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Modified predictive formula for the electron stopping power
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We report an improved predictive formula for the electron stopping power (SP) based on an analysis
and fit of SPs and electron inelastic mean free paths (IMFPs) calculated from optical data for 37
elemental solids and energies between 200 eV and 30 keV. The formula is a function of energy,
density, and IMFP, and is recommended for solids with atomic numbers larger than 6. While the
mean deviation between predicted and calculated SPs was 7.25%, larger deviations were found for
four additional materials, Li (22.2%), Be (17.9%), graphite (15.3%), and diamond (15.7%). The
predictive SP formula can be applied to multicomponent materials. Test comparisons for two
compounds, guanine and InSb, showed average deviations of 16.0% and 19.1%, respectively, The
improved SP formula is expected to be useful in simulations of electron trajectories in solids with

the continuous slowing-down approximation (e.g.,

microprobe analysis). © 2008 American Institute of

I. INTRODUCTIGN

Quantification of Auger-electron spectroscopy (AES)
and electron micreprobe analysis (EPMA) should be ‘based
on a reliable theoretical model describing the transport of the
primary-electron beam impinging on the sample surface.
Monte Carlo (MC) simulations are often used to obtain a
relation between the signal intensity and the concentration of
a given element in the surface region. In principle, we need
to determine primary-electron trajectories in the solid by
simulating individual elastic- and inelastic-scattering events.
This approach, however, is generally difficult due to the lack
of sufficient data describing the differential inelastic-
scattering cross section as a function of energy loss; in addi-
tion, it may not be easy to construct accurate statistical sam-
plers for materials with complex structure in this differential
cross section.! In computational practice, these difficulties
are circumvented by using the continuous slowing-down ap-
proximation (CSDA) in which it is assumed that the electron
energy along a trajectory is a function of the trajectory
length. A crucial parameter needed in the relevant MC algo-
rithm is the stopping power (SP) which is defined as the
energy change, dE, per increment of distance, dx, along the
trajectory, S=-~dE/dx. The CSDA and SP data are also used
in modeling electron transport in solids for other applica-
tions.

The concept of SP has a long history in theories of elec-
tron transport. Over seven decades ago, Bethe? developed a
now well-known formula in which the SP is expressed, for
nonrelativistic energies, as
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where e, is the electron charge, e is the base for natural
logarithms, N, is the Avogadro constant, Z is the atomic
number, p is the density (in g/cm?), A is the atomic mass, E
is the electron energy (in eV), and J is the mean excitation
energy (in eV). The constant V(e/2)=1.166 takes into ac-
count electron-exchange effects. Extensive compilations of
calculated and measured SPs for numerous elements and
compounds are available,>5

The Bethe formula is expected to be valid for relatively
high primary-electron energies, i.e., energies exceeding the
K-shell binding energies of all atoms constituting the
s.ampka.6 The reliability of the Bethe equation seems to be
sufficient, however, in calculations of parameters needed in
EPMA, and this equation is recommended for use for
primary-beam energies between 15 and 30 keV.” Neverthe-
less, analyses of calculated SPs for Al (where the K-shell
binding energy is 1.56 keV) indicate that the Bethe equation
is valid only for energies larger than about 10 keV, and
larger minimum energies for validity of the Bethe equation
are likely for higher atomic numbers.?

It should also be noted that SPs from Eq. (1) become
negative when £<J/1.166, an obviously unrealistic result.
Several attempts have been made to modify the Bethe equa-
tion so that it can be used at low energies. Rao-Sahib and
Wittry9 proposed a parabolic extrapolation of the Bethe
equation for £ < 6.388J; this extrapolation does not have any
physical basis, and was introduced only for computational
convenience. For example, their approach was used by Love
et al.' in calculations of so-called “Phi-Rho-Z” curves for
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quantitative EPMA. Other modifications to the Bethe equa-
tion have been proposed by Joy and Luo'! and by Fernandez-
Varea et al.l? Although the proposed extensions described
SPs at low energies quite well, the relevant formulas are
applicable to only a limited number of solids for which the
needed parameters are available.

In AES, we need to follow the electron energies down to
the ionization energies of core shells, generally below 1 keV.
It is then critical, for MC simulations using the CSDA, to
have reliable SPs at these energies. Attempts have been made
to use the Bethe equation in calculations of the backscatter-
ing factor for AES, and a sophisticated algorithm has been
proposed to avoid computational problems at low
energies. 115 A similar approach has been used in calcula-
tions of the energy dependence of the Auger-electron current
and of the angular and energy distributions of electrons back-
scattered from solids.'® Due to the complexity of this algo-
rithm, however, it has not been utilized by others.

In principle, one can derive a SP for any solid from
Tougaard’s universal inelastic-scattering  cross-section
formulas.” The SP can be expressed in terms of the mean
energy loss, AT(E), in an inelastic-scattering event and the
inelastic mean free path (IMFP), \,:!

dE  AE AT(E)

dx Ax Ay
Although expressions can be derived for AT(E),! the Tou-
gaard formulas were developed for energy losses less than
50 eV; ie., they did not include the contributions due to
core-electron excitations that are significant for the SP.? In
addition, the Tougaard formulas were obtained for electron
energies between 300 and 1500 eV, and may not be useful
for energies outside this range. We therefore do not think it
useful to compute S from Eq. (2) with AT(E) from the Tou-
gaard formulas.

An attempt has been made recently to derive a universal
SP expression by approximation of the energy dependence of
the S\, product (the so-called S-lambda approach).'®!® The
recommended expression, obtained from an analysis of SPs
and IMFPs calculated from optical data for a group of 27
elemental solids for energies between 200 eV and 30 keV,
has the form

S}\in = AT(E) = Cl(sz + 1)1H(C3E) (m CV) , (3)

@

where Z is the atomic number, E is expressed in eV, A, is
expressed in A, and c1=1152, ¢,=0.01639, and c
=0.033 86 are coefficients derived from a fit to the product of
the calculated SPs and IMFPs. The mean percentage devia-
tion between SPs calculated from Eq. (3) and from optical
data, averaged over the 27 elements, was found to be
10.4%."8

The product Sh;, is generally a monotonically increasing
function of energy, with a relatively smooth shape.18 Thus,
the derivation of an expression fitted to a large database of
SP and IMFP data seems to be a promising approach for a
predictive formula providing SPs over a large energy range.
In the present work, we present an improved SP predictive
formula based on the S-lambda approach. First, we consider
SPs and IMFPs calculated from optical data for 14 additional
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elemental solids. Second, we consider an improved approxi-
mating expression for S-lambda. We present a brief descrip-
tion of the SP and IMFP calculations in the following section
and explain the basis of our S-lambda expression. We then
present comparisons of SPs from the improved expression
with the calculated SPs in Sec. III. These results are dis-
cussed in Sec. IV.

il. THEORY
A. Calculations of IMFPs and SPs from optical data

A total inelastic-scattering cross section (or, equivalently,
an IMFP) can be found from a model dielectric function
&(g,w), a function of momentum transfer g, and energy loss
T=fiw.”® The differential inelastic-scattering cross section,
per atom or molecule, in an infinite medium is

d’o _ moe(z) ( -1 )1
&lg.w)/ g’

dgdw  wNRE
where my is the electronic rest mass, N is the density of
atoms or molecules per unit volume, and Im[~1/&(g,w)] is
the energy-loss function (ELF). The dependence of the ELF
on w can be obtained from experimental optical data for the
material of interest (for g=0) while the dependence of the
ELF on g can be obtained from an appropriate theoretical
model. 2

The IMFP and SP were determined using Penn’s single-
pole approximation?’ from the following integrals of
Im[-1/e(q,w)]/q and Im[~1/&(g, w)](w/gq), respectively,
over the kinematically allowed regions of q and w:

1 * -1 7 dg
A = f ) Im(——)dwf
? TraOE 0 i S(wp) v q qu(‘l)
!

4)

E-E
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)
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A (= Vg [ e
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E-E;
Xf (hw)d(fiw) o - w,(g)], (6)
0
where

wzp(q) = wzp + %[v (wp)q]2 + (hg*2my)?,

q* = (\2muE/H)\1 * V1 - (he/E)),

v(w,) is the Fermi velocity of a free-electron gas with
plasma frequency w,, and a; is the Bohr radius.

B. Improved predictive formula for the stopping
power v

The mean electron energy loss per inelastic interaction,
AT(E), can be defined as
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AT(E) = io____(__._)._ (7)

JeK(E,T)dT’

where T is the actual energy loss per inelastic interaction,
and K(E,T) is the differential inelastic-scattering cross sec-
tion.

We assume, as in our previous work,18 that AT(E) is a
product of several functions, with each of these functions
providing a dependence on only one parameter, i.e., electron
energy, density of the solid, and atomic number. That s,

AT(E) = F(EYG(p)H(2). ®)

Appropriate functional forms of F, G, and H can be deter-
mined by minimization of the mean percentage deviation,
(AS), defined by

Ny N .
1 Si —S E', i’Zi
E z | J— Sl 2P )| ©)

s

(AS)=100
ZIYE i=1 j=1 Sf.j

where Nz is the number of elements, Ny is the number of
energies, and

F(E)G(p)H(2) .

S;ﬁ:(.E 0 Z) = N
in

(10)
For this analysis, we need an extensive set of SPs and IMEPs
for a range of elemental solids and energies as well as suit-
able functions F(E), G(p), and H(Z). The procedure used to
obtain these functions is outlined in the following section.

lil. RESULTS

In our derivation of the S-lambda expression in Eq. (3),'
we considered IMFPs and SPs calculated from optical data
for 27 solid elements (C-glassy, Mg, Al Si, Ti, V, Cr, Fe, Ni,
Cu, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Hf, Ta, W, Re, Os, Ir, Pt,
Au, and Bi) and electron energies between 200 eV and
30 keV. In the present work, we also consider similarly cal-
culated IMFPs and SPs for 14 additional solid elements (Li,
Be, C-graphite, C-diamond, Na, K, Sc, Ge, In, Sn, Cs, Gd,
Tb, and Dy). The IMFPs (Ref. 22) and SPs (Refs. 8 and 23)
were calculated for energies evenly distributed on a logarith-
mic scale with energy increments of 10%. ELFs for these
solids were checked for internal consistency using the f-sum
rule and the perfect-screening sum rule.”*2° These sum rules
were satisfied with an average root-mean-square error of
about 8.5%.

To fit Eq. (10) to the calculated SPs and IMFPs for the
41 elemental solids, we need suitable functional forms for
the functions F(E), G(p), and H(Z). At first, we considered
the energy dependence of the SP for a given element. On
testing different expressions, the following functional form
of F(E) was found to provide a satisfactory approximation to
the calculated SPs:

F(E) = DE% In(d}E), (11)

where D=G(p)H(Z) for a given element, dy and d; are pa-
rameter values for a particular solid, and £ is again expressed
in eV. Approximations of SPs calculated for the ith element
were then made from fits with the resulting expression:
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TABLE L. Coefficients D, d;‘, and d; in Eq. (11) and the mean percentage
deviations, AS;, obtained from fits of Eq. (13) to the calculated SPs and
IMFPs for each solid.

- 65

z D 4 d; (evh) AS; (%)
3 18.246 ~-0.13142 3.4131x107? 0.71
4 29.624 -0.130 88 33921 %1072 0.43
6(gr)? 16.551 ~7.339 1% 1072 0.159 19 1.18
6(di)* 21.518 ~7.487 4 X107 0.143 62 1.35
6(ge) 18.511 ~6.8855 X107 6.8138% 1072 2.02
il 25.715 -0.105 46 1.9742 %1072 1.1l
12 34.915 ~0.114 19 1.9935x 1072 0.76
13 37.186 -0.108 80 '1.685 8 X 10~2 0.84
14 40.822 -0.11438 1.476 6 X 1072 1.02
19 7.9016 3.3990 % 1074 6.2823 X102 3.11
21 9.0611 -3.4777x 1073 0.437 56 1.80
22 8.5371 26962 X 1072 0.398 66 1.90
23 7.8451 5.0762x 102 0.164 10 2.39
24 12.812 8.1006 X 1073 0.128 88 1.56
26 16.286 -42402% 10 82202 %1072 1.40
28 34.064 -5.203 7% 102 3.5126x 1072 0.98
29 40.656 -5.7022X107 22667 X102 0.91
32 34.274 ~5.747 7 X 1072 1.5358 % 1072 0.92
39 17.873 -1.4908X 10 373571072 2.35
40 12.151 2.3129x 1472 5.2559x 1072 2.79
4] 12.373 4.6543 X 1672 6.0907 X 1072 3.48
42 9.9804 5.0326x 102 0.142 26 3.16
44 4.4029 0.108 22 2.0576 3.76
45 5.3009 9.465 0% 1072 1.5557 3.49
46 5.3239 0.12122 0.31193 4.29
47 17.917 7.6830X 10~ 0.130 39 2.73
49 6.3796 7.5223x 102 0.607 86 2.43
50 8.2325 6.2673 X 1072 0.372 64 2.34
55 6.1942 5.3206x 1072 6.2483 x 1072 2.79
64 12.167 3.3686x 1072 5.7301x 1072 1.24
12.297 2.1030X% 1072 9.3712%x 1072 0.77
66 15.128 1.294 6 X 1072 6.5662 % 1072 0.72
72 18.776 43787 x 1072 2.5473x 1072 1.24
73 16.960 3.6930x 1072 4.8800% 1072 1.06
74 16.554 4.1428 X 1072 4.9213x 1072 1.33
75 15.239 3.7608 X 10-2 0.101 21 1.19
76 16.594 4.691 6 X 1072 5.5356x 1072 1.48
77 14.588 6.453 5% 1072 4.9739x 1072 1.86
78 13.547 6.2272 X 1072 6.9369 % 1072 2.01
79 10341 6.6758 X 1072 0.295 62 1.69
83 6.9828 8.904 2 x 102 0.259 46 2.08

*For Z=6, (gr) corresponds to graphite, (di) to diamond, and (gc) to glassy
carbon.

DE® In(d}E)
S(E) = ————, (12)
in
as follows from Eqs. (2), (8), and (11). The fit was performed
by minimization with respect to D, d, and d; of the follow-
ing mean percentage deviation, (AS,):

Ny
P & IS~ Sa(E;
As,:mo———-zI : Sﬁ‘( )l. (13)
E j=1 ij

The fit coefficients and the minimum percentage deviations
are listed in Table I for each solid. We see from the relatively
small values of (AS,) that the proposed function describes the
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The functions S-lambda for 37 elements
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FIG. 1. Product of the SP and the IMFP, S\,,, for 37 elemental solids as a
function of electron energy.

energy dependence of the SP very well. In the majority of
cases, (AS)) is less than 2%; in the worst case (Pd), (AS)) is
4.29%. Although there is no known theoretical justification
for the form of Eq. (11), this equation provides a convenient
description of the SP energy dependence for the 41 elemental
solids. On comparison with Eq. (3), we see that the energy
dependence proposed here is slightly more complicated than
for our previous SP expression.

in 2 similar way, we determined the functional depen-
dences of the calculated SPs on density and atomic number,
ie., the functions G(p) and H(Z). In the second stage, we
assumed that the dependence of the product S\;, on density
could be described by

Gp) =d,(p+dy)*, (14)

where p is expressed in g/cm®. The minimization was per-
formed simultaneously for all elements and energies. The
minimized function was again the mean percentage devia-
tion:

Modified predictive formula S-lambda
1 Dependence on energy for 37 elements

Shin/Gle)

”1000 ' S '15600
Energy (eV)

FIG. 2. Energy dependence of the function Shin/ G(p) for 37 elemental
solids. This function is proportional to F(E), and has been obtained by
dividing the product Sk;, (in units of eV) for each solid and energy by the
expression G(p)=d,(p+d,)"s [see Eq. (14)]. The solid lines in both panels
show the function F(E)=E" In(d;E) [see Eq. (17)].
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Modified predictive formula S-lambda
Dependence on energy for low atomic number elements

Srin/Glp)

" 1000 ' 10000
Energy (eV)

FIG. 3. Same as Fig. 2 except for the four low-Z solids: (1) Li, (2) Be, (3)
graphite, and (4) diamond.

Ny Ng

1 S; i = SalE; p;
ZIVE i=] j=1 Si,j
where
d{E2 in(d;E)(p + dg)% :
SalE,p) = AT (16)

)“in

It was found that Eq. (16) described well the calculated SPs
for most elements, although larger deviations were found for
the two elements with the smallest atomic number (Li and
Be). In addition, large deviations were found in the fits for
graphite and diamond. We eventually decided to omit these
four low-Z materials in our fits. The minimization procedure,
extended over 37 elements, resulted in the following values
for the parameters d; in Eq. (16):

dy=17.89271,
d,=0.011708 8,

d;=0.054 5126,

100
Modified predictive formula S-lambda
Dependence on density
iy
Y
3
17

T

T
1] 8 10 15 20 25
Density (g/cm®)

FIG. 4. Density dependence of the function SA,./F(E). This function is
proportional to the contribution G(p), and has been obtained by dividing the
product S\, (in units of eV) by the expression F(E)=E® In(d;E) [see Eq.
(17)]. The solid line shows the function G(p)=d,(p+d,)’ [see Eq. (14)].
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22
2.0+

Modified predictive formula S-lambda
Dependence on atomic number

1.8+
1.6+
1.4
1.24

NFEIG()]
°

£0.8

Si

0.6+
044
0.2+
0.0 T Y T T T Y 1

4] 10 20 30 40 5'0 60 70 80 90
Atomic number

FIG. 5. Atomic number dependence of the function S\,,/[F(E)G(p)]. This
function has been obtained by dividing the product S\, {in units of eV) by
the expression d, E% In(d;E)(p+d,)*s [see Eqgs. (14) and (17)]. The solid line
shows unity.

dy=—~0.0254488,

ds=0.326907.

The minimum value of (AS) from Eq. (15) is now 7.25%, a
value that is much lower than that found previously using
Eq. {3) as the fitting function (10.44% obtained for a fit to
SPs for only 27 elemental solids).'®

Figure 1 shows products of the SPs and IMFPs, S\,
calculated from optical data for the 37 elements as a function
of energy. As indicated in our previous work, the products
are a monotonically increasing function of energy.18 The
plots have generally similar shapes for all elements but ex-
hibit a considerable spread. To visualize the dependence on
energy only, we plot the function S\;,/G(p) for 37 elements
in Fig. 2. We sce that the spread in this function is much less
than the spread in Fig. 1 (and also much less than the spread
in Fig. 1 of Ref. 18). The solid line in Fig. 2 is a plot of the
fitted energy dependence,

SN/ G(p) = F(E) = E“2 In(d;E), )

40

Predictive formula S lambda
Average deviation <AS> = 10.43%

8 8
)

ny
w
il

oy
w
L

Mean percentage deviation (%)
3 3 3
1

Atomic number

FIG. 6. Mean percentage deviations, (AS,), calculated from Egs. (3) and
(19) as a function of atomic number for the original set of 27 elemental
solids (Ref. 18). The dashed line indicates the average value for this group
of elements (10.44%).
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40
Modified predictive formula S lambda
= 35+ Average deviation <aS> = 7.25%
4
3; 30 G Previous 27 elements
2 ® Additional 10 elements
'S 25+
é .1 A Four low-atomic-number elements
4
S 20+
£ 42,
S 15 4%
g ],
g104 ]
R B
ST
i | i;
o4l
0 10

Atomic number

FIG. 7. Mean percentage deviations, (AS), calculated from Egs. (16) and
(20) as a function of atomic number for our group of 37 elemental solids.
Open circles: previously considered group of 27 elements (see Fig. 5); solid
circles: additional ten elements. The dashed line indicates the average value
for this group of elements (7.25%). The four low-Z elements are indicated
by solid triangles: (1) Li, (2) Be, (3) graphite, and (4) diamond.
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FIG. 8. Comparisons of SPs calculated from optical data for silicon (dot-
dashed line) with SPs obtained from the SP predictive formulas. In the upper
panel, the dashed line denotes SPs obtained from Eq. (3) and the solid line
denotes SPs obtained from the presently proposed predictive formula [Eq.
(16)]. The lower panel shows the percentage deviation expressed by Eq. (21)
where the dashed line refers to SPs from Eq. (3) and the solid line refers to
SPs from Eq. (16).
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FIG. 9. Same as Fig. 7 except for iron.

with parameter values from our fit. Equation (17) follows
from Egs. (14) and (16). In Fig. 3, we show the function
S\in/ G(p) calculated for the four low-Z solids, and compare
these plots with the shape of the fitted energy dependence.
The shapes of these dependences deviate distinctly from the
fitted curve for the 37 other solids, despite the fact that SPs
for each of the four solids can be well described by Eq. (11)
(see Table I).

We plot the function S\;,/ F(E) for the 37 elemental sol-
ids in Fig. 4 to show the dependence on density. We see that
this dependence is now very well defined, as indicated by the
solid line that shows a plot of Eq. (14) with parameter values
determined from the fit. This result confirms that Eq. (14)
proposed for describing the density dependence is satisfac-
tory (although there is no known theoretical justification for
this expression).

Finally, we attempted to introduce the function H(Z) to
make further improvements in the quality of the fit. An ob-
vious choice would be the same function that was used in our
earlier study:18

H(Z) =dgZ +1. (18)

We plot the function S\;,/[F(E)G(p)] in Fig. 5 to visualize
the residual dependences on atomic number. We see, how-
ever, that the plotted points scatter around unity. Conse-
quently, it is reasonable to assume that dg=0. This conclu-
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FIG. 10. Same as Fig. 7 except for nickel.

sion was further confirmed by additional fits. Inclusion of the
function H(Z) in the minimization procedure did not de-
crease further the mean percentage deviation. We therefore
conclude that Eq. (16) is suitable for approximating the cal-
culated SPs.

Let us now consider the mean percentage deviation be-
tween SPs calculated from Eq. (3) and SPs calculated from
optical data, averaged for the ith element over the considered
energy range:

NE — . .
(AS,'>=100—1“2 Eli_'iﬁ_t(w (19)
E j=1 i

The mean percentage deviations for the previous S-lambda
expression [Eq. (3)] are shown as a function of atomic num-
ber for the original set of 27 elements in Fig. 6. We note
large deviations for Ni, Cu, and Bi. We now calculate similar
mean percentage deviations for the presently proposed
S-lambda expression [Eq. (16)]:

N,
1 G S5 = SalEp;
Neio Sij

Values of (AS;) from Eq. (20) are shown in Fig. 7 for our
group of 37 elements. We see that the improved S-lambda
function gives generally smaller deviations than those shown
in Fig. 6 for Eq. (3). The proposed predictive formula [Eq.
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FIG. 11. Same as Fig. 7 except for copper.

(16)] with fitted coefficients leads to the following mean per-
centage deviations for the low-Z materials: 22.18% for Li,
17.92% for Be, 15.34% for graphite, and 15.73% for dia-
mond. These deviations are distinctly larger than the mean
percentage deviations for the other elements. As follows
from Fig. 7, the values of (AS;) for glassy carbon, Ni, Cu,
Ag, and Hf are appreciably larger than for other elements;
they are equal to 11.86%, 13.11%, 14.51%, 13.28%, and
11.80%, respectively. On the other hand, the largest values of
(AS;) shown in Fig. 6 are observed for Ni, Cu, and Bi (equal
0 26.17%, 26.78%, and 29.06%, respectively). The use of
the improved predictive formula decreases considerably the
mean percentage deviations for these three solids.

It is of interest to compare the calculated and predicted
energy dependences of SPs for selected elements in the pres-
ently analyzed energy range. These comparisons are shown
in the upper panels of Figs. 813 for Si, Fe, Ni, Cu, Y, and Bi
(which show a reduction in {AS,) from the improved for-
mula) and the upper panel of Fig. 14 for Hf (which shows an
increase in (AS;) from the improved formula). In the lower
panels, we show the percentage difference,

Secac = Sore ,
AS = IOOI__E_a_IE.__u.i’ (21)

calc

where S, denotes a SP calculated from optical data (for a
particular element and energy) and Sprea denotes the corre-
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sponding SP from one of the predictive formulas, Eq. (3) or
Eq. (16). As mentioned above, the best improvement is ob-
served for Ni, Cu, and Bi (Figs. 10, 11, and 13). For Ni and
Cu, however, the performance of the improved formula is
still not ideal. The maximum deviation reaches 20% for E
<1 keV. Equation (3), however, leads to deviations exceed-
ing 30% for this energy range. The improvement for Bi is the
most pronounced. SPs from the improved formula deviate
from the calculated SPs by less than 10% over the total en-
ergy range considered, while deviations of up to 40% are
observed with the previous formula. Nevertheless, use of Eq.
(16) leads to larger mean percentage deviations for some
elements than Eq. (3), as can be seen from Figs. 6 and 7. The
largest increase is observed for Hf. Figure 14 shows com-
parison of Hf SPs from the two predictive formulas with the
SPs calculated from optical data. In this case, the maximum
percentage difference is 19.11% at 30 keV with the im-
proved formula while previously the deviation at 30 keV was
8.35%. The maximum deviation for Hf with the previous
formula was ~19.43% (near 300 eV). Although the improved
formula performs better for Hf at low energies, the mean
percentage deviation is distinctly larger with this formula.

IV. DISCUSSION

Our improved predictive SP formula [Eq. (16)] provides
satisfactory fits to a set of calculated SPs and IMFPs for 37
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FIG. 13. Same as Fig. 7 except for bismuth.

elemental solids for electron energies between 200 eV and
30 keV. The mean percentage deviation between SPs from
Eq. (16) and SPs calculated from optical data was 7.25%,
much less than the mean deviation of 10.44% found with our
previous SP formula [Eq. (3)] for 27 of these solids. Never-
theless, Eq. (16) does not provide satisfactory fits for four
low-Z solids (Li, Be, graphite, and diamond). As previously
mentioned, the average percentage deviation between SPs
from Eg. (16) and SPs from optical data for these four solids
varied between 15.15% and 24.85%. Although the energy
dependence of the SPs for the low-Z elements is well de-
scribed by the expression proposed here [Eq. (11)] (see.
Table I), the shapes of these dependences deviate noticeably
from the shape of the energy dependence found from fits to
the SPs for the other 37 elements, as shown in Fig. 3. Con-
sequently, our predictive formula may, unfortunately, lead to
considerable deviations when applied to low-Z elements.
This situation is illustrated in Figs. 15 and 16. For Li (Fig.
15), the maximum deviation of SPs from Eq. (3) is 151.73%
while the maximum deviation from Eq. (16) is 58.92%, both
at 30 keV. For Be (Fig. 16), the maximum deviations are
also observed at 30 keV, and are equal to 57.63% and
48.72% for Egs. (3) and (16), respectively.

Our analysis indicates that the improved predictive SP
formula [Eq. (16)] is satisfactory for describing the calcu-
lated SPs for our group of 37 elemental solids with Z> 6.
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For Li, Be, graphite, and diamond, it is advisable to use Egs.
(11) and (12) with parameter values given in Table I to ob-
tain fitted or interpolated SPs for these solids. The predicted
SPs from Eq. (16) for glassy carbon, however, are reason-
able, as shown in Figs. 6 and 7. The average deviation be-
tween SPs from Eq. (3) and the calculated SPs is 12.51%,
while the corresponding deviation from Eq. (16) is 11.86%.

We emphasize that Eq. (16) is an empirical formula and
that we do not have a physical basis for the direct depen-
dence on electron energy and sample density. We point out,
however, that IMFP values can be estimated from energy,
density, atomic or molecular weight, and the bandgap energy
for nonconductors [Eq. (24) below]. The dependence of
S(E, p) on energy and density can therefore be more com-
plex than indicated by Eq. (16).

SP data are frequently needed for MC modeling of elec-
tron trajectories. Such calculations provide useful parameters
for quantification of AES and EPMA. For example, simula-
tions of primary-electron trajectories over a wide range of
energies are made to calculate parameters describing electron
backscattering from solids [e.g., the backscattering factor in
AES (Refs. 1, 13-15, and 27) and the excitation depth dis-
tribution function giving the in-depth distribution of inner-
shell ionizations in AES and EPMA].27 MC simulations can
be similarly used in calculations of the radial distribution of
Auger-electron emission; this approach facilitates determina-
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FIG. 15. Comparisons of SPs calculated from optical data for lithium (dot-
dashed line) with SPs obtained from the predictive formulas. In the upper
panel, the dashed line denotes SPs obtained from Eq. (3) and the solid line
denotes SPs obtained from the presently proposed predictive formula [Eq.
(16)]. The lower panel shows the percentage deviation expressed by Eq. (21)
where the dashed line refers to SPs from Eq. (3) and the solid line refers to
SPs from Eq. (16). Note that the lithium data were not considered in the
derivation of Egs. (3) and (16).

tion of the lateral resolution of scanning Auger-electron mi-
croscopy for the limiting case of an ideal chemical edge:.28
In practical applications of AES and EPMA, however,
alloys and compounds are often analyzed, and MC simula-
tions for quantification need SPs for such materials. Let us
consider a multicomponent material consisting of n ele-
ments. Following the procedure used for extension of the
Bethe SP formula to compounds, the following generaliza-
tion of the S-lambda expression was proposed previously:x9

. Z, + Din(c;E
S=zck01(62 i+ Din(c;E)
k=1 Aig

= f-—cl ln(c3E)<1 +0r Cka> (ineV/A), (22
in k=1

where C, is the mass fraction for the kth element. In the case
of the SP predictive formula derived here, generalization to
alloys or compounds seems straightforward. We propose
now to use Eq. (16) in calculations of SPs for compounds,
Scomp» With values of d,~ds found in the fit to the calculated
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SPs for the group of 37 elemental solids and to introduce the
IMFP and density,p., of the compound,

d,E2 In(dsE) (p, + dy) ™%

)‘in (23)

Scomp(Ea pc) =

Preliminary calculations of Sy, have been made for
one organic compound {guanine) and one inorganic com-
pound (InSb). Figures 17 and 18 show SPs calculated from
optical data for these compounds23 together with SPs ob-
tained from the previous predictive formula for compounds
[Eq. (22)] and the improved predictive formula [Eq. (23)].
We see in Fig. 17 that the deviations of predicted SPs from
Eq. (22) for guanine reach 38.3% for E=200 eV; neverthe-
less, SPs from the improved formula are more accurate than
the old formula [Eq. (22)] for E>3 keV. The percentage
deviation reaches 19.5% at 30 keV, as compared with 38.5%
for Eq. (22). For InSb in Fig. 18, SPs from the improved
predictive formula, over the entire energy range, deviate
from the calculated SPs more (with a maximum deviation of
24.9% at 245 eV) than for the previous formula {with a
maximum deviation of 14.0% at 221 eV). The mean percent-
age deviations (AS;) calculated for these two compounds us-
ing Eq. (20) [and replacing Sx(E, p) with Scormp(E, p,) given
by Eq. (23)] are larger than found for most elemental solids
(Fig. 6): 16.0% for guanine and 19.1% for InSb.

IMFPs have been calculated from optical data for only a
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FIG. 17. (a) Comparisons of SPs calculated from optical data for guanine
(dot-dashed line) with SPs obtained from the two predictive formulas. The
dashed line denotes SPs obtained from the previously proposed formula for
compounds [Eq. (22)] and the solid line denotes SPs obtained from the
presently proposed formula [Eq. (23)]. (b) Percentage deviations expressed
by Eq. (21) between SPs from the two predictive formulas, Eq. (22) (dashed
line) and Eq. (23) (solid line), and SPs calculated from optical data.

very limited number of compounds. It is then necessary to

compute IMFPs for most compounds [for use in Eq. (23)]

from the TPP-2M predictive formula:*
E

" E2[BIn(yE) - (CIE) + (DIE?)]

Nin (in A),

B=-0.10+0.944(E> + E~2 4+ 0.069p%!,
P &

y=0.191p™12,
(24)
C=197-091U,

D=534-208U,

U=N,p/A=E/829.4,

where E,=28.8(N,p/A)"? is the free-electron plasmon en-
ergy (in eV), N, is the number of valence electrons per atom
(for elemental solids) or molecule (for compounds), A de-
notes here the atomic or molecular weight, and E, is the
bandgap energy (in eV). We see that the SP for a given
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element or multicomponent solid, expressed by Egs. (16) and
(24) for elemental solids or Egs. (23) and (24) for alloys and
compounds, can be determined from four material param-
eters: density, molecular weight, bandgap energy, and num-
ber of valence electrons per molecule. The accuracy of this
procedure for multicomponent solids may be rather limited
at present, as follows from Figs. 17 and 18. We plan to make
more extensive comparisons of calculated SPs and IMFPs
from Eqgs. (23) and (24) with SPs calculated from optical
data for other compounds for which the needed optical data
are available.

V. SUMMARY

We have developed an improved predictive formula [Eq.
(16)] for the electron SP based on a combined fit to SPs and
IMFPs calculated from optical data for 37 elemental solids
and energies between 200 eV and 30 keV. The improved
formula, a function of electron energy, density, and IMFP,
yielded a mean deviation between predicted SPs and calcu-
lated SPs of 7.25%, a value lower than that found from our
earlier predictive SP formula (10.44%).'8

Large average deviations were found for four other ma-
terials, Li (22.2%), Be (17.9%), graphite (15.3%), and dia-
mond (15.7%), in comparisons of SPs from Eq. (16) and the
calculated SPs. Although the energy dependence of the SPs
for these four low-Z materials is well described by a similar
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expression [Eq. (11)], the shapes of these dependences devi-
ate noticeably from the shape of the energy dependence
found from fits to SPs for the other 37 solids [Eq. (16)]. We
were unable to find any simple dependence on atomic num-
ber that would provide a better fit for the complete group of
41 elemental solids. We therefore recommend use of Eq. (16)
only for Z>6. For Li, Be, graphite, and diamond, we rec-
ommend use of Eqgs. (11) and (12) with the corresponding
parameter values in Table L. ‘ '

We have generalized our predictive SP equation to apply
to multicomponent materials (i.e., compounds and alloys).
Equation (23) can be used for this purpose with the same
parameter values as for Eq. (16) but now with the density
and IMFP of the compound or alloy. We tested Eq. (23) with
SPs calculated from optical data for guanine and indium an-
timonide. While relatively large average deviations of 16.0%
and 19.1%, respectively, were found between predicted and
calculated SPs for these two compounds, we plan to investi-
gate the validity for a range of organic and inorganic com-
pounds.
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