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Abstract. ZrO2 : Eu3+ nanophosphor has been fabricated by vapori-
sation of a ceramic target of specified composition using a CO2 
laser, with subsequent vapour condensation in an argon flow. 
Nanoparticles with spherical morphology have been synthesised at 
a pressure of 0.1 atm. The t-ZrO2 phase is found to be dominant 
(98 %). According to the transmission electron microscopy data, 
the nanoparticle size is 10 ± 4 nm. The luminescence properties of 
fabricated nanoparticles have been studied. It is shown that the 
strong red luminescence of the samples is mainly due to the bands 
peaking at 591 and 606 nm, which are related, respectively, to the 
5D0 ® 7F1 and 5D0 ® 7F2 transitions of Eu3+ ion in the t-ZrO2 
structure. It is shown also that europium is uniformly distributed 
over the ZrO2 matrix during laser synthesis. A comparative study 
of the t-ZrO2 : Eu3+ nanophosphor and the initial coarse-grained 
target has been performed. It is concluded that the proposed method 
of laser vaporisation is promising for synthesising t-ZrO2-based 
nanophosphors.

Keywords: laser vaporisation, CO2 laser, phosphor, nanoparticles, 
t-ZrO2, Eu3+ luminescence.

1. Introduction

The fabrication of functional oxide nanomaterials with con-
trolled elemental and phase compositions is one of key prob-
lems of nanotechnologies [1]. Laser methods for fabricating 
nanomaterials have been actively elaborated in recent years 
to solve this problem. The main methods of laser synthesis 
of oxide nanoparticles are laser gas-phase evaporation 
[2 – 8] and laser ablation (with plasma generation), includ-
ing the actively developing method of pulsed laser ablation 
in liquid [9 – 14]. An advantage of laser methods is the pos-
sibility of controlling many synthesis parameters, such as 
laser characteristics, composition and pressure of buffer gas 

during vaporisation and its circulation velocity, initial char-
acteristics of powders, and configuration of the vaporisation 
chamber; all these parameters affect the physicochemical 
properties of synthesised nanoparticles. Thus, this 
approach allows one to vary controllably the particle size, 
composition, stoichiometry, and size distribution. The size 
of nanoparticles fabricated by laser vaporisation is con-
trolled mainly by changing the buffer gas composition and 
pressure in the vaporisation chamber [1 – 8]. For example, 
particles of smaller size can be formed using a buffer gas of 
lower molecular weight (e. g., He instead of Ar) or reducing 
its pressure in the vaporisation chamber. Laser vaporisation 
with controlled vapour condensation is an efficient method 
for fabricating nanomaterials of different types, including 
metals, alloys, metal oxides, and semiconductors [1 – 14]. 
Laser synthesis methods are actively applied to produce sim-
ple oxides, for example, Al2O3, ZrO2, TiO2, Y2O3, Gd2O3, 
and SiO2, as well as multicomponent compounds on their 
basis [3 – 6, 15 – 19]. The radiation sources generally used for 
laser synthesis are cw and pulsed-periodic CO2 lasers [2 – 7], 
Nd : YAG laser (in particular, its second harmonic at 
532  nm) [8, 18], and fiber lasers [19]. As was reported in [7], 
the use of laser radiation with short pulses (10–8 s or shorter) 
and low average output power is limited because of very low 
nanoparticle production output. To date, CO2 lasers are the 
most widespread sources all over the world; being highly 
universal in comparison with other lasers [20], they are 
widely used to produce nanomaterials. The radiation of a cw 
CO2 laser of moderate power (to 100 W), used in this study, 
allows one to obtain nanoparticles with a narrow size distri-
bution in the evaporative regime, without plasma formation 
[21]. In this regime the nanoparticle formation output 
exceeds that obtained in the ablation regime with plasma 
formation [14].

Zirconium dioxide (ZrO2 ) is of great interest from both 
scientific and technological points of view. ZrO2 is character-
ised by high thermal and chemical stability. It is also highly 
transparent and, correspondingly, promising as a matrix for 
luminescent materials. Trivalent europium is widely applied 
as an activator in such phosphors because of its intense red 
luminescence and ability to play the role of a luminescence 
probe when studying a local structure of the material. The lum-
inescence spectrum of Eu3+ consists generally of bands that 
are due to the intraconfiguration 4f – 4f transitions 5D0 ® 7FJ. 
Materials based on the tetragonal (t) phase of zirconia are in 
great demand as optical ceramics and phosphors. However, it 
is the monoclinic ZrO2 phase that is stable at room tempera-
ture and up to 1170 °C. Nevertheless, the t phase at room tem-
perature can also be stabilised by introducing Eu3+ cations 
into the ZrO2 structure.
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The use of laser methods for fabricating ZrO2 and YSZ 
nanoparticles was described in several studies [3, 22 – 26]. At 
the same time, as far as we know, there are no studies on pur-
poseful synthesis of t-ZrO2 : Eu3+ phosphor by these methods. 
However, according to the data in the literature, efficient met-
hods for fabricating this phosphor are in constant demand 
[27, 28]. Our purpose was to fabricate a t-ZrO2 : Eu3+ nanophos-
phor by laser vaporisation using an original experimental setup 
and study the characteristics of the obtained nanopowders.

2. Experimental

2.1. Fabrication of t-ZrO2 : Eu3+ nanophosphor

ZrO2 : Eu3+ nanoparticles were obtained in two stages. First, 
microcrystalline powder ZrO2 : Eu3+ was prepared. Then it 
was pressed into pellets: targets for vaporisation (Fig. 1b). 
Powders were produced based on the classical incipient 
wetness impregnation method of initial ZrO Cl2×8H2O (of 
reagent grade) by aqueous solutions of nitric europium 
Eu(NO3)3×6H2O (of reagent grade). A preliminary prepared 
aqueous solution of Eu(NO3)3×6H2O with a specified euro-
pium concentration was added drop by drop to the 
ZrO Cl2×8H2O powder. The impregnated samples were then 
dried at 110 °C for 4 h with subsequent high-temperature heat 
treatment at 1200 °C for 6 h (heating to 1200 °C was per-
formed at a rate of 100 °C per hour). After this treatment, the 
samples were pressed in an evacuated mold under a load of 13 

t into pellets 18 mm in diameter. Before the vaporisation the 
pellets were additionally annealed at 1200 °C for 4 h to 
improve their strength characteristics. The target density was 
4.3 – 4.4 g cm–3. The phase and chemical composition of tar-
gets in all preparation stages was monitored by X-ray diffrac-
tion (XRD) and X-ray fluorescence analysis.

In the second stage, ZrO2 : Eu3+ nanopowder was 
produced in a two-chamber laser vaporisation setup 
(Fig. 1а).

The setup consists of an external sealed steel chamber ( 9 ) 
of volume 16 L, with operating pressures ranging from 0.1 Pa 
to 200 kPa; a vacuum post ( 20 ); systems of laser beam input 
( 1 – 8 ) and optical monitoring; and systems for moving a cru-
cible with target ( 14  ) and for feeding gases and monitoring 
pressure in the chamber, ( 17 – 19, 21 ). Targets were evapo-
rated from a crucible ( 15  ), made of stainless steel 12Kh18N9T, 
in a vaporisation chamber ( 10  ) with a labyrinthine scheme of 
particle separation ( 11  ) in a gas flow. Particles captured by 
the flow were deposited on ash-free paper filters 110 mm in 
diameter ( 16  ), separating the vaporisation chamber from the 
vacuum pumping channel. The vaporisation was monitored 
visually, using a transparent glass window of the external 
chamber, through the cylindrical quartz housing of an inter-
nal chamber ( 12 ).

Vaporisation occurred when the cw CO2 laser beam was 
focused on the target into a spot 0.4 – 0.5 mm in diameter, 
where a boiling zone with a temperature of 4000 – 4300 °С and 
a melt zone 2 – 3 mm in diameter with a temperature of 
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Figure 1. (Colour online) (a) Schematic of the experimental setup for fabricating ZrO2 : Eu3+ nanopowder:     
( 1 ) cw CO2 laser; ( 2 ) beam splitter; ( 3 ) radiation power meter; ( 4 ) tracing semiconductor laser; ( 5–7 ) optical path mirrors; ( 8 ) objective; ( 9 ) ex-
ternal vacuum chamber; ( 10 ) vaporisation chamber; ( 11 ) labyrinthine gas circulation system; ( 12 ) internal chamber quartz housing; ( 13 ) nozzle 
head; ( 14 ) rod for crucible fixing and target scanning; ( 15 ) target in crucible; ( 16 ) paper filter; ( 17 ) balloon with gas; ( 18 ) rotameter; ( 19 ) valve; 
( 20 ) vacuum post; ( 21 ) pressure gauge; solid red arrows indicate the laser beam propagation direction, and dashed arrows show the gas flow motion 
direction. (b, c) Target photographs prior to vaporisation (b) and after laser irradiation in the vaporisation chamber (c).
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2500 – 2700 °С were formed. The hand-made laser in use had 
the following characteristics: radiation wavelength of 10.6 mm, 
radiation power of up to 120 W in one transverse mode 
TEM00, output beam diameter of 8 mm, and divergence of 3 
mrad in the far-field zone. In all experiments on ZrO2 : Eu3+ 
nanopowder production the output laser power was 
100 W. The radiation power was monitored using a cali-
brated scheme, including a ZnSe beam splitter ( 2 ) with an 
antireflection coating and an LM-2 power meter ( 3 ) (Karl 
Zeiss Jena). To ensure uniform vaporisation, the crucible with 
a target was moved relative to the laser beam by rotating a 
rod with its simultaneous displacement along the rotation 
axis. A photograph of the target after laser irradiation in the 
vaporisation chamber is shown in Fig. 1c. It can be seen that 
the colour of a target processed by intense laser beam changes 
in the irradiated region; this change is caused by burning oxy-
gen out of ZrO2.

Cooling and condensation of the vapour of oxides and 
their radicals were performed in a flow of high-purity 
(99.998 %) buffer gas Ar, fed through a nozzle (13 ), coaxial 
with the laser beam. Nanoparticle deposition occurred 
throughout the entire vaporisation channel along the gas 
and dust flow propagation direction. The vaporisation cham-
ber was designed so as to make most of nanoparticles deposit 
on a filter. The vaporisation experiments were performed at a 
characteristic pressure of 10 kPa (0.1 atm). To preserve a 
narrow size distribution of produced nanoparticles, the 
pressure in the chamber was maintained constant during 
the entire synthesis cycle. Previously the chamber with a tar-
get was sealed and evacuated by a backing pump to a resi-
dual pressure of 0.02 Pa. The typical Ar consumption rate 
was 130 normal L h–1.

The vaporisation of a laser-irradiated ceramic target is 
accompanied by the formation of micrometer fragments and 
melt spray. To prevent large particles from entering the final 
nanopowder, the system in use was equipped with a labyrin-
thine gas circulation scheme on the path from the vaporisa-
tion zone to the filter, on which nanoparticles with the nar-
rowest size distribution were deposited. As showed a trans-
mission electron microscopy (TEM) study of the ZrO2 : Eu3+ 
nanoparticles collected from different parts of the chamber, 
the labyrinthine system efficiently separated large particles 
from the nanopowder. 

After cooling the chamber to room temperature and 
depressurisation, the nanopowder was collected, and its mass 

was measured on an electronic balance. The thus prepared 
samples were investigated by physicochemical methods.

2.2. Methods for study

An elemental analysis of the prepared phosphor was perfor-
med by the X-ray spectroscopic fluorescent method using an 
ARL Advant’X analyser with an Rh-anode X-ray tube. TEM 
micrographs were recorded using a Themis-Z 3.1 microscope 
(TFS), equipped with an X-FEG monochromator and a CS/S 
double corrector at an accelerating voltage of 200 kV. An 
elemental analysis was performed using a Super-X EDS 
detector (energy resolution of about 120 eV) in the HAADF-
STEM regime. Samples for TEM analysis were prepared by 
ultrasonic dispersion in ethanol with subsequent deposition 
of suspension on a ‘perforated’ carbon film, fixed on copper 
meshes. The phase compositions of the initial powder and 
prepared nanophosphor were determined by XRD using a D8 
diffractometer (Bruker) (Cu Ka radiation, l = 1.5418 Å). The 
luminescence properties of the samples were studied using a 
Fluorolog-3 spectrofluorimeter (Horiba Jobin Yvon). This 
instrument is a modular system based on double monochro-
mators (Czerny – Turner configuration) with a flat diffraction 
grating and a xenon lamp with radiation power of 450 W 
serving as a luminescence excitation source. The radiation 
detector was a photoelectron multiplier, sensitive in the range 
of 200 – 850 nm. Luminescence spectra were recorded at room 
temperature with a resolution of 0.5 nm. The recorded spectra 
were corrected using standard correction curves.

3. Experimental results and discussion

Under given conditions, the characteristic values of laser syn-
thesis output for the ZrO2 : Eu3+ sample collected over the 
entire vaporisation channel were 1.2 g h–1. The fraction of the 
particles with the narrowest size distribution, deposited on 
the filter, was no less than 52 %.

After the vaporisation of initial ceramic ZrO2 : Eu3+ tar-
gets, the sample morphology changed significantly. According 
to the TEM data, the powder obtained in this way consists of 
weakly agglomerated nanoparticles with a shape close to 
spherical (Fig. 2). An approximation by a lognormal distribu-
tion showed the average particle diameter to be 10 ± 4 nm. To 
plot a size distribution, we measured the diameter of more 
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Figure 2. TEM images (with different magnifications) of ZrO2 : Eu3+ nanoparticles obtained by laser vaporisation.
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than 700 nanoparticles. It can be seen that the size distribu-
tion of laser-synthesised nanoparticles is rather narrow. The 
fraction of particles with sizes from 50 to 100 nm is no more 
than 1 %. This fact indicates that the nanomaterial fabrication 
technology proposed here is efficient for fabricating nanopar-
ticles with a narrow size distribution.

Figure 3 shows an HAADF-STEM image of a fragment 
of ZrO2 : Eu3+ nanopowder and the corresponding elemental 
distribution map of europium and zirconium. After the laser 
vaporisation the europium concentration in the sample was 
6.85 wt %. It can be seen that europium is uniformly distrib-
uted over the ZrO2 matrix.

Figure 4 shows an XRD pattern of the initial (before pel-
letisation) ZrO2 : Eu3+ micropowder and the ZrO2 : Eu3+ 

nanopowder fabricated by laser vaporisation. To identify the 
phase composition of the samples, Fig. 4 shows also standard 
XRD patterns for monoclinic, tetragonal, and cubic modifi-
cations of ZrO2.

The diffraction patterns of the initial ZrO2 : Eu3+ micro-
powder contain peaks characteristic of three ZrO2 modifica-
tions. The monoclinic, tetragonal, and cubic phases in the 
sample were in a ratio of 48 : 39 : 13. The presence of tetrago-
nal phase is indicated by the peak at 2q = 30.1°. Note also that 
this peak is asymmetric because of the peak located at 2q = 
29.9°, which is due to the cubic phase. The occurrence of the 
peak at 2q = 34.7° indicates more clearly to the formation of 
cubic phase. The lattice parameters for each phase found in 
the sample are as follows: a = 5.155(1) Å, b = 5.208(1) Å, c = 
5.316(1) Å, b = 99.12(1)° for the monoclinic phase; a = 
3.612(1) Å and c = 5.186(1) Å for the tetragonal phase; and 
a = 5.160(1) Å for the cubic phase. After evaporating the tar-
get prepared from this sample, the structure of ready nanopar-
ticles changed significantly. In this case, laser vaporisation 
provides conditions leading to stabilisation of mainly tetrago-
nal phase. The presence of additional Eu3+ impurities even 
more facilitates stabilisation. For example, according to the 
XRD data, the phase composition of ZrO2 : Eu3+ nanopow-
ders exhibits dominance of the tetragonal phase: its content is 
98 % (see Fig. 4). The lattice parameters for this phase are as 
follows: a = 3.608(4) Å and c = 5.184(1) Å. The rest (2 %) is 
the ZrO2 monoclinic phase. The average nanoparticle size, 
found from the coherent-scattering region (CSR) for the 
tetragonal phase, is ~ 9 nm, which is in good correspondence 
with the TEM data.

The luminescence characteristics of the initial powder and 
the t-ZrO2 : Eu3+ nanophosphor prepared from it were stud-
ied under direct excitation near the 7F0 ® 5L6 transition of 
Eu3+ ions with lmax = 395 nm (Fig. 5).

It can be seen in Fig. 5 that the luminescence spectrum of 
the initial polycrystalline ZrO2 : Eu3+ powder contains groups 
of bands in the ranges of 580 – 583, 584 – 602, 602 – 638, 
644 – 667, and 692 – 721 nm, which are due to the electronic 
transitions 5D0 ® 7FJ (J = 0 – 4) of Eu3+ ions. The complex 
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Figure 3. (Colour online) (a) HAADF-STEM image of a region containing ZrO2 : Eu3+ nanoparticles and (b) EDS map of zirconium and europium 
distribution for this region.
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Figure 4. (Colour online) Diffraction patterns of the initial ZrO2 : Eu3+ 
micropowder and ZrO2 : Eu3+ nanopowder obtained by laser vaporisa-
tion, supplemented with standard ICSD data on the monoclinic (m, 
PDF 010-83-0939), tetragonal (t, PDF 010-70-6627), and cubic (c, PDF 
010-70-6632) modifications of ZrO2.
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structure of the fluorescence spectrum of the initial powder is 
related to the luminescence of Eu3+ ions existing simultane-
ously in several ZrO2 phases. A significant contribution to the 
spectrum is from the Eu3+ ions in the monoclinic phase struc-
ture. For example, the luminescence spectrum contains a 
band due to the 5D0 ® 7F0 transition (forbidden by all selec-
tion rules), peaking at 582 nm, as well as series of bands due 
to the 5D0 ® 7FJ transitions (J = 0 – 4). The structure of these 
transitions contains 3, 5, 7, and 9 components, respectively, 
which means complete removal of degeneracy of the 7FJ lev-
els. The strongest luminescence bands, with maxima at 
590, 597, 598.5 nm and 614, 615, 617, 625, 632 nm, are due to 
the 5D0 ® 7F1 and 5D0 ® 7F2 transitions, respectively. Splitting 
of the 7FJ levels of Eu3+ in the crystalline field into as many as 
possible components indicates that europium occupies a site 
with low local symmetry (C1, C2, or Cs) in the ZrO2 mono-
clinic phase, which is in good agreement with the data in the 
literature [29 – 32]. The luminescence spectra also demon-
strate a significant content of tetragonal ZrO2 phase in the 
initial sample. For example, there are additional bands peak-
ing at 592, 595 and 607, 635 nm in the spectrum, which are 

due to the 5D0 ® 7F1 and 5D0 ® 7F2 transitions of Eu3+ ions in 
the t-ZrO2 structure. Based on the analysis of the band struc-
ture, it was concluded that Eu3+ ions in the t-ZrO2 : Eu3+ 
matrix are incorporated into sites with local symmetry D2d.

According to the XRD data, significant changes occur in 
the sample structure after vaporisation, as can be seen well in 
the luminescence spectra. In contrast to the spectra of the initial 
sample, bands with maxima at 591 and 606 nm dominate in the 
luminescence spectra of t-ZrO2 : Eu3+ nanopowder; these bands 
are due to the 5D0 ® 7F1 and 5D0 ® 7F2 transitions of Eu3+ ions, 
respectively. The weaker bands in the spectra may be due to the 
presence of Eu3+ in the ZrO2 monoclinic phase, which is in 
agreement with the XRD data. One can also see in Fig. 5 that 
the spectra of the sample obtained by laser vaporisation exhibit 
inhomogeneous line broadening, which is characteristic of 
nanosystems. The total Eu3+ luminescence intensity of the ini-
tial samples is much higher than that of the obtained 
nanopowder. Nanoparticles have larger specific surface areas 
in comparison with coarse-grained samples. Vari ous molecules, 
OH  and  СОx groups adsorb from atmosphere on a highly 
developed surface. Therefore, the lower luminescence intensity 

of nanopowders is generally explained by the higher probabil-
ity of nonradiative processes because of the interaction with the 
OH and СОx groups adsorbed on the surface. Another, more 
important reason in the case of ZrO2 is the formation of oxygen 
vacancies in the structure of europium-doped ZrO2 because of 
the difference in the charge states of Zr4+ and Eu3+ ions. 
Detailed explanation of the afo rementioned decrease in the 
luminescence intensity is beyond the scope of this study.

4. Conclusions

Europium-doped ZrO2 nanophosphor with a concentration 
of 6.85 wt % was obtained by laser vaporisation of a polycrys-
talline target of specified chemical composition in a buffer gas 
flow. The radiation source was a cw CO2 laser with output 
power of 100 W. Target vaporisation and subsequent vapour 
condensation were performed in an argon gas flow at a pres-
sure of 0.1 atm in the vaporisation chamber. These synthesis 
conditions provided weakly agglomerated nanopowders of 
ZrO2 : Eu3+ phosphor with spherically symmetric particle 
morphology. The average nanoparticle size was estimated 
from the TEM data and CSR (XRD analysis) to be 10 ± 4 nm. 
It also follows from the XRD data that the phase composi-
tion of nanoparticles is presented mainly by the t-ZrO2 modi-
fication (98 %). High-resolution TEM and energy-dispersive 
X-ray analysis showed that europium is uniformly distributed 
over the t-ZrO2 matrix in the nanopowders obtained by laser 
synthesis on the original setup presented in the paper. The 
luminescence spectra of the produced nanoparticles in the 
luminescence range of intraconfiguration transitions of Eu3+ 
were studied. It was shown that the intense red luminescence 
of the samples is mainly due to the bands peaking at 591 and 
606 nm, which are related, respectively, to the 5D0 ® 7F1 and 
5D0 ®7F2 transitions of Eu3+ ion in the t-ZrO2 structure.

The results of comparative structural and photolumines-
cence studies of the obtained t-ZrO2 : Eu3+ nanophosphor and 
initial polycrystalline powder (target material) are presented. 
Based on the analysis of the dataset on the structure, mor-
phology, and luminescence properties, it was concluded that 
the proposed laser method has good prospects for fabricating 
t-ZrO2-based nanophosphors.
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