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The study of inelastic scattering of electrons moving in a surface region is important to a comprehensive
understanding of the basic process of electron-surface interaction in a surface electron spectroscopy. A nu-
merical formalism was previously developed to calculate the complex electron self-energy near a metal sur-
face. This inhomogeneous self-energy in the depth about the surface is formulated in terms of a wave-vector-
dependent dielectric function which is obtained from the optical data. In this paper, we present a numerical
calculation result on the spatially varying differential inelastic scattering cross section and the inelastic mean
free path. Combining this inelastic scattering cross section and the Mott cross section for electron elastic
scattering has led to a Monte Carlo simulation model for electron interaction with a surface. To verify this
simulation model we have carried out simulations of reflection-electron-energy-loss spectr@RedlyS
spectra for Au and Si, and compared the results with the experimental spectra. The comparison of the spectra
shape for Au is quite reasonable. Several surface features for Au having lower-energy losses have been clearly
identified, while the higher-energy loss peaks are shown to be mainly of the bulk feature. The simulation result
indicates that the energy-loss process of electron in the vacuum region after leaving from a surface makes a
dominant contribution to the surface excitation peaks observed in a REELS spectrum.

[. INTRODUCTION surface effect of electron inelastic scattering, and this make
the simulation more accurate for application to surface analy-
Surface electron spectroscopies, including Auger electrosis.
spectroscopy (AES), x-ray photoelectron spectroscopy  In this paper, we will first describe the present theory of
(XPS), and the reflection-electron-energy-loss spectroscopglectron inelastic scattering, that takes into account the sur-
(REELS), have been widely used in the modern surface charface excitation effect, and a Monte Carlo method that is
acterization of materials. In such a spectroscopy surface eleglodified to accommodate the local inelastic mean free path
tronic excitation by scattering electrons is a common effectN€ar a surface. Then the numerical calculation results of an
which accompanies bulk electronic excitation. The relativeln€lastic scattering cross section obtained from the imaginary
contribution to the energy-loss processes of electrons frorRart of the complex self-energy are presented. We consider
surface and bulk mode excitations depends strongly on aff1e cases of electrons penetrating a surface from both the
experimental configuration. The surface effect becomes morgacuum side and the solid side at an arbitrary incident angle
important with decreasing primary-electron-beam energy an@' takeoff angle. Finally, a comparison is made between the
an increasing angle of incidence. In order to understand th@xPerimental angular resolved REELS spectra and a Monte
surface energy-loss features presented in AES, XPS, arfg@rlo simulation result for Au and Si.
REELS spectra as well as perform a more accurate quantita-
tive chemical analysis, a detailed knowledge of an electron
inelastic scattering cross section at a sample surface and a
comprehensive understanding of the electron-surface interac- Early theorie$™ of electron inelastic scattering at a sur-
tion process are necessary. Such a theoretical study will biace concern only free-electron-like samples and/or a simple
essential to extract the signal or background due to the sutrajectory geometry, i.e., a movement of the charge normal
face excitation from the overall spectrum. and parallel to the surface. Several models of electron inelas-
For studying the interaction process of electrons with dic scattering, including surface excitation, were recently
solid, a Monte Carlo simulation technique has been the mostuggested® 22 In some of these an averaging over electron
powerful tool! This technique allows the simulation of mul- trajectories was carried olit; *8leading to a cross section as
tiple scattering processes of electrons in a bulk material quitéhe function of the path length that an electron traveled.
well,2 due to the abundant knowledge of electron interac- Considering the fact that, by the orthogonality of the sur-
tion with atoms and solid electrons. However, the underface and bulk eigenmodéthe bulk-excitation mode tran-
standing of electron-surface interaction is comparatively lessits to the surface-excitation mode while an electron crosses
and, hence, the simulation study is still quite limited. Thea surface, a comprehensive theory should provide a scatter-
present work aims to extend the simulation to include thang cross section depending on the depth from the surface.

Il. THEORY
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Because the surface plane destroys the isotropic property of o ele-arwivigq,
the space, the surface excitation probability also depends on f e (qo)(@—q-vrig)
the direction in which the electron moves. We further require o '
the theory to be general in form, and applicable to any real w g il0=a V)2 (gidiZ4 g=i012)qq,
metal of a known dielectric constant. A semiclassical expres- + f > -

sion derived by Chen and co-work&$! does not actually - g°e(g.0)(0=q-v=in)
satisfy the boundary condition for the electric displacement. = glo=a Vv, (gt 24 gmid,12)dq
An extensioR* 2% of the quantum theory of Flores and —f . . L],
Garcia-Molinef’ for the electron self-energy at a surface —= Q7e(Q0)(w=q-v+in)

provides complete information about the position and angugyhere the surface dielectric function(q,,«) is defined

lar dependences of the cross section. In the following W&rom the bulk dielectric functior(q,»). When an electron
shall briefly summarize the theory for the numerical calcula-p,gyes in the bulk region and is far from the surface, these

tion of the inelastic scattering cross section. surface terms tend to cancel each other so that only the bulk
Let the specimen be defined in a semi-infinite space of scattering term remains. When an electron is in the vacuum
<0. An electron moves with a velocity vector=(vj,v.),  region, 3,(z) [Eq. (28 in Ref. 25 is the classical self-

wherey; is the parallel component and the normal com- — energy for an electron incident onto and escaping from the
modef®* the induced potential is determined by the realzs) which also contains the contribution from both the im-
charge, its image charge, and the fictitious surface chargegye charge and the surface charges.
fixed by the boundary conditions. The image charge and the "\ye can prove that the continuity equation holds for the
surface charges are responsible for the surface effect of elegsig| self-energy at the surface,
tron inelastic scattering in the surface region.

General discussions on the surface response function and 3(z=0",v,)=2(z=0%v,), (2
the electron self-energy have been made previotisi#As-

suming a vanishing surface potential and a fast-electron aﬁi—nd' in the case of the parallel movement of an electron to

proximation, the random-phase-approximation self-energy oTIhe surface,

an inhomogeneous system is expressed in terms of the bulk -

dielectric fl?nction of t)r/1e specimeFr)L for the cases of an elec- (20, =07)=2(z0,=0"). ®

tron moving toward the surface from the vacuum $fdend It should be noted that each surface self-energy t&rm,

from the solid sidé? and for the cases of an electron in the 31, and3s, has different values for the same magnitude of

vacuum and in the solid, respectively, as follows: vertical velocity but with opposite sign, because the sign of

v, affects the analytic property of the terms. Physically, this

21(2) (>0, v, <0) may be easily understood from the consideration of the
S.(2)+34,(2) (z>0, v,>0) asymmetry of the space. This(v,)=—2,(—v,) holds.

3(2)= i i To have a numerically calculable expression of the self-
2b+2{(2)+25(z)+2| (2) (2<0,0v,<0) energy, a model complex dielectric functie(q,w) must be
3P+3(2)+3%z) (z<0, v, >0) introduced. Because in a surface excitation problem an elec-
b o< . o tron loses energw and changes the parallel momentam
where %.°, X, (;), and 2°(z) are the position-independent tpe integration oveqr, may be carried out analytically. The
bulk term, the image charge term and the surface charge terghntour integration is specific to the expression of the dielec-
[see Eqs(22)—(24) in Ref. 25, respectively. Therefore, in tric function by the analytic property of the integrand.
the case of electron moving toward the surface from the in- \ye first derived an expression of the self-energy with a
terior of the medium, the image-charge term and the surfacgyyde-Lindhard model dielectric  function for a
charge term are found to represent the net surface effect. igee-electron-metdP In order to obtain the necessary infor-
the case of an electron penetrating into the surface from thgyation concerning electron inelastic scattering in a real
vacuum side, the surface terms are complicated in form byneta|, an effective method has been devised to use the ex-
the interference of the image charge and the surface chargqserimental data on an optical dielectric functiefw), and to
The extra term representing the interference is extrapolate it from the optical limit to other momentum
_ transfer’® In the present work we used the method proposed
$i-5(2)= 2i f d f‘”dw n by Ritchie and Howi#' to obtain an approximate energy-loss
(2m)3 i o function for arbitraryq values from an optical energy-loss
function, ImM{—1/e(w)}. In brief, a fitting procedure with a
SIMPLEX optimizing routiné® to the experimental data is

. iq,z
x‘ —2e4(q),0) ﬂf EZLA made to obtain the parameters involved in a sum of Drude-
7 J-=0%(q,0) Lindhard model energy-loss functions @¢=0. Further ex-
[ e-ile—arvzu, gilw—0;v)2lv, tending_to finiteq v_alues by assuming a plasmon dispersion
_< i — i results in the required(q, ).
Qi lo—qp-VvFiqu, o—q;V—Iqu, According to this scheme the surface dielectric function
Ciw—an- e4(qy,w) satisfies the surfacésum rule and the surface
© e ilo—q vH)z/de I . ’ -
f 5 ql perfect-screening sum rule along with the corresponding
-=0%(q,0)(w—q-v—in) bulk sum rules satisfied by the bulk dielectric function.
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The inelastic scattering cross-section differentiagjjrmnd  The sampling procedure for is (1) z=z,, (2) z=z
» may be obtained from the imaginary part of the differential — cosa In R, /o(@), and (3) R,<o(z,a)/om(a)?, where

self-energy as R; andR, are two independent random numbers. If stgp
. is satisfied, then we accept the value @fOtherwise, we
o(qp,wlz,v)==2v""Im{Z(q;,0|z,v)}, (4 generate another two random numbers and proceed to step

h he triple diff ial self- is th (2) until step (3) is satisfied. In the above equatian,,
where the triple differential self-energy(q;,v|2,v) is the =maxXo(z,a)}; o(z,a) is the total cross-section, being the

integrand appeared in the self-energy integral expression. \ : ; . .
The left half of the parentheses in the above notation indiSUM of the elastic scattering cross section and the inelastic

cates the variables with respect to which the differentiation i$CAU€rNg  cross — section;  ando(z,a)=oe(v)O(-2)
taken, and the right half the parameters that the self-energy “in(2:V), where®(z) is a step function.
depends on. We may perform integration over the angle be- In the case of an electron leaving the surace tovyard the
tweeng, andv, to derive the double-differential cross section Y2cuum, the integration of the scattering cross section from
o(qy,»|z,v). The differential cross section in energy loss the electron position tc_) an infinite distance has a finite value,
and the inverse of the inelastic scattering mean free path a@qdf(s) is not normalized. The above procec_iure may result
obtained numerically from the integration ina npnconvergent recurrence. Physically, this represents the
situation of electron emission into the vacuum without any
scattering. Therefore, the procedure is still effective except
)\iﬁl(Z,V)EUin(Z,VFJ dwo(w|z,v) that the recurrence should be terminated when an electron
moves far away from the surface.
Whenzis determined, as well as the path lengtind the
:f dgdwo(g),0|z.v). ) coordinates of the next scattering position of an electron, we
) . . use another random number to choose the type of scattering
The scattering mean free path is thus local in the surfac@yent according to the ratio of the elastic cross section to the
region. Along with the definition for the bulk orféthe local  total cross section. The relativistic elastic scattering cross
inelastic mean free path may still be considered as the avekgction, the Mott cross section, is calculated by a partial-
age of the distance that electrons at a certain position traVQl/ave-expansion methdd. Obviously, an elastic scattering

such an event, a random number produces a scattering angle
Ill. MONTE CARLO METHOD from the corresponding differential elastic cross section. The

azimuth angle has been assumed to be isotropically distrib-

sc;:[?eeri:rSt rsotceepséresaislvlﬁgtiafnarlli% S'r?géaeté%r;eogofl,ﬁ](grg{;u:[ed. This decides the new direction of the electron move-
9p piing p ent after the collision with an atom.

itrr]ongugmfggégigﬁtvt\fgﬁnoﬁchs gg;t(':czfiilveel\?edr:\t”solljlac)l V\?;:alt\tl?):e For an inelastic event, a random number produces an en-
thgt the inelastic scgtterin cross sectign depends on.the grgy loss from the differential cross section. Rigorously, the

I e 9 P PRew moving direction of the electron should be decided ac-
sition of electrons inside both the vacuum and the metal, an .

X : : cording to the momentum transfer (g, ,q, ) to the surface.

an improvement to the sampling technique for the bulk cas hi . bulati £ h druple diff ial
is necessary that takes into account the local mean free path, IS requires adta u_ar?onlo the quadrup fe ffferential cross
Assume that the probability distribution of the flight length section ing and » with & large amount of memory space.

: ) I . Because the angular deflection in an inelastic scattering
obeys an exponential law; the distribution functiorsdfas a : h ler than that i lasti -
general form event is much smaller than that in an elastic scattering event,

we then simply estimated this scattering angle according to a
s binary collision model, sid=\w/E. The azimuth angle is
f(s)=a(s)ex;4 —f a(s’)ds'). (6) derived similarly to the procedure in an elastic scattering
0 event. The successive scattering events form an electron tra-
jectory, which is terminated either when its energy is below
the cutoff energy or is backscattered into the vacuum region
. N and far away from the surface. Note that the present simula-
rendom numbeR. Th's, reduces tg5o(s )cis =—InR, pro- tion model e¥1ab|es an electron inelastic evenfto occur in the
vided thato(s) is positive for alls>0; [yo(s)ds==, SO \acuum region and near to the surface. This is the main
thatf(s) is normalized. However, the equation is difficult to yifference from a conventional bulk model, which assumes

solve efficiently in practice. We then used a fast samplingpat the scattering events occur only inside the solid.
technique’’” Now we rewrite Eq.(6) as a distribution func-

tion of the electron position. Let, be the present position of
the electron, and consider the future positzsf the electron IV. RESULTS AND DISCUSSION
after traveling a flight lengtls, which is inclined from the
surface normal direction with an angte Therefore,z—z,
=scosa. Becausd(s)ds=f(z)dz, we have the probability
distribution ofz

A conventional Monte Carlo sampling technique fgs)
requires solving an accumulation function with a uniform

Numerical calculations of the differential energy-loss
cross section and inelastic mean free path have been per-
formed for Au and Si. The dependence on the kinetic energy,
the distance from the surface, and the incident angle or take-

a) 2 0(2 ) off angle will be presented below. For Au the surface feature
f(z|zg,a)= ’ p{ - J 7 '] (7)  and the bulk feature in an experimental REELS spectrum are
hardly to be separated without a detailed theoretical study.

ex
COS« COS«

29
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The analysis of the cross section calculated is essential tc 1.6
understanding the Monte Carlo simulation result for the
REELS spectra.

An optical energy-loss function usually extends over a-
wide range of photon energy from 10 to 10 eV. The
lower-energy region< 107 eV) exhibits a complex structure
due to interband transitions. Inner-shell ionization edges car
be observed at high energies. For a calculation of the inelas
tic scattering mean free path of keV electrons, the whole
photon energy range should be concerned. The total numbe
of Drude-Lindhard terms is large enough so that the fitted
energy-loss function represents the optical data quite well ug
to deep inner-shell edges. The angular integration and the
integration oven in Eq. (6) are numerically calculated with 08 _

a Romberg routine. The upper limit of, is taken as 1-5 o 0 40 s0 80 100
A~ at which the double-differential cross sectiatq, , ) (@) ® (V)
is quite close to zero.

The differential cross section for Si indicates that, for
<0 andv, >0, ¢'(w) contributes positively to the cross
section at the bulk plasmon energy, whit& w) contributes -
positively at the surface plasmon energy and negatively ars
the bulk plasmon energy. The terad ™ 3(w) also tends to
reduce the bulk component. The net surface effect is thus tc
build a surface plasmon mode and diminish a bulk plasmon
mode beneath the surface. At enough lafzje both o' (w)
and o' 3(w) oscillate with w in such a manner that they
cancel each other. Though the situation is quite different
from the case ofv, >0, the effect is the same: only the
z-independent bulk remains. Fa>0, o4(w) and o,(w)
have a contrary tendency toward surface plasmon excitation

However, for the noble metal Au, both the bulk and sur- -0.8 —r
face modes have rather broadened distributions in the energ 0 20 40 60 80 100
loss w. It is then hard to identify the unique characteristic (b) o (V)
energy for the surface mode. Figure 1 shows that the main ) i ) ,
difference between the two modes is that the distribution of F!C: 1. Differential cross section as a functioncfor an elec-
the surface mode has a stronger intensity in the lowee- N Moving fo escape an Au sample surface into the vacuum at

. . different positions or directions is the angle between the velocity
gion compared with the bulk mode. Fp« 0 andv, >0, the R

- vector and the surface normal direction.

surface charge term tends to cancel the image charge term
and the bulk term. However, there is an exception for theamong three surface terms’(w) and o' 3(w) oscillate
sharp peak at 2.6 eV that is clearly presented as a surfasgith w as the oscillation frequency increases with the elec-
effect. Though the peak is also observable in the bulk opticalron depth. For the parallel movement to the surface, the
energy-loss function, it is only shown as a shoulder insurface terms can be very small at a lajgle By comparing
oP(w). Hence the peak at 2.6 eV should be largely associthe differential cross sections for different directions of elec-
ated with the surface mode. tron motion, we found that the surface mode excitation “pre-

Because o(w|z>0, v, <0)=—01(w|z>0, v,>0), fers” the parallel movement of an electron to the surface.
Fig. 1(a then indicates that, for>0, the differential scat- This is due to the resonant interaction of electrons with the
tering cross section is larger for, >0, the case of an elec- plasmon waves, caused by matching the electron velocity
tron leaving the surface, than that for <0, the case of an and the phase velocity,=w/q,, when an electron can
electron approaching the surface. This behavior of the crosspend a longer time in its parallel movement.
section in relation to the direction in which the electron Figure 3 is a diagram of the dependence of the differ-
moves can also be found in the casezef0. The tendency ential cross section including the bulk term and all surface
accounts for the angular dependence of the inelastic meaerms. For a noble metal having a broad distribution of
free path. When an electron travels deep inside the metanergy-loss functions, it clearly shows, how a bulk mode
with v, >0, the surface terms all vanish, and only the bulkexcitation spectrum gradually changes into a surface mode
term remains. spectrum with an electron penetrating the surface. At the

Figure 2 demonstrates the differential cross section for ageometrical surfacez=0, some lower peaks achieve the
electron moving in Au and in a direction leaving the surface.maximum height. These peaks, hence, undoubtedly possess a
There are now three surface terms. By comparing Fig®. 2 certain surface feature. The lowerpeaks extend to the
and Fig. 1b) we can see that the lower-surface mode vacuum side over a distance of several nm, but the intensity
excitation is more intensive far= 7 than for the opposite is still finite even deep inside the solid. For this, they cannot
direction, «=0. Figure Zb) shows that, when an electron be regarded fully as surface features. Furthermore, the peak
travels deep inside the metal with <0, only o° vanishes position shifts gradually witlz. Therefore, a peak appearing

1
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FIG. 2. Differential cross section as a functionwfor an elec-
tron moving to penetrate an Au sample surface into the solid at a
different position or directiona is the angle between the velocity
vector and the surface normal direction.

in an experimental REELS spectrum generally comprises
both surface and bulk features. Because the energy-los o A0
probability varies continuously with electron movement, the b 0 20 V)
overall energy-loss spectrum of electrons entering into a de- (B) o
tector averages the depth dependence of the cross section.
Figure 4 shows the total inelastic cross section, or th(?un
inverse of the inelastic mean free path, as the function of
for several typical directions of the electron movement. In
the vacuum region, the cross section falls off with an in-
crease of. The tendency agrees with the calculation of Cher@s for bulk ~excitation. However, it has been well
and Kwei2® however, the quantitative values are quite dif- recognized?*>*¢~>%hat surface excitation can be generated
ferent: our cross sections are larger in the solid but smaller ilpy an electron traveling in the vacuum region. Therefore, it
the vacuum, and the decrease of the intensity with the inis necessary to clarify the significance of surface excitation
crease ot is faster. The angular dependence shows that the the vacuum part to surface electron spectroscopy. For this
cross section at a certain distarces larger for an electron purpose the simulation of REELS spectra and a comparison
leaving the surface than one approaching the surfa@e  with experimental measurement should be adequate. In a
4(a)] For Si, a slight oscillation around the mean value, thecomparison of XPS spectra the backgrounds due to different
bulk cross section, is founidig. 4(b)]. This may be associ- signal peaks overlap and, in particular, some low-loss surface
ated with the wake behavior of an electron passing througlexcitation features may be buried by the following signal
the surfacée® peak so that they cannot be resolved. Then the angular-
For a surface-excitation problem approached by a Monteesolved REELS spectra taken under a monoenergetic pri-
Carlo simulation method, nearly all studt®s*™ up to now  mary electron beam should be the most appropriate means to
assumed that the excitation takes place only in the solid sidexam the theory by checking the energy-loss feature, the

FIG. 3. Perspective view of the differential cross section as a
ction of w and z for an electron penetrating an Au surfa@
from the solid side, an¢b) from the vacuum side.
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- * ergy resolution of 0.1%.
5 — 1795
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o electrons in the vacuum region as well as inside the metal.
0.01- | The component from an interband transition of the bulk Au
p Si electrong® is quite small. For other peaks at 14, 25, and 33
000 eV, they include both surface and bulk components; the
TR0 40 20 0 26 40 60 higher thew values the lower the surface mode component.
(b) 2 &) Only the bulk component remains above 35 eV.

We also find that, though surface-bulk model 2 shows a

FIG. 4. Total inelastic cross section as a functiorz &dr (a) Au Sl|ght Contribution Of the Surface eXCitation by e|eCtI’OI’lS un-
and (b) Si. der a metal surface, the line shape of the spectrum is still

quite close to the bulk model. This fact indicates that the
takeoff angle dependence, and the incident angle dependenserface excitation in the surface model occurs mainly in the
of the cross section. course of the movement of electrons in the vacuum region.

Monte Carlo simulations were done for REELS spectra ofin particular, the portion of electron trajectories after reflect-
Au and Si. Electron trajectories of as much as 0° were  ing into the vacuum is the most important to the surface
traced in the simulation. The initial position of the incident excitation, as illustrated by the surface-bulk model 1. The
electrons was set tb=60 A, as at such a distance from the present simulation then clarifies the significance of surface
surface the inelastic scattering probability is close enough texcitation in the vacuum region to surface electron spec-
zero. troscopies.

Figure 5 shows the simulated hemispherical REELS spec- At a worse energy resolution, the 2.8-eV loss peak may be
tra for Au. The solid line is the present surface model, i.e.unresolved. The overall shape of the spectra obtained at such
using the present inelastic scattering cross section in tha lower resolution is quite similar to the experimental spec-
whole space. The dotted line is the result based on our prérum measured by Powaflfor evaporated Au onto a frozen
vious bulk model using only the bulk cross-section term, andAu substrate.
simulating all the scattering events inside the méf@hshed Figure &a) compares the simulated REELS spectra with
and chain lines represent a compromise between the surfae@ experimental measurement for 2iThe components of
model and the bulk model: In the surface-bulk model 2the multiple inelastic scattering in the spectrum are also dis-
(dashed ling inelastic scattering events are allowed to occurplayed. The experimental peaks and humps are at positions
only inside the metal, using our present inelastic cross se®f 2.8, 6.2, 10.2, 15.9, and 24.6 eV, corresponding to theo-
tion. However, in surface-bulk model (thain line we fur-  retical peaks at 2.6, 5.7, 11, 14, and 25 eV, respectively. The
ther require that the inelastic scattering also occur in thdine shapes of the spectrum for the surface feature agree with
vacuum region, accompanied by the electrons that leaveach other reasonably well. Another comparison with two
from the surface. experimental measurements for Af* obtained by varing

The loss spectrum obtained by the surface model resolvebe takeoff angle, has verified that the theoretical intensity
the following surface features: two peaks at 2.8 and 5.7 e\distribution of energy losses larger than 30 eV agrees quite
and a hump at 11 eV. Because these features are not obviowell with experimental spectrum for all takeoff angles. How-
in the bulk model, they are largely attributed to the surfaceever, the difference in the vacuum condition and the method
excitations. In particular, as mentioned above and demorfor preparing a clean surface between the experiment of Ref.
strated by Fig. 3, 2.8- and 5.7-eV peaks are obviously du€0 and the experiments of Refs. 42 and 61 has led to a quite
mainly to the surface plasmof,which can be excited by large difference in the intensity of the surface excitation



14134 Z.-J. DING AND R. SHIMIZU PRB 61

0.05 cleanness of the surface, several other factors may account
for the difference. First, the surface roughness can damp and
broaden the surface peak for an ideal flat surface. In addition,
Monte Carlo simulation the nonuniform density distribution of solid electrons at the
=== exp. (Ingramet. al) surfac&* can reduce the relative intensity of the surface plas-
mon peak to the volume plasmon peak for the step model of
the surface electron g&3.Furthermore, this electronic sel-
vage at a metal surface is known to yield a realistic negative
dispersiof® for smallq,, which shifts and broadens the sur-
face loss peak to the lower energies. This shifting of the peak
position of the surface plasmon for Si to the lower-energy
side is obvious in Fig. @®).

1.5 keV

0.04 - 25"

0.03 1

0.02

N(E) (arb. units)

0.01

V. CONCLUSION

0.00 ¥ 4—————7—+—"" T 7 T T
b 10 - 0 H 0 In conclusion, we have described a theory of electron in-
(a) energy loss ® (eV) elastic scattering near a surface region. The theory provides
complete information about the dependence of the total and
) differential cross sections on the kinetic energy, the distance
E from the surface, and the moving direction of electrons, ac-
: 9.7 commodating the practical situation in surface electron spec-
i , troscopies. Numerical calculation results for the spatially
varying differential inelastic scattering cross section and the
Si Monte/Carls Siplulation inelastic mean free path have been given. A Monte Carlo
mass e (Nagatond grok 19 simulation model using a position-dependent scattering cross
section was presented. In order to verify the present theory of
electron inelastic scattering and the Monte Carlo model, we
performed simulations of the angular-resolved REELS spec-
tra, and compared them with several experimental measure-
ments. It was shown that, for Au, features having lower-
energy losses are mainly due to the surface mode excitation.
The comparison with experiments is reasonable, and a pos-
sible reason for the difference was discussed. From the simu-
(b) energy loss ® (eV) lation we found that the contribution to the surface excitation
peaks in a REELS spectrum by electrons leaving the surface
FIG. 6. Comparison between the Monte Carlo simulatedand traveling in the vacuum region is the most prominent
angular-resolved REELS spectfsolid line) and an experimental feature. This indicates that the surface excitation problem
measuremenidashed ling (a) Au. The numben denotes the num- should be important for quantitative AES and XPS analyses.
ber of the inelastic scattering evet, is the sum.(b) Si.
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