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With the emerging global energy crisis, solid-state lighting has
received much attention as a low-energy, robust, long-lifetime, and
compact alternative to traditional lighting sources.'* The state-of-
the-art solid-state lighting devices would be notably advanced by
the discovery of phosphor materials that are optimized for white
light-emitting diodes (LEDs). For instance, the blue-excitation LED,
in which the yellow-emitting YAG:Ce*" phosphor is excited by
an InGaN chip, would improve its poor color-rendering index with
the addition of a red phosphor. Red phosphors currently utilized
by industry for the GaN LED are nitridosilicates, which have a
very broad, deep red emission that does not have a high luminous
efficacy of radiation (LER). We have developed a class of
pyrochlore-type rare earth tantalate nanoparticles that show great
promise as red phosphors for white LEDs. In these materials, the
dopant Eu*" can be directly excited by blue light, and we have
demonstrated quantum yields (QYs) as high as 78%. The small
particle size reduces scattering losses, and the flexibility of the
pyrochlore lattice enables tailoring optical properties, such as
broadening the blue excitation line width. With this versatile class
of oxide-based nanophosphors, we envision being able to meet the
challenge of producing efficient blue-pumped solid state lighting
(SSL) with high color quality.

The pyrochlore lattice (cubic, Fd3m) is nominally described as
A;B,07, where A is usually a rare earth or alkaline earth metal in an
eight-coordinate site, and B is usually a transition metal in a
six-coordinate site. It is also described as a double-fluorite structure
with an oxygen vacancy. Metals residing in both A-sites and B-sites
can take on lower coordination with distortion of the framework: for
instance the A-site may become octahedral and the B-site can become
tetrahedral.® There are also nearly infinite possibilities for site substitu-
tions and vacancies,*> and these versatile materials have been
employed as insulators, ion and electron conductors,® superconductors,”
catalysts,® robust nuclear waste forms,” ion exchangers,'® etc.

Rare earth tantalates have attractive properties as phosphors, with
either stoichiometric'' or dopant'>~'* concentrations of luminescent
metals such as Eu** or Tb**. They are chemically and electrochemi-
cally stable and can be excited by both blue and UV light. However,
they are difficult to produce by methods other than high temperature,
solid-state processing. Drawbacks of solid-state synthesis include
limitations in discovery of new phases'> or compositions and difficulty
in removing impurities. Furthermore, obtaining nanoparticle or coating
forms useful in devices such as LEDs is hampered.

We have developed a hydrothermal tantalate synthesis that
produces new structures,'® forms, and compositions. Aqueous
synthetic routes to rare earth tantalates are complicated by the
incompatibility of the oxides in solution (tantalate is soluble in base,
and rare earth oxides are soluble in acid). Furthermore, even in
alkaline solutions the solubility of tantalate is poor and difficult to
control. To address these difficulties we utilize the K*-salt of the
[Tag010]*~ polyoxometalate ion,'” which is stable and water-soluble,
combined with alkaline-soluble lanthanide citrate complexes. Hy-

11652 m J. AM. CHEM. SOC. 2009, 737, 11652-11653

drothermal treatment at 220 °C produces uniform, ~10—15 nm
particles (Figure 1) of KLnTa,07:RE with the pyrochlore structure
(Ln =Y, Gd, Lu; RE = luminescent rare earth such as Eu*" or
Tb**). We refined the unit cells of the three host-lattice compositions
in the Fd3m (#227) space group with lattice cell parameters of (a,
A) 10.385(1) (KLuTa,05), 10.538(2) (K;_»,GdTa,07_y; x = '/3),
and 10.447(1) (KYTa,0,). Rietveld refinement of the Lu and Y
analogues revealed the K, Lu/Y, and dopant lanthanide are
disordered on the eight-coordinate A-site, while Ta resides on the
six-coordinate B-site. On the other hand, the eight-coordinate A-site
of the Gd analogue is half-occupied with Gd plus the dopant (Eu).
The potassium resides in a partially occupied site ~0.79 A away
from the Gd site and ~1.5 A from the partially occupied oxygen
site. In essence, the K and Gd are disordered on the A-site, but the
potassium is seven-coordinate and off-center toward the vacant
oxygen site. This agrees with previous observations: due to
electronic effects, Gd-containing pyrochlores have a greater ten-
dency to form defects and disorder than the other lanthanide
analogues.'”
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Figure 1. Powder X-ray diffraction pattern of KLuTa,0; phosphor
nanoparticles from hydrothermal synthesis (bottom) and annealed at 900
°C (top). The nanoparticles only grow slightly upon annealing, as determined
by the Scherrer equation. Inset: TEM image of nanoparticles.

The X-ray diffraction pattern of KLuTa,O7:Eu*" nanoparticles is
shown in Figure 1. The Scherrer equation gives a diameter of 13.2
nm, which is consistent with TEM observations. Even after annealing
at 900 °C for 2 h, the average diameter is 15.8 nm. FTIR shows the
nanoparticles have no surface capping groups, yet the powders are
redispersible in DI water. The KYTa,O; nanoparticles look similar,
but K, ,,GdTa,0;-, forms larger agglomerates, perhaps due to the
magnetism of Gd>" (see Supporting Information (SI)).

Figure 2a shows the photoluminescence excitation and emission
(dex = 464 nm) spectra of KLuTa,O7:Eu*". In the excitation
spectrum, the direct, narrowband f—f transitions of Eu*" are more
intense than the broad charge transfer band. This is in contrast to
the commercial red phosphor YVO,:Eu**, where the broad and
intense charge transfer band dominates the excitation spectrum. The
QY of K;_,,GdTa,0;_:Eu*" is up to 78% under 464 nm excitation,
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which is nearly 3x greater than that of YVO,:Eu®* under identical
excitation conditions. Notable also is the low thermal quenching
of KLuTa,O7:Eu*" of only 3% at 130 °C. The emission consists of
several narrow band transitions of the Eu*" ion. The most intense
of these transitions is at 608 nm, which is nearly ideal for the red
component in high luminous efficacy white LEDs, and there is little
unwanted emission in the deep-red range. Because of this reduced
deep-red emission, the LER is superior to that of YVO4:Eu*" (300
Im/Wep for KLuTa,07:Eu*t and 217 Im/W., for YVO4Eu*™).
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Figure 2. (A) Photoluminescence excitation (blue) and emission (red) of
KLuTa,0.:Eu’t (spectra for Gd and Y analogues are similar) 2b. (B)
Comparison of line widths of blue-excitation peaks for (Gd,Y), Y, Gd, and Lu
analogues.

The blue excitation bandwidth is important for SSL lighting
applications. If it is too narrow, it will be difficult to absorb
sufficient InGaN LED emission energy. Figure 2b shows the blue
excitation peak for the different rare earth pyrochlore analogues.
The Gd analogue excitation line width is nearly 2x that of the Lu
analogue. This increased width reduces the need for emission
wavelength control of the LEDs and increases the absorption cross
section of the phosphor.

The QYs for Eu-doped Lu, Y, and Gd analogues under blue
excitation are plotted in Figure 3 as a function of Eu concentration
(determined by energy dispersive spectroscopy; see SI). While the Y
and Lu analogues peak at ~65% QY (for 10% Eu-doping of the K/Ln
site), the Gd analogue quenches at a much higher Eu concentration.
We attribute this difference to the structure of the Gd analogue: Eu?*-
site distortion gives rise to enhanced photoluminescence.'® Regardless,
all these pyrochlore analogues have excellent QY values (approaching
80%), especially for nanoparticle forms that can suffer QY loss from
poor crystallinity or surface effects.
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Figure 3. Quantum yield of Y, Gd, and Lu analogues as a function of
Eu-doping. Lu analogue in room light (A) and backlit by a UV lamp (B).

Because the relevant 4f—4f transitions in Eu’' are formally
electric dipole forbidden, its direct absorption cross section is
small,'® estimated to be on the order of 0 ~ 3.8 x 1072 cm 2,

and the PL lifetimes are generally ~1 ms. In fact, we measured
lifetimes of 1.6, 1.8, and 2 ms for Ln = Lu, Gd, and Y/Gd,
respectively, under blue LED excitation. These long lifetimes could
cause the emission to saturate when excited with the high light
intensities of commercial LEDs, ~200W/cm?, but our calculations
show that saturation is a concern only at much higher intensities,
due to the low absorption cross section of Eu’*.

Finally, we note that semitransparent nanoparticle monoliths (in
Figure 3A and B) of the Lu analogue can be prepared, which introduces
new possibilities for engineering these materials into useful forms, such
as scintillators. We achieve semitransparency by doubling the amount
of the lutetium salt in the precursor mixture, which forms core—shell,
KLuTa,07:Eu*"—Lu,0O; nanoparticles (see SI). Lu,Os, which is also
cubic (3a) with a similar unit cell dimension (¢ = 10.358 A) as
KLuTa,05, is a transparent oxide.'® We know the Eu*" resides in the
KLuTa,0; core because the adsorption and emission spectra of Lu,Oj:
Eu’t are completely different than those of the pyrochlores. For
instance, the excitation spectrum of Lu,O3:Eu®" features a large
O —Eu charge-transfer band and little blue absorption.'® (Y,Gd),0s
and Gd,Os are also transparent,2° so these nanophosphor assemblies
are also being further developed.

We have shown that rare earth tantalate pyrochlore nanoparticles
KLnTa,0;:Eu** are new promising red-emitting phosphors for blue-
excitation white LEDs. Further, the flexibility of the pyrochlore
lattice enables tailoring of the photoluminescence to accommodate
specific device requirements. Photocatalysis?' and ionic conductiv-
ity are other applications that are potentially fruitful and currently
under investigation for this new class of nanoparticle materials.
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