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Scattering angle dependence of the surface excitation probability in reflection electron energy
loss spectra
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Reflection electron energy loss spediREELS of medium energy electrons backreflected from a tungsten
surface were measured. The incident and exit angles were varied over a large angular range keeping the
scattering angle fixed. Two scattering geometries were studied corresponding to situations where the distribu-
tion of pathlengths of the electrons near the surface are significantly different. The spectra were decomposed
into contributions of surface and volume excitations. It was found that the surface excitation probability
depends not only on the incident and emission angle, but also on the scattering angle. This implies that elastic
deflections in the surface scattering zone play a significant role in an energy loss experiment. Thus, the path of
the reflected electrons crossing the surface scattering zone is not generally rectilinear. In consequence, plural
surface scattering is not governed by the Poisson stochastic process.
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[. INTRODUCTION A further simplification was proposed by CHé&mvho ob-
served that the average penetration depth in electron spec-
The strong electron-solid interaction in surface electroriroscopy is large compared to the depth range where surface
spectroscopies such as Auger-electron spectros¢afs) — €xcitations play a significant role. Therefore it was proposed
and photoelectron spectroscop¥PS) is responsible for the t0 describe the influence of surface excitations in terms of a

high surface sensitivity of these techniques. Therefore a deingle parameter, the surface excitation paramé®h.
tailed understanding of the processes relevant for thd iS quantity represents the average number of surface exci-
tations and the associated distribution of energy lossess in a

electron-solid interaction is a prerequisite for quantitative™© | ; : | tain direction. The ab

spectrum interpretation. These processes comprise elasl f?n(iatisﬁrici crgsEsFl)ng ?toirr]1g ? celr altrr] nlrecrlon.in ?ha ovre

scattering as well as bullrolume and surface inelastic scat- € on of the pertains 1o electrons crossing the sur-
Lace scattering zone along a rectilinear path. For a reflection

tering. The surface modes of the inelastic excitation have loct I A this implies that the SEP d
lowered resonance frequency and are orthogonal to the vof €ctron energy 1oss spectrum this implies that the e
ends on the incoming and outgoing direction only and is

ume modes. In other words, the volume modes are partl dependent of the scattering angle
depolarized by the surface charge leading to a decrease in t it has been known for a long time, however, that a REELS

volume modes near the boundary. This so-calieren- spectrum also depends on the scattering angle, both in shape
zungseffect was predicted almost half a century agnd and magnitudé!®>®The reason is that the path length dis-

was recently identified in reflection electron energy loss

spectraREELS spectra of some nearly free electrOMFE) tribution of the backreflected electrons inside the solid is not
materials?3 necessarily a monotonically decaying function of the path-

Several models for surface excitations have been put f0|J-ength but depgnds quite §ensitively on the scattering geom-
ward in the past decadéd-2Generally, both the magnitude etry. The question then arises whether f[he surface excitation
of the surface excitation probability as well as the distribu-p.rOb.ab'“ty _also_ depends on the scattering angle. This ques-
tion of energy losses in a surface excitation depend in don s studied in the present yvork. It is f_o_und that the mag-
complex manner on the direction of surface crossing, th itude of the .surfac.e excitation probability measur_ed In a
depth below the surface and the energy lost in a surfac EE!‘S experiment indeed depends on the scattering angle
scattering process. Furthermore, significant interference e And is therefore not equal to the SEP as defined above. On
fects occur for electrons backscattered at a given depth th I?e ot_her hand, the sh_ape_ of the distribution of energy_losses
depend on the incident and outgoing direction as well as o a single surface excitation agrees remarkably well with the
the depth: %1113 |nterference effects introduce oscillations 1"€°"Y of Tung and co-workefs.
in the depth dependence of the surface excitation probability. Il BULK SCATTERING AND SELECTION
However, Vicanek showed that although interference effects OF SCATTERING GEOMETRIES
may be strong for an individual trajectory, they cancel out to
a high degree when a large number of trajectories is The aim of the present work is to study the influence of
considered:! the distribution of pathlengths traveled by reflected electrons

0163-1829/2003/615)/1554129)/$20.00 67 155412-1 ©2003 The American Physical Society



WOLFGANG S. M. WERNERet al. PHYSICAL REVIEW B 67, 155412 (2003

geom. | geom. |  |geom. Il

0 =145° emin=1 52° emax=1 65°
min ‘
T T T T T T T 1.4 T
eom. | o a
9 a I, 2000 eV > R 2000 eV
g 21.2¢
~10" ) g !
T B & £ 1% Y\
e - 510° s RN
73 '..31 o' g 0.8 :\_\
N o o < N
5 10° 5 Sost N S
3 / ° | 32 ) o
3 ., £ é —0° 204} \ &
© e ,’ ----- 1000 2 o g 1L o
_ geom. __ 3 6 =130° 802 e S
10°L o -1300 Y 2000 = A 3 O~
mn oy 1 1 \ 1 81 075 1 1 L 1 1 = 0 1 1 T
120 130 140 150 160 170 0 50 100 150 200 250 300 0 5 10 15

a. scattering angle §_ (degrees) b pathlength s (A) C. number of inelastic collisions

FIG. 1. (a) Differential elastic scattering cross section of electrons of several energies in tungsten. The portion of the cross section shown
comprises the relevant scattering geometries used in the experiments described in the present work. For each energy scattering angles
corresponding to a minimum and a maximggeometries | and Jiwere used(b) path length distribution for reflection of 2000 eV electrons
in tungsten for geometries | and Il for normal electron exif. Reduced bulk partial intensitieﬁnb:Cnb/Cnbzo for the pathlength
distributions displayed irb).

in the vicinity of the surface on the surface excitation prob- The distribution of pathlengths traveled by the electrons
ability. The pathlength distribution is entirely governed by for these geometries was modeled by means of a Monte
the elastic electron-solid interaction if the dynamical forcesCarlo (MC) calculation in which only elastic scattering is
acting upon the probing particles in the course of the inelastaken into accoun'!’ The resulting distribution of path-

tic interactipn can be. neglected. For energies abovgengthss traveled in the solidQ(s,Q;,Q,) is shown for
~200 eV this condition is generally m&t-urthermore the normal emission for 2000 eV electrons in Fighl Here
deflections suffered by the projectiles due to momentu ﬁi ,ﬁo) denote the incoming and outgoing direction of mo-

transfers in an inelastic collision can be generally neglected .\ ¢ the projectile. A significant difference between the
QUe to the large mass dlffe_re7nce between the prOJec_tne_ anﬁvo pathlength distributions is seen: For the geometry corre-
its collision partner, the solitf. Then, the pathlength distri- sponding to a maximum in the cross sectigeometry 1), a

bution is entirely governed by the elastic scattering Cros?nonotonically decaying pathlength distribution is obtained.

seclzzt!on. h th " f th tteri For the geometry corresponding to a minimum in the cross
| rlgure 1@ shows the portion of the scattering cross Sec'section(geometry), a rather steep increase is observed near
tion of W relevant to our experiments. This quantity was

lculated with th il . Mgk the surface as well as a maximum at greater depth. The dif-
calculate . with the partla. wave expansion me NG ference in the behavior for the two geometries has a clear
free atomic Thomas-Fermi-Dirac potentidlsThe scattering hysical explanatioh® For geometry |1 the likelihood that
angles used in the experiments are indicated for each ener '

Th diff . . dqf h n electron experiences exactly the deflection needed to
he two different scattering geometries used for each energy, oy the detector in a single elastic collision is large since
will be denoted by geometry (for a minimum in the cross

) : the elastic scattering cross section is large for this scattering
section and geometry lI(for the case corresponding to a

. in th oin the following. G i geometry. For geometry | the particle has to participate in
maximum in the cross S?Ct'bm the following. Geometry Il 1,0 glastic events before the net deflection matches the de-
was chosen to be identical for all energies with a scatterin

) Yection geometry. Consequently, the pathlength traveled in-
angle ofds=165 ° the scattering angles chosen for geometry o the solid will be longer.

| vary with the incident energy and are listed in Table I. For a given pathlength distribution, the number of elec-

trons reaching the detector after participatingnig colli-

TABLE I. Parameters used in the simulation of the partial inten-sjons, the so—called bulk partial intensiti€s, are given
sities with the models discussed in the text. The scattering angIByly b

chosen for each energy for geometry | is givendy A, is the

elastic mean free pattRefs. 18,19, the inelastic mean free path - s \Mbe(S\ip)
was taken from Ref. 34, the width of the surface scattering layer Cn = J Q(s)| —| ———ds, (1)
v/ wg was calculated in the jellium modédee text b Jo Nib np!

where\; j, is the bulk inelastic mean free pativiFP). These

E 0s Ne NP vlwg - 1elas

V) (deg A) &) A) quantme; are s_hown in Flg.(d) .for 2000 e\_/ for the path-
length distribution shown in Fig. (). Obviously, the se-

200 145 2.2 5.7 2.1 quence of partial intensities determines the shape of the loss

500 152 3.9 9.4 3.4 features of a REELS spectrum. It is therefore expected that

1000 141 5.3 15.1 4.8 for the geometry Il the intensity of the loss spectrum de-

2000 130 7.2 25.3 6.8 creases rapidly with the energy loss, while this decrease is

much less pronounced for geometry |.
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It should be noted that the pronounced differences in the B ' '
pathlength distribution, seen in Fig(dl for different scatter- 4

ing geometries, do not only occur for materials with strong |
oscillations in the plot of the differential elastic-scattering
cross section as a function of the scattering angligh
atomic numbers For light materials, where the path length
distribution does not exhibit a pronounced dependence on
the scattering geometry, changes in the pathlength distribu-
tion similar to those in Fig. (b) are observed as a function of
the scattering energyThis implies that it is generally nec-
essary to account in detail for the elastic interaction when .40
guantitatively interpreting reflection electron energy loss Eb. | bulk
spectra.

' 200 eV

lateral distance(A)

Ill. SURFACE EXCITATIONS

As already pointed out in the Introduction, a coupling of
surface and bulk excitations exists that is often refered to as
begrenzungseffect. Therefore the distinction between sur-
face and bulk excitations is essentially artificial. Nonetheless,
a clear definition of terms is indispensable for a proper un-
derstanding of the physics relevant for the energy loss pro- 0 10 20 30 40
cess. By “bulk excitations” we will denote any energy loss depth (A)
phenomenon occuring in an infinite medium without any .
boundary. Likewise, any change in the excitation probability 'C- 2 (& Trajectory of a 200 eV electron reflected from a

due to the presence of a solid-vacuum boundary will be retungsten surface simulated by the Monte C4Rt) method. Only
ferred to as “surface excitation.” elastic collisions, represented by the open circles, were considered

Generallv two aspects of the enerav loss process can bin the simulation.(b) Depth dependence of the bulk and surface
disti sh yC( dt pt d o hgy. i FT itati s‘?opping power calculated with Arista’s mod&ef. 8 for a tung-
distinguisnedand treated separa )t € Integral exciation - o gyrface in the jellium model. The solid line labeled “bulk:”
intensity and the energy fluctuations associated with

Y . > o Thuik excitations; the solid line labeled “surface:” the pure surface
Arista® has shown that for the integral collision statistics, ao, in Eq.(3); the dashed line is the superposition of the bulk and

single plasmon resonance model with appropriately chosefegrenzungsterrand indicates the depth range where the intensity

parameters is accurate. The distinction between energy l0$% bulk excitations is decreased due to the depolarization by the
fluctuations and collision statistics also forms the theoreticakyrface charge.

basis for describing an electron spectrum in the so-called

partial intensity approach. In this approach, the number okurface term, the begrenzungs correction of the bulk stopping
electrons reaching the detector after participating in a givefpower due to the depolarization by the surface charges in the
number of surfacer(s) and bulk () excitations is de- vicinity of the surface and the bulk term. These terms are
scribed by the partial intensitigS,, .’ while energy fluc-  approximately given by the expressi6fi§!*

tuations for a given number of collisions are described by the

stopping power (eV/A)

I\ surface
|
i

associated partial energioss distributions. dT 2wl (2047
In a situation were both bulk and surface excitations are (E) =75 o v )
relevant, the partial intensities are often assumed to be of the surf U
form3,9,l4,17,20—23
(dT) e’w? (Zwbz)
Cnb ng= Cnbcns- 2 ds begr v? Ko v )’

Equation(2) states that the partial intensities for bulk and 5 2

surface excitations are uncorrelafed:?! The physical rea- (dT> _© wblnkc_v 3

son for this assumption is closely related to the elastic scat- bulk U2 @b '

tering characteristics of medium energy electrons in solids.

This is illustrated in Fig. @) that shows a trajectory of a 200 Herev is the electron speed? is the elementary charge

eV electron backscattered from a W surface calculated wittsquaredz is the distance above or below the surfdceis a

the MC method. The open circles indicate the location of arcutoff wave vector an&, is the modified Bessel function.

elastic process; inelastic scattering is not considered in thEquation(3) is based on the jellium model describing the

simulation. dielectric response of the solid in terms of three parameters,
In the lower panel of Fig. 2 the stopping power for the the bulk plasmon energyw,,, a damping constant and the

different loss mechanisms is illustrated on the same depthutoff frequencyk.. The surface plasmon frequency is given

scale. It comprises the three terms addressed above: the pung w.= w, /2. We derived a value dfw,=25.8 eV for the

155412-3



WOLFGANG S. M. WERNERet al. PHYSICAL REVIEW B 67, 155412 (2003
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bulk plasmon frequency from optical défsand used a value a
of ke=0.5/a, for the cutoff wave vector, wher, is the first (ng())=—=—" (6)
Bohr radius. JE cos6

The influence of the boundary is seen to decay approXiyhere ¢ is the polar angle of surface crossing. For nearly
mately exponentially with the depth both inside and outsid&,ee electron materials one hasa = (m2e?/32a,) 12
the solid-vacuum interface. The decay length of this depth_ 2.89 e\M2 For the group of materiahigEAl Cu, Ag AOU Fe

dependence is approximately given bjws. On the other ; 574 Gaas the same functional form holds with 0.75
hand, bulk excitations only occur inside the solid. The inten-_ alayre<1.422

sity of the begrenzungs correction is seen to decrease with
the depth from the surface and essentially vanishes fo[rh
depths greatly exceeding ws.

It is seen in Fig. o) that the average distance between
two elastic processéthe elastic mean free patk,) is of the

Results of model calculations for the partial intensities on
e basis of Arista’s resultksee Fig. 2b)] and a realistic
elastic scattering cross sectigee Fig. 1 are shown in Fig.

3 for 1000 eV for the geometries | and Il. Here the assump-
: , tion Eq.(2) was not taken as a starting point; on the contrary,
order of the thickness of the surfape scattering 2(899 also  {hese simulations are performed to test this assumption. Al-
Table ). _Furthermore, the majority of the scattering Pro- 1hough these results are approximétee Ref. § they allow

cesses give rise to a deflection over a small angle while thge 14" graw some qualitative conclusions. Again a significant
average distance between large angle processes is even Myfho ance is observed between the two geometries. Note,

larger than the elastic mean free path. Therefore, when thg,ever. that in both cases the curves for different values of

condition ne are approximately parallel on a logarithmic scale, imply-
ing that the assumption EQ) is justified to a high degree.
Only for n,~0 are the curves not exactly parallel. Further-

is fullfilled, the majority of all electrons approximately cross more, it s seen that. although the curves are appIrOX|me.1ter
&arallel, the numerical factor between two neighboring

the surface scattering zone along the same rectilinear pacurves varies witn. This means that the surface partial
determined by the considered scattering geometry. NOthhtensities do not foISI(.)waPoisson distribution as ertl%m,
however, that the trajectory displayed in Figa2ullfills this b y

condition for the ingoing surface crossing, but also providesThe reason is that elastic scattering does play a significant

a clear counterexample for the outgoing surface crossing. Irrole in the surface crossing. This also implies that the surface

all electrons travel along the same path through the surfac xc!tat!on probability is not generally eql_JaI to 'ghe surface
scattering layer, then the surface excitation probability wili Sxcitation parameter, the latter quantity being defined for rec-

be the same for all of them for aarbitrary depth depen- ¢ BTREE BERRE, o 0 et i
dence of the surface excitation probability. In this case Eq P

(2) is obviously strictly correct. The above also immediatelyr"’lther weak and,_ MOreover, th_at plural surface scattering
implies that multiple surface excitations are governed b _nszz_) only contributes very slightly to the expected total
Poisson statistics: intensity and can therefore often be neglected. Under these

conditions, the REELS analysis procedure presented in the
next section retains its validity in spite of the fact that Egs.
(2) and(5) are not strictly valid.

Ne=v/ wg 4

Cn,=(Nng)"sexp(—(ng))/n! (5)

when(n) is the average number of surface excitations in a
single surface crossing and the surface partial interGj]tsy

represents the probability for experiencingsurface excita-

tions for a single surface crossing. The quantity) in Eq. For completeness, a synopsis of the method to extract the
(5) exactly corresponds to the surface excitation parameter afifferential surface excitation probability from experimental
defined by Chelf if the path of the surface crossing is rec- spectréis given below. This procedure follows the definition
tilinear. Then the SEP is approximately given't§ discussed above that all phenomena in the loss spectra

IV. DETERMINATION OF THE SURFACE EXCITATION
PROBABILITY FROM REELS

155412-4
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caused by the presence of the boundary are regarded as sur-
face excitations. The basic assumption underlying this pro-
cedure is that bulk and surface excitations are uncorrelated
[Eq. (2)]. It provides the differential surface excitation prob-
ability (incoming as well as outgoingn absolute units in
two steps>® (1) elimination of multiple bulk scattering and
(2) retrieval of the differential surface excitation probability
from the resulting spectrum.

Removal of multiple bulk scattering can be accomplished
by iterative application of the formuta?%2”

Yk+l(E):Yk(E)_qk+1f YW(E+T)Lg(T)dT, (7)

where Y, is the spectrum from which the contribution of Analyzer
k-fold scattering has been eliminated. The coefficieptare

. . . " FIG. 4. Sch tic illustrati f th i tal try. Th
functions of the reduced bulk partial intensitieg, chemaic IusTraion of fne Expenmental geometry. “he

angles of incidencef]) and exit (#,) as well as the scattering angle

:C”b/C“b=0 given by (6s) are indicated.

4= conditions. Auger electron spectra were taken on a VG Mi-

Oo=¥2— 0101, crolab 310F to verify that the W layer formed in this way
was free of any oxygen contamination. Furthermore, second-

O3=7Y3— 9102~ 010101, ary electron images taken with &10 nm spot size field
emission electron gun revealed that the samples were smooth

0a=7Ya— U103~ 0202~ 010192~ 01919101, - - - - (8)  on this lateral scale.

The subscripts of the coefficient in Eq. (8) are the parti- REELS and XPS measurements were performed using an
tions of the natural numbef&.The quantitied (T) are the ~ADES-400 angular-resolved photoelectron spectromi@ter

partial loss distributions in a volume excitation Scientific, UK equipped with an electron gufvarian,
Model 981-2454 and a twin anode x-ray source with the
standard Al/Mg anodes and with a hemispherical electron
energy analyzer. The geometry of the experimental setup is
. . : . illustrated in Fig. 4. The analyzer lies in the plane of inci-
wherew,(T) is the normalized differential mean free path dence and can be rotated around the sample in the range of

for volume scattering, i.e., the distribution of energy losses in N o o
a single bulk excitation. analyzer angles between 15° and 206°. In addition, the

The second step can be expressed in terms of the |o§§1r_nple surface normal can be rotated by 360 ° in the plane of
spectrumYﬁ(T) that is obtained by eliminating the elastic Incidence. The half-cone acceptance angle of the analyzer

peak from the spectrum obtained after the first step, normallas et to 4.1°. _
ized with the area of the elastic peak. Denoting the REELS spectrawere measured for electron enefgjest
(k—1)-fold self-convolution of the loss spectrum By(T), 200, 500, 1000, and 2000 eV for energy losses in the range

the loss distributiotWy(T) is found in absolute units &  0—100 eV and a pass energy of 30 eV. For each energy,
the emission angular distribution 6(=0°,15°,

N (_1)k+1 . 30°,45°,60°,75°) was measured for two different values
Ws(T):kZ1 (M, (100 of the scattering angle corresponding to a maximum and a
- minimum in the elastic scattering cross sectieae Fig. 1
where N has to be chosen large enough to attain conver-
gence. Obviously, the retrieved distribution in a REELS ex-
periment is representative for the combined effect of the in- VI. RESULTS AND DISCUSSION
coming and outgoing surface crossing. The total surface
excitation probability{the area ofW,(T)] is therefore equal The REELS spectra for geometry | and Il for 1000 eV

to <ns(0i)>+<ns(.6°)>' Note that Fhe second step in the electrons for normal exit are shown in Fig. 5 by the dotted
present method is completely equivalent to the retrieval pro:

cedure for the bulk inelastic loss distribution from energylmes'trltr'rf 3ee:1 that f?/:li?he?;n?tg :Lther:ntrens:ty of tzﬁ”losfsr
loss spectra in the transmission electron microséope. spectium decreases creasing energy 10ss, eto
geometry | the loss spectrum is almost completely flat. This

is in agreement with the finding in the previous section that
the pathlength distributions and partial intensities are mark-

Tungsten samples were prepared by sputter depositingdly different for the two geometries. When this difference in
~0.5umW on pieces of a Si wafer under high vacuumthe partial intensities is taken into account in the procedure

Lk(T):J’ L—(T=T")wy(T")dT’, 9

V. EXPERIMENTAL

155412-5
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pared to the energy loss peak-aR0 eV. These features are
matched remarkably well by the experimental results. Note
furthermore that theory does not predict very pronounced
differences between geometry | and Il. This is expected since
the incidence angles are always in the range 15 °—{&0f°
norma) where significant differences in the differential sur-
e TN face excitation probability are not predicted to occur. The
shape of the energy loss distribution retrieved from the ex-
: : perimental data follows this trend. On the other hand, the
100 80 60 40 20 0 raw data reveal a significant difference for the two geom-
energy loss T (eV) etries: for geometry Il the ratio of the intensity the peak at
FIG. 5. REELS of 1000 eV electrons reflected from a tungstenN 10 eV (mainly attributable to Sqrface excitatioand the
surface for geometry (upper pansland geometry Ilower pangl. ~ ON€ at~25 eV(a volume loss peaks always larger than for
Dotted lines: raw data; thin solid lines: differential surface excita-geometry I. This is in agreement with the finding in Fig)L
tion probability obtained with the elimination—retrieval procedure that the intensity of bulk scattering should be always larger
Egs.(7)—(10); thick solid lines: single surface scattering energy lossfor geometry | since the pathlength distribution has a maxi-

1000 eV

b i

intensity (arb. units)

distribution calculated with the theory in Ref. 9. mum at a certain depth, while for geometry two, it decays
monotonically with the pathlength.
to extract the surface scattering probabili&g. (7)], the con- The exit angular distribution of the integrated surface ex-

tribution of multiple volume scattering is consistently re- citation probability extracted from the experimental spectra
moved. This is represented by the full thin solid line in Fig.is shown in Fig. 7. The left portion of this figufepen sym-

5. The thick solid line is an evaluation of the theory of Tungbols and dashed lingorrespond to geometry |, the right
and co-worker’ normalized to the extracted surface losspart (closed symbols, solid lingss for geometry Il. The
spectrum in order to facilitate comparison. quantitiesg;s=C,_ _1/Cp - represented by the circles are

Similar results are shown for the other energies studied ifhe experimental reduced single surface excitation probabil-
the range of low energy loss€6-50 eV} in Fig. 6. In all  jty normalized with the area of the elastic peak. The dia-

removed in spite of the fact that the shapes of the measuredc . /c, _, calculated with the MC methofsee Fig.
= b=

loss spectra are significantly different. It is also seen that th?[(c)] The dashed and solid lines are the angular distribution
theory predicts a considerable energy dependence of the ™’

shape of the surface excitation probability. For 200 eV, the& the SEP given by EGS6). Note that these curves are not

eak in the differential surface excitation probability at Symmetric with respect to the two scattering geometries
Elo eV is dominating while the peak at arorl)md 20 gv issince the scattering angles for geometry | were chosen dif-

: 9 P . . ferently for different geometries and are generally different
slighty less pronounced. When going to higher energies, th

low enerav loss peak at 10 eV decreases sianficantly co the scattering angles in geometry Il. This leads to a minor
© 9y P 9 Y COMjitference in the surface excitation parameter for normal

electron exit that is caused by the dependence of the surface
excitation parameter on the incident surface crossing direc-
tion, not on the scattering angle. For larger exit angles, the
surface excitation parameter given by E6) is seen to be
larger for scattering geometry II.
The bulk partial intensities for one volume excitatigpp,
are seen to be markedly different for the two geometries in
all cases since the pathlength distributions for the two cases
also exhibit a qualitatively different behavior. A similar be-
havior, although less pronounced is seen for the surface ex-
citation probability in an individual surface logs,s. It is
seen that the surface excitation probability at a given exit
angle for geometry | is always larger than for geometry II.
This is in sharp contradiction to the emission angle depen-
dence predicted by Ed6) for rectilinear surface crossing
(i.e., the surface excitation parametetere, due to the par-
0 ticular choice of the scattering geometries a larger value is
/ . s . s . s s expected for geometry Il, as indicated by the dashed and
50 40 30 20 10 O 40 30 20 10 O solid lines. The reason is obviously that for geometry II, by
energy loss T(eV) virtue _of the large p_robab_ility for a _deflec_tipn matching the
detection geometry in a single elastic collision, a larger frac-
FIG. 6. Same as Fig. 5 for 200, 500, and 2000 eV for energytion of backscattered electrons actually traverses the surface
losses in the range 0-50 eV. scattering zone without suffering any deflections at all. In-

l., 8 =0°
=

T

o

o

intensity (arb. units)

2000 eV /-

Por i’
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<——— geometry |. : geometry Il. —» be deflected several times in the surface scattering zone. In
1.2 T T ! consequence they will experience a larger number of surface
excitations, on the average. The scattering angle dependence
of the surface excitation probability following from the dif-
ference between geometry | and Il immediately allows one to
draw two conclusions(l) elastic scattering in the surface
scattering zone does play a significant role in REELS experi-
ments and, consequently) the surface excitation probabil-
ity measured in a REELS experiment is generally not equal
to the SEP.
j Therefore, it is essentially impossible to compare the ex-
0.2 Yib 500 eV perimental integrated surface excitation probability with the-
NFE i . oretical results on an absolute scale since the latter are only
) p j given in the literature for a rectilinear surface crossing. On
the other hand, the differential surface excitation probability
shown in Fig. 5 and 6 is found to be in very good agreement
with results based on this model. Note that the shape of the
distribution of energy losses in a surface excitation is a con-
sequence of the detailed balance of the surface and the be-
grenzungsterm in Eq3) that changes with the scattering
energy.

In summary it was found that owing to elastic scattering
(1) there is a minor correlation between surface and bulk
1000 eV excitations,(2) multiple surface excitations do not follow a
Poisson distribution, anB) the surface excitation probabil-
ity is generally not equal to the SEP. The latter statement
follows from the others but is mentioned separately because
it can be directly observed in the experimental results in Fig.
7. The implications of these three main findings deserve to
be discussed in conclusion.

First of all, the question arises whether it is at all possible
to decompose surface and bulk excitations with E@sand
(10) since this procedure is based on the assumption @ys.
and(5). However, the correlation in Fig. 3 is seen to be weak
and, furthermore, the series in E4.0) converge extremely
................... g 2000 eV rapid since the higher order surface partial intensi@iﬁsgl

. . { . are very small and can usually be neglected as can be clearly
-100 -50 0 50 seen in Fig. 3. This implies that only the upper two curves in
Fig. 3 are relevant at all and these are almost perfectly par-
exit angle 9°(°) allel on a logarithmic scale, except fop~0. The influence
of such a weak correlation on the decomposition procedure
FIG. 7. Angular distribution of the reduced partial intensities for has recently been studied by means of model calculations
a single surfaced;s) and bulk (y1,) excitation for 500, 1000, and and was found to be insignificantly sm&HTherefore, it is
2000 eV. Note that for a REELS experiment one hags  concluded that the elimination-retrieval procedure used to
=(ns(6)))+(ns(6o)), where(ny(6; o)) is the average number of decompose surface and bulk excitations is applicable to the
surface excitations in a single surface crossing. Open symbols angtesented data for determination of the surface excitation
dashed lines: geometry I; filled symbols and solid line: geometry '“probability.
circles: single surface excitation partial intensity{) extracted The finding that the quantity assessed in a REELS experi-
from the experimental spectra; Qiamonds: single bu!k excitatiorh,]ent is not equal to the SEP implies that in order to mean-
fgﬂﬁl[éme&s)']ty 1) calculated with the MC method; lines: NFE 11y compare theory with experiment one needs to theo-
4. ) retically evaluate the integrated surface excitation probability
deed for geometry Il, the experimental values for the surfac&!0ng an actual path of each electron for a realistic set of
excitation probability are in better agreement with the sur-lrajectories. Note that the results in Fig. 3 were produced in
face excitation parametgEq. (6), complete rectilinear cross- €xactly this way using a jellium model to establish the di-
ing of the surface scattering zofghan for geometries 1. On  electric function. Indeed, when comparing the values of the
the other hand, for geometry I, most electrons have to travdieduced surface partial intensigy, -, in Figs. 3a) and 3b)
a much longer pathlength in the solid before their direction(n,=0,ns=1) it is seen that this quantity is larger for geom-
matches the detection geometry and consequently they wigtry | by about 25%, in perfect agreement with the result for

1L

0.8}

0.6}

0.4} I

0.8}

0.4}

0.2} .
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1000 eV in Fig. 7 for normal emission. This fact convinc- VIl. SUMMARY AND CONCLUSIONS
ingly demonstrates that the larger value of the surface scat-
tering probability for geometry | is attributable to the influ-  Spectra of electrons reflected from a tungsten surface
ence of elastic scattering in the surface scattering zon&vere measured for several energies and a large range of
Replacing the jellium dielectric function by a more realistic emission angles keeping the scattering angle fixed. This was
model for the dielectric respor&ﬂ‘lould allow a direct quan' done for two Specifica”y Chosen Scattering geometries per-
titative comparison between experiment and theory. This Wilkajning to a situation where predominantly reflection at large
be the subject of further study. , _depths (large pathlengthsand small depthgsmall path-

It should again be emphasized here that differences in thféngths) contribute to the spectrum. The experimental loss

‘ | tth hout th iodic table f r%‘.pectra were decomposed into contributions attributable to
occur for any eiement throughout th€ periodic table Tor Cer,, t3-6 and pulk excitations. For both geometries the nor-

tain combinations of the electron energy and scattering 9€halized distribution of surface losses is in very good agree-

ometry. The special geometries for tungsten were only cho- . )
sen here to prove the point. Such effects also occur fopwent with the theory of Tung and co-workers for the differ-

energies and elements that do not exhibit pronounced oscif—mial surface excitation parameter. A significant difference is
lations in the distribution of scattering angfeand is there- ound for the absolute surface excitation probability for the

fore a general phenomenon that always needs to be proper]i‘{)’o scattering geometries. This is caused by the differgnce in

addressed when quantitatively analyzing REELS data. traveled p_athl_engths for the two con_3|d¢red geom_e_trles and
The above does not necessarily mean that the concept generally implies that the surface excitation probability mea-

the surface excitation parameter needs to be abandoned afured in a REELS experiment is not equal to the surface

together. On the contrary, it is believed that in AES and XPSexcitation parameter. The reason is that the latter quantity is

a refined version of this concept can be extremely useful. Alefined for penetration of the surface scattering zone along a

fundamental difference between a reflection experiment antectilinear path. Monte Carlo calculations were performed

an emission experiment is that in the latter case, for a smoottiat support this interpretation and reveal that a slight corre-

source angular distribution, the details of the elastic cros$ation between surface and bulk excitations exists that is

section do not significantly influence the energy and angulacaused by elastic scattering. The fact that elastic scattering

distribution of the emitted intensity. This follows from the influences the surface excitation probability also leads to the

so—called generalized radiative similarity principfé®that  conclusion that plural surface excitations are not described

is the justification for the use of the transport approximationby the Poisson stochastic process.

in the electron escape process. An important direct conse-

guence of the validity of the transport approximation is that

the emerging flux is entirely governed by a single parameter, ACKNOWLEDGMENTS
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