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Present work deals with the study of luminescence and
structural properties of Y-doped ZrO, nanopowders sin-
tered by co-precipitation of Zr and Y nitrates. The struc-
tural and light emitting properties were controlled by X-
ray diffraction, transmission electron microscopy, Raman
scattering, photo- (PL) and cathodoluminescence (CL)
methods. Generally, room temperature PL spectra
showed several bands in UV-orange range, whose shapes
depend on the excitation light wavelength. Along with
this, CL spectra demonstrate additional “red” emission,

1 Introduction Luminescence emission is a subject
of great interest not only from the basic point of view of
materials science but for practical application as well. Lu-
minescent materials can be used in fluorescent lamps,
vacuum fluorescent display devices, color plasma display
panels, electroluminescent flat panel displays, as scintilla-
tors for registration of high-energy radiation etc.

Zirconia (ZrO,) has attracted considerable attention
because of its mechanical, electric, thermal and lumines-
cent properties. Emitting ZrO, allows the different appli-
cation of this material, for example, for oxygen sensor [1,
2], laser techniques, biological labeling [3], thermolumi-
nescent UV dosimeters etc. Besides broad-band emission
offers also an application of zirconia for white light emit-
ting devices [4].

Another important application is the detection of high
energy radiation (X- and y-rays, electron beam) that allows
its using in scintillators as well as for visualization of high
energy radiation. For instance, strong UV luminescence,
peaked at 4.2 eV and ascribed to self-trapped excitons
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which intensity exceeds that of other CL bands. At lower
temperatures, preferable enhancement of “red” CL band,
its narrowing and peak position shift to the longer wave-
lengths were found. This behavior testifies to the non-
elementary nature of “red” CL band. Its nature and
mechanism of its excitation are discussed. It is supposed
that some impurities (such as Fe and/or Zn) or complex
defects, containing oxygen vacancies and these impuri-
ties, are responsible for “red” emission appeared under
electron beam excitation only.
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(STE), was observed from ZrO, thin films with tetragonal
structure at low temperature under excitation near the fun-
damental absorption edge (~5.8-6.0 eV) and above this [5].
Due to this fact, such material was proposed as promising
scintillator [ 6 ]. However, STE emission is thermally
quenched above 150 K but is still observed at 300 K. At
the same time, pure and/or Y-stabilized ZrO, materials ex-
hibit blue-orange radiative emission from defect states that
dominates in the spectrum under band-to-band excitation at
300 K [7,8]. This visible emission is safe for human eyes
and it is suitable for a visualization of high energy radia-
tion.

One of the methods to investigate the radiative tran-
stions in ZrO, materials is to study its emission under elec-
tron beam pumping, so called cathodoluminescence (CL),
allowing easy realization of band-to-band excitation in
wide band-gap materials. However, only a few works were
devoted to CL investigation [9,10,11], but they demon-
strated different CL bands. For example, in [10] two defect
related bands were observed at 2.0-2.2 eV and 2.8-3.0 eV
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and the higher-energy band was most efficient. At the
same time, in [9] one PL band was detected at 2.5 eV. This
can be due to different microstructure of ZrO, materials
(type of crystalline lattice, size distribution of ZrO, grains
and different nature of radiative defects) that depends on
the fabrication approach. In particular, freestanding ZrO,
nanocrystals with different sizes, studied in [12], exhibit
the lowest CL intensity for the smallest size nanocrystals.
In the present work Y-doped ZrO, nanopowders were
sintered by co-precipitation of Zr and Y nitrates. Their
structural and light emitting properties were controlled by
XRD and Raman scattering, photo- (PL) and cathodolumi-
nescence (CL) methods. Broad luminescence spectra under

both types of excitation were obtained at room temperature.

It was found that among different defect-related bands, the
red emission is most efficient and its nature is discussed.

2 Experimental details ZrO, nanopowders doped
by different amount of Y,O; (from 0 to 6 mol.%) were syn-
thesized by a co-precipitation technique using
ZrOCl,,nH,0 and Y(NOs);'nH,O salts. The 25% NH,OH
water solution was used as precipitant. Sediments were
mixed for 1 hour at room temperature at pH=9. After this,
they were repeatedly washed, filtered with distilled water
and then the hydrogel was dried in a microwave furnace
and calcined at 700 °C for 2 hours. More details can be
found elsewhere [13, 14].

Elemental analysis of different Y-doped ZrO, powders,
abbreviated below as ZYO powders, was performed by
means of X-ray fluorescent method using EXPERT 3L
W144U setup. Relative mass contribution of single ele-
ments such as °0, *°Y and **Zr was detected and corre-
sponding molar concentration was extracted. The increase
of Y,0; content from 0 up to 6.11 mol% was found follow-
ing the variation of Y(NO;);-nH,0 in initial salt mixture.
Besides, the impurities *°Fe and *°Zn were detected also.
Their content was about 0.33 mol% and 0.79 mol%, re-
spectively.

The structural properties were investigated by means of
the X-ray diffraction (XRD), micro-Raman (p-RS) scatter-

ing and Transmission electron microscopy (TEM) methods.

XRD data were collected in the range of 20=20-80° using
X’Pert Pro MPD diffractometer with CuK, wavelength
(4=0.15418 nm) with grazing geometry (the angle of inci-
dent beam was ®~0.5°). TEM observation was performed
with JEOL JEM 200A instrument. Nanopowders were dis-
persed by ultrasonic treatment at frequency 35 kHz and
were plotted on carbon replica. More details can be found
elsewhere [15].

The pu-RS spectra were detected using a Horiba Jobin
T-64000 Raman spectrometer in 200-900 cm™ spectral
range. A 325-nm line of He-Cd laser was used as the exci-
tation source. The laser power was kept below 5 mW to
prevent laser heating of sample investigated. In cathodo-
luminescence (CL) measurements the samples were ex-
cited by scanning electron beam in quasi-continuous re-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

gime at accelerating voltage E=75 kV and current value
I=10-120 pA. Scan was formed as the standard TV raster
of 2.4x1.8 cm?® area with frequencies of X- and Y-sweep
15.625 kHz and 50 Hz respectively. For CL measurements
ZrO, powder was placed on sapphire substrate. Lumines-
cence light was detected in the direction of incidence of
electron beam and passed through lead glass TF-7 window
for X-ray protection.

Photoluminescence (PL) was excited by 267-nm light
of Ti-sapphire laser or 325-nm line of He-Cd laser as well
as by 514-nm and 647-nm lines of Ar" laser. Luminescence
light was dispersed by grating monochromator and regis-
tered by CCD camera (PL) or photomultiplier (CL). CL
was detected in 380-800 nm spectral range at 300 K and 77
K, while PL was recorded in 280-860 nm interval at 300 K.

It is worth to note that the increase of Y,O; content re-
sults in the increase of PL intensity. The powder with
6.11 mol.% of Y,0; demonstrates most efficient emission.
Thus, hereafter the results obtained for this ZYO powder
will be described mainly.

3 Results

3.1 Structural properties and morphology The
XRD pattern of ZYO powder shows several peaks and in
the range 20=20-80° (Fig. 1(a)). Most intense reflections
were detected at 20~30.3°, 34.8°, 35.4°, 43.2°, 50.5°, 59.6°,
60.1°, 73.2° and 74.3°. They correspond to different ZrO,
crystallographic planes whose assignment to relevant crys-
talline phase (monoclinic, tetragonal or cubic) is based on
the comparison with tabled XRD data. The detailed analy-
sis of XRD peak positions showed that ZYO powder struc-
ture matches the reflections corresponded to tetragonal
phase with following cell parameters: a=6=0.361 nm,
¢=0.516 nm, a=f=y=90°[16]. In fact, the presence of (111)
peak at 20~30.3° is the evidence of the absence of mono-
clinic phase in our powders. Along with this, the peak at
26~43.2°(102) and the doublet at 26~73.2° (004) and 74.3°
(400) are the features of tetragonal phase only (Fig. 1(a),
insets). The 2@ region containing (004) and (400) tetrago-
nal doublets has been extensively used by researchers in
order to distinguish the cubic from the tetragonal structure
in zirconia [17, 18, 19] because XRD peak corresponding
to single (400) reflection of cubic phase is at 2©~73.8°.
Thus, one can conclude that the main phase presented in
the powders with 6.11 mol % of Y,Os is tetragonal phase.

Taking into account that the broadening of Bragg
peaks is due to pure size effects, mean grain size, d, was
directly deduced from the full width at half maximum ()
of the peaks. Using the classical Scherrer formula,
dna=0.9-/( G- cosh), it was found that d~13 nm. This re-
sult was confirmed by TEM observation of the same pow-
der (Fig. 1(b)).
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Figure 1 (a) X-ray diffraction pattern of ZYO powder. The in-
sets demonstrate the peaks at 20~43° and ~74° that are the fea-
tures of tetragonal ZrO, phase only. Peak position and intensities
of the reflexes of reference tetragonal phase (t-phase) are denoted
as red bar [16]. (b) TEM bright field image and (c) UV Raman
spectrum of the same powder.

The presence of tetragonal phase was revealed also by
Raman scattering method. Figure 1(c) represents the UV
Raman spectra of ZYO powder. Some broad bands peaked
at 259, 327, 471, and 637 cm™ are observed. The broad
bands and low quality of the spectra could be due to struc-
tural distortion. The Raman bands at 259 and 327 cm™ are
exclusively assigned to the tetragonal phase of ZrO, [20].
The bands at 471 and 637 cm™ are common for monoclinic
or tetragonal phases, but their relative intensities are differ-
ent for the two phases. For the tetragonal phase, the inten-
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sities of these bands are about the same, or the magnitude
of the band at 637 cm™ is stronger, whereas in the case of
monoclinic phase the intensity of the band at 471 cm™ ex-
ceeds that of the band at 631 cm™ [21]. On the other hand,
both these bands are not detected for cubic phase and ap-
pear when this phase transforms to tetragonal one [22].
Thus, one can conclude that our samples contain mostly te-
tragonal phase.

3.2 Light emitting properties CL spectra of sam-
ples investigated at 300 K demonstrate two broad bands
with maxima positions at 420 and 700 nm (blue and red
bands) (Fig. 2). The intensity of red band exceeds essen-
tially the intensity of blue one. The blue band has a long-
wavelength tail that testifies to the presence of some other
bands in blue-green spectral range. Such a band was often
observed in PL, Roentgen luminescence and CL spectra [7,
10], but the red band at 700 nm, on our knowledge, was
not earlier detected.
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Figure 2 CL spectra of ZYO powders measured at 300 K and
77K at E =75 kV and I = 120 pA. The inset shows blue-green
CL spectra in details.

The cooling to 77 K enhances the intensity of both
bands but the red band increases mainly. Thus, the both
bands show the thermal quenching in the range 77-300 K.
Besides, the cooling results in the shift of red band peak
position to low energy side and the decrease of its full
width at half maximum (FWHM) (Fig. 2). Therefore, in
spite of symmetric enough shape of red band we can con-
clude that it is also not elementary and with temperature
decrease its low energy component increases mainly.

Figure 3 shows the dependencies of emission band in-
tensities on electron beam current value where the results
are plotted in log-log scale. This dependence for blue band
can be approximated by a straight line in the whole used
range of current values while the red band intensity reaches
the saturation at / > 55 pA. The slopes of linear parts of
these dependencies are lower than 1 and for blue band they
increase with the increase of emission wavelength.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Variation of CL intensity versus electron beam current
value for different CL bands.

In the case of band-to-band excitation that realized un-
der electron beam irradiation (recombination lumines-
cence) the sublinear (n<l) dependence of emission inten-
sity on intensity of excitation and subsequent saturation
can be observed when the filling of emission centers by
nonequilibrium carriers of one sign (minority carrier — car-
rier captured first) approaches to the center concentration
[23]. Thus, we can suppose that this case is realized in our
experiments. The saturation of blue band components at
different / value can explain the dependence of n on regis-
tration wavelength observed for this band.
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Figure 4 PL spectra of ZYO powder at different excitation
wavelengths (mentioned in figure).

PL spectra recorded in 280-860 nm spectral range un-
der excitation by the light of different wavelength are
shown in Fig. 4. They demonstrate several overlapped de-
fect-related bands besides the narrow peak at 290 nm
caused obviously by self-trapped exciton [5]. The longer
excitation wavelength in the range 267-514 nm, the longer
wavelength of defect-related PL peak position was found.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Under Ae=647 nm, only PL tail was observed. Thus, con-
trary to CL data, the red emission was not recorded under
light excitation while blue band was clearly become appar-
ent at A =325 nm.

4 Discussion As it was mentioned above, both bands
observed in CL shows the thermal quenching above 77 K.
Unfortunately we could not measure the temperature de-
pendence of CL intensity but the low temperature range of
thermal quenching of these bands implies that activation
energy (E,) of quenching process cannot be high. Compar-
ing with data of [4] we can suppose that it does not exceed
0.2-0.4 eV. The higher change of red band intensity with
temperature in comparison with such a change of blue
band means that activation energy of thermal quenching of
this band exceeds the corresponding value for blue band.
The same relationship takes place for low energy and high
energy components of red band. Thus, the low energy CL
band peak position the higher activation energy of thermal
quenching that is in agreement of data of work [4].

The thermal quenching can be caused, in general, by
two processes. One of them is the escape of one of the
nonequilibrium carriers (generated in the emission center
under electron beam excitation (delocalization of trapped
charge carriers)) into permitted bands and its subsequent
capture by nonradiative centers (external quenching). Fig-
ure 5(a) shows the different cases of external quenching for
one- and two-level recombination centers. Another one is
the competition between radiative and nonradiative elec-
tron transitions in the same center (intrinsic quenching).
Activation energy, E,, for external quenching is the dis-
tance between the energy level of emission center and
nearest permitted band (Fig. 5(a, b)).

If the emission center introduces only one level in en-
ergy gap, the thermal quenching, depending on level posi-
tion in band gap, can be caused by the thermal escape of
carrier which is captured non-radiatively (Fig. 5(a)) or ra-
diatively (Fig. 5(b)). In the first case, higher energy of CL
band peak position will correspond to deeper level (i.e.
lower E,) and E,+Ec=E,, where E, is bandgap energy.
This is usually observed in wide gap phosphors. In other
case (Fig. 5(b)), the quenching energy is equal to emission
quantum, i.e. E,~E;.

If an internal quenching takes place, E, is the barrier
between minimum of potential curve (configuration-
coordinate diagram) of excited state and intersection point
of potential curves of excited and ground states (Fig. 5(c)).
In this case the increase of E, for low energy bands implies
the decrease of the excited state curvature that accompa-
nied by the decrease of their FWHM [4]. Unfortunately, all
observed CL bands are non-elementary that makes a diffi-
cult an estimation of FWHM. Therefore, emission quench-
ing mechanism needs further investigations. However, ir-
respectively of quenching mechanism, we can conclude
that the recombination center responsible for red emission
has, at least, two levels (excited and ground states) because
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E.+Ec <E, and Ea#Ec.. Thus, red CL emission is most
likely caused by intradefect transition (between excited and
ground state of defect most likely) (Fig. 5(b, c)).
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Figure 5 Simplified schemes of electron transitions in the case
of one-level (a) and two levels’ (b-d) radiative centers. The labels
in the figures correspond to capture of free electrons (1) and free
holes (2), thermal escape of electrons or holes (3), intradefect
transition (4). Undulating arrows correspond to radiative transi-
tions. (c) The coordination diagram showing the correspondence
between emission energy (Ecp), FWHM and the activation energy
of CL thermal quenching (E,).

Radiative intradefect transition in visible range can be
realized in some impurities as well as in the intrinsic de-
fects (oxygen vacancies - F and F* centers or Zr"). But for
wide luminescence band(s) in ZrO, the latter emission
mechanism is currently generally accepted. Most of re-
searchers attribute the different bands of ZrO, emission to
oxygen vacancies in the volume of the crystallites/grains or
located at their surface as well as near Y which stabilizes
the tetragonal structure of ZrO, or near other defects (im-
purities, grain boundaries, etc.). This can explain the ob-
servation of the abundance of overlapped bands whose
peak positions depend on crystallite size [7]. In particular,
blue band with peak position 430-460 nm was attributed to
intradefect transition in F'-centers while longer wavelength
emission was ascribed to complexes including Y [4].
Based on the elemental analysis of our samples, one can
supposed that the red emission is due to intradefect transi-
tion in Zn and/or Fe impurities. At the same time, it was
observed the increase of its intensity with Y content, which
stimulates the formation of oxygen vacancies [7]. Thus,
one cannot exclude their role in red emission. It is probably
that these vacancies are the part of the complexes contain-
ing Zn and/or Fe impurities.

WWW.pss-c.com

In general case, for intradefect transitions (in the impu-
rities or in oxygen vacancies) under band-to-band steady-
state excitation, three types of the processes determine the
recombination rate and, thus, the emission intensity and its
saturation with pumping: (1) free electron capture by ex-
cited state of the center (Fig. 5(b), process 1); (2) radiative
transition from excited to ground level of the center (Fig.
5(b), process 4); (3) the capture of non-equilibrium hole by
ground state of the center (process 2). If the rate of the pro-
cess 4 is lower than those of the processes 1 and 2, then the
saturation of the CL intensity will be faster for the centers
with lower rate of the transition 4 and, this center will be
saturated at first, whereas the intensity in saturation regime
will be determined by the number of the centers.

In opposite case (when process 4 is faster than proc-
esses 1 and 2), the saturation will be determined by carrier
capture cross sections and the concentration of centers. If
the process 1 is faster than process 2, then the concentra-
tion of electron locked on emitting centers approaches to
centre concentration under pumping increase and results in
the saturation of emission intensity [23].

If the oxygen vacancies are involved in the recombina-
tion process, one can suppose that under band-to-band ex-
citation electron from c-band is captured quickly in the at-
tractive field of positively charged F'-centers (Fig. 5(d),
process 1), forming F’-center in excited state (Fig. 5(d)).
Its relaxation to ground state (Fig. 5(d), process 4) can re-
sult in red emission. Thus, we attribute this emission to in-
tradefect transition in F’-centers. Further hole capture re-
sults in the discharging of this F*-center and the formation
of F+-center ready for the next radiative event.

The thermal quenching of red band can be caused by
the external quenching (electron escape from excited state
of F’-center (Fig. 5(d), process 3) or by hole escape from
ground state of F’-center) and by internal quenching in F'-
center (Fig. 5(¢)).

After the electron capture, the hole from valence band
is captured on neutral center (Fig. 5(d), process 2). It can
also result in light emission because of low cross-section of
such a centre for carrier capture and difficulties with en-
ergy relaxation for deep level. In this case the radiative
hole recombination should be expected. In fact, this is usu-
ally observed in crystalline phosphors for band-to-level
transition. However, we did not detect any emission bands
correlated with the red one. One of the reasons can be the
use lead glass window for X-ray protection that also ab-
sorbs UV light.

Let us analyze the dependence of both band intensities
on electron beam pumping (Fig. 3). The interesting fact is
that the intensity of red band exceeds essentially the inten-
sity of blue one in spite of its intensity saturates at / > 55
pA. The higher red band intensity can be caused, in gen-
eral, by higher center concentration, while its faster satura-
tion can be due to lower relaxation time of carrier from ex-
cited to ground state of red centers (Fig. 5(b), process 4).
On the other hand, if the rates of the process 1 and 2 are
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lower than that of process 4 (Fig. 5(b)), such behavior of
red band can be caused also by higher electron capture
cross section by corresponding centers. In fact, the higher
capture cross section results in rapid filling of the centers
by electrons and can cause the faster saturation of lumines-
cence [23].

As it was mentioned above, the red emission was not
observed under optical excitation (267-647 nm in this
study). It is possible that this light energy is outside of spe-
cific spectral range required for red band excitation. On the
other hand, red PL emission can require the excitation
quantum which energy is higher than ZrO, band gap. Be-
cause this PL band was observed under 75 keV electron
beam excitation and its intensity exceeds the intensity of
blue-green bands, it can be used for visualization of the ra-
diation with quantum energy larger essentially than ZrO,
band gap. However, it is worth to note that the energy of
such radiation has to be below the threshold of defect gen-
eration.

5 Conclusion Y-doped ZrO, powder, obtained by
sol-gel method, was investigated by XRD, TEM, Raman
scattering, cathodo- and photoluminescence methods. The
ZYO powder was found to be of tetragonal phase with
grain sizes of about 13 nm. Cathodoluminescence spectra
at 300 K demonstrate broad blue and red bands. The inten-
sity of red CL band exceeds essentially that of blue one.
The cooling to 77 K enhances the intensity of both bands,
but the red emission increases mainly. Besides, the narrow-
ing of the red band and its peak position shift to lower en-
ergy side confirm its non-elementary nature. This band is
proposed to be originated from either intradefect transition
in the impurities (Fe and/or Zn) or complexes such as “ox-
ygen vacancy-impurity”. In the last case, red CL emission
can be ascribed to radiative relaxation of electron from ex-
cited state to ground one inside F’-centers located near im-
purities (Fe, Zn) after trapping of free electrons by corre-
sponding F' center. The dominant contribution of red
emission into CL spectra opens some perspectives for its
application as a marker for high-energy radiation (with
quantum energy higher than ZrO, band gap, but lower than
the threshold of defect generation).
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