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The luminescence properties and crystalline structure of ZrO,:Eu nanocrystals doped with different con-
centrations of Eu were studied. Luminescence from the Eu®* state was not observed even if the electrons
and holes were created up to ~10'® cm~3; thus it was suggested the Eu®* was not an efficient trap for
electrons possibly due to Eu®* negative charge relative to the crystalline lattice. The mutual interaction
between Eu®* ions was not strong up to 5 at.% concentration. The stabilization of ZrO, tetragonal as well
as cubic structure by Eu®* is possible.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zirconia (ZrO;) is an outstanding material for use in optics - due
to its wide band-gap the material has good transparency, the
refractive index and hardness of material are also high [1]. On
the other hand, the phonon energy of the ZrO, is low and therefore
the luminescence thermal quenching is less efficient than in some
other optical materials.

The luminescence of ZrO, doped with rare earth (RE) ions has
been studied by a number of researchers [2-5]. The luminescence
of Eu" is sensitive to the ion surrounding symmetry; therefore this
luminescence is a probe for the crystal structure. The ZrO, has
three polymorphs - monoclinic, tetragonal and cubic. Only the
monoclinic phase of undoped ZrO, is stable at RT; the tetragonal
and cubic phases are not. However, by incorporation of divalent
and trivalent cationic species such as Mg?*, Ca®*, Y>*, stable tetrag-
onal and cubic phase of ZrO, at RT have been prepared [6]. The
oxygen vacancies incorporated for charge compensation were sug-
gested to be the main agents for tetragonal and cubic structure sta-
bilization [7]. Thus it is possible to study the luminescence of RE
ions incorporated in different crystalline structures with the same
chemical composition. The cationic species added to ZrO, for
tetragonal and cubic phase stabilization (Mg, Ca, and Y) could af-
fect the luminescence of RE ions. The RE ions substitutes Zr*" ions
in ZrO, and since the RE ion is inovalent (the charge state 2+ or 3+),
the oxygen vacancy is involved for charge compensation. Therefore
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it is expected that the ZrO, doped with Eu* could result in tetrag-
onal and cubic phase stabilization.

The luminescence from transitions Dy — ’F; and °Dg — ’F; is
most intense for the Eu* ion and the corresponding luminescence
bands in ZrO, have been described and discussed by several
authors. The luminescence of the Eu* ion in ZrO,:N was studied
by Gutzov and Lerch [8] and differences in Eu emission and excita-
tion were observed for different crystalline structures of ZrO,;
however the low intensity of luminescence did not allow high en-
ough spectral resolution for ascertaining details. The Quan et al. [9]
described results of luminescence ZrO,:Eu synthesized by a spray
pyrolysis and surmised that incorporation of Eu ions up to 10%
did not change ZrO, structure. Contrary to this finding the ZrO,
nanocrystal tetragonal structure stabilization by Eu3* ions was ob-
served [10,11]. The splitting of Eu>* luminescence bands in ZrO,:Eu
was observed [12] after a thermal treatment of the sample. The ori-
gin of splitting observed was supposed to be due to the ground
state spin-orbit splitting and interaction with crystalline field.
The difference in ZrO,:Eu luminescence bands positions was ob-
served for tetragonal and cubic phase samples [13,14]. The study
of luminescence from ZrO,:Eu tetragonal phase [15] revealed that
the luminescence band corresponding to *°Dg — ’F, transition was
centred at 604 nm; the other observed band at 613 nm was as-
cribed to a defect perturbed state. Thus the results of ZrO,:Eu lumi-
nescence study are different, some of them contradict to each
other. Since it is known that luminescence of other RE ions depend
on the ZrO, crystalline structure (e.g. [3]) and the ZrO, tetragonal
as well as the cubic structure can be stabilized by incorporation
of RE ions [4], the study of ZrO, nanocrystals doped with different
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concentration of Eu*>* jons was carried out - to attempt to clarity
the differences observed in the previous studies.

2. Experimental
2.1. Samples

The ZrO, nanocrystals, both Eu** doped (Eu content from
0.1 at.% up to 5 at.%) and yttrium stabilized (Y content 6 at.%) Eu
(0.05 at.%) doped, were used in experiments. An additional sample
containing 10 at.% Eu was prepared for ascertaining the possibility
of ZrO, cubic structure stabilization. The nanocrystals were pro-
duced by the microwave driven hydrothermal method described
in details by Lojkowski et al. [16]. The grain size of nanocrystals
was within 30-40 nm (determined by the BET method) for all sam-
ples after annealing at 750 °C. The energy dispersive X-ray analysis
of samples using equipment Eagle III XPL was prepared for the con-
tent control of Eu and some unexpected impurities. The crystalline
structure of samples was checked by XRD using the X-ray Diffrac-
tometer X'Pert Pro MPD.

2.2. Optical measurements

The measurements of luminescence and FT-IR absorption were
carried out at RT. The measurements of luminescence were pre-
pared using three different excitation sources: (I) YAG laser
FQSS266 (CryLas GmbH) 4th harmonic, 266 nm (4.66 eV), 2 ns
pulses; (II) pulsed electron beam, 270 keV acceleration voltage,
flux 4 x 10'2 el/cm?, 10 ns pulses; (I1I) optical parametric oscillator
(OPO) of type NT342/3UV (EXPLA). The samples for luminescent
measurements were lightly pressed into small stainless-steel cells,
all the cells have strongly the same size and thus the comparison of
luminescence intensities from the samples was possible. The lumi-
nescence spectra were recorded using the Andor Shamrock B-303i
spectrograph (spectral resolution ~0.1 nm) equipped with a CCD
camera (Andor DU-401A-BV) at exit port. The equipment has the
capability to record spectra using a variable width time gate at
the different delay relative to excitation pulse. Therefore the lumi-
nescence spectra at different delay times were recorded. The decay
kinetics of luminescence were measured using a photon counting
head H8259-02 (HAMAMATSU) and a P7887 counting board (Fast
ComTec GmbH) with minimal time bin 0.25 ns. The time resolution
of the system was 2 ns without using the deconvolution and it was
limited by descending part of excitation pulse. The monochroma-
tor MDR-2 (LOMO, Russia) and PMT were used for the registration
of luminescence excited by a pulsed electron beam. The output sig-
nal from PMT was displayed on the digital oscilloscope TDS 5052B
(TEKTRONIX). The time resolution of this registration system was
12 ns.

The ZrO,:Eu nanocrystalline powder was dispersed in the
potassium bromine powder and the pellets were pressed from this
powder mixture for IR measurements. The IR absorption spectra of
pellets were measured using the FT-IR spectrograph EQUINOX 55
(Bruker GmbH).

3. Results and discussion

The actual content of Eu in the samples was estimated with en-
ergy dispersive X-ray analysis. Results for samples studied were
collected in Table 1. These results showed that the main dopant
is Eu in ZrO,:Eu nanocrystals and the content of unexpected impu-
rities is significantly less than that of Eu. The exception was Y sta-
bilized sample - in this sample the Y content was much larger than
that of Eu.

Table 1
The Eu content in the samples.

Composition Eu (at.%) Y (at.%) Mentioned in

the text as
Zr0,:Eu,03 0.19 0 ZrO,:Eu containing 0.1% Eu
Zr0,:Eu,03 0.51 0 Zr0;:Eu containing 0.5% Eu
Zr0,:Eu,03 0.72 0
Zr0,:Eu,03 1.06 0
Zr0;:Eu,03 1.75 0
Zr05:Eu,03 4.54 0 ZrO,:Eu containing 5% Eu
Zr0,:Eu,03 10 0 ZrO,:Eu containing 10% Eu
Zr0,:Y,03:Eu,03 0.05 6 Y stabilized ZrO,Eu containing

0.05% Eu

The incorporation of Eu3* in ZrO, is expected; however, under
some kind of excitation the electron could be trapped by Eu®*
and anticipate that the Eu?* excited state was formed. Since it is
well known that the Eu?" luminescence is within 390-520 nm
range this region was monitored under two kinds of excitation:
(I) selective using OPO for the excitation scanning within 220-
300 nm with the step 1 nm; (II) non-selective using electron beam
pulses. The second kind of excitation led to the creation of elec-
trons and holes, the estimated density of charge carriers was close
to 10'® cm~3. The range of expected Eu?* luminescence overlaps
with ZrO, intrinsic defects luminescence. These two kinds of lumi-
nescence can be separated using the time resolved technique since
the Eu?* luminescence decay is within microseconds [17,18],
whereas ZrO, luminescence decay does not exceed 50 ns [19].
The luminescence of Eu?* was not detected under both kinds of
excitation even for sample containing 10 at.% Eu. It was concluded
that the trapping of the electron by Eu®>* and formation of the Eu®*
excited state in ZrO,:Eu is not efficient. This result coincides with
conclusion made by Dorenbos [20] that the Eu?* is never stable
on trivalent RE site. The possible reason why the Eu?" was not
formed in the ZrO, is that the Eu>* has a negative charge relative
to the ZrO, lattice and therefore the probability of electron trap-
ping could be negligible. The luminescence of the ZrO, intrinsic de-
fects as well as Eu®* was observed in our experiments under both
kinds of excitation. The YAG laser was used for excitation in the
experiments described below carried out for the study of ZrO,:Eu
containing different amounts of Eu.

The charge transfer band of ZrO,:Eu peaks within a 240-250 nm
range [21] and a long wave tail of this band extends until 280 nm.
Therefore the YAG laser 4th harmonic (266 nm or 4.66 eV) excited
the Eu luminescence via charge transfer process. The luminescence
spectra shown in Fig. 1a curve (1) were recorded within a 32 ns
time gate without delay and curve (2) with 32 ns delay relative
to the excitation pulse for the sample containing the Eu of (5 at.%).

The luminescence spectrum recorded without any delay
showed one broad luminescence band peaking at ~445 nm. This
band is due to the ZrO, intrinsic defects and the decay of this
luminescence was fast - after 32 ns delay this band was not detect-
able (Fig. 1a). The luminescence band position and its decay time
correspond to intrinsic defects (related to oxygen vacancies)
luminescence. The enhancement of Eu concentration led to the
suppression of intrinsic defects luminescence. The peculiarities of
the intrinsic defects luminescence were discussed elsewhere
[22]. The weak intensity and poor resolved luminescence bands
in the delayed spectrum (in the oval in Fig. 1a) were from Eu>* ions.
The bands mentioned were due to °Dg — 7F;(j =1, 2, 3) transitions,
all to be partially forbidden; therefore the decay time of this lumi-
nescence was relative long and the spectrum could be recorded
using the wide time gate (32 ps), thus improve the noise to signal
relation and get a better spectral resolution (Fig. 1b). The more in-
tense bands correspond to the Dy — ’F; (magnetic dipole) and
5Dy — ’F, (electric dipole) transitions, corresponding bands usually
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Fig. 1. Luminescence spectra of ZrO,:Eu 5 at.%. (a) Recorded within 32 ns time gate,
1 - without delay, 2 - at 32 ns delay relative o excitation pulse; (b) 32 ns delay
relative to the excitation pulse recorded within 32 ms gate.

peaks at 570-600 nm and 600-640 nm. The much weaker lumi-
nescence comes from °Dy — ’F; transitions peaking at 640-
660 nm region The luminescence from °Dy — ’F, transition in
monoclinic ZrO, split in three bands, these bands is associated with
lower local symmetry of Eu* [12]. In order to ascertain the lumi-
nescence intensity dependence on the Eu>* concentration, the
intensity of luminescence at 614 nm (measurements at 614 nm in-
stead of 613 was made to reduce overlapping from 607 band) was
measured for ZrO,:Eu samples with different Eu contents within
the range of 0.1-5 at.% (Fig. 2a). Similar luminescence intensity
dependence from Eu concentration is for bands 620-640 nm, be-
cause these bands have the same origin as for band peaking at
613 nm. The luminescence intensity measured at this wavelengths
tend to saturate above 2 at.% (Fig. 3).

However, the luminescence spectra for these samples were dif-
ferent - for samples containing Eu above 1 at.% the additional
luminescence band centred at 607 nm appears (Fig. 2a). A similar
band peaking within 605-607 nm range was described in
[9,12,23] where it was also concluded that this band corresponds
to the Dy — 7F, transition. The intensity of this band became
most intense at Eu content of 5 at.% (Fig. 2a).

Therefore it was assumed that better characteristic for the lumi-
nescence intensity dependence on concentration can be the light
sum of Dy — F, transitions peaks in different surroundings. This
light sum is proportional to the area under 607 and 613 nm bands.
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Fig. 2. Luminescence spectra of ZrO, containing different concentration of Eu; (a)
the band peaking at 607 nm was resolved for samples containing Eu above 1 at.%;
(b) the luminescence spectrum of Y stabilized ZrO,Eu containing 0.05% Eu, the
luminescence band peaking at 607 nm is dominant.

The area was determined as an integral of spectrum over 600-
640 nm range. This integral intensity of luminescence did not
showed saturation even up to 5 at.% of Eu content (Fig. 3) indicat-
ing that the mutual interaction between Eu®* jons in ZrO, is week
and the concentration quenching of luminescence was not notice-
able for this concentration. The concentration quenching is ex-
pected to be at ~10 at.% Eu. The two luminescence bands for the
same electron transition in Eu®* is evidence that ion was incorpo-
rated in two different symmetry sites. The probability of °Dy — “F,
(electric dipole) transition strongly depends on the Eu3* surround-
ing symmetry, whereas probability of Dy — ’F; (magnetic dipole)
transition is nearly independent of the Eu®' surrounding
symmetry. Therefore the relation of luminescence intensities of
corresponding bands (Iey.dip./Imagn.dip.) is the Eu?* surrounding sym-
metry characteristics. This relation is known as the asymmetry ra-
tio [13] and the larger asymmetry ratio is for lower surrounding
symmetry of Eu>*. The values was estimated calculating integral
light sum from 570 to 600 nm for magnetic dipole transition and
light sum from 600 to 640 nm for electric dipole transition, the
asymmetry ratio are 2.7 and 2.2 for samples containing 0.1 and
5at.% Eu respectively. Hence, the Eu®* surrounding symmetry
was higher for sample containing 5 at.% Eu, than in sample doped
with 0.1 at.% Eu. The asymmetry ratio of this sample was compared
with that for the Y stabilized and the Eu doped tetragonal phase
Z10.94Y0.0602:Eu nanocrystals containing 0.05 at.% Eu. The lumines-
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Fig. 4. Luminescence decay kinetics for sample with 5 at.% Eu, the decay of 607 nm
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cence spectrum of this sample is in Fig. 3b and the estimated asym-
metry factor is 1.3. Another parameter sensitive to the symmetry is
Eu?* luminescence decay time. Luminescence decay measured in
the band peaking at 607 nm was slower than for 613 nm band
(Fig. 4). This is additional evidence that the Eu** surrounding sym-
metry is higher for the sample containing 5 at.% Eu.

Therefore from the results it is suggested that the symmetry is
higher for heavily doped ZrO,:Eu nanocrystals, because these
nanocrystals have the tetragonal or even cubic crystalline struc-
ture. This suggestion was checked by XRD analysis. The XRD pat-
terns (Fig. 5) clearly showed that the sample containing 0.1 at.%
Eu was monoclinic and the sample containing 5 at.% Eu was a mix-
ture from tetragonal and monoclinic phase nanocrystals.

The conclusion ascertained that both luminescence bands - at
613 nm and at 607 nm correspond to Dy — ’F, transition in Eu®*
ion, the first one in the monoclinic phase and the second one in
the tetragonal and also cubic phase ZrO,:Eu nanocrystals. This re-
sult is in agreement with that described in [13]. The results of XRD
experiments shows that the Eu>* can stabilize the ZrO, tetragonal
and cubic phases. The XRD for the sample containing large
amounts (10 at.%) of Eu was quite similar to that for the sample
(5at%) with ZrO, monoclinic and tetragonal phase mixture
(Fig. 5). It should be noted that the XRD reflex peaks of the tetrag-
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Fig. 5. XRD patterns for samples ZrO,:Eu containing 0.1 at.% Eu (sample with
dominant monoclinic phase); 5 at.% Eu (tetragonal with admixture of monoclinic
sample); 10 at.% Eu (sample with dominant cubic phase).
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Fig. 6. The FT-IR absorption spectra for samples ZrO,:Eu containing 0.1; 0.5 and
10 at.% Eu.

onal and cubic phase ZrO, seems similar, however some differ-
ences are present. The peak position and peak intensities for
tetragonal and cubic phase ZrO, differs, therefore it is possible to
estimate, that the ZrO,:Eu sample containing 10 at.% Eu (Fig. 5) is
cubic, and Eu stabilizes ZrO, cubic phase. The etalons with refer-
ences 01-080-2155 and 01-081-1551 [24] were used to determine
the tetragonal and cubic phases.

It is known the phonon energies are different for monoclinic,
tetragonal and cubic phase ZrO, and that the IR absorption spectra
are different also, however the bands in IR spectra for tetragonal
and cubic phase ZrO, were poor resolved [23]. The IR absorption
spectra were displayed in Fig. 6 for the three ZrO,:Eu samples con-
taining 0.1 at.% (monoclinic), 5 at.% (tetragonal) and 10 at.% Eu. The
spectrum of monoclinic phase ZrO,:Eu showed four absorption
bands at 418, 505, 575 and 754 cm!. The tetragonal phase ZrO,
spectrum reveals two broad and poor resolved absorption bands
at 459 and 470 cm ! [23], in the spectrum of the sample ZrO,:Eu
containing 5 at.% Eu we cannot bring out these bands clearly. An
additional band at ~600 cm™! indicates that admixture of cubic
phase is possible, however the XRD data indicate that tetragonal
phase is. The sample containing 10 at.% Eu showed similar to that
for 5 at% Eu - one very broad band extending within 400-750 cm™!
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and peaking at ~600 cm~ . The absorption spectra shapes are sim-
ilar to those described in [23] and the FT-IR spectrum of sample
containing 10 at.% Eu corresponds well to the cubic phase ZrO,.
The luminescence spectrum of this sample is at Fig. 7, the band cor-
responding to the Dy — ’F, transition in Eu®* ion peaks at 607 nm.

Thus the luminescence spectrum is similar to that of tetragonal
structure sample. The similarity of Eu*>* luminescence in tetragonal
and cubic phase ZrO, could be not exception since the same was
observed for Dy>* ion by Fu et al. [25]. The luminescence band
peaking at 607 nm was observed in the ZrO,:Eu cubic structure
thin films [26] also. Therefore, it is possible that the Eu>* lumines-
cence spectra were similar for both tetragonal and cubic ZrO,
structures. Hence, the Eu®" is a luminescence centre and can stabi-
lize the tetragonal as well as the cubic structure of ZrO,. The stabil-
ization of the cubic structure will be of interest since it is generally
known that cubic structure nano- and micro-crystals are the most
appropriate for the transparent ceramics sintering. Therefore, the
cubic structure ZrO,:Eu nanocrystals could be a raw material for
making the transparent ceramics with efficient luminescence
properties.

4. Conclusions

The Eu in ZrO, incorporates in the trivalent state; the lumines-
cence of Eu?" was not observed even under powerful pulsed elec-
tron beam irradiation. The Iluminescence integral intensity
dependence on Eu concentration showed that mutual interaction
between the Eu®* ions is weak in ZrO, nanocrystals up to a 5 at.%
concentration where the aggregation of dopant ions did not take
place. The position of a luminescence band corresponding to the
>Dg - ’F, transition in the Eu®* jon peaks at ~613 nm for the

monoclinic phase and ~607 nm for the tetragonal and cubic phase
ZrO,. The monoclinic phase ZrO,:Eu nanocrystals were dominant
up to 1 at.% dopant concentration, at larger concentrations there
is a tetragonal phase nanocrystals admixture. The XRD data and
FT-IR spectra are strong evidences that Eu>* jon change structure
of ZrO, nanocrystals; at the same time the Eu>* ion is also the lumi-
nescence centre and with structural changes the luminescence
spectra changes. High concentration of Eu leads to stabilization
of cubic phase of nanocrystalline ZrO,, prepared by microwave dri-
ven hydrothermal method.
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