one

half Space which is of ihterest

P(E) = -‘?-‘-Q-T-' = (1= ¢OS 0 0) =1- (%)% (2)

The secondary electrons coming out of the target and their
dependence on the various parameters, have been studied in great

detail and a brief account of the experimental results will be
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given so as to enable one to understand the basic processes involved.

1.3 Energy Spectrum

When investigating the secondary electrons, one of thec mors
obvious features which may be studied, is the energy distribution.
It is of prime importance both in applications of secondary emission
and in the theoretizal interpretation of the process.

If the number of secondary electrons emitted by the target,
in the energy interval E and E + dE is plotted against E, a typical
energy spectrum results. The general form of the distribution curve,
resulting from medium valueg of primery energy Ep (50 < gp < 1000eV)
has been @emonstrated by Rudberg (8)»and one such curve is reproduced
in fig. 3, for a silver target bombsreded by 155 eV electrons. A number
of features immediately become apparent; Three groups of electrons may be
distinguished in the distribution curve
1) A group of electrons having the same €energy, E;, as the primary
electrons. These can easily be distinguished as the primary electrons
which have suffered elastic collisions with the lattice and have merely
been reflected. These are called “reflected primaries". Thess
elastically reflected primaries have an energy distribution similar
to that of the primaries. The primary electrons are not monoenergetic
but rather they have a Maxwellian distribution, it being a functioh of the-
cathode temperature. The group of reflected primaries is indicated by
peak a in fig. 3.

2) A second group'(marked b in fig. 3) falls between Ei'and approximately
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account, The discussion has been carried out only to give & useful
classification of the secondaries into different groupé depending on

the amount of energy they possess. Many other indirect processes such
as production of tertiary electrons by the true secondaries, the
excitation of plasma oscillations and the consequent energy losses of

the primary electrons end the release of secondaries by the action of the

inelastically reflected primaries, have not yet becn considered.

14 Yield

| The "yiél " & 1is defined aé "the number of secondary clectrons
. emitted on the average by the action of one primary electron" (11).
Or, alternatively, it is the ratio of the total secondary electron

current (is) to the primary electron current (ip)
. ’ is |
l,¢e ‘ = —
€. . I (3)
p

One of the most investigated phecnomena of seconaary emission is
the variation of yield, & , with the primary'eleétfoh Energy, Eé. The
plot of » against E%, known as the "yield curve" has in general the
Same shape for all materials, A typical yield curve is reproduced in
fig. 4, for a molybderum target (12). For 1w E%, 5 1is much less
than unity, increases to a maximum value, d ax (fof metals not greater

). & then

t = | :
han & = 2) for Ep equal to a few hundred eV (E% max

decreases slowly as Ep is increased further.
The yield symbol is sometimes written as éiot’ to indicate
that the secondary current includes all the three groups of secondaries.

-8 -



If however, the "true yield" is to be considered, it is usually written
as b true, and is defined es the ratio of the true secondary electrons
to the primary electrons producing them.

A simple relationship between T and & may be easily worked

ue
out (2).
. s (o
ts total lp( ;Y r)

i - ri
p .

(4)

btrue

where ié total is the total secondary current 7 and r are the fractions
of inelestically reflected snd elastically reflected primary electrons.

Upon using the equation (3) one gets

2= (% *r) (5)

d
true (1 _ r)

Fhe first important fact one observes in yield curves, is the
similarity in shspe, for almost all targets. Various authors
(13, 14, 15) explain the characteristic curves in different ways, but
a1l have to consider how internal secondaries are produced and how they
€Scape.

When the primary electron has very small energy, its depth of
Penctration is small and the probability of the internal secondary
emerging is governcd only by the angular probability (assuming no
collision loss of eﬁergy on the way to the surface for the small penetra-
tion depth) and should be constant. Thus the yield, per primary should
increase as the primary energy since the cnergy determines the number of

internal secondaries created. Therefore, in the range of very small

-9 - :
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primary energies, ® 1is approximately proportional to Ep. As the
brimary energy is increased, the number of internal secondaries still
increasgs proportionately. However, man& of these are now produced at
a considerable‘depth, and some lose so much energy through repcated
collisions on the way to the surface, or are backscattecred, that the
humber of actual escaping secondarics does not increase'proportionately.

As the penetration depth increases further, the collision loss
phenqmgnon becomcs more important until a ®nax is reached at some Ep max®
At still greater Ei the yield decreases because a greater number of
 internal secondaries are created at considerable depth than near the
surface, Near thé surface, the high energy primery electrén has too
large a velocity to excite atomic electrons to the emission level, pessing
in and out of close proximity too quickly.

Though this explanation is extremely qualitative and aimed at
explaining the shape of the yield curve, some of the experimental

results in SEE can be explained on the above background.

1.5 Correlation of amax'énd Workfunction ¢

McKay (3) tried to correlate the maximum yield and work function.
He plotted b nax for a few polycrystalline surfaées against the work
function values, compiled from Becker (16) (fig. 5). This approach
shows séme interesting relationships. There appears to be a tendency
for materials with high work functions to have high yields. . Baroody finds

A

fromhis theory a relationship 3 . % ¢ %, shown es dotted line in

fig. 5, (22). However, the inference should not be wmade, as McKay
- 10 -



points out, that by increasing the work function of & metal the
SE yield will be increased. Often the inverse statement secems to be
more reliable, It is believed that the work function itself plays
8 rclatively minor role in determining the yield, but that it is linked
with other -roperties of the metal which play = Jominent role in
determining the yield. 1In fact, McKay.states that a relationship nearly
" &8 reliable may be obtaincd by plotting bma# against the density of
the target. -

A number of authors have tried to investigate the effect of the
Work function on thc yicld, without varying any other parameter which
might affect the yield., One method was to deposit a thin layer of a
different element on the tarééﬂ in which case the change in work function

Could be measured indepéndently. De Boer and Bruiqing (17) argue that
| if the thickness is less then a monomolecular layer, the contribution
to the yield due to secondsries in this adsorbed layer is negligible
Provided Ep is greator then 50 €V. This method has been used by
Sixtus (18) using thorium on tungsten, Treloar (19) with barium on
tungsten, Coomes (20) with thorium on tungsten and McKay (21) with
Sodium on tungsten. All the rcsults, cxcept thaet of Coomes, show an
increase in yield when the work function is lowered. Sixtus and Treloar
Obtained relations of the form

log 8 = A -b¢ , where ¢ is the work function and & &b

4re constant for a given metal and Ep. ,ihis equation holds only for

adsorbed layers which are thinner than those for minimum work function.

- 11 -



VD/VD max,

FIG. 6



1.6 Normalised Yield

As indicated previously, the general shape of yield curves for
all metals is quite similar., Baroody (22) mede this similarity
parficularly conspicuous by normelising the curves i.e. he plotted
6/bmax against Ep/Ep max. Presented in this form, the curves for |
different metals lie in a narrow range so that the representation is
nearly a "wniversal yield curve" for all metals (fig. 6). Kollath (23)
added further results, the yields being "corrected" for rediffused
primary electrons using an equation similar to (5). In fig. 6 the open
circles refer to measurements corrected for rediffused primaries. The

nature of the Universal yield -curve will be discussed in greater detail

in Chapter IV.

1.7 Tempersture Dependence of Yield

Most investigators do agree that true secondary emission in
metals is independent of the temperature of the emitter surface.
Certain complications do occur however, since the changes in
temperature of the target may alter the density of adsorbed gas if
‘Present snd may possibly change the erystal structure or the roughness
of the surface. Any of these may influence the yield. However, when
these complications are not present, many experimenters (20, 21, 24, 25)
have found no significant change at all in the yield of metals with
tempcraturc. Morozov (26) and Wooldridgs (27, 28) have shown that
for cobalt, iron, molybdenum and nickel the SE temperature coefficient

Must be less than the temperature coefficient of linecar cxpansion.

- 12 -
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Blankenfield (29) found ho vasriations greater than 1% for nickel in the
terperature range from ZOOC to 400°C. Only Sternglass (30) found a
temperature dependence which might be due to adsorption of layers at
the surface, espccially since he did not have any provision for heat
treatment.

It must be added here that many workers do find variation in
semiconductors and insulators. For Ge, Johnson and McKay (31) found
a continuous decrease by 5% in a temperature range of 20° to 600°C.
Since the study of SE from semiconductors and insulators in itself is a
Special field and since in the present investigation only metals arec
Studied the variation of yield with temperature in scmiconductors and

insylators will not be considered here.

1.8 Dependence of & on the engle of incidence of the Primaries

NumeTous investigators have determined the secondary emission

¥ield with primary electrons under oblique angle of incidence and have
observed a larger yield then under normal incidence (32, 33, 34). The
8€nerai effect of oblique incidéncs may be seen from fig. 7 where for normal
incidence of the primeries the mcan depth of origin of secondaries ié Xge
¥or oblique incidence, the secondaries produced at the end point of Xgs
will be only at a distance xg Cos & from the surface, where £ is the

angle of incidence, and thus have less chance of heing absorbed,

However, this dependence is more predominant when Lp > E% max where the
Y1eld is mainly limited by the absorption of secondaries. Little

Variation should be expected for low primory energies and this has been

- 13 -



verificd experimentally (35).
Muller (36) investigated aluminium, nickel end carbon targcts

at Ep = 2.5 keV and the results are shown in fig. 8, With greatly

- .
Cos 6

oversimplified assumptions, he showed that 3ec
Bruining (34, 35) assuming that the seconderies are absorbed
exponentially with distance, derived a relation
b, = b, explax (1~ Cos® ) (6)
where '
be and b, ere the yields at angles of incidencs BP and 0°.
Xy = mean depth of origin of the secondaries
& - coefficient of ebsorption of secordaries.

Bruining used the equétion (6) to calculate the mean depth of

origin of secondaries in nickel since
L = In{2a)
s 5 ‘ (7)
a(l - Cose)

6 em.~t (Becker, 37)

Assuming the value of - for nickel to be 1.5 x 10
Bruining corputed the value of xg to be about 30 £ for nickel.

Jonker (38) showed that for meny metalé Eb ma#’ in eddition,
incfeased with angle of incidencevaccording to 7%350 , but this
elationship seems to be less valid in the evidence of recent
€xperiments by Young (39).

This consistent increase in yield with angle of incidence is
true only if the target surface is extremsly smooth. For rough
Surfaces the variation is less singificant, obviously because the angls

of incidence on such a surface is ill-defined.

-l -



1.9 Surfece Effects

It has becn established by many workers (16, 40) that thc work
function of a surface depends upon the oriuntation of the exposed crystal
face, Nichols! (40) data for exemple shows that the work function of
tungsten varies from 4.35 volts for the (111) crystal direction to at
least 4.65 for the (110) direction. As discussed in section 1.5, the
change in work function could alter the yield to a certain extent. Hence, it
is to be expected that different.crystal faces will have different yields,
If we assume Treloar's formula log & = A - by (section 1.5), a rough
e€stimetion of the chenge in the yield, with a chénge of the crystal direction
from (111) to (110) of tungsten shows that there would be a change of
Some 3% in d ax .+ Deckow (41) measured 3 nx LTOT & single copper crystal
and found that it had o different value for each crystal face, béing
8 maximum for the (100) face. However, Wocldridge's theory (42)
implies that factors other than work function due to crystal orientation
ey influence the yield. By and large, all researchers do report that
any given face of a crystal exhibits a characteristic yield. However,
care should be taken when trying to correlate this infeormation to
€xperimental results, as a given polycrystalline substance need not
hecessarily exhibit all crystalline faces to the surfacc with equal
Probability. On the contrary, unless the experiment is precisely
designéﬂ to locate a given lattice plane, the probability of the surfece
being inhomogencous 2s to orientation of crystal faces is high.

Experimental evidence shows thet a rough or porous surface

has & lower secondary emission yield than a smooth one., This is

- 15 -
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qualitatively GXplainedi(li) by postulating that a rough surface can be
thought of &s consisting of a number of "holes" or "wells" which form
miniature Faraday cages out of which the secondarics cannot escape

(fig, 9). Rashkovskii (43) actually obtaincd profilograms of a number

of blackened end roughened surfaces and showed that the structure is in
fact very similar to that shown in fig. 9. Many secondary emitting
surfaces used commercially in applications where a low secondary emission
is required, are mede deliberately rough.

In section 1.5 it was said that the work function of a surface
could be altered by an adsorbed metallic layer on the surface. The same
will be true for adsorbed gases. If the layer is very thick, the yield
may be expected to be altered appreciably. However, & mon-atomic layer
probably has a yield of the order of 0.02 at Ep around 200 eV (17),
indidating possibly that the variation for layers of this thickness
is primarily due to variation of the work function. Recent low energy
diffraction experiments have shown the change in crystal structure with
adsorbed gases (44). Heat treatment is one common mcthod used by many
authors to remove the sdsorbed impurity layers. This procedure in some
Cases is unreiiable 8s the crystal structure itself may be altered by
heat treatment. Also, when gas layers are being removed it is extremely
difficult to distinguish the tﬁickness and uniformity of remaining layers.
Finally, the surfaces may become oxidised which will give unreliable

data, Further heating of the surface will not necessarily elminatc

this problem either, as oxygen may not be recmoved by heat treating alone,
but may require heat treatment in an atmospherc of hydrogen, for exeample,

the subsequent water vapour then being removed by simple heating in vacuum.
- 16 -
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1.10 Backscattered Primaries

" In section 1.3, the secondaries have been éategorised into

"true secondaries" (bclow 50eV), inelastically reflected primaries and
Glasticélly reflected primaries. Since elastically reflected primaries in
many cases esrc so few, they with inelastically reflectedvprimaries ‘
can be groﬁped together as rediffused primarieé and expressed as a
fraction y of the primary electrons. Thus it is easy to separate the
rediffused or backscattered fracfion n of thé primaries by mecans of |
a retarding potential of about 50eV. Measurements of the inelastic
electron scattering coefficicnt n have been carried out by many‘aﬁthors-
‘(45, L6, 47, 48). Fig. 11 indicates n plotted against primary energy fbﬁ
8 number of metals. n seems to approach an upper limit between 0.0S and
+3 with increasing primary energy. Furthermore mahy authors are of
Opinion that for 21l metals the curves rise starting'from-low energies
up to ebout 15 keV., However referring to tﬁe papers by Bronshtein and
Segal (4, 5) oﬁe can see that a plot of n against Ep has in some
cascs the shapc similar to the total yield, ‘i.6. there is a maximum

at a low primary energy after which it falls off or kceps a steady
Vaiue as the energy increases. The metals involved according to these
-'Quthors include beryllium, silver and btismuth..

Most authors do agree upon the fact that in the range of modérate
primary electron energies Ep 2 - 5 keV, where dn'/HE% = 0, the value
depends only on the atomic number Z of the element. Fig. 12 shows a
plot of n for the investigated clements. It can be seen that sll
the poin{s'lie close to some curve which increases monotonicaily with"Z

(the continuous curve in fig. 12),
-17 -



The energy distribution of backscattered electrons hss been
studied by many workers, the classic example being the one by
Rudberg (8). The encrgy distribution curve of these electrons runs
nearly horizontal (fig. 3). Just below the primary energy, the
continuum is superposed by single sharp peaks, indicating that a priméry
on penetrstion into the solid, undergoes single discrete losses of energy.
These energy loss peaks are characteristic of the target and are often
referred to as the “"characteristic energy losses". In these cases, electrons
have either raised crystal electrons from deeper levels into the
_ Conduction band or have eventually excited "plasme oscillations" comparable
to that in a goseous plasma. This phunomenon of plasma oscillations
has recently been studied in great detail both theoretically and
€xperimentally by mony suthors. It is of great value in enabling
One to have a better understanding of the structure of solids. In the
Pregent work also, particuler emphasis hes been laid on the study of
characteristic energy losses and plasma oscillations and hence a deeper
account bf the whole phenomenon will be given in Chapter III,

Evén though the phenomenon of plasme oscillations has becn
Studied in great detail, a complete understanding of the inelastic
scattéring of electrons is lacking. As far back as 1954, »
Sternglass (52) suggested that the inelastic interactions with the bound
€lectrons in a solid dominate the electron scattering. Recently, |
hOWGVer, the elastic mechanism of electron scattering by interaction
With the nuclei has gained favour (53, 54, 55). According to

EVerhart (53), single Rutherford-type interactions with nuclei,

- 18 -



which produce an immediate deflection by an angle greater than 900,
play the dominant role. Neglecting electron deflections through
angles less than 90° and assuming that the electrons are retarded
in sccordance with Whiddington's Iaw (Chapter IV) Everhaft obtained

the following formula for n of clerents

_ a- 1 + 0,5°
n o= 1T : (8)
where
A
a:lf-zl-&}i 9)
m CA

Z - atomic number
- e = electronic charge

N - Avogadro's number

m - mass of the electron
C ~ Whiddington's Constant

A - atomic weight of the element.

Formala (8), according to Everhart, is valid at not too low

- Values of E%. He estimated the lower limit to be 0.17 keV for A1 and 1.9
keV for Au. From equations (8) and (9) if follows that n = f(Zz/h) or
since % 22 a constant we simply have n =.f(Z). The experimental fesults
agree quantitatively with the calculated ones,(if‘C is selected
empirically) only for Z < 40 (dashed curve in fig. 12). Nakhodkin end
Archard (54, 55) consider that in the cose of the elements with Z > 40,
Maltiple elastic deflections through small angles play the main role and
Everhart's approximation is not valid.
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The inelastic scattering of electrons from compounds has been
investigated much less than thet from elements. In the region of
moderate energies there are only isolated data for some random
representetives of various types of compounds. Miller (56),
Saldick end Allen (57) investigated the inelastic scattering of B
particles and concluded that the inelastic electron scattering coefficient
of a compound is equal to the inelastic scattering coefficient of an ¢lement
~ which will be called the "equivalent element" -~ if the effective
atomic number of the compouhd Zeff is equal to the atomic number Z of the
element. According to them, one can use the concept of Zeff of a
compound, if the scattering and the retardation of an electron during
its motion in thés compound are due to its interactions with individual
atoie of the compound. These authors calculated zeff of a compound
Ban.

According to Muller

mApZp + DAcZ,

Z on = (10)
eff
mAB + nAC
But according to Saldick and Allen
ma 24 nz 2
Zeor = T RE (11)

where ZB and ZC are the atomic numbers of elements forming the
compouhd; AB and AC are their atomic weights., The two formulas,
however, give similar values of Zeff for the same compound. The
experimental data obtained in (56) and (57) for primery energies of
the order of 1 MeV show that the equivalent elements can be found from

equations (10) end (11).
- 20 -
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However, in the moderate energy region the results of
investigations of the inelastic reflectionaf electrons from compounds
are contradictory., Fig. 13 shows the plot of n against Zeff for a
number of compounds in the primary energy region 2 - 20 keV. The
continuous curve is the experimentally determined dependence of n on
Z for elements. Even though the values of njof some compounds
are close to n of equivalent clements, this in general is not true,
especially for compounds with small values of Zeff'

Extending Everhart's method, Gomoyunova and Letunov (58)
derived a formula for the equivalent clement of a compound.

According to them

(12)

mZB + nZG ZE
mAp + nAC A

Considering this esquation, the scattering coefficient n is
found to be governed not by the effective atomic number Zeff but by
the effective value of the quantity ZQ/A. This.applies to all alkali-
~halide compounds and to some other substances. In fig. 14 is given a plot
of n against (mZB2 + nzcz)/(mAB + nAC). The continuous curve gives
the dependence of n(ZQ/A) for elements.

It must be said that despite all the good agreement between the
experimental and theoretical curves, one'cannot help questioning some of
the basic assumptions of Lverhart and others. For exsmple, all of them
do neglect multiple scattering. It is quite possible for the electron
to be beckscattered after multiple scattering., Also, the validity of
Whiddington's Law is questionable. However, for the basic understanding
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of the very complicated phenomenon of secondary electron emission,

such assumptions may have to be made until further progress is mads.

1.11 Anpuler Distribution of Secondaries

The energy angular distriution.. of the secondaries is a function
which is of great significance ih the formulation of any theory of SEE,
In spite of its significance not much work has bcen done on this., The
classicel work in this field was done by Jonker (59, 60) studying the
angulsr distribution of secondaries from a nickel target. Alekseev and
Borisov (61) studied the same using MgO layers as target, The lack of
sufficient data might be due to the technical difficulties in the
construction of an apparatus capeble of distinguishing electrons according
to their energy end angle.

Jonker using moderate primary energies and Ni as the target, scpa-
rated secondaries of low energies into different groups with energy
1.5¢V, 10eV, 206V, etc. Fig. 15 is reproduced from his paper. It can
be seen {hat the low energy secondaries have an approximdte cosinc
distribution. A true cosine law is drawn dotted in the figure for
comparison. This law is followed almost exactly for secondaries of
20¢V energy but a slight flattening of the polar diagram appears for
Secondaries of lower energy. Jonker observes that the distribution
curves do not depend on thke crystal structure of the target and also he
does not find eny fine structure in the distribution., Owing to the cosine
distribution of true secondaries outside the target, theoreticians infer

that the distribution of the directions of internal seccondaries inside the
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solid must be isotropic and this in fact forms one of the corner-stoncs
of the theory of secondary clectron emission.

For backscattered primaries also, Jonker found an approximate
cosine distribution. With oblique angle of incidence of the primary
beam, the curves are slightly dented in the direction of the incident
beam. The elastically reflected primaries, on the other hand, have a
distinct meximum in the direction of the incident beam. 1In addition,‘
with oblique incidence of the primeries there will occur distinct
peaks in the direction of the "optically" rcflected primary beam (fig. 16).

Despite the very conclusive experimental evidehce obtained by Jonker,
one wonders if the perfect cosine distribution is not a bit over-
simplified, especially owing to the few data available from other
materials. Experimental workers often tend to assume the cqsine
distribution and presume that there ere no particularly interesting or
noteworthy features in the distribution curve.

More recently, however, Burns (62) studied the angular
distribution of slow elcctrons from specified faces of single crystals
of both copper end nickel, and‘has observed some striking departures
from the cosine law. |

Fig. 17 shows a typical polar distribution curve from the (001)
face of e ¢Opper crystal for a primary beam df energy 250eV at normal
incidence. There is a central pesk which,according to Burns'.
explanation, consists of secondaries scattered inelastically alqng the
(001) direction and superimposed on this central peak appear smaller

maxima in (015), (014), (013), (012), (023) and (011) directions.
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Burns concludes that the angular distribution of secondaries

. from single crystals of copper and n.ckel is not a simple cosine distri-
bution as Jonker found, but instead it possesses a number of weak

maxime superimnosed upon a background which has approximatély a cosine
distribution. Needless to say that more investigation should be

directed in this direction, for a clear and complete understanding of

the angular distribution of secondaryvelectrons both from single crystals‘

and polycrystalline targets.

1.12 Fine Structure in Enerpy Distribution of Secondary Electrons

The general shape of the energy distribution of secondary electrons
from a metal target is a smooth curve, with the true secondary maximum
at two or three electron-volts and another peak corresponding to the
reflecfed primaries (fig. 3). However, some workers have observed some
fine structure in the energy spectrum of secondaries from a number
of different metals. They were first discovered by Haworth for lio and
for Cb (63). Kollath (64) Harrowcr (65) and Zinke (66) also found
similer subsidiary mexima above 50 eV up to 300cV - i.e. in the range
of rediffused primaries, Thesc subsidiary maxima or "humps" indicate
that electrons are being prefcerentially emitted at certain fixed energies.
Thesc humps are independent of the primery cnergy and are characteristic
of the target. Many authors are still rather sceptical about these
" huhps, especially when considering the conditions under which they ore
Obtaincd. The targets were subjected to excessive heat trcatment, with
& view to obtaining clean surfaces, For example, Harrower heated

. Mo at 2000%K and W at 2600°K, for 15 hours, "to drive out impuritics
-2/ -



Tapre I. Covpanizon oF CALCULATED AUGER ENERGIES WITH ORSERVED NUBSIDIARY
Maxmvia oFr W Accorbing To HARROWER?

Auger transition Calculated value Observed value

Joth eleetrons originally in same band

ad — "L\/l 31 —2 X 19 = 13 13
ap — bsp 63 —2 X 19= 25 25
4d — Gsp 245 = 2 X 19 = 207 212
4p — >d 450 — 2 X 51 = 348 310
4p — Os 450 — 2 X 93 = 264 261
Eleetrons originally in different bands
(4s — 4p) — o8 (590 — 450) — 93 = 47 1
(4p — 4d) — 5d (450 — 245, — 51 = 154 160
(4p — 4d) — 4Af (450 — 245) — 31 = 174 )
(4d — 4y — 5d (245 — 31) — 51 = 163 164
i 4d 4f) — thsp 245 — 31 — 19 = 195 199
(D8 — l_’. — tisp 93 — 31) — 19 = 43 38

° (i. \. Harrower, PPhys. Rer, 102, 340 (1956,



within the target meterial®. Iander (67) explaincd thcse humps @s due
to Auger processes (68). Briefly, the Anger effcct can be oxplained as
follows. An electron is excited from a deep level D (fig 18) by a
primary cfollision. The vacancy created in bond D is filled with an
electron of the next higher tand C, The energy (ED - Eb) relsased by
this process does not appear as an electromagnetic raaiation quantum
outside the solid but instead is used for exciting an electrop from the
band C or even from the upper band A, The electron then appears outside
the solid with an encrgy (Eb - EC) - E,, if it comes from the band A.
On the other hand if this electron comes from the band C itself, its
energy will be (ED - ZEC). Harrower could explain all the subsidiary
maxima observed for W, as due to Auger transitions. It is interesting
to compare the calculated Auger cnergies end the subsidisry mexima of
W obtaincd by Harrower, Table 1. |
Theoretically , the Auger process is definitely one means by
which primery electrons cen lose energy ond also secondaries can be
emitted preferentielly. But looking at Harrower's observed energy
distribution curves, one cannot help being suspicious end sceptical,
€Specially since these so-celled humps 2rc so ill-dcfincd. For a hecavy
Metal, there can be 2 large number of Auger transitions, since Auger
transitions are possible even though the corresponding optical transitions
freforbidden by sclection rules. The existence of subsidiary maxima in
the case of insulators hss not yet becn proved with certainty. According
to the interpretion by Auger process it would be quite natural to expect

Similar maxima for insuletors as well.
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1.13 Secondary Emission from Insuletors

Even though in the present work, only secondary emission

from metals was studied, a very brief account of the secondary emission
from insuletors and metal compounds would not be out of place. In many

ways, the properties of insulators are very much more complicated than

those for pure metals. Besides, it is much more difficqlt to make
measurements on insulators. However, from the point of view of tecchnical
applications, this class of materials is probably more¢ important thon metals,
since high secondary emission yields ere obteainable and secondary cmission
multiplication is possible.

Most insulators have a 3 - Ep curve similar in shape, although not
necessarily in magnitude, to thot for metals. The meximum yicld from
insulators lies in the range 0.96 (WSQ) to 18 (MgO) with somcwhat higher
values for single crystals (e.g. 24 for a single crystal of NaBr),

Unlike in metals, the yield from insulators may change considerably
with temperature, owing to the difference in mcchenism by which
internal secondsries losc energy. In o mctal there ere meny frece and
bound electrons with which the secondaries can maeke collisions involving
the transfer of large or smell emounts of encrgy. This process may
continue until the secondaries zre brought into thermal equilibrium
With the lottice. However, in an insulator the minimum energy which can
be lost by the procsess is equal to thec energy gap between the Eottom of the
Conduction band and top §f the valence band. In MgO for example, this
is at lcast 5.6eV and for most insulators it is of comparable megnitude.
Once the electrons have follen to an energy of atout 5eV the only
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nmechanism by which they may lose energy is by collisions with lattice
defects and electron-~phonon int;ractions. In & single crystal, the
humber of collisions with lattice defects will be small and although the
number of electron-phonon interactions may be large the amouht of

energy lost by each collision will be small. Provided‘the energy
required for the emission of an électron at the vacuum interfoce is small
compared to the electron affinity of the crystal, electrons with only a
few €V energy will have a high probability of travelling large distances
with sufficient encrgy to be emitted. This explains the high secondary

| Yield end high Ep for many insulators especially alkali halides end

max
alkaline éarth oxides,

| In insulators frce from a large number of lattice defects, one
would expect the influence of phonon interactions to predominate end hence
d and Ep may O decrease with temperature. This, in fact, has been
8Xperimentally observed by meny asuthors,

Geyer studied the energy distribution of "true" secondarics for

Various thicknesses of NaCl and MgF2 on a hickel substrate and found a simi-
lar gistribution ss in metals. The most probable energy of the secondaries
Was found to nearly leV. Even though only a few insulators have been
Studied, it is generally accepted that the mcan energy and the most
Drobable energy of emission of secondaries from insulators, are considerably
less than from metals. Very little is in fact known about reflected
Primaries, from insulators, the range of primories, ete. Until these and
Many other properties of insulators are studied in greatcr detail - despite

the technical difficulties - & full understanding of the¢ mechanism of

SGcondary emission from insulators will be impossiblc.
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1.1, Moalter Effect

In 1936 L. Malter (69) presented the results of an invcstigétion of
Secondary eﬁiésion from a terget, comvosed of an 2luminium plnte with an
oxidised surfacc layer, which was covered with Caesium Oxide. Such a laycr
can be represonted by the symbol (Al) - A1203 - Gs,0. When bombarded with
a primery electron beam of & few hundred eV, he obtained emission currents
from the target which were as much as one thousand times thé primary
current,

Time effccts were apparcnt however; the emission current did not
reach its full value until some time efter the bombardment began. When thc
‘;primary beam was switched off the sccondsry current dropped rapidly at
first and then decayed from a small valuec over a period of several hours.
This phenomenon, after the investigator, is called "Malter effect”.

Malter showed thatrthe yield varied as a power law of the collrcctor
voltage

b= MV
where M and n are constants. 7

Me=ter and later Koller end Johnson (70) interprcted these.results
in terms of the chsrging up of the target surfacec. Since b is greater v .
One, when the insulating target surface is bombarded with the primary beam,
it becomes positively charged while the other face is at ground potential.
Although the potential difference across the insulator is not large, the
Very small thickness of the insuletor mekes the field intensity very
large, The intensity is great enough to cause field emission from the
aluminium and aluminium oxide. Hence tﬁis:effect is also terééd "thin film

ficld emission™. In addition, the oxide becomes polarised and both the
- 28 -



polarisation and the surface charge persist after the removal of the
primary beam until neutralised by leakage and by a portion of the field
emission.

This phenomenon has éttracted many investigators, partly beccause
of its intrinaic interest end partly because it suggests a method of
obtaining high yield surfoces of commercial valuec, if it could be
stabilised. Quite a lot of work has been done in this field and most
workers do confirm Malter's results and explenetions. However, it must also
be crphasisedthet a complste understanding of the whole mechanism of

Malter effect is still lacking.

1,15 Conclusion

In this Chapter, the basic processes involved in secondary
electron emission heve been discusscd, together with various mcchanisms
which can contribute to the generalised SEE., To understand the
heed for the present work, it is first nccess>ry to consider the previous

éxperimental work in this ficld, which will be given in Chapter II.
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CHAPTER II

Review of Some Experiments on SEE

2.1 Introduction

Having discussed some of the basic processes involved in secondary
electron emission in the previous chapter, it may be worthwhile to give a
brief account of some of the experimental work done previoasly, on some of

the properties of SLi. This will enahle one to have an insight into the
| different techniques used and also the problems encountered. Such a
thordugh background is essential if one wishes to improve upon the
techniques used end to obtain more reliable and reproducible results.

Irreproducibility seems to be a feature all too common in SEE work.

2.2 Preparation of Clean Surfaces

It is imperative that in any study of the SE properties of a
Surface, for reproducible results genuinely characteristic of the surface
Studied, the surface must be "clean". To define such & surface, we may
8dopt the recent definition given by Allen et al. (71) which states that
8n atomically clean surface is "one free of all but a few pér cent of a
Single nonolayer of foreign atoms, either absorbed on or substitutionally
Teplacing surface atoms of the parent lattice". If such a clean surface is
&Xposed to a gas at atmospheric pressure, it is subjected to ~~ 3 x 1023

Molecular imnacts per-cm.2 per second. Many of the gas molecules do not

Tebound elastically, but are adsorbed onto the clean surface. This process
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of adsorption continues, until the surface is covered by many layers of

molecules.,

7

At a pressure of 10 ' torr, assuming a sticking coefficient of
unity, a clean surface will adsorb @ monolayer in & few seconds. DMost
sticking coefficients are found to be fairly high, of the order of
0.1 -~ 0.5 and vary with coverage end temperature (72). Bloomer and
Haine (73) investigated the sdsorntion of oxygen on a clean tungsten
Surface and fo%éd the time required to produce a monolayer to be given by
tm = 24é_§;;9: secns, where P is pressure in torr. Hence in an
-investig;iion of clean surfaces, it is essential to have a residual gas
Pressure that can be maintained below 10~7 torr.

Clean surfaces may be prepared on metallic and non-metallic
Substrates by several techniques, the principal methods being

1) Vacuum evaporation

2) High temrerature heating

3) Chemical reaction

) Ion bombardment cleaning

5) Crystal cleaving

6) Field desorption

Perhaps the simplest and the most versatile method for producing
8 clean surface is by the evaporation of the méterial on to a suitatle
Substrate. The material to be evaporated is inifially heated to a
temperature just below the temperature at which it has an appreciable
Vapour pressure. The impurities which are more volatile than the material

8¢ therefore eliminated by evaporation. A further temperature rise
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vaporises the purified material - leaving behind the less volatile
contaminants. The structive of evarorated films is found to‘be highly
dependent on the condition of the substrete surface, the initial
temperatufe of the substrate, any subsequent heat treatment, and the
€vaporation rate.

Atomically clean surfaces of a number of high melting point
metals and non-metals can be generated easily by heating the material
to a high temperature. This method is applicable only to those
haterisls whose surface impurities possess a higher vapour pressure than
' the base material or decompose at temperaturesbelow the melting point of

the base material. The generation of clean surfaces by heating to a high

temperature is not as straightforward as it may eppear. Surface
'impurities may diffuse into the bulk rather thea leave a3 gaseous species.
Or in some cases, the impurities dissolved in the bulk material will tend
to diffuse towards the surface. This has been demonstrated for molybd~nl. |
tungsten, teatalum and rhenium where carbon diffused to the surface formed
Carbon monoxide and csrbon dioxide, on letting some oxygen into the
System (74). Heating can also in some cases alter the nature of the
Surface, Some crystallographic planes may grow st the expense of others
and thermal etch-pits mey appear. Clearly, there are many pit-falls
Which rust be kebt in mind when using this apparently straightforward
technique.

Cleaning a surface by chemical reaction is in some ways a round-
bout method. In principle the surface is heated in a reactive atmosphere
®nd the reaction products volatilise at these temperatures and leave the
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surface. The reactant gas must be of the highest purity to prevent
contemination and should not interact to any great extent with the
underlying surface material or else there will be cheﬁicel etching.
Chemical reaction technigues are ususlly used in conjunction with one
of the other cleaning techniques.

Inthe lon bombardment technigue, the crystal to be cleaned is kept

3

in a pure inert atmosphere of argon at a pressure of about 10~ torr,
The hombarding positive ions are produced in an externally maintained
~discharge. Atomically clean surfaces of W, Ti, and Ni have successfully
“been produced by this technique. It must be said that this method is
limited in its applications, since it is unlikely that gas molecules
will be completely prevented from entering the structure of the surface
in the case of the more reactive metals.

Clean surfaces can be produced by breaking or cleaving single
Crystals in'high vacua. Cleaving is usuzlly accomplished by forcing a
wedge into @ small oriented slot in the crystal. In most cases, the strain
thus produced ‘affects the nature of the surface. The availability of almost
Perfect large single crystals limits the general application of the technique
but the greatest limitation is the small number of meterials which are
brittle and fracture along a given cleavage plane.

Under favourahle conditions clean surfaces can be prepared by using
high e¢lectrostatic field techniques. Field evaporated surfaces ars usually
Produced in field ion microscopes by increasing the potential of the tip

SO that the field is about 109 volts/cm near the surface of the tip (75).

This leads to the removal of loosely held protruding surface atoms and
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produces perfectly regular surface structures. The field desorption

technique can be applied to a wide variety of materials. But unfortunately,

it can only prepare clean surfaces with en area of approximately 10-10 cm2.
Having prepared a clean surface it is highly essential té keep

it free from contamination. This can be echieved only by maintaining

the surface under ultra-high vacuum conditions.

2.3 Preparation of lLow Yield Surfaces

In meny instances, the emission of secondaries from an electrode
of a valve or other electronic device moy have a disturbing influence on
its performance. Ixamples of this are secondary emission from the control
grid of a tramsmitting valve, the secondary emissiun from the cavity
gaps of a klystron and charging up of the insulating supports end glass
walls of the envelope.

Frequently, in such cases where secondary emission is undesirable,
~ instead of modifying the surface of the emitting electrode, a more
Satisfactory method is to arrange an extra electrode to prevent the
€8cape of secondaries, as in the case of a pentods.

In high power transmitting valves, the tetrode is still used on
account of its lower anode capacity. It has been stated (76) that a
COatikg of sintered zirconium powder is usually sufficient to reduce the
Secondary emission of the anode, although in very large valves, operated
8t high temperatures, powdered tungsten carbide hes been used.

A simple laboratory method used by many esuthors, to reduce the
Secondary emission is to coat the surface with soot. Bruining et al. (77)
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investigated the secondary emission from soot and found a low value for
the yield, The actual value of the yield was found to be’dependent on the
"roughness" of the surface.

In high power transmitting valves if the secondary yield rises
g@bove unity, a necgative grid transconductance eccurs and undesirable
oscillations may be excited in the grid circuit. Boumeester (78)
describes a tube which uses a zirconium grid or a molybdenum-tungsten
grig coated with a2 layer of zirconium oxide which is reduced to zirconium
metal during tube processing. Another method is to paint the grids with a
501utién of CrO3 in water and subsequently to reduce to Cr203 by hcating
the parts to red heat in a stresm of hydrogen. Another very important
compound - from the point of view of the present werk - which‘has been
used is tertelum carbide. This may be obtained by stoving tan*alum
~in a CO atmosphere.

The influence of resonance secondary electron emission from the
cavity gaps of klystrons, known as the "multipactor effect"{ can cause
Serious loss of power. Kreuchen and Diserens (79) describe how the
- &€ffect may be elminated by coating the cavity gaps with a material such as
tantalum carbide. After this suggestion, and with the cooperation of the
laboratory of thebabovc authors, a thorough investigafion of secondary
€mission properties of TaC was undertaken and forms part of this

dissertation.

Re4  Yield Measurements

The secondary electron emission yicld has been defined as the
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Device to determine the vield and rediffusion coefficient of metals and
semiconductors,

FIG.19



number of external secondaries produced by one primary electron. Or
it is simply the ratio of the total secondary current leaving the target
to the imninging primery electron current.

In general, the mcasurement of the yield is simple, particularly
for metals. The general arrangement for the measuremcnt of yicld is given
in fig. 19. The primery electrons come from aldirectly heated filament or
an indirectly heated cathode. They are accelerated to the target by
applying & potential difference between the torget and the cathodec. Usually
the target is in the form of & small plate end is surrounded as completely
as possible by a spherical collector. The secondary e€lectrons emitted
by the target are collected by the spherical collector and a senszitive
galvanometer records them &s the total secondary current. Normally
the collector is held at a positive potential with respect to the target
S0 that all the electrons are dregged to the collector., If a second
galvanometer is connected to the target circuit it measures the difference
between the primary and secondary current i.e. (ip - is). If on.the other
hand this measufing device is connccted to the target and collector
Combined, it records directly the actual primery current ip. When 2 simple
Spherical collector is used in this way to record the secondary current, an
€rror is involved owing to the oocurrence of tertiary electrons emitted
from the collector wall. These electrons are generated by reflected and
rediffused primaries, from the inner wall of the collector and can partly
Teturn to the target. Some authors coat the inner surface of the wall
by Soot or some other low yield substance to reduce the effect of tertiaries.

H°WCVer, it is not completely eliminated by coating with such a materizl.
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TABLE 2

Secondary lmission Yield of Pure Metals

Atomic No. Metal . Epoy E; EI?;
3 Li 0.52 100
A Be 0.5 200
5 B 1.2 - 150 50 550
11 Na 0.82 300
13 Al 0.97 300
14 Si 1.1 250 120 520
19 K 0.53 175
25 Mn 1.35 200 50 750 j
26 Fe 1.3 200 120 1400 ‘
28 Ni 1.35 450 140 110C ‘
29 Cu 1.28 600 200 1500 |
47 Ag 1.56 800 140 > 2000
73 Ta 1.25 600 275 1500
T4 W 1.35 650 250 1500
78 Pt 1.5 750 350 3000
79 Au 1.79 1000 150 > 4000

83 Bi 1.15 550 180 1600




A more satisfactory method is to suppress these tertiary electrons by
arranging a spherical grid inside the collector and at a negative
potential with respect to it, but at the same time having a positive
potential with respect to the target, It has been shown (4) that
8 potential difference of 30 - 40 volts is sufficient to completely
Suppress the tertiary electrons from the collector. Furthermere, such
an arrangement enables, by suitable choice of potentials at the electrodes,
to separate the "true" secondaries from the elastically and inelastically
reflected primeries,

A list of the yield values ebtained from a number of pure metals
is given in Tabls 2. b nax is the maximum yield eccurring at a primary

Cnergy E . E 1 and Ep2 represent the two primary energies at which the

p max P
Yield is equal to unity. It must be said that differences as big as
! 10% do exist between data given by different authors. This could very
Well be due to the difference in surface structure of the samples examined
and to adsorbed surface layers.

| Measurement of'yield from insulaters 1s not as simple as in the

Case of metals. When such a surface is bombarded by electrons, the
Surface either charges up or down, depending on whether & is greater ‘
then or less then unity. It is required that either the surface petential
b¢ measured with SE measurcment or be kept fixed. Depending on thc choice,
the methods conld be classified as static or dynamic.

One of the simplest static'methods is to use a low current

density electron beam te bempard the surface. The surface petential changes
s1"le and the yleld can be pletted as a function ef time. By
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extrapolation the actual yield can be deduced from this apparent yield.
However, in this method extremely low current density has to be used to
obtain the slow change in surface potential.

Most recent work on insulators is done using the dynamic
Mmethod, where pulsé techniques are employed. The direct pulsing
technique was first used by Johnsﬁn (8 and the circuit is shown in
fig. 20, The primery clectron source is kept at a negative potential
(<Vp), but the beam is normally cut off by the negative grid bias. The
back of the target is connected through a small resistor to ground and the
Voltage developed across it is amplified and displayed on an oscilloscope.
Due to the small but finite conductivity of the target, the target
Surface is normally at ground potential. The pulser then delivers a short
(~+ 1 & sec.) flat topped pulse to the grid which turns on the primary
bean for this interval. This is synchronised with a fast horizontal sweep
®n the oscilloscope. The current through the load resistor produces a
Pulse on the oscilloscope. By varying the recurrence frequency of the pulse
8 sufficient time can be sllowed betwecn pulses so that the target surface
882in reaches ground potential, This method or its varied forms can be used °
to measure » of insulators quite accurately.

2.5 Measurements of the Inclastic Reflection Coefficient

It has been said in section 1.3, that the spectrum of secondary
electrons consists of the so-called "true" secondaries with encrgies between
0

8nd 50¢V and of inelastically end elastically reflected primaries above

SOQV. The fraction of elastically and inelastically reflected primaries,
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is not small in e¢ither metals of insulators. n is related to the

+ N

total yield 3 by the simple relation 3 = Gtrue |
In recent years the measurement of N has gained considerable
recognition and space in the litersture on SEE (45, 46, 47, 48, 52).

" The same experimental set up (fig. 19) used in the measurement of
Yield, can be employed in measuring N as well. In so doing, the spherical
grid ins??e the collector needs to be képt at -50V with respect to the tar-
get.. .Owing to this retarding field, all eléctrons with energy less than
50eV will be returned to the target and those with energy above 50eV be
COilected by the collector.

Such measuréments of the inelastic reflection coefficient and the
Shergy distribution of the inelastically reflected electrons offer a means
of shedding new light on the relative importance of elastic and inelastic
Processes involved in secondary emission.

The basic theories of secordary emission (Chepter IV) usually
do not take into aécount the role of inelastically reflected primery
lectrons in the production of slow secondaries and assume that all the

Slow secondary electrons are khcckci out of the target by the primaries as
they move into the interior of ‘the targe{. If the range of primary electrors

in the target is R and the depth from which a secondary electron can escape

lnto wacuum is X g then for primery energy greater than E

o max’ R > Xge

For Such energies, there are two electronic currents in the "output zone'"
°f secondaries (xs), namely, the incoming primaries and the reverse

Out€0ing inelastically reflected primaries. These inelastically rcflectcd
Slectrons returning from the interior of the material, emsrge through the
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output zone with reduced energy and with a cosine distribution in escape
angle, The rate of energy loss and the peth length (Chapter IV) of the
backscattered electrons in the secondary escape region are comparable to
thet of the incoming primaries even when the inelastic reflection coeffici-
ent is relatively smsll. Since the energy dissipation close to the surface
is proportional to the observed secondery yield - confirmed experimentally
(81, 82) ~ the inelastically reflected electrons can contribute very
Substantially to secondary formation,

Considerable amount of work has recently been done, in an attempt
to determine the extent to which inelsstically reflected primary electrons
8re responsible, for the production of slow electrons within the solid,
Capable of subsequent escape, The contribution to secondary yield, by
the inelastically reflected primsries was first noticed by Stehberger (83).
More recently it has been studied by Dobretsov and Matskevich (84)
Bronshtein and Segal (4, 5), Kanter (85) and others.

According to the above authors b rue itself is produced by the

_ ru
Primary electrons and the inelastically reflected primaries. That fraction
due to the primaries is represented by bp. Dobretsov and Matskevich

_determined the fraction 3, using the formula

® -n
b, = ot (13)
(L+gn )
Vhere is the observed total yield including slow secondaries and

tot
ine1astica11y reflected primaries, N , is the inelastic reflection

Q°Sfficient, B is a factor accounting for the increased efficiency of thc
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backscattered electrons in forming secondaries. They suggested that B
would lie between 1 and .

Recently Bronshtein and segal made measurements of n and b
from thin layers of various thicknesscs deposited on substrates, to obtain
values for B. |

The work of Bronshtein and Segsl is of interest es it attempts
an exnerimental determination of (1) the role of inelastically scattered
¢lectrons in secondary emission; (2) the range of primery electrons;
and (3) the range of sccondery electrons. The method is based on a
Study of the yield of thin films of one substance A, evaporated on to a
Suitably matched substrate B. The combination of the substrate B
and the thin film A can be divided into three cases.
(1) The case of the "zero" substrate when the coefficient of inelastic

reflection ng << nys bB < SA;
(2) a "mirror" substrate when “B >> s 'bB >> B 3
(3) an "quivalent" substrate when “B = ny but b & bye
‘ For Be, a "mirror" substrate, namely Pt, was chosen and for every

layer of Be deposited on Pt, ® -'Ep and n - E% graphs were drawn.
Fig. 21 and fig., 22 show typical sets of curves for Be of various
thicknesses on Pt. From these characteristic curves one can éee that
there are definite "breaks" £rom the limiting curve which is characteristic
°f s0lid Be. For a given thickness of the Be film, as primary energy is
Increased there is a transition from the characteristics of Be to Pt, This

transition or Moreak" occurs at a higher E, for thicker films.
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These experimental curves were used by Bronshtein and Segal
to determine the range of the primary electrons, the effectiveness of
inelestically reflected primeries on secondary emission and the range

of secondary electrons.

2.5, Range of Primary Electrons

As seen from fig. 22 the inélastic reflection coefficient for
platinum is practically constant, n = 0.45, at high primary energies -
above 800eV, The‘platinum substrate therefore acts like a "mirror" from
which about half of the electrons are reflected with s small loss of energy.
Before a primary electron can come out as an inclastically reflected
¢lectron, it must pass through the Be layer of thickness 'd', get
Teflected by the substrete and then poss through the layer in the reverse
direction. If the thickness of the lsyer 'd' is so large that for a
pPrimary encrgy, Ep there are no slectrons which are able to pass through
"to the substrate and back sgrin and then to come out with an energy

2 50eV, then the totsl effective ionisation range R of the primaries -
ﬁeglecting the range of 50eV electrons - can be evaluated.

There are two separate cases to be reckoned with.

Qﬂgg_; There are certein meteriszils 1like platinum, where there are a
large number of inelastically reflected primarieé, close to the primary
Ep (52), In such cases R = 2d as given b& Dobretsov énd Matskevich (84)
8nd Holliday and Sternglsss (46).

Qﬂéﬁ_& In the case of certain light metals (e.g. carbon) the number of

Slectrons with energy cloze to thc‘primary energy is comparatively small.
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Consequently after  second passage through the layer they cannot be
detected experimentally. The experimentally observed values of 'dl' in
this case, turns out to be low (d; < d < '/2). In this case

Bronshtein and Segal evaluated R by using the approximate relation

n
+
R = (l____k_)

iy dq (14)
Here k is given by Em = kEp, Em being the energy corresponding to the
Maximum of the distribution function of electrons inelastically reflected
. by the substrate, when a beam of energy Ep is incident on it. n is
given by the assumed relation

R = A" (15)

p

(A is a constant)
The relation between R and Ep for Be was found to be R = E; where
h=1,5 for Ep > 8006V, For bismuth and silver the corresponding

Telations were found to be R oc Ebl'L and R <« Epl‘2 respectively.

2.5.b Role of Inelastically Reflected Rlectrons in SLE

As is already established, the sccondary electron emission
Coefficient of true secondaries (energy' < 50eV) is

Spue = 2T

Frog fig, 21 and fig. 22 one can construct a graph of R against n

tru
for Be for Ep constant (fig. 23), since both Aerye 209 are parametrically
dePendent on thickness. For Ep > 600eV the curves have two straight
Portions with different slopes. The slopes of the upper portion (s)
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for all Ep velues, are approximetely cqual and for the lower parts (b) the
Slopes decrease with increasing Ep.

The shape of the curves may be explained as follows:~ Platinum
has both a high & and n , i.c. it emits a large number of slow sccondaries
btrue' When these two groups of electrons enter the Be layer, even
though for thin films of Be, the fast { n) electrons are not absorbed,
the slow electrons are completely absorbed. So even for a large change of
btruc’ n has not changed substantielly and hence the lerge slope in the
region (2)., The absorption process for slow electrons emitted by the
Platinum does not depend on Ep and it occurs for such thin films of Be, that
n does not change significantly for 511 Ep.' Therefore, the slopes in the
Tegion (a) are approximately the same for all Ep. In the region (b) there
OCcurs a decrease in the number of clectrons inclsstically reflected by
the platinum substrate, which can come out through the Be laycrs of
increasing thickness and consequently in thc number of slow secondarics
Produced by them in Be. The slope of the region (b) cheracterises the
neffectiveness“ of inelastically reflected electrons n , in producing slow
Secondaries.

Now b, itself may be written as »
rue ,

=% + &, where 3 _ is.the :
true P 1 jo)
fraction produced by the direct primaries and b by the inelsstically
Teflected elcctrons. b, may be written as 3, = Sn , where S is the
“ffectivencss of inelasstically reflected primeries in the production of

8 . . .
Low Ssecondaries, i.c. the number of slsw secondaries produced by one

- WMelsstically reflected electron in the region Xg

-



- 6true = bp + Sn
and slso
ds
e = S (16)
d » X

l.e. the "effectivencss®™, 35, cen tc defined as the slope of the line Eb =
constant in the region (b).
5
Fro.. the above graphs S, 61, bp’ 1/bp and S/bp may be computed

for Ep = constant.

o)
Bronshtein and Segal calculated the value of l/ép to be about

0.5 i.e. the role played by the "reverse" (ineclastically reflected)
Current in the formation of slow seccondaries is approximitely half as much
48 that pleyed by the "direct" current. The ratio S/bp is the factor B

in equation (13) due to Dobretsov end Matskovich. The value turns out

to be of the order of 4 to 5 which is higher then the theoretical maximum
Which is m ., It is instructive to note thet Kanter (85) working
independently got a value of 4.9 for B.

The above method of calculating the valuc of S has been criticised

by Gomoyunova (86). The equation used by Bronshtein and Segal is

Srue = bp ""S n
for g5 X_, ve have d % =0
- dn

% 4 3 ds

-—»_t_r.ue. - S + -

d n an 1

It . d s,
tis evident from this that __:;;ﬁgg = S only when g% = 0,
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Gomoyunova argues that since the excitation probzbility is

dependent on the encrgy, g% cannot be zecro.

ds |
S 43 n -
o 5+ == =C , (17)
- C is a constant, Solving the differential equation
S=¢C+ % » (18)

where A is a constant. However smell the factor % ray be, the fact is that

it does exist.

2.5.¢c Range of Slow Sceondarics

It has already been noted in fig. 23, the & graphs break for

. true ~ M
all Ep, at onc and the same thickness - d = 12 atomic layers for Be. That
thickness, at which the slow secondary electrons emitted by the platinum
Substrete are absorbed, cen be considered to be. the range in Be of slow

Secondaries (or their production zone). Thet for Bi was found to be

&~ 7 atomic leyers, =nd for silver the value ranged from 12 - 20 stomic

1ayars.

.6 Energy Dlstfibu{ion of Secondary Electrons

To urdderstand the processes rcsponsible for secondary electron
Production, 2 knowledge of the distribution in energy of the secondaries
is 8ssential. A grect deal of work in the past has thereforé been
dil‘ected towerds obtaining energy distribution curves for a wide variety
°f materials and o lrrge range of primery electron cnergies,

Measuring the energy distribution of true secondaries is basically
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of Hughes and McMillen (87)



a problem in electron optics. This is studicd mainly by onc of the
following methods.

1) Trensverse Electric (TE)

2) Transverse Magnetic (TM)

3) Longitudinel Magnetic (IM)

4) Rectarding Field (RF)

An electron spectrometer using the transverse electric field was
Tirst described by Hughes and Rojansky (86, 87). It utilises the
refocussing property of a two dimcnsional, inverse first power,
¢lectrostatic field. Let an electron be moving from a certain point in this
fielq, perpendicularly to the redius passing through thet point, with just
the right velocity, so that under the influcnce of the electric field, it
describes a circular path concentric with the axis of the field. If so,
a1l other electrons having the'same velocity and starting from the samc point,
but moving initislly in slightly differcnt dircctions from that of the first
¢lectron, will describe orbits which re-focus at the point which is
r = 127° - 17" from the starting point. Hence this analyser is
3 , ;
®ften called the "1279 electrostatic analyser™,

The first 127° analyser u;ed by Hughes and hcMillen is diagram--
atiCally shown in fig. 24. The analyser consists of two concentric arcs
subtending en angle of 127° at the centre. When they are kept at &
potcntialvdifference V,» the radial” field between them permits clectrons
°f o corresponding energy VO to be refocussed at the exiﬁ slit according
to the relation

vo=A (®) (19)
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Where b and 2 ere thc respective radii of the outer and inner ares.
Consequently @ measured spectrurm of electron cnergics is linear against
Voltage applied to the snalyser, However implicit in the analyzer design
is the fact that the scnsitivity iz proportional to the energy of the
€lectrons being meesured. Hence the analyser discriminates against

Slow electrons, the c¢ffect being most scvere at energies cpproaching zero.
Besides, the resolution is dependent on the geometricel paramcters of

the anslyser. The anzlyser displeys =n electron spikc at V volts 2s a peck
With a half width V% given by (88).

V1 (S + 4 r (y,2)

- 3
2 () = 2 (20)

To

Where "S" is the slit width, " rb" rean radius of the cylindrical arcs
and o the acceptance ungle in radians.
It was J. J. Thomson, who used the tronsversc megnetic (Tiv)

hethod to determine the spccific cherge of clectrons. Under the influcnce
°f a yniform megnetic ficld, an electron of velocity v is bent eround into a
Qircie of radius r given by v = i .r . H (21)
An €lectron spcctrometer using the transverse rognetic field was first
deslgned by Romsauer (&9) for slow clsctron= ond since then, has been
reDeatedly used for determining the energy distribution of the secondoeries.
Rudberg (90) used this mcthod in studying the encrgy losses of clectrons.

be clcetrons coming off the tzrget in some givin direction are fed into

the Legnetic cnalyser consisting of 2 scmi-circular aperturcd tubc in a

Wit opy transverse mognetic field, Ths current to a Feraday cage collector

N the output end of the snalyser is obterined s a function of the magnetic
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field and tbis gives the energy distribution directly. In order to avoid
any deflection of the primery beam in the magnetic field the becam must be
arranged parallel to the mognetic ficld. Uonsequently the primsry beam
rmust be orthogonal to the seccondary besm. The resolution is again
dependent on the energy of the electronc. Rudberg obtzined a resolution
of ~» 0,64,

 In the longitudinal magnetic (IM) method the magnetic field is
epplied parallel to the primery beem. The method wes originaelly used by
Klemperer for B-reys and adapted by Kollath (91) for secondery electrons.
The scheme of the spectromcter is shown in fig. 25. Ipertures erc sct up
So thot sccondarices emitted within a certain cone enter the linear aialyser.
The axiz1 focussing properties of the megnetic ficld ere used to select
Secondsries of a given velocity. Thc entrance =1it of the Faraday
Cage collector-is'situsted at the focal planc. When the strength of the
magnctic field is vsried, electrons of different energy are foéuséed—ihto Tas
Cage and the current to the cage gives directly the energy distribufién.
Since electrons in a.cone arc selected, there are more clectrons available
for mepsurement end hence a sroll primory current cen be made use of.

The retarding field method was rrobably first used by Lencrd to
8tudy the energy distribution of photoelectrons. The principle hes been
borroyed to study the energy distribution of seéondary electrons., In the
8implest case, the electrons eritted redially from the target move egainst
® spherically symmetrical field. Only those electrons, with sufficient energy
to overcome the potential barrier between the target and the collector, are
®ollected by the collector. Hence the collector current is a measure of

211 the electrons above this energy. A graph drewn betwecn the retarding
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voltage 2nd the collector current is the integrul of the energy
distribution. Hence the first derivative gives the actual energy
distribution. Many workers have employed the retarding field methodnowing
to the sheer simplicity of the method though the theoretical resolution
night not be as good as the other methods. In the present investigation
&lso the retarding field method has been used end hcnce it is dealt with in
grecter detail in section 5.3.a.

A number of investigators have studied the cnergy distribution of
Secondary clectrons, using one or the other of the above mentioned methods,
Basically the shape of the energy distribution curve for verious materials,
is similar (fig. 3). The most common features of the distribution are the
"slow secondary pcék" (section 1.3) occurring at a few electron volts and iic
elasticelly reflected primary peaﬁ occurring et the primary energy. In
between,the distribution is "rather smooth". However, a number of workcrs
(63, 64, 65, 66) have observed fine structurc in this region which was
explained on the basis of Auger clectron emission (section 1.12). The most
interesting information about the solid state structurs and the energy
levels, however, comes from the study of inelastically reflected primafy
tlectrons. 4 study of the energy distribution of these electrons enables
One to understand the scattering mechanisms end the energy losses.

Itrwas Erik Rudberg, in 1929, working in Stockholm, who for the
first time reported, in his doctorate thesis, on the investigation of energy
losses of electrons when reflected from the surface of & solid. This was
followed by = series of papers (90, 8) giving the cuantitative results on

Shergy loss study. His was probebly the first quantitative determination
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of energy losses of electrons, though Brown and whiddington (92) noted

Qualitatively & "gap" in the energy spectrum of secondaries near the primary

peak,

Rudberg clearly demonstrated that when electrons impinge on solid
Surfaces there arc characteristic values of energy losses forming a kind of
line srectrum of the energy spectrum., He christened these energy losses as
"characteristic energy losses" (Cil). Following Rudberg, a number of
workers have studied characteristic energy losses of electrons from a
nuhber of materials and the results obtained are voluminous. Since the
Present investigetion also is directed towards a study of the CEL of
electrons, a detailed eccount of the previous investigations will not be

out of place end is given in the next Chapter.

2,7 Conclusion

An account of the methods employed in measuring the yield end
€nergy distribution of secondary electrons is given in this chapter.
Besides mentioning some of the important results obtained in the previous
investigations, & brief sccount has been given on the precautions to bé

taken for obtzining reproducible results. .
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CHAPTER IIT

On _the Study of Characteristic Enerpgy losses of Electrons

3.1 Introduction

One of the most important results of the study of the energy
distribution of secondary electrons hzs been a knowledge of the energy
losses suffered by the primary electrons scattered by the target material.
A~know1edge of the energy losses helps to have a better understanding of
the energy levels of the solid, the various excitations which take place
within the solid, the processes involved in the scattering of electrons
and the conseqguent emission of secondary electrons. It is not surprising

then that 2 large cmount of work is currently being done on the inelastic

Scattering of electrons and energy losses,

3.2 Experimental Observation of Characteristic Energy losses
- As has already been said in section 2.6, it was Rudberg who for
the first time, made a quantitative assessment of the characteristic |
Shergy losses of electrons, by studying the energy distribution of
8lectrons reflected from a solid target. A typical CEL spectrum,

Obtained by Rudberg (90) for platinum is shown in fig. 26. The large

Peak represénts the elastically reflected primery electrons. On the lower
fnergy side of this peak, are two maxime, which represent electrons

hﬁVing lost a certain amount of energy. The distances of these

beaks from the reflected primery peak are a measure of the CEL of the
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electrons. Rudberg was able to show that the energy loss values are
characteristic of the scattering material and are not dependent on ths
primary energy of the electrons. He also found, within the limits of his
apparatus, that the energy losses were independent of the angle of
incidence of the primary beam, the angle of observation and the thickness
of the sample.

Rudberg'!s work vas followed by extensivé investigations of
Haworth (94, 95) and Farnsworth and his co-workers (96, 97), on both
pélycrystalline targets and single crystals. They a2lso used similar
techniques as Rudberg. However, in the later stages Farnsworth used a
127° electrostatic analyser. Haworth took extreme care to obtain a clean
surface. These early workers studied electrons reflected from a solid
target.

It was Ruthemann (98, 99) who first studied high erergy electrons
of several keV transmitted through thin metallic films and observed energy
losses, He called these energy losses "discrete" and attempted to identify
them with X-ray trensitions. The term "characteristic energy losses"
coined by Rudberg has been more acceptoble to many, than Ruthemann's
"discrete energy losses". The reason is that the term "discrete" in
Spectroscopic language implies a sharp line. However, in the energy
Spectrum the enérgy loss peaks are not always sharp. Hence the term
"characteristic energy losses" is rreferred. Nevertheless, some authors
do refer to the losses as discrete energy losses and still some others
88 "ejgen losses".

In energy analysis, each author used one or the other of the
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methﬁds described already in section 2.6. Very high resolution

is reguired in the spectrometry of cheracteristic energy losses of
electrons transmitted through thin films. 2uthe~mann used a transverse
magnetic field analyser with a large orbital radius. He obtained a
resolution %: = j“l~

Following Ruthenann's work, more workers adopted the
"transmission method" o ctudying chafacteristic energy losses, whereby
fast electrons of several keV snergy wecre tranémitted through thin wetal
films and the enerzy shcetrum of the outcoming electrons stgdied.
Consequeitly more refincd methods of analysis of the energy epectrum
wers sought for.

It was a breakthrough when MB1llenstedt (100) introduced a new
electrestatic energy analyser, which Eould be incorporated in standard
electron microscopes. This analyser hes been used by a great many
workers (101, 102, 103) and is shown in fig. 27. This is simply an
electrostatic saddle field lens'in.which the chromatic aberration is ver:-
strong. A parallel beam of electrons with different energies, enters ths
lens, through a very narrow slit at some distance from the axis. As shown
in fig. 27 the different electrons with Jifferent energies are deflected
in different directions. In the electron 1 ~zsscope, these deflections
are magrified by&the projection lens and the pencils are focussed onto a
fluorescent screen o» photographic plate. The schematic of such an
8nalyser used with a conventional electrostatic microscope is given in
fig. 28. To obtain ths highest resolrtion, a very fine slit is needed

tut this will reduce the intensity. lollenstedt countered this by plecin~ ¢

-5 -



48

46

4

i >

(-

»n

{6 3

-

r z

1520 U {4
’__/\/\/\’\ \'\J

1000

%
RELATIVE

>’ v ° o
120 100 80 60 40 20 O

ELECTRON ENERGY LOSS (ev)

Characteristic energy loss spectra of Al for four different primary energies

FiIG. 29



w
L

Relative Intensity
T

L
I

T T ) T W
£ «1500 ev
4
750 ev -
-1
o
1 1

h ] L i
o 4« k1] 2 0 0

Electron Energy Loss (ev)

Characteristic loss spectra

of copper for primary electron

energies of 750 and 1500 ev.

The

spectra have been normalized for
equal intensities of the 199 ev

peak.

FIG. 30



collimating lens in front of the analyser lens. The resolution usually found
in this type of analyser is about one part in 40,000, M8llenstedt achieved
one part in 70,000 with his refined instrument.

The scattering targets used in these investigations can be
classified into two categories: specimens used in transmission and those
used in reflection. The transmission specimens are thin foils ranging from
30 8 fo several hundred £ in thickness which are prepéred by different
methods, the most common one being by evaporation in vacuum, onto a substrate
which can be removed. In reflection work also many authors have prepared
"thick films? by evaporation, in order to obtain clean surfaces,

Characteristic energy loss values have been determined for most of
the elements in the periodic table and a number of compounds and alloys.

A typical characteristic energy loss spectrum obtained by reflection from
an Al target for different primary energies is shown in fig. 29, as

given by Powell and Swan (104). Al is one of the few elements which give
Very narrow loss peaks. More often the loss peaks are much wider as in
the case of copper, fig. 30 (105). Since Al shows particularly sharp
maxima end narrow lines, most authors have studied this element. Though
all these authors claim to have determined these losses with an accuracy
of 0.leV, it is very surprising - rather unfortunate - that their results
fpr the same loss in Al range over more than 4eV. The discrepancy in the
Snergy loss values can be as high es 20% or more, from author to autbor.
It is interesting to compare the energy loss vAues from Al obtained by
Soms authors and these are tabulated in table 3, The table showa that the

different energy losses are multiples of a basic loss and the basic loss
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Table 3. Values for characteristic energy losses in aluminium as given by various authors

Ruthemann (1448)
Lang (1948)

Mollenstedt (1949)

Boersch (1954)

Klein (1954)

Gauthé (1954)

Marton and Leder (1954)
Watanabe (1954 a)

Blackstock ef al. (1955)
Haberstroh and Raether (1955)
Mallenstedt and Dictrich (149543)
Haberstroh (1956)

Jull (1956)

Leder (1956)

Simpson ef al. (1956)

Meyer (1957)

Fert and Pradal (1958)

Leder and Simpson (1958)

Leder and Marton (1958)

Marton ef el (1958)

Powell and Swan (19549)

Kunz (1962)

Boersch, Miessner and Raith
(1962)

Klemperer and Shepherd
(1963 »)

™

{s

87

14-7
145
15
i~
149
149
16-5
139
14-8
148
150
158
15-2
146
146
15
15-0
158
150
150
153
15+3
15-3
15-0

147
15-4

29-6
29-4
36

29-8
30

298
295

=
Mol I

(39)

LT EE ]

-0

a3
anN-6

738
-
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itself varies from 13.9 to 18e¢V. Some observe a lower loss at ..« 7eV,
whereas some others don't. Powell and Swan (104) observed a lower loss at
10.3eV.

Characteristic enzrgy losses have also been observed in compounds
and alloys. Leder'and i:arton (107) observed that the ehergy spectra of
elements and their compcrnds were very much slike with only a small
increase in the energy loss values., A typical spectfum for SiL and
SbZSB is reproduced in fig. 31. Watahabe (101) and Eest (108) also found
the same trend. However, it wiust be 21'd that there are exceptions to this
general rule of similarity of the epectra, as in the case of Al and
A1203, where the losses are ~ 15eV and ~v 23eV respectively.

The CLL of some intermetailic compourds have been studied by
Gauthe (109), Powell (110), Klemperer and Shepherd (111) and others.

The loss spectra are significantly different from a simple superpositica
of the loss spectra of the parent metals. Loss values are found to vary
between the loss valnes of the component metals, derending on the
composition of the alloy. Klemperer and Shepherd quantitatively studied
the correlation between the energy loss values and the composition of’the
alloy obtained ﬁy chemicsl analysis.

The large discrepancy in 211 the energy loss values has been
ascribed to both the bulk end the surface contaminations. Surface

impurities may be of two kinds. One my be present at the beginning of

the investigation and may or may not élowly change under the action of the

€lectron besm., The second is a beam-borne impurity accumulating at the rate

°f bombardment of the surface and is practically unavoideble in dynamic
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demountable vacuum systems (106). There is indication in the literaturs
that the rate of accumulstion may be slowed down or reversed by raising the
temperature of the target surface. Considering the enormous effect of
contemination on the energy loss values, one can see the necessity for
maintaining the target clean in an ultrs-high vacuum. One may evén
question the validity of some of the experiments done in such extrenely

. poor vacuum conditions.

3.3 GQualitative Interrretations of CEL

Ever since Rudberg reasured the CEL in metals, a number of attemnts
have been made, to explain the origin of these losses. Rudberg and
Slater (93) interpreted the energy losses in copper in terms of the band
Scheme of atoms. In a solid, the allowed energy levels fall in bands betwecen
which there ars gaps in which no stationary states exist., These tands may
be considered to arise from the broadening of atomic energy 1eve1$ due to tks
mutual interaction of the lattice ions. 1In thé norma l metal, the allowed
‘energy levels are filled up so that each electron occupies the lowest level
accessible according to Pauli's principle. In copper the least firmly
bound electrons occupy levels in a band arising from the perturbation of
the 3d ond 4s levels of atomic copper. Incident prim=ry electrons are
considered to cause transitions from the occupied 3d levels of the band to 4s
levels and others above, thus losing energy. Slater snd Rudberg, using the
density of states curve end aprroximate wave function corresponding to
tach level calculated the relative probability of the different energy

losges, They found good egreerent between theory and experiment for the
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first two loss peaks in the spectrum.

There can be little doubt of the validity of the interpretation,
for it not only rests on some quite basic features of the band theory, but
is 8lso supported by the close correlation between the loss value obtained
by Rudberg and the optical absorption peaks obtained by Minor (112).

Since the optical absorption also is due to the same mechaniém this
agreement is necessary. | - R

There havé been a few attempts to correlste the energy IOSSeS‘with;
X-ray data. A few lines in the loss épectrum have been tentatively
identified with optical transitions, in partlculcr in the sof't X;ray
region (113, 103). This method has been successful only in the case of
a very few elements. Most of the attempts remain qualitative probably
owing to the skimpy Optical information.

A different type of 1dent1ficat10n of the transitions involved
may be offered by the remarkable degree of coincldence of the numerical
values of the energy loss lines, with the différehceskbetween fine
- -8tructure absorntion‘maxima in the X or L edge in‘the X-ray spectrd. Since
the X-ray K—edge corresponds to a transition of a K-electron to the first
unoccupied level above the Fermi level and the maxima of absorption of
the fine structure, to transitions to higher allowed levels; it is quite
blausible to’account for the CEL as due to excitations of the valence
electréns to the seme higher energy levels; Cauchois (114) thus compared
the CEL of Al with the fine structure of the X-ray K;absofption edge.

However, she mede the comparison with the maxima in the transmission curve.
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Watanabe correctly pointed out thst the comparison should be made with
the maxime of absorption. Since then, Leder and his coileagues (115)
have compared the energy losses with the X-ray fine structure, for a very
large number of mefals and found consideralle agreement.

Sternglass (116) has suggested that characteristic energy losses
can be interpreted in terms of individual atomic ionisation and excitation
and found good agreement in the case of Al, This has not been favoured by
other workers who studied other elements e¢nd elso compounds.

‘ A1l the above interpretations involve single electron interactions.
A completely new and sdditional mode by which electrons can lose energy

in a solid, hes been suggested by Eohm and Pines (49 - 51) in what is now
known as the Plesme Oscillation theory. They treated the density effect on
the long range Coulomb ipteraction in metals in terms of the collective
plasma’model. when an electron interacts with such & solid state plasma,
it excites collective plasma waves and in the crocess loses a certain
Quantum of energy. The plasma oscillation theory has been extremely
Successful in explaining many of the characteristic energy losses in éolids,
which have remained anomzlous on single electron interaction theory,

Thus it is not surprising that this theory hes drawn muéh attention 2nd a
Quite substantial amount of theoretical work has been done on it. A more

detailed account of the theory will be given in the next section.

3.4 Plasma Oscillstions in Fetals

A system composed of a large number of positive ions and free

Slectrons with zero total cherge was first called e "plasma" by Langmuir
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in 1928, ' Physical examples of e plasma can be seen in gas discharges
and in the ionosphere, Guch plasmas as occur in a gas discharge tube

have been studied both theoretically end experimentally for many years and
interest in them has recently been intensified owing to their application
in thermonuclear devioes.

Cwing to the relatively large mass of the positive ions, the motion
~ of the ions is not very significant combared to the motion of the electrons.
For most practical purposes, it may be assumed that the electron gas moves
in a positlvely charged fluld of uniform density, which is called the
"background of p081tive chage" It is sssumed that the tlme average of4
the charge density of ions and electrohs fogether isrzero everywhere.'

Owing to the thermal fluctuations, ‘the electronic charge'density
is constantly changing from place to place. let us suppose that, as a
result of the thermal motion, the electronic charge density in some
region is reduced btelow the average. The background of pos*tive charﬂe wi7‘
hot be completely neutralised in that reglon cnd the resultlng positive
“charge will attract neighbouring electrons. The tendency is to restore
charge neutrality. By the time neutrality has been established, the
electrone have acquired sufficient momentum and so‘overshoot the mark.

This produces an excess aegative chage which causes the electrons fo be
repelled outwards again. In time, the motion is reversed and a systematic
oscillation of the charged region is set up. It was Tonks end Langmuir
in 1929 (117) who first observed these oscillations and because'of the close
8imilarity of these oscillations to the oscillations of a thin jelly plaema,
they chrietened these oscillations "Plasma Oscillations", |
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These are longitudinal oscillations analogous to sound waves.
langmuir and. Tonks studied thess oscillations in greater detail and

calculated the frequency of oscillation, The angular frequency
21

(:}p = (4' “noe )'2 (22)
m

where n, is the electron density
e - the electronic charge
and m - mass of the electron.
'wp is often called the "plasma frequency". For a typical gaseous plasma
density of 10]'2 electrons/cc, the plasma frequency is about 1010 Hz,

A metal also, may be considered to be an exemple of a plasma,
because it consists of positive ions arranged on a crystal lattice,
together with valence or conduction electrons, which are more or less free.
Though much oversimplified, it may be assumed that the ion-core electrons
are tightly bound to the nuclel and the valencz electrons are completely
free. This theory, prorosed by Sommerfeld and known &s the free electro.

_ theory, assumes that the average field acting on an electron is zero (7)
and hence the poténtial of the field, a constant. This is not quite true,
since it is well known that the potentiai within the metal 1is periodic
with the period of the lattice, Besides,in a metal there are something
like 1023 electrons/ce and hence these electrons are very close together.
The Coulomb force, consequently, can be very large; It is'not, however,
fair to say that in the Sommerfeld theory of free electron gas, the
Coulomb interaction is completely igrored. In fact, the average
potential.energy due to this interaction, may be con§idered to be implicitv

in the depth of the potential box, inwhich the electrons move.
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Sommerfeld's theory was improved upon by Hartree (7, 118, 119).
He, however, ignored the Coulombic interaction and considered the electron
to be moving in the field of the ions and the field due to the average
charge density of the remaining elsctrons. The Hartree method is

equivalent to the use of a total wave function, which is the product of one

electron functions. This theory has the same success as the Sommerfeld
theory in calculations depending on the density of states., However, it
completely falls, for exsmple, in the calculation of cohesive energies.

A further improvement was mede by Hartree and Fock (7, 119)
who used a total wave function consisting of a determinant of one electron
functions., Again the Coulomb interaction is neglected. However, it
includes another sort of correlation among fhe pocitions of electrons
with parallel spins only. Thus the probability of two electrons with
identical spatial quantum numbers and rerallel spin epproaching each other
is lowered. The correlation is Maccidental" due to the Pauli's principle
rather then to the Coulomb repulsion.

A major improvement in the description of the interacting
electron gas occurred when Bohm and Pines (49 - 51) advanced the
"plasma theory", following up the concept of the classicsl plasma and plasma
oscillations, as observed by langmuir and Tonks. Bohﬁ and Pines took
into account the long range Coulomb interaction whose effect is described
by the plasma oscillations. It may be fair enough to consider the metal
88 a solid state plasma. But there is a distinct difference betwcen
the clessical gaseous plasma and the solid state plasma. In the former,
the density of electrons is small enough (.»~-1012/bc) for their motion to
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be treated by classical mechanizs or Maxwell-Boltzmann statistics.
The motion of the high density ( ~~ 1023/60) electron gas in a metal,
however, must be treated by quantum mechanics or Fermi-Dirac statistics.
The frequency of plasma oscillations may be simply derived by
using classicsl electrodynamics (120) even though the same result méy be
obtained by using rigorous quantum mechanics (121, 122).
Let the average spatial density of electrons be n,, So that the
‘average electronic charge density is -n e, where -6 is the charge of the
electron. The uniform charge density of the positive background is thus
n.e. Also let n1 be the actual density of electrons, which is a function
of position and time. This, in fact, is the instantaneous average over a
region smell compared with the whole volume'of the metal, but still
containing & large number of electrons. The excessive positive charge
o)

density is e(no -n

The restoring field E is found by using Poisson's equation

VeE = 41re(no-nl) - (23)

If £ is the displacement of the electron gas from equilibrium (over and
above the thermal motion) the particle current density nlé satisfies

the equation of continuity.

1l
Sa L el (24)

An approximation is now made, namely that the amplitude of the cscillation
is small. This being so, £ 1s smll, so that n  is not very different
from nl, Then

veal ¢ ) = 0t (V8 )+ (n )£ =nleug
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From equation (24)
1

.?.gl—t = nl(w.t ) (25)

Integrating with respect to time

1
- {an - 1 .
Sedt = Un (v.t )at
i,e. n - n1 = n (V.g ) : (26)
(e o

Combining equations (23) end (26)

VeE = 47w nelv.e )

Ce E = 4 n_e £ (27)

No additive constant is required sipce E is zero at € = o, i.e. at
equilibrium there is no restoring field.
For an electron in an electric field, the ecuation of motion is
mg= -eE (28)
where m is thé mass of the electron. | |
Hence from (27) snd (28) |
mE+ 4o n062£ =0 (29)
which is the equation of motion of a simple harmonic oscillator,
oscillating at an angular freq;e?cy
z

wp = (4 m nOe ) : ’ k (30)
m

which is the plasms frequency.
The polarisation current density is given by
)
j = TEE;' ’ (31)



where a is the polarisgbility. The quantity j, also satisfies the

continuity equation

-e 3-% (n, nt) = v.j (32)
Combining (31) and (32)
-ea—i(no-nl)=av.‘:%
-egg (no-nl) =a'5f 7E (33)
Using equation (23)
-e 3t§ (no - nl) = 47 ae -5t§ (no - nl)
“z'ﬁ (34)

The dielectric constant of a2 metal is (7)

e=1l+4ya | (35)
which vanishes at the plasma frequeucy wp because of equation (34).
In the above calculation of wp, the thermal motion of the electrons
has been neglected. 4 more refined classical treatment (50) shows that the
angular frequency is wp, only for long waves, but increases as the wave-

length N decreases. The dispersion relation is found to be approximately

2 = sz . PR (36)

—

where k = '2:1! is the wave number of the plasma wave and v'2 is the mean

square velocity of the electrons.
From quantum mechanical calculations Pines and Bohm (50) obtained

the dispersion relation to be 2
3tk

i
5m wp

-’1’1‘2
2

1;‘;2 ) | (37)

+
w 8m wp

- %(1+
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where Zq is the energy of en electron at the top of the Fermi band.

In fact, the dispersion is not very great, w never differing
from wy by more than a few per cent, becsuse there is an upper limit to k
which is known as the cut-off wave vector snd represented by kc‘ Plasma
oscillations do not occur above this wave vector kc or below the
corresponding wavelength

'xc = -%f | | (38)
xc is about twice the interelectronic distance Ty since it is
meaningless’to talk about organiéed oscillations of an electron gas with
wavelength less than the interelectronic distehce. |

If the effect of dispersion is neglected, we may assume that the
-plasma oscilletions in a metal, can be rerresented approximately, by a
finite set of harmanic oscillators, with angular frequency ub. The
‘energy of such an oscillator must have valies (N + % 5 iy where N
is a positive integer or zero. The zero point energy of the oscillator
is thus + K Wy The energy required to raise the oscilletor from one
state to the next higher - the excitation energy - is # e Pines t121)
gave the name "plasmon" for the quantum of plasma oscillation. Thus the
excitation energy of s plasmon is 4 e

It is interesting to compare 4i mp with Los the maximum kinetic
energy of any electron at Ock, according to the Jsommerfeld-Hartree theory
of a free electron gas.

It is found to be (119, 120)

oy, = 0.942'5 Z, (39)

B A. .
where r, is measured in Bohr units. Now 0.94 re2 > 1 for all metals
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so that # wp > co. At normal temreratures T, a few electrons near
the Fermi surface are excited and their thermal energies are of the order
of KT which is very much smaller than o Thus ii(np is very much
greater than the thermel energy of sn electron and this means,

temrerature excitetion of plesmon is highly improbsble. Some other means,
such as the pessage of a fast cherged particle, is required to excite a
rlasmon in a metal,

Thus when & high energy beam of electrons is shot through & thin
film, it excites §158mons end in the process loses energy equivalent to
that of the excited plasmons. Consequently, the emergent electron loses.
o mp, 2-h Wy 3 'hmp and so on, according to the number of plasma
guanta,

Dohm and Pines have shown thet the energy loss AE should vary with
the scettering angle & of the electron, i; the manner

2

3,7

AE = How e (40)
P

p

where P is the momentum of the incident primary electron and ;0 the
Fermi energy.
The plasma theory predicts a maximum energy loss and hence a

maximum angle of sc.ttering 8,9 which is given by
Ak

& = 3 @)

where kc is the cut-off wave vector. FPines calculated the valus of kc
(123) as

1

k, = 0.353 kr? (42)
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where ko is the wave number of an electron at the top of the Fermi

bend and z, the average interelectronic distance in Bohr units.

3.5 - Surface Plasmons

The longitudinal oscillations described above are due to the
electron volume densityv fluchtuations in the bulk of the material.
Ritchie in 1957 (124) showed that one can also regard the charge density
fluctuations at the surface of the material which is separated from the
vacuum. He noted that for such a2 semi-infinite plasma, there existed
not only the bulk plasma oscillations of frequency ub in the interior
of the plasma, but =lso surface plasma oscillations of frequency 22, ’
at the interface between the plasmé and vacuum. One can thus mak;‘a

Wy,
distinction between "volume plasmons" of frequency ©+/vZ2. The energy

Hw
of the surface plasmons then will be —2
/2

A more generalised formula for the surface plasma frequency was
derived by Stern and Ferrell in 1960 (125) for the case of a dielectric
medium instead of vacuum. They used the dielectric model of a plasﬁa
(section 3.6) and the frequency derendent dielectric constanﬁ as given by
(126, 127). 5

eplw) = 1 -5 - (43)
where Wy is the classical plggma frequency end gp( w), the dielsctric
constant of thec metal plasma.

The semi-infinite electron gas is considered to be bounded by a

Semi-infinite non-absorptive dielectric, of dielectric constant €ge
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The electric potential distribution set up by a classical charge wave
bound to the surface must satisfy laplace's equation within the metal
and dielectric medium. The boundary conditions, for the existence of
an oscillating wave across the interface yield the relation (125)

€p( w ) = - EB ' ' (44)

One may assume that the dielectric layer has approximately a frequency
independent dielectric constant €ps which is legitimate for dielectric
layers on metal surfaces. On substitution for ep(tU) from equation (43)

the resonant frequency for the surface wave is obtained as -

o, = =D | S (45)

as obtained by Ritchie.

If we have two metals in contact, with plasma frequencies wxf

and Wy then the resonant frequency is given by (125) 1
2 .
- LA : .
iy 2 T2 4% :
= . + ) 6
va =R R (26)

 kxperiments have recently been carried out to verify the
existence of surface plasmons snd the agreement with the theoretical
values and experimental values hss been remarkably good, The experi-

mental evidence will be discussed in section 3.7.
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3.6 Dielectric Theory of knergy losses

So far, in treating the collective oscillations of the conduction
electron-ion core plasma, we assumed the core electrons to be tightly
bound. Even in metals where the core electrons are tightly bound, the
periodic field of the ionic lattice must have some effect on the
frequency of the plasma oscillations., To account for the effect of the
lattice field, Wolff in 1953 (128) suggested the electron mass 'm'
be replaced by an effective mass m". But Hubbard (129) and
Kanazawa (130) pointed out that the effective mass theory is basically
a one-zone theory end is valid only if the effect of virtual inter-zone
transitions can be neglected. But Adams (131) is of the opinion that the
inter-zone fransitions can be considerable and hence the effective msss
treatment of plasﬁa oscillstion is not valid.

The cloée relationship between the characteristic losses in a
"solid and its ontical properties hes been pointed out by Marton, Leder
and Mendlowitz (107), Fr8hlich and Pelzer (132), Hubbard (133) and
Nozieres and Pines (126). 'These authors have found that characteristic
energy losses can be interpreted in terms of the frequency dependence of
the complex dielectric constant ¢{(w ). According to this dielectric theory

the comrlex dielectric constant is
e(uw) = e(0) + 1 ey(0) (47)
This constant may be considered to be & characteristic of the longitudinal

displacement of charges, when an electron enters the solid and acts on the

electrons of the atom,
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The condition for the existence of undamred longitudinal
waves is (132)

ef{w) =0 . ‘ (48)

as hos already been noted in section 3.4 (ecuations 34 and 35). For a
free electron gzs, on the basis of the Drude free eledtron theory (134)

the two parts of the dielectric constant can be exrressed as

w'?' 1
el(w) = 1~ 5 T ’ (49)

w

w 2 wz’rz

1 “p

efw) = ==, 1 (50)
2 wT 2 1+

w w212

where 1t is the relaxstion time and Wy the plasma frequency.
In the case of a free electron gas, collective oscillations will be set
up when ey = 0 if wtr >>1 (121).

Under these conditions, from equation (49) it can be seen that

w = (up - the plasma frequency.
The energy lost by an electron traversing the medium, according
to this theory is proportional to the imaginsry part of e (w)
(107, 132, 133).

€

AE = Im i 1 ! = --————-—2 (51)
- E(N)* 2 + 2 .
. El 22

The complex dielectric constant € (w) is related to the optical
constants n and k, the index of refruction and extinction coefficient

respectively (135).

e(w) = (n+10? (52)
el( w) = n? - %2 (53)
e (w) = +2nk (54)
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Measurements of n and k as a function of the photon energy i w ,

yield the values of el( w) and 52( w)s from which the energy apectrum
can be derived. This, in fact, does offer a means of studying the
characteristic energy loss spectrum.

After having briefly outlined the basic concepts of the plasma
oscillation theory, a brief arcount of the experimental studies on
plasmons will be given in the next section, Many of the critical
features of the plasmons have been experimentally verified. These studies

might bring out some of the short-comings as well.

3.7 Plasmon Studies

With the development of the plasma oscillation theory, many
authors tried to identify the characteristic energy losses in terms of
plasmon excitation. Thus when a beam of electrons bombards a metal
surface or traverscs a thin metal film, there is a good chance that
some electrons will lose an engrgy {imp, others 2 %imp, 3 h«np and so

- on., The energy to excite a single volume plasmon thus is

2
Ko, = o2 (41r i
9 T 2n

)

m

where h - Planck'!s Constant

n, - the free electron density
e - the electronic charge
m - the mass of the electron

The electron density is calculated assuming all the valence electrons
to be free. Substituting the values of ng,, €, m and h
by, = 28.8 (&% oy (55)
-T2 - 4



where Z is the number of valence electrons
d - the density of the metal
and A - the atomic weight.
. For example using three electrons per atom to be free for Al,
in equation (55)
'l‘iwp = 15,8eV

Considering the difficulty associated with the measurement of
energy losses, the experimental values agree very closely with this value.

lowever, a distinction must be made between two groups of metals,
For the metals, which have sharp loss lines, like Al, kg, Be, Ti etc., .
the sgreement is remarkably good. But for some metals like Cu, Zn, Au,
etc., which have broad loss bands, the agreement is not satisféctory. The
disagreement is.notvsurprising since 'no' refers to the entirely free
electrons. The disagreement may arise from several other phenomena,
namely interband transitions and interaction of the electron gas with
core electrons, |

Where the free electron theory agrees with experimental results,
further conclusions from the plasme theory have been tested. The mean
free path A for the excitation of a plasmon has been calculated
theoretically by Bohm and Pines (50) by Blackstock, Ritchie and
Birkhoff (138) ajnd by Cuinn (139) in 1962. Blackstock and others (138),
using & transmission method, measured the mean free paths in thin Al films
as a function of primary energy. If the foil thickness D, is larger than

the mean free rath, A , then

A=D39 (56)
1
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where Jo and J1 are the areas under the transmitted peak a2nd first loss
peak., For Al, the agreement between the experimental and calculated value
is extrémely close. 1In all fairness to the experiments, it must be said
that the determination of the thickness of the thin films can be very
difficult and different methods often lead to variations as much as 50%!
Another experiment which furnished further support for the plaswa
theory was the rzasurement of the energy losses as a function of the

scattering angle, Equation (40) gives the variation of the energy loss

with scattering sngle 9 , as 5
3 coP 2

AE = T ' Shom 8 _ (40)
P |

Watanate (101) measured the energy losses as a function of the angle
through which the electron is scattered. The linear relationship between
AE and 62 has been verified for Al, Be, Mg, Na and Ii.
From the above measurements Watanabe calculated the cut-off
wave vector beyond which the collective oscillations do not occur. He
measured the maximum scsttering angle o , which is piven by equation (41).
i |
b = =t
P
When @ approaches ec’ the electron loss intensity drops quickly to zero.
For Al, the theoretical value of O is about 11 milliradians for the beam
of 25keV used by Watanabe. This is only roughly compatible with the
experimental value of Watanabe which is between 12 and 16 milliradians.
In 196/ Schmiiser (140) carried out some very precise measurements which
yielded values of 8, Very much closar to the theoretical values than

VWatanabe's values.
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Many of the CEL observed in compounds (107, 108) can be
explained as due to plasmon excitation. Neglecting the core polarisa-
bility again, the plasmon energy hu}p can be calculated and compared
with the observed energy losses. The total number ¢f valence electrons
should be taken in the case of compounds (123). For example, A1203
has 2/ free electrons per molecule, six from Al and 18 from O. There
has been surprisingly good agreement between the plasmoh energy
caleulated in this way ©nd the observed energy losses for some
compounds (123).

It has been said in section 3.5 that besides volume plasmons of
frequency 4 there are surface plasmons of frequency (%g,at the
metal to vacuum interface. The prediction of the existence of surface
plasmons by Ritchie (124) has been borne out in a series of experiments
by Powell, Swan and co-workers (164, 105, 108, 110, 137, 145). They
. studied electrons reflected from freshly evaporated layers. The
energy spectrum was plotted immediately after evaporation, prior to
and during the formation of an oxide layer, They obtained the spectrum
at regular intervals. One of the typical spectra, is given in fig; 3
for Al. Their measurements showed thet there was initially a volume
plasma loss at 'hwp = 15.9¢V and in addition a surface plasma loss at
'33%9 = 10.3eV present. As the oxide layer was formed the surface plasma
18;5 at 10.3eV decreased in intensity and a ﬁew modified surface plasma
loss at an energy 7.leV appeared. The energy of the modified surface
plasmon is in good accord with what would be expected for the metal -

-metallic oxide interface. Using equation (45) the dislectric constant
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of the oxide layer A1203 is found to be 1.9 which may be compared with
a value of 1.76 obtainéd from the optical data, Similar results have
been obtained for other metals.

The electron energy loss, at the interface of two metallic layers,
each with a frequency dependent dielectric constant, as calculated from
equation (46) has also been observed by Axlerod in 196/ (141) in layered
films of Bi and Mg. The existence of these surface plasma losses in
particular seems to establish firmly the collective nature of electron
dynamics in a metal.

In interpreting an energy loss Specfrum, one should be able to
distinguish between volume and surface plasma losses. Raether and
co-workers (134, 140, 142-144) employed the fact that in transmission,
the intensity of surface plasmon decays with 63 where 6 is the
scattering angle, while volume loss decays as ¢ =2, A simpler
experimental method has been given by Klemperer and Thirlwell in
1966 (146). They found, studying reflected electrons from a solid
target, that the ratio of the number of electrons suffering volume
plasma loss to that of surface plasma loss decreased with increasing
angle of incidence of the primary beam.

Ferrell in 1958 (347) predicted another interestiﬁg phenomenon

of the plasmons. According to him, a plasmon could decay by emitting an

21 ¢C

electromagnetic radistion of frequency w = wavelength kp = -

which could be detected expmerimentally. The predicted radiation hzs
in fact been detected by Steinmann (148) as well as Brown and others (149)
from thin silver film.
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They observed the wavelength of the radiation to be 3300 X, in good
agreement with the theoretical value of 3290 B. Similar radiation
has been detected from Al and Mg (150) and in Cd, In and Zn (151).

Ferrell and Stern (152) recently discussed the possibility of
exciting plasma oscillations at the frequency wps in thin metals by
using polarised light. The light must be polarised in the plane of
incidence and incident at a 1erge'angle of incidence for such an
excitation. The experimental evidence of such a photon excitation of
plasma oscillations, has been obtained recently for silver films by a
few authors (153, 154). Furthermore, Ritchie in 1965 (155) calculated
the probability that a photon incident normally on a thick foil would
excite a surface plasmon through the intermediary of an intraband electronic
éransition. Williams, Arakawa and Imerson (156) in 1967 supported
Ritchie's argument from the evidence of experimental data on Al.

From reflectance data, the optical constants n and k can be
determined. Equations (53) and (54) yield the values of ¢ 1 and €.,

The energy loss function is given by equation (51)

te (N 5 ei + eg n2 + k?

. 1 ,
For surface plasmons, the loss function is ~Im (-zz:rj-:-i )« lhen
these functions zre plotted against w , the peaks in the distribution
correspond to the volume or surface plasmons. The experiments conducted
in these lines, yielded extremely accurate values of the plasma frequency

and energy losses (157, 158, 159).
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3.8 Conclusion

A1l the above mentioned expwvriments are sufficient evidence for the
validity of the concept of plasma oscillations in solids and the fact that
electrons can lose energy by exciting plasmons. In particular, the
experimental evidencs of surface plasmon has consolidated the plasma
oscillation theory. However, it must be remembered that the success of
plasma oscillation theory in no way excludes the possibility of band to

band transitions as a cause for energy loss.



CHAPTER IV

On _the Theories of Secondzry Electron Fmission

4.1 Introduction

In the previous chapter, an account ﬁas given of the processes
by which primery electrons lose discrete amounts of energy and emerge as
inelastically reflected primaries. But these inelastically reflectedv
priparies form only a small fraction of the total number of secondaries
emitted. Any study of secondary electron emission would be incomplete
without a basic knowledgs of the various theories accounting for the
larger fraction df lower energy electfoné, and hence a very brief
survey of these diffefent theories will now be given.

At present there are a large number of theories in the field,

mutually inclusive end mosf overlapping, in describing some particular

| aspect of the experimental results under different conditions. There are
particular theories, dealing with, the veriation of yield with primary
energy, the energy distribution of secondary electrons, and the angular
distribution of secondaries. Some are qualitative and others
quentitative. Despite 21l the different theories available, it is only
fair to say, that the theoretical understanding of SEE, is still quite
incomplete.

Many authors consider the phenomenon of SLE as occurfing in two
distinct steps. Firstly, the primafy electréns travérse the medium end
by collisions with the lattice electrons, lose energy and produce "internal

secondaries". Secondly, the subsequent cascade process, in which these
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secondaries diffuse through the solid, multiplying and losing energy

"en route", until they either return into the sea of conduction electrons,
or reach the surface with Sufficient energy to emerge as true secéndary
electrons. The validity of this simple, general picture may be
questionable., Nevertheless, some very useful theories have been built

upon it and it will need a lot of disproving before we can disregard it.

4.2  Semi~Fmpirical Theories

The earlier theories formulated by Salow (150), Bruining (11),
Jonker (38) and Baroody (22) were all semi-empirical in nature. The
above-mentioned division of the process of GEE, into two distinct
steps of the enefgy loss of primaries and the consequent production
of internal secondaries and the escape of these internal secondaries,

made the calculations simpler.

Without paying 'much attention to the actual velocity
distribution of internal secondaries, Bruining assumed that d may

ke written as

3 = fn(x,Lp)f(x)dx (57)
where n(x,Ep) is the average number of internal secondaries produced per
incident primary of energy Ep, in a thickness dx, at a depth x below
the surface, and f(x) the probability for such a secondary to es.ape
from the surface. Whether the primary produces internal secondary
electrons throughout ité path in the material or merely near the end
of a free path, is immaterial at this juncture.

-

In this analysis a few assumptiona are made which meke the e
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calculations easisr, though not more accurate.

1) The primeries, for the present, are considered to be incident

normally on the surface.

2) The primaries as they enter the solid move along straight 1ines; along
the direction of incidence; this essumption thus neglects elastically and
inelastically reflected primaries, .
3) The production mechanism of internal secondaries and the emission
processes are completely independent. |

4) The velocity distribution of the internal secondaries msy be completely
ignored and only'the number is to be considered.

5) The number of internal secondaries produced is proportional to the
energy loss per unit path length of the primary electron

e,  nlxE) = --i-; qc (58)
- where ;l- ié the proportionality constant. g WAy be considered to

be the :verage excitation energy required to produce a secondary.

6) The probability, that an internal secondary produced at a depth x,

may escape from the surface is determined, by an exponential absorption,

without considering the physical processes involved.

i.e. f£(x) = B ¢ X (59)
where a is the absorption coefficient and B, a constant.

Equation (57) may now be written as

€

— B | dE _-ox
3 = = - —}f 5 © dx (60)
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A1]1 the semi-empirical theories involve some form of this relation.

L.2.a Power lLaw (161)
This law assumes that the primaries lose energy in accordance
with the equation
A
- - , (61)

where A is a constant, characteristic of the naterial and (n-l) an arbitrary

power, i.e. the energy loss is inversely proportional to some power of the
energy and hence the name "power law",

When integrated the equation (61) becomes

]

]
t=1
o1
!
g
>

E(x) (62)

If n =2 we get
% (x)

]
=
'
&
>

(63)

This is the celebrated wWhiddington's law (162) used by Bruining, Baroody
and Jonker in their calculations.
Wwhen the energy of the primaries becomes zero, i.e. when .

E?(x) = 0, they have attained their maximum range x = R. Then

R=_p (64)
An : , ‘ . ‘

Substituting this in equation (62) we get in general

E'(x) = An(R-x) (65)
SRS b T ()®
. d -’
g% = ! (An)n(R-x)n.J = L—Q%—- im- (R—§ :}

‘.‘

(1]
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Substituting in equation (60), we get
1 1

For purposes of integration, substitute

yn = a(R-x)

Then 1 Yo,

b - —
Ee (o}

. n
B (A:Q) e"G.R

where ymn = cit i,e. where x = O,

Since we are interested in the dependence of & on Eb, introduce

E D
o= R = o=
An
: B An ‘} n B
Then 5 = ) ['—'] o :
% x o
: ()
- (B (Anyn r
s = &) g

T :
which defines a new function Gn( "« Ultimately, one wishes to express

o) ED
/bmax in terms of «~—

Pmax

Let ro be the value of r, when ® becomes a maximum, &

Maximising the equation (70), it can be readily shown that

max € a

I . So one has to maximise the equation (70).

(66)

(67)

(68)

(69)

(70)

(71)

(72)
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3
By dividing (71) by (72) end substituting r = (§F =),

Pmax
ED
5 Gn( Ep o rm)
- masc
b ol ) (73)
h' Tm

Thus the result of introducing reduced variables is to eliminate all
those constants 4, B, €y? which are characteristic of the material,

If all materials had the same value of n, the reduced yield curves should
all follow a single "universal curve". This fact was pointed out first
by Baroody (22). Like Bruining, Baroody assumed n = 2; i.e. he

assumed Whiddington's law, Bruining found the value of r, = 0.92.

So for n = 2, equation (73) becomes

b -
z = 1.85 02(0.92 Ep/Ep ) (74)

max max
Baroody's universal yield curve, from equation (74), is shown
in fig. 33. It can bé seen thst there is serious deviation from the
experimental universal yield curve, particularly for values of

Ep/Ep > 1. This indicates that pefhaps the value n = 2 is too high.

max
From equation (69) it can be seen that

L

DA, 2
E = (%)
pmax

m (75)

if Whiddington's law is assumed. The value of T according to

Bruining, is 0.92. Becker (37), from his study of transmission of
electrons through thin nickel filrs found a value for a = 1.5 X 1060m.-1.
Terrill (163) from his experiments got a value for 24 = 3.5 x 1012(eV)2/ cm

Subotituting these valuce in cquation (75), Epuax = 1420¢V for nickel -

whereas the experimental value is only 500eV.



4.2.5 Jonker's Modification (38)

Considering the large disagreement between the experimental
results and the theoretical predictions Jonker attempted to modify the
above theory. However, he too assumes Whiddington's law, for the rate
of energy loss of primary electrons. He assumes that the internal
secondaries move in straight lines from their point of origin towards
the surface. The distance the electron has to travel before reaching the
surface must be measured from the point of origin to the surface, along
the direction of flight. Thas, an electron originating at a depth x,

below the surface, but moving ot an angle ¢ , to the normal to the

surface, has to travel a distance . In considering the probability

cos ¢
of escape of secondaries, in equation (59), x has to be replaced by
x/cos ¢ . Further, he assumes thet the internal secondaries produced,
at any point in the medium, are isotropically distributed. Taking into
account these factors, he derives a univerzel yield curve, which is an
improvement on Baroody's curve. However, the deviation from the
experimental curve is quite considerable.

Jonker éxtends the theory to the case, where the primary'beam
is incident on the surface, at an angle 6 to the normal. In such a
case, internal secondaries dislodged at a distance x,’on the path of
the primery electrons, are located only at a distance x Cos 6 , and

accordingly the absorption factor in equation (59) becomes

exp(-axCos 6 /Cos ¢ ). consequently he derives the relation

g = p(—2A ))" (76)

Prax m'q Coso
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He finds good agreement between this relationship and his measurements
on nickel, nickel csrbide and lithium. Also he finds a relationship
between b ax and o, Above all, pursuing the same
lines as the theory given above, Jonkef geté a theoretical universal
yield curve, valid for all materials and for all angles of incidence.
Considering the large deviation of the theoretical curve,

obtained by using the power law for energy loss, from the experimental
curve, one begins to wonder if a power law for gf is valid at all., If

dx
so, one expects that n should be less than 2,

4.2.¢c The "Constant Ioss" Theory

In earlier studies, the quadratic dependence of Ep, on the
range R, ~ VWhiddington's law - has been investigated by studying very
fast electrons transmitted through thin films. For low energy
"electrons (100eV < Ep < 10keV) the result obtained from the study
of high energy electrons is simply extrapolated.

However, Young, in 1956 (39) performed transmission experiments
through thin uniform layers of A1203, using electrons of energy in
the range 0.3 to 7.25keV. He found from his experiments, that the

practical range R, of electrons in A1203, follows the relationship

R = o015 51 (77)
where R is in mg/cm? and Ep in keV.
Young's results are in good egreement with those obtained by

Hoffmann (164). It is also interesting to compare the values of the
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range, obtained by Bronshtein and Segal (4,5). They found that, for
Be, R =« Epl’5 and for Bi, R « Epl'A. Since Young's experiment
covers the energy range which is of particular interest to the secondary
_emission studies, it is more appropriate to use a value n = 1.35 in
equation (64) for the range of primaries, rather than‘uSing
Whiddington's law. | |

In his experiments, Young also makes it clear that some of the
tacit assumptions of thke previous theory are wrong. In the "power law"
theory, it is assumed that the range of all primaries measured along the
direction of incidence is the same, as shown in fig. 34. But from his
experiments, he finds that the transmitted fraction of electrons decreases
approximately linearly with the fractional range (fig. 34). It is, hence,
imperative that the scattering of primaries be considered.

In addition, according to the "power law" theory, the energy loss
-of the primary beam per unit path length, dE/dx, increases with decreasing
energy. ©Since the production function of secondaries, n(x, E%) is
proportional to g%, it increases rapidly near the end of the primary
range as shown in fig. 35. Thus the "power law" implies that morse
electrons are produced deeper down in the metal. Young's experimental
evidence directly opposes this., He finds that the energy dissipation is
approximately constant throughout the range. Thus, one can call a theory
based on these facts, a "constant loss" theory.

Assuning the validity of Young's results one can modify the
elementary theory of SEE so as to account for the scattering of the

primaries. One needs only replace - %% in equation (60) ty its
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E

effective value ﬁ?’ and integrate between O and R.

Thus the yield equation is

B E -0X
d = —— ﬁ? I e dx (78)

Assuming the range-energy relation of the primaries to be of the form

given in equation (64) and proceeding as in section 4.2.a, one gets

1

b = —f;(%‘-)“ g, (2) - (19)

1 = exn(~z")
n=-1
Z

where z" = oR and gn(z) =

The reduced yield curve is of the form

Eu
/ gﬁ(zm.Epmax )
5/8 =
max gn(zm)

(80)

A plot of this "constant loss" reduced yield curve is given in fig. 33,
for a value n = 1.35. It is seen that the agreement is better than the

"power law" curve.

4.,2.d Sterngless! Theory

None of the above theories, takes into account the elastically
and inelastically scattered primaries. Sternglass (165) has developed
a theory of SLE which takes into account the inelastically reflected
fraction, n . Despite all the oversimplified assumptions made by him,
it is interesting in that the theory brings out the relationship between
SEE and atomic shell structure. He, however, employs many of the
assumptions made in section 4.2.a. But acccrding to him, the scattering
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of the primary electron beam is so strong, that an initially parallel
beam quickly fans out and loses its original direction. He argues that
beyond a certain depth, the primaries diffuse at random. This
characteristic mean depth Asp, corresponds to a depth for which the total
angle of deflection is epproximately n/2 relative to the direction of
the incident primaries, Thus ksg is essentially the momentum-loss mean
free path and is a function of the primery energy. He then simplifies the

theory by assuming that all secondaries are produced at this mean depth

ksp and in the equation (60), x is replaced by Ksp and in the

equation (60), x is réplaced by ksp.

At this point he introduces the inelastic reflection coefficient n,
and a factor k, representing the mean fractional energy of these electrons

with respect to the primary energy. He thus obtains

5 = -2 (L~ nk)E e-a)\Sp ' (81)

€o P

Next, he uses the Bethe expression (166) to arrive at the dependence of

XSp on Ei,

22__)

ln(I

-== = (2 WNel*) > Zn (82)

E n,l

where N, is the number of atoms per unit volume, Zn 1 the number of
I

)1 n,l
electrons in the shell n,1 and In 1 the binding energy of the electrons
?
in the shell n,1l. He calculates axsp = 5E§% (83)
where B is a constant.

Thus substituting in equation (81) he gets

B
o = 2 (- 405, em(sm)) (84)
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where B contains the term 2.z //I_ .. This indicates the
n,l n,l n,l °
importance of the role of the inner atomic shell in SEE, To prove
the validity of equation (84) Sternglass plots a graph of ln(b/Ep) versus
1
Ep2 which ought to give a straight line. For silver he finds good
agreement in the range between 150eV and 1500eV., Finally, Sternglass

derives the reduced yield curve of the form

/ . o [ o k)
/3 . = P exp 'b2§1 - ( I ) ) (85)
max - max

According to Sternglass, the agreement betweenr(85) and the experimental
curve is very satisfactory.

The fact that Sternglass takes into account the inelastic
reflection coefficient n , is certainly anvimprovement upon the
previous theories. Recent experiments (4,5) suggest that a substantial
 number of true secondaries can be produced by the inelastically reflected
primaries. The effectiveness of this fraction of electrons n , has
been calculated by Dobretsov end Matskevich (84) and a theory which
takes into account this fact has recently been developed by Tzmailov (167).
Some of the conclusions drawn by Izmailov are surprising, He does not
agree to the whole concept of a "universal curve". Since the true yield
is partly due to the inelastically reflected primaries N , which in turn
varies with energy, the author rejects the4idea of a universal curve,

even though the shapes of such curves may be similar,



43 "Free Elsctron” Theory

An alternate theory has been put forward by Kadyséhevitsch (168)
and by Baroody (22) on the basis of the Sommerfeld model of a "free
electron" gas. According to this theory secondary electrons are
produced by collision processes with conduction electrons of the metal,
which are effectively "free". The secondary electrons thus produced undergo
mltiple eleastic collisions so that a certain fraction of them are

eventually able to escape from the surface.

Le3.2 Kadyschevitsch's Theory

Kadyschevitsch's line of argument is as follows. He assumes that
the number of bound electrons which can be emitted as secondary electrons
is negligible and hence one needs only take into account the interactioh
betveen the primary electrons and the "fieé" conductioh eléctrons. 

| A relatively fast primary electron thus encounters an effectively

free electron and commnicates momentum to it in a direction normal to the
Iprimary direction of motion. If the primary direction is pérpendbular
to the metal surface, the secondary electron produced in this way will
never be moving in a direction to enable it to leave the Surface; no
matteikhoﬁ eﬁergetie it may be. However, the secondary may suffer an
elastic collision with a lattice ion, so that, while retaining its energy
the direction of motion is changed. Now its energy normél to the
surface may be sufficient to take it out of the metal,

Kadyschevitsch calculates the probability that a primary at a
depth x within the metal, moving at an angle 8 to the normal, will
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transfer sufficient energy to a secondary, so that if it continued

moving freely, it would leave the surface of the metal. This obviously
vanishes when 6 = O, In the actual case, the collisions of primaries and
secondaries are to be accounted for. If %_is the mean free path of the
primeries for all types of collisions within the metal, then the probabiiity
of a primary reaching a depnth x, without suffering a collision will be
exp(-x/ AiCos 6 ). Taking Aé 1o be the mean free path of the

secondaries, a similar expression will give the probability of a secondary
leaving the metal without undergoing a collision which would prevent it from

escaping from the surface.

The mean free paths are written as

1 1 1 1 11
Lo - — T - 3 bere iR st A and (86)
hh N L 7 AN L

where Ll ard Xz are the mean free paths for inelastic collisjons with

the metal electrons an.d,ll and 1, those for elastic collisions with lattice
ions, Whereas, xl and kz reduce the secondary emission, by reducing the
energy of primary end secondary, 11 and 12 can give rise to a finite
probability, that true emission will occur even if 6 =0,

Kadyschevitsch calculated the probability that a secondary produce§ at a
depth x, suffers one or more elastic collisions, which deviates it finally
without energy loss into a sultable direction which enables it to leave
the front surface of the metal. Making further calculations, he finds an
expression for the yleld at normal incidence

2

A
12Ep( Al + 0.56 Az)'
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j; may be taken to be independent of energy

2

As a rough approximation
for slow secondaries and Al proportional to Ep This leads to a
reduced yield curve of the form

S 2(&{&39“‘) ,
B ax 1+ (Ep E] (§8)

max

The theory has been extended to calculate the variation of
with the angle of incidence of primaries and the energy distribution
of secondaries in energy and direction.

In comparing Kadyschevitsch's theory, with experiment, it will
probably fail at high energies because of the interaction of the primaries
with the core. Also, at lower energies the assumption that Al is

proportional to Ep2 is no longer true.

4e.3.b Baroody's Theory

Baroody uses the Sommerfeld model, to formulate a theory of SEE,
Since the temperature dependence of LEE from metals is negligible,
Barocdy treats the.electrons as. a conpletely.dcgenerate Fermi-Dirac gas
at absolute zero temperature. o in the momentum spsce, all states within
a Spheré of radius PF about the origin (the momentum corresponding to

P
the Fermi energy gz, = 35— ) are occupied, while states of greater

moientum are empt&:
Baroody assumes the path of the primasry to be straight, and
the velocity of the prim=ry, v, to be large compared to the velocity
of the cbnduction electrons. The primories collide with these electrons |

and impart momentum to them. To calculate the momentum transferred,
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in such a éollision; he assumes'a simple Coulomb force between a primary

and a conduction.electron. At this point it may be remarked, that the
assumption of a simple Coulomb force in the case of metals is not quite
correct., The simple reason is thet the highly mobile conduction electrons
tend to prevent.the field around the extra primary electron from penetrating
far into space. Thus an exponentially decreasing screened potential would
give a better representation, as has been noted by Dohm and Pines (49-51)

and others., Assuming the simple Coulomb interaction, the momentum transfers.
red to the conduction electron, in & direction perpendicular to the

primary path is calculated to be

ap = 2 - | (9)

where e - the electronic charge
v - velocity of the primary electron
p = the distance of closest approach
between the two électrons. -

So the effect of a passing primery on all the éonduction
electrons at a distance o , is to shift the dentre of moméntum sphere
by AP. From this it is possible to calculate the number of secondaries
produced N(p, x), per unit primary path at a depth k, for which the
momentum is larger than pr, where p is an arbitrary fesctor. If the
electrons ars to be emitted from the surface p > 1.

Baroody finds: |

13c2

N(g, = = (90)
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where E(x) is the primary energy at a depth x

B = 2,95 x 108(e")¥ om.™L
From equation (90) one sees that the number of internal secondaries
produced with energy close to the Fermi energy (p =! 1) becomes very
large and for p = 1 becomes infinite., This is a consequence of the
Coulomb law assumption, because the interaction with electrons far away
from the primary, corresponding to a large value of p , leads to small
energy loss. Introduction of the above-mentioned screened Coulomb field
would remuve this difficulty.

In order to calculate E(x), Baroody uses Whiddington's law

E(x) = Ep2 - 2Ax (92)
Substituting (91) in equation (90) and differentiating one gets the
number of secondaries produced perbprimary in a slab dx, and with

a momentum between pPp and (p + dp)PF

L
2B €2 pdudx

N(p, x)dpdx =
(F-210)¥ (1)

(92)

In order to discuss the yield, Baroody introduces two mean frée paths

ks and ka. ks refers to the scattering of secondaries by lattice
vibrations and xa refers to inelastic collisions with other electrons
i.e. "absorption'. ka and Mg correspond to Kadyschevitsch's N\, and 1,.
Baroody then considers two extreme cases ks>> xa and xs<< Xa. He finds
that both cases in a first approximation, result in the same dependence

of the yield on primary energy. He then derives the reduced yleld curve

to be 3 ( E )
e = 1.85F $0.92 w=-Be ; (93)
) (" E ) :
max

Prax
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This is of the same form as the reduced yield in the semi-empirical
theory,
One interesting outcome of Baroody's theory is the dependence
of bmax on ¢ - the work function. ' He finds dax = (0.35 ¢ )%'where ¢
is in eV. It may be mentioned, however, that the work function is brought
into the theory through the production mechanism of secondaries rather than

the escape mechanism, If uoPF is the minimum momentum perpendicular

to the surface, required by an electron, to escape from the surface,

2 2 ,
bo Pp/on = T, * 0 (94)
or [

Comparing equations (92) and (95), the number of secondafies produced
is proportional to Ca% and hence proportional to ¢-%. |

Baroody'!s theory also permits one to calculate the energy distri-
bution of the secondaries, the results of which afe in agreement at ieast
qualitestively. He finds theoretically, a secondary maximum to dccur at an

energy of 0.7 ¢ in most cases.

4.4 Wave Mechanical Theory

All the semi-empirical theorieé, though yielding reasonable
agreement with the experimental results in some cases, approach the
problem without any considerable regard to the physical processes
involved. 1In addition some of the assumptions made, are far too
- oversimplified, Baroody in his theory, for example, assumes that the
incident primary electrons interact only with the "free" conduction eiectrons.i
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Frdhlich (169) points out that a completely free electron gas cannot
produce secondary emission, since conservation of cnergy and momentum
for the system consisting of the incident electron plus the free electron
gas will make it impossible for secondaries to be emitted in a direction
opposite to the direction of incidence of the pfimary.

To improve upon the previous theories a wave mechanical theory
has been develecped by Fr8hlich (169), Woodridge (42), Dekker and
van der Ziel (170). There have been a number of modifications to the
theory by many investigations (171, 172). A brief account of their
method of approach only will be giveh here.

In this theory the lattice electrons are represented by Bloch

i(ker ) where k is the wave vector, r the

functions (7) of the type Uk(r)e
positional co-ordinates and the function Uk( r) has the period of the
lattice. Woodridge (42) considers the primary electron to be free, owing
to its large velocity. It may be then represented by a plane wave of
the type, exp i(K.R) where K is thc wave vector and R the positional
co-ordinates, of the primary electron. The effect of the primary beam of
electrons is a perturbation on the lattice electrons, this inaucing
transitions of the latter to  higher energy statas. Hence the basic
problem, ir the theory of production of secondaries, consists of
calculating the number of trensitions per unit time P(K,k = Kl,kl)dﬂ' ,
where K1 and k1 represent the wave vectors of the particles after
collision and do' the solid engle into which the primary is scattered.
The immediate problem arising is to find out the perturbation
potential due to the interaction of the primary and lattice electrons.
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The simple Coulomb law of force, which gives

VR,r ) = _é& | (96)

‘has been used by many authors (42, 169, 170). However, in the evidence
of the plasma theory, this simple law does not hold good, in the case of
metals., In a metal, the "extra" primary electron has a tendency to

push the conduction electrons away from it. This results in the
formation of local space charges, which effectively screen the field

of the primary, at long range. Hence a screened potential should be
expected in metals, as borne out by the plasma theory. In that theory
the interaction between a primary and the lattice electrons is split into
two parts,

1) An "organised" part consisting of the long range interaction withv
the elezctron gas as a whole, resulting in plasma oscillations and the emis-
sion of electrons which have lost discrete amounts of energy. This has
already been discussed in Chapter 3.

2) An "unorganised" short range pert consisting of interaction with

the individusl lattice electrons. This part is more relevant in

the present case. This is represented by a screened potential of the

tyre (173)

V(R,r ) = XE'P‘ exp { “MR -r )]' (97)

where A, the screening rarameter, is determined by the properties of

8

the electron gas and is of the order of 10 cm.-l, for metals.

Thé significance of such a screened potential is uncertain
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according to some authors. Neufield and Ritchie (174) conclude that the
above formula is not applicable where the velocity of the incident primary
electron is large compared to the root mean square velocity of the plasma
electrons. Also according to Fr8hlich (175) the use of a screening factor
independent of energy is incorrect.for the range between 50eV and 1 keV.
Recently, Baroody (172) extended the theory of Dekker and
van der Ziel (170) with an unscreened Coulomb potential,

However, assumiﬁg the simple Coulomb law, Dekker and van der
Ziel (176) first calculate the transition probability from the state
corresponding to k, K to kl, Kl. Furthermore, they find an expression
for the transitions per unit time as

P(K,k— K'Y, kD)ae' = i b1l2aq" (98)

K;ﬁl* q4

where q = K—K1 and 1 is defined by the integral

1= fHeT) ) ) ar (99)

1

Non-zero transition probability between the two states exists if E- - E = 0.

i.e. the energy of the system is conserved. The selection rule governing

the momenta is given by K + k = Kl _ kl +271H = 0 (100)
where H is the reciprocal lattice vector. This is simply an expression
for the conservation of momentum.

When a screened potential of the type given in eqaation (97) is used
instead of a simple Coulomb interacticn, van der Ziel shows that the only
modification is that q4 in equation (98) is replaced by (q2 + X?)z where M\
is the screening parameter.

Yan der Ziel shows thet for metals the transitions for which
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H# 0, contribute very little to the production of secondaries.
Consequently Woodridge's theory which lays so much emphasis on the
bound electrons, loses much of its attradtion. Marshall (171) and
Baroody (172) support this conclusion, at the same time justifying
Baroody's free electron theory of SEE, For Bafoody's free electron
model H=0and N =0,

The energy loss suffered by the primary electron, calculated on

the basis of H = O leads to a Bethe-type law (166)

dE ., nle* B
-5 ¥ 5 log (exEx) (101)

where N is the number of conduction electrons/cc.
e, is the base of natural logarithm

2.2
E, = -ﬁ—%‘? =~ 40eV for A = 10° cp.”1

Thus since the logérithm varies slowly with E, Whiddington's law is a
good approximation.

The above approach gives an account of the production of
internal secondaries in the metal. But to account for the secondary
electrons emitted from the metal surface, it is necessary to study the
escape mechanism of the internally produced secondaries. This could be
done in a simplified manner on the basis of the assumptions made by
Baroody.

Wolff (176) is strongly epposed to the idea of "lumping the process
into en effective absorption coefficient a , for the internal secondaries".
~ He is of the opinion that the escape mechanism is more important than the
production of these internal secondaries,
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Wolff gives a theory of electron cascade process in which these
secondaries diffuse through the solid, multiplying and losing energy
"en route", until they either are emitted as true secondaries or return
to the sea of conduction electrons, He observes that the energy losses
suffered by the cascede electrons, are due meinly to their interaction
with the conduction electrons. Since the temperatire has little effect
on 8EE, electron-phonon interactions are very much less important than
electron-electron collisions, He uses a screened Coulomb field to
descrite the electron-electron interaction. In order to describe the
eleciron cascade process, he uses the same equation as used by
Marshak (177), for neutron absorption. He proceeds to solve the
transport equation describing the electron cascade process within
the metal, using a number of siﬁplifying assumptions and arrives at a
theoretical curve for the energy distribution of the emitted secondaries.
He then normalises the theoretical curve to the same area as experimental
ones. His results are good fits with the alkali metals.

Besides studying the energy distribution of the secondaries, he is

able to obtain an expression for the total yield end also a relationship
between the total yield and the work function.

The quantitative sgreement is not outstanding!

4.5 Lonclusion

One can thus see that there exists a large number of theories
on SLE, each with somewhat different assumptions and variations upon
the working model, and all seem to have some merits, Earlier theories,
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though semi-empiricel, seem to account satisfactorily for the reduced
yield curve. These theories do not bother about the actual physical
processes involved. On the other hand wave mechanxcal theories, while
trying to give an insight into such processes, fail to provide reasonable
agreement with experimental results,

Most theories fail in giving a correct energy distribution of
the secondaries. Wolff's cascade theory in general accounts for the
shape. The experimental evidence of Augér processes in SEE, suggests
that probably the distribution is made up of pieces of Wolff's cascade
process and the Auger process. In addition, there are many other.
phenomena like "plasma oscillations", which are too complex, perhaps, to

be covered by 2 single theory.



CHAPTIR V
The Present Experimental Investigation

5,1 Introduction

Most of tbe previous studies on secondary electron emission
have been done in glass systems under comparatively poor vacuum
conditions. Under such conditions, the target surfaces become
conteminated quickly and consequently the emission properties are
affected, It is thus not surprising that there exists large
discrepancies in the results obtained by different authors. Hence,
it is essential to perform the exveriment in ultra-high vacuum
conditions, if one wishes to obtain reproducible results, genuinely.
characteristic of the material investigated. In the present investi-
gation, which has formed part of a programme of research on SEE with
the support of the Ministry of Defence, the total yield &, of a
number of substances under ultra-high vacuum conditions has been
measured. In particular, owing to the lack of sufficient quantitative
data on the variation of the yield with the angle of incidence of
primaries, this aspect has receivéd special attention. Yield measure~
ments have been made on silver, nickel, bismuth, platinum and tantalum
carbide. Though the yilelds of the first four materials have been.
measured before, anguler dependence has been studied only for nickel.
Tantalum carbide, which is favoured ss a low yield material (éection 2.3)

has not been studied before.
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FIG. 36



In the 1light of the recent advances in the theory of

characteristic energy losses, plasmons etc., measurements in this

field are particularly important, especially in controlled environmental
. conditions, where the im@ortance of surface aspects can be studied. 4
particular feature of the present experimental apparatus is that it can
be made to serve the dual role of yield measurement and accurate
measurement of characteristic energy losses, using the retarding field
method coupled with electronic differentiation. This is perhaps the
first time such a technique has been used in the studyof the
characteristic energy losses of electrons; The materials investigated
include Silver, Bismuth, Beryllium, Tantalum and Tantalum Carbide.,
Though the first three materials have been investigated before, using
different techniques, there are large discrepsncies in the results from
euthor to author. In the process of studying TéC, it was felt necessary
to study Ta as well, to see if there is any correlation between the
energy losses of the element and compound. All the present investigations

have been conducted in ultra-high vacuum conditions.

A5.2 Experimental Apparatus

The experimental apparatus consists mainly of a spherical
mnifold made of stainless steel (fig. 36) sttached to which there are
appendages for an electron gun, moleéular gun and feedthroughs for the
various electrical connections to thc target, and the heating filament
used to outgas the target. There is also a viewing port, Inside the

spherical menifold is a spherical suppressor grid, made of tungsten mgsh.
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This is used {o suppress the tertiary electrons from the collector, in
the measurement of the total yield and in the energy distribution studies
it is used as the retarding field electrode. The tafget is positioned
at the centre of the sphere by a "universal motion" feed-through. A
schematic diagram is given in fig. 37 which gives the relative positions
of the yarious components.

The system is pumped from atmospheric pressure to A~'10-3 torr by
a Sorption pump, the pressure being measured by'a Pirani'gaugé. The
system is then isolated and pumped to loﬁer pressures by two Vac-ion
pumps, These lower pressures are measured bty a General Electric
triggered discharge gauge and the quadrupole residual gas analyser, which
was incorporated, as the name suggests, in order to have a knowledge of
the residual gases present in the system. In addition, there are power
supplies for the electron gun, Vac-ion pumps and for thin film deposition.
Two electrometers are used to measure the target current and collector

current. Kach one of the essential components will be dscribed below. |

A general view of the whole set-up is shown in the photograph (fig. 38).
5.2.a  Vacuun Systenm *

Owing to the known adverse effects of contamination on secondary
emission propefties; it is impérative that ahy relisble study should be
made in ultra-high vacuum ccnditions. In the present investigation
special emphasis has been laid on this aspect and all measurements have

been made in a clean ultra-high vacuum. The materials used in
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constructing suéh a system satisfied several fundamental crieteria,
These included low vapour pressure, chemical inertness, impermeability
to gases and ease of menipulation. Taking into account these factors,
a stainless steelAsystem was preferred to a glass system. Dlost earlier
workers have used glass systems. Recent experiments (178) in surface
physics have sast some doubts on the suitability of glass as a material
for ultra-high vacuum systems. Glass has been proved to be a source

of contamination. It has been shown to decompose when .baked at over
35000, giving off products containing N' and K+ ions. To minimise the
effects of residual magnetism on slow electrons, the stainless steel
chosen for the construction of the present system was EN 58 LIC. This
particular steel also has a low carbon content, thus minimising the
possible production of COz/CO from carbon which can under certain
circumstances migrate to the surface during baking and combine with

the residual oxygen atoms.

The spherical magifold, which acts as the collector of
secondary electrons, has a diameter of 6 inches and is formed of two
hemispherical halves. The appendages for electron gun, molecular gun, and
electrical feedthroughs, have an outer dismeter of 13". They were
argen-arc welded onto the sphere. The Sphefical manifold is electrically
isolated from the rest of the system by a ceramic insulating section.
A1l connections of the vacuum system used "Varian" type "conflat"
flanges. The two hemlspheres, constituting the sphertal manifold, also
are sealed together with two such large diameter conflat flanges welded
onto the two halves.
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In selecting the pumps used, the conventional rotary pumps and
diffusion pumps were rejected owing to their inherent snags of
backstreaming of contaminating vapours. Even though this may be reduced
to 2 minimum by several traps or complicated baffles, in addition to the
fact that the pumping speed is reduced, the vacuum still is not absolutely
devoid of contaminants. Sternglass (52) reports that when an oil
diffusion pump is used, a film of amorphous carbon builds up on the
target under electron bombardment. The solution in any static system is
to do away with rotary pumps and diffusion pumps. The rotary pump is
replaced by a "sorption" pump end a Vac-ion pump takes the place of the
diffusion pump.

The sorption pump can take the pressure in the system from the
atmospheric down to 1073 torr or less. The punping action of the sorption
punp is achieved by the sorption of gas molecules by a chilled molecular
sieve - a processed mixturs of oxides of aluminium and silicon. Liquid
nitrogen is used as the chilling agent. After a pump-down is completed,
it is sufficient to warm it up to room temperature for a fresh cycle,
thus letting the pumped gos escape. The advantages of the sorption pump
are’that, besides being devoid of any pump oil, it has no moving parts,
operation is free from noise and vibration, and no power supply is
required. |

The getter-ion pump consists of = titanium anode of honeycomb
stfucture positidned equidistant from two titanium cathodes. The action
of the ion-pump depends on the formation of a cold cathode discharge

which produces'active sputtered titanium. The permanent removal of
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active gas molecules and atoms from the system is achieved by
chemical combination with sputtered titanium to form chemically stable
compounds, whereas the inert gases are pumped by ion burial. A strong
megnetic field is maintained between the electrodes by means of a
permanent magnet; which increases the rath length and hence collision
frequency of the ions by spiralling them, beforekthey are collected by
the electrodes. ‘

The Vac-ion power supply provides a stabilised 3kV to the anode
of the pump and measures the current thrbugh the pump. Since the
pumping speed of the Vac-ion is constant at pressures below 10-3 torr,
the current through the pump is directly proportional to the pressure.
Hence the current meter can be used to measure the pressurcs diréctly.
However, the lowest pressure that can be read aceturately is ~+ 2 x 10-9torr.

The pumping system consists of one sorption pump, two Vac-ion
pumrs, a Viton tep, and a bakeable valve. The relative positions are showr
in the photograph (fig. 39). Just above the sorption pump is a small
side arm which is fitted with a safety valve for the release of excess
pressure in the sorption chember, when the unit has returned to room
temperature again after being refrigerated to evacuate the system. The
Viton tap, ahove the sorption pump, can seal it from the rest of the
system. Following the Viton tap is a Pirani gauge head (Edwards Type
M.6A) which measures the pressure in the system from the atmospheric
to 10-3 torr. A bakeable valve following the gauge head can completely
seal off the system from the sorption pump andPirani gauge.

The whole system, with the exception of the sorption pump and

its Viton tap, is bakeable to a temperature of LSOOC.
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There are facilities, however, for the independent baking of either of
the two Vac-ion pumps. The reason for using two Vac-ion pumps, rather than

10

a large single one is as follows. To attain pressures below 10 ~ torr,
the whole of the system (with the previous exception) has to be baked
at 45000. Though it is possible to bake a Vac-ion pump with its magnet
in position to a temperature‘of 300°C, which is too low for the most
effective outgassing, the field strength of the magnet is lowered,
causing a significant deterioration in the pumping speed. Thus fofrthe
best results the pump’must be baked without its magnet and the system
must also be pumped simultaneously: This necessitates a second Vac-ion
pump. In practice, the two pumps are operated and bakbd alternately
in a reciprocal outgassing procedure. Andther important reason for
two pumps is that there is a small fraction of gas pumped reversibly,
this being released in baking ss has been noted by Hall (179). Thus
by a succession of reciprocal pumping-baking cycle, most of the gas
can be removed by irreversible trapping. Initially the present system‘
was provided with two 8 litres/sec. Vac-ion pumps. later one of them
was repleced by a larger 50 litres/sec. pump to facilitate easier starting.
Even though pressures above 2 x 10-9 torr may bs measured
directly by the Vac-ion pump curfent, for lower pressures, this cannot
be employed. For such pressures a General Electric triggered discharge
gauge was used. This instrument utilises a cold éathode digcharge in
a magnetic field to provide a stable measure of pressure'in the range
10-4 to lO—13 torr. The gauge tube features a momentarily energised hot
filament to trigéer instant starting under ultra-high vacuum. The tube
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itself is rigidly constructed in stainless steel with a ceramic metal

feedthrough bakeable to 450°C.

5.2.b  Quadrupole Residual Gas Analyser

In any ultra-high vacuum a knowledge of the residual gases is
particularly important, especially since ion-pumps have different
speeds for different gases. In the present investigation, a quadrupole
residual gas analyser was used to provide information on the residual gases
present in the system. One maiﬁ advantage of the quandrupole mass filter
is that it does not require &any magnetic field, the presenee of which in
other gas analysers can introduce considerable shielding difficulties.

The quadrupole mass anelyser consists essentially of an ion source,
four long cylindrical rods arranged in a square arrzy - the quadrupole -
end an ion collector. A simple schematic representation of such aﬁ
assembly is given in fig. 40.

The quadrupole consists of, ideally, four long hyperbolic cylinders
in a square array. For ecase of construction, they are approximated into
circular cylinders. The radius of a circle inscribed in the array is
equal to the radius ﬁf the electrodes. The opposite pairs of rods are
connected electrically. To fhe two oprosite paire, is applied a d.c
voltage superimposed on which is zn r.f voltage. The d.c voltage U
is opposite in sign and the r.f voltage shifted in phase by 180°, on
the two pairs.

The trajectory of ions in this quadrupole fiecld is described
by equations of motion which can be transposed into Mathieu's differential
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equations. The anslysis shows that the injected ions perform oscillations
perpendicular to the axis of the quadrupole which remain below a maximum
amplitude only for a certain ¢/M ratio., Ions with the correct e/M
ratio pass through the analysing space to the collector. All other ions
perform unstable oscillations with rapidly rising emplitudes so that they
hit the rod electrodes. Normally a spectrum of ions can be obtained by
sweeping the d.c and r.f voltages simultaneously so that their ratio
remains constant, |

An ion collector collects the analysed ions and the electrometer
amplifier records the current, the output of which may be displayed by

either cn oscilloscope or recorder., With a simple elcectrometer dctection,

the minimum detectable rartlal pressure is «~ 5 x 10"11 torr. By attaching
an clectron multiplier, partial pressures as low as 5 x 10"'13 torr can
be easily detected. The positive ions striking the first dynode emit
secondary electrons which are then focussed to the next dynode. By
successive mitiplication, the current is amplified.

In normai use, a spectmum ranges from O to 50 a.m.u., thus
inclﬁding all common organic and inorganic gases, though another range
10 to 250 a.m.u. permits detection of heavier hydrocarbons., Typiéal
resolution i.e. Zﬁ- in the lower mzss range is 50. (AM -—is taken to
be the holf width of the peak at a mass number M). The spectrum can be
scanned automatically at different rates ranging from 3 scconds/a.m.u. to
1 millisecond/a.m.u., for the 1-50 e2.m.u. range. The Q.R.G.A. measﬁres
the total pressﬁre, partial pressures and also it can be used as a lcak

detector. A gensrol view of the R.R.G.A, control units is shown in the

photograph (fig. 41).
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5.2.c Electrical Feedthroughs

In order to mekc conncctions to the componcnts in the ultro-high
vacuum chambcr speeisl e¢lectrical feedthroughs have to be used. These
must be able to provide perfect sealing and to withstand high bakec-out
temperatures. Two varieties of such c¢lectrical fcedthroughs have been
used., One sﬁch, manufactured by Varian, has eight kovar wires brazed to
a circular ceremic disc, which in turn is attached to a stainless steel
flange. Though the performance of this type is good, it haos in practice
been found to be somewhet fragile and susceptible to mechanical failurec.
The otherivarietx manufactured by Ferranti, features individual
ceramics secaled into & steinless steel platé. This is found to be much
more rugged although the leakage resistance of this type is not so good.
In case of failure, the leads can be repaired individually. The ones used
here, have 8 or 10 leads.

A more difficult problem is to introduce traonslational and
rotational motion into cn ultra<high vacuum system. Translational motion
is usually achieved by using mctallic bellows which may be compressed or
extended., An arrangemcnt using an offset bellowsm2y be used to introduce
rotary motion., A combinstion of the two can provide a "Universal motion"
feedthrough. The method of operation of the Ultek feedthrough uscd in the
present case, is shown in fig. 42. The generai view of this universal
motion feedthrough may be obtained from fig, 36. Calibroted scales attached
to the bellowsand the rotating head, show the transletionol and rotational
displacements.

Though the target is mounted on the shaft, it has to be insulated
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electiically from the feedthrough which mekes contact with the spherical
manifold., This is done by having a ceramic section between the target
and the shaft., The electrical connection to the target is then made

through an ordinary feedthrough.,

5.2.d Magnetic Shiclding

One of the problems assoclated with using Getter-ion pumps is the
stray magnetic fislds of the magnets which can affect the slow electrons,
Hence to minimise the effect of the field, the system has to be shielded.
This was done by means of a complementary pair of shiclds, one made of
"Netic" material and the other of "Co-Nétic". These materials were supplied
by The Peixfection Mica Co., Chicago. "Netic" material has e comparatively
low permeability, but saturates at a very high flux density. "Co-Netic™
has a higher pcrmeability but lower saturation density. The Vac-ion pumps
vere shielded by a box made of Netic, which attenuated the field so that
the intensity outside was low enough to prevent saturation of the Co-Netic
matericl., The field intensity in the immediate vicinity of the pump was
reduced to abecut 1 oersted. The spherical maddfold wes surrounded by a
Co-Netic shield, which reduced the field to a few milli-oersted as
measured ou a thin film Hall effect device. Foth Netic and Co-Netic
mterials are highly malleable, and withstand mechanical shock and
baking temperctures, without deteriorating in performance. The electron
gun also was cffectively shielded by a thin Co-Nctic foil enclosure.

In addition to shielding mgnetically, thc Co-Nctic around the spheriecal
manifold acts aé an additional electrostatic shield, when appropriately

earthed.
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5.2.¢ Flectron Beam Supply

The primery elecctron beszm bombarding the target surface, was
derived from an electroﬁ gun. The gun used in the present study was a
standard one, as found in 2 DG7-37 CRO tube, and using electrostatic
focussing and deflection. A general view of the gun may be obtained
fronm the photograph (fig. 43) ond a schematic representotion of the
electrodes is given in fig. 44. The gun is capable of operating in the
energy range 0,5keV to 2.5keV. It employs an oxide coated cathode,
indirectly heated by a filament. In case of damage or expiry of e life,
the cothode and the filament can be replaced. Immediately in front of the
cathode is the "grid" which is a cylindricel electrode with 2n aperture.
The negative bics on the grid normolly controls the beem intensity. The
cylindrical electrodes Al’ A2 and the final anode, AA (fig. 44) are
connccted together, A3 is the focussing electrode which is at a positive
potential with respect to the cathode. The electrostatic deflection
plates Xl’ X, and Yl’ Y2 provide deflection of the beam in two perpendicular
directions,

The circuitry of the electron beam used is shown in fig. 45. The
heater filement operates normally at 0.3 amp and 6.3 volts, the power
being supplied from a car battery. Since the target has to be held at
ground potential, the negative high voltage is applied to thé gun cathode,
and the electrodes Al, A2 and A4 are at ground potehtial. A highly
stabilised high voltage supply-variable in the range O - 3kV (John Fluke
and Co., type 413C) - provided the cathode potential. The negative grid
bias voltage and the focussing voltage were obtained from dry batteries
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and were variable., Though in normal operation the X and Y deflection
plates wers earthed, by applying the suitable voltages, the beam could
be deflscted to any spot on the target. The gun was surrounded by a
Co-Netic foil enclosure, which, apart from being a magnetic shield,
Stopped stray electrons from the gun directly reaching the collector.
Another C.R.O. tube, containing an identical electron gun,
Situated outside the vacuum system but fed from the same power supply,
was used to monitor the position and focussing condition of the beam on

the target,

5.2.f The Spherical Grid

| In measurements of the yield, the spherical manifold collected
the secondaries emitted from the target. Inside the spherical collector was
2 spherical anti-dynatron grid which suppressed the tertiary electrons

from the collector. In the study of the energy distribution of secondaries,

this acted os a reterding field electrode. The spherical grid was made
from tungsten mesh of density 64 x 64 meshes/sq. inch and of transparency
87%. The mesh was supplied by the Wire Weaving Company, Holland. The
Simple but elegant technique used by Todd (180) was employed in making
the Srherically sheped metal grid without distortion., However, the
method was much simplified for the present case.

The wire mesh was allowed to form a tight dome over & 5"
diameter glass bulb, A tungsten ribbon was fastened around the perimeter
to form a tight belt and the two loose ends of the belt were welded
togethcr, Then the wire mesh was folded back over the ribbon belt and
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another belt fastened around so that a sandwich was formed with the mesh

in between the two ribbon belts. The doms was then gently removed from

the glass bulb and the sandwiched edge welded all around. For better
mechanical strength, howcver, two or three nickel wires wers used as skele-
tons onto which the dome was formed. Two such hemispherical domes formed a
perfect spherical grid. The grid was insulated from the spherical
collector by attaching a few ceramic (alumina) rollers to the nickel
Skeletons. Fig. 46 gives a photograph of the inside of the spherical
manifold, with the target et the centre, and the spherical suppressor

grid surrounding the target.

5.2.g Film Deposition Unit

Some of the targets were prepaered by depositing thick films in
Vacuo., The deposition was done by an Edwards automatic evaporation
control system coupled with a film thickness monitor. This could also
be used to outgas ths evaporant and the moleculer gun at a suitable
temperature and to deposit a film at a desired rate to a predetermined
thickness. The thin film thickness monitor employs a quartz crystal
Vibrating in the shear mode at a frequency 6MHz. The frequency is
lowered with the deposition of films onto the crystal and the change in

frequency is a measure of the mess deposited,

5.3  Experinental Techniques and Procedure
Conventional methods were used in measuring the yield. The
characteristic energy losses were studied by a retarding field energy
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analyser incorporating electronic differentiation. The basic principle
of the retarding field energy analyser and the method by which the

retarding field plot is differentiated, are briefly discussed.

5.3.a Retarding Field Energy Analysers
A commonly adopted method in the analysis of total kinetic

energy of a stream of charged particles is to use a retarding elsctro=-
static field, where the kinetic energy is deduced from the height of the
potential barrier that the morticles can just surmount. Owing to fhe
simplicity of the principle and the high resolving power, such analysers
have drawn much attention recently and a number of sophisticated analysers
are available today (181, 182, 183). Unfortunately, it is not always
recognised that the potential barrier height is not a measure of the total
kinetic energy but of the momentum in a direction perpendicular to the
equipotential lines. In many cases the distinction can be overlooked.

In the simplest case of the retarding vield analyser, which
has a parallel plate geometry, a beam of infinitesimal extent and
perfect collimation, with kinetic energy E = eVO enters from the left
(fig. 47(a) ). The beom is retarded by an axially directed electrostatic
field between the clectrodes and collected at C. If the beam is
monoenergetic, a curve plotted with the collector current against the
retording voltage - retarding field curve - has a shapc as shown in
fig, 47(b).' However, in practice the beem will have a finite diamcter
and angular aperture 8 . In perallel plate geometry, the finite
diemeter causes no difficulty, but the finite angular aperture means that
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the kinetic energy of the beam is divided into two parts associated
with the axial and transverse components of momentun according to the

telation

E
Jrens o g® o | (102)

Ehxial
In such a case, since only the axial momentum will be effective in
overconing the retarding potential, the cut.off curve just tails away

(fig. 47(c) ) and has a base with AV (184).

é—v-_:-A_E-—- ‘2 .‘
Vo r - Sin 0 ‘ (103)

AE represents an energy "aberration" and limits the resolution, In
principle, it moy be reduced by aperturing the beam in angle,

One of the major drawbacks of all retarding field analysers is that
the response at an energy E | is EJPC I(E)AE rather than the actual
‘I(E)t E, of most other analysers. OIn most cases the desired quantity
is %I(E)!Eb. Although such integral curves may be graphically
differentiated, the error in such a procedure may bc as great as 20%.

In the present study this integral plot is differentiated elsctronically.

Normally three different types of retarding field analysers may
be distinguished according to the location of the retarding field with
respect to the collector of electrons and according to the potential
of the collector,

In the simplest cese, the retarding field is in front of the

collector, the collector itself being the retarding electrods.
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This is shown in fig. 47(a). By gradially changing the retarding
potential, the current collected can be measured. Eoersch (185)
with his sophisticated analyser using this principle obtained an accuracy
of 0,004eV in a beam of 60keV.

In the second version, the collsctor of the beam current is
constantly at anode potential., The retarding potential is on a scparate
electrode, normally a mesh grid, in front of the collector. This

arrangement is conveniently called an electron "filter" - since it
graudally filters faster and faster elesctrons out of the beam, when

the bias of the electrode is increased. Historically, Boersch (186)
used the filter to remove the inelastically scattered electrons from
electron micrographs and diffraction pictures. A number of authors
have made use of the electron filter lens as a velocity analyser.

In the third type of the retarding field analyser, the clectron

beam is transmitted through the Faraday cege collector, which has an entrance

aperture and an exit aperture, Behind the exit aperture is arranged the
retarding field which gradually reflects fester and faster electrons back
into the collector cage, with incressing retarding potential., This has
often been called an electron mirror analyser. |

In all these types, to obtain high resolution & very narrow,
substantially parallel beam, of preferably small’intensity, which enters
the retarding field at right angles to the equipotentials, is necessary.
So much so, a beam gencrated by a point source with a finite angular

aperture = as in the casc of secondary emission - cannot be analyscd
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easily with such an analyser, unless a small pencil is selected from it.
This of course reduces the intensity, However, such a beam can be
analysed with one of spherical geometry. This type of spherical
condenser snalyser seems to be the ideal one for obtaining an ideal
cut-off curve and hence better resolution (184).

The geometry of the trajectories is not so simple as in the case

of parallel field, but since the paths are solutions of a central field
problem, they may be determined analytically. A theoretical analysis
has been given by Simpson (184). For simplicity, &n analyser consisting
of two spheres of radii 'a' and 'b' (fig. 48) is considered. Analysis
shows that the trajectory of a particle leaving the inner sphere at an
angle 6, is an ellipse. It can be shown that %% = (%)2sin2 8 .
When the electrons are emitted from the inner sphere through all

angles up to 7 /2, the maximum AE/E is given by %? = %)2 : (104)
This is the ideal case where the emitter also has spherical shape. It

has been shown by Soboleva (187) that AE is higher if a disc or cube

is used instead of thc sphere.

In the above analysis, a simplified two electrode system is
considered. In such 2 case even if o211 the elesctrons with sufficient
kinetic energy reach the collector, they may not be collected altogether,
since they can liberate fresh secondaries from the collector, The answer
to this problem is to use the three element analyser of the filter type,
Here a spherical grid of high transparency is used as a filter electrods,
with the retnrding potential on it. The spherical collector can be kept
at ground potential and this gets rid of many problems of detection.
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The negative potential of the grid suppresses thc tertiary electrons
from the collector, There is really 1little evidence in the literature
28 to the range of energy that can be studied with this type of
analyser, At higher voltages, there is the possibility of the breakdown
of the gap between the grid and collector. Also if the mesh is extremely
fine ond flexible, the mere electrostztic attraction between the sphers
and the mesh 1s sufficient to couse buckling and hence shorting,
Typically, in the present study the grid has a diancter of 13 cms. and
the target at the centre en area ~ 1 sq.cm., The energy range studied is
200 to 500eV.

The one common "disadvantage" shared by all retarding field energy
anclysers ig that at a given energy E, the output of the analyser is
the sum of all electrons with energy sufficient to overcome the potential
’barrier (181, 184). The graph of I, as a function of V, the retarding

potential, is the integral of the energy distribution of electrons.

oL
ce 1= 1)y | (105)
v

This is disadvantageous with respect to the signal to noise ratio and
because the energy spectra are more difficult to interpret. This difficulty
may be allevisted by differentiating the integral plot by the use of an

a.c modulation system es proposed by Leder and Simpson (188). Consider

an integrel curve shown in fig. 49. Let a small‘a.c voltage AV be
superimposed on the retarding voltage V. The resultant collector current

I has an a.c component AI, whose amplitude is proportional to the

slope of the'integral curve at the d.c level V, AI has the sarme

frequency as AV, If AV is decreased in amplitude this difference curve
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will approach a true differential curve. This small a.c component
of the current can be detected and amplified to obtain the true energy

distribution,

5.3.b Phase Sensitive Detection

When the above-mentioned integral retarding plot is differentiated,
using the modulation technique, one is interested in the a.c component AI
at the modulating frequency. This signal has to be amplified and detected.
The samplification may be done by an electrometer. The amplified a.c
component has to be extracted from the noise and then converted into a‘d.c
signal, so that it can be recorded by a ehart recorder. In the present
experiments this was accomplished by a phase sensitive detector (P.S.D.).

A phase sensitive detector is a very elegant device which compares
the test signal with a reference signal and gives a d.c output.

Basically it consists of a two-way switch - a chOpper in reverse -
operated by a reference voltage derived from the modulation oscillator
(fig. 50). let the reference voltage be Vr sin pt and if the sipnal -
contains an "in phase" component VS sin wt, the switching action gives
full wave rectification of this component end a d.c voltage proportional
to Vg will eppear at the output terminzls (189, 190). Components of the
signal input at other frequencies (spart from haormonics of w ) will give
at the output an a.c voltage at the beat frequency. Thus the response
of the system to noise in the signal will depend on the time constant T,
of the d.c measuring device and the P.S.D. acts as a selective rectifier
of bandwidth %. A typical d.c meter or recorder has a response time of



the order of 1 second so that the bandwidth is not greater than 1 Hz.

Because of its ability to pick out a signel from a wide spectrum of
unwanted frequencies - noise ~ the P.S.D. has often been called a
synchronous detector, coherent detector, lock-in amplifier, homodyne
detector, etc. If the signal and the reference voltages have the same
frequency and phase, the voltages V1 and Vé appearing across fhe two load
resistors are shown in fig. 51. It can be easily seen from the figure that
the balanced output gives a full wave rectification.

Mathematically, the operation performed by the P.S.D. corresponds
to multiplying the signal by a square wave; that is, by a function
kfz(t) where %k is a constant and |

f,(b) = sin wt + Fsin at + ==~ (106)

So if the signal input voltage is Vlfl(t), the output is
T
Vot = Ky Oj £f,dt (107)

Thus the phase sensitive detector performs a Fourier analysis of fl(t)

and extracts the component corresponding to sin wt,

5.3.¢c Pumping-down Procedure

Having sealed the vacuum system, the following procedure was adopted
in the pumping-down, With ell valves closed, the sorption pump wae
refrigerated by surrounding it with liquid nitrogen in a Dewar flask, The
Viton tap was opened and a Pirani gauge measured the pressure in the region
before the balkeable tap., Vhen the indicated pressure was a few microns,

the bakeable tap was opened so that the sorption pump now pumped the
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whole system, the pressure agein being recorded by the Pirani gaugs. When
the pressure had fallen below 1072 torr (which typically would take

10-15 minutes) both Vac-ion pumps were switched on. Usually the -
passage of a high current through a pump, while the pressure was high,k
caused considerable outgassing and the pump became hot. In such an event
the pumps were switched off or the two pumps used alternately. “hen the
Vac-ion pump stafted pumping in the correct mode, the pressure fell
rapidly. The Viton tap and the bakeable tap were then closed. A base
pressure of 10-6 torr was reached within about 30 minutes. When the
Vac~ion pump had reached equilibrium with the outgassing rate of the

7 torr) the gaskets and

unbaked system (usually at a pressure of = 10~
the welded joints werc cazrefully exposed to & narrow stream of hydrogen.
Any leaks in the system were indicated es a change in the current through
the pump, since the pumping speed for hydrogen ié neurly three times that
of air. OSmaller leaks could be detected using the triggered discharge
gauge in the same manner. For extremely small leaks the quadrupole
residual gas analyser was perhaps the most sensitive leak detector. The

analyser was mznually adjusted so that the electrometer reading corresponded
to the hydrogen peak. With exposure to a hydrogen stream again, any leaks
were quickly shown by the chznge in the intensity of the pesak.

| In the event of no leaks being found, the system was baked., The
manifold was enclosed in an acsbestos oven, 2' x 2' x 14' in size, with
heating elements attached to the inner walls. The temperatufe of the ovén
was gradually raised (not faster then 15°C/hinute) to sbout 45000. The
system was boked typically for a couple of days., In the baking process
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the two Vac-ion pumps were basked in a reciprocal manner as described
in section 5.2.a. In the system used, a pressure of 10—8 torr was
inevitable and 10—10 torr was routine after baking. With a lot of care

10"11 torr and below could be reached.

5.3.d Target Preparation

In the present investigation, the moterials studied were Silver,
Bismuth, Beryllium, Nickel, Platinum, Tefitalum end Tantalum Carbide,
Special core hos been taken to obtain clean surfaces., Ag, Bi and Be
were prepered by evaporation from the molecular guns. The molecular
guns consisted of a conical basket filament, mode of Ta, W and Mo
respectively, for Ag, Bi and Be. The evaporants, supplied by
Koch-Light lLaboratories, Itd., were of spectroscopic purity. Nickel,
Platinum and Tantalum were in the form of rectanguler dises 1 em x 1 cm.
Before mounting these teorgets in the system, they were mechanically polished
with @ fine rouge and then carefully cleaned in acetone. The tantalum
carbids target was in the form of a thick layer on a copper substrate
15 cﬁ x 0,7 cm. The process of preparation was as follows., Tantalum
carbide mixed in ethyl acetate with a nitrocellulose binder was painted
on the copper surface. After vacuum stoving at 980°C for 10 minutes the
surface was etchcd in nitric acid., This cdmmercially prepared target was
supplied by the E.M.I. Ltd.

Those targets which were not prepared by evaporation could be

outgassed by a projection lamp filament of 1kW power, located immediately -
behind the target. The projection lamp filament was sufficient to bake the
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whole spherical manifold up to 250°C. The temperature of the heating

filament was measured by an optical pyrometer.

5.3.5 Measurement of the Yield

Conventional circuitry, as given in fig. 52, was used in
measuring the yield. The measuring devices used were extremely accurate.
Since the target had to be kept at ground potential, the negative high
voltage was applied to the cathode of the gun to accelerate the primary
electrons. The target current and collector current were measured by two
Keithley type 409 and 417 picoammeters, respectively. When measuring the
total yield, the collector was kept at +60 volts and the spherical grid
at +10 volts, with respect to the target which was at goound potential,
thus aiding 21l the secondaries to be collected. When the inelastic
reflection coefficient n, was measured the spherical grid was at =50 volts

with respect to the target. From the collector current is and the target

i
current (ip - is), the yield 3 = =2 was calculated.

i

The targets Ni, Pt, and Tag were outgassed and cleaned by heat
treatment for 10 - 12 hours, before measurements were made. The yield
measurements were made in the primary energy range 150eV to 1300eV. This
was done in steps of 20eV from 150eV to 600eV and then onwards in 50eV
steps. The primary currents used were of ~v10-7’amp. Measurements were
mede with decreasing primary energy as well and the mean values taken.
This showed that there was no secondary cmission "hysterisis". When
the primzry voltage was changed, the grid bias ond thé focussing voltage

were also adjusted for proper focussing of the beam on to the target,
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as seen from the monitor screen. Normally the electron beam spot had a
diameter < 0,5 mm.

When the X and Y deflection plates were at ground potential, the
bear W:s incident normzlly. The angle of incidence of the primary beam
on the target was altered by rotating the universal motion feedthrough,
the actual engle being read from the circular scale attached to the
feedthrough. Angles of incidence up to 60° only were studied in the

present case.

5.3.f Study of the Characteristic Energy lLosses

Characteristic energy losses from Ag, Bi, Be, Ta and TaC were
studied by the new retarding field enelyser. The primary energies were
of low range 150eV to 400eV, It must be said that the cheracteristic
energy losses are independent of the primory electran energy. Since the
present analyser is more suitable for low primary ecnergies, the asbove
range was adopted.

The system used in this study is dizgram-matically represented
in fig. 53. In the electricel differentiation of the integral retarding
plot (section 5.3.a) the ideal place to apply the modulating voltage is on
the grid., But when this was done it was found that the cepacitive

pick-up on the collector was comparable to the electron signal itself,

A solution to this problem has been suggested in this work. However, in
order to study the high energy end of the distribution, it was found

sufficient to-apply the modulating voltage to the cathode, so that the

primary beam of electrons becomes encrgy modulated.
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A varisble frequency signal gencrator provided both the a.c
modulating veltage and the reference voltage to the P.S.D., through a
potential divider. The a.c. modulating voltage was of the order of
250 mV. In order to minimise the possible effect of interclectrode
capacitancc very high frequencies of modulation were not used. Too low a
frequency - comparable to the mains frequency - was also not chosen. As
& happy compromise, in the present system, a frequency of 450 Hz was
used. Other frequencics were also tried with the seme success. It must
be emphasised that the frequency does not have any influence on the actual
working of the analyser. |

The retarding voltage was provided from a Keithley type 241
regulated voltage supply. The voltage was scanned by a 1 Megohm helipot
driven by a variable speed motor. Instead of scanning through the whole
range of primary voltage, only the high enérgy end, this being the
section of particular interest in the measurement of characteristic energy
losses, was scanned by the helipot, For exemple, for a primary voltage of
300 V, a constant backing voltage of 220 V was meintained on the grid
and the rest was scanned by the helipot. This renders the quantitative
determination of loss peaks more accurate. Normally the voltaege was
scanned at a rate of 8 volts/minute.

The collector current was amplified by a keithley type 603
electrometer. The input resistance usually used was 1 Megohm. The d.c
component of the output was blocked by a capacitor and the a.c component
fed into a Brookdeal type IA635 low frequency smplifier, The output
of the L.F. amplifier formed the signal to the P.S.D. The phass
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of the reference voltage could be checked by means of a Hewlett-Packard
130 oscilloscope, so that the shape of V, or V, (fig. 51) was

displayed., However, in the PD629 phase sensitive detcctor, since valves
are used and with the current being unidirectiocnal, the switching wave
form of fig. 51 cannot be realised, The wave forms obtained in actual
practice are shown in fig. 54(a), when there is no signals and fig.

54(b) when the signhal is of the same frequency and phase as the reference
voltage. If not in phese, the additional phase shifter was ajjusted.  The
balanced output of the P.S.D. was then fed into the metre unif, the
output of which was recorded on a Moseley model 680M chart recorder.

As already said, when the a.c modulating voltage is on the spherical
grid, the capacitive pick-up on the collector can be considerable. This
problem may be solved by using an a.c bridge as shown in fig. 55.

Here the differential amplifying property of the Keithley model 603
amplifier is employed. The interelectrode capacitance between the grid
end the collector forms one erm of an a,c bridge. The capacitive
component is annulled by adjusting the variable capacitance to be equal

to the interelectrode capacitence,

5.4  Conclusion

In the course of the present chapter, an sccount of the cxpefimental
set-up, the techniques used and the procedure taken, in measuring the yield
end the charucteristic energy losses, has been given. The working principle
of the new retarding field analyser hes been discussed. The working potential
of this analyser can be estimated from the results obtained, which are given

in the next chapter. - 129 -
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CHAPTER VI

Results and Discussion of Results

6.1 Introduction

The results of the experiments conducted, will be given in this
chapter. The [irst section contains an analysis of the residual gases
present in the system, using the quadrupole residual gas analyser. The
second section deals with the results of yiecld measurements from the
different targets under different conditions. The final section gives
an account of the characteristic energy losses of electrons from different

materisls, obtained using the spherical retarding field energy analyser.

6.2 Residual Gas Analysis

The residual gases present in the system under various conditions
were analysed by the quadrupole residual gas amalyser. A typical spectrum
of the gases present in the unbsked stainless steel system, when the elcctron
gun is not opersting, is given in fig. 56. The spectrum ranges from O to
50 a.m.u., The total pressure in the system is 1 x 1078 torr.

The peek heights in this spectrum do not represent the actual
partiel pressures of gases in the system. To obtain the absolute
values of partial pressures one has to "correct" the pesk heights, by
teking into esccoint the ionisation cross-section for the particular gas.
For instance, tzking the 28 pesk to have a normnlised cross section of 1,
one should multiply the H2+ peak by 3.1 and 002* peak by 0.71 (191).

In fig. 57 is given a2 histogrem representing the quadrupols
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spectra obtained at various stages{of the bake-out cycile, of the manifold
system. The bake-out cycle lasted 48 hours, rising upto a temperature

of 250°. The corrected values of the partial pressures before bake-out,
at temperatures 150°C and 250°C end after bake-out are given., The last
one was taken after the system had been cooled down to room temperature
and the electron gun not operating. It is seen that after bake-out,
hydrogen is by far the most abundant gas in the system. The fractions of
water vapour and carbon dioxide are small, Surprisingly enoﬁgh, a
considerable amount of neon is present.

It is perhaps more important to enalyse the gases present while the

~electron gun is operating, beceuse it is under these conditﬁ?s that the
target is being bombarded by the electron beam. Fig. 58 gives the
corrected values of the rartial pressures while the cathode is being heated
up by the gun filament. Fig. 58(2) shows the spectrum with cathode cold.
When the cathode is raised to 60% of the normal opersting temperature,

the totsl pressure goes up by about a factor of 10. The partial pressures
of the predominant gases are shown in fig. 58(b). H,0 and co,

are evolved relatively more sbundantly.

Fig. 58(c) shows the pertial pressures, while the electron gun
filament is operating at normel temperatures end the primsry electron beam
of energy 900eV bombarding a silver target. Under these conditions water
vepour is the most abundant gas, with a considerable amount of He also
present., On the other hand, hydrogen is relatively only a small fraction.
It is observed that ss soon &s the electron gun filement is switched off,
the HZO peék diminishes in height rapidly, being pumped away by the Vac-ion
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x100 horizontally)

(2) Smooth surface (x5000 vertically,
x100 horizontally)
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6.3 Yield Measurements

6.3.a Tantslum carbide

It has been said in section 2.3 that Kreuchen and Diserens (79)
suggested the use of TaC as a low yield surface to reduce the "multipactor
effect” in klystrons. Owing to the lack of information on the SEE
properties of TaC and the commercial importance of it as a low yield
surface, the properties of TaC were studied. The secondary emission yield
was measured from such a surface, with particular reference to the surface
conditibns. The present investigation provides the first published data on
the secondary emission characteristics of tantalum carbide (192).

~Initially, yield measurements were made on a "rough" TaC surface,
the profile of which was measured on a "Talisurf" machine (Trace 1,
fig. 59). At first the yield curve had an irregular shape presumably due
to the rether unclean surface. The target was then heated to about 800°C
for six hours, by the projection lamp filament located behind it. When the
target was cold and the pressure conditions improved to about 10"9 torr,
the experiment was repeated. Results obtained after successive heat
treatment showed that the yield decreased with each progressive heat
treatment (fig. 60). A stage was reached, however, when there was practically
no change in the yield, even after further heating, presumably because the
surface was thoroughly degassed and cleaned. The yield curve thus
obtained is the one choracteristic of the "rough" TaC surface. The
maximum yield dras? for this surface was found to be 0.68 at a primary
energy 270eV,. The yield decreased to 0.5 at an Eb of about 1400eV.

Yield measurements were then made for a smoother TaC surface,
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the profile of which is shown in the lower trace of fig. 59. This

target was also subjected to the same heat treatment procedure as before.

In fig. 61 the lower curve represents the yield of this surface after the
heat treatment cycle. For this "smoother" surface the yield was higher

than that for the rough surface, b nax had @ value of 0,81 occurring at a
primery energy of about 320e¢V. In the case of the smoother target it was
also observed that the peak in the yield curve was flatter than for the rough
surface., This makes it difficult to determine E very accurately.

By deflecting the primsry beam, using them?§' and 'Y'! plates the
yield from neighbouring nerts of the tsrget was measured. A variation of
5 to 10% in the yield was noticed. This is guite understandatble when one
considers the non-uniformity of the surface.

The inclastic reflection coefficient, n , plotted against the
primary energy is given in fig, 62, The maximum value of n is 0.1l
occurring at & primsry energy of about the same as E

The yield curves for the two "rough" and “smogiﬁ“ surfaces are

compared in fig. 63. The lower value of yield from a rough surface

observed in the present investigation is in agreecment with the evidence

obtained by previous workers (3,11), who studied other surfades. The
comparison by Bruining (11) of a rough surfaceto a series of "holes"

or "wells" (fig. 9) may be justified in the light»of the profile of

the surfaces shown in fig. 59. A secondary electron produced in the bottom
of the well can get trapped on the sides and hence be prevented from

being emitted ‘at the surface. There is less chance of the.secondary

electron being trapped for a smoother surface and hence presumably the
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the yield is higher.

Though theoretically onc should not expect any chenge in the

value of Epmﬂx with roughness, a definite change has been observed
in this study. This could be ascribed to the geometrical nature of the

surface, rather than to the characteristic of the ratcricl.

6.3.b Nickel

The total yield, 3, was measured from a highly polished nickel
surface, first for normsl incidence of the primary beam end then fof
different angles of incidence up to 60°. A1l measursments were made only
after cleaning the surface by heat treatment. The & - Ep curves for the
different angles are given in fig, 64. at normal incidence was

max

found to be 1.67 2t about a primary encrgy, Epmax 460V, As is seen
from fig. 64, there is @ general increase in the values of the yicld with
higher angles of incidence of the primary. E also shifts towards
higher energy with increase in angle of incidei:z. The variation of

N, the inelastic reflection coefficient, with Ep is in excellent

agreement with the results of Sternglass (165). The limiting value
for n is 0.28 as compered to the value of 0.26 obtained by Sternglass.
The value of bmax at normal incidence, is higher than the value
| 1.35 obtained by Bruining (11). The higher value‘of > ox obtained in
the present investigation could be due to the high-smoothness and
cleanliness of the surface. The poor vacuum conditions used by Brulning
could account for the low yield value he got.
According to Bruining, the variation of the yield with angle of
- 134 -
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incidence of the primary beam is given by equation (6), namely
by = B, €Xp tha X (1 -~ Cos ® )j} (6)

where N and b, o3 the yields at angles of incidence © © and 0°.
a - the absorption coefficient
Xy - the aversge depth of origin of the secondaries.
If one assumes this equation, a plot of 1ln b9 against
(1 -~ Cos 8 ) should yicld a straight line. From the above measurements,
a plot was made, for the nickel target. For primary energies lowsr than
Epmax, the linearity of such @ plot was not satisfactory. This is
understandable when onc considers the fact that the yield is governed
mainly by the absorption cosfficient only for primery energies gfeater
than E (section 2.8).
max
For EP higher than Epmax, graphs were plotted with 1n be
against (1 - Cos ® ). Fig 65 gives a set of such graphs. These graphs
are straight lines, the linearity being remerkably good for higher primery
mnergies, The slope of these graphs gives the product ax, . If the value of
a'is known, x can be calculated. Becker (37) from his stndy of high
energy e¢lectrons, gives the value of a for nickel to be 1.5 x 106 cm.-l.
Assuming this value to be valid for the energy range concerned here, X
was calculated. It was found thet in the case of nickel, the mean depth
of origin of the secondaries increased from 283 for a primery energy of
600eV, to 38R for 1200¢V, Bruining from his experiments got a value
of X = 308 for nickel. The change in the value of X with primary
energy, though not secen by Bruining, may be due to the oversimplified
nature of equation (6) and because of the fect that the effect of n
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has been ignored. Despite the fact that Becker's valuerof a, for nickel
is for high energy electrons, the above calculations do yield an
approximdte value of the mean depth of origin of the secondaries, which
is in good agreement with the values obtainedby Bruining (11) and

that obtained by Jonker (38) by an entirely different method.

6.3.c Silyver
The silver target was prepared by evaporstion. The total secondary
emission yield for different angles of incidence of the primary beam,
was measureed, The yield curves for angles 0°, 159, 25°, 45° and 55°
"are given in fig, 66, At normal incidence b ox has a value L.63 occurring
at E$max = 680eV. The graphs drawn between 1ln b? and (1 - Cos © )
are shown in fig. 67, The three graphs are for Ep = 800, 1000 and 1200eV.
Jonker (38) caleculated a theoretical value for a of silver to be
3.3 x 106 cm.-l. However, considering the experimental velus of Ni,
he further suggests thet this theoretical value of a is far too high and
in practice the value may be only % of the theorefical value. Following
this suggestion a value of 6.6 x 105 cm."1 wos taken for s of silver,
in calculeting the mean depth of origin of secondsries. Assuming the
aboﬁe velue for a, from the slope of the graphs x  was calculated to be
about 60 & for silver. Bronshtein and Segal (4, 5) in their study on
the inelastic reflection coefficient, experimentally determined the range
of the secondaries (5ectioh 2.5.¢). For silver they give a value for Xy

of silver to be 12 - 20 atomic layers,

As in the case of nickel, even though there is s general increase
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in the value of E with increasing engle of incidence of the primories,

max
the veristion is not strictly proportional to 1 g . It must be said,
Cos ¢
however, that the rether flat peck of the yield curve made a very accurate
determinotion of E difficult.
‘ max

6.3.4 Bismuth

Thé angular dependence of the yield curve for an evaporated bismuth
target is shown in fig.'68. The parameters b ox and E%max for Bi,
obtained by Morozov (26) for norrel incidence of the primary beam agree
reasonably well with the values obtsincd in the present study. The value
of bmax is 1.22 as opposed fo 1.15 obtained by Morozov., A set of graphs
drawn betwen 1n 3 and (1 - Cos 8 ) is given in fig. 69. A valuec for the
absorption coefficient a of Bi, is not available from direct experimental
evidence. Assuming a to be directly proptrtional to the density of the
material, and inversely proportional to E 2, a value for a of Bi, is

max
extrapolated from Jonker's table of values for other materials (38).

1 is obtained by this extrapclation. Assuming

A value of 1.56 x 1O6cm.-
this approximate value for a, x is calculated from the slope of the
graphs in fig. 69. Thus X, is found to be ¢ 528, Bronshtein by
depositing thin films on cold substrates finds a value of = 7 atomic
layers ( ::263) for X of Bi. However, on depssiting onto warm substrates
he gets a value much higher than 7 atomic layers. EIven if one takes
X, = 7 atomic layers to be the correct one, the rather high value of

528 may be due to the low value of a assumed in this case. A very

accurate calculation of Xgs in this way is not possible until a more

accurate value for a has been obtained from direct experiments.
- 137 -
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6.3.6 Platinum

The secondzry emission yield from a platinum ribbon, outgassed
and cleaned by heat treatment was also measured, for various angles of
incidence of the primgries. The &ield curves for the different angles
of incidence are given in fig. 70. TFor normal incidence, b nax has a value
1,74 which is nearer to the value 1.8 obtained by Copeland (11) and
Bronshtein and Segal (4) than the value 1.5 given by Kollath (23).
In 3, against (1 - Cos ® ) was again plotted for primary energies above
7006V and a set of such graphs is given in fig. 71. In the casse of
platinum also,a value for a is not available from direct experimental
evidence. However, as in the cas¢ of bismuth, a value for a may be
extrapolafed from the corresponding value for nickel. The value thus
obtained for platinum is 3.42 x 10° cn."L. From the slope of the straight

lines, Xg was calculated. For platinum, this value was found to be

= 23R,

The different parameters of SEE for the metals studied are tabu-
lated in Table 4. Since the valuesof a are not very accufately known
in the energy range concerned, the calculated values of the mecan depths
of origin of secondaries may only be teken as approximate. However, such
a determination of the mean depth of origin of seconderies from the

variation of the yield with the angle of incidence of the primary beam

does yield values of the right order which tend to confirm that the

secondary emission is largely a surfece phenomenon.
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TAELE 4

SEE parameters of the materiasls investigated

. E a s

Material brax Prax (em~1) (&)
Nickel 1.67 460 1.5 x 108 28 - 38

Silver 1.63 680 6.6 x 10° 60

Platinun 1.7, 650 3.42 x 10° 23

Bismuth 1.22 480 1.56 x 10° 52

Tantelum Carbide 0.68 270 - - -
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6./, Characteristic Fnergy loss Studies
6.4.,a Silver

Characteristic energy losses from silver have been studied by
meny authors, both by the transmission and reflection methods. The loss
spectrum from silver is very complicated énd the explanationsof the energy
losses are varied. In the present investigation, energy losses from an

evaporated silver target werc measured, by using the retarding field energy

@nalyser., A typical energy loss spectrum for a primar& energy of 400eV
is shown in fig. 72. Measurements using four different primory energies
ranging from 200eV to 450eV did not show ony chonge in the enrgy loss
values. The spectrum could be scenned both ways - increasing ahd‘
decreasing the retarding fieid - by reversing the motor driving the
helipot. This reversal produced no change in the spectrum 2nd always
loss values were calculated as the mean of the two oEtained this way.
The modulating voltoge was 350mV at a frequency 450 Hz., The elastilcally
reflected primary peak had 2 half width of Zev for a primary energy of
AOOGV.

The loss velues obtained from the present investigation may be
compared with the experimental results obtained previously by a few

authors (Tatle 5).
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TABIE_ 5

Choracteristic Energy losses (in eV) in Silver

as found in the pres€at work and by other authors

{Present Work 4.1 8.6 13.5 16.7 23.4 25.5 33.5 43.1
|Robins (195) 4.1 7.3 17.2 25  33.5
Rudberg (90) 56 T4 2.8

larton et al, (107) 3.4 7 16,7 24.8

Jull (201) 3.3 6.8 1.3 23.8 448
Watanabe (198) 3.4 8 17.5 25 34

Gauthe (193) 7.5 22,1 26 36 43

There seems to be good general agreement for most loss valueé. Mony of
the previous workers could nqt however resolve the 23.4 and 25.5eV pecks.
Most authors pbserye the loss peak at about 4.leV, though the values vary
from 3.4 to 4.6eV. The loss at 8.6 is the predominant one. The
corresponding value obteined by other authors ranges from 6.8 to 8eV.
A new loss at 13.5eV is observed in this study, though it appears only with
small intensity.. Very few workers find the two peaks‘23.4 and 25.5¢V,
e%cept Gauthe, probably because of the poor resolution of the ocnalyser and
surfece conditions of the target. In addition to the above losses, two
more losses at 33.5 and 43.1eV are distinguishable.

There cre a wide veriety of interpretations of these loss
peaks by different suthors. From the reflectance data of silver
Ehrenreich ond Philipp (157) found an cnergy loss pcak occurring ct 3.9eV
which they explained as due to an interbend transitioh of 44 electrons
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to the Fermi level. The optical work of Taft and Philipp (194) leads to
the prediction of two energy losses one at 3.75eV which may be explained
as due to collective oscillations, and another one at about 8eV,
Furthermore, Steinmann (148) and Brown et 2l. (149) have observed
radiation arising from silver corresponding to an energy 3.75eV, which
tends to suggest thot the loss at 3.75eV 1s due to collective cscillations.
If one considers Ag to have one "frece" electron per atom, the
"plasmon" energy calculated from equation (55), ﬁcup = 28,8 (%g)%év, has
a value 9.2¢V. Ehrenreich and Philipp argue that owing to the strong
influence of interband transitions, the value is displaced to 3.75eV,
So this value would represent a yolume plasmon. They however, indicate tiat

this is not & free electron resonance as given by the plasma theory, but

Tather a "hybrid resonance" resulting from the cooperstive behaviour of both
the 4d and 58 elesctrons. However, since this hybrid resonance energy of
3.75e¢V is go close-to the interband transition of 3.9¢V, it is difficult
to distinguish then experimentally. Hence the experimental value of 4.leV
may be due either to the hybrid resonance or to an interband transition
or perhaps both.  However, Pines (121) is of the opinion that-at such
low energies the interbsand transitions will dominate and hence the loss
4.1eV must be ascribed to interbend transitions.

From their optical data, Lhrenreich and Philipp found a peak in the
energy loss function Im' % | at on ¢nergy 7.5¢V, which is a2scribed to the
collective oscillation of the conduction electrons elone. The loss value

of 8.,¢eV, obtained in the present study, may be due to such a collective
oscillation. Robins (195) however, considers this loss to be a surface
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plasma loss., It is difficult to agree with his argument, especially

since he considers that 25¢V is the volume loss. If 25¢V were the volume
loss, & surface loss should occur at 17.8eV, Though he finds a loss at
17.2¢V, he leaves it es "unexplained".

A small peak is found to occur at sbout 13.5¢V, which most other
authors do not observe. However, referring to the Robins' loss spectrum,
one can see a small hump at about this value, though he does not quots it
as a loss. Jull (201) observed a loss at 14.3eV, which might be the same
loss as observed in this study. This loss might be due to an interband
transition or perhaps a combination of the 4.1leV and 8.6¢V losses.

The ldss at 16.7eV agrees with the values obtained by previous
workers., Robins leaves this loss as "unexplained". From the X-ray fine
structure studies of the K-absorption edge, a msximum in the absorption
spectrum is observed at an energy 17¢V (196). This value agrees with the
observed loss 16.7¢V. Hence it is likely that this loss is due to the
gxcitation of conduction bend electrons to the allowed unoccupied levels.
If, however, 8.6eV is the volume plosma loss, the pesk at 16.7eV could
very well be due to the electrons having excited two plasmons.

The loss at 23.46V agrees well with the absorption maximum
in the X-ray spectrum which corresponds to 24eV, and hence may be due to
the excitation of conduction electrons. The losses at 25.5 and 33.5¢V
are thought of as due to electrons having excited 3 or 4 plasmons. However,
the loss 33.5¢V agrees with the value of 33eV corresponding to an absorpticn
maximum in the Xfray spectrum., The loss 43.1leV agrees with the 44eV
obtained from X-ray fine structure, which hence may be due to the excitetion

of conduction electrons.,
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6.4b Beryllium

Characteristic energy losses from an evaporated beryllium target
were measured using the same analyser. A typical loss spectrum for a pri-
mary energy 300eV is shown in fig. 73. The different energy loss values

are compared with those observed “y previous workers, in Teble 6.

TABIE 6

Cheracteristic Fnergy Ilosses (in €V) in Be

as found in the mresent work and by other authors

Present Work L.k 12.1 18.9 28  37.4 43.5 57.8
Powell (105) 11.9  19.9 39.4 58.4,
Marton and Leder (103) 6.5 18.9

Gauthe (193) 19 28  38.1

Kleinn (102) 17.3 36.7 54,

There is géneral agreement in most of the values except fér a loss at 4.4eV
which has not bcen observed by others. However, Marton and Leder (103)
observe a loss at 6.5e¢V. The loss at 4.4eV cennot be explained on the
basis of collective oscillations of the valence electrons. Pcrhaps this
could be due to =n interband transition. If it is éssumed that in Be there
-are two electrons per atom free, capabls of collective oscillations, the
theorefical value of the volume plesmon energy will be 18.4eV, which agrees
well with the loss 18.9¢V observed in the rresent study.

The loss at 12,1eV is identifiecd os the surface plasmon loss, since
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The losses 37.4€V and 57.8eV could be due to the electrons having excited

it agrees approximately with the theoretical value of

two and three volume plasmons respectively. However, in the X-ray
absorption spectra there do occur fine structures corresponding to 35.8

end 56.9¢V (196). Hence it may be argued that the above two losses are

due to interband transitions. Nevertheless simply because of the fact that
fine structures occur at these energies, it is not necessarily true that the
losses are due to interband trensitions os has been suggested by Pines (123).
Some of the fine structures in the X-ray absorption spectrum might very

well be due to the collective oscillations of electrons. The sxall "hump"
occurring at 43.5eV, though not observed by msny others, may be due to an
interband transition, esPecially since én absofption mgximum is observed

near this energy, in the X-ray spectrum.

6.4.c Bismuth

Initially, a bismuth ribbon obtained commercially (Purity 4N)
was used as‘the éarget. A complete‘energy distribution 5f»the secondaﬁy
electrons from this target was plotted. One such distribution curve for
a primary energy'of 350¢V is shown in fig. 74. The true secondary peak
occurs at about 2.5eV. One interesting feature of the spectrum is the
lerge number of inelastically reflected primeries.. There are two large
loss peaks occurring'af 7.4eV and 19.7¢V. These two loss peaks are, in
fact, found to be more intense than the primary peak., The 7.4¢V peak

28 8 half width smaller than that of 19.7¢V. Since the target hed teen

“exposed to air, it is very likely that the surface was oxidised.
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These loss peaks might be characteristic of bismuth oxidé rather than Bi.
Later experiments tend to confirm this,
Bext a bismuth target was prepared by evanorstion 'in vécuo'.
Ap energy loss spectrum was scanned immediately after the evaporation
of Bi and the spectrum is shown in fig. 75. There are three main loss
peaks at 8.6, 14.1 and 22.4eV. The CEL vaiues are compared with the results

of previous workers in Table 7.

TABLE 7

Characteristic Energy Losses in Bi

Present Work 8.6 4.1 22.4
Powell (105) 9.9 14.7 24.8 29
Morton and Leder (103) 13 25.2

However, within an hour or so, the spectrum began to change in shape and
within a few hours the whole spectrum was completely changed (fig. 75).
This cculd either be cduc to Bi getting oxidised or due to the adsorption
of contaminating layers. For the contaminsted target there were a larger
number of cnergy losses visible, ot 4.2, 7, 1.7, 19.5, 22,7, 32.5 and
416V, In cddition, the primry pesk was relative;y very small, These
losses are not considered to be choracteristic of pure Bi at all,

The three energy losses from a freshly evaporated target can be
expleined as due to plasmon excitations. Assuming a2ll the five valence
electrons to be free to participate in collective oscill:tions, the volume
plasmon energy is calculatedvto be 13.9¢V and the surface plasmon energy
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9.8eV., These values agree with the values of 14.1 and 8.6eV obtained in

the present study. Hence it may be concluded that these two losses are due

to volume and surface plismon excitstion. The loss at 22.4€V could be due to‘
a combination of volume 2nd surface plasmon exditation. However, from
optical data Walker et al, (197) conclude that en interbend transition cen
oceur at 24€V; Hence it may be that the loss 22.46V is due to such a
process or perhaps a combination of both interbend tronsition and plasmon
excitation.

The fact that the cnergy loss spsctrum of Bi changes in shape and
size so quickly, emphosises the necessity for maintaining the surface free

from contaminations. In the present investigation cven after using such

clean ultre-~high vocuum, it tekes only very little time to 2lter the
spectrum completely. ©Since this is so, one must guestion the surface
condition .of the target and hence the results when a vacuum not better
than 10’@ torr is used (as indeed Powell in his many investigotions

(104, 105) and éthers did), It is somewhat surprising that Powell et al.
quote velues thought to be genuinely characteristic of Bi! As cen be seen
from fig. 75, tﬁe loss values and the intensity of the loss peaks change
with contaminetion of the surface. Apart from the surface plasmon loss
being extremely scnsitive to adsorbed layers, the fect that the volume
loss also changes revﬁals the fact that even under such ultrahigh

vacuun conditions ( <« 10"9 térr) bicmuth gets covered completely

with contaminating layers within an hour or so. This emphasises the
necewsity for)maintaining the surface clean, in any study of plasmon
excitation.
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6.4.d Tantalum

Since tantalum cartide was one of the materials studied, it was
felt necessary to a2lso investigate the characteristic energy losses of
tantsalum, in order to make & comperison of the two. Only one author =
Kleinn in 1954 (102) ~ has studied so far the properties of Ta and that
too by the tmansmission method. In ths present study, the target was in
the form of a plate 1 sq., cm. cleaned by heat treatment. A typical CEL
spectrum is shown in fig., 76, There are threc main losses occurring at
7.9, 12.4 and 20.1eV, s oprosed to the two losses at 19.7 and 47.7¢V
observed by Kleinn. Kleinn 4id not find the two lower losses. There might
be & loss at 47.7¢V, but it was found difficult to estatlish with certainty
the existence of this loss in the present investigation.

On the basis of the plﬁsma‘tbeory, taking the number of "free"
e¢lectrons in Te to be 5, the calculated valuc of the "plasmon® energy is
19.5eV. This agrees reasonably well with the experinental value of 20.1eV,
observed in the present study. Hence it may be concluded thet the loss at
20.1c¢V is due to the excitation of & volume plesmon. However, it must bc
said thatlthe ionisation potentials of N7 and N6 shells are 18V and
20V respectively. Hence it may even be argued that the 20,1eV loss i3 due
to the ionisation of one or the other of the 2bove shells. The loss at

12.4€V is thought to be cdue to the excitation of surface plasmon, 'since it

Ao
fo = —R-
5 V2
plesmon loss coild not be observed when the primery beam was incident

satisfies approximat-ely the relation This surface
normally on the target, and in the actusl case the beam wes incident at en
angle 30° to the normal to the terget. The loss at 7.9eV observed in the

‘present study seems to be inexplicable on the besis of the plasma theory.
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6.4.e Tantalum carbide

As a part of the study of the secondary emission characteristics
of tantalum carbide, which has not been studied, the energy distribution of
the secondary electrons was measured by the retarding field analyser. 4
typical energy .distribution curve of the secondaries is shown in fig. 77,
for a primary cnergy 200eV. The most interesting feature of this distribution |
curve is the presence of two energy loss peaks occurring at 15eV and 30eV.
The 15e¢V loss 1s consicered to be the single volume plasma loss and.BOcV
corresponding to electrons having excited two plasmons,

In explaining these two losses, it is interesting to compare
the loss values of the component elenents Ta and C. As has already been
roted, the volume plasmon in Tz hes a value 19.5¢V. Tor graphite,
Watanabe (198), Leder and Suddeth (199) and Scheibner end Tharp (202)

obscrve two losses at 25eV cnd 7.5eV. The 25¢V loss is éxplained as a

volume plasma loss owing to thc collective oscillation of all the four
valence electrons in C. Ichikawa (200) explains the loss at 7.56V as due
- not to surface plasmons but e&s due to tﬁe oscillation of the m electrons
in carbon. This interpretation is, however, still subject to quesfion
(203) end some authors associate this loss with @ simple interband
transition between T ‘electron levels (202)., From the present

investignation it is seen that the compound TaC has losses not the same as
thosc of the component elements. This is not surprising since many other

compounds do exhibit a similar property.
The depression in the loss valuc from the "plasmon" energy of Ta

- 18 -



may be due to the tight valence binding, when a compound is formed with

carben., Pines is of the opinicn thet such a tight valence binding will

give rise to immortant high frequency band to band transitions which

decrease the plasmen cnergy from the theoretical value., If one assumes

that 21l the five electrons in Ta and the four electrons in C cre free -

which bowever mey not be true in actual practice,- to participate in

collective cscillatlons, a theoreticel value for the plasmon energy may

be obtained for TaC, The theoretical value thus cbtained is 23eV,

which is much higher than the observed value of 15¢V. It is not surprising . o

at all, owing to the tight valence binding anld core-polarizability in

the cese of the compounﬂ.b Lven if one nssumcs that the core polarizability

is negligible on the grounds that the core is tightly bound, the tight

valence binding is by no means negligible. Because of this, there will

be a depression in the theoretical value of the plasmon energy. This

moy explsin the experimentally observed low value of the plasma loss.

Hence it mey be concluded that the two losses 15eV énd 30eV in the cass

of TaC are in fact due to a single snd double plasmon excitation respectively.
For tantelum carbide the whole energy range of the sscondary

electrons wes scanned through and the energy spectrum thus oltained

is shown in fig. 77. The shape 1s quite similar to that for other

metals, Even though the present spectromcter was-capable of good

resolution, no fine structure in the lower energy range was obscrved,
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CHAPTER VII

Conclusions =nd Suggecstions for further Work

The experimental apparatus of the present investigstion hss provéd
to be a valuable tool in the study of some aspects of secondary electron
emission under ultrz-high vecuum conditions. It is possible to maintoin
clean surfoces only under such conditions ond most previous expecrimental work
has bcen open to the criticism of comparatively poor vacuum conditions and
this factor has possibly accounted for the large discrepancies from author
to author in thc published date on SEE.

Using the spherical menifold system the total yield of seccondaries
from Ni, Ag, Pt, Ei and TaC has been measured. A quantitative assessment
of the veriation of the primaries has also been medec. The total yield at
normal incidence of the primary beam has been measured before, from
Ni, Ag, Pt and Bi.- On the other hand despite its commercial importance as a
low yield material, ToC has not been studied hitherto. For the first four
ebove-mentioned mctals 2 more accurate volue of the yield hes been
obtained in this study.

For normsl incidence ¥ .oy Lrom nickel has a value 1.62 which is
higher than the valuc 1.4 obteined by nrevious workers. This higher value
for bmax is thought to be due to the high smoothness end the cleanliness of
the surfece, In addition most previons workers have ignored the effect
of tertiary clectfons from tne collecter which might bc one reason for the
lower value thaﬁ they observed. The higher value of bmax found in the

present study may hence partly be due to the zcction of this grid.
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It is felt that such e grid is essential for acguratc meesurcments.

In the case of platinum, different authors quote varied values for
 « ranging from 1.4 to 1.8. The present study yields a value 1.74 for
b % from Pt which agrees more with the value found by Lronshtein and |
Segal (4) who again used a suppressor or so-czlled anti-dynatron grid. This
value tends to suggest tnat Pt is one of the high yield metals., For silver

the value of b nax has a velue 1.64 ¢s opposed to the velue of 1.56 quoted

tal

by Kollath. This increase ray 2gzin be due to the reasons given above.
. However, therc docs ntt seer: to be any great difference in the value of
b % for Bi between the present study and previous work. For all these

materials, the yield is found to be generally tigher, which mey be ascribed

to the ultra-high vaocuum environment and the effect of the anti-dynatron

grid, Owing to this noticeable c¢ffect of ultre-high vacuum on SEE it may be
essentinl to repect the experiments for other meteriels in such conditions,

'The yicld values from tantalum corbide are of perticuler interest

because of its intrinsic importance ss a low yield meterial used in the
valve industry. The velue of doog 18 found to be < 1, in fact enly 0.68.
This velue is somewhet higher for a smoother TaC surface.

It may be concluded that TaC is a low yield naterisl which may be
used to minimisc the secondory c¢mission where it has adverse effects.
Furthermore the value of inelastic reflection coefficiecnt which is found to be
only 0.11 suggests that the rajority of the secondary electrons have
encrgies less than 50eV.

A quantitative determinstion of the dependence of the total yield
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on the angle of incidence of the primary beam snd the mean depth of origin of

secondaries hos been mode i: the present study. TFor larger ongles of
incidence of the primery beam the total yield is higher. This is expected
from elementsry theory. The mecan depth of origin of secondaries Xgs in the
case of Ni hes 2 valae 28 - 38 £ in the primary ronge 6006V - 1200¢V which
is conpatible with the value of 30 2 found by Eruining. The values of Xg
for ag, Bi end Pt found in the present study cannot be coupared with other
work owing to the lack of data.

For all the meterials investigated the mean depths of orighn
of secondaries are only a few ten3s of R units (Tablc 4) which suggest that th-
secondary ele-*ron emission may be considered to be rore of a surface
phcenomenon, It must be admitted that the values of Xy are only approxim-te
becauée of the lock of sccurcte dota on the sbsorntion coefficient of slow
c¢lectrons in these materiales. in the ¥y range conccrncd. MNore transmissic:

experiments need to be done in the lower energy range to determins the

absorption coefficient before a very sccurate measmrement of the mean depth
of ->rigin of sccondaries cen be mede by this method,

The roughly linear relationship observed between 1ln 3, and (1 - Cos &)
suggests that the variation of the yield with the angle of incidence of
the primories may very well be represented above the primary energy

E , by the equation (6)
Prax

P
dg = b €xp {-a xs(l - Cos 0{1

",
An outstanding feature of the present experimental set-up has
been its ability to measure both yield and energy distribution of the
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secondaries and in perticular the energy distribution of inelastically
reflected electrons, which reveals the characteristic energy losses.
The energy loss values obtained from this study clearly reveal the immense

potential of this sphericsl retsrding field energy enalyser as a very

accurste device in the measurement of the characteristic energy losses, by
anclysing the reflected electrons. The a.c modulation technique used in

differentiating the retarding field burve has proved a great success. The
resolution of the above analyser has been remarkebly good. The half-width

of the elastically reflected primary peak had a typical value less than 2eV
for a primery energy 400eV. This could possgibly be imprbved upon by
reducing the size of the target or increasing the diameter of the sphericel
retarding grid and replocing the oxide-cocted cathode in the electron gun |
by a tungsten filament. The electronic differentiaticn of the integral

plot by the c.c modulstion techrnique 2nd the consequent detection by a phase
sensitive detector eliminate some of the possible errors norrelly

associated with other retarding field energy snelysers. In addition,

since the total number of electrons emerging through an angle 2n , ia

available for analysis, a very small primary beam current density only is

required.

The cheracteristic energy losses from silver, beryllium, bismuth
tontalus end tentzlum carbide measured by using the present ensrgy analyser
can be explained as due to the excitation of volumm plasmons, surface
plasmons or a combination of the two, £nd due to interband transitidns.

The two losses 15eV and 30eV, observed in the energy spectrum from TaC
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and measured for the first time may be considered to be dus to the excitation
of volume plasmons. Thess losses are different from the losses observed in

either Ta or O, showlng thet TaC belongs to the group of compounds which
have CEL spectra different from the respective elements. The veriation
of the intensity of the loss peaks and the changs in the spectrum
observed in the case of Bi, reveal?significant effect of contamination on
the loss spectrum. It is to be concluded that for reproducible energy
loss spectra, genuinely characteristic of the naterial investigated, one
should prepare clecn surfaces and reintain them in ultra-high vacuum. The
energy losses found in the different matsrials tend to support strongly the
concept of plesma oscillations in metals ond plasmon excitation as a
possible mechanism by which electrons can lose energy. However, it is to be
emphasised that plasmon excitation is not, bty 2ny means, the only nechanism
by which energy losses can occur. Electrons can obviously lose energy
through interband tronsitions, intrabend transitions, Auger transition, etc.
Itris evident that a great deal of work lies ahead before we mey
feel that our understanding of the energy loss spectra is truly
satisfactory. The existing discrepanciss among the expcrimental results
of different investigators on the same materizl surely ought to be resolved.
Certainly thcre is scope for further iwmprovement in the existing techniques.

There mey be special difficulties germene to the very cccurate measurement

of the energy losses which should in fact induce one to look for new
techniques rather than being pcssimistic about the older ones. New
gpectrometers with enhanced energy resclution should and can be designed,
perticularly in the low energy roeflection type experiments as in the
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present study.

A few suggestions may be made regoerding further study of SE
properties and characteristic energy losses using @ similer "duel-purpose®
system, So fzr, the plotting of the yield curfe has been done rcnually,
which is time-consuming. By incornorating an operational s=mplifier and an
analogue module 28 an electronic divider and sweeping the primary voltags,

a yield curve could be plotted in a few minutes, which would make it
possible to investigate the likely vorintion of the yield with short . times,
arnd changing environmental conditions.

In the present study, only the varintion of the totel yield with the
aengle of incidence of the primaries has been studied. It is equally casy
to meke a quantitative determinetion of the varistion of the inelastic
teflection coefficient with the angle of incidence. Yurthermore, by depos-
iting thin filwms of one matericl onto znother and mecsuring the total
yield and inelastic reflection coefficient, one can verify the conclusions
drawn by Bronshtein and Segoel (4,5) regerding the "effectiveness" of
inelasticnlly reflected primaries in the production of true secondaries
and also the depth of origin of secondories. The thickness of the
condensed films czn be controlled to finer limits by using on automatic
evaporation controller, coupled with a quartz crystal monitor.

Since the present investigetion was dirccted towards a
measurement of the energy losses of electrons, the spectrum of inelastically
reflected yprimsriecs only was studied. However, the same set-up may be
easily adented to study thc whole ¢nergy srvectrum of the secondzries, by
using an arrangerent shown in fig., 55, Such a study will reveal the
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existence - if any - of the fine structures in the energy spectrum
which have been explained as due to Auger transitions., Recently the
interest in this process of energy loss and excitation of elsctrons has
been revived (202).

The nresent energy anslyser is particularly suitable for the study
of characteristic energy losses and their dependence on the angle of
incidence of the primary beem, Very little work hss been done in this
direction particulerly in the reflection type experiments. Recently
Thirlwell (204) reportsd that the ratio of the intensity of surface
plosmon loss to that of the volumc plasmon loss increases with larger
angles of incidence of the 'rimery beom., This offers in fact, an easy -
means of idenmtification of thé surface plasmons.

There have been only & few scattered investigations onvthé
characteristic energy losses in alloys. 4s stated in section 3.7, for an
alloy, an intermediste loss between the individual losses of the components
and varyiﬁg in pesition with concentration would be expected, on the basis
of the plasme theory. A study of this aspect and the variation with the
chemical composition would yield = better knowledge of the interaction of
electrons in a8lloys ¢nd provide a cruciel test for the plasme oscilletion.
theory. | |

With the recent progress in plasmon studieé;‘sufface plasmons have
been favoured as a tool for the investigation of éurface conditions (2@5).
For & metal surface of perfect planar geometry the surface plasua freqﬁency
is given by w, = —SE—‘and the corresponding encrgy *3hg can be |

s. S ‘
experimentally measured. However, if the surface is covered with a layer
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of frequency - independent dielectric constant e , ths surface plzsmon
K

energy is shifted to —=L | This change in the surface plasmon energy

1+¢€

can be employed s a test for the cleanliness of the metsl surface. Alsgo,
an experimental determination of ¢ by this mcthod and the compzrison

of the velue of this dielectric cornstant from optical mcasurements should
provide a test for the existance of surface plasmons.

Another interesting aspect of the plasmons which can be studied in
this experimental set-up is the existence of interfacial plasmons i.c, plasma
oscillations between the boundaries of two free electron plasmes. This may
4 bc studied by depositing a very thin layer of onc metal onto anothcr and
examining the energy losses. For excmple Mg may be deposited onto A1 and
the interfecial surfasce plasmon energy will be ﬁ‘”s = h [%(w 2, w 2{} %

L I )
where mpl and wp2 are the volumc plasmon frequencies in the two metals,

The expcrimental evidence of all these aspects of plasmons will
confirm the validi{y of the concept of plasma oscillations in metals cnd the
excitation of these oscillations £s a means of encrgy loss‘of electrons in
solids. Particularly, the existence of surfzce plasmons should open up new
techniques in the study of suifaces. Propsrly developed, surface plasmons
may turn out to be as good & tool in the étudy of surfaces szs low encrgy
¢lectron diffraction. There ere o large number of varied espects of
plasmons, like plesma radistion, excitotion of plasmons by photons, which
have not becen investigeted. The study of plasmons is still only in its
infancy and certainly the near fature should bring about remerkible
progress in this field which would in turn yield extremely interesting and
importent results and help e¢nlarge our present knowledge of this attractive

field of =o0lid state physics.
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LIST OF SY:BOLS

Atomic weight

Whiddingtoﬁ's constant

Angstrom unit

Absorytion coefficient of secondaries
Velocity of light

Density of the metal

Yield of secondary electrons

Maximum yield

Fraction of the secondaries below 50eV
Electronic charge

Primary electron energy

Primary energy corresponding to maximum
yield

Dielectric constant

Fermi Energy

27

Inelastic reflection coefficient
Angle of incidence of primaries
Wavelength of thé plasma wave
Wave number of the plasmon
Cut-off plasma wave vector

Mass of the electron

Avogadro's number



n Free electron density

R Range of primary electrons

T, Inter-electronic distance

S 'Effeciiveness! of inelastically
' reflected primaries in secondary

production

T Relaxation time

¢ Work function

v Velocity of the electron

X Mean depth of origin of sscondaries

Z , , Atomic number

95 Volume plasmon frequency

) Surface plasmon frequency
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