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Abstract

We present a study of the photon- and electron-simulated desorption (PSD and ESD) of cations from yttria-
stabilized cubic ZrO,(100) and undoped amorphous ZrO, surfaces. For both types of zirconia, O* is the primary
ionic desorption product. A weak threshold for ESD of O* from yttria-stabilized cubic zirconia (YSZ) is observed
at ~26-27 eV with a rapid rise above ~30¢eV. The PSD threshold from YSZ is ~31+1eV. This is essentially the
same as the O" ESD and PSD thresholds (~30+1¢eV) from undoped amorphous ZrO, surfaces. The PSD O*
kinetic energy distributions extend from 0 to ~7 eV with a peak at ~2 eV and are similar from both surfaces. A
comparison of the ion threshold data with photoelectron spectra indicates that desorption of O™ is primarily initiated
by excitation of the Zr(4p) core level. All of the evidence is consistent with a desorption mechanism, in which the

O™ ions are produced and ejected from the surface via a multi-electron Auger decay process. © 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Zirconia (ZrO,) is a wide-band-gap (>5¢V)
refractory transition metal oxide that is used in a
wide variety of applications, including high-tem-
perature fuel cells, oxygen sensors and thermal
barrier coatings [1,2]. Since zirconia is a maximally
valent ionic material, it is expected to be highly
resistant to damage by electromagnetic radiation
and energetic particle bombardment. It is therefore
used as a coating for high-power laser optics [3.,4],
and has been proposed as a substrate for radiation
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resistant electronic devices. In addition, it is the
protective native oxide formed on nuclear fuels
containing zirconium-alloy claddings [5].

In spite of the vast technological relevance of
zirconia, there have been relatively few studies of
the surface properties and radiation stability of
ZrO, films and single-crystals. Past investigations
have largely focused on understanding the kinetics
and oxidation of Zr metal [6-21] and the inter-
actions of adsorbates such as water [22], methanol
[23] and flourinated hydrocarbons [24] with the
zirconia surface. Analysis of the chemical composi-
tion and electronic structure changes induced by
3-keV Ar* bombardment of thermally grown zir-
conia films has been reported [25-27]. These
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studies concluded that Ar* bombardment induces
the formation of oxygen vacancies and mixed
metal oxidation states due to preferential sputter-
ing of oxygen atoms. Similar studies using 1.0-keV
He™ and 2-keV electron-beam bombardment of
yttria-stabilized ZrO, single crystals [28,29] report
oxygen redistribution and loss.

It is well known that ion-, electron- and photon-
bombardment leads to the desorption of surface
bound species and material damage via electronic
excitation processes [30]. Electron- and photon-
stimulated desorption (ESD and PSD, respec-
tively) are techniques that have been developed as
excellent tools for identifying the dissociative
electronic excitations that result in radiation
damage in the near surface region. The stimulated
desorption of O" from several full valency oxides
can be described in terms of a multi-electron
Auger-induced desorption mechanism. This was
first proposed by Knotek and Feibelman (KF) to
describe the ESD of O" from TiO, surfaces [31].
The ESD of cations from oxygen and hydrogen
dosed Zr metal [32] and oxidized Zr/Ag [33] has
been studied. In the latter case, the ratio of desorb-
ing O atoms to O™ was found to be higher than
one would expect from the KF mechanism. Thus,
Davidson et al. suggested that another model,
involving a simpler single-electron desorption
mechanism may be more appropriate to describe
ESD from oxidized Zr/Ag [33].

None of the above mentioned radiation bom-
bardment or ESD studies of zirconia specifically
investigated the nature of the long-lived dissocia-
tive excitations which cause damage. Information
on the dominant damage mechanisms can be
obtained by measuring ESD and PSD threshold
energies and ion kinetic energy distributions from
undoped amorphous films and single crystal sub-
strates. A direct comparison of the ESD and PSD
from both surfaces also probes the role defects
and the yttria dopant may have, if any, on the
electronic desorption process. In this paper, we
report a study of the ESD and PSD of cations
from a thin film of amorphous ZrO, and a 9.5%
yttria-stabilized ZrO,(100) single crystal. We also
determine the electronic structures of these two
samples using synchrotron-based soft X-ray photo-
electron spectroscopy (SXPS). We find that O™ is

the primary ionic product from both samples and
the onset for O* desorption corresponds primarily
to excitation of the Zr(4p) core level, in accord
with Auger-stimulated desorption of cations from
metal oxide surfaces.

2. Experimental procedure

At room temperature, ZrO, is stable in the
monoclinic phase and does not readily form large
single crystals [34]. In order to have sufficiently
large single crystals of zirconia, a dopant must be
added, such as Y,0;, MgO or CaO, which stabi-
lizes the cubic phase [34]. In the present experi-
ments, we used single-crystal cubic zirconia
samples (10 mm x 10 mm x 0.5 mm) that were
doped with 9.5 mol% Y,0; and oriented along the
(100) facet. The surfaces of the crystals were
sputtered clean with an Ar* ion beam (0.5-
3 keV), while being heated to ~500 K to prevent
charging. The crystals were then annealed to
~900 K in vacuum or in a background pressure
of O, (~107° Torr) to remove any Ar imbedded
in the surface and to return the surface to a fully
oxidized state. The ESD, PSD and SXPS measure-
ments were carried out with the single crystal
sample heated to 400-500 K, in order to prevent
charging. Thermally induced phase segregation
and extrinsic defect formation have not been
observed in yttria-stabilized zirconia until temper-
atures which exceed 1000 K [35]. Oxygen vacancies
are expected to hop at high temperatures
(>1000 K) giving rise to high conductivity [36].
However, at temperatures below ~ 675 K, localiza-
tion or association of vacancies begins to occur
[36] and thus the use of substrate temperatures
between 400 and 500 K is not expected to have
significant effects on the ESD and PSD results.

For comparison with the doped crystals,
undoped ZrO, films were grown on Zr foils
(99.94% pure) that were sputtered clean then oxi-
dized in situ via room-temperature exposure to
0, (99.999% pure). Previous studies have shown
that the oxidation of Zr rapidly saturates, forming
15-30 A of oxide [6,7], after which oxidation slows
considerably [7-10]. The amorphous films used in
this study were grown with sufficient O, exposures
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to attain this limiting thickness. The ESD, PSD
and SXPS measurements on the oxidized foils were
made at room temperature.

The ESD measurements were carried out at
Pacific Northwest National Laboratory in an
ultra-high vacuum chamber (base pressure
2x 10" Torr) equipped with a low-energy
electron gun, a quadrupole mass spectrometer
(QMS), an ion sputter gun, and an Auger electron
spectroscopy (AES) system. Sample cleanliness
was determined using AES (see Ref. [3] for more
details on sample cleaning and characterization).
The ESD ions, generated by bombarding the zirco-
nia surface with a mono-energetic beam of low-
energy electrons (~3nA/mm?), were detected
using the QMS, which had its ionizer turned off
and its outermost element biased relative to the
zirconia sample to enhance ion collection effi-
ciency. Note that this configuration destroys any
information regarding angular distributions of the
desorbing ions. ESD excitation spectra were col-
lected by monitoring the total ion yield in the
QMS while varying the energy of the incident
electron beam, and have been corrected to compen-
sate for small variations in the electron beam
current with energy. Under our low-current condi-
tions the ESD ion yield is proportional to the
incident electron current, indicating that the ions
are produced directly with no contributions from
gas-phase processes.

The SXPS measurements were carried out at
beamline US§-a at the National Synchrotron Light
Source at Brookhaven National Laboratory. The
analysis chamber (base pressure 2 x 10~ 1° Torr)
contains an angle-integrating ellipsoidal mirror
analyzer [37] which was used to collect high-
resolution photoelectron spectra, PSD excitation
spectra, and PSD ion kinetic energy distributions.
The photon energy was selected using a 3-m focal
length grazing incidence toroidal grating mono-
chromator. Sample cleanliness was determined
from SXPS spectra, which compare well to clean-
surface spectra reported by other groups
[7,25,38,39]. The PSD excitation spectra were col-
lected by ramping the photon energy while moni-
toring the total yield of cations using a pass energy
which was several volts wide. The incident photon
flux was also monitored during each measurement

by collecting the photocurrent on the final focusing
mirror. The SXPS and PSD data reported here
are divided by the photocurrent intensity to scale
out any variations in the measured signal arising
from changes in the photon flux that occurred
during the measurements. Note that the PSD
measurements collect the total positive ion yield,
and therefore are not mass-resolved. Care was
taken to prepare the samples in the same manner
as in the ESD measurements, which are mass-
resolved and which identified the primary cation
as O". Hence, we can say with some certainty that
the predominant PSD cation is also O ™.

3. Results and discussion

Fig. 1 shows the thresholds for O* ESD from
crystalline and amorphous zirconia. At the lowest
electron energies, there is no detectable O™ signal
from the samples, which places an upper limit of
~1072cm? on the O* desorption cross section
in this energy range [40]. For the cubic
Z1r0,(100) surface, the O* ESD begins to increase
near 26-27 ¢V, with a very rapid increase above
~30¢V. For the amorphous zirconia surface, the
O™ ESD onset is somewhat more abrupt, with the
ion yield increasing measurably at ~29-30¢V.

For the clean surfaces, O* is the predominant
cation detected, although H*, OH* and F* are
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Fig. 1. Thresholds for the electron stimulated desorption (ESD)
of O* ions from the surface of amorphous and cubic ZrO,. The
data, representing the O * yield as a function of incident electron
energy, are offset vertically for display. The size of the symbols
represents the estimated uncertainty in the measurements.
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observed at considerably lower levels. If the surface
is exposed to water vapor, however, then the H"
and OH* ESD yields increase to levels comparable
to that of O*. Interestingly, the H* and OH™
thresholds occur at around ~22-25¢V, several
volts lower than for O* from the same surface
(see Fig. 2). Knotek observed similar behavior in
the ESD of cations from TiO,(100), from which
he concluded that the OF threshold (31-32¢V)
corresponds to the ionization of the Ti(3p) level
while the onset for H* and OH™ desorption
(~21eV) corresponds to the ionization of the
O(2s) level, in each case through a multi-electron
Auger decay process [41,42]. Considering the sim-
ilarity in the results, it is reasonable to suggest
that an Auger-stimulated desorption mechanism is
involved in cation ESD from ZrO, as well.

To support this contention, we carried out a set
of PSD experiments, measuring both thresholds
and kinetic energy (KE) distributions of the
desorbing ions. Fig. 3 shows the cation PSD excita-
tion spectra for both cubic and amorphous zirco-
nia. The threshold for the single crystal is ~31-
32 eV and the threshold for the amorphous film is
~29-30¢V. This is the same (within our experi-
mental error of +1¢eV) as the ESD threshold
from the amorphous film. The PSD threshold for
the cubic ZrO,(100) surface is, however, ~5¢eV
higher (~31-32eV) than the ESD threshold
(~26-27¢V).
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Fig. 2. Thresholds for the electron stimulated desorption (ESD)
of OF, H*, and OH™" ions from the surface of cubic ZrO,
following exposure to water vapor. The data are offset vertically
for display, and the size of the symbols represents the estimated
uncertainty in the measurements.
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Fig. 3. Thresholds for the photon stimulated desorption (PSD)
of positive ions from the surface of amorphous and cubic
ZrO,. The data, representing the ion yield as a function of
incident photon energy, are offset vertically for display. The
size of the symbols represents the estimated uncertainty in the
measurements.

Fig. 4 shows the ion KE distributions collected
from the same surfaces, using an incident photon
energy of 70 eV, which is well above the desorption
threshold. The KE distributions range from zero
to ~7 eV, peaking at roughly 2 eV, indicating that
the ions desorb with significant kinetic energy.
There is a very small shoulder near 0.3 eV and
some asymmetry at higher kinetic energies. The
general KE distribution compares favorably with
the distribution previously observed by Ashbury
et al. when studying energy resolved ESD of
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Fig. 4. The photon stimulated desorption (PSD) kinetic energy
distributions of positive ions from the surface of amorphous
and cubic ZrO,. The data, representing the ion yield as a func-
tion of ion kinetic energy for a photon energy of 70 eV, are
offset vertically for display.
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hydrogen and oxygen dosed Zr metal [32]. Since
the cation spectra are not mass resolved and it is
rather difficult to prepare a completely hydrogen-
free sample, it is reasonable to associate the small
shoulder in Fig. 4 with the PSD of hydrogen ions.
The H* has been shown by Ashbury et al [32] to
desorb from hydrogen and oxygen dosed Zr metal
with a lower kinetic energy distribution. The asym-
metry and high energy tail is usually indicative of
different O ESD active binding sites [30].

In order to assign the primary excitation leading
to O* desorption, we collected photoelectron
spectra from the same surfaces. SXPS spectra of
the amorphous and crystalline zirconia surfaces
are shown in Fig. 5. The Zr(4s), Zr(4p) and O(2s)
core levels are readily identified in both spectra.
In addition, features assigned to the Y(4s) and
Y (4p) core levels can be seen in the spectrum from
the yttria-stabilized ZrO,(100) surface. Note that
the amorphous oxide film is sufficiently thin (15—
30 A) that its spectrum has a measurable contribu-
tion from the unoxidized Zr metal substrate. This
is most apparent in the valence region, which
contains a significant contribution from the
Zr(4d)-like conduction band of the underlying
metal. The broadening of the Zr(4p) level in the
spectrum of the oxidized foil, relative to that of
the cubic crystal, also indicates that Zr atoms in
the near-surface region are not all in the same
oxidation state [25]. The high binding energy part
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Fig. 5. Soft X-ray photoelectron spectra of the surface of amor-
phous and cubic ZrO, for a photon energy of 100 eV. The data,
representing the photoelectron yield per incident photon, are
offset vertically for display.

of the core level arises from fully oxidized Zr
atoms in the film, while the low binding energy
part arises from atoms in the metal substrate. It is
also likely that some of the Zr atoms in the film,
particularly those at the oxide/metal interface, are
only partially oxidized [10,12—17]. The SXPS thin-
film results (Fig. 5) are very consistent with previ-
ous electron-energy-loss measurements [15,43] and
resonant photoemission studies [26] that report
dominant features near 30 eV which are associated
with transitions from the Zr(4p) band.

In assigning electronic transitions to the
observed stimulated desorption thresholds, the
simplest approach is to assume that the final state
for a transition is the first significant density of
unoccupied states. Note that since the valence
band maximum is ~4 eV below the Fermi level
then the conduction band minimum should be
about 1-1.5eV above the Fermi level. There is
also a reasonably high density of defect states in
the gap associated with oxygen vacancies. The
O* ESD and PSD thresholds for the oxidized foil
are ~29-30 eV, which we attribute to a transition
from the Zr(4p) level of the (partially or fully)
oxidized Zr atoms to the Fermi level. For the cubic
crystal, the observed PSD) threshold of ~31-
32eV is also consistent with ionization of the
Zr(4p) level, with the conduction band as the
final state.

Unfortunately, the nature of the lower 26-27 eV
ESD threshold in cubic zirconia is less clear. A
previous study with YSZ showed that, while zirco-
nium atoms in the crystal are readily reduced from
Zr*”* to Zr° by electron beam exposure, the dopant
yttrium atoms are not reduced [29]. To explain
this, Cotter and Egdell argued that, through an
interatomic Auger decay mechanism, the difference
in the covalency of the Zr-O and Y-O bonds
leads to selective desorption of oxygen that is
bonded to Zr [29]. Based on this, we expect no
significant oxygen desorption to occur as a result
of yttrium core level ionization. If, like all of the
other thresholds, the initial state of the transition
is the Zr(4p), then the final state must lic between
the Fermi level and the conduction band minimum.
Photoabsorption [44] and luminescence [45-47]
studies have shown that a considerable density of
states does exist in the band gap of this material
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due to oxygen vacancies associated with the
yttrium dopant. Therefore, the weak ESD onset
below ~30eV could be due to spin-forbidden
transitions from the Zr(4p) core level to defect
states in the gap, just below the conduction band
minimum.

Finally, the difference between the ESD and
PSD thresholds for YSZ may be due, at least in
part, to contact potential differences between the
electron gun and the samples, which can shift the
ESD excitation spectra by ~1eV or more.
Assuming ESD and PSD have similar final states,
a lower ESD threshold is expected due to the
excess interaction energy which is available to the
incoming electron but not the photon. The rapid
rise in signal above ~ 31 eV would then correspond
to a transition from the Zr(4p) to the conduction
band. Hence, in all cases, the stimulated desorption
of O* from zirconium oxide appears to be initiated
by excitation of the Zr(4p) core level. For ZrO,,
oxygen is bound to the surface in the form of
O°~, where §— is probably between 1 and 2, so
the formation and ejection of an O* cation
requires the removal of two or possibly three
electrons from the same oxygen atom. A plausible
explanation for how this occurs, through a multi-
electron Auger decay process, was first suggested
by Knotek and Feibelman [31]. In their model a
Zr(4p) core hole, formed by the impact of an
incident electron or photon, is filled by a valence
electron residing on a neighboring oxygen atom.
To conserve energy, one or two additional Auger
electrons are ejected from the same oxygen atom,
leaving it in an O° or O" state, from which it
desorbs. Once formed, O* ions have a strongly
repulsive interaction with the surface, due to the
reversal of the Madelung potential.

4. Conclusion

We investigated the photon- and electron-stim-
ulated desorption of O* ions from amorphous
ZrO, and cubic ZrO,(100) surfaces in order to
understand the nature of the dominant dissociative
excitations that occur in this material. For both
types of zirconia, O* is the primary ionic desorp-
tion product. The threshold for ESD of O* from

yttria-stabilized cubic zirconia (YSZ) is observed
at ~26-27 ¢V with a rapid rise above ~30¢eV.
The PSD threshold from YSZ is ~31+1 ¢eV. This
is essentially the same as the O ESD and PSD
thresholds (~30+1eV) from undoped amor-
phous ZrO, surfaces. The kinetic energy of the
ejected ions is also relatively high, ranging from
zero to 7 eV, peaking at around 2 eV. By compar-
ing the ion desorption thresholds to photoelectron
spectra collected from the same surfaces, we deter-
mined that excitation of the Zr(4p) core level
initiates O™ desorption. All of this evidence sug-
gests that in ZrO,, O" is produced via a multi-
electron Auger-stimulated desorption mechanism.

5. Note added in proof

The data in Fig. 3 suggests that stimulated
desorption of O" from YSZ and thin amorphous
ZrO, films may involve the Zr(4p—4d) and
Zr(4p—5sp) core excitons as initial excitations.
These core excitons, which are peaked at ~39 and
between 40-50¢V, respectively, can relax via
recombination processes involving valence bands
with metal admixtures. The final hole states will
be the same as those produced via direct photo-
emission and O* desorption should proceed via a
multielectron Auger process as discussed in the
text.
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