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LaVO,:Eu Phosphor Films with Enhanced Eu Solubility

T. Higuchi,’>* Y. Hotta,! Y. Hikita,! S. Maruyama,? Y. Hayamizu,?> H. Akiyama,? H. Wadati,?
D. G. Hawthorn,® T. Z. Regier,* R. I. R. Blyth,* G. A. Sawatzky,® and H. Y. Hwangh 56

! Department of Advanced Materials Science, University of Tokyo, Kashiwa, Chiba 277-8561, Japan
2Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan
’Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada
4 Canadian Light Source, University of Saskatchewan, Saskatoon, Saskatchewan STN 0X4, Canada
% Japan Science and Technology Agency, Kawaguchi, 332-0012, Japan
% Department of Applied Physics and Stanford Institute for Materials
and Energy Science, Stanford University, Stanford, CA 94305, USA
(Dated: January 6, 2011)

Eu doped rare-earth orthovanadates are known to be good red phosphor materials. In particular,
LaVO4:Eu is a promising candidate due to the low Eu-site point symmetry, and thus high dipole
transition probability within Judd-Ofelt theory. However, the low solubility limit (< 3 mol%) of
Eu in LaVO4 prevents its efficient use as a phosphor. We present optical evidence of enhanced
Eu solubility as high as 10 mol% in LaVO4:Eu thin films grown by pulsed laser deposition and
postannealing. The photoluminescent intensity exceeded that of YVO4:Eu thin films when excited
below the host bandgap, indicating stronger direct emission of Eu in LaVOs.

PACS numbers: 68.35.-p, 78.66.-w, 78.70.Dm

Rare-earth (R) orthovanadates RVO, have been of par-
ticular interest due to their unique properties and wide ap-
plications such as phosphors [1], laser host materials [2, 3],
solar cells [4], and amplifiers for fiber-optic communication
[5]. RVO4:Eu is known as an excellent phosphor with bright
red emission [1]. This red luminescence mainly corresponds
to the transitions of the Eu 4f multiplet states, from the
Dy level to the “F,; states (J = 0 to 5), which are nor-
mally dipole prohibited. In materials, however, dipole tran-
sitions are allowed by the perturbation via crystal fields with
odd parity, as described by Judd-Ofelt theory [6, 7]. In
RVOy4:Eu, the Eu substitutes the R site because of their
matched valence and size. Its point symmetry depends on
the host crystal structure, and the ionic radii of the R ele-
ment determines the crystal structure of orthovanadates.

LaVOy usually forms in the monazite structure with a
space group of P2;/c due to the large ionic radii of La [8],
and is a promising candidate as a host material for Eu dop-
ing due to the low point symmetry (C7) around the R site.
However, the poor solubility limit of Eu (< 3 mol%) has
prevented its effectiveness. Moreover, the large spacing be-
tween the Eu ions and VO, tetrahedrons in LaVO, reduces
overlap of their wave functions, resulting in reduced indirect
emission via energy transfer from the host material to the
activators. On the other hand, reflecting the smaller radii
of Y?* and Eu3t, YVO4 and EuVOy, has the closer packed
zircon structure with space group I4; /amd, achieving com-
plete solubility of Eu in YVOy4 [9]. Therefore, LaVO4:Eu
is surpassed as a phosphor by YVO4:Eu, which is currently
used commercially with a quantum yield as high as 70 %
[1].

Efforts to improve the luminescent properties of
LaVOg4:Eu have been made by changing its crystal struc-
ture. Meta-stable zircon LaVO, was synthesized via hy-
drothermal process under high pressure [10] or controlled
pH [11], and enhanced luminescent properties of LaVO4:Eu
was achieved in zircon nano-crystals [11, 12]. In this Letter,
we present optical evidence of a different meta-stable struc-
ture of LaVO4:Eu. The conventional Eu solubility limit in
monazite LaVOy can be exceeded by growing first a per-
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FIG. 1: Powder XRD patterns of the polycrystalline pellets. Ref-
erence patterns of the monazite and zircon type LaVO, are also
plotted. Triangles indicate the peaks corresponding to the zircon
phase in LaVO4:Eu (10 %).

ovskite solid solution of LaVO3 and EuVO3; by pulsed laser
deposition (PLD), and gently postannealing it to convert
to LaVOg4:Eu. The lower symmetry around the Eu site
in monazite LaVO, enhanced the direct absorption by Eu,
resulting in stronger photoluminescence (PL) than that of
YVO,:Eu when excited by photons below the host bandgap.

RVOy films were grown via conversion of an epitaxial per-
ovskite RVO3/SrTiO3 heterostructure by postannealing in
oxygen. Four polycrystalline PLD targets, LaVO4:Eu (1
mol%), LaVO4:Eu (10 mol%), YVO4:Eu (10 mol%), and
EuVOy, were synthesized from La;O3, Y203, EuyO3, and
V305 through solid state reaction synthesis. The crys-
tal structure of the pellets was determined by powder x-
ray diffraction (XRD), as shown in Fig. 1. LaVO4:Eu (1
mol%) was a single phase with the monazite structure, while
LaVO4:Eu (10 mol%) showed additional peaks. These extra
peaks could be indexed to zircon EuVOy, reflecting genera-
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FIG. 2: (Color ounline) (a) Typical RHEED oscillations during
growth of RVOj3 films. (b) XRD 6-20 scan of the as-grown
LaVO3s:Eu (10 mol%) film and after annealing. The Miller in-
dices are labeled in a manner following the cubic crystal structure
of the SrTiO3 substrate. AFM topography of the LaVO,:Eu (10
mol%) film (c) as-grown and (d) after postannealing. (e) XAS
spectra of the postannealed LaVO, film. Reference spectrum of
LaVO,4 was taken from Ref. [13].

tion of secondary phases due to the excess Eu above its bulk
solubility limit in LaVOy4. Note the zircon peak positions
in LaVO4:Eu (10 mol%) were observed at slightly smaller
angle than EuVOy, which suggests this phase-separated zir-
con phase was not pure EuVOy, but La;_,Eu, VO, with
sufficient Eu concentration to stabilize the zircon phase.

40 nm thick RVO; films were grown on SrTiOsz (001)
substrates by PLD, using a KrF excimer laser with a laser
fluence of 1.0 J/cm?, a spot size of 1.6 mm?, and repeti-
tion rate of 8 Hz. When films of RVO,, are grown by PLD,
their structure is very sensitive to thermodynamic condi-
tions. The growth phase diagram of LaVO, by PLD has
been extensively studied, and selective growth of LaVOs;
and LaVO, was achieved by controlling the oxygen par-
tial pressure(Pp,) and substrate temperature (Tg,p,) during
growth [14]. The thermodynamic condition to stabilize V3
or V31 is expected to be similar in RVO,, since the va-
lence state of R is fixed to be trivalent, and the variable
valence is that of V in these compounds [15-17]. Therefore,
the same growth conditions as used for LaVO3 were used
to grow single phase perovskite RVOg3. The substrates were
preannealed at Tg,, = 950 °C and Po, = 5 x 108 Torr
for 30 minutes, and during deposition, Ty,, = 600 °C and
Po, = 5 x 1077 Torr. Clear reflection high-energy elec-
tron diffraction (RHEED) oscillations corresponding to two-
dimensional unit cell growth were observed during growth
of RVOs3, and the thickness of the layers was monitored
by the oscillations in the growth [Fig. 2(a)]. The lattice
constant (¢ = 3.96 A) of the film measured by the X-ray
diffraction (XRD) 6-260 scan [Fig. 2(b)] was slightly larger
than the pseudocubic lattice constant (3.93 A) of the bulk
[18] because of the compressive strain from the substrate.

The as-grown films grown by PLD were then postannealed
at 600 °C in oxygen flow for 24 hours to convert the struc-
ture to RVOy4. As shown in Fig. 2(b), the peak in the XRD
scan corresponding to perovskite RVOg3 disappeared after
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FIG. 3: (Color online) PL spectra of (a) the polycrystalline pel-
lets and (b) the postannealed films of LaVO4:Eu and (c) the
EuVO;, pellet. (d) PLE spectra obtained from the postannealed
LaVO4:Eu (10 mol%) and YVO4:Eu (10 mol%) films. Note that
YVO4:Eu (10 mol%) and EuVO4 showed a similar PL shape,
reflecting the same zircon structure of the host material, inde-
pendent of whether they are pellets or films (data not shown).

postannealing. The absence of the peaks from RVO, is
likely due to the small grain size and total volume. The
conversion of the films was also studied by atomic force mi-
croscopy (AFM) [Figs. 2(c) and (d)], and the postannealing
changed the surface topography completely. The as-grown
RVO3; films showed the perovskite step-and-terrace struc-
tures with step height of ~ 4 nm, reflecting the slight miscut
angle of the substrate, while the annealed samples showed
granular surfaces.

The structural conversion of the host material, LaVO,,
was also examined by X-ray absorption spectroscopy (XAS)
measured in total-electron-yield mode as shown in Fig. 2(e).
X-ray absorption experiments were performed at beamline
11ID-1 (SGM) of the Canadian Light Source. The V 2p
and O 1s core-level spectra are very sensitive to the V va-
lence states. The sharp features of the XAS spectrum ob-
tained from the postannealed film is characteristic of V°+
in LaVOy, and was almost identical to that of the reference
XAS spectrum for LaVO,4 [13]. By postannealing in oxy-
gen, the valence state of V was expected to change from
V3t in RVO3 to V3T in RVOy, and the observation of va-
lence change by XAS indicated that the structural conver-
sion was completed in the annealed film, which could not be
determined by XRD structural assignment due to the small
coherent volume of the film.

The PL of the polycrystalline pellets and the annealed
thin films was measured under excitation by the fourth-
harmonic of a Nd:YVOy laser with a wavelength (A\) of 266
nm, as shown in Figs. 3 (a) and (b). The fluorescence spec-
tra of Eu3t ions, especially the splitting and the intensity
ratio of the peaks, are very sensitive to the local structure
around it in the material. As examined by XRD, polycrys-
talline LaVO4:Eu (1 mol%) consisted of single phase mon-
azite, and its PL spectra can be used as a reference. The
shape of PL from LaVO4:Eu (10 mol%) can be well fitted
by a linear combination of the LaVO4:Eu (1 mol%) and the
zircon EuVOy [Fig. 3(c)] spectra. This is consistent with
the structural study by XRD, which indicates that polycrys-
talline LaVO4:Eu (10 mol%) has two separated phases with



the zircon and monazite structures, and Eu is distributed
to both phases.

Unlike that of the polycrystalline pellet, the spectrum of
the LaVOy4:Eu (10 mol%) film showed almost identical fea-
tures to that of the LaVO4:Eu (1 mol%) reference. More-
over, the PL intensity was almost ten times as large as that
of the LaVO4:Eu (1 mol%) film — it is proportional to the
total number of Eu®t ions, which is a noteworthy difference
from the case of the phase-separated bulk pellet, where the
PL intensity was smaller than expected from the increase
of activator ions. Since Eu substitutes at the La site in
LaVO4:Eu (1 mol%) with a single monazite phase, this cor-
respondence of the PL profile and intensity indicates that
the 10 mol% of Eu is fully incorporated at the La site in the
monazite LaVOy films. Segregation of Eu in other forms,
for example EusO3 was unlikely, because they have PL fea-
tures different from that of monazite LaVO4:Eu. In ad-
dition, within the possible chemical compounds, Eu®t can
only be deactivated in V compounds with V 3d electrons
due to their excitation energy below that of Eu3*, which
was ruled out by XAS. Therefore, segregated phases incor-
porating dark Eu could be excluded.

It is striking that LaVO4:Eu (10 mol%) consisted of a
single monazite phase in the PLD grown films, even though
the Eu concentration exceeded the bulk solubility in LaVOy.
LaVO3 and EuVO3 have the same perovskite structure [19],
resulting in complete solubility in the epitaxial structures,
and moderate annealing at a temperature far lower than
the melting point does not induce significant migration of
atoms. Another aspect of the lack of phase separation is the
small volume of the films. Crystal phase separation kinetics
often depends on the crystal size [11, 20], and in thin films
phase separation can be suppressed, because the energy gain
by phase separation is small compared to the large grains
obtained by bulk solid state reaction.

To study the excitation mechanism of the activator
ions, the photoluminescence excitation (PLE) spectra were
recorded from the annealed LaVO4:Eu (10 mol%) and
YVO4:Eu (10 mol%) films, using a grating monochrome-
ter with a Xe lamp for the excitation ([Fig. 3(c)]). The
LaVO4:Eu (10 mol%) film showed a larger tail of PLE spec-
tra below the bandgap. This can be understood based on
the difference between the direct excitation of the activa-
tors, and the indirect process via energy transfer from the
excited host material [1, 21]. When they are excited by light
with energy higher than the bandgap, 3.8 eV (A = 326 nm)
in LaVO4 and 3.7 eV (A = 335 nm) in YVOy4 [22], due to
the stronger energy transfer from VO, to Eu, YVO, shows
stronger PL, which was indeed observed when excited by
A = 266 nm light. If the excitation photon energy is smaller
than the host bandgap, however, the optical penetration
depth in the host material is much larger than the film
thickness (40 nm) and the indirect process is suppressed.
Therefore, the LaVO4:Eu films showed stronger emission
due to its direct excitation process in this regime.

In summary, structural conversion of PLD-grown RVOg3
epitaxial thin films to RVO,4 by postannealing was con-
firmed. Using this technique, phosphor RVO4:Eu films were
fabricated. The PL spectrum of the LaVO,:Eu (10 mol%)
thin films showed identical shape as that of the 1 mol%
doped film and its intensity was proportional to the Eu dop-

ing concentration, indicating the enhancement of the solid
solubility limit of Eu in the films up to as high as 10 mol%.
Especially when excited by photons below the bandgap, the
PL intensity exceeded that of the YVO4:Eu (10 mol%) with
the same thickness, reflecting the stronger direct emission
of Eu via dipole transitions. Epitaxial growth of RVO3 per-
ovskite films before postannealing played a key role in the
structural control, by prefixing the substituting site in fully
incorporated structures, and this technique may provide a
general approach for enhancing phosphor films.
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