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An analysis is presented of the Auger, uv photoemission, and electron-energy-loss spec-
tra of LiNbO3 and LiTaO3 single-crystal surfaces. Results are reported for the clean sur-

face before and after Ar+-ion boInbardment and for bombarded surfaces after exposure to

Oz. Both Ar+-ion and electron bombardment are found to remove surface oxygen, lead-

ing to characteristic changes in the low-kinetic-energy ( —100—250 eV) Auger spectra.
Both materials readily form surface carbides when carbon contamination is present, In

uv photoemission, formation of oxygen-ion vacancies by ion bombardment produces a

peak above the valence-band edge in both LiNbO3 and LiTa03. Subsequent exposure to

02 strongly attenuates the bombardment-induced photoemission. The ultraviolet photoe-

mission spectroscopy (UPS) data are interpreted in terms ofI + —(oxygen vacancy) corn-

plexes (M =Nb or Ta). Electron-energy-loss spectroscopy (ELS) data in the 2 —90 eV

range of loss energies show transitions from the valence band and upper core levels to
states in the conduction band. The effects of variation of the primary-beam energy and of
02 on the intrinsic ELS are examined. Ar -ion bombardment results in a low-energy ex-

trinsic ELS peak at -2.5 —3.0 eV in LiNb03 and -3.1 —3.5 eV in LiTa03. Oq adsorp-

tion has little eAect on the loss intensity in LiNbO3 but causes a noticeable decrease in Li-

TaO3. Annealing at 650'C, to diffuse Li2O out of the bulk, diminishes the defect loss

peak in LiNb03 and almost eliminates it in LiTaO3. Defects removed by annealing but

not by 02 adsorption are believed to involve Li -ion vacancies. The same low-energy-

defect ELS peaks induced by ion bombardment are also observed, with less intensity, in

UHV-fractured samples prior to bombardment, and are indicative of a small deficiency of
oxygen and lithium. In LiTaO3, a transition at -22 eV, thought to be from the O2s lev-

el to the bottom of the conduction band, is observed and found to be dependent on surface

oxidation and reduction.

I. INTRODUCTION

Thc fcrroclcctrlc materials L1NbO3 and L1Ta03
are currently being exploited in a wide range of
integrated-optic' and surface acoustic wave (SAW)
devices, and as holographic recording media. Al-
though performance of these devices depends pri-
marily upon the response of the bulk material,
some aspects of their operation may be fruitfully
studied with the surface and interface-sensitive
electron spectroscopies, i.e., Auger (AES), elec-
tron-energy-loss (ELS) and ultraviolet photo-
emission (UPS) spectroscopy. For example,
thermally-stimulated desorption ("out-diffusion") of
Li20 from initially stoichiometric LiNb03 can be
used to synthesize guided-wave structures but can
present a problem in the high-temperature process-
ing of metal in-diffused devices. Optical damage, a
common effect in these materials, i.s both useful-
in that it makes holographic recording possible-
and an engineering problem —in that it causes

eventual degradation of guided-wave devices at
higher power levels. It should be noted that "opti-
cal damage" occurs at much lower power levels
than "laser damage" in which macroscopic damage
results from extremely high power exposures.
"Optical damage" results from photoionization of
shallow donor levels (e.g., Fe + impurities). Pre-
ferential diffusion of the electrons in a direction
parallel to the optic axis, followed by trapping at,
for example, Fe + impurities, produces local mi-

croscopic electric fields in the material, which
change the extraordinary index of refraction via the
electro-optic (Pockels) effect. ELS and UPS are
particularly useful in characterizing potential donor
and acceptor levels in the optical gap. In addition,
some understanding of the effects of electron and
ion bombardment on the surfaces of these materials
is necessary as a preliminary to the application 6f
surface-analysis methods, such as Auger sputter
profiling, to the characterization of devices based
on LiNbO3 and LiTa03 substrates. %'ith these ap-
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plications in mind, we have undertaken a study of
the AES, ELS, and UPS spectra of undamaged
LiNb03 and LiTa03 and of Ar+-ion bombarded
surfaces both before and after exposure to Oq.

Some surface investigations have already been
carried out on LiNb03, although none have been
reported for LiTa03. X-ray-photoemission-
spectroscopy (XPS) measurements by Steiner and
Hochst and by Pearsall et al. give the Li %-,
Nb M- and X-, and 0 E- and L-shell binding ener-

gies, as well as an estimate of the electron escape
depth as a function of kinetic energy. Steiner and
Hochst have also examined the XPS satellite
structure, which will be discussed below. Courths
et al. have studied several aspects of the LiNb03
surface electronic surface and its response to vari-
ous perturbations. In XPS, Ar+-ion bombardment
or electron-beam irradiation produces a peak at
about 2.4 eV above the valence-band edge. From
the concurrent changes in the Nb(3dq~q, 3d3/p)
core-level XPS lines, the band-gap emission is asso-
ciated with Nb + defects. In heavily-damaged
samples, traces of Nb + could be detected in the 3d
XPS. Changes in surface stoichiometry were fol-

lowed, using XPS, during annealing via electron-

beam irradiation. At present, the relative impor-
tance of thermal effects (e.g. , LizO out-diffusion)

and electron-stimulated desorption (ESD) of oxy-

gen is not clear. Initially, LizO diffuses out of the
bulk until a stoichiometry of approximately
LiNb308 is reached. Further removal of oxygen
le'ads to the formation of Nb +. The observed
changes in the relative concentrations of Li+,
Nb" + (3 &n &5), and 0 imply the presence of
electrons trapped in the lattice (in a manner as yet
unidentified) in order to maintain charge neutrality.
In the case of UPS, Ar+-ion bombardment also
generates a defect peak above the valence-band

edge, as well as a change in the shape of the
valence-band emission resulting from disorder
and/or the creation of oxygen vacancies. However,
annealing of the bombarded sample eliminates the
defect peak, restoring the original valence-band
UPS and producing an ordered low-energy-elec-
tron-diffraction (LEED) pattern. This suggests
that annealing causes reoxidation of the surface by
diffusion of oxygen from the bulk, and is consistent
with the observation that exposure to Oq also re-
moves the UPS defect emission. Recently Kwper
and Hufner have reported the ELS of Ar+-ion
bombarded LiNb03 before and after annealing,
which will be discussed below.

In many respects, LiNb03 behaves similarly to

the much more heavily studied materials TiOz and
SrTiO& (Refs. 10—13 and works cited). Both ma-
terials can be reduced (i.e., made oxygen deficient)
by heating in vacuum or in Hq or by Ar+-ion
bombardment, causing Ti + lines to appear in the
Ti 2p XPS. In UPS, Ar+-ion bombardment results
in surface Ti + —(oxygen vacancy) complexes
which produce a peak at about 2.6 eV above the
valence-band edge; these surface defects are re-
moved by Oz exposure. In TiOz, as in LiNb03, an-
nealing of the bombarded (001) and (110) surfaces'
leads to ordering and reoxidation of the surface.
For SrTi03 (100) and (111)surfaces, on the other
hand, annealing orders the Ar+-ion bombarded
surface but does not remove the UPS defect peak.
All three materials —LiNb03, SrTi03, and TiOz-
become n-type semiconducting after annealing at
several hundred 'C in vacuum.

The object of the present work is a general
understanding of the AES, ELS, and UPS of un-

damaged LiNb03 and LiTa03 and of changes in
the spectra that occur when defects are introduced
by Ar+-ion bombardment and subsequently re-
moved by Oi adsorption. Future work will deal
with the effect of temperature on surface
stoichiometry, the influence of defects on surface
electronic structure, and the adsorption of simple
gases on LiNb03 and LiTa03 with and without de-
fects.

II. EXPERIMENTAL DETAILS

Single-domain crystal boules of LiNbO& (Curie
temperature Tc —1210'C)' and LiTaOi (Tc
=665 C) where obtained commerically. ' The y
axes were labeled by the supplier and the z axes
were located by observation through crossed polar-
izers. The signs of the x, y, and z axes were deter-
mined via the piezoelectric effect. ' According to
Kaminow et al. (Ref. 15), LiNb03 cleaves along
the (01 2) plane (hexagonal axes), which lies nor-
mal to the (yz) plane of the crystal, making an an-
gle of 32.75 with the +z axis. For an "ideal, "
perfectly smooth cleavage face, the crystal could be
formally described in terms of alternating Li+-0
and iA +-0 planes along the [01 2] axis. Sam-
ples were oriented and cut on a diamond saw into
blocks 4&4)&20 mm and notches where made so
as to initiate cleavage along the (01 2) plane in the
UHV system. However, it was found that, with
one exception, the samples fractured rather than
cleaved in approximately the desired (01 2) orienta-
tion. The inability to obtain cleavage may be the
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result of residual strain or the fact that the samples
were -4X4 mm in cross section (x and z dimen-

sions), whereas the specimens of Kaminow et al. "
were only -0.25&4 mm in cross section. Al-
though nothing is known about the cleavage prop-
erties of LiTaO3, it has the same crystal structure
as Liwb03. Hence, for the sake of consistency, Li-
Ta03 samples were also prepared in the manner
described above.

Most samples were prepared by fracture in UHV
( &3X10 ' Torr) and were dectrically insulating.
Before being mounted, the samples were coated
with an evaporated layer of aluminum a few

thousand A. thick to enhance electrical contact
with thc sample holder. In addit1orl, some experi-
ments were performed on polished plates of
LiNbO3 and LiTaO3 of the type used in fabricating
integrated-optic devices. ' The LiNb03 plates were
"y cut" {y axis normal to the plane), and the
LiTaO3 samples werc x cut. Only minor differ-

ences, except where noted, were found between the
results of similar experiments on polished-plate and
fractured-crystal surfaces. This indicates that the
results reported here are, for the most part, in-

dependent of the indices of the surface plane.
Thc electron spectr'ometer was a Physical Elec-

tronics Model 15-255G double-pass cylindrical-
mirror analyzer (CMA). AES measurements were

performed in the unretarded first-derivative mode
[d(EX(E))/dE], ELS in the retarded first-
derivative mode [dE(E)/dZ], and UPS (and also
some ELS) in the retarded pulse-count mode
[X(E)]. A 1-V modulation was used in all the
derivative spectra. For AES, the resolution was
b,E/E -0.4%. For ELS, a pass energy of 50 eV
was typically used, and the half-width of the elastic
peak was in the range 0.8 & EE & 1.2 eV. For
UPS, a pass energy of 25 CV was used, and the
overall resolution was estimated to be better than
0.5 CV. The coaxial electron gun of the CMA pro-
vided the primary beam for AES and ELS. Typi-
cal beam energies and currents were E&

——2.5 —3.5
keV, i&

——3 pA for AES, and 250 &E& & 1500 cV, i&

=1.8 pA for ELS. A sputter-ion gun (Physical
Electronics Model 04-181) was used to generate
500-eV Ar+ ions for bombardment of some of the
samples. Usually, 1000-sec exposures were used
which removed —120 A of the surface layer. This
corresponded to a particle Auence of -2& 10' ar-
gon ions/cm

For UPS, a dc-cxcitcd He resonance source
(Physical. Electronics Model 06-180) was used with
two-stage diAerential pumping. During operation

of the lamp, the helium pressure in the chamber
rose to —1g 10 Torr. All UPS data were ob-
tained with Heu excitation (hv=40. 8 eV), which
offers distinct advantages over Hei (h v=21.2 eV)
even though the count rate is about an order of
magnitude smaller. The higher excitation energy
provides better depth resolution, less overlapping of
photoemission structure resulting from "ghost"
lines in the source output spectrum and, for the
materials of interest, freedom from final-state ef-
fects (i.e., conduction-band structure). In regard to
the third point, we note that Courths et al. ' ob-
served essentially the same valence band 1V(E) for
excitation at Ii v= 1486.7 (Al Ka) and at 40.8 eV,
but a much different iV(E) for h v=21.2 eV. The
analyzer work function was determined to be Pq
= 4.25 eV by observing the Fermi edge of clean
gold foil.

In UPS, the positive charge on the sample was
"neutralized" via a low-energy-electron flood gun
(Physical Electronics Model 04-125). For "neutral-
ized samples, thc UPS chalging shift was found
to be less than —1 eV by comparison with the data
of Courths et al. for reduced, semiconducting
samples. For AES, in which neutralization was
not used, peak energies werc reproducible to within
+1eV, indicating that the sample charging, al-
though of undetermined magnitude, was constant
under nominally constant experimental conditions.
The UPS binding energies are referenced to the top
of the valence band, bemuse of the uncertainty in
the exact value of the charging shift. The position
of the top of the valence band was estimated by a
linear extrapolation of the upper edge to the point
of intersection with the baseline.

Signal averaging, via a Nicolet 1072 Instrument
Computer, was used in all experiments. Typically
32 (sometimes 64) 1024-channel sweeps were aver-
aged, with the eV per channel always much less
than hE. The averaged spectra werc recorded on
paper tape for further ofF-line computer processing
and plotting. Data reduction sometimes included
smoothing' and, in the case of UPS, removal of
weak "ghost" features' resulting from a source
line at hv=48. 4 eV with an estimated intensity of
about 7% of that of the HcII linc.

02 exposures were mrried out by back-filling the
chamber, continuously recording the uncorrected
ionization gauge output on a stripchart recorder
and graphically integrating the trace. The ioniza-
tion gauge was not in a direct line of sight to the
sample. Exposures are expressed in langmuirs,
where 1 L=10 Torrsec. This corresponds to a
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FIG. 3. Auger electron spectra of (a) I iNb03,
Ep ——3.5 keV, i~=3 pA, (b) I.iTaO3, E~=2,.5 keV, i~=6
JMA. The measurement methods used to obtain the

Io(s&9)~lwb(&o3)t lo(5o6)~ITa(tv3)~ Ic(272)~1m(&o3)~ and

IO269)/IT, (~73) peak height ratios are indicated. Both
samples were prepared by fracture in UHV, followed by
Ar+-ion bombardment at 500 eV. The spectra mere
recorded with the samples in an ambient of 5g 10
Torr Oq (see text).

LiNbO3 optical-absorption edge on composition.
The optical gap reported by Samer et a/. ' for
LiNbO3 is 3.6+0.1 eV. No optical data in the far-
uv are available for LiTaO3, although e2 vs E has
been reported for the cubic perovskitc KTRO3 in
thc 4—14-cV range. Thc optical gap for KTRO3
(Ref. 23) appears to be -4 eV.

A. Auger spectra

The AES data for LiNbO3 and LiTaO3 are
shown in Fig. 3 and, in more detail, in Figs. 4 and
5. The OEI.I spectrum in the 480—530-eV range
is virtually identical in structure to that in other
oxides, reAecting the high degree of localization of
the two-hole final state. The remaining AES struc-
ture can be analyzed in terms of decay of M-shell
holes on the niobium ions and X-shell holes on the
tantalum ions. Inspection of the energy-level dia-

grams in Fig. 1 shows that Auger decay of holes in

the upper core levels (Li E, OL &, etc.) yields transi-
tion energies below 50 eV. In keeping with various
theoretical estimates ' of relative Auger transi-
tion probabilities for intra-atomic and interatomic
("cross-transition") processes, we assume that only
holes in the upper core levels of the metal ions will
decay by the latter mechanis.

Using the calculated Auger spectra of elemental

Nb and Ta, given by Coghlan and Clausing, ' one
can classify various icgions of thc spectrum as
shown for LiNb03. %C are reluctant to identify
individual peaks with specific transitions because of
uncertainties as to the charging shift, solid-state ef-

fects (plasmon and interband loss satellites), and re-

lative lntcnsitics which may bc distorted in thc
derivative mode. Nevertheless, certain transitions
in LiNbO3 at about 140, 165, and 195 eV fall out-
side the range of energies for processes involving

ejection of only Nb M- and S-shell electrons. %C
assign these to transitions involving one or more
valence-band (V) electrons. The three LiNb03
AES features are close in energy to the analogous
transitions in elemental Nb, ' defined by substitut-

ing Sg 5 for V ill Flg. 4(d). For LlTa03, 8.

qualitative assignment of the AES is more dificult,
because of the larger number of possible transitions
in R given cncrgy I'ange, Rnd will bc discussed
below.

AES data for the UHV-fractured LiNbQ3 sor-
face, Fig. 4(a)„show readily detectable carbon KLL
transitions in the 240—270-CV iangc and a strong
secondary-electron background which tends to ob-
scure some of the weaker Auger features. Since the
level of carbon coverage can be considerably re-

duced by Ar+-ion bombardment, the source of the
contamination is believed to be decomposition of
carbon-containing molecules present in the UHV
background, induced by the Auger primary elec-
tron beam. Evidently the fresh LiNbO3 surface is

very reactive with respect to carbon, since the
CALI. line shape is that typical of chemically-
bound carbon (i.e., a carbide) rather than that of
elemental carbon (graphite). Hence, the surface

carbon is thought to be present in the form of
NbC„(x& 1).

Ar+-ion bombardment at 500 cV, shown in Fig.
4(b), results in an attenuation of the C KLL struc-
ture and of the secondary-electron background, a
reduction of the surface Q-to-Nb ratio and a sharp-

ening of the Auger features. The CELL line

shape after ion bombardment is moIC distinctly
"carbidelike" than before, indicating that Ar+-ion

impact may spu'tter off the eleI1Mntal ( graphite-
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FIG. 4. Detailed Auger electron spectra of LiNb03, E~ =3.S keV, i~ =3 IMA (a) fractured in UHV, (b) Ar+-ion bom-

barded at 500 eV, (c) bombarded sample in 5X10 Torr 02, (d) after evacuation of the 02 background to 5X10
Torr. The energy ranges in which various types of Auger transitions can occur are indicated. The values of the

Io(5I9)/INb(IQ3) and Ig(272)/INb(IQ3) peak height ratios following the diA'erent treatments are given.

like" ) carbon and/or cause reaction of the oxygen-
deficient surface with elemental carbon. Holm and
Storp have reported the reaction of carbon with
various metal surfaces to form carbides as a result
of Ar+-ion bombardment. AES data for ion-
bombarded polished Liwb03 plates show an even
narrower slow secondary peak. Reduction of the

sample by ion impact also causes changes in some
of the Auger features, which can be seen more
clearly by comparing the AES of the bombarded
sample before and after 02 exposure. The peak-
to-peak intensity ratio of the 0 519-eV and Nb
103-eV lines quantitatively demonstrates the reoxi-
dation of the surface. These particular lines were
selected because neither changes shape during the
reduction-oxidation cycle. The electron attenuation
lengths are estimated to be -2 A and -7 A. at
100 and 500 eV, respectively. Comparison of the

spectrum obtained in a background of 5)& 10
Torr 02 with that recorded after evacuation of the
O2 indicates ESD of oxygen by the primary beam.
This phenomenon is particularly noticeable in the
region of the 162—167-eV doublet. %e note that
recording the AES in an 02 background leads to a
small reduction in the IQ(272)/INb(]03) peak height
ratio, which returns to the initial value after evacu-
ation of the 02. This probably arises from dissocia-
tion of adsorbed 02 by the electron beam, leading
to oxidation of the surface carbide, which is then
regenerated during ESD of surface oxygen after
evacuation of the 02. %e also note that once the
fractured surface has been bombarded to remove
the initial carbon contamination, subsequent accu-
mulation of carbon occurs at a much slower rate
than for the freshly-fractured surface.

If the AES of the bombarded sample in an Oz
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ambient Fig. 4(c) is taken to be characteristic of
the clean, fully-oxidized surface, the most prom-
inent bombardment-induced changes are in the re-

gion of the "valence-band" transitions, M2 3M4 5 V,

etc. Similar effects are seen in the corresponding
region of the AES of electron or Ar+-ion bombard-
ed Nb205. ' There is an apparent increase in the
intensity of the 143-eV peak after bombardment,
which may be an artifact of the diminished intensi-

ty of the adjacent structures at 137 and 162 eV. It
is difficult to distinguish shape changes from inten-

sity changes in the derivative spectra of overlap-

ping transitions. There is also a definite decrease
in intensity of the 162-eV line in M4 5N2 3 V and of
the 189-eV line in M4 5 VV. The explanation for
these effects proposed by Lin and Lichtman, with

which we concur, is that they reflect changes in the
metal —oxygen chemical bonding near bombard-
ment-induced vacancies. Auger decay of metal-ion

core holes is a sensitive probe of local chemical

bonding. This is consistent with the fact that
Auger transitions involving only core electrons are
much less affected by ion impact. The AES of
Ar+-ion bombarded polished plates was closely
similar to that shown in Fig. 4(b).

AES data for UHV-fractured LiTa03 are shown

in Fig. 5. The results are qualitatively similar to
those for LiNb03. Before 500-eV Ar+-ion bom-

bardment, a relatively strong carbidelike CELL
line shape was observed. Bombardment resulted in

a decrease in the surface carbon contamination, a
more carbidelike CELL line shape for the remain-

ing carbon and sharper Auger features. Subsequent
re-oxidation of the surface showed that ion impact
had decreased the surface 0-to-Ta ratio. The AES
obtained in a background of 4&10 Torr 02 after
bombardment, is taken to represent that of a clean
fully-oxidized surface. As in the case of LiNb03,
the bombarded surface is probably also Li deficient,
but Auger decay of Li K-shell holes cannot yield
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structure above -40 eV. After evacuation of the

02 ambient, the AES showed a partial return to
the previous, freshly-bombarded state, indicating
ESD of surface oxygen.

Changes in the AES resulting from the oxi-
dation-reduction cycle were observed in the
160—175-eV and 190—215-eV ranges. Re-
oxidation of the bombarded surface causes an ap-
parent decrease in the 169-eV peak. This might
actually result from a shape change, since the 176-
eV peak is broader and lower in energy (173 eV)

after bombardment. After reoxidation, the 198-eV
peak in the bombarded specimen is replaced by two
weak features at —191 and 202 eV. Based on the
computed' values for Ta metal and on the work of
Lin and Lichtman on WO3 and oxidized Ta foil,
the 160—175-eV region is attributed to overlapping

X4 gN6 702 3 and X4 51V6 7N6 7 transitions. The

LiNb03 UPS

hv =40.8 eV

assignment of the rest of the spectrum is uncertain.
The reduction-oxidation induced changes in the
160—175-eV range for LiTa03 closely resemble

those in the corresponding region of WO3 during
ESD of oxygen, but are qualitatively different from
those for oxidized Ta foil during ESD. For the W
and Ta compounds, the changes in AES have been
attributed to core-level binding-energy shifts.
Additional low-energy Auger structure was ob-
served at about 33, 46, 56, and 68 eV and found to
be essentially independent of the oxidation-
reduction cycle. The AES of polished LiTa03
plates after Ar+-ion bombardment was similar to
that in Fig. 4(b}, except that the slow-secondary
peak was somewhat narrower.

B. uv photemission spectra

The UPS data for LiNb03 and LiTa03 are
show'n in Figs. 6 and 7. The data in Figs. 6(a) and
7(a} were obtained on freshly-fractured surfaces pri-
or to any electron beam exposure. Before 500-eV
Ar+-ion bombardment, the valence-band energy

RACTURED IN UHV

LITa03 UPS

hv = 40.8 eV

N(E)

ACTURED IN UHV

r+ BOMBARDED

r+ BOMBARDED,

FTER 3.4 x 10 L 02

N(E)

+ BOIVIBARDED

20 15

'

I

10
I

5 0

BOMBARDED

ER 2.3 x 104 L 02

BINDING ENERGY (eV)

FIG. 6. uv photoemission spectra of LiNb03,
h v=40.8 eV. Binding energies are referenced to the top
of the valence band, with an absolute accuracy of +0.2
eV. Weak structure occurring above the valence-band

edge results from a "ghost" line in the source spectrum
at 48.4 eV. The zero count level is indicated by the hor-
izontal lines. (a) Fractured in UHV, (b) Ar+-ion bom-
barded at 500 eV, (c) bombarded s'ample exposed to
3.4y 104-L 02.

I I I I I I I

20 15 10 5 0

BINDING ENERGY (eV)

FIG. 7. uv photoemission spectra of LiTa03,
h v=40.8 eV. (a) Fractured in UHV, (b) Ar+-ion bom-
barded at 500 eV, (c) bombarded sample exposed to
2.3 g 10'-L 0&.
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(a) E =500 eV,
FRACTURED IN UHV

Liwb03 ELS
(c) Ep ——238 eV, Ar+ BQMBARDED

AFTER 3 3 x 104 L 02

2.4

(Cl ) Ep: 238 eV Ar + BOIVI BAR DED

IN 5 x 10—6 Torr 02

J
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L
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FIG. 8. Electron-energy-loss spectra of LiNbo, at E~ =500 eV [(a), inset], and at E~=238 eV (b) —(d). (a) Fractured

in UHV, (b) Ar+-ion bombarded at 500 eV, (c) bombarded sample after an 02 exposure of about 3)(10 L,
(d) bombarded sample in 5&(10 Torr 02 background. The peak assignments, which are discussed in the text, are in-

dicated in (a). The inset in Fig. 8 shows a sample fractured in UHV, with possible carbon contamination.

distribution curve (EDC) was similar to that ob-

served by Courths et al. in the XPS of undam-

aged LiNb03. No previous UPS or XPS data are
available for LiTa03. After bombardment, the
valence-band EDC's of both materials appeared
more symmetrically peaked, although a detailed

study of the shape changes was not performed. A
bombardment-induced emission band appeared at
about 1.1 eV above the valence-band edge in

LiNb03 and at about 1.4 eV above the edge in

LlTa03. The former result is smaller than that of
Courths et al. , -2.3 eV. In accord with the ar-

guments advanced by Courths eI, al. , these
features are associated with M +—(oxygen vacan-

cy) complexes (M =Nb or Ta). In soine cases, a
very weak peak could be detected in the LiNb03
UPS at about 6.5 eV below the valence-band edge
after ion bombardment.

After an 02 exposure of about 3 &(10 L, the de-
fect peak was strongly attenuated in both LiNb03
and LiTa03, and the valence-band EDC showed a
partial return to that of the undamaged sample.
The small residual defect peak is believed to result
from damage sites lying beyond the depth accessi-
ble to the 02 but within the depth resolution (a few

A) of the UPS experiment.

C. Electron-energy-loss spectra

The LiNb03 and LiTaO3 ELS results, obtained
under a variety of experimental conditions, are
shown in Figs. 8 —10. For either material, we will

discuss the intrinsic losses first (those above -4
eV), then consider the defect structure. The
LiNb03 ELS, Fig. 8(a), shows two interband tran-
sitions, E& and Ez, in the 6.5 —7.0- and
12.2—12.9-eV ranges and a bulk plasmon loss,
Rood, in the 25.5 —26.7-eV range. The latter result
is consistent with the plasmon energy in materials
such as SrTi03 (29.7 eV),"BaTi03 (27.3 eV), ' and
BaO (27.5 eV). A lower limit to the LiNb03
plasmon energy, %co& & 18, is obtained by inspection
of the optically-measured loss functions in Fig. 2.
A pair of lines occurring at about 36.1 and 38.7 eV
is of the correct energy to be assigned to transitions
from Nb4p to Nb 4d (conduction band) states (see
Fig. 1). A very weak feature at about 62 eV is
likewise assigned to the parity-forbidden Nb 4s
~4d transition. A double-loss transition coupling
fico& and Nb4p~4d is also possible at this energy.
Other loss transitions occur at about 20 and 45 eV.
The former is very weak and may be a double-loss
involving E& and E2. The latter is somewhat diffi-
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J
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ELECTRON ENERGY LOSS (ev)ELECTRON ENERGY LOSS (eV)

Q. 10. The effect of 02 on the LiTa03 ELS obtained at different values of Ep The sample was prepared by frac-FI . . ee ec o 2on 3

ture in UHV followed by Ar+-ion bombardment at 500 eV. (a) and (b) Ep= 500 eV in U an in

respectively. (c) and (d) Ep= 1500 eV, in UHV and in 5&(10 Torr 02, respectively.

account for the small variations in E~ and E2.
Variation of the primary beam energy in the range
240 & E& & 1000 eV (4 A & electron attenuation
length & 15 A) had essentially no effect on the
spectra other than a sharpening of some of the
lines, particularly E2 and Ace&. Hence, any
surface-state transitions that might occur are indis-
tinguishable from bulk processes. Uses of Ez out-
side this range led to serious charging effects.

It is interesting to compare Fig. 8(a) with the op-
tical loss function (Fig. 2), the XPS satellite data of
Steiner and Hochst, and the ELS results of Kasper
and Hufner. E& is close to the lower optical peak
at 7.3 eV, but E2 does not correlate well with the
optical data. The "ELS"of Ref. 6, showing peaks
at 7.5, 13.2, and 23.5 eV, was obtained as satellite
structure on the high-binding-energy side of the
01s and Nb3d XPS lines. It was assumed that all
three peaks were generated by inelastic scattering
of the core-level photoelectrons rather than
through "shake-up" effects. "Shake-up satellites, "
which have been studied extensively in Ti02 and
SrTi03, arise from interband transitions induced
by the electronic relaxation of the system in
response to the presence of the core hole. The
23.5-eV ELS peak is almost certainly assignable to
the bulk plasmon, although it is -2 eV lower than

the value of %cod obtained here. At present, it is
not clear whether the other peaks are loss features
or shake-up satellites. The ELS data of Kasper
and Hufner were obtained with 25 (E& (130 eV
in the undifferentiated [X(E) vs E] mode using
samples that had been Ar+-ion bombarded and an-
nealed (and, therefore, were semiconducting). A re-
latively narrow peak was observ 'd at 7.1 eV, and
two broad features were found in the 11—13- and
22 —24-eV ranges, the former appearing as a
poorly-resolved doublet in some spectra. These
results are in overall qualitative agreement with
those reported here.

We also recorded the undifferentiated ELS at
E =500 eV in the pulse-count mode, and observed
all the structure reported in Fig. 8(a), including the
weak loss peaks at 2.3, 20.1, and 62.0 eV. Howev-
er, the Nb 4@~4d transitions appeared as a single
unresolved feature in X(E).

Some LiNb03 ELS data, obtained prior to Ar+-
ion bombardment, appeared as shown in the inset
in Fig. 8. There is a single "interband" transition
in the anomolously low range of 4.5 —6.5 eV (cf.
Fig. 2) and a very broad ( —15 eV half-width) and
intense "plasmon" loss at 21.8 —23.2 eV. On one
sample, both types of spectra [as shown in Fig. 8(a)
and in the inset in Fig. 8] were obtained when the



VICTOR H. RITZ AND VICTOR M. BERMUDEZ

sample was moved so the CMA electron beam
struck diAercnt points on the surface. Since the
data shown in the inset were never obtained after

Ar -ion bombardment, It Is bcl1cvcd that thc re-

sults are in some way related to the presence of
surface CRrbon, which n18y bc cspccially conccQ-
trated on certain parts of the surface. %C do not,
at present, understand the exact mechanism where-

by the carbon perturbs the ELS. In one series of
experiments on a LiwbO3 sample prior to Ar+-ion
bombardment the spectrum in Fig. 8(a) was ob-

tained for E& & 500 eV and that in the inset. for

Ez & 300 eV, Since the insulating samples often

cltarge at E~ & 250 eV, this suggests that carbon
can afFect the ELS through enhancement of the
surface charging.

Figs. 8(b) —(d) show the LiNbO& ELS after
Ar+-ion bombardment at 500 CV and the CAects of
subsequent O2 exposure. Bombardment produces a
loss peak at about 3.0 eV, while leaving most of
thc spectrum csscnt1811y UnchaIlgcd. Thc E~ Intcl-
band transition shows an apparent decrease in in-

tensity and a small shift to lower energy. A simi-

lar effect is observed in LiTRO3 and will be dis-

cussed shortly. %C believe that this results from
thc IIltIoductlon of dlsoI'dcl Rnd oxygen vacanclcs
and from the overlapping defect peak. The
plasmon loss peak is also somewhat sharper after
bombardmcnt. In contrast to the results obtained
in UPS, Fig. 6, an exposure to O2 of -3X10 L
has no effect on the defect ELS, probably indicat-

ing ESD of the adsorbed oxygen by the ELS pri-
mary beam, as was observ'ed in the AES data (Fig.
4). Recording the spectrum in a background of
5X10 Torr O2 partially restores the E& transi-
tion. There appears to be no significant decrease in
the intensity of the defect loss peak. The fact that
reoxidation of the bombarded sample does not elim

inate the ELS defect peak means that this center is
fundamentally different from that seen in UPS. A
reasonable interpretation is that the defect observed
in ELS involves a Li+-ion vacancy, possibly in as-
sociation with other types of defects, whereas, the
species detected in UPS consist of only Nb"+ ions
and O vacancies. A similar loss peak, in the
2.3—2.5-eV range, is found in the ELS of UHV-
fractured samples before Ar+-ion bombardment, as
shown in Fig. 8(a). The intensity of this peak
varies somewhat across the sample surface, and
recording the spectrum in a background of
5)& 10 Torr O2 has no significant effect on the
cncrgy oI' Intcnslty of thIS featUI'c. Hcncc, thc
bombardmcnt-induced defects observed in ELS Rre

present, to a small extent, on the UHV-fractured
surface, which implies that such a surface does not
have a fully "ideal" stoichiometry. Since an Oz
background has no significant effect on the ELS (at

Ez ——500 eV) before ion bombardment, damage by
the ELS primary beam through ESD of lattice ox-

ygen can be eliminated as the source of these in-
trinsic defects.

%C have attempted to correlate the ELS data
with optlcRI Rbsorptions IQ Liwb03 containing
various defects. ' In heavily reduced LiNbO3,
the Nb + d-shell transition [t(4d)'tie ~es] has
been reported by Bollman and Gernand at 2.57
eV by Clark et al. at 2.48 eV, somewhat too low
in energy to be associated with the 3.0 eV loss peak
obscrvcd bcforc admission of 02. In Ilcutlon, x-, or
gamma-irradiated LiNbOi (Refs. 37—39 and 41),
several optical absorptions are observed in the
2.5 —3.5-eV range, but the assignments to specific
defects are uncertain. Furthermore, because ion
bombardment, UQHke low-energy ionizing radia-
tion, is capable of directly displacing lattice ions,
the defect observed here might not correspond to
any of those formed by x or gamma irradiation.
The simplest model for the defect remaining after
02 adsorption would be 8 Li+-ion vacancy adjacent
to an O- ion.

The ELS data for LiTRO3 are shown in Figs. 9
and 10. Figure 9 shows the effects of variation of
the primary beam energy and Fig. 10 the results of
other treatments. The general features of the spec-
tra can be assigned with the aid of the energy-level
diagram in Fig. 1. The complexity of the LiTa03
spectrum, in comparison with that of LiNbO3, fol-
lows from the presence of parity-allowed p ~d and
f~d transitions and the larger spin-orbit splitting
of the Ta 5p and 5d levels versus the Nb4p and 4d.
Thus the pair of lines at -39.4 and 43.4 CV is of
the correct energy for transitions from the
Ta5p3g2 level to Ta5d levels at the bottom of the
conduction band. The pair of lines at -8.5 eV to
higher energy is assigned to similar transitions
from the Ta 5p&&2. The pair of lines at -26.4 and
28.4 eV is assigned to transitions from the
Ta 4f5&2, 4f7&2 doublet (split by about 2 eV)' to
Ta 5d states. At higher E& there is also a pair of
Hnes at about 61.1 and 63.8 CV. The increase in
intensity with Ez suggests the involvement of a
bulk plasmon, and these features are assigned to
double losses combining fico~ =21.7 eV (see below)
and Ta 5p3y2 ~5d. Thc cxtI'cnlely weak fcatulc at
-73 eV could be the parity-forbidden Ta 5s~5d
transition or a double-loss combining fico& and
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Ta 5pi~q —+5d. We also note in passing the fact
that the "sharp" Ta4f ~Sd transitions are over-

lapped by the broad plasmon "continuum" cen-
tered near %co& ——21.7 eV. This raises the interest-

ing possiblity of Fano antiresonance, which is often
observed in optical spectra when two excited states
involved in overlapping "sharp" and "broad" tran-
sitions, respectively, are coupled by some perturba-
tion (see, for example, Refs. 42, 43, and works cit-
ed). In this case, the coupling between the 4f~Sd
exciton and the plasmon would originate in the
perturbation of the core screening by the 4f hole.
Further investigation of this point would require
careful measurement of the complex dielectric
function via optical reflectance. We also note that
spectra [N(E) vs E] recorded in the undifferentiat-
ed (pulse count) mode showed the same structure
as those in Fig. 9 except that the 4f~Sd and
Sp~5d doublets all appeared as broad unresolved
features.

Within experimental uncertainty, the energies of
the 4f~Sd and Sp~Sd transitions are indepen-
dent of Ez and of various surface treatments, al-

though Ar+-ion bombardment causes broadening
of the ELS features and loss of the weaker peaks.
However, there is noticeable dependence on E~ in

the 13—22-eV part of the spectrum. At low E&, a
/

broad intense and asymmetric band is seen at
—13.6 eV. Increasing E& makes this feature
sharper and slightly higher in energy, revealing

very weak structure near —11 and —14 eV. Con-
currently, the -22-eV structure becomes sharper
and/or more intense with increasing Ez. We as-

sign this latter feature to the bulk plasmon at
%cod ——21.7 eV, somewhat lower in energy than
that for LiNbO&. This value of %cod is consistent
with the energies of the double-loss transitions at
about 61.1 and 63.8 eV, as noted previously.

We next consider the effects of an Oq back-
ground (4&& 10 Torr) on the ELS of an Ar+-ion
bombarded sample, as shown in Fig. 10. Compar-
ison of Figs. 9(a) and 10(a) and of 9(c) and 10(c)
shows that bombardment enhances the defect peak
at -3.5 eV (to be discussed below), broadens and
attenuates the 7.7-eV interband loss peak and
broadens the 4f~Sd and Sp~Sd peaks. There are
also some bombardment-induced shape changes in
the 12—25-eV range, but these are difficult to de-
fine precisely in derivative spectra. In the surface
ELS (E~ =500 eV) after bombardment, Oq appears
to attenuate the -22-eV loss peak. In the bulk
ELS (E~ =1500 eV), this peak is also attenuated by
an Oz background but to a lesser degree. In either

case, evacuation of the Oz results in a partial re-
turn to the original state, indicating ESD of some
of the adsorpbed 0~ by the ELS primary beam.
The effect of an 0~ background on an undamaged
UHV-fractured sample at E&

——500 eV is similar to
that shown in Figs. 10(a) and 10(b) but is much
less pronounced. At E&

——1500 eV prior to Ar+-
ion bombardment, there is no 0~ background ef-
fect. Although we do not have a specific model to
account for these data, the striking effect of Oz on
a bombarded sample indicates that surface oxygen
vacancies are involved. These are present, to some
extent, as an intrinsic property of the UHV-
fractured surface, indicating deviation from "ideal"
stoichiometry. We note that the energy of this
peak, about 22 eV, is equal to that of a transition
from the 02s level to the bottom of the conduc-
tion band, as shown in Fig. 1. The essential ques-
tion is why the creation of oxygen vacancies should
affect the cross section for such a transition. We
speculate that reduction of the surface generates a
highly covalent suboxide of tantalum (possibly
TaOq) and that the covalent bonding results in a
slight mixture of 02s and unfilled Ta orbitals.
Recently Langell and Bernasek have reported the
effects of various oxidation and reduction treat-
ments on the surface ELS of WO~ and Na W03
("sodium tungsten bronze") single crystals. One
would expect some similarities between WO~ and
LiTa0~, since the W + and Ta + ions are isoelec-
tronic (both materials are largely covalent, of
course). Previously, we have noted the similarity
in the bombardment-induced Auger line-shape
changes in the two systems. Langell and Ber-
nasek find that the energy (and probably also the
intensity) of the 02s ~ conduction-band transition
is strongly dependent on the oxidation and reduc-
tion of the surface- for Na WOq and, to a lesser de-

gree, for WOs. The remaining structure (Fig. 9),
consisting of the sharp 7.7-eV peak and the broader
features at —11, 14, and 16.5 eV, must be valence-
to-conduction-band transitions. Unfortunately,
there are no available band-structure calculations
or VUV optical data for LiTaOq.

Ar+-ion bombardment also results in a loss peak
in the 3.1 —3.5-eV range, as shown in Fig. 10(c).
As for LiNbO&, interference from adjacent struc-
tures makes exact determination of the peak posi-
tion somewhat difficult unless the defect peak is
strong. The defect peak appears to be stronger at
Ez ——1500 eV than at Ez ——500 eV, which compli-
cates the detection of surface effects. In contrast
to the findings for LiNbO&, an Oz background ap-
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pcRrs 0 at ttenuate the LiTa03 ELS defect peak, as
cnt11clshown 1n 1g.F' 10(d) However 02 does not en

'
y

remove the defect structure, even in more surface-
E =500 eV. This im-sensitive spectra obtained at E~ = e

iTaO defectlies that some, but not all, of the Lp 1cs a
'+-' vacancies. For theELS structure involves L1 -1on vaca

d UHV-fractured samples, LiTa03 (likeuIldam age - like
L NbO ) exhibits a weak intrinsic e ec
pcRk (,Flg.( 9) hich is not removed by an Ozs""in thed Several defect absorption bands ' in egroun . eve
2.2 —4.6-eV range have been reported or i a

thermal and/or radiation treat-following var1ous erm
s onsiblements, u eb t the identities of the defects respons1 e

H r a band at —3 3 eV (

he ELS"A center" of Ref. 45) is close in energy to the EL
h b barded sample before introduction

Tof 02. The A center is believed to be a a ion
adjacent to an oxygen vacancy, possibly containing
a single electron. e have previously associated

ith thedcfccts of th1s gcncI'al dcscrlpt1on w1th
bombardment-induced UPS peak shown in Fig. 7.

I

L'Nboa poLISHED pLATE,
Y CUT

Ep =500 SV

D. Annealing experiments

Inor er oo a'd t btain a further understand1ng of the
lin onwe have observed the elect of annea ing on

the ELS of ion-bombarded polished-p a e sa p
The results are shown in ig .Fi s. 11 and 12. One

notes that the spectra of the polished plates

'NbO the only significant diAerence is 1n

r of the defect peak, which appearsthe energy o t e e
le. For LiTa03,-0.5 eV lower in the plate samp e. or

a more ronounced defectthe plate sample shows a m p t
eak than do the fractured specimens at E& ——pea t an o

rtain whether eitherV. At present, we are not certa'
of these differences is real or the resusuit of the hmit-
ed energy resolut1on. A.so,1 for LiTaO3 the -22
CV transition, w ic wee, h' h have previously ascri e to

~ ~

s ronounced than in F1g.oxygen vacanclcs, 18 iess p
10(a). This difference is probably not significant,

e the appearance of this parts1nce
UHV-fracturedELS varies somewhat from one H

sample to anot er.h However, in comparing Figs.
10( ) and 12(a), we can conclude that the speciesa an
responsible for the two defect peaks, a
-22 eV, are probably different.

After a s of " h rt" anneal at about 650'C, the spec-
'1 to those of UHV-fracturedtra are closely s1m1 ar o

ithsamples at E~ =500 eV [compare Fig. 8(a) wit

I
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ELECTRON ENERGY LOSS (eY)

FIG. 11. The effect of annealing on the ELS
(E =500 eV) of an Ar+-ion bombarde y-d -cut Liwb03

After bombardment sufficient to

(b) after a "short" annea" h rt" anneal (-2—h at 650'C), (c) after

further bombardment [to regenerate (a)j and a "long'"

anneal (-9—h at 650'C).

20 80

1(b) nd Fig. 9(a) with 12(b)]. The mam differ-

ence is that some of the features are s arp
There is some indication fromannealed specimens.

AESESthata s o a" h rt" nneal diminishes the surface
after ion bombard-cari e a erb'd concentration rcma1ning a er

'

erowever, a ongow, "I ng" anneal leads to rathment. How
drastic changes, mainly in the 7— -e
band-transition range. These ye ma result from
the annealing-1n uce sd d toichiometry changes first

ed b Courths et aI. or from the very heavy
surface carbon contamination detected inin AES after

eak we%ith regard to the low-energy defect pea, we
see that annealing significantly diminishes the in-
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FIG. 12. The effect of annealing on the ELS
(Ep ——500 eV) of an Ar+-ion bombarded x-cut LiTa03
polished plate. (a) After bombardment sufficient to
reduce surface carbon contamination to -8 at. %, (b)

after a "short" anneal (-2 h at 650'C), (c) after further
bombardment [to regenerate (a}j and a "long" anneal

(-5—h at 650'C). The defect peak in (a) is at 3.2 eV.

tensity in LiNb03 and almost eliminates it in

LiTa03. We reca11 that, at least for LiNb03, mild

annealing causes diffusion of Li20 out of the bulk,

with no detectable (via XPS) reduction in the Nb

oxidation state and that an 02 background has

much less of an effect on the defect ELS than does

annealing. This indicates that Li+-ion vacancies

are involved in the defects observed in ELS, as was

suggested above.

E. Summary and conclusions

The AES of LiNb03 and LiTa03 show charac-
teristic line-shape changes following reduction of

the UHV-fractured surfaces by Ar+-ion bombard-
ment. These effects are reversible in an Oz ambient
and can be correlated with variations in the 0-to-
Nb and 0-to-Ta Auger peak-to-peak ratios. The
changes result from shifts in the core-level binding
energies and/or perturbation of the valence-band
local density of states near oxygen vacancies.
Freshly fractured surfaces readily accumulate car-
bon, probably as a result of decomposition of CO
in the UHV background, induced by the AES pri-
mary electron beam. The C ELL line shape indi-
cates a mixture of the carbide and elemental forms
of carbon. Ar+-ion bombardment diminishes the
total carbon coverage, but the remaining CELL
line shape is distinctly that of a carbide. The im-

purity probably occupies oxygen vacancies, forming
NbC„or TaC„(x& 1). Ion bombardment of the
freshly fractured carbon-covered surface removes
elemental carbon in preference to the chemically
bound form and/or induces reaction of elemental
carbon with the surface by generating oxygen va-

cancies. After- this initial carbon coverage is di-
minished by Ar+-ion bombardment, the surface
then appears to be "passivated" in that carbon ac-
cumulation occurs only at a rate typical for a sam-

ple in UHV. Annealing in UHV (-650'C, (2 h)
or electron-beam irradiation at typical AES levels

in O~ further decreases the carbide coverage re-

maining after ion bombardment.
UPS (h v=40.8 eV) data show a bombardment-

induced peak at 1.1+0.2 eV above the valence-band

edge in LiNb03 and 1.4+0.2 eV in LiTa03. An
02 exposure of about 3 &(10 L virtually eliminates
the defect. In agreement with previous work, the
defect is described as an M + —(oxygen vacancy)
complex, analogous to those formed in various
ion-bombarded titanate materials (Refs. 11—13 and
works cited). The electronic structure of this de-

fect is almost certainly more complex than is im-

plied by the simple description given here, as
shown in various theoretical treatmen&s ' of
similar surface states in Ti02 and SrTi03. The
valence-band UPS shape is found to change with
the introduction of vacancies and/or disorder, in

agreement with Courths et al.
ELS data have been obtained as a function of

primary beam energy and of various oxidation,
reduction, and annealing treatments. Several tran-
sitions originating in the valence band and upper
core levels have been identified. Bulk plasmons
have been located at Acoz

——26.0+0.5 eV in LiNb03
and at Ace& ——21.7+0.5 eV in LiTa03, but no sur-
face plasmons were observed. In LiNb03, a feature
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observed at about 2@o&—6 CV is tentatively as-

signed to the excitation of two strongly coupled
plasmons. AI -ion boHlbardmcnt fcsults 1Q a
low-energy loss peak at -2.5 —3.0 CV in LiNb03
and -3.I —3.5 eV in LiTa03. 02 adsorption has
little CAect on the loss intensity in LiN103 but
causes a noticeable decrease in LiTa03. Annealing
at 650'C, which causes Li20 to diffuse out of the
bulk, diminishes the defect loss peak in LiNb03
Rnd almost eliminates it in LiTa03. Defects re-
moved by annea11ng but Qot by 0& adsorption afe
bc11cvcd to 1nvolvc L1 -ion vacanc1cs, perhaps 1Q

conlblilRtloll wltll Other dcfccts (oxide-1011 vaca11-

cies, reduced metal iona, etc.). In LiTRO&, a transi-
tion at -22 eV, thought to be from the 02s level

to the bottoHl of the conduction band, is observed
Rnd found to vary 1Q appearance ffom onc 8RHlplc

to the next (indicating extrinsic effects) and to be
dependent on surface oxidation and reduction.
Somewhat similar results are found for %03. %'c

have tentatively suggested that the oxygen-deficient
surface contains a highly covalent suboxide of tan-
talum (possibly TRO&, for example) and that mix-

1ng of 02s w1th un611ed Ta lcvcls 1Q R bonding
molecular orbital enhances the 62s conductlon-
band closs scctlon.

The same low-energy defect ELS peaks induced

by 1on boIDbafdHlcnt RI'c also observed, w1th less
1ntcnslty, 1Q UHV-fractured sRHlplcs pr1of to bom-
bardment. The effect of 02 on the -22 eV "02s
peak 1Q L1TR03, Grst noted 1Q boHlbaldcd saHl-

ples, is also observed in the surface-sensitive EI.S
(E~ =500 CV) prior to bombardment but to a lesser
dcgI'cc. Apparently R UHV-ffactuI'cd surface con-
tains a small intrinsic deficiency of oxygen and
11t41um. UnfoftUQRtcly, our systcHl docs Qot 1Q-

elude an x-ray source, which would have permitted
monitoring changes in the surface Li concentration
via the K-shell XPS. In our work, lithium Auger
lines, generated by interatomic decay of E-shell
holes, were obscured by the slow-secondary back-
ground. %C note that the stoichiometry of
Liwb03, which can be expressed formally as
LiIO+NbIO&, shows a complicated dependence on
the thermal and chemical history of the material,
although the [Li20]/[Nb205] concentration ratio is
w1th1Q a fcw pcfccnt of Unity fol high-quality 81Q-

glc crystals. %idcly varying coHlpo81tlons

[LiNbIOs ——Li20+ 3(Nb205) and LiINbO~
=3(L120)+ Nb20g] Rl'c cllcnllcRlly stable. How-
ever, simple alteration of the [LigO]/[NbpOs] ratio

does not involve oxidation or reduction since the
Nb remains in the +5 formal oxidation state and
no charge-compensating electron or hole traps need
bc formed 1Q the latt1cc. OQ thc othcI' hand» thc
defects observed in UPS and ELS must originate
from an actual reduction of the sample, since much
of the structure can be diHlinished or entirely clirn-

inated by exposure to 02. Some of the low-energy
ELS structure in LiTa03 (and most of it in

LiNbOI) does not respond to 0, adsorption. How-

cvcf, thc peaks afc narrow, and thc cnclg1cs RI'c

less than the optical band gap in either material by
at least 0.5 CV, indicating that point defects are in-

volved. .
The results obtained here, together with those

previously reported, can account for some Observa-

tions conccm1ng optical dRHlagc 1Q thcsc matcf1-
als. For example, high-temperature processing of
high-purity LINbOI ln vacuum ("vacuum out-
diffusion" ) enhances optical damage. This can be
explained in terms of the formation of Nb~+,

as reported by Courths et al. , which can then be
photoiooized. However, pure LiTRO3 is reported
to be much less sensitive to optical damage than is
pure LiNbOI. Assuming defects to be the major
donor species after thermal processing of high-

purity materials in vacuum, this can be explained

by the higher defect absorption energy in the tan-
talate, as found in ELS.

Thc surface dcfcct propcrt1cs of these materials,
especially LiTRO3, are apparently quite complex.
Although our approach has been only qualitative,
we have been able to gain some insight into the
problem. Further understanding would require a
quantitative correlation of the UPS and ELS defect
energies and intensities —as functions of ion bom-
bardmcnt, oxidation, and anncahng —with changes
ill stoich10mctry Rlld lllctal-1011 oxidation stRtc (Rs

revealed by AES or, preferably, XPS). An example
of such an approach is that of Tait and Kasowski'
Rnd of Hcnrich 8t Ql. to T102 Rnd SfTi03 surface
dcfccts.

%c are grateful to C. H. BUImcr for helpful dis-
cussions leading to the inception of this work. %c
thank E. J. %est foI' help 1n some of thc sRHlplc

preparation and J. F. Weller Rnd S. K. Shecm for
pfovldlng thc pollshcd-plate samples.
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