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Abstract

The electronic structures of protonic conductors SrTi; _ ,Sc,0O3 and SrCe; _ ,Yb,O; have been studied by O 1s X-ray
absorption spectroscopy (XAS). In SrTi; _ ,Sc, O3, hole state and acceptor-induced level are observed in the band gap energy
region. Such a structure is also observed in the O 1s XAS spectra of SrCe; _ ,Yb,0Os3. The XAS structures and their temperature
dependence reflect the activation energy estimated from electrical conductivity. These facts indicate that the conductivity is
achieved by deep acceptor-induced level lying in the middle of the band gap.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Proton; Hole; Acceptor; StTi;_,Sc,Os3; SrCe;_,Yb,O3; XAS; Electronic structure

1. Introduction

It is well known that some perovskite-type oxides,
such as CaZrO;, SrTiOz and SrCeQOs;, exhibit remark-
able proton conductivity when they are doped with a
few mol% of acceptor ions [1—-5]. Oxide-type pro-
tonic conductors are very important materials for a
wide variety of electrochemical applications such as
fuel cells or hydrogen sensors because of their prom-
ise protonic conductivity at high temperature. Since
proton-conducting perovskite oxides were discovered
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by Iwahara et al. [1], various investigations have been
made to clarify its origin and nature. However, only
little information is available at present on the trans-
port properties and electronic structure [6—8].
Recently, the electronic structures of proton-con-
ducting perovskite oxides CaZrO; and SrTiO; have
been studied by photoemission spectroscopy (PES)
and X-ray absorption spectroscopy (XAS) [9—13]. In
the PES spectra of In-doped CaZrOs3, the Fermi level
(EF) shifts to the conduction band side by about 1.0
eV through proton doping [11]. Furthermore, in the O
Ls XAS spectrum of In-doped CaZrO; is found the
existence of holes at the top of the valence band [12].
The intensity of spectral features due to holes
decreases with proton doping. Such a behavior is also

0167-2738/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0167-2738(02)00474-5



736 T Higuchi et al. / Solid State lonics 154—155 (2002) 735-739

found in the O 1s XAS spectra of Sc-doped SrTiO;
[13]. These facts are consistent with the change of the
amounts of hole, oxygen vacancy, and proton esti-
mated by the defect chemical analysis, indicating that
doped proton exchanges with holes.

In this study, the electronic structure of protonic
conductor Sc-doped SrTiO; has been investigated by
careful measurements using high resolution and high
brightness O 1s XAS. XAS is related directly to the
unoccupied state. The XAS gives the spectrum relat-
ing to the site- and symmetry-selected DOS. There-
fore, high-resolution XAS is a powerful tool for the
study of electronic structure in the band gap energy
region and to relate it to the transport properties [14].
As references, the O 1s XAS spectra of undoped
SrCeO3; and Yb-doped SrCeO; (SrCeqos5Ybgo503)
were also measured.

2. Experimental

The sample was prepared by the solid state reaction
of SrTiO3, SrCO3, and Sc,05 at 1200 °C for about 12
h, and the single crystals were grown by a floating
zone method using Xe-arc imaging furnace. The
single crystals were grown in an atmosphere of oxy-
gen to prevent protons entering the crystal. The Sc* *
ion is clear to be doped as an acceptor ion in the Ti**
ion site of SrTiO3 by a simple thermoelectromotive
power experiments. The electrical conductivity meas-
urements were performed by using an LCR meter
(HP4275A) [4]. The sintered pellet of Yb-doped
SrCeO; was prepared by the solid state reaction of
SrCO3, CeO,, and Yb,03 at 1400 °C for about 16 h.
The samples of SrCe; _,Yb,O; and SrTi; _ ,Sc,0O;
were confirmed as being a single phase with perov-
skite structure by the powder X-ray diffraction anal-
ysis.

XAS measurements were carried out at the re-
volver undulator beamline BL-19B at the Photon
Factory (PF) of the High Energy Accelerator Organ-
ization (KEK), Tsukuba in Japan. Synchrotron radia-
tion from the undulator was monochromatized using a
grating monochromator. The XAS spectra were meas-
ured by collecting the total fluorescence yield. The
resolution of about AE/E=5000 at Av=400 eV and
high photon flux of about 10'>—~10'* photons/s is
realized with the spot size of 100 um [15].

3. Results and discussions

Fig. 1 shows the O 1s XAS spectra as a function of
Sc doping in SrTi; _ ,Sc, O3 (x=0-0.10). It has been
already clarified that the O 1s XAS spectra of SrTiO;
correspond to transitions into unoccupied O 2p states
hybridized into the unoccupied Ti 3d states [14]. The
feature around 532 eV is mainly composed of the %,
subband of the Ti 3d states hybridized with O 2p state.
The intensity below the threshold is expanded by 10
times and is shown with thick line above the XAS
spectrum in order to obtain reliable information within
the band gap energy region. The arrow shows the top
of the valence band. The vertical bar is the position of
the Fermi level (Ef), which is determined by the O 1s
photoemission peak.

One can find that apparent two structures corre-
sponding @ and b peaks are observed in the band gap
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Fig. 1. O ls XAS spectra of dried SrTi; _,Sc,O; (x=0-0.10).
Thick lines show the O 1s XAS spectra in the band gap energy
region on an expanded scale. Arrow shows the top of the valence
band. Vertical lines show the position of the Fermi level (Eg).
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Fig. 2. Temperature dependence of O ls XAS spectra of dried
SrTig 98S¢0.0203.

energy region of SrTi; _ ,Sc,O3. The intensities of a
and b peaks increase with increasing Sc dopant
concentration. The a peak might be assigned to holes
created by Sc doping at the top of the valence band.
From the absorption spectra of vacuum ultraviolet
region, it has been reported that the band gap of
SrTi; _ ,Sc, O3 increases with increasing Sc dopant
concentration, indicating the formation of holes cre-
ated at the top of the valence band. The existence of
hole in the O 1s XAS spectrum is directly evidence of
the increasing of the band gap. The b peak at near
might be assigned to the acceptor-induced level, since
it lies just above Er. On the other hand, J peak is
found at the bottom of the conduction band in the O
ls XAS spectra of x>0.05. The intensity of é peak
increases with increasing Sc dopant concentration.
Such a structure is already reported in the O Is
XAS study on InO; s-doped CaZrO;. The 6 peak is
considered to be a defect-induced level of Ti 3d state
because the Sc dopant concentration is more than the
solubility limit in SrTiOs.

To further clarify the origin of the two structures a
and b, the temperature dependence of O 1ls XAS

spectra has been confirmed in SrTig9gScy 205 as
shown in Fig. 2. The spectra have been measured in
the temperature region from 300 to 80 K. The inten-
sities of XAS spectra are normalized by the peak
intensities of Sr 4d, though Sr 4d line is not shown in
this figure. The intensity of a peak decreases with
decreasing temperature. The intensities of a and b
peaks are plotted in Fig. 3(b), where log (Intensity) is
plotted against 1000/7 (K ~'). The @ and b peak
intensities are obtained by the subtraction of a linear
or a polynominal smooth background. The peak
intensity is in arbitrary unit, so that the log (Intensity)
scale is not determined by a constant and the slope
does not change. The slope of each thick line shown
in a and b peaks is exponential-like, which reflects the
activation energy (E,) from XAS measurement. The
estimated value is 0.70 eV for a peak and 0.72 eV for
b peak. The E5 of a peak corresponds to that of b
peak. Furthermore, the value is nearly same value
with E5 from the Arrhenius plot of SrTig9gScg 0205.
On one hand, this fact indicates that the electrons of
the top of the valence band (a peak) are excited
thermally to the acceptor-induced level (b peak).
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Fig. 3. The plot of intensities of a (open circle) and b (closed circle)
peaks of O 1s XAS spectra shown in Fig. 2.



738 T Higuchi et al. / Solid State lonics 154—155 (2002) 735-739

Fig. 4 shows E, as a function of Sc doping in
SrTi; _ Sc, O3 estimated from the method of Figs. 2
and 3. As a reference, E5 from the slope of the
Arrhenius plot is also shown [16,17]. The E4 rapidly
decreases to 0.62 eV at x=0.02 and slowly increases
at x>0.02. In 0.01 <x < 0.05, the behavior of £, from
the Arrhenius plot is in good agreement with that of
XAS. This fact indicates that the electrical conducti-
vity is attributed between the top of the valence band
(a peak) and the acceptor-induced level at near Ef
(b peak). The energy difference of E, between the
Arrhenius plot and the XAS is about ~ 0.1 eV, which
contributes the difference between the experimental
system. The estimation of the intensity in XAS brings
about an error of 0.1 eV so that the total resolution of
the experimental system is about 0.1 eV.

In the case of x>0.05, however, the behavior of
E, from the Arrhenius plot is not in good agreement
with that of XAS. This fact is due to the doping
limit of solid solution. The doping limit is x=0.05 for
SrTi; _ ,Sc,O5. In the O 1s XAS spectra at x>0.05 are
found large defect-induced level under the bottom of
the Ti 3d conduction band, as shown in Fig. 1. The
difference of E5 between the Arrhenius plot and XAS
is considered to contribute to the mixed conductivity
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Fig. 4. Activation energy as a function of doping of dried SrTi; _
Sc, O3 (x=0-0.10) estimated from Fig. 2. As a reference, the ac-
tivation energy from the electrical conductivity is also shown.
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Fig. 5. O ls XAS spectra of SrCe; _,Yb,O5 (x=0, 0.05). Thick
lines show the O 1s XAS spectra in the band gap energy region on
an expanded scale. Arrow shows the top of the valence band.
Vertical lines show the position of the Fermi level (Ef).

of both hole and defect that formed above the solu-
bility limit, though the reason has not been clarified
thus far.

Fig. 5 shows the O 1s XAS spectra of SrCe; _
Yb,0;. A feature around 532 eV is mainly composed
of the unoccupied Ce 4f states hybridized with O 2p
state because the O ls XAS spectra of SrCeO;
correspond to transitions into unoccupied O 2p states
hybridized into the unoccupied Ce 4f states. The in-
tensity below the threshold is expanded 10 times and
is shown by the thick line above the XAS spectrum in
order to obtain reliable information within the band
gap energy region. The arrow is the top of the valence
band (V.B). The vertical bar is the position of the
Fermi level (Ef).

There is no structure in the band gap of non-doped
SrCeO;. However, several features are observed in
SrCep95Ybg0503. A feature near V.B is assigned to
holes created by Yb doping at the top of the valence
band. This fact has been supported from the absorp-
tion spectra of vacuum ultraviolet region [18]. A small
feature above Ef is assigned to the acceptor-induced
level, since it lies just above Er. On the other hand,
new two features shown by ; and J, are observed in
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the band gap energy region, which are not observed in
SrTiy _ ,Sc,O5 of Fig. 1. The origin of the §; and J,
structures is different from SrTi; _ ,Sc,03, since the
solubility limit of the dopant concentration is x<0.10
in SrCe; _,Yb,O3. Two structures resembling the
above have been also reported in In-doped CaZrO;
[12]. Then, Yamaguchi et al. [12] suggest the presence
of defect-induced O 2p level, which may be a local-
ized state or an ensemble of defect-induced local band
deformed by the presence of an oxygen vacancy,
although the evidence has not been shown. Therefore,
considering that the protonic conductivity of SrCeO;
is higher than that of SrTiOj;, the nature of the defect-
induced structure would be one of the most important
subjects for the mechanism of protonic conduction.

4. Conclusion

We have studied the electronic structure in the band
gap energy region of SrTi; _,Sc,O; and SrCe; _,
Yb,O5 using XAS. The O 1s XAS spectra of SrTi; _ .
Sc, 03 and SrCe; _ . Yb, O3 show two features, which
correspond to hole at the top of the valence band and
the acceptor-induced level at near Ef. Furthermore, the
O 1s XAS spectra of SrCe; _ ,Yb, O3 show two defect-
induced features, which are not observed in those of
SrTil —x SCXO3.
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