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A novel approach is proposed for a construction of data base for the secondary electron emission which is

described by the equation

S(E,) =k jjm—ﬂ exp(- 0z) dz -

P

where K and o are the secondary emission coefficient and absorption coefficient, respectively, to be derived
for thedatabase. E, isthe primary energy of incident electrons and [dE/ dz]EP the energy dissipation with
respect to depth which isto be obtained from Monte Carlo calculation.

This approach is based on the use of theoretical secondary electron yield, 5(EP) , to derive and by
comparing with experimental secondary electronyield, &, (Ep). Usudly, 8(E, ) ischaracterized by thetwo
physical quantities, the maximum of secondary yield, ¢,,, and the primary energy E which provides g, i.e.,

5m = J(Em) )
another.

These physical quantities, K, «, J,,, and E,, have been believed to be independent of one

The present study, however, has revealed that « and E_,are closely correlated, enabling us to derive and
by comparing &(E;, ) with either experimental &, (E) or aset of experimental valuesof &, andE, . A
preliminary construction of a data base of (k, 0{) for 25 materialsis presented.

1.Introduction
The secondary electronyield, §, the average number of
secondary electrons per number of primary electrons, is de-

scribed by asimple equation [1,2],
exp(—az) dz : @

5(&):@5[3—1

where [dE/ dz] e, isthe energy dissipation with respect to
depth of an incident electron of primary energy E,. o is
the absorption coefficient which was used by Bruining in
the theory of secondary electron emission [2] and has been
widely used in studies of secondary electron emission since
then [3], to describe the probability of secondary electrons
generated at the depth, z, to emerge from the surface. k is
the secondary emission coefficient, that describes the effi-
ciency with which energy dissipated in a layer, dz, at the
depth z is converted to generation of secondary electrons.
So, k and &x may be regarded as such materid constants such
asthe Richardson constant and the work function in thermi-
onic emission [4]. Precise knowledge of the set (k, ),
therefore, allows a Monte Carlo simulation approach to de-
scribe the secondary electron emission with considerable
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guantitative accuracy for various boundary conditions of
practical importance for scanning electron microscopy
(SEM), in particular, critical dimension (CD)-SEM [5].

The question may arise asto why the absorption coeffi-
cient, ¢, has been used here even though the inelastic
mean free path, 4,4, has been widely used in surface
electron spectroscopies [6], e.g., Auger electron spectros-
copy (AES), X-ray photoel ectron spectroscopy (XPS) etc.
The reason isthat a secondary electron undergoing inelas-
tic scattering processes still has the possibility to remain as
a secondary electron because the energy spectrum of the
secondary electrons spreads over the energy region from 0
to ~50 eV [7]. Furthermore, those secondary electrons with
higher energies often cause a collision cascade of second-
ary electrons leading to the generation of other secondary
electrons with lower energies. The concept of an absorp-
tion coefficient or itsinverse, %, is, therefore, not assimple
as the case of the inelastic mean free path which describes
the attenuation of signal electrons, where the decay of sig-
nal intensity issimply described by exp(—s/ 4,4 ) With s
being the path length.

Despite the fundamental importance of understanding
secondary electron emission, only very few experimental
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datafor o have been reported so far, probably due to the
|aborious task to obtain the absorption coefficient in experi-
ment. Seiler and Staerk [8] measured the decrease of sec-
ondary electron intensity by irradiating a Cu-specimen sur-
face with an electron beam, which resulted in the growth of
ahydrocarbon film on the specimen with increasing irradia-
tion time. They estimated the inverse of absorption coeffi-
cient for the hydrocarbon as ¢ ~* (hydrocarbon) =10 nm
from the decay curve of the secondary electron intensity
plotted as a function of the hydrocarbon film thickness.
Bronshtein and Segal [9] have also reported a systematic
investigation of « by plotting ¢ as the ordinate and the
backscattering coefficient, 77, as the abscissa, a so called
J — 17 curve, by depositing one material onto a substrate of
another material.

Since the experiments to obtain the absorption coeffi-
cient are laborious, extensive work can hardly be expected
even though up-to-date data on ¢ has been attracting re-
viewed attention from industry, in particular, plasmadisplay
panel (PDP) manufactures. In contrast to o, experimental
measurements of 5exp (EP ) have been reported continu-
ously [10]. Hence, if the absorption coefficient can be de-
rived from &, (Ep ), the absorption coefficients for mate-
rials of practical interest can be determined more easily.

In this paper, we propose a novel approach to derive the
absorption coefficient, ¢, and then, the secondary emis-
sion coefficient, k, from comparisons of with theoretical
O(E, ) valuesobtained from Monte Carlo calculations. The
secondary emission yield is characterized by the two physi-
cal quantities, the maximum secondary yield J,,, and corre-
sponding primary energy E_ [10]. Verification of the ap-
proach and its application to 25 materials as a preliminary
construction of a data base of (a, k) are presented. It is
also noted that a similar attempt to describe the secondary
electronyield asafunction of E, and atomic number Z for
44 elements has been reported by Lin and Joy [11].

2.MonteCarlocalculation

First, aMonte Carlo calculation was performed to obtain
[dE/ dz]E . The model is based on the use of screened
Rutherford formula and Bethe's stopping power equation
asfollows[12]:

The elastic scattering process is described by

do_1(z¢) 1
dQ 4 mv? ( @ ’

sn42+y§j )

2
otk g 20
° 2mv 0.885a, -

m, v and @ are mass, velocity and polar scattering angle
of an incident electron, respectively, a, is the Bohr radius

and Z theatomic number of the target atom.

Bethe's equation in the continuous slowing down ap-
proximation with Joy’s correction factor [12] to describein-
elastic scattering is

dE_ 27" pN,Z | 1166E . ]

z B A J 140852
E

J=9.76Z +5882°%* for Z=>13 )

J=115Z for z<12

where the mean ionization energy J inthe original Bethe's
equation wasreplaced by J" [13] which allows usto extend
the equation to the energy range below 1 keV. Z, A, p
and N, aretheatomic number, atomic weight, density and
Avogadro number, respectively.

Then, [dE/ dZ]EP was cal culated for different primary
energies under the boundary condition corresponding to
the experiment asseenin Fig. 1. J(E,, ) is, then, calculated
for different values of ¢ to find the best fit value of the
absorption coefficient, ¢, by comparing with the relevant
experimental &, (Ep ).

Note, the comparison has revealed that these exists a
very close correlation between ¢, and E,,. This suggests
the possibility that one can find a best fit value, &, which
provides [Em]MC , agreeing well with the experimental

[Em]exp . It has long been believed that E  and o are
independent each other. Actualy it has turned out that they
are closely correlated to each other.

Once the best fit values of absorption coefficient, ¢, is
obtained, one can, then, finda k — value, k,, which satis-
fies

- | dE
o0, =k, IO [E} _ exp( —a,z) dz . (4

Thevaluesof k, and a," thus obtained are listed in Table
1 and compared with the experimental results, a;xlp , pub-
lished sofar [9].

3. Resultsand Discussion
3.1Universal curveplot

Baroody [14] proposed the universal plot,
5(Ep)/6,, versus E,/ E,, curve for various E,, where

he presumed
S(Ep) = K| ‘”{d—E} exp(—oz) dz . ®)
0 dz |,
0., isthe maximum secondary yield to be obtained at pri-
mary energy E, =E,,i.e. 5, =5(E,,).

Among the physical quantities k, ¢, §,, and E,, , the
present work has revealed that there exists avery close cor-
relation between ¢ and E,, which have long been be-
lieved to be independent of each other. This, therefore, en-
ables ¢ to be obtained from E, by comparing theoretical

- 201 -



Journal of Surface Analysis Vol.13 No. 2 (2006) pp. 200 - 205
T. lyasu et al. Construction of a data base for secondary electron emission by a novel approach based on ...

_I_loonm

u
v &

Fig.1 Trajectories of incident electrons of 1keV in a Cu target. The energy dissipation in-depth is also depicted.

Tablel Comparison of theoretical absorption coefficients, o, with
experimental values, aex<9).

Material o, (nm) o, (nm) K,
Be 11 0.7 0.017
Ag 14 1 0.01
Pt 0.4 0.7 0.086
Bi 0.8 0.8 0.027

S(Ep) valueswith experimental &, (E, ) measurements
or more directly with the experimental E__ .

According to the experimental universal curve plot pro-
posed by Baroody [14], theoretical universal curves were
obtained from Monte Carlo calculations for Be, Ag, Pt and
Bi. Results are depicted in Fig. 2. All of the 5/5mverws
Er /E,, curves for each element plotted for different val-
uesof ¢ overlap each other, forming almost asingle curve.
In other words, all the curve plotted for different ¢r values
depicted for each element in Fig. 2 are represented by a
singlecurvein Fig. 3. Thisstrongly indicatesthat ¢ isvery
closely correlated with E,, suggesting that ¢ can be de-
rivedfrom E, by using [dE /dz]E which is obtained from
Monte Carlo calculations. F

The difference in the shapes of the curves for the four
elementsin Fig. 3 can be attributed to the Rutherford scat-
tering formula not being a good approximation to describe
elastic scattering for heavier elementsin the low energy re-
gion below 1keV [15]. A systematic M.C. calculation based
on the use of Mott scattering cross-sections has provided
better agreement among the curves for different elements
including the above four elements, which are then repre-
sented by a single universal curve more reasonably [16].

Consequently the results shown in Fig. 2 indicate that
the present approach describes JeXp (EP) sufficiently for
the derivation of ¢, and K, from the database of ¢, and

E,, which has been published [17] so far for a number of
materials of practical use.

3.2 Preliminary construction of data basefor (k, o)
Sinceaset of ¢, and E_, has been reported [17] for
number of materials, we have applied the present approach
for these materialsto derive k, and ;" Theresultsare
listed in Table 2, in which up-to-date data for TiO, are also
presented. It is found that o;* values are around 1nm or
lessexcept for afew metalswhich areliableto being oxidized
under the experimental conditions of insufficient high
vacuum. In fact, this was the situation when these measure-
ments were performed. Hence, ;" values of these metals
are probably not so accurate as those of the other materials.
The &, valuesiin Table 1 may, therefore, lead to the
common feature that the ;" values are around 1nm or less,
with most between ~1 and ~0.5 nm though thisfinding calls
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Secondary electron yield (a.u.)

Secondary electron yield (a.u.)
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Fig.2 Theoretical o (EP ) obtained from Eq.4 for different values of absorption coefficient: (a)Be, (b)Ag, (c)Pt and (d)Bi.
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Fig.3 Theoretical universal curve plot as a function of absorption coefficient for Be, Ag, Pt and Bi
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for more systematic investigation to obtain more reliable
datafor E, and J,, with modern surface analytical instru-
ments before construction of the data base of k, and «,,.
Since measurements of J,, and E, with modern surface
analytical instruments should be easier than in the early
days of secondary electron emission studies, the construc-
tion of adatabase of k and & isnow becoming attainable.

As an example of this proposal, experimental results for
Ti and TiO, have recently been obtained by the authors[17]
under the same experimental conditions. The results clearly
indicate that the &z, valuefor TiO, islarger than that for Ti.
This supports the idea [3] that the escape depths of the
secondary electrons in insulators and semiconductors are
longer than those for metals because the interaction with
conduction electronsis much smaller.

4. Summary
The present paper reports abasic study of the secondary
electron yield described by
exp(—az) dz : ©)

o),

We proposed anovel approach to derive two physical quan-
tities of practical importance, i.e. the secondary electron
absorption coefficient ¢ and the secondary emission coef-
ficient k. Theresults are summarized asfollows:

(2) A study of Eq. 5 led to the finding that an intrinsic corre-
lation does exist between ¢ and E_ .
(2) Based on this finding, we proposed a novel approach to
derive the absorption coefficient o and the secondary
emission coefficient k from adatabase of J,, and E, by
using the energy dissipation with depth [dE/ dz]E which
is obtained from Monte Carlo calculations. i

(3) Once adataset (ryand K,) for aspecific material of
practical interest is provided by the present approach, one
can extend the quantitative calculation of secondary elec-
tron emission under different experimental conditionsof prac-
tical use, e.g. different primary energies E, and angles of
incidence @ of primary electron beam by using

5(E,.6)=K, j:[‘;—i

where [dE/dz]_, can easily be obtained from Monte Carlo
calculation with sufficient accuracy. An application of Eq.
(6) for critical dimension (CD) SEM has been under examina-
tion to find the best choiceof E, and @ for eliminating the
charging up effect, and the result will be published shortly.

exp(-¢,2) dz ™

p.0

Table2. Theoretical absorption coefficient and K values obtained
from Eq.4 after 5m and Em are determined by comparison with
experimental data from references (10) and (17).

pema || S
coefficient

o, (nm) o, E,(eV)

Be 11 0.017 0.5 200
Mg 19 0.012 0.95 300
Al 13 0.014 1 300
Si 10 0.024 11 250
Ti 0.5 0.046 0.9 280
Fe 0.5 0.048 13 400
Co 11 0.011 12 600
Ni 0.8 0.017 13 550
Cu 11 0.011 13 600
Ga 12 0.017 1.55 500
Ge 12 0.013 115 500
Zr 04 0.093 11 350
Ag 14 0.010 15 800
Cd 0.5 0.047 11 450
Sn 0.9 0.024 135 500
Sb 14 0.014 13 600
Ba 14 0.015 0.8 400
04 0.070 14 650

Pt 04 0.086 18 700
Au 0.7 0.022 14 800
Hg 0.6 0.036 13 600
Pb 0.5 0.048 11 500
Bi 0.8 0.027 12 550
Th 13 0.012 11 800
3, E,(eV) o, (nm) k
TiO, 12 260 07 0.028

From reference (17)
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