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Abstract

Polycrystalline praseodymium doped-zirconia powders were synthesized by crystallization of a saturated solution and annealed in air
at T, =950 °C. Monoclinic, tetragonal and cubic crystalline phases of zirconia were obtained. EDS studies showed homogeneous chem-
ical composition over all the powders particles and chemical elemental contents in good agreement with the incorporation of Pr** ion in
Zr*" sites. XRD patterns showed stabilization of tetragonal and cubic phases at 1.28 and 2.87 at.% of Pr** doping concentrations,
respectively. Both unit cells expand when Pr’* content increases. All samples showed a crystallite size lower than 27 nm. Diffuse reflec-
tance studies exhibited the presence of the 4f5d absorption band of Pr*", and absorption peaks in 440-610 nm region associated with 4f
inter-level electronic transitions in Pr’* ion. Low temperature (20 K) photo-luminescent spectroscopic measurements over excitation of
488 nm for praseodymium doped zirconia, showed multiple emission peaks in the 520-900 nm range of the electromagnetic spectrum,
associated with typical 4f inter-level electronic transition in Pr*". Incorporation of Pr’" in more than one zirconia crystalline phase
and the incorporation in cubic C, sites, were observed. Zirconia powders presented significant differences in its emission spectra as a
function of the type of crystalline phase compounds.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction sequent appearance of deep electronic states, due to the

incorporation of RE in MO crystalline structure, provides

Metallic oxides (MO) present good chemical stability
and wide energy gap which is commonly affected with the
incorporation of activator ions, generally to provide new
optical properties or to enhance its intrinsic ones [1-4].
Rare earth (RE) ions have been considered the most impor-
tant optical activators for luminescent devices [5]. The con-
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to this rare earth doped metallic oxide (MO:RE) lumines-
cent properties and consequent emissions in the visible
range of electromagnetic spectrum, preserving and some
times enhancing the intrinsic properties of the MO. This
is probably why, in the last decade, trivalent rare earth
doped metallic oxides (MO:RE*") have gained popularity
like the most promissory luminescent materials [5]. The
fluorescent emission in MO:RE*" commonly comes from
5d-4f or 4f-4f electronic transitions in rare earth ions.
Commonly, the responsible of the emission are the rare
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earth ions. Among advanced ceramic materials, zirconia
(ZrO,) plays an important role due to its superior hardness,
high refractive index, optical transparency, chemical stabil-
ity, photothermal stability, high thermal expansion coeffi-
cient, low thermal conductivity, ionic conductivity,
polymorphic nature, and high thermomechanical resis-
tance; it can be used in a variety of photonics and industrial
applications [6]. Furthermore the low phonon energy of
Zr0O, decreases the probability of non-radiative multipho-
non relaxation of excited rare-earth activator ions through-
out the vibrational bands of the host lattice, which is
considered one of the most competitive non-radiative
relaxation processes for optical activator ions in a lumines-
cent material. Many studies on zirconia stabilization [7,8]
have been done considering the effects of impurities, since
activator content determines whether the tetragonal or
the cubic phase will be stabilized. Trivalent rare earth ions
have been used, besides a structure stabilization action
[9,10], as luminescence activators in single crystal zirconia
[11-16] and polycrystalline zirconia films [17-19]. Extensive
studies have been performed for the preparation of stabi-
lized zirconia ceramics using different routes because the
synthesis method is crucial to optimise the properties of zir-
conia ceramics [20].

The present work reports on the influence of the doping
concentration on the crystalline structure and photolumi-
nescent properties of prasecodymium doped zirconia pow-
ders obtained by crystallization of a saturated solution.

2. Experimental

Polycrystalline powders of praseodymium doped zirco-
nia were prepared by crystallization of a saturated solution
followed by a post annealing treatment at 950 °C [21]. The
precursor solution was composed by zirconium nitrate
(ZrO(NO3), - xH,O Aldrich Co.) and ethyl alcohol. Dop-
ing with Pr*" was achieved by adding Pr (NO3); - 6H,0
to the precursor solution in the range from 1 to 20 at.%
in relation to the zirconium nitrate content in this solution.
Particle size and qualitative shape measurements were per-
formed by scanning electron microscopy (SEM), and
chemical composition characterization using energy disper-
sive spectroscopy (EDS), both with a Leica Cambridge
Stereoscan 440 electron microscope equipped with a beryl-
lium window X-ray detector. The crystalline structure was
analyzed by X-ray diffraction (XRD), using a Siemens D-
5000 with Cu K, radiation (1.5426 A). Identification of
tetragonal and cubic phases, and indexing of the peaks in
the XRD patterns was done employing the equations:
sin® 8= A(h?>+k?* + CI? for tetragonal and sin’> 0=
A(h? + k? 4+ 1%) for cubic phase, where A (= A*/4a%) and
C ( = A?/4¢?) are constants for any peak in the correspond-
ing diffractogram [22]. Crystallite size of the powders was
obtained using Scherrer’s formula: t = (0.9 A)/(Bcos 0g)
for peaks which 26 were < 35°. Diffuse photoreflectance
studies in the UV-VIS-NIR were carried out using a spec-
trophotometer Cary 5000-Varian. Low temperature (20 K)

photoluminescence emission spectra were recorded using a
conventional setup. The 488 nm argon laser line was used
like excitation source. The sample was placed in a mobile
holder for aligning purposes and the emission was collected
perpendicular to the pumping signal. A 0.5 m monochro-
mator (Acton Research) was used to scan the emission
spectrum which was measured using a photomultiplier tube
connected to a PC via a lock-in amplifier.

3. Results and discussion
3.1. Chemical composition and crystalline analysis

Polycrystalline powders of praseodymium doped zirco-
nia were obtained by the crystallization of a saturated solu-
tion process, varying the Pr®" doping concentration
parameter. The Table 1 shows the chemical composition
of the powders as a function of Pr (NO3); - 6H,O/ZrO-
(NOs); - xH,O ratio in the precursor solution. A chemical
analysis of different zones of the powder, which were
selected in a random way, shows a homogeneous chemical
composition over all the powder particles. The chemical ele-
ment contents at whatever concentrations of Pr (NOj); -
6H,0, is in good agreement with zirconium oxide rich in
oxygen. The changes in elemental contents as the Pr
(NO3)3 - 6H,0 percent increases, suggest the possible incor-
poration of Pr*" ion in Zr*" sites. Images obtained by SEM,
but not showed for the sake of brevity, show: (1) a very
broad particle size distribution in a range of 10 and
80 pm, being 40 pum the most common size, and (2) particles
of flake shape with sharp edges and flat surface morphol-
ogy. The morphology and the wide variety of particle sizes
were associated with the grinding process. Fig. 1 shows
XRD measurements and the evolution of the crystalline
structure of zirconia as a function of Pr (NOs)3 - 6H,O in
precursor solution, here X in the PrX label indicates the per-
cent of praseodymium nitrate hexa-hydrated in relation to
the zirconium nitrate content in this solution. The XRD
pattern for undoped zirconia powder, Pr 0 spectrum, shows

Table 1
Elemental chemical composition of praseodymium doped zirconia pow-
ders as a function of Pr (NOj); - 6H,O/ZrO(NO3), - xH,O ratio in the
precursor solution

Pr (N03)3 . 6H20/ZTO(NO3)2 .
xH,O ratio in the precursor

Oxygen Zirconium Praseodymium
(at.%) (at.%) (at.%)

solution

0.000 73.15 26.85 0
0.010 73.45 26.19 0.35
0.020 75.34 24.10 0.56
0.030 76.03 23.13 0.84
0.040 75.77 22.94 1.28
0.075 74.49 23.29 2.22
0.100 75.41 21.72 2.87
0.150 72.88 22.37 4.76
0.200 74.43 20.25 5.33

The measurements are in atomic percent (at.%). Results were obtained by
EDS.
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Fig. 1. XRD patterns of praseodymium doped zirconia powders as a function of Pr (NO3); - 6H,0 percent content in the precursor solution. X in Pr X
spectra label means the Pr (NOs); - 6H,O percent content. Figure shows Miller indexes for undoped zirconia powder Pr 0, with a crystalline structure

composed by: Monoclinic (M), Tetragonal (T), and Cubic (C) phases.

multiple peaks associated with a polycrystalline structure
composed by three crystalline phases: monoclinic, tetrago-
nal and cubic, being monoclinic in major quantity. The rel-
ative close distance between peaks associated with
tetragonal and cubic phases of zirconia does not allow dis-
cern, in this spectrum, between these two phases. The aggre-
gation of praseodymium nitrate in the precursor solution,
results in intensity decreases of the peaks associated with
monoclinic phase, which vanish for 5 percent, being the
tetragonal peaks the only ones present in the Pr 5 spectrum
[23] (1.28 at.% of Pr*" in zirconia powder, as measured by
EDS). The crystalline structure for Pr 5 sample resulted in
a tetragonal type I with lattice parameters of: a = 3.60 A
and ¢=5.17 A (see Fig. 2a). An evolution of crystalline
structure from tetragonal I, Pr 5, to cubic F phase, Pr 10,
was also observed, and was associated to praseodymium
ion increasing concentration in zirconia powder, from
1.28 at.%, for tetragonal I phase, to 2.87 at.%, for cubic F
phase (see Fig. 2b). Powders with contents of Pr’* higher
than 2.87 at.% remain cubic F crystalline phase. Fig. 3
shows a schematic representation of the XRD measure-
ments corresponding to Pr 5, Pr 7.5, Pr 10, Pr 15 and Pr
20. A shift of the peaks in the diffraction pattern to lower
26 values with the incorporation of Pr*" ion, and without
changes in the full-width at half maximum (FWHM) of
the peaks was observed, which indicates a uniform expan-
sion in the directions corresponding to the peaks involved,

in the corresponding unit cell: tetragonal for Pr 5 and Pr
7.5; and cubic for Pr 10, Pr 15 and Pr 20. The last one
resulted in a uniform expansion in all cubic directions.
The Pr 10, Pr 15 and Pr 20 samples had lattice parameter
“a” values of: 5.16, 5.18 and 5.20 A for 2.87, 4.76 and
5.33 at.% concentration of Pr*" ion in zirconia powder,
respectively. The chemical composition results and the
behavior on the crystal structure of doped zirconia as
Pr’" content increases, indicate the stabilization of the cubic
phase of zirconia which was associated with the incorpora-
tion of Pr*" ions in Zr*" sites and the consequent creation
of oxygen vacancies for charge compensation [24]. Little
variation in the intensity of the peaks, in the XRD pattern,
as Pr’* content rises indicates unappreciable changes in the
crystalline structure of the powders. Material growing in
some preferred orientation (hkl) as a function of the Pr*"
ion concentration was not observed. Crystallite size values
for different concentrations of Pr’" ion were: Pr 0:26 nm;
Pr 1:27 nm; Pr 3, Pr 5, Pr 7.5, Pr 10 and Pr 15:21 nm; and
Pr 20:23 nm. Due to the homogeneity of the precursor mix-
ture, the crystallization during the annealing treatment
occurred probably by homogeneous nucleation mechanism
delaying the growth of crystallites. The percent of tetrago-
nal and/or cubic phase present in undoped zirconia sample,
Pr 0, was associated to its crystallite size lower than Garvie
critic size (30 nm) [25] where martensitic transformation
7107 tetragonal = ZrO2.monoclinic Occurs. For praseodymium
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Fig. 2. Indexed XRD patterns for tetragonal I(a) and cubic F(b) zirconia
powders, obtained from precursor solutions with 5 and 10 percent of Pr
(NO3)3 - 6H50 in relation to ZrO(NO3), - xH,O, respectively.
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Fig. 3. Schematic representation of the XRD lines of praseodymium
doped zirconia powders as a function of Pr (NO3)3 - 6H,O percent content
in the precursor solution. X in Pr X spectra label means the Pr
(NO3)3 - 6H,0 percent content in relation to ZrO(NOs), - xH,O content.
A notable sliding of the peaks to lower 20 values can be observed.

|Pr15

| Pr20

doped zirconia samples the crystallite size and praseodym-
ium stabilizer effects were complementary factors to
increase the percent contents of cubic and/or tetragonal
phases.
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3.2. Diffuse reflectance and photoluminescent spectroscopy

Fig. 4 shows the diffuse reflectance spectra for praseo-
dymium doped zirconia powders as a function of
Pr(NO3); - 6H,0 in the precursor solution in relation to
the zirconium nitrate content in this solution. All spectra
were obtained using the spectrum for undoped zirconia
powder like base line. A wide absorption band centered
at 380 nm was observed in all spectra. For samples
obtained from precursor solutions with praseodymium
nitrate concentrations lower than 7.5% the 380 nm band
has constant intensity, for upper concentrations than
7.5% the intensity starts to decrease and the apparition of
a new band was observed. The position of this new band
depends on praseodymium nitrate concentration and was
centered at: 299, 295 and 292 nm for Pr 10, Pr 15 and Pr
20 samples (see zoom 1 of Fig. 4), respectively. This band
was attributed to the 4f° — 4f25d absorption of Pr**ions.
The 380 nm wide absorption band was associated with
deep energy levels in zirconia energy gap due to the crea-
tion of crystal defects with the incorporation of Pr**. The
existence of the 380 nm band and the overlapping of Pr*"
absorption peaks with part of this wide band, observed
in the excitation spectrum for praseodymium doped zirco-
nia composed by a mix of monoclinic, tetragonal and cubic
crystalline phases, was reported before, proving the charge
transfer between the host lattice and the activator ion [21].

The decreasing intensity of the 380 nm absorption band,
with the increase of Pr** ions in zirconia, starting when zir-
conia adopt a well defined cubic phase (for Pr** ion con-
centrations upper than 2.87 at.%), was associated with
two possible factors: (a) A lower number of defects on
structure, which should have a consequent decrease on
charge transfer effect, (b) A preferential absorption
through the 4f5d band, which is associated with the
increase on intensity of the ~290 nm absorption band.
The lower emission intensity and the appearance of the
intrinsic emission of zirconia for cubic zirconia samples
(Fig. 5 — Pr 15), confirm the low efficiency of charge trans-
fer process. In relation to spectroscopic studies of euro-
pium doped zirconia [24] and to the similar
characteristics between Pr’" and Eu*" ions (ionic radius:
Pr=1.09, Eu=1.12; electronegativity: Pr=1.1,
Eu = 1.0) exist a high possibility to have the majority of
Pr*" ions located in C, symmetry sites of cubic zirconia.
The 299, 295 and 292 nm bands present in the absorption
spectra of Pr 10, Pr 15 and Pr 20 cubic F samples were
attributed to the 4 — 4f°5d absorption of Pr’‘ions
located in C, sites [26], which on the other hands support
the occupation of C, sites by the Pr’* ions. Increase on
intensity of 4f° — 4f25d absorption band when Pr’* ion
content rises, from 2.87 at.% to 5.33 at.%, suggest an
increase on occupation of cubic C, sites by Pr’" ions,
and the possible preference of this site by incorporated
Pr** ions. The high influence on the position of 4f° —
4f25d absorption band due to crystal field changes has been
reported [26]. The shift in the position of this band, from
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employed as excitation wavelength in the three samples.

the Pr** ion due to the increase in Pr—O distance leading to
lower crystal fields. This is in agreement with the uniform



F. Ramos-Brito et al. | Optical Materials 30 (2008) 1840-1847

expansion that suffers the cubic F zirconia when its content
of Pr*" increases from 2.87 to 5.33 at.%, see Fig. 3.

Fig. 4 shows the absorption peaks in the region of 440-
610 nm which were associated with electronic transitions
within the 4f shell of Pr’" ion, as follow: 447.9 nm:
*Hy—Py; 471.5nm: “Hy—P; + 'Is; 485.9 nm: “Hy—Py;
583 nm: *Hy—'D,; and 609 nm: *H,~'D,. No changes in
the position of these absorption peaks with the increase
of Pr’* concentration in zirconia (see zoom 2 of Fig. 4),
and the subsequent decrease on crystal field, were
observed. This is in agreement with the well shielded 4f
electrons by the 5s and 5p° electrons.

A red color emission resulted from the photoexcitation
of praseodymium doped zirconia powders. A decrease in
photoluminescence emission intensity with the increase of
the doping concentration was observed at naked eye.
Fig. 5 shows the photoluminescence results for mixed (Pr
1 sample), tetragonal (Pr 5 sample) and cubic (Pr 15) crys-
talline phases of praseodymium doped zirconia powders
under photo excitation centered at 488 nm, which produces

Table 2

1845

a direct excitation from *Hy to 3Pj’s energy levels. The spec-
tra show multiple peaks that were associated with the 4f
inter-level electronic transitions in Pr** ions. This suggests
different paths for Pr** returning to the base energy state.
The location of the peaks and its associated 4f electronic
transition are shown in Tables 2-4. The 'D,—*H, electronic
transitions in Pr’" ions were the responsible of the red
color emission from zirconia. Differences between emission
spectra for mixed (Fig. 5 — Pr 1), tetragonal (Fig. 5 — Pr 5)
and cubic (Fig. 5 — Pr 15) crystalline phases of praseodym-
ium doped zirconia, were found. Three emission peaks cen-
tered at 535, 586.4 and 598.4 nm, and associated with
3P, + 'I4 — 3Hs electronic transitions, were only present in
tetragonal zirconia spectrum (Fig. 5 — Pr 5). Two emission
peaks located at 653.2 and 655.4 nm, associated to *Py—>Hg
electronic transitions, were only present in cubic zirconia
spectrum (Fig. 5 — Pr 15). Remarkable changes on relative
emission intensity between peaks corresponding to
'D,—*H, electronic transitions were observed for cubic zir-
conia as compared with relative intensity in mixed or

Association of the peaks observed in the photoluminescent emission spectrum of monoclinic/tetragonal/cubic zirconia (Pr 1 sample), with 4f inter-level

electronic transitions in Pr’" ion

Wavelength (nm) Transition Wavelength (nm) Transition Wavelength (nm) Transition
552.2 P+ 'g-*Hs L 621.8 'D, - *H, sh 755.4 3Py —*Fs4 vl
563.6 3P+ g—3Hs S 625.8 'D, - *H, m 761.4 3Py —3Fs41
565.2 P+ Ts-%Hs S 644.4 3Py - Hg s 835.2 'D,-3F, 1
614.6 'D, - Hy s 670.6 3Py —Hg 1 841.4 'D,-F, 1
615.8 'D,-3Hy s 721.2 'D,-*Hs m

617.6 'D, - *H, m 743.4 Py~ Fial

s — strong intensity, m — medium intensity, 1 — low intensity, vl — very low intensity, and sh — shoulder.

Table 3

Association of the peaks observed in the photoluminescent emission spectrum of tetragonal zirconia (Pr 5 sample), with 4f inter-level electronic transitions
in Pr¥'ion

Wavelength (nm) Transition Wavelength (nm) Transition Wavelength (nm) Transition
535 x 3P+ - *Hs m 615.2 'D,-3Hy s 720.8 'D,—3Hsm
552 P+ g-3Hs L 617.6 'D, - 3H, shm 742.6 3Py —3Fs41
563.6 3P, + "Iy — *Hs sh 622 'D, - 3H, sh 753.4 Py~ Fi4l
565.2 P+ 'Is—Hs S 625.8 'D,—*Hym 760.2 3Py—>Fs41
586.4 * 3P, + I - *Hs 1 643.4 3Py - *Hg s 766.8 3Py —Fs4 vl
598.4 x P, + 'Ps—*Hs m 670.4 Py~ *Hg m 834.4 'D,-’F, s
614.2 'D,-3Hy s 7114 " 'D, - 3H; vl 841.2 'D,-3F, m

s — strong intensity, m — medium intensity, 1 — low intensity, vl — very low intensity, and sh — shoulder.

Table 4

Association of the peaks observed in the photoluminescent emission spectrum of cubic zirconia (Pr 15 sample), with 4f inter-level electronic transitions in
Pr¥tion

Wavelength (nm) Transition Wavelength (nm) Transition Wavelength (nm) Transition
537.8 Pi+'Is-"Hs L 624.8 'D,-H, s 668.6 *Po—"H s
552.4 P+ g-3Hs L 626.6 'D, - *H, sh 719.0 'D, - *Hsm
565.4 3Py + 'Ig—*Hs 1 642.4 3Py —*Hg s 755.8 Po—>Fs41
615.4 'D,—*Hy s 653.2 *Py—*Hg m

617.2 'D,-*Hy s 655.4 *Pp—*He m

s — strong intensity, m — medium intensity, 1 — low intensity, vl — very low intensity, and sh — shoulder.
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tetragonal zirconia. The relative intensity of the 565.4 nm
emission peak (*°P; + I — *Hs electronic transition) for
cubic zirconia, presented a considerable increase over the
peaks associated to 'D,3H, electronic transition, as com-
pared with the results obtained for mixed phases and
tetragonal zirconia. This indicates a considerable change
on preferences in Pr*" relaxation paths. Absence of 835.2
and 841.4 nm peaks in cubic zirconia spectrum ('D,—’F,
electronic transition), and its presence in mixed and tetrag-
onal zirconia, was observed. In the emission spectrum for
cubic zirconia a wide band is observed, on this band are
mounted the typical Pr’" emission peaks; that band was
attributed to the intrinsic emission of zirconia [27].
Changes in relative intensity of the peaks and the absence
and addition of new peaks in the emission spectrum for
prasecodymium doped zirconia, indicate new preferential
paths for Pr*" ion returning to the base energy state that
were attributed to crystal field changes associated with
the type of Pr’* environment, which depends on crystalline
structure of zirconia where they were incorporated. The
above-mentioned is in agreement with the shift that suffers
the 4f°~4f>5d absorption band and the non changes in the
position of the absorption peaks that were associated with
4f inter-level transitions in Pr** ion (see Fig. 4). The pres-
ence of intrinsic emission of zirconia and the lost in inten-
sity of emission peaks associated with 4f inter-level
electronic transitions in Pr’" ions in cubic zirconia, were
related with a decrease on the probability of Pr’*-O*
charge transfer by the increase of distance between praseo-
dymium and oxygen ions due to the expansion of zirconia
cubic cell.

3.3. Conclusions

Polycrystalline praseodymium doped zirconia powders
with homogeneous chemical contents and crystallite size
lower than 27 nm were obtained. Evidence of a homoge-
neous nucleation mechanism was observed. Zirconia pow-
ders with well defined tetragonal I and cubic F crystal
structures were obtained under a relative low cost tech-
nique. Lattice parameters for tetragonal I zirconia were
at = 3.60 A, cr=5.17 A. The increasing of Pr’t ions in
zirconia produces an expansion of zirconia cubic cell,
resulting in lattice parameters of: 5.16, 5.18, and 5.20 A
for 2.87, 4.76 and 5.33 at.% contents, respectively. The
incorporation of Pr** ion in zirconia induces deep energy
levels in its energy gap due to the creation of crystal defects,
which results in a wide absorption band centered at
380 nm. A preferred incorporation of Pr** in cubic C sites
was observed. A decrease on crystal field acting over Pr’*
ion with the increase of Pr’" concentration was observed.
The zirconia powders presented a red color emission asso-
ciated with electronic transitions from the 'D, to the *Hy
energy levels in Pr’* ion. Photoluminescence emission spec-
tra show multiple peaks and all were associated with elec-
tronic transitions within the 4f shell of Pr’" ion.
Significant differences in emission spectra for tetragonal

and cubic zirconia were observed. Due to crystal field
changes affecting Pr*" ion, remarkable changes on prefer-
ence of Pr*" for certain returning paths to its base energy
state were induced, which produces considerable changes
in the emission color coming from praseodymium doped
zirconia. Based on the fact that the thermo-luminescence
response and sensitivity of ZrO, depend on the crystalline
structure, this particular material could be used as a dosim-
eter for ionizing radiation, gamma, beta, X-ray and UV
light.
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