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From an analysis of the one-dimensional constant-loss theory of secondary electron emission, maximum

yield (8,,), primary electron energy at maximum yield (E,,), and both crossover energies E',. and E", are shown
to depend on the surface and bulk properties of the emitting material through simple relations. In

particular, the results strongly suggest that the first crossover energy can be very dependent on surface

properties, whereas the energy at maximum yield is entirely controlled by bulk properties. Refinement of

the low-energy part of the reduced yield curve by means of the results of the more realistic three-

dimensional theory leads to the development of the expression E', =0.51E,,8,~ '"*2. Comparison between theory
and experiment for several secondary-emitting materials is presented to demonstrate the accuracy of this

useful relation. Finally, the implications of these results for different classes of materials are discussed in

terms of basic physical properties, such as density, electrical conductivity, work function, and band gap.

PACS numbers: 79.20.H

1. INTRODUCTION

Electron emission from solid surfaces, including
photoelectric, thermionic, secondary, and field emis-
sion, invariably depend on the surface work function,
However, because secondary emission involves the
creation of “hot” electrons at depths below what would
be considered surface layers, secondary emission is
also affected significantly by the bulk properties of the
solid. This means that a material with a low work
function may be a superior thermionic or photoelectric
emitter, but may still have unimpressive secondary-
emission characteristics., The converse is also true,
as in the case of high-work-function (> 5 eV) platinum,
where its thermionic emission is low in comparison
with most other metals, but its secondary-emission
yield is the highest (~1, 8) of all metals.

In the phenomenological theories of secondary emis-
sion developed by Salow' and Bruining,? the roles played
by surface and bulk properties of the emitter are em-
bodied in the semiempirical material constants which
define quantities such as escape probability and pri-
mary-electron-energy absorption. In a recent article,®
the present author has compared one- and three-di-
mensional forms of the power law and constant-loss
versions of elementary secondary-emission theories
and has shown that the one-dimensional model is an
excellent approximation for calculating reduced yield
curves, Therefore, this model should also be a reason-
able basis for individual yield curves, provided that
care is taken to define the material constants with ref-
erence to the one-dimensional model.

The purpose of this article is to demonstrate how the
material constants relate to the important yield-curve
parameters and to compare the results with the mea-
sured values of common secondary-emitting materials.
The following theoretical development is based on the
constant-loss version of the theory for two reasons:

(i) the inclusion of primary electron scattering makes it
a more realistic approximation than the simple power
law and (ii) the mathematical expression for the second-
ary-emission yield lends itself readily to the type of
analysis involved.
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Il. THEORY

The constant-loss modification to the one-dimensional
power-law theory of secondary electron emission pro-
duces the following equation for the yield?:

5= (B/t)An/a)/*(ad) /"D (1 - ), 1)

where B is the escape probability, ¢ is the secondary-
electron excitation energy, « is the secondary-electron
absorption constant or inverse mean free path, A is

the primary electron absorption constant, d is the maxi-
mum penetration depth, and » is the power-law
exponent,

From the power law absorption of energy, the pene-
tration depth is related to the primary electron energy
E, by

d=E"%/An, @)
From Eq. (1),
30 B (An\'/n 1/mez {1 .
a(ad)=-§-(-07) [(ad)/ 2(;-1) (1 - )
+(ad)”"'1e'°“] . (3)

A. Primary energy at maximum yield, £,,,

To determine the primary energy at maximum yield,
E,,, defined in Fig. 1, Eq. (3) must be reduced to an
expression for ad, by setting 35/3(ad)=0 for peak
yield. As a result, it may be easily shown that

ad, = (1 -1/n)e%n - 1), 4

In this analysis, the value of » will be taken as 1,35
because it provides the most reasonable fit to the data
over the energy range of interest.® For this value of

n, ad, in Eq, (4)is 2,28 and, from Eq. (2), the energy
at peak yield becomes

E,,=2.3(4/a)*™, (5)

B. Maximum yield, §,,

By substituting «d,, =2.28 into Eq. (1), the maximum
yield may be expressed as
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6,=0.9(2.28)"/""}(B/t)An/a) /n, (6)
For n=1,35, Eq. (6) reduces to
5,,=0.9(B/£)(A/ )™, (1)

C. Crossover energies, £, and £

By definition, the primary electron crossover ener-
gies are the points at which 6=1. As shown in Fig. 1,
there are two energies at which this occurs and the
relation used to determine them is derived from
Eq. (1), ‘

(B/t)An/ aY /m{ad) "1 —e=d)=1, (8)

To determine the crossover energies, it is conven-
ient to make the assumptions that ad] <1 for E}, and

ad’>>1 for E{l. In general, these inequalities exist for
5, >2.5 in the case of E]_ and 5, >1.2 for E{l, as shown
in the Appendix. For the low-crossover-energy case,
et~ 1 —ad!, and Eq. (8) reduces to

(B/&)An/a) /"adl)/m =~ 1, )
By replacing d! with E} from Eq. (2), Eq. (9) may be
reexpressed as

de=(E},)"/An= (t/B)'(1/An) (10)
or

El,~t/B (for 5, >2.5). (11)

For the higher crossover energy, odlf>>1 and et ~ 0,
Equation (8) reduces to
(B/tNAn/a)/"(adit) /mt > 1, (12)

Upon substituting Eq. (2) into Eq. (12), it may be shown
that

EL=~[n(B/tHA/ )] @D, (18)
For n=1,35,
Ell=~2 36[(B/t)(4/ )%, (14)

From the above results, it is possible to relate the
maximum yield to the primary energy at maximum yield
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FIG. 1. Definition of secondary-electron yield-curve
parameters,
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FIG. 2, Comparison between approximation to reduced-yield
curve given by Eq. (17) and the actual reduced-yield curve cal-
culated from three-dimensional constant-loss theory Ref. 3).
The points represent calculated values of 6/6,,.

and the first crossover energy by substituting Eqs, (5)
and (11) into Eq. (7) to obtain

0,=0.39E, /E}.. (15)
or
El,=0.39E, /5 . (16)

Although Eq. (16) represents a convenient approxima-
tion, it is of only qualitative value because of the as-
sumptions inherent in the one-dimensional model. To
develop a relation that would permit the calculation of
more accurate low crossover energies from measure-
ments of E,, and §,, it is necessary to make use of the
results of the three-dimensional constant-loss theory,
where secondary electron scattering is taken into
account, In Fig, 2, the low-energy portion of the re-
duced yield curve for n=1.35 is plotted together with
the results of calculations based on the empirical
relation

6/6_ = $(E)/E,, ). (17)

For 6/5, < %, the agreement is excellent. Therefore,
it may be concluded that Eq. (17) is useful in predict-
ing Ef,c for 6, >1.5. The low crossover energy may be
found from Eq. (17) by letting 56 =1, with the result that

El =0.51E, 5%, (18)

In Fig. 3, Eq. (18) is plotted for 1,5< 5, < 10 over
a range of E,  that would include most secondary emit-
ting materials of practical importance.

111. COMPARISON WITH EXPERIMENT

In Table I, the low-energy crossover points calculated
from Eq. (18) are compared with corresponding values
measured by the present author for a number of common
secondary emitting materials. The experimental tech-
nique employed was a straightforward application of
the retarding potential method, with a grounded collec-
tor and a primary electron beam energy of 1050 eV.

The yield curve was determined by varying the poten-
tial on the target between —50 and -1050 V, With
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FIG. 3. Calculated results of EJ, as a function of E,, for sev-
eral values of 6. !

this simple circuit, 6 is the ratio of the target current
(determined from a meter placed between the target
and ground) to the sum of the target current and the
fixed primary electron beam current (predetermined
from a Faraday cup measurement),

In general, the theoretical values in Table I are
slightly higher than the measured ones, Since the agree-
ment is reasonably good in each case, the method for
predicting Ef, may be judged as effective and particular-
ly useful in situations where direct measurement of this
parameter is not convenient.

In Fig. 4, the yield curves of a Si sample are pre-
sented to illustrate the distinction between surface
and bulk effects on the yield-curve parameters, The
initial curve represents the yield of SiO,, since an
oxide layer is always present on Si after exposure to
air (see Fig. 5). During electron bombardment by a
cylindrical mirror analyzer integral gun, the surface
condition was altered either by removal or addition of
contaminant (e.g., cracking of CO, to leave a carbon
residue, as suggested by the Auger spectrum in Fig. 5).

TABLE I, Comparison of calculated with experimental values
of first crossover energy E[..

Material El fexperimental) EZ (calculated)
eVv) eV)
pt 150 164
Al,0, 60 65
MgO-Au (cermet) 24 24
Si0, 44 52
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FIG. 4. Secondary-electron yield of a SiO, sample before and
after electron bombardment and argon-sputter etching.

The yield curve indicates a reduction in Ej, and 6,
but no change in E,,. The final curve represents the
sample after argon-sputter etching, where most of the
oxide has been removed, leaving a relatively clean Si
surface (see Fig. 6). In this case, the secondary yield
curve shows further reduction in El_ and §,, accom-
panied by an increase in E,, to fit more closely the
yield curve of Si.?

These qualitative observations are in accord with the
results of the foregoing theory. In Eq. (5), E,, is a
function of A/«a, with no dependence on B or {. There-
fore, E,, should not change when only the surface con-
dition is altered, since neither A nor « describe surface
phenomena. On the contrary, when the sample is altered
beyond merely the surface layers, as in the above case
of sputter-etch removal of an oxide, both surface and
bulk effects influence the yield curve, and changes in
all the parameters should be anticipated.
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FIG. 5. Auger electron spectrum of SiO, sample after electron
bombardment.
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FIG. 6. Auger electron spectrum of Si0, sample after argon-
sputter etching with only 2 small amount of oxide remaining,

V. DISCUSSION

The results of the theoretical analysis provide simple,
but approximate, relations between the secondary-
emission yield-curve parameters and variables which
describe some of the electronic and chemical properties
of the material, Unfortunately, the meanings of 4, «,
¢, and B will vary somewhat among metals, semicon-
ductors, and insulators, In an attempt to gain further
insight into the physics of the phenomena involved, it is
appropriate to examine more carefully the definitions
of these quantities for the different classes of
materials.

It will be recalled that A is the primary-electron-
energy absorption constant, In other words, it repre-
sents the electron “stopping power” of the solid and
should be directly proportional to the physical density
p%. Therefore, heavy elements {e.g., Au, Pt, and Pb)

TABLE II, Correlation between density and yield-curve param-
eters for several good conductors.

Materials p ¢ 8)* E,P O
g/cm®) eV) eV)
Pt 21.4 5.32 800 1.8
Au 19.3 4.3 750 1.46
Ag 10.5 4.3 800 1.50
Li 0.53 2.38 85 0.5
Mg 1.85 3.64 300 0.95
Al 2.70 4.25 300 1.0

ay.S. Fomenko, Handbook of Thermionic Properties
(Plenum, New York, 1966).

bYH, Bruining, Physics and Applications of Secondary Electron
Emission McGraw-Hill, New York, 1954).

3350 J. Appl. Phys., Vol. 46, No. 8, August 1975

Secondary Electron

=9

7R Eg c( Eg+Xx
%v L\“"_’
Metal Insulator or Semiconductor

FIG. 7. Definition of semiempirical material constant { for
metals and insulators (or semiconductors). For metals, ¢ is
the minimum energy required for emission of an electron from
the conduction band; for insulators, it is the minimum energy
required for emission of an electron from the valence band.

should have large A values, while lighter elements
(e.g., Li, Na, and Mg) should have small ones, By
definition, « is an inverse mean free path and should
be dependent on the electron density, mobility, and
lifetime, which could be all lumped into the electrical
conductivity o. Thus, metals should have large « values
and insulators, small ones, Since 4/a appears in the
expressions for 6, E,,, and Eéé? it is instructive to
examine the implications of this ratio. Since a should
be reasonably uniform among many metals, A will
most likely control this ratio and the dependence of A
on higher densities should carry over to A/« for these
materials.

Based on Egs. (5), (7), and (14), this conclusion
suggests that heavy metals should have larger values
of 6, and E, than lighter metals, To illustrate this
effect, comparison of several good conductors is pre-
sented in Table II. It should be noted that the work
functions vary somewhat, but generally by less than a
factor of 2, For insulators or semiconductors, the
a’s will be smaller than for metals (depending on o)
and the A’s will vary somewhat according to the particu-
lar chemical composition. The smaller o values un-
doubtedly contribute to the higher §,, and E,, values of
insulators.

For both metals and insulators, the definitions of A
and o apply equally well. This is also true for B, the
escape probability for electrons at the top of the poten-
tial barrier, which may be represented by (1—v), where
¥ is a quantum-mechanical reflection coefficient that
varies among different materials, and may also de-
pend on the physical condition of the surface. However,
since a secondary electron must acquire a minimum
initial energy ¢, sufficient to raise it to the top of the
potential barrier, then the definition of ¢ will differ
somewhat between metals and insulators.

As depicted in Fig. 7, ¢ represents the work func-
tion ¢ in the case of a metal, but the sum of the elec-
tron affinity x and the band gap E, for an insulator or
semiconductor, For most metals, ¢ ~4—5 eV, al-
though the alkali metals have values of <3 eV, and for
insulators x~1 eV, with E, varying as high as 10 eV
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for MgO or BeO and 1 eV for Si. Thus, ¢/B is directly
proportional to band gaps of insulators and work func-
tions of metals, with B largely an unknown unless esti-
mated experimentally by thermionic emission, It should
be pointed out that E, greatly influences the conductivity
through an exponential function and may exert greater
control of secondary emission by influencing & than by
determining the value of ¢. This could be the reason why
insulators with large band gaps have high yields—a
small « value created by a large E, will more than off-
set a larger ¢ in Eq. (7).

V. CONCLUSIONS

In conclusion, it may be stated that the yield-curve
parameters are related to the basic properties of the
material through semiempirical constants of the ele-
mentary secondary-emission theory. The maximum
yield is dependent directly on the physical density and
inversely on the conductivity and work function (in the
case of an insulator or semiconductor,, the sum of
band gap and electron affinity). For these reasons heavy
metals are superior emitters to light metals, and in-
sulators with low conductivities resulting from large
band gaps (e.g., MgO and BeQ) feature very large
yields.

The low crossover energy Ej, will be directly pro-
portional to band gap plus electron affinity for insulators
where 5, = 2, 5; since metals have maximum yields be-
low this limit, the approximation in Eq. (11) would not
apply. The primary energy at maximum yield £, is
dependent directly on density and inversely on conduc-
tivity, with the result that heavy materials and insula-
tors have peaks at higher primary energies.

From inspection of Eq. (14), the arguments applied
to 5, would carry over to EJ!, since both parameters
depend on (B/Z)(A/a). It should be almost self-evident
that high-yield materials will have large second cross-
over energies,

With regard to the question of surface contamination,
it should be emphasized that only B and ¢ are affected.
However, it is not clear how B will vary with different
adsorbates and the influence of reflection coefficients
must remain a subject of speculation, In the case of ¢,
it is well known that metal work functions are affected
by adsorption of various substances and that the elec-
tron affinities of insulators and semiconductors may
very greatly with monolayers of adsorbate; in some
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cases (e.g., alkali-metal oxides) the value of X is be-
lieved to become negative. Under these conditions,
extremely high vields have been observed,

Other contaminants have proven to reduce yields.
Carbon layers have traditionally been accepted as det-
rimental to secondary emission. In the context of the
model analyzed in this work, it is not clear to what
extent ¢ is affected by this contaminant, if at all, or
whether it is the value of B that is reduced through an
increase in the electron reflection coefficient.
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APPENDIX

In the derivation of crossover energies EZ, and EY],
Eqs. (11) and (14) were obtained by assuming that
ad <1 in the first case and ad_ > 1 inthe second. The
ranges of validity for these assumptions may be estab-
lished by rewriting Eq. (8) for n=1.35:

1. 25(B/§)(A/a)°'7“(adc)'°°"”(1 —cdc)—1, (A1)
Upon substituting Eq. (7) and then rewriting Eq. (A1),
ad,=[1,395 (1 - 2%)]3.85, (A2)

This relation may be solved directly by iteration and
the results are given in Table II for the higher solution
adl, with the result that 5, > 1.2 produces a value of
ad >7.2. This suggests that 6, >1.2 is a reasonable
limit for the approximation to El! expressed by
Eq. (14).

If Eq. (A2) is rearranged to become
ad,=~1n[1 - (ad,)°*/1,396,],
the same procedure may be followed to determine the

limits of 5, for E}_ , as shown in Table II. In this case,

6, > 2.5 makes Eq, (11) a reasonable approximation.

(A3)
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