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Secondary-electron production pathways determined by coincidence electron spectroscopy
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The production of secondary electrons by fast (100 keV) electrons is investigated by analyzing the time
coincidence between inelastically scattered incident electrons and energy-filtered secondary electrons.
Thin conducting and semiconducting films show differences in both the coincidence and generation spec-
tra at energies near the bulk-plasmon excitation, suggesting that plasmon decay does not play a central
role in the production of secondary electrons in Si. At primary energy losses greater than 35 eV, the
secondary-electron production rate is proportional to the energy deposited by the incident electrons.

Structural determination of surfaces, overlayers, and
monolayer thin films often utilizes the secondary-electron
(SE) signal produced by a focused probe of fast electrons,
e.g. , surface steps Si(111),' Si(100), GaAs(110),
Cu(100), NiO, MgO, and Pt. SE production by fo-
cused, fast electron beams is a multistage process which
includes excitation of target electrons by the energetic in-
cident beam, subsequent decay yielding hot SE, transport
to the surface, and transmission over the surface potential
barrier. Although the Bethe theory for fast electron in-
elastic scattering by thin foils has been well understood
for over 50 years, detailed theoretical treatments of SE
production and transport have yet to be experimentally
verified. The role of plasmon decay as a channel for SE
production in free-electron metals has received consider-
able theoretical attention, but remains controversial and
awaits experimental characterization.

The multistage model for SE production is poorly
characterized, partly due to the experimental difficulty of
separating the generation, transport, and transmission
processes. The SE generation pathway can be studied by
correlating SE of a given energy produced by an initial
inelastic excitation using time coincidence detection. '

This technique can determine the role of plasmon de-
cay, ' for example, in the production of SE. The coin-
cidence data presented here suggest that the decay of
single-particle-like excitations, rather than plasmons, is
the fundamental production channel for SE generated
from valence excitations in thin Si films, that each corre-
lated primary energy loss creates a single secondary elec-
tron, and that SE generation at energy losses exceeding
35 eV is proportional to the energy deposited by the in-
cident beam.

The experiments were performed in a Vacuum Genera-
tors HB501-S UHV scanning transmission electron mi-
croscope' (STEM) equipped with an electron energy-loss
spectrometer (EELS). Surface microanaiysis using SE or
Auger electron (AE) spectroscopy is performed within
the magnetic field of the objective lens using the parallel-
izer principle. ' ' The collection efficiency is 100% at
SE energies, and degrades to 40% at intermediate AE en-
ergies (300—400 eV).

EELS electrons are detected by a single-crystal Ce-
doped yttrium-aluminum-garnet (YAG) scintillator while
the SE channel employs a channeltron electron multi-
plier. Time correlation spectra (TCS) are formed by
starting the timing electronics with EELS pulses, and us-
ing the delayed SE pulses to gate the stop. A time corre-
lation spectrum is acquired at each EEL energy, and the
true and false coincidence signals, which are integrals un-
der are TCS peak and background, ' are extracted and
stored. Timing resolution in our system is limited by the
fluorescent decay times of the Ce:YAG scintillator which
is between 80 and 100 ns. Coincidence spectra acquired
at high starting and/or stopping count rates are dead
time corrected' and verified by analyzing the false coin-
cidence spectrum, the EELS spectrum, and the secondary
count rate. '

SE production in amorphous (glassy) carbon films has
been investigated by Voreades, ' Mullejans, " and Pijper
and Kruit. ' Figure 1 shows our results for SE produc-
tion in thin (7.S—10 nm) amorphous C films: the valence
excitation (0—40 eV) EELS spectrum and the coincidence
spectra between EELS electrons and energy-filtered SE
[1-eV energy window, Fig. 1(a)] and the SE generation
probability [Fig. 1(b)j; all are plotted as a function of pri-
mary energy loss. The SE generation probability spec-
trum is defined as the ratio between the coincidence and
EELS spectra, ' ' and is a measure of SE generation
efficiency in a particular inelastic channel. Coincidence
spectra onset energies occur at the SE kinetic energy (Etc)
plus the work function, Et,.+Pii, (Pii, =4.6+0.3 eV) and
are a linear function of the measured SE kinetic energy.
The peak in each spectrum moves towards higher energy
as the SE energy increases.

The coincidence spectra, and the false coincidence
spectra not shown, can be integrated over all excitation
energies and summed to determine a total SE generation
rate. The ratios of the generation rates at given SE ener-
gies to the total generation rate for SE of all energies
agrees to within 5% with the ratios of the count rates at
the same SE energies to the total SE count rate. The to-
tal SE production rates predicted by the integrals over
the total coincidence spectrum are within 7% of the
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elastic scattering for thicker films, while the SE collection
is limited by the escape depth for production in proximity
to the surface.

EELS, coincidence, and generation probability spectra
for p-type (nI, =10' cm ) Si(111)are shown in Fig. 2.
The plasmon excitation at 17.7 eV is the dominant
feature in the EELS spectrum [Fig. 2(a)]. The excitation
energy of the planar surface plasmon'
[co, =co& l(1+a, )', where e, is the real part of the
dielectric constant for the medium adjacent to the sur-
face] is a measure of the surface cleanliness. The Si coin-
cidence [Fig. 2(a)] and generation [Fig. 2(b)] spectra are
each shifted by 2 Hz (0.001) for visibility. The work
function extracted from the data is /~ =4.5+0.3 eV. As
for amorphous C, the onset of coincidence shifts towards
higher energy linearly with secondary-electron energy.

The role of plasmon decay in SE production remains
controversial. These excitations have large cross sections
and the accompanying surface plasmons' are localized
within a SE escape depth of the surface. A number of au-
thors have suggested that plasmons may be a major pro-
duction pathway for SE in metals ' ' while Massignon
et al. , in direct contradiction to theoretical predictions,
suggested that plasmons were not responsible for SE pro-
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FICs. 1. (a) Transmission valence EELS and coincidence
spectra (CNC) between EELS and energy-selected SE (count
rate/energy channel) and (b) generation probability spectra,
defined as CNC/EELS, for 100-keV electrons incident on a
7.5—10-nm-thick amorphous carbon film as a function of the en-

ergy lost by the incident beam. Total SE count rates were 44.8,
22.5, 13.3, 8.7, and 3.3 kHz for 2.5, 5.0, 7.5, 10.0, and 12.5 eV
SE, respectively.
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current measured at the electrostatic analyzer output. If
multiple SE production were an efficient process, then
this current meter would record more events than the in-
tegral over all coincidence spectra. These data suggest
that primary excitations produced by 100-keV incident
electrons decay and produce at most a single SE in thin
amorphous carbon films, a conclusion qualitatively
reached by Mullejans. "

The generation probability spectra show pronounced
peaks between 15 and 20 eV, with a monotonic increase
at excitation energies above 25 eV. Voreades' found
that the coincidence rate was nearly constant as a func-
tion of film thickness, for films thicker than the escape
depth for low-energy electrons (typically t„„,=1.0—3.0
nm for metals and semiconductors' ) and thinner than
the mean free path for inelastic scattering of the high-
energy primary beam (t;„,&„„,is approximately 50—75 nm
for 100-keV electrons in C). Films with

p
& t & t

& t are thick enough to produce the
escape-depth limited number of SE, while few SE can be
produced by multiply scattered primary electrons. Our
data are representative of films in this thickness range.
Generation curves for thicker films show an overall de-
crease in magnitude. This is attributed to increased in-
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FIG. 2. (a) Transmission valence EELS and CNC between

EELS and energy-selected SE (count rate/energy channel) and
(b) generation probability spectra, for 100-keV electrons in-
cident on a thin p-type (10' cm ) Si(111) as a function of the
energy lost by the incident beam. Total SE count rates were
1.05, 1.17, 1.12, 0.60, and 0.45 kHz for 2.5, 5.0, 7.5, 10.0, and
12.5 eV SE, respectively.
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duction in Al. Our data indicate that SE production may
be a direct consequence of plasmon decay in amorphous
C films while plasmon decay is not the primary produc-
tion mechanism in p-type Si( 111).

The peak in the total coincidence rate for C between 20
and 24 eV energy loss in Fig. 1(a), and the peak in the
generation rate spectrum [Fig. 1(b)] at 18 eV are both
below the bulk-plasmon peak in the EELS spectrum at 24
eV. However, the peak in the 2.5-eV [the peak in the
N(E) distribution for SE in C] coincidence spectrum be-
tween 26 and 28 eV, lies above the plasmon excitation en-
ergy. The peaks in the total SE coincidence and genera-
tion probability spectra below the plasmon energy sug-
gests that plasmon decay may be a channel for creating
SE in thin, amorphous carbon films. The true peak in the
C SE spectrum is at 2.5-eV kinetic energy. The 2.5-eV
coincidence spectrum has a peak which clearly lies above
the plasmon excitation energy, indicating that a substan-
tial fraction of SE results from the decay of inelastic exci-
tations other than volume plasmons.

Peaks in the total Si coincidence and generation proba-
bility spectra, Figs. 2(a) and 2(b), lie between 20 and 25
eV, energies well above the plasmon excitation energy.
This result suggests that the dominant production path-
way for producing secondaries in Si is not plasmon decay
but rather single-electron excitations. ' This conclusion
is supported by results which indicate that SE production
is enhanced for high momentum transfer events at any
one excitation energy. ' This observation is consistent
with the observation that subnanometer spatial resolution
images' can be obtained with secondary electrons, and
that plasmon excitations are not suitably localized unless
they are produced by high momentum transfer (low im-

pact parameter) collisions. ' These are the first observa-
tions indicating that SE production in semiconductors is
clearly not a consequence of the decay of volume
plas mons.

If plasmon decay is not a major contributor to the SE
yield in semiconductors, then which inelastic events give
rise to SE? The data of Fig. 2 provide evidence that in-
terband valence excitations play a major role. The major
peaks in the Si coincidence spectra [Fig. 2(a)] scale with
the kinetic energy of the emitted secondary electrons.
The peaks in the 7.5-eV SE spectra are at 20.0 and 24 eV.
Subtracting the SE kinetic energy and the work function
from the peak energies indicates that these events ori-
ginated 8 and 11.7 V below EI;. There are large densities
of states (along L) at —7.24 and —10.17 eV (Ref. 20)
(EF=0). The correspondence between the peaks in the
generation spectra and the large density of states along
the incident momentum vector suggests that the decay of
ionizations from deep in the valence band play a role for
SE production in Si(111).

In the Sternglass theory ' for secondary-electron pro-
duction, the secondary yield is proportional to the stop-
ping power of the film. ' Normalized generation proba-
bility spectra are shown for valence excitations in amor-
phous carbon [Fig. 3(a)] and (111)Si [Fig. 3(b)]. Nor-
malized generation probability spectra consist of genera-
tion rate spectra multiplied by the SE energy and divided
by the EELS energy. Least-squares fits indicate that the
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FIG. 3. Normalized generation probability spectra for {a)
amorphous carbon and (b) p-type (nh = 10' cm ) Si ( 111).

normalized generation spectra have zero slope to within
+4% for energies between the pronounced peak in the
valence excitation region and 100 eV. This suggests that
secondary-electron production resulting from energies
above the valence-band excitations results from simple
energy deposition local to the surface mediated by the es-
cape depth of the SE. The normalized generation proba-
bility spectra begin to have negative slope in proximity
to, and after the Cz edge.

The largest production cross section for SE production
is the valence excitation region. In thin amorphous C,
the plasmon decay channel for the production of SE may
play an important role. In thin Si, SE production is not
primarily a result of bulk-plasmon decay. Our data sug-
gest that the decay of ionizations from deep within the
valence band contributes to the SE yield. Normalized
generation probability spectra indicate that SE genera-
tion is directly proportional to the energy deposited for
primary excitations above 35 eV.
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