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Abstract

The positive ion yield resulting from the interaction of a pulsed 266-nm laser with yttria-stabilized cubic zirconia crystals
Ž . Ž .is investigated. Although the photon energy 4.66 eV is well below the nominal band-gap energy for ZrO 5.0–5.5 eV ,2

Ž . q q q q 2photon stimulated ion desorption PSD of Y , Zr , YO and ZrO begins at ;2.5 MWrcm . We interpret this as the
onset of laser ablation. Cation mass spectra collected using higher laser fluences resemble those obtained via secondary-ion

Ž .mass spectrometry SIMS . The similarity between the laser ablation and SIMS data demonstrates the importance of surface
electronic structure effects in photon induced degradation of this material. q 1998 Pacific Northwest National Laboratory.
Published by Elsevier Science B.V.
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1. Introduction

Ž . Ž .Zirconia ZrO is a wide band-gap )5.0 eV2

material which is used in a variety of applications.
The cubic form of ZrO is metastable at room2

temperature but can be stabilized by additives such
w xas yttrium-, magnesium-, or calcium-oxides 1 . These

metal oxides stabilize the crystallographic structure
but also introduce oxygen vacancies and alter the
electronic structure. Zirconia has novel electronic
and chemical properties that make it an excellent
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material for electrochemical applications such as fuel
cells and oxygen sensors. In addition, it is often used
as an optical coating since it is a full-valence ionic
material thought to be highly resistant to radiation
damage.

Damage from high-power pulsed Nd:YAG
pumped dye lasers has generally been attributed to
thermal andror electronic processes. Though a num-
ber of studies on photon-induced damage of ceramic

w xmaterials such as ZrO have been reported 2,3 , no2

general consensus concerning the mechanisms of
ablation exists. The multi-hole model for the non-lin-
ear dependence of laser-induced desorption from
wide band-gap materials with sub-gap photons in-

w xvolves two-hole localization at the surface 4–7 .
Photons with energies near or above the band-gap
energy can produce color centers in yttria-stabilized
cubic zirconia which have been associated with elec-
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w xtrons occupying oxygen vacancies 8 . In the case of
cubic ZrO , high fluences of ultraviolet photons can2

produce high densities of electron–hole pairs. Two-
hole states can form providing the lattice displace-
ment energies exceed hole–hole Coulomb repulsion

w xenergies 4–7 . This can be enhanced by the high
density of electron–hole pairs during laser irradiation

w xsince they further screen the Coulomb repulsion 4 .
The states resulting from two-hole localization and

wlattice displacements can then induce desorption 4–
x7 .

In this paper, we demonstrate that irradiation with
Ž .sub-band-gap 266 nm photons generates a measur-

able cation yield from yttria-stabilized cubic ZrO .2

The onset of laser ablation appears at approximately
2.5 MWrcm2, as evidenced by the rapid increase in
Yq, Zrq,YOq and ZrOq signal intensity. In this
laser fluence regime, the PSD ion yield of these ions
is superlinear in fluence and the cation mass distribu-
tion resembles secondary-ion mass spectrometry
Ž .SIMS results obtained from identical crystals. The
similarity between the laser ablation and SIMS data
demonstrates the importance of surface electronic

Žstructure effects in photon induced degradation abla-
.tion of this material.

2. Experimental procedure

The PSD studies were carried out in an ultra-high
Ž .vacuum UHV system equipped with a quadruple

Ž .mass spectrometer QMS , an Auger electron spec-
trometer and a rotatable sample manipulator. A de-
tailed description of this apparatus is published else-

w x y10where 9 . The typical pressure was 2=10 Torr.
Ž .Cubic ZrO 100 crystals, doped with 9.5 mol%2

Y O , were cleaned in vacuum by sputtering with2 3

2-keV Arq ions and then annealed to ;850 K by
resistively heating the Ta foil that held the sample.
The sputterranneal cycles were repeated several
times and surface cleanliness was checked with Auger
electron spectroscopy.

The SIMS measurements were carried out in a
separate UHV chamber. Identical samples were used,
and surface cleaning was carried out in a similar
fashion. SIMS spectra were obtained by bombarding

Ž . qthe ZrO 100 surface with 3-keV Ar ions at an2

incident angle which was approximately 458 from

the surface normal. The desorbing positive ions were
collected with a Bessel-box energy analyzer and
detected with a QMS system.

The 266-nm fourth-harmonic light from a pulsed
Nd:YAG laser was used in these experiments. The
laser operated at 20 Hz with a pulse duration of
about 7 ns. The time-averaged laser power was
measured using a joule meter. In several of the
experiments, loose focusing was utilized to provide a
slightly higher laser fluence to the sample. Lumines-
cence from the sample was exploited to provide an
estimate of the diameter of the laser beam at the
surface. The laser irradiance, which was determined
from the power and beam diameter measurements,
has an overall uncertainty of ;50%, primarily due
to the difficulty involved in determining an accurate
beam size. The laser beam was introduced to the
sample at an angle of 458 with respect to the surface
normal. The desorbing ions were detected normal to
the surface using the QMS, with its ionizer off and
with a bias applied to the outermost element of its
einzel lens assembly to increase the effective angle
of acceptance. The PSD ion mass spectra are multi-
ple-shot exposures carried out on initially virgin sites
on the crystal.

3. Results and discussion

Fig. 1 shows a typical Auger spectrum from a
clean zirconia surface. From this and similar spectra,
we can place an upper limit on the relative concen-
tration of impurities such as carbon, potassium and

Fig. 1. A 3-keV Auger spectrum of yttria stabilized cubic zirconia.
To prevent charging, the Auger spectra were collected at 500 K.
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calcium at approximately 2%. Only Y, Zr and O
features remain after repeated sputteringrannealing
cycles. The intensities of the carbon KLL and cal-
cium LMM Auger features, which are observed in
the spectra of crystals prior to cleaning, fall below
our detection sensitivity following cleaning. Note
that it was necessary to keep the substrate tempera-
ture above 500 K during the collection of the Auger
spectra to prevent charging.

Fig. 2 shows the PSD cation mass spectra col-
lected at three different laser fluences. At 0.8

2 Ž q. Ž q.MWrcm , only masses 23 Na , 39 and 41 K
are observed. At 2.5 MWrcm2, new peaks at mass

Ž q. Ž q.27 Al and 40 Ca are observed, and many
low-intensity high-mass peaks appear where we ex-
pect to see Yq, Zrq, YOq and ZrOq. Note that like
K and Na, neither Al nor Ca are apparent in Auger
electron spectra of the clean surface. Since they were
not depleted by repeated cleaning cycles, we con-
clude that the Kq and Naq signal results from trace
contaminants in the bulk crystal. Similar low laser
fluence desorption of alkali cations has been ob-
served in PSD studies of other systems. By 2.9

Fig. 2. Photon-stimulated desorption cation mass spectra obtained
using 266-nm photons. The three frames represent three different
laser fluences. Only desorption of Kq and other impurity ions is

Ž 2 .observed in the low fluence regime 0.8 MWrcm . A small yield
of yttrium and zirconium ions and their oxides are observable near
2.0 MWrcm2. The yield of these species becomes appreciable
above 2.5 MWrcm2.

Fig. 3. Cation mass spectra obtained using secondary ion mass
spectrometry. The incident Arq ion energy was 3 keV and the
incidence angle was 458 from the surface normal.

MWrcm2, a series of well-resolved peaks can be
observed between mass 85 and 120, representing the
many isotopes of yttrium and zirconium, along with
their monoxides. Their intensities increase superlin-
early with laser fluence. We interpret the appearance
of the Yq, Zrq, YOq and ZrOq PSD signal as the
onset of laser-induced ablation.

Fig. 3 shows the cation mass distribution from a
SIMS measurement of an identically prepared crys-
tal. As in the case of the ablation measurement in
Fig. 2, Naq, Alq, Caq and Kq are observed along
with the expected Yq, Zrq, YOq and ZrOq ion
signal. In SIMS, the collision of the incident ion
stimulates ion desorption through energy transfer,

w xfragmentation and electronic excitations 10 . In en-
ergetic ion-surface collisions, the primary energy
deposition is along the perpendicular velocity com-
ponent and involves momentum transfer and elec-

w xtronic excitation of the substrate 10 . Therefore,
cation desorption in SIMS results from complicated
collisional processes involving both the formation of

Želectron–hole pairs, charge deficiency regions due
.to electron emission and nuclear motion. SIMS does

not involve a purely thermal desorption process.
The strong correlation between the observed

cations and their relative intensities in the PSD and
SIMS mass spectra suggests that similar mechanisms
are responsible for cation desorption. Most models
for laser ablation are independent of laser wave-
length and depend only on the total energy deposited

w xinto a solid to produce thermal desorption 11 . Since
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cation production and ejection in SIMS is non-ther-
mal, the similarity in the ablation and SIMS data
suggests that electronic excitations play a role in the
laser ablation of ZrO , especially near threshold. The2

similarity in the data further suggests that the final
states leading to desorption during laser ablation and
SIMS are ostensibly the same.

We suggest that the primary mechanism leading
Ž .to near threshold laser ablation of yttria-stabilized

cubic zirconia involves multi-hole localization, simi-
w xlar to that proposed by Itoh and Nakayama 4 and

w x Ž .Hattori et al. 6 to explain PSD from GaP 110
surfaces. In materials with weak electron–lattice
coupling, such as semiconductors and some metal
oxides, self-trapping of holes and excitons does not
occur. Rather, localization of energy can involve the

Žproduction of multiple electron–hole pairs via a
.multiple photon excitation followed by two-hole

localization at surface defects. Two-hole localization
can occur when the hole–hole Coulomb repulsion

Ž .energy U is less than the energy gained by lattice
relaxation. These arguments are similar to the Ander-
son negative-U localization model for defects in the

w xbulk 12 . Desorption occurs when at least two-holes
are localized in the same bond.

This work will be extended by examining the
neutral yields and quantum-state distributions using
three excitation wavelengths: 355, 266 and 193 nm.
Such studies will allow us to directly compare PSD
behavior using sub-gap, and above gap excitations
w x13 .

4. Conclusions

We have investigated the PSD of positive ions
generated by the interaction of pulsed 266-nm laser

Ž .light with yttria-stabilized cubic ZrO 100 crystal2
Žsurfaces. At low laser fluences below ; 2

2 . qMWrcm only trace impurities such as K and
Naq are observed, and the laser cleans the surface.
The appearance of Yq, Zrq, YOq and ZrOq at

;2.5 MWrcm2 is interpreted as the onset of laser
ablation. In this laser fluence regime, the mass spec-
trum of cations produced by laser ablation resembles
that generated by SIMS. We associate the desorption
mechanism for both laser ablation and SIMS with
the formation of two-hole states which decay at the
surface.
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