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The origin of luminescence centres in ZrO, crystals was studied using Raman scattering, luminescence spec-
troscopy and quantum-chemical calculations. The 2.7 eV luminescence band and 5.2 eV absorption/luminescence
excitation band are associated with an oxygen vacancy. It was shown, that a half of the Stokes shift in blue photolu-
minescence spectra is equal to the trap thermal activation energy 1.25 eV. Within quantum-chemical simulations
it was demonstrated that both electrons and holes can be trapped on oxygen vacancies in ZrO,. Hence, oxygen

vacancies are supposed to operate as traps responsible for the blue luminescence band in ZrO,.

1. Introduction

Crystalline and amorphous materials based on pure and doped zir-
conium dioxide are of significant interest from a scientific viewpoint,
as well as from a practical point of view. The relevance of creating
such materials is determined by the prospects for their use as oxygen-
exchange membranes in fuel cells, sensors and other similar devices,
as well as structural non-metallic wear-resistant materials [3-7]. Due
to a high melting temperature (~ 2900°), such materials can be used
for the manufacture of structural parts operating under extreme con-
ditions of high mechanical loads, chemically aggressive environments,
elevated temperatures, in the absence of lubrication, etc. Zirconia-based
materials are used for the manufacture of tools with a great cutting
edge sharpness, both for high-precision processing of various materi-
als (metal, wood, glass, crystals, etc.), and for high-quality medical in-
struments with cutting edge thickness values up to 100 nm for cardio
and neurosurgery, vascular, maxillofacial surgery and ophthalmology
[28]. The bio-inertness of this material makes it promising when used
in medicine for tooth implants [16,27].

The noticeable optical and mechanical properties of zirconia crystals
and ceramics combined with the unique ability to modify the character-
istics of the material by introducing a number of activating impurities,
open up great opportunities for using stabilized zirconia as active and
passive laser elements [8,35].

At present, there is a generally accepted hypothesis that oxygen va-
cancies play a crucial role in the mechanical and optical properties of
ZrO, crystals. There are a lot of theoretical investigations of oxygen va-
cancies electronic structure in ZrO, [1,2,9,17,32]. A blue band with an
energy of about 2.7 eV is observed in the luminescence spectra of ZrO,
[2,21,22,37]. Despite the fact that main hypothesis is that the oxygen
vacancies in ZrO, crystals is related with this luminescence band, the
nature of this luminescence band is a matter of debate. For example, it
was shown that the 2.7-eV-blue luminescence band in HfO, (Hf and Zr
have an isoelectronic structure of valence shells) is related to oxygen
vacancies [12]. However, recently, it has been concluded that the blue
luminescence band is not related to oxygen vacancy in ZrO, crystals and
films [21,22].

The aim of the present research is to identify the origin of the blue
(2.7-2.8 eV) luminescence band in ZrO, crystals.

2. Experimental methods
2.1. Preparation of samples
Zirconium oxide crystals were obtained using a directed melt crys-

tallization at a high-frequency dielectric heating within the ‘Kristall-
407’ installation (the frequency is 5.28 MHz, maximum output power is
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60 kW) with the 130 mm diameter of the water-cooled copper melting
pot [26]. The batch loading mass was 6 kg. Zirconium oxide powders
with the basic substance content of at least 99.99% were used to pre-
pare the batch. Directed melt crystallization was carried out by lower-
ing the melting pot with the melt relative to the inductor at the speed of
10 mm/h. The as-grown crystals are white and opaque, have a needle
shape and cross-sectional dimensions of 3-7pm.

The examples of (poly-)crystal pieces are shown in Fig. 1(a): without
annealing and after the annealing in vacuum at 1600° and 2100°. The
heat treatment of crystals after their growth was carried out in 10~ Torr
vacuum at the temperatures of 1600° and 2100° for 2 h. After the anneal-
ing at 1600°, the crystals darkened somewhat, whereas after the heat
treatment at 2100°, the samples turned black. Recently, the darkening
of ZrO, crystals and visible-range growing of the optical absorption band
were described by the oxygen depletion after high-temperature anneal-
ing on the ZrO, crystals [26]. Also, the directed melt crystallization leads
to the significant decreasing of impurities content (e.g. from the initial
level of 5x 1073 to 10~*~1075 vol% after the heat treating) [26]. As far
as the ‘Kristall-407’ installation is equipped with a molybdenum furnace
without carbon parts, the darkness in not related with the carbon im-
plantation into ZrO, crystals. Moreover, a carbon holder enhances ZrO,
recovery without introducing carbon due to the increased volatility of
carbon oxides at high temperatures [26].

2.2. XRD measurements and analysis

XRD analysis of polycrystals was performed on Shimadzu XRD-7000
diffractometer (CuK-a radiation, Ni-filter, linear One Sight detector, 5-
70°26 range, 0.0143°26 step, 2 s per step). A polycrystalline sample was
slightly ground with hexane in an agate mortar, and the resulting sus-
pension was deposited on the polished side of a standard quartz sam-
ple holder, a smooth thin layer being formed after drying. Indexing of
the diffraction patterns was carried out using data for compounds re-
ported in the PDF database [Powder Diffraction File, release 2010, In-
ternational Centre for Diffraction Data, Pennsylvania, USA].

2.3. Optical measurements

Raman spectra were collected at room temperature on a LabRAM
HR microRaman spectrometer using a 532 nm Nd:YAG solid state laser,
with a spot size ~5 um. The integration and accumulation times were
3 s. The measurements were replicated at five points to check their re-
producibility.

A DDS400 deuterium lamp and primary double-prism monochroma-
tor DMR-4 were used for the photoluminescence (PL) excitation (PLE).
The PL spectra were recorded using a secondary DMR-4 double-prism
monochromator and a Hamamatsu R6358-10 type photomultiplier tube.
The PLE spectra were normalized to the equal number of photons inci-
dent on the sample using a yellow lumogen, which is a luminophore
with the known energy quantum yield over the studied spectral range.
The PL emission spectra were not corrected for the spectral sensitivity
of the registration system.

The X-ray excited luminescence (XRL) spectra were measured at
room temperature using an MDR2 diffraction monochromator (LOMO,
St. Petersburg) and an FEU-100 photomultiplier as an emission detector.
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Fig. 1. ZrO, crystal samples: (a) appearance, (b) photolumi-
nescence pattern. Three samples are shown from left to right:
without annealing treatment, after the annealing in vacuum at
1600° and 2100°.
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Fig. 2. The Raman spectra for ZrO, crystals before and after annealing.

The luminescence was excited using a tabletop X-ray URS1.0 machine
containing a BSV-2W tube with the W-anode (40 kW, 20 mA).

Thermally stimulated luminescence (TSL) curves were obtained us-
ing a liquid nitrogen vacuum cryostat, where the sample was located on
a cold conductor. The samples were excited at the liquid nitrogen tem-
perature by the UV irradiation at A = 365 nm from a DRSh100.2 mercury
lamp. The TSL curves were recorded during the samples heating in the
dark at the rate of f =20 K/min. The TSL radiation was recorded in
the spectral range of 400-800 nm within a photomultiplier tube FEU-
100. Radiation 365 nm (3.4 eV), picked out using a UFS6 filter from the
Hg lamp spectrum, excites photoluminescence (PL) in the range 400-
800 nm (1.5-3.1 eV). Additionally, in order to ionize the oxygen va-
cancy in ZrO,, the samples were irradiated with X-rays.

2.4. Ab-initio simulations

The ZrO, electronic structure was investigated within the density
functional theory with the BPEO exchange-correlation functional. The
plane-wave cutoff energy was taken equal to 70 Ry, and the potentials of
nuclei and core electrons were described by optimized norm-conserving
Vanderbilt pseudopotentials [14,15]. The oxygen vacancies were simu-
lated by removing an oxygen atom from the 96-atom supercell of mono-
clinic (m-) ZrO,, respectively. The simulations were carried out using the
Quantum ESPRESSO code [11]. The crystal structure and charge den-
sity spatial distribution visualizations were made within the XCrySDen
software [25].

3. Results
3.1. Crystal structure identification

3.1.1. Raman spectra

The Raman spectra for ZrO, before and after annealing are shown in
Fig. 2. ZrO, exhibits different crystal modifications, among which, under
normal conditions, monoclinic phase m-ZrO, is stable. At the tempera-
ture of 1170°, m-ZrO, is transformed into the tetragonal t-ZrO, phase,
which, in turn, becomes c-ZrO, at T > 2370°. Phase transformation of m-
ZrO, was observed under heavy ion irradiation [36]. The Raman spectra
in Fig. 2 are characteristic for m-ZrO, [33]. During the annealing with a
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Fig. 3. XRD spectra of the ZrO, crystals. (a) Experiment data for ZrO, crystals
before and after annealing. (b) Calculated data from ICSD using POWD-12+ +:
m-ZrO, PDF 010-83-0939 (Bondars, B., Heidemane, G., Grabis, J. and Lasch,
1995), t-ZrO, PDF 010-70-6627 (Bouvier, P., Djurado, E., Lucazeau, G. and Le-
Bi, 2000) and ¢-ZrO, PDF-010-70-6632 (Bouvier, P., Djurado, E., Lucazeau, G.
and Le-Bi, 2000).

following cooling to room temperature, possible phase transitions to t-
ZrO, or c-ZrO, are not observed. These results are in agreement with the
fact that undoped ZrO, single crystals cannot keep phases with higher
symmetry than monoclinic one if they were cooled naturally to room
temperature.

3.1.2. XRD analysis of crystals

To clarify the question with the phase transformation, additional ex-
periments were carried out on XRD analysis of the ZrO, crystals. The
XRD spectra of the initial (black line) ZrO, and after annealing (blue
and red lines) in Fig. 3(a). The data from the PDF bank for different
ZrO, phases are shown in Fig. 3(b). One can see that, all samples are
single phase monoclinic ZrO,.

3.2. Defect nature identification: optical methods

3.2.1. Photoluminescence

In addition to the general appearance of ZrO, crystals in Fig. 1(a),
the photoluminescence patterns for them before and after the annealing
at high temperatures are shown in Fig. 1(b). One can see that all samples
exhibit blue luminescence. The PL spectrum of untreated ZrO, excited
by a 5.18 eV quantum is shown in Fig. 4(a). The peak with an energy of
2.75 + 0.05 eV (blue luminescence peak) dominates in the PL spectrum.
A less intense luminescence is observed in the ultraviolet (UV) region of
the spectrum near the photon energies of 3.5 eV.

In Fig. 4(b) is the ZrO, excitation spectrum of blue photolumines-
cence with the energy of 2.75 eV. In the PLE spectrum of the blue PL
band, two shoulders are observed at the energies of about 5.2 eV and
4.5 eV. The monotonic component of the PLE spectra is shown by a red
line. It was obtained as a part of the following function:

I ~ (hv = E)* + g/ (hv) + g,(hv),

where T is total PLE intensity, v is photon energy, E is a variable pa-
rameter, x is a power constant, g ,(hv) are the Gauss functions. The
fitting procedure returned the power value x ~ 2 and E ~ 4.4 €V. The

Materialia 15 (2021) 100979

- (a) ——E, =518¢eV
. ,7N - - —E,=45eV

Intensity (a.u.)

1.5 2.0 2.5 3.0 35 4.0 4.5
Photon energy (eV)

L (b) Experiment:
L E_.=275¢eV

=z emis 52¢eV
ii _ —FE,_ =352eV

21 Fit (E,, =2.75eV):

§> B Monotonic

=T Delta

L 1 L 1 L 1 L 1 L 1 L
3.0 35 4.0 45 5.0 5.5 6.0
Photon energy (eV)

Fig. 4. (a) The ZrO, PL spectra with the excitation energies of 5.18 eV and
4.5 eV. The arrow shows the position on the main peak in the PL spectra. (b)
The ZrO, PLE spectra for emission energies 2.75 (blue) and 3.52 eV (violet). The
red line represents the monotonic component of the blue curve; the difference
between the blue and red curves is shown in olive.

difference between the full PLE spectra and monotonic component is
shown by an olive curve that is fitted by the first Gaussian with the
centre at 4.559 + 0.001 eV and variance 0.28 + 0.006 eV, and the second
Gaussian with the centre at 5.22 + 0.003 eV and variance 0.3 + 0.07 eV.
One can see that the 2.7-2.8 eV PL band is excited by photons with en-
ergies of 4.56 eV and 5.2 eV. The PL spectrum of untreated ZrO, excited
by a 4.5 eV quantum is shown in Fig. 4(a) by a magenta line, which ex-
hibits a main peak near 2.75 eV as well as 5.18-eV-excited PL. Recently,
it has been concluded that the 4.2-eV-excited blue luminescence band
is not related to oxygen vacancy in ZrO, and caused by the inter-band
absorption [22].

The UV PL (3.52 eV) is excited by 5.5 eV photons, as shown by a
violet curve in Fig. 4(b). One can see that the 5.5 eV PLE maximum is
absent in the 2.75 eV emission excitation spectrum. Thus, the 3.5 eV PL
has the nature different from the 2.7-2.8 eV band.

Annealing do not change the shape of PL spectra, but intensity of the
2.75 eV peaks increases (not shown).

The PL and PLE spectra of slightly non-stoichiometric zirconium ox-
ide films depleted in oxygen (enriched in zirconium) were shown in
Ref. [27]. The oxygen vacancy in ZrO, exhibits an absorption peak at
an energy of about 5.2 eV.

The maximum absorption energy of the oxygen vacancies in zirco-
nium oxide coincides with the maximum excitation energy of the blue
luminescence band, as shown in Fig. 4(b) and in Ref. 27. Thus, one can
conclude that the oxygen vacancies in ZrO, are defects that responsible
for the 2.7-2.8 eV blue PL band, which is excited by photons with an
energy of about 5.2 eV.

The configuration diagram of optical transitions at a neutral oxygen
vacancy in ZrO, is shown in Fig. 5. The lower term corresponds to the
ground occupied state, the upper term corresponds to an empty excited
state. The vertical transition with the energy of 5.2 eV corresponds to the
transition from the ground to the excited state. The reverse transition
with the energy of 2.7 eV corresponds to the radiative transition (blue
luminescence). It should be noted that half of Stokes blue luminescence
shift (5.2 —2.7)/2 = 1.25 eV is equal to the thermal trap energy deter-
mined from the charge transport in ZrO, films as described in Ref. [19].
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Fig. 5. Configuration coordination energy diagram of optical transitions at a
neutral oxygen vacancy in ZrO,. The arrows indicate the optical transition with
the energy of 5.2 eV from the ground filled state (black curve) to the excited
empty state (red curve),and the radiative PL transition with the energy of 2.7 eV.
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Fig. 6. The ZrO, XRL spectra before and after annealing.

3.2.2. X-ray excited luminescence

In Fig. 6 are the X-ray excited luminescence spectra of the untreated
ZrO, crystals and ones after the annealing at 1600° and 2100°. The XRL
spectra are dominated by a luminescence maximum with an energy of
about 2.7 eV. The additional bands of both low and high energy sides
are also observed. High-energy ones are present for all three samples,
while low-energy components are characteristic only for an unannealed
ZrO, crystal.

One can see that the maximum intensity is intrinsic to the white
initial samples. High-temperature annealing leads to the darkening of
crystals, and the XRL intensity decreases with the increasing annealing
temperature. It should also be noted that the darkening of crystals during
X-ray irradiation takes place. These phenomena might take place due to
the effect of concentration quenching, when an increase of defect density
leads to a decrease in the luminescence intensity [18,23].

As far as the XRL maximum intensity is located near 2.7 €V, it can
be concluded that oxygen vacancies are responsible for XRL, as well as
for the blue PL band.

3.2.3. Thermally stimulated luminescence

The TSL curves for untreated ZrO,, as well as ZrO, samples after the
annealing at 1600° and 2100°, are shown in Fig. 7(a). On the TSL curves,
one can observe the dominant peak at about 260 K and 7 weak peaks in
the temperature range of 100-550 K, which maximum positions T,, are
shown in Table 1.

High-temperature annealing of crystals is accompanied by the
quenching of thermoluminescence, similar to that takes place in the X-
ray luminescence spectra. Major peaks remain. They are relatively sym-
metrical, and it corresponds to the 2nd order of kinetics. The TSL curve
for untreated ZrO, was decomposed with the TSL signal maxima. We
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Fig.7. The ZrO, TSL spectra after the 365-Hg excitation. (a) The TSL for crystals
before and after annealing. (b) The experimental TSL curve recorded for the
untreated ZrO, crystal (red solid line) and results of the TSL curve decomposition
into individual peaks following the Eq. (1) (thin lines); the dashed line shows the
sum of 1-8 individual peaks. (c) The experimental TSL curve recorded for the
untreated ZrO, crystal (red solid line) after X-ray excitation at room temperature
and results of the TSL curve decomposition into individual peaks following the
Eq. (1) (thin lines); the dashed line shows the sum of individual peaks. Vertical
thin black lines are eye-guides.

Table 1

The positions of the TSL peaks T,, and
the calculated thermal activation ener-
gies W, with frequency factors v under
the assumption of the second order ki-

netics.

# T,K) W (V) v(Eh

1 158 0.52 3.54x 1013
2 187 0.62 3.54x 1013
3 261 0.87 3.53x 103
4 299 1.00 3.52x 1013
5 357 1.20 3.51x 101
6 395 1.33 3.51x 101
7 444 1.50 3.52x 103
8 493 1.67 3.46 x 1013

followed the Garlick—Gibson formula [10]

Wi
novexp (=17

I(T) = 3
(l + % /TT[; exp (—%)dT)
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Fig. 8. Defect energy levels in the bandgap for five charge states of the 4-
coordinated oxygen vacancy in m-ZrO,. In the insets are the spatial charge den-
sity distributions for appropriate defect levels. Numeric values are specified in
eV.

that can be simplified to the following expression [24]:

W, T-T,
o (52)

T = - — (1)
[%(l—ﬁ)exp(k—; et

m

3
)+1+6m]

where n is the initial density of trapped electrons, Tj, is the initial tem-
perature, I is the TSL peak amplitude, § = 2kT/W, and 6, = 2kT,,/W,.
The parameter values of W; and v, calculated for 8 components follow-
ing Eq. (1), are given in Table 1. There is a good agreement between
the sum of these components and the experimental curve in Fig. 7(b).

It should be noted that, at temperatures of 361 and 395 K, there
are the TSL peaks, corresponding to the trap energies of 1.2 and
1.33 eV, which are close to 1.25 eV, as well as the frequency factors
v=3.5x% 10" s~ which are determined from the charge transport in
ZrO, films using Eq. (10) and results in Ref. [19]. The experimental TSL
curve recorded for the untreated ZrO, crystal after X-ray excitation at
room temperature are shown in Fig. 7(c). One can see that the first two
main peaks in Fig. 7(c) corresponds to peaks 5 and 6 of Hg-excited TSL
in Fig. 7(b). It means that the set of trapping centres does not depend
on the excitation wavelength (X-ray or 365-Hg lamp). In conclusion, the
TSL peaks at 361 and 395 K are highly likely correspond to the oxygen
vacancies, while the nature of other peak requires to be investigated
additionally.

3.3. Defect nature identification: ab initio simulations

The single-electron Kohn-Shem level positions in the m-ZrO,
bandgap produced by the 4-coordinated (as having a smaller formation
energy) oxygen vacancy (Vg) in different charge states are shown in
Fig. 8. The neutral V, gives a level in the middle of the bandgap, filled
by two electrons which are localized at the oxygen vacancy site. This
is a well-known result [9,17]. In the positively charged Vgl, there is a
single-occupied level above the valence band top E, at 2.6 eV, and an
empty level below the conduction band bottom E_ at 0.6 eV. The spatial
charge density distribution in that case is localized around the vacancy
site evenly between the nearest Zr atoms, like at the neutral V, level as
shown in the insets to Fig. 8. The strong charge localization at the va-
cancy site centre due to the polaronic effect has a typical structure of an
F centre. An electron addition to the structure results in the appearance
of a second single filled level in the bandgap at 1.2 eV below E,.. The
spatial charge from the added electron is distributed primarily between
two Zr atoms that are nearest to the V, centre, demonstrating the bind-
ing nature of the charge density distribution. Two electrons added to the
supercell form two filled levels. The upper one is 0.6 eV below E_. The
charge density distribution for this level is similar, but a little weaker
than for the upper level from a negatively charged The energy value
accuracy in Fig. 8 is about 0.1 eV due to the use of different exchange-
correlation functionals and pseudopotentials. Thus, the obtained picture
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of the Kohn-Shem level positions from V, in the m-ZrO, bandgap are
close to that obtained earlier [17,31].

4. Discussion

HfO, and Hf|) sZr,, 5O, exhibit the blue luminescence band with the
energy of 2.7 eV [12,13,20,23,29,34]. The blue luminescence band in
HfO, and Hfj 5Zr, 5O, has the excitation peak at the energy of 5.2 eV
[20,29]. Similar optical properties we observed in ZrO, crystals in the
present work. The quantum chemical simulations show that the oxygen
vacancies in ZrO,, as well as in HfO, and Hf|, sZr, 50, as described in
the literature, have the absorption band at the energy 5.2 eV. Hence,
the oxygen vacancies in ZrO, (HfO,, HfjsZr,50,) are responsible for
the blue luminescence band. The thermal trap energy in ZrO,, HfO, and
Hf, 5Zr, 50, is equal to 1.25 eV, and it is equal to half of the Stokes
blue luminescence shift (5.2 —2.7)/2 = 1.25 eV in ZrO, crystals. Hence,
one can conclude that the oxygen vacancy is the defect responsible for
the blue luminescence in ZrO, crystals as well as in ZrO,, HfO, and
Hf, 5Zr 50, films [12,20,30].

5. Conclusion

In conclusion, the defect nature in ZrO, crystals was studied with
Raman spectroscopy and photoluminescence spectroscopy, thermally
stimulated spectroscopy and quantum chemical simulations. It was es-
tablished that the blue luminescence band with an energy of about 2.7-
2.8 eV and the excitation bands with the energy of 5.2 eV are due to
the oxygen vacancy in ZrO,. According to the literature data, the blue
luminescence band excited by 4.2-4.5 eV photons is caused by the inter-
band absorption. The thermal W, = 1.25 eV trap energy in ZrO, was de-
termined, which is equal to half of the Stokes shift of blue luminescence.
It was be concluded that the oxygen vacancies in ZrO, are responsible
for the blue luminescence. The nature of other PL and TSL bands are
unknown, this question still waits to be resolved.
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