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A Monte Carlo trajectory model that describes electron transport in semi-infinite metallic solids also gives
quantitative agreement with experiment for the transmission fraction for thin films of Be, Al, Cu, and Au and
for the energy distribution in Al, both as a function of primary energyEp and of film thicknesst. Significantly,
the results enabled the construction of universal curves of transmission and backscattered fractions versus
reduced film thicknesstn5t/ x̄p for each element, wherex̄p is the mean depth of penetration of primary
electrons in the semi-infinite solids. Asx̄p may also be fitted to empirical curves, these results may be used to
predict transmission and backscattering for thin films without future resort to lengthy numerical calculations.
@S0163-1829~96!08431-7#

I. INTRODUCTION

Electron transmission, backscattering, and secondary
electron emission are very important phenomena involved in
a great number of widely used techniques and instruments,
for example, electron microscopy, surface electron spectros-
copy, and particle detection. Although there is no complete
analytical theory of electron scattering and secondary emis-
sion by solids, many numerical methods based on the Monte
Carlo technique have been very successful in describing vari-
ous aspects of electron transport.1–6 There are many pub-
lished methods based on this approach that differ largely in
the manner of approximating the individual electron collision
processes. In a previous paper6 we developed such a method
to investigate backscattering and secondary electron emis-
sion in semi-infinite solids. The method was shown to give a
good account of mean depth of penetration of primary elec-
trons, x̄p , and backscattering fraction,h, and a moderately
good qualitative description of secondary electron yield
curves for Al.7 The method also enabled a description of
secondary electron emission from thin layers on substrates.7

Furthermore, we were able to give some insight into the
importance of the various processes involved in secondary
electron emission and to give estimates of quantities such as
the mean depth of production of secondaries, which comple-
ments information obtainable from experiment.6,7

Because of the importance of solid thin films in such areas
as microelectronics, coatings, and transmission electron mi-
croscopy we have, in this paper, extended the above-
mentioned calculations to study electron transmission and
backscattering in several typical thin metal films.

II. METHOD

As the method has been fully detailed in a previous paper6

we give only a brief outline and summary of the main ideas
involved. We used the quantum-mechanical phase-shift
method for calculating the elastic~core! scattering as imple-
mented by Pendry.8 The following inelastic collision pro-
cesses were modelled: the inner-shell excitation was de-
scribed by the method due to Gryzinski,9 the plasmon

excitation was described by the methods of Farrell10 and
Quinn,11 and the single-particle conduction electrons were
treated by a combination of experimental mean free
paths12,13 and the Streitwolf excitation function.14 Thus, we
have ignored the details of the band structure of the metal
and, hence, ignored such processes as interband transitions.

In the Monte Carlo~MC! process1,6 one chooses, on a
random basis, the type of collision and then moves the elec-
tron until the next collision a distance determined by the total
scattering cross section, i.e., mean free path, for that process.
The energy loss~if any!, DE, is then obtained from the dif-
ferential cross section as detailed previously. The angle of
scattering,V, was obtained from either the differential cross
section or use of the binary collision model, whichever was
appropriate.6 This process is continued until the energy of
the electron is below a certain preset threshold level or until
it has left the solid. Results were generated using a range of
values of this threshold energy and it was found that the
results were insensitive to the value of this energy for values
up to 100 eV.

FIG. 1. Mean depth of penetration,x̄p , for electrons of energy
Ep normally incident on Be, Al, Cu, and Au. The dots are the
experimental data of Kanya and Kawakatsu~Ref. 15!. The lines are
empirical fits to the MC data as discussed in the text.
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III. RESULTS FOR SEMI-INFINITE SOLIDS

In order to assess the accuracy and limitations of the
above method we first simulated Be, Al, Cu, and Au since
these span a large range of typical metal parameters~see
Table I! and there exists reasonably extensive experimental
data with which to compare our simulated results. The cal-
culations were performed for the parameters in Table I using
25,000 individual primary electron trajectories.

The mean depth of penetration of the primary electronsx̄p
is in excellent agreement with experiment;15 see Fig. 1. Al-
though we foundx̄p cannot be fitted by Eq. 1,

x̄p5AEp
n , ~1!

which is often used in ion scattering studies, we could fit the
data to the form ~1! over restricted energy ranges,
0,Ep,1.5 keV, 1.5 keV,Ep,5 keV, and 5 keV,Ep,25
keV using different values ofA andn, which we callA1 , A2 ,
andA3 , andn1 , n2 , andn3 , respectively; see Table II. These
provide a convenient fit to the Monte Carlo data for use in
such areas as surface electron spectroscopy and electron mi-
croscopy, and in the description of thin films in Sec. IV.

The calculated values of the backscattering coefficienth
are in reasonable agreement with experiment,16 see Fig. 2,
particularly for Ep.5 keV, which seems to be typical of
most MC studies.1,2,6 Interestingly, the MC results for the
mean relative backscattering electron energy,Ēbs/Ep ,
showed little variation withEp , ranging from about 0.8 for
Au, 0.7 for Cu, 0.65 for Al, to 0.55 for Be. Also, the mean
depth of penetration of the backscattered electrons,x̄bs , as a
function ofEp , was found to very nearly obey the approxi-
mate relation

x̄bs5kx̄p , ~2!

with k being about 0.4 except for Be, which is lower~about
0.3!, most likely due to the relatively stronger inelastic scat-
tering in Be resulting in a lower probability for primary elec-
trons being scattered back to the surface from deeper within
the solid.

IV. RESULTS FOR THIN FILMS

We applied the method described above to thin films of
Be, Al, Cu, and Au for a range of thicknessest.

The results for the transmission fractionh t as a function
of normalized film thicknesstn , defined by

tn5t/ x̄p , ~3!

are shown for Al in Fig. 3 forEp51, 3, and 10 keV, and as
can be seen the results are in good agreement with
experiment17,18 and, furthermore, form a universal curve
which is independent ofEp . Similar results were obtained
for Be, Cu, and Au and the collected results may be seen in

FIG. 2. Electron backscattering coefficient,h, from targets of
Be, Al, Cu, and Au. The solid lines are the experimental results of
Reimer and Tollkamp.16

FIG. 3. Transmission fractionh t of electrons through Al as a
function of the normalized film thickness,tn , for incident electrons
of 1, 3, and 10 keV. The dashed line and the pluses are experimen-
tal results from Refs. 17 and 18, respectively.

TABLE I. Material-dependent parameters used in the calcula-
tion of the scattering cross sections.Z is the atomic number andA
the atomic mass of the element,r is the mass density,f is the work
function,Ef is the Fermi energy, andEpl is the Plasmon energy of
the solid.

Be Al Cu Au

Z 4 13 29 79
A ~a.m.u.! 9.01 26.98 63.55 196.97
r ~g/cm3! 1.82 2.70 8.92 19.3
f ~eV! 4.98 4.28 4.65 5.10
Ef ~eV! 14.1 11.63 7.0 5.51
Epl ~eV! 18.5 15.8 15.2 12.1

TABLE II. Calculated values ofA1...3 andn1...3 used in Eq.
~1! to describe the penetration of electrons into Be, Al, Cu, and Au.

Be Al Cu Au

A1 200.0 140.0 43.0 26.0
n1 1.0 1.0 1.0 1.0
A2 203.0 121.5 40.0 24.0
n2 1.69 1.60 1.50 1.45
A3 193.0 95.5 30.8 19.6
n3 1.74 1.74 1.67 1.58
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Fig. 4 compared with experimental results.17,19These curves
should prove to be of use in calculating the intensity of trans-
mission through thin films, e.g., in electron microscopy, and
in studying electron enhanced adhesion.20

In Fig. 5 we show the MC results for the energy distribu-
tion of electrons transmitted through thin films of Al as a
function of tn for Ep55 keV. As can be seen, there is good
agreement with experiment,19 and astn is increased, the en-
ergy distribution of the transmitted electrons becomes less
peaked and the mean energy moves towards lower values.
Similar results were obtained forEp between 1 and 20 keV
and are, thus, not shown here. Once again the good agree-
ment with experiment shows that the method is of potential
use in interpreting intensity data in electron microscopy and
electron-beam-enhanced adhesion.20

The results for the backscattering coefficient of thin films,
h f , are reduced from that of the corresponding semi-infinite
targeth, when the thickness of the film becomes less than
the maximum depth reached by primary electrons. This is
shown in Fig. 6 for the extreme cases of Be and Au forEp’s

of 1 and 10 keV. The result indicate that one must take into
account the thickness of the film on the backscattering coef-
ficient in any application using thin films. Interestingly, the
relative values, i.e.,h t/h plotted againsttn , show very little
variation with the element involved or primary electron en-
ergy in the range used in this study, once again indicating
potentially useful scaling relationships.

Analogous scaling relationships have previously been dis-
covered for positron implantation profilesP(z) ~and for elec-
trons in Cu and Au! in semi-infinite solids.22 Our scaling
results are a generalization of these as, although one can
deduce approximate values ofP(z) from h t andh f using

23

P~z!'2dh t /dz2dh f /dz, ~4!

one clearly cannot deduceh t andh f from P(z) alone. Thus,
while the scaling relation forP(z) can be deduced from
those forh t andh f , the converse is not possible.

Furthermore, one not only needs bothh t and h f to de-
scribe scattering in thin films but, unlikeP(z), h t andh f are
functions of film thickness as well as ofEp , hence our scal-
ing results are more general than those obtained previously.22

V. CONCLUSIONS

In this paper we have shown that a Monte Carlo model
previously successfully used to describe electron transport in
semi-infinite solids and thin films on thick substrates was
able to give a quantitative description of electron transmis-
sion in a wide variety of metallic thin films. The method also
gave a good description of the energy distribution of elec-
trons transmitted through thin aluminium films.

Furthermore, the results show that for a given element the
transmitted fractionh t may be expressed as universal func-
tions of the reduced film thicknesstn5t/ x̄p , wherex̄p is the
mean depth of penetration of primary electrons in the semi-
infinite solid. Similarly, the calculated backscattered frac-
tions, h also obeys similar scaling relations. Asx̄p may be
fitted to simple equations~see Sec. II!, then these relation-
ships are of potential use for calculatingh t andh for metal-
lic thin films without having to repeat lengthy MC calcula-

FIG. 4. Monte Carlo results forh t through targets of Be, Al, Cu,
and Au as a function oftn . The lines are the experimental data of
Vyatskin and Trunev17 for Al, Cu, and Au and of Fitting19 for Be.

FIG. 5. Energy distribution of electrons transmitted through thin
films of Al with normalized thicknesses oftn50.22, 0.75, and 1.4.
The solid lines are the experimental data of Fitting.19

FIG. 6. Relative backscattering fraction from thin films of Be
and Au plotted against the normalized film thickness,tn , at incident
energies of 1 and 10 keV.
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tions for different thicknesses and primary energies. These
relationships are, therefore, of potential use in transmission-
electron microscopy and electron-enhanced adhesion studies.

As mentioned in the previous section, an analogous scal-
ing relationship has previously been discovered for positron
implantation profiles in semi-infinite solids.22 However, to
describe implantation in a semi-infinite solid one only needs
P(z) as a function of primary energyEp , but for scattering
from a thin film one needs bothh t andh f as a function ofEp
and film thicknesst. Hence our results provide an extension
of previous results to electrons and to thin films.

It is interesting to speculate as to why these scaling rela-
tionships occur. A possible answer lies in the work of
Shimizu and Ding1 and of Gauvin and Drouin,21 who have
shown that the electron trajectories and their distribution
within the interaction volume obey fractal scaling laws.
Thus, the scattering volume and its shape, although altering
with the incident energy, is self-similar, i.e., the results from
one simulation can, in principle, be used to predict those for
another simulation of the same element by an appropriate
scaling of the results of the first simulation.
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