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ABSTRACT

We have calculated electron backscattering coefficients, 7(E;), at primary electron energies E, of 0.1-100 keV for three elemental and
intermediate atomic number solids, Cr, Co and Pd, with an up-to-date Monte Carlo simulation model. A relativistic dielectric functional
approach is adopted for the calculation of the electron inelastic cross section, where several different datasets of optical energy loss function !
(ELF) are adopted. The calculated backscattering coefficient is found to be substantially affected by the ELF, where the influence can be seen
to follow the f- and ps-sum rules and the resultant energy dependence of electron inelastic mean free path. To understand the uncertainties
involved in a comparison with experimental data both the theoretical uncertainty due to the elastic cross-section model and the experimen-
tal systematic error for the contaminated surfaces are investigated. A total of 192 different scattering potentials are employed for the calcula-
tion of Mott’s electron elastic cross section and this theoretical uncertainty is confirmed to be small. On the other hand, the simulation of
contaminated Co and Pd surfaces with several carbonaceous atomic layers can well explain the experimental data. The present results indi-
cate that accurate backscattering coefficient data should be either measured from fully cleaned surfaces or obtained from modern Monte
Carlo theoretical calculations involving reliable optical constants data. With the recent progress in the accurate measurement of optical con-
stants by reflection electron energy loss spectroscopy technique, constructing a reliable theoretical database of electron backscattering coeffi-
cients for clean surfaces of elemental solids is highly hopeful.
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1. INTRODUCTION scattering processes due to the collision with electrons in the
medium.” The inelastic scattering includes core electron excitation
and ionization, interband transition, free electron excitation, and
plasmon excitation. The majority of the emitted electrons from

The study of electron matter interaction is of great interest for
many researchers due to the application of signals produced during
this interaction in various techniques.' When an electron beam

impinges on a solid target, the incident electrons will lose energy medium surface are secondary electrons and backscattered elec-
and change the direction of motion inside the solid. The interaction ~ trons, where the energies of secondary electrons are less than 50 eV
of electrons with a medium is, thus, described by the elastic scatter- and the backscattered electrons carry higher energies up to primary
ing processes due to the collision with atomic nuclei and inelastic energy.”® Secondary electrons are produced in a cascade process in
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the medium and only those secondary electrons generated within
the sub-nanometer thick layer of the surface can escape from the
sample.” The secondary electron signals tend to be highly localized
at the point of impact of the primary electron beam and are sensi-
tive to the surface topography, making it possible to form a scan-
ning electron microscopic (SEM) image of the sample surface.
Backscattered electrons are those incident electrons reflected back
from the target specimen and accompanied by a certain amount of
energy loss; they are also used as SEM imaging signals which are
more sensitive to the atomic number. The information conveyed by
the backscattered electrons can often be more easily interpreted and
it is less dependent on the surface disturbances (e.g., charging).*”’

The ratio of number of emitted electrons with kinetic energy
E>50eV to the number of incident electrons is defined as the
backscattering coefficient, 7, and the ratio for E <50 eV is known
as secondary electron yield, . The total electron yield is then given
as 0 = n+8."" These emission yields are very useful and funda-
mental for many devices; the application of yields ranges from the
plasma thrusters,"’ Hall effect engines, catalysis,u surface science,
and chemical analysis."” During the last few decades a number of
experiments have been conducted to investigate the dependence of
backscattering coefficient on atomic number of the sample and
primary electron energy. It was noted that 7 increases with atomic
number Z for energies greater than 10 keV.'*™'® The general trend
of the primary energy dependence of backscattering coefficient was
also noted as'”™"? (a) for low Z solids (Z < 20), it decreases with
increase of primary energy; (b) for high Z elements (Z >26), it
increases with primary energy; (c) for intermediate-Z elements, it is
almost constant.”’ For many elemental solids and compounds,
those historical measurement data were compiled into a database
by Joy,”' and another extended database of backscattering coeffi-
cient has been provided very recently.”” All the reported experi-
mental data were collected in the databases without judging the
reliability, and considerable inconsistency found among the differ-
ent data sources was not looked into. El Gomati et al. have consid-
ered that at low primary energies 77 would be surface sensitive to
oxidation.”” While only the surface condition to the secondary elec-
tron yield is known to be critical, the surface effect to the measured
71 values has long been underestimated. And in validation works of
Monte Carlo simulation models,”* the surface effect presented in
the experimental data has usually been ignored.

The simulation of electron trajectory using Monte Carlo
method is an effective theoretical tool for the study of electron
beam-specimen interaction in electron probe related techniques,
including  surface  electron  spectroscopy and  electron
microscopy.”” " Not only the energy spectra and yields of emitted
electrons can be simulated,”*™" but also the scanning electron
microscopic images of surface morphology of a 3D specimen struc-
ture can be modeled’’ ~** which allows the wide application of
Monte Carlo simulation methods in materials science and semicon-
ductor industry. Backscattering coefficient and secondary yield data
are very important for characterizing the electron solid interaction.
To test, a Monte Carlo simulation model and code backscattering
yields are used commonly. In our previous works, we have pointed
out that even though the backscattering coefficient is less affected
by the surface condition of the sample as compared to the second-
ary yield, but the surface contamination presented in many
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measurements would definitely cause an obvious effect to the mea-
sured values for the light and heavy elemental solids and particu-
larly at low primary energies.”””® Therefore, those experimental
data collected in the Joy’s and Akbari’s databases without justifying
the surface cleanness by using electron spectroscopic signals cannot
be used as a reliable data source. Furthermore, machine learning
methods derived electron emission yield curve can also be ques-
tionable if the source data itself contain non-negligible systematic
error.

During the recent years, our knowledge about the electron
interaction with solids is becoming more and more rich. Recently,
Monte Carlo modeling of electron beam interaction with solids and
surfaces has been continuously improved by using up-to-date theo-
ries and knowledge of electron scattering within matter; a number
of methods based on Monte Carlo models were proposed by differ-
ent researchers.”®””?*™"" The most difficult problem in a Monte
Carlo modeling was about the description of electron inelastic scat-
tering in a realistic sample; this issue has been partly solved with a
formulation of an extended dielectric function®® in a dielectric
approach to electron inelastic scattering. Using experimental data
of optical constants, the complex electronic excitation process in
any solids can be well treated in a universal and simple way but still
with quite accuracy. We have verified that the Monte Carlo simu-
lated backscattering coefficient based on an up-to-date Monte
Carlo model is sensitive to the accuracy of optical constants data
set adopted,” which can be tested by the sum rules. The behavior
of surface contamination effect generally presented in experimen-
tally measured data depends on the atomic number of the sample
where the contaminants are usually hydrocarbon: several atomic
layers’ commination will increase n for a light metal Be and for
primary energies below 2 keV,”” and reduce 7 for a heavy metal W
and for primary energies below 100keV.”® At very high energies,

the surface effect on electron inelastic scattering can be omitted, :
and the simulation of electron energy spectrum and the spectrum |

integration (electron emission yield) can agree with experimental
data. Therefore, it is natural to consider that one can build a reli-
able theoretical database of backscattering coefficient values based
on an up-to-date Monte Carlo simulation model once the accurate
optical constants are available.

A model with higher accuracy has been developed with which
the elastic scattering is based on Mott’s electron cross section”’
while the dielectric functional formalism is used for the treatment
of electron inelastic scattering.”® The developed classical trajectory
Monte Carlo (CTMC) simulation model and the corresponding
codes were then successfully used for the calculations in scanning
electron microscopy,””>’* Auger electron spectroscopy/micros-
copy and x-ray photoelectron spectroscopy.” In recent years, we
have also developed a reverse Monte Carlo analysis method for
extraction of the optical constants data from experimentally mea-
sured reflection electron energy loss spectroscopy spectra, which
was proved to have a very high accuracy via the sum rule tests,”" to
enable highly accurate Monte Carlo simulation of electron beam
interaction with a matter. Furthermore, another previous work has
clearly indicated the effect of ELFs at the different levels of accuracy
on the backscattering coefficient."’

The aim of the present work is, hence, to derive the more reli-
able calculated backscattering coefficient data of the three medium
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atomic number elements, Cr (Z =24), Co (Z =27), and Pd
(Z = 46) by using our up-to-date CTMC-SEM Monte Carlo simu-
lation model, where the data accuracy of the backscattering coeffi-
cient is associated with the sum rule tests of the ELF used. First, we
used different ELF data sets as input to calculate the inelastic cross
sections. The ELF data include those taken from the Palik’s hand-
book in which the optical constants data were measured by optical
methods”™ and those extracted from experimental reflection elec-
tron energy loss spectroscopy (REELS) spectra.”” The data com-
piled in the Palik’s database were usually measured by different
groups under different conditions. The quality of these combined
data in a full photon energy range can be evaluated by using sum
rule tests. For each element, we will present the backscattering coef-
ficients calculated with different ELFs in the incident energy range
of 0.1-100 keV.

A. Monte Carlo model

A Monte Carlo simulation model of electron interaction with
solid consists of two types of modeling: elastic and inelastic scatter-
ing modeling. Our recent Monte Carlo simulation model covers
both elastic and inelastic scatterings. The details of the model are
described elsewhere;””*® here, we briefly introduce our calculation
method.

B. Electron elastic scattering

For elastic scattering calculation, there are two available
methods: Mott’s cross section and screened Rutherford formula.”®
But, it is known that Mott’s relativistic quantum mechanical cross
section” is very accurate from very high electron energies down to
very low energies. So, we have applied Mott’s elastic cross sections
in our Monte Carlo simulations. The formula for differential elastic
cross section is defined as

do. 2 2

—=|f(0 ), 1
= |fOF +13) M
where o, represents total elastic cross section and 0 stands for the
polar angle of electron scattering into the solid angle of
Q — Q+dQ. The scattering amplitudes f(6) and g(6) can be
obtained from partial wave expansion method as

1O =3 ST {4 1)@ 1) (0 1) piteos,
@)

1 00 oy o
HOEE S {—ez‘% 4 } P! (cos 6), 3)

where 6 and &, represent the spin-up and spin-down phase
shifts, respectively, of the (th partial wave. Py(cos 0) is the Legendre
function and P}(cos 6) is the first order associated Legendre func-
tion. Electron exchange potential, electrostatic interaction potential,
and correlation-polarization potential are considered in our
calculations.”™

Fermi distribution and Dirac-Fock electron density™ are
used for nuclear and electronic charge-density calculations.
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We also considered the correlation-polarization potential and the
Furness-McCarthy exchange potential’® which are based on local-
density approximation.”” ELSEPA computer code’* was used for
calculation of Mott’s cross section. From the calculated total
elastic scattering cross section o,, one then obtains the elastic
scattering mean free path (EMFP), A, =1/(n,0.), where
nq = Nap/A represents the atomic number density of the material,
N, is Avogadro’s constant, p is the density, and A is atomic
weight. Figure 1 shows the obtained EMFPs of 192 total cross-
sectional data sets. In the low and intermediate energy range, one
can see obvious variation among these 192 data sets. These varia-
tions should affect the lower energy electron transport and hence
the simulated backscattering coefficient results.

C. Electron inelastic scattering

For electron inelastic scattering cross-section calculation, the
dielectric functional approach was used. For incident electrons, the
differential inverse inelastic mean free path (DIIMFP) is given as™

24-1 2
Pit 2 1 Im{ ~1 }1’ @
d(hw)dq 1+ yragE g 0)) q
where y =1+ E/(mgc?) is the relativistic correction factor,
2y7%/(1 +y) is the coefficient which is because of the relativistic
effect; ag represents the Bohr’s radius, and 4, represents the elec-
tron IMFP. (g, ®) is the complex dielectric function of medium,
ho is the energy loss, and %q is momentum transfer for the elec-
tronic excitation. Im{—1/e(g, )} is the ELF which characterizes
inelastic scattering. Penn proposed an algorithm for determining

momentum transfer dependent ELF, where he expanded optical :
ELF Im{—1/e(w)}, at g = 0 to finite q according to the Lindhard ¢

ELF. By using Lindhard dielectric function, £,(q, ®; ,), the
expanded ELF is given as

—1 © —1
Im{s(q, w)} - Jo g(wp)lm{a(q, ; wp)}dwp’ )

where g(w) is termed as the expansion coefficient, and it is associ-
ated to the optical ELF by

2 -1
glw) = o Im{ro’ a))}' (6)

Two well-known sum rules, the oscillator strength sum rule
(f-sum rule) and the perfect screening sum rule,”” were used to
check the reliability of the optical ELF data. The f-sum rule is cal-
culated as

2 [om -1
Ze_ff = ”—%JO wlm{%}dw, (7)

where hQp = v/4rnn,e?/m. At the limit of wy,x — 00, the frsum
rule results of Zs should be equal to the total number of electrons
per atom or per molecule. The Kramers-Kronig relation® is used
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10" T : to calculate perfect screening sum rule as

2 [Fmax 1 -1 1
Peff = ;J:j 511’1’1{@}(1{0 + Re{%}, (8)

where Re{1/&(0)} = 0 for conductors. The ps-sum rule result of Py
is unity when the limit of @max — . The perfect screening sum
rule is dominated by the low energy loss region of the ELFs data
due to the @™ '-factor in the integrand. On the other hand, because
of the w-factor, the f-sum rule is dominated by the high energy loss
regions. Therefore, these sum rules can be used to verify the accu-
racy of ELF in the whole energy loss range.

100 -

EMFP (nm)

107

D. Monte Carlo simulation

10'?I o 162 1(')3 10° Electron penetration within a material suffers elastic and
inelastic collision. There will be only change in the direction of
energy (eV) motion of an electron when it has elastic collision, while during
10" ———— ———— ———— inelastic collision, an electron will not only change the direction of
movement but will lose some energy as well. In our simulation,
Mott’s cross section describes the elastic collision, while inelastic
collision is described by the dielectric functional approach.
Differential cross sections will be used to calculate the scattering
angle and energy loss during a collision. The kinetic energy after an
inelastic collision will be reduced by #Aw. If the energy loss hw is
smaller than the binding energy of the outermost inner-shell,
hw < Eg (where Ej refers to the binding energy of the lowest identi-
fiable inner-shell ionization edge in the plot of optical ELF), then a
secondary electron is supposed to be excited from the Fermi sea by
the transfer of an energy equals to /iw from the primary electron to
a valence electron where the excitation probability will be propor-
tional to a combined density of states of free electrons. If fiw > Eg, a
) secondary electron having kinetic energy Aw—Ep is excited from the
10° 10" 1 (I)z 163 10* inner-shell.”’ The relaxation of the ionized atom may cause: the |
energy (eV) emission of an Auger electron or the emission of a photon.
However, the influence of Auger electrons to the backscattering
10° ' ' ] coefficient is insignificant due to the lower probability of the inner-
shell ionization.

After experiencing number of elastic and inelastic scattering
collisions within the sample under study, some of the electrons will
reach to the surface. These electrons have a certain probability to
escape from the surface of the sample, i.e., the transmission func-
tion T. In our work, we used the quantum mechanical transmission
function given as”®

44/1 — Uy/Ecos?p if Ecos’f > Up

T(E, B) = [1 +4/1— UO/Ecoszﬁ]z’ ©)

0, otherwise.

10°

EMFP (nm)

10
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10°

EMFP (nm)

10"

102 ! ! In the above formula, B represents the angle between the
10" 102 103 10% direction of electron and the surface normal and Uy is termed as
energy (eV) the surface barrier which is equal to the sum of Fermi energy and

work function. The work function values used for three metals,
Cr, Co, and Pd are respectively 4.6, 5.0, and 5.4 eV. On the basis of
the kinetic energy, an escaped electron can be divided into a true
secondary electron (less than 50eV) or a backscattered electron

FIG. 1. Calculated electron EMFPs as functions of electron kinetic energy by
using 192 scattering potential models for (a) Cr, (b) Co, and (c) Pd.
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TABLE |. The optical ELF data used for Cr.
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Element ELF name Photon energy range and the corresponding data set

Cr Tanuma 0.04-29.5 eV (Tanuma et al.”’) 30-35 eV interpolation 36 eV-30 keV (Henke et al.(’7_) 30 keV-10 MeV
Palik 0.04-9999 eV (Palik®) 10keV-30keV (Henke et al.”’) EPDL97
Yang 0.1-200 eV (Yang et al.®®) 201-203 eV interpolation 204 eV-30keV (Henke et al.’’) (Cullen et al.®®)

(greater than 50eV). The electrons having energy higher than
50 eV are thus counted for the calculation of the backscattering
coefficient.

E. Energy loss function data

The ELF illustrates valence and inner-shell electrons excitation
in a solid, which is liable for the process of electron energy loss with
the energy transfer fiw and momentum transfer fig. It is the most
important quantity for the present Monte Carlo simulation, and the
accuracy of this quantity will play the most vital role for the reliabil-
ity of simulated data. Due to the complexity of electronic excitation
in a realistic material, it is very hard to obtain the accurate ELF from
a first-principles theoretical calculation at present. The experimen-
tally measured data in the optical limit of ¢ — 0 have been mostly
used in the Monte Carlo simulations”®***"** as well as in the calcu-
lations of electron IMFP and stopping power.””

In Palik’s database of optical constants,”” there are usually
several data sets for one element; these data sets are either in the
separated ranges of photon energy hw (or electron energy loss) or
in somewhat overlapped ranges. Then, we have combined them
together with high energy fiw data®”"’

66

% to form a unique optical
ELF data set, named as “ELF-Palik.” Other combined ELFs are simi-
larly named as “ELF—Yang,”(’g “BLF-Tanuma,”” and “ELF-Werner.””’
All the sources of these data sets are listed in Tables I-III for Cr, Co,
and Pd, respectively, and the corresponding ELF plots are shown in
Fig. 2. The linear interpolation was made for ELFs through refractive
index n and extinction coefficient k when data are missing within a
large gap. The “ELF-Tanuma” is in fact used in their calculation of
IMFP,”’ while the source of data has not been explicitly mentioned.
The ELFs in the intermediate energy loss region for “ELF-Yang” and
“ELF-Werner” are derived from their analysis of REELS spectra.
Although Tanuma et al. have depicted that their ELF data are same
as that of “ELF-Palik,” but it can be seen that in the range of
30-60 eV for Cr and 40-70 eV for Pd, their data are somehow differ-
ent from the original data in the Palik’s database, perhaps due to the
interpolation procedure used. In case of Co, Tanuma et al have

TABLE II. The optical ELF data used for Co.

depicted that data they used are same as that of “ELF-Werner,” but
they actually differ in the range of 70-100 eV.

Figure 3 shows the sum rule integration results of Eqgs. (7)
and (8) as functions of the integration upper limit, Aiwpmn,y, for the
ELFs of these three elements. For very large fiom,y, the integration
value converges to the sum rule results. Corresponding f-sum and
the ps-sum rule values are shown in Table IV. Note that for differ-
ent ELF data sets, the sum rule values are quite different. In the
case of Cr, the relative errors of both f- and the ps-sum rules are
quite small for “ELF-Yangy” while for “ELF-Palik” and
“ELF-Tanuma,” one of the errors of the f- and the ps-sum rules is
smaller and the other one is greater. For Co, “ELF-Yang” would be
the best because both sum rules are almost perfect, and
“ELF-Werner” and “ELF-Tanuma” are also good while “ELF-Palik”
is seen unacceptable, indicating that the inelastic scattering proba-
bility would be underestimated with “ELF-Palik” For Pd,
“ELF-Yang” is also better even though the f-sum error is a little
larger but the ps-sum is quite small; “ELF-Werner” is reasonably
good. “ELF-Tanuma” and “ELF-Palik” have nearly perfect f-sum
but quite worse ps-sum, indicating the overestimation at low energy
losses. Because the ps-sum rule error is dominated by the accuracy
of the lower energy part of ELF and the f-sum rule error is domi-
nated by the higher energy part, then different energy loss regions

being high or low are emphasized in different sum rules. ¢
Nevertheless, this is anyhow a simple overall estimation; the accu- ¢

racy of an ELF in a certain short energy loss range cannot be
known definitely according to the sum rules. It is also necessary to
mention that an ELF having a gross error of ps-sum, like the cases
of “ELE-Palik” for the three metals and “ELF-Tanuma” for Pd, will
lead to inaccurate IMFP values in the energy region from the low
energy up to very high energies due to the integration over the
whole allowed energy loss range. But, the larger error of f-sum and
smaller error of ps-sum only affect the accuracy of IMFP values at
high energies. Therefore, in a comparison of two ELF data sets that
one having a smaller f-sum rule error and greater ps-sum rule error
and another one having a greater f-sum rule error and smaller
ps-sum rule error, like the case of “ELF-Werner” and “ELF-Yang”
for Pd, the later one would be better.

Element  ELF name Photon energy range and the corresponding data set
Co Werner 0.5-70.5 eV (Werner et al.sj) 71-80 eV interpolation 80 eV-30keV (Henke et al.(’i) 30 keV-10 MeV
Tanuma 0.5-70.5 eV (Tanuma et al.”") 72 eV-30 keV (Henke et al.®’) EPDL97
Palik 0.07-2000eV (Palik®®) 2000 eV-30keV (Henke et al.“j) (Cullen et al.®®)
Yang 0.1-200 eV (Yang et al.””) 201-203 eV interpolation 204 eV-30keV (Henke et al.”’)
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TABLE Ill. The optical ELF data used for Pd.

ARTICLE pubs.aip.org/aip/jap

Element ELF name Photon energy range and the corresponding data set
Pd Werner 0.5-70.5 eV (Werner et al.Si) 71-80 eV interpolation 80 eV-30keV (Henke et al.(’7_) 30 keV-10 MeV
Tanuma 0.1-17.26 eV (Tanuma et al.””) 18-120 eV interpolation ~ 122 eV-30keV (Henke et al.(’:) EPDL97
Palik 0.01-525.4 eV (Palik™) 526 eV-30 keV (Henke et al®’)  (Cullen et al.®)
Yang 0.1-200 eV (Yang et al.®) 201-203 eV interpolation 204 eV-30keV (Henke et al.®’)

Il. RESULTS AND DISCUSSIONS

The electron IMFP, 4,,(E), is defined as the average distance
coved by an electron between two successive inelastic collisions; it
is reciprocal to the inelastic scattering cross section and is calcu-
lated by the double integration of DIIMFP in Eq. (4), where E — Ef
is the upper limit of integration over the energy loss fiw. E repre-
sents the kinetic energy of the electron measured from the bottom
of valence band and Er represents the Fermi energy. Greater IMFP
means that the electron can travel a longer distance before it loses
an energy, implying elastic scattering is more important. So, the
probability of electron to be backscattered will be higher.
Backscattering coefficient, n(E,), dependence on primary energy E,
can then be explained from the IMFP behavior on kinetic energy
E later.

Figure 4 shows the calculated 4,,(E) curves for the three ele-
ments with the different optical ELF data sets. In Fig. 4(a) for Cr, it
can be seen that the two IMFP curves, “IMFP-Tanuma” and
“IMFP-Palik,” have no intersection and the “IMFP-Palik” curve is
always lower than the “IMFP-Tanuma” curve from the low energy
region to the high energy region. While the “IMFP-Yang” and
“IMFP-Tanuma” curves intersect at about 200 eV above which the
“IMFP-Tanuma” is always greater than the “IMFP-Yang” The
behavior of the difference between IMFPs with three optical ELFs
is consistent with the sum rule results of the ELFs shown in
Table 1V. Because the ps-sum rules for “ELF-Palik” and
“ELF-Tanuma” are overestimated while the f~sum rules of them are
underestimated, the resultant “IMFP-Palik” and “IMFP-Tanuma”
are then both underestimated in the low energy region and overesti-
mated in the high energy region. Comparatively, the “IMFP-Yang”
should be quite reasonable in the low energy region because of the
excellent ps-sum rule result of ~0.3% and be only slightly overesti-
mated in the high energy region considering the error of f-sum rule
of ~2.3%.

In the case of Co, the “IMFP-Tanuma” and “IMFP-Werner”
curves in Fig. 4(b) are nearly overlapped because their ELF data
sets almost agree. The “IMFP-Palik” curve is higher than other
three curves above 30 eV as the “ELF-Palik” has quite low intensity
[Fig. 2(b)] and the sum rule values are underestimated. Because
almost perfect sum rules of “ELF-Yang,” the corresponding
“IMFP-Yang” should be the ideal one; however, it is not very differ-
ent from “IMFP-Tanuma” and “IMFP-Werner” because the sum
rules of “ELF-Tanuma” and “ELF-Werner” are also good.

For Pd in Fig. 4(c), such an analysis becomes a little bit
complex because of the sum rule errors for different ELFs.
Comparatively, the accuracy of “IMFP-Yang” for Pd is similar as
that for Cr and would be still satisfactory in the low energy region

because of the excellent ps-sum rule result with an error of ~0.3%
and be only slightly underestimated in the high energy region
considering the error of f-sum rule of ~2.8% for “ELF-Yang.”
Though the f-sum rules for “ELF-Tanuma” and “ELF-Palik” are
excellent but their ps-sum rules are quite bad, with an error of
~13%, resulting the much underestimation of “IMFP-Tanuma”
and “IMFP-Palik;” due to the integration over the whole energy
loss range, this underestimation has presented its effect not only in
the low energy region but also in the high energy region. As
mentioned previously, “ELF-Yang” is more preferential than
“ELF-Werner” for the smaller ps-sum rule error. The “IMFP-Yang”
curve intersects with the “IMFP-Werner” curve at about 40 eV above
which the “IMFP-Werner” curve is lower. Therefore, the overestima-
tion of “ELF-Werner” is likely to happen for fiw > 40 eV. This
relates to the simulated electron backscattering coefficient behavior
shown later.

The Monte Carlo simulations for the energy spectra of back-
scattered electrons for primary electrons normally incident on the
ideal smooth and clean surfaces of Cr, Co, and Pd have been per-
formed at first. The calculated range of primary electron energy E,
is from 0.1 to 100 keV. Figure 5 demonstrates the simulated back-
scattering N(E) spectra. In each simulation, totally 1 x 107 primary
electron trajectories were traced.

The backscattering coefficient value, 1(E,), is then obtained by

integrating N(E)-spectrum over the kinetic energy E of emitted
electrons for each primary electron energy E,. Therefore, the back-
scattering coefficient at each E, is actually contributed by electrons
having varied energies with their corresponding IMFPs, A,,(E),
shown in Fig. 4. At a low primary energy, only the lower energy
electrons can play a role, and, the low loss in ELF dominates IMFP
and ps-sum rule is more effective. At a high primary energy, not
only the low energy electrons but also the high energy electrons
contribute to backscattering coefficient, and, therefore, both the
f-sum rule and ps-sum rule become effective. Figure 6 shows the
simulated backscattering coefficients by using different ELF data
sets for the three elemental solids. The comparison with the experi-
mental data is also made.

For Cr, the calculated backscattering coefficient curves in
Fig. 6(a) with the three different ELFs show the similar trend of
variation with E,; however, their values are somewhat different.
The variation of 7 value relates to sum rules via IMFP. Clearly, a
larger IMFP would result in a greater 1 value because of less fre-
quent electron inelastic scattering during electron transport. As the
ps-sum rule for “ELF-Yang” is excellent and f-sum rule is also very
good, the backscattering coefficient calculation should be very rea-
sonable and the best among the three calculated data. Indeed,
Fig. 6(a) shows that “n-Yang” approaches the experimental data of
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100 F 7 Heinrich’'and Bishop’® at very high primary energies above

10 keV. For “ELF-Palik,” the overestimated ps-sum rule and under-

10" estimated f-sum rule indicate that the “IMFP-Palik” is underesti-

c 102 mated at low energies and overestimated at high energies and so

o forth “n-Palik” at corresponding primary energies. For

g 10° . “ELF-Tanuma,” the ploarities of sum rule errors are quite similar

= to those of “ELF-Palik” except the magnitudes are different. The

o 10 3 larger error of f-sum rule results in the more overestimated
i 10° ] “n-Tanuma” at high primary energies.

o For Co in Fig. 6(b), the two curves, “n-Tanuma” and

2 10° E “n-Werner,” are very close because the sum rule errors for

w 107 ] “ELF-Tanuma” and “ELF-Werner” are small and close. While the

ps-sum rule error for “ELF-Yang” is even smaller and nearly

10°® 4 perfect, then the calculated “n-Yang” should be the most accurate

20 40 60 80 100 particularly at low energies. Indeed, all the three data, “n-Yang,”

10‘:0.1 180 1;)1 1;: 1;,3 1(')4 10° “n-Tanuma,” and “n-Werner” agree at high primary energies and

agree with experimental data of Heinrich”' above 20 keV. It is easy

Energy loss (eV « o . . .
9y (eV) to see that the “n-Palik” curve is too much overestimated in com-

10° T ' T T T parison with experiments because both the sum rules for
“ELF-Pailk” are underestimated and, hence, the ELF intensity in
107" the whole energy loss range is much weakened and so forth the
" inelastic scattering probability. From the above results, we can say
H 10 that the sum rule analysis is very useful for verifying the data
‘g 10° quality of a Monte Carlo simulation while using the optical ELF for
=l modeling the inelastic scattering of electrons.
@ 10 For Pd in Fig. 6(c), the four ELF data sets have resulted the
2 s similar values of the calculated backscattering coefficients at high
5 primary energies above 10keV, which close to the experimental 3
g 10° data of Heinrich”' above 20 keV; this is clear because their f-sum g
w 107 rules are all good. But, only the “ELF-Yang” has nearly perfect 3
ps-sum rule while the “ELF-Werner” has error ~55% and 3
108 “ELF-Tanuma” and “ELF-Palik” have even larger error ~13.0%. %
Therefore, at low primary energies, only the “n-Yang” is considered 2
1°': o 10° 10" 107 10° 10° 10° to be accurate and “n-Werner,” “n-Tanuma,” and “n-Palik” should §
all be underestimated below 10 keV. But, this consideration raises a ~
Energy loss (eV) question in comparison with experimental data of Heinrich’' at
10° ] 10 keV: it seems that the lower n-value is likely to be more reason-
able. For answering this question, we need to consider two possible
107 3 uncertainties in making such a comparison. The first one is the
c 102 ] theoretical uncertainty coming from the choice of Mott’s electron
o elastic scattering cross section. In a previous calculation of second-
E 10° E ary electron yield and backscattering coefficient for Si, it has been
= shown that the effect of the scattering potential model on second-
2 10 3 ary electron yield can be very large, but it is small on backscattering
g 10° N coefficient.”® As it has been illustrated in Fig. 1 that the calculated
o the differences among EMFPs for 192 scattering potential models
] 10¢ 3 are small; therefore, it can be expected that this theoretical uncer-
w 107 ] tainty on backscattering coefficient could be also small. We have
then also performed additional calculations by using 192 different
10° 3 elastic cross-section models with the ELSEPA code. Figure 7 shows
100 b 2 L N these 192 n(E,)-curves for each element. Indeed, the obtained
10" 10° 10" 102 10° 104 10° 108 results do not show large difference above several keV. However,
Energy loss (eV) the variance becomes larger by decreasing primary energy down to
below 1 keV.
FIG. 2. The optical ELFs of (a) chromium, (b) cobalt, and (c) palladium, where 'On the Oth?r and, ﬂ.le se_cond un;ertamty' comes from the
the data sources are described in Tables 1l respectively. possible systematic uncerta.lngy 31nvolved in experimental measure-
ments. The previous studies’”’® have suggested that the carbon
J. Appl. Phys. 135, 225104 (2024); doi: 10.1063/5.0208968 135, 225104-7
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FIG. 3. The f- and ps-sum integrations as functions of the integration upper limit, iwmex, in Eqs
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palladium, respectively.

. (7) and (8) for (a) and (b) chromium, (c) and (d) cobalt, and (e) and (f)
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TABLE IV. The f- and ps-sum rules and their relative errors for Cr, Co, and Pd.

f-sum rule ps-sum rule
Relative Relative
Elements ELF Value error (%) Value error (%)
Cr Tanuma 22.20 -7.5 1.05 5.9
Palik 23.01 —4.1 1.10 10.3
Yang 24.55 2.3 1.003 0.3
Co Tanuma 26.79 -0.8 1.01 1.2
Werner 27.13 0.5 1.01 1.7
Palik 23.39 —13.3 0.83 —16.2
Yang 27.16 0.6 0.9991 —0.1
Pd Werner 47.20 2.6 1.05 5.5
Tanuma 45.85 -0.3 1.12 13.0
Palik 45.81 —-04 1.13 13.0
Yang 47.29 2.8 1.003 0.3

contamination of surface can present an obvious effect on the mea-
sured n-values for the light and heavy elemental solids and particu-
larly at low primary energies. It is then very likely to have also an
effect for the intermediate-Z elements. In addition to carbon con-
tamination, the effect of water vapor molecules in the chamber of
an environmental scanning electron microscope on backscattering
coefficient has also been studied.”” In comparison with the early
experimental measurements, the systematic error due to the surface
contamination should be considered because the measurements
were either performed in condition without ultrahigh vacuum envi-
ronment and/or absent or insufficient in situ surface cleaning.
Therefore, the effect of contamination should be studied while per-
forming the simulations. For example, Hunger’s experiments were
carried out at pressure of 4x 107> Pa in an electron probe micro-
analyser,18 and some other measurements’ ™’ were performed in
1960s when the ultrahigh vacuum condition was not available.
To compare with those experimental data, we have performed the
calculations for the Cr, Co, and Pd solids whose surfaces are
covered by several amorphous carbon layers. In this work, we con-
sidered only amorphous carbon contamination, as the physical
properties such as optical constants for other complex adsorbates
are mostly unknown. We considered that the effect of the carbon
layer can be much higher as compared to the oxidation layer, as it
has lower atomic number and also due to the nature of chemical
composition of the contamination layer in practice. Amorphous
carbon is well known to dominate the contamination ingredient
and particularly under electron beam bombardment condition. Its
electrical properties have been measured by x-ray photoelectron
spectroscopy’” and its optical data are available.”” In theoretical
point of view, the present simulation is the combination of the best
available Monte Carlo technique and the best available ELFs, the
simulation results are expected to predicate much more realistic
backscattering coefficient data in such an experimental condition.
Here, it is worth to mention that experimentally the surface mor-
phology may likely to be changed during the surface cleaning pro-
cesses via annealing, ion sputtering, or plasma exposure, which in
turn also influence the electron emission yield.80 In this work, we
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will ignore the surface morphology and only consider the planar
surface.

We also considered amorphous carbon contamination in our
work; the mass density of amorphous carbon is 1.900 g/cm® and
work function value is 5.0 eV. The effect of number of layers of
carbon contamination was studied. For this calculation, the
ELF used is taken from three different references, ELF from 0 to
200 eV is extracted from a REELS spectrum.”” In the range of
200 eV-30keV, ELF was calculated from atomic scattering factor
taken from Henke’s database.”” While for the range of 30keV-
10 MeV, we used the atomic scattering factor from EPDL97 data-
base.®® Here, we used CTMC-ATOMIC’’ simulation code with
only bulk excitation model for the calculation of the contaminated
surface. The f-sum and the ps-sum rule values for amorphous
carbon are 5.05 and 0.946, respectively. The physical properties of
the contamination film, like ELF, work function, bandgap, and
density used in this simulation, are similar with those of the solid
state of the adsorbates.

Figure 8 shows the comparison of the simulated results for
contaminated surfaces with the available experimental data (the
actual density value of contamination in a specific experiment is
unknown). The “3412”-scattering potential model is used. It can be
seen that by covering some carbon atomic layers (where the thick-
ness of one atomic layer of carbon contamination is ~3.35 A), the
backscattering coefficient is intensively reduced at low primary
energies below several keV and tends to approach the experimental
data at high primary energies. Above 4 keV, the experimental data
measured by different groups are quite consistent with our calcula-
tions. The situation is pretty much similar as observed in the case
of Mo and W.*® Unfortunately, there is no experimental data avail-
able at lower primary energies for a direct comparison; however,
other experimental data for the nearby atomic number elements
can be employed to explore the trend. Reimer and Tollkamp have
presented a plot for the general trend of backscattering coefficients
on primary energy and atomic number.”* For Cu, their closest solid
measured in atomic number to Co, the plot the constant value
~0.31 down to below 3 keV; and for Ag, the nearby solid in atomic
number to Pd, the measured value decreases from ~0.41 with
decreasing primary energy from 10 keV. In addition, it can be seen
from the plot in Ref. 38 for Mo, which is also the nearby solid in
atomic number to Pd, that several other experiments demonstrate a
similar decreasing behavior with decreasing primary energy from
10keV. The general trend agrees with the present calculation of
contamination effect.

The above calculation shows that certainly the contamination
effect is as large as expected because of the obvious difference in
atomic numbers between the carbon adsorbate and metal substrate;
for the intermediate-Z elements, the contamination would tend to
reduce the backscattering coefficient mainly in the primary energy
region of 107'-10° keV.

11l. CONCLUSION

In this work, we have employed an up-to-date Monte Carlo
simulation model and investigated the effects of ELF data accuracy
and surface contamination on the Monte Carlo simulated electron
backscattering coefficients for Cr, Co, and Pd metals in primary

ARTICLE pubs.aip.org/aip/jap

energy range of 0.1-100 keV. The comprehensive analysis of f- and
ps-sum rule results illustrates that the f~sum rule for ELF empha-
sizes the accuracy of calculation at high primary energy while
ps-sum rule conveys the accuracy of calculation in the whole range
of primary energy and particularly at low primary energy. The
large positive/negative errors of these sum rules can lead to under-
estimation/overestimation of backscattering coefficient. The present
simulation data for pure metals are found to be higher than the
available experimental data for these metals except at very high
energies above 20 keV. While the calculation results for the carbon
contaminated Co and Pd surfaces have shown excellent agreement
with the experimental data, indicating that very likely all the avail-
able historical experimental data of backscattering coefficient suffer
the contamination effect. Therefore, the Monte Carlo simulation
technique can be used to establish a reliable theoretical database of
electron backscattering coefficients for ideal elemental solid sur-
faces, which are free of the harmful factors, before further compre-
hensive experimental data measured for clean surfaces are available.
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