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A New Paradigm for Materials Discovery: Heuristics-
Assisted Combinatorial Chemistry Involving

Parameterization of Material Novelty

Woon Bae Park, Namsoo Shin, Kun-Pyo Hong, Myoungho Pyo, and Kee-Sun Sohn*

The combinatorial chemistry (combi-chem) of inorganic functional materials
has not yet led to the discovery of commercially interesting materials, in con-
trast to the many successful discoveries of heterogeneous catalysts leading to
commercialization. Novel materials for practical use are likely hidden in the
multicompositional search space that contains an infinite number of possible
stoichiometries, as well as a large number of well-known materials. To discover
new, inorganic luminescent materials (phosphors) from the SrO-CaO-BaO-
La,0;-Y,03-Si3N4-Eu,0; search space, heuristics optimization strategies, such
as the non-dominated-sorting genetic algorithm (NSGA) and particle swarm
optimization (PSO) are coupled with high-throughput experimentation (HTE)
in such a manner that the experimental evaluation of fitness functions for

the NSGA and PSO is accomplished by the HTE. The proposed strategy also
involves the parameterization of the material novelty to avoid systematically a
futile convergence on well-known, already-established materials. Although the

terms of energy saving and environmental
friendliness.’ Despite the successful
development of high-throughput experi-
mentation (HTE) based on thin-film or
inkjet techniques, it has never led to any
noteworthy phosphors for use in practical
applications, including WLEDs.

Although we evaluated the combi-chem-
assisted discovery of a new phosphor,
Sr,Ce0,, to be highly valuable in terms of
scientific merit, its practicality was lim-
ited. The related industries did not seem
to be interested in it, so it was never used
in any actual applications. The phosphors
discovered in other previous combi-chem
work, even including our reports,’-11 have
also been, unfortunately, less than prag-
matic. Consequently, the phosphors dis-

process starts with random compositions, we finally converge on a novel, single-
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phase, yellow-green-emitting luminescent material, La, ,Ca,Si;,0;,,N;g_:Eu?*,
that has strong potential for practical use in white light-emitting diodes (WLEDs).

1. Introduction

Since the first combinatorial chemistry (combi-chem) of inor-
ganic luminescent materials (phosphors),!% it has been
employed in an attempt to discover novel phosphors for use in
various applications.”' Meanwhile, the demand for new phos-
phors has been rising sharply because phosphors have become
a key material in white light-emitting diodes (WLEDs), which
have attracted a great deal of attention for their advantages in
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covered through the previous combi-chem
approaches had valuable scientific merit,
but did not interest the related industries.
This situation contrasts with the brilliant
discovery of new, commercially available
WLED phosphors during the same period, using conventional
one-by-one methods based on intuition and knowledge.[6-1]
This means that, as far as phosphor discovery was concerned,
combi-chem was defeated by the conventional trial-and-error
method. That's why combi-chem has been criticized as only
a methodology for methodology’s sake. It is our opinion that
combi-chem should lead to the substantial development of
engineering materials that are ready for use in industry.

The conventional combi-chem of inorganic functional mate-
rials has focused mostly on the development of smart, efficient
HTE systems and only, to a limited extent, on data mining and
virtual screening.2°] Even when a well-established HTE system
is secured, however, it is impossible to track down the nearly infi-
nite number of possible combinatorial candidates in the huge,
multicompositional search space that transcends conventional
ternary or quaternary libraries. Thus, the experimental plan-
ning (or design) should be done carefully to reduce the cost and
energy consumption of the combi-chem. It is also very important
to avoid the futile discovery of well-known materials that exist in
the multicompositional search space of interest. For instance, if
combi-chem were designed only to pursue a high-luminescence
efficacy, then it would definitely end up with one of many well-
known phosphors that already reside in the search space. There-
fore, a criterion by which we can judge the novelty of the mate-
rials should be taken into account, and special measures should
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be taken to avoid the futile recurrence of well-known materials
and thereby to guarantee a novel discovery.

To sort out the combi-chem issues, we employed heuris-
tics optimization involving a parameterization of the material
novelty. We used a non-dominated-sorting genetic algorithm
(NSGA)I2627] for a preliminary screening of the multidimen-
sional search space, and particle swarm optimization (PSO)2®!
for the ensuing fine-tuning in a reduced composition space to
narrow the possibility of discovery. We also created a parameter
designating the novelty of the phosphors, the so-called structural
rank, and used it as an objective (fitness) function in the NSGA.

2. Distinction of the Suggested Materials
Discovery Strategy

Except for the use of the genetic algorithm (GA) for either vir-
tual screening or data mining,?>?! there have been only a few
cases in which heuristics optimization has been coupled with
HTE.[10-122930] \WWhen coupled with HTE, GA has been versatile
for the discovery of heterogeneous catalysts,*1-**l membranes!?’!
and phosphors.[1%12 In contrast to the previous cases, however, in
which only a simple GA was used, the present study deals with the
systematic combination of NSGA and PSO along with the para-
meterization of the material novelty (the structural rank) to discover
novel (oxy)nitride phosphors for use in WLEDs. Although GA has
been used previously for the combi-chem of inorganic materials,
PSO and the structural rank have never been used before.

What distinguishes the suggested discovery strategy from
conventional methods is summarized schematically in Figure 1,
wherein the current status of combinatorial materials science is
well described. The schematic diagram in Figure 1 shows four
different combi-chem routes for inorganic materials discovery,
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marked by the numbers in red. Route 4 is our concern in the
present study. The other routes are well-known, but they do not
seem to be promising in terms of the chances for the successful
discovery of new materials. The two question marks indicate the
skepticism about routes 1, 2 and 3. Because routes 1 and 2 also
utilize heuristics optimization such as GA, one might be con-
fused between these previous cases and our approach. However,
the distinction is made clear by the fact that the use of heuristics
in our case includes experimental fitness evaluation for the direct
discovery of new materials, while the other cases all deal with an
equation-type model as a fitness function. The final outcome in
the cases of routes 1 and 2 is not an actual discovery, but just a
prediction. The prediction does not guarantee a 100% successful
discovery of a new material. Route 3 seems ineffective because
it depends only on the arbitrary choice of the search space with,
at best, ternary and quaternary compositional systems. The dis-
tinctive key ideas of the present approach are the combination of
NSGA and PSO with the parameterization of the material nov-
elty, and, more importantly, the HTE-based experimental fitness
evaluation for the NSGA and PSO should be noted.

The main problem in cases in which a heuristics optimiza-
tion strategy such as GA has been used in combi-chem is the
fitness function. Since experimental fitness evaluation is slug-
gish, expensive and sometimes even impossible, the search goes
on for computational methods research) that reliably predict the
properties of a material (route 1 in Figure 1). In the absence of
such methods, data-mining simulators, such as simple, linear
(or non-linear) models, support-vector machines, artificial neural
networks, B-splines and kriging, can be employed to model the
limited amount of data obtained either from HTE or from data-
bases, so that the simulator can be regarded as a fitness func-
tion for GA (route 2 in Figure 1). In contrast to cases in which
such equation-type fitness functions are available, however, an

equation-type fitness function did not exist
in the present study. Only the experimental

Combi-Chem off lnerganic Functional Materials

evaluation of the fitness function was available
by characterizing actually synthesized phos-

multi-objective problems with multi-dimensional decision parameters

Theoretical Approach

Experimental Approach

phor samples. Specifically, we synthesized
a number of phosphors using a solid-state
powder synthesis-based HTE, and measured

Smart instrumentation
knowledge and insight-based DOE

g™

photoluminescence (PL) and X-ray-diffraction
(XRD) data in a pseudo-HTE manner. There-
after, the PL intensity and the novelty of

T [ structure (the structural rank) were assigned

Tf"e:t'et_icr' m°“°:rit'}8 C:';‘éesm';a' o o":"ffStiﬁs to each phosphor sample and used as fitness

eamenny [ mme L 8[| quommiten | functions in the NSGA. OF course, the sub-

5 2 sequent PSO process also adopted the HTE-
— duc:;:;; % <L based experimental. fitness evaluation. .

< (Pca) g = HTE-based The suggested discovery strategy consists of

Virtual screening Ll o g experimental 3 sequential steps, as summarized schemati-

Heuristics '"f‘::::ﬁ':isl;;a;e" Sirect selection "a'“;'l:’n"c:’;::‘m“’e cally in Figure 2. The first step s to design

°P"m'fa"°“ (ANN, SVM, etc.) a decision parameter (composition) space,

Heuristics 8 @ based on knowledge, insight and the cur-

=8 iloptimlzation oy rent industry demand. The second step is to

1 & 3 4 pinpoint a novel phosphor by implementing

Prediction of new Discovery of new an NSGA- and PSO-assisted combinatorial

materials meaterials materials search (NSGACMS and PSOCMS),

Figure 1. The current status of the combi-chem of inorganic functional materials.
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complemented by the parameterization
of the material novelty. The last step is to
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o . S (oxy)nitride-based hosts, due to their superi-
[T Design of decision parameter space 2 :
Y ority in terms of luminescent efficacy, color
< a0 rendering, thermal stability, etc.'®-1% The
AeO o . : .
[- B W e 6 {Re=ta B85t} possibility Aof. dlscoverlng new phosphors in
- Li Be B[c|N[o|F[Ne B 5 - the (oxy)nitride composition space appears
wll 'Namg allsile[s]alar @ : higher, whereas the oxide-, (oxy)sulfide- and
E K |Calse| Ti | v | r Mn|Fe|Co| Ni|cu As|se Br | kr (oxy)halide-based compositions have been
ith) Sef ¥ Zn[NoMol o | Rufh| Rig | caltiv|sn| Sl ref 1} & Eﬁr already exploited. We adopted the SrO-CaO-
Cs|Ba|La|Hf|Ta|W [Re|Os| Ir | Pt |Au[Hg| Tl |Pb| Bi |Po| At |Rn| z_:-qnoy¢ = 2 BaO'Lazog'YzoySi3N4'EU203 search space
ELiE e SN2 | based on the current trend in WLED phos-

Ce| Pr [Nd[Pm|Sm| Eu|Gd|Tb|Dy[Ho| Er [Tm|Yb|Lu
Th|Pa| U |Np|PulAm(Cm|Bk|Cf Es Lr

phors, (i.e., by referring to the literature,
patents and industry demand). One might
wonder why we did not adopt a larger com-
position search space to achieve a complete
optimization in one effort. As an extreme
example, one might think of the entire peri-
odic table as a search space. If such a huge
search space were adopted, then it would
require a larger population size and a higher
number of iterations, including a huge
number of unnecessary samples. Since our
fitness evaluation process was implemented
by the actual HTE-based synthesis and char-
acterization of phosphors, it would be impos-
sible and unnecessary to incorporate such

3 Y05, Binary LaO;),

Literature, patents, knowledge,
insight, and industry needs

N .

/ Heuristics optimization-based combi-chem \

E 5 I fuati Parameterlz.atlon a huge search space, although a promising

Combputation xperlmenta eva L.Iatlon of material HTE system was employed. The larger the

NSG K & PSO of fitness funCtlo,n novelty . search space, the larger the experimental
K HTE-Ea sed S)./nth.eS'S &  Crystallographic/ prden. In this regard, we ruled out unneces-
shAlacienzation databases sary elements and incorporated only several

plausible elements, the choice of which was
based on pre-knowledge acquired from the
literature, patents and, more importantly,
the current industry trends. Accordingly, we
adopted the reasonably reduced search space
of SrO-Ca0-Ba0-La;03-Y,05-Si3N,-Eu, 05
(Figure S2, Supporting Information). The
composition of many well-known (oxy)nitride
phosphors was primarily taken into account
in the choice of this search space, (i.e., the

/ldentification of discovered materials & Customizatio“

[ Profile Matching |

+[ Direct Method | +

[ Rietveld ]
Refinement

uonisodwo?)
jeoy

uonisoduod
BUISS8204d

Structural L search space was designed to exclude many

Compositional determination Customlzatlot:I well-known phosphors). In spite of such
shalare Synchrotron XRD Powder processing | an effort, the chosen composition space in

Y Neutron Diffraction Scale-up which NSGA and PSO were implemented

TEM SAED still included many well-known phosphors.
The chosen composition space was full of
luminescent materials, even including well-
known ones. Therefore, it should be noted
that our goal was not to simply discriminate
luminescent materials from a lot of non-luminescent materials
in the impractical search space, but to pinpoint a novel, brilliant
one among all of those that gave acceptable luminescence. If
NSGA and PSO had not been used, it would have been necessary
to synthesize and characterize 16 384 phosphor samples for full
screening of the search space (Figure S2, Supporting Informa-
tion). Because it is practically impossible to perform such a huge
task using solid-sate powder synthesis-based HTE, the use of

Q?S, XPS, ICP

Figure 2. Overall description of the proposed discovery process for new luminescent
materials.

identify the discovered material based on conventional compo-
sitional and structural analyses. The last step also involves a cus-
tomization process.

3. NSGACMS and PSOCMS for Discovery
of Novel Phosphors

2260 wileyonlinelibrary.com

The recent trend in WLED phosphors has changed from tra-
ditional oxide-, (oxy)sulfide- and (oxy)halide-based hosts to

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

NSGA and PSO should inevitably relieve the experimental burden
and prevent the futile discovery of well-known phosphors.

Adv. Funct. Mater. 2012, 22, 2258-2266
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The PL intensity and structural rank were adopted as fitness
functions in NSGACMS and PSOCMS, and only the phosphor
composition was dealt with as a decision parameter. As for
the choice of fitness functions and decision parameters in the
NSGACMS and PSOCMS implementation, one may question
why we did not consider the spectral distribution of PL as a fit-
ness function and as to why we did not incorporate processing
parameters, such as firing temperature, gas flow, firing time,
sintering additives, etc., as decision parameters.

Besides the PL intensity, the spectral distribution is also impor-
tant because it is closely related to color temperature, color ren-
dering, color chromaticity, etc. The spectral distribution of emis-
sions, namely, the emission color, was not taken into account in
the NSGACMS and PSOCMS. Only the PL intensity was used
as a fitness function, along with the structural rank. This is sen-
sible if we consider the fact that the aim of our NSGACMS was
not the discovery of a phosphor by targeting a predetermined,
particular PL property, but the discovery of phosphors with new
structures that will not cause any conflicts with the intellectual
property of existing phosphors. It is obvious that color control
can be achieved to a certain extent by fine-tuning the composi-
tion once the structure is well-established.

In principle, it might be more promising to incorporate all of
the processing parameters as decision parameters in the NSGA
and PSO. However, we concluded that it was more economical
to fix the processing conditions than to incorporate processing
parameters. Besides the economic reasoning, however, prelimi-
nary experiments gave us a reasonable rationale for the use of
a fixed processing condition. We performed preliminary experi-
ments; that is, we synthesized the first generation of NSGACMS
several times under different processing conditions, in order to
fix the best processing conditions in the composition search
space of concern. A change in processing conditions made no
big difference to the PL and structure of most of the samples
in the first generation because we had already reduced the
search space in advance. It should be noted that our goal was
not simply to discriminate luminescent materials from a lot of
non-luminescent materials in the impractical search space, but
to pinpoint a novel, brilliant one in a carefully reduced search
space. Almost all of the samples in the reduced space gave
acceptable luminescence in our fixed processing condition.
Consequently, the fixed processing condition was reasonable.

Prior to the discovery of new phosphors, we had to clarify
what is meant by that term. The classification presented in
Table 1 was reasonably determined based on the history of
recently developed, commercially available WLED phosphors.
These criteria can be applied not only to phosphors, but also to
any other inorganic functional materials. Only Type III and Type
IV, which have yet to be patented, should be considered signifi-
cant discoveries. Therefore, we had to pursue the discovery of
Type-I1I and Type-IV phosphors to avoid intellectual property
complications. Combi-chem has not previously led to the dis-
covery and commercialization of either Type-III or Type-IV
phosphors. Only the futile recurrence of well-known phosphors
or, at best, Type-II phosphors has been possible.l'"' A simple
trial-and-error approach with minimal insight into materials sci-
ence should be sufficient for the discovery of Type II, without
the high-cost combi-chem approach. Accordingly, the discovery
strategy was tailored to target only Type III and Type IV.

Adv. Funct. Mater. 2012, 22, 2258-2266
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Table 1. The categorization of new phosphors for use in WLEDs.

Type of New Definition

WLED phosphors

Example Chemical Formula
(conventional title)

Type | Discovered long ago, but has Y3Al50,,:Ce3* (YAG)
recently been used in new Sr,SiO,4:Eu?* (Orthosilicate)
applications

Type Il Slightly altered composition, but  (Tb or Lu);(Al,Ga)sO;,:Ce**
the same structure as well-known  (TAG or LUAG) (Sr, Ba,
phosphors — partially substituted ~ Mg),SiO,:Eu* (Sr,
solid - solution type Ca)AISiN;:Eu?" (SCASIN)

Type llI Well-known host structure, but has ¢, B-SIALON
never been considered as a phosphor  CaAlISiN3:Eu?* (CASIN)

Type IV New phosphor with the host Ba;SigO1,Ny:Eu?* (BSON)
structure unknown — the correct
structural determination should be
involved in the discovery process

Table 2. Detailed descriptions of the structural ranks.

Description
1t rank Unknown phase with negligible minor phases.
2" rank Unknown phase as the major constituent and known phase
(which has never served as a phosphor) as a minor constituent.
3'drank Unknown phase as the major constituent and starting materials
or well-known phosphor as a minor constituent.

4t rank Known phase (which has never served as a phosphor) as the

major constituent and unknown phase as a minor constituent.

5th rank Known phase (which has never served as a phosphor) with

negligible minor phases.

6t rank Known phase (which has never served as a phosphor) as the

major constituent and starting materials as a minor constituent.
7t rank Known phase (which has never served as a phosphor) as the
major constituent and well-known phosphor as a minor constituent.
8th rank Starting materials as the major constituent and unknown
phase as a minor constituent.
9th rank Starting materials as the major constituent and known phase
(which has never served as a phosphor) as a minor constituent.
10th rank Starting materials with negligible minor phases

11 rank Starting materials as the major constituent and well-known

phosphor as a minor constituent.

12th rank Well-known phosphor as the major constituent and unknown

phase as a minor constituent.

13t rank Well-known phosphor as the major constituent and known phase

(which has never served as a phosphor) as a minor constituent.
14t rank Well-known phosphor as the major constituent and starting
materials as a minor constituent.

15t rank Well-known phosphor with negligible minor phases.

16t rank Powder form with a certain XRD pattern but no luminescence.

17t rank Melted, blackened, tarnished, volatilized, etc.

To converge on new Type-III and Type-IV phosphors, we
took special measures to make the NSGACMS process stick
to these materials. The structural rank, which represents the
novelty of the host structure, was used as a fitness function to
be minimized in the NSGACMS process, while the PL inten-
sity was adopted as the other fitness function, to be maximized
simultaneously. It is impossible to perform conventional struc-
tural analysis in the sequence of indexing, space-group determi-
nation, profile matching, direct method and Rietveld refinement

wileyonlinelibrary.com
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for every single powder XRD pattern of a large number of uni-
dentified mixture samples within a limited time frame. A con-
ventional structural analysis should only be performed on the
discovered material to identify it in the end. Instead, the struc-
tural rank, representing the overall feature of an XRD pattern,
was evaluated by referring to structural databases. The struc-
tural rank is a rough measure of a structure, but is reasonably
defined by a qualitative classification of a large number of meas-
ured XRD patterns. The structural rank is described in Table 2.
The ordering principle (i.e., the philosophy behind the classifica-
tion) is in the sequence of structural desirability: 1) unidentified
structure, 2) existing structure in the crystallography database,
but has never been considered as a phosphor,

www.MaterlaIsVIews.com

to the Pareto optimality theory,?”! and then plotted in Figure 3.
Because there is no intermediate rank number appearing in
Figure 3, one might wonder why we classified the structural
ranks so precisely. However, it is just a coincidence that we do
not see the intermediate structural ranks in Figure 3. The aux-
iliary NSGACMS results in the supporting information, which
confirm the validity of the proposed strategy, clearly show some
intermediate structural-rank numbers (Figure S6, Supporting
Information).

A group of points interconnected with a gray straight line is
called a Pareto group. No point in a Pareto group dominates
the others in the same Pareto group. All of the samples in

3) residual starting materials, 4) well-known
phosphors, and 5) failure. The most-dramatic
rationale for this classification lies in the fact
that the residual starting material, which did
not participate in the synthesis reaction, was
preferred, rather than well-known phosphors,
exhibiting promising luminescence. This cri-
terion implies that a composition that results
in a certain amount of residual starting mate- 0
rials that remain even after high-temperature
firing might potentially lead to the advent of
new phases in the next round, but the pres-
ence of well-known phosphors, in spite of
their high luminescence efficacy, indicates
a lower possibility of new phosphors in the
next round.

Ranks 1-3 belong to Type IV and ranks
4-7 to Type III. The NSGACMS was designed

20k
10k

Intensity(a.u.)
o

to minimize the structural rank and maxi- 30k —
mize the PL intensity simultaneously, so that —
we could obtain a group of non-dominated 20k —
phosphor samples, the so-called Pareto front. ]
Because NSGACMS should start with random 10k —

samples for the first generation, the starting
compositions were arbitrarily selected from
the SrO-CaO-BaO-LazOg,-YZO3-Si3N4-Eu203 0

search space. Several well-known phosphors 30k —
were detected even in the first generation. If i
a single objective GA had been used without 20K —
employing the structural rank, we would

have ended up with one of the well-known T
phosphors. In fact, several well-known, 10k —

commercially available phosphors, such as -
Sr,SisNg:Eu®*, SrSi,O,N,:Eu®*, Sr,Si0,:Eu’t, 0 —
and (St,Ba),SiO4:Eu’*, were detected in the
first generation (Table S1, Supporting Infor-
mation). Although the PL intensity of sam-
ples containing well-known phosphors was
relatively high, their structural ranks were
assigned to 11-15, so that the NSGACMS
could not primarily select them.

NSGACMS was iterated through 4 consec-
utive generations. Each generation contained
36 phosphor samples, the PL intensity and
structural rank of which were evaluated in
a pseudo-HTE manner, classified according

30k {1°
xex=460nm

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Pareto
Non-dominated sorting

Gen.

3" Gen.

I I I
500 600 700

RN RN R R R R R
1357 911131517

Wavelength(nm) Structural Rank

Figure 3. The NSGACMS-execution results: plot of PL intensity versus structural rank for each
generation, the so-called Pareto plot, along with emission spectra at 460 nm excitation and
actual sample photos taken under a 365 nm UV lamp. The elitist samples are marked in the
same color. The green and blue colors represent “Unknown1”, which eventually turned out to be
La, ,Ca,Si1»03,,N15 :Eu? and the red represents “Unknown2”, which was indexed as another
monoclinic phase. The composition, PL-intensity, structural-rank and phase-identification data
are to be found in Table S1, Supporting Information.

Adv. Funct. Mater. 2012, 22, 2258-2266
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30k /1" swarm CaO generatior}s, indicating that a certain degree
Ja =460nm‘ Ca of evolution took place. A notable Type-
20k {4 = IV phosphor with acceptable PL intensity
1 appeared in the second generation and later
10k — o/{; in the third and fourth generation, as high-
0 ] LaO3/2 SiN4/3|LaOs/2 SiN4/3 u lighted in blue and green. The composition,
30k — 2™ swarm m PL intensity, structural rank and constit-
i uent phases for all of the samples through
20k — /\ /Q 4 consecutive generations are listed in

y Table S1, Supporting Information.
10k 7] The number of Type-IV samples with
the structural rank of 1-3 kept increasing
30& — throughout the 4 generations. If we had pro-
- E ceeded to further generations, the number
:_ 20k — would have increased further and we would
© 10k _- have gotten closer to an optimum composi-
= - tion with a higher PL intensity, while the
E 0 unknown structure was maintained. How-
g 30k —{ 4" swarm : b : : : ever, we stopped the NSGACMS at the fourth
T generation and scrutinized the composition
3 20k n 0000 O /\ /Q of the promising samples marked in green
C 10k - and blue in Figure 3, which are designated
- - as “Unknownl” in the compound libraries
0 m (Table S1, Supporting Information), respec-
30k — 5" swarm m tively. The composition of “Unknown1” cen-
] tered on the CaO-La;03-Si3N,-Eu,03 quater-
20k i nary composition. It was more economical to
10k — execute the composition fine-tuning in this
0 1 reduced composition range, rather than fur-
" ther iterations of the NSGACMS. To achieve
30k 7] 6" Swarm efficient screening of this quaternary com-
20k — position, and to narrow the possibility of

e discovery, we employed PSOCMS.
10k — % PSO, which is comparable to GA in terms
0 ] of optimization performance, is a population-
LA L B based heuristic inspired by the social behavior

500 600 700 800
Wavelength(nm)

Figure 4. The PSOCMS-execution results: instantaneous swarm positions in CaO-La,03-SizN,-
Eu,0; quaternary composition space up to the sixth swarm, showing a rapid convergence to
an optimum point. The Eu?" activator concentration ranged from 0 to 10 mol%. The ternary
Ca0-La,0;-SisN, composition space is also presented for better understanding of the host

of swarms.[?®l Unlike GA, however, PSO has
never been coupled with the combi-chem
of inorganic functional materials, although
it has proven to be versatile for many other
optimization tasks. Whereas GA works best
in the discrete-decision parameter space,
PSO has more effect in the continuous-

compositions. The red dot represents the best sample in terms of PL intensity and the blue ~ decision parameter space. In this regard,
dot indicates La,_,Ca,Si1;03,,N15 :Eu?* (x=1.456). Emission spectra at 460 nm excitation and ~NSGACMS would work best for preliminary
actual sample photographs taken under a 365 nm UV lamp are shown. The composition data, screening in a re]atively large search space,
along with the PL intensity, are provided in Table S2, Supporting Information. while PSOCMS would be more suitable for

each generation were classified into several Pareto groups, and
dummy fitness values were assigned to each sample based on
a so-called sharing criterion. Because the population size (36)
adopted for the NSGACMS was not large enough to produce
a typical, densely populated Pareto front, and also because the
structural rank was a discrete parameter, the Pareto front in the
second, third and fourth generations fortuitously consisted of
only 1 sample. The 1-sample Pareto front did not impair the
NSGACMS, but rather facilitated the convergence to a new
Type-1V phosphor. Both the PL intensity and the structural rank
were obviously improved as the NSGACMS went through 4

Adv. Funct. Mater. 2012, 22, 2258-2266 © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the ensuing fine-tuning processes in a lim-
ited search space, indicating that the combination of NSGA and
PSO would be of great help to facilitate the discovery of new
Type-11I and Type-IV phosphors.

Figure 4 shows 6 consecutive swarms in the triangular-
prism-shaped CaO-La,03-SisN,-Eu,03 quaternary composition
space. Only the PL intensity at a 460 nm excitation was used
as the single objective function in the PSOCMS. The structural
information was not taken into account for PSO because most
samples did not deviate from the structure of “Unknownl”
(Table S1, Supporting Information). The swarm size (18) was
reduced to only one-half the population size adopted for the
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and the actual stoichiometry (blue dot) identi-
fied by the structural analysis. Such a slight
difference between the processing composi-
tion and the actual stoichiometry is typical in
multicompositional solid-state synthesis. The
presence of a certain glassy phase including
Ca and La in the final sample and impurities
in the starting materials are responsible for
the discrepancy, which is described in detail

in the supporting information. The refined
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Figure 5. a) The structural determination results for La,_,Ca,Si;;O3,,Nqg_cEu?* (x = 1.456):
synchrotron XRD along with the Rietveld refinement fits. Experimental (X) and theoretical (solid
line) results, reflectance positions (vertical bars), and the difference between the observed and
calculated intensities (solid line) at the bottom (R, =8.6377, R,,, = 11.1829, R, = 8.9558, R, =
5.9797, x = 1.249) are shown. The inset is the schematic of the refined structure. b) The
emission and excitation spectra of La, Ca,Si;;03,,NigcEu** (x = 1.456) with a Eu?"
concentration of 4 mol%, along with the emission spectra of commercially available LED
phosphors such as B-SIALON (provided by Samsung LED) and YAG (provided by Nichia).
The excitation wavelength for the emission spectrum was 460 nm and the emission
probe wavelength for the excitation spectrum is the emission-peak location of each

phosphor.

NSGACMS, since the search space was significantly reduced.
The sixth swarm was congested in a small composition area
and thereby provided a converged final composition with a
promising PL intensity, although the structure still remained
unknown.

The composition with the highest PL intensity is marked
as a red dot in the congested composition area of the sixth
swarm (Figure 4). Synchrotron powder XRD (Figure 5a), neu-
tron powder diffraction (Figure S3, Supporting Information),
selected-area electron diffraction (SAED) (Figure S4, Supporting
Information), and the ensuing structural determination process
identified the discovered the new Type-IV phosphor, marked
as the red dot, to be La, ,Ca,Si;;03,,Nig . Eu?t (x = 1.456)
with a monoclinic lattice in the C2 space group. The detailed
structural determination process is described in the supporting
information. The stoichiometry of La, ,Ca,Si;;O3,,Nqg_:Eu?t
(x = 1.456) is marked as the blue dot in Figure 4. This struc-
ture was maintained in the x range from 1.2 to 1.6 with accept-
able PL intensity, and the emission color changed from green
to yellow as x increased. There is a slight difference between
the processing composition (red dot) obtained from PSOCMS

2264 wileyonlinelibrary.com
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are summarized in Table S3, Supporting
Information.

The emission and excitation spectra
show a typical 4f-5d transition of divalent
europium activators (Figure 5b), and the
spectral distribution and PL intensity of the
La,_,Ca,Si;;03,,Nig :Fu? (x = 1.456) is suit-
able for use in WLEDs. It should be noted that
anovel, practical Type-IV phosphor was finally
identified, although we started from com-
pletely random compositions without consid-
ering the materials chemistry. This phosphor
could be comparable to well-established,
commercially available LED phosphors, if its
PL properties were slightly improved by the
conventional powder refinement process,
which has not yet been done.

In addition to La, ,Ca,Si;;O3,,Nig_Eu’",
two more novel phosphors were also dis-
covered during the NSGACMS. Another
new Type-1V phosphor is highlighted in red
in Figure 3 and marked as “Unknown2”
(Table S1, Supporting Information and Table
S4, Supporting Information). The ensuing
PSOCMS was again implemented in the
reduced search space, SrO-CaO-BaO-Si;N,. The detailed com-
position for “Unknown2” is presented in Table S1, Supporting
Information. This new phosphor, designated as “Unknown2”,
was indexed as a monoclinic phase with possible space
groups such C2, Cm, or C2/m in the same extinction group
(C1_1). Another new Type-III phosphor, which was identified
as having the same structure as Ca;sAl;Si;s019N3g in a cubic
structure with the space group Pa3,2% also appeared during
the NSGACMS. However, we do not go into the details of
these new Type-IV and Type-III phosphors here for the sake
of brevity. It should also be noted that we have focused on the
discovery of Lay_,Ca,Si;,03,,Nqg_,:Eu’* because its luminescent
properties are superior to any others from a practical point of
view. The details surrounding the structural and PL properties
of the other new Type-1V and Type-III phosphors will be pub-
lished separately soon.

To confirm the validity of the proposed method, the
NSGACMS was re-executed using a different first generation.
Despite the adoption of a completely different first generation,
the same new Type-IV phosphor was identified in this con-
firmative NSGACMS implementation, (Figure S6, Supporting

Adv. Funct. Mater. 2012, 22, 2258-2266
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Information and Table S4, Supporting Information). The
ensuing PSOCMS was also reimplemented by adopting a
different first swarm. As a result, a similar convergence on
La, ,Ca,Si;,03,,Nig Eu?* was obtained (Figure S6, Sup-
porting Information and Table S5, Supporting Information).
This proves that the proposed strategy involving NSGACMS,
PSOCMS and the structural rank works.

4, Conclusions

In conclusion, we have discovered a novel phosphor for use
in WLEDs, La, ,Ca,Si;;03,,Ns :Fu**. NSGACMS was imple-
mented for preliminary screening and the ensuing fine-tuning
was achieved by PSOCMS. The structural rank, which is indica-
tive of the novelty of a phosphor structure, was introduced as
an objective function along with the PL intensity, to avoid con-
verging on well-known, established phosphors. The proposed
methodology will appeal not only to phosphor researchers, but
also to scientists or engineers engaged in all other advanced-
materials research fields. In particular, this strategy will work
best for the discovery of inorganic functional materials, (e.g.,
active materials for Li-battery anodes/cathodes, materials for
solid-oxide fuel cells, compound semiconductors, high-T; super-
conducting materials, dielectric materials, new metal alloys,
structural ceramics, nanomaterials).

5. Experimental Section

The commercially available starting materials in the powdered state,
CaO (Kojundo, 99.9%), SrO (Kojundo, 98%), BaO (Kojundo, 99% UP),
La,03 (Kojundo, 99.99%), Y,03 (Kojundo, 99.9%), o-SizN, (Aldrich,
unreported), o~SisN4 (Ube, unreported) and Eu,03; (Kojundo, 99.9%),
were separately ground manually for several hours to adapt them to
the dispensing system. A so-called combi-chem container, a specially
designed sample container made of BN (80 x 40 x 20 mm), which
involved 18 sample sites that were 8.5 mm in diameter and 16 mm
in depth, was devised for the high-throughput dispensing, mixing,
grinding and firing of a large number of samples. The total amount
of raw materials at each sample site was around 0.3 g, which led to a
sufficient amount of final phosphor powder available for use in any of
the conventional characterizations. Exact amounts of the raw materials
were weighed and dispensed automatically to the sample sites using
a powder-extruder system in a high-throughput manner with a robotic
platform (Swave, ChemSpeed Tech Co., Ltd.). The mixing and grinding
were executed by vibrating the combi-chem containers with pins inserted
inside the sample sites. The mixed raw materials in the combi-chem
container were fired at 1525 °C for 4 h under a N, gas flow (500 ml min™")
in a sealed tube furnace. Two combi-chem containers (i.e., 36 samples)
were fired simultaneously. A video showing the entire high-throughput
process is available elsewhere.34

Each sample synthesized in both the NSGACMS and PSOCMS was
ground and subjected to X-ray diffraction (XRD) and photoluminescence
(PL) analysis. The emission spectra were monitored at 460 nm excitation,
which simulated an InGaN LED light source, with the samples being
left in the combi-chem containers in a high-throughput manner using
an in-house-fabricated continuous-wave (CW) PL system equipped
with a xenon lamp. Finally, the pinpointed sample was examined using
synchrotron radiation X-ray diffraction (SR-XRD), neutron diffraction,
transmission electron microscopy (TEM), energy-dispersive spectroscopy
(EDS), X-ray photoelectron spectroscopy (XPS) and inductively coupled
plasma (ICP) mass spectrometry. The SR-XRD measurements of the
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selected sample were made at the 8C2 high-resolution powder-diffraction
beamline at the Pohang Accelerator Laboratory (PAL), and the neutron
diffraction was carried out at the high-resolution powder diffraction
beamline at the Korea Atomic Energy Research Institute.

Further details of the crystal-structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen (Germany), on quoting the depository number CSD-
424186.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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