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Abstract

In the rapid development of mesoscopic science, the study of surface excitations in solids and overlayer systems plays
a crucial role. The surface excitation parameter which describes the total probability of surface plasmon excitations by
an electron traveling in vacuum before impinging on or after escaping from a semiconducting I1I-V compound has been
calculated for 200-2000 eV electrons crossing the compound surface. These calculations were performed using the
dielectric response theory with sum-rule-constrained extended Drude dielectric functions established by the fits of these
functions to optical data. Surface excitation parameters calculated for InSb, InAs, GaP, GaSb or GaAs III-V com-
pounds were found to follow to a simple formula, i.e. Ps = aE?, where P; is the surface excitation parameter and E
is the electron energy. These surface excitation parameters were then applied to determine the elastic reflection coeffi-
cient for electrons elastically backscattered from III-V compounds using the Monte Carlo simulations. Good agree-
ment was found for the electron elastic reflection coefficient between calculated results and experimental data.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Quantitative information on electron inelastic
interaction cross sections in solids is important in
surface spectroscopies. A study of the inelastic
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cross section requires the consideration of surface
excitations. Such surface excitations are character-
ized by the so-called surface excitation parameter
(SEP), defined as the average number of surface
excitations by an electron crossing the solid sur-
face [1]. Recent studies on the energy-loss spectra
[2-4] for electrons reflected from solid surfaces
have demonstrated that the contribution from
surface excitations was important for electron
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energies from a few hundred eV to ~2 keV, espe-
cially with oblique incident or escaping electrons.
The improvement in quantitative surface analysis
was significant when surface excitations were
considered.

In the present work, theoretical approaches to
surface excitations were dealt with the dielectric
response theory [3-6]. These excitations were
modeled in terms of the surface energy loss func-
tion, Im[—1/(e(q,w) + 1)], where &(q,w) is the
dielectric function with momentum transfer ¢
and energy transfer w. The SEPs for semiconduct-
ing III-V compounds were calculated for 200—
2000 eV electron energies based on the dielectric
functions by the fits of extended Drude functions
to measured optical data. Due to the strong over-
lapping of oscillator strengths between electrons in
the valence band and the outermost inner shells,
such fits were performed to include the contribu-
tion from outermost inner shells. Measured optical
data were taken from ellipsometric measurements
[7] in the infrared spectral region and from energy
loss measurements [8] in the ultraviolet spectral re-
gion. Such a combination of data provided de-
tailed information on the interband transitions
and the plasmon excitations. In all fits, the real-
and imaginary-parts of the dielectric function and
the bulk and surface energy-loss functions were in
good agreement with experimental data. The
SEPs for electrons incident into or escaping from
the semiconducting III-V compounds were then
calculated. These SEPs were applied to deter-
mine the elastic reflection coefficient of elasti-
cally backscattered electrons. A comparison was
made between calculated results and measured
data.

2. Theory

The SEP was calculated by an integration of the
surface excitation probability over all electron dis-
tances outside the solid [1]. Such a probability was
determined by evaluating the surface energy loss-
function given in terms of the dielectric function.
In the present work, the extended Drude dielectric
function model was used. The dielectric function is
given by [9]

g(q’ w) =& (Q7 (l)) + igZ(q’ w)
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where A;, y; and w; are, respectively, the oscillator
strength, the damping coefficient and the resonant
frequency, all associated with the ith group elec-
trons in the valence band and outermost inner
shells. The background dielectric function in Eq.
(1), &g, is to account for the influence of polariz-
able ion cores [10]. All parameters are determined
by the fit of &;(0, ), &(0,w), Im[—1/¢(0,w)] and
Im[—1/(¢(0, w) + 1)] to optical data of the semicon-
ducting I1I-V compounds [7,8].

Optical data are available for the extinction
coefficient, k, in a limited energy transfer range
w; <o < w, and for the refraction index, n, In
w3 < o < wy. Due to the lack of information on
kin o < w; and o > w,, extrapolations are applied
as

kwl ©
k(w):{ ( )wl

k(w2)(2)" for o > w,,

for w < wy,

(2)

where the parameter p is determined from the
f-sum rule

T 9

/OO wk(w)do = 7% (3)

wp=(4nND”2 is the plasma energy, N is the
molecular density and Z is the total number of
electrons per molecule. Note that all quantities
are expressed in atomic units (a.u.) unless other-
wise specified. Further, the Kramers—Kronig dis-
persion relation is applied to obtain the
refraction index at any o in the range of w < w;
and ® > wy. Finally, the validity of the inertial
sum rule

/ooo[n(a)) —1]ldo=0 (4)

is checked.

With the available dielectric functions, the SEP
may be calculated using formulas given elsewhere
[1]. Also, the elastic reflection coefficient of elasti-
cally backscattered electrons may be calculated
following equations derived in the previous works
[11,12].
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3. Results and discussion

Eq. (1) was fitted to measured optical data for
several semiconducting III-V compounds. A com-
parison on ¢&(0,w), &(0,w), Im[—1/&(0,w)] and
Im[—1/(¢(0, w) + 1)] for InSb is shown in Fig. 1
among present fittings (solid curves), previous fit-
tings of Kwei and Tung [13] (dotted curves), and
experimental data [7,8] (dashed curves). It reveals
that the present fittings are in better agreement
than the previous ones as compared to optical data
for all dielectric functions plotted. The better
agreement is due to the considerations of the
polarizable ion cores and partial 4d inner shell
electrons in the dielectric functions. Without such
considerations, the previous fittings produce poor
agreement with optical data on & and &, at small
o and on bulk and surface energy-loss functions
at large w. Further, the positions and the heights

30 : ; ; 5
InSb 14
20 9
A Im[-1/60,0))
3 : 3
- B =
S 10 2 8
@ D
E
0t L=
....................................... 0
-10
30 1.5
o0 112 _
Y Im[-1/(e(0.0)+1)] n
_ ; Joo 3
3 )
S <
o {06 =
5
103
0 & ' —= 0.0
0 10 20 30 40

o (eV)

Fig. 1. A plot of the dielectric functions, (0,®), &(0,w),
Im[—1/&(0, w)] and Im[—1/(¢(0,w) + 1)], for InSb. Solid curves
are the results of the present work. Other calculated results [13]
(dotted curves) and experimental data [7,8] (dashed curves) are
also plotted for comparison.

Table 1
Fitted values of parameters ¢ and b in Eq. (5)

Escaping electrons Incident electrons

a b a b
GaP 1.322 0.4300 1.294 0.4282
GaAs 1.427 0.4344 1.385 0.4318
GaSb 1.522 0.4381 1.469 0.4351
InAs 1.450 0.4374 1.406 0.4354
InSb 1.540 0.4390 1.496 0.4371

of the resonant plasmon peaks in the previous fit-
tings are different from experimental data.

Based on the dielectric response theory, the
SEPs for normally incident and escaping electrons
of 200-2000 eV were calculated using the fitted
dielectric functions. An analysis of the calculated
results yields the approximate relation for the SEP

P(E) = aE™ (5)

applicable to both incident and escaping electrons,
where a and b are adjustable parameters. With E in
eV in Eq. (5), the best fitted values of « and b are
listed in Table 1 for the semiconducting III-V
compounds.

Calculations were made for the elastic reflection
coefficient of electrons elastically backscattered
from semiconducting III-V compounds using
the SEPs and the Monte Carlo simulations
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Fig. 2. A plot of the elastic reflection coefficient of electrons
elastically backscattered from InSb. Solid and dashed curves
are the results calculated with and without the SEP, respec-
tively. Experimental data [15] (squares) are included for
comparison.
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[11,12,14]. Fig. 2 shows a plot of the calculated re-
sults (solid curve) as a function of electron energy
for InSb. In the simulations, input data on electron
inelastic mean free path were calculated using the
present model for valence and partial 4d electrons
and the local plasma approximation [15] for other
inner shell electrons. For a comparison, measured
data [16] (squares) and calculated results without
the SEP (dashed curve) are also plotted. It is seen
that the present results including the SEP agree
better than those without the SEP as compared
to experimental data.

4. Conclusions

Surface excitations are the important mecha-
nism responsible for the energy loss of electrons
in electron spectroscopies. The description of sur-
face excitations was based on the extended Drude
model which characterized the dielectric response
functions. Experimental data taken from the opti-
cal ellipsometry for small energy transfers (<6 eV)
and the energy-loss measurement for large energy
transfers were used to obtain parameters in the
model dielectric functions for GaP, GaAs, GaSb,
InAs and InSb. Care was taken in the fittings of
these dielectric functions against errors in &; near
energy transfers corresponding to ¢ = —1, where
any small difference in &; could generate a large
deviation in the surface loss-function. Using these
model dielectric functions, the calculated SEPs for

the III-V semiconducting compounds were fitted
very well to a simple formula. For other crossing
angles, one should multiply Eq. (5) by (coso)™'
[1], where « is the angle between electron velocity
and surface normal.

References

[1] C.M. Kwei, C.Y. Wang, C.J. Tung, Surf. Interface Anal.
26 (1998) 682.

[2] S. Tougaard, I. Chorkendorff, Phys. Rev. B 35 (1987) 6570.

[3] CJ. Tung, Y.F. Chen, C.M. Kwei, T.L. Chou, Phys. Rev.
B 49 (1994) 16684.

[4] Y.F. Chen, P. Su, C.M. Kwei, C.J. Tung, Phys. Rev. B 50
(1994) 17547.

[5] R.H. Ritchie, Phys. Rev. 106 (1957) 874.

[6] H. Raether, Excitation of Plasmons and Interband Tran-
sitions by Electrons, Springer Tracts in Modern Physics,
Vol. 88, Springer, New York, 1980.

[7] E.D. Palik (Ed.), Handbook of Optical Constants of
Solids, Academic Pres, New York, 1985.

[8] C.V. Festenberg, Z. Phys. 227 (1969) 453.

[9] C.M. Kwei, Y.F. Chen, C.J. Tung, J.P. Wang, Surf. Sci.
293 (1993) 202.

[10] D.Y. Smith, E. Shiles, Phys. Rev. B 17 (1978) 4689.

[11] C.M. Kwei, CJ. Hung, P. Su, CJ. Tung, J. Phys. D 32
(1999) 3122.

[12] C.M. Kwei, S.S. Tsai, C.J. Tung, Surf. Sci. 473 (2001) 50.

[13] C.M. Kwei, C.J. Tung, J. Phys. D: Appl. Phys. 19 (1986)
255.

[14] P.G.T. Howell, A. Boyde, Scanning 20 (1998) 45.

[15] C.M. Kwei, L.W. Chen, Surf. Interface Anal. 11 (1988) 60.

[16] G. Gergely, A. Sulyok, M. Menyhard, J. Toth, D. Varga,
A. Jablonski, M. Krawczyk, B. Gruzza, L. Bideux, C.
Robert, Appl. Surf. Sci. 144-145 (1999) 173.



	Surface excitation parameter for semiconducting III -- V compounds
	Introduction
	Theory
	Results and discussion
	Conclusions
	References


