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We have measured the yields � of the secondary electrons emitted from MgO, BaO, and SiO2 surfaces by
impact of slow noble gas ions and identified the apparent threshold ion energies �E0� of kinetic electron
emission from the discontinuity points in the �-E curves. We found that the center-of-mass threshold energy
�Eth� in the binary collision with an oxygen anion is projectile independent and equal to the sum of the
band-gap energy and the electron affinity. Based on this threshold behavior, we propose that kinetic emission
from oxide insulators occurs by direct collisional excitation of O 2p electron to a continuum state via repulsive
interactions with the electrons of a projectile.
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I. INTRODUCTION

Secondary electron emission from solid surfaces induced
by slow ion impact has been ascribed to two different mecha-
nisms: potential emission �PE�1 and kinetic emission �KE�.2
PE results from ion neutralization by Auger-type electronic
transitions involving two valence electrons in solids and pro-
ceeds spontaneously at any ion energy as long as the ener-
getic requirement for the Auger process is satisfied, i.e., IP
�2�Eg+��, where IP is the ionization potential of the pro-
jectile, Eg the band-gap energy, and � the electron affinity.
On the other hand, KE occurs by kinetic energy transfer to
the target electrons, which is possible only above a certain
threshold kinetic energy of a projectile. The mechanisms of
KE in metals have now been fairly well established by ex-
tensive theoretical as well as experimental investigations.2,3

Above the projectile velocity of 1.75�107 cm/s �energy of
�300 eV/amu�,4 incident ions can transfer enough energy to
the free electrons in metals to eject them into the vacuum.
KE by electron promotion to quasimolecular autoionizing
states5,6 and that by the excitation of shallow-lying core elec-
trons followed by Auger transitions7 have also been ob-
served.

Ion-induced electron emission from insulator samples at
low ion energies has also been extensively investigated, in
particular, for MgO because of the important role it played in
plasma display panels,8 but these studies are mainly con-
cerned with PE. On the contrary, KE has been much less
studied, and its mechanism in insulators is still poorly under-
stood. The momentum transfer mechanism valid for free
electrons in metals is certainly not appropriate for KE from
insulators because the valence electrons are localized around
the anions. Riccardi et al.9 have proposed that KE from the
�111�-textured polycrystalline MgO surface occurs by colli-
sional promotion of O 2p electrons to the bulk exciton state,
which decays to a continuum state due to the negative elec-
tron affinity of MgO�111�.10 However, this mechanism is not
generally applicable to ordinary insulators with a positive
electron affinity because the exciton state cannot couple to
the continuum state. Vogan and Champion have observed

both electron and O− ion emission from oxygen-adsorbed
Si�100�11 and Mg�0001�12 surface induced by low-energy ion
impact, which they attributed to collision-induced electronic
excitation to the �SiOx

−�* and �MgO−�* antibonding states
followed by decay to result in the emission of O− ions or
electrons. As described below in more detail, the surface
atomic and consequently the electronic structures of
O-adsorbed Mg are quite different from those of MgO, and
therefore this mechanism cannot be applied to KE from MgO
either.

In this paper, we present the energy dependence of the
secondary electron emission yields � of MgO, BaO, and
SiO2 surfaces measured with slow noble gas ions at energies
of 20–120 eV, which shows well-defined threshold energies
for KE. We found that for a given oxide, the apparent thresh-
old energy �E0� increases with the projectile mass but the
center-of-mass threshold energy �Eth� in the binary collision
with the oxygen anion is independent of the projectile mass.
Furthermore, Eth is the same for different projectiles and
equal to the sum of the band-gap energy and the electron
affinity. On the basis of this threshold behavior, we propose
that the KE from oxide insulators occurs by direct collisional
excitation of an O 2p electron to a continuum state via re-
pulsive interactions with the electrons of a projectile.

II. EXPERIMENT

The experimental system used for the present study will
be described in detail elsewhere.13 Briefly, it consists of an
ion beam chamber and a UHV sample chamber. The UHV
system is equipped with several evaporation cells, a quartz
crystal microbalance, and provisions for Auger electron
spectroscopy �AES� and ion scattering spectroscopy �ISS�.
MgO films �100 Å� were deposited on n-type Si�100� wafers
at room temperature by reactive evaporation of Mg under an
O2 pressure of �10−6 Torr. The Auger spectra showed a fea-
ture only at 32 eV, indicating that the film contains no me-
tallic Mg.14 BaO films �100 Å� were deposited by thermal
evaporation of BaO on Si�100� substrates at 700 K. SiO2
films �100 Å� grown on Si�100� by a standard dry oxidation
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process were also used for comparison. In all cases, Auger
and ion scattering spectra showed contaminant-free oxide
samples. The � measurements were carried out using pulsed
and mass-selected noble gas ion beams at normal incidence.
Pulsing of dc ion beams was achieved by applying high volt-
age square-wave pulses of 5 �s duration to the deflection
plates at 50 Hz. A low-duty factor of �10−3 was essential for
the measurements of the �’s of the insulator samples in order
to maintain surface charging negligible. The primary ion
beam and the secondary electron currents were monitored
with a Faraday cage and a skimmer-type collector, respec-
tively. A positive bias of 5–20 V depending on the beam
energy was applied to the collector with respect to the
grounded substrate to ensure the collection of all the second-
ary electrons. The current pulse output was integrated and
averaged using a charge-sensitive preamplifier and a gated
integrator.

III. RESULTS AND DISCUSSION

The measured � values of MgO, BaO, and SiO2 are
shown in Fig. 1 for low-energy Ar+, Kr+, and Xe+ ions at
normal incidence. In all cases, the � value is constant at low
ion energies and increases almost linearly above a certain
threshold energy. We attribute these two regimes to electron
emission by PE and by KE, respectively. Since the two
electron emission processes occur independently, the energy
dependence of the total yield can be expressed as ��E�
=�PE+�KE�E�. The �PE increases in the order of
SiO2�MgO�BaO for a given projectile and in the order of

Xe+�Kr+�Ar+ for a given oxide. These trends can be quali-
tatively understood on the basis of the energetics of PE and
the band parameters listed in Table I below.

We note in Fig. 1 that the apparent threshold energies �E0�
are by far smaller than the KE threshold for free electrons in
metals. For example, E0�25 eV for Ar+/MgO, whereas
E0�400 eV for Ar+/gold.5 Furthermore, the increase in �KE
with the projectile energy is also much greater than that for
metal samples.3,5 These observations suggest that the large
�KE as well as the small E0 value in KE from insulator sur-
faces are related to the localized character of their valence
electrons. Since the �-E curves measured with He+ and Ne+

ions showed no discontinuity down to the ion energy of
20 eV, those data are not presented here. In the case of BaO,
the absolute � values varied as much as �50%, depending
on the O2 partial pressure during deposition and on the an-
nealing temperature. Thus, the BaO film for which the � data
are presented in Fig. 2 may not have a stoichiometric surface
composition. Nevertheless, the threshold ion energy of KE
did not change significantly.

From the observation that �KE increases linearly with ion
energy above the apparent threshold energy �E0�, the data
points above E0 were least-squares fitted as shown by the
solid lines in Fig. 1. Each E0 value was determined from the
intersecting point of the two straight lines below and above
E0. For a given oxide, E0 increases with the projectile mass.
Since collision is a relative motion between a projectile �m1�
and a target ion �m2�, the collision energy �Ec.m.� in the
center-of-mass frame is the relevant energy in KE. Ec.m. in a
binary head-on collision is related to the kinetic energy �E�
of the projectile by

Ec.m. =
1

2
�v2 =

m2

m1 + m2
E , �1�

where v is the velocity and � the reduced mass. The � data
in Fig. 1 are replotted in Fig. 2 as a function of the Ec.m.
values calculated with Eq. �1� using m2=16, the mass of
oxygen. Here, one can clearly see that for a given oxide, the
onset of KE starts at the same Ec.m. for the different projec-
tiles as indicated by the dashed vertical lines. The projectile
dependence of E0 is shown in Fig. 3, where E0 is plotted

TABLE I. The bulk �surface� band-gap energies �Eg� and elec-
tron affinities ��� of BaO, MgO, and SiO2 in eV unit. Eth is the
experimentally determined threshold for the center-of-mass energy
�Ec.m.� for the kinetic secondary electron emission �KE�.

Oxides Eg � Eg+� Eth

MgO 7.8a �6.35�b 0.85c 8.65 �7.0� 7.2±0.3

BaOd 3.7 1.3–1.5 5–5.2 5.0±0.3

SiO2 9.0e 0.9f 9.9 9.8±0.5

aReference 15.
bReference 16.
cReference 17.
dReference 18.
eReference 19.
fReference 20.
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FIG. 1. The secondary electron emission yields � of BaO, MgO,
and SiO2 as a function of ion energies for Ar+, Kr+, and Xe+ at
normal incidence.
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against the mass ratio m1�projectile� /m2�O�. From both the
intercept and the slope of the linear plot, we can determine
the Eth for each oxide. The Eth values thus obtained are
5.0±0.3, 7.2±0.3, and 9.8±0.5 eV for BaO, MgO, and SiO2,
respectively. Though there is no a priori physical basis to
assume a linear increase in �KE with the projectile energy, a
quite linear energy dependence was observed up to the ion
energy of �200 eV. The linear extrapolation may introduce
some error in E0, but the error in Eth should be small because
of the relation Eth= �m2 / �m1+m2��E0, which is �0.1 for Xe+.

The center-of-mass threshold energies �Eth� determined
experimentally are listed in Table I together with the band

parameters of the oxides reported in the literature.15–20 Inter-
estingly, Eth coincides with the sum Eg+� within the experi-
mental uncertainty. This implies that KE occurs when the
Ec.m. exceeds the minimum energy required to eject an elec-
tron from valence band of an oxide. In the case of MgO, the
Eth value agrees better with the sum of � and the surface Eg,
which is smaller by �1.5 eV than the bulk value.16 This may
also be the case for BaO and SiO2, considering the fact that
the � and surface Eg values of oxide materials are not pre-
cisely known and that they also depend on the crystallo-
graphic surface orientation.10

The observation that Eth is equal to Eg+� immediately
leads us to propose that KE from oxide insulators occurs by
collision-induced direct single-electron excitation to a con-
tinuum state. If it had occurred by an indirect process involv-
ing an intermediate electronic state or by a multielectron ex-
citation process, the Eth larger than Eg+� would have been
measured. The process of KE can be envisioned as follows
�refer to Fig. 4�. An incident ion, which is first neutralized
either by Auger process or by resonant tunneling in front of
an O2− anion, continues to move forward to penetrate the
electron cloud of the O2− anion until it turns around at the
classical turning point. During the close collision, the energy
of O 2p electron is continuously raised with the decreasing
internuclear distance due to the repulsive interactions with
the projectile electrons. If the perturbed O 2p level falls
within the band gap of the oxide, the electron reverts to its
initial state as the collision partners separate adiabatically
without any energy transfer to a target electron. On the other
hand, if it lies above the vacuum level �Evac�, the perturbed
state can evolve directly into a continuum state, resulting in
the emission of an electron. Similarly, the band-gap excita-
tion by kinetic energy transfer would set in when the Ec.m.
just exceeds Eg. In this case, the band-gap excitation thresh-
old could be determined by measuring the surface conduc-
tivity as a function of the ion energy. Such measurements can
provide one with the electron affinity of an insulator, which
is difficult to obtain by other experimental methods.

Riccardi et al.9 have measured the energy distributions of
electrons emitted from a �111�-textured polycrystalline MgO
film by Na+ or noble gas ion impacts that were nearly inde-
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FIG. 2. The � vs E replotted against the center-of-mass collision
energy �Ec.m.� of the projectile-oxygen binary collision from the
data in Fig. 1. The threshold ion energies �Eth� of kinetic emission
are indicated by the vertical dashed lines.
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FIG. 3. The apparent threshold ion energy �E0� of kinetic emis-
sion plotted against the mass ratio m1 /m2. From the relation
E0= �1+m1 /m2�Eth, the center-of-mass threshold energy �Eth� val-
ues, obtained from the slope and the intercept of the linear plots, are
also shown.

FIG. 4. A schematic energy diagram for kinetic secondary elec-
tron emission from oxide surfaces. An electron is directly excited to
the continuum state by kinetic energy transfer. Ek�i� and Ek�f� rep-
resent the initial and final collision energies, respectively, and � the
electron excitation energy.
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pendent of the projectile type and of the energy below
�1 keV. The results led them to propose that the O 2p elec-
tron is excited to the bulk exciton state, which migrates to
the surface and subsequently decays to a continuum state due
to the negative � of MgO�111�.10 One may wonder why KE
should occur only via the bulk exciton and not via the direct
excitation to the continuum state as well. It will be interest-
ing to measure the KE threshold energy of MgO�111� surface
and compare it with that we report here.

Concurrent electron and O− ion emissions from
O-adsorbed Si�100� �Ref. 9� and Mg�0001� �Ref. 10� sur-
faces by low-energy ion impact have been interpreted as re-
sulting from electronic excitations to the �SiOx

−�* and
�MgO−�* antibonding states, respectively. We have also mea-
sured the � of polycrystalline Mg films at room temperature
with 250 eV He+ ions as a function of O2 exposures, repro-
ducing the result of Vogan and Champion.11 However, the
measured � value of �0.50 for the O-saturated Mg surface is
by far smaller than 1.47 measured with our MgO sample.
Moreover, ISS and AES measurements revealed that the
O-adsorbed Mg surface has considerable O atom deficiency
and is very thin due to the diffusion-limited oxide growth at
room temperature. These results tell that the two samples
have quite different atomic compositions and consequently
different electronic structures. In the case of O-adsorbed Mg
film, the loss of surface O atoms was clearly visible even
during the acquisition of ISS spectra. Our MgO sample,
however, suffered no noticeable surface compositional
change even after bombardments of �1016 He+ ions/cm2 at
500 eV, confirmed by ISS. The � value measured after heat-
ing the samples to remove the surface charge was almost the
same as that without ion bombardments, indicating that O−

emission is negligible in our � measurements. The O− ion
left behind as a result of KE from the O2− ion is still bound
because of the attractive, though weaker, Madelung poten-
tial, and therefore it cannot be emitted into the vacuum.

In calculating the Ec.m. with Eq. �1�, it may be more rea-
sonable to use a projectile-dependent effective target mass
because of the finite size of the projectile. Considering the
large atomic size of Xe, one may think that a Xe atom col-
lides simultaneously with both an O2− ion and a neighboring
cation on the oxide surfaces, in particular, on BaO surface
with the large Ba+ cations. Nevertheless, the Eth values ob-
tained for Ar+, Kr+, and Xe+ ions using the mass of oxygen
were found to be identical for a given oxide. This implies
that the collision that induces KE is similar to the one be-
tween a projectile and an isolated O2− ion. At near-threshold
energies, only the collisions with very small impact param-
eters can transfer enough energy to cause KE and therefore
even a Xe atom would not feel the mass of the neighboring
cation.

IV. CONCLUSION

We have measured the yields � of secondary electron
emissions from MgO, BaO, and SiO2 by slow noble gas ion
bombardments and obtained the threshold energies of kinetic
secondary electron emission from the discontinuity points in
the �-E curves. The apparent threshold energy for a given
oxide increases with the projectile mass, but the center-of-
mass threshold energy in the binary collision with an oxygen
anion is projectile independent. Furthermore, it is equal to
the sum of the band-gap energy and the electron affinity of a
given oxide. On the basis of our Eth data analyses, we pro-
pose that KE from oxide insulators occurs by direct colli-
sional excitation of O 2p electrons to the continuum states
via repulsive interactions with the electrons of a projectile.
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