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Electronic structure of stoichiometric and reduced Ta2O5 surfaces determined
by resonant photoemission
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The electronic properties of stoichiometric and reduced Ta2O5 thin films have been studied with resonant
photoemission using synchrotron radiation. It was found that Ar1 bombardment induces electronic states in the
band gap region and an attenuation of the overall valence band. These changes are associated with the
formation of oxygen vacancies during the reduction of the surface by Ar1 bombardment. For both stoichio-
metric and Ar1-bombarded Ta2O5 films, resonant photoemission from the valence band was observed when
the photon energy was in the neighborhood of the Ta 5p→5d, 5p→6sp, and 4f→5d transition energies. The
constant initial-state curves show multiple resonance maxima that are explained in terms of the Ta 5p→5d,
5p→6sp, and 4f→5d photoabsorption mechanisms, the spin-orbit splitting of the Ta 5p and Ta 4f core
levels, and the splitting of the Ta 5d final states by crystal-field interactions. Contrarily to 3d and 4d transition
metals no differences have been found in the resonance behavior of the valence-band features lying in the
;4 –10-eV range. This is attributed to the more extended nature of Ta 5d and 6sp orbitals with respect to 3d
and 4d cationic orbitals.
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I. INTRODUCTION

Tantalum oxide has received much attention due to
chemical stability and technological applications. In partic
lar, Ta2O5 films have been used as high-temperature mat
als, antireflection coatings for solar cells, high dielectric co
stant insulators in microelectronics, etc. In microelectro
applications, special attention has been addressed to the
ence of oxygen vacancies in thin Ta2O5 insulator films, since
oxygen vacancies are considered to be one of the main
sons of the leakage current.1 Therefore the study of the elec
tronic structure of stoichiometric and nonstoichiomet
Ta2O5 films is of great importance from both the technolog
cal and fundamental points of view. Ta2O5 has a complex
structure containing the octahedra, TaO6, and the pentagona
bipyramids, TaO7, both being strongly distorted.1 The elec-
tronic structure of tantalum oxide has been investigated
x-ray photoelectron spectroscopy~XPS!,2,3 ultraviolet photo-
electron spectroscopy~UPS!,4 Auger electron spectroscop
~AES!,5,6 electron energy-loss spectroscopy~EELS!,5,6

bremsstrahlung isochromat spectroscopy~BIS!,7 and x-ray-
absorption spectroscopy~XAS!.8 In addition, several band
structure calculations have been published for stoichiome
and nonstoichiometric~with oxygen vacancies! Ta2O5.1,9

However, resonant photoemission experiments, which
provide useful information about its electronic structu
have not been performed.

Resonant photoemission in 3d transition metals~TM’s!
has been the subject of many recent experimental and t
retical investigations.10 The phenomenon is usually ex
plained as due to an interference effect between the d
photoemission process and autoionization of a highly loc
ized excited state created by photoabsorption. It is obse
when the energy of incident photons is varied around
threshold for ap→d transition. The resonance has been a
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found in 3d and 4d TM compounds~nitrides and oxides!
where thed band is completely suppressed. In such case
is explained as due to the hybridization between the O 2p or
N 2p and cationd orbitals, and therefore resonant phot
emission is used to isolate thed-states contribution and to
study the valence band ~VB! structure of TM
compounds.11–21However, the number of works dealing wit
resonant photoemission on 5d TM and TM compounds is
rather scarce.22–27 In particular, only the oxygen deficien
WO3 oxide has been studied by resonant photoemissio26

Therefore the aim of this work is to study the VB electron
structure of stoichiometric and reduced Ta2O5 surfaces by
resonant photoemission to determine its cationic charact

II. EXPERIMENT

The experiments were performed at LURE~Orsay,
France! using the PES2 experimental station connected
the SU8 ondulator beamline of the Super-Aco storage ri
The measurements were carried out in an ultrahigh vacu
system, with a base pressure better than 1310210 Torr,
equipped with an angle resolving 50-mm hemispheri
VSW analyzer coupled to a goniometer inside the cham
For a photon energy (hn) in the range 20–70 eV, the overa
energy resolution, including the analyzer, was estimated
be better than 0.1 eV. Photoemission spectra have been
malized to the incident current measured in a gold grid
cated at the entrance of the chamber.

A 5N oxygen exposure of 36 000 L (1 L51026 Torr s)
at 823 K was applied to a 99.99% purity tantalum foil
obtain the stoichiometric Ta2O5 surface. The reduced oxid
was prepared by Ar1 bombardment of the stoichiometri
Ta2O5 during 10 min at 0.5 keV.28

III. RESULTS

Figure 1 shows the valence-band spectra, after ba
ground subtraction, of~a! stoichiometric and~b! reduced
©2002 The American Physical Society20-1



b
e

xy
ra
in

B
d

ve
to
re
a

lts
n
s
dy
V
-

in
r
re
e-

-
ry

ac-

en-

1,
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Ta2O5 surfaces measured at different photon energies
tween 25 and 63 eV. For simplicity spectra are display
every 2 eV. The VB of stoichiometric Ta2O5 is characterized
by a broad band formed by the hybridization of O 2p, Ta 5d,
and 6sp atomic orbitals.9 This band peaks at;5.5 eV, with
a shoulder in the high binding-energy~BE! side. The VB
intensity falls to zero at the Fermi levelEF and only some
weak emission can be observed in the band gap at;3 eV,
which is probably associated with trapped electrons in o
gen vacancies and surface defects caused by the prepa
method used.16 In addition to that, occupied states appear
the band gap up toEF , and an overall attenuation of the V
is observed, as a consequence of oxygen loss during re
tion of the stoichiometric Ta2O5 surface by Ar1 bombard-
ment @Fig. 1~b!#.

As shown in Fig. 1, the total intensity and the relati
intensities of the different VB features depend on the pho
energy due to resonance processes. To emphasize the
nance behavior of the VB, difference spectra between
measured spectra and the spectra corresponding tohn
525 eV ~off resonance! have been calculated. The resu
are plotted in Fig. 2 as a function of the binding energy a
hn. In this figure, the intensity is maximum for the darke
feature and minimum for the brightest. In order to stu
separately the resonant photoemission of the different
features, constant-initial-state~CIS! curves at binding ener
gies of 5.4 eV~P1!, 7 eV ~P2!, 8.6 eV~P3!, 3 eV ~P4!, and
1.6 eV ~P5! have been obtained from Fig. 2, and plotted
Fig. 3 as a function ofhn. Although the resonance behavio
shown in Fig. 3 is rather complex, similar evolutions a
found for all the VB features in both stoichiometric and r

FIG. 1. Valence-band spectra of~a! stoichiometric and~b!
Ar1-bombarded Ta2O5 as a function of the binding energy for pho
ton energies in the rangehn525–63 eV. Spectra are shown eve
2 eV. The different features are indicated by dotted lines.
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FIG. 2. Intensity of the difference spectra calculated by subtr
tion of the spectra measured athn525 eV ~off resonance! from all
measured spectra, as a function of binding energy and photon
ergy, for ~a! stoichiometric and~b! reduced Ta2O5.

FIG. 3. CIS curves obtained from Fig. 2 corresponding to P
P2, P3, P4, and P5 features of the valence band, for~a! stoichio-
metric and~b! reduced Ta2O5. The 4f 7/2, 4f 5/2, 5p3/2, and 5p1/2

core thresholds, and the unoccupied 5d(t2g), 5d(eg), and 6sp
states aboveEF in Ta2O5 have been indicated by arrows.
0-2
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duced Ta2O5 surfaces. The 4f 7/2, 4f 5/2, 5p3/2, and 5p1/2
core thresholds in Ta2O5 have been indicated in Fig. 3.3,5 In
addition, the unoccupied 5d(t2g), 5d(eg), and 6sp states
aboveEF , as determined by BIS and O 1s XAS, are also
indicated.7,8

IV. DISCUSSION

The overall shape of the VB of stoichiometric Ta2O5 in
Fig. 1 is well explained using the calculated density of sta
~DOS! of Khanin and Ivanovskii using the XaSW method.9

According to these authors, the VB is formed by the hybr
ization of O 2p and Ta 5d-6sp states, and the bond popula
tions between O 2p and Ta 5d, 6p, and 6s atomic orbitals
are 6.21, 2.37, and 0.21, respectively. Bond populati
show that the O 2p and Ta 5d atomic orbitals are the mos
hybridized, but a non-negligible contribution from hybridiz
tion between O 2p and Ta 6sp is also found.

Reduction of the Ta2O5 surface by Ar1 bombardment
causes a decrease of the overall intensity of the VB in
;4 –10-eV region, that is more pronounced in the high
region. In 3d and 4d TM oxides, this high BE region ha
been usually attributed to O 2p-TM d bonding states.15,16 In
addition, the band gap region becomes populated up toEF .
These changes are associated with the formation of oxy
vacancies by Ar1 bombardment, which causes a decrease
the hybridized O 2p-Ta 5d, 6sp occupied states in the
4–10-eV region, and an increase in the band-gap popula
of Ta 5d derived states. Theoretical calculations of Sawa
and Kawakami have predicted the formation of occup
states just belowEF by the presence of oxygen vacancies
Ta2O5.1 The formation of cationic-derived occupied states
the band gap related to oxygen vacancies was also fo
during Ar1 bombardment of other stoichiometric TM
oxides.15,16,26

Resonant photoemission in tantalum and tantalum ox
has been recently predicted.5 It was also studied, on poly
crystalline Ta, by Raaen in the photon energy range of 35
eV.23 Raaen found that the Ta 5d emission is resonantly en
hanced above the 5p3/2 and 5p1/2 core thresholds, for photon
energies of; 40 and 50 eV, respectively. CIS curves sho
ing two maxima have been also found in TaC by Anaza
et al.25 and in TaSe2 by Sakamotoet al.22 They are explained
taking into account the;10-eV spin-orbit splitting of the Ta
5p band. However, the CIS curves found in this work f
stoichiometric and reduced Ta2O5 are rather complex show
ing several maxima, even at photon energies below 40 e
is important to observe that resonant photoemission in T
and TM compounds has been observed when the energ
incident photons is varied around the threshold of ap→d
transition.11–26 However, resonant photoemission at thef
→5d transition threshold has been proposed to explain
autoionization emission features observed in electron b
barded tantalum and tantalum oxide.5 Furthermore, it was
also observed in photoemission studies of Pt near thef
threshold.27

In order to explain the shape of CIS curves in Fig.
photoabsorption processes for the Ta 5p→5d, 5p→6sp,
and 4f→5d transitions will be considered. It should b
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noted that, according to dipole selection rules, the Tap
derived states are not involved in the 5p→6sp transition.
Also, the 4f→6sp transition is dipole forbidden. The spin
orbit splittings for the Ta 4f and 5p bands in Ta2O5 are
;1.8 and 10.4 eV, respectively.3,5 In addition, the structure
of the unoccupied Ta 5d and 6sp states aboveEF should be
also taken into account. Due to the crystal-field interacti
the splitting of the Ta 5d unoccupied bands,t2g and eg , is
4.6 eV. The unoccupied Ta 6sp states are 9.5 eV above th
lower t2g state7,8 ~see schematic diagram in Fig. 3!. There-
fore the combination of the spin-orbit splitting of the Ta 5p
and 4f core levels, and the splitting of the finald states by
crystal-field interactions allows us to explain satisfactor
the experimental CIS curves, as can be observed in Fig.

The spin-orbit splitting of the core level has been o
served in the CIS curves of Ta, TaC, TaSe2, CuHf, and oxy-
gen deficient WO3 surfaces for the 5p→5d transition.22–26

On the other hand, both the core-level spin-orbit splitting a
the crystal-field splitting of the finald states have been als
resolved in the CIS curves of TiO2 for the Ti 2p→3d tran-
sition by Princeet al.20 As pointed out by these authors
resonant photoemission allows us to obtain qualitatively
XAS spectrum projected on a particular VB feature. For
and TiO2, the resonance effects display a broader struct
for the 3p→3d transition than for the 2p→3d
transition.20,29 Kaurila et al.29 have attributed the broadenin
of the resonant region in Ti at the 3p→3d transition to shake
up excitations occurring coincidentally with the core exci
tion. Shake-up processes would be much smaller for thep
→3d resonance as a consequence of the large energy d
ence between the 2p→3d transition and the shake-up exc
tations from the VB to an unoccupied band. Therefore
narrowness of the observed resonances in stoichiometric
reduced Ta2O5 surfaces suggests a low cross section
shake-up excitations for the Ta 5p→5d and Ta 5p→6sp
transitions. For the Ta 4f→5d transition, the four expected
maxima in the CIS curves are not fully resolved. This is d
to the small Ta 4f spin-orbit splitting, and to the small Ta 4f
photoionization cross section with respect to that of Tap
core levels.30 For Pt, the larger 4f spin-orbit splitting
(;3.6 eV) has been resolved in the CIS curves by Willia
et al.27

A np→(n11)s transition has been also proposed to e
plain maxima at higher photon energies in the CIS curves
TiO2 , ZrO2, and MoS2.15,16,31However, it should be noted
that the O 2p-Ta 6s bond population is not high enough t
explain the observed enhancement for the Ta 5p1/2
→Ta 6sp transition, above all for the stoichiometric surfac
The proposed Ta 5p1/2→Ta6sp resonance enhancement, is
lated from other contributions, can be observed in Fig. 3
all the VB features, even for the P5 band-gap feature of
reduced surface. As observed in Fig. 3, the absolute reso
enhancement of the P1-P3 VB features decreases with1

bombardment as a consequence of the increase in the p
lation of the unoccupied Ta 5d states in the band gap due
the oxygen loss during reduction of the surface. In additi
the P1-P3 relative enhancements for the Ta 5p1/2→Ta 6sp
transition with respect to the enhancements for the ot
0-3



s
t

m

si
r,
r t

o

-
a

he
c
ta
i

a
ve
ls
fo
5.

e
o
n
b
in

n
t

na

ole
-

-
y

ed
sion.
-
the
e-
e
the
-
e
P4,
w a
ac-
Ta

-
5

3
en

ale
o.
l
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transitions decrease with Ar1 bombardment. This fact seem
to be also related to the oxygen loss suggesting that an in
atomic direct recombination,13,17 in which the anion 2p
states would resonate themselves, should be a comple
tary mechanism for the proposed Ta 5p1/2→Ta 6sp en-
hancement. However, this explanation is very controver
and the exact mechanism remains unknown. Moreove
should be noted that this resonance is also observed fo
induced band-gap states of predominant Ta 5d character. It
should be pointed out that the Ta 5p3/2→5d, 5p1/2→5d,
4 f 7/2→5d, and 4f 5/2→5d core excitations have been als
observed in the EELS spectra of Ta2O5 and 30 L oxygen
exposed Ta, but the splitting of the 5d unoccupied final states
has not been resolved.5,6 Likewise, the autoionization fea
tures associated with these core excitations have been
found in the low-energy AES spectra.5,6 However, no fea-
tures in the EELS spectra associated with the Ta 5p1/2
→6sp excitation have been observed. As reported for ot
TM compounds,16,17 this seems to be a general trend asso
ated with the fact that either the corresponding excited s
is not available by EELS or the excitation cross section
very low.

The VB region between;4 –10 eV of TiO2 and ZrO2
has been analyzed by several authors in terms of three G
sians, in which the high and low BE components invol
predominantly bonding and nonbonding orbita
respectively.15,16 Such analysis has been also carried out
the spectra of Fig. 1, with three Gaussians centered at
60.05 eV, 7.0060.05 eV, and 8.6060.05 eV, and 2, 1.8,
and 2 eV of full width at half maximum, respectively. Th
CIS curves obtained by this procedure are equivalent to th
labeled P1, P2, and P3 in Fig. 3, and therefore they are
shown. It should be pointed out that different resonance
haviors have been found for the bonding and nonbond
components in TiO2 and ZrO2.15,16 However, as observed in
Fig. 3, P1, P2, and P3 components show the same reso
behavior, and the resonance enhancement is larger for
low BE feature~P1! than for the high BE features~P2 and
P3!. This fact should be attributed to the more extended
ture of Ta 5d and 6sp orbitals with respect to Ti 3d and Zr
e
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4d orbitals. In fact, the calculated O 2p, Ta 5d, and Ta 6sp
partial DOS are spread out rather uniformly over the wh
width of the theoretical VB.9 Therefore the stronger reso
nance behavior of the low BE O 2p derived states with re
spect to that of 3d and 4d TM oxides seems to be mainl
associated with the stronger overlap of O 2p and Ta 5d
orbitals.

V. CONCLUSIONS

The electronic structure of stoichiometric and reduc
Ta2O5 surfaces has been studied by resonant photoemis
The reduced film formed by Ar1 bombardment of the sto
ichiometric surface is characterized by the attenuation of
overall VB along with the population of unoccupied Ta d
rived states in the band gap up toEF . These changes ar
attributed to the formation of oxygen vacancies during
reduction of the surface by Ar1 bombardment. For both sto
ichiometric and reduced Ta2O5 surfaces, constant initial-stat
curves of the main features of the VB, that is, P1, P2, P3,
and P5 at 5.4, 7, 8.6, 3, and 1.6 eV, respectively, sho
complex shape with multiple resonance maxima. A satisf
tory explanation of these results is achi eVed assuming
5p→5d, 5p→6sp, and 4f→5d photoabsorption mecha
nisms, and considering the spin-orbit splitting of the Tap
and Ta 4f core levels, and the splitting of the final Ta 5d
states by crystal-field interactions. In contrast with otherd
and 4d TM oxides, no differences have been found betwe
the resonant behavior of high BE features~P2 and P3!, and
low BE features~P1! of the VB. This is attributed to the
more extended nature of Ta 5d and 6sp orbitals with respect
to 3d and 4d cationic orbitals.

ACKNOWLEDGMENTS

This work has been partially supported by the Large Sc
Facilities of the European Community to LURE, Project N
ES816-01. One of us~A. Arranz! acknowledges financia
support from the Ministerio de Educacio´n y Cultura of
Spain.
.

.

r-
*Fax: 1 34 91 3974949. Email address: carlos. palacio@uam.
1H. Sawada and K. Hawakami, J. Appl. Phys.86, 956 ~1999!, and

references therein.
2H.J. Mathieu and D. Landolt, Surf. Interface Anal.6, 82 ~1984!.
3S. Lecuyer, A. Quemerais, and G. Jezequel, Surf. Interface A

18, 257 ~1992!.
4F.J. Himpsel, J.F. Morar, F.R. McFeely, R.A. Pollak, and

Hollinger, Phys. Rev. B30, 7236~1984!.
5C. Palacio, and J.M. Martı´nez-Duart, Surf. Interface Anal.15, 675

~1990!, and references therein.
6J.K. N Sharma, B.R. Chakraborty, and S. Bera, Surf. Sci.285,

237 ~1993!.
7L. Soriano, M. Abbate, D. Alders, and J.M. Sanz, Solid St

Commun.91, 551 ~1994!.
8L. Soriano, M. Abbate, J.C. Fuggle, M.A. Jime´nez, J.M. Sanz, C

Mythen, and H.A. Padmore, Solid State Commun.87, 699
~1993!.
s

l.

.

e

9S.D. Khanin and A.L. Ivanoskii, Phys. Status Solidi B174, 449
~1992!.

10L.C. Davis, J. Appl. Phys.59, R25~1986!, and references therein
11E. Bertel, R. Stockbauer, and T.E. Madey, Phys. Rev. B27, 1939

~1983!.
12J.M. McKay, M.H. Mohamed, and V.E. Henrich, Phys. Rev. B35,

4304 ~1987!.
13K.E. Smith and V.E. Henrich, Phys. Rev. B38, 9571~1988!.
14R.J. Lad and V.E. Henrich, Phys. Rev. B39, 13 478~1989!.
15Z. Zhang, S.-P. Jeng, and V.E. Henrich, Phys. Rev. B43, 12 004

~1991!.
16C. Morant, A. Ferna´ndez, A.R. Gonza´lez-Elipe, L. Soriano, A.

Stampfl, A.M. Bradshaw, and J.M. Sanz, Phys. Rev. B52,
11 711~1995!.

17P. Prieto, A. Ferna´ndez, L. Soriano, F. Yubero, E. Elizalde, A.R
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