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Photoluminescence in yttria-stabilized zirconia of aging effects
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Photoluminescence properties are studied on yttria-stabilized zir€68id samples aged up to 1000 h at

the temperature of 1073 K where the aging-induced decrease in conductivity is reported. Multiple peaks are
observed under irradiation of sub-band-gap light of 3.81 eV by a He-Cd laser. Their intensities depend on aging
time, and the aging-time developments of the intensities are characterized by two regions. One of these time
regions exhibits large deviation and deformation of the aging-time behavior. The deformation is observed at the
region of the first few hundred hours of aging for 8 and 10YSZ. The time region with deformation coincides
with that of the main decrease in conductivity. The other time region without deformation contains two types
of mutually complementary behavior for 8YSZ or exhibits slow and smaller change in the intensities for
10YSZ.

DOI: 10.1103/PhysRevB.71.064111 PACS nun®er78.55.Hx, 72.20~i

[. INTRODUCTION about change in the localized band-gap electronic states. A
recent study by Petrikt al® made a detailed investigation on
The solid oxide fuel cel(SOFQ has been a subject of the PL bands of the band-gap states which were assigned to
active research because of its advantages over other futdose fromF-, F,-, and Faa-type center$;!! although it is
cells: it is free from electrolyte-management problems as itimited to the 9.5YSZ samples without aging and the mea-
utilizes a true solid electrolyte; it can take advantage of thesurements over 120 K. These assignments were based on the
internal conversion of hydrocarbon fuels; and it has a highstructure models for the oxide ion vacancies in YSZ pro-
overall thermal efficiency owing to the high operating posed in a series of EXAFS studi®sThe models were
temperaturé.Yttria (Y,05) stabilized zirconidZrO,) (YSZ)  fourfold-coordinated oxide ion vacancies whose nearest
is the most frequently used electrolyte in the SOFC becauseeighbors were 2t ions only (F-type), substituted by an
of its physical properties, availability, and csAmong all,  Y3* ion (Fatype and substituted by two ¥ ions
YSZ has high ionic conductivity at the operating temperature(Faa-type). Ab initio electronic-structure calculations should
of 800—1000 °C(1073—-1273 K Nevertheless, it suffers a give insight into these defect structures and their localized
conductivity decrease with aging at this temperature. For exelectronic structures, but even the precise prediction of the
ample, in 8YSZ (8 mol. %-yttria-doped zirconia; band-gap energy is still difficult at presétit is also diffi-
x mol. %-yttria-doped zirconia is abbreviated»>SZ here-  cult for theab initio calculations to predict the defect struc-
aften and 10YSZ, the dopant concentration of which is closetures because of the strong dependence on the sample shape
to that of the highest conductivity, up to 20% of the decreasend size in YSZ2#
in conductivity is observed within the first few hundred There are also studies by more advanced spectroscopy on
hours of aging at the temperature of 1073 Ks an oxide- the samples without aging-*’ A small amount of an addi-
ion conductor, the ionic conduction in YSZ is determined bytional rare-earth ion is doped in many of these studies as a
migration of oxygen ion vacancitsvhich are introduced probe. Such an ion, which is expected to substitute for the
with yttria doping. One of the present authors made an inY3* ion without any effect, modifies the ionic conduction,
vestigation into the aging-induced change in the local struchowever it is similar to the ¥* ion in size and valence state.
tures of the oxide vacancies through structural studies byhe most dramatic case is YSZ with scantBa,05) doping,
means of x-ray diffractiofXRD), high-resolution transmis- where the aging effect can be suppressed with its high con-
sion electron microscop¢TEM), extended x-ray absorption ductivity retained® The suppression is also observed for
fine  structure (EXAFS), and internal friction In,O5-doped YSZ, even though the conductivity is partially
measurements>~’ dropped-®
On the other hand, studies on the electronic states in the As summarized in Ref. 5, several explanations have been
band gap(band-gap state¢of the vacancies through photo- proposed for the aging-induced decrease in conductivity. One
luminescencéPL) measurement have been m&dehich are  of those explanations is the trapping of oxide ion vacancies
based on the accumulated knowledge on the color centers tdward dopant ¥* cations as the aging progresses. The de-
anion vacancies including those of oxidelinfortunately, crease in conductivity through vacancy trapping by cations
these studies do not concern change in the local structures bés also been proposed to be a model to explain the conduc-
the oxide vacancies induced by aging in Y8Zyhich brings tivity drop in the higher dopant cation concentration. Never-
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theless, favorable distribution of the vacancies in equilib-aging-time progress of the lattice distortion on the spectra
rium, which must be crucial in the “trapping” process within based on the model.
the model, has not been determined to be close 6 @r

3+ . . B
Y**, both in experimental and calculational app_roa@ﬁéé. Il EXPERIMENTAL DETAILS
Not only EXAFS and quasielastic light scatterif@ELS
experiments, but also molecular-dynami4D) simulations Polycrystalline samples were commercially obtained from

cannot determine wherein lies the equilibrium favorable lo-Nikkato for 3YSZ, 6YSZ, and 8YSZ, and from Daiichi Ki-
cation of the oxide ion vacancies: the nearest neighbor ofienso for 10YSZ. Chemical analysis results and sintering
Zr*t Y3 or Y3-Y3* pair22-26 Moreover, it was revealed in  conditions were given in a previous stutifhe sample sur-
a previous study that it is rather the relaxation of the anisofaces were mechanically polished and a rectangular surface
tropy of the lattice distortion by redistribution of the vacan- of 4x 22 mn? area was used. Thickness of the samples was
cies, not simple “trapping” of the vacancies, that is respon3 mm. The aging process under 1073 K up to 1000 h was
sible for the aging- and cation-concentration-inducedalso described in a previous pager.
decrease in conductivify. The samples were mounted on the cold head of a closed-
In the present study, we investigate the PL properties o€ycle He-gas refrigerator equipped with optical quartz win-
the YSZ samples aged up to 1000 h at the temperature whet®ws and cooled down to 5.6+0.2 K For the PL study, a
the aging-induced decrease in conductivity is reported. MeaHe-Cd laser[wavelength 325.0 nn(3.81 e\j] was used
surements at the temperature which is lower than the refor excitation. Intensity of the excitation light was 4 mW
ported study by Petrikt al8 reveal a multiple-peak structure (0.51 W cn1?). The incident beam was chopped at 0.3 kHz
of the spectra. We also report the results for the samples dbr lock-in amplification. The emission light was dispersed
lower dopant concentration, 3 and 6YSZ, than those of thédy a monochromator and detected by a photomultiplier. Pho-
conductivity maximum at around 8-9 mol. %. A possible toluminescence excitatiofPLE) spectra were obtained
model is proposed to explain the aging-time development ofhrough excitation by the dispersed light of a 50 Hz pulsed
the spectra, which strongly depends on the progress of aginge-flash lamp with a monochromator. The obtained spectra
and the dopant concentration. We discuss the effects of theas divided by the lamp spectra.
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eV, and 1.86 eV, with errors of 0.01 eV. Evaluated intensities
against the aging time are plotted in Fig. 3. The most intense
peak is 2.22 eV for all samples. The aging-time dependence
of the full width at half maximumFWHM) for the band at
2.22 eV fluctuated about 0.1 eV. Absolute emission intensity
B 7 strongly depends on dopant concentration, as seen in Fig. 4.
Examples of the PLE spectra for the samples before aging
are shown in Fig. 5. All of the presented spectra seem to
= - have strong absorption at above 5 eV. This value corresponds
with the reported band-gap energy due to interband transition
between valence and conduction ba&id$his suggests that
radiative centers for all of these emission bands are those
connected with the localized electronic states in the band gap
and trap photoexcited carriers in the extended electronic
states of the conduction band when photoexcited at more
than 5 eV. The excitation at 3.81 eV by a He-Cd laser should
result in a direct photoexcitation to the localized states. Al-
though the He-Cd laser does not seem to excite at the center
B 7 of the PLE band for the main peak at 2.22 eV, the actual
_ excitation process by the He-Cd laser occurs not as far from
the absorption-band center as it seems in the PLE spectra.
Energy (eV) This will also be discussed later. On the other hand, the
position of the band itself fluctuates between the samples of
FIG. 2. The PL spectrum for 8 YSZ agedrfd h and fit by  different dopant concentrations. The change in the recombi-
Gaussian line-shape functions. The experimental data are shown Ination probability because of the fluctuation as well as the
a solid line and the fit is shown by a broken line. Each Gaussian i@hange in the number of recombination centers which results

Intensity (arb. unit)

1.5 2 2.5 3 35

also shown by a thin solid line. from the increase in the dopant determine the change in the
emission intensity, as will be discussed in the next section.
. RESULTS Therefore, the PL intensity does not increase monotonically

The PL spectra for the aged samples are given in Fig. qrelative to the dopant concentration, as we have seen in

The shapes of the spectra have multiple emission bands 549 4.

typically shown in the 8YSZ data. We need eight Gaussians IV. DISCUSSION

in order to successfully fit the experimental spectra as dem-

onstrated in Fig. 2. The peak positions of the eight Gaussians The reported aging-time dependence of conductivity is
are 3.14 eV, 2.98 eV, 2.85 eV, 2.53 eV, 2.37 eV, 2.22 eV, 2.09iven in Fig. 1b) in Ref. 3. It is noticeable from a compari-
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FIG. 4. The dopant-concentration dependence of the PL spectra

for 3, 6, 8, and 10 YSZ aged for O h. s
Energy (eV)

son between the aging-time-dependent PL intensity in Fig. 3 ———TT—

and conductivity that their aging-time behaviors have a cor- [ 10YSZ53K

relation. For example, 3YSZ, which has a small deviation of [5.056v

the PL intensity for the main peak at 2.22 eV except its early I

stage of aging, shows little decrease in conductivity without [2220v ]

its very beginning of aging, while those which have large
and continuous deviation of the intensity, such as 6YSZ,

show a considerable and constant decrease in conductivity, g 3 i
which is also demonstrated as a continuous and constant £ _gf_mw
progress of the rate of resistivity increase versus square root g £ ]
of time in Fig. 2b) in Ref. 3. More interesting cases are § §

those for 10YSZ and 8YSZ in Fig. 6. In each of the rate of
resistivity increases, the initial significant and constant in- I
crease in the rate versus square root of time diminishes at the M ﬂ_/\/_
square root of 100 and 200 h, respectively, for 8 and 10YSZ.

The aging-time dependence of the PL intensity plotted [suev A oy N\

against the square root of the aging time for 10YSZ in Fig. e ey
6(b) demonstrates that the deviation of the intensity, not only " Enery(eV)  Energy (V)
for the peak at 2.22 eV, concentrates at the first 200 h, which

is shaded in the figure. As for the 8YSZ, it should be noted FIG. 5. The PLE spectra at low temperatures for the emission
that some other peaks show similar aging-time dependend®@nds in(a) 3 and 6 YSZ andb) 8 and 10 YSZ aged fo0 h and

of the PL intensity to that of the main peak at 2.22 @ype  ©€xcited by a Xe-flash lamp.

I: 2.98 eV, 3.14 eV, and another peak shows complementary

. i ) ““cation impurity (Y3*), the complementary behaviors for in-
behavior(type II: 2.53 eV, after the increase rate of resis- tensity increase and decrease after 100 h correspond to the

tivity has partially settled at 100 h. Before 100 h, where the,, ) aqs of trapping the anion vacancy fromt*Zion neigh-
rate increases constantly and considerably, such complemegg,s o the ¥* ion and vice versa. It does not conflict with

tary behavior is distorted with the deviation. the EXAFS results before and after aging obtained by one of
The complementary behaviors explained above can be URne present authofs.

derstood if we follow the assignment of the PL emission The similar time behaviors within type | peaks, also de-
bands in the reported study by Petekal® They assigned scribed above, can then be understood if we follow the con-
the PL at 2.5 eMRef. 28 and another PL at 2.25 eV in their ventional assignment of the PL emission bands for color
measurement to the emission frafatype (F°,F*,...) and  center$!! It typically takes a $-orbital-type state as a
Fa-type oxygen vacanciesF,Fx,...), %1 respectively, ground state and ap23p, ..., or sp® hybrid of 2 and 2
when photoexcited at less than 5 eV. The former type wastates for the fourfold=-type oxygen ion vacancy in this
observed at 2.69 eV in their measurement when excited by ease, as excited states. When the time dependence of the
5.82 eV laser. The assignment of 2.5 eV PLFtdype, which  electron transition probability between the ground and ex-
is an electron-trap aniofoxygen ion vacancy coordinated cited states is small, emission intensity only depends on the
only by normal cations, is based on the study which demonnumber of radiative centers, and multiple emissions which
strates that the direct excitation to the band-gap state yieldsriginate from the same type of centers should exhibit simi-
the PL?2 When we follow their other attribution of the 2.25 lar time behaviors as far as localized states of lower-level
eV PL to the F,-type centers, which is with an adjacent excitations are concerned.
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The above interpretation of the complementarity andated, to the states in the band gap with a Xe-flash lamp at
similarity in the aging-time behavior holds as long as the PLmore than 4.0 eV, while the excitations are limited between
intensity is determined by the number of the radiative centerthe band-gap states when excited with a He-Cd laser as we
Change in the radiative recombination probability because ofchematically illustrated in Fig. 9. Here, we assume that the
strong perturbation on the electronic states should violate nahain peaka in PLE at ~4.4 eV for the emission peak at
only the complementary time behavior between two types2.22 eV is located close to the energy position which is 3.81
but also the similar time behavior in the same type. TheeV above the ground staté within an error of half the
difference in size and anisotropy between the excited eledyandwidth, and we also assume that peakand b (and
tron states wave functions breaks the uniform time developpossiblyc alsg for the emission peak at 2.98 and 3.14 eV
ment of the PL intensities of the same type under such perare not distanced from the position. Then, the peaks for type
turbation. This is the case for the first 100 h in 8YSZ, wherel in the PL emissions are a recombination betw&emand
neither the complementarity nor the similarity is present. Asa,a, or b located as shown in Fig. 9, passing through the
for the 10YSZ in its first 200 h, they are relatively uniformly
deformed. This suggests that the perturbation is large com-
pared with the small unperturbed intensity fluctuations after
200 h, but not large enough to be affected by the difference
between the excited states.

Following the conventional assignment of the ground and
excited states for the PL emission, the effect of the lattice
deformation at the time region, where a large decrease in
conductivity is observed, is interpreted through the time de-
pendence of the PLE spectra. Presented in Fig. 7 are the
examples of change in the first 25 h of aging in 8YSZ. Fits L L
with Gaussians for the main peak at 2.22 eV are also given in 33 é‘m;fev) 5 33 l;_‘m;fev)s
Fig. 8. These PLE peaks are observed at non-negligibly
higher energy than the excitation energy by the He-Cd laser FIG. 7. The PLE spectra for the emission bands at 2.22 eV, 2.53
(3.81 eV}. This is probably because strong excitations occurV, 2.98 eV, and 3.14 eV for the samples ageddt and 25 h. The
from the valence band, where the carriers are more popuabelsa, 8, anda—c correspond to those in Fig. 9.

T T v T
8YSZ25h 58K

U T T T
8YSZOh56K

Intensity (arb. units)
Intensity (arb. units)
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Ground state
Excited state

Energy

Intensity (arb. units)

Configurational
coordinate

FIG. 10. A schematic for the photoexcitation and photoemission
processes illustrated in a configuration-coordinate diagram.

Energy (V)

same order as the bandwidth fluctuation of 0.1 eV for the PL
FIG. 8. The PLE spectra and fits by Gaussian line-shape funcemission bandfluctuation of energy difference betwedn

tions for 8 YSZ aged fo0 h and 25 h. andB) corresponds with the fact that the PL peak positions
(energy difference betweddl andB) do not fluctuate much.
large Stokes shift for the emissiSm similar process is ex- Previous studies on the aging effect through the structural

pected for the type Il peak at 2.53 K, which is also illustratedmethod, such as high-resolution transmission electron mi-
in Fig. 9. Deformation of the time development of the PL croscopy, x-ray diffractometry, and internal friction
intensity at the early stage of aging, other than the fluctuatiomeasuremert® have revealed that the lattice distortion,
due to the recombination-center population, can be undemwhich should deform the electronic structures responsible for
stood as the deformation of the absorption band of thesthe excitation-emission process, do exist and relaxation of its
excited states as typically shown for the bamdn Fig. 8.  anisotropy plays a central role in the conductivity decrease.
After the first 25 h of aging, the band shifts its position by  The samples of these dopant concentrations with high ionic
0.1 eV while its bandwidth does not fluctuate more than 0.0Xkonductivity, especially 8YSZ, do have particularly high in-
eV. This shift changes the radiative recombination probabilternal friction, or large lattice distortion, as already demon-
ity through the change in nonradiative recombination prob-strated and discussed in Refs. 5 and 6. The distortion, which
ability results from the change IAE at C as illustrated in  causes the aging-time-dependent change in the conductivity
Fig. 10. This schematic is a simplification, of course, and noand is proved to exist within 1000 h, reasonably explains the
only the relative position between the ground and the excitegresence of the deformation of the time development of the
states, but also the ground state itself, is modified. Thé°L intensity at the earlier time region for 8 and 10YSZ when
present result that the bandwidth fluctuation for the PLEit is concentrated on the first few hundred hours. With this
band(fluctuation of energy difference betwedhandB’) is  explanation, no contradiction exists between the time range
small while the PLE band shifat A’) is substantial and the of the deformed aging-time development of PL intensity and

Energy (eV) Emission lines Emission line
% Conduction Band [ | /
- 5 [ )
e . ﬁ
b :l x T B
a [} T ] : 1 '
-~43 o — = —r '
1 '
' '
1l :
T ' FIG. 9. A schematic for the
Y : photoexcitation (solid line) and
1 : photoemission (broken ling
L]
: : : v processes.
XX Go
=-1~06 G
L] /
Valence Band /
He-Cd laser  Xe-flash lamp He-Cd laser  Xe-flash lamp
excitation excitation excitation excitation
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that of the main decrease in conductivity as presented in Figon aging time. The developments of their intensities against
6. This means at the same time that the rest of the aging timaging time were characterized by two regions. One region
where the trapping of the anion vacancy is dominant, whictcontains two types of mutually complementary behavior of
is evident in 8YSZ, is of secondary importance to the agingPL intensities against aging time in 8YSZ, and slow and
induced conductivity decrease regardless of whether the tragmaller variation of intensities in 10YSZ. Both of the behav-
ping cation is the host 2t or the dopant ¥*, as the conduc- iors were deformed in the other time region of 8YSZ and
tivity decrease itself is reduced at that time region. 10YSZ and the deformation was observed at the first few
hundred hours of aging. The latter time region coincided
with that of the main decrease in conductivity.

V. CONCLUSION
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