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Negative-Ion Desorption from Insulators by Electron Excitation of Core Levels
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We have observed the desorption of 0 and Si ions during the electron bombardment of Si02, and
have determined ion yields and kinetic-energy distributions at electron energies & 100 eV. The thresh-
old energy for the 0 yield corresponds to the excitation of Si-L-shell core levels. We propose that mul-
tielectron excitations cause the ejection of positive ions or neutral atoms from the surface, and that these
species can capture electrons in the surface region to form negative ions. Alternatively, the creation of
superexcited electronic states of an Si02 surface complex may lead to the ejection of 0
PACS numbers: 79.20.Kz

It is well known that the electron bombardment of ox-
ide surfaces induces dissociation and ion emission leading
to a depletion of oxygen at the surface [1-6]. Several in-
vestigations have focused exclusively on the desorption of
positively charged ions from these surfaces [6-9]. Pro-
posed mechanisms for positive-ion emission from oxides
include the Knotek-Feibelman interatomic Auger decay
model [6] and a process involving Auger decay from a
core hole in the presence of additional electronic excita-
tions leading to Coulomb repulsion [9].

We report the emission of negative substrate ions dur-
ing electron-stimulated desorption (ESD) from thermally
grown Si02 films on Si. Previously reported ESD mea-
surements of negative-ion yields exhibit low-energy
thresholds corresponding to valence-level excitations
[10,11]. Those results are interpreted in terms of dis-
sociative-attachment and dipolar-dissociation processes in
which backscattered and secondary-electron eA'ects [12]
and image-charge eFects [11] play a significant role. In
our present work, we have investigated the electronic-
excitation mechanisms for negative-ion formation during
the bombardment of Si02 by electrons in the energy
range above 100 eV. We have measured ion yields as a
function of electron-beam energy and determined the ki-
netic energies of the ESD-produced 0 ions. The energy
thresholds for 0 ions correspond to excitations involv-
ing a Si 2p core level. This is the first report of negative-
ion ESD initiated by a core-level excitation.

The experiments were performed in an ultrahigh-vac-
uum chamber designed for high-sensitivity ion detection
[13]. This system, equipped with an extranuclear quad-
rupole mass spectrometer (QMS), in-house-designed
secondary-ion optics, a concentric hemispherical electro-
static analyzer, and an electron gun, maintains a base
pressure of 1.0 x 10 ' Torr. The electron beam is in-
cident at 70 with respect to the surface normal. The
sample and extraction lens are kept at —20 V so the ions

reaching the analyzer have an excess energy of (20
eV) + e V, . V, is the potential to which the sample
charges with respect to the grounded sample holder. The
measured ion-energy distribution curves are broadened by
the 4% energy resolution of the electrostatic analyzer, 0.8
eV at a pass energy of 20 eV.

The electron-beam current was measured on a conduct-
ing surface biased to suppress secondary-electron emis-
sion. The electron-beam spot size was contained within
the acceptance area of the ion extraction optics. The low
yields of substrate ions required the use of electron-beam
currents in the pA range. We obtained 0 -ion count
rates at a QMS mass setting of 16 amu and at the peak
of the 0 energy distributions and normalized them by
the incident electron current to obtain relative ion yields.

The experiments were carried out on samples of ther-
mally grown Si02 films on Si. The ion signals are found
to decrease monotonically with bombardment time until
reaching a steady state. The position of the threshold
does not depend on electron dose.

Figures 1(a) and 1(b) show ESD mass spectra from a
65-A Si02/Si film bombarded with 2-keV electrons. Fig-
ure 1(a) depicts a positive-ion mass spectrum. We ob-
ser e substrate ions (Si+, Si +, Si +, SiO+, 0+, 0 +)
and impurity ions (H+, F+), as have been previously re-
ported [8,9]. These ions are characteristic of different
Si02 samples, and are not detected from the native oxide
on the stainless-steel sample holder.

Figure 1(b) shows a negative-ion mass spectrum from
a 65-A Si02 film. The dominant ions are 0, Si, and
H, with smaller signals identified as C, F, Cl, and
possibly C2, C2H2 . A substantially diff'erent nega-
tive-ion mass spectrum was observed from the stainless-
steel sample holder; the ions include 0 (a factor-of-10
smaller signal than observed from SiOq), C, 02, and
F . The background in Fig. 1(b) is due to electrons
reaching the quadrupole. We observe linear behaviors for
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positive- and negative-ion signals as a function of bom-
bardment electron current.

The relative ion signals (counts/secpA) for Si and 0
were determined from the mass spectra. The data indi-
cate that the 0 signal is greater than the 0+ signal and
the Si signal is greater than the Si signal; whether the
total yields are greater depends on (unknown) angular
distributions and detector e%ciencies. In the ESD of
monolayers on metals, positive-ion signals are typically
larger than negative-ion signals [14,15]. For example,
Yu compared the ESD of positive and negative oxygen
ions from 0 adsorbed on Mo [14]. He found that the

Mass (amu)

FIG. I. (a) ESD positive-ion mass spectrum from a 65-A
Si01/Si film bombarded with 2-keV electrons: 1„=40pA. (b)
ESD negative-ion mass spectrum from a 65-A Si02/Si film

bombarded with 2-keV electrons: I,. =6 pA.

Energy (keV)
FIG. 2. ESD 0 -ion yield from a 65-A Si01/Si film vs elec-

tron bombardment energy; Auger electron yield for the
Si(L2&VV) transition vs electron bombardment energy (from
Ref. [16]);and secondary-electron yield from a Si01 film vs pri-
mary electron energy (from Ref. [2]).

0 yield is 2 orders of magnitude smaller than 0+ at
equal adsorbate coverages. In addition, Hock, Craig, and
Lichtman observed that the 0 yield is 50 times smaller
than the 0+ yield for ESD from CO adsorbed on W
[15]. Negative-ion deexcitation at metal surfaces should
be more efFicient than at oxide surfaces, due to the availa-
bility of many vacant levels in the solid resonant with the
aSnity level of the negative ion.

The solid curve with crosses in Fig. 2 is a representa-
tive Y(E) curve for 0 ions. These measurements were
performed in the electron energy range from 90 to 5000
eV. The observed threshold occurs at —130 eV, corre-
sponding to Si-L-shell ionization. There is no evidence
that 0 1s or Si 1s core excitations have a dominating
eA'ect. (Our previous report [9] of a threshold above the
0 1s onset in positive-ion desorption is probably in error
and is being reexamined. )

The dashed curve in Fig. 2 depicts the Auger electron
yield for the Si(L23VV) transition in Si as a function of
primary beam energy at 70' incidence [16]. This distri-
bution is dominated by the core-hole ionization cross sec-
tion and is also influenced by the energy distribution of
the backscattered electrons. Our Y(E) curve is delayed
in energy but roughly follows the shape of the Auger
yield curve at primary energies & 2.0 keV.

The open circles in Fig. 2 denote the secondary-elec-
tron yield versus primary beam energy for a SiOq/Si thin
film [2]. For SiOq films, the secondary-electron emission
maximizes at —380 eV [17]. This is well below the max-
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FIG. 3. Kinetic-energy-distribution curve for 0 ions eject-
ed from a 65-A Si02/Si film by 500-eV electrons.

imum in our Y(E) curve. It is clear that the energy
dependences for the 0 yield curve and the secondary-
electron yield curve are different.

Figure 3 shows a kinetic-energy distribution (KED) for
0 that is somewhat narrower (i.e., less than 2 eV full
width at half maximum, peak energy at 1.7 eV) than nor-
mally found in ESD for positive ions. The 0 KED s are
unlike the KED's observed for 0+ ions from Si02 that
extend from 0 to 25 eV [9]; this difference provides in-

sight into possible mechanisms, as discussed below. The
peaks and widths of the 0 KED's remain constant with
a change in the primary energy from 0.5 to 2.0 keV. In
contrast, Hock, Craig, and Lichtman [IS] studied the
ESD of 0 and 0+ ions from CO on a metal surface
and found that the ion energy distribution for 0 is
broader and peaks at a higher energy than the 0+-ion
distribution.

The energy dependence of the yield exhibits a threshold
(—130 eV) in the region of the Si L edges. We cannot
resolve features due to the Si 2p and 2s core levels, whose
maximum ionization cross sections are 8.4&10 ' and
1.0X 10 ' cm, respectively [18]. Since the excitation of
Si 2s is not possible at —130 eV, this threshold is be-
lieved to be due to the Si 2p edge that is delayed in ener-

gy when compared with the Auger yield. This may be
due to multielectronic excitations, as proposed previously
[9].

The observation of negative ions with a threshold ener-

gy corresponding to a core excitation suggests that ions
are emitted as a result of an Auger process leading to
Coulomb repulsion. However, this process by itself
should not account for the direct formation of negative
ions, since Auger decay produces a two-hole final state in
a bonding orbital which usually leads to the desorption of
positive ions. Based on our previous studies [9], we be-

lieve that multielectronic excitations cause the ejection of
positive ions or neutral atoms [19] from the surface.
These species may recapture electrons in the surface re-
gion to form negative ions. Charge exchange between an
Si02 surface and an outgoing 0+ to form 0 is allowed
because the 0 ionization energy (—13.6 eV) is below the
valence-band edge of Si02 (—10.5 eV) [20]. Charge ex-
change to form 0 can occur because the affinity level
is shifted downward by the surface image potential; there
is a continuous shift from 0 in the gas phase to 0
bonded in the lattice. The electrons participating in the
charge exchange may originate in the valence band or
trap states [21] in the band gap of Si02.

The neutralization may also be thought of in terms of a
recapture process localized to a molecular complex. For
example, consider a Si02 surface complex in which a Si
(2p) core-hole excitation leads to the formation of a
highly excited molecular complex such as (SiOz)* or
(SiO)*. For these excited neutral states to exist, the ex-
cited 2p electron must be trapped in a Rydberg-like orbit-
al, analogous to the creation of an exciton in an insulating
crystal. During dissociation of these excited complexes,
the spectator electron may attach itself to the electroneg-
ative oxygen atom. The formation of 0 may be illus-
trated by the following sequence of events:

SiOq+ e (Si2i, ~02) *+e — SiO++ 0 + e

This assumes that the lifetimes of these excited states
are long enough to allow desorption to occur. Moreover,
we observe a significant SiO+ signal, as illustrated in Fig.
1(a).

Support for this mechanism comes from the work of
Dujardin et al. who observed the formation of 0 ions

by photon excitation of sulfur 2p core levels in gas-phase
S02 molecules [22]. They propose the existence of su-

perexcited electronic states of S02+ that dissociate into
negative ions as well as autoionize to produce SO++ ions.
One aspect of our work which is not analogous to the
work of Dujardin et al. is that our yield curve reveals a
delayed onset of —20 eV from the Si 2p edge. This may
imply that a single core-hole excitation is not enough to
cause desorption, but multielectronic excitations are nec-
essary. One possibility is a short-lived superexcited state,
e.g. , [(Si+0+) ]*, resulting from the simultaneous
excitation of a Si 2p core level and an 0 2s level leaving
two electrons in spectatorlike orbitals.

The ESD of negative ions is expected to contain contri-
butions from true secondary-electron emission and back-
scattered primary electrons [121 when there are low-

threshold-energy processes involved. We do not expect
the secondary-electron yield to contribute to the initial
core-level excitations because of their lower kinetic ener-
gies.

The Auger yield as a function of energy (which in-
cludes the backscattered-electron yield) has a shape and
maximum similar to our Y(E) curve. Because of their
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higher kinetic energies, we expect these backscattered
electrons to contribute to the initial excitations, especially
at glancing angles.

The measured kinetic-energy distributions of 0 rang-
ing from 0 to 25 eV support Coulomb repulsion in the
final state. We observe lower kinetic energies for 0
ions ranging from 0 to 7.5 eV. This is consistent with
both our ion-formation models, since only the lowest-

energy positive ions or neutral atoms remain in the sur-
face region long enough to be able to recapture electrons.

In summary, we have observed the desorption of 0
and Si ion s during the electron bombardment of
thermally grown Si02 films. We believe that multielect-
ron excitations cause the ejection of positive ions or neu-
tral atoms from the surface. These species can capture
electrons in the surface region to form negative ions. Al-
ternatively, the formation of a highly excited molecular
complex, such as (Sion)*, may lead to the ejection of
0
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