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Shinjuku-ku, Tokyo, Japan 160 
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Abstract. Based on the energy retardation power formula concerning the penetration 
and the energy loss of an electron probc into solid targets, the secondary clectron 
emission yield 6 due both to primary and back-scattered electrons is derived as functions 
of three parameters such as atomic number Z,  first ionisation energy Zand back-scattering 
coefficient r, which are found to be in good accordance with the results obtained 
experimentally. 

Notable in such theoretical procedures are the maximum yield am and the primary 
energy E,,,, giving 

a m = . 0 ~ 1 2 2 ~ ’ ~ ~  1415 (1 + 1.26 r )  

for 

E,,,= 579 Z1j1j 1415 (1 + 5 ~ 9 ~ 1 5  (eV) 

which substantially agree with the miscellaneous experiments of many authors. 
The energy dependence of the yield-energy distributions, the yield of thin films and 

the lateral distribution of secondary yield at the distance from the centre of the beam 
are given as functions of the back-scattering coefkient and the primary energy. 

1. Introduction 

Many attempts have been made to explain secondary electron emission induccd by 
clectron bombardment qualitatively and quantitativcly since the work of Austin and 
Starke (1902). Recently, a considerable interest has arisen in the use of secondary 
electron emission from a solid target by  the bombardment of a finely focused and 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, the escape depth of secondary electrons, and the contribution of 
back-scattered electrons within a solid target. 

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), 
cascade 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 theories based on the 
electron range-energy power-law (the Thomson-Whiddington law) have been presented 
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by Salow (1940), Bruining (1954), Jonker (1952, 1954), Lye and Dekker (1957), and 
Dekker (1958). 

In the recent work, Kanaya and Kawakatsu (1972) and Dionne (1973, 1975) have 
developed 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 
Gleiidenin (1948), Katz and Penfold (1952), Lane and Zaffarano (1954), Young (1956), 
Holliday and Sternglass (1959), and by Cosslett and Thomas (1964). 

In this paper, an attempt is made to present a sufficient solution of the secondary 
electron yield of metals and semiconductor compounds except insulators, by applying 
the free-electron scattering theory to the absorption of secondary electrons generated 
within a solid target. For insulators, Kanaya et al (1978) have presented a sufficient 
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 and exponential forms as a function of a 
modified screened atomic radius for electron scattering (Kanaya and Ono 1976), the 
range-energy relationship of R = (EO/ER)~+~:?~ /CO,  with an incident energy EO of between 
1 keV and 1 MeV, is used as a fundamental equation, where n indicates the degree of 
screening (n goes from 1 to 00 as the accelerating voltage decreases), ER is the Rydberg 
energy and CO the range-energy coefficient 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. E,= 100-200 eV (Rauth and Simpson 1964). 

Since the resulting maximum yield 6, and the energy Em mainly depend on the range- 
energy coefficient of the primary beam CO and the absorption coefficient a, these can be 
given as functions of ionisation energy I, back-scattering coefficient r and the atomic 
number 2. 

2. Absorption coefficient a and escape depth sa 

The absorption coefficient 01 of secondary electrons generated within the solid target is a 
most significant factor in quantitative evaluation of the maximum yield 6, which is, in 
practice, measured with its corresponding incident energy Em. 

Suppose that the secondary electrons are distributed following the Lenard (1918) law 
after their dislodgement and satisfy the special case n = 4 of the power law in the first 
collision. 

Since their energy of most probable ionisation loss in the first collision is very low 
(Es= 100-200 eV, Rauth and Simpson 1964) compared with the primary energy EO> 
5 keV, the transmission fraction of secondaries is given by 

where is is the secondary emission current, io the primary beam current, N the number of 
atoms per unit volume, and ai is the total scattering cross-section due to the loss of 
secondary electrons. 

is/io = exp ( - Nuix) = exp ( - ax) (1) 
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Then, the total cross-section gi (for secondary emission) (Kanaya and Ono 1976) is 
given by 

gi = Xm2477Za2(E~/Es) In e) __ (2) 

where A d  is the constant determined empirically, a= 0 .77~~2-116  the screened atomic 
radius, a~ the Bohr radius of hydrogen, and n= 00 is assumed because the energy of 
secondary electrons is very low. The ionisation energy Es is ranged between 92 and 
235 eV for Al, Cu, Si and Au (Rauth and Simpson 1964), and it can be approximated as 

Es=nsI (3) 
where I is the first ionisation energy and ns, the constant, is taken to be ns = 20. 

manner to the diffusion model by Archard (1961), from &/io= l / e ,  is given by 
Accordingly, the most probable escape depth of secondary electrons x,, in a similar 

x,= 1/0l=2-67 A0Z/pZ2/3 (A) (4)  
where hm2=0.1 is used. A0 the atomic weight and p the density. Figure 1 shows the 
escape depth of secondary electrons x ,  as a function of atomic number Z,  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 increase in proportion to the energy loss, they are isotropically distributed in the 

I I I I I I 

100-  -Organic carbon - 

Figure 1. The escape depth of secondary electrons x ,  as a function of atomic number 2. 
x,= 267 AoZ/pZ2/3 A. 
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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 the secondary electron emission mechanisms from metals by electron beam 
bombardment, which have been developed by Jonker (1952, 1954) and Lye and Dekker 
(1957) and others, and Reimer (1968), Shiniizu and Murata (1971), Shimizu (1974), 
Ganachaud and Cailler (1975a,b), Ganachnud (1977), and Pillon and Ganachaud (1977), 
respectively. 

Suppose an incident electron beam falls perpendicularly on a solid target. The 
number of secondary electrons released is proportional to the electron energy loss dE/dx. 
They arrive at the surface by travelling a distance I=x/cos 0 through the material, and 
the secondary yield is given by Jonker (1952, 1954) and Kanaya and Kawakatsu (1972) as 

where K is the constant depending on the penetration of electrons. 
By using the range-energy relationship and the resulting energy retardation formula 

(Kanaya and Ono 1976), the secondary yield due to primary electrons a,, can be given by 

where 
A=aR=(al~o)(Eo/E~)l t ' l /"  and Ei(-x)= - 1; exp ( - t ) / t  dt 

is the exponential integral function. 
Most incident electrons are scattered through small angles as they interact with 

atoms. As the electron penetration increases deeply, the primary beam spreads in a 
Gaussian manner, as shown in a previous paper of diffusion model (Kanaya and Ono 
1978). Consideration of the back-scattered electrons becoines especially important 
because their maxima are ranged between 500 and 2000eV. According to Kanter 
(1961) the back-scattered electrons from the interior of the material follow a cosine 
distribution. Therefore the rate of energy loss and the path lengths of back-scattered 
electrons in the region of secondary escape are large compared with those of the incoming 
primaries. Thus the secondary electron yield cannot be disregarded when the back- 
scattering coefficient 7~ is relatively large. 

Consider the production of secondary electrons by back-scattered electrons, from the 
generalised case of primary electrons, the secondary yield due to back-scattered electrons 
SB is given by 

x A n / ( l + n )  [exp (-Ay)+AyEi( -Ay) ]  dy. (7) 
The total secondary yield 8 is then considered to be the sum of the primary and back- 

scattered electrons: 

8=6p+8Jj. (8) 
It can be simply expressed by 

S/[(K/2)(co/a)"'(l+")I =fd4 + ~ B ~ B ( A )  (9) 
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in which fp(A) andf~(A)  are the integrations in equations (6) and (7), respectively, and 
have maxima as shown in Kanaya et a1 (1978). 

Accordingly, the value of total yield normalised by the maximum yield S/S,, can be 
obtained as a function of E/Enl: 

a / S m =  vp(A) + YBfB(A)I/[fp(A) -k YBfB(A>lmax (10) 

for E/E"(A/A,)'~/('-''). For the sake of simplicity for the calculation, it can be 
numerically approximated as 

and 

where the back-szattering co2fficient r = [TB]y=1/2, where V B  is the back-scattering frac- 
tion with depth y = x / R ,  is uscd from the diffusion model (Kanaya and Ono 1978) as 

[fp(A) + TBfB(A)]max 0.365 (1 + 1 *26 r )  (11) 

A m  = (1 + 5r.2) (12) 

r-+(l -cos 00) 
with 

y = Q(n - I) (2 + l) /[n(n + 1)21'"] 

a=+ ( / y d C 2 + i T  /3*'4dR+- 742 

dQ = sin 0 d O/(l +COS O)l+l/n 

;! j::dQ) 

which is very close with the empirical result by Weinryb and Philibert (1964). 
Figure 2 represents the theoretical and experimental comparison of the universal 

yield-energy curve for the energy-dependent parameter 12, where the upper limit of the 
curve corresponds to the light element of the target and lower limit to the heavy element, 
respectively, and the yield increases as the back-scattering coefficient ' / i ~  increases. The 
energy and back-scattering dependence of the universal yield-energy curves are in good 
agreement with the experiments of Si, Ni and MO. 

1 

0.8 

E 0.6 
W 

W 
. 

0 . L  

1 I I I I I 
0 2 6 B 10 

E /E,  

Figure 2. The theoretical and experimental comparison of the universal yield-energy 
curve for the energy-dependent parameter n. 0 Si (Dionne 1975), 0 Ni (Knoll 1935), 
0 MO (Bruining 1942). 
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The value of the incident energy Em for which the maximum yield occurs is related to 
01 and C O :  

(Em/ER)l+l/?t = (C o/01)A m = (co/01) ( 1 + 5 ~ 2 )  (14) 

where Am is 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, = 500-2000 eV, and the empirical data for Au: Em = 
800 eV, r=0.45, 1=9*2 eV, then the characteristic energy E, is simply approximated as 

Em = 57.921'151W5 (1 + 5r2)4/5 (eV). (1 5 )  

On the other hand, the maximum yield 6, is given by 

T 
H 
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According to the empirical relationship Sm/Em leads to 

where K0=2*1 x 10-3 (eV-1) is closely fitted to Sm=1*5 for Au. 
Then, the maximum yield 6, is empirically given by 

Sm=0*12 2 1 / 1 5  1415 (1 + 1.26 r ) .  (18) 

Figure 3 shows the above calculated results, compared with experimental results 
(Dekker 1958, Seiler 1967, Kollath 1956, von Ardenne 1956, Gobrecht and Speer 1953), 
in which experimental points are made to accord with calculated results when the differ- 
ences are within 10 %. The physical properties of materials used in calculation is shown 
in table I, in which some of the data (as shown in parentheses) for the first ionisation 

Table 1. Maximum yield and energy of secondary electrons, and atomic properties of 
target materials. 

Atom Z I(eV) r Em(eV)(expt) S,(expt) &/Em (10-3 eV-1) 

Li 3 
Be 4 

B 5 

Graphite 6 
Organic C 6 
Na 11 
Mg 12 

A1 13 

Si 14 
P 15 
S 16 
K 19 
Ca 20 
sc  21 
Ti 22 
V 23 
Cr 24 
Mn 25 
Fe 26 
CO 27 
Ni 28 
cu 29 
Zn 30 

Ga 31 
Ge 32 
As 33 
Se 34 
Rb 37 
Sr 38 

5.4 0.07 240 (100-200) 
6.0 0.08 270 (200-300) 
(9 ' 27) 
10.9 0.08 450(400) 
(8 * 28) 
11.2 0.10 470 (300-400) 
4.9 0.10 240(300) 
5.2 0.19 290(300) 
7.0 0.20 370(300) 

8.0 0.20 420 (250-300) 

8.1 0.22 430(300) 

(7.61) 

(5.95) 

10.6 0.23 550 
10.4 0.25 560 
4.4 0.28 300(300) 
6.1 0.28 390 
6.6 0.29 430(300) 
6.8 0.30 440(300) 
7.2 0.31 470 
7.3 0.32 480 
7.4 0.32 500 
7.8 0.33 520(400) 
7.8 0.33 530 (400-600) 
7.6 0.34 530 (500-550) 
7.7 0.34 530 (500-600) 
6.5 0.35 470(200-500) 
(9.36) 
9.0 (6.0) 0.35 610 (300-500) 
7.9 0.35 560 (300-500) 
9.8 0.36 670 
9.7 0.36 670 (400-500) 
4.2 0.37 350(350) 
5.6 0.37 440(250) 

0.54 (0.47-0.55) 2.23 
0.61 (0.5-0.75) 2.24 

1.0 (1.0) 2.24 

1.1 (0.9-1.0) 2.26 
0.55 (0.45) 2.27 
0.66 (0.65) 2.27 
0.84 (0.8-0.9) 2.27 

0.95 (0.9-1.0) 2.26 

0.98 (0.9-1.1) 2.25 
1.24 2.24 
1.24 2.22 
0.65 (0.55-0.69) 2.18 
0.85 2.17 
0.92 (0.75) 2.16 
0.95 (0.75-0.85) 2.14 
1.01 2.13 
1.02 2.11 
1.04 2.10 
1.10 (1.1-1'32) 2.11 
1.10 (0'9-1'2) 2.08 
l.lO(1.0-1.3) 2.07 
1.11 (1.05-1.3) 2.08 
0.97 (0.9-1.1) 2.06 

1.27 (1.3) 2.07 

1.37 2.04 
1.15 (0.95-1.2) 2.06 

1.36 (0.6-1.3) 2.04 
0.71 (0.7-0'85) 2.02 
0.90 (0.75) 2.02 

47 
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Table 1 (cont.) 

Atom Z Z(eV) r Em(eV)(expt) Sm(exPt) Sm/Em eV-l) 

Y 
Zr 
Nb 
MO 
Tc 
Ru 
Rh 
Pd 
Ag 
Cd 

In 

Sn 
Sb 
Te 
c s  
Ba 
La 
Hf 
Ta 
W 
Re 
os 
Ir 
Pt 
AU 
Hg 

T1 

Pb 
Bi 
Th 

39 6.4 0.38 500(350-400) 1*00(0+75) 2.00 
40 6.8 0.38 530(350) 1*06(0'9-1*1) 2.02 
41 6.9 0.38 540(550) 1.07(1*1-1.2) 1.99 
42 7.1 0.38 550(400) 1.10 (1.1-1.2) 2.00 
43 7.2 0.39 560 1.12 1 *99 
44 7.4 0.39 580 1.15 2.00 
45 7.4 0.39 580 1.15 1.98 
46 8.3 0.39 640(G50) 1.27(1*3) 1.99 
47 7.6 0.39 600(700) l.lS(1.2-1.4) 1.97 
48 7.0 0.40 560(450-500) 1.11 (0.9-1.1) 1.97 

(8 ' 99) 

(5.79) 
49 7.1 0.40 570(500) 1.13 (1'3-1.4) 1.98 

50 7.3 0.40 590(500) 1.16(1.1-1.35) 1-97 
51 8.7 0.40 680(600) 1.34(1.2-.1*3) 1.97 
52 9.0 0.41 700 1-38 1 e96 
55 4.0 0.41 370 (300-400) 0.72 (0.5-0.76) 1.95 
56 5.2 0.41 460(400) 0*90(0*65-0.9) 1.95 
57 5.6 0.41 490(500) 0.95(0.80) 1.94 
72 7.0 0.43 610(460) 1*17(1*1) 1.91 
73 7.9 0.43 670(600) 1*29(1*1-1.35) 1.91 
74 8.0 0.43 680(700) 1.31 (1.05-1.4) 1.92 
75 7.9 0.43 680(900) 1.29 (1.30) 1.91 
76 8.7 0.43 730 1.40 (1.30) 1.92 
I7 9.2 0.43 170 1.47 1.92 
78 9.0 0.43 760 (700-750) 1.44 (1.35-1'7) 1.91 
79 9.2 0.45 800 (700-875) 1.50 (1.2-1'58) 1.88 
80 6.0 0.45 570(600) 1*06(1*05) 1.86 

81 7.0 0.45 640(650) 1.21 (1.4) 1.88 
(10 5 43) 

(6.1) 
82 7.5 0.45 680(500-700) 1*27(1.1) 1.86 
83 7.3 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 

Physical data refer to American Institute of Physics Handbook (Dieke 1963, Frederiltse 
1963). 

energy is corrected by the Snzithsoniarz Physical Tables (1954) as follows; for B, Al, Ga, 
In, T1 the corrected value is the first ionisation energy plus 1-2 eV, but for He, Be, Mg, 
Zn, Cd, Hg the first ionisation energy minus 2-3 eV, and for the organic carbon the 
resonance potential of graphitised carbon is adopted. 

For semiconductive compounds of the composition (Z1),(22) in the similar treatment 
of Hohn and Niedrig (1972) it is assumed that the secondary yield of compounds is pro- 
portional to the atomic composition and the following relationships can be derived : 

1 
P + 4  

6m=-- (p 61,+q 62,) 

and 

where 21 and Z2 are the atomic numbers of the constituent elements in the compound, 



Energy dependence of secondary electron emission 627 

Table 2. Maximum yield and energy of secondary electrons of semiconductive com- 
pounds, and its atomic properties. 

~~ 

c u z o  7*7(CU) 
13.6 (0) 

PbS 7.5 (Pb) 
10.4 (S) 

MoS2 7.1 (MO) 
10.4 (S) 

Moo2 7.1 (MO) 
13.6 (0) 

WSz 8.0(W) 
10.4 (S) 

Ag2O 7*6(Ag) 
13.6 (0) 

~ 

0.34 (CU) 
0.15 (0) 
0.45 (Pb) 
0.25 (S) 
0.38 (MO) 
0.25 ( S )  
0.38 (MO) 
0.15 (0) 
0.43 (W) 
0.25 (S) 
0.39 (Ag) 
0.15 (0) 

570 
(450) 
600 

590 
( 5 0 0 )  

1.18 2.14 
(1 '19-1 '25) 
1.26 2.03 

(1.2) 
1-19 2.14 

(1.10) 
1.25 2.18 

(1 09-1 '33) 
1.26 2.10 

(0.96-1.04) 
1.23 2.07 

(0.98-1 * 18) 

respectively. Table 2 shows the maximum yield and the primary energy of secondary 
electrons of semi-conductive compounds, compared with experiments, which are calcu- 
lated by the above procedures. 

5. Angular distribution of secondary electron emission 

The angular distribution of the emitted electrons can be obtained by the aid of the 
calculation of $3. Let a part of the secondary electrons dislodged in a part of dx on the 
path of the primaries travel to the surface along the line 1 under an angle 6. To reach the 
surface the secondaries must travel a distanc: l=x/cos 8. Then, the secondary yield 
SP(8) due to primary electrons emerging in the direction 1 under an angle 6 leads to 

Then, 8,(6), and 8B(e) due to back-scattered electrons can be written as 

where 
A0 = A/COS 6 = (a /co)(Eo/E~>~+~/n/co~ 8. 

6. Effect of incident angle to secondary yield 

The calculation of 8(v) can be extended to the case where the primary beam strikes the 
surface under an angle Y to the normal. Secondary electrons dislodged at a point x on 
the path of the primary electrons in the material will then be located at a distance x cos v 
from the surface, so that in the above calculation x has to be replaced by x cos v and the 
absorption factor becomes exp (- a x cos V / C O S  e). 

If the new variable A ,  = (a cos (Y) /co) (Eo/ER)~+~/~  is substituted in equation (9), 



628 S Ono and K Kanaya 

6(v) is given by 

Then, the secondary emission yield 6m(v) and its maximum Em(v) normalised as a func- 
tion of the incident angle v of primary electrons become 

In scanning electron microscopes, as shown by Oatley et aZ(1965), an oblique illumina- 
tion is very effective to collect secondary electrons satisfactorily, since too small secondary 
electron currents are subject to statistical quantum noise 

7. Secondary electron emission yield transmitted 

For a thin specimen with thickness d less than the penetration range R ,  the secondary 
electrons due to the electron beam bombardment on to the specimen are ejected from 
both surfaces, as has been recently investigated by Llacer (1968) and Jahrreiss (1972). The 
secondary electrons transmitted through the material follow the similar manner described 
in $3. Then, froin equation ( 6 )  the transmitted secondary yield 6t is given by 

+A(yd-y)Ei[-A(Ud-y>l} dy (24) 

where yd = d/R. And, moreover, the secondary yield 6, from the surface of target for thin 
specimen with thickness d can be given by 

6,=(K/2)(co/a)n/(l'?~) -- ( 1  -y)-l/(l+n)An/(l+n) I: ex P ( -Ay)+AyEi(-Ay)l  dy. 11 1 T n  
(25) 

Figure 4 shows the comparison with the secondary yield 6t and 6, for the specimen 
thickness d= 50 and 100 A, where the parameters, n and CO given by equations (3) and ( 5 ) ,  
respectively, in the paper of Kanaya et al (1978) and as a function of A ;  A =(a/co) x 
(EO/ER)lflln. It is found that both yields of 6t and 6, have maxima as a function of the 
incident energy depending on the penetration range and escape depth, which can be 
successfully interpreted by using Am in equation (12). In the case of a gold target, for 
example, Am=2 calculated by equation (12) with r=0*45 is in good agreement with the 
calculated ratio R/x ,  (=Am=aR)=2; for this target, R=30 A and x,= 14 A at Em= 
800 eV. If the specimen for a scanning electron microscope (SEM) is thin enough and can 
be mounted to collect secondary electrons from both sides of the specimen surface, it 
may be a useful method for increasing the number of secondary electrons or for increas- 
ing the contrast of SEM images at the certain incident electron energy in which the maxi- 
mum yield (&+&) occurs. As shown in the curves of 6, for Au and A1 targets, these 
theoretical curves 6, are closely in agreement with experiments 6 of Thomas and Pattinson 
(1970) for Eo < 1.5 keV, and for Eo > 1.5 keV the experimental 6 become larger than 
theoretical 6, because the yields are dependent on the reduced depth, Yd = djR, of the 
film thickness d and the penetration range R in equation (24). 
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c 
t 

E, ( k e V )  

Figure 4. A comparison between the secondary yields 6t and Ss for the thicknesses 
d=50 and 100 A. Experiments of 6 for thick targets ( A  Au; A W; 0 Al; x C, by 
Kollath 1956, Kanter 1961, Wittry 1966, Thomas and Pattinson 1970, Shiniizu 1974) are 
plotted for a comparison with the theoretical curves of 6t (d= 100 A). Calculated curves 
are drawn by - Ss for d= 100 A, ---- 8t (d=100 A), and -.- 6t (d=50 A). 
Ss (d= 50 A) is smaller about 5-10 than the value of ss (d= 100 A) for EO < 2 keV. For 
Eo3  5 keV the difference between & (d= 100 A) and Ss (d= 50 A) is very small. 

8. Lateral distribution of secondary electron emission 

The secondary electron yield 6(z) ejected from the surface at a distance z from the centre 
of the primary beam can be considered in similar manner. From the geometrical relation 
to the travelling distance I of secondary electrons given by 

l=ax/cos 0 = a R y ( 1 +  tan26)1/2 

with tan 0 = z/x, the absorption term of secondaries can be derived as 

exp ( - ~ X / C O S  0) = exp [ - aR( y 2 + (z/R)2)1/2]. (26) 

Accordingly, the secondary yields 6,(z) and SB(Z) due to primary and back-scattered 
electrons, respectively, are given by 

x exp { -aR[y2+(z/R)2I1/2} dy 

x exp { - a R [ y 2 i - ( ~ / R ) ~ ] ~ / ~ }  dy. 
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Figures 5(a) and (b) show a comparison of the lateral distribution of secondary electrons 
~ ( Z ) = ~ , ( Z ) + ~ B ( Z )  for A1 and W targets, respectively, of thicknesses d =  50 and 100 A. 
These lateral distributions of the secondaries are important to determine the ultimate 
resolving power of the SEM. The distribution for A1 target is broader than the distribution 
for a W target, in spite of the fact that I' for AI is smaller than for W (v=O.2 for A1 and 
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Figure 5. (a) The lateral distributions of secondary electrons for (a) AI and (b)  W target 
for thicknesses d= (-) 100 and (---) 50 A. 

0.43 for W, respectively, calculated from Kanaya and Ono 1978), because the contribution 
of the back-scattered electrons for thin films may be very small. It is found that the con- 
tribution of the escape depth of secondaries is dominant for the sharp lateral distri- 
bution, 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 that the 
yield of 8(z) for A1 target in the thickness d= 50 A have a maximum yield at about 
20 keV, relating with the film thickness and the escape depth of secondary electrons 
(x,=38 A for Al). 
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(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-conductive compounds is developed in terms of 
the ionisation loss in the first collision for the escaping secondary electrons. 

(2) The maximum yield and the corresponding primary energy can both consistently 
be derived as functions of three parameters : atomic number, first ionisation energy 
and 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. 
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