PHYSICAL REVIEW B

VOLUME 45, NUMBER 3

Ar-ion bombardment effects on ZrO, surfaces

C. Morant, J. M. Sanz, and L. Galan
Departamento Fisica Aplicada C-XII, Universidad Autonoma Madrid, Cantoblanco, E-28049 Madrid, Spain
(Received 13 June 1991)

Chemical, compositional, and electronic changes induced by 3-keV Ar™ sputtering in ZrO, have been
quantitatively studied by use of x-ray photoemission spectroscopy. It is shown that 3-keV Ar* bom-
bardment leads to a gradual buildup of an oxygen depletion layer which has been quantitatively charac-
terized by its thickness (~1.2 nm), averaged composition (~ZrO), and in-depth distribution of the
different oxide phases that originate during the process. In addition, the electronic distribution at the
valence band of both thermally grown and Ar*-bombarded ZrO, was also determined by x-ray photo-
emission spectroscopy. Thermally grown ZrO, was shown to exhibit significant photoemission in the
band gap, probably due to defects. Ar" bombardment of those surfaces caused a broadband emission at
2.3 eV above the top of the valence band as well as significant changes in the O 2p region of the valence
band which are associated with the above-mentioned changes in surface composition. The Zr 4d contri-
bution to the valence band of the altered layer could also be estimated. This contribution increases with
Ar? sputtering and accounts not only for the whole emission band in the gap but also significantly for
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the photoemision in the O 2p energy range.

I. INTRODUCTION

It is well known that ion bombardment of solids causes
a wide series of both compositional and structural
changes which influence their properties. L2 However,
quantitative studies relating compositional changes and
modifications of the electronic structure induced by ion
bombardment are very scarce.

In the case of transition-metal oxides, the study of their
reduction to lower oxidation states (even to metal) and
the creation of point defects by low-energy ion bombard-
ment have been separate subjects of many recent stud-
ies.2"!2 In fact, although the surface properties of par-
tially reduced oxides are important from both fundamen-
tal and technological points of view because of their
chemisorptive and catalytic properties,!* fundamental
questions regarding the electronic structure still remain,
and constitute an interesting and actual discussion to-
pic. 791113

In the particular case of ZrO, its broad use for nuclear
and high-temperature applications also makes that infor-
mation about the effects of low-energy ion radiation of
great interest. In spite of that, quantitative studies on the
Ar ™ -induced reduction of ZrO, are very scarce.®!*1?

In the present work the 3-keV-Ar ' -induced chemical
and electronic effects on thermally and anodically grown
Zr0O, films have been quantitatively characterized. The
chemical state of Zr in Art-bombarded ZrO, has been
examined in detail as a function of the Ar* fluence using
core-level x-ray photoemission spectroscopy (XPS). In
addition, measurements at two different takeoff angles al-
lowed one to obtain useful information about the distri-
bution in depth of the different species observed as well as
about the structure and the formation of the altered lay-
er. We present a quantitative analysis of the buildup and
structure of the altered layer induced in ZrO, by 3-keV
Ar™ bombardment. In this case the photoelectron escape
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depths resulted in being quite appropriate for probing the
altered layer.

Valence-band spectra of the Ar'-modified surfaces
were also taken in order to observe the effect in the elec-
tronic distribution at the valence band. In spite of having
less sensitivity and resolution than ultraviolet photoemis-
sion spectroscopy (UPS), the use of XPS to obtain the
valence band allowed one to get a straightforward and
quantitative correlation between the modifications in the
electron structure and the compositional changes.

II. EXPERIMENTAL

Polycrystalline zirconium sheets (25 pum thick) from
Goodfellow Metals (99.7% nominal purity) and 10X 18
mm? area were used in this work. They were subjected to
the usual cleaning procedures, by rinsing the samples
subsequently in acetone, ethanol, and distilled water be-
fore the thermal or anodic ZrO, was grown.

Thermally grown ZrO, was obtained by annealing the
foil at 525 K, for 15 min in an oxygen atmosphere
(Pozz 1073 Torr) in a preparation chamber attached to

the spectrometer.

Anodic ZrO, layers (~50 nm thick) were obtained by
anodizing the Zr foil in an 0.3 wt % aqueous solution of
PO,H; at room temperature with constant current densi-
ty (0.23 mA/cm?) until a final voltage of 15 V was
reached.

Ar* bombardment was performed in the spectrometer
chamber using an ion gun working at 3 keV and a current
density of 1.5 uA/cm’. The ion beam was rastered over
the whole sample in order to avoid crater effects which
could influence the quantification. Under those condi-
tions the estimated sputter rate for standard Ta,O5 was
~0.01 nms™ .

XPS spectra were recorded at different intervals of ion
bombardment in a commercial LHS-10 spectrometer
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from Leybold using Mg K a, , radiation (hv=1253.6 eV)
as excitation source. The electron energy analyzer was
operated in the constant pass energy mode (E ;=20 eV)
with an energy resolution of 0.25 eV. Photoelectrons
were usually collected normal to the sample but in some
cases spectra at 30° with respect to the surface normal
were also measured in order to enhance the surface sensi-
tivity.

III. RESULTS AND DISCUSSION

A. Core-level spectra

Figure 1 shows experimental Zr 3d and O 1s XPS spec-
tra of a thermally grown ZrO, sample as a function of the
3-keV Ar* fluence (indicated with each spectrum). The
overall effect of the Ar™ bombardment may be clearly ob-
served in that figure. The Zr 3d spectrum, characteristic
of Zr0,,'® undergoes significant broadening with the ap-
pearance of a broad tail at the low-energy side of the
spectrum, while the O 1s line reduces its intensity. All
that clearly suggests that Ar* bombardment of ZrO, re-
sults in loss of oxygen at the surface and formation of Zr
species in lower oxidation states.

In order to get a more quantitative insight on the
Ar*t-induced compositional changes and the buildup of
the altered layer, the spectra were numerically processed
and quantitatively analyzed. The spectra were
smoothed!”!® and background subtracted'®?® according
to the usual procedures. Then, the Zr 3d spectra were
analyzed in terms of five possible valence states of Zr (i.e.,
Zr*t, Ze3t, 22T, Zrt, and Zr®) which would corre-
spond to ZrO,, Zr,0;, ZrO, Zr,0, and metallic Zr, re-
spectively, in accordance with a previous study on the
room-temperature oxidation of zirconium.!® The line
shape and fitting parameters of the different components
have been summarized in Table I, whereas the detailed
description of the analysis and fitting procedure is given
in Ref. 16. The O 1s spectra were analyzed in terms of
two components, the main peak at E,=531.4 eV and a
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FIG. 1. XPS spectra of the Zr 3d and O 1s lines of ZrO, after
different Ar* fluences.
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TABLE 1. Best-fit parameters for Zr 3d XPS spectra. Ener-
gies are in eV.

Parameter Value
Binding energy of oxide Zr*" 3ds,, 183.40
Metal-oxide chemical shift 44
Spin-orbit splitting 2.39
Shape and width of oxide peaks:
Gaussian® FWHM 1.4
Lorentzian® FWHM 0.7
Total FWHM 1.88

2The Mg K« line shape has been considered in the deconvolu-
tion.

small contribution at E, =533.6 eV which were assigned
to oxygen in an oxide state (i.e., O,,) and to adsorbed ox-
ygen (i.e., O,4), 16 respectively.

The intensities of the different components have been
depicted in Fig. 2 as a function of the Ar* fluence. Fig-
ure 2(a) presents the behavior of the different oxidation
states of zirconium. It clearly shows that Ar™ bombard-
ment causes a progressive decrease of the Zr*" species
and the continuous formation of species with lower oxi-
dation states until a steady state is reached at fluences
above 1.5X 10" ions/cm?. In fact, the progressive loss of
oxygen which causes that reduction of the Zr** species
can also be followed by observing the corresponding in-
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FIG. 2. (a) Intensities of the different contributions to the Zr
3d signal due to different oxidation states of zirconium: Zr**,
Zr’t, Zr?*, Zr*, and Zr°, as a function of the Ar* fluence. (b)
Intensities of the different contributions to Zr 3d (Zr**,

3_oZr"") and O s (O, O,) as a function of the Ar*
fluence.
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tensity decrease of the O 1s signal. The respective areas
of the two components which conform the O 1s line have
been depicted in Fig. 2(b) together with the intensities of
the Zr** species and of the rest of the components of the
Zr 3d signal considered as a whole and labeled as
“subox” [cf. Fig. 2(a)]. Figure 2(b) shows that both the
Zr** and O,, decrease rapidly and almost parallel during
Ar" bombardment, whereas the signal associated with
the reduced species increases. In addition, small amounts
(~1 of a monolayer) of adsorbed oxygen appear to be
present at the surface during the reduction process.

Zr 3d spectra were also measured at 30° with respect to
the surface normal in order to make them more surface
sensitive. These spectra (not shown) were also quantita-
tively analyzed and used to get more information about
the distribution in depth of the different species. In fact,
the ratio of intensities I,.(Zr" /1 oz *) in the

different oxidation states taken at 30° and 0° with respect
to the surface normal is expected to increase when the
corresponding species are enriched at the surface or the
near-surface region. That ratio has been depicted in Fig.
3 as a function of the Ar™ fluence, but to simplify the
analysis and to reduce the error introduced by the decon-
volution procedure, intensities of Zr* and Zr° were con-
sidered together as well as those of Zr’" and Zr*™.

Figure 3 suggests that the oxidation state of zirconium
increases with depth. In fact, it is recognized that ZrO,
lies in the substrate covered by a suboxide layer mainly
formed by Zr’** and Zr** on top of which Zr* and Zr°
are present. A schematic representation of the assumed
layer model showing the outermost monolayer, the al-
tered layer, and the bulk has been drawn in Fig. 4. Al-
though other models could be used, the choice which has
been made appears reasonable and provides a clear in-
sight into the observed compositional variations.

B. Thickness and composition of the altered layer

According to that model (cf. Fig. 4) of the altered layer
a more quantitative insight into the composition and
thickness can be realized in terms of the measured inten-
sities.
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FIG. 3. Relative intensities of Zr 3d in the different oxidation
states [Zr*t (Zr3T +Zr?"),(Zr T +2Z1°)], for 0° and 30° takeoff
angles, as a function of the Ar* fluence.
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FIG. 4. Scheme of the altered layer induced by 3-keV Ar™
ions (z is the depth from the surface).

The intensities of Zr* and Zr° species account just for
a fraction of the outermost monolayer, as can be easily
obtained from

1(Z1°) N3,
= [1—exp(—a/A)] (1)
%ze*t) NG,
and
1(zr) Ny,
=0 1—exp(—a/A)], 2
IO(Zr4+) 1N4zr[ exp( a/ )] (2)

where I(Zr°) and I(Zr") correspond to the intensities
associated with Zr® and Zr™ species, respectively, and
I%Zr**) with the original (i.e., before sputtering) ZrO,
sample. N7 is the atomic density of zirconium in the
corresponding oxide ZrO,,, and in pure metal (i.e.,
n =0) and a is the respective monolayer size estimated
according to the expression

1 _ 1
ay.+(n/2)ad a*1+ns2)’

Nz = (3)
where a;, and aq are the zirconium and oxygen atomic
sizes as determined from the atomic densities in metallic
zirconium and in ZrO, (i.e., 428 and 2.98X10%
atoms cm 3, respectively). The exponential factors in
Egs. (1) and (2) take into account the finite thickness a of
the layer with respect to the inelastic mean free path A of
the photoelectrons.?! A=Az ~Az0,~2 nm was used in

this work as estimated from the universal relation pro-
posed by Seah and Dench.

The resulting ®,+®, as a function of the Ar* fluence
has been depicted in Fig. 5. It shows that in the steady
state the Zr® and Zr ™" species account for almost a mono-
layer, ®,+0®,;~0.9, with ®,=0.13.

In addition, the equivalent thickness d,,,, of the al-
tered layer (supposed homogeneous) can be estimated in
terms of the attenuation of the signal from the substrate
li.e., I(Zr**)] as due to the overlayer of suboxides:

I(Ze* ) =I%Zr*" ) exp( —d gy, /) - @)

The thickness calculated in this way has been
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FIG. 5. Thickness of the outermost layer (Zr°, Zr*) and of
the whole altered layer (d ., ) as determined from Egs. (1), (2),
and (4) vs Ar™" fluence. 1 monolayer =0.24 nm.

represented in Fig. 5, labeled as subox. Again, a rapid in-
crease of dg,,, up to fluences of about 1.5X10"
ions/cm? is observed to be followed by a region where the
thickness appears to saturate at values close to
dpox ~ 1.2 nm.

The average composition ZrO, of the two different lay-
ers in which the altered layer has been subdivided can
also be estimated. Thus, considering that in the bom-
barded sample the outermost monolayer is formed by Zr°
and Zr* species up to a fraction ®~0.9 monolayers
(ML’s) and the rest (1—®) by Zr?" and Zr** it results in
an averaged composition x ¢ given by

Xt =0x (0, +)+(1—0)x (2+,3+) , (5)
where
1 I(Zr™")
* 2 [(Zr )+ 1(Zc%)
and
2+ 3+

2 [(ZePN)+ 1z )

Alternatively, the average composition X of the whole
altered layer was also estimated assuming a homogeneous
distribution of the different suboxides, according to

3 3
S nl(zr" +)/ 3 1z )
n=0 n=0

sl
x=3 . (8)

The results of X, x(2+,3+), and x . as a function of
the Ar™ fluence have been depicted in Fig. 6. Obviously
for an Ar" fluence equal to zero, xg =X=2 and
x(2+,34+)=0. The values corresponding to the highest
Ar™* fluence (i.e., steady state) were used in the construc-
tion of the scheme shown in Fig. 4. It is worth mention-
ing that the surface layer appears more severely depleted
in oxygen (ZrQg 4,) than the layer underneath (ZrO, ;),
which gives an altered layer 1.2 nm thick with an average
composition ZrO in the steady state.

Since Art-induced reduction of oxides could depend
on the method of preparation of the sample, an anodic
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FIG. 6. Averaged compositions of the whole altered layer, X,
and of the two parts in which the altered layer has been subdi-
vided, x4, and x (2+,3+), obtained from Egs. (8), (5), and (7),
respectively, vs Ar" fluence for a thermal (solid symbols) and
anodic (open symbols) ZrO,.

ZrO, sample was also subjected to Ar? sputtering under
the same conditions as for the thermal oxide. The results
of X and x ¢ are also shown in Fig. 6 together with those
corresponding to thermal ZrO,. Apart from divergences
in the initial transient which is influenced by the contam-
ination layer observed in anodic ZrO,, no significant
differences were observed in the steady-state composi-
tions X of both oxides except for a slightly larger reduc-
tion in the outermost layer x . in the case of the anodic
oxide. This difference could be related to a larger amount
of defects and to the presence of the more easily reducible
OH- groups in the anodic oxide.

The above results show that 3-keV Ar* bombardment
of ZrO, causes the formation of a variety of suboxide
species which distribute inhomogeneously within the al-
tered layer. In fact, it has been shown that the oxidation
state of zirconium increases with depth, resulting in a
surface monolayer severely depleted in oxygen (averaged
composition ZrQO, 4,) and three more monolayers with an
averaged composition ZrO, , (cf. Fig. 4). This structure
is in good agreement with the idea of a bilayer model®?
where the atoms are sputtered from the surface, whereas
the adjacent deeper layers are compositionally homogen-
ized by Ar*-induced mixing and relocation processes.
Therefore the lower oxidation states of zirconium gen-
erated at the outermost atom layer would be caused by
preferential sputtering of oxygen. This would be in
agreement with the large difference between the oxygen
and zirconium surface binding energies estimated by Kel-
ly? for ZrO,. According to his proposal,? that surface
binding energy is the relevant factor for preferential
sputtering of oxygen in ionic oxides.

Ar*t bombardment of ZrO, appears to have been previ-
ously studied by Holm and Storp'® and Hofmann and
Sanz,®!* both groups using XPS. Holm and Storp'® re-
ported a gradual chemical reduction of a series of very
thin oxide films of different transition metals including
ZrO,. However, the study is very qualitative. More re-
cently, Hofmann and Sanz®!'* showed that anodic Zr0,



45 Ar-ION BOMBARDMENT EFFECTS ON ZrO, SURFACES

undergoes reduction up to an averaged composition
ZrO, ; within an altered layer 1.3 nm thick when it is
bombarded with 3-keV Ar™ ions. In general, their results
are in good agreement with the results presented here.
The difference in the averaged composition of the altered
layer is mainly due to the gross quantification realized by
Hofmann and Sanz®'* in terms of just only two possible
reduced states for zirconium (i.e., ZrO and metallic Zr)
instead of the four considered here. In fact, the suboxide
labeled as ZrO by Hofmann and Sanz®'* at —1.6 eV with
respect to the binding energy of ZrO, should be con-
sidered as a superposition of ZrO and Zr,0;, as labeled in
this work, at —1.1 and —2.2 eV, respectively. Further-
more, the considerable amount of metallic Zr found by
Hofmann and Sanz would be largely influenced by the
presence of Zr,O as observed here.

In fact, experimental spectra (cf. Fig. 1) do not show
distinguishable features, which could be assigned to indi-
vidual suboxides, but a continuous distribution with a
small shoulder at the Zr,O energy location. The oxide
structure probably tends to adjust locally to different
stable or metastable suboxides corresponding to the local
composition produced by the combined effect of the sur-
face preferential sputtering of oxygen and the induced
atom diffusion and mixing. Within this picture, the sig-
nal attributed to Zr° should not be considered as due to
metallic Zr, but rather to elemental Zr, probably forming
very small clusters, up to a total amount equivalent to 0.1
monolayer in the steady state.

C. Valence-band spectra

XPS was also used to monitor changes in the valence
levels induced by Art bombardment. Figure 7(a) shows
valence-band spectra in the 0-40-eV binding energy
range for the original ZrO, (bottommost curve) and after
four different Ar™ fluences. MgK aj; 4 satellites have been
numerically subtracted. The corresponding spectrum for
metallic zirconium has also been included for comparison
(topmost curve). The spectra are dominated by the Zr 4p
levels, but the O 2s and the molecular orbitals associated
with the O 2p and Zr 4d valence levels can also be clearly
observed. The Zr 4p levels in the oxide appear chemical-
ly shifted by ~4 eV to higher binding energy with
respect to the metal. 1624

The development of the ZrO, spectrum as the Ar*
fluence is increased in the amounts shown can be fol-
lowed in Fig. 7(a). However, it is evident that those spec-
tra correspond to contributions from both the altered lay-
er and ZrO, in the substrate. Therefore we attempted to
extract the contribution from the altered layer by sub-
tracting the ZrO, contribution. The results are shown in
Fig. 7(b), where an enlargement of the spectra near the
Fermi level of ZrO, (i.e., from the altered layer) after
different Ar* fluences is displayed together with those of
Zr metal and ZrO,.

The set of spectra assigned to the altered layer after
different Ar™ fluences was obtained by subtracting a
properly scaled spectrum of the valence band of ZrO,.
To find that scale factor for each spectrum, the contribu-
tion of the Zr** species to the Zr 3d XPS signal was
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FIG. 7. XPS spectra of the valence band of Zr metal, ZrO,,
and ZrO, after bombardment with 3-keV Ar* (fluence indicated
in each spectrum). (a) Experimental spectra. (b) Spectra corre-
sponding to the altered layer, obtained after subtraction of the
ZrO, contribution as determined from the Zr 3d core levels (see
text). The valence-band spectra of Zr and ZrO, are also includ-
ed.

determined [cf. Fig. 2(a)] with respect to the intensity of
the standard ZrO, [i.e., C=I(Zr**)/I%Zr*")] and then
corrected for the difference in inelastic mean free path by
taking into account the respective kinetic energies of the
Zr 3d and 4p levels. Thus the scale factor F for each spec-
trum was determined by

E}/XZr 3d)

F=exp|———In
PUE(Z: ap)

9)

according to a ~ E/}’? dependence? of the inelastic mean
free path. In this way the contributions to the spectra of
the Zr** species and the associated oxygen (i.e., Zr0,)
are supposedly suppressed.

Although the subtraction procedure must be under-
stood as a rough estimate it provides a good method to
isolate the valence-band structure of the altered layer. In
fact, the subtracted spectra are representative of the al-
tered layer as far as the assumed structure (cf. Fig. 4) is
supported by the experimental data of Fig. 3.

Regarding the valence-band spectra of Fig. 7(b)
significant differences can be observed with respect to
that of ZrO,. In the case of the original ZrO, the valence
electrons are confined in the O 2p-derived band at ener-
gies between 4 and 10.6 eV as expected from a completely
ionic model of Zr** and O?~ corresponding to a Zr 4d°
configuration. Reliable band calculations are presently
not available because of its complex crystalline structure.
In fact, to our knowledge, only a discrete-variational Xa
cluster calculation has been performed for tetragonal and
cubic Zr0,.?® According to it the two small structures at
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6.0 and 8.5 eV correspond to the O 2p o and 7 molecular
orbitals with a very weak d character, more significant on
the high-binding-energy side of the band.?’

The top of the valence band at E; =4.0 eV agrees very
well with an optical band gap of ~5 eV.2¢ In addition, a
weak emission in the gap extends from the top of the
valence band up to the Fermi level, showing a maximum
at Eg=1 eV. It is usually ascribed to trapped electrons
in oxygen vacancies and other surface defects.*” 72!
The signal height at the Fermi level yields a density of
states (DOS) at the Fermi level (due to the defect states)
of about 4% of that of Zr metal. Furthermore, the in-
tegrated intensity of the whole emission band in the gap
corresponds to about 10% of the probed Zr atoms being
in a Zr** state (i.e., 2.5% of oxygen vacancies), or in
terms of electrons to an electron density of ~3X10%!
cm 3. Since the density of defect states is not uniform in
the bulk but they probably concentrate at the near-
surface region, the measured intensity could better be in-
terpreted as an electron surface density of 0.6X10"
cm 2, i.e., approximately to a surface monolayer of oxy-
gen vacancies. This high density of surface defects in
ZrO, is caused by the preparation method (i.e., annealing
at low oxygen pressures). In any case, the contribution of
such a monolayer of Zr,0; to the Zr 3d spectrum of the
original ZrO, is very difficult to detect in the experimen-
tal data.

On the other hand, the spectra associated with the al-
tered layer (i.e., ZrO, ) show a band emission in the ener-
gy range corresponding to O 2p in ZrO, with two clearly
distinguishable features with a larger spin-orbit splitting
and higher binding energy than in the original band of
the ZrO, [cf. Fig. 7(b)]. Furthermore, a new broadband
of emission appears in the band gap at ~2.3 eV above
the top of the valence band of the oxide (i.e., E, ~1.7 eV)
which increases in intensity with Ar™ fluence until satu-
ration.

As mentioned above, such emission bands in the ener-
gy gap have usually been ascribed to trapped electrons in
oxygen vacancies.*”7°7 ! However, at the high Ar™
fluences used in this work the reduction and composition-
al changes of the altered layer are so significant that a
simple model of oxygen vacancies in an otherwise ideal
oxide structure cannot be considered. Rather, the
modified oxide structure should be regarded as a highly
defective one where the local zirconium-oxygen coordina-
tion corresponds to different suboxides, including oxygen
vacancies and other defects. In fact, stoichiometric
suboxides such as Ti,O; and other transition-metal ox-
ides>?” show similar band emissions within the oxide
band gap.

Alternatively, the subtraction of the valence-band spec-
trum of ZrO, from the spectra with the emission band in
the gap [cf. Fig. 7(a)] can also be performed in terms of
the respective intensities of the O 2s peaks instead of the
Zr** 3d as above. In this case, the spectrum correspond-
ing to ZrO, is subtracted until the O 2s signal is com-
pletely suppressed, neglecting the differences in inelastic
mean free path along that energy range (0-30 eV). The
results are plotted in Fig. 8 as dashed lines together with
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FIG. 8. Valence-band spectra of the altered layer (solid line)
as given in Fig. 7(b) compared with the Zr 4d contributions
(dashed line) resulting from the subtraction of the valence band
of ZrO, until the O 2s signal is completely suppressed (see text
for details).

the valence-band spectra of Fig. 7(b) (solid lines) for com-
parison. Surprisingly the signal in the region of the O 2p
is not completely suppressed but a doublet structure
remains together with the emission band in the gap, sug-
gesting that the observed signal between 4 and 12 eV [cf.
Fig. 7(b)] cannot be completely assigned to oxygen as in
ZrO,.

Assuming that the O 2p partial density of states of the
ZrO, suboxides is similar to that of ZrO,, then these
spectra (dashed curves) in Fig. 8 roughly represent the Zr
4d covalent admixture to the molecular orbitals of ZrO, .
This contribution dominates the valence-band spectra
due to its higher photoemission cross section, as can be
estimated, from the spectra of ZrO, and Zr metal in Fig.

7(a):
1 [I(VB)/I(Zr 4p)l, /2
o(Zr4d) _ il 6.3, (10)

70 2p)  (VB)/IZr 4p)lg0, /12

where o(Zr 4d') and o(O 2p') are the respective photo-
emission cross sections per electron, I(VB) is the intensity
of the corresponding valence band, and the numerical
factors (i.e., 2 and 12) take into account the correspond-
ing electronic populations per Zr atom assuming pure
ionic bonding in ZrO,. The result is in reasonable agree-
ment with the estimated value (7.9) in terms Scofield’s
theoretical values.?® The difference is within the expect-
ed deviations of the calculated o data and could also be
explained by just a small (~4%) covalent admixture of
Zr 4d levels.
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This interpretation of the dashed spectra in Fig. 8 can
be supported by observing their correlation with the in-
tensity of the Zr 3d signal associated with the suboxides.
This is shown in Fig. 9, where the intensity of the whole
Zr 4d spectra represented as dashed curves in Fig. 8
(solid squares) and the partial intensity of the emission
band in the gap at E;=1.7 eV (open squares) have been
plotted as a function of the Zr 3d intensity of the subox-
ides G(.e., Zr?T +Zr2t +Zr* +Zr% and compared with
the corresponding values of Zr metal (solid circle) and of
the original ZrO, (open triangle). The figure clearly
shows that, whereas in the first case, i.e., assuming that
the whole dashed spectra correspond to the Zr 4d, the
correlation with the intensity of the suboxide species is
good and tends adequately to the value of the metal, in
the second case, where only the emission band in the gap
is considered, only 62%(+3%) of the Zr 4d states in the
metal could be accounted for by linear extrapolation.

Taking into account the relative photoemission cross
section, the overall Zr 4d contribution to the valence
band can be estimated as 26%, ranging from 100% in the
case of the band in the gap just below Eg, to only ~16%
in average in the region of the O 2p orbitals.

The height of the valence band at Eg, that is propor-
tional to the DOS at Fermi level, can also be measured
and compared with the value of Zr metal using the
suboxide Zr 3d intensity as normalization. The results
follow the same behavior as the integrated intensity of
the defect or suboxide band at Ez=1.7 eV (cf. Fig. 9)
tending to 56% (£3%) of the metal value, which
represents ~45% of the DOS (per unit volume) of the Zr
metal if an atomic density of the suboxide
NZ0 ~0.8N 7! is assumed.

Another interesting question refers to the observation
of band bending as a consequence of the reduction of the
surface. In fact, it is well established that electrons
trapped in oxygen vacancies of transition-metal oxides
occupy localized levels originating from the lower empty
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FIG. 10. Binding energy of the midpoint\between the O 1s
and Zr*" 3d XPS lines relative to that corresponding to the
original ZrO, sample as a function of the Ar* fluence. Error
bars indicate the deviations of the difference in binding energy
[Ep(O 15)— Eg(Zr** 3d)] from the average value of 347.93 V.

orbitals of the cations, which push up the Fermi level and
cause bending of the whole electronic structure to higher
binding energies.?” In our case, the shift produced by ion
bombardment is expected to be very small since the ZrO,
sample is already of n type due to its high density of sur-
face point defects. However, in order to detect a possible
band bending shift we have represented in Fig. 10 the
parallel shift of the Zr and O core levels, defined in terms
of their respective binding energies as 1[Ez(O
1s)+Eg(Zr** 3d)] versus the Ar* fluence. The error
bars indicate the deviations of the energy difference
[Eg(O 15)—Eg(Zr*t 3d)] from its average value of
347.93 eV. The figure shows that for the smallest Ar*
fluence, a small shift of about 0.2 eV can be detected;
however, this shift decreases as the Ar™ fluence is in-
creased because of the screening effect of the altered lay-
er, which becomes more reduced (cf. Figs. 5 and 6). It in-
dicates again that for the ion fluences used in this work
we are not in a well-defined state of surface point defects
and oxygen vacancies, but in an ill-defined altered layer
formed by different suboxides.

IV. CONCLUSIONS

It has been shown that 3-keV Ar* bombardment of
Zr0O, leads to significant compositional changes and the
buildup of an altered layer ~1.2 nm thick. This layer is
characterized by an important oxygen depletion, which
causes the reduction of the original Zr*" species to lower
oxidation states. In terms of the intensities of the XPS
core levels the altered layer has been quantitatively
characterized and the in-depth distribution of the
different oxide phases was determined. It is shown that
the altered layer (1.2 nm thick, averaged composition
ZrO) consists in a surface monolayer severely depleted in
oxygen (averaged composition ZrQ,,,) and four more
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monolayers with an averaged composition ZrO, ,.

Ar" bombardment of ZrO, results also in drastic
changes of the valence band. By comparing the intensi-
ties of the corresponding core levels and valence-band
signals, the electronic structure of the reduced surface
(ZrO, ) could be determined. It is shown that the valence
band of the altered layer shows two clearly distinguish-
able structures in the energy range of the O 2p band, as
well as a band emission at 2.3 eV above the top of the
valence band. They are clearly associated with composi-
tional changes, ZrO,—ZrO,, according to a highly oxy-
gen deficient random distribution of different zirconium-
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oxygen coordinations caused by Ar" bombardment. In
addition, the Zr 4d contribution to the valence band of
the altered layer could also be estimated, showing that it
accounts for the whole emission in the band gap and very
significantly for the emission in the energy range of the O
2p band.
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