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MONTE CARLO SIMULATION OF SECONDARY ELECTRON EMISSION
FROM THIN FILM/SUBSTRATE TARGETS

K. Murata®, M. Yasuda and H. Kawata

Department of Physics and Electronics,
Osaka Prefecture University, Sakai, Osaka, Japan

(Received for publication March 5, 1996 and in revised form July 26, 1996)

Abstract

We have developed a Monte Carlo simulation model
of secondary electron emission from thin film/substrate
samples, taking into consideration their exact boundary
condition. First, the validity of the model is checked in
comparison with the experimental data reported such as
the secondary electron emission and backscattering
yields from thick Al, thick Au targets and Al thin films
on a Au substrate, the energy distribution of secondary
electrons, and the contribution of backscattering to the
secondary electron emission yield. The agreement is
relatively good. Next, we have applied the model to the
secondary electron emission from Au films on an Al
substrate. It has been found from the calculated results
of the spatial distribution of secondary electrons that the
Au film coating increases the background intensity and
deteriorates resolution in the secondary electron image
formation.

Key Words: Monte Carlo simulation, secondary elec-
tron emission, thin films on substrates, the spatial distri-
bution of secondary electrons, backscattering contribu-
tion to the secondary electron yield.
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Introduction

Theoretical studies on secondary electron (SE) emis-
sion have been done by many authors. Among those
studies, Monte Carlo simulation is very useful for study-
ing the SE image formation in the scanning electron mi-
croscope because effects of electron diffusion are signifi-
cant in complicated sample structures. Various Monte
Carlo models have been proposed by many researchers.
These models are classified typically into two types.
One 1s based on the phenomenological treatment which
assumes that the number of SEs generated is proportion-
al to the energy deposited in a surface layer and that
their escape probability is determined by the exponential
decay, including the averaged inelastic mean free path of
the electrons (Shimizu and Murata, 1971; Murata, 1973;
Joy, 1984). The other is based on the cascade model,
which tracks each electron generated by electron-electron
collisions (Ganachaud and Cailler, 1973, 1979; Koshi-
kawa and Shimizu, 1974; Kotera et al., 1990a,b; Ding
and Shimizu, 1996). The latter model is more realistic
than the former. With the cascade model, some authors
studied the SE image formation for various types of
samples such as bulk samples, samples with a sharp
edge, and step shape samples, etc. Koshikawa er al.
(1974) investigated the energy distribution of SEs
emitted from Be films of various thicknesses on Cu sub-
strates with the cascade model. They assumed that the
ratio of the excitation probability in Be and Cu is pro-
portional to that of the SE yields for both the materials,
and the inelastic mean free paths and the surface barriers
are the same for both Be and Cu. However, more exact
studies have not been done yet for samples with the thin
film/substrate configuration with this model. The model
is useful for a study of the SE image formation of thin
film coated samples to prevent the charge-up effect.
Also, it is useful for a study of the detectability of
monolayers deposited on a substrate (for example,
Ichinokawa et al., 1981; Harland ez al., 1987).

In the present paper, we develop a Monte Carlo
model of SE emission from thin film/substrate targets,
taking account of the exact boundary condition and
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applying it to the SE emission from Al film coated Au
and Au film coated Al samples. The model is basically
the same as those published by Koshikawa and Shimizu
(1974) and Kotera et al. (1990a).

Monte Carlo Simulation Model

Modeling for elastic scattering and energy losses of
the primary electron

A regular Monte Carlo simulation model is used for
electron behavior of primary electrons in solid targets.
A brief explanation is the following. An incident elec-
tron goes straight into a solid target. After passing a
free path As, the electron suffers an elastic scattering
event and then is deflected through an angle which is de-
termined by the differential elastic cross section do/d{}.
The free path is calculated by using a uniform random
number R as follows:

As = -Adn(R), 1)

where A is the mean free path for elastic scattering.
The value of A is given by

Al = ¢ = {pN,/A}0, )
where 0'°": the total cross section for elastic scattering,
A: atomic weight, p: the density, N,: Avogadro’s num-
ber and ¢: the elastic scattering cross section per atom.
The Mott cross sections are used for elastic scattering,
which are given in a table as a function of energy (see
Kotera et al., 1981a,b).

An energy lost during traveling the free path 1s cal-
culated by the following modified form of the Bethe law,
which is proposed by Joy and Luo (1989):

{-dE/ds} = {2me*oN, / AE} -

Z{In[1 + (1.166E/1)]}, 3)
where E: the primary electron energy, e: electron
charge, Z: the atomic number and J: the mean ionization
potential. The primary electrons are tracked until their
energy slows down to 100 eV. The numbers of simu-
lated trajectories are typically 5000 ~ 10000.

Modeling for true secondary electron emission

A cascade model of SE emission is similar to that
proposed by Kotera et al. (1990a). But we introduced
the average emergy, €, required to produce one SE.
Namely, the energy loss is calculated in a step of the
primary electron, divided by the value of ¢ and then the
number of SEs generated is obtained. The value of ¢ is
determined so that the calculated maximum SE yield
matches to the experimental ome. The position of
generated SEs is assumed to be uniformly distributed
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along the electron path, and an emission angle is also
uniform.

An energy, E_, of the generated SEs is determined
by the following Streitwolf formula (1959), which gives
the energy excitation function for metal electrons bom-
barded by a primary electron beam.

SE) = {'k} / (37EL(E, - Ep?), (@)
where e: electron charge, kp: the Fermi wave vector,
E,: the primary electron energy, Eg: the Fermi energy.
The function S(E,) can be used as the probability func-
tion to determine an energy, E, of generated SEs. Lim-
iting the SE energy between E_ and Egp = Ep + ¢, the
energy of the SEs is obtained by using a uniform ran-
dom number R.

E; = {REF - BEspb} / {R - B}, &)
where B = (E_ - ER)/(E, - Espb) and ¢: the work func-
tion. We assumed E. = 100 eV. Thus, the electrons
with energies less than 100 eV are handled by the cas-
cade model.

The generated electron of energy E, interacts with
a conduction electron and scatters down in energy from
E, to E’, resulting in production of a SE with the energy
of E". For calculations of this energy separation, Kosh-
ikawa and Shimizu (1974) made use of the Wolff theory,
which assumes spherically symmetric scattering in the
center-of-mass system, taking into consideration the
Pauli exclusion principle. According to their modeling,
the energies E’ and E" of scattered electrons and the
scattering angle 6 are given by:

E’ = ER!? = E_cos’f

E" = Egsin®, (6)
where E, is the secondary electron energy before colli-
sions and R is a uniform random number.

The inelastic mean free path of the secondary elec-
trons is calculated by using the following empirical for-
mula derived by Seah and Dench (1979):

A = 538a(E, - Ep)? + 0.41a%(E, - Ep)'?, (7)

where a is the monolayer thickness in nm, given by

a3 = {A/pnN,}10%*, (8)
where A: the atomic weight, n: the number of atoms in
the molecule, N,: Avogadro’s number and p: the den-
sity in kgm™. This equation is also used in a hybrid
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Electron

Film

s By Substrate

Figure 1. A schematic diagram showing the treatment
of electron scattering at the film/substrate boundary.

model of the exponential decay law and cascade process
(Luo and Joy, 1990).

Secondary electrons with energies between 0 and 50
eV are assumed to be the true secondary electrons.
Thus, electrons with energies above 50 eV reflected
from the sample surface are the backscattered electrons.

Note that the above model does not include the indi-
vidual scattering processes of plasmons and inner shell
excitations, and the angular distribution of SEs due to
elastic scattering with nuclei.

These definitions yield the following relation:

ot = Otrue T M ®

where §,.,: the total SE emission yield, §,,,.: the true SE
emission yield and 7: the backscattering coefficient.
The work functions and the Fermi energies used
here are 4.25 eV and 11.80 eV for Al and 4.25 eV and
5.51 eV for Au, respectively, which are the same values

as those by Kotera et al. (1990a).
Modeling for film/substrate targets

Since the mean free paths are usually different be-
tween a film and a substrate, a special consideration has
to be taken for the scattering process. The exact treat-
ment for such boundary has been already published be-
fore (Hawryluk e al., 1982; Honguchi er al., 1981;
Murata er al., 1987). As shown in Figure 1, when the
free path of the primary electron, which is generated in
accordance with eq. (1), exceeds the boundary, a new
free path has to be determined at the boundary B, (n =
0, 1, 2,...) according to the following equation by using
the same random number generated initially.

true
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1.0
Ep (keV)

Figure 2. Comparisons of the true SE yield between
Monte Carlo simulation and experiment by Thomas and
Pattinson (1970) to find an energy € required to generate
one SE. The value of ¢ is found so that the peak value
matches with the experimental one.

As = AOF - A\HD) + In(R)} (10)

where A\ and A, are the mean free paths in the film and
in the substrate, respectively, 1 is a distance from the
starting point of the step to the boundary and R is a uni-
form random number. This process is repeated whenev-
er an electron crosses the boundary between the film and
the substrate. When the electron goes from the substrate
to the film, A¢ and A  have to be replaced with each oth-
er. The same treatment is done also for SEs.

Another thing to be considered when the electron
crosses the boundary where there is a potential differ-
ence between both regions is the reflection or the refrac-
tion of the electrons. When the primary electron is inci-
dent on the target at an incident angle of «, the electron
is refracted and goes toward the direction of an angle of
v, given by the following equation:

{sincx / siny} = {(E + Espb)/E}”z, (11)

where E is a primary electron energy in vacuum.

But this effect at the boundary is neglected for the
primary electron. Both the reflection and refraction
effects are taken into account for SEs in a similar way
to eq. (11). When crossing the boundary, an electron
energy increases or decreases by the difference of the
Fermi energies, since they coincide at the contact of the
film and the substrate metals.
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Figure 3. The primary electron energy dependences of the total SE yield and the backscattering yield for bulk Al and
Au targets and thin Al films deposited on Au substrates. (a) and (b): experiment by Thomas and Pattinson (1970); (c)

and (d): Monte Carlo results.

Results and Discussions

Secondary electron emission and backscattering from
thin metallic films on substrates

Figure 2 shows the variations of 8, with the
primary electron energy, in comparison between calcula-
tion and experiment of Thomas and Pattinson (1970) for
bulk Al and Au targets. The values of € are 10 and 17.3
eV, which are obtained by matching the maximum val-
ues of the experimental true SE yields of 0.74 and 1.43
for Al and Au, respectively. As seen from the figure,
reasonable agreement is obtained for Al, but not for Au.
With the present model, it is possible to introduce new
parameters in both the equations of the inelastic mean
free path and the energy loss so as to match the calcula-
ted values to the experimental ones. Namely, either a
decrease of the value of the inelastic mean free path or
an increase of the energy loss makes the peak of the
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diue curve shift to a lower primary energy. But we
have not done this because these physical quantities are
still uncertain at the present. The problem is left un-
solved. We should note that these quantities are very
important and further studies are necessary.

In Figures 3a, 3b, 3c and 3d, the calculated values
of &, and 7 are shown as a function of the primary
electron energy for bulk Al, bulk Au and Al thin films
on Au substrates, compared with the experimental data
of Thomas and Pattinson (1970). Three typical thick-
nesses are selected from the experimental data. Again,
we can see another discrepancy between theory and ex-
periment. Namely, both calculated curves for 8, and
7 for Al thin film coated samples deviate from those for
the bulk Al sample at larger energies than the experi-
mental ones. This means that the effect of the Au sub-
strate comes out at larger energies, and that the theoreti-
cal electron penetration depth is underestimated or the
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Figure 4. The primary electron energy dependence of
the true SE yield for a bulk Al target. Monte Carlo
results are compared with various experimental data.

energy loss is overestimated assuming that the experi-
mental data are accurate. The Bethe electron range cal-
culated by the energy loss law of Joy and Luo (1989) is
larger by two or three times than that estimated experi-
mentally by Thomas and Pattinson (1970) in the energy
range of interest. This will be also an interesting subject
in the future.

The calculated primary electron energy dependence
of the true SE yield is shown for an Al bulk target in
Figure 4, in comparison with the experimental data pub-
lished (see Schou, 1988). The experimental result of
Bindi (see Bindi et al., 1987) agrees well with our
result. The experimental results of Bronshtein and
Denisov (1967) are not so far away from our Monte
Carlo results. But the other experimental results by
Kanter (1961), Shimizu (1974) and Reimer and Drescher
(1977) give about two to three times larger values above
the primary electron energy of 1 keV, although these
data are not shown here.

Energy distribution of secondary electrons

In Figures 5a and 5b, the calculated energy distribu-
tions of SEs for Al and Au are shown at an energy of 1
keV, comparing with the experimental ones of Bindi et
al. (1979), Roptin (1975) and Pillon (1974). A reason-
able agreement is obtained for Au. But for Al, the full
width of the half maximum (FWHM) of the distribution
is smaller than those of both experiments. The main
factors to determine the distribution are the source func-
tion of eq. (4) and the inelastic mean free path of eq.
(7). The energy dependence of these factors is impor-
tant. Kotera et al. (1990a) used the following empirical
equation for Al, which is introduced for Cu by Koshi-
kawa and Shimizu (1974):
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Figure 5. The energy distribution of SEs for bulk (a)
aluminum and (b) gold targets at 1 keV. The Monte
Carlo results are compared with the experimental data of
Bindi et al. (1979), Roptin (1975) and Pillon (1974).

A = 10C260®) +33) ym for E < 25 eV
and

A = 0.5nm, for E > 25 eV. (12)

The energy dependence of this mean free path is weaker
for Al than that by Seah and Dench (1979) used in our
model. Thus, with this formula, we can obtain a larger
value of FWHM than ours. But we have not done this
either.

Note that for more accurate studies of the energy
distribution especially the plasmon excitation process has
to be included (Rosler and Brauer, 1981).

Contribution of backscattering to the secondary
electron yield

The primary electrons go straight forward into a
sample while backscattered electrons are emitted in a
diffused manner near the sample surface with smaller
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Figure 6. The §,, versus n curve to find the SE pro-
duction efficiency of one backscattered electron. Solid
lines: experimental curve by Thomas and Pattinson
(1970), and dashed lines: Monte Carlo results. 1: 1.0
keV, 2: 1.5 keV and 3: 2.0 keV.

energies than the primary electrons. Thus, the latter
electrons are more efficient to produce secondaries than
the former. The effect is formulated by the following
equation:

Sire = 0p(1 + A1), (13)

where 6p is the SE yield produced by the primary elec-
tron and @ is the factor which represents the efficiency
per one backscattered electron. Thomas and Pattinson
(1970) derived the value of 8 from their experimental
data of the SE yield from the Al thin films on the Au
substrate as mentioned before. Namely, the 8 value is
deduced from the slope of the §,,. versus 5 curve for
various film thicknesses. In Figure 6, the curve plot is
reproduced from their figure for energies of 1, 1.5 and
2 keV. Also, our calculated results are compared with
experimental results. The curves rise up sharply near
the 5 value of 0.35 because the substrate effect appears
significantly. Below this value of 7, the curve is almost
linear and follows the eq. (13). The 3 values obtained
with Monte Carlo calculations are 5.3, 5.1 and 4.8, and
the experimental values are 6.3, 4.8 and 3.8 at energies
of 1, 1.5 and 2 keV, respectively. These § values are
stmilar to other reported experimental data (Bindi er al.,
1980, 1987). In spite of the discrepancies between theo-
ry and experiment mentioned before, relatively good
agreement 1s obtained.
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Figure 7. The calculated radial distributions of emitted
SEs at 2 and 5 keV for bulk Al targets and Au films (10
nm) on Al substrates. The intensity for 5 keV is multi-
plied by 25 times.

Spatial distribution of true secondary electrons

When an insulator sample, such as a biological sam-
ple, is observed, metallic thin films are coated to prevent
the charge-up. In such cases, the films are heavy ele-
ment materials and the sample is usually light element
materials. The above simulation can be applied to this
case by replacing aluminum and gold materials. In this
and following sections, we will study both the image
resolution and the contrast of scanning electron micros-
copy for metallic thin films coated samples.

Figure 7 shows the calculated results of the spatial
distribution of SEs at 2 and 5 keV for bulk Al targets
and 10 nm Au films coated on Al substrates in a log-log
plot. A zero-cross sectional beam is incident at a nor-
mal angle. For S keV, the intensity is multiplied by 25.

As seen in the figure, for the bulk samples, the dis-
tributions consist of two parts, that is, the distribution
(called the peak distribution) where the contribution of
the forward scattered electrons is dominant and the dis-
tribution produced by backscattered electrons which are
diffused to large radial distances. The peak distribution
near the incident point is included within a radius of
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Figure 8. The Monte Carlo results of the beam inci-
dence angle dependence of the true SE yield at 2 and 10
keV for bulk Al targets and Au films (10 nm) on Al

substrates. The experimental results are after Bronshtein
and Denisov (1967).

about 10 nm at both energies. The percentage of the in-
tensities included within this area is 64 % and 62 % at en-
ergies of 2 and 5 keV, respectively. Since low energy
SEs have the inelastic mean free path of several nanome-
ters, the electrons produced by the forward scattered pri-
mary electrons may contribute to the distribution in this
region. Especially within a radius of 1 nm, the distribu-
tions are close to the exponential decay. As a matter of
fact, the distribution consists of a superposition of the
contributions of the forward and the backward scattered
primary electrons within these regions. The contribution
of the total background intensity outside a radius of 10
nm is about 40%, due to large emission areas, although
the intensity is very low.

The discrimination between the two parts mentioned
above is not clear for the Au film coated sample at 2
keV. This is probably because the forward and the
backward scattered electrons cannot be discriminated due
to a large extent of electron diffusion. The peak dis-
tribution is broader and higher than that for the bulk
sample.

At 5 keV, the peak distribution for the Au film
coated sample extends to larger radial distances than that
for the Al bulk sample. This is probably caused by both
an increase in singly and plurally backscattered electrons
from the Au thin film and a higher capability of the Au
film for SE emission. About 82 percent of the total
emission yield are included within a radius of 60 nm,
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where the transition occurs from the peak distribution to
the background distribution.

If we plot the curves in a normal scale, we can see
a sharp peak with the FWHM of about 0.2 nm around
the incident point. This FWHM is much smaller than
the value of 3 nm predicted by Joy (1984) for Al at 20
keV. His model is different from ours, but the fast sec-
ondary electron production may have to be taken into
consideration especially at high energies as done by him.
In any case, the radial distances where the intensity de-
creases down to one tenth of the peak intensity are with-
in about one nanometer. If we assume that these radii
give the resolution of the SE image, the remaining inten-
sity outside this region will be the background. The
percentages of the intensities included within a radius of
1 nm are 35% and 37 % for the bulk samples, and 22%
and 24 % for the Au film coated samples at 2 and 5 keV,
respectively. The corresponding values are 38% and
30% at 10 keV. These fractions do not change so much
with the primary electron energy. It is naturally under-
stood that the fraction is determined mainly by the back-
scattering yield, although the emission areas change
largely. These values increase slightly with an increas-
ing primary electron energy. The main reason for this
is in that the backscattering yields decrease with an in-
creasing energy and the backscattering contribution de-
creases. The yields, for example, for the bulk Al target,
are 0.183, 0.170 and 0.156 at 2, 5 and 10 keV, respec-
tively. It seems that the film coating decreases the per-
centage of the signal, which is effective to the SE image
formation in high resolution observations.

Incidence angle dependence of the true secondary
electron emission yield

The contrast of the SE image is basically determined
by the incidence angle dependence of the true SE emis-
sion yield, although the contrast formation is not simple,
as discussed by Pawley (1992). It will be an interesting
subject to see the dependence for metallic film coated
samples at low and high primary electron energies. Fig-
ure 8 shows the incidence angle dependence of the yield
d;ue for Al bulk and 10 nm Au film coated samples at
2 and 10 keV. Figure 8 also shows the experimental re-
sult of Bronshtein and Denisov (1967) for an Al bulk
target at 2 keV. Although the calculated yield gives a
little higher values, the variation is similar to the experi-
mental one. The variation for the Al bulk target at 10
keV is close to the inverse of cosa. The dependence is
very weak for the Au film on the Al substrate at 2 keV,
although this is not a practical case of SE observations.
The reason of this weak dependence is that the effect of
shallow incidence does not appear strongly due to a
large extent of electron diffusion near the sample sur-
face. On the other hand, the dependence for the same
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Figure 9. The incidence angle dependence of the true
SE yields from the whole target area (curves 1 and 3)
and the area within a radius of 10 nm (curves 2 and 4).
Curves 1 and 2: 2 keV. Curves 3 and 4: 10 keV. The
target is the bulk Al.

sample at 10 keV is similar to that for the Al bulk
sample at 2 keV.

In observations of microstructures, a large portion
of the contribution of backscattered electrons to the SE
yield is the background in the image signal. Thus, the
SE emission near the incident point of the primary elec-
trons is important in the contrast generation of the
image. To see the effect, the incidence angle depend-
ence of the SE yield is calculated in the localized area
within a radius of 10 nm. It is desired to integrate the
intensities of the peak distribution of SEs which deter-
mine the contrast. But at oblique incidences, the distri-
bution is not symmetrical about the beam incident point
and it is tedious to find the distribution. Therefore, we
selected tentatively the radius of 10 nm within which
sufficient intensities are included even at oblique inci-
dence. The results are shown in Figure 9 at 2 and 10
keV for the Al bulk sample, in comparison with the re-
sult from the whole area. The result for the Au film on
the Al substrate at 10 keV is similar to that for the Al
bulk sample at 2 keV, although it is not shown here.

We can see two things in Figure 9: (1) The de-
crease in the sample tilt angle contrast, especially at
large angles. This means that the backscattered elec-
trons contribute greatly to the tilt angle contrast pro-
duced by the SEs emitted from the whole area. The de-
crease is much larger at 10 keV than at 2 keV. But
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there is no large differences between the variations of
the resulting curves 2 and 4. (2) The percentage of the
background intensity due to backscattering to the total
SE emission yield. The background intensities increase
from 35 % at normal incidence to 47 % at 80 degrees and
from 42% at normal incidence to 67 % at 80 degrees at
2 and 10 keV, respectively. The background intensity
is more significant at large incidence angles and high
electron energies because more primary electrons go out
at far distances from the incident point.

In the previous section, we have shown the spatial
distribution for normal incidence. Here, let us show
how the distribution changes with an incidence angle of
the primary electron. In Figures 10a, 10b, 10c and 10d,
the calculated lateral distributions of emitted SEs near
the incident point are shown for bulk Al targets and 10
nm Au films on Al substrates at 2 keV and 10 keV.
The results are shown for three typical incidence angles
of 0, 30 and 60 degrees. The beam is in the x-z plane.
The intensities are integrated over the direction of the
y-axis. The calculated intensities are obtained in a
subdivision of x = 0.2 nm, but the results are plotted as
smooth curves. Although the intensities are shown in
arbitrary units, they are compared with each other. For
the bulk samples, the values of the FWHM of the distri-
butions are 0.7, 1.0 and 3.1 nm at 2 keV, 0.6, 0.9 and
1.7 nm at 10 keV for the incidence angles of 0, 30 and
60 degrees, respectively. The corresponding values for
the Au film coated samples are 0.9, 1.7 and 3.5 nm at
2keV, and 0.7, 1.4 and 4.5 nm at 10 keV, respectively.

It is natural in any cases that the peak intensity
decreases and the distribution becomes broader with an
increasing angle.

For the bulk, the distribution at 2 keV is broader
than that at 10 keV, particularly at larger incidence
angles, because the diffusion of electrons with lower
energies starts at shallower depths.

At 10 keV, the distribution for the Au film on the
Al substrate is much broader than that for the bulk Al
target at oblique incidences. The FWHMs do not differ
so much from each other at normal incidence. The rea-
son why the difference does not appear between them is
the following. The peak distribution is formed mainly
by the SEs produced by primary electrons right after
incidence at high energies. Thus, for the Au film coated
sample, the SEs produced within the 10 nm film are
dominant. On the other hand, the inelastic mean free
paths expressed by eq. (7) do not differ so much be-
tween Al and Au for SEs emitted with the same ener-
gies, although their energies inside the targets are differ-
ent due to the difference of the surface potentials or the
Fermi energies in the present case. It is because the in-
elastic mean free paths are given for energies above the
Fermi energy.
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Conclusions

A Monte Carlo model developed for SE emission
from thin film/substrate targets has been checked in
comparison with the published experimental data such as
the primary electron energy dependence of the SE yield,
the energy distribution of SEs. Although generally good
agreement is obtained, some discrepancies are found in
the results of the SE and the backscattering yields from
Al thin films on Au substrates as a function of the pri-
mary electron energy. This suggests that we need fur-
ther investigations on the energy loss law and the inelas-
tic mean free path. Nevertheless, the above calculations
give useful knowledge that the coating film to prevent
the charge-up effect increases the SE emission yield in
the background and deteriorates the image resolution.
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Discussion with Reviewers

J.R. Lowney: The theory of secondary generation is
very complicated because of the attempt to include quan-
tum-mechanical effects for low-energy electrons in a the-
ory that is primarily based on high energy formalism.
Please discuss the accuracy of secondary-electron
modeling in light of this fact.

D.C. Joy: Your model for secondary generation pre-
dicts a full width at half maximum of 0.2 nm. Since
Monte Carlo models assume that the material in which
they are applied is a continuum ("jellium") could you
comment on whether or not predictions made about ef-
fects at atomic levels (i.e., 0.2 nm) are likely to be
valid?

Authors: Since a regular Monte Carlo method pursues
the electron trajectories as a particle, the results obtained
here are surely classical ones. Assuming an energy of
15 eV for SEs inside a metal, the de Broglie wavelength
of those electrons will be about 0.3 nm. This exceeds
the distance at atomic levels as you anticipated. There-
fore, the present results give only a rough idea how
broad SEs are emitted spatially. Any quantum mechani-
cal consideration must be taken into account in the fu-
ture.

D. Hasselkamp: Is there a measurable influence of the
metal film on the overall energy distribution of emitted
electrons in your model?

Authors: Yes. As an example, the energy distributions
of SEs from Al films on Au substrates are shown in Fig-
ure 11 for various thicknesses at a primary electron
energy of 2 keV. As you can see, the FWHMs of the
distributions get smaller with an increasing thickness,
reach the minimum at around 4 to 6 nm and increase to-
ward that of the bulk Al target. This result is similar to
that obtained by Koshikawa et al. (1974) for Be films on
Cu substrates. The reason for this behavior, as already
explained by Koshikawa er al. (1974), is in the fact that
SEs emitted from deeper depths have lower energies on
average, and more SEs are emitted from the substrates.

J. Schou: As far as I read the paper, the elastic scatter-
ing is included for the primary electron, but not for the
secondary electrons. What is the influence of elastic
scattering processes on the secondary electrons within
the model? How does it modify the yield of the true
electrons?
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Figure 11. The variation of the energy distribution of
SEs with thickness of Al films on Au substrates.

Authors: A similar question is already answered in
"Discussion with Reviewers” in the paper by Kotera et
al. (1990a), responding to D.C. Joy. Since the angular
distribution of SEs shows the cosine curve, it is said that
the random scattering process dominates for the SEs in
a sample. This means that the direction of motion of the
SEs is lost. Therefore, it is speculated that the inclusion
of an anisotropic angular distribution due to elastic scat-
tering does not affect their behavior significantly. How-
ever, we do not know actually how the elastic scattering
process of slow SEs influences the SE emission. The
SE yield is calculated by adjusting the value of e. If
such an effect exists, the inclusion of elastic scattering
may change the value of e. Wolff (1954) also neglected
this effect in his theoretical work, but pointed out that a
strong crystal field has to be investigated further.

D.C. Joy: You note that "the Bethe range calculated
from the energy loss law of Joy and Luo is larger by
two to three times than that estimated experimentally by
Thomas and Pattinson.” Recent experimental measure-
ments of electron stopping power in the materials used
in these calculations generally show agreement within +
10% of the values predicted by the Joy and Luo equa-
tion. Can you comment on other possible reasons for
the observed discrepancy?

Authors: Both experimental and theoretical errors may
be considered. As seen in Figures 3b and 3d, the dis-
crepancy is seen in the backscattering yield curves which
are easier to observe than the SEs. Although thin film
measurements seem to be most difficult, Thomas and
Pattinson say the measurements are done with an accura-
cy of + 10%. Their maximum range is about 85 nm
while the Bethe range calculated from eq. (3) (Joy and
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Luo, 1989) is about 40 nm for Al at 1 keV. It should
be noted that various experimental data of the electron
range tend to show the latter value at 1 keV (Kotera et
al., 1981b), as you commented.

Theoretically, we do not take account of the energy
straggling due to the discrete energy loss process which
makes the electron range longer. Further investigations
are needed for this process. But, we do not think even
the inclusion of this effect can account for such large
differences.
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