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An electron reaching the detector after being backscattered from a solid surface in a reflection electron
energy loss spectroscopy (REELS) experiment follows a so-called V-type trajectory if it is reasonable to
consider that it has only one large elastic scattering event along its total path length traveled inside the solid.
V-type trajectories are explicitly assumed in the dielectric model developed by Yubero et al. [Phys. Rev. B 53,
9728 (1996)] for quantification of electron energy losses in REELS experiments. However, the condition under
which this approximation is valid has not previously been investigated explicitly quantitatively. Here, we have
studied to what extent these REELS electrons can be considered to follow near V-type trajectories. To this end,
we have made Monte Carlo simulations of trajectories for electrons traveling at different energies in different
experimental geometries in solids with different elastic scattering properties. Path lengths up to three to four
times the corresponding inelastic mean free paths have been considered to account for 80-90% of the total
electrons having one single inelastic scattering event. On this basis, we have made detailed and systematic
studies of the correlation between the distribution of path lengths, the maximum depth reached, and the fraction
of all electrons that have experienced near V-type trajectories. These investigations show that the assumption
of V-type trajectories for the relevant path lengths is, in general, a good approximation. In the rare cases, when
the detection angle corresponds to a scattering angle with a deep minimum in the cross section, very few
electrons have experienced true V-type trajectories. However, even in these extreme cases, a large fraction of

the relevant electrons have near V-type trajectories.
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I. INTRODUCTION

It is of great technological importance to be able to study
the dielectric response of ultrathin films (thicknesses of
<10 nm). Reflection electron energy loss spectroscopy
(REELS) is ideal for that because the probing depth for this
technique is of the order of the corresponding electron in-
elastic mean free path N which for 200-2000 eV electrons is
~0.5-3 nm. In order to obtain the dielectric properties of a
surface by means of REELS experiments, an appropriate de-
scription of the electron energy losses of the backscattered
electrons is necessary.

Quantitative analysis of the REELS spectra is a difficult
task because the dielectric description of the electron energy
losses in REELS experiments is a very involved problem.'~!!
Note that the backscattered electrons collected in REELS
experiments do not follow a single well-defined trajectory,
and the electron energy losses depend strongly on this trajec-
tory. Excitations take place during the approach of the elec-
tron to the surface and after leaving the solid, while the elec-
tron is in the vacuum above the surface. Besides, interference
effects may take place due to backscattered trajectories (in-
duced by the field setup by the electron during the incoming
trajectory on the outgoing electron).'? In general, the bound-
ary condition imposed by the surface on the electric field
makes a rigorous model calculation very complex. This
problem was treated by Yubero and co-workers,'?> who de-
veloped a dielectric model [Yubero-Tougaard (YT) model]
that takes into account all the effects mentioned above. A
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theory that accounts for similar effects in photoelectron spec-
troscopy was later developed.'> Many experimental tests
have been presented in the past for the validity of the YT
model to reproduce quantitatively the experimentally deter-
mined single inelastic scattering cross section K. (Refs. 14
and 15) (i.e., the probability for energy loss per unit path
length and unit energy) or to obtain dielectric properties'®-2>
of surfaces.

With the same objective, strong simplifications are taken
by other authors as to consider simplified expressions for the
surface electron energy losses,?° to consider that the shape of
the cross section does not depend on the kinetic energy or the
surface crossing direction,?’ and thus to assume that the total
excitation can be expressed as a linear combination of sur-
face and bulk terms. Although it is possible to reproduce
qualitatively REELS spectra with these approximations,?®%’
the physical information obtained from the fitting procedure
is limited.”®

Let us consider a general geometry where the electron
enters the solid at the angle 6; and exits the surface under the
angle 6, with respect to the surface normal. Inside the solid,
the electron undergoes elastic and inelastic scattering events
that deflect the direction of the electron and influences the
distribution of total path lengths traveled by the electrons. In
the YT model, there are essentially three assumptions that
could influence the accuracy of their dielectric description of
the electron energy losses.

(1) The results are very sensitive to the angles 6; and 6, of
entrance and emission because they have a great influence on

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.245405

YUBERO et al.

(©)

PHYSICAL REVIEW B 77, 245405 (2008)

6 6

max

near V-type

e 7
</

non V-type

true V-type

| (e)

the relative importance of surface excitations.

(2) It is moderately dependent on the existence of V-type
trajectories because as shown'!2 there is an interference
term that causes the electric field set up by the incoming
electron to influence the excitation probability for the elec-
tron on its way out of the solid.

(3) The distribution of the total path lengths traveled by
the electrons inside the solid before emission.

Point (1) is the most critical for the validity of the YT
model. However, these angles are always exact because they
are defined by the position of the electron gun and the elec-
tron detector. Points (2) and (3) are less critical for the va-
lidity of the YT model, but we may expect some dependence.
It is exactly the purpose of the present paper to investigate to
what extent points (2) and (3) can be assumed to be true.

As the electron travels in the solid, it will typically expe-
rience several elastic scattering events (see Fig. 1). We de-
note the maximum of these scattering angles as 6,,,, and the
detection angle as 6, with respect to the surface normal. We
can consider three qualitatively different types of electron
trajectories for the reflected electrons as depicted in Fig. 1:
(a) true V type, [(b)—(d)] near V type, and [(e) and (f)] non-V
type. The true V type is characterized by a unique large angle
scattering. In this case, it is fulfilled that 6,=180-6,,,,. We
define near V-type trajectories as those containing one large
angle of scattering and several low angle scatterings that do
not considerably deflect the final trajectory of the electron so
that 6,~ 180— 6,,,,,. Non-V-type trajectories are those formed
either by multiple low scattering angles [Fig. 1(e)] or by
several large elastic scattering angles [Fig. 1(f)]. The aim of
this paper is to identify to which extent the electron trajec-
tories in REELS experiments that contribute to the single
inelastic scattering cross section can be identified as these
three types of trajectories. For this purpose, we have per-
formed Monte Carlo (MC) simulation of electron trajectories
in reflected geometries considering several representative ex-
perimental conditions.

It is worth mentioning here the model developed by Os-
wald, Kasper, and Gaukler (OKG)? to describe elastic elec-
tron scattering. It takes advantage of the forward-peaked
shape of the differential elastic scattering cross section and

FIG. 1. Different possibilities for reflected
electron trajectories: (a) true V type, [(b)—(d)]
near V type, and [(e) and (f)] non-V type. True V
type and near V type contain only one large elas-
tic scattering angle, which is not very different
from the complementary of 6,, while non-V type
is built either only with small elastic scattering
angles or with several large scattering angles.

assumes that among all the elastic scattering events under-
taken by the electron along its trajectory, only one of the
scattering events gives rise to the total angular deflection,
i.e., the OKG model approximates any electron backscat-
tered trajectory by one true V type. In Ref. 31, it was shown,
by comparison to extensive and systematic MC simulations,
that the OKG model gives an excellent description of the
angular distribution of elastically backscattered electrons in a
REELS experiment. Similar results were later found.? This
result also gives support for the validity of the V-type trajec-
tory assumed in the YT model.!> We can also notice the
work of Vicanek* in which he calculates with Monte Carlo
simulations the energy loss spectra for REELS and x-ray
photoelectron spectroscopy (XPS). In that paper, he calcu-
lates from the invariant embedding method the path length
distributions and number of elastic collision distributions for
electron backscattered from different media. From his calcu-
lations, he concludes that electrons suffer a large number of
small angle collisions rather than one large angle collision, a
result which seems to be in contradiction with the OKG
model. However, as we discuss below, this apparent contra-
diction originates from a difference in the physical situations
simulated in the two models.

The structure of the paper is as follows. First, we identify
the path lengths of interest for quantitative analysis of elec-
tron energy losses in REELS experiments. We continue with
a brief description of the basis of the MC code used in this
paper. In this respect, we dedicate special attention to com-
ment on the differential elastic scattering cross section used
in the MC calculations because their overall shape deter-
mines the final angular and path length distribution of back-
scattered electrons. Finally, we show several MC simulation
tests in order to give a critical and quantitative evaluation of
the trajectories undertaken by the reflected electrons that
contribute to the single inelastic scattering cross sections.
This allows us to test to which extent assumptions (2) and (3)
above are justified.

A. Path lengths traveled by the electrons in reflection electron
energy loss spectroscopy experiments

The first issue to be addressed in this study is to identify
the path lengths traveled by the electrons of interest within
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FIG. 2. Dashed line: probability density function f;(a) describ-
ing the relative amount of electrons contributing to the single in-
elastic scattering cross section K. Full line: probability F(a) that
an electron that has undergone only one inelastic scattering event
has traveled a reduced distance a.

the framework of quantification of the single inelastic scat-
tering cross section from REELS experiments. We can sort
the electrons detected in a REELS experiment according to
the number of inelastic scattering events they have experi-
enced. Those that are backscattered with no inelastic scatter-
ing evens, with only one inelastic scattering event, two in-
elastic scattering events, etc. The average total path traveled
by these electrons inside the solid increases as the number of
inelastic scattering events considered increases. It is well
known that the inelastic scattering processes are described by
the Poisson statistics. The probability that an electron expe-
rience n inelastic scattering events f,(a) after traveling a dis-
tance x inside the solid is given by the probability density
function

fula) = ;’—,exp(— a), (1)

where a=x/\ is the reduced distance and \ is the inelastic
mean free path. Note that n=0 and n=1 correspond to the
basic conditions describing the probing depth in standard
analysis of elastic peak intensities in XPS and determination
of the differential single inelastic scattering cross section K,
in REELS, respectively. The probability that an electron that
has undergone n inelastic scattering events has traveled a
reduced distance a is

Fn(a) = f fn(a,)da, . (2)
0

Figure 2 shows the probability density function f,(a) of
those electrons that contribute to the single inelastic scatter-
ing cross section as a function of the reduced distance a
(dashed line). We observe that the distribution f;(a) is rather
broad and that the main contribution to K. comes from elec-
trons traveling less than three to four times A\. Figure 2 also
shows F,(a), i.e., the probability that an electron that has
undergone only one inelastic scattering event has traveled a
reduced distance a. Note that, path lengths of up to 3\ need
to be considered to account for 80% of the single inelastic
scattering cross section K . in REELS.
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It is interesting to compare this result to the XPS case. In
XPS from a homogeneous sample, electrons are excited at all
depths and consequently 80% of the contribution to the elas-
tic peak area is achieved by considering path length of up to
only 1.6\ (about half than in the REELS case to account for
K,.). Another difference between XPS and REELS is the
kind of trajectories required to detect electrons. While in
XPS usually straight-line trajectories in the solid are consid-
ered, in REELS change in the incident electron direction is
required in order to have reflected trajectories. The combina-
tion of these two factors (the range of path lengths needed to
explore a given depth of the material and the reflected or
straight electron trajectories depending on the technique) im-
plies that, in general, the probing depth of XPS and REELS
is, to a good approximation, similar.

B. Description of the Monte Carlo simulations

We briefly describe here the basic characteristics of the
MC simulation procedure used in this work. Thorough de-
scriptions of MC simulations of electron transport can be
found elsewhere in the literature.3'=3

Classical electron trajectories are considered®® where the
electrons undergo elastic and inelastic collisions along their
path in the target. These collisions are assumed to be instan-
taneous and the electron trajectories between two collisions
are supposed to be straight lines. Typical primary kinetic
energies used in REELS experiments (in the range of 200-
2000 eV) have been considered. Besides, normal incidence
was assumed in all the simulations performed.

A particular free path L between two collisions was
sampled from the well-known formula L=-\, In 8,3* where
B is a random number uniformly distributed between 0 and
I, A,2=AN,/(N+\,) is the total mean free path, and \, is the
elastic mean free path. Here, N\ is taken from the TPP-2M
algorithm?®® and \,=1/No,, where N is the atomic density of
the target and o is the total elastic scattering cross section
obtained from the NIST elastic scattering database.’” The
probabilities to have elastic or inelastic collision in a given
scattering event are \,/\, and \,/\, respectively.

The inelastic interactions are described by A, regardless of
the energy loss produced in the inelastic collision. We are
only interested in those electrons that have undergone one
inelastic collision. It was assumed that the energy loss was
always much smaller than the primary energy of the electron
which is a good approximation for kinetic energies larger
than 200 eV because the typical energy loss in a single in-
elastic scattering event is 10-30 eV.* Finally, it is assumed
that the inelastic collisions do not deflect the electron trajec-
tories.

The angular deflection of an individual elastic collision
was obtained by sampling the polar angle 6 between the
incident electron direction and the outgoing electron direc-
tion and the azimuthal angle ¢ measured in the plane per-
pendicular to the incident electron direction. The angle 6 was
obtained using the differential elastic scattering cross section
do,/df and the angle ¢ was assumed uniformly distributed
between 0 and 2.

The electron trajectory is followed from the point where it
penetrates into the target until it leaves the solid, or until its
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FIG. 3. Differential elastic scattering cross section versus angle
of scattering (Ref. 37) for Al, Cu, and Ag evaluated at several
kinetic energies.

path length gets larger than 4\, in which case its contribution
to the single differential inelastic scattering cross section is
negligible.

C. Elastic scattering cross section

Elastic scattering in the MC simulations is introduced
through the differential elastic scattering cross sections
do,/d@ taken from the NIST database.’” In order to evaluate
realistic cases that are representative for practical REELS
experiments, several elements (Al, Cu, and Ag) and kinetic
energies (220, 300, and 1000 eV) have been considered. Fig-
ure 3 shows the corresponding differential elastic scattering
cross sections versus scattering angle 6. Note that forward
scattering is most probable in all cases. In general, do,/d6
decreases as the scattering angle increases and distinct struc-
tures appear as the atomic number of the scattered atoms
increases. In some rare cases, sharp deep minima appear in
do,/do, as is the case for Cu, with 300 eV and scattering
angle #=125°. Elastic scattering at this angle is very improb-
able and this will affect the path length distribution for the
corresponding REELS geometry (see below).

D. Elastic and inelastic mean free paths

It is worth paying attention to the actual elastic and in-
elastic mean free paths of interest for electrons traveling in
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TABLE 1. Elastic (Ref. 37) and inelastic (Ref. 36) mean free
paths used in the MC simulation of the electron trajectories de-
scribed in this work

Elastic MFP A, Inelastic MFP A

(A) (A)
Al 300 eV 58 9.8
Al, 1000 eV 13 24
Cu, 300 eV 4.8 6.8
Cu, 1000 eV 8.6 16
Ag, 220 eV 3.8 55
Ag, 1000 eV 7.8 15

matter with 200-2000 eV. Table I shows the corresponding
values used in the simulations described in this work. The
number of elastic scattering events that an electron under-
takes in a reflected trajectory will depend on the path length.
Note that the elastic mean free paths are roughly about half
of the corresponding A. Thus, for example, if the electron
path length is about 1 \, the average number of elastic scat-
tering events would be about 2. Taking into account (see Fig.
3) that elastic scattering angles below 10° are strongly fa-
vored (they account for ~60-90% of the probability, de-
pending on the particular material and energy), it is then
clear that the most probable trajectory in REELS would con-
tain one large elastic scattering and another small scattering
angle in the range of 0—10°. For path lengths of 2—3N\, the
average number of elastic scattering events would be 4-6,
which does not change the situation much (the reflected tra-
jectory is still dominated by one large elastic scattering
angle), but, in general, deviation from true V-type trajectories
would be enhanced as the path length is increased. Besides,
electron trajectories containing several large elastic scatter-
ing angles [schematically depicted in Fig. 1(f)] are of negli-
gible importance due to the low probability for this type of
events. This qualitative argument will be justified quantita-
tively in Secs. II and III.

II. RESULTS

In this section, we study the characteristics of the trajec-
tories undertaken by the electrons participating in K. as de-
termined in REELS experiments. This is done by a series of
MC simulation tests where the relevant parameters that de-
scribe the corresponding experiment are varied systemati-
cally. Each test is designed to determine the range of validity
of points (2) and (3) in Sec. I. Two conditions are required to
identify how many trajectories can be considered as near V
type to justify the approach taken in the YT model to de-
scribe electron energy losses in REELS experiments. First, as
mentioned above that 6,,,~180—-6,, and, second, that the
total path length is similar to that of a true V-type trajectory.
Note, however, that small deviations from these conditions
are not expected to be critical for the validity of the YT
model.
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FIG. 4. Distribution of electron trajectories with only one inelas-
tic scattering event as a function of the maximum scattering angle
Omax (taking place in the total path length) for electrons incident on
Al (top), Cu (middle), and Ag (bottom).

Test 1: Distribution of single inelastically backscattered
electrons as a function of the maximum scattering
angle for normal incidence and any exit angle

In this test, we study the distribution of single inelastically
backscattered electrons p(Ey; Oa) (total path lengths of
<4\) as a function of 6,,,, for normal incidence and varying
exit angle. Figure 4 shows p(Eq; Opnax) for 300 and 1000 eV
electrons impinging on the surface of Al and Cu and 220 and
1000 eV electrons on Ag. The distributions have been nor-
malized to have the same area. Note that if do,/d6 is fea-
tureless (as for Al at 300 and 1000 eV and Cu at 1000 eV;
see Fig. 3), the distribution p,(Ej; 0.y is rather broad with
a maximum between 120° and 150°. For Cu at 300 eV, the
deep minimum in do,/d@ at scattering angles #=125° (see
Fig. 3) shows up in the simulation as nearly no electrons are
backscattered with 6,,,,=125° and a bimodal distribution is
observed with a most probable 6,,,, at ~160°. Qualitatively
similar results are obtained for electrons backscattered on Ag
for 220 eV at 150° and for 1000 eV at 120° which corre-
spond closely to the minima in the elastic scattering cross
section (see Fig. 3).

This test shows that nearly all electrons emitted after a
single inelastic scattering event have undergone a large elas-
tic scattering angle event (i.e., larger than 90°). From the
data in Fig. 4, the fraction of electron trajectories that have
not experienced a scattering angle larger than 90° is only
3-10% depending on the particular case. Thus, it is not prob-
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FIG. 5. Distribution of outgoing electrons with only one inelas-
tic scattering event as a function of 6,,,, for normal incidence, Al
and 300 eV kinetic energy [A=9.8 A (Ref. 36)], and 6,=30° (left)
and 6,=60° (right). Maximum depth reached by the electron d
=N/4 (top), d=N\/2 (middle), and d=\ (bottom).

able (but possible) for the incident electrons to be reflected
by several low elastic scattering angle events (which are seen
in Fig. 4 as the tails for maximum scattering angles below
90°). Note that this result is obtained disregarding the depth
reached by the individual electrons.

Test 2: Distribution of single inelastically backscattered

electrons that have reached a given depth as a function

of the maximum scattering angle for normal incidence
and fixed angle of analysis

In this test, we study, for electrons of energy E incident
normal to the surface, the distribution p,(Ey, 6,,d; 6,,,,) as a
function of 6, for those electrons that are backscattered in
direction 6, (=5°) and have reached a maximum depths d
(+0.2 A) and undertaken exactly one inelastic scattering
event. Note that if the electron trajectory is true V type [as in
Fig. 1(a)], all the electrons will have 6,,,=180-6,, and if
the trajectory is near V type [as in Figs. 1(b)-1(d)], 6,,,, will
be closely distributed around to 180—6,. Large deviations of
the maximum scattering angle from 180— 6, are expected for
those electrons that have non-V-type trajectories [as in Figs.
1(e) and 1(f)].

Figure 5 shows p,(Ey, 6,,d; 6,,,x) for the case of Al with
E,=300 eV and 6,=30° (left) or §,=60° (right). Maximum
depths reached by the electrons of 0.25A A (top), 0.5\ A
(middle), and N A (bottom) are considered [note that \ for
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FIG. 6. Distribution of outgoing electrons with only one inelas-
tic scattering event as a function of 6,,,, for Cu and 300 eV kinetic
energy [A=6.8 A (Ref. 36)], normal incidence, and 6,=30° (left)
and 6,=55° (right). Maximum depth reached by the electron d
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300 eV electron in Al is 9.8 A (Ref. 36)]. We observe that in
all cases, the most probable maximum scattering angle 6.,
is equal to the complementary angle of 6, (i.e., as expected
for a true V-type trajectory). This is seen for all considered
values of the maximum depth d reached by the electron,
although the width of the distributions increases as d in-
creases. On the other hand, comparing the results for 6,
=30° and 60°, for larger 6,, the p, distribution of 6,,,, gets
broader, which implies that the deviation from true V-type
trajectory gets larger although the most probable 6, still
correspond to a true V-type trajectory. Similar distributions
were obtained for the cases of Al with £,=1000 eV and Cu
with E;=1000 eV. In all these cases, the most probable 6,,,,
coincides with the complementary angle of 6, and the width
of the distributions increases as the maximum depth reached
by the electron increases. This observation points to the con-
clusion that, to a good approximation, the trajectories of re-
flected electrons contributing to K. have traveled in a near
V-type trajectory, as schematically depicted in Figs.
1(b)-1(d).

Figure 6 shows p,(Ey, 0,,d; 6,,) as a function of 6, for
300 eV electrons normal incident on Cu, and 6,=30° (left)
and 0,=55° (right). Maximum depths reached by the elec-
trons of 0.25\ A (top), 0.5\ A (middle), and N A (bottom)
are considered [note that N\ for 300 eV electron in Cu is
6.8 A (Ref. 36)]. We observe that for 6,=30°, we obtain
equivalent qualitative results as those in Fig. 5. In all cases,
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FIG. 7. Distribution of outgoing electrons with only one inelas-
tic scattering event as a function of 6,,,, for Ag and 220 eV kinetic
energy [A=5.5 A (Ref. 36)], normal incidence, and 6,=30° (left)
and 6,=60° (right). Maximum depth reached by the electron d
=N/4 (top), d=N/2 (middle), and d=\ (bottom).

the most probable 6,,, is equal to that for the corresponding
true V-type trajectory and the width of the distribution in-
creases as the maximum depth reached by the electron in-
creases. However, this is not the case for 6,=55° (Fig. 6,
right). Note that in this case, the scattering angle for a true
V-type trajectory, 6,=125°, corresponds to a deep minimum
in the differential elastic scattering cross section (see Fig. 3).
That is, elastic scattering with 125° is very rare. In fact, we
obtain again (cf. Fig. 4) a bimodal distribution with maxima
at 105° and 155°, i.e., below and above the complementary
angle of 55°. Note that despite the fact that in this case the
most probable 6., does not match with 180—6,, the vast
majority of trajectories of reflected electrons traveling total
path lengths less than 4\ are of the near V type depicted in
Figs. 1(b)-1(d), i.e., containing a large angle of scattering
along their trajectory. So although we may expect that in this
case true V-type trajectories are highly improbable, most
electrons have near V-type trajectories containing one large
scattering angle event (either about 105° or 155°) and a few
small scattering angles that result in the final direction 6,
=55°.

Figure 7 shows p,(Ey, 6,,d; 0,,,x) as a function of 6,,,, for
220 eV electrons normal incident on Ag, and 6,=30° (left)
and 6,=60° (right). Maximum depths reached by the elec-
trons of 0.25\ A (top), 0.5\ A (middle), and N A (bottom)
are considered [note that N\ for 300 eV electron in Ag is
5.5 A (Ref. 36)]. We observe that for 6,=60°, we obtain
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equivalent qualitative results as those described in Figs. 5
and 6 (left), i.e., the most probable 6,,,, is equal to that for
the corresponding true V-type trajectory and the width of the
distribution increases as the maximum depth reached by the
electron increases. Regarding the case 6,=30° in Fig. 7, it is
qualitatively similar to that previously described in Fig. 6
(right). Note that in this case for a true V-type trajectory,
Omax=150° for which there is a deep minimum in the differ-
ential elastic scattering cross section (see Fig. 3). That is,
elastic backscattering with 150° is very rare. In fact, we ob-
tain again (cf. Fig. 4) a distribution with a clear maximum at
125°, i.e., well below the true V-type angle. Note that despite
the fact that in this case the most probable 6,,,, differs from
180—6,, the vast majority of trajectories of reflected elec-
trons traveling total path lengths less than 4\ are of the
V-type depicted in Figs. 1(b)-1(d), i.e., containing one large
angle scattering along their trajectory. So although we expect
that in this case true V-type trajectories are highly improb-
able, most electrons with 6,=30° have near V-type trajecto-
ries containing a large scattering angle event of about 125°
and a few small scattering angles that allow the detection at
0,=30°.

Test 3: Distribution of single inelastically backscattered
electrons that have reached a given depth as a function
of the total path length for normal incidence
and fixed angle of analysis

In this test, we study mainly the validity of point (3) in
Sec. I, concerning the distribution of path lengths. Thus, we
simulate, for electrons of energy E; incident normal to the
surface, the distribution p3(Ey, 8,,d;a) of path length a for
those electrons that are emitted in a particular direction 6,
(£5°), with a single inelastic scattering event along their
trajectory and has reached a maximum depths d (£0.2 A).
The obtained distributions have been normalized to have unit
area.

Figure 8 shows the p; path length distributions for elec-
trons traveling in Al with 300 eV (left) and Cu with 1000 eV
(right) and 6,=30° for several maximum depths d reached
by the electron. All path lengths are given in units of the
corresponding N\ and the studied depths have been chosen as
fractions of \, i.e., d=0.25\, 0.5\, N, and 1.43\. The vertical
dashed lines indicate the reduced path lengths corresponding
to a true V-type trajectory dy,

1 ) G)

cos 0,

-4,
V=Y +

We observe that these distributions are all strongly peaked
at dy. They get broader with increasing depths and the tails at
large path length increase in intensity as the maximum depth
is increased. Figure 8 shows that most trajectories, for this
particular experimental situation, are in agreement with the
expectations for true and near V-type trajectories depicted in
Figs. 1(a) and 1(b).

Figure 9 shows p; path length distributions for electrons
traveling in Al with 300 eV (left) and Cu with 1000 eV and
0,=60° (right) for several maximum depths d reached by the
electron. In this case, we observe that these distributions are
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FIG. 8. Path length distributions for electrons traveling in Al
with 300 eV (left) and Cu with 1000 eV (right) and 6,=30° for
several depths d reached by the electron (only one inelastic scatter-
ing event). The vertical dashed lines indicate the corresponding
geometrical V-type path length dy.

peaked at the corresponding dy only for total path lengths
shorter than ~2\. For larger path lengths, the distributions
get significantly broader, and their maxima occur at shorter
path lengths than the geometrical V-type path length. Figure
9 shows that for 6,=60°, the path length distributions deviate
significantly from the true V-type value for maximum depths
reached by the electrons exceeding ~0.5\ (i.e., total path
lengths exceeding ~1.5\). In these conditions, a large frac-
tion of emitted electrons have trajectories with significantly
shorter and larger path lengths than the geometrical V-type
path length.

Figure 10 shows path length distributions for electrons
traveling in Cu with 300 eV and detection angle 6,=30°
(left) and 55° (right). For 6,=55°, a true V-type trajectory
will have a scattering angle of 125° for which there is a deep
minimum in the elastic scattering cross section (see Fig. 3).
Calculations are shown for several maximum depths d
reached by the electron. In the case of more normal detection
(6,=30°), we observe similar behavior as in Fig. 8. For 6,
=55°, the distributions are clearly peaked at the correspond-
ing V-type path length for path lengths shorter than ~2N\, as
was also the case in the examples described in Fig. 9. For
larger path lengths, the distributions get broader, but their
maxima are still close to the geometrical V-type path length.
In this case, a significant amount of electron trajectories with
path lengths shorter and larger than the corresponding dy
contributes to K.

Figure 11 shows path length distributions for 220 eV elec-
trons backscattered from Ag and emitted at 6,=30° (left) and
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FIG. 9. Path length distributions for electrons traveling in Al
with 300 eV (left) and Cu with 1000 eV (right) and 6,=60° de-
picted for several depths d reached by the electron (only one inelas-
tic scattering event). The vertical dashed lines indicate the corre-
sponding geometrical V-type path length dy,.

60° (right). Calculations are shown for several maximum
depths d reached by the electron. In the case of more normal
detection (6,=30°), a true V-type trajectory will have a scat-
tering angle of 150° for which there is a deep minimum in
the elastic scattering cross section (see Fig. 3). We observe
similar behavior to that described in Fig. 8, but with wider
distributions even for the most shallow trajectories and
longer tails for the path lengths larger than those correspond-
ing to true V-type trajectories. In the case of more glancing
detection (6,=60°), the distributions are similar to those de-
scribed in Fig. 9.

III. DISCUSSION

We will now discuss assumption (2) for the YT model
mentioned in Sec. I. According to the MC simulations de-
scribed above, we expect deviation from true V-type trajec-
tories due to the three effects: the large probability for small
angle elastic scattering, the glancing detection (and probably
also glancing incidence), and the special geometries where
the complementary angle of 6, coincides with a deep mini-
mum in the do,/dé.

The large probability for small angle elastic scattering re-
sults in a broadening of the 6,,,, and path length distributions
only for path lengths larger than 2—3\. This is clearly seen
in Figs. 5-11.

Figures 5-7 show 6., distributions of reflected electrons
with a single inelastic scattering event along their trajectory
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FIG. 10. Path length distributions for electrons traveling in Cu
with 300 eV and 6,=30° (left) and 6,=55° (right) depicted for
several depths d reached by the electron (only one inelastic scatter-
ing event). The vertical dashed lines indicate the corresponding
geometrical V-type path length dy.

that have reached a given depth. In most cases, the most
probable 6.~ 180-6,, suggesting that near V-type trajec-
tories are most probable. The percentage of trajectories for
which 180-6, differs from the most probable 6., by less
than 15° can be calculated as

0,+15°

P2(%) = pZ(EO,emd; emax)dema)(' (4)
9,-15°

Figure 12 shows P,(%) for different 6, and d as a func-
tion of the corresponding dy. We observe that for 70-80% of
all trajectories, the most probable 6,,,,=(180-6,) = 15° for
0,=30°. This percentage diminishes to 50-70% for 6,=60°
depending on the particular experimental conditions. Only
for the special cases where the complementary of the exit
angle coincides with a deep minimum in the elastic cross
section (as, for example, Cu at 300 eV, 6,=55° and Ag at
220 eV, 6,=30°), the fraction of electron trajectories for
which the most probable 6,,,,=(180—6,) £ 15° decreases to
about 30%. Note that also in these latter cases, the electron
trajectories contain one large scattering angle that is close to
the expected angle for true V-type trajectories, so trajectories
as those depicted in Figs. 1(c) and 1(d) are mostly expected.
This, together with the estimate made above, that the average
number of elastic scattering events, expected for each elec-
tron trajectory contributing to K., is 4—6, suggests that the
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FIG. 11. Path length distributions for electrons traveling in Ag
with 220 eV and 6,=30° (left) and 6,=60° (right) depicted for
several depths d reached by the electron (only one inelastic scatter-
ing event). The vertical dashed lines indicate the corresponding
geometrical V-type path length dy.

most probable electron trajectory even for these special ge-
ometries will consist of one large scattering angle and a few
(one to six) small scattering angle of about 1-20° that allow
the electron to be detected at the angle 6, and that the 6,,,,
angle deviates from the true V-type angle by 20—30° (see the
bimodal structure of the distributions).

% near V-type trajectories

100
G . —o— Al 300eV 30°
i o o
" D\‘\u\‘ o— Cu 3008V 30
oo \
| Y —=— Al 3008V 60°
A.\WVFD —v— Al 10006V 60°
) 60 . —4—Cu 1000eV 55°
X A . —e—Ag 2208V 60°
~ h
O 40 A —%—Cu 3008V 55°
B —%— Ag 220eV 30°
e &
20 + T
0 ' I I l ]
0 1 2 ’ 4 5
v

FIG. 12. Percentages P,(%) of near V-type trajectories for dif-
ferent experimental situations (see legend) as defined in the text.
Also included a function proportional to fj(a) (dashed line) for
comparison of the relative importance of each path length for K.
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FIG. 13. Percentages P3(%) of near V-type trajectories for dif-
ferent experimental situations (see legend) as defined in the text.
Also included a function proportional to f;(a) (dashed line) for
comparison of the relative importance of each path length for K.

Figures 8—11 show path length distributions of reflected
electrons with a single inelastic scattering event along their
trajectory that has reached a given depth. The probability to
find an electron trajectory with a path length within 10% of
the true V-type trajectory dy is

dy+10%

p3(E0,007d;a)da' (5)
dy—10%

P3(%) =

The result is plotted in Fig. 13.

For 6,=30° and when there is no singularity in do,/d 6 at
150° [as in Figs. 8 and 10 (left)], narrow path length distri-
butions are obtained, which are peaked at the corresponding
dy. Only for depths reached by the electrons larger than 1.5,
the distributions start to get broader mainly on the right side
of the peaks, indicating that the fraction of path lengths
larger than dy is enhanced. As seen in Fig. 13, in this case,
80-90% of the total number of electron trajectories have path
lengths that deviate <10% from the true V-type trajectory
[i.e., they have paths as depicted in Figs. 1(a) and 1(b)].

For 6,=60° and no singularity in do,/d# [as in Figs. 9
and 11 (right)], narrow path length distributions, peaked at
the corresponding dy, are obtained only for depths less than
0.5\. For larger depths reached by the electrons, the path
length distributions get broader and the fraction of trajecto-
ries with path lengths shorter than the corresponding dy is
enhanced. The origin of this behavior is that the correspond-
ing p, distributions in Fig. 4 are broad functions with maxi-
mum at 140° —150° (note that for 6,=60°, the corresponding
Omax for a true V-type trajectory is 120°). As larger path
lengths are considered, the most probable 6,,,, obtained in
the p, distributions will start to show up, thus the electron
trajectory will consist of one large scattering angle around
140° —150° and a few small scattering angles to let the elec-
tron be detected with 6,=60°. Since this angle is larger than
the scattering angle for a true V-type trajectory, this tends to
shorten the total path length slightly [as in Fig. 1(d)] in ac-
cordance with the distributions for 6,~ 60° in Figs. 8—11. As
seen in Fig. 13, in this case, 60-65% of the total number of
electrons have path lengths that deviate less than 10% from
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that of a true V-type trajectory and their trajectories can be
considered as near V type [as depicted in Fig. 1(b)]. Besides,
an important amount of the remaining 35-40% of the trajec-
tories also is of the near V type as those depicted in Fig. 1(d),
for which the total path length is shorter than the correspond-
ing dy.

The cases when the complementary angle of 6, coincides
with a deep minimum in the elastic scattering cross section
require special attention. In practice, these situations may
appear for materials with high atomic number and low ki-
netic energy of the impinging electrons. In the particular case
of detection angles near normal to the surface (as, for ex-
ample, Ag at 220 eV and 6,=30°), small deviations from the
situation described above for the same detection angle and
no singularity in the elastic cross section are observed. The
distributions are still peaked at the corresponding dy. How-
ever, they are broader than the corresponding distributions
without singularity in the elastic cross section [compare Fig.
11 (left) and Fig. 8]. Besides, path lengths larger than dy, are
significantly enhanced for even the shortest depths reached
by the electrons. In this case, as the scattering angle of 150°
is strongly handicapped by the elastic cross section, the elec-
trons to be detected in reflection mode at 6,=30° will be
scattered mostly with scattering angles of about 120° (see p,
distributions depicted in Fig. 4 and p, distribution in Fig. 7),
and as a consequence, larger path lengths will take place
with significant amount.

On the other hand, if (180°—6,) coincides with a deep
minimum in the elastic scattering cross section for more
glancing detection (as for #,=55° with 300 eV electrons on
Cu), the resulting path length distributions are not very dif-
ferent from that described above for 6,=60° without a sin-
gularity in the elastic cross section. The only remarkable
effect is that for shallow trajectories, broader distribution is
observed and shorter path lengths than dy, are enhanced. This
can be justified noting again that the corresponding p; distri-
bution depicted in Fig. 4 and p, distribution in Fig. 6 have a
maximum of about 160°, thus trajectories of the type shown
in Fig. 1(d) will be enhanced. In these cases, 45-55% of the
trajectories can be strictly considered as near V type, as those
depicted in Fig. 1(b), according to the definition in Eq. (5).
Besides, an important amount of the remaining trajectories
would also be of the near V type as those depicted in Fig.
1(d), for which the total path length is shorter than the cor-
responding dy.

Summarizing, we have found that for most experimental
situations, the majority of the electrons have traveled a total
distance that is close to that for a true V-type trajectory.
Besides, it is found that, to a good approximation, the most
probable 6, is approximately 180—6,. Moreover, even in
cases where this latter condition is not satisfied, the vast
majority of the electrons have experienced one large scatter-
ing angle (>90°), and thus these electron trajectories are also
near V type as those depicted in Figs. 1(c) and 1(d), while the
trajectories in Figs. 1(e) and 1(f) are extremely rare in all
cases.

Thus, in general, when 180°—6, does not coincide with a
deep minimum in the elastic scattering cross section and for
nonglancing detection angles (represented by 6,=30° in the
examples described in this paper), it is found that more than
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80% of the total amount of electrons participating in the
single inelastic scattering cross section follow near V-type
trajectories. For more glancing detection (represented by 6,
=60° in the examples described in this paper), the fraction of
near V-type trajectories decreases to about 60% of the total
amount of trajectories contributing to K. In this latter case,
the fraction of electrons with path lengths shorter that the
corresponding V-type is enhanced (see Fig. 9). On the other
hand, for the special cases, when 180°—6, coincide with a
deep minimum in the elastic scattering cross section, devia-
tions are observed, so larger path lengths are enhanced for
near normal emission (i.e., 6,=30°) while shorter path
lengths are enhanced for more glancing emission angles (i.e.,
0,=60°). As a consequence, at least 45-55% of the total
number of trajectories can still be considered as near V type
even in these cases.

Here, it is worth stressing that despite of the fact that
20-40% of electron trajectories cannot be strictly considered
as near V type, the inelastic scattering cross section K.,
evaluated according to the YT model,!? closely reproduces
experimental findings for a wide range of energies, materials,
and geometries.'*!> This suggests that this model gives a
good description of the energy loss processes and that the
averaging over larger and shorter path lengths as well as over
larger and smaller elastic scattering deflections around the
most probable 6, compensate in the experimental REELS
trajectories, in a similar manner to the averaging performed
over the path lengths [given by Eq. (1)] for a fixed scattering
angle within the YT model.

At first glance, it might seem that our results are in con-
tradiction to those of Vicanek* who concludes that backscat-
tered electrons have suffered a large number of collisions.
However, this is no contradiction because the range of tra-
jectories he studies is totally different from ours. Thus, in his
calculations, Vicanek* considers all electron trajectories in-
cluding those with large path lengths which will indeed typi-
cally have suffered a large number of elastic and inelastic
interactions before they escape. The purpose of our simula-
tions is, however, to study the electron trajectories that con-
tribute to that part of the REELS spectrum where electrons
have suffered only one inelastic collision or with a total path
length of <<4A.

IV. SUMMARY AND CONCLUSIONS

The electron trajectories of reflected electrons in REELS
experiments that contribute to the single inelastic scattering
cross section can be considered in most cases, to a good
approximation, as true and near V type [cf. Figs. 1(a)-1(d)].
Thus, about 80% of the total amount of electron trajectories
for normal incidence and detection angles about 30° can be
considered as near V type (mainly type b in Fig. 1). The
percentage of near V-type trajectories decreases to about
60% when more glancing (6,=60°) trajectories are consid-
ered. A special situation occurs when a detection angle is
chosen so that the corresponding V-type scattering angle co-
incides with a deep minimum in the differential elastic
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scattering cross section. In such cases, most of the electron
trajectories contributing to K. will be of types ¢ and d de-
picted in Fig. 1, while the trajectories in Figs. 1(e) and 1(f)
are improbable even for these extreme cases.
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