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Abstract It was shown that ZrO, nanopowders and
nanoceramics can be used as an optical oxygen sensor,
where the luminescence signal is proportional to the
partial oxygen pressure in gases. The nanopowders were
obtained in a hydrothermal microwave driven process
followed by annealing at 750°C. Nanoceramics were
obtained by sintering at pressures up to 6 GPa and at
250°C so that grain growth did not occur. Luminescence
of both materials depends linearly on the oxygen content
in nitrogen-oxygen mixtures for 2.1% - 25 vol% oxygen
content. For luminescence excitation using a laser beam,
the luminescence intensity decreases as oxygen pressure
increases. For excitation with an electron beam, the
opposite effect is observed — the lower the oxygen
pressure, the lower the Iuminescence signal. The
experimental results are explained in terms of
luminescence centers being distorted lattice sites close to
vacancies.

I. INTRODUCTION

Optical oxygen pressure sensors based on the
phenomenon of change of luminescence intensity of organic
materials are well known. However, these sensors are costly
and their upper temperature operation limit is 80°C. Therefore
developing of an inorganic materia with luminescence
properties depending on oxygen pressure is of high practical
and scientifical interest. ZrO, is a materia having a large
number of applications [1-5], and is aso used in electrical
sensors for oxygen pressure detection [6]. The operation of
these sensors is based on oxygen ions transport in which
oxygen vacancies are involved. On the other hand, vacancies
may contribute to luminescence of ZrO, because of the
possibility to attract self-trapped excitons and their possible
contribution to lattice distortions [7-12]. At room temperature
only luminescence of lattice (intrinsic) defects is observed
because luminescence of self-trapped excitons is thermally
quenched above 150 K [7]. Since the concentration of oxygen
vacancies may depend on oxygen pressure above the sample,
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luminescence of this material may depend on oxygen
pressure as well. In fact, we recently discovered the
dependence of luminescence intensity in zirconia
nanoparticles on oxygen partial pressure and suggested the
application of the effect in oxygen sensors [13 -17].

In the present paper we show further results confirming the
possibility to use ZrO, nanoparticles and nanoceramics in
optical oxygen sensors that may have aternative applications
comparing to the well known dye-containing membrane
sensors or electrical sensors. We discuss also the possible
mechanism for the dependence of luminescence on oxygen
pressure.

1. EXPERIMENTAL

A.  Samples

The ZrO, nanopowder was obtained by hydrothermal
microwave driven process (MW), described in details in
[14,15], and then heated in air up to 750 °C at arate of 15 °C
min?, held at this temperature for 30 min and subsequently
cooled down. This thermal treatment permits to obtain
particles of the monoclinic phase and grain size stable at 340
°C, i.e, a the temperature at which the samples in sensor
material tests were annealed under variable oxygen pressure.
The ZrO, nanostructured ceramics was obtained by sintering
the ZrO, nanopowder using the high pressure — low
temperature sintering (HPLS) process. The pellets of 5 mm
diameter and 2 mm thickness were formed under toroidal
press at 6 GPaand sintered at 250 °C for 1 min.

B. Sructural Properties

X-ray diffraction (XRD) patterns of MW ZrO,
nanopowder as well as HPLS ZrO, ceramics were collected in
the 20 range of 10 — 100° at room temperature, with a step of
0.05° using a D5000 (Siemens) X-ray diffractometer with
CuK,; radiation. The average grain sizes determined by XRD
using the Scherrer equation were 31 nm and 27 nm for
nanopowder and ceramics, respectively. The Grain Size
Distribution (GSD) was determined using the method of XRD
peak fine structure analysis (XRD-GSD) [15]. This method
permits fitting the XRD peaks using an analytical function and
determine the average particle diameter <R> and dispersion of
particle sizes <s>. The samples morphology was determined
using a LEO 1530 field emission scanning microscope. The
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density of the nanopowders was measured by means of helium
picnometry using a AccuPyc 1330, produced by Micrometrics
Instruments. The specific surface area anadysis was
determined by the multipoint B.E.T. method (Gemini 2360,
Micromeritics Instruments).

C. Annealinginmixed Oxygen and Nitrogen atmospheres

Both, MW ZrO, nanopowder and HPLS ZrO, ceramics
were loaded into quartz tube from which the air was
evacuated. The tube was filled with mixtures of oxygen and
nitrogen (1 atm. pressure) with different O, contents (from
2.1% to 23.4%) or in vacuum (10 mbar) and heated up to 340
°C and held at this temperature for 20 minutes and then cooled
to room temperature and opened. The individual stages of
material treatment are described in detailsin [14].

D. Luminescence Measurements

For luminescence investigations the nanopowders were
pressed into pellets. Most investigations were carried out at
room temperature and in air. One series of tests using electron
beam excitation was carried out in real time during heating
and cooling. Two luminescence excitation methods were used:
illumination with pulsed YAG:Nd laser beam (excitation at
266 nm / 4.66 eV, < 2 ns pulse duration), and irradiation with
pulsed electron beam of 270 KeV energy and 10 ns duration..
This energy is too low to produce lattice defects but high
enough to produce electron — hole pairs. On the other hand the
energy of the laser beam photons is too low to excite electron
hole pairs but sufficient to excite intrinsic defects which act as
luminescence centers. Luminescence intensity was measured
using a photon counting head (Hamamatsu H8259) and a
photon counting board (Fast Com Tec Communication
Technology module P 7888-1E) with time resolution down to
2 ns. The experimental set up for luminescence intensity
ensured that the differences of luminescence were due solely
to the changes of the defect structure of the samples.

I1l. RESULTSAND DISCUSIONS

A. Sructural Properties

XRD patterns and grain size distribution for both the
nanopowder and nanostructured ceramics are shown in Fig.1.
The monoclinic phase only was observed. The average grain
size and grain size dispersion for MW ZrO, powder and HPLS
ZrO, ceramics were 31 £ 4 nm and 27 £ 12 nm, respectively,
(Fig. 1). The results of specific surface analysis ~ 40 mg, are
consistent with this grain size range.

The difference in grain size of the nanoparticles and the
sintered ceramics may be an apparent effect and result from
the high degree of microstrains in the ceramics. The ceramics
were sintered at very high pressures and low temperatures, so
that densification occurred without grain growth and diffusion.
After sintering at high pressures the nano-sized grains become
strained and this cause XRD peaks to broaden, which can be
misinterpreted as grain refining. The method of XRD peak
fine structure analysis of polidispersed powders (XRD-GSD)
[15], as well as the Scherrer’'s method were developed for
non-strained materials. Fig. 2 shows the morphology of both
materials. The structure is uniform, indicating a mono-modal
grain size distribution. There are fine particles agglomerated

into larger aggregates of approximately 100 nm diameter.
During synthesis of nanoparticles for photonic applications it
is important to reach a high degree of crystalinity (i.e., low
content of hydroxides, which are an intermediate product
during the synthesis and may lead to luminescence quenching
[15]. The good quality of the nanopowders is confirmed by
their high density, ~ 5.9 g/em®.

(A)
Zr Qg nan opowder
s T= 750°C g
= 2
2 2
o
E
- | -~
'5 o] 0 & =5 ) ] 1]
= ’\'"., T thata [dng]
."Illr % LR | g
\— X-RAY' M 31738 jm]
\'\.-
T T T T a1
20 30 40 50 a0 70
Grain diameter [nm]
(B)
Zrlly ceramics
5 |T*2%0°C,p=6GPa -
E :
o |
Lr—] [
g P e X o | el
I .t
", A g
— A-RAY:M 27/ 12 jam
!
J i
J
/ e
B 10 M W 40 B B0 T 80 @

Grain diameter jnm|

Figure. 1. GSD of the ZrO, nanopowder (A) and ZrO, nanostructured ceramics
(B) obtained from analysis of the XRD data,, <R> stands for average grain
size, <s> —for dispersion of size. The peak at 26.7 is due to sample container
used during sintering. The insets document the presence of only monoclinic
phase in both samples.
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Figure 2. High resolution SEM images for @ ZrO, nanopowder
(obtained by microwave driven hydrothermal synthesis, MW, and
annealed at 750 °C for 30 min) and b) ZrO, nanostructured ceramics
obtained from the MW ZrO, nanopowder (annealed at 750 °C for
15 min) under pressure 6 GPa at 250 °C.

B. Luminescence intensity dependence on oxygen content

Figure 3A shows that for samples annealed in mixtures of
oxygen and nitrogen the luminescence intensity decreases
proportionaly to the increase of oxygen content. Also in the
case of nanoceramics the luminescence signal increases as the
oxygen pressure decreases (Fig. 3B). Inref [16] and in Fig. 3A
it was shown that under monochromatic excitation by the laser
beam the luminescence band shape is Gaussian and the
position of the maximum of emission depends dightly on the
excitation energy.

Figure 4 shows the oxygen partial pressure effect on the
luminescence intensity measured using electron beam as
excitation source. The intensity was measured at 2.8 €V/ 443
nm. It is clearly seen that contrary to laser beam excitation, the
intensity increases as the oxygen pressure increases.

Real time luminescence investigations as a function of
temperature with the use of electron beam excitation permitted
to establish the optimum temperature for the sensor operation

(Fig.5).
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Figure 3. Luminescence intensity as a function of oxygen partia
pressure for ZrO, nanopowders (A) and ZrO, nanoceramics (B)
annealed in oxygen / nitrogen mixtures at 340 °C. Luminescence was
measured a RT under pulsed laser irradiation. The inset @) a (B)
illustrates the example of luminescence spectrafor ceramics.

Figure 5 shows the effect of the following cycle of
treatments on the luminescence intensity. First the
measurement chamber was evacuated, the temperature was
raised at arate of 5 K/min and luminescence was continuously
monitored. A continuous decrease of luminescence was
observed. During cooling down (cycle 2) the luminescence
level did not return to the initial value, what means that the
defects that were created during annealing in vacuum did not
disappear during cooling. However, when air was alowed in
the experimental chamber, luminescence increased starting
from 550K and reached a maximum at 620 K. This result
confirms that efficient diffusion processes that lead to the
creation or eimination of luminescence centers take place in
the temperature range 550 — 650 K. This is therefore the
optimum temperature range for operation of the sensor.
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Figure 4. Effect of oxygen pressure on luminescence intensity at 2.8 eV / 443
nm for electron beam excitation.
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Figure 5. Real time measurements of zirconia nanopowders luminescence
during electron beam excitation and during the following cycle of sample
treatments. 1: heating in vacuum, 2" cooling in vacuum. 3; heating in air.
Excitation energy 270 KeV, emission energy 2.8 €V/ 443 nm.

C. Mechanism of luminescence intensity dependence on
oxygen pressure and the model of the luminescence centre
in ZrO, nanoparticles

The present results are consistent with the idea, that the
luminescence changes are connected with creation or
elimination of oxygen vacancies close to the surface.
However, the distribution and potential clustering of such
vacancies within the nanoparticles lattice requires further
studies. Recent positron annihilation studies indicate a
presence of large free volumes (of the order of few atomic
units, at least), open towards the nanocrystals surface [18].

Such a hypothetical structure change needs however further
confirmation.

Annesaling at low oxygen pressure leads to a higher oxygen
vacancy concentration. Annealing at high oxygen pressure, on
the contrary, to a decrease of vacancy concentration. Let us
consider whether the vacancies themselves are luminescence
centers or the luminescence centers are other defects that are
induced by vacancies. To understand the luminescence
mechanism it is crucial to consider the opposite effects of
oxygen pressure on luminescence intensity for electron beam
excitation (band to band) and for laser beam excitation (intra
band).This effect can be explained assuming that the
luminescence centers are not the vacancies but lattice site
distortions caused by them [16,17]. For band to band
excitation, an increase of vacancy concentrations leads to
luminescence decrease because vacancies act as charge traps
and provide non radiative recombination paths for the
electron-hole pairs. On the other hand, for direct excitation of
the luminescence centers within the band gap such a
recombination mechanism is not possible, because the excited
states are immobile (Fig. 6)..

This assumption is in agreement with induced transient
absorption measurements — induced transient absorption decay
time is more much longer than luminescence decay time [19].
This means that the trapped charges did not contribute in
creation of luminescence centers excited states.

The above model explaining the difference in
luminescence changes with oxygen pressure for the case of
electron beam and laser beam excitation is explained
schematicaly in Figure 6.

Excitation of
luminescence IT
center

C Electrons and holes )

Excitation of
luminescence
center

Excitation of
luminescence
center

Trapping at
vacancies

I 2

Non radiative
recombination

Excited
state
relaxation

Excited
state
relaxation

Luminescence

a)

Luminescence

b)

Figure 6. Schematic presentation of the recombination mechanism for a)
electron beam excitation and creation of electron-hole pairs, b) laser beam
excitation of intrinsc defects. In case a) vacancies provide non-radiative
relaxation mechanisms.



The above presented results and model that explains them
open the way for the use of nano-zirconia powders and
ceramics in optical oxygen sensors operating at least in the
temperature range 550 — 650 K. The optical signal can be
measured after removing the material from the gas atmosphere
or inreal time using an appropriate optica system.

IV. CONCLUSION

ZrO, nanoparticles and nano-ceramic can be used as an
optical oxygen pressure sensor with material operating
optimally at 550 — 650K .

Under excitation by laser beam the intrinsic defects which
are distorted lattice sites close to oxygen vacancies contribute
to the observed increase of luminescence as oxygen pressure
decreases.

Under excitation by electron beam the vacancies which are
efficient traps for charge carriers suppress their recombination
vialight emission..
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