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The results of calculations of the electronic band structure and experimental studies of
zirconia (ZrO,) pure and doped with fluorine, fluorine/europium and fluorine/yttrium are
reported. The incorporation of fluorine into polycrystalline zirconia was achieved by solid
state synthesis. The studied powders were characterized by scanning electron microscopy,
powder X-ray diffraction and luminescent spectroscopy. The samples were the mixture of
the monoclinic and cubic zirconia polymorphs with a particle size distribution within
50—200 nm. Under excitation with 8395 nm at T = 77 K, all the samples revealed intensive
wideband host luminescence attributed to the F* and FO luminescence centers. Zirconium
dioxide doped with europium demonstrates a linear red emission of the Eu3' ions in
addition to the host photoluminescence. In the case of samples co-doped with fluorine and
europium the emission intensity of the Eu3* ions increased by about 8 times as compared
to the ZrO,:Eu sample. The effect of fluorine on structural and optical properties of
zirconia was discussed taking into account experimental data and results of calculations.
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CrpykrypHi Ta mominecnenTHi BaacTueocri Hamomopomkis ZrO,:Eu ra ZrO,Y, coisie-
roBaHux ¢ropoMm. B.Yopuiii, B.Boiiko, C.I.Hedinvko, I1.Tecenvio, K.Tepebinenro, M.Cnobo-
0anux, B.IIpoxoneuyw, B.Illenydvro, O.I'omeniok

HaBesmeHo pesysbTaTH PO3PaxXyHKY eJeKTPOHHOI CTPYKTYPU Ta €KCIepUMEeHTAJLHUX
Jocrimxens giokcupy nupkoxio (ZrO,) ax “"umeroro”, Taxk i Jeromamoro ¢@ropom i
eBponiem Ta propoMm i iTpiem. BBemenua (gpropy no MOJIKPUCTAIIYHOTO AIOKCUIY IIUPKO-
Hifo 1 OyJl0O BUKOHAHO HIIAXOM TBepmodasHoro cuHTesdy. OmeprKaHi MOPOIMIKYU JOCIiIKeHO
MeTOaMU CKaHYIOUOol eJeKTPOHHOI MiKkpockomnii, mopomkoBoi peHTreHiBcbkoi paudparirii
Ta JIIOMiHECIIEHTHOI cIeKTpocKomii. 3pasKku € CyMIiIIIIio MOHOKJIHHOTO Ta KyOiuHOTO
IUPKOHiI0O 3 posmMipom uacTuHOoK y Mexkax 50—200 mm. Bei spasku npu 306ymxenHHi
395 HM 1 Temmeparypi 77 K BUABJAIOTH iHTEHCUBHY IIMPOKOCMYTOBY JIOMiHeCIeHIIiio
MaTpuIi, BigHeceny mo FT i FO IeHTPiB cBiueHHA. 3pasKM AiOKCUIY IIUPKOHiIO, JeroBaHi
eBponieM, okpim ¢oronomMiHecrennii Marpuii, BUABUJIMN JiHifiuaTe uyepBoHe CBiueHHA
iomis Eud*. Hnsa 8paskiB, cmiBieroBaHux (TopoM Ta €BpONi€eM, iHTEHCUBHICTH CBiUeHHSA
iomie Eu®* spocsa mpumbamsuo y 8 pasiB y HOpiBHAHHI 3 BHIAZKOM ZrOz:Eu3+. Bnuius
dTOpy HA CTPYKTYPY Ta OITHUUYHI BJIACTHBOCTI AIOKCHAY IIUPKOHiI0O OGrOBOPEHO 3 €KCIIepPHU-
MEHTAJbHUMHU AAHUMU Ta Pe3yJbTaTaAMH PO3PaXyHKIiB.
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Coob1IaioTca pesyJsbTaThl pacueTa 9JeKTPOHHOI CTPYKTYPHI U JKCIIEPUMEHTAJIbHBIX WC-
clefoBaHU#t Auokcuga nupkonua (ZrO,) Kak "dmcTOTO”, TAK U JIETHPOBAHHOTO ()TOpPOM,
¢dTopoM u eBpommeM, (PTOPOM U UTTpPUeM. BBezeHme ()TOpa B MOJMKPUCTANINYECKUU AVOK-
cUuJ MUPKOHUSA BBITIOJHEHO IIyTeM TBepaodasHoro cuHTeda. IloyueHHBIE TOPOIIKU UCCIENO-
BaHBI METOJaMU CKaHUDPYIOIIell 5JIeKTPOHHOU MUKPOCKOIINM, OPONIKOBOII DPEHTTEeHOBCKOI
Iudpaknuu 1 JIOMUHECIHEeHTHOI cneKTpockonuu. OOpasibl IpeACTaBIAAIOT co0oil cMech Mo-
HOKJIMHHOTO U KYyOMUECKOro IUPKOHUA ¢ pasdMepoM uacTtull B npezpesax 50—200 um. Bo Bcex
oOpasuax npu BosOy:kaeHUn 395 HM u Temuepatype 77 K obHapy:KeHa WHTEHCUBHAS LIUPO-
KOIIOJIOCHAS JIOMIHECIeHIIA MaTpuisl, mpunucanas FT u FO mentpam cBeuenus. OGpasibl
OIUOKCHUIA LIUPKOHUSA, JETrMPOBAHHOTO €BpOINEM, KpoMe (OTOJIOMUHECIEHIINN MAaTPUILHI,
UMeIoT JuHeHuaToe KpacHoe ceueHue noHOB EuSt. st 00pasioB, JIETHPOBAHHBIX (hTOpOM 1
eBPOIIIeM, NHTEHCHBHOCTh CBeUeHHs MOoHOB Eu®* BEIpocia mpuMepHO B 8 pas B CPABHEHUH C

o0Opasiom ZrOz:Eu3+

. Briuanwve (¢ropa Ha CTPYKTYpYy U ONTUYECKUE CBOMCTBA JUOKCHUJA ITUD-

KOHUA o6cym,11a10'r0ﬂ C 9KCIIEpUMEHTaJbHBIMU JaHHBIMU U pe3yJjibTaTaMMu pacyeToOB.

1. Introduction

Energy efficiency of the devices is one of
the key problems of modern engineering
that determines the main trends in materi-
als science. Recently, great attention has
been paid to elaboration of phosphor-con-
verting white light emitting diodes (pc-
WLED) as energy effective devices for
solid-state lighting and display applications
[1, 2]. Important component of the pe-
WLED is a phosphor, which must have high
luminescence intensity and at the same time
be resistant to water, temperature vari-
ation, intensive light fluxes, etc. All the
mentioned conditions are satisfied by oxide
compounds doped with rare-earth (RE) ions.
Zirconia (zirconium dioxide, ZrO,) has been
intensively studied among oxide phosphors
as a multifunctional material with good
physical properties, in particular, lumines-
cent ones [8-5]. It is known that ZrO, re-
veals intrinsic host photoluminescence (PL)
in the visible spectral range and up to eight
bands can be distinguished in emission spec-
tra of un-doped zirconia [6]. These PL bands
of zirconia have been attributed to so-called
F-centers (e.g. FO, F* and F,) centers
formed at oxygen vacancies [7—10]. Doping
with Eud* ions improves the luminescence
properties of polycrystalline ZrO, as red
phosphor for WLED applications [11]. Eu3*
ions replace zirconium cations in the lattice
and affect the structure and properties of
ZrO,. Consequently, intensity of the Eu3*
luminescence in the zirconia host depends
on various factors: type of the crystalline
phase, size of crystallites, dopants concen-
tration, temperature, etc. [12—-15]. It is im-
portant to note that the substitution in the
anionic sublattice of zirconium dioxide is
less studied than in the cationic one. The
majority of studies of anion-substituted lu-
minescent oxide materials have been de-
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voted to doping with nitrogen leading to the
formation of oxynitrides [16—20]. Among
other examples of anionic substitution there
are few reports dealing with the effect of
chlorine and sulfur on luminescence proper-
ties of zirconia [21, 22]. As for the fluorine
effect on luminescence of oxides, the major-
ity of reports have been focused on oxy-
fluorides, where fluorine ions are located in
regular sites within the crystal structure
(e.g. [28, 24]).

Recently, it has been shown that co-dop-
ing with europium and fluorine signifi-
cantly improves characteristics of red lumi-
nescence of the Eu3* ions in nanocrystalline
zirconia [25]. The highest PL intensity was
observed for the samples doped with
0.5 mol. % of Eu3* and co-doped with 8 %
of fluorine. Various mechanisms have been
discussed as possible reasons of the effects
noted above, but due to the lack of experi-
mental and theoretical data the mechanisms
of fluorine the on influence luminescence of
Eu3* ions in ZrO5:Eu,F compounds have not
yet been clarified. It is important to note
that the Eu3* as well as Y3* ions occupy Zr#*
positions in zirconia host by the aliovalent
substitution mechanism. The difference in
the charge and radius between these ions
and Zr** ions leads to the formation of oxy-
gen vacancies in the ZrO, lattice. There are
some assumptions about the role of oxygen
vacancies and the effect of fluorine doping
on the luminescence centers formed on their
basis [25] which require refinement and
confirmation on the basis of experimental
data.

The aim of this study is to investigate
the effect of a fluorine dopant both on elec-
tronic and lattice structures on the basis of
luminescence properties un-doped (ZrO,:Eu)
and Eu3* doped zirconia (ZrO,:Eu). Samples
of zirconium dioxide doped with yttrium
and fluorine (ZrO,:F/Y) were studied as
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model objects in which the triply charged
dopant Y3* does not participate directly in
optical processes, but, as in the case of
Eu3*, promotes the formation of oxygen va-
cancies and, as a consequence, causes some
structural changes in the crystal lattice of
zirconium dioxide. Luminescent properties
were measured for the samples cooled to a
temperature of 77 K. It is known that a
decrease in temperature leads to a decrease
in the electron-vibration interaction in the
luminescence centers and the transfer of ex-
citation energy between them. These proc-
esses could significantly change the results
and conclusions in comparison with our pre-
vious work [25], where the samples were
kept at room temperature.

2. Experimental

A set of samples with the following nomi-
nal compositions: pure ZrO,, ZrO,:8 %F
(hereafter denoted as Zr(0) and Zr(F), respec-
tively), Zr0,:0.5 %Eu (denoted as Zr(Eu)),
Z2r05:0.5 %Eu/8 %F (denoted as Zr(F/Eu) and
Zr05:8 %F/2 %Y (denoted as Zr(F/Y) was ob-
tained by a solid state method under the same
synthesis conditions. The details of prepara-
tion of Zr(Eu) and Zr(F/Eu) ceramics can be
found in [25]. The samples of Zr(0), Zr(F) and
Zr(F/Y) were synthesized in the following way.
A stoichiometric mixture of ZrO(NQO;),-2H,0,
Y503, and ZrF, was calcined at 723 K to de-
compose the first ingredient, and then gradu-
ally heated to 973, 1073, 1173, and 1273 K,
holding for 6 h at each temperature with in-
termediate grinding. The final products were
white polycrystalline powders. The X-ray pow-
der diffraction was used to check the phase
composition of the prepared samples. X-ray dif-
fraction patterns were obtained using a con-
ventional powder diffractometer Siemens D500
operating in Bragg-Brentano (6/20) geome-
try using a Ni B-filter in CuK, radiation.

Scanning electron-microscopic (SEM) im-
ages of the powders coated with gold were
obtained at a JEOL JSM 6060 LV instru-
ment; these images were used to analyze
morphology and sizes of the crystalline par-
ticles of the samples.

The electronic structure of the crystals
was analyzed using theoretical calculations
made with the WIEN2k program package
[26], in which the method of full-potential
linear-augmented-plane-wave was imple-
mented within the framework of density
functional theory (DFT). The crystal struc-
ture parameters reported in [27] were used
for calculation of the electronic band struc-
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ture of perfect monoclinic zirconia. Calcula-
tions for monoclinic zirconia doped with
fluorine, fluorine-europium and fluorine-yt-
trium were performed in the super-cell ap-
proach, using of 2 cells along the x direc-
tion (this super-cell contains 8 zirconium
atoms and 16 oxygen atoms). In the case of
a single fluorine impurity, one oxygen atom
in the regular site was replaced by fluorine
and the system under study can be named
ZrgO4sF. The zirconium atom was replaced
by either a europium or yttrium atom for
the case of a crystal with fluorine- euro-
pium and fluorine-yttrium dopants. Calcula-
tions of the electronic band structure were
performed for geometry optimized super-
cells. The energy band gap values for all the
calculations are underestimated, that is a
property of DTF calculations [28], but we
decided to present the partial densities of
electronic states (PDOS) as they have been
obtained, without any correction, since this
problem is not very important for this
study.

The specific features of the transitions
of excitation and emission were revealed
from the spectral data of photoluminescence
and luminescence excitation. The PL study
of the samples at a temperature of 77 K
was carried out under excitations by the
light of UV and visible ranges using a DFS-
12 spectral complex. An arc Xenon lamp
(1500 W) was used together with a DMR-4
monochromator as an exciting light source.
All the spectra were corrected according to
the response of the registering system.

3. Results and discussion

Our earlier study has shown that
Z2r05:0.5 %Eu/8 %F reveals the most inten-
sive luminescence among Zr0,:0.5 % Eu/xF
samples [25]. It is known, that an increase
in the amounts of both Eu,O; and Y,O4
increases the contribution of the highly
symmetric zirconia crystal phase in com-
parison to monoclinic one, but the amount
of the highly symmetric phase increases
more significantly for the case of the Eu,O4
dopant. For instance, ZrO, doped with
2 mol. % of Eu,03 contains a tetragonal
phase fraction of about 30 % with an aver-
age grain size of 0.35 um [29], while for
ZrO, doped with Y,03, the same tetragonal
phase content is obtained for ZrO, doped
with 8 mol. % of Y,05. The average grain
size is about 0.5 um for the composition
discussed above [30]. For the samples under
study, the combined substitution with fluo-
rine and yttrium oxide has a similar effect
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Fig. 1. SEM images of Zr(F/Y) (a) and Zr(F/Eu) samples (b).

on morphology, shape and particle size in
the case of samples Zr0,:0.5 %Eu/8 %F
and Zr0O,:2 %Y 8 %F (denoted above as
Zr(F1Y).

In fact, the results of SEM measure-
ments showed that Zr(F,Eu) and Zr(F/Y) pow-
ders consist of agglomerates of nanosized
particles with the same shape and sizes for
both compositions (Fig. 3). The particle size
distribution ranges from 50 to 200 nm both
for Zr(F/Eu) and Zr(F/Y) (Fig. 1).

The results of the XRD study confirm an
assumption about the phase composition.
The XRD patterns for all studied samples
and standards for monoclinic and cubic zir-
conia are shown in the Fig. 2. It is known
that highly symmetric tetragonal and cubic
zirconia structures are similar providing
the same XRD patterns. Therefore, only one
standard is used in Fig. 2 for comparison
with experimental patterns.

It can be seen that Zr(0) and Zr(F) sam-
ples are pure monoclinic phases of zirconia
(Fig. 2, curves I and 2). The europium- and
yttrium-containing samples (Zr(F/Eu)) and
Zr(F/Y) are mixtures of monoclinic and cubic
phases with the similar ratio of the phases
(Fig. 2, curves 38 and 4). It is known that
the size of the particles plays an important
role in phase stabilization. Moreover, the
size of particles affects zirconia polymorphs
properties [31, 32]. In particular, mono-
clinic zirconia is not stable in the form of
nanoparticles if the crystallite sizes are
below of 9—20 nm [32]. In order to estimate
the minimal grain sizes of the samples
under study, the well-known Scherrer for-
mula was applied to analyze the XRD data.
Thus, the XRD peaks at 20 = 28.3, 30.3
and 31.6 deg were used for the calculations.
It was found that the smallest grains of
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Fig. 2. XRD patterns of the ZrO, (1), Zr(F)
(2), Zr(Eu) (3), Zr(F/Y) (4) and Zr(F/Eu) (5)
samples. Standards for monoclinic and cubic
zirconia are shown at the top and at the bot-
tom of the figure, respectively.

cubic zirconia (calculated for XRD peak at
30.3 deg) in both samples Zr(F/Y) and
Zr(F/Eu) have size near 27 nm. The smallest
grains of F/monoclinic zirconia in Zr(F/Y)
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and Zr(F/Eu) samples have sizes 34 and
27 nm, respectively. The obtained size val-
ues are quite close to each other, that con-
firms the similarity of the structural prop-
erties of the Zr(F/Y) and Zr(F/Eu) patterns.

The effect of RE and fluorine dopants on
the zirconia electronic structure was calcu-
lated theoretically. For comparative analy-
sis, also the electronic band structure of
perfect zirconia was calculated. The results of
calculations of the partial density of electronic
states (PDOS) are shown in the Fig. 8 only in
the energy range from —6 to 12 eV for the
electronic states of a significant partial density.
The origin of the energy scale was chosen at
the top of the valence band. The positions of
the Fermi level are shown in Fig. 3 for each of
the calculated compositions.

The calculated PDOS curves showed that
the valence band top is mainly formed by O
p states and the conduction band bottom is
mainly formed by Zr d states for all the
studied compositions. The results of the cal-
culations for perfect monoclinic zirconia
and doped with fluorine zirconia are in good
agreement with data of previous works [33—
36]. The states of the fluorine are mostly
located at the deep part of the valence band
for all fluorine doped structures under
study. Yttrium impurity states are repre-
sented by d states which are in the upper
parts of the conduction band in the elec-
tronic structure of fluorine containing zir-
conia. So, there are no defect levels in the
band gap of both zirconia doped with fluo-
rine and zirconia co-doped with yttrium and
fluorine.

As for zirconia crystals doped with euro-
pium ions, their electronic structure is rep-
resented by partially occupied Eu f states
located near the middle of the band gap and
by the un-occupied Eu d states in the upper
part of the conduction band of fluorine-con-
taining zirconium dioxide. Therefore, as in
the case of the Zr8Y crystal, the electronic
structure of the Zr8Eu crystals doped with
fluorine does not have levels of any other
defects in the band gap.

The absence of any additional defect lev-
els in the band gap of fluorine/yttrium and
fluorine/europium co-doped zirconia indi-
cates that the incorporation of fluorine in
this basic material does not create addi-
tional channels for the excitation energy
losses. Therefore, we believe that the main
effect of doping with fluorine on zirconia is
the suppression of the number of oxygen
vacancies. It should be noted that this con-
clusion is based on a rough approximation
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Fig. 3. PDOS of the monoclinic zirconia cal-
culated for regular and doped zirconia crys-
tals. The Fermi levels are also shown by ver-
tical dot lines.

when the data of the calculation of the elec-
tronic band structure of bulk monoclinic
zirconium dioxide were used for the analy-
sis. It would be very important to carry out
calculations in cluster approximations for
nanoparticles of zirconia polymorphs with
variety of defects including oxygen vacan-
cies, fluorine, yttrium and europium ions,
as well as their combinations.

It is known from the results of previous
studies that the presence of oxygen vacan-
cies is revealed in the spectra of intrinsic
luminescence of un-doped and doped zirconia.
To confirm this statement, the luminescent
properties of the samples under study were
analyzed. The photoluminescence spectra of
the samples are shown in the Fig. 4.

In the case of un-doped zirconia (Zr(0)
sample), a wide complex PL band with the
main maximum near 450 was observed. The
high-energy part of the spectrum can be de-
scribed by three Gaussian curves with max-
ima at 2.90, 2.71, and 2.51 eV, which con-
tain about 88 % of the total PL intensity.
The main contribution from them (68 %)
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falls on the component at 2.51 eV, while
the other two (2.71 and 2.90 eV) compo-
nents give 15 and 17 % contributions, re-
spectively. The Gaussian component at
2.06 eV describes a low energy part of the
spectra and it gives 12 % of the total PL
intensity. According to the published data
on the luminescence of zirconia, the noted
high-energy PL components (2.51, 2.71, and
2.9) can be associated with oxygen vacan-
cies (various types of F centers) [7-9, 37].
In particular, it was suggested that the PL
bands of zirconium dioxide in the range of
2.8—-8.0 eV are responsible for the F* cen-
ters [38—-40].The band at ~ 2.4 eV observed
in [41] was assigned to FO center, while the
low energy and low PL emission intensity
can be caused by uncontrolled Ti and Hf im-
purities or some other local defects of very
low concentration [42, 43].

The doping of zirconia with fluorine ions
results in a decrease in the luminescence
intensity over the entire spectrum of emis-
sion. In this case, the maxima of the PL
bands are red-shifted up to 460 nm. Un-
doubtedly, this is due to the redistribution
of contributions of various PL components
in the total spectrum. In fact, the spectrum
of the Zr(F) sample is fitted by only two
high-energy Gaussian curves with maxima
at 2.71 (2 % of total intensity) and 2.51 eV
(87 % of the total intensity). There is also
a low-energy component that spreads over a
wide spectral range and accounts for 11 %
of the total intensity. So, we can state that
the 2.9 eV component disappears, the con-
tribution of the 2.71 component decreases,
while the contribution of the 2.51 band in-
creases for the sample Zr(F) in comparison
with the spectrum for the Zr(0) sample.

The total luminescence intensity of the
host increased almost twofold for the sam-
ples doped with europium ions as compared
with the data for the undoped sample. (Fig.
4, curve 3). An increase in the intensity of
the total emission should be associated with
an increase in the number of oxygen vacan-
cies due to the partial replacement of Zr4*
ions by Eu3* ions [11, 13, 15]. At the same
time, we found that the 2.51 eV band con-
tributes 77 % intensity, while the contribu-
tions of the bands at 2.71 and 2.90 eV are
near zero and 6 %, respectively. The noted
redistribution of the intensity components
shows that the ratio of the various types of
oxygen vacancies associated with PL centers
also changes after doping with Eu3* ions.
Some increase in the long-wavelength part
of the PL spectra for the Zr(Eu) samples
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Fig. 4. PL spectra of the Zr(0) (1), Zr(F) (2),
Zr(Eu) (83), Zr(F/Eu) (4) and Zr(F/Y) (5) sam-
ples; A, =395 nm; T = 77 K. Zero intensity
levels for the I1—4 spectra are shown by
dashed lines, Gaussian curves — by green
lines and Gaussian curves sums are shown by
red lines.

should be associated with defects caused by
the zirconium lattice deformations due to
the above noted Zr** — Eu3* substitution.

Low intensity details in the 585-635 nm
spectral range were also observed for the
Zr(Eu) samples and they should be attrib-
uted to f—f transitions in the inner shell of
the Eu®* ions [8, 13, 25]. The emission in-
tensity of Eu3* increases sharply (by about
8 times), if Eu3* ions are incorporated into
the samples additionally doped with fluo-
rine — Zr(F/Eu) (Fig. 4, curve 4). In addi-
tion, for such samples, a decrease in the
total intensity of host luminescence to a
level characteristic of Zr(F) samples was ob-
served.

The changes in the luminescence charac-
teristics of the Zr(F/Y) samples compared to
the Zr(0) samples are the result of the com-
bined action of F~ ions and three-charged
Y3* jons similarly to the situation described
above. We have found that the emission
from Zr(F/Y) samples gives only a wide band

Functional materials, 28, 2, 2021
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Fig. 5. PL excitation spectra of Zr(0) (1),
Zr(F) (2), Zr(Eu) (3, 4), Zr(FIY) (5) and
Zr(F/Eu) samples (6, 7) registered at A, =
500 (1-3,5,6), and 613 nm (4, 7); T = 77 K.
Zero intensity levels for the 1-6 spectra are
shown by dashed lines.

at the short wavelength side and a wide band
at the long wavelength side of the spectrum.
Their shape and intensity are similar to the
case of the Zr(F/Eu) sample. However, in con-
trast to the case of Zr(F/Eu) samples, this
spectrum is not distorted due to the contribu-
tion of the emission of Eu3* ions.

Therefore, the decomposition of the host-
related luminescence PL spectra into Gauss-
ian curves and a general form of the spectra
allowed us to assume that fluorine ions sup-
press short-wavelength emission of zirconia
by reducing the number of oxygen vacan-
cies. The predominant decrease in the con-
tribution of 2.9 and 2.71 eV bands can be
associated with the transformation of the F*
centers into another type of centers, for ex-
ample, FO.

The changes in the PL spectra described
above and the assumptions about the role of
the defects are consistent with data on the
luminescence excitation spectra (Fig. 5). It
is known that the ZrO, band gap width was
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evaluated at 4.2-6.1 eV (295-203 nm) [44].
Thus, only the short wavelength part of the
excitation spectra (275-300 nm) can be
caused by the allowed band-to-band absorp-
tion transitions in zirconia, while the main
host-related PL band (2.51 eV) was effec-
tively excited in the 350—-450 nm spectral
range and this excitation range lies out of
the band-to-band transitions in ZrO,.

The PL excitation band in the 350-
450 nm range has at least two overlapping
components with maxima near 380 nm
(3.26 eV) and 420 nm (2.95 eV). The excita-
tion intensity for the sample Zr(F) in gen-
eral is lower than for the undoped Zr(0)
sample, and some changes occur in the 300—
350 nm range for fluorine-doped zirconia in
comparison with undoped zirconia (curves I
and 2 in Fig. 5). These features coincide
with the described above PL results and
mean that the doping with fluorine sup-
presses the total amount of oxygen vacan-
cies and causes some redistribution of the
centers associated with the short-wave-
length PL bands (2.9 and 2.71 eV).

The doping with europium ions leads to
an increase in the excitation spectrum in-
tensity. Besides, the intensity of the
420 nm component increases in comparison
with that of the 380 nm component (Fig. 5,
curves 3). At the same time, it is the latter
component that dominates in the excitation
spectra of the host luminescence of the
Zr(F/Eu) and Zr(F/Y) samples doped with fluo-
rine (Fig. 5, curves 5 and 6). In the PL spectra
registered in the range of intrinsic Eu3™ lumi-
nescence (A, = 613 nm), an additional detail
occurred near 400 nm (Fig. 5, curve 4). It is a
well known peak caused by the 7F0 - 5L6 ab-
sorption transition in the f shell of the Eu3*
ions [25]. The emission excitation spectra of
Eu3* ions in the Zr(F/Eu) sample confirmed this
assumption, since many spectral details became
available there (Fig. 5, curve 7). These details
correspond to the well-known luminescence
excitation spectra of the Eu3* ions [25] and
it is important to point out that the inten-
sity of this spectrum is higher than for the
spectrum of the Zr(Eu) sample in which
fluorine was absent. The data on PL emis-
sion and excitation showed that the host-
and Eu3*-associated luminescence is simulta-
neously and effectively excited in the same
spectral range from 290 up to 475 nm.
Thus, the energy of each photon absorbed
by the material can be transferred to the
centers associated with the host or to the
Eu3* ions. So, an increase in the lumines-
cence intensity of Eu3* ions can be realized
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via decreasing the host luminescence inten-
sity. Doping with fluorine contributes to
this process, since fluorine ions incorpo-
rated in zirconia decrease the amount of
oxygen vacancies.

At present, the literature data and our
own experimental data, as well as the re-
sults of computational studies, are insuffi-
cient to establish a clear relationship be-
tween the type of defects and the bands of
the host zirconia PL. Therefore, we plan to
carry out a series of additional experiments,
in particular, to study the effect of anneal-
ing on oxidizing and reducing arrangement
for co-doped zirconia. It would be important
to perform calculations in cluster approxi-
mations for zirconia nanoparticles contain-
ing many defects including oxygen vacan-
cies, fluorine and europium ions, and their
combinations.

4. Conclusions

The effect of aliovalent substitution of
zirconium cations (Zr#*) and oxygen anions
(O%) by fluorine anions (F7) and Eu3* (or
Y3*) cations in the zirconia (ZrO,) lattice on
its structural and luminescent properties
has been studied by theoretical and experi-
mental methods.

The results of electronic band structure
calculations for ideal ZrO,, fluorine doped
ZrO,(F), europium doped ZrO,(Eu3*), fluo-
rine/europium co-doped ZrO,(F/Eu) and
fluorine/yttrium ZrO,(F/Y) co-doped zir-
conia crystals showed that fluorine does not
participate directly in optical absorption
and emission transitions in these materials.

It was found that fluorine ions reduce
the amount of oxygen vacancies in the zir-
conia matrix that results in a decrease in
the zirconia host emission; this contributes
to a sharp increase (8 times) in the lumines-
cence intensity of Eu3* ions in co-doped zir-
conia ZrO,(F/Eu) compared with the lumi-
nescence intensity of Eu3* ions in zirconia
undoped with fluorine ions.

We believe that co-doping by replacing
lattice ions simultaneously in the cationic
and anionic sublattices is an excellent way
to improve the luminescence characteristics
of rare-earth ions in oxide crystals. At the
same time, we believe that further study on
this issue is needed in the future to confirm
this conclusion.
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