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Abstract

Through a rapid development of countries around the world, a climate change is becoming a crucial word for all
of us since its huge impact on natural systems cannot be neglected. Anthropogenic greenhouse gas (GHG)
emissions had been causing the temperature rise of combined land and ocean surface, to which recent
devastating natural disasters can be related. Variety type of technologies can contribute to solve this crisis,
however, solid-state lighting (SSL) based on white light-emitting diode (LED) is the most ready technology for

saving energy consumption in a short period.

White LEDs have been intensively developed for SSL with high luminous efficiency, good color quality, long
lifetime and the elimination of the risk of hazardous Hg exposure. The replacement of conventional lighting
sources by LEDs has accelerated in recent years, driven by the requirement to reduce consumption of both
energy and resources, and there is no doubt that LEDs are the most promising lighting sources for the future.
The development of phosphors have been contributing to this since the fabrication of white LEDs currently
relies on the use of phosphors to convert high energy blue or near-ultraviolet (UV) LED light into lower energy
visible light. Most oxide phosphors for LED use have been adapted from those used in cathode ray tubes (CRTs)
or lamps, and there are few examples of new oxide-based phosphors that exhibit good excitation and emission
performance when combined with blue LEDs. The phosphors suitable for use in practical application for SSL
comprise a crystalline oxide, nitride, oxy-nitride, or oxy-fluoride host doped with small amounts of Ce*" or Eu**
ions. They need a large redshift in the 5d energy level such that it absorbs in the near-UV or blue region.
Discovering the key factors required to achieve a large red shift is crucial for developing suitably improved
phosphors for creating better white LEDs. The main goals of this research were to show the prospect in finding
new phosphors for SSL based on the oxide system. There are few examples of new oxide-based phosphors

which are suitable for a practical use in SSL.

In this work, phosphate system was chosen as a host material to be studied. At the starting point of this research,
there was no example of LED phosphors in a phosphate system in terms of excitation wavelength. Finding LED
phosphors in phosphate system and analyzing their crystal structures could provide clues to understand key

factors for optimizing phosphor performances to LED applications.

This dissertation introduces four phosphate phosphors including completely new crystal phase of phosphors:
the red luminescence of Cas(PO,),0:Eu”" and Sr4(PO4),0:Eu*’, the yellow luminescence of CagBa(PO,),0:Eu*"
and the blue-green luminescence of CagBa(PO,),0:Ce*". In which, it is discussed that the relation between

crystal structures and its optical characteristics focusing on the strength of crystal fields and the band gaps.

The importance of the higher anion polarizability and the heavy distortion of the coordination polyhedron were
highlighted based on the idea of the electronegativity of the cations and the effective coordination numbers

(ECoNs). The idea of the ECoN was introduced for describing the degree of distortion, differentiating the eight




Ca (Sr) sites in the Cay(PO,),0:Eu”" or Sry(PO4),0:Eu’" phosphor. The different thermal quenching behaviors
for Eu”" dopants in Sr4(PO4),0:Eu*" and Cas(PO4),0:Eu”” were also discussed and attributed to the degree of
auto/photo-ionization caused by the different band gaps of the materials. The importance of the large band gap

of the host lattice in avoiding non-radiative processes of energy relaxation was also confirmed.

ii



Table of Contents

Chapter 1 418 a4 1b o5 (o) WU PRSPPI 1
1.1 PhoSphors for White LEDS..........cccoiiiiiiiiiiiiie it ciete ettt e st e e et e e eitrae e s ssesaaeeesnsaaessnseeeeesnnns 1
1.2 AImS Of the RESEATCH ....couuiiiiiiii ettt 1
1.3 Structure of the DiSSertation ..........cceiiiiiiiiiiiii ettt ettt et ee et eeaee e e e 2
| N (<) (<) 111 RSSO PRPRR 3

Chapter 2 Technical back@round ..........cccvviiiiiiiiii i e e et e e e tr e e e etreeeesensaee s 4
B2 B 115 (T 10 1¢7 5103 PP UTSR 4
2.2 Technologies and ENVITONIMENLS ...........viierriiiireiiiiieeerireeeestieeeeserreeesssseeessseeesssssseeessssseeesssssseeennns 4

2.2.1 Solar power generation (Photovoltaic power generation).............cccvveeerevveeeerirveeeersivveeessnveeanns 6
2.2.2 Wind POWET GENETALION .. ..ceieviiieeririeeeeiieeeestreeeestrreeeasstseeesessreessssseeesssnsseesssssseesssssseeesssssseens 7
2.2.3 NUCIEAr POWET ZENETATION ..eieveviieeeeiriieeesireeeertrteeesserreeesssaraeeessssseesesssseeesssssseeessssseeesssssseesssnses 8
2.2.4 Carbon capture and Storage (CCS) ....oiuviiiiiriiiie ettt srre e e etbee e e stbeeeeseraeeessnreeeenns 8
8 B 1L =SSP UUPRSPPPP 9
2.3.1 A Short history Of HIZItING .....c.vviiiiiiiie ettt e et e e et ee e e s erb e e e esnbaeeeessnaeessnnnes 9
2.3.2 Global LED Lighting mMarket...........cc.ceeerrviieiiriiiieeiiiieeeriieeeesireeeesinreeesssnreeeesenseessssssesesssnnes 12
2.3.3 Opportunity for access t0 lIGhtING ........cccviiiiiiiiiee e e e e eerr e e e e 15
2.4 Assessment Parameters for whit€ LEDS........cc.coiiiiiiiiiiiiiiiiii et 16
2.4.1 Efficiency (external quantum effiCieNCY).......cccvviieiriuiiriiiiiiie it ecreee et e s 16
2.4.2 24 o7 T PR RTRSR 17
243 (O8] 10 01010 (4 113 1SRRI 17
2.4.4 Correlated Color Temperature (CCT).....uuiiivcuriieiiiiieeeiiieecieee e errreeeesireee e serreeessesraeeseneraees 20
2.4.5 Color Rendering INAeX (CRI).....c.uviiiiiiiiiiiiiiie sttt erae e e eeraae e e eaenees 20
2.5  White light-emitting dIOAES .....c.uvviieiieiiiieeiiiiee ettt e et te ettt e e e st eeeestraeeestraeeessnssaeeesssnseesssnseeens 21
B I A (S U< 1 161 PR PSOPSPRUORITSRN 26

Chapter 3 Phosphors for white LED appliCations ...........cccvvieeriiiieeiniiireeriiieeeeiieeessireeeesinveeesssnveeeesnens 28
K 0 B (13 ¢ 014 10 To7 5 10 4 SRR SRTSPSPURSRRRI 28
3.2 Photoluminescence processes in PROSPIOLS ........vvveirrviireeriiiieeeeriiieeercreeeesrreeeestreeeesereeeeesseneeeenns 28
3.3 Luminescence from 4f — 4f transitions ...........cceevvereererreeersrreeessirreeeessreeeessssseeessssseeesssssesesssssseesses 28
3.4  Luminescence from 5d — 4f tranSItions ..........ccccuvrreirririeeeerirrereesitreeeessrreeesssnreeeesssseeessssseessssssseessns 32
TR TN ) e 53] 1013 o) 1 o) 10 USRS UPUUUUPPR 35
3.6 Nitride and oxy-nitride PhOSPROTS .......ccoiiriiiiiiiiiee it ecteee ettt e st e e ertree e s streeeeesrreeesssenaeaeans 37
K B NG (<) (5] 111 PSR PS U STRURSRTSR 43

Chapter 4 25 G T 1101 11 | PSPPSR 44
o R 01 12 (e L1 o7 5 (o) WSS 44
4.2 High-temperature ceramic SYNthESIS ..........cccviiiiiiiiiireiiiiieeriieeeerireeeertreeeeeereeeeserreeeesstreeeessenseeas 44

1il



4.3 SHrUCTUIAL CRATACTETIZATION ... e eeeeeeeeeeeee ettt ettt e e e e e e e e eeeeeeeeeeeaaaaeeeeeeeessaaanaeeeeas 44

431 RICtVELd MEtROM ... ettt sttt e et e et e et e e e e 48
4.3.2 Structure determination for NEW PRASES.........cccivcviiiiiiiiiie e eiiee ettt e e erreeeesereeeens 48
4.3.3 Effective coordination number (ECON) .......ccccoviiiiiiiiiieiiiiee ettt esree e e enree e e e e e 49
4.4 SpectroSCOPIC ChArACEIIZATION ......vieereriieeeiriieeescireteesrteeeeserreeeesstreeeessssseesasssseeessssseeesssnseeenssseeens 49
4.4.1 UV-ViS 1eflectance SPECLIOSCOPY ..eevvrrirerrerrireeirrieeeeitreeeeissrreeesssreeessssseeesssseeesssssseeesssssseesses 50
4.4.2 PhotolumineSCeNCe SPECIIOSCOPY ...vvvrrerrerrrrerrerreeersrrreeesnreeeesssrreeeassseeesssssesssssseeessssseeesssnnes 50
4.4.3 Photoluminescence Quantum Efficiency measurement.............ccccceevevireeerieeeercnieeesiiee e 52
4.5  Topographical and elemental analysis (SEM and EDX) ........ccccceoveiiiiiiiiiieeiiiiee e 53
4.6 Characterization in LED .......c.ociiiiiiii ettt ettt 53
I () 1<) 4 <) Vo1 54
Chapter 5 Red luminescence of Cas(PO4)s0:EU ......viviieeeeeeeeeeeeeeeeeeeeeeee e 55
S B (13 ¢ 014 10 To7 5 10 s SRS PSOPSPRURSRTR 56
5.2 EXPEIIMENLAL....cciiiiiiiiiiiiiiiee ettt te ettt e e et e e et e e e s sebbeeesatsaeeessasaeeeestseeeesstsaeeeasssaeensssreeeeans 57
R T N 11 USROS 57
5.3.1 The structure refinement of Cas(PO4)20:EU .....oooviiiiieeeeeeeeeee e 57
5.3.2 Optical properties of Cas(PO4)20:EU . ...ov v 62
5.3.3 The absorption 0f Cag(PO4)20 ...cccc.eviiieiiiiie ettt e e re e e e e streee s sssaaeeenenes 64
54 DISCUSSION .eeuutiieiiieeittee ettt e et ee ettt e ettt e ettt e aateeeaueee ettt eemteeeameeeaseeeaaseeeenseeembeeaanseeeneeesseeesnseeeanneeans 65
S T I 0 511 0 8 oy APPSR 71
5.0 REIEIEIICES ..uutiiiiiie ittt ettt ettt e ettt e ettt e e et e e ettt e ettt e eateeeateeeanteeeneeeebeeeenbeeeanneeen 72
Chapter 6 Red luminescence of Sta(PO4)s0EU . .....ovvieieoeeeeeeeeeeeeeeeeeeeeeeee e 73
LT B (13 ¢ o1 10 (o7 10 s OSSR PUROPSR RSP 74
6.2 EXPEIIMENTAL.....cciiiiiiiiiiiiiiee it ciee ettt e e ettt e e ettt e e s bt ee e e atseeeessasaeeeestbeeeesstsaeeeesrsaeeeassreaaeans 75
6.3 ReSUILS ANd AISCUSSION. .o utiieiitieiiitie ettt ettt e ettt et e et e et e ebe e e s beeesnteeeaneeeeneeeenseeeanneeens 76
6.3.1 The structure refinement of St4(PO4)20:EU . ...vivivioieeeeeeeeeeeeeee e 76
6.3.2 Optical properties of Sta(PO4) 0 EUT .....o.oviiiieeeeeeeeeeeeeeeeeeeeeeeeee e 80
0.4 SUINIMATY .oiiiiiiiieeeeeeeeeiiie et e e e ettt e eeeeesesnnaeateaeeeesasansssaaeeeeesaassssssaaeeeesesasnnssssneeeesssssnnssssneeesnnn 93
0.5 REIEIEIICES ...utiieiiie ettt ettt et ettt e ettt e ettt e e et e e bt e ettt e eabe e ettt e e nt e e e st e e ebeeeenbeeeanneeeas 94
Chapter 7 Yellow luminescence of CagBa(POL) 4O EU . .....ovoviviiiieeeeeeeeeeeeeeee e 95
2% R €113 (o1 1 1o 10 s SRR SRTOPSPR RSP 96
7.2 EXPEIIMENLAL....cciiiiiiiieiiiiiiee ettt ee e ettt e e ettt e e et e e e s sebaeeeeatseeeessasaeeeasssaeeasssseeeesssssaeensssseeennns 97
7.2.1 SYNENELIC PrOCEAUIES ... eeeiiiiiieeiiiiieeeiieeerreeeeerreeeeestreeeestraeeesesseeesssseesssssseeesssssseesssssseeenes 97
7.2.2 (03 7211 (0T o 1| AU 97
7.2.3 Optical ChAraCteIIZATION .....ecuvviieeiiiiieeeriiieeeriteee e et eeeetreeesssereeeesssnaeeessssseeeesssrseeessssseeesssnses 98
7.2.4 White LED fabIiCatiOn.....ccueeeiitiieiiiieiiie ettt ettt e ettt et eeeeee e neee e 98
7.3 ReSUILS ANd AISCUSSION . .ee.utiieiutieiiitie et ettt ettt e ettt et e et e et e ettt e sbeeeenteeeaneeeebeeesnseeeanneeens 98

v



7.3.1 The structure of CagBa(PO4)40 .......vviiiiiiiiieiiiiee ettt e e e e erae e e e snree e e enenes 98

7.3.2 Optical properties of CagBa(PO4)sOEU™ .....o.oviviiieieeeeeeeeeeeeeeeeeeeeeeeee e, 103
7.3.3 Temperature dependence of the photolUMINESCENCE .......vvvvreeririieiiiiie e 108
7.3.4 Luminescence from a White LED ..........cooiiiiiiiiiiiiiii e 110

T4 SUIINATY ..eiiiiiiiiieeeeeeeeiieeeeeeeeee ettt eeeeeesssssaaeeeeaeaesssanssssaaeaeassssaasnsssseeeeessssannsssnneeeesssssnnssssneeennnn 111
S T NG (=) (5] 111 TSRS PP 112
Chapter 8 Blue-green luminescence of CagBa(PO4)s0:Ce . ...vvieieeeeeeeeeeeeeeeeeeeeeeeeee e, 114
T S 613 (0 1o L ot o) o RO ST UPSRUTSP 115
8.2 EXPEIIMENLAL....ccciiiiiiiiiiieeeeiieeecieee e et te e ettt e e et eeeesetreeeessssaeeeessssaeeeassssaeeasstseeeeasssseeeannsreeenans 116
8.2.1 SYNENELIC PIOCEAUIES ... .eeeiuiiiireiiiiteeeitiee ettt e e et eeeertaeeeesereeeesstbeeessssseeesssssseeessssseeessssseens 116
8.2.2 Crystallography and optical characterization ...............cocevvireerririeeerciieeesireeeerreeeeeerreeeeeees 116
8.2.3 White LED fabIiCatiOn....cccueeeitiieiiiieeiiie ettt sttt ettt et e et e seee e et e e eneeenneee e 116

8.3 ReSUlts and diSCUSSION. .....eeitiiiiitieiitie ittt ee ettt ettt ettt ettt e et e et e e et e e st e e sttt e eteeeenteeebeeeanseeennee 117
8.3.1 Phase 1dentifiCatiON. . ... eeiiuiieitie ettt et et e et st et e et e st e et e e 117
8.3.2 Optical properties of CagBa(PO4)s0:Ce™ .. .mvmiiieoeieeeeeeeeeeeeeeeeeeeeeeeeee e, 118
833 €&, Si*" co-doping in CagBaA(POL)AO .......cvveeeeeeeeeeeeeeeeeeeeeeeee e 121
8.3.4 Temperature dependence of the photolUMINESCENCE ........vvvvreeririieeiiiieeciieee e 127
8.3.5 Luminescence from a White LED ..........cooiiiiiiiiiiiiiie e 130

B4 SUIMIMATY ..eeuiiiiiiiiee e et ieeee e ettt e e e e e ettt et eeeeeees s sttteaeeeeeeesaannsssaaeeeesesannssssneeeeeessssnnssssnaeeennn 131

T T NS () (<) 1 < TSRS 132
Chapter 9 (0703 1 1od LD T3 ] 1 RS PPPS 133
ACKNOWIEAEIMENLS .......viiieeiiiiieeiiiteeeettee e et teeestttee e s ttteeeeetbeeessstsaeeessssseeesssssaeessssseesssssseeesssssseessnssseeennes 135
LSt Of PUDLICATIONS ...ttt ettt ettt et e ettt e ettt e emt e e eae e e ettt e emeeeeeneeeeneeeenneeennes 137




Chapter 1: Introduction

Chapter 1 Introduction

1.1  Phosphors for white LEDs

Through the rapid development of countries around the world, climate change is becoming crucial for all of us,
since its huge impact on natural systems cannot be neglected. Anthropogenic greenhouse gas (GHG) emissions
have been causing the temperature of combined land and ocean surface to rise, to which recent devastating
natural disasters can be related. A variety of technologies can contribute to solving this problem, however
solid-state lighting (SSL) based on white light-emitting diodes (LEDs) is the technology most ready for GHG

emission cuts by reducing energy consumption in a short period.

White LEDs have been intensively developed for SSL with high luminous efficiency, good color quality and
long lifetime. The replacement of conventional lighting sources by LEDs has accelerated in recent years, driven
by the requirement to reduce consumption of both energy and resources and eliminate the risk of hazardous Hg

exposure, and there is no doubt that LEDs are the most promising lighting sources for the future.

The development of phosphors have been contributing to this development, since the fabrication of white LEDs
currently relies on the use of phosphors to convert high energy blue or near-ultraviolet (UV) LED light into
lower energy visible light. Although different configurations are possible for white LED based on either a blue
LED or a near UV LED,"” the most common approach currently used for white LEDs is to combine a blue LED
with a blue-to-yellow down-converting phosphor, first achieved using Y3Al;0,:Ce’” (YAG:Ce’). Most oxide
phosphors for LED use have been adapted from those used in cathode ray tubes (CRTs) or lamps, and there are
few examples of new oxide-based phosphors that exhibit good excitation and emission performance when
combined with blue LEDs. The phosphors suitable for use in practical application for SSL comprise a crystalline
oxide, nitride, oxy-nitride, or oxy-fluoride host doped with small amounts of Ce*" or Eu*". They need a large
redshift in the 5d energy level of the lanthanide element, such that it absorbs in the near-UV or blue region.
Discovering the key factors required to achieve a large red shift is crucial for developing suitably improved

phosphors necessary for creating better white LEDs.

1.2  Aims of the Research

The main goals of this research were to investigate the prospect of finding new phosphors for SSL based on
oxide systems. There are few examples of new oxide-based phosphors which are suitable for practical use in

SSL. The desired phosphors for SSL would ideally satisfy the following criteria:

1. Strong and flat excitation band in the near-UV to blue region matching LED light.

2. Intense broad emission band in the green to red region.
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3.  Minimal thermal quenching of emission up to 200 °C, bearing in mind normal LED operation
temperatures.

4. Stable emission under prolonged operation (Reliability).

5. Chemical stability against moisture, light and heat (Durability).

6. Easy and cheap manufacturing in terms of raw materials and synthesis process.

The first criterion is essential for LED applications, which strongly rely on the crystal structure of host
materials. In this work, phosphate systems were chosen as the host materials to be studied. At the starting
point of this research, there was no example of an LED phosphor in a phosphate system in terms of the
suitable excitation wavelength matching to LED light. Finding LED phosphors in phosphate systems and
analyzing their crystal structures could provide important information to understand the key factors for
optimizing phosphor performances in LED applications. This dissertation will be of interest to both optical
materials specialists and the broader materials chemistry community, and also provide stimulation to find new

phases and/or phosphors in oxide system for SSL.

1.3  Structure of the Dissertation

This dissertation is organized into nine chapters. Chapters 1 to 4 are introductory chapters. Chapter 2 is a
guide to the technical background of this research from technologies and environments to SSL. Chapter 3
introduces phosphors for white LEDs including the fundamentals of photoluminescence in phosphors, with
particular attention paid to Ce’” and Eu*" ions. Chapter 4 introduces the experimental methods used for sample
preparations and characterizations. Subsequently, Chapter 5, Chapter 6, Chapter 7 and Chapter 8 present the
results. In Chapter 5, structure—property correlations in Eu-doped tetra calcium phosphate phosphor,
Cay(PO,),0:Eu”", are discussed as a key factor to SSL applications in view of the importance of higher anion
polarizability and the distortion of coordination polyhedra. Cas(PO,),0 has an isolated oxygen atom, which is
not related to PO, tetrahedra in the structure. In Chapter 6, new red phosphor, Sry(PO4),0:Eu*’, is introduced
and the importance of higher anion polarizability and the distortion of coordination polyhedra are confirmed
by comparing Cas(PO,),0:Eu*" and Sr4(PO,),0:Eu*". The importance of large band gap of host materials in
avoiding non-radiative energy relaxation processes is also reported. In Chapter 7, a new phase of
CagBa(P0O,),40 is introduced in the CaO-BaO-P,0s phase diagram based on the idea of isolated oxygen atoms,
and its Eu®" doped derivative is evaluated as a possible phosphor for SSL. In Chapter 8, a new blue-green
phosphor, CagBa(P04);0:Ce™", is derived from a new phase of CagBa(P0O4),O as a candidate phosphor for SSL
with near-UV LEDs. Finally, these results are summarized in Chapter 9 and promising future work is

proposed.
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Chapter 2 Technical background

2.1 Introduction

Technologies have thoroughly changed our life: fast transportations, variety of entertainments, worldwide
communications and even longevities by the improvements of medical services. These examples are clearly
the upside to technology, but everything has a downside at the same time. Certain technologies might
degenerate our physical and mental strength or give the potential to cause criminal acts based on information
technologies. Even large numbers of lives can be lost by the malicious use of advanced technologies.
Moreover our planet is suffering from a side effect of industrial technologies. The balances between the
prosperity of human being and environmental conservation should be taken seriously. A variety number of
technologies are confronting this issue. The technologies have huge potential for our future as long as they are

handled properly. In this chapter, some recent technologies contributing to this are introduced.

2.2 Technologies and Environments

The energy supply security, which is the key to maintaining our desirable living condition, is strongly related to
technologies and environments. The more we pursue economic growth, the more energy is required. In fact,
countries are desperate to secure the energy to meet their demand. On the other hand, some gas emissions from
generating energy have been raising controversial issues. Well known issue in the energy problem is the climate
change attributed to mainly carbon dioxide emission (CO,). Since 1983, anthropogenic greenhouse gas (GHG)
emissions, which include CO,, methane (CH4) and nitrous oxide (N,O), have increased through rapid
industrialization accompanied by explosive population and economic growth, and are now higher than ever.
Figure 2-1 shows the long term historical temperature anomaly trends in the combination of land and ocean
surface with different data sets. Figure 2-2 presents the atmospheric concentrations of the GHG in CO, (green),
CH, (orange) and N,O(red) evaluated from direct measurements in the atmosphere (lines) and from ice core
data (dots). By comparison between Figure 2-1 and Figure 2-2, human influence on the climate system is clear,

and recent climate changes have also had widespread impacts on human and natural systems.
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The International Energy Agency (IEA) has described three possible scenarios for energy futures, outlining the

measures required for limiting global temperature increase to certain levels and their impacts:*

* 6DS (6°C Scenario):

*4DS (4°C Scenario):

*2DS (2°C Scenario):

the scenario potentially resulting in devastating future, which the world is now on

track.

the scenario, which still has drastic climate impacts ahead, requiring significant

improvements in cutting emissions and boosting energy efficiency.

the scenario, which is the main focus of IEA with a vision of a sustainable energy

system, requiring reduced GHG emissions.

We have been desperate to meet 2DS, which requires reducing CO, emissions by both saving energy in

electricity consumption and generating electricity in an efficient way, so called clean energy. One of the famous

technologies for saving energy is SSL, and typical clean energy technologies are wind power generation,

nuclear power generation, photovoltaic power generation, and so on. Energy storage should be combined with

some of those technologies in order to enable the stable supply of electricity.
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In March 2015, interesting news came out entitled “Global energy-related emissions of carbon dioxide stalled in
2014”.* According to the special report from IEA, there was a “decoupling” of economic growth and CO,
emissions in 2014. In other words: the world economy grew, but CO, emissions did not. This was “The first time
in 40 years in which there was a halt or reduction in emissions of the GHG that was not tied to an economic
downturn.”This may indicate that the contribution of technology started to work for reducing CO, emissions
utilizing clean energy. Striking a balance between reducing CO, emissions and economic growth is really
important for the reduction of CO, emissions as a global action all together. Although developed and developing
countries had been taking different positions in consideration of their economic expansions, the data encourages
us to reduce CO, emissions based on new technologies maintaining their economic growth. It should, however,

be noted that the world is still in the difficult situation to achieve 2DS.

IEA proposed the strategy to be taken to catch up with the 2DS, taking immediate actions with ready
technologies against long-term impacts and investing in decarbonizing technologies for power generation.
Accelerating short-term action is critical to keep the global temperature rise within the range of 2DS. Immediate
actions before 2020 are essential to accomplish their post-2020 mitigation targets more easily. While investment
and innovative actions may not significantly have an impact on short-term emissions, they are necessary for
long-term decarbonization. Primary short-term action can be improvement of energy efficiency, which provides
half of the projected energy savings, including lighting and heating/cooling in buildings. SSL based on white
LED can significantly contribute to this. As a low carbon technology, power generation is a key factor since
electricity generates 25 % of all global GHG emissions. Annual emission from electricity generation could
increase to nearly 18 gigatonnes (Gt) by 2030, while in the 2DS they decrease to 8 Gt, 53 % lower.” Reduced
demand and cleaner supply could make electricity the largest contributor to emissions savings, in which
technologies, solar, wind, nuclear power generation can be considered. Carbon capture and storage (CCS) is
also important, as long as fossil fuels are a significant contributor to future energy supply. Energy storage
technology needs to be developed in combination with other energy technologies. The recent technology

situations for the electricity generation are introduced as follows.

2.2.1 Solar power generation (Photovoltaic power generation)

Since 2010, the world has increased their solar photovoltaic (PV) capacity more than in the previous four
decades, led by a few European countries, such as Germany and Italy (Figure 2-3). In 2013, having installed
new systems with 100 megawatts (MW) capacity per day, total global capacity exceeded 150 gigawatts (GW) in
early 2014. China had the largest capacity followed by Japan and the United States. The share of PV in global
electricity is expected to reach 16 % by 2050, which is a notable increase from the target of 11 % in the 2010
roadmap. PV generation would account for 20 % of all renewable electricity. China is predicted to keep leading
the global market, contributing about 37 % of global capacity by 2050. It has potential to avoid CO, emissions
of up to 4 Gt annually, dominating about one third of the total cut target by 2050 from electricity generation.
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Commercial silicon modules had an average conversion efficiency of about 16 % in 2013, which has been
improved by 0.3 % every year in the last ten years. Modules normally have a lifetime of 25 years at a minimum

output rate of 80 % against initial point.® Solar power generation will be a key player for the clean energy.

160 80%

140 o 70%

120 60%

100 - - 50%

80 — 40%

60 -

Annual growth

30%

40 - - 20%

Cumulative PV capacity (GW)

20 1 10%

0 T T |_ 0%

2003 2004 2005 2006 2007 2008 2009 2010 20Mm 2012 2013
B Cermany B (taly B Spain B France B Rest of Europe
Japan United States B China Restof world === Annual growth

Figure 2-3  Global cumulative growth of PV capacity.°

2.2.2  Wind power generation

The cumulative installed capacities of wind power generation are about 300 GW in 2012, which has doubled
from 2008. The 75 GW capacity of China is top followed by 60 GW of the United States and 31 GW of
Germany (Figure 2-4). Wind power accounts for 2.5 % of global electricity demand. European countries are
positively installing wind power generation, providing 30 % electricity of all demand in Denmark, followed by
20 % of Portugal and 18 % of Spain. The IEA 2013 roadmap sets out 15 % to 18 % share in the global electricity
from wind power by 2050, which corresponds to 2300 GW to 2800 GW of installed wind power capacity. The
design trend of wind turbine has been increasing the height of the tower and the length of the blades, raising the
capacity factor, which measures how efficiently the wind turbine generates electricity for the same wind speeds.
These designs with higher capacity factor enable the installation of wind turbines in lower speed wind areas,
which often allows wind generation sites to get closer to the consumption centers.” Wind power generation will
also play an important role as well as solar power generation since these power generation technologies have

their own suitable areas to be deployed depending on the climate conditions in each area.
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Figure 2-4  Global cumulative growth of wind power capacity.’

2.2.3  Nuclear power generation

Nuclear power makes up the largest part of low-carbon electricity in Organization for Economic Co-operation
and Development (OECD) countries, accounting for 18 % in electricity production share in 2013. It will keep
playing an important role in lowering global GHG emissions from the power generation sector. The global
installed capacity of nuclear power is currently 396 GW. To follow the 2DS, it would need to surpass more than
double: up to 930 GW by 2050, taking up 17 % of global electricity generation. The Fukushima Daiichi nuclear
power plant accident gave a huge impact to public acceptance of nuclear power. Although the accident caused
no direct radiation-related casualties, it gave rise to a lot of concerns about the safety of nuclear power plants,
especially in Japan. This clearly influenced short term outlook, however, when it comes to the medium to long
term, the perspective on nuclear energy remains positive. At the beginning of 2014, there were 72 reactors under
construction all over the world, which is the highest in the last 25 years. China will increase capacity most, from
17 GW in 2014 to 250 GW in 2050, representing 27 % of global nuclear capacity. Some developing countries
are taking similar positions, including India, the Middle East and the Russian Federation. Most OECD countries
will decrease or maintain the current capacity.® Nuclear power plant might be useful for a short term to cut CO,
emission, but the cost effectiveness of nuclear power generation should be well evaluated considering the cost

of gas or renewables since it can be undermined by market conditions.

2.2.4 Carbon capture and storage (CCS)

CCS is comprised of three components with CO, capture, transport and storage. All of them are now at
commercial scale. Captured CO,, which is transported to deep underground and stored there, can be utilized for
enhanced oil recovery (EOR). 13 large-scale CCS projects were under operation across the world at the end of
2014, and its capacity comes to 26 million tonnes of CO, (MtCO,) per year. The increase of the projects under
construction has been slow but steady in the past five years. The United States heads the installation of facilities

for CO, capture, due to mainly the demand of CO, for EOR. The United States holds 7 of 13 operating projects
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and 7 of 22 projects under construction or development. The total amount of captured CO, by 13 large-scale
projects in 2014 accounts for 26 MtCO,, however it is based on the capacity, and only 5.6 MtCO, were
monitored and verified since only 5 projects are under operation with monitor to demonstrate CCS performance.
The captured CO, in eight projects are used for EOR without monitoring the storage performance. There are a
total of 35 projects including those currently in operation, in construction or in advanced planning, in which the
total potential capture capacity of 63 MtCO, per year are expected by 2025. Figure 2-5 shows the total projected
capture capacity of large scale CO, capture projects. Although CCS is steadily making progress, it is behind the

requirement to follow 2DS.’
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Figure 2-5 Large-scale CO, capture projects.'

2.3 Lighting

2.3.1  Asshort history of lighting

SSL is one of the technologies for short term reduction of GHG emissions by saving energy consumptions, and
is, however, only a recent technology. We have little chance to talk about lighting regardless of receiving huge
benefits from it. Harnessing light is one of the privileges of mankind. Light has drastically been changing our
lives. In this section, a brief history on the technology of lighting is presented to show how we witnessed the

. . . . 11,12
invention of light as summarized by some authors.

Up to the nineteenth century, the only source of an artificial light had been flames produced by the combustion
of materials. We could also utilize the flame to cook meals, generate heat and protect ourselves from animal
attacks. The light produced within a flame, known as pyroluminescence, mainly occurs due to the
incandescence of solids and the recombination of ions into molecules. The first artificial light source was
achieved by controlling fires some 500,000 years ago, which were widely used as torches. We were however
unable to sustain the flame for a longer period since the torches were burning out themselves. By separating the

functions into burning and storing of the flammable items, we could create sustainable lighting.

The oil lamps based on pyroluminescence were invented about 70,000 years ago as a next generation of lighting




Chapter 2: Technical background

and were made out of convenient nonflammable objects such as shells and hollow rocks with wicks dipped in
molten fat. Through a lot of improvements, kerosene lamps were finally introduced in the 1850s as widely
accessible lighting devices. The introduction of kerosene lamps had a huge impact on changing the after-dark
activities of civilized man. The feature of the oil lamp was independent as an isolated device. They are still
widely used in Africa and South Asia where electricity is unavailable. On the other hand, it takes a lot of work to
fill up the lamp with oil for each street light. This could pose a problem since it requires a lot of labor. The gas

lighting system superseded the oil lamp system solving this issue.

Gas lighting was introduced in 1772. William Murdoch of Scotland had started the experiment based on various
types of gas, conclusively found out coal gas was the most effective. By the beginning of 20th century, most of
the cities in Europe and North America had streets illuminated by gas lamps. The invention of a gas supply
system was also inevitable for its success. It reduced the labor required to fill up the lamps with oil on the streets.
Gas lighting brought us variation in the shape, size and area of the flame without having a burning core. Now,
gas lamps can be seen at places creating historical authenticity. Modern gas lamps are now used for camping. It
is well known that Edison followed this gas delivery system when he distributed his electric incandescent lamps
in the city. The risk of explosion and unpleasant smell of gas lighting were removed by the appearance of an

electric lighting system.

The basic principles of electric lighting were discovered by Sir Humphry Davy of England, at the very
beginning of the nineteenth century. He demonstrated arc discharge, which occurs between two carbon rods, and
incandescence, which is the glow of a piece of platinum wire being heated by an electric current. When a large
electrical potential difference occurs between two conductors spaced very slightly apart, a spark can occur as
electrons spontaneously flow from one conductor to the other, producing a bright flash of light, known as arc
discharge. The first practical carbon-arc lamp was fabricated by Paul Jablochkoff in 1876 based on this

mechanism. Carbon-arc lamps were widely used in street lights until the second decade of the twentieth century.

The evolution of the incandescent light bulb started with the experiment that Sir Humphry Davy performed at
the Royal Institution in London in 1802 and a lot of researchers had devoted their time to achieve a bright
incandescent lamp with a long lifetime. Joseph Wilson Swan of England and Thomas Alva Edison of the United
States, who each worked independently at the early stage, were the most successful inventors of the
incandescent lamp. However Edison is the most famous inventor of incandescent lamp since he succeeded in
creating the first reliable light bulbs by hiring lots of talented engineers and having managed the world's most
famous invention factory. Swan had his experiment in the 1850s and 60s with carbon filaments. He however
failed in his early test having difficulties in removing enough air from the lamps. Early in 1879, Swan first
demonstrated his incandescent lamp in a lecture in Newcastle. Edison founded the Edison Electric Light
Company in 1878," and demonstrated his lamp at the end of 1879 having obtained a patent for a filament
lamp.'* His lamp contained the major elements seen in Swan's which has platinum lead wires and a carbon

filament in an enclosed glass bulb after the removal of some air. Swan was granted the patent for the methods of
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evacuation, which prevented the glass seals from fracturing,”” and started the Swan Electric Light Company in
1881. Since then, the invention of the incandescent filament lamp had been accompanied by famous patent trials
including Swan’s and Edison’s. As both businesses expanded, it had become increasingly difficult for either
company to produce a complete lamp. In 1883, they established the joint company named Edison & Swan

United Electric Light Company, known commonly as "Ediswan".'®

The colors of the light in their electric filament lamps were yellowish rather than white. To make the filament
incandescent lamp white and brighter, a filament must be stable at higher temperature. Carbon has the highest
melting point of any element at 3370 °C in a graphite phase and 3550 °C in a diamond phase. However it
evaporates at around 1800 °C under vacuum. Metal filaments of osmium and tantalum with higher melting
points had been tested and finally tungsten was introduced by Alexander Just and Franz Hanaman of Austria as
a stable filament at higher temperature.'” Yet they are known as non-ductile filaments due to a sintering process:
squeezing materials into a dense mass."® William D. Coolidge of the United States came up with the idea of a
bendable or ductile filament wire, in which the size of grains and impurities were controlled and then processed
by drawing heated and sintered tungsten through smaller dies."” Even a metal tungsten filament evaporates over
2500 °C under vacuum. Irving Langmuir of the United States, in 1913, found a way to slow down the
evaporation of tungsten filaments by filling a lamp with nitrogen gas. He also found that thin filaments radiated
heat faster than thick ones, and coiled tungsten wire could maintain the high temperature.”® In 1959, Edward
Zubler and Frederick Mosby, added iodine to an argon atmosphere and prevented evaporated tungsten gas from
depositing on the inner wall of the lamp, resulting to the so called "tungsten halogen lamps". Their lamp showed
practically 100 % lumen maintenance, about 20 % better efficiency than conventional incandescent lamps and
an outstanding increase in its lifetime based on the reaction, known as the "halogen cycle".?' Thus, the design of
the bright white incandescent lamp was established. Although tungsten halogen lamps were widely used
replacing the oil lamps and the gas lamps, the worst problem was low energy efficiency. About 90 % of energy is

turned into heat and infrared light.

In 1938, GE and Westinghouse Electric Corporation released new colored and white lamps utilizing a low
pressure mercury discharge and a light conversion component, which are coated inside the wall of a glass tube
by fluorescent powders. This fluorescent lamp is based on the photoluminescence of the phosphor excited by
ultraviolet light from mercury. The contribution of phosphors to lighting had begun. Calcium halophosphate
activated with trivalent antimony and divalent manganese phosphors, Cas(PO,);(F,Cl):Sb>",Mn*>" were invented
by Alfred Mckeag of England, in 1942.** These were distributed widely as a true white fluorescent lamp
thereafter. Fluorescent tubes had been the most efficient way to generate white light for general lighting

applications.

The contemporary revolution of lighting started in 1991 by the invention of LEDs based on InGaN
semiconductor which was achieved by Nakamura and young engineers of Nichia Corporation.” It led to the

concept of white LEDs comprised of blue LEDs and color converting phosphors.* They were first
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commercialized in 1996. The explosive development of SSL based on highly bright visible LEDs is today

overwhelming the lighting market worldwide.

2.3.2  Global LED lighting market

The recent LED market trend was summarized in detail by the U.S. Department of Energy (DOE) and European
Commission.””® According to a recent DOE report, the total electricity use in the United States for lighting
accounted for approximately 18 % of total usage in 2010. IHS estimated that LED products dominated 18 % of
lighting revenues all over the world in 2013, corresponding to revenues of $16 billion. Strategies Unlimited
estimated that the market penetration of LED lighting reached about 3 % by the global sales of 400 million LED
lamps in 2013. From 2012 to 2014, installations of LEDs have increased to 2.8 % for indoor applications and to
10.1 % for outdoor applications, while total LED penetration increased to 3.0 %.>" As seen in the report from
the major lighting manufactures, the trend is shifting clearly from conventional lighting to LED lighting. The
largest global lighting company, Philips, reported that in the fourth quarter of 2014, revenues from LED-based
lighting increased by 48 % in 2012 and by 20 % in 2013 and represents 37 % of all their lighting sales.”**
Another giant lighting company, OSRAM, in Germany has also reported similar results in the first quarter of
2014. Quarterly revenue for LED-based lighting products increased by 28 % comparing with the prior year,
which results in 33 % of OSRAM’s total revenue from 26 % in the prior year quarter.”® As indicated in Figure
2-6, shipments of LED-based lamps and luminaires are expected to increase steadily until 2021, dominating
about half of total lighting shipments. An eventual decline in sales of LED light can be assumed by the longer
period of the replacement cycle since one advantage of LED technology is longer operation life. However it has
a huge market potential including off-grid countries mainly in Asia and Africa. Taking a closer look at the
situation by sectors, the LED market is pushed forward by different drivers such as Residential, Commercial,
Industrial and Outdoor. European countries favor residential and commercial lighting. Asian countries (China,
India, etc.) favor Outdoor lighting represented by LED streetlights. Japan favors replacement market of lamps,

tube lights, and ceiling lights in any sectors. Country-by-country situation is now described as follows:

45

mincandescent Halogen m TB+T5 m T12 mCFL & Misc. Fluorescent mHID = LED
4.0

-_—
5 - . = m = -
3.0 . .
26 +
20 -
15
10 ¢
05
0.0 - T T |

2013 2014 2016 2016 2017 2018 2019 2020 2021

(Billions of Units)

Figure 2-6  Global forecasted shipments of LED lamps and luminaires, 2013-2021.%

12



Chapter 2: Technical background

The United States

Figure 2-7 presents the lighting energy consumption forecast by sectors. LED lighting is projected to cut energy
consumption in lighting by 15 % in 2020 and 40 % in 2030.”' LEDs are particularly well suited to street and
roadway lighting applications since they are directional light sources with high durability and long lifetimes.
With these advantages, many local governments have promoted projects to replace their lighting in these
applications to LEDs. The Bureau of Street Lighting, the City of Los Angeles has already completed a
four-year-project, which replaced citywide conventional street lighting with more than 140,000 LED streetlights.
It has reduced energy usage by 63.3 %.*? The lighting market model expects that LED applications in the street
and roadway will expand most rapidly. Figure 2-8 shows the market share forecast in sales of street and roadway
section from 2013 to 2030. By the end of 2013, the share in that section is about 14 %, then it will increase up to
83 % by 2020 and reach nearly 100 % by 2030 replacing the metal halide and high pressure sodium (HPS)
shares, which account for 28 % of electricity saving. LED lighting is already popular area in the street and

roadway market.
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Figure 2-7 Total Energy Consumption Forecast of lighting sector in the United States, 2013 to 2030.*'
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Figure 2-8 Market Share Forecast in Street and Roadway (% of Im-hr sales), 2013 to 2030.*'
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Europe

The share of value-based European LED market is estimated at around 9 % in 2012. However, it is projected to
increase to over 45 % by 2016 and more than 70 % by 2020. Although, the shift to LED light in Europe is slower
than other regions, it will be accelerated by the government policy of nuclear phase out in Germany and the
upcoming regulation on the ban of low-voltage halogen lamps by European Commission.”® The faster
penetration of LED will be strongly supported by the price drop of LED and the improvement of LED efficacy.
Figure 2-9 shows the projected sales of LED lamps in Europe. The sales of LED lamps were slow from 2008 to
2009, but rapid growth is expected from € 0.3 billion in 2010 up to € 1.9 billion in 2015.%
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Figure 2-9 Projected sales of LED lamps in Europe (€ billion).”

Asia

Japan has been a driving force for the penetration of LED lighting products, and been leading the globe with an
estimated LED adoption rate of 15 % in 2012 and 19 % in 2013.” The demand of LED lamps was higher than
expected in 2012, largely due to the increased awareness of energy-saving after the Tohoku earthquake disaster
in 2011, picking up the prior demand. The Korean government hammered out the “Low Carbon, Green Growth”
strategy in 2009 and SSL plays an important part of the plan, pursuing 30 % replacement of LED lamps in public
facilities.”® The market penetration of LED lamps in China was just 0.6 % in 2010 but has been growing rapidly
and reached up to 8.9 % in 2013 (Figure 2-10). Chinese government has been shifting its support from providing
funds for investment in capital equipment to providing subsidies for the purchase of lamps and luminaires.*
China is mainly targeting the street lighting sector and will invest 1.6 billion RMB into it. Subsidies by the
government will account for 30 %-50 % of the product prices. The penetration of Indian LED products is
currently 4 % and will grow to 35 % in 2018. The government has also been driving initiatives in the distribution
of LED lighting combined with solar panels in villages to promote energy-efficient lighting so called solar

lanterns.?®
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Figure 2-10 Penetration of LED Lighting market in China, 2010-2013.%

2.3.3  Opportunity for access to lighting

Technologies are not just for advanced countries. There is a huge potential for technologies to achieve more
rapid social and economic development in developing countries. In this section, the potential contribution of
LED lighting is introduced. According to Energy access database from IEA,* world electrification rate in 2014
is 82 %, which means one out of five people lives without electricity. In particular, the electrification rate of
Africa is only 43 %, which is dominated by the rate of 32 % in Sub-Saharan Africa. More than 620 million
people live in the area without access to electricity in Sub-Saharan Africa. As seen in a change from 2009 to
2030, Latin America and South Asia will decrease their un-electrified population from 34 million to 13 million
and from 809 million to 561 million, respectively. On the other hand, Africa increases it from 589 million to 698
million due to a rapid population growth, mostly in rural area. Africa will then have surpassed Asia to become

the largest un-electrified area.”

Approximately more than 290 million people in un-electrified areas employ the use of kerosene lamps as their
primary light source.® A survey, which was reported in 2012 by the Lawrence Berkeley National Laboratory of
California’s Lumina Project covering the users of kerosene lighting across five Sub-Saharan Africa countries,
showed that around a quarter of the sampled population have health and safety concerns related to kerosene
lighting. The by-products of kerosene combustion are correlated with higher incidences of diseases like
tuberculosis and cataract conditions. According to reports in most hospital studies, unintentional kerosene
ingestion is the principal cause of child poisoning in developed countries, which can be related to 7 % of
mortality rate.’” In addition to toxic fumes from kerosene combustion, the chance of hazardous fires and
ensuing risk of burns on life and property is substantial. As a key to solve these problems, solar portable lights
(SPL)s have been introduced covering a range of lighting needs from individual tasks to general household

lighting. SPLs are referred to as “pico-solar” or “solar lanterns”. The majority of devices are based on LEDs,
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equipped with rechargeable batteries and solar panel. Installing SPLs has significant impact on many aspects of
life such as environment, business, education and household spending. The barrier for SPL installation is quite
low. It needs no utility for the electric power transmission since the power is supplied by solar panel directly or

via batteries. The benefits of SPLs are listed below.*°

Environment: The total consumption of kerosene in households and in commerce worldwide is 440 million
barrels of oil per year with emissions of CO, up to 190 million tons into the air annually, which is equivalent to

the exhaust gas from 30 million cars. An enormous amount of CO, emissions can be reduced by adopting SPLs.

Business: For many rural households, acquiring fuel for lighting can be time-consuming owing to traveling
long distances often undertaken by women and children, taking up their available time for productive activities.
They can save their time by installing SPLs. Solar lanterns can provided extra business opportunities by
allowing more time to work at night. The positive correlation has been seen between the quality of the lighting
in commercial enterprises and retail sales. The move from kerosene to LED based lighting that improves the

quality of illumination also boosts sales, attracting more attention of customers to the display.

Education: Having introduced SPLs, children can stay up longer each day and use their additional time for
studying and reading, which lengthen average study hours of children. The better quality of illumination helps
to study a lot.

Household spending: In Africa, the cost for fuel-based lighting is substantial. According to Lighting Africa
research, Base of Pyramid African households, which mean households with less than $3000 annual income,
face recurring expenditures on fuels, which dominates in their monthly household budgets up to 10 to 25 %.

They can save this cost by utilizing SPLs.

2.4 Assessment Parameters for white LEDs

The potential of SSL is directly related to the performance of white LEDs, and the parameters used to describe a
white LED need to be understood. There are five primary parameters in radiometry, photometry and

colorimetry.

2.4.1 Efficiency (external quantum efficiency)

The efficiency of LEDs is a dimensionless quantity usually expressed in a percentage. It is a radiant power
output of a LED divided by an electrical power input. The spectral response function of the human eye is not
considered in this parameter. Driving LEDs at a higher current increases the light output, but results in a
commensurate decrease in efficacy, known as efficiency droop. The efficiency of LED is more important for
high power LED lights, since the input power of LED is dissipated as heat more at higher operation current. It is

directly related to heat management.
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2.4.2 Efficacy

The energy efficiency of LED products is normally characterized by efficacy, evaluated in the ratio of electrical
power input to light output. Luminous Efficacy is the most important parameter for white LEDs, which is
described in emitted flux (lumens) divided by power draw (watts) with the units of lumen per Watt (Im/W). The
lumen is a unit of light intensity perceived by the human eye, which is weighted by its visual perception. It
should be noted that the efficacy of individual LED packages is different from the efficacy of an LED luminaire
or an integrated LED lamp, being stemmed from driver, thermal and optical losses. When you compare the
values, it is also important to consider the differences in the procedures and conditions used for the measurement,
and whether commercially available lighting products or the laboratory samples. The DOE has set the target for
LED package efficacy of 266 Im/W and LED luminaire efficacy to surpass 200 Im/W in their Multi Year
Program Plan.*® Figure 2-11 shows a basic comparison of the efficacy for several major types of lamp product
as of January 2013. The efficacy of current LED products is in the same range as fluorescent and HID products
and importantly LED is the only type of product showing the potential for substantial improvement in efficacy

in the near future.”
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Figure 2-11 Approximate range of efficacy for various common light sources. **
The black boxes show the efficacy of bare conventional lamps or LED packages, which can vary
based on construction, materials, wattage, or other factors. The shaded regions show luminaire

efficacy, which considers the entire system, including driver, thermal, and optical losses.

2.4.3 Color Coordinates

Color coordinates are measured color locations of the emitted light on the CIE color chromaticity space diagram.
The CIE (Commission Internationale de 1'Eclairage) is an international organization specializing in the

advancement and standardization of lighting knowledge, which is called the International Commission on
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[llumination. Many companies and national institutions consider information provided by the CIE for the
colorimetric evaluation. In 1931 the CIE established the standard system using X, Y, Z tristimulus functions
based on the assumption that every color can be rendered by the combination of the three primary colors, blue,
green and red. The color coordinates are specified by the two derived parameters of x and y on the CIE 1931
color chromaticity space diagram, as shown in Figure 2-12. This diagram is widely used for comparing the
colors among sources of light as well as the emission from phosphors. The X, Y and Z tristimulus values, which
are calculated in the following equations, are obtained by integrating the spectral power distribution of radiation

and the three eye response curves x(1), y(A) and z(L) over the wavelength range from 380 nm to 780 nm.*

780
X=k I(Mx(A)dA Equation 2-1
380
780
Y=k I(D)yA)da Equation 2-2
380
780
Z=k I(D)z(A)dA Equation 2-3
380

The known x, y and z color coordinates are then derived from the tristimulus values.

X
X=——— Equation 2-4
X+Y+7
Y Equation 2-5
= uation 2-
YTX+v+z a
Z .
z=—0——=1-x—-y Equation 2-6
X+Y+Z7Z

Another color space diagram of CIE 1976 UCS (uniform color space) are developed achieving perceptual
uniformity, which has an equal distance in the color space corresponding to equal differences in color. Figure
2-13 shows the CIE 1976 UCS diagram. On this diagram the color coordinates are specified by the two derived

parameters of u’ and v’, which can be calculated by transformation of the X, Y and Z values.

4X .
U=c-"-—— Equation 2-7
X+ 15Y + 37
, 9X Equation 2-8
VT X+157 +32

18



Chapter 2: Technical background

550
"5‘5
e ‘% g
0.4' P%J (4]
Y | )%:%% . |
_ s
034 4 o &
0.21
- =i
0.1
470" :
0.0 ==« S S : ’
00 01 02 03 04 05 06 07
X CIE1931

Figure 2-12 CIE 1931 diagram.

00 01 02 03 04 05 06

CIE1976 UCS
Figure 2-13 CIE 1976 UCS diagram.

19



Chapter 2: Technical background

2.4.4 Correlated Color Temperature (CCT)

Color temperature is an important aspect for color appearance to relate temperatures to colors, for example how
“cool” (bluish) or how “warm” (yellowish) nominally white light appears. Correlated Color Temperature (CCT)
is a metric relating to the appearance of a theoretical blackbody, which turns red, orange, yellow, white, and
finally blue with increasing its temperature. The CCT, given in Kelvin (K), is defined by the chromaticity
position along the Planckian locus (blackbody) of the CIE chromaticity diagram and can be calculated at
Planckian temperature that provides the smallest chromaticity difference between the test chromaticity and the
Planckian locus on UCS diagram. It characterizes the color of the emitted light, not the color of illuminated
objects. As shown in Figure 2-12 (CIE 1931) and Figure 2-13 (CIE 1976 UCS), the Plankian locus is indicated

as the black line with various blackbody temperatures.®

2.4.5 Color Rendering Index (CRI)

The CRI describes the ability of a light source to render the colors of objects accurately when they are compared
to the reference light source. The CRI is calculated in accordance with the Test-Color Method (CIE 13.3-1995),
by measuring the difference between the lamp in question and the reference lamp in terms of how they render
the test color samples (TCS). For each color sample, the chromaticity can be compared between under a given
light source and under a reference source of equal CCT, enabling measurement of the color difference that is
then mathematically adjusted and subtracted from 100 (R;). The principal metric of the CIE system is the CRI,
which is the average of the eight R; scores (R, to Rg) from the standard test colors of TCS01 to TCS08. A score
of 100 indicates that the source renders the colors identically to the references. The special color rendering
indices, referred to as Ry through R4, are each based on a single test color (TCS09 to TCS14). They are not
considered for the calculation of CRI, but can be used for supplemental analysis. Rg can be especially useful as
an index for strong red color since the rendition of saturated red is particularly important for the appearance of
skin tones, among other objects. Color samples for CRI (TCS01-TCS08) and for R¢-R4 (TCS09-TCS14) are
shown in Figure 2-14. It is worth noting that when the lamp in question has a CCT of less than 5000 K, a
blackbody radiator is used as a reference source and a spectrum of daylight is used for higher CCT sources. By
and large, a light source for interior applications with a CRI in the 70s would be considered as acceptable, the
80s as good and the 90s as excellent.*® In general, the higher CRI value lowers the possible luminous efficacy,
since the human visual response curve has its peak wavelength at 555 nm. To render objects well, a light source
must include light that spans a wider wavelength spectrum, but that the human eye is less sensitive. It should be
added that, in CIE Technical Report 177:2007, they concluded that a long-term research and development
process of color quality metric is underway. CRI should be considered as one data point in evaluating white
LED products, and be noted that CRI cannot predict the visual ranking of a set of lighting products when white
LED sources (either PC or RGB) are included. In fact, many RGB-based LED products have CRIs in the 20s,

yet the light appears to render colors well.*'
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Figure 2-14  Color samples for CRI (TCS01-TCS08) and for R9-R14 (TCS09-TCS14).%

2.5 White light-emitting diodes

There are several variations used to produce white light by combining different colors of LED chips and
phosphors. Figure 2-15 shows schematic illustrations of four typical white LED configurations with and
without phosphors, which are described below. Figure 2-16 shows the emission spectra from different

combinations of LED chips and phosphors corresponding to these configurations.

(a) (b) (c) (d)
bt e i
h | ] | “f f“* f‘ Jo4°4° to]
smm | ED chip
© phosphor

<= |uminescence

Figure 2-15 Schematic illustrations of various combinations of white LED.
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Figure 2-16 Emission spectra image of the white LEDs in the different configurations (Alphabets in the

parenthesis correspond to those in Figure 2-15).

(a) Three LED chips with different colors (red, green and blue) are combined without phosphors, which is
called color-mixed LED (cm-LED). This type of device potentially produces higher luminous efficacy,
avoiding the loss in luminous flux outside the visible spectrum owing to a sharp emission band with
narrower and higher emission peak from each LED chip, and the loss in Stokes Shift unlike phosphor
converted LED (pc-LED). Figure 2-17 shows the projected LED package efficacy of pc-LED and
cm-LED for warm colors and cool colors, respectively. The key to achieving higher luminous efficacy
with this architecture is the improvement of quantum efficiency in green chips, because there is no
efficient green LED chip available. Moreover, it tends to have complicated structures in LED luminaires
since combined LED chips with different emission color need to be operated at different voltages, which
can lose simplicity in the design of electronic circuits, and also have difficulties in managing the color

point of LED light within certain deviations. They can have an impact on the production cost.

22



Chapter 2: Technical background

(b)

(©)

(d)

As the simplest and the most conventional configuration in the market, a blue LED chip is combined with
a yellow phosphor. The yellow phosphor converts absorbed blue light from the LED chip to yellow light.
Only a portion of the light from LED is converted by the phosphor, while the remainder contributes as a
mixing component of total white light. The combination of blue light from the LED chip and yellow light
from the phosphor generates pseudo-white light. This type of device produces higher luminous efficacy

compared with other pc-LED, however, applications are limited due to its poor color quality.

The combination of blue LED with green and red phosphors is getting more popular for balancing the
luminous efficacy and color quality. Green and red phosphors convert absorbed blue light from the LED
chip to green and red light, respectively. The combination of blue light from the LED chip, and green and
red light from the phosphors generates better quality of white light, extending the potential applications.
The variation of green and red phosphors with different emission wavelength and emission band width

enables fine tuning of white LEDs in versatile applications.

For special applications, this configuration offers ultra-high quality color. A near-UV LED chip is
combined with blue, green and red phosphors. Each phosphor converts absorbed near-UV light from the
LED chip to blue, green and red light, respectively. The very wide emission spectrum, which is
contributed by three phosphors, covers a broad range of emission wavelengths and achieves a high value
in Ra of the color rendering index. The key to balancing color quality and high luminous efficacy strongly
relies on the quantum efficiency of the near-UV LED. It is said that the near-UV LED chip-based white
LED has the potential to surpass the LED efficacy of blue LED chip-based white LEDs, overcoming the
disadvantages of certain loss in conversion efficiency of three phosphors. However, the deterioration of

the organic binder by the UV light can also be a problem to be solved.
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Figure 2-17 Projected LED Package Efficacy (phosphor converted LED and color-mixed LED).*

Photos from Figure 2-18 to Figure 2-21 are adapted from Verbatim-Europe.” There are varieties of LED bulbs
commercially available as shown in Figure 2-18. The basic structure for each bulb is quite common as
illustrated in Figure 2-19. The key component of an LED bulb is the LED module, which is comprised of
several LED packages (Figure 2-20) fabricated with mainly LED chips, phosphors and silicone paste (Figure
2-21). The phosphors are usually fine grain powders with particle size distributions of over micron-scale having
different body color depending on the absorption of light. They are normally used with transparent silicone

paste as an encapsulant after mixing.

Figure 2-18 LED based light bulbs.*
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Figure 2-19  Schematic illustration of LED light bulb.*

Figure 2-21  Various color of phosphors and silicone paste.*
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Chapter 3 Phosphors for white LED applications

3.1 Introduction

Inorganic phosphors are comprised of host materials with a small quantity of dopant ions activating
luminescence. Typical dopant ions for phosphors have been rare earths, and either Ce’ or Eu®" are normally
used for the LED applications since their absorptions can match LED light in certain environmental conditions
of host crystals. Host materials of phosphors have been oxides, fluorides, halides and oxysulfides, while
commercially available hosts for SSL have mostly been oxides. However recent trends have shifted towards
oxy-nitride or nitride materials, which have advantages in their large red shift and in smaller thermal quenching
by the stronger bonding in nitrides. In this chapter, fundamentals of photoluminescence in LED phosphors are
explained, which originate from the energy transition between the energy level locations of lanthanide ions in
the crystallographic environment of host materials, and characteristics of some phosphors for SSL are described

focusing on the practical phosphors with commercial availability.

3.2 Photoluminescence processes in phosphors

The photoluminescence of LED phosphors mostly relies on lanthanide ions. The lanthanides contain 15
elements from La with atomic number 57 to Lu with 71, in which different electronic configurations of 4f
orbitals ditermine a variety of luminescence properties. The luminescence from lanthanide ions originate from
electric dipole, magnetic dipole and electric quadrupole effects, but that of electric dipole is much stronger than
others. Electric dipole 4/ — 5d transitions are parity allowed resulting in strong luminescence, and electric dipole
4f — Af transitions are parity forbidden, which however becomes partially allowed by mixing with orbitals of
opposite parity. The lifetime of the 4/ — 5d transitions is the order of 107 to 10™ s because of their parity allowed
nature and the 4f— 4ftransitions is the order of 10° to 10 s owing to their parity forbidden nature, respectively.'
Although the 4f — 4f transitions are generally weak in intensity, they can be strong enough due to the high
absorption rate in the excitation process via charge transfer states. 4f— 4f transitions have contributed to cathode
ray excitation and UV excitation applications for decades and 4f — 5d transitions mainly contribute to SSL

applications. The differences between them are explained in the following sections.

3.3 Luminescence from 4f — 4f transitions

An atomic orbital is described with the three terms of the principal quantum number (7), the orbital quantum
number (/) and the magnetic quantum number (m). The number of n determines the size of shell and dominant
energy levels. The number of / represents the shape of the atomic orbital and the orbital angular momentum.

Lastly, the number of m gives the directional information of an atomic orbital having integrated values between
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+/ and -/. The different types of atomic orbital s, p, d, and f have the / value of 0, 1, 2 and 3, respectively,
differentiating the orbital in 2/+1 ways. The determining orbitals for lanthanide ions are 4f, which have 7
orbitals in accordance with the orbital quantum number /=3, and accommodate 14 electrons considering the spin.
The 14 lanthanide ions from Ce’” to Lu’" have one to fourteen 4f electrons, respectively, in the inner subshells
with the core shell structure of Xe. The 4f electrons are well shielded by the outer 5s and 5p subshells and little
affected by the coordination environment, which causes the similarity of lanthanide ions. The ions from Ce*" to
Yb*" have certain energy level characteristics owing to partially filled 4f orbitals, whereas La’* and Lu’" have no

electronic energy levels due to none or fully filled 4f orbitals as listed in the Table 3-1.

Table 3-1 Electronic configuration of trivalent lanthanide ions in the ground state.
lons Atomic 4f electrons s L J 51,

Number | 3 2 1 ol a1l 2| 3 Zs 2l X(L+S) /
Lo 57 0 0 0 'So
Ce't 58 i 12 3 5/2 *Fs)
Pr’ 59 1 1 1 5 4 Hy
Nd** 60 ) ) 1 3/2 6 9/2 o
Pm’ 61 [ T N O A 2 6 4 I
Sm’" 62 1 1 1 1 1 52 512 Hs)
Eu’' 63 ) ) ) ) 1 ) 3 0 "Fy
Gd™ 64 (I N S A 7/2 0 7/2 5Sn
b S T Y Y N O A A 3 3 6 "Fs
Dy’ 66 Tyl 1 7 T 1 1 512 5 152 H,sp
Ho™' 67 TLprL|rL] 1 ) ) 2 6 8 *Is
Er (T N N A B A B O I 32 6 15/2 “Lisn
Tm’" 69 tiprdfriprlprl) 1 1 1 5 6 *Hy
Yb'' 70 Tttty 12 72 Fn
Lo 71 L A A A A I 0 0 0 'S,
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The energy levels of 4f orbitals are described with **"'L, notation. The value of 25+1 represents the spin
multiplicity by the total spin of S. The values of L and J give the total orbital angular momentum and total

angular momentum, respectively. The value of L corresponds to the term symbols as follows.

The value of J is given by
J=L-S§ (for a shell less than half full)
J=L+S (for a shell more than half full)
S, L, Jand 25*17, - notations for each lanthanide ion are listed in Table 3-1.

The electronic energy levels of trivalent lanthanide ions were precisely investigated by Dieke, and they are
schematically represented in a Dieke diagram (Figure 3-1). The luminescence from 4f — 4f transitions are well
described on this diagram and spin — orbit coupling is more important than crystal field splitting for 4/ — 4f

transitions.
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3.4 Luminescence from Sd — 4f transitions

In contrast with 4f — 4f transitions, 4f — 5d transitions are parity allowed resulting in strong absorption and
luminescence. These transitions show relatively short lifetimes, 107 to 10 s for Ce*" and 107 to 10® s for Eu*".!
The 5d states are strongly influenced by the coordination environment in the host compounds, and crystal field
splitting is more important than spin — orbit coupling for 4f'— 5d transitions. The 4f — 5d transition energies in
Ce’, Pr’" and Eu*" are relatively smaller than the energies in other lanthanide ions and potentially show
luminescence determined by the energy level relation between the 4f and 5d levels. When 5d energy levels are
lowered below 4f energy levels by the red shift in the compounds, direct intense luminescence between these
levels can be seen. The red shift, which is the energy shift of 5d states from free gaseous level, is comprised of
centroid shift and crystal field splitting. The schematic diagram of the energy shift is illustrated in Figure 3-2.
When a Ce** ion is in a crystal, the 5d levels of Ce®" are lowered by the centroid shift related with covalency and
polarizability of the anions around it, then its 5 orbitals are split by the crystal field splitting related with the
shape and the size of the coordination polyhedron, making some of the 5d levels even lower. These lower energy
levels enable intense absorption of lower energy light in the visible region such as blue LED lights. This
mechanism is the key for the LED phosphors. Ce** ions have a doublet energy level split by about 2000 cm™ on

the 4f ground state that widens the emission spectra, which can be an advantage for general lighting

applications.
Centroid Crystal field
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Figure 3-2  Energy shift of 54 states of Ce’” in LiLuF, compound affected by centroid shift, crystal field
splitting and stokes shift. Solid arrows show absorption and emission, and dashed arrows represent phonon

relaxations.’
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Figure 3-3 shows the degree of red shift in the case of Ce’” and Eu*" doped in a variety of compounds.”,” It is
clear that the degrees of centroid shift vary in different types of host compounds and Ce’* and Eu*" have quite
similar trends, especially relating to the type of anions. It is well matched to the order of anion types so called

nephelauxetic series.’
noligands <F <N,0O <NH; <CI <Br <N* <I <0” <S§* <S¢

What should be noted here is the degree of centroid shift in the oxide. It has a relatively wide range in centroid
shift compared with the others. In fact, the oxide contains many types of compounds such as phosphate, silicate,
simple oxide and so on, and the determining factor of the centroid shift is complicated. It normally follows
another nephelauxetic series, which agrees well with the degrees of centroid shift for Ce’* in different types of

oxides as shown in Figure 3-4.
H,0 < SO+ < COy* < PO, < BO5* <Si0,* <Al0,” < O*

The nephelauxetic effect is usually referred to as the covalency in the interaction between the lanthanide ions
and the anions or as the polarizability of the coordinating anions. The stronger the covalent interaction between
them or the more polarizable the anions around the lanthanide ions, the larger the centroid shift. The
polarizability was found to have a linear relation with the inverse square of the average electronegativity of the
cations in the lattice.” The smaller electronegativities of the cations in the host lattice can increase the
polarizability of the anions around the lanthanide ions, leading to better orbital overlap between the lanthanide

ions and ligands. It eventually increases the degree of centroid shift.
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Figure 3-3 Degree of red shift for Ce’ (left) and Eu®" (right) in various compounds.*’
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Figure 3-4 Degree of centroid shift, &, for Ce’ in various compounds, including different type of oxides.’

Another factor for the red shift is crystal field splitting, which originates from the coulombic repulsion between
lanthanide anions and ligands, and is related to the spatial environment in the crystal lattice dominated by the
size and shape of the coordination polyhedra around the lanthanide ions. The degrees of crystal field splitting
are plotted in Figure 3-5 in the case of Ce’" and Eu*".® R,.-0.5AR represents the average distance to the ligands
where 0.5AR was introduced to roughly correct for lattice relaxation. Their trends are very similar, showing a
clear relation between the energy of crystal field splitting and the bond length around Ce®" or Eu*". The shorter
the bond length around the lanthanide ions or the smaller the coordination number, the larger crystal field
splitting. In the following sections, the practical phosphors, which have larger red shifts suitable for SSL

applications, are introduced.
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3.5 Ocxide phosphors

The white LED boom started with oxide phosphors based on the strong luminescence from 4f— 5d transitions of
Ce*™ or Eu®", which are still very competitive in the market. Many phases based on oxide systems had been
studied for decades, however new discoveries rarely happened for LED use and nitride based phosphors have
been focused on as a new research field for LED phosphors. The oxide still has certain advantages, particulary
in stability under ambient atmosphere and simplicity of manufacturing. The key for finding new oxide
phosphors is the proper understanding of the mechanism achieving large red shift by the crystal environment in

the oxide hosts.

Y3A15012:CC3+

Ce’" doped Y3AlsOy, with the garnet structure (YAG:Ce™) is a yellow emitting oxide phosphor, which has been

dominating the white LED market with certain advantages as follows.
1. High quantum efficiency originating from highly crystalized particles, with suitable flux.

2. Broad luminescence spectrum comprised of the doublet emission band corresponding to the 5d—4f

transition from 5d to *Fs), or *F7p, separated by 2000 cm™.

3. Availability of fine color tuning by substituting Y atoms with Gd atoms for longer wavelength shift in

the emission peak, and Y atoms with Lu atoms or Al atoms with Ga atoms for shorter shift.
4. Chemical stability owing to rigid garnet-type crystal structure.

5. Competitiveness in productivity based on well-established process methods and inexpensive starting

materials.

The crystal structure of Y3AlsO,; is a cubic garnet with the space group I Bd, in which the Y atom is located in
the center of a dodecahedron coordinated by eight oxygen atoms. Al has two atomic positions: one is in the
center of an octahedron coordinated by six oxygen atoms and the other is in the center of a tetrahedron
coordinated by four oxygen atoms. Ce’" ions occupy the position for Y atoms. YAG:Ce’" is synthesized by a
solid-state reaction of the fine powder mixture of Y,0;, Al,O; and CeO, by firing at about 1500°C under
reducing atmosphere. Figure 3-6 shows emission and excitation spectra of YAG:Ce’ in various Ce’

concentrations.

Ce’" in YAG absorbs the blue light from LEDs well, whereas it does not match the near-UV LED. YAG:Ce’"
with partial substation of Y atoms and Al atoms covers wavelengths from 510 nm to 590 nm in emission peak
position maintaining high quantum efficiency, which is explained in section 4.4.3. The emission band has 130
nm of FWHM.’
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Figure 3-6 Emission and excitation spectra of YAG:Ce®" with different Ce concentrations excited at 450 nm

. . . 1
and monitored at each maximum emission.'°

(Ba,Sr),Si04:Eu

(Ba,Sr),SiO4:Eu”" shows bright green emission when excited by near UV or blue LED and has been
contributing to white LEDs as non-garnet oxide phosphor despite its disadvantages (strong thermal quenching
and a worse reliability of a long lasting operation). (Ba,Sr),SiO,4 has an orthorhombic lattice with the space
group Pmnb, in which two cation sites are distinguishable: one site is coordinated by ten oxygen atoms and the
other site is coordinated by nine oxygen atoms.'' The starting materials of BaCO;, SrCOs, SiO, and Eu,O;
powder are mixed and reacted at about 1250 °C under reducing atmosphere. When Eu*" is doped in
(Ba,Sr),Si04, the emission color varies depending on the composition of divalent cation: Ba emits at 505 nm
and Sr emits at 575 nm, while a mixture of Ba atom and Sr atom comes between them.'? Figure 3-7 shows the

emission and excitation spectra of (Ba,Sr)QSiOA;:Eu2+ in various Ba/Sr ratios.
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Figure 3-7 Emission and excitation spectra of (a):SreSiO4:Eu2+ (b):(Bao.25Sr0.75)28104: Euz+

(c):(Bao.5Sr0.5)28104:Eu2+ (d):(Bao.75510.25)28104: Eu2* (e):Ba2SiO4: Eu2* excited at 365 nm and

monitored at each maximum emission.!2
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3.6 Nitride and oxy-nitride phosphors

Covalent nitrides are suitable for phosphor host lattices that have wide band gaps behaving as insulators or
semiconductors. Due to a higher charge of N* compared with O*, a large red shift is expected, which is a result
of lowering the 5d energy states, known as nephelauxetic effect, and enlarging the crystal field splitting of 54
energy states in Eu®" or Ce’". A smaller Stokes shift is also expected in a more rigid crystal lattice forming a
more extended network of SiN, with increasing N> ratio to O*. The oxy-nitride and nitride phosphors have
significant advantages in optimizing the absorption spectra for the blue light from LEDs. Recently they have
been getting more attention as phosphor host materials for SSL. Some characteristics of typical oxy-nitride and

nitride phosphors are introduced as follows.

CaAlSiN;:Eu**

Eu*"-activated CaAlSiN; is a deep red emitting nitride phosphor. CaAISiN; has an orthorhombic lattice with the
space group Cmc2,, containing six-membered rings formed by linking the corners of [SiN,] and [AINy]
tetrahedra around the continuous channels for Ca atoms parallel to the ¢ direction in the lattice. Two-thirds of N
atoms are surrounded by three Si or Al atoms and the rest of the N atoms are surrounded by two Si or Al atoms.
Increasing the ratio of three coordinated N atoms compared with other nitride phosphors, CaAlSiN; has a more
rigid structure, achieving less thermal quenching and chemical stability. The CaAlSiN3:Eu*" phosphors are
prepared from a solid-state reaction by firing the powder mixture of Ca;N,, a-SizN4, AIN and EuNy at around
1600 °C under a 1.0 MPa nitrogen atmosphere.”” When Eu®” ions are doped in CaAlSiN;, CaAlSiN;:Eu*
shows an extremely broad excitation band, which is enough to be efficiently excited by blue LED light. The
emission band is also broad, having an emission peak position at 650 nm. Figure 3-8 shows the emission and the

excitation spectra of CaggEug 10AISIN;.

Intensity / a.u.

200 300 400 500 600 700  BOD
Wavelength / nm

Figure 3-8 Emission and excitation spectra of CaggoEuy 10AlSiN; excited at 450 nm and monitored at 650 nm.”’
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a-SiAION:Eu**, a-SiAION:Ce**

The structure of a-SiAION is isostructual with a-Si3Ny, in which Si-N bonds are partially replaced by Al-N and
Al-O bonds, having a hexagonal crystal structure with the P31c¢ space group. a-SiAION has the composition
M, Si12.mn AL+, OuNi6., (x is the solubility of M metal), where m is the substitution rate for AI-N and » for Al-O.
The numbers m and 7 are optimized for improving the solubility of Eu®" activator. In the case of Ca-0-SiAION,
M cations are Ca atoms occupying the interstitial sites coordinated by seven N/O anions. Eu®" ions or Ce*" ions
share the site with Ca®" jons. Ca-a-SiAION is synthesized by solid-state reaction at around 1700 °C under a
nitrogen gas pressure of 0.5-1.0 MPa, which prevents the powder from oxidation or decomposition. The

powders of a-Si3Ny, AIN, CazN, (or CaCO;), and Eu,O; (or CeO,) are used as starting materials.

Ce’*-activated Ca-0-SiAlION presents a blue emission with peak position from 485 nm to 503 nm depending on
the Ce concentration from 5 mol% to 25 mol% under the 389 nm excitation, which matches near-UV LED
applications.'’,”” When Ca-a-SiAION is activated by Eu®’, it shows a broad yellow emission with a peak at 590
nm and a broad excitation band having a peak position around 400 nm and a shoulder peak on the longer
wavelength side. This enables Ca-a-SiAION Eu*" to be excited by near-UV or blue LEDs.'® Figure 3-9 shows

the emission and excitation spectra measured at room temperature.

Excitation 0,075 Emission "

Intensity / a.u.

Wavelength / nm

Figure 3-9 Emission and excitation spectra of Ca-0-SiAION:Eu*" excited at 450 nm and monitored
at 590 nm."'°

38



Chapter 3: Phosphors for white LED applications

B-SiAION:Eu**

Eu*"-activated B-SiAION is a green emitting oxy-nitride phosphor for white LEDs combined with near-UV or
blue LEDs. Its structure is a derivation of B-Si;N4 by the substitution of Si-N with Al-O, which has a hexagonal
crystal lattice and the space group P6; or P6s/m. B-SiAION has the chemical composition of Sis.ALO.Ns_.,
where z is the number of Al-O pairs replacing the Si-N pairs. B-SiAION:Eu®" is synthesized from a powder
mixture of 0-SizNy, AIN, ALO; and Eu,O; at around 1900 °C under a nitrogen gas pressure of 1.0 MPa.
Optimization of z value and Eu®* concentration is required to synthesize the pure phase of B-SiAION:Eu®" since
the solubility of Eu®" ion is strongly related to the z value and an impurity phase appears with higher z value."’
When Eu®" ions are doped in p-SiAION, they can occupy the continuous channels parallel to ¢ direction in the
lattice, which results in intense green emission ascribed to the 5d-4f transition of Eu*" ions. The emission peak
position shifts to longer wavelength when the z value increases, accompanied by the expansion of the unit cell.
With the z value of 0.17, it shows an emission peak at around 535 nm and a full width at half maximum of 55 nm
at room temperature.'® However measuring photoluminescence at 6 K reveals that the emission band of
B-SiAION is comprised of several sharp peaks those peak positions are independent of the z value.' Figure

3-10 shows the emission and excitation spectra measured at room temperature.
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Figure 3-10 Emission and excitation spectra of B-SiAION:Eu”" excited at 303, 405 and 450 nm and monitored
at 535 nm."
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(Ca,Sr,Ba)Si,0,N,:Eu**

Eu**-activated MSi,O,N, (M=Ca, Sr, Ba) are blue-green to yellow phosphors tuned by varying the composition
of Ca, Sr and Ba. MSi,0,N, compounds have same crystal lattices, but different space groups: P2,/c for Ca,
P2,/m for Sr and Cmem for Ba.”® CaSi,0,N, and SrSi,O,N, have analogous structures containing the layers of
[Si,0.N,]*, in which the N atom bridges three Si atoms forming corner sharing SiONj tetrahedra, and the O
atoms terminate the tetrahedral layers by bonding to Si. There are four different sites for Ca or Sr ions, each
coordinated by six O atoms in a distorted trigonal prism cage.”’ The MSi,O,N,:Eu”" phosphors are prepared
with a powder mixture of 0-Si3;Ny, Si0O,, Eu,O; and alkali earth carbonates (BaCO;, SrCO; or CaCOs) by firing
at around 1600 °C under a nitrogen gas pressure of 0.5 MPa.”> When 2 mol% of Eu®" is doped in MSi,O,N,
with respect to M sites, it shows a different color of emission for each cation of Ba, Sr and Ca. BaSi,0,N,:Eu*",
SrSi,0,N,:Eu®" and CaSi,0.N,:Eu®" emit blue-green light having a peak at 494 nm with a FWHM of 24 nm,
green light having a peak at 537 nm with a FWHM of 54 nm and yellow light having a peak at 560 nm with a
FWHM of 74 nm, respectively. Figure 3-11 shows emission and excitation spectra measured at 6 K, however it

should be noted that the emission characteristics described above are at room temperature.”

10 Excitation —=-— ==  Emission

CaSizozﬂz:Eu
— SrSIZOZNz:Eu

0.8 BaSi,0N,:Eu

0.6+

Intensity / a.u.

0.4

0.2 4

0.0 e
250 300 350 400 450 500 550 600 650 700 750 800
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Figure 3-11 Emission and excitation spectra of BaSi,0,N,:Eu*" SrSi,O,N,:Eu”" and CaSi,0,N,:Eu®" with 2

mol% doping excited at 450 nm and monitored at each maximum emission.”
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(Ca,Sr,Ba),SisNg:Eu**

Eu*"-activated M,SisNg (M=Ca, Sr, Ba) are orange or red emitting phosphors depending on the type of cation.
Ba,SisNg and Sr,SisNg have orthorhombic lattice systems with the space group Pmm2,, while Ca,SisNg has a
monoclinic system with the Cc space group. On the other hand, three M,SisNg systems have quite similar local
coordination, in which half of the N atoms bridge three Si atoms and rest of the N atoms bridge two Si atoms
linking the SiNy tetrahedra. The coordination of Ba atoms and Sr atoms in their systems are eight or nine,
whereas Ca atoms are coordinated by seven nitrogen atoms. M,SisNghas two crystallographic sites for Ba, Sr or
Ca atoms, in which Eu*" ions are located. The M,SisNg:Eu®* phosphors are synthesized by a solid-state reaction
from the ground powder mixture of a-Si3N,4, EuN, and alkali earth nitrides (Ca;N,, SrN, or BaNy), heated in the
furnace at around 1600 °C under 0.5 MPa nitrogen atmosphere.”” The emission peak wavelength of
Ba,SisNg:Eu®" shifts from 570 to 680 nm by increasing the Eu’" concentration. Sr,SisNg:Eu®" from 609 to 680
nm and Ca,SisNg:Eu*" from 605 to 615 nm, respectively. Their excitation band is similar with a maximum
around 400 nm followed by a shoulder peak on the longer wavelength side, which matches to the light from near
UV and blue LEDs. *** Figure 3-12 shows the emission spectra of Ba,SisNg:Eu®" with different Eu

concentrations from x=0.02 to 2.00.
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Figure 3-12 Emission spectra of Ba,_ Eu,SisNg.**
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La;SigN:Ce™

Ce’*-activated LasSigN;, is an unusual yellow emitting nitride phosphor with small thermal quenching.
La;SigN; has a tetragonal lattice with the space group P4bm, forming three-dimensional networks with large
voids by linking the corners of [SiNy] tetrahedra around the two distinguishable La atoms, which are arrange
into continuous channels parallel to the ¢ direction in the lattice. One quarter of the N atoms are surrounded by
three Si atoms and the rest are surrounded by two Si atoms. The La;SigN;;:Ce’" phosphors are synthesized by
solid-state reaction with the ground mixture of LaN, a-SizN4, CeN powders, fired at around 1600 °C under a
nitrogen gas pressure of 1.0 MPa. With the doping of Ce*" ions into LasSigNy;, La;SigN;;:Ce*" shows intense
yellow emission comprised of two emission peaks located at 543 nm and 585 nm, which corresponded to the
energy transitions from 5d to ’Fs), and *Fyp, respectively.25 Figure 3-13 shows the emission and the excitation

spectra of L32,94C Co,oﬁsi(,N] 1-
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Figure 3-13 Emission (solid line) and excitation (dotted line) spectra of La, ¢4Ce06SisN1; excited at 455 nm and

monitored at 585 nm.”
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Chapter 4 Experimental

4.1 Introduction

The structural, spectroscopic and topographical characterization techniques in this study are described in this
chapter, including sample preparation. The characterization method for LEDs is also introduced as an

evaluation for practical application.

4.2 High-temperature ceramic synthesis

The phosphors are typically synthesized via solid-state reaction at high temperature using solid chemicals as
starting materials. In LED phosphors, a reducing or inert atmosphere (e.g. N, or Hy/N, gas mixture) is prepared

for the reaction to reduce the activator of Ce*" or Eu*’.

The reactants for oxide phosphors are usually metal oxides and carbonates, while nitride compounds are used
for nitride phosphors. The glove box with inert atmosphere is used for moisture sensitive nitride chemicals. The
raw materials are mixed well together in a mixer or ball mill and placed in crucibles made from materials such
as alumina, zirconia or boron nitride. Smaller particle size of the reactants with larger surface area helps the
reaction since these reactions rely on diffusion of ions between solid particles. The diffusion can be promoted
using fluxes, which are usually halide compounds of alkali metal or alkaline earth metals with lower melting
points, in order to obtain well crystalized particles. The typical synthesis temperatures are in the range from
1000 to 1600 °C. However when nitrides are synthesized, higher temperatures around 2000 °C and higher

pressure are often required to prevent the decomposition and enhance the reaction of nitrides."

4.3 Structural characterization

The crystallographic characterizations in this work were performed on powder samples using powder
diffraction techniques. Laboratory powder X-ray diffraction (PXRD) was applied as a first characterization to
identify the main and impurity phases contained in the sample. Synchrotron PXRD was performed to refine the
crystal structure parameters including lattice parameters and atomic positions. Neutron powder diffraction was
used, when precise refinement for the oxygen atoms was required since neutrons are more sensitive to the
lighter elements. The Rietveld method was used to refine the structures using the powder diffraction data. When
an unknown phase was discovered in this work, electron diffraction was used to estimate the crystal system,
synchrotron PXRD was utilized to obtain the precise diffraction profile and the direct-space method was used to

determine the unknown crystal structure.
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Basic theory of XRD

X-rays incident to the sample are diffracted by electrons of atoms and elements with high atomic numbers (i.e.
with more electrons) interact with X-rays more leading to higher intensity of diffraction peaks. All X-rays are
reflected in the same direction are superposed. The repetition of units in crystalline material (the crystal lattice)
gives rise to strong reflections of the X-ray in special conditions. By constructive and destructive interference of
the scattered X-rays, sharp strong maxima emerge only at special angles, which follow the Bragg’s Law. The

condition is given by the Bragg equation:
nA = 2dy;sin0 Equation 4-1

where 7 is an integer, A is the wavelength of the X-rays, d is the interplanar spacing of parallel lattice planes,
which are characterized by the triplet Miller indices 44/, and 4 is the diffraction angle. 20 is the angle between

incoming and outgoing X-rays.’

Laboratory PXRD

Laboratory PXRD data were collected using a Bruker D8 diffractometer (Bragg-Brentano geometry, fixed
sample). Cu-Ka (L a1 = 1.54056 A, L a2 = 1.54439 A) was used as the source of incident X-rays, generated in a
X-ray tube with electric power settings of 40 kV and 40 mA. The incident X-ray optics settings were: primary
and secondary Soller slits: 2.5°, divergence and anti-scatter slits: 0.5°. Scattered X-rays were detected by a
position sensitive detector (LynxEye) in a continuous scan mode with the step-size in the range of 0.02 — 0.04°.
The patterns were obtained in the 26 range of 10 — 70°. Well ground samples were placed into sample holders,
which were prepared from single crystal silicon substrates cut parallel to the (911) plane, removing the

background scatter.

Synchrotron PXRD

The use of a synchrotron X-ray source has several major advantages over laboratory sources. Synchrotron
sources are extremely intense, helping to collect the data rapidly and to suppress the noise, which allows precise
refinement of the collected data. It is highly collimated, enabling lower divergence of the X-rays with much
higher 20 resolution. The tuning of the synchrotron radiation in wavelength is also an important aspect. Shorter
wavelengths permit the access to much smaller d-spacings. These advantages allow us to collect data that
enables us to solve and/or refine the crystal structure. In a synchrotron, electrons pass through a storage ring
guided by magnetic fields. Synchrotron radiation is emitted from the curved sections, when they are steered by
bending in the magnetic fields. The synchrotron X-ray radiation is nearly polarized.> Synchrotron PXRD data

were obtained on beamline [11 at the Diamond Light Source facility, Harwell Research Laboratories, Oxford in
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the UK. * The wavelength of synchrotron X-rays was 0.82713 A and scattered X-rays were detected by a 45
multi-analyzer Si(111) crystal (MAC) array detector at room temperature in Debye-Scherrer geometry. The well
ground samples were placed in 0.3 mm glass capillaries and spun continuously during the measurement to

suppress preferred orientation effects. Data points were recorded in the 26 range of 1 — 150° at 0.001° step-size.

Neutron Powder Diffraction

Owing to the uncharged nature of neutrons, they are scattered by the nuclei of atoms rather than the electron
clouds in contrast with X-rays. The scattering factor of neutrons does not rely on atomic number and neutrons
can be scattered by lighter atoms as strongly as by heavier atoms. For that reason, neutron diffraction is more
sensitive than X-rays to some lighter elements, such as nitrogen (‘*N) and oxygen (‘°0), which makes neutron

diffraction useful to refine the oxygen and nitrogen positions in many oxides and nitrides including oxy-nitrides.

The time—of—{flight technique is often used for data collection with a pulsed source of neutrons. Combining the

De Broglie relationships and Bragg’s law, d-spacing is calculated by the following equation.
A=h/m,v = ht/m,L = 2dsinf Equation 4-2

where A is the wavelength of neutrons, /4 is the Planck’s constant, m, is the mass of neutron, v is the velocity of
the particle, ¢ is the time of flight and L is the length of the flight path. The diffraction angle is fixed by the

position of detectors.

Time of flight powder neutron diffraction data in this work were recorded on the diffractometer HRPD, ISIS,
Rutherford Appleton Laboratory, in the UK. The high resolution powder diffractometer HRPD is equipped with
a very long flight path of about 100 m. A *He gas tube detector is used for 30° (low angle) scattering and ZnS
scintillators are used for 90° and 168° back scattering. The d-spacing range achieved on the HRPD
diffractometer is 2.2 - 16.5 A for low angle, 0.9 - 6.6 A for 90° and 0.6 - 4.6 A for back scattering.’

Electron diffraction

One of the best benefits of electron diffraction is the facility in the electron microscope, which enables selection
of a particular area of the specimen and variation of the beam diameter to collect diffraction patterns at the same
time from those phases of interest. The accelerating voltage of the electron microscope, V, and electron

wavelength, A, are related by this equation:

h

A= Cmgenr?

Equation 4-3

where my, is electron mass and e is the charge of one electron. When electrons are accelerated by 300 kV, the
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resulting A value is 1.97 pm and this is the basis of the high resolving power of the electron microscope.
Transmission electron microscope (TEM) has mainly two modes, Diffraction mode and Image mode. By
inserting an objective aperture and removing a selected-area-diffraction (SAD) aperture, an image of a thin
specimen can be seen on the viewing screen (Image mode). In contrast, by inserting a SAD aperture and
removing an objective aperture, a diffraction pattern can be projected from the thin specimen (Diffraction

mode).

The primary process of electron diffraction patterns analysis is identifying the reciprocal lattice sections, by a
given lattice parameter, type of unit cell and the electron beam direction. The first step in analyzing electron

diffraction patterns is measuring the d-spacing (djy), which is calculated by the equation
dper = AL/R Equation 4-4

where AL is known as the camera constant, which varies with lens settings in the microscope, and R is the
distance between the diffracted spot and the center spot. Hence the electron diffraction method gives several %
deviation in the unit cell parameters owing to a limitation of a determination in camera constant, which needs

to be supported by the x-ray diffraction method to determine the unit cell parameters (Figure 4-1).%

TEM samples were made using the standard procedure (grinding in ethanol before dropping onto a holey carbon
support film). The powder dispersed easily, forming small fragments. A set of diffraction patterns was collected
under precession conditions, each from a different fragment of the material, and at or close to low index zone
axes. A pair of base vectors was identified for each diffraction pattern: the lengths of the two vectors and the

angle between them were recorded.

Incident
i Beam

m Specimen

L 26
Diffracted
Direct Beam
Beam

Diffraction - > Diffraction
spots R spots

Figure 4-1 Spacing R between the direct beam and a scattering maximum in relation to L.
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4.3.1 Rietveld Method

Rietveld refinement is based on the fitting between the observed diffraction profile from the sample and the
calculated profile by adjusting the parameters for the structure model using least-squares minimization.®
There are various parameters to be refined such as atomic coordinates, thermal displacements and site
occupancies for crystal structure parameters, unit cell and peak profile broadening for diffraction experiment
parameters. The simulated diffraction profile is derived from the crystal structure model and normally
crystallographic information file (CIF) is used. The calculated intensity of powder diffraction profile, Y., is

proportional to square of structure factor, which is given by

Y, o |[F(h)|? Equation 4-5
Structure factor F(h) is:
N
F(h) = ) fi(sw)e?™ Equation 4-6
i=1

where 4 describes the triplet Miller indices Ak, fi(s,) is a scattering factor and x; is a fractional coordinates, for
each of atoms with index i. The quality of the fit is evaluated in some factors as residues, being described in
R,, R, and reduced %%, which are called profile factor, weighted profile factor and goodness-of-fit, respectively.

The equations are given by

_ Zlyo _Ycl
p ZYU

Z W(Yo - Yc)z .
R == ’— Equation 4-8
wp ZW YOZ q

XZ _ ZW(YO - Yc)z
(Nobs - Nvar)

Equation 4-7

Equation 4-9

When integrated intensity from the diffraction data is so high, R,, R,, can get smaller. In this case, y’ is useful
corrected by the data points difference between observed(N,y) and variance(N,). However these values should
not be discussed as just number. They need to be combined with other characterization containing physical

meanings.

4.3.2  Structure determination for new phases

AD initio structure determination is more complicated from powder diffraction data than from single-crystal
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diffraction data, due to the projection of the three-dimensional diffraction pattern on a single dimension. A
precise diffraction pattern is necessary for structure determination, such as Synchrotron X-ray diffraction data,
to differentiate the overlapped peaks. The methods for structure determination are categorized into mainly two
groups of Reciprocal-space methods: so-called direct methods and Direct-space methods. In direct methods,
low intensity reflections from diffraction patterns are important since diffraction peaks are strongly overlapping,
which is responsible for the extraction of structure-factor amplitudes from the powder pattern. In Direct-space
methods, building units (molecules, polyhedra, atoms) are located in the unit cell and compared between
calculated and observed diffraction patterns. In this study, the model for the crystal structure of the sample was
obtained by the ab initio structure determination software FOX(free objects for crystallography). The
direct-space method is adopted and the reverse Monte Carlo approach is used for the algorithms in FOX.” The
resulting structure was refined by GSAS (software for Rietveld Refinement) and depicted in VESTA

(Three-Dimensional Visualization software).'’

4.3.3 Effective coordination number (ECoN)

The idea of Effective Coordination Number (ECoN) was introduced by R.Hoppe in 1979 to deal with structures
containing highly distorted coordination polyhedra.'"" The ECoN is independent of the nature of chemical bonds
and relies on only the coordination geometry of bond lengths, whereas bond valence relies on the nature of

chemical bond."”” The ECoN is defined as the sum of w;, which is the so called ‘bond weight’ of the i th bond:
ECoN = Z Wi Equation 4-10
i
where w; is described with /; (i th bond length) and /,, (weighted average bond length):

\°
w; = exp[l - (—l) ] Equation 4-11
lav
in which /,, is calculated with /,;, (the smallest bond length in the coordination polyhedron) by the following

equation:

_ Yiliexdl — (/1 n)°]

[ E tion 4-12
@ =y e xtil — /Ly )] ananen

4.4 Spectroscopic characterization

Phosphors are luminescent materials and spectroscopic characterization is very important as a direct measure of
their properties. There are several characterizations for phosphors, in which UV-vis reflectance spectroscopy,

photoluminescence spectroscopy and photoluminescence quantum efficiency measurement are introduced as
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follows. The temperature dependence of each measurement is also important.

4.4.1 UV-vis reflectance spectroscopy

When a powder layer has a semi-infinite thickness, the reflectance R, the absorption coefficient K and the
scattering coefficient S follow next equation;
K (1—-Ry,)? .
—=—"=F(R, Equation 4-13
5 R (Re) q
F(R,) is called remission function or Kubelka-Munk function. When S is independent of wavelength, F(R.,) is in
proportion to K. By measuring reflectance spectrum of the sample, the absorption of luminescence activators

and host materials can be evaluated."

In this work, UV-vis reflectance spectra were measured using a PerkinElmer Lambda 750 spectrophotometer,
equipped with a deuterium and tungsten-halogen lamp as a light source, and double holographic grating
monochromators for ultra-low stray light. The signals were detected by a standard R928 photomultiplier tube
(PMT) UV-vis detector through a 6 mm diameter integrating sphere with Spectralon coating inside. The sample
was placed in a holder with a quartz silica glass window and loaded into the sampling compartment blocking the
terminal port of the integrating sphere for the optical path. A certified reflectance standard (Spectralon,
Labsphere ) was measured as a standard for the reflectance in a same configuration. Reflectance spectra were

collected in the 200 — 800 nm range at 1 nm intervals with a scan rate of 200 nm/min.

4.4.2 Photoluminescence spectroscopy

Photoluminescence (PL) spectra are measured as intensity of emitted light against wavelength by fixing the
excitation monochromator and scanning the emission monochromator, which gives a measurement of how
many and what wavelength of photons are emitted. On the other hand, photoluminescence excitation (PLE)
spectra are measured by fixing the emission monochromator and scanning the excitation monochromator,

describing what wavelength of light can excite the material efficiently."*

PL and PLE spectra at room temperature and 77 K were mainly measured using a Horiba FluorolLog-3
spectrometer, and some PL and PLE data were obtained secondarily using a JASCO FP-6500 spectrometer. The
temperature dependence of PL. was measured by a multichannel spectrophotometer (model MCPD7000; Otsuka
Electronics) above room temperature and by a multichannel spectrophotometer ( model USB2000+, Ocean

Optics) below room temperature.

Figure 4-2 shows a schematic of the Horiba FluorolLog-3 spectrometer, for which labels are given in the

following text, Xenon lamp (A), monochromator (B), sample chamber (C), double-monochromator (D), PMT
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detector (E) and Ar gas flow meter (F). The samples were placed in a holder with a quartz silica glass window.
An sample holder built in-house was used to measure PL and PLE at 77 K (liquid nitrogen temperature) for
Horiba FluoroLog-3 spectrometer and Argon gas was introduced into the sample holder to prevent water
condensation. Figure 4-3 shows the configuration for temperature dependent PL. measurement below room

temperature.

(A) Xenon lamp

(B) Monochromator

(C) Sample chamber

(D) Double-monochromator
(E) PMT detector

(F)} Ar gas flow meter

Figure 4-2 Schematic of modular Fluorolog-3 spectrofluorimeter used for PL and PLE measurements at

room temperature and 77 K.

Electric cable

Power supply _\

\5‘/9 & Optical fiber | spectrophotometer
W o USB2000+
s 1O
Refrigerator sample
Cryostat Sample cryostat
re-circulated ST-500

Helium gas

Figure 4-3 Measurement system configuration for temperature dependent PL below room temperature.
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4.4.3 Photoluminescence Quantum Efficiency measurement

Quantum Efficiency (QE) characterizes how efficiently the phosphor converts light from excitation to emission.
The conversion efficiencies of a phosphor are the ratios between photons in excitation light, in light absorbed by
the phosphor and in light emitted by the phosphor. All photons involved in light conversion by the phosphor
need to be collected and measured by the detector. Figure 4-4 presents the configuration of the QE measurement
system. Monochromatic excitation light with the wavelength of either 400 nm or 455 nm is guided through the
optical fiber into the integrating sphere, and all the photons are collected by the spectrophotometer via optical
fiber. A 150 W Xenon lamp and USB2000+ spectrophotometer were used as a light source and a detector,
respectively. To calculate the conversion efficiency of a phosphor, two spectra need to be collected. The first is a
blank without phosphor (Spectralon was used as a certified reflectance standard in this work), which gives a
measure of all photons in the excitation light (/zx). The second is measured with the phosphor comprised of all
reflected photons (/z) and all emitted photons (/gy). The wavelength between 385 nm and 415 nm was
considered as an excitation, and from 416 nm to 780 nm as an emission in the test with 400 nm excitation.
Likewise, they are from 440 nm to 470 nm as an excitation and from 471 nm to 780 nm as an emission in the test
with 455 nm excitation. The efficiencies of Abs. (absorbance), iQE (internal quantum efficiency) and eQE

(external quantum efficiency) are calculated as follows:

Iy — 1
Abs.= 22 _F Equation 4-14
Igx
I
iQE = ad Equation 4-15
Igx — Ig
I
eQE = Abs. X iQE = IE—M Equation 4-16
EX

Optical fiber

Excitation
monochromator \

Optical fiber | Spectrophotometer
MCPD7000

Integrating sphere

Figure 4-4 Configuration for QE measurement. The arrows indicate excitation light (dotted blue), reflected

excitation light (solid blue) and phosphor emission light (solid red).
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4.5 Topographical and elemental analysis (SEM and EDX)

The scanning electron microscope (SEM) is used for observing the particle shape, size and surface of phosphors.
When a specimen is irradiated with an accelerated electron beam, secondary electrons are emitted from the
surface of specimen and are detected by the PMT detector. The display synchronized to the electron-probe scan

shows an SEM image.

The specimen of phosphors was prepared for SEM / EDX (energy dispersive X-ray spectroscopy) by attaching
to an aluminum stub as a thin layer of powders using adhesive carbon tapes. To prevent charging up, the samples
were coated with palladium in an Emitech K575X Turbo Sputter Coater. SEM images were taken using a JEOL
5800LV microscope with an acceleration voltage of 20 kV. X-ray Spectra were collected for EDX chemical
analysis using an INCA Penta FETx3 system, Oxford Instruments, UK. In order to calibrate the acquisition rate,

a pure silicon standard sample was used.

4.6 Characterization in LED

LED samples were prepared with an InGaN LED chip in a 1 W package. The test samples of phosphor were
mixed with silicone resin and placed in the LED packages. The mixing ratio was adjusted to the color point to be
targeted. The wavelength of the LED was chosen either 400 nm or 445 nm for the purpose of the evaluations.
The operation voltage was about 3.2 V at the operation current of 350 mA, which were varied to check the
operation current dependences of LED performance. Spectral data were collected by the multichannel
spectrometer with integrating sphere. LED efficacy, external quantum efficiency, color coordinates, CCT and
CRI were evaluated with the method, which is explained as assessment parameters for white LEDs in section
2.4.
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Chapter 5 Red luminescence of Ca4(PO4)20:Eu2+

The unique emission characteristics and the crystal structure of Cas(PO4),0:Eu®" were studied.
Considerably broad emission from 500 nm to 800 nm was measured at 77 K when the material was
excited at 365 nm. Its crystal structure was refined using neutron diffraction, allowing precise and
accurate oxygen positions to be determined. This enabled a relationship between the optical
properties and the crystal structure crucial for achieving a large redshift of the 5d level of Eu*" to be
established, which is important to match the excitation energy band with near-UV or blue LED used
for SSL. The importance of the high anion polarizability and the heavy distortion of the coordination

polyhedron were also discussed.
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5.1 Introduction

The optimum absorption of Eu-doped phosphate phosphors rarely matches the emission of blue LEDs. For
example a series of ABPO4:Eu”" type phosphors was reported, where in A is alkali metal and B is alkali earth
metal." While most of these are excited at UV and some at near-UV, none of them can be excited by blue light.
Another series of alkali earth metal based on orthophosphate and pyrophosphate such as (Ca,Sr),P,0;:Eu®" and
(Ca,Sr)3(PO,),:Eu®" were reported,” but again they were only excited in the UV. It was found out that the
Cay(PO,),0:Eu”" phosphor (hereafter referred to as TTCP:Eu*") showed red emission at room temperature
being excited by blue light and considerably broad emission from 500 nm to 800 nm at 77 K by 365 nm UV
light.* It is important to understand the key factor which allows Eu®" to have a large redshift in this material.
Therefore neutron diffraction was conducted on this compound to determine the exact oxygen positions in its
structure so that the crystal structure can be related to emission characteristics. It is reported that the importance
of the high anion polarizability and the distortion of the coordination polyhedra around Eu®" ion to tune the
redshift of its 5d energy level. Figure 5-1 shows the CaO - SrO - P,Os system phase diagram. The divalent metal
of Ca and Sr forms solid solution phases in pyrophosphate of (Ca,Sr),P,05:Eu®" or orthophosphate of
(Ca,Sr)3(PO,),:Eu’". Pink colored area shows the phase coverage, which potentially contain isolated oxide ion
such as oxy-apatite and tetra calcium (strontium) phosphate. It is unlikely that the phases in this area form solid

solution phases.

Cay(POy),0
Ca;(PO4)6O
'® (Ca, Sr);(POy),

/\\/)&/N@, -
AVAV/ /A
VAVAV//.NAVAVAN
YAVAV/ -V NAVAVAN
YAVAV/. VAVAVAVAVAN

INONGANSNININININN
VAVAV/ VAVAVAVAVAVAVAN

SrO P»0s
Figure 5-1 Phase diagram in CaO - SrO - P,Os system with some phosphate phases.
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5.2 Experimental

A phase pure sample of TTCP:Eu®" was synthesized by conventional solid-state reaction of CaCO; (Hakushin
Chemicals), CaHPO4(Alfa Aesar) and Eu,O;(Alfa Aesar). The ground mixtures of the raw materials were
placed in alumina crucibles and heated in a reducing atmosphere of 5 %H; + 95 %N, in the temperature range of
1250-1300 °C for 10hrs. After the synthesis, the samples were ground into fine powders for characterization.
Laboratory powder X-ray diffraction (PXRD) data were collected on a Bruker D8 diffractometer (Bragg —
Brentano geometry) using Cu-Ko radiation and a position-sensitive detector (LynxEye). Time of flight powder
neutron diffraction data were recorded on the diffractometer HRPD, ISIS, Rutherford Appleton Laboratory.
Structure refinement was performed by the Rietveld method using program GSAS.* The crystal structure of
TTCP:Eu”" was depicted in VESTA, in which the effective coordination number (ECoN) are also calculated.®
PL and PLE spectra at room temperature and 77 K were measured using a Horiba FluoroL.og-3 spectrometer.
The UV-vis reflectance spectra were measured using a PerkinElmer Lambda 750 spectrophotometer. To
evaluate the band gap of TTCP, density functional theory (DFT) calculations with hybrid nonlocal
exchange-correlation functional (HSE) were performed by applying the Vienna Ab initio Simulation Package
(VASP) code. The electron—ion interaction was described by the projector augmented wave (PAW) method. The

basis set cutoff was 400 V.3’

5.3 Results

5.3.1 The structure refinement of Ca,(PO,),0:Eu*"

The laboratory PXRD pattern agreed with JCPDS-ICDD-PDF no. 25-1137(space group: P2,) for the tetra
calcium phosphate. The crystal structure of TTCP was previously studied using single crystal X-ray diffraction
by Dickens.'” The unit cell parameters were similar to that obtained in the previous work on the TTCP
confirming the same phase had formed. In this work, neutron diffraction studies of TTCP:Eu”" has enabled us to
refine more precise and accurate oxygen positions. Figure 5-2 shows the high quality of the Rietveld fits to the
pattern obtained of TTCP:Eu”" using the monoclinic P2, structure. Table 5-1 shows structural parameters for
TTCP:Eu”, including R indexes of R, =3.0 % and R, = 4.2 % by comparison with the value from previous
work.'® The crystal structure is illustrated in Figure 5-3 and the atomic coordinates of TTCP are shown in Table
5-2.

The TTCP:Eu”" phosphor has eight Ca sites, all Ca sites are coordinated by seven oxygen atoms with an average
bond length from 2.44 A to 2.52 A. Bond valence sums were calculated to confirm the proper coordination
number (Table 5 -3).11 The four P sites are in PO, tetrahedra which are isolated from other PO, tetrahedra. The

structure also contains two distinct oxide anions that are not part of a POy tetrahedron (labeled O1 and O2).
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Figure 5-2  Diffraction patterns from the (a) backscattering, (b) 90° and (c) low angle banks of the
HRPD diffractometer, fitted by the Rietveld method using the program GSAS. The crosses, and upper

and lower continuous lines are the experimental, calculated and difference profiles, respectively. The

vertical markers indicate the allowed Bragg reflections and the overall R,, R,,, and Xz values are 4.2 %,

3.0 % and 6.1.
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Table 5-1 Crystallographic data and structure refinement.

This work Previous work
Unit cell dimensions a =7.01444(5) A a =7.023(1) A
b =11.9792(1) A b =11.986(4) A
c =9.46490(7) A c =9.4732) A
£ =90.8915(4)° £ =90.90(1)°
Cell volume v =1795.22(1) A’ v =1973 A’
Space group P2 P2
R indexes R, =3.0% R,=4.2%

Figure 5-3  Schematic crystal structure illustration of TTCP:Eu”" projected onto the (100) plane. Ca, P

and O atoms are shown as brown, mauve and red spheres.
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Table 5-2  Atomic parameters of Cas(PO4),O with all sites in the refinement being set to be fully occupied.

Atom Site X y z

Cal 2a 0.0284(4) 0.34615(28) 0.89136(36)
Ca2 2a 0.5330(4) 0.30061(26) 0.89780(35)
Ca3 2a 0.7641(5) 0.30377(26) 0.52772(32)
Ca4 2a 0.2672(5) 0.29716(26) 0.25170(37)
Cas 2a 0.7429(5) 0.10839(29) 0.25671(32)
Cab 2a 0.2503(6) 0.07927(27) 0.01167(36)
Ca7 2a -0.0118(5) 0.06895(26) 0.63326(36)
Ca8 2a 0.5123(5) 0.05127(27) 0.59247(35)
Ol11 2a 0.7321(4) 0.51763(21) 0.22907(29)
012 2a 0.6151(4) 0.32498(25) 0.28698(31)
013 2a 0.9544(4) 0.36425(23) 0.29451(29)
014 2a 0.7707(4) 0.36601(20) 0.05393(29)
021 2a 0.2853(4) 0.40968(23) 0.74661(30)
022 2a 0.0945(5) 0.26408(25) 0.62265(30)
023 2a 0.4541(4) 0.24313(24) 0.66132(29)
024 2a 0.3317(4) 0.38090(24) 0.48253(28)
031 2a 0.2181(4) 0.00388(23) 0.47359(28)
032 2a 0.0751(4) 0.11368(26) 0.26259(28)
033 2a 0.4171(4) 0.10949(27) 0.30343(29)
034 2a 0.2469(4) -0.06924(23) 0.22820(30)
041 2a 0.5874(4) 0.10649(24) 0.99957(29)
042 2a 0.8375(4) 0.18523(22) 0.84083(30)
043 2a 0.7161(4) -0.00175(22) 0.78653(31)
044 2a 0.9198(4) 0.02781(23) 1.00808(31)

o1 2a 0.2629(4) 0.26301(23) 0.01466(29)

02 2a 0.7637(4) 0.12852(22) 0.49039(28)

P1 2a 0.7684(5) 0.39105(26) 0.21379(34)

P2 2a 0.2891(4) 0.32527(27) 0.62543(33)

P3 2a 0.2380(5) 0.03977(25) 0.31618(32)

P4 2a 0.7638(5) 0.07878(27) 0.90817(34)
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Table 5-3 Bond valence sums of TTCP.

Bond Distance (A) Bond Valence Bond Distance (A) Bond Valence
Cal Ol 2.236(5) 0.483 Ca5 02 2.227(4) 0.495
Cal 042 2.391(4) 0.318 Ca5_ 032 2.331(5) 0.374
Cal 044 2.401(4) 0.309 Ca5_033 2.334(5) 0.371
Cal _O14 2.404(5) 0.307 Ca5_021 2.389(5) 0.320
Cal_0O21 2.405(5) 0.306 Ca5_041 2.651(4) 0.157
Cal 034 2.443(5) 0.276 Ca5 012 2.761(5) 0.117
Cal_022 2.773(4) 0.113 Ca5_044 2.846(4) 0.093
Total 2.113 Total 1.927
Bond Distance (A) Bond Valence Bond Distance (A) Bond Valence
Ca2 Ol 2.254(5) 0.460 Ca6_Ol1 2.203(4) 0.528
Ca2 014 2.345(4) 0.360 Ca6_041 2.392(5) 0.317
Ca2 023 2.398(4) 0.312 Ca6_044 2.398(5) 0.312
Ca2 034 2.509(4) 0.231 Ca6 _Ol11 2.400(4) 0.310
Ca2 041 2.544(4) 0.210 Ca6 _0O14 2.633(4) 0.165
Ca2 021 2.587(5) 0.187 Ca6_034 2.714(4) 0.133
Ca2 042 2.608(4) 0.177 Ca6_032 2.722(4) 0.130
Total 1.938 Total 1.895
Bond Distance (A) Bond Valence Bond Distance (A) Bond Valence
Ca3 02 2.129(4) 0.645 Ca7_02 2.180(5) 0.562
Ca3_ 031 2.400(4) 0.310 Ca7_031 2.360(4) 0.346
Ca3 0O12 2.505(5) 0.234 Ca7_Ol11 2.418(4) 0.296
Ca3 022 2.518(5) 0.226 Ca7_022 2.456(5) 0.267
Ca3 023 2.635(4) 0.164 Ca7_043 2.559(5) 0.202
Ca3 O13 2.696(4) 0.139 Ca7_0O13 2.576(4) 0.193
Ca3 034 2.768(4) 0.115 Ca7_042 2.642(4) 0.161
Total 1.833 Total 2.026
Bond Distance (A) Bond Valence Bond Distance (A) Bond Valence
Ca4 Ol 2.280(4) 0.429 Ca8 02 2.225(5) 0.498
Ca4 O13 2.378(4) 0.329 Ca8 043 2.395(5) 0.315
Ca4 043 2.439(4) 0.279 Ca8 031 2.403(4) 0.308
Cad4 024 2.440(4) 0.278 Ca8 023 2.425(5) 0.290
Ca4 012 2.480(4) 0.250 Ca8 024 2.427(4) 0.288
Ca4 033 2.527(5) 0.220 Ca8 Ol11 2.459(4) 0.265
Ca4 032 2.581(4) 0.190 Ca8 033 2.891(5) 0.082
Total 1.977 Total 2.046
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5.3.2  Optical properties of Cay(PO,),0:Eu**

Figure 5-4 shows the PL and PLE spectra of TTCP:Eu”" at 1 mol% doping with respect to Ca, excited at 465 nm
and monitored at 700 nm at room temperature and 77 K. The sample obtained in this work showed red emission
at room temperature. However further investigation revealed it emitted shorter wavelength of light when excited
at 465 nm at 77 K. The obvious change in the emission spectrum shape was caused by a tremendous increase in
the shoulder peak around 600 nm. Significant increased excitation at 350 nm is also observed, presumably due
to different contributions from Eu®" in the various coordination environments. Figure 5-5 displays the
photograph of the body color and emissions of TTCP:Eu®". The photographs were taken under ambient light at
room temperature, under 365 nm UV light at room temperature and 365 nm UV light at 77 K. The samples
showed clear yellow emission colors at 77 K. The optimized PL and PLE spectra were measured for yellow

emission at 550 nm and for red emission at 700 nm (Figure 5-6) at 77 K.
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Figure 5-4 PL (solid line) and PLE (dashed line) spectra of TTCP activated with 1 mol% of Eu**, excitation

for 700 nm emission at room temperature (thin curve) and 77 K (thick curve).

62



Chapter 5: Red luminescence of Cay(PO,),0:Eu’"

Ambient light at RT

365nm UV light at RT

365nm UV light at 77K

Figure 5-5 Series TTCP phosphor samples with different Eu doping levels viewed at room temperature and

at 77 K. Eu contents are labelled in mol%.
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Figure 5-6 PL (solid line) and PLE (dashed line) spectra of TTCP activated with 1 mol% of Eu**, excited by
365 nm UV light at room temperature (thin curve) and 77 K (thick curve).
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5.3.3  The absorption of Cay(PO,),0

The diffuse reflection spectra of undoped and Eu-doped TTCP were measured, and their absorption spectra
(K/S) derived with the Kubelka - Munk function is shown in the Figure 5-7. The Kubelka - Munk function,
which is introduced as Equation 4-10 in chapter 4. The value of the optical band gap can be calculated by
extrapolating the Kubelka - Munk function F(R,.) to K/S = 0."* This gave a value of the optical band gap in
the undoped TTCP, E,, of about 6.2 eV, which appears sufficiently close to the computed band gap of 6.12 eV.
The Calculated Density of States (DOS) is shown in Figure 5-8. According to Ref. 13, the calculation of the
bandgaps based on the HSE agreed well with the experimental value up to around 6 eV, and within 0.5 eV

deviation can be expected from the calculation.
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Figure 5-7 Absorption spectra of an undoped sample (dashed line) and a sample doped with 0.5 mol% of Eu
(solid line).
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Figure 5-8 Calculated DOS of TTCP. The vertical dashed bars indicate the end of the fundamental band
gap.

5.4 Discussion

It is crucial to understand the relation between crystal structures and emission characteristics to
develop new phosphors for SSL, since a large redshift of the 5d level of Ce’"/Eu”" enables to match
excitation bands of phosphors for near-UV/blue LED excitation. A variety of Eu®" doped phosphors
were reanalyzed in terms of their redshift, centroid shift and crystal field splitting.'* The redshift is
the combined effect of the centroid shift and the crystal field splitting. The centroid shift is a
downward shift of an average energy of the five 5d levels of Eu”" ion relative to the degenerated 5d
states of the isolated Eu*" ion. The crystal field splitting is the energy difference between the lowest
and highest 5d level. Doping Eu®" into a crystal lattice lowers the energy of the 5d levels through the
centroid shift, which can be large when the polarizability of the anions becomes large (so-called,
nephelauxetic effect).”” This means that the silicates, aluminates and simple oxides are mostly
promising host candidates. As seen in Ref.14, this is the reason why there are few examples of

phosphate phosphors for blue LEDs.

When TTCP:Eu*" is excited by 365 nm light at 77 K, its emission lies over 300 nm range from green to deep red.
It is of great interests to know why TTCP:Eu”" has a large redshift unlike other phosphate phosphors and how
eight Ca sites for Eu”" can be differentiated in TTCP:Eu*". In order to compare the emission between
0-Cas(POy),:Eu’" and TTCP:Eu®", the emission of TTCP:Eu*" under the 365 nm excitation at 77 K was

deconvoluted into eight Gaussian components based on the energy scale, then converted it into wavelength scale
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as shown in Figure 5-9. a-Cas(PO,),:Eu”" has a emission peak at 488 nm,” whereas TTCP:Eu*" appears to have
sites emitting up to 824 nm. Since it is known that deep red emission can be seen in CaO:Eu”",' the isolated
oxide ion can be more polarizable than oxygen in PO,. Cay(PO,),0 contains isolated O* ions whereas Cas(PO,),
does not and it is likely that this is responsible for the large centroid shift which enables Cas(PO,),0 to emit deep
red light. Structure comparison between a-Caz(PO,), and Cas(PO,),0 are shown in Figure 5-10 indicating

1solated oxide ion.

Least distorted site {Cad) Most distorted site {Ca3)

Shortest Bond

1.0

0.8

0.8

0.4

Intensity / a.u.

0.2

0.0
400 500 600 700 800 900

Wavelength / nm

Figure 5-9 Deconvoluted emission spectra of TTCP:Eu®". Observed (dotted line), fitted curve (solid line)
and deconvoluted Gaussian components for 8 Ca sites (dashed line) with the coordination geometries

representing least and most distorted Ca sites.

66



Chapter 5: Red luminescence of Cay(PO,),0:Eu’"

a-Caz(PO,), Ca (PO,),0
P2 /e P2,

p -\-_%’O :o ‘P( ®
.; . v O
o A% odflgof
°® ‘v’ O
o v

# :b w

‘o o b d § °
0
. oooe 8

Isolated oxygen

Figure 5-10  Structure comparison between a-Caz(POy), and Cay(PO,),0 indicating isolated oxygen.

The other major effect on reducing the 4f-5d gap is the crystal field splitting. This is dictated largely by the type
and size of anion coordination polyhedron around Eu*"."” The all eight Ca sites in TTCP:Eu*" are coordinated
by seven oxygen atoms with an average bond length from 2.44 A to 2.52 A. The average bond lengths and
formal coordination number seem not to vary much between the eight Ca sites. However the smallest bond
lengths from the each Ca site to the closest anion vary from 2.13 A to 2.28 A, which are significantly smaller
than the average. It is noted that all the Ca sites have an isolated O* ion as the closest anion. Being coordinated
by an isolated O* ion is apparently not enough to emit deep red light since all eight Ca sites have isolated O* ion
as a ligand. However isolated O” ion can get closer to the doping site enabling the Eu-Oy polyhedron to distort.
The distortion around Eu and the polarizability of O* ion can be crucial to determine the emission color. Some
models were suggested to explain the different emissions on phosphate phosphors such as
Ba(gf,()erLu(POL;)g:Eu2+ and Ca; ,Sry(PO4),:Eu”"."*"” In their discussions, larger neighbouring-cation decreases
Eu-O bond lengths as a result of higher stress from larger cations when larger cations replaced smaller ions. That
results in strengthening the Eu”" crystal field splitting, generating the red-shifts. This idea can then be extended
to TTCP phosphor. When comparing neighbouring-cations between Ca3 and Ca4 site, Ca3 site has two Ca
atoms and three P atoms within 3.5 A range, whereas Ca4 has one Ca atom and one P atom. The Ca3 site can

therefore be considered to be more compressive than Ca4 site.

Analyzing the detailed link between structure and the emission performance of TTCP:Eu®" deeply enhances our

understanding of the unique properties of this material. When discussing metal sites heavily distorted from ideal
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symmetry, the idea of ECoN is useful.” To deal with structures containing highly distorted coordination
polyhedron, ECoN is defined as the sum of the bond weights, which is calculated from the each bond length and

smallest bond length in the coordination polyhedron.***

ECoN decreases its value as the shortest bond length
becomes short. The following discussion is based on the assumption that eight Ca sites are radiative for Eu*"
since a significant emission color change was not observed under even shorter excitation wavelength of 254 nm

at77 K.

Normally the site with smaller value in coordination number is more compressed and places higher chemical
pressure on the dopant. Taking into account of the deviation in bond length from the average, ECoN can indicate
the degree of distortion and stress in the polyhedron. When one Ca site has smaller ECoN in TTCP, the Eu in
that site can feel stronger crystal field than in larger ECoN sites. It can be linked to the site that can show longer
wavelength emission. Thus, the calculated ECoNs on eight Ca sites were assigned to deconvoluted emission
peak positions as shown in Figure 5-11. A clear, close to linear, trend was observed between the ECoNs and the
peak positions. The trend between the emission peak positions and the shortest bond lengths on each Ca site was
further from linear behavior than that with respect to the ECoN numbers and was therefore not considered as an
accurate guide to this behavior. It should be noted that eight Ca sites have significantly different ECoNs
regardless of their formal coordination numbers of seven or eight by taking into account the distortion of the

coordination polyhedron attributed to less uniform charge distributions.
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Figure 5-11 Plot of the assigned emission peak positions for the eight Ca sites and their calculated ECoNss,

showing a nearly linear relationship (a) and the same plot against the shortest bond length (b).

The different thermal quenching on each Ca site is another interesting feature of TTCP:Eu”". As shown in Figure
5-6, TTCP:Eu’" has a higher emission peak intensity at 560 nm than at 670 nm, being excited by the 365 nm
light at 77 K. However, as the temperature increases to ambient conditions the emission peak at 560 nm
decreases its peak intensity rapidly showing much stronger thermal quenching than at 670 nm. This is the
opposite of what would be expected from the conventional idea on configurational coordinate diagram (CCD),
wherein thermal quenching of PL become stronger when the transversal offset between the ground-state
parabola and the excited state parabola becomes larger, leading to stronger thermal quenching of longer

. . 22
emission wavelengths.
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The stronger thermal quenching of shorter wavelength emission can be explained on the basis of auto-ionization
from the 5d level of Eu”" to the conduction band, as discussed in SrALO4:Eu*", Dy’ phosphor,” wherein blue
emission have stronger thermal quenching (little luminescence at room temperature) than green emission.
Similarly, the degree of auto-ionization can be considered on each Ca site. The schematic energy diagram for
TTCP:Eu”" is shown in Figure 5-12 representing two typical sites with the yellow emission at the peak position
of 560 nm and the red emission at the peak position of 670 nm. The evaluated band gap of TTCP:Eu®" from the
Kubelka-Munk function is about 6.2 eV. Assuming the inert 4f ground states of each Eu”" are much less affected
by the crystal field than excited 5d levels, the 4f ground states lie at more or less the same energy level in the
band gap. Taking into account the excitation peaks at 346 nm and 466 nm, the 5d energy level of Eu*" on the 560
nm emission site can be located at a much shallower level than that of 670 nm. A smaller energy gap between the
5d energy level of Eu*" and the bottom of conduction band on the 560 nm emission site should therefore be
expected compared to the 670 nm emission site. These energy gaps between the 5d energy level of Eu*" and the
bottom of conduction band on each emission site can affect the degree of auto-ionization. As shown in Dorenbos’
empirical formula, AE= T, 5/680 eV, where Ty is the quenching temperature at which the emission intensity has
dropped to 50 % of the low temperature value and AE is the energy barrier, a several sub-eV difference may be
significant for thermal quenching. Thus, the energy difference value of 0.92 eV between 346 nm excitation

(3.58 eV) and 466 nm excitation (2.66 eV) can be crucial to determining the degree to quenching observed.**

Auto-ionization Auto-ionization
r Conduction Band
Eu 454 : 4
v Stokes shift — Eu 50
3.58eV 2 66eV @Stokes shift
(Ex:346nm) (Ex:466nm)
2.21eV 1.85eV
(Em:560nm) (Em:670nm) TTES;P
Eu 4 Euy | 6.2ev
Radiation Radiation
(Yellow emission at 77 K) (Red emission)
v

Valence Band

Figure 5-12  Schematic energy diagram of TTCP:Eu®" representing yellow emission (560 nm) and red
gu 2

emission (670 nm).
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5.5 Summary

The unique emission spectra of the TTCP:Eu*" phosphor at 77 K was reported, which is considerably broad
covering from 500 nm to 800 nm. Powder neutron diffraction was fitted to precisely locate the oxygen position
in the crystal structure of TTCP:Eu®’, and quite distorted coordination polyhedron around Ca sites were
revealed. The relation between the crystal structure and emission spectra was discussed and the importance of
the anion status and the distortion of the coordination polyhedron were highlighted. The idea of the ECoN was
introduced for differentiating the eight Ca sites in the TTCP:Eu”" structure relating to the broad emission spectra.
The different thermal quenching on the representing two Ca sites was discussed and attributed to the degree of

auto ionization.
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Chapter 6 Red luminescence of Sr4(PO4)20:Eu2+

The deep red phosphor Sr4(PO4),0:Eu”", which has an excitation peak around 450 nm for blue LED
applications, is reported. This behavior is unusual for most phosphate phosphors. The crystal
structure of Sry(PO4),0:Eu”" is found to be monoclinic P2, and isotypic with Cas(PO4),0:Eu*",
which was discussed in Chapter 5. Sry(P0O4),0:Eu’" has a larger lattice volume than
Ca4(PO4)20:Eu2+, but their emission and excitation spectra at room temperature are very similar. The
key factors are discussed for achieving a large redshift of the 5d levels of Eu®" ion in order to emit
red light. In particular, the importance of the high anion polarizability and the heavy distortions of
the metal coordination polyhedra are reconfirmed, including the effective coordination number.
Importantly, Sry(PO4),0:Eu”" lacks the yellow emission at 77 K, which is found in Ca4(P0O,4),0:Eu*".
The differences in thermal quenching behavior for Eu? dopants in Sr4(PO4)20:Eu2+ and
Ca4(PO4)20:Eu2+ are attributed to the degree of auto/photo-ionization due to differences in the band
gaps of these compounds. The importance of the large band gap of the host lattice in avoiding

non-radiative processes of energy relaxation was confirmed.
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6.1 Introduction

The optimum absorption of Eu-doped phosphate phosphors rarely matches the emission of blue LEDs. Lagos
reported the behavior of a-Sr,P,07:Eu®" and a-Sr3(PO,),:Eu’’ as blue phosphors and a-Cas(PO,),:Eu" as a
green phosphor for UV excitation.! CaZr(PO,),:Eu*"/Eu’" was also reported for deep UV excitation.” However
these materials are poorly matched to blue LEDs. In Chapter 5, TTCP:Eu®" was introduced, which has the
longest excitation wavelength amongst phosphate systems, emitting deep red light at room temperature and
considerably broad emission from 500 nm to 800 nm at 77 K. The relationship between the crystal structure and
the unique emission characteristics of TTCP:Eu®" was discussed, differentiating the eight Ca sites. The
importance of the high anion polarizability and the heavy distortions of the coordination polyhedra were also
highlighted. In this chapter, the crystal structure and the emission characteristics of Sr4(PO4),0:Eu’" (hereafter
referred to as TTSP:Eu”") were discussed as a new red phosphor well matched to blue LEDs. Despite previously
reported difficulties in the synthesis of Sry(PO,),0 leading to the formation of an apatite phase, ’
Sr4(P0O,),0:Eu*" was obtained somehow by optimizing synthesis condition in this work. Sry(PO4),0 is
chemically stable under ambient condition without reacting with moisture. The crystal structure of TTSP:Eu*" is
isotypic with the structure of TTCP:Eu®". The emission efficiency of Sry(PO4),0:Eu’ is not high due to
non-radiative relaxation, which is attributed to photo-ionization, as discussed later in this chapter. However, as
the key factors that allow Eu’" to exhibit a large redshift in phosphors, crystallographic environment are
discussed by comparing the anion polarizability and the distortions of the coordination polyhedra around Eu®" in
TTSP:Eu*" and TTCP:Eu*". The determining factor for the radiative/non-radiative energy relaxation processes
in TTSP:Eu*" and TTCP:Eu*" was revealed by comparing their band gaps. Figure 6-1 shows the CaO - SrO -

P,0s system phase diagram with TTSP phase, which is in the area potentially containing isolated oxide ion.
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Figure 6-1 Phase diagram in CaO - SrO - P,Os system with TTSP phase.

6.2 Experimental

A sample of TTSP:Eu”" was synthesized by conventional solid-state reaction of SrCOs (Hakushin Chemicals),
SrHPO,(Alfa Aesar) and Eu,0;(Alfa Aesar). Stoichiometric mixtures of the raw materials were placed in
alumina crucibles and heated in a reducing atmosphere of 5 %H, + 95 %N, at 1450 °C for 5 hrs. After the
synthesis, the samples were ground into fine powders for characterization. Synchrotron X-ray diffraction data
were collected on beamline [11 at the Diamond Light Source facility in the UK using a wavelength of 0.82713
A.* Structure refinement was performed by the Rietveld method using the program GSAS.° The crystal
structure of TTSP:Eu”" was depicted in VESTA, in which the effective coordination numbers (ECoNs) were
also calculated.” PL and PLE spectra at room temperature were measured using a JASCO FP-6500 spectrometer
and at 77 K using a Horiba FluoroLog-3 spectrometer. The UV-vis reflectance spectra were measured using a
PerkinElmer Lambda 750 spectrophotometer. To evaluate the band gap of TTSP, density functional theory
(DFT) calculations with a hybrid nonlocal exchange-correlation functional (HSE) were performed using the
Vienna Ab initio Simulation Package (VASP) code. The electron—ion interaction was described by the projector

augmented wave (PAW) method. The basis set cutoff was 400 eV.**!’
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6.3 Results and discussion

6.3.1 The structure refinement of Sry(PO,),0:Eu**

The crystal structure of TTSP:Eu”" was originally reported as orthorhombic in space group P222, by Bauer."
The structure in this work was found to be a monoclinic, having space group P2, slightly distorted from P222,,
and is isotypic with the structure of TTCP:Eu”". Figure 6-2 shows the high quality of the Rietveld fit to the X-ray
synchrotron powder diffraction pattern obtained of TTSP:Eu®" using the monoclinic P2, structure. The
refinement using the orthorhombic P222; structure showed worse fits. Rietveld refinements revealed that the
sample contained a relatively small amount of a Srio(PO4)sO impurity, 10.1(6) % by weight. However, since
Sr19(PO4)sO:Eu”" is unable to be excited by visible light, this factor is negligible for this discussion of the optical
properties of Sry(PO4),0:Eu*"."

R., =9.2 % and R, = 7.2 %, and compares them with the parameters of TTCP:Eu”" from the previous work.

Table 6-1 shows structural parameters for TTSP:Eu*", including R indexes of

TTSP:Eu”*" has a monoclinic structure in space group P2, with lattice parameters a = 7.390703(9) A, b =
12.58826(2) A, ¢ = 9.82929(1) A and 90.5797(1)°. The crystal structure is illustrated in Figure 6-3 and the
atomic coordinates of are shown in Table 6-2. Seven of the Sr sites are coordinated by seven oxygen atoms with
an average bond length from 2.60 A to 2.68 A, and one Sr site (Sr8) is coordinated by six oxygen atoms with an
average bond length of 2.54 A. The refined sample contained 0.5 mol% Eu®, but it was not possible to
determine the distribution of Eu*" ions over the cation sites by structural refinement. Bond valence sums were
calculated to confirm the proper coordination numbers and oxidation states.”> Bond distances from the divalent
cations in the TTSP structure, the bond valence sums and ECoNs are listed in Table 6-3. The four P sites are in
PO, tetrahedra which are isolated from other PO, tetrahedra. The structure also contains two distinct oxide

anions that are not part of a PO, tetrahedron (labeled O17 and O18).

Table 6-1 Crystallographic data and structure refinement for TTSP:Eu*".

TTSP ( This work ) TTCP ( Previous work )  TTSP ( Bauer)
Unit cell dimensions ~ a = 7.390703(9) A a =7.01444(5) A a=1738A

b =12.58826(2) A b =11.9792(1) A b=1257A

¢ =9.82929(1) A ¢ =9.46490(7) A ¢ =979 A

B =90.5797(1) ° B =90.8915(4) ° B=90°
Cell volume v =914.431(2) A’ v =795.22(1) A’ v =908.19 A’
Space group P2, P2, P222,
R indexes R, =92% R, =17.2% v =14
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Figure 6-2 Synchrotron x-ray powder diffraction pattern of TTSP:Eu”". The crosses, and upper and lower
continuous lines are the experimental, calculated and difference profiles, respectively; the vertical lines are the

allowed Bragg reflections markers.

Figure 6-3  Schematic crystal structure illustration of TTSP:Eu®" projected onto the (100) plane. Sr, P and O

atoms are shown as green, mauve and red spheres.
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Table 6-2  Atomic parameters of Sr4(PO,),0 with all sites in the refinement being set to be fully occupied.

Atom Site X y z
Srl 2a 0.53266(21) 0.28092(16) 0.39346(16)
Sr2 2a 0.03391(20) 0.32596(16) 0.39863(15)
Sr3 2a 0.25916(21) 0.31862(17) 0.03204(16)
Sr4 2a 0.24033(21) 0.82807(15) 0.24306(16)
Sr5 2a 0.75540(23) 0.01706(15) 0.25294(16)
Sr6 2a 0.24835(23) 0.04954(17) 0.48861(14)
Sr7 2a 0.49668(21) 0.55413(16) 0.12994(15)
Sr8 2a 0.01624(21) 0.57569(15) 0.09355(15)
o1 2a 0.2379(14) 0.1162(4) 0.7254(9)
02 2a 0.1079(10) 0.2961(6) 0.7808(8)
03 2a 0.4318(10) 0.2645(7) 0.7965(9)
04 2a 0.2748(14) 0.2600(7) 0.5625(06)
05 2a 0.7854(14) 0.2196(6) 0.2405(8)
06 2a 0.6081(9) 0.3566(7) 0.1223(10)
07 2a 0.9389(10) 0.3822(6) 0.1508(9)
08 2a 0.1660(12) 0.7498(7) 0.0104(06)
09 2a 0.2770(13) 0.1169(7) 0.0373(6)
010 2a 0.4116(10) 0.0198(6) 0.2383(8)
011 2a 0.0898(9) 0.0219(6) 0.2091(8)
012 2a 0.2546(15) 0.1947(5) 0.2589(9)
013 2a 0.0938(9) 0.5205(7) 0.4797(8)
014 2a 0.3293(12) 0.4431(5) 0.3456(9)
015 2a 0.2303(14) 0.6238(6) 0.2881(8)
ol16 2a 0.5929(10) 0.0890(7) 0.4937(7)
017 2a 0.7630(13) 0.3616(8) 0.5170(10)
O18 2a 0.7395(13) -0.0046(7) 0.0157(9)
P1 2a 0.2622(6) 0.23607(32) 0.7140(4)
P2 2a 0.7903(5) 0.30030(31) 0.1251(4)
P3 2a 0.2577(6) 0.08866(31) 0.1861(4)
P4 2a 0.2664(5) 0.54795(33) 0.4054(4)
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Table 6-3 Bond distances, bond valence sums and ECoNs of Sry(PO,),0.

Bond Distance (A)  Bond Valence Bond Distance (A)  Bond Valence
Srl_ 017 2.316 0.59 Sr5 018 2.350 0.53

Srl_0O5 2.530 0.33 Sr5_011 2.514 0.34

Srl_0O4 2.555 0.31 Sr5_010 2.544 0.32

Srl 014 2.576 0.29 Sr5_05 2.562 0.30

Srl_O16 2.645 0.24 Sr5_016 2.814 0.15

Srl_012 2.664 0.23 Sr5_013 2.844 0.14

Srl_06 2.891 0.12 Sr5_02 2.980 0.10

Total 2.10 Total 1.89

ECoN 5.6 ECoN 5.0

Bond Distance (A)  Bond Valence Bond Distance (A)  Bond Valence
Sr2 017 2.368 0.51 Sr6_017 2.368 0.51

Sr2_04 2.529 0.33 Sr6_O1 2.476 0.38

Sr2 013 2.612 0.26 Sr6_013 2.577 0.29

Sr2_ 07 2.626 0.25 Sr6_016 2.595 0.28

Sr2 014 2.690 0.21 Sr6_04 2.754 0.18

Sr2 012 2.706 0.20 Sr6_010 2,777 0.17

Sr2 05 2.743 0.19 Sr6_012 2.905 0.12

Total 1.96 Total 1.92

ECoN 6.1 ECoN 5.7

Bond Distance (A)  Bond Valence Bond Distance (A)  Bond Valence
Sr3_018 2.274 0.66 Sr7_018 2.365 0.51

Sr3_09 2.544 0.32 Sr7_09 2.486 0.37

Sr3_02 2.715 0.20 Sr7_0O1 2.534 0.33

Sr3 012 2.722 0.20 Sr7_06 2.621 0.26

Sr3_03 2.740 0.19 Sr7_015 2.669 0.23

Sr3_06 2.760 0.18 Sr7_03 2.794 0.16

Sr3_07 2.768 0.17 Sr7_0O14 2.834 0.14

Total 1.90 Total 2.00

ECoN 4.4 ECoN 5.7

Bond Distance (A)  Bond Valence Bond Distance (A)  Bond Valence
Srd 017 2.397 0.47 Sr8 018 2.340 0.55

Srd4_0O8 2.545 0.32 Sr8 015 2.543 0.32

Sr4_0O3 2.585 0.28 Sr8 09 2.562 0.30

Sr4 015 2.611 0.26 Sr8 07 2.566 0.30

Sr4 02 2.613 0.26 Sr8 08 2.591 0.28

Sr4 Ol11 2.701 0.21 Sr8 O1 2.650 0.24

Sr4 010 2.725 0.19

Total 2.00 Total 1.98

ECoN 6.4 ECoN 5.5
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6.3.2  Optical properties of Sry(PO,),0:Eu’"

Figure 6-4 shows the PL and PLE spectra of TTSP:Eu”" at different Eu concentrations with respect to Sr, excited
at 465 nm and monitored at 680 nm at room temperature. TTSP:Eu” has a broad red emission spectrum with a
peak position at 695 nm and a full width at half maximum of 170 nm. The emission at 695 nm corresponds to the
4f°5d" — 4f transition of the Eu®" ions. The Stokes shift is estimated as around 6300 cm™ and the color
coordinates on the CIE chromaticity diagram are (0.648, 0.350). The emission intensity of TTSP:Eu’" initially
increases with higher Eu doping due to significantly enhanced absorbance, reaches a maximum at x = 0.005 (0.5
mol%), and then decreases, resulting from the concentration quenching. The asymmetric emission spectra of
TTSP:Eu’" can be deconvoluted and ascribed to up to eight different emission sites, which could be identified as
the different coordination environments of Sr** ions being occupied by Eu*" ions. However it was found to be
difficult to relate the deconvoluted Gaussian components to the different coordination environments of Eu*" ions
at Sr sites. As discussed later, Eu>" ions in some Sr sites of TTSP seem not to contribute to the emission spectra
of TTSP:Eu”’, presumably due to non-radiative relaxation processes of Eu’" ions in some of the Sr sites. As
mentioned above, it was not possible to determine the distribution of Eu*" ions over the cation sites by powder
X-ray diffraction data (PXRD) due to the large number of Sr sites in TTSP, but it is expected that this ion
uniformly substitutes at eight Sr sites for doping levels over 0.5 mol%. Normally, different Eu®>" ions
distribution across several cation sites with different crystal field environments can change the emission
spectrum depending on the contribution from each site. However, the spectral shapes from samples with over
0.5 mol% doping level are the same. This implies that Eu®" ions are uniformly distributed across the eight Sr
sites with doping levels over 0.5 mol%. However, TTSP:Eu*" containing only 0.1 mol% of Eu*" shows a

slightly shorter emission peak wavelength (Figure 6-5).

The excitation spectrum monitored at 680 nm comprises three main absorption peaks located around 280, 320,
and 450 nm. Having a main absorption around 450 nm, which enables it to match to blue LEDs, is exceptional in
phosphate phosphors. When comparing excitation spectra among TTSP:Eu*, a-Sr,P,07:Eu®" and
0-Sr3(PO4),:Eu®’, only TTSP:Eu*" can be excited by the blue LED. In the chemical formula, Sry(PO4),0:Eu*"
contains isolated O ions whereas a-Sr,P,0-:Eu”*" and on-Sr3(PO4)2:Eu2+ do not. Isolated O* ions, as found in
SrO:Eu*" and CaO:Eu”", are more polarizable than O” ions in PO, and it is likely that this structural feature is
responsible for the large centroid shift which enables TTSP:Eu”" to be excited in the blue,"* consistent with the

2+ 15

optical properties of TTCP:Eu™".
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Figure 6-4 PL (solid lines) and PLE (dashed lines) spectra of TTSP activated with different concentrations of

Eu™, excited at 465 nm and monitored for 680 nm emission at room temperature.
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Figure 6-5 Emission peak wavelength and relative peak intensity of TTSP:Eu’" as a function of Eu

concentration.
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The comparison of PL / PLE at room temperature and higher between TTSP:Eu*" and TTCP:Eu’*"

Figure 6-6 shows the PL and PLE spectra for TTSP:Eu”" at 0.5 mol% doping with respect to Sr, compared with
TTCP:Eu’" at room temperature. The emission color of TTSP:Eu”" is deep red, which is very similar to the PL of

TTCP:Eu”". The excitation range is also very similar.
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Figure 6-6 PL(solid line) and PLE (dashed line) spectra of TTSP with 0.5 % of Eu** (red) and TTCP with

0.5 % of Eu”" (blue), excited at 465 nm and monitored for 700 nm emission at room temperature.

As shown in Table 6-1, the lattice volume of TTSP is larger than that of TTCP and a significantly shorter
emission peak wavelength from TTSP:Eu”" is expected against TTCP:Eu”" due to the weaker crystal fields on
the Eu®" ions in the Sr sites. In simpler structures, SrO has a larger lattice volume, with a Sr-O bond length of
2.58 A, than CaO with a Ca-O bond length of 2.40 A; accordingly, an emission peak wavelength of 625 nm was
reported for SrO:Eu”",'® whereas it was 733 nm for CaO:Eu*"."” This is the typical case for the relationship
between the lattice volume and the emission wavelength being affected by the crystal fields on the cation sites.
It has therefore been more closely analyzed that the detailed link between the structure and the emission

performance by comparison of TTSP:Eu*" and TTCP:Eu*" to enhance our understanding of the unique
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properties of these materials, particularly the differences in the coordination environments of the cation sites
between TTSP and TTCP. When discussing metal sites heavily distorted from ideal symmetry, the idea of ECoN
is useful." ECoN was introduced for TTCP:Eu”" in Chapter 5 to deal with structures containing highly distorted
coordination polyhedron. ECoN is defined as the sum of the bond weights, which is calculated from the each
bond length and the smallest bond length in the coordination polyhedra.'"' Figure 6-7 compares the
coordination environments around cation sites for TTSP and TTCP in terms of average bond length(a), shortest
bond length(b) and ECoNs(c), with sites in the two materials paired by the order of their values rather than
crystallographic site. Due to the expansion of the lattice volume, the average bond lengths and the shortest bond
lengths of TTSP are significantly longer than for TTCP, which is typically expected to lead to weaker crystal
field splitting. However the distortion around the Eu*" ions and the polarizability of O* ions can also be crucial
in determining the emission color. The isolated O* ions played an important role in achieving a large red shift in
TTCP:Eu*", combined with the distortions of the polyhedra enabling the isolated O ions to get closer to the

Eu*" ions.

ECoN decreases its value as the shortest bond length becomes smaller, and the shortest bond has an influence on
the distortion of the coordination polyhedra. The eight Sr sites in TTSP have ECoN values ranging from 4.42 to
6.42, depending on the distortion, while the coordination numbers evaluated from bond valence sum are six or
seven. Normally the site with the smaller value of the coordination number is more compressed and this places
higher chemical pressure on the dopant. Taking into account the deviation in bond lengths from the average,
ECoN can therefore indicate the degree of distortion and stress in the polyhedron. When one cation site has a
smaller ECoN in TTSP or TTCP, the Eu*" ion in that site can feel a stronger crystal field than in larger ECoN
sites. It can be linked to the site that can show longer wavelength emission. As shown in Figure 6-7(c), the
degrees of the distortion around the cation sites described by ECoN, between TTSP and TTCP, are almost
equivalent, which helps to explain their similar emission spectra. A link between the more distorted
coordination polyhedra and longer emission wavelength in Ce’" ions has already been shown in the garnet

2
structure. 0

Another interesting model for large red shifts has been discussed regarding the distortion in
Cas,Sry(PO4):Eu*".*" Sr,Ca(PO,),:Eu*" has a lattice volume of 3843 A’ and exhibits an emission peak
wavelength at 527 nm, while p-Cas(PO4),:Eu”” with a smaller unit cell volume of 3533 A’ showed a shorter
emission peak wavelength at 416 nm. In their discussions, larger neighbouring-cations decrease Eu—O bond
lengths as a result of higher stress when larger cations replaced smaller ions. That results in strengthening the
Eu”" crystal field splitting, generating the red-shifts. This idea can be extended to the comparison between
TTSP:Eu*" and TTCP:Eu®". When comparing neighbouring-cations between Sr and Ca site, larger Sr** ions as
neighbouring-cations can enhance the distortion around an Eu®* ion sitting on a Sr site by displacing the O* ion
from the average position. This is difficult to observe from the average structure obtained from Rietveld
refinements, and the low Eu doping concentration also makes it difficult to analyze such local distortions by

diffraction-based pair-distribution function techniques.

83



Chapter 6: Red luminescence of Sry(PO.),0:Eu’"

The polarizability can also have a strong effect on the emission characteristics and the anion polarizability
correlates strongly with the cation electronegativity.”> A plot of the anion polarizability against the inverse
square of the cation electronegativity shows a good linearity in oxides. When the cation electronegativity
decreases, the polarizability of the anion increases. According to this, the isolated O> ion is more polarizable
than O” in PO,. Likewise the O ions, which are coordinated by the Sr** ions, are more polarizable than the O*
ions adjacent to Ca®" ions, since the electronegativity of Sr(0.95) is smaller than Ca(1.0).” In some cases,
having the larger ions with smaller electronegativity as neighbouring-cations in a distorted polyhedron can

be more important than having smaller average bond lengths to generate the red-shifts.

When increasing temperature above room temperature, the luminescence of TTSP:Eu®” and TTCP:Eu**
showed similar thermal behavior. Figure 6-8 presents the temperature dependence of PL spectra of TTCP:Eu*"
and TTSP:Eu*", excited at 465 nm from 298 K to 423 K. An arrhenius plot of the peak intensity decrease is
shown in Figure 6-9 and calculated activation energies from the plot for TTCP:Eu”" and TTSP:Eu”" are both 0.3
eV, which is categorized by stronger thermal quenching for Eu*" activated phosphors.* The strong thermal
quenching can be related to the large stokes shift, which is explained by the CCD, wherein thermal quenching of
PL becomes stronger when the transversal offset between the ground-state parabola and the excited state

parabola becomes larger, leading to stronger thermal quenching of longer emission wavelengths.*
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Figure 6-8 Temperature dependence of PL spectra of TTCP:Eu”" (Top) and TTSP:Eu®" (Bottom), excited at
465 nm from 298 K to 423 K.
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Figure 6-9 Temperature dependence of peak intensity for TTSP (red) and TTCP (blue) on Arrhenius plot.

The comparison of PL / PLE at 77 K between TTSP:Eu’* and TTCP:Eu**

Figure 6-10 shows the comparison of PL and PLE between TTSP:Eu*” and TTCP:Eu*" at 77 K. TTCP:Eu”" has
a yellow emission component at around 560 nm, being excited by 465 nm light at 77 K. However, as the
temperature increases to ambient conditions the emission shoulder at around 560 nm decreases its peak intensity
rapidly, showing much stronger thermal quenching than at around 670 nm. This is the opposite of what would be
expected from the conventional idea of the CCD, wherein thermal quenching of PL becomes stronger when the
transversal offset between the ground-state parabola and the excited state parabola becomes larger, leading to
stronger thermal quenching of longer emission wavelengths.?’ In the case of TTSP:Eu?’, it interestingly emits
only red light at 77 K. A comparison of the thermal behavior of TTSP:Eu®" and TTCP:Eu”’, in particular their
possible energy diagrams, is important for the key factors responsible for the thermal quenching to be

understood.
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Figure 6-10 PL (solid line) and PLE (dashed line) spectra of TTSP:Eu”" (red) and TTCP:Eu’" (blue), excited

at 465 nm and monitored for 700 nm emission at 77 K.

The diffuse reflection spectra of Eu-doped TTSP and TTCP were measured, and their absorption spectra (K/S)
derived with the Kubelka - Munk function are shown in Figure 6-11. TTSP:Eu®" showed a quite similar
absorption curve to TTCP:Eu”". It increases the absorption in the range of 3 - 5 eV associated with the energy
transition from the 4/ (*S;,) ground state to the 4/°5d" excited state of the Eu®" ions, and the sudden rise
around 5.5 eV corresponds to the absorption at the band gap of TTSP. This confirms that the crystal field
environment around Eu®" in the TTSP structure is very similar to the one in the TTCP structure. The value of
the optical band gap can be calculated by extrapolating the Kubelka - Munk function F(R.,) to K/S = 0.2 This
gave a value of the optical band gap in the Eu-doped TTSP, E,, of about 5.5 eV for TTSP and 6.2 eV for
TTCP, which appears sufficiently close to the computed band gap of 5.47 eV for TTSP and 6.12 eV for TTCP.
The calculated Densities of States (DOSs) from TTSP and TTCP are shown in Figure 6-12. The band gap
differences between TTSP and TTCP are 0.7 eV from the experiment and 0.65 eV from the calculation,

respectively. Thus, around 0.7 eV of energy difference in the band gap is assumed.
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Figure 6-12 Calculated DOSs of TTSP (red) and TTCP (blue). The vertical dashed bars indicate the end
of the fundamental band gap.

The stronger thermal quenching of shorter wavelength emission can be explained on the basis of auto-ionization

from the 5d level of Eu*" to the conduction band, as discussed in the SrAl,04:Eu*",Dy’" phosphor,”” wherein the

blue emission has stronger thermal quenching (little luminescence at room temperature) than green emission.

Similarly, the degree of auto-ionization can be considered on each Sr and Ca site. The schematic energy diagram
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for TTCP:Eu”" was suggested in Chapter 5 to explain the different thermal quenching behavior representing two
typical sites with the yellow emission at the peak position of 560 nm being excited by 346 nm and the red
emission at the peak position of 670 nm being excited by 466 nm, as shown in Figure 6-13(b). A smaller energy
gap between the 5d energy level of Eu*" and the bottom of conduction band on the 560 nm emission site should
therefore be expected compared to the 670 nm emission site. These energy gaps between the 5d energy levels of
Eu”" and the bottom of conduction band on each emission site can affect the degree of auto-ionization.
Considering the PLE and absorption spectra of TTSP:Eu*” and TTCP:Eu®’, it is assumed that inert 4f ground
states and excited 5d levels of each Eu”" in both TTSP and TTCP structure locate at more or less the same energy
level in the band gap. The evaluated band gaps of TTSP:Eu*" and TTCP:Eu’" from the Kubelka-Munk function
are about 5.5 eV and 6.2 eV, respectively.

The thermal excitation of the 5d electron to the conduction band states was suggested as an intrinsic
mechanism.* As shown in their empirical formula, AE= T, 5/680 eV, where T} is the quenching temperature at
which the emission intensity has dropped to 50 % of the low temperature value and AE is the energy barrier, a
sub-eV difference may be significant for thermal quenching. The energy difference of the band gap between
TTSP and TTCP is about 0.7 eV, which corresponds to the quenching temperature difference of 476 K. This can
be a crucial factor to make the energy relaxation process non-radiative on the shorter emission of TTSP:Eu”".

This explains why, unlike in TTCP:Eu®’, several of the sites do not appear to contribute to the emission spectra.

The radiative and non-radiative behavior was reported on the Ce-activated garnet phosphors by photo
conductivity measurement.”® Although the systems were different, Y3;Al;0,,:Ce’ with the band gap of 6.5 eV
was radiative and Y3Gas0,,:Ce’" with the band gap of 5.5 eV was non-radiative. About 1 eV energy difference
in band gap was significant enough to differentiate radiative and non-radiative behaviors. The thermal
quenching of TTSP:Eu*" and TTCP:Eu®" can basically be explained by CCD, however when phosphors have
different crystallographic sites for luminescence activators or phosphors in analogous structures with different
crystal fields are compared, the gap between the 5d level of activator and the bottom of conduction band should

be noted since 5d level is strongly affected by the crystal field in the host lattice.

The temperature dependence of PL below room temperature was measured from 50 K to 300 K, in which the
emission from shorter emission sites was avoided as much as possible by shifting the excitation wavelength
longer with the excitation of 470 nm blue LED (Figure 6-14 for TTCP:Eu®" and Figure 6-15 for TTSP:Eu®).
They both showed clear blue shift in emission peak wavelength, which is explained by a thermally active
phonon-assisted tunneling from the excited states of the lower 5d energy level to the excited states of the higher

5d energy level.”
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Figure 6-13  Schematic energy diagram of TTSP:Eu®"(a) and TTCP:Eu”'(b) representing yellow emission

(560 nm) and red emission (670 nm).
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Figure 6-14 PL of TTCP activated with 1 mol% of Eu®’, excited by 470 nm blue LED light at lower
temperature from 50 K to 300 K.
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Figure 6-15 PL of TTSP activated with 1 mol% of Eu*’, excited by 470 nm blue LED light at lower
temperature from 50 K to 300 K.
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6.4 Summary

The new red phosphor Sry(PO4),0:Eu*" is studied. It shows a broad deep red emission with a peak
position at 680 nm being excited at around 450 nm, which matches well with blue LEDs. The crystal
structure of Sry(PO,),0:Eu”" was refined in a monoclinic P2, structure. It is isotypic to
Cay(PO4),0:Eu*’, which also shows deep red emission. Their emission and excitation spectra at room
temperature are very similar despite Sry(PO4),0:Eu®" having a much larger unit cell volume than
Ca4(PO4)20:Eu2+. The relationship between the crystal structure and the emission spectra of
Sr4(PO4),0:Eu*" was discussed by comparison with Cay(PO,),0:Eu®" to find the key factors for
achieving a large redshift of the 5d level of Eu®" ion to emit red light. The importance of the higher
anion polarizability and the heavy distortion of the coordination polyhedron were confirmed based on
the idea of the electronegativity of the cations and the ECoNs. Cay(PO,),0:Eu*" shows yellow
emission at 77 K, whereas Sry(P0,),0:Eu*" does not. The different thermal quenching behaviors for
Eu®" dopants in Sr4(PO4),0:Eu”" and Cay(PO,),0:Eu’" were also discussed and attributed to the
degree of auto/photo-ionization caused by the different band gaps of the materials. The importance of
the large band gap of the host lattice in avoiding non-radiative processes of energy relaxation was also

confirmed.
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Chapter 7 Yellow luminescence of Ca6Ba(PO4)40:Eu2+

A new phase, CagBa(P0,),0, was found in the CaO-BaO-P,05 phase diagram and its Eu®'- doped
derivative was evaluated as a possible phosphor for SSL. CagBa(PO4)4O was prepared by
conventional solid-state synthesis and its structure was solved ab initio from high-resolution,
synchrotron X-ray powder diffraction data. The bandgap of CacBa(PO4);O was estimated to be 5.8
eV. Under excitation with UV to blue light, CagBa(P04),0:Eu*" shows strong yellow emission with
the peak position at 553 nm. A white LED, which was fabricated with an InGaN blue chip and
Ca6Ba(PO4)4O:Eu2+, achieved a luminous efficacy of 31 ImW™!' with a color rendering index of 78

around the correlated color temperature of 6500 K.
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7.1 Introduction

Currently, the most common approach for white LEDs is to combine a blue LED with a color-converting
phosphor, first achieved using a YAG:Ce’" phosphor for blue-to-yellow down conversion.''? Although
YAG:Ce®" still plays an important role for white LEDs, its modest color rendering index (CRI, Ra) of 75
restricts its application when good color quality is required.® (Ba,Sr),SiO,,* also commonly used as a
commercial phosphor, has a strong yellow emission but lacks chemical stability against moisture. Most oxide
phosphors for LED use have been adapted from those used in CRTs or lamps, and there are few examples of new
oxide-based phosphors that exhibit good excitation and emission performance when combined with blue LEDs.
Much recent effort has been devoted to developing alternative yellow phosphors to YAG:Ce®* based on the more
chemically stable (oxy)nitride phosphors such as Ca-a-SiAION:Eu*" and CaAlSiN;:Ce’".>® Neither, however,
showed any significant improvement in Ra value. Furthermore, (oxy)nitride phosphors involve the handling of
sensitive raw materials and require high synthesis temperatures, for which reasons oxide phosphors are

generally preferred commercially. There is therefore a drive to find new oxide phosphors suitable for SSL.

The CaO-BaO-P,0s phase diagram is well understood and includes many complex phases such as (Ca,Ba),P,0-,
Ca,Ba(PO,),, (Ca,Ba);(POy),, Caio(PO4)sO and Cay(PO4),0 (Figure 7-1)."*’ However the system has been
little explored for phosphor applications in combination with blue LEDs. Lagos reported behavior of
(Ca,Ba),P,0.:Eu”" as a blue phosphor and (Ca,Ba);(PO,),:Eu*" as a yellow phosphor for UV excitation, but
these are not alternatives to YAG:Ce’" since they are poorly matched to blue LEDs.'’ The discovery and crystal
structure of CagBa(PO,)s0 (hereafter referred to as CBP) is reported in this chapter a hitherto unknown phase in
the CaO-BaO-P,0s system.'' The potential of its Eu*"-activated derivative for use as a phosphor in SSL are also
explored. Under excitation from the near UV to the blue, the new phosphor shows bright yellow emission with a
high internal quantum yield throughout this excitation range. In addition, the luminous efficacy of a white LED
fabricated by the combination of this phosphor and a blue LED was 31 ImW™' and the Ra of 78 is higher than
that of YAG:Ce’".> This can be the first report of a yellow emission phosphate phosphor excited by the blue
LED.
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Figure 7-1 Phase diagram in CaO - BaO - P,Os system with CBP phase.

7.2  Experimental

7.2.1  Synthetic procedures

A phase pure sample of CBP was synthesized by conventional solid-state reaction of CaCO;
(Hakushin Chemicals), BaCO;(Hakushin Chemicals) and CaHPO4(Alfa Aesar). The ground mixtures
of the raw materials were placed in alumina crucibles and heated in a reducing atmosphere of 5 %H, +
95 %N, at 1250 °C for 10 hrs. CBP can be readily doped with Eu®" by adding Eu,03 (Alfa Aesar) to

the starting materials with the same synthesis condition as those for CBP.

7.2.2  Crystallography

Selected area electron diffraction patterns for CBP were collected under precession conditions using a
Philips CM30 transmission electron microscope fitted with a Spinning Star precession unit, while
SEM images and EDX spectra were obtained using a JEOL 5800LV scanning electron microscope.
Synchrotron X-ray diffraction data were collected on beamline 111 at the Diamond Light Source
facility in the UK using a wavelength of 0.82713 A. > The model for the crystal structure of CBP was
obtained by FOX," refined by GSAS,'"" and depicted in VESTA.'®
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7.2.3  Optical characterization

Photoluminescence and photoluminescence excitation spectra at room temperature were measured using a
Horiba FluoroLog-3 spectrometer. The UV-vis reflectance spectra were measured using a PerkinElmer Lambda
750 spectrophotometer. The photoluminescence quantum efficiency was measured from PL measurements with
an integrating sphere equipped with a 150 W Xe lamp and a multichannel spectrophotometer (model
MCPD7000; Otsuka Electronics). The temperature dependence of the photoluminescence was also measured by

a multichannel spectrophotometer (model MCPD7000; Otsuka Electronics).

7.2.4 White LED fabrication

White LEDs were fabricated by embedding the CasBa(PO4)4;0:Eu”" yellow phosphor in a transparent silicone
resin; the down-convertor was packaged with 1 W InGaN LED chips, targetting a correlated color temperature
of around 6500 K.

7.3  Results and discussion

7.3.1 The structure of CagBa(PO,),0

A systematic exploration of the CaO-BaO-P,0s phase diagram revealed the presence of Bragg peaks in some of
the X-ray powder diffraction (XRD) patterns which could not be accounted for on the basis of any of the known
phases in the system. It has been able to be established that these peaks arise from a hitherto unidentified phase,
CBP. The simplest XRD patterns were obtained at a Ca/(Ca+Ba) ratio of about 0.85 and imply distinct Ca and
Ba sites rather than a solid solution. Ba is a required component for this structure: samples lacking this element
never yielded the new phase (Figure 7-2). SEM-EDX analysis also indicates a homogenous Ca/(Ca+Ba) ratio of
about 0.84. Typical SEM images are shown in Figure 7-3. The molar ratio of Ca:Ba=6:1 was assumed from

these results.

Selected area electron diffraction (SAED) patterns for CBP were obtained by transmission electron microscopy
from which it was possible to assign an approximate unit cell witha=11.98 A, b=6.93 A, c=11.42 Aand =
134.2° (Figure 7-4); it was subsequently possible to confirm this result using XRD data. The unknown structure
of CBP was solved ab initio and refined from high resolution synchrotron X-ray powder diffraction data, as
described in the experimental section. The sample contained 0.5 mol% Eu®", but it was not possible to determine
the distribution of europium over the cation sites due to the low concentration. Figure 7-5 shows the observed,
calculated, and difference synchrotron profiles for the Rietveld refinement of CBP, in which the XRD pattern
was well fitted by the derived structure up to high angles in 26. Table 7-1 shows the atomic coordinates and

other structural parameters for CBP, including R indexes of R,,, = 6.28 %, R, = 4.77 %, and Ry = 5.04 % after
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refinement of the unit cell and atomic positions. CBP has a monoclinic structure in space group C2/m (Figure
7-6) with refined lattice parameters a = 12.30304(3) A, b = 7.10454(2) A, ¢ = 11.71603(4) A and p =
134.4420(1)°, a single Ba site and two Ca sites. The Ba site is coordinated by twelve oxygen atoms with an
average bond length of 3.04 A, the Cal site by eight oxygen atoms with an average bond length of 2.51 A, and
the Ca2 site by seven oxygen atoms with an average bond length of 2.42 A (Figure 7-7). The two P sites are in
PO, tetrahedra which are isolated from other PO, tetrahedra. The structure also contains an oxide ion that is not

part of a PO, tetrahedron. Bond distances from the divalent cations in the CBP structure are listed in Table 7-2.
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Figure 7-2 Experimental XRD patterns of samples with different concentrations of Ba: (a) apatite; (b)-(c)

mixtures of apatite and CBP; (d)-(e) CBP, (f) tetra calcium phosphate.

.
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Figure 7-3 SEM images of CBP in the secondary electron mode.
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[(130]

Figure 7-4 SAED patterns under precession conditions at 300 kV from different fragments of the CBP

material.
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Figure 7-5 Observed, calculated, and difference synchrotron XRD profiles for the Rietveld refinement of
CBP.

100



Chapter 7: Yellow luminescence of CasBa(PO,),0:Eu’"

Table 7-1 Crystallographic data and structure refinement for CBP.

Unit cell dimensions a = 12.30304(3) [A]
b =7.10454(2) [A]
¢ =11.71603(4) [A]
B = 134.4420(1) [°]

Cell volume V =1731.142(4) [A%]

R indexes Ruwpy =628% R,=471% Rr=5.04%

Atom site X y z occupancy
Ba 2a 0 0 0 1
Cal 4f 0.7194(3) 0 0.3117(4) 1
Ca2 8/ 0.0506(2) 0.7666(3) 0.6930(2) 1
0 2¢ 0 0 0 1
P1 47 0.2664(4) 0 0.3996(1) 1
011 4f 0.4013(7) 0 0.5830(3) 1
012 8/ 0.2831(6) -0.1749(7) 0.3364(4) 1
013 45 0.1208(7) 0 0.3680(7) 1
P2 4f 0.3664(4) 0 0.0472(1) 1
021 47 0.2877(11) 0 0.1077(12) 1
022 4f 0.2432(10) 0 -0.1397(3) 1
023 8/ 0.4620(6) -0.1797(8) 0.1148(6) 1

Figure 7-6  Schematic crystal structure illustrations of CBP projected onto (a) the (100) plane and (b) the

(010) plane. Ba is green, Ca is brown, P is mauve and oxygen is red.
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Figure 7-7 Comparison of the coordination geometries around (a) the Ba site, (b) the Cal site and (c) the

Ca2 site. Colors as in Figure 7-6.

Table 7-2 Bond distances for divalent cations in CBP.

Bond Distance Bond Distance
Ba-O,, 2.804(9) Ca-O 2.360(11)
Ba-0,, 2.804(9) Ca;-O1s 2.390(7)
Ba—023 2844(5) C31-012 2390(7)
Ba-O»; 2.844(5) Ca,-O 2.473(3)
Ba—023 2844(5) Cal—Oll 2509(8)
Ba—023 2844(5) C31-023 2598(6)
Ba-012 3160(3) C31-023 2598(6)
Ba-012 3160(3) C31-013 2760(7)
Ba-O,, 3.160(3) Ca,-Oy; 2.303(4)
Ba-012 3160(3) C32-013 2366(5)
Ba—013 3438(7) C32-022 2388(6)
Ba—013 3438(7) C32-012 2392(7)
C32-023 2442(7)
Car-O 2.506(2)
C32-021 2548(7)

It was found out that the combination of higher anion polarizability and highly distorted polyhedral structure
around Eu”” or Ce’* ions can generate stronger crystal fields, lowering the 5d energy level of Eu*" or Ce’" ions in
the previous chapters. Figure 7-8 shows the coordination geometry around the oxygen ion explaining the
different polarization. The isolated oxygen ion of CBP or TTCP can be much more polarizable than the one in
phosphate. It is because the isolated oxygen ions are not coordinated by the phosphorous, to which oxygen ions
can be bound strongly, as seen in ECoN values around oxygen ions. The large deviation in the coordination
number from nominal to effective indicates the degree of distortion showing the oxygen ion in phosphate is so
different from others. It is believed that isolated oxygen ions in CBP can contribute the unusual longer excitation

wavelength, which matches to blue LEDs.
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Isolated oxygen of CBP ‘ ‘ Isolated oxygen of TTCP ‘ ‘ Phosphate oxygen ‘

Average bond length 2.50 A 2.24 A 223 A
ECoN 5.99 3.98 1.00

Figure 7-8 Comparison of the coordination geometries around oxygen ions in CBP, TTCP and phosphate

tetrahedron with the substitution of Eu®" ions.

7.3.2  Optical properties of CagBa(PO,),0:Eu**

It was unable to determine the distribution of Eu*" in CBP directly, as stated above, but it is believed that Eu**
ions substitute at the Ca sites. The ionic radius of the twelve-coordinated Ba is 1.61 A, and the ionic radii of the
seven and eight-coordinated Ca are 1.06 and 1.12 A, respectively. Considering the ionic radii of seven and
eight-coordinated Eu”", which are 1.20 and 1.25 A, respectively, random occupation of Eu into the two Ca sites
can be expected. The emission characteristics support this behavior. There are only minor changes in the
observed emission spectra for excitation wavelengths of 365 nm and 465 nm, even at liquid nitrogen
temperatures, which indicates that the PL spectra are not contributed to by emissions from sites with
significantly different crystal fields, i.e. the Ca and Ba sites (since the emissions from sites with significantly
different crystal fields show different colors when the excitation wavelength is varied). Furthermore, Ba induces
a somewhat weaker crystal field than Ca, and the Ba site is normally too large to achieve yellow emission in

phosphates.'”

Figure 7-9 shows the PL and PL excitation spectra for CBP:Eu®" at 0.9 mol% doping with respect to Ca,
compared with YAG:Ce®". CBP:Eu’" has a broad yellow emission spectrum with the peak position at 553 nm
and a full width at half maximum of 132 nm, wider than the 127 nm from the commercial yellow-emitting
YAG:Ce*'(P46-Y3); it can therefore contribute a higher Ra to LED fabrication. The emission at 553 nm
corresponds to the 4/’ — 4/°5d" transition of the Eu®" ions. The Stokes shift is estimated to be around 3700 cm™
and the color coordinates on the CIE chromaticity diagram is (0.428, 0.545). The broad band excitation is a good
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fit to the requirements for a light color conversion phosphor excited by near UV to blue light, whereas

YAG:Ce™" is restricted to blue applications alone.

When comparing excitation spectra among Ca;(POy),, Cag(PO4),0 and CagBa(PO,)40, only Caz;(PO4), cannot
be excited by the blue LED. In the chemical formulae, Cas(PO,4),0 and CasBa(P0O,),O contain isolated 0% ions
whereas Ca;(PO,), does not. The isolated oxide ion is more polarizable than oxygen in PO, and we believe that
this structural feature is responsible for the centroid shift which enables Cay(PO,4),0 and CacBa(PO4)40 to be

excited in the blue.'®

The emission of CBP:Eu”" was deconvoluted into two components attributed to the Cal and Ca2 sites, as shown
in Figure 7-10. The Cal site shows shorter wavelength emission centered at 536 nm since it is affected by the
weaker crystal field of the eight-coordinated site (average M-O bond lengths 2.51 A). By contrast, Ca2 exhibits
longer wavelength emission centered at 589 nm due to the stronger crystal field associated with the

seven-coordinated site (average M-O bond length 2.42 A).
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Figure 7-9 PL and PL excitation spectra of CBP activated with 0.9 mol% of Eu*" (solid line) and
YAG:C¢e** (dashed line).

104



Chapter 7: Yellow luminescence of CasBa(PO,) ,0:Eu’"

- =
o N

o°
o

Intensity / a.u.
o o
2 o

o
)

0.0
400 500 600 700 800

Wavelength / nm
Figure 7-10 Deconvoluted emission spectra of CBP:Eu”". Observed (dotted line), fitted curve (solid line)

and deconvoluted Gaussian components for Cal and Ca2 site (dashed line).

The optimum doping level of CBP:Eu”" was found to be 1-2 mol% with respect to the Ca site, and the emission
color showed a linear shift in CIE color coordinates as a function of Eu*" (Figure 7-11). The previously reported
internal quantum efficiency of P46-Y3 is about 86 %,' and based on this value the internal quantum efficiency

of CBP:Eu’" is about 65 %, considerably higher than the values reported for Cay(PO4),0:Eu®* (37.5 %) and
(Ca,Ba);(PO,),:Eu’" (40.7 %).2°%!
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Figure 7-11 Relative peak intensity and color shift as a function of Eu concentration. o:Ex.400 nm,

o:Ex.465 nm.

Figure 7-12 shows the reflectance spectra of undoped and Eu-doped CBP. The reflectance of undoped CBP
remains at about 90 % in the spectral range of 250-750 nm, with a sudden drop below 250 nm corresponding to
the absorption at the bandgap in CBP. The Eu®" doping introduces a strong, broad absorption in the range
200-500 nm associated with its 4/ — 4/°54" transition.
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Figure 7-12 Reflectance spectra of an undoped CBP sample (dashed line) and a sample doped with 0.9
mol% of Eu (solid line).

Absorption spectra calculated from the Kubelka-Munk function are shown in Figure 7-13,%* from which the
value of the optical bandgap, E,, was estimated to be about 5.8 eV, compared with the reported bandgap of 5.0
eV for BazCa(PO4)2.21 The value for CBP is much larger than reported value, which can help to enable CBP to
maintain bright emission at room temperature, and compares well with the calculated bandgap of 6.2 eV derived

using the meta-GGA method implemented in ABINIT package interfacing with the Libxc library.>**

undoped

Eu 0.9mol%

Kubelka-Munk function

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Energy / eV

Figure 7-13  Absorption spectra of an undoped sample (dashed line) and a sample doped with 0.9 mol% of
Eu (solid line).
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7.3.3  Temperature dependence of the photoluminescence

Figure 7-14 shows the temperature dependence of the photoluminescence of CBP:0.012 Eu”" excited at 455 nm.
This quenching behavior can be a disadvantage for a practical use since this is a little stronger than YAG. The
luminescence intensity of P46-Y3:Ce’™ (YAG:Ce®") decreases by 60 % as the temperature increases from 25 to
150 °C.

The temperature dependence of PL was measured with CBP:Eu*" (1 mol% substitution) from 75 K to 300 K
(Figure 7-15). When temperature increased, it showed a clear blue shift in emission peak wavelength as
TTCP:Eu*" and TTSP:Eu*" presented, which can also be explained by a thermally active phonon-assisted
tunneling from the excited states of the lower 5d energy level to the excited states of the higher 5d energy level.”
To support this explanation, PL and PLE at room temperature and 77 K were normalized and compared in
Figure 7-16. There was no change in the shape of excitation spectra between room temperature and 77 K,

whereas emission peaks shift, confirming there is no change in the crystal field around Eu”" ions.
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Figure 7-14 Temperature dependence of the photoluminescence of CBP:0.012 Eu”" excited at 455 nm.
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Figure 7-15 PL of CBP activated with 1 mol% of Eu*", excited by 470 nm blue LED light at lower
temperature from 75 K to 300 K.
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Figure 7-16 PL (solid line) and PLE (dashed line) spectra of CBP activated with 0.9 mol% of Eu*" at room
temperature (green) and 77 K (red).
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7.3.4 Luminescence from a white LED

The CBP:Eu’" phosphor is very suitable as a color converter for a white LED because of its blue light absorption
and yellow light emission. The phosphor has a strong, deep yellow color in natural light (Figure 7-17a), and a
fabricated LED is also shown, both as-prepared (Figure 7-17b) and in operation (Figure 7-17c). Figure 7-18
shows the luminescence spectrum of a white LED consisting of a blue InGaN LED and CBP:Eu”". Its correlated
color temperature (CCT) was 6500 K and the CIE color coordinates were (0.312, 0.344). The luminous efficacy
of the LED, #, external quantum efficiency of the LED, and the average color rendering index, Ra, at a high
forward current of 350 mA were 31 ImW™, 10 % and 78, respectively, whereas a white LED with YAG:Ce*
normally reaches only 75 in Ra.’ For further comparison, the reported values for white LEDs comprising of a
blue LED and a yellow phosphor are Ra = 70.3, # = 50.7 ImW™" at CCT = 3722 K for CaAlSiN;:Ce’* and Ra =
72, =43 ImW™" at CCT = 6150 K for Li-a-SiAION:Eu*".** CBP:Eu’" therefore shows significant potential as
a white LED phosphor, balancing 7 and Ra. CBP:Eu*" can achieve a high Ra without using an additional

phosphor covering the red light component.”” !

(b) (©

! i

Figure 7-17 (a) new yellow phosphor; (b) as-prepared LED; (c) LED in operation.
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Figure 7-18 Luminescence spectrum of a white LED consisting of a blue LED and the CBP:Eu”" phosphor.
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7.4 Summary

A new yellow phosphor, CasBa(P04);0:Eu*’, has been discovered. The unknown structure of CasBa(P04);0
was solved ab initio from synchrotron X-ray powder diffraction data and the bandgap of CBP was estimated to
be about 5.8 eV. When combined with a blue InGaN LED, CBP:Eu*" shows good characteristics, which are
suitable for a white LED, with a broad excitation band from the near-UV to the blue region, and strong yellow
emission with a peak position at 553 nm. Because the emission of CBP:Eu”" is broader and red-shifted compare
with other yellow oxide phosphors, the color rendering index of white LEDs based on CBP:Eu*" is superior to

those other systems.
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Chapter 8 Blue-green luminescence of CagBa(PO,),0:Ce’"

A new blue-green phosphor, CagBa(P0,4),0:Ce’”, which can be prepared by conventional solid-state
synthesis, is reported as a candidate phosphor for SSL with near-ultraviolet LEDs. Under excitation
at around 400 nm, CagBa(P04);0:Ce’" shows strong blue-green emission with the peak position at
477 nm. Ce*",Si*" co-doping is found to enhance the luminous intensity, and the unique emission
characteristics of this combination are studied and related to the crystal structure. CagBa(P04)40 is
an exceptional host material, which also accommodates Eu®’, emitting strong yellow light under 400
nm excitation. A fabricated white LED, combining Ca6Ba(PO4)4O:Ce3+,Si4+ with Ca6Ba(PO4)4O:Eu2+
and a red CaAlISiN3:Eu®” phosphor, achieved a luminous efficacy of 45 ImW™' with a color rendering

index of 93 around the correlated color temperature of 4500 K.
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8.1 Introduction

Many Ce’’-containing phosphors, including oxides, sulfides, and nitrides, have been proposed as
color-converting materials for SSL. However, only a few Ce**-doped oxide phosphors are genuine candidates
for white LEDs since oxide hosts rarely offer excitation in the near-UV or blue part of the spectrum. The garnet
system, YAG:Ce’", is an important exception, exhibiting a large red shift in the 54 energy level of Ce®” such that
it absorbs in the blue and emits in the yellow.' It plays an important role in SSL based upon blue LEDs emitting
at 460 nm. However, its excitation band matches to only blue light and restricts its application for near-UV. The
luminescence of Ce*" in perovskite hosts such as CaHfO;, LaScO; and GdScOj; is more typical of oxide
systems;” the wavelength of the Ce’* excitation band in these materials extends up to around 350 nm, but it is
too short to meet the excitation wavelength range for near-UV LEDs at about 400 nm. In terms of Ce’*-doped
oxide phosphors that can be excited at around 400 nm and emit in the visible, among the few examples are
SrzBa(AIO4F)]_X(SiO5)x:Ce3+ and BagYQSiGOM:CeH, the latter exhibiting a quantum efficiency of 60 % for

emission across a broad part of the visible spectrum.**

In Chapter 7, the discovery and crystal structure of CBP was introduced and the potential of its Eu*"-activated
derivative for use as a phosphor in SSL was also explored. CBP:Eu*" emits a strong yellow light under
excitation from the near-UV to the blue.” In this chapter, CBP:Ce’" phosphor is introduced for a near-UV LED
which proves to be an exceptional Ce-based blue-green phosphate phosphor showing bright emission with a
high internal quantum yield. This can be the first report of a Ce-doped phosphate phosphor enabling
excitation with a near-UV LED. Co-doped CBP:Ce™",Si*" phosphors have also been prepared and enhance the
blue-green emission for the high Ce concentration region, substituting the P site with Si. The unique emission
performance was investigated due to the lattice expansion accompanying an increasing Ce,Si co-doping
concentration. It is possible to correlate the unit cell volume of CBP host lattice with the position of the lowest
Ce’" 4f-5d transition.

The CBP host is one of the few phosphors that can accommodate both Eu*" and Ce’* with different emission
colors when excited with a near-UV LED. Phosphors co-doped with Ce®" and Eu®’, such as CaAl,Si,Os,°
Li,SrSi0,,” CasLay(PO,)0," have been proposed before, but none are well adapted for near-UV LEDs. In the
present work, the luminous efficacy of a white LED fabricated by combining CBP:Ce3+,Si4+, CBP:Eu%,
CaAlSiN3:Eu’" and a near-UV LED was 45 ImW™! with a color rendering index, Ra, of 93.
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8.2 Experimental

8.2.1 Synthetic procedures

Phase pure samples of CBP:Ce’" were synthesized by conventional solid-state reaction between
CaCOj; (Hakushin Chemicals), BaCO;(Hakushin Chemicals), CaHPOy4(Alfa Aesar) and CeO, (Alfa
Aesar). The ground mixtures of the starting materials were placed in alumina crucibles and heated in a
reducing atmosphere of 5 %H, + 95 %N, in the range of 1250-1300 °C for 10 hrs. CBP:Ce*",Si*"
Co-doped samples were readily prepared by adding SiO, (Tatsumori) to the starting materials, with
the same synthesis conditions as those for CBP:Ce*". Co-doping samples were substituted in the
chemical formula of (Ca;.,Ce,)sBa(P_6,4S16,404)4O considering the charge balance. After synthesis,

the samples were crushed into fine powders for characterization.

8.2.2  Crystallography and optical characterization

Laboratory powder X-ray diffraction (PXRD) data were obtained on a PANalytical X’Pert Powder
diffractometer (Bragg—Brentano geometry) using Cu-Ko radiation and a position sensitive detector
(X’Celerator) with a step size of 0.02° in the range of 260 = 10-120°. Calculations of the unit cell volumes were
carried out with the nonlinear, least-squares cell-refinement program, UNITCELL.’ The crystal structure of
CBP was depicted in VESTA."

Photoluminescence and photoluminescence excitation spectra at room temperature were measured using a
Horiba FluoroLog-3 spectrometer and a Hitachi spectrometer (model F4500). The UV-vis reflectance spectra
were measured on a PerkinElmer Lambda 750 spectrophotometer. The photoluminescence quantum efficiency
was measured from PL measurements with an integrating sphere equipped with a 150 W Xe lamp and a
multichannel spectrophotometer (model MCPD7000; Otsuka Electronics). The temperature-dependence of the
photoluminescence was measured using a multichannel spectrophotometer (model MCPD7000; Otsuka

Electronics).

8.2.3  White LED fabrication

White LEDs were fabricated by embedding the CasBa(P0O4),0:Ce’",Si* (blue-green), CasBa(PO4),0:Eu*
(yellow) and CaAlSiN5:Eu®*(red) phosphors in a transparent silicone resin; the down-converter was packaged

with 1 W InGaN LED chips, targetting a correlated color temperature of around 4500 K.
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8.3 Results and discussion

8.3.1 Phase identification

The as-prepared powder of CBP is white for the pure sample with a slightly bluish tinge for doped samples. The
body colors of the samples become grayish as the Ce concentration increases. Some defects may have been

induced by the substitution of the divalent site with trivalent Ce’".

There is no JCPDS ICDD PDF for CBP since the structure of CBP has only recently been solved in the previous
work.” The phase identification was achieved by comparing the PXRD pattern from CBP:Ce®" with that from
CBP:Eu*". As shown in Figure 8-1, the PXRD pattern for CBP:Ce’" is indistinguishable from the one for
CBP:Eu™".

CBP has a monoclinic structure in space group C2/m with a single Ba site and two Ca sites (Figure 8-2).° The Ba
site is coordinated by twelve oxygen atoms with an average bond length of 3.04 A, the Cal site by eight oxygen
atoms with an average bond length of 2.51 A, and the Ca2 site by seven oxygen atoms with an average bond
length of 2.42 A. Schematic illustrations of the coordination around the Ba and Ca sites are depicted in Figure
8-3. The two P sites are in PO, tetrahedra, which are isolated from other PO, tetrahedra. The structure also

contains an oxide ion that is not part of a PO, tetrahedron; it is coordinated to Cal and Ca2, but not to Ba.

CBP:Eu
=)
o
>
21 CBP:Ce
0
£
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Figure 8-1 Experimental PXRD patterns of CBP:Eu and CBP:Ce in the range of 26 = 10-75°.
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b

Figure 8-2 Schematic crystal structure illustrations of CBP projected onto the (010) plane. Ba is green, Ca is

%
Cal Ca2

Figure 8-3 Comparison of the coordination geometries around the Ba site, the Cal site and the Ca2 site.

brown, P is mauve and oxygen is red.

Colors as in Figure 8-2.

8.3.2  Optical properties of CagBa(PQ,),0:Ce’*”

Figure 8-4 presents the excitation and emission spectra of CBP:Ce*" at 1.8 mol% doping with respect to Ca,
compared to the commercially available, typical blue phosphor BaAIMg;,0;,:Eu*'(LP-B4). CBP:C¢e’" has a
broad blue-green emission spectrum with the peak position at 477 nm and a full width at half maximum of 98
nm, wider than the 53 nm from the BAM; it can therefore contribute a higher Ra to LED fabrication. Figure 8-5
shows the excitation and emission spectra of CBP:Ce®" at different doping level with respect to Ca. The doublet
emission band is indicative of typical Ce’" luminescence and can be fitted by two Gaussians separated by 2000
cm’ as shown in Figure 8-6. The emission at 477 nm corresponds to the 5d—>4f transition of the Ce®" ions. The

maximum of the excitation band is at 370 nm giving a Stokes shift of about 5300 cm™. The color coordinates on
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the CIE chromaticity diagram are (0.172, 0.267).

It was unable to determine the distribution of Ce’" in CBP directly from the PXRD, but it is believed that it
substitutes at the Ca sites. The ionic radius of the twelve-coordinated Ba is 1.61 A, and the ionic radii of the
seven and eight-coordinated Ca are 1.06 and 1.12 A. Considering the ionic radii of seven, eight and
twelve-coordinated Ce’, which are 1.07, 1.14 and 1.34 A, respectively, occupation of Ce** at the two Ca sites
can be expected.'' According to the following empirical Equation 8-1 by Dorenbos, the absorption energy in eV
can be approximately related for Ce’* and Eu®* dopants in the same host material, as long as both dopants sit in

the same crystallographic site:'

E(Eu®*,CBP) = (0.64+0.02) x E(Ce**,CBP) + (0.53+ 0.06) Equation 8-1

E(Eu’",CBP) and E(Ce’",CBP) represent the absorption energies of Eu and Ce in the CBP host. Based on this
equation, the expected excitation peak wavelength of CBP:Eu*" is 467 nm as calculated from the excitation peak
(373 nm) for CBP:Ce’". This agrees very well with the prvious work on CBP:Eu*", which found an excitation
maximum at 465 nm. Neglecting the contribution of the difference in Stokes shift between Eu*" and Ce’”, the
emission peak wavelength of CBP:Eu®" can also be estimated from the emission wavelength (480 nm) of
CBP:Ce’" using Equation 8-1. At 568 nm, this is close to the measured emission peak of 550 nm. By comparing
Ce’" and Eu”" in excitation and emission, we conclude that both are in the same sites, surrounded by the similar

ligand fields of the two Ca sites.
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Figure 8-4 Photoluminescence and photoluminescence excitation spectra of CBP activated with 1.8 mol% of
Ce’" (solid line) and BaAIMg;40,7:Eu*" (dashed line) excited at 400 nm. The inset shows a photograph of the
CBP:Ce’" excited by a 400 nm LED.
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Figure 8-5 Photoluminescence (solid line) and photoluminescence excitation (dashed line) spectra of CBP

activated with 0.5 mol%, 1.0 mol% and 2.0 mol% of Ce>".
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Figure 8-6 Decomposition of the Photoluminescence spectrum excited at 400 nm. Observed (dotted line),

fitted curve (solid line) and deconvoluted Gaussian components for Cal site (blue dashed line) and Ca?2 site

(red dashed line).
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8.3.3 Ce, Si* co-doping in CagcBa(PO,),0

In an attempt to enhance the light conversion efficiency of the CBP:Ce’" phosphor, Ce’* and Si** co-doping was
performed, targetted the Ca and P sites, respectively. This co-doping effectively improved the emission peak
intensity by as much as 100 % and maintained a high peak intensity over a wide Ce’" concentration region, as
shown in Figure 8-7. The co-doping suppressed the grayish sample color that develops with Ce doping alone;
this can be attributed to preventing defect generation by forming charge-compensating pairs (Ca”" substituted by
Ce*" and P*" by Si*).
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O 1 1 1
0.0 2.0 4.0 6.0 8.0

Ce and Si concentration / mol%

Figure 8-7 Relative peak intensity as a function of Ce concentration excited at 400 nm;

0: (Cal_XC eX)GBa(PO4)4O, | :(Ca]_xC Cx)(,Ba(P 1 _ﬁx/4Si(,x/404)40.

The co-doped samples also exhibit unique characteristics in the color shift as a function of Ce’*/Si** doping
concentration. As presented in Figure 8-8, Ce’* single doping shifts the emission color linearly with the doping
level. In contrast to this, Ce’"/Si*" co-doping showed a much smaller change in emission color with an increase
of concentration. The linear shift of the emission color with increasing Ce’” concentration is generally explained

by the enhancement of reabsorption due to the overlap between absorption and emission. "
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Figure 8-8 Color shift as a function of Ce concentration excited at 400 nm;

o: (Ca]_xC ex)ﬁBa(PO4)4O, | :(Cal_xCex)ﬁBa(P 1 _6x/4Si(,x/4O4)4O.

Apparent differences in the shape of the excitation spectra was also observed between Ce’* single doping and
Ce**/Si*" co-doping. To probe the reason for the small emission color shift in the Ce*/Si*" samples, the lowest
energy excitation band was decomposed into two Gaussian components for the Cal and Ca2 sites. Figure 8-9
shows the results for the lowest energy excitation bands of CBP activated with 0.9 mol% of Ce’* and with 0.9
mol% of Ce*"/Si*", respectively. These decompositions for samples with various doping levels indicated clear
differences in the site preference of Ce®" between single doping and co-doping. For both Cal and Ca2 sites
(assuming that Ca2 excites at a longer wavelength), peak positions shift to the longer wavelength side with
single doping. By contrast, the peak positions shift to shorter wavelengths in co-doped samples (Figure 8-10). A
slight red shift can be expected due to the reabsorption with increasing Ce*” concentration, as explained above.
However, a large blue shift in the co-doping samples overwhelms the red shift and can be attributed to the
weakening crystal field on both the Cal and Ca2 sites as the lattice expands. Figure 8-11 shows the relative peak
intensities of the lowest energy excitation band for Ce*" on the Ca2 site against its intensity at 0.3 mol% doping
and indicates a preference of Ce*" for the Ca2 site. Single doping does not increase the relative peak intensity,
which implies that only co-doping stimulates the relative preference of substitution by Ce’” for the Ca2 site,

which is relatively compressed by comparison with Cal.
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Figure 8-9 Decomposition of the lowest energy excitation band monitored at 480 nm. Observed (dotted line),
fitted curve (solid line) and deconvoluted Gaussian components for Cal and Ca2 sites (dashed lines). (a) CBP
activated with 0.9 mol% of Ce’" (b) CBP activated with 0.9 mol% of Ce*"/ Si*".
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Figure 8-10 Peak positions of the deconvoluted excitation bands for (a) Cal and (b) Ca2;
D:(Ca]_xCex)ﬁBa(PO4)4O, l:(C31_xCex)(,Ba(P]_6x/4Si6x/4O4)4O.
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Figure 8-11 Relative peak intensity of the deconvoluted excitation band monitored at 480 nm for Ca2 site
normalized at 0.3 mol% doping level; 0:(Ca,;.,Ce,)sBa(PO,),0, m:(Ca,..Ce,)sBa(P}.6,4Si6/404)40.
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As shown in Figure 8-12, substitution of Si into P sites generates no second phases. Figure 8-13 shows the unit
cell volume of the CBP samples as a function of Ce’" or Ce*"/Si** doping concentration. Co-doping expands the
unit cell volume with increasing Ce**/Si*" concentration due to substitution of Si on the P site (the ionic radii of
the four-coordinated Si and P are 0.26 A and 0.17 A, respectively). Effective charge compensation has been
previously reported for Ce’" doping into the Ca site in (Ca,Ce);Sc,Si30,, replacing S¢*” by Mg*" and Ca*" by
Na“ or Li"."* Similarly, A" substitution has been reported to maintain y-phase formation and control the
distribution of Ce’" in Ca,Si04:Ce’"."* The present work can be the first report of effective charge compensation
for Ce-doped alkaline-earth phosphate phosphors by co-doping with Si, though Si substitution in phosphates is

well-known in AIPO,-based molecular sieves.'®

CBP:Ce?*, Si** x=0.009

i || NI
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Figure 8-12 Experimental PXRD patterns of (Ca;.,Ce,)sBa(PO4)4O and (Ca,_Ce,)sBa(P.6:/4S16:404)4O in the
range of 26 = 10-75°.
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Figure 8-13  Cell volume expansion as a function of Ce’* concentration;

O :(Cal_xCex)6B a(PO4)4O, | :(Cal.xCex)6B a(P1-6x/4Si6x/4O4)4O.

The marked increase in unit cell volume probably accounts for the blue-shift in the emission as the level of
Ce¥"/Si*" co-doping increases. The absence of such an increase with single Ce*” doping is expected since there is
no obvious reason in this case for the lattice to expand. Furthermore, charge compensation must be achieved by
a more complex mechanism, which probably limits the solubility. However, the underlying reason for the
relative preference for Ce* substitution at the Ca2 site in the case of co-doping is less clear. The most likely
explanation is that single doping leads to a preference for Ce’" substitution at the Cal site, where charge
compensation could be partly met by the higher oxygen coordination number. This is less necessary in the

co-doped sample, leading to a more even distribution of Ce*" over the two sites.

The combination of a uniform Ce distribution, in order to minimize concentration quenching, and insertion of
the Ce’" into the more compressed Ca2 site is important in order to match the excitation range with near-UV
LEDs. Ce’/Si*" co-doping enables this, and improves the luminescent intensity of CBP:Ce’",Si*". Based on the
90 % internal quantum efficiency of BAM at 300 nm,"” the internal quantum efficiency of CBP:Ce’*Si*" is
70 % at 400 nm excitation, which is higher than the value of 60 % reported for BaoY>SisO»4:Ce’” by Seshadri et
al.* Comparing the value with the 74 % achieved for P46-Y3 at 455 nm excitation measured in same
configuration, CBP:Ce’",Si*" is a very promising phosphor for LED use. It shows better performance than any
of the other Ce’” doped phosphates that we have studied, an observation that we ascribe to the presence of

isolated oxide ions in the coordination sphere of the calcium ions.

Figure 8-14 shows the reflectance spectra for undoped and Ce-doped CBP. The reflectance of undoped CBP
remains at about 90 % in the spectral range of 250-750 nm, with a sudden drop below 250 nm corresponding to
the absorption at the bandgap in CBP. The Ce®” doping introduces a strong, broad absorption in the range
200-450 nm associated with its 4f'—5d" transition. The slightly lower reflectance of only 83.5 % in the range
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above 450 nm may be linked to compensation of the charge balance in the CBP:Ce’" by defects such as Ca

vacancies. For reference, 0.3 mol% Ce’*/Si*" doped CBP maintains 85 % reflectance in this range.
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Figure 8-14 Reflectance spectra of an undoped CBP sample (dashed line) and a sample doped with 0.3
mol% of Ce (solid line).

8.3.4 Temperature dependence of the photoluminescence

One of the key requirements for a good phosphor for SSL is the need to maintain performance at the operating
temperature of the device. Figure 8-15 shows the temperature dependence of the photoluminescence of
(Cag.os2Ce0.018)sBa(Poos2Sio.01804)40 excited at 400 nm, compared with P46-Y3 excited at 455 nm. CBP:Ce’"
showed much smaller thermal quenching than P46-Y3, maintaining 80 % of light output at 150 °C wheares
P46-Y3 retains only 40 %. CBP exhibits quite small color shift in the temperature range of 25 to 150 °C, which
is suitable for LED use.

The temperature dependence of PL was measured below room temperature from 75 K to 300 K (Figure 8-16 for
CBP:Eu’" and Figure 8-17 for CBP:Ce’"). Interestingly, when temperature increases, CBP:Ce’" presents no blue
shift. It can be attributed to the energy split of the 5d level of Ce*" into Eg and Tog, which is much clearer and well
split than 54 of Eu®". The energy difference of the 5d level between E, and Ty, can be roughly estimated by the
shape of excitation spectra, and it is about 0.8 eV from Figure 8-4. For example, in CBP:Eu®", the energy
difference of 0.12 eV is estimated by the peak shift from about 580 nm to 550 nm (Figure 8-16). This energy

increase by thermally assistance may not be enough for the energy split of 54 in Ce®".
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Figure 8-15 Temperature dependence of the photoluminescence of (Cagog2Ceo.018)sBa(Po.952510.01804)40
excited at 400 nm (filled circles) and P46-Y3 excited at 455 nm (open squares). The inset shows color

coordinates at each temperature.
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Figure 8-16 PL of CBP activated with 1 mol% of Eu®", excited by 400 nm near UV LED light at lower
temperature from 75 K to 300 K.
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Figure 8-17 PL of CBP activated with 1 mol% of Ce*", excited by 400 nm near UV LED light at lower
temperature from 75 K to 300 K.
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8.3.5 Luminescence from a white LED

The CBP:Ce*,Si*" phosphor is highly suitable as a blue-green phosphor for SSL based upon near-UV LEDs
operating at 400 nm. Equally, CBP:Eu”" is an exceptional yellow phosphor for the same LED wavelength since
its excitation spectrum spans from about 250 to over 450 nm.” The PL and PLE spectra of two samples of
CBP:Ce*,Si*" and CBP:Eu*" underline this point (Figure 8-18). The white LED is therefore fabricated
consisting of the CBP:Ce*",Si*" (blue-green), CBP:Eu*'(yellow), CaAISiNs:Eu*" (red),”® and a near-UV LED
with emission at 400 nm (Figure 8-19). Its correlated color temperature (CCT) was 4448 K and the CIE color
coordinates were (0.370, 0.403). The luminous efficacy and external quantum efficiency of the LED at a high
forward current of 350 mA were 45 ImW™' and 20.8 %, respectively. It achieved a relatively flat, broad spectrum
from blue to red with good color quality at an average color rendering index (Ra) of 93. The observed CIE
chromaticity coordinates of white LED were distinctly stable within x=0.370-0.380 and y=0.403-0.408 at the
operation current from 20 mA to 350 mA. Amazingly, The Ra were unchanged at all in this range.
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Figure 8-18 PL and PLE spectra of CBP activated with Eu”" (solid line) and Ce’™ (dashed line). Excited at
400 nm for both, monitored at 550 nm for CBP:Eu®" and at 480 nm for CBP:Ce™".
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Figure 8-19 Luminescence spectrum of a white LED consisting of the CBP:Ce’",Si*", CBP:Eu*",
CaAlSiN3:Eu*" phosphor and a near-UV LED. The inset shows a photograph of the white LED in operation,

color coordinates and Ra at each operation current.

8.4 Summary

A new blue-green phosphor, CagBa(P0,4);0:Ce’*, has been reported. Co-substitution of P with Si was used as an
effective mechanism to enhance the luminescence; CagBa(P0,),0: Ce’",Si*" shows strong blue-green emission
with a peak position at 480 nm and a high internal efficiency of 70 %. Thermal quenching of the luminescence is
much smaller than in P46-Y3. A white LED using CBP:Ce’",Si*", CBP:Eu”", CaAlISiN;:Eu®" and a near-UV

LED showed excellent performance.
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Chapter 9 Conclusions

This dissertation was concerned with the study to establish the relation between the crystal structure and

luminescence of phosphors to suggest clues to find new practical phosphors for SSL.

As an introduction, the background of this research was explained. In Chapter 2, the technical background of
this research was presented including some recent technologies aiming to balance the prosperity of human
beings and environmental conservation. In Chapter 3, the fundamentals of photoluminescence in phosphors
were explained with particular attention paid to Ce’* and Eu®" ions, followed by the introduction to some
practical phosphers regarding the crystal structure and the emission performance. In Chapter 4, the
experimental methods used for sample preparation and characterization were introduced including some

fundamentals of analysis.

In Chapter 5, the considerably broad emission of Cas(PO,),0:Eu”" phosphor at 77 K covering from 500 nm to
800 nm was studied. The relation between the crystal structure and emission spectra was discussed by refining
the crystal structure of Cay(PO4),0:Eu”" using powder neutron diffraction data. The importance of the higher
anion polarizability and the heavy distortion of the coordination polyhedra were highlighted. The idea of the
ECoN was introduced for describing the degree of distortion differentiating the eight Ca sites in the
Cay(PO,),0:Eu”" structure and related to the broad emission spectra. The different thermal quenching on the

representing two Ca sites was also discussed and attributed to the degree of auto ionization.

In Chapter 6, the new red phosphor, Sr4(PO,),0:Eu*’, was studied. The crystal structure of Sry(PO4),0:Eu”" is
isotypic to Ca4(PO4)ZO:Eu2+, which also shows deep red emission. Their emission and excitation spectra at room
temperature are very similar despite Sry(PO,),0:Eu”" having a much larger unit cell volume than
Cay(PO,4),0:Eu’". The importance of the higher anion polarizability and the heavy distortion of the coordination
polyhedron were confirmed based on the idea of the electronegativity of the cations and the ECoNs. The
different thermal quenching behaviors for Eu*" dopants in Sry(PO4),0:Eu*" and Cay(PO,),0:Eu’" were also
discussed and attributed to the degree of auto/photo-ionization caused by the different band gaps of the materials.
The importance of the large band gap of the host lattice in avoiding non-radiative processes of energy relaxation

was also confirmed.

In Chapter 7, a new yellow phosphor, CasBa(PO,),0:Eu*", has been reported. The unknown structure of
CagBa(P0,4)40 was solved ab initio from synchrotron X-ray powder diffraction data. When combined with a
blue InGaN LED, Ca¢Ba(PO,);0:Eu*" shows good characteristics suitable for a white LED due to a broad
excitation band from the near-UV to the blue region and strong yellow broader emission with a peak position at
553 nm, which attribute to the better color rendering index of white LEDs than P46-Y3 (YAG: typical

commercial yellow phosphor).
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In Chapter 8, a new blue-green phosphor, CagBa(P04);0:Ce’", has been reported. Co-substitution of Ca-P with

Ce-Si was used as an effective measure to enhance the luminescence; CasBa(PO,),0: Ce’*,Si**

shows strong
blue-green emission with a peak position at 480 nm and a high internal efficiency of 70 %. Thermal quenching
of the luminescence is much smaller than in P46-Y3. A white LED using Cag¢Ba(PO,),0:Ce’"Si*,

CaﬁBa(PO4)4O:Eu2+, CaAlSiN;:Eu*" and a near-UV LED showed excellent performance.

It is important for the host materials to balance the large band gap and the strong crystal field on the dopants
(such as Eu®* or Ce’* ions). There is always conflict between them. When the electronegativity of metal cations
is higher, which has an advantage for stronger crystal fiels, that host material potentially has a smaller band
gap, and vice versa. However isolated oxygen might help to solve this problem. As being introduced in this
work, when the crystal structure has individual cation sites for the dopants (such as Eu®* or Ce** ions) without
making a solid solution in one phase, there are chances in the host material for a stronger crystal field on a
dopant maintaining a large band gap. By designing the combination of cations with different
electronegativities, ionic radii and valence numbers, it can be possible to control the site preference of the
dopants into individual sites. This concenpt is so called crystal site engineering. It enables host materials to
achieve strong crystal fields locally on particular sites. When it comes to finding new phosphors with multiple
individual sites, isolated oxygen ions can be quite useful. First, the system with isolated oxygen ions has not
been studied well yet, and multiple cation phases with different individual sites might have been difficult to find
since it does not cover a wide area on the phase diagram compared with the solid solution phases. Therfore, very
careful research activity might be required. Second, the isolated oxygen ion offers the chance of distorted
polyhedral structures around cation sites since the polyhedral structures around oxygen ions are different
between oxide units (such as phosphate) and isolated ones. Thus, utilizing the multiple cation structures and

isolated oxygen ions will be a good stimulation to find new phases and/or phosphors in oxide system for SSL.

I hope this dissertation will be of interest to both the optical materials specialists and the broader materials

chemistry community.
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