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Electron Beam Interactions With Solids (Pp. 69-98)
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Dependence of a Diffusion Model for

an Electron Probe into Solid Targets

Since the publication of Lenard(1895), an
1e phenomena connected with

explanation of t

electron penetration into solid materi

required quantitative information about

ittenuation of the electrons,

increasing use of scanning electron microscopy ar
electron probe microanalysis.

The first theoretical express

oping power of electrons 1

ng classical quant

by Bethe (1933 4 e
The work by ind Bohm (1952) and Ritchie(1973)
“itation solid 1 b

rt and

well as sca
1

in the previous work of

ra and Okayama (1¢
who showed how

and Kawakatsu

and Kanay

the Lindhard potential depended on the

. Similar mode by and
and Dupouy et al (1964,
presented using the experimental work of Fitting
(19747 .

However, none of thes

so it is not always easy to

nt enex

Trunev (1967)

1NC1¢

were

iodels covers the whole

wide energ)
determine the scattering characteristics. An
attempt to prov a more complete analysis has

been shown by 1 and Ono (1978).

I trates into a
solid target, electrons may be scattered either
elastically or inelastically. 'Electronic stopping
is dt i with atomic

an inelastic colli:

electron excites

vhich the incid

electrons with loss of ener




with atomic nuclei, with transfer of
Thus electrons travel
straight into the diffusion depth in the target,
suffering energy loss due to the electronic
Ilisions (small-angle scattering)
lected by the nuclear collisions
scattering).
The plasmon excitation also affects the energy
5 of electrons in the Even though the
ross-section of plasmon excitation is
loss seems to be generally small
compared with the energy dissipation due to the
electronic collision in the thick targets. The

probability of the energy spectrum of the plasmon

both energy and momentum.

, and are

also
(large-angle

solid.

greater,

the energy

p,.(t) that k quanta are lost in a foil thickness t

X 4 5 N 5 5 S 5 R

1s given by the Poisson distribution by Blackstock
al [1955), i.e.

where A 1s the mean free path for loss of a quantum

of energy /w, in the thickness

t. The plasmon loss
(15-30 eV) is average ionisation
loss depending on Z (100-200 eV, Rauth and Simpson
1964), so the plasmon effects can be neglected for
» solid target “ept insulators.

[t is clearly desirable to have accurate an
cal approximation to the atomic potential
as possible. Therefore, a potential function V(r)
1s a function of the screened
E the

smaller than the

ex

as

analy

atomic radius a

’

nsisting of power and exponential forms is

V(r)=(Ze*a)(r/a)l{/m-2 exp (—r/a) (N
0-77 anZ-18 (A), e is
number,
and n
from

the electronic charge,
ay the first Bohr of
indicates the degree of screening
1 toweas the accelerating voltage

the omic radius
hydrogen,

soes

reases).

For n=1, (1) corresponds to the Wentzel atomic
scattering theory and Bethe's energy loss law is
satisfied. The atomic number dependence of a

sumed above is very close to the results of

g8

ititative electron microsco
Zeitler and Bahr(1959) rather
y absorption used by Lenz
a=auZ-'B (A).

lue of n

achieved by
than the result
(1954): i.e.

of

function of the incident
energy E and the value of a can bothbe empirically
determined by comparing the quantitative
theoretical and experimental results, such
mass-range (Kanaya and Kawakatsu 1¢

The

as a

as

2), energy

loss and complex scattering amplitude (Kanaya and
Ono

1976). The value of n is given as a function

incident energy E for various target

ated as

n=1+2exp(—&+2x10-%) (2)

1th é=lg(¢/2) and e=a/b , where €& 1is defined as

the reduced energy (dimensionless) and b is the
so-called 'collision diameter' (given by b=2¢¥E
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Figure 1. The parameter n as functions of the
incident energy E and the reduced energy €: for

the parameter of atomic number Z.
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The inelastic scattering amplitude can also be

calculated using the interaction potential based

on the scheme:
Vos(r) =(e*/a)(r/a){(lim=21 exp (—r/a)
where 'os' indicates the transition from the state
(P L o e e
5' by the impact.

Accordingly, the resulting elastic and inel:

scattering cross-sections can be

the scattering angles.

integrated over

Follow the previous procedure by the
author in 1972, tt 1 ions for

he semi-empiri

tions of transmi

the £¥: sion r, backscattering
np and absorbed energy can be obtained as
functions of the reduced depth Jy=x/R ind the
parameter ¥ (as described in section 4 in detail)
which are used for different target materials and
over a wide energy range, as parameters Z and n,
respectively. Furthermore, after comparing the
results obtained by the present theory with the
diffusion model, the most important characteristics
of a diffusion model such as ¥b, Y&, Ve, the back-

scattering coefficient r, the absorbed energy Ex
and the back-scattering energy En can be derived
as a function of 4.

2. Elastic and inelastic scattering cross-section

By substituting the analytical fits to the
potential (1) into a first Born approximation,
the result for elastic cross-section inside the

limiting angle o due to nuclear collision as well
electronic collision is follows
Ono 1976) :

as as (Kanaya and

1
n

Te :ifzjl‘g (

7 ) a® (au/a)>m (ER/E)t-Vn x [(1+2€eE)2)(1 +eE)t+t n]




Interaction of Electron Beam with the Target

¢ is the relativistic correction
given the well-known relationship
=0978x 10-6eV-1 ' E the incident energy of

trons [eV], and I'(I/n) 1is the Gamma function.
he final factor in the above eq. (1+1/Z), indicates
the effect of the elastic scattering of incident
electrons with free electrons; this cannot be
disregarded for light elements. When we consider
the electron penetration in the target, electrons
suffering deflections of more than 90° do not
travel into the subsequent layers of the target
and the cross-section is given by integration from

where ¢

factor
[(2n10¢?)

§=0° to 90° as a first approximation. As was
pointed out by Archard (1961), many electrons are
deflected between 0° and 90°, and some of them are

lost by a multiple collision effect. Consider an

initially deflected at 45°:at most it can

second deflection of 45° in the opposite

get back into its original direction, but
. N S 6 .

equally be deflected by 45° in the

nd becoming

1t might

ne

direction, thereby acquiring a total 90° a
lost to subsequent layers. Thus a second approximation
for the cross-section has derived by adding

E ] from 90°to 37/4. But the

been

ia1f the
nalrt tne

integration
not be enough,
must exist in fact, as

A better approximation may be

correction may since the triple and
shown in

derived

more collisions
Figure

using the equation

g | | TR, J dQ+ - | 4)
= 31 31
S\Jo < a2 di
vhere dQs=sin 0d0/(1+cos 0)*V". Then the total
ittering cross-section for the angular deflection
due to multiple elastic collisions can be expressed
V'\'
5= 0el) . (5)
The differential cross-section for energy loss
lue to electronic collision is
10 2(1/n) 4 Za(alan)? sin? [(1/n)(w/
. - : (6)

K202(1 + (8]00)2) 1/

with the maximum
tan-! b =alk,® + ks> —2koks

transfer
=62,
being

s the energy
T/Tm=4 sin® (0
0y=A\Q=a), 0
in the centre-of-gravity sy
»f the electron

ractor

the scattering angle

em, A the wavelength
and A, the scaling correction
for low-electron energy.
Substituting de¢;/dT from (6), the average energy
df/dx dE/dx=N j T (doi/dT) dT .

loss is calculated using

This gives

dE. l— - D i T syl ] y n (
=|NZ=4 e ( ) Anla=2ngg2mEpl+ln E=1/n
dax L 1y, \”*l (
N
where N is the number of atoms per unit volume 1n
the target; N=Nap/A, N, is the Avogadro number,

the atomic density, A the atomic welght, ET the
bly averaged excitation energy (for experimental
=100-200eV=20ER, Rauth and Simpson 1964).

7

Equations (3) and (7) are the fundamental equations
of elastic and inelastic scattering theory.
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Diffusion
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penetration in a target: R 1s the maximum range;

Xp the diffusion depth; x, the most probable
energy dissipation depth; rp the back-scattering
range; tanBo = rp/x;.

3. The range-energy relationship

be deriv

Lo
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aly(l+ ZE[;H)
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)
e

11

day|

where Epj is the incident electron energy.

This satisfies quantitatively
results of Young(1956), Holliday and Sternglass

the experimer

(1959), Glendenin (1948), Katz and Penfold (1952),
tions

Cosslett and Thomas (1964b) and the calcula
of Berger and Seltzer (1964), as shown in Figure
where A,2=4,
From equations (7) and (8)
electrons at depth x can be si
terms of the reduced depth y

3

5

the energy E of

yly expressed in

EjEg=(1 —y)n/1en), ©)

gy Ep of electrons at

The back-scattering ener
y is also given by

\ n/(1+n)

£ (10)
cos(})

Ep/Eg=(1 —y)Mti+n) (I -

retardation,
back-

Using the above relations of
obtain “tions of transmission,

we can the fr
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scattering and absorption as functions of y and n.
The most probable energy dissipation depth Ye=Ke/R
in the diffusion model below in section
7) 1is related to the mean energy of back-scattering
E follows:

(described

electrons Epg, .as

Ep/Eg=(1—yc)2ni1+n), (11
which is in close agreement with the empirical
formula of Sternglass (1954),

Eg/Ep=0.45+2-10 "Z.

4. Transmission np and diffusion depth yp

The general form of variation with thickness of
the fraction nr of the incident current which is
transmitted into the forward hemisphere (figure 2)
obeys an exponential relation similar to the
Lenard law:

nr=ilig=exp (— Nox).

(12)

The total scattering cross-section o (equation 5)
is related to the fractional range-energy
relationship (9) by

NoRy=vyy/(1—y). (13)
When (8) is substituted into (13) and (12), N can
be expressed as functions of y and y:

nr=exp [—yr/(1 - ).

(14)

7
[ 4

and S.

Ono

The parameter Yy involves the effects of diffusion
loss due to multiple collisions for reflected

electrons and energy retardation due to electronic
collisions. It related the atomic

and the power of the potential function n by

is to number

y=Qn—1)(Z+1)/[n(n+1)211] (15)

. : F- =( QT Lo
which has the maximum value [v/(Z ax -0 - 083 for
the optimum value of n (”opti' .5), where a small
fitting factor is required for Z<50 and n<l.4.
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Energy dependence of y/(Z+1) as a
of the screening parameter n.

igure 4.
function

Figure 4 shows the energy dependence of y/(Z+1)
as a function of the screening parameter n.
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Figure 5. Transmission of electrons in several
targets with the incident energies as a function

of the reduced depth y. Experimental points:

Cosslett and Thomas (1964a, b, 1965), Dupouy et al
(1964, 1965), Fitting (1974), Vyatskin and Trunev
(1970, 1972).

Figure 5 shows the variation of Nt in several

target materials with the incident energies as a
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function of y, which agree closely with the
exprimental results by Dupouy et al (1964, 1965),
Cosslett and Thomas (1964a, b, 1965), Vyatskin
and Trunev (1970, 1972), Fitting (197¢ From the
definition of the diffusion depth xp with the

transmission function 1/e, it follows that

yp=xp/R=1/(1+y).

(16)
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03r A2 020 ]
0.2r 0—o ]
01} Mo

0 l—u | 1 | L 1 1 | | | 1

The reduced diffusion depth yp as a
of v
to be more reasonable than the previous
es given Meister (1958), Archard

and

961) Tomlin (1963) it well with

Monte Carlo calculations of Bishop (1965,1967).

are I with

of Cosslett

(1964, 1965)
i

agrees

results from (16)

results

calculated

The
the experimental
(1964a) and Dupouy et al
ergy dependence of y shown

compared

and Thomas
by using the
in figure 4

mic number and energy dependence of n.

with the

5. Back-scattering fraction n

R
8]

The general form of the variation of np with
thickness is the fraction of the back-scattered
electrons, deflected inside the 11 g
angle 9o subtended by the back-scattered radius rp
of the of shown in
figure 2. npg is assumed to have the same exponential
form as nr, but the absorption factor yg must be
larger than y because of diffusion loss due to
multiple collisions.

Following the same Lenard

are miting

centre y¢ a sphere model) is

law, the back-scattered

electron fraction 1s assumed to be a form Ng = exp
[—\,’B,\*/('L}')], where yp=y/Q1; Q1 is the normalising

4

solid angle being equal to

IT"' sin 8 dO/(1 +cos O)1+iin=y(] =2-1n),
JO

Accordingly, the effective back-scattered
electron fraction inside the limiting angle 8,
/(1-y), 1is given by

using the equation of cos8y

~1

3

Beam with the Target
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Figure The fractional back-s

several target materials with vario inc
energies as a function of reduced depth y.
Experimental points: Niedrig and Sieber (1971),
Fitting (1974), Vyatskin and Trunev (1967),
Cosslett and Thomas (1965), Dupouy et al (1964
1965).

Figure 7 shows the fractional back-scattering ng
from several target materials with rious
incident energies as function of reduced depth
The calculated results are in good agreement with
experimental results of Cosslett and Thomas (1964,
1965) , Dupouy et al (1964,1965), Vyatskin and

it (1967) and Niedrig and Sieber (1971), where

runev
!

the atomic density p is assumed to be slightly
1 of 15 For the special case
where the depth y small, np is approximately

linearly proportional to the depth x as pointed out
Niedrig and Sieber (1971).

For the back-scattering coefficient as a

angle v of incident electron probe
relative to the normal, Radzimski (1978) introduced
the equation modifying the previous diffusion
model by Kanaya and Okayama (1972):

by

function of

n5(v) =75 exp [4o (1 —cos v)] (18)

the centre of the
diffusion model corresponding to the most probable
energy dissipation depth. The expression seems to
be very versatile it was obtained from a
model which is in a good agreement with experiments
over a wide range (I—ll)':'n:c\“/ and

Z=3-80. Figure § shows the
theoretical and experimental comparison of back-

with Ag=ypyc/(1-yc) where yc is

because

energy

atomic number range
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Interaction of Electron Beam with the Target

10 shows the distribution of absorbed

electrons at different incident energies as a
function of the reduced depth y. 1o—T—T——T7T 17—
It is clearly found that the depth of absorbed Ea E,:IOkeV .
electron maximum per unit mass-thickness Eo i -
corresponds at the diffusion depth yp. The 08+
dissipation of energy with depth may be calculated | Be |
in a similar way to the previous paper (Kanaya (¥=0.26
ind Okayama 1972): 06+ N=1.36)
C(0.41,1-37)
Ej = Eo-npE-ngEg i AL(070,1.40) 7

04 Cu(1.70,1:42)
Ag(2:78,1-44) ]

where E and L‘iB refer to the energies of

transmitted and had\—,\‘cuttoxfud o.lcgtl_‘on.\' throguzh Au(476.1-46)
natter, reduced by electronic collisions as given 0.2+ |
by (9) and (11), respectively.

The approximate equation of Eg/Eq in (11) is )’ T
very close to the empirical relationships of Brand 0 P [ ST S R

(1936), Kulenkampff and Rittiger (1954), 0 0.2 04 06 08 y 10

Kulenkampff and Spyra (1954), Sternglass (1954)

ind Klein (1968). Figure 11. Fraction of energy dissipated E,/
We deduce that, corresponding to the above ithin a given fraction of the range y in )

equation, the energy Ep absorbed in the fractional several targets at E,=10 keV.

layer of material between the surface and depth x

siven by
to nuclear collisions. At the end of the range
E ‘ 3 ) En this is equal to the amount: 1-ng(5)*[Eg/Eo].
A ] —{1 —p)nl+n)exp | = -ns()) . (21) i v o - : P e o 13
0 ’ \ =0 The reduced fraction of energy dissipated 1n

Eo -
)/d (px) can be

unit mass-thickness pRd(Ey/

% Yo s i e £ e %) .
Figure 1l shows the results calculated by (21) obtained by differentiating (21):

‘or several target materials at 10keV incident

——— - o WEAE0) _\1:f1‘ (1= pyustism 4 .
lhe calculated distributions of the energy d(px) A :
plain fairly well the fact that the electron is 22
retarded due to electronic collisions but then e
diverges increasingly owing to the difference in
the amount of energy lost by back-scattering due
3 Fﬁ T ]' T [ T [ T I T | T l T l T T T I T ‘ ]
| Experiment ©OAu ®Cu AAl £ 74 C(6) | Al(13) [Cu(29)|Au(79)
O(Eo:|5KeV) ®(10) ; Cosslett & T n Y n Y n Y Nl
» el B o e e
A(25) ;Everhart & Hof - . 79 1. 011 57166
i verhart & Hoff (1971110 |04y(137|078] 138 170| 162|294 | 126 .
20 (0.36/1-27(0.70 1.29| 1.40| 1-30{3.92( 1.33
E,=5KeV 50 |0-26/1.18 | 0.60| 1.19| 1.20( 1.20{3.30| 1.22 ]
AprCaIne 100 [0.20{1130.52| 1.14{ 1.10| 1.15| 2.85| 1.16
2= //;; 10 —
S / Figure 12. Normalised
E’; fraction of energy
w 3: ] dissipated in unit mass-
o] e ‘unction 3
O thickness as a function of

the reduced depth y for
4 several target materials

PR

1 at different incident
~] energies
1




Figure 12 shows the result calculated by (22) for sever-
ral target materials at different ingid'cnt
The distributions for the two elements
very milar at 3 g
and Thomas (1964a,b, 19&3}.'
In the figure the peak position for heavy
elements (y>1) corresponds to the depth of energy
d ipation maximum experimentally obtained by
Cosslett and Thomas (1965). The theoretical
experimental distributions show quantitative

energies.
Cu and Au are
me incident energy to

the

- curves
of Cosslett

and

agreement, but the experimental peak value is
located at almost the reduced depth for light
elements (y<1l).

]

Diffusion model

of the modified Bethe energy-loss
theory, Kanaya and Okayama (1972) proposed the so-
called 'modified diffusion model' of a sphere in
which electrons move equally in all directions
from the depth of maximum energy dissipation depth
Xg and in such a way that their overall paths are
equal difference of full :
For a high atomic number this model agrees
fairly well with the photograph of electron glow
published by Ehrenberg and Franks (1953) and
E (1963) , and by Brewer(1971)
using photore layers with electron beam
exposure techniques, but for a low atomic number
at high-energy range it not because
back-scattered electrons reaching the surface in
directions vanish. The model

to the range R—xg.

renberg and King

does

agree
agree

their original

lisregards electrons undergoing large-angle elastic
reflection between the surface and the depth of
complete diffusion.
The back-scattering range rp is given by
Yy = 2B/ R, L= Ry (L+Y) (23)
the best fit is obtained by 1 on

an empirical basis.

The most probable energy dissipation depth x¢
can be obtained by a simple geometric relation
y'C =X (24)
Then the back-scattering coefficient r can be

obtained from the following equation:
"
2 msin §dO=14 (1 —cos 8o) (25)
0
with
22y (1+y)
tan Og=rp/x¢c= ¢ (206)

Figure 13 shows the comparison of the present

diffusion model's parameters of Yp, ¥ Vs Vg

" D
and compared with theoretical values calculat
by (20), (22), (24), (23) and (25) respectively.

As shown in Figure 4, the parameter y by (15) has
g > Y D) ;

K. Kanaya and S.

Ono

ptimum condition of
700~2000 eV for Z

k value under the o
Nopt = 2.5 (corresponds to E
from 1 to 10).

the pea
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e depth at (dM,/dylmax , A |'18\Y=0-5
O depth at [d(EA/Eo)/dj]quI
T | T ' T | T

s
o
1

-

Yo o Ye )
o . -
yB'_ N
r': Yo _

— N W DU 9

o
F
L
L

0 ] 2 3 4 5 6

Figure 13. The comparison of the present
diffusion model's parameters of Yp»
and r compared with the theoretical
calculated by (20) 22), (24)

» le2), ) s
respectively.

sis Y
> *B

SRS
(Z3)

and (25),

The important parameters of diffusion depth yp and
Yg are obtained using a diffusion model:

yo=1/(1+y) (27

Ye=yv—[7/(1 +9)] (yp—yc). (28)

Figurel4 shows the energy dependence of the

g S ;
back-scattering coefficient [ﬂHJ\,_]/ﬂ =r which has
the maximum values of X € -responding
optimum energies for ls,

which are substantially close to the experimental
results by Fitting (1974), Wright and Trump (1962),
and others.
Figure 15
models for
broken

represents the sent diffusion
target materials, where the

curves are the original models.

pre

several

Conclusions

Results of interest in connection with the
fundamental theory of electron scattering
such as mass-range, transmission, diffusion
depth, back-scattering, energy-loss and
maximum energy-loss depth, are consistently
expressed in normalised form with the
depth y as a function of the parameter
is derived as a function of both the
and the number.
2) A diffusion model represented by
centre is located at the

reduced
which
incident

atomic

a hemisphere

whose most

probable
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Figure 14. Energy dependence of the 05 : ——rrr : N o
C oSt Sy . [ @ T AT T T
back-scattering coefficient r which - AU 5/ ay=0.47, ]
has the maximum value of Tpngx and Eopt=45 KeV ]
the corresponding optimum energies o B
lﬂunr for several target materials. [ E
Cxperimental results with 4 Au, C Ag, 041 ]
¢ Ge, 2 Cu, v Al, ¥ C, ® Be:Kanter " ]
1957 (£o); Wright and Trump 1962 rE ]
(t0ve); Weinryb and Philibert 1964 : :
(ve); Cosslett and Thomas 1965(A0);  q3f e
Verdier and Arnal 1968,69 (oowx); r ]
Ebert et al. 1969 (opwx ); Bronshtein L ]
and Fraiman 1969 (Acwve); Niedrig and F ]
sieber 1971 (aodw); Fit ; 1974 - ]
(o0ve). 0.2 .
01— -8 =1
F ]
Figure 15. Representation of the - |
present diffusion models for several 0.0 — - 1
target materials at E =10keV , where 10—l 1 10 102 103 10

Eo(KeV)

the broken curves are the original

models.

ene

dissipation depth Yc» related to the
diffusion depth yp and the maximum energy
dissipation depth Yg» 1s found to agree
well with the empirical data.

(3) In a similar way to the 'yield-energy'
relationship of the secondary electron
emission, the back-scattering coefficient

increases as the incident energy decreases
@CIE) FOLl  %/R=071 Xc/R0-LS (bAI3) §=076 Xo/R=057 xc /R=0.38 and the maximum value again decreases and the
=009 /R=027 R=12(km] 1018 fy/R=043 R=11 optimum energy giving the maxima range from
500 eV to SkeV, corresponding to the atomic
numbers of target materials from Z=1 to 100,

respectively.

I The Energy Dependence of Secondary Emission
Based on the Range-Energy Retardation Power
Formula

€ICu29) F170 %/R:03 X/R=026  (@AgW7) [=280 Xo/R=0.26 XR=017 1. JAcvsduction
1=0.32 Ty/R=0.69 R=0.37 r=0.40 re/R=081 R=0.34

Many attempts have been made to explain
secondary electron emission induced by electron
bombardment qualitatively and quantitatively since
the work of Austin and Starke (1902). Recently,
considerable interest has arisen in the use of
secondary electron emission from a solid target by
the bombardment of a finely focused 30keV highly

accelerated beam of electrons as in scanning
electron microscopes. The quantitative analysis of
secondary electron images in scanning electron
microscopes requires the exact values of yield,

3 %/R=018 X/R=010  ()Au(79) ¥=4T4 %/R=017 Xc/R=009 the escape depth of secondary electrons, and the

S fRD90 R0 e a s o contribution of back-scattered electrons within a
solid target.

(e)WI7L) ¥
r

~1




Based on the assumption of two mechanisms in
the secondary electron emission process (the
production and escape mechanisms of secondary
electrons), there have been some theories of the
secondary emission, such as a free-electron theory
of Baroody (1950), theory of Wolff (1954),
and quantum theory of the production of secondaries
(Frohlich 1932, Wooldridge 1939, Dekker and van
der Ziel 1952, Marshall 1952, van der Ziel 1953
Baroody 1953, 1956). In addition, the semi-
empirical t\oorlcs based on the electron range-
energy power-law (the Thomson-Whiddington law)
have been presented by Salow (1940), Bruining §

De Boer (1938), Bruining (1954), Jonker(1952,1954),
Lye and Dekker (1957), and Dekker (1958).

In the recent work, Kanaya and Xawakatsu (1972)
and Dionne (1973, 197 eveloped the theory
of secondaries by the generalised power law
concerning the energy loss of electrons penetrating
into a solid target making use of range measurements
by Glendenin (1948), Katz and Penfold (1952), Lane
and Zaffarano (1954), Young (1956), Holliday and
Sternglass (1959), and by Cosslett and Thomas (1964).

An attempt (Ono and Kanaya, 1979) Ias been made
to present a sufficient solution of the condary
clectron yield of metals and scmiC)nductor
compounds except insulators, by applying the free-
electron scattering theory to the absorption of
~<k)n411\ electrons generated withina solid target.
insulators, Kanayaet al(1978) have presented a

ifficient solution of the high yield and an
explanation of the different yield appearing in
integral multiples, combining the free-electron
scattering theory with the plasmon theory.

By using the potential function of the power
ind exponential forms as a function of a modified
screened atomic radius for electron scattering
(Kanaya and Ono 1976), the range
relationship of R=(E,/E Ai/”;": , with an
incident energy Ey of between 1keV and 1 MeV, is
used as a fundamental equation, where n indicates
the degree of screening (n goes tr)n 1 to =@ as the
accelerating voltage decrease 1s the Rydberg
energy and c, the range-energy efficient of the
primary beam.

The purely classical empirical theory (Bruining
1954, Jonker 1952, 1954, Lye and Dekker 1957,
Kanaya and Kawakatsu 1972) is developed by the
power law concerning the energy loss. Also, by
using the absorption law of Lenard type and the
assumption that the distribution of secondary
electrons with energies below 50 eV produced by
primary electrons within the target is isotropic,
the universal yield-energy curve is deduced. It is
shown that the absorption coefficient of secondary
electrons involved in the Lenard law relates with
the suitably averaged ionisation loss, since the
energy of secondary electrons produced by the first
collision of primary electrons with the target is
very small, i.e. Eg=100-200eV (Rauth and Simpson
1964).

Since the resulting maximum yield Sy and the
energy Ej mainly depend on the range-energy
coefficient of the primary beam c; and the
absorption coefficient o, these can be given as
functions of ionisation energy I, back-scatte ring
coefficient r and the atomic number Z

cascade

5) have

energy

K. Kanayva

and S. Ono

Absorption coefficient o and escape depth Xeu

The absorption coefficient o of secondary
electrons generated within the solid target is a
most significant factor in quantitative eva
of the maximum yield §
measured with its sponding incid~nt energy I

Suppose that the secondary electr
distributed followin~ Hc Lenard {lUl

o
]
)

luation
which is, in practice,

their dislodgement and sfy the specia
n=4 of the power law (eq. in the first
Since their energy of most probable ionisation
loss in the first collision is v low (Eg=100-
200 eV, Rauth and Simpson 1964) compared wi
primary energy E,;35keV, the transmission fraction
of secondaries is given

Dy

islio=exp (— Now)=cxp (—ax) (n

where i. is the secondary emission current, i, the
primary beam current, N the number of atoms per
unit volume, and o; is the total scattering cro:
section due to the loss of secondary electrons.
Then, the total cross-section (for secondary

emission) (Kanaya and Ono 1976

yiven by

o1= A4 Za?(Er/Ey) In (411;“) )

where &f is the constant determined empirically,
77a,2 Y%A the screened atomic radius, ay the

Bohr ruJiux of hydrogen, and n=«

the energy of secondary electrons 1s very

is assumed

because
low. The ionisation energy Eg is ranged between

62 and 235eV for Al, Cu, Si and Au (Rauth
Simpson 1964), and it can be approximated
Es=nsl (3)
first ionisation energy and ng,the
ng=20.

probable escape depth of

where I is the
constant, is taken to be

Accordingly, the most
secondary electrons Xy, in a similar
the diffusion model by Archard (1961), from i
l/e, is given by

manner to

Y, = AollpZ23 (A) 4)

where Ae°=0.1 is used. A, the atomic weight and
the density. Figure 1 shows the escape depth of
secondary electrons Xy as a function of atomic
number L; which is in good agreement with Seiler's
(1967) data.

3 Secondary yield due to primary and
back-scattered electrons

According to the elementary theory, the number
of secondary electrons ejected from the target
increases in proportion to the energy loss, they
are isotropically distributed in the solid target,
and are emitted from the surface following the
absorption law of Lenard type after their

dislodgement.
The analytical treatments, as well as Monte-
Carlo calculations, are very useful to evaluate
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= T T T T T T T T
x where A=aR=(a/co)(Eo/Er)itlin and
100+ Organic Carbon : w
| E(=x)=— [" exp (=)t dt
| Jz
90 pLi i e ) o i e s
[ is the exponential integral function.
Xd=2.67AoI/(PZZ/3) ['X] Most incident electrons are scattered through
80 K - small angles as they interact with atoms. As the
S electron penetration increases deeply, the primary
70| Na J beam spreads in a Gaussian manner, as shown in a
“ previous paper of diffusion model (Kanaya and Ono
;‘?60 1978). Consideration of the back-scattered
= b electrons becomes especially important because
> their maxima ranged between 500 and 2000eV.
50+ 1 According to Kanter (1961) the back-scattered
electrons from the interior of the material follow
40+ 4 a cosine distribution. Therefore the rate of
energy loss and the path lengths of back-scattered
30 - ] electrons in the region of secondary escape are
large compared with those of the incoming
primaries. Thus the secondary electron yield
20+ Pb, i - ira i .
Hf ™ cannot be disregarded when the back-scattering
A4 coefficient g 1s relatively large.
10 - Ta” . » > 4 2 8 , .
WR’\I\Pt Consider the production of secondary electrons
= R - 5
€0s by back-scattered electrons Og 1s given by
0 L o | S|
0 70 80 90 A K\ [co\n/em (12 7 9,
v)nf?}n( )( ) ’ — 7)(1*',')("7!)”"'”
2) \«) Jo \l+n ’
) ”la‘ escape k;L‘I‘rl'; ' ‘k‘k’")ﬂk"'l'\' electr )
€scape depth of second: trons + y 7
; +H) < X AN [exp (— Ap)+ Ay Ei(— Ay)] dy. @)

, as a function of atomic number Z

s then considered to

B The votal secondary yield

be the sum of secondary electrons due to primary elec-

‘on emission mechanisms from

the secondary elect

trons and secondary electrons due to back-scattered
>nt, which have electrons:
by Jonker (1952,1954) and Lye and

57) and others, and Reimer (1968), 5=5,+98s. 8)
and Murata (1971), Shimizu (1974),
1 1 ller (1975a, b), Ganachaud (1977),
(1977), respectively.

Suppose an incident electron beam falls 5/"[(/\’/3)(ffu/‘\)"/(H”)]2/27('1‘1)+W13/}x(14) )
;n-tp«-iulic:xl'u‘l}' on a solid target. The number of

5 1s proportional to

3 They arrive at
the surface by travelling a distance Z=x/cosf
rough the material, and the secondary yield is

metals by electron beam bombard

[t can be simply expressea by

yndary electrons in which fn
equations {(6) and (7), respectively, and have
maxima as sh (

Accordingly, the value of total yield

own in Kanaya et al (1978).
1y
normalis the maximum yield &/8, can be

(A) and )"B&‘-ﬁj are the integrations in

the electron ener

loss dE/dx

by Jonker (1952, 1954) and Kanaya and

) as obtained a function of 3 B
p A s . i . 8/8m = Lfo(A) + 10/p(A) VS5 A4) +75/0(A) max {40
K Yd(E/ER) [7* XX
= —— :‘\’p( —A_:—‘}) sin §d0 dx (5) S UAGE
Z2Jo dx Jo \  COs 0, for' B/E, / ,/,\m)' PP For the sake of simplicity

for the calculation, it can be numerically
o ) approximated as
where K 1s the constant depending on the

penetration of electrons. olA) +18/B(A)Imax =0-365 (1 + 1-26 r) )
By using the range-energy relationship and the and
resulting energy rot:n*l;]tin_)n formula (Kzlr.m}’a and Am=(1+5r2) (12)
Ono 1976), the secondary yield due to primary
electrons ?;) can be given by where the back-scattering coefficient rf["\B]\.:l/ﬁ;
where is the back-scattering fraction with
& oo Nl L depth x/R, is used from the diffusion model
o\ n/(Ln 2
5wl ) T A (] y)-1am (Kanaya and Ono 1978) as
2\ o Jol+n ;
r=13(1—cos 0p) (13)
B with
[exp (—=Ay)+AyEi(—Ay)] dy (6)




K. Kanaya and S. Ono
1 T T I I « T 1
+ Li (6m=0.54,Em=240¢eV) |
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Figure 2. The theoretical s) |
and experimental comparison ~__ 4
of the universal yield- o 04 Experiment _
energy curve for the energy- @ Si , Dionne 1975
dependent parameter n. Au (1.5,800) 1
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O Mo, Bruining 1942 ]
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arbon
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which is very close to the empirical result by r e : ! J T v
Seiler (1967). 8 " ol ]
Figure 2 represents the theoretical and =i Fe Pt o Rz{;j‘r"’ Yuhwl‘ > ™y
experimental comparison of the universal yield- N v s L“N ZM" A \eOSh Mo A
energy curve for the energy-dependent parameter n, = 6 ks pos; ble D BaPle o e ‘
where the upper limit of the curve corresponds to € 4 @ ol cof :’o & éo c,éj 1
the light element of the target and lower limit w *B:oo%yém |
to the heavy element, respectively, and the yield 250‘;0 ° J
increases asthe back-scattering coefficient ng - " Carbon
increases. The energy and back-scattering Rl | SR I I S I S
dependence of the universal yield-energy curves = 30 LQ,,%L?&;@Z 50 60 70 80 90
. 5 5 5 aeis o= I W T ) e
are in good agreement with the experiments of Si, ZF St tennenssesnnas sosesmmsessens oo
Ni and Mo. uEJ ’ g
wyt
EOL‘AL L, i = i 1 1 ,L,]
4.Quantitative characteristics of secondary yield a0 10 20 30 40 50 60 70 80 90
z
- - — = = ; Figure 3. Comparison of the maximum yield of
R Yalue gt B anulgnt ERBEgy By fox Which secondary electrons &p, the corresponding primary
the maximum yield occurs is related to a and cg: p— [_:"1 and the ratio calculated by the range-
cncré:\' retardation power formula with experiment.
(Ew/Er)**1/1 =(co/c) Am=(co/e) (1 +5r%) (14)

where Ap 1s approximately given by equation (12)
related with the back-scattering coefficient r.
From equations (6) and (7), for the assumption n=4
in the first collision, which corresponds to the
energy E =500-2000eV, and the empirical data for
Au: Ep=800eV, r= 0.45, I=9.2 then the
characteristic energy E; is simply approximated as

Em="57-9Z15 [4I5(] 4 5r2)4/5 (cV). (15)
On the other hand, the maximum yield & is
given by

5(,,:{: (cofe) ™ 1+1) 0-365 (1 +1-26 ). (16)

According to the empirical relationship Oy/Ep,

to

0-365(1+1-26r)
Eg (145 r2)1/5

1-26 r)

b) m
Em

-(2)

1+ (17)

O (579U

leads
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where K,=2.1-107%(eV™!) is closely fitted to Sm= Table 1 (cont.)
.5 for Au. =
L . . s . . Aom  Z  IeV)  r En(eV)(exp) Sm(expl) Sm/Enm (10-3 eV-1)
Then, the maximum yield & is empirically given — _ )

}).\v Y 39 6-4 0-38 500 (350-400) 1-00 (0-75) 2:00

Sm=0-12 Z V15 J4/5 (] +1-26 r). (18) Zr 40 68 0-38 530 (350) 1-06 (0-9-1-1)  2-02

Nb 41 6-9 0:38 540 (550) 1-07 (1-1-1-2) 1-99

. - . Mo 42 71 0-38 550 (400) 1-10(1-1-1-2)  2-00

Figure 3 shows the above calculated results, Te 43 7.2 0-39 560 112 1-99

compared with experimental results (Dekker 1958, Ru 4 7.4 0:39 580 1-15 2-00

Seiler 1967, Kollath 1956, von Ardenne 1959, Rh 45 74 0-39 580 1-15 1-98

Gobrecht and Speer 1953), in which experimental T:d 46 jg S’J: ?;‘0(650) 1'27(1';) ) ;;‘;

: 3 4 ® e y 7 : -3 0 (7 . 02 - 8
points are made to accord with calculated results 1:3 do 4o 0.20 ;613(‘;(5)8)—00) 1‘1?23_941'1; 7
wvhen the differences are within 10%. The physical (8-99) ;
properties of materials used in calculation is In 49 7.1 0:40 570 (500) 1-13(1-3-1-4)  1-98
shown in table 1, in which some data (as shown in (5-79)
parentheses) for the first ionisation energy is ;; ;? ;‘J 8:’8 298‘(5833 :i"’g;*;f) };’;

) 1 ~ . . -7 . 80 (6 <34 (1-2-1- .
correct hyv Ciy S . Phveic g O ¢
vnn‘LgLed by the J..uthao‘an (h,\‘sual Tables (1954) Te 52 9.0 0-41 700 138 196
as I()llt}\\'_‘%; for B, Al, Ga, In, Tl the corrected s 55 4-0 0-41 370 (300-400) 0-72 (0-5-0-76) 1-95
value is the first ionisation energy plus 1-2eV, Ba 56 52 0-41 460 (400) 0-90 (0-65-0-9) 1-95
but for He, Be, Mg, Zn, Cd, Hg the first ionisation La 57 5:6 0-41 490 (500) 0-95 (0-80) 1-94
: =z \7 ] g 1 72 7. 43 51 . . .
energy minus 2-3eV, and for the organic carbon the Hi 12 70 043 610(460) A7 (Lety 191
’ . - e - : Ta 7379 0-43 670 (600) 1-29 (1-1-1-35) 1-91
resonance potential of graphitised carbon is W 74 8.0 0-43 680 (700) 1-31 (1-05-1-4) 1:92
adopted. _ ) o Re 75799 0-43 650 (900) 1-29 (1-30) 1-91

For semiconducting compounds of the composition Os 76 8-7 0-43 730 1-40 (1-30) 1-92
(Z1)p(Z2)g in the similar treatment of Hohn and Ir 92 0-43 770 1-47 1-92
) B At iy > 5 43 760 (700-75 ! A .
Niedrig (1972) it is assumed that the secondary Pt ! 9:0 0-43 760 (700-750) 1-44 (1-35-1-7) 1-91

o - . : Au 9 92 0-45 800 (700-875) 1-50 (1-2-1-58) 1-88
yield of compounds is proportional to the atomic Hg 30 60 045 579 (600) 1-06 (1-05) 1-86
composition and the following relationship can be (10-43)
derived: Tl 81 7-0 0-45 640 (650) 1:21 (1-4) 1-88
6-1)
82  7-5 0:45 680 (500-700) 1-27 (1-1) 1-86
83 73 0-45 670 (500-700) 1-25(1-2) 1-87
90  7-5 0-45 690 (600-800) 1-28 (1-1) 1-87
Fable 1. Maximum yield and energy of secondary 1ysical data refer to American Institute of
electrons, and atomic properties of target Physics Handbook (Dieke 1963, Frederikse 1963).
terials.
I(eV) r Sm(expt)  Sm/Em (10-3eV-1) | N
e == == = — Sm=——(p S1m+q d2m)
1 3 54 0-07 240 (100-200) 0-54 (0-47-0-55) 2-23 p+q
Be 4 6-0 0-08 270 (200-300) 0-61 (0-5-0-75) 2-24 .
©-27) and |
B 5109 0-08 450 (400) 1-0 (1-0) 2-24 En=—— (p Eim+q Ean) (V)
P > '7+(I
(8-29) /

G rachite ; R ) 70 (300100 0-9-1- 259 ~ _ ) = - . g he

:;"m‘]’m( ° ”1 9 8 Ii) flgl:)g) = (l) I-;( 30)4»,”) N 7? where Z, and Z, are the atomic numbers of tn::_ 1

rganic C 6 4 g 240 (30 =35 5 2-2 . ) LI . ~espectively.

Na 1 5-2 0-19 290 (300) 0-66 (0-65) 2-27 constituent elements in th(,Auwnpound, r 51. )

Mg 12 7-0 0-20 370 (300) 0-34 (0:8-0-9) 2-27 Table 2 shows the maximum yield and t_hc primary

(7-61) energy of secondary electrons of semiconducting

Al 13 80 ~ 0:20 420(250-300) 0-95(0-9-1-0) 2-26 compounds, compared with experiments, which are

(5-95) il 2 5 3 : o .
alculated by the above procedures.

Si 14 8- 022 430 (300) 0-98 (0:9-1-1) 225 BEE s 2 I

P 15 106 550 1-24 2:24

S 16 10-4 60 1-24 2-22

K 5 44 0 (300) 0-65 (0-55-0:69) Table 2. Maximum yield and energy of secondary

So 0 ol 2l D 7 electrons of semiconducting comp is d their

Sc 2 66 430 (300) 0-92 (0-75) 2-16 e o A o < b COMPOURCS, ‘and. Ehedy

Ti 2 68 440 (300) 0-95 (0-75-0-85) 214 atomic properties.

/ 23 712 470 1-01 2-13 ) = X B

(\_‘._ ﬂj 254 J;O s :-1; .‘iia(crml I(eV) r 3 Em(iv—)fc.\'pl) S (expt) Su/Em (1073 cV-1)

Mn 2 1 00 e it Cuz0  7-7(Cu) 0-34(Cu) 550 1-18 214

Fe 26 7-8 0-33 520 (400) 1-10 (1-1-1-32) 2-11 13:6(0)  0-15 (O) (500) (1-19-1-25)

Co 27 18 0-33 530 (400-600) 1-10(0-9-1-2) 2-08 PbS 7.5 (Pb) 0-45(Pb) 620 126 .03

Ni 28 76 0-34 530 (500-550) 1-10 (1:0-1-3) 2-07 10-4 (S) 0-25 (S) (500) (1-2)

Cu 29 717 0-34 530 (500-600) 1-11 (1-05-1-3) 2-08 MoS:  7-1(Mo) 0-38 (Mo) 560 1-19 2-14

Zn 30 65 0-35 470 (200-500) 0-97 (0-9-1-1) 2-06 10-4 (S) 0-25 (S) (1-10)

(-36) ) - =y MoOz  7-1(Mo) 0-38 (Mo) 570 1-25 2:18

Ga 31 9:0(6:0) 0-35 610 (300-500) 1-27 (1-3) 207 13-6(0) 015 (0) (450) (1-09-1-33)

Ge 32 79 0-35 560 (300-500) 1-15(0:95-1:2) 2-06 WS, 8-0 (W) 0-43 (W) 600 1-26 2-10

As 398 0-36 670 1-37 2-04 10-4 (S) 0-25 (S) (0-96-1-04)

Se 34 9-7 0-36 670 (400-300) 1-36 (0-6-1-3) 2-04 Ag20 7-6 (Ag) 0-39 (Ag) 590 1-23 2-07

Rb 37 4:2 0-37 350 (350) 0-71 (0-7-0-85) 2-02 : 13-6 (0) 0-15 (0) (500) (0-98-1-18)

St 38 56 0-37 440 (250) 0-90 (0-75) 2-02

o0
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5 Angular distribution of secondary
electron emission

The angular distribution of the emitted
electrons can be obtained by the aid of
calculation of

the
. sect. 3. Let a part of the secondary
electrons dislodged in a part of dx on the path of
a1 et AR , L ~ : 3 -
the primaries travel to the surface along the line
L along apath at angle 8. To reach the surface the
secondaries must travel a distance x/cosf8. Then
5 IS 7 v g ’
the secondary yield QP(’}) due to primary electrons
emerging in the direction 1

under an angle leads

55(8)=(K/2) [‘" (“LL}'/:I{) sz

dx

ax
)d,\-. (19
Jo cos 8

', (8), and SB(‘?\ due to back-scattered
can be written as

o )umw) % - a a )1/ Q+n) 4,0/ +n)
. S e — )1/ A 4
« cos 0, 11 +n I A

85(8)=(k/2) (

exp (—Agy) dy (20)

£ c \ n/(l+n) (O 2
( 0 H) el (1 —y)n=Ditn+1)

@ €OS 6 e l+n

Apn/1+m) exp (—Agy) dy (21)

where

Ag=A/cos 8= (x/co)(Eo/Er)'+1/7[cos f.

6. Effect of incident angle on secondary yield

The calculation of &§(Vv) can be extended to the
case where the primary beam strikes the surface
at an angle v to the normal.
electrons dislodged at a point x on the path of
electrons in then be
XCOSV

Secondary
the primary the material will
located at a distance from the
that in the above calculation x has to be replaced
by xcosv and the absorption factor becomes exp(-ox

surface, so

cos Vv /cos 8).
[f the new variable A,,=(acos (V) /co) (Eo/ER)"
is given by

+1/n

is substituted in'equation (9), d&(V)

o co \masm
sm,):‘,/\J)(n g )
cosS v

[fo(4,) +7u/6(4,)]- (22)

Then, the secondary emission yield maximum &y (v) and
the energy for E(v) normalised as a function of the
become

incident angle v of primary electrons

u) _En()_

— (cos v —n/(1+n), (2})
Om Em )

In scanning electron microscopes, ‘as shown by
Oatley et al (1965), an oblique illumination is
very effective to collect secondary electrons
satisfactorily, small secondary
electron currents are subject to statistical

quantum noise.

since  too
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7.Secondary electron emission yield transmitted

d less than

electrons

For a thin specimen with thicknes
range R, the secondary

the penetration
beam bombardment on to the

due to the electron

specimen are ejected from both surfaces, as has
been recently in\*o::tigntcnl by Llacer (1968) and
Jahrreiss (1964). The electrons
transmitted tt

similar to that desc

from equation (6) the transmitted secondary yield

secondary
1 behave in a

the section 3.

ribed in Then,

5¢ is given by

& [ B o ; ;
'){:(RZ\(L‘()/ l)rml‘:n o 1¥_,'./.—| (L+n) n/(l+n) {exp \4_“" a—J))
o l+n
+ A(ya—2y)E[—A(ya—2)]} dy (24)
where =d/R. And, moreover, the secondary yield

¢ . .
5. from the surface of target for thin specimen
S
with thickness d can be given by

8y =(K/2) (cofa)r/+m

Figure 4 shows the comparison with the
yield 8¢ and 8g for the specimen thic

and 100 ] ,where the parameters, n and c¢; are given

by equations I-(2) and I-(8), respectively, and as
a function of A; A=(a/c,) (Eq/Er) =~ /M. It is found
that both

| L Ba T UL EEEL S ) e

005

002
o1 05 1 5 10 Eo (keV)

condary N
thickness d=50 and 100 A.
targets (A Au; A W;eAl;

\ comparison between the se
and . for ithe
thick

Figure 4.

yields &¢
Experiments of § for

S

xC, by Kollath 1956, Kanter 1961, Wittry 1966,
Thomas and Pattinson 1970, Shimizu 1974) are

plotted for a comparison with the theoretical
curves of &y (d=100 &,)). Calculated curves are
drawn by ——— 8§, for d=1008 , ---- S;(d=1004),
S50A) is smaller
'i‘“‘:\,! for E4<

S
and — - —— 8¢ (d=50R). &,
about 5-10% n the value of
2keV. For E £

100 i ) and

5 keV the difference between &g (d=
o

(d=50 A) is very small.




Interaction of Electron Beam with the Target

vields of &4+ and 85 have maxima as a function of

L
he incident energy depending on the penetration

t
range and escape depth, which can be successfully
interpreted by using A, in equation (12). In the

case of a gold target, for example =
calculated by equation (12) with r= 0.4
good agreement with the calculated ratio R/.\w’,‘0

>

(sFAp=aR)=2; for this target, R=30A and x.=14 A at
T
=800 eV. cimen for a scanning electron

croscope in enough and can be mounted

to collect secondary electrons from both sides of
the specimen surface, it may be a useful method
for ir

1creasing the number of secondary electrons

ing the contrast of SE 1m: at
ncident electron energy in which the

(S¢+8g) occurs. As shown in the
s for Au and Al targets, these
theoretical curves §. are closely in agreement

. N 2.
experiments o of

curves of §
1

Thomas and Pattinson (1970)
experimental
because of the

! the

R 3
K 1n

c1

<l.5keV, and for E_ >1.5 keV the

d and the

8. Lateral distribution

nission

The secondary electron yield

z) ejected from
the surface at a distance z from the centre of the

beam can be considered in similar

manner.
"ical relation to the travelling
of secondary

ectrons given by

o [=ax/cos 0=aRy(l+tan20)!/2

h tand = z/x, the absorption term of secondaries
be derived as
exp (—nx/cos f)=exp [—aR(y2+(z/R)?)1/2). (26)
\ccordingly, the secondary yield 8,(z) and frhﬁ
. s ) 3
lue to primary and back-scattered electrons,
“tively, are given by
FUL
:HLA” l):r,(i»m ( )(l_-,-)71,(1':1)‘_1;1‘,(1.,,)
Jo \I+un/ 3
X exp {—aR[p2+(z/R)2)H2) dy (27)
5 2 1 O
Jm:};(Aqu”““ )1/ (14n) , ( i (I_y“ﬂ’ﬂﬂ"r”f“h“-M
Jo 1 +n
xexp{—aR[p2+(z/R)2]1/2} dy. (28)

Figures 5(a) and (b) show a comparison of the
lateral distribution of secondary electrons 5 (2)=
5,(2)+8g(z) for Al and W targets, respectively, of
vickness d=50 and 1008 . These lateral
distributions of the secondaries are important to
determine the ultimate resolving power of the SEM.
[he distribution for Al target is broader than the
iistribution for a W target, in spite of the fact
r for Al is smaller than for W (r=0.2 for Al
0.45 for W, respectively, calculated from
Ono and Kanaya 1979), because the contribution of

P
t 1

=
i
3

and

ered electrons for thin films mayv be

is found that the contribution of
depth of secondaries is dominant for

+h
Ci

[¢]

sharp lateral distribution, and then we can
expect sharp lateral distribution (higher
resolution in SEM) when the escape depth of
secondaries in the specimen is short. Moreover, it
is shown the yield of §(z) for Al target in the
thickness d=50A have a maximum yield at about 20
keV, relating with the film thickness and the

scape depth of secondary electrons (x1:38x for Al).

9. Conclusions

(1)Based on the exponential power law for the
screened atomic potential, secondary electron
emission due to both primary

and back-
scattered electrons penetrating into metallic
elements and semi-conducting compounds is
developed in terms of the ionisation loss in
the first collis

electrons.

d | I I E, o

051 Al -
0 Z rd

T
sion for the escaping

04} g

20 """ d: 50(&)_1
/30

03[

0.2

0O 20 40 60 80 100 z(R)

) 20 ——d=100(R)
0.4 s ]
A\ 10 d= 50(%)

0 20 40 60 80 100 7(R)

Figure 5. (a) The lateral distributions of

electrons for (a) Al and (b) W targets for
thickness d=(——) 100 and (---) 50 :
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(2)The maximum yield and the corresponding
primary energy can both consistently be
derived as functions of three parameters:
atomic number, first ionisation energy
back-scattering coefficient. \

(3)The yield-energy curve as a function of the
incident energy and the back-scattering
coefficient are in good agreement with the
experimental results

(4)The energy dependence of the yield for thin
films and the lateral distribution of
secondary yield are derived as functions of
the back-scattering coefficient and the
primary energy.

and

i Secondary Electron Emission from Insulators

1. Introduction

In recent years much interest has arisen in
the use of secondary electron emission from
bombardment of various solid targets with a finely
focused and highly accelerated beam of electrons
for scanning electron microscopes. Accordingly,
the quantitative analysis of secondary electron
microscope images requires a knowledge of the
yield and depth in the different energy ranges.
The phenomenon of secondary electron emission from
solids was discovered by Austin and Starke in 1902
and has since been the subject of numerous
experimental and theoretical investigators.

The elementary theory of secondary emission
developed by Salow (1940), Baroody (1950),
3ruining (1954) and the surveys by McKay (1948),
Kollath (1956), Dekker (1958) and Hachenberg and
Brauer (1959) have been generalised and modified
to incorporate recent range measurements, by
Glendenin (1948), Katz and Penfold (1952), Young
(1956), Holliday and Sternglass (1959) and
Cosslett and Thomas (1964a,b). Results based on the
empirical approach were obtained, in paticular,
in the work of Kanaya and Kawakatsu (1972), using
the Lindhard power potential depending on the
incident energy. Similar models by Thomas and
Pattinson (1970), Lyve and Dekker (1957), Jonker
(1954a, b), Dionne (1975) were presented which
were in agreement with the experimental work.
However, the models cannot explain the very high
yield of insulators (BaO 8, KCl 13, NaCl 16) and
large escape distance (oxides 50-200A, alkali
halides IOU—SOOK ) especially different values of
the yield reported for the same compound(e.g. NaCl
6.5, 11 and 16). These values seem to be related to the
plasmon losses which occur in integral multiples
of a first, lower value, indicating that the same
inelastic event was repeated in multiples.

An attempt (Kanaya, Ono and Ishigaki 1978) has
been made to present a sufficient solution of the
high yield of insulators and to explain the
different yields appearing integral multiples,
combining the free-electron scattering theory with
the plasmon theory.

I

By using the potential function of the power
and exponential forms as a function of a modified
screened atomic radius for scattering (Kanaya and
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ship of R=(E

relation

between 1 ke

Ono 1976), the range-ener
Lﬂ‘ll‘i/n/(I in the energ)
used as the fundamental equation, where n
indicates the degree of screening (n goes from 1
to © as the accelerating volta
The purely classical empirical theory
1954, Jonker 1952, 1954a, b, Lye and Dekker 1957,
Kanaya and Kawakatsu 1972) is developed by the
power law concer Also, on the
assumption that the absorption is of the Lenard
type and that the distribution of secondary
electrons generated by both incident and back-
scattered electrons within the target is
isotropic, the universal yield-energy curves are
deduced. It ca :
generated by the first collision of incident
electrons is E<=100-200eV (Rauth and Simpson 1964)
and that the secondary escaping beam returns back
to the surface suffering a plasmon loss AE=10-50

TS

and 1MeV is

ge decreases).

(Bruir

a
ning the energy loss.

n be shown that the energy

eV, because of the large energy gap of insulat
(10eV) .

Since the resulting maximum yield &y depends
mainly on the energy-range coefficient C of the
primary beam and the absorption coefficient o, it
can be given as a function of ionisation potential
I, valence electron v (or plasmon loss AE) and
back-scattering coefficient r as well
electron density NZ iﬁ\o/\): where hq is the
Avogadro's number, p the density and A the atomic
weight.

e free-

2. Absorption coefficient o and escape depth x,

The high yield 4=1.5-20 of secondary electron
emission from insulators due to electron
bombardment may be caused by the very large escape
depth xg=500-1000 R ; namely the small 1bsorption
coefficient. Then, the most dominant energy los
are considered to the suitably averaged ilonisation
loss in the first collision and to the plasmon
loss due to the inter
electrons for tt

action with the valence
he escaping secondaries because of
the large energy gap about 5-15eV.

Suppose that the secondary electrons are
distributed according to the Lenard (1918) law
after release, and satisfy the special case n=4
of the power law in the first collision.

Since their experimental energy E_.=100-200eV is
very low compared with the incident >5 keV, the

transmission fraction of secondaries is given by
is/iso=cxp (— Nyopx)=exp (—ax) (1)
where .\‘p:\?n,)v/.‘\ is the electron density
contributing the plasmon loss, v the number of
valence electrons per unit volume and o, the
scattering cross-section due to plasmon loss.

The amount of energy transfer can only occur in
integral multiples of the elementary energy loss of
fiwp (Marton et al 1954), where w, is the frequency
of plasma oscillations (fi=h/2m), and the total
cross-section Npoap (Ferrell 1956) becomes

szﬂp:/\p:(01‘;,'a;¢)1n (4E/AE) (3}

in which

9=AERE, AE=2838 (pv/A)Y2 (eV)

and  Np=ALE2(167aw’Er?)
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where ‘P; is the correction factor necessary at
low energy, E<1lkeV
\ccordingly, the most probable escape depth of
secondaries xy is from ig/ig,=1/e and E=Es, given
by
1 2apEg =
Xy=—= — (3)
o Ap¥ In (4E5/AE)
p is the normalised ratio of one plasmon
AEp under consideration to the most probable
plasmon loss AE; p=AE,/AE.
2
A-]Oulrl(xilr]||
Xo=2Bel)in4E ]
L Ao N\a~s
P aE 801 . 4
L P=Va
N Most probable
? range J g
310%— -

Xo (8]

2102

0
0 01

Figure 1. Escape depth x, of secondary
emission for insulators of metallic oxi
(Dotted area shows the range between ma
minima of the experimental results.)
Owing to the ionisation E. varies be
and 232eV for Al,03(Rauth and Simp
ind it can be appr ated as
Es=ngl
where I is the first ionisation energy

eV and I=9.

from the assumption of
Al,0
\ccordingly,

= =190

based on the empirical

the most probable escape depth of secon
electron emission X, can be obtained:
393 (1
P L E TN )()
p \AE \80 7
where Ay =0.054 is used.
Figures 1 and 2 show the calculation
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(1+n)

for

n

/
s A

= (A/A) ;

the sake of simplicity for the calculation,

it can be numerically approximated as

A’/,( 4) 7}13/‘13(1‘1 Vr‘](:mx =0-365 (1+

26 r)
Target 1)

TTTTTTT

Figure 3. Production of secondary electron
emission.

' K \ n/(1+n) 1 E
:U:(A,(g? T gnicien(] - y) 2 5 ETEs ——
S \2/\c Jo l+n s 02k n |2 313514 | == —
‘L'D(A)qu 03t

035 036 | 037

/i 1
[exp (= Ay)+ Ay Ei(—Ay)] dy (7) ox:(‘“ Am |0 1213 e | |
{ 18(A)nax| 043 | 047 | 049 | 052
i [ [ am |3 |3c]38 [a2] 1
Where A= /,R:(ul//(:)(I':,J//IL'R):‘:/” and [11[—.\'}11“)‘[0“)( Oo 1ﬁ§u_“2)_q5“ é ; é é 10
-t)/t]dt is the function of the cxpomzntjuf A
integral. . f . . . ;
Most incident electrons are scattered through FLGETE b ,I,“e variation of :.;LAC‘”M;“W yield
small angles as they interact with atoms. As tiw nm‘mz}lxz;vu by t‘ho m:.xxmnm} _\juﬁld, 5/8ps, can be
netration increases, the primary beam spreads abtarned as 4 function of B/Ey.
a lan manner, as shown in the previous
paper of diffusion model (Kanaya and Ono 1978). where the back-scattering coefficient T""T'H{!‘/ i1
Consideration of these back-scattered electrons is used. Figure 5 represents the universal =Y
becomes especially important because their energy yield-energy curve as a function of the energy
maxima are ranged between 500 and 2000 eV. dependent parameter n, where the upper limit of
Accordi to Kanter (1961), the back-scattered the curve among the most probable range
electrons that diffuse back from the interior corresponds to the alkali halide I/pAE=4 and the
of the material follow a cosine distribution. lower limit to the metallic oxide I/p/ 5,
Therefore the rates of energy dissipated are respectively, and the yield increases as the
compared with those of incoming primaries. ratio of I/pAE increases.
the secondary electron yield cannot be The energy and back-scattering dependence of
disregarded when the back-scattering coefficient the universal yield-energy curves as shown in
ng is relatively larg figure 6 are in good accordance with experimental

where the values in round
by back-scattered electrons, from the generalised used as experimental points.
of primary electrons. The secondary yield Sy

Consider the production of secondary electrons r

en by
Ve A 1

Quantitative characteri

X K\ [C\n/(L+n) [H2 7 9, ‘ electron emission
S 47]1;( ){ } | (] - )(‘If)‘)“"”/‘”*“ A™MAM [exp (—Ay)
\Z / \a Jo =N h . R . .
The value of the incident energy for which
+A4y E(—Ay)] dy (&) maximum yield occurs related toaand C as follows:
. : S (En/Er)1 0 = (Cla)Am = (Cla)(1 +5r2).
where np is the back-scattering coefficient. " (Gt )
The total secondary yield is then considered to 1.0
be the sum of the primary and back-scattered 0.9 n=40 r=05
electrons: 08
6=3p+8p. (9) 07
It can be simply given by c 06
RN f 7 - L 05
8/(K/2)(Cla)m!+m = f(A) + 75 /p(A) (10) © 04 )
o B 5 . . . 03 *
in which J,(A) and Jg(A) are the integrations in 02 ‘
(7) and (8), respectively and have a as
S iy 01 F g
shown 1n figure 4.
Accordingly, the value of total vield 0 L | | I i ! | L "
: g i (
; = . - : 0 1 2 4 5i
normalised by the maximum yvield, §/ dm+ can be 8 E/Em L 7 B 3 10
obtained as : AP £ EJE P i - . 7
obtained a 1 Tunction ot E/E. f_I.;Ulc : Universal vield-energy curve as a
= [ f5(4) %711',/1:«1)],'[/p(xﬁ'r771\/};(’.'1)]111.“ (11) function of n and I/I)flj.
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Interaction of Electron Beam with the Target

Target Ref. Sm (Exp.) Em (Exp.) [eV]

o KCL | Ardenne (1962 (71~124 ( 8.1) | 7113~1200 ( 1200 )
o KBr | Petzel ?95& 4. ( 12.5) 1400 ( 1588)
A MgO | Dekker 1958) 4. (16~24 ) 1200 ( 1200 )
4 ALO; | Dawson (1966) 54 (  47) 610 ( 600)
o Mg0 | Johnson & Mc Kay (1954) (4 5~ 7.8 ( 71) | 525~ 910 (~ 1000)
x BeO | Bronshtein et al (968) 347(3~5) 412 (1 450)

Figure 6. The theoretical
and experimental comparison
of the yield-energy curve. KCL 1/paAE=46
o

KBr 26

MgO 236
ALOF 10

=5 Mg0=— 059
BeO 049

§/6m

E/Em
Ther ‘rom I1(S) an 3) 1 1s oive I ,
Then, from I(8) and (3), it is given by such as np=exp (-yy/1-y).
The energy dependence of y is given by
B - \ /1) ~ombining the diffusior >ffect due to multiple
(Ew/Eg)tHiin, 5 (Es/Ew) 1) I\’/}\ sin2 [ ) g2} ™" k-\ il ST ' 1l*\ . ll N : L .1% # .t : 1 :
Ap?p In (4EJAE) (n— 1) kn,) 21 (\,a,) 2SR5 HOlo; alll, LS eners I,(‘L‘H‘ at rom n
accordance with a modified Thomson-Whiddinoton law
(NIZRN 148, v -0
5 NZ ) / L4572 (13) (Kanaya and Ono 1978)
wagv ’ - . oo =
. T o y=Q(n—1)(Z + 1)/[n(n+ 1)21/n) (17)
For the assumption n=4 with
which corresponds to the W | [l | a6 \
the empirical data for N: [ (= { 1 dQ+ dQ+ dQ
o _ 3\Jo 2! ) e £ 190
.85eV, v=2, 1t follows that J a2 J a2
Ey/Ap? In (4E,JAE) =629 (eV) dQ=sin 8 d8/(1 +cos G)1+1/n,

g]
7

characterlstia

simply approximated as

In the present calculation, r used
maximum value corresponding to E,

/ L 5r2)\ 08 / , \0-4 i 5 i
Epn=583—— ) (7’} ) Z9%6 (eV) (14) Z from 1 to 100 which is very close to the
experimental result by Weinryb and Philibert (1964).

where Eg=200 eV, ng=20, and )\ 220.054 are Figures 7 :‘..mi 8 ,ih()\.\/ the maximum ,\’jchl»‘;:‘llu%‘w: for
determined empirically ! insulators of metallic oxic and alkali halides
On the other hand, the maximum yield O 15 \:fjl‘r.uqz)”m“”’iy’ ko t“}.)“‘ Cll‘lmftm‘lbl,tqlg SIane o
oiven by A which are shown in figures 9 and 10. The experimental
’ , results are from Bruining and De Boer (1939a.b),
. K [C\ nl/(1+n) 3 i = . - i
8¢ :4‘ ) 0-365(1 +1-26 r). Hachenberg and Brauer(1959), Knollet al(1944),and
L \§E
26 o8
\ccording to the empirical relationship §,/E 2)|™ 04_06
> gL om/ Em 2% 10+5r2)| P : B
= | (= eV,
leads to 77 6m 0430+1.261) P (AV) z [ev] .
Sm (K 0-365 (1+1-26 r) 20 O Exp. Bruining & De Boer(1939) _|
2 :b) Er(1+5 w5~ Co(l+1:26r) 18l Hachenberg & Brauer(1959) |
<R = “r(l+577) Ardenne (1962)
where C,=7.4x107%eV™" is the best fit to 85=0.65 16
for NaCl. Then the maximum yield Sp for insulators 14
is empirically given by 12
. I(1+5r%)\0-8 Yo . - o
Sm=043(1+1-26 r)( (+57% fi) zos.  (15) 8
P ] Av,
The back-scattering coefficient r is given by the 6
diffusion model (Kanaya and Okayama 1972, Kanaya 4
and Ono 1978). 2
. ) (16) 0
r=14(l —cos by) 0 5; z/v 10 15 20
with tanf¢=2.2y(l+y)/(1+2y-0.21Y") in whichy is the Figure 7. Maximum secondary electron emission
constant in the transmission fraction of the beam yield for insulators of metallic oxides.
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Table 1. Secondary emission characteristics

calculated.

Insulators Z  p A v AE I r Es. Ba S X
(gcm=3) (g) V) (eV) (V) CoEm (A)
Al203 50 3-90 102 24 27-60 9-46 0-17 350 3-10 1-21 31
BcO 12 3:02 25 4 2000 9-8 0-113 412 3-47 1-14 47
SiO2 30 2-30 60 8 15-90 11-8 0-18 429 3-90 1-23 50
MgO 20 3-65 40 4 17-40 10-3 0-12 525 4-50 [-15 60
CaO 28 2:62 56 4 12:40 9-9 0-22 537 S5-10 1-28 77
ZnO 38 5:60 8l 4 [2:-30*10-0 0:25 677 662 1°32 30
SrO 46 4-70 104 4 12:23 9-6 0-26 742 7-30 1:33 75
BaO 72 572 153 4 11413 94 028 850 8-50 1-35 8l
CaFz 38 318 78 8 16:45 12:0 0-20 522 4-82 125 70
LiF 12 229 26 2 17-80 11-9 0-11 561 4-73 1-14 66
BaF2 74 4-82 175 8 20-70 11-0 0-24 665 635 1-3 56
NaF 20 2-79 42 2 10-50 11-3 0-18 698 6-36 1:23 96
NaCl 28 2:16 S8 2 7-85 10-0 0-22 690 6-50 1-28 108
KCl 36 198 74 2 4-33 10-0 0-27 713 7-10 1-:34 175
NaBr 16 32 103 2 7-10 85 0-28 782 7-80 1-35 104
RbCl 120 2 6-17 86 0-27 765 7-60 1:34 116
KBr 119 2 6-19 81 0-31 779 800 1-39 Il
Nal 150 2 6-36 8:0 0-30 775 8-10 1:38 107
KI 160 2 568 7-4 0-34¢ 844 8-87 1-42 110
CsCl 168 2 6:26 84 0-32 877 9-10 1-40 113
Physical data refer to Frederikse (1963).
is the most probable value for p=1, where 12.3%
for ZnO is used to the reduced value.
Co=7.4%10 “eV
Ardenne (1962). Also, the physical characteristics

of insulators necessary for the calculation are
shown in table 1, where all data are considered to

be the mean values of compounds, and for Al20;, SiOz,

CaF, and BaF, valence electrons are considered to be

the sum of the innermost and outermost shells, and for

all others are assumed to be for the outermost shell.
The highest yield values of insulators which

are experimentally obtained by single crystals

such as NaCl(16), KC1(12), NaBr(19 and 23)‘ KBr (13

and 19) due to the lower plasmon losses p=j3 ~%,

since the lattice band is very tight, can be

quantitatively evaluated by the plasmon theory.

B Conclusions

(1) Based on the power and exponential potential
law, the secondary electron emission due to
primary and back-scattered electrons
penetrating in insulators is derived,
combining the ionisation loss in the first
collision with the plasmon loss for the

escaping
The

secondary emission.

yield-energy

8]

curve function of the
incident energy and the back-scattering
coefficient are in good agreement with
experimental results.
The maximum yield at
can both consistently
I](l]"fllil(}t ers:
glectrons
The high
distance

a8 a
the

the characteristic energy
be related with the three
ionisation potential,
and back-scattering coefficient.
yield of insulators and large escape
and especially different values of
the yield in the same compound are explqined
by the different plasmon losses occurring
any multiple that lower plasmon
repeated in multiples.

valence

(4)

in

loss
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Interaction of E

>ctron Beam with the Target

electron beam bombardment to the incident number
of electrons, varies directly in inelastic
collisions. According to elementary theory by
many authors the secondary electrons ejected from

Dependence of Secondary Electron
ission, Resolving Power and Temperature-
of Specimens

the target increase in proportion to the energy
loss and are isotropically distributed in the
Lenard law after being dislodged.

The analytical treatment, as well as Monte
Carlo calculations, are very useful to evaluate
the secondary electron emission mechanisms from
metals by electron beam bombardments, which have
been developed by Dekker (1958), Jonker (1952)
and others, Reimer (1968), Shimizu (1971, 1974)
and Koshikawa and Shimizu (1973), respectively.

In this analytical treatment, the secondary
yield, in which the constant K involving the
surface condition of the specimen is empirically
decided from most of Shimizu's data of secondary
yield, is calculated as a function of the
accelerating voltage by using the energy loss
formula derived from the power potential. The
results are in close agreement with both
experimental and Monte Carlo calculation of
Shimizu (1974) using a modified Bethe's energy
loss formula by Spencer and Fano (1954).
Consider an incident electron beam which falls
perpendicularly on a solid target. The number of
secondary electrons released is proportional to

1 Introduction

Secondary electrons are ejected from the
surface of an object by the electron beam which is
focused to a very small spot and is scanned over
the specimens. From these electrons, which are
collected and amplified, an integrated picture of
'ying intensities can be obtained and observed
on the cathode-ray tube which corresponds to the
scanning point on the specimen. To obtain high

resolution it is important to use specimen

vielding high secondary electrons and to optimize

operating conditions which will minimize thermal

damage.

Over the past several decades many authors have
analytically calculated the secondary electron yields
based on the elementary theory of secondary emission
mechanisms. Reimer(1968), Shimizu and Murata(1971)
and Shimizu(1974) have recently estimated the
secondary yields by Monte Carlo techniques.

e an ical treatments as well as Monte
useful to evaluate
the secondary electron emission mechanisms by an

Carlo calculations are very

electron beam impact. Since the Bethe's ener

the electron ener loss dE/dx. They arrive at
the surface by travelling a distance Il=x/cos 8,

) . - iy after exponential absorption by the target, and
to the penetration range of the incident electrons, vk N X iRl 7 SreE b
L 23 . ~ <rr 1QC4 CC QO are emitted from the target surface dL‘I‘\k,‘n\ilHL“ on
ond approximation formula (Spencer 1954,55,5¢ A

loss formula may be not enough to give the good
atisfaction with the experimental results related

he surface tr: coefficient (Sternglass

Berger § Seltzer 1964) for the energy loss has ; . - "
: ‘ Bfe 1950, 1957, and Kanaya and 1974) and the

been used for the Monte Carlo calculation by

mean ener secondaries The secondary

>himizu (1974). In our analytical treatments “B- <
(Ono and Kana 1974b), the secondary yields are L‘Ii,‘C’u‘_I‘l)II ) 5p due to the primary electron
culated as a function of the accelerating is: given by
olt by using the energy loss formula based on . K . (R,m/2 dE
the power potential in which the penetration range Op =4 5 Y L dBdx (1)
is in good agreement with the experiments over the
nergy range hundreds eV to several MeV (Young
1956, Holliday and Sternglass 1959, Glendenin 1948, where K is a constant which is determined
Cosslett and Thomas 1964a, 1964b, 1965, Seliger empirically and o the absorption coefficient.
1955, Wright and Trump 1962, Lonergan et al 1970 Assuming that the fractional distribution of
and Rester and Derrickson 1971). secondary electrons in a solid is simply expressed
One of the purposes of the present work as ig/ip=exp(-ax)=1/e, the absorption coefficient
leveloped from the theory of Ono et al.(1974a, b) a _CJH be determined by the absorption mean length
is to calculate the i e contrast and the of xy as
resolving power in the scanning cl‘u:tr()n o o . afs . i
microscope, based on the theory of Simon (1969) Xg=1/0=2.67A,1/p2 [A] (2)
and Everhart et al. (1959, 1972), by evaluating
the secondary electron emission yield as a where ig is the secondary emission “‘“”4(3"){‘%) the
function of the accelerating voltage. The other primary electron current. ) _ ]
purpose 1s to estimate the temperature-rise of the us,"" using the range-energy relat Lor'ishlvp.oi R=
specimen and determine operating conditions to Eg "‘l,k‘; and resulting ener relationship
rEnlucc the thermal damage in a scanning electron formula of
microscope ( ot ¢ 8777 n
microscope (Ono et al 1 ) TR 2
2. Energy dependence of secondary electron
emission d to primary and back 1t tered where y=x/R is the reduced range, the rate of
electrons T energy loss is then given by
Secondary electrons are emitted from a solid AR i k. n_ . L ‘
surface when primary electrons bombard the target. T i (Reg)I+n (1-y)" T+n ) (@5

The secondary yield, &, which is defined as the
ratio of the number of electrons emitted by the
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) with eq. (3)
p becomes

By substituting eq. (4 1iito eq. (1),

the secondary yield

Yy dzdy

(5)

where z=cos9 and B=aR. By introducing the new
iable r=(1l-y)?/ ™M) = the secondary yield §p 1s
expressed as
K s B 1
op = (5 )Eq) | exp{- =(1-rl* ) }dzdr. (6)
4 00 z
The secondary yield 8y due to the back-scattered
electrons can also be expressed as
143 1 1
K.. k- npa 1+ 714-,’- X _
Sg=N(5)Eq 3 expt-—(t~ n- ) ;dzdt (7)
) < K 0 Z

where n is the back-scattering coefficient and k
the relative energy of back-scattered as given by

Sternglass (1957),

k=0.45+2-1077z

or Eg =0.2~5.2 keV where 2 the atomic number.
lso, the energy spectrum of back-scattered

electrons confirmed by the experiments
(Kulenkampff and Spyra 1954, and Darlington 18
I secondary electron emission yield dyp
be calculated by using the back-scattered

h can be empirically formulated as

is

has been

)

can

the

‘hen

coefficient whicl

‘unction of the incident energy shown in
figure 1, comparing with the experimental and
Monte Carlo calculation by Bishop(1965,66), Wittry
(1966, 1967, 1970), Shimizu and Murata (1971) and

Shimizu(1974). More detailed calculations of n based
ona diffusionmodel have been shown in Section I-fig.l4.
Figures 2 and and

the total yield

5 show the yield 8, and dp,
> ) B>

8t of Au, W, Al and C as a

function of the incident energy E,, respectively.
T T LI llll T T T T llll’ T T T
7
1 | -
F Au 7:055 .
05F w-==-=—=% R —=—c=— —
H 72049 g
Al 4
_‘A .\
§\t\‘ 1
- -0.1
T === 7:063 E,O ¢
01 C~~___ |
X -
C \x\ ]
5 R -02 7
B T~ 7=0478E, n
. T | ek Dl A (O I | W) I
4 5
10 10 10 E, (eV]

Figure 1. The back-scattering coefficient n
the incident energy E,. [OAu,® W, AAl, X C; Wittry
(1966, 1967, 1970). Full lines illustrate bv
empirical formulations for the incident enc'rﬁg)'.]

versus
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The theoretical results based on the power and
exponential potential are compared with the
experimental results by Kanter(1961), Kollath(1956

and Wittry(1966) and Monte Carlo calculation by
Shimizu(1974); however, the yields in Au and W
be la 2 &l i

seem to rge because of the ass ion of
constant value,n
3, Energy dependence of resolving power
et oy CPPENDENLE DI ARGV AT

and contrast

Since the signal of secondary electrons
collected and amplified by the multiplier wher a
finely-focused beam bombards a point in the

used to control the !
tube and

tl
electrons leave the specimen is very

specimen suface is

on a cathode-ray
secondary

short compared with the time taken to move the
focused beam from one point to the next on the
specimen, then that time can be neglected in the
following calculation.
T LEREE AR T e e L R | LI B BB | 3 &
L 4

Secondary emission yield

due to primary electron ——
backscattered ~

(L R W PR T I ;
01 05 1 5 10
Figure Secondary electron 5 5
for the selected materials a : €
incident energy. The constant K of the materials
is used as 0.01 for Au, 0.014 W, 0.021 Al, and

0.016 C.

A\NC
Lo Lol 11 1111\111 o O o P
01 05 1 5 10 Eo (keV)
Figure 3. The total secondary electron yield 5t

a function of the incident energy E,.
Experimental points and Monte Carlo calculations;
Al, and X C by Shimizu (1974),

\u, 9 W, A, A
Kanter (1961), Kollath (1956) and Wittry (1966).




Interaction of

lhe number of secondary electrons N emitted
from the specimen surface by the number of primary
electrons n striking each picture element on t
5 1 urface is simply given by N=&n.
mitted from the
which corresponds to one picture

he
If all
specimen

~1men s

condary electrons
€ T element
collected and amplified by the multiplier, N

may be equivalent to the brightness B of that
picture element, so that the contrast of image C,
is written by

Cy = AB/B = AN/N, (8)

\fter Rose (1948), and Shockley and Pierce (1938),

the contrast AB/B can be expressed as(Everhart et al

AB/B = SN»'TPI/jt)/n, (9)

vhere -to-noise ratio, and n:Ig.‘,I‘F/
p that
(10)
)
where is the electronic , P® total picture
ements of the cathode-ray , Ip the current
of the incident beam, and total recording
time per one frame. Figure 4 shows the contrast
T T IITT'I—I'T T T 1][]['[ T T IIIIX.‘
2 ]
50 eP

1

2

o Y i
(1 6()} SN

B |
(%%e]
10 =

i 1g=10"'A , P=1000

w TF:GO Sec.. SN:5 ]
|
k il
] 1 1 Alllll‘ 1 1 Lllllll 1 1 ll!lll
1 5 10 VIkv]
sure 4. The contrast AB/B as a function of the
voltage V.
/B cti of a under
he lition of Ip=10 | scc.. and
the ‘eshold signal-to-noise ratio for the
coated films of C, Au 1 W
I'he incident Dbe cur s ican b XPresse
. B !
by using cq. (10) as
Ig=eP’(1+1/8)S; T (AB/B)?] (11)
L
Since the above current Ip produces the spot

diameter d , it can be obtained from the following
well-known relation as
Ip= /4)8d 0,2 (12)

Electron

91

Beam

where is the brightness of the electron beanm
source and is the aperture on the image
side. The minimum beam spot diameter which
corresponds to the resolving power d is presented
by Simon (1969) and P Nixon (1965),
depending on the brightness, spherical- and
diffraction aberration as given by

i

ease § mostly

where D*= (deSp’ I de

Bx

ie wave le the resolving power d

can be written by s ituting Q=1+1/8 and B=J;eV
(tep™Bz) into eq.(13) as

— / > 3
d = (8Cg/3v3)""" C,)°/ "1deP” (1+1/8)/ (m*BTg) 1"

where C; is the spherical aberration coefficient,

Je the emission current density on the cathode, V
the accelerating voltage, tey the absolute
temperature of the cathode, and B, the Boltzmann
constant. Figure 5 shows the resolvi 1
from eq. (1 a imction of el e
under the conditions of Cg=lcm, P“=

1als
by

mater of G,

Broers

and Tp=80 sec. for the coating
, (data used the

and W refer to results

1970 and Wells 1974), where V=6 (Acm Sstrad. "V

for tungsten hair-pin cathode, 40 for [.JB()

cathode and 800 for field emission gun,
spectively.

1. lemperature-rise of the specimen

Consider the temperature-rise

volume when the volume ma“R is bomb
electron beam during 1
diameter 2a penetrates the
N T T T T T7T !ll T T J l1 LRUR S
C 1.3 , 3 )
d d_[SCsu [ﬁ]z[z.ep (1'1/61)]8 J
I “13v3! Co m2 P Tr tcm)
(nm) _ §
W-hair-pin
10 = =3
5 [ 7
I Field emission |
1= E
. BIV[Acmi2strad V] TR
05 T W-hair-pin 6 1
L LaBs 40 4
| |[Field emission 800 i
P R e | T S| PR e |

05 1 5 50 V[kv]

Resolving power d as a function of the
us coating

Figure 5.

for v:

accelerating voltage V
materials in SEM.
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depth R, and the absorbed heat capacity in the

2 gy 9 <
volume ma“R most effectively influenced by the

electron beam bombardment can be expressed from

the well-known energy balance relation,
3Egta = Ta*R(B¢5-6y)pc4. 186, (15)

where IB is the total current on the specimen, Eg

accelerat voltage, R the

penetration

nee
nge

of the electron, &; the initial temperature of the
specimen and p and c¢ are the density and the
specific heat of the specimen, respectively. Then,
the temperature 8¢, is obtained under the
condition of as

= pcd.186). (16)

the other hand, the temperature-rise is

A > 2= =
y the energy loss in the volume ma°R of the
target bombarded, and the energy loss is given by
eq. I(22) shown in I-Fig.12.The temperature 6
of the volume when the energy E is absorbed
the volume ma“x is given by(Ono et al 1974a,b, 77)
. 2 o)
ta = IgEty/ (Ta“xpc4.186). (17)
Assuming that the heat generated at a heat pole
1s conducted in two dimensional directions, the
temperature 9(t) after the time t, which has been
reduced by the thermal condition, can be
expressed by the solution of the well-known
)l 5 (18)

3 is the thermal conduction coefficient (=
cp), Ao the thermal conductivity. The solution
(18) from r°=x“+y“ can be written by

)5 (19)

8(0) is the temperature for t=0.
differentiated with respect to the

Equation
time t

where
(19)

is written in the normalized form,
d{8(t)/6(0)} _, a? a?r?, o
L Lot e = = rexp (- ), (20)
dt Itz | Temeer Pt /o L2V

By assuming that the characteristic time tos giving
the maximum values can be determined from the

condition of

(t)/5(0) s

——— =0 21)
dt ; (el)
from ‘113/1~1»it:jn13r:/[l(,:»’::‘t3)=U and r=a, t, can be
obtained by
t,=a%/ (4x). (22)
The mean temperature g, _  of the volume which

c
corresponds to the bombarded area by the beam
becomes maximum comparing with the temperature 8¢

Ono

after a shorter or longer time t than the

characteristic time t,.

Consider the temperature-ri where the object
volume ma%x is bombarded by the electron beam
during the above time t,. The length of one line

R, scanned on the specimen is

of

7/ Mo, (23)
My is the magnification and Lepr th
of the cathode-ray tube. The scanning line time t;
1s

where

t, =

.= Tp/(2Ly), (24)

> and L,
The mean stored time
stored in

where Tp is the scanning time one f
the number of scanning lines.

t. which

per

is assumed to be the beam size

23 when a m 1s scanned on the specimen i:
ts =1t/ (R /2a) = (25)
The characteristic temperature ined as

the temperature-rise when the beam ﬁi:mh;n‘dml the
volume ma“x during the time t
the thermal conduction after the 5

temperature 6y, of the volume may be reduced to
3(2t,) by thermal conduction after the time 2t,.

be

may

as reduced by
time t,. The

The new temperature-rise :'td may result from the
residual energy after 2t, at the same time,
because the volume was under continuous beam
bombardment. Therefore, the temperature rq OF
the volume after the time 2 becomes
2ta (2ta)+0¢q (26)

Then, the temperature 8. of the volume
the time t_ can be given by

s = 0(fty)+ O(E-1)t, +--v-- +0(2t5)+6:,5, (27)
where f=t, ,» as 1illustrated in figure 6. Under
the condition of the thermal conduction in two

dimensions, the temperature 8(ft,) is given by

8/ ke 2q-3
(t]

ta Beam
A6l spot

I
5 85 =6(f1q)*BI(f-1ta)s

4 f= 's/(a

+8(2tq)+Btq s -~

(y,-%)

3
2
1 t
IiEee———
0
1

Figure 6. The schematic illustration of the
process of the temperature-rise 85 per volume
ma“x {=ma‘R(y,-y,;)! after the time t..

S




Interaction of

Therefore, the temperature

; ; s
be obtained

after the time t
O (fta) from

the summation of

form of

short compared

be in the

erature can written

egral because t, 1s very

practically,

gE/ (ma®x( Let r°/4K

)s, €q.(30) becomes the exponential

vhere dot=1{1I c4.186) sdt. be &,

t=U

£ and &/
integral form as

(31)
yiven by a
= -In( ) =Yoo tWgsove o 32)
tere Yo=0.57721, .=1°/(d4xtg). Figure shows
the temperature-rise of the volume ma“x in the

time t. as

the

E(x)

imens and C) during

(Au, W

the

spec

function of absorbed energy

I [}?1[), 1A, where E(x) expressed the absorbed
energy integrated as follows
X+ (x/2)
“E "k
E(x) =/ Ey
xg= (x/2)
1 T T T 1 T T T3 100 T T T ?
6sf  Au et W jef € x= 4
el el = o fsowa
} s01A) }uoo
1+ ¥ 1+ boo | g0l :053 a0
}soa te- h
. 103 }zoo -6
F } 100 o - :g 4 sec) 7
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-6
(R e + 01 4 1 E
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1 = A ~ = 1 1 1 A L.
10 20 50 E(x) (kev] 10 20 50 E(x) [kev) 10 20 50 E(x) [kev]
Figure 7. The temperature-rise 8. of the

volume
during

ma‘x in the specimen (Au, W and C)
the time tg as a function of t
E(x) integrated.
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10( I-(28) is used. SYMBOL TABLE

3 t - 5. of : o

S she che " temy ty rise 95 of a

specimen of volume wa°x in the case of 5 . secondary electron vield

elerating voltage V. And also

£ - N o . .
of a D and 6g : secondary yields due to primary
]

e L R T )
or ths case o electrons and back-scattered electrons,
( G = s
Al, Cu, ) respectively

maximum yield
5t and Jg : transmitted secondary electron
5 “onclusio yield and the secondary yield from the

2. L u ONS
) ) surface of a target for thin specimen
1 theo [ diffusion depth
both YC=XC ost probable energy dissi-
and pation depth
ry e Xg(yE=xg/R) : maximum energy dissipation depth
o rg(yp=rp/R) : backscattering range
infornation R : penetration range of incident electron
determining the beam
¥ N7, NB and np actions of electrons trans-
mitted, back-scattered and absorbed,
(7) respectively
mean free path for loss of a quantum of
energy h
V(r) : potential function
\ is illu 7 : atomic number
mum points in the im n : the degree of screening (n goes from 1
tends to to' =y
E(or Eo) : incident energy
(3 Eq : absorbed energy
caleulated 0\4. Eg : back-scattering energy
and heat pol»" o : tﬂtlll.:‘\L‘.llttCI‘iIlL‘, cross-section
found Ge elastic cross-section
in proportion to the inciden okl : total scattering cross-section due to
under bombardment . the loss of secondary electrons
i ia oTi p : scattering cross-section due to plasmon
- loss
S he coating H!mcl e 1 ¢ energy transter with the maximum value
conditions. The l T .
volume of specimen ) it b i 0% Lo
on beam becomes much N # the Dumber of PeD it veitine o
he temperature-rise of the the tangec
becaiss The { : atomic density
el e \(or A,) : atomic weight
rom the point of maximun : W denisation energy
= IiI suitably averaged ionisation energy
5 resolution and to reduce Ep nean energy of back-scattering electrons
the specimen, ion beam Y : a parameter involving the effects of
hiloh secondary diffusion loss due to multiple colli-
B sions for reflected electrons and
should be ¢ conditions energy retardation due to electronic
should be selected by estimating tl collisions ) .
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