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An evolutionary optimization process involving a genetic algorithm and combinatorial chemistry was
employed in an attempt to develop titanate-based red phosphors suitable for use in tricolor white light-
emitting diodes. An eight-cation oxide system, including (K,Li{¢)Gd,La,Eu)Ti,O;, was screened
in terms of luminescence efficiency. The use of a combination of a genetic algorithm and combinatorial
chemistry enhanced the efficiency of searching, as it is applied to the screening of phosphors in a limited
composition space. As a result, the optimum composition was determined to feliba) (Y 0.sGh.2)-
TiO4EWT, the reproducibility of which was achieved by the conventional solid-state reaction method.
Using the (Nagedioogd(Y0sGth)TiO4EWT phosphor and an InGaN chip, a red LED was realized, so
that the applicability of this new phosphor to white LEDs was confirmed. The luminescence of this
phosphor was 110% that of the well-known scheelite variant phosphor and 600% that of a commercially
available Y,0,S:El* at an excitation of 400 nm.

Introduction the best among those developed to date. However, more-
efficient red phosphors are needed to achieve an acceptable
efficiency of white LED. In this regard, a new, smart strategy

éor developing better red phosphors is needed. The genetic

White light-emitting diodes (LEDs) are considered to be
good general lighting devices. Their substitution for fluo-

rescence or incandescence lamps would lead to considerabl lqorith isted bi 2l chemi GACC). which
energy savings. The combination of blue chip and yellow 2/90ithm, assisted combinatorial chemistry ( ), whic

phosphors has already been developed and is commerciallycc,)mbir,‘es a computational evollutionary optimizat'ion.strategy
available, but tricolor white LEDs consisting of a soft Uy With high-throughput synthesis and characterization pro-
chip emitting at a 400 nm wavelength with red, green, and C€SS€S, was employed to develop new red phosphors for
blue (RGB) phosphors continues to be a challehgén the tricolor white LEDS: Our goal Wa's'to develop a new red
case of the tricolor white LED, inorganic oxides would be Phosphor, the luminescence efficiency of which should
the best candidates for RGB phosphors in terms of both egceed that of the scheel_lte_ variant phosphor. To achlgve
chemical stability and luminescence efficiency. However, this, we screened and optimized an alkali metal lanthanide
promising red oxide phosphors have not yet been found, titanate system ((K,Li,N&)Y,Gd,La,Eu)Ti:Os) by the GACC
although some good candidates for green and blue phosphor§OCess.

have been developed. Thus, the development of a good red The GACC approach has recently attracted interest because
phosphor is a key technology for achieving a tricolor white of its ability to compensate for the weak points in the
LED lighting system. In this regard, we developed a red traditional high-throughput combinatorial chemistry in the
phosphor with an oxyapatite structure by employing an pharmaceutical research afe# Inorganic material synthesis
evolutionary optimization stratedy? In addition, Neeraj et and screening, in association with GACC, has recently been
al. found more promising oxide red phosphors for tricolor ysed for the development of heterogeneous catalystsAs
white LEDs, which are in scheelite and westfieldite struc- 3 result, the GACC approach was found to be very efficient
tures’® A scheelite variant red phosphor has proven to be and promising in searching for heterogeneous catalysts on
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Table 1. Details about the Solutions Used in Precursor Delivery

company providing other additives metal
metal compd compd to solution concentration
Li,COs Aldrich 2% HNG; 05M
NaCOs Kojundo deionized water 0.5M
K2COs Kojundo deionized water 0.5M
Y203 Kojundo 8% HNQ 05M
GdhOs Kojundo 10% HNQ 05M
Ti(OC2Hs)4 Aldrich ethanol 0.5M
Ew0Os3 Kojundo 11% HNQ 0.5M

the basis of an inorganic oxide system. More importantly,
inorganic phosphors are more suitable for the GACC method,
because the screening process can be greatly facilitate
relative to that for catalysts. In this regard, we employed
this strategy to develop inorganic phosphor materials for the
first time*® According to our previous report on red
phosphors for tricolor white LED%? the evolutionary process
identified a well-crystallized single phase (oxyapatite) in the
sixth generation. Unfortunately, even though we confirmed
the effectiveness of GACC for the development of phosphors,
the final product was not practically useful. In the present
investigation, however, the aim was to develop promising
new red phosphors, the luminescence property of which
would be acceptable from the practical point of view, so that
they can be quickly used in actual applications.

Experimental Procedures

Na and K solutions were prepared by dissolving®a; (99.9%)
and KCO; (99.9%) in deionized water. Li, Y, Gd, La, and Eu
solutions were prepared by dissolvingCOs, Y03, GA,03, LayOs,
and EyO; (all 99.99%) in nitric acid. The Ti solution was prepared
by dissolving Ti(OGHs),4 (99.99%) in ethanol. The details about

the solutions used in the precursor delivery are summarized in Table

1. The correct amount of each solution was then injected into a 6
mL test tube array according to the library design. This solution

preparation and dispensing process was done inside the glovebox

The solutions in the tubes were agitated in an ultrasonic bath for 2
h and then dried at 80C for 24 h. Most of the solutions turned
into gel states at this stage and were further dried at’@for 24
h. These samples were heat treated at%D@or 3 h for complete
drying. The dried samples were pulverized and collected in a
specially designed container made of alumina ceramic (given the
name combi-chem container or library plate) and successively fired
in a three-step process, i.e., at 7@for 3 h, 900°C for 2 h, and
finally 1100 °C for 2 h, in an ambient atmosphere. Intermediate
pulverizations were also done during the three-step process.
Emission spectra were monitored at 400 nm, which simulates
an InGaN LED light source, with the samples being left in the
combi-chem containers in a high-throughput manner using a plate
reader accessory attached to a Perkin-Elmer LS50B spectromete
with a xenon flash lamp. Luminescence was calculated by integrat-
ing the product of the emission spectrum and the standard visual
spectral efficiency curve on the basis of CIE regulati&nSome
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of the samples chosen among the library were removed from the
combi-chem containers and examined by X-ray diffraction (XRD).

Computational Process

Evolutionary optimization was implemented in the multicom-
position ARTi,Os (A= K, Li, Na; R=Y, Gd, La, Eu) system.
There are a large potential number of stoichiometric compounds
(single-phase line compounds) along with a huge number of solid
solutions and mixtures there of in this eight-dimensional composi-
tion system. Unlike our previous study, in which completely random
compositions were treatéé,the fundamental stoichiometry vy,

damdzwas not thoroughly random but set as several combinations

of simple integers, which were elicited from well-known databases
such as the inorganic crystal structure database (ICSD) and the joint
committee for powder diffraction standards (JCPDS). As a result,
the parameter space could be significantly reduced, which enhanced
the searching efficiency by precluding futile efforts. We adopted
only three representative stoichiometries, ARDgi(PrmB8m or RBc),
ARTIO4 (P4inmmor Pbcn), and AR,TizO50 (I4/mmn), which
consist of simple numbers of y, andz It should be noted that

the database was provided with far more stoichiometries of different
structures consisting of more-complicated numbers. Nonetheless,
our choice of only the three simplest stoichiometries seems
plausible, considering the fact that almost all of the well-known
commercial phosphors have such a simple stoichiometry. We admit
that the GACC screening within a limited well-known composition
range might raise some questions, because good intuition as the
result of plenty of experience along with the correct knowledge of
the physics and chemistry of materials might lead us to a correct
decision more easily and promptly than by using GACC. However,
the GACC has some advantages. First, the GACC is a more-
systematic approach based on global optimization strategy, so there
should be no possibility of mistakes. Second, it should be noted
that it does not cost a great deal to prepare such a large number of
samples because of the well-developed high-throughput experi-
mentation system that we have developeé! even though it might
appear to be a waste of effort, cost, and time.

" The random process produced a population of 54 in the first
generation. Considering the simulation resbilgspopulation size

of 54 was sulfficient for complete optimization, even though we
adopted a larger population size (108) in our previous refrtly

three sets ok, y, andz were adopted, and the composition code
was separated into existence and composition codes to reduce the
composition dimensionality. We also employed an additional
parameter that described the excessive amount of alkali metals. As
a result, the optimization was implemented in 10-dimensional
parameter space, two of whickygzand existence) are categorical
parameters and the rest (composition and excessive amount) are
numeric parameters. Figure 1a shows the parameters adopted for
use in the present GACC process. Evolutionary operations such as
elitism, selection, crossover, and mutation were then applied to this
first generation using actually measured luminescence values of
all the members in the first generation. This computational
evolutionary process yielded another new library, with the same
number of new compositions as the first one, which is referred to
as the second generation. The second generation showed a
somewhat-improved luminescence. The same processing was done
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Figure 1. Schematic description of the parameters used for the genetic Generation
algorithm and the crossover and mutation operations.

— T

Figure 2. Maximum and average luminescence as a function of generation
) ) ) ) number at a 400 nm excitation. The inset shows libraries of both the first
on the second generation and yielded the third generation and scand fifth generation at a 365 nm excitation.

on. This process will improve the luminescence of all members of
the generation as the generation number increases, finally leadingexamine whether luminescence can be seen but to pinpoint
us to the optimum. Namely, the GACC is implemented by repeating the best member among the candidates, all of which show a
the experiment and the computational evolutionary operation in turn. certain level of luminescence. Thus. the GACC is the best
The selection, crossover, ant_j mutation rates Were_a_lll set at 100%way of dealing with this type of sophisticated screening. On
and the roulette-wheel selection was adopted. Elitism was also . .
the other hand, a large-scale, high-throughput screening on

involved; that is, the highest two compositions in the former he basis of thin-film librari Id be f ble f h
generation were elicited and copied to the next generation. EIitismt e basis of thin-film libraries wou e favorable for the

plays a significant role not only in preserving the excellent members VEry early stages of screening, in which case the issue of
but also in checking the experimental consistency in the case of Whether luminescence takes places can be dealt with.
expgrimental evoIL_Jtionary processes. Ne_lmely, by incorporating the Figure 2 also shows quantitative results, in which the
copied members into the next generation, they can serve as anyghast and average luminescence values of each generation
effective indicator for examining the consistency of the synthesis are plotted as a function of generation number. As can be

process of each generation. If these copied members show a

discrepancy between generations, then the validity of the experimentSeen in Figure 2, both values increase slightly at the early

would not be reliable. The single-point crossover was adopted, andStage of the evolutionary process, decrease at the third
the crossover point was determined randomly. The mutation was generation, and are eventually promoted at the fifth genera-
achieved by adding and subtracting a random number for two tion. The composition of the maximum luminescence was
arbitrarily chosen components. The crossover and mutation opera-identical both in the second and third generations by elitism,
tions are described schematically in Figure 1. Two parent membersand the decrease was negligible (within 5%). The fact that
chosen by the roulette-wheel selection method were representedpa same decreasing ratio was shown in both the maximum

as composition bands, as can be seen in Figure 1. One of these, average luminescence led us to conclude that the drop
was shaded in order to permit discrimination between them and .

hence to trace them out after the crossover. They were treated ad" Iumlnescen-ce.can b_e attributed to experimental e”F’r-
chromosomes, and the element sectors were regarded as genes. Tfecause of this, it was ignored, and the data from the third
crossover created offspring by exchanging the genes of the parentsgeneration was used to produce the next generation. In fact,
and subsequent mutational operations were executed on thesét is the rank that is more important than the luminescence
offspring. We developed the above-described GACC process usingvalue itself in the genetic algorithm. Thus, such an overall

the Microsoft visual basic platform. degradation with the rank unchanged would never have any
_ . negative influence on the computational process. We have
Results and Discussion often been confronted with such a slight drop in other actual

The inset in Figure 2 shows photographs of the first and GACC implementations and it was due to experimental
fifth generations taken under an excitation wavelength of €/TOrs, so it can be ignored, unless the luminescence drop
365 nm. The lamp light was illuminated evenly over the €Xceeds 5%. We stopped the GACC process at the fifth
library, so that a relative comparison could be made. It should 9eneration, when a significant enhancement was obtained.
be noted that the excitation light wavelength of the lamp According to our past experiencéthe maximum lumi-
(365 nm) differs from the 400 nm excitation that was adopted nescence would become saturated at later generations.
for use in quantitative measurements. In contrast to our Consequently, the composition of the highest luminescence
previous reportd® only a slight improvement can be Wwas approximated to a composition of @Nd.ioog(Yos
recognized, judging from appearances. In fact, the overall Gth2TiO4EW?*. The Ed* doping content was 0.2 mol,
luminescence level of the first generation was considerable, substituting for yttrium and gadolinium. The GACC auto-
because we adopted three plausible fundamental stoichiom-matically weeded out useless elements (La and K) by the
etries, which had been expected to show a certain degree ofvolutionary principle. The top five compositions (top 10%)
luminescence even in the first generation. It should be notedin the fifth generation do not deviate greatly from the
that the goal of the present GACC process was not to composition of the highest luminescence. This verifies that
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Figure 3. (a) Emission spectra of (Nadio.09(Y0.sGth 2) TiO4EW" and the scheelite variant phosphor an®¥S:Ew#* for comparison. (b) X-ray diffraction
pattern of (Ng.odio.09(Y 0.5t 2)TiO4EW" along with standard data. The inset in (a) shows a photograph of a red LED consisting of an InGaN chip and
(Nao.odi0.09(Y0.8G0 ) TiO4EWt phosphor powder at 20 mA and 3.3 V.

evolutionary optimization clearly took place during our these types of compounds have been well-known for
experimental process. Rather than proceeding with the GACCdecade$? 26 and even NaGdTi@EW" was once considered
process beyond the fifth generation, we secured the repro-to be a red phosphdt.However, ARTiQ-based phosphors
ducibility of this final composition by the conventional solid- have been out of concern for decades because they do not
state reaction method, which is more useful for mass have an efficient absorption band at around 254 nm.

production from a practical point of view. At the same time, It should be noted that the major goal of the present GACC
we examined some other compositions in the vicinity of this 5 ot to find a completely new compound but to endow well-
final composition by the conventional solid-state reaction |00 compounds with a new functionality in relation to
met'hod. As a result, the;e flidlngs reconfirmed that the newly developed applications and, in addition, to optimize
luminescence of the l_\laYﬂFu’* phosphor was better tha_n and fine-tune well-known compounds in order to maximize
that of the NaGdTIQEL" phosphor and also that it yhe nroperty of concern. In fact, there should be very few
lmprovedIV\:jhedn ﬁodope? Wllth L and_ .Gd' Ct;on_segufently,hn phases that remain unknown in such a simple ternary or
VGVZS(Z%)B(;ouceisth:so:rrelglaoggmsr?liaot?]g ;:/Igr? p;g?n;tgrqugternary pation system, because most of the tangible
. . . stoichiometric compounds are already well-known. In ad-
space. The detailed results of these auxiliary EXpe”medeition, it is obvious that almost all phosphors that are

are presented in the Supporting Information. currentl . o
. o . y used in recently developed applications such as
Figure 3.a Sh+OWS the emission spectra ofddaood (Yos plasma display panels (PDP) and white LEDs, e.g., BAM:
Gy )TiIOLEWT at the 400 nm excitation, along with EW?*, ZnSiOgMn?, (Y,Gd)BOsEW, and YAG:C&, were

X . AN i
Eommemﬁllyl_f\vallqblei )ﬁzs.liu'ﬂ (N'C.r:]:azj Sn?ha ;vell not newly developed in an attempt to apply them specifically
flown Scheetite variant phosphor, provided by the SamstinBs, . ppps and LEDs but for some other old-fashioned

Electronics Co. Ltd. The luminescence of (Niioos)(Yos applications long ago. This means that new requirements for

Gdb)TIO.:ELP" was greater than that of a scheelite variant ng\?v applicationgs] mgade it possible to discovercr]wew function-
0 . .

phosphor by about 10%. Thus, (Naiood(YosGth2) IO« alities from these materials and to fully adapt them to new

N : e )
Eu? CO.Uld be.apphcable for use in tricolor white LEDS on applications. In this regard, the GACC is an excellent tool
the basis of this result. Several red LEDs were also produced . . .

for extracting a new functionality from well-known com-

. - H . -+
by using (N@ediood(YosGchaTIO4EW™ powders and pound systems and optimizing their use. The GACC ap-

InGaN chips in an atiempt to examine whether the lumi- proach adopted in the present investigation revealed that the
f th i Y TiO4EW* phosph ) .
nescence of the (Nadioog)(YoGb)TIO&EL" phosphor ARTIiO4-based system has some promise as red phosphors

is also promising under the actual LED environment. The for tricol hite LED dint its th histicated
inset in Figure 3a exhibits one of these red LEDs electrically or tricolor white S and, In turn, permits the sophisticate
composition to be fine-tuned to achieve more promising

driven at 20 mA and 3.3 V, in which strong red emission . It - hat the GACC i
can be observed, even though the InGaN chip emission Wagummescence. t,'s our opinion that t_e IS a very

not at 400 nm but at 390 nm. As a result, the applicability efficient and practical method for searching for new materials
of this new phosphor to white LEDs Was' confirmed. It is for a specific use. In a certain extreme instance, the GACC
also worthwhile to consider the structural analysis ofy(@¥a might facilitate the search process for new materials in a
Lio.og(Y08Gth2)TiO4EW". The XRD data in Figure 3b show
that the (Na.odio.09)(Y0.sGth o) TiO4EL composition crys- (25) Tezuka, K.; Hinatsu, Y.; Masaki, N. M.; Saeki, M.Solid State Chem

. : : L 1998 138 342.
tallized into the ARTIQ structure (layered Perovskite in the (26) Toda, K.; Kameo, Y.: Kurita, S.; Sato, M. Alloys Compd 1996
Pbcmsymmetry). It should be noted that the structures of 234, 19.
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much-faster time frame than that of conventional searchesbe possible to adopt this new phosphor as a red phosphor

of the literature for appropriate information. for tricolor white LED applications, if the luminescence were
enhanced slightly by optimizing some extrinsic properties
Conclusions such as powder size and shape.
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