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Abstract

Sum-rule-constrained extended Drude dielectric functions were used to study surface excitations generated by energetic electrons
moving across surfaces of semiconducting ITI-V compounds. Parameters in the dielectric functions were determined from fits to exper-
imental optical data and electron energy-loss spectra. Electron inelastic mean free paths (IMFPs) in GaN, GaP, GaAs, GaSb, InAs and
InSb were calculated for electron energies between 200 and 2000 eV, and the results were found to follow the simple formula, i.e.,
A =kE’, where 1 is the IMFP and E is the electron energy. Surface excitation parameters (SEPs), which describe the total probability
of surface excitations by electrons crossing the surface and travelling in vacuum, were also calculated for different electron energies

aE~"

and crossing angles. The SEP was found to follow the simple formula, i.e., Py = %—, where P; is the SEP and « is the crossing angle

relative to the surface normal.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Quantitative information on the inelastic interactions
between electrons and solids is important in surface-sensi-
tive spectroscopies such as Auger electron spectroscopy
(AES), X-ray photoelectron spectroscopy (XPS) and reflec-
tion electron energy-loss spectroscopy (REELS). Recent
studies on the energy-loss spectra [1-3] of electrons re-
flected from solid surfaces have demonstrated that the
contribution from surface excitations was important for
electron energies from a few hundred eV to several keV,
especially with obliquely incident or escaping electrons.
Therefore, surface excitations should be included in the
analyses of electron spectroscopies.

Many theoretical approaches [4-11] have been proposed
to deal with the surface excitations in inelastic interactions.
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Such excitations were most conveniently characterized by
the so-called surface excitation parameter (SEP), defined
as the average number of surface excitations by an electron
crossing the solid surface [12,13]. For an electron moving
inside the solid, the decrease in surface excitations as the
electron moves away from the surface is nearly compen-
sated by the increase in volume excitations. It is therefore
more convenient to treat surface and volume excitations to-
gether in the solid. Because of this, Kwei et al. [13] calcu-
lated the SEP by integrating the inverse inelastic mean
free path (IMFP) for an electron, either incident or escap-
ing, moving only in vacuum. These calculations were made
primarily for normally incident and escaping electrons. For
other tilted crossing angles, «, the SEP was approximated
by multiplying the SEP for a normally crossing angle by
(cosa) ™! [13,14]. Such calculations, however, only approx-
imately satisfied the conservations of energy and momen-
tum due to the use of cylindrical coordinates that carried
no restriction on the normal component of momentum
transfer [15,16]. Later, Werner et al. [17-19] rescaled the
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electron momentum in Oswald’s free-electron theory [20]
by material-dependent parameters to estimate the SEP
for an arbitrary material. They listed these parameters for
some materials [18], but did not include semiconducting
I11-V compounds.

Recently, Li et al. [15,16] developed a model for the SEP
with arbitrary crossing angles. The model employed spher-
ical coordinates for the momentum transfer and thus satis-
fied the conservations of energy and momentum. In the
present work, this model was applied using extended
Drude dielectric functions with spatial dispersion [21] for
semiconducting III-V compounds. Fitting parameters in
the dielectric functions were determined from experimental
data [22-25], a combination of optical data and electron
energy-loss spectra, and checked using sum rules and char-
acteristic energies for the interband transitions and plasma
excitations. These dielectric functions were then applied to
calculate the IMFPs and SEPs for semiconducting II1I-V
compounds. The dependences of the SEP on electron en-
ergy and crossing angle are analyzed, and compared with
other theoretical results and measured data.

2. Methods

The extended Drude dielectric function is given by [21]

S(q’ CO) =& (q7 (,l)) + iﬁz(q, (L))
A;

=& —

; (1)

p
i w27<wi+§) + iy,

where A4;, 7; and w; are, respectively, the oscillator strength,
damping coefficient and resonant frequency, all associated
with the ith group of electrons in the valence band and,
sometimes, the outermost inner shells. The background
dielectric function, &g, is included in Eq. (1) to account
for the influence of polarizable ion cores [26]. In the present
work, we fit &(0,w) and Im[—1/¢(0,w)] using Eq. (1) to
experimental optical data [22,23] and electron energy-loss
spectra [24,25] to determine the parameters 4,, y;, w;, and
ep. Table 1 gives the sources of optical data and electron

Table 1
Sources of optical data and energy-loss spectra
Material Photon-energy range (eV) Sources
GaN <27 Ref. [25]
GaP <6 Ref. [22]
6-25 Ref. [24]
25-154 Ref. [22] and extrapolation
GaAs <6 Ref. [22]
6-25 Ref. [24]
25-155 Ref. [22] and extrapolation
GaSb <6 Ref. [23]
6-25 Ref. [24]
InAs <6 Ref. [22]
6-25 Ref. [24]
InSb <6 Ref. [22]
6-25 Ref. [24]
25-155 Ref. [22] and extrapolation

energy-loss spectra. Since small differences in ¢; and &,
around the valence plasmon peak could generate a large
difference in Im(—1/¢), data on the energy-loss function de-
rived directly from measured electron energy-loss spectra
are used, if available, for energy transfers in the vacuum
ultraviolet spectral region. At smaller energy transfers,
i.e., in the infrared spectra region, optical data are, instead,
used because they provide detailed information on the
interband transitions with reasonable accuracy. Here we
make use of optical data determined using the ellipsometry,
a powerful method in determining ¢, and &, without resort-
ing to the Kramers—Kronig analysis. Since optical data are
usually available regarding the extinction coefficient and
the refractive index in limited frequency ranges, extrapola-
tions are sometimes required [27-29]. In the present fits, we
also require ¢,(0,w) and Im{—1/[¢(0, w) + 1]} to be in good
agreement with experimental data. Detailed inspection of
experimental Im(—1/¢) data shows that the energy-loss
function extends over sufficiently wide energy transfers.
This is due to the strong overlapping of oscillator strengths
between electrons in the valence band and the outermost
inner shells. The present fits include the contribution from
all such electrons.

To assure the accuracy of the dielectric function fittings,
we check the validities of the sum rules

/ 'e,(0,0)do’ = 21 NZ(w) (2)
0
and
¢ ’ —1 ’_ 2 Z,(w)
/0 o'Im L(O’ w/)} do' =2n°N o (3)

where N is the molecular density and Z(w) and Z'(w) are
the corresponding effective numbers of electrons per mole-
cule by excitations up to the energy transfer w. At small w,
only valence electrons contribute to Z(w) and Z’'(w). As o
increases to a value close to the binding energy of the out-
ermost inner-shell, inner-shell electrons begin to contribute.
When o goes to infinity, both Z(w) and Z'(w) should sat-
urate to Z,.,, the total number of electrons per molecule.
However, optical data usually cover the w region with con-
tributions only from the valence band and the outermost
inner shell. Thus Z,, is unattainable from the integration
of Eq. (2) or (3) using either the optical data or the fit re-
sults to these data. In practice, sum rules can be applied
by setting the upper limits of integration in Egs. (2) and
(3) to finite and infinite values. In the case of finite-range
sum rules, we compare Z(w) and Z’'(w) between results cal-
culated from the present fits and using the optical data at
any given w below the maximum available energy transfer
in the optical data. The accuracy of these comparisons var-
ies from material to material and depends on the value of
. In general, fitting values are adopted with an overall
accuracy of a few percent. For the application of infinite-
range sum rules, we check ) A4; = 4nNZ, to verify if Z
includes the contribution from the valence band and the
outermost inner shell.
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For an electron traveling in a homogeneous, isotropic
and infinite solid, the inverse IMFP is given by [30,31]

where E is the electron energy and ¢, = v2E £ \/2(E — o)
are derived from conservations of energy and momentum.
Note that atomic units (a.u.) are used throughout unless
otherwise specified.

The SEP is defined as the integration of the inverse
IMFP for an electron, either incident or escaping, moving
in vacuum. For obliquely escaping (from solid to vac-
uum: s — v) and incident (from vacuum to solid: v — s)
electrons, the SEP may be given in the dielectric response
theory as [15]

4 0 E q4
PTY(a,E) = cosa dr | do dg
s TES —00 0 q

n/2 2n or
X /0 dO/0 d¢ |:ZCOS (T) —exp(—|r|Qcos oc)}

L4 sin® 0 exp(—|r|Q cos o) I

L(q, c_u)l + 1]

@* + Q%
(5)
and
4 0 E 9+
P (o, E) :&/ dr/ dw/ dg
T —00 0 q_
n/2 2n i 2
y / 40 d¢qsm NHcos(qzzrcosoc)
0 0 0+ O
x exp(—|r|Qcos o) Im {m}, (6)

where Q = gsinf, ¢, =qcos0, v, =+2Ecosa and @ =
w — gquvsin O cos ¢ sina. The crossing angle o is defined as
the angle between the surface normal and the electron
direction. Eqgs. (5) and (6) indicate that the SEP depends
on electron energy and crossing angle. Its value is different
for incident and escaping electrons.

3. Results and discussion

Table 2 lists the fit parameters in Eq. (1) for the semicon-
ducting I1I-V compounds, GaN, GaP, GaAs, GaSb, InAs
and InSb. A comparison between the present fits (solid
curves) and experimental data [25] (dotted curves) for
£1(0, w), &5(0,w), Im[—1/¢(0, )] and Im[—1/(&(0, w) + 1)] is
shown in Fig. 1 for GaN. It is seen that the fits are in good
agreement with experimental data.

IMFPs for electrons moving in semiconducting I11-V
compounds can be calculated using Eq. (4) and the fit
parameters in Table 2. An analysis of the calculated results
yields a relation for the IMFP as

ME) = kE”, (7)

Table 2

Parameters in Eq. (1) for semiconducting III-V compounds

GaN (e = 1.35)
AfeV?)

InSb (g5 = 1.02)
AfeV?)

InAs (eg = 1.05)
AfeV?)

GaSb (ep = 1.02)
AeV?)

GaAs (eg = 1.01)

AfeV?)

GaP (e = 1.05)
AfeV?)

w{eV)

7{eV)

wfeV)

vdeV)

w{eV)

7{eV)
0.20
0.68

1.15

wfeV)

vdeV)

w{eV)

7{eV)
2.00
0.20
0.90

w{eV)

yeV)
0.90
2.

1.89
2.40
3.35
3.85
4.18
4.53
5.23
5.96
8.50
9.50
10.20
19.80
21.00

23.50

0.34
0.77
1.50
0.68
0.90
2.00
1.20
1.20
3.30
7.50
3.00
2.50
3.00
2.00
2.00
29.60
33.00
35.00

6.00
21.50
42.00

2.50
2.80
4.15
4.48
4.85
5.40
6.10
6.90
8.80
19.50
23.00
32.00
38.00

0.20
0.76

2.

2.30
22.50

2.10
2.50
3.30
3.80

4.11

3.40
23.70
38.90
28.70
27.00

2.92
3.16
3.84
4.60
4.90
5.60
6.70
11.10
11.50
21.00
21.80
30.00
37.00
39.00

0.10
0.61

L.

2.08
25.97
31.90
58.80
17.00
10.00
43.44

48.00

2.89
3.73
4.02
4.80
5.10
5.45
6.80
9.80
13.20

22.00

3.40
12.50
34.00

40.90

3.98
6.98
7.00
8.70
9.80
10.50
11.20
12.80
13.20
14.80
17.30
19.90
21.30

22.80

3.90
87.00
33.00
25.00
56.00
13.00
28.00
79.00
33.00
30.00
49.00

20

60

85.00
28.70

20

6.00

34.70

0.46
0.90
0.60
0.60
2.00
5.90
5.50
5.00
35.00
36.80

0.70

0.70

0.80

1.60
3.00

3.

5.00
7.00
16.00
8.00
20.00
4.20
3.60
6.00
5.00
2.00
3.00
10.00
16.00

130.00

5.00
4.00
5.00
8.00
45.00
10.00
23.00
30.00

40.00

0.48

0.35

0.70

58.70
10.00

40.00

4.80
5.20
5.80
7.00
8.50
10.50
11.20
12.00

20.20

0.80
0.70
0.80
1.80
3.00
2.50
1.50

5.50

7.50
8.00

5.00
15.00

28.00

1.00
2.42

2.00

00

1.70
4.00
5.00
3.00
3.00
25.20
29.40
39.00

1.80
2.50
3.00
3.

10.30
2.80
2.00
3.20

29.30

45.00
15.00

60
50

S.

1.

3.00

4.
16.00

19.00
102.00

00

3.50

1.30

10.10

5.00
15.00
25.00

40.00

24.00

50

4.40
3.20

26.00
30.00

40.00

1.20
3.60
23.00

36.70
38.20

1.80
2.

1.50
1.50
3.60
30.00
35.00
38.00

1.80

00

24.50

21.30
24.00

1.20
6.50
30.00

40.00

25.00
29.00

3.00
4.

12.00
160.00

30.00
34.00
36.00

10

31.00
36.00

40.00

867

50.00
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Fig. 1. A plot of the real and imaginary parts of the dielectric function,
£1(0,0) and &(0,w), the volume loss function, Im[—1/¢(0,w)], and the
surface loss function, Im[—1/(&0,w) + 1)], for GaN. Solid and dotted
curves are, respectively, results of fits made with Eq. (1) and experimental
data [25].

where k and p are adjustable parameters. With A in ang-
stroms and E in electron-volts, the best-fitted values of k
and p are listed in Table 3 for electron energies from 200
to 2000 eV. These values are somewhat different from those
obtained previously [32]. The differences are due to the
inclusion here of the contribution of polarized ion cores
and inner-shells. Fig. 2 shows the IMFPs for InAs. The so-
lid circles, solid curve and open circles are, respectively, the
calculated results using Eq. (4), the fitted data using Eq.
(7), and the experimental data measured by Gergely et al.
[33]. The corresponding results from the Tanuma et al.
[34] calculations (dashed curve) and the Gries [35] predic-
tive equation (dotted curve) are included for comparison.
It is seen that the fitted data are in excellent agreement with
the other results.

[ e e B L L e e

o

IMEP (A)

0 | | | | 1 | L )
200 400 600 800 1000 1200 1400 1600 1800 2000

E(eV)

Fig. 2. A plot of electron IMFP in InAs as a function of electron energy.
Solid circles and solid curve are results calculated using Eq. (4) and fitted
using Eq. (7). Open circles are experimental data measured by Gergely
et al. [33]. Dashed and dotted curves are results calculated by Tanuma
et al. [34] and Gries [35], respectively.

The SEPs for semiconducting III-V compounds were
calculated for both escaping and incident electrons using
Egs. (5) and (6). The calculated results were found to
follow the simple formula

akE™"

or P:*S(a’E) = os (8)

P (0, E)

where a, b and ¢ are material-dependent coefficients. With
FE in electron-volts, the best-fit values of parameters a, b
and c are listed in Table 4. These values are different from
those found previously for o = 0° [36], where the laws of
conservation of energy and momentum were not com-
pletely satisfied [15,16]. Fig. 3 shows a plot of the SEP as
a function of crossing angle for 800 eV electrons moving
from vacuum to GaSb. The solid circles, solid curve and
dashed curve are, respectively, calculated results using
Eq. (6), fitted data of the present work using Eq. (8), and
results of the previous work [36]. Fig. 3 shows that the
assumption of the angular dependence of SEP in the previ-
ous work, (cosa)”', is valid only approximately. We now
find that the SEP is greater for larger crossing angles due
to the longer interaction time between the electron and
the surface. The SEP rises slowly with increasing crossing
angle until about o = 70°, an appreciable glancing angle,
above which it increases rapidly.

Table 4
Table 3 Parameters in Eq. (8) for semiconducting III-V compounds
Parameters in Eq. (7) for semiconducting III-V compounds Material Escaping electrons Incident electrons
Material k )4 a b ¢ a b ¢
GaN 0.1231 0.7980 GaN 1.3820 0.4596  0.9079 0.6996  0.4584 1.1533
GaP 0.0896 0.8125 GaP 2.4437 0.4938  0.8844  1.1731  0.4890  1.1541
GaAs 0.0877 0.8160 GaAs 2.4981 0.4889 0.8762 1.2382  0.4894 1.1484
GaSb 0.0888 0.8196 GaSb 3.0431 0.5153  0.8653  1.4387  0.5095  1.1442
InAs 0.0957 0.8174 InAs 2.9012 0.5152  0.8632 1.3759  0.5099 1.1418
InSb 0.0910 0.8207 InSb 3.2265 0.5241  0.8549  1.5213  0.5181  1.1360
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Fig. 3. A plot of the SEP as a function of crossing angle for 800 eV
electrons crossing a GaSb surface from vacuum. The solid circles are the
results calculated here using Eq. (6), and the solid and dashed curves are
the fit results found here using Eq. (8) and previously [36].

Fig. 4 shows a plot of the total SEP (solid circles) calcu-
lated using Egs. (5) and (6) as a function of electron energy
for a double crossing, i.e., with a 50° incident angle and a
0° escaping angle for the GaP surface. Fits to these results
using Eq. (8) (solid curve) and to previous results [36]
(dashed curve) as well as the experimental results of Orosz
et al. [37] (open circles) are included for comparisons. It is
seen that the SEP decreases with increasing electron energy
due to the smaller interaction time between the electron
and the surface. The difference between our present and
previous results is due to the fact that the laws were only
approximately satisfied in our earlier work. The data of
Orosz et al. were deduced from experimental inelastic-scat-
tering cross sections extracted from REELS measurements
using the method of Tougaard et al. [1,38]. These data con-
tain a contribution from surface excitations by an electron

0.6 T T T T

GaP

04 -

03

total SEP

02

0.1 |

0.0 . . | |
0 1000 2000 3000 4000 5000

E (V)

Fig. 4. A plot of the total SEP as a function of electron energy for
electrons incident at 50° on a GaP surface escaping at an angle of 0°. The
solid circles are results calculated using Egs. (5) and (6), and the solid and
dashed curves are the fit results found here using Eq. (8) and previously
[36]. The open circles are the experimental data of Orosz et al. [37].

moving both inside and outside the solid [39]. The present
work, however, only dealt with the contribution from sur-
face excitations by an electron moving outside the solid.
When an electron moves inside the solid, the probability
of surface excitations approximately compensates that for
the decrease of volume excitations [13]. In other words,
as an electron moves away from the surface inside the solid,
the decrease in surface excitations is almost the same as the
increase in volume excitations. Therefore, the probability
of surface excitations for an electron moving inside the so-
lid is treated together with volume excitations. The differ-
ent treatments result in expected differences of about a
factor of two between the results of the present work (solid
circles) and those of Orosz et al. (open circles).

4. Conclusions

Extended Drude dielectric functions were used to deter-
mine the response of GaN, GaP, GaAs, GaSb, InAs and
Insb semiconducting I1I-V compounds to electrons moving
across the solid surface. Parameters in the dielectric func-
tions were established from fits to experimental optical
data and electron energy-loss spectra. Based on the dielec-
tric response theory, IMFPs for electrons of energies be-
tween 200 and 2000 eV were calculated. It was found that
the calculated results were in good agreement with experi-
mental data. The angular and energy dependences of the
SEP for electrons moving in vacuum and across the surface
were also calculated. It showed that the SEP increased with
increasing crossing angle or decreasing electron energy.
However, the (cos o)~ ' angular dependence worked only
approximately. Above an appreciable glancing angle, the
SEP increased rapidly with crossing angle. Both the IMFP
and the SEP were fitted to simple formulas for applications
in surface-sensitive electron spectroscopies.

Surface excitations occur when electrons move on both
sides of the surface and depend on electron position. When
electrons are inside the solid, it is more convenient to com-
bine the treatment of volume and surface excitations to-
gether by assuming a spatially non-varying total excitation
probability. This assumption is valid due to the approximate
compensation of volume and surface excitations at any elec-
tron position inside the solid. When electrons are outside the
solid, only surface excitations are possible. In this case, the
SEP is used to describe the total probability of surface exci-
tations by electrons moving in vacuum. In the present work,
we adopted such a simplified treatment by modeling and cal-
culating the spatially non-varying IMFP and the SEP. This
treatment was consistent with the approach of our previous
works.
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