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ABSTRACT

The light emitting properties of a wide variety of Eu’*
doped macro and nanostructures that differ in
morphology are considered/discussed along with
quantum dots (QDs) and quantum rods (QRs). Features
that are important in light emission are considered
along with their implications for future phosphor design.

1. INTRODUCTION

Over the last fifteen years the needs and
applications for new phosphors have undergone
dramatic change. In the late 1990’s there was a push to
develop phosphors for flat screen displays for field
emission displays and also for plasma displays. As it
became obvious that the former were not going into
mass production and the latter would not be on the
market for much of the second decade of the twenty
first century, the greatest challenge to phosphor
researchers/developers became phosphors for lighting
applications, principally for use as colour converters for
light emitting diodes (LEDs) and laser diodes.

During the course of developing small particles for
flat screen displays, we reported studies on a gas
method of preparing cubic Y,04:Eu®" and discussed the
morphologies of the resulting particles.1 We found that
for cathodoluminescence (CL), the shape of the
particles affected inter-particle conduction. This in turn
appeared to affect the light output. Hence the
morphology of particles of similar size could have a
direct effect on light emission. In more recent times we
have studied smaller particles of cubic and monoclinic
Y,03:Eu®* and have reported how size may affect
phase and in turn light emission propertiesz. In addition
we showed how both the particle size and fine control of
the concentration of the Eu® in cubic Y,0sEu®
phosphors could be achieved®, how self-assembly
could be controlled and how light emission was
affected.*™
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We have also reported studies on the
cathodoluminescence and visualisation of quantum dots
(QDs) and quantum rods (QRs).'*"®

More recently, a report on the properties of ultrathin
europium oxide nanoplatelets19 suggested surprising
results for the optical properties.

In this work, we report further studies on the Eu>*
concentration in cubic Y20s:Eu** nanoparticles; from
these results and our earlier work, implications for the
design of phosphors for applications in both future
displays and lighting applications are derived.

2. EXPERIMENTAL

The cubic Y,0s:Eu® nanoparticles were prepared
by the urea precipitation method and were
characterised by scanning electron microscopy, X-ray
powder diffraction, and emission spectroscopy.“'14

3. RESULTS AND DISCUSSION

The structures/morphologies of typical nanometer-
sized particles of cubic Y,0s:Eu®" are presented in
Figures 1 to 3. In all three images, the particles are very
similar in size and shape; this is true of all the Y1.xEuxO3
samples studied herein. When fired, the as precipitated
amorphous spherical nanoparticles crystallise, and the
resultant clusters of nanocrystals (NCs) are around the
ipitated spherical particles.
w2 o T

Fig. 1. Scanning electron nﬁcrographs of cubic
Y1.99Eug.0103 NCs (scale bars are 1um and 300 nm).



Eu203 NCs (scale bars are 1um and 300 nm).
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Fig. 4. Normalised (to the 612nm band) emission

spectra of the cubic Y1xEuxO3; NC phosphors
(excitation was at 467nm).
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Fig. 5. Emission spectra of the the normalised
612nm band of the cubic Y1xEuxO3 NC phosphors
(excitation was at 467nm).

The emission spectra of some of these Y1.xEuxO3 NC
phosphors (excited at 467nm since this is the
wavelength widely used in blue emitting LEDs) are
shown in Figures 4 to 6. Although the spectra above 5%
Eu®* dopant have the same emission bands in the
575nm to 720nm wavelength range, the intensity of the
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emission drops as the concentration of the dopant
increases due to concentration quenching (as
expected). In fact, as we have reported previously, the
optimum concentration of the Eu® dopant is 2% for NCs
in this size range. In larger micron-size particles the
optimum dopant level rises to between 4 and 8%. The
broadening of the 612 nm emission band, seen in
Figures 4 and 5, is clear evidence of concentration
quenching above 10% Eu®". Thus, even in NCs clusters
of roughly spherical phosphors, quenching occurs at
doping concentrations greater than 10%.
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Fig. 6. Emission spectra of the the normalised
612nm band of the cubic Y1xEuxO3; (where x =1, 4, 6
and 10%) NC phosphors (excitation was at 467nm).

Figure 6 presents the normalised emission bands of
cubic Y14xEuxO3 (where x = 1, 4, 6 and 10%) NC
phosphors; little or no evidence exists of broadening of
the 612 nm band and hence no evidence for quenching
at the lower Eu®* concentrations.

As we have stated previously, using smaller particles
of cubic Y,0sEu* is advantageous for some
applications since fewer Eu®" cations are needed and,
subsequently, the phosphors are cheaper to
manufacture® 2", However, the emission from the 2%
doped NCs is only ~70% of the larger micron-sized
particles.

All the NC clusters used for the emission spectra
shown in Figures 4 to 6 are very similar in size (around
250nm). We have previously shown in CL studies on
cubic Y203:Eu’* that the shape of the particles
influences the emission properties. We also showed
that the packing of the particles was important to
achieve maximum emission. Close-packed, small,
spherical particles vyielded better results than non-
uniformly packed larger particles.

If the exciting energy is applied from behind the
phosphor, then for lighting (for example) down
converting phosphors that are efficient need to be
present in a thick layer to convert the wavelength of the
required proportion of incoming light without increasing
self-quenching. In the case of efficient phosphors that



have low dopant concentrations, this may mean that
thick layers are required, which may affect other optical
properties of the system adversely. This, in turn, may
be a problem where high intensity lighting is required,
and it may well be better to use higher doping ratios
(less efficient phosphors) to get around such problems.

The reason that NC phosphors are useful for light
emission is that they have higher surface to volume
ratios (than larger particles such as micron sized
particles) for the light to escape from without being
recaptured. Herein, we have shown that at higher
dopant levels self-quenching can still be detrimental.

In the case of QDs and QRs, although they have high
luminous efficacies, self-absorption between particles is
a major problem due to the fact the emission and
absorption bands are close together (in wavelength).
This has so far limited their use in high intensity lighting.
However, they have been successfully used in liquid
crystal displays for backlighting as the light intensity
needed is much smaller and their colours are very pure.
In the case of QDs and QRs, they each emit single
photons as each acts as a single emission centre.
However, their excitation and emission times are very
fast (107s), which means that they can emit much
faster than Eu®* (10™s). Although these particles are
small and bright, facile manufacturing of multiple, well-
packed layers of the particles would be needed to make
them cost effective for commercial applications. In
addition, QRs tend to manifest their emission as
polarized light; this has important implications in their
use in backlights for the manufacture of displays. Ideally
for next-generation backlighting phosphors, the
emission of polarised light would be an objective.

In contrast to QDs, the NCs used in this work were
much larger; even the 2%-doped cubic Y203:Eu3+
contains more active sites per volume than the QDs,
though the latter compete in emission intensity by being
much faster emitters. This introduces another
consideration in the design of next-generation light
emitters: what is needed is an emission centre, such as
Eu®* or Ce®, to offer the emission rate of a QD, the
ideal geometry of close-packed spherical nanoparticles.
To control of the emission colour from such fast
activators, the chemical environments that will facilitate
the chosen colour must be carefully selected.

A recent publication on ultrathin europium oxide
nanoplatelets containing Eu® activators'® comprised a
portion of an in-depth study to develop a good
understanding of the relationship between the atomic
scale structure of ultra-small europium oxide NCs and
their photoluminescence properties. Such a study is of
major interest in the design and development of
innovative Eu®* doped nanophosphors. As a
consequence, the preparation of reliable (controlled
size and shape distributions) and structurally well-
characterized ultrasmall europium oxide NCs was an

essential prerequisite to understand the size effects on
their photoluminescence proper‘(ies19.

These nanoplatelets can be considered as rafts
measuring up to 400 square nanometers in area size
but only being around 0.9 nanometers thick. We have
recently measured a range of these rafts (nominally
based on Eu®* doped vyttrium oxide) with different
concentrations of Eu®* activators and were surprised to
find that the 40% Eu®" concentration was the most
efficient. This can be understood when the geometry of
the raft is considered. Each raft contains only two or, at
most, three layers of cations. Even if 40% of the
cations are activators, since the raft is very thin, more
directions for the light to escape from each activator
cation exist than for light to be absorbed by another
activator cation in the material (either within the same
layer or in the layer above/below). From this we learn
that an ultra-thin layer containing up to 40% of activator
cations can be very efficient at emitting light. The rafts
are prepared by confining their nucleation and growth
with organic ligands. Under such conditions and with
such dimensions, these structures are arguably
nanoscale macromolecules. Thus, tailoring the
chemistry is as important in controlling the shape of the
rafts as it is in synthesizing QRs.

As yet, rafts containing Ce®* and Eu®* activators have
not been prepared but could well be worth investigating

4. CONCLUSIONS

A number of findings have resulted from this work:
1) the concentration of the activator is important for
efficient emission of light from a NC phosphor; 2) the
optimum concentration of activator is particle size
dependent; 3) the morphology of the particles is
important for the emission of light both under CL and
photoluminescent conditions.

From the properties of QDs and QRs, the speed of
emission from the activation site has been
demonstrated to be important for brightness, and the
light emitted from QRs may be polarised.

Studies on ultra-thin nanoplatelets have shown that
their emission may be higher than expected from a
given dopant concentration since light pathways that
would lead to concentration quenching are much less
likely to occur if the number of M** cation layers present
is very low.

Therefore, to design efficient light emitting
structures for tomorrow’s marketplace, they must be
based on thin layers (like the rafts) that only contain two
or three layers of metal cations, allowing the
concentration of the activator dopants to be maximised
yet keeping concentration quenching to a minimum.
The ideal activators are Ce* or Eu*" as they are very
fast emitters (comparable to QDs in speed). To control
the emission colour, it will be important to consider the
structures of good LED conversion phosphors and how
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to facilitate there best properties when they are present
only as thin layers.

5. ACKOWLEDGEMENT

The authors are grateful to the UK Technology
Strategy Board for funding the NovelLEDs program
TP/6/EPH/6/S/K2522J and the EPSRC for funding the
PURPOSE (TS/G000271/1) and PRISM
(EP/N508974/1) programs. This research was
supported by the United States National Science
Foundation (NSF) Award CHE-1402298. Research
was carried out in part at the Center for Functional
Nanomaterials, Brookhaven National Laboratory, which
is supported by the U.S. Department of Energy, Office
of Basic Energy Sciences, under Contract No. DE-
AC02-98CH10886.

6. REFERENCES

[1] J. Silver, R.l. Galliano, G.R. Fern, T.G. Ireland, and
R. Withnall, SID Digest 33, 12-15 (2002).

[2] Invited lecture and extended Abstract (S602_002)
“The conversion of monoclinic Y20s3:Eu to red
emitting cubic Y203:Eu nanoparticles and the
properties of YAG:Ce nanoparticles” J.Silver at the
42" JUPAC World Chemistry Congress in Glasgow
2"-7™ August 2009.

3. J. Silver, T.G. Ireland and R. Withnall, J.
Electrochem. Soc., 151, H66-H68, (2004).

4. T.G. Ireland, J. Silver, C. Gibbons and A. Vecht,
Electrochemical and Solid State Letters. 2, 52-54,
(1999).

5.  X. Jing, T. Ireland, C. Gibbons, D.J. Barber, J.
Silver, A. Vecht, G. Fern, P. Trwoga, and D.C.
Morton. J.. Electrochem. Soc.,146, 4654-9.
(1999).

6. M.l. Martinez-Rubio, T.G. Ireland, J. Silver, G. Fern,
C. Gibbons and A. Vecht, Electrochemical and Solid
State Letters, 3, 446-449, (2000).

7. A. Vecht, M.l. Martinez-Rubio, T.G. Ireland , J.
Silver, G. Fern and C. Gibbons. SID Digest, 31, 15-
17. (2000),

8. M.l. Martinez-Rubio, T.G. Ireland, G. R. Fern, M.J.
Snowden and J. Silver, Langmuir, 17, 7145-7149,
(2001).

9. J. Silver, N. Wilstead, D. Nicholas and A. Vecht, SID
Digest, 33, 388-392 (2002).

10. J. Silver, M.I. Martinez-Rubio, S. Gebretensae, G.R.
Fern, M.J. Snowden and R.  Withnall,
SID Digest, 33, 393-396 (2002).

11. J. Silver, T. G. Ireland and R. Withnall, SID
Digest, 35(1), 544-547, (2004).

12. R. Withnall, J. Silver, C. Catherall and G. R. Fern,
Chinese Journal of Electron Devices, 31(1), 201-
205, (2008).

13. J. Silver, R. Withnall, A. Lipman, T. G. Ireland and
G.R.. Fern. Proc. International Conference on
Luminescence and Optical Spectroscopy of
Condensed Matter, Date: JUL 25-29, 2006 Beijing
PEOPLES R CHINA, JOURNAL
OF LUMINESCENCE, 122 , 562-566 (2007).

1249 IDW '15

14.

15.

16.

17.

18.

19.

20.

21.

J. Silver, R. Withnall, P.J. Marsh, A. Lipman, T.
Ireland and G.R. Fern, SID Digest, 37, 652-655
(2006).

G. R. Fern, J. Silver, S. Coe-Sullivan and J. S.
Steckel, SID Digest, 59-62, (2014).

J. Silver, G. R. Fern, T. Ireland, S. Coe-Sullivan
and J. S. Steckel, Proc. IDW ’14, 737-740,
(2014).

G.R. Fern, J. Silver and S. Coe-Sullivan, J SID,
(2015) DOI: 10.1002/jsid. 278.

G. R. Fern, J. Silver, T. Jochum, J. S. Niehaus, F.
Schréder-Oeynhausen and H. Weller, Proc. IDW,
MEET1-3, (2014).

D. Hudry, A. M. M. Abeykoon, J. Hoy, M. Y. Sfeir,
E. Stach and J. H. Dickerson, Chem. Mater. 27,
965-974.(2015).

R. Withnall, J. Silver, C. Catherall and G. Fern, Asia
Display 2007 International Conference (AD'07),
Date: MAR 12-16, 2007 Shanghai PEOPLES R
CHINA , AD'07: Proceedings of Asia Display 2007,
Vols 1 and 2, 1047-1050, (2007).

R. Withnall, J. Silver, C. Catherall and G. Fern, SID
Digest, 39, 1663-1666, (2008)



