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Secondary-electron emission induced by in vacuo surface excitations near
a polycrystalline Al surface
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The double-differential spectrum of coincidences between backscattered electrons and secondary electrons
(SEs) emitted from a polycrystalline Al surface bombarded with 100-eV electrons was measured. For energy
losses of the scattered electron in between the work function of Al and the bulk plasmon energy, a sharp peak is
observed in the SE spectra, corresponding to ejection of a single electron near the Fermi edge receiving the full
energy loss and momentum of the primary electron. This process predominantly takes place when the primary
electron suffers a surface energy loss in vacuum, and leads to SE ejection from the very surface. At energy losses
just above the bulk plasmon energy, a sharp transition is observed, corresponding to a sudden increase in the
depth of ejection. The latter is a direct consequence of the complementarity of surface and bulk plasmons, the

so-called Begrenzungs effect.
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When an energetic electron strikes a solid surface it may
transfer part of its energy to the solid-state electrons. If the
energy transfer exceeds the work function of the solid, an
electron near the Fermi edge may escape over the surface
barrier as a secondary electron (SE) or may in turn suffer
energy losses, giving rise to the formation of a cascade
of slow electrons."™ The above phenomenon of electron-
induced SE emission is highly relevant in a broad variety
of applications but, due to a lack of spectral features in the
cascade, SE emission is still far from being quantitatively
understood.> While the different excitation channels can be
easily discriminated with electron-energy-loss spectroscopy,
the mechanism by which the deposited energy is dissipated
away over the degrees of freedom of the solid is not easily
resolvable by experiment. It is obvious that this requires the
detection of correlated electron pairs, where one electron
carries the signature of the involved excitation, while the other
provides information on its decay.b'#

This Rapid Communication presents the double-differential
secondary-electron electron-energy-loss coincidence spec-
trum (SE2ELCS) of Al bombarded with 100-eV primary
electrons. In the coincidence data, events can be distinguished
in which the primary electron experiences a surface energy
loss in vacuum, leading to ejection of a solid-state electron
from the very surface (less than half an angstrom below the
surface) that reaches the detector without traversing the solid
at all. The choice of Al as the material for these investigations
is motivated by the fact that the electron-solid interaction is
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characterized by a sharp surface and bulk plasmon, making
it possible to distinguish the single- and multiple-scattering
regime in experimental data with the bare eye, consid-
erably simplifying the identification of relevant scattering
processes.

The present SE2ELCS measurements were carried out in
a coincidence spectrometer, measuring arrival-time differ-
ences of electron pairs in a hemispherical mirror analyzer
(HMA, measuring the scattered electron, subscript s), and a
time-of-flight analyzer (TOF, measuring the ejected electron,
subscript e). The electron polar incidence angle amounted to
6; = 60°, and detection took place at fror = 0° in the TOF and
Buma = 60° in the HMA. While the coincidence measurements
were carried out with a continuous electron beam,>!® TOF
single spectra were measured with a pulsed beam. Details of
the experimental procedure are given in Refs. 15 and 16.

Figure 1 compares the TOF singles spectrum with the
coincidence spectrum corresponding to scattered electrons that
have suffered an arbitrary energy loss between 0 and 35 eV.
Faint shoulders in the coincidence TOF spectrum are indicated
at SE energies of hw, — ® and hw; — @, corresponding
to decay of a volume or surface plasmon and subsequent
emission of a SE that escapes with the full energy.®!! Here
hws; = 10.5 eV and hw, = 15.0 eV represent the surface and
bulk plasmon energy, respectively, and & = 4.2 eV is the work
function of the surface. Although it is clear that the energy
transfer from the scattered to the ejected electron occurs in
the course of a plasmon excitation, it is not possible with
our experiment to distinguish between electron ejection via
plasmon decay® or via plasmon-enhanced resonant electron-
electron scattering, as was recently proposed. !’

The effective solid angle of detection of the time-of-flight
analyzer for slow (<10 eV) electrons was increased by
applying a bias of +10 V to a grid at the entrance of the TOF
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FIG. 1. (Color online) Time-of-flight (TOF) spectra for 100-eV
electrons backscattered from polycrystalline Al. The (red) solid curve
represents the singles spectrum. The (blue) data points represent the
coincidence spectrum for primary electrons that have suffered an
energy loss between 0 and 35 eV and correspond to the data in
Fig. 2(b) integrated over the energy loss.

analyzer. This leads to flight times of slow electrons (E ~0eV)
of about 300 ns and, most importantly, to a significant increase
of the coincidence count rates for small energies (~10 Hz
with a ratio of true to false coincidences of T/F ~ 0.2 in
Fig. 2 below). A pass energy of 50 eV was used in the HMA,
leading to a resolution along the energy loss scale of 1.25 eV,
and a resolution along the TOF scale (which is dominated by
flight-time differences of trajectories with different radii in
the HMA) of about 10 ns. The calculated energy-dependent
transmission function of the TOF analyzer'> was used to
correct the double-differential spectra shown in Fig. 2.

The solid (black) curve in Fig. 2(a) is the experimental
singles reflection-electron-energy-loss spectrum (REELS),
and the (red) data points show the total number of coincidences
as a function of the energy loss. The distribution of energy
losses in individual bulk (differential inverse inelastic mean
free path, DIIMFP) and surface losses (differential surface
excitation probability, DSEP) are shown as curves peaking
at the surface and bulk plasmon energy.'® The theoretical
curve for the DSEP exhibits a characteristic of the so-called
“Begrenzungs” effect,'®!? i.e., the complementarity between
the surface and the volume plasmon, in that the DSEP exhibits
a negative excursion exactly at the bulk plasmon frequency.

The coincidence spectra for energy losses of the scattered
electron AE = Ey — E; between 0 and 35 eV (acquisition
time 200 h) are shown in Figs. 2(b) and 2(c) and are compared
with Monte Carlo simulations'®?*-?? in Fig. 3. The white
parabolas in Figs. 2 and 3 represent energy conservation,
i.e., flight times corresponding to ejected electrons escaping
from the Fermi level with the full energy loss of the scattered
electron minus the work function E, = AE — ®. The onset
of coincidences is indeed observed exactly at AE = @ as a
weak but very sharp ridge just below the energy-conservation
line. The intensity of this ridge increases rapidly for larger
losses, achieving its maximum around A E = hw, and abruptly
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decreasing at AE = hwy. For energy losses just above the
bulk plasmon energy, the coincidence count rate attains a
minimum while it increases again for AE 2> 2hw; = 21 eV.
For Al, this energy marks the boundary between the single-
and the plural-scattering regime: As follows from the sharp
single-scattering loss distributions in Fig. 2(a), energy losses
below 2hw, can only take place in a single (surface or bulk)
collision, while any larger energy loss involves plural inelastic
scattering of the primary electron.

The Monte Carlo calculations follow the simulation model
in Refs. 20 and 23 extended to account for a realistic depth
dependence of the surface inelastic scattering cross section as
described in Refs. 18,22, and 24 and appropriately accounts
for surface excitations both inside the solid and in vacuum;
the model was further extended to include secondary-electron
emission following Refs. 4,21,22, and 25. The simulations
are seen to agree reasonably with the experimental data. In
order to obtain such agreement it is essential to take into
account the following: (1) The depth dependence of the
differential and integral surface excitation probability.* (2)
SE generation at the very surface of the solid whenever a
surface excitation takes place in vacuum.?® (3) Creation of
higher generation SEs. In the case of Al, this mainly concerns
surface excitations suffered by first generation secondaries
with energies of the order of iw,,, which are very likely to suffer
a surface energy loss since the surface excitation probability

varies with kinetic energy as E, 12 27 (4) The influence of
electron refraction at the surface barrier (in the present work
a value of U; = 15.4 eV was used for the inner potential).
The main shortcoming of the present simulations concerns
the width of the surface plasmon features [see also Fig. 2(a)],
which is due to the approximations made in the dielectric
model. '3

The fact that for AE < hiw, the position and maximum of
the ridge along the energy-conservation line coincide exactly
with the surface plasmon features together with its abrupt
decrease at AE = hwy, allows one to conclude that this ridge
is associated with a single surface excitation suffered by the
backscattered electrons. From the narrow width of the ridge
[see Fig. 2(c) in particular] it is concluded that the entire energy
loss is transferred to a single ejected electron that escapes
without noticeable further scattering.

At this stage it is important to recall that surface excitations
take place in a very narrow depth range (z,) ~ v/w;, a
few angstroms on either side of the surface, where v is the
electron speed.”® In the case when the energy loss of the
primary electron takes place in vacuum, i.e., a supersurface
inelastic collision,?® the question arises from what location is
the SE emitted in such cases? In the simulations shown in
Fig. 3 it is assumed that SE creation takes place at the very
surface, 0 < z < 0.5 A. Most SEs then reach the detector
without traversing the solid at all. Any other choice of the
depth of origin leads to a strong reduction of the simulated
intensity of the ridge below Zwj, in clear contradiction with
experiment. For subsurface energy losses, it is assumed that SE
emission occurs at the location of the energy loss. The relative
importance of super- and subsurface energy losses associated
with penetration of the surface according to the model calcu-
lations is illustrated in Figs. 3(b) and 3(c), clearly showing the
dominance of the supersurface scattering process.?®
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FIG. 2. (Color online) (a) Black solid curve: Experimental
REELS spectrum. Thick (red) solid curve with datapoints (right axis):
Integrated number of coincidences as a function of the energy loss.
Blue and red solid curves: Bulk and surface single-scattering energy
loss distribution (DIIMFP and DSEP). (b) Experimental SE2ELCS.
(c) Same as (b) after normalizing the data for each energy loss to the
intensity maximum along the time-of-flight scale.

The time-of-flight spectra of the ejected SEs change
dramatically around and above AE 2 hwy, i.e., for energy
losses for which the bulk loss mode sets in. Clearly, any
difference between features seen at energy losses of, say, 14.5
and 15.5 eV cannot be attributed to the energy dependence of
the electron-solid interaction characteristics, since all relevant
physical quantities exhibit a smooth energy dependence.
However, owing to the Begrenzungs effect and the resulting
complementarity of surface and volume modes, the intensity
of the volume modes in the surface scattering zone is strongly
reduced by the very presence of the surface [cf. the negative
excursion in the DSEP in Fig. 2(a)]. Therefore, processes with
energy losses just above and below hiwy, take place at markedly
different depths. Furthermore, SEs created with energies of
~hw;, are very likely to suffer energy losses before escape
since the value of the inelastic mean free path (IMFP) is
small for energies just above the bulk plasmon loss. The
differential inelastic mean free path for such low energies
does not resemble at all the sharply peaked curve shown in
Fig. 2(a), which corresponds to 100-eV electrons, but is very
broad. This explains the sudden decrease of intensity along
the energy-conservation ridge and the broad structure in the
coincidence time-of-flight spectra for iw, < AE < 2hw;.
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FIG. 3. (Color online) Results of Monte Carlo simulations for the
coincidence spectra shown in Fig. 2(b). (a) Full simulation. (b) and
(c) Contribution of surface excitations taking place in vacuum (b) and
inside the solid (c).

In the single-scattering regime, AE < 2fiwy, the number of
coincidences in Fig. 2(a) is seen to follow the singles spectrum
by a constant factor, while the plural-scattering regime above
Z2hw; is clearly exposed in Fig. 2(a) by an increase in the
number of coincidences relative to the singles signal. This is
expected, since for Al any energy loss above 2hiw; involves
plural scattering.

Both in the coincidence SE spectrum and the singles
spectrum in Fig. 1, features resulting from surface and volume
plasmon decay®'"! can be faintly discerned as shoulders
appearing at iiwp, — ® and hwy; — ®. These features can also
be identified (although less clearly) as a ridge at constant
energy in Figs. 2 and 3 (see arrows). Note that this implies
that individual energy losses of the primary electron are
transferred to a single SE, since any physically realistic type of
energy sharing in a three-electron process would lead to very
broad spectra of the emitted SEs, lacking the characteristic
energy loss of the surface and the bulk plasmon. Therefore,
in the plural-scattering regime (AE 2 2hw;y) the SE spectrum
consists of characteristic peaks at energies corresponding to
surface and bulk plasmon decay, superimposed upon a broad
and weak electron-electron scattering background extending
up to the energy-conservation line.'!16:28

The similarity in the SE-coincidence and SE-singles spectra
in Fig. 1 indicates that the above considerations also apply to
the cascade regime for large energy losses AE ~ Ey. While
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this regime is characterized by multiple excitations of volume
plasmons inside the solid, the corresponding SEs created
upon plasmon decay have an energy less than 15 eV and
therefore have a very large range inside the solid. However,
when any of these SEs pass the surface scattering zone, they
are very likely to participate in a surface energy loss after
which their energy will (as a rule) be too low for them to
overcome the surface barrier. The surface plasmon, however,
will subsequently decay via emission of another secondary
electron which has a high probability of escape and detection.
This leads to a rather high contribution of surface energy losses
to the SE yield for 100-eV primaries. According to the model
calculations shown in Fig. 3 (that extend up to AE = Ej, not
shown) this contribution amounts to ~40%. Furthermore, this
contribution is only weakly dependent on the primary energy
since the relative importance of surface losses as the final
process in the cascade depends on the (characteristic) energy
loss of the primary which is transferred to the cascade SEs
rather than the energy of the primary electron.

Note that the validity of the above statements is by no means
restricted to Al or the nearly free electron materials. While Al
was chosen in the present work to expose the single- and
plural-scattering regime and to clearly distinguish between
surface and volume losses, many other materials?® behave
in exactly the same way in all relevant respects, although
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the (much broader) features in the electron-solid interaction
characteristics would make identification of the supersurface
secondary-electron emission process more complicated.

The processes described here should be of general relevance
for SE emission near surfaces. This of course particularly con-
cerns secondary-electron microscopy, for which the surface
sensitivity is commonly interpreted merely in terms of the
bulk stopping power of the solid. This leads to information
depths of up to several tens of a nanometer. The present results
emphasize that a realistic model for the surface sensitivity
should take into account the influence of the surface leading
to significantly smaller information depths. Furthermore, the
observed supersurface secondary-electron emission process
makes it possible to experimentally define the surface with
unprecedented precision.
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