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RESUMO

Diodos emissores de luz branca (WLEDSs) séo as principais fontes de luz branca para
iluminacdo e fundo de tela de displays devido ao alto brilho (800 Im) e eficacia luminosa
(150 Im-W1), alto tempo de vida Gtil (50.000 horas), baixo consumo energético (8,5 W),
baixo preco (60 dolares em 20 anos de uso) e baixa toxicidade comparados a lampadas
incandescentes e fluorescentes. Além dos WLEDs, LEDs monocromaticos tém ganhado
atencdo nos ultimos anos devido ao comum consenso e entendimento da influéncia da luz
na regulacdo do ritmo circadiano Humano e de plantas. Entretanto, os principais desafios
sdo obter WLEDs com parametros 6pticos de temperatura de cor correlata (4.500 K) e
indice de renderizacao de cor (> 90) desejaveis e contornar 0 “green gap” na fabricagdo
de LEDs emissores de luz verde. Desta forma, o objetivo desta tese de doutorado foi
fabricar LEDs emissores de luz branca ou monocromaética para iluminacéo, luz de tréafico
e controle do ritmo circadiano. Para esta proposta, lumindforos emissores de luz verde
(BazSiO4:Eu®* e Ba2SiO4: Th**), amarela (Sr2SiO4:Eu®*) e vermelha (Ba2SiO4:Eu**) foram
sintetizados pela metodologia sol-gel, caracterizados e dispersos em filmes poliméricos
(PVDF ou PMMA), aos quais foram utilizados para recobrir LEDs emissores na regido
espectral do UV. As condi¢cbes de sintese dos luminoforos foram variadas a fim de
otimizar a composicao das fases e a emissdo dos dopantes. A dispersdo dos luminéforos
em PMMA potencializa a emissdo dos ativadores luminescentes, sendo que 0S
luminoforos baseados em Ba,SiOs:Eu®" e Ba,SiO4:Th®* mostram potencial para serem
combinados a LEDs UV (250 nm), fazendo um dispositivo multifuncional que emite luz
e também radiacdo UV, importante para o controle do ritmo circadiano de plantas e
desinfeccdo em agricultura (cultivo indoor). JA os LEDs emissores de luz verde
construidos combinando LEDs UV (365 nm) e filmes de Ba;SiOsEu?/PMMA
apresentaram eficacia luminosa e estabilidade radiante entre as melhores reportadas,
sendo uma alternativa para suprir a auséncia de LEDs emissores de luz verde com alta
eficacia luminosa. Finalmente, WLEDs construidos combinando LEDs UV (395 nm) e
filmes de Sr.SiO4:Eu?*/BAM:Eu?*/PMMA apresentaram valores de eficacia luminosa e
estabilidade radiante entre os melhores reportados e temperatura de cor dependente da
proporcdo dos luminoforos, podendo ser ajustada para aplicagcdes em iluminacdo diurna
(CCT =6.000 K) e noturna (CCT = 4.500 K), além de usos em fototerapia.

Palavras-chaves: LEDs. Illuminagdo de estado solido. Terras raras. Sol-gel.

Luminescéncia.



ABSTRACT

White-light-emitting diodes (WLEDSs) are the main light sources for indoor and outdoor
lightings as well as for backlighting of displays due to their high brightness (800 Im) and
luminous efficacy (150 Im-W1), long lifespan (50,000 hours), low power consumption
(8.5 W), low cost (60 dollars over 20 years of use) and environmentally friendly
properties compared to the traditional incandescent and fluorescent bulbs. Beyond
WLEDs, attention has currently been paid to monochromatic LEDs due to the common
consensus on the light impact on human and plant circadian rhythm regulation.
Nonetheless, the main challenges are to come up with WLEDs featuring desirable
correlated color temperature (4,500 K) and color rendering index (> 90) and work around
the “green gap” drawback in the fabrication of green-emitting LEDs. Therefore, the goal
of this Ph.D. thesis is to report on the fabrication of white or monochromatic-emitting
LEDs, and for this propose, UV-to-green (Ba;SiOsEu?* e Ba:SiO4:Th®"), yellow
(Sr2Si04Eu?") and red (BasSiO4:Eu®") downshifting converter phosphors were
synthesized by the sol-gel route, fully characterized and dispersed as polymeric films
(PVDF or PMMA), to which were used to coat commercial UV LEDs. The synthesis
conditions of the phosphors were changed aiming to optimize phase composition and
emission intensity of the dopants. PMMA plays the role of enhancing the luminescent
activator emission, and both Ba,SiOs:Eu®* and Ba.SiO4:Th*" phosphors feature the
required characteristics to be used as coatings of UV LEDs (250 nm), making
multifunctional prototypes emitting UV and red light for simultaneous application in
indoor farms by regulating the plant circadian rhythm and as a disinfection agent. On the
other hand, the green-emitting LEDs built by coating UV LEDs (365 nm) with
Ba,SiO4:Eu*/PMMA films match high luminous efficacy and radiant stability, among
the best values reported so far, being a practicable alternative to supply the absence of
commercially-available high-efficient green-emitting LEDs. Finally, WLED prototypes
built by combining UV LEDs (395 nm) and Sr.SiOs:Eu®*/BAM:Eu?*/PMMA films
display luminous efficacy and radiant stability among the best reported, and correlated
color temperature depending on the phosphor mixture proportion, that may be tuned for
daylight (6,000 K) and night light (3,500 K) applications, as well as phototherapy and
backlighting of displays.

Keywords: LEDs. Solid-state lighting. Rare earth. Sol-gel. Luminescence.
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CHAPTER 1 - INTRODUCTION
1.1 State-of-the-art

Have you ever thought how would be human life without lighting? Or better, how
would society evolve in the dark? Thanks to Thomas Edison that manufactured the first
electric bulb based on incandescence at the end of the XIX century, we do not ask
ourselves those questions.! The lighting evolution has not stopped with Edison’s
invention since, in 1926, Edmund Germer patented the modern fluorescent lamp, opening
up new opportunities of lighting by using bulbs with better efficiency and color qualities
compared to incandescent sources.?

However, the most exciting lighting technology came up in 1996 with Shuji
Nakamura at Nichia labs, who invented the first efficient white-emitting LED (WLED)
based on a blue-emitting LED coated by a yellow-emitting phosphor, starting the LED
boom.? Over the past 23 years, the luminous efficacy (LE) of WLEDs have improved
from 25 Im/W to almost 200 Im/W, and this huge increase is correlated with the
fabrication of high-efficient blue-light-emitting diodes by Hiroshi Amano, Shuji
Nakamura, and Isamu Akasaki, who were laureates with the Nobel prize of Physics in
2014.2

Nowadays, WLEDs are estimated to achieve at about 60 % of penetration in 2020
in various market segments as indoor (offices, homes, shops) and outdoor (streets, traffic
signals) lighting, displays (backlighting for displays, digital cameras, security equipment,
mobile phone, etc.), automotive lighting and medical applications.®* This huge and
outstanding expansion of WLED commercialization compared to the traditional
incandescent and fluorescent lamps is due to their relative low cost-benefit (60 dollars
over 20 years of use), high brightness (800 Im), long lifespan (50.000 hours), compact
size and shape, environmentally-friendly properties, low power consumption (8.5 W) and
high LE (150 Im.W1), as represented in Figure 1.1 and Table 1.1.°

Table 1.1 Comparison of typical market prices for various lighting sources. CFL = Compact fluorescent
lamp.

Lighting Source Price ($/klm)
Halogen Lamp (A19 43W; 750 lumens) $2.5
CFL (13W; 800 lumens) $2
Fluorescent Lamp and Ballast System (F32T8) $4
LED Lamp (A19 12W; 800 lumens, dimmable) $16
LED 6” Downlight (11.5W; 625 lumens) $43
OLED Luminaire $1,400

Source: Adapted from Bardsley et al8
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Figure 1.1 Temporal development of the luminous efficacy of different kinds of lamps.
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A recent report from the US Department of energy® points out that the traditional
bulb replacement by WLEDs is expected to reduce the lighting sector consumption by
15 % in 2020 and by 40 % in 2030, saving 261 TWh (equivalent to the total energy
consumption of at about 24,000,000 homes in the US). A recent example from the
commercial lighting sector is also shown in Figure 1.2, highlighting the energy saves due

to the replacement of traditional bulbs by LED lamps in the US.

Figure 1.2 (a) Global commercial lighting revenue forecast, (b) Forecast of shipments of commercial lamps
and luminaires. (c) Lighting inventory, electricity consumption, and lumen production. Abbreviations: HID
(High-intensity discharge lamp), CFL (Compact fluorescent lamp), T12 (fluorescent bulb with 38.1 mm of
diameter), T8 (fluorescent bulb with 25.5 mm of diameter), T5 (fluorescent bulb with 15.9 mm of diameter).
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However, although most of the governments are providing financial support for
solid-state lighting (SSL), many countries have still experienced less than 10 % of LED
bulbs in the lighting market.® Therefore, the basic research on SSL has an enormous
impact on energy savings in the world and a vast field of opportunities taking into account
the improvement of WLED properties, namely the luminous efficacy and the color
qualities as correlated color temperature (CCT) and color rendering index (CRI).*

The main commercially-available WLED is based on the combination of the GaN
blue-emitting LED chip and the blue-to-yellow downshifting converter Y3AlsO1,: Ce3*
(YAG:Ce®* - Yttrium Aluminium Garnet) phosphor.” The combination of the yellow with
the remaining blue light generates a bluish-white light sensation to the human eye. Yet,
although this approach displays high LE, it also features high CCT dependent on the
operating voltage and time of use, and poor CRI due to the absence of red-emitting
components.® It is important to point out that much attention has currently been paid to
the color qualities of WLEDSs since, in the last few years, many studies have shown that
light has a huge impact on the human circadian rhythm.® Those disadvantages, combined
to the higher price compared to the traditional lighting bulbs, create a barrier between the
customer and the WLED market, even that its lifespan is immensely higher.®

In order to overcome those issues, the SSL engineering is now focused on three
different research fields: (1) the fabrication of high-efficient and stable blue-to-red
downshifting-converter phosphors to improve the CRI and decrease the CCT of the YAG-
based WLED, (2) the fabrication of high-efficient near-UV-to-visible downshifting
converter phosphors to be used as coatings of near-UV-emitting LEDs because the human
eye does not see UV radiation, solving the CCT stability problem or (3) the fabrication
of high-efficient and stable green or red-emitting semiconductor LED chips to be
combined to the blue-emitting chip.®

However, for the best of our knowledge, all the compositions with red-emitting
phosphors for the issue (1) decrease the luminous efficacy of the YAG-based LED, as
shown in the figure of merit of LE, CCT and CRI, Table 1.2. Furthermore, the human eye
does not have good sensitivity in the red spectral region, requiring high amounts of red-
emitting phosphor in the LED composition to be detected by the retina. For issue (2),
there is a lack of high-efficient and stable near-UV-to-visible downshifting converter
phosphors. Considering issue (3), there is a lack of green-emitting semiconductor

materials that is known as “green-gap”, minutely discussed as follow.*


https://en.wikipedia.org/wiki/Yttrium
https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Oxygen
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Table 1.2 State-of-the-art of WLEDs comparing luminous efficacy (LE), correlated color temperature
(CCT) and color rendering index (CRI) as figures of merit. The values reported for incandescent and
fluorescent lamps are also reported.

Composition LED LE/ CCT CRI [ref]
chip Imw! /K
/nm
Incandescent 4 - 26 2,812 43 12
Fluorescent (2 - 60 3,753 100 12
YAG 460 164 5468 78 2
YAG and K,GeFs:Mn** 460 125 3,882 904 13
YAG and KSiFg:Mn* 460 116 3,900 89.9 14
YAG and Kx(Si,Ge)Fe:Mn** 460 145.33 6,110 70.5 15
YAG and CsNaGeFs:Mn** 460 176.3 3,783 925 16
YAG and RbzAlIFg:Mn** 460 167.11 4,053 88.6 g
YAG and CdS:Cu/ZnS 460 37 3,357 89 18
YAG and CdSe/CdS/ZnS 460 32 3,865 88 9
YAG and K;TiFg:Mn** 455 116 3556 81 2
YAG and LisMg,ShOg:Mn** 454 87 3,254 81 A
YAG and BagsSro2MgsSiN4:Eu?* 450 120 4,000 96 2
YAG and Cs,GeFs:Mn** 450 1415 3,673 849 3
Lus(Al/Ga)s012:Ce® and Caj—LixAl—Si1+xN3:Eu?* 450 101 3,036 95 2
Lus(Al/Ga)sO12:Ce®* YAG and Sr[LioAl,O:N;]:Eu?* 449 - 2700 91
RbNa;K(Li3Si04)s:Eu?*, (Sr,Ba),SiO4:Eu?* and 395 10.37 3,707 70.9 %
CaAlSiNz:Eu?*
CsNazK(LisSiO4)s:Eu?*, (Sr,Ba),SiOsEu?* and 395 519 3331 715 %
CaAlSiNz:Eu?*
CdzZnSeS/zZnS 390 222.7 6,029 95.1 z
Phosphor-in-glass EI 385  27.19 2,984 842 8
Multi-color phosphor-in-glass 385 27.8 4,245 926 %
(Ba,Sr,Ca)BP,0g:Eu?* and CaAlSiNz:Eu?* 380 - 5995 91 30
CswyRbxVO3 365 948 5178 82 &
BAM, YAG 310 - 4,437 93.8 %2
BAM and S2S 390 120 4390 72 This

study
1 Tungsten filament, & Mercury-vapor and phosphors (lexc = 250 nm), Bl CaAlSiNz:Eu?,
Ba;MgSi,07:Eu?*, and (Sr,Ba)sMgSi,Os:Eu?*.

Source: Own authorship.

The US Department of energy has brought up a multi-year program plan to
overcome all the barriers that are currently found in SSL, Table 1.3.5 In all those
projections, the CRI value is expected to be greater than 85 and the CCT, lower than
4,500 K. It is important to decrease the CCT value of the commercial WLED because the
human circadian system is exquisitely sensitive to blue-rich light, especially at night,
leading to many diseases such as diabetes, insomnia, and depression.® Yet, although light
may have undesirable consequences to human health depending on the wavelength and
CCT, it may be useful in medical applications and indoor farms, in the last case, by
increasing the biomass production rate of plants, opening up new and exciting frontiers
in SSL engineering to fabricate high-brightness monochromatic LEDs for several

applications, Table 1.4.%
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Table 1.3 Target LE for different kind of WLED approach. Aem represents the emission wavelength, FWHM
is the full-width at half maximum of the emission band, RGB is the red, green and blue emission, RGBA
is the red, green, blue and Amber emission, Rg is the Munsell code for the red emission quantification, LE
is the luminous efficacy, CM-LEDs are the color-mixed LEDs, and PC-LEDs are the phosphor-converted
LEDs.

RGB CM-LED with CCT of 3,000 K and CRI of 85 (R9 > 0)

Emissions Blue LED Green LED Red LED Representation
Aem (NM) 464 546 612
FWHM (nm) 20 20 20 =
LE (Im/W) Current Target \\'—//
133 191
PC-LED with CCT of 3,000 K and CRI of 85 (R9 > 0)
Emissions Blue LED Green phosphor Red phosphor Representation
Aem (NM) 464 536 612
FWHM (nm) 20 100 100
LE (Im/W) Current Target \Q1/7
123 189
Hybrid-LED with CCT of 3,000 K and CRI of 85 (R9 > 0)
Emissions Blue LED Green phosphor Red LED Representation
Aem (NM) 459 539 612
FWHM (nm) 20 100 20
LE (Im/W) Current Target \&1/7
165 231
RGBA CM-LED with CCT of 3,000K and CRI of 85 (R9>0)
Emissions Blue LED Green LED  Amber LED Red LED Representation
Xem (NM) 460 539 590 615
FWHM (nm) 20 20 20 20
LE (Im/W) Current Target \Q//
85 153

Source: Own authorship.

Table 1.4 Monochromatic LEDs for human phototherapy and plant and food technology.

LED emission Application for human healthy Application for plant and food
spectral range technology
Red (630 nm) Rhinitis treatment, wound healing and anti- Algae growth, microalgae
inflammatory3* cultivation, plant tissue culture®
Green (550 nm) Correct hyperpigmentation, eliminate skin Algae growth, bacteria and
spots®® microalgae cultivation3
Blue (480 nm) Seasonal Affective Disorder (SAD), non- Algae growth, astaxanthin
seasonal depression and bipolar disorder production®*
therapies®
UV (250 nm) Disinfection, water treatment3 Disinfection, water treatment

Source: Own authorship.

The main commercially-available monochromatic LEDs are based on AllnGaN
or AlGalnP (Indium aluminum gallium nitrite or Aluminum gallium indium phosphide)
semiconductor and their bandgap may be tuned from 0.7 eV to 3.4 eV by changing the
composition, within the 365 — 1,900 nm spectral range.® Nonetheless, the main challenge
on the fabrication of monochromatic LEDs lies on the previously mentioned “green gap”,

i.e., the absence of high-efficient semiconductors in the green spectral region. This issue
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arises from the abrupt decrease of the external quantum efficiency (EQE) of the InGaN-
based LEDs in the green-yellowish spectral range. On the other hand, the EQE of the

AlGalnP-based LEDs increases only from 600 nm, as represented in Figure 1.3.%

Figure 1.3 External quantum efficiency of conventional monochromatic LEDs emitting in the visible
spectral region.
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To address the “green gap” drawback, a feasible alternative is combining a near-
UV-emitting LED chip (near-UV LED) with near-UV-to-green downshifting converter
phosphors thanks to the huge improvement of the WPE of near-UV LEDs achieved in the
last few years.3® Therefore, the main challenge on the fabrication of high-efficient white
or monochromatic LEDs lies on the improvement of the phosphor properties as the
emission quantum yield and the thermal and structural stabilities.

In this study, we have chosen silicate-based phosphors, well-known as coatings of
PC-LEDs. The state-of-the-art of Ba>SiO4 and Sr.SiO4 based-phosphors comparing the
emission quantum yield and the annealing temperature as figures of merits is shown in
Table 1.5.

Table 1.5 Figure of merit of the emission quantum yield (q) of M;SiO4:RE (M = Sr or Ba and RE = Eu?',
Eu* or Th%) phosphors. The excitation wavelength (Aexc), emission wavelength (Aem) and the calcination
temperature (T. calc.) to get the phase are also provided.

Sample T. calc./°C hexd/ NM Aem/ NM q/% [ref]
BazSiOs:Eu?* 1,200 450 508 0.53 %
Sr,Si04Eu? 1,200 400 550 0.60 %
Ba,SiO4:Eu®* 1,300 250 612 - 4

Ba,SiO4: Th3* 1,450 250 545 - 40
Ba,SiO4:Eudt, The* - - - - -

Source: Own authorship.
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In this study, attention was placed on the improvement of the synthesis of silicate-
based phosphors, since, although there are several methods for the phosphor
obtention,*+*243 some points as high calcination temperature (1,200 °C-1,500 °C) and low
emission quantum yield (50 %) still need to be addressed.

To contextualize, the Ba,SiO4 matrix is a current subject of research in the
LLuMeS research group. The study of this host for rare earth ions has started at about in
1995 #* with Professor Ana Maria Pires under supervision of Professor Marian Rosaly
Davolos. In this study, it was investigated the barium silicate matrix synthesis by the
solid-state route and its use as host for Eu®* and/or Eu®* as precursor for
BaznSiO4:Eu**,Mn?* phosphor for application in fluorescent lamp.*

In 2010, Master Diego Arica Ceccato started, in LLuMeS laboratory, the
investigation of the BaSiOs synthesis by the sol-gel route, and its use as an
electrochemical sensor.“® Finally, taking advantage of the sol-gel synthesis, we started in
2013 a scientific initiation scholarship to optimize the Eu®* concentration in the Ba;SiOs
host. Then, in 2015, during the Ph.D., we have started to develop all the study showed in
this thesis.

1.2 Motivation, challenges and justifications

We got involved in this study motived by three main points: (i) to apply deep-UV-
to-visible downshifting converter phosphors as coatings of deep-UV-emitting LEDs,
fabricating multifunctional UV and visible-emitting LED prototypes to be used in indoor
farms, (ii) to work around the “green gap” issue by coating near-UV-emitting LEDs with
Ba,SiO4:Eu?" green-emitting phosphors, making green-emitting LED prototypes and (iii)
to improve the color qualities of WLEDs by combining near-UV-to-visible downshifting
converter phosphors and commercial near-UV-emitting LED chips.

The reason behind point (i) lies on the potential application of a multifunctional
UV and visible-emitting LED in indoor farms because of the UV radiation may be applied
as an antibacterial agent, and the visible light is helpful to enhance the photosynthesis
rate, by controlling the plant Circadian rhythm, as previously highlighted in Table 1.4.

Already about point (ii), the use of near-UV-emitting LEDs coated by green-
emitting phosphors seems to be an alluring approach to overcome the “green gap”

drawback.
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Considering point (iii), there are many challenges to be overcome concerning the
fabrication of high-efficient and stable WLEDs with desirable CCT and CRI values such
as (a) the fabrication of thermally-stable phosphors with high emission quantum vyield,
(b) to elect an ideal phosphor mix to fill all the visible spectrum in order to get desirable
color qualities, (c) to get photostable LED prototypes with no changes in the color
emission over the time of use and (d) how to process the phosphor particles as coatings.

To cope with point (i), we chose to synthesize red-emitting phosphors based on
BazSiO4:Eu® and blue or green-emitting phosphors based on Ba,SiO4:Th*", all processed
as polymeric films. Already to fill points (ii) and (iii), we chose the Ba;SiOs:Eu?" and
Sr,Si04:Eu?* phosphors, respectively, dispersed in polymeric films.

The justifications on their selection lie on the thermal stability (1,000 °C),
relatively low phonon frequency of the matrices (800 cm™), transparency to UV radiation,
desirable emission quantum vyield, and the possibility of hosting divalent and trivalent
dopant cations. The role of the phosphor processing as films lies on the decrease of the
light scattering, and the improvement of the heat dissipation, to which are drawbacks
currently found in the traditional protocol for the phosphor processing as coatings of LED

chips (dispersion in silicone, epoxy resin or polyurethane).

1.3 Goals
The goal of this study is to fabricate light-emitting diodes by coating UV-emitting

LED chips with UV-to-visible downshifting converter phosphors dispersed in polymeric
matrices, in order to come up with prototypes featuring potential to be applied in lighting,
devices, agriculture or phototherapy through the control of the Circadian rhythm of plants
and humans, Figure 1.4.

The specific goals are:

1. To synthesize deep-UV-to-visible downshifting converter phosphors based on
Eu®* and/or Tb** doped BazSiO4 phosphor;

2. Touse Eu®* as spectroscopic probe aiming to understand the impacts of the doping
on the Ba>SiO4 network;

3. To understand the energy transfer process between Th3" — Th%* and Eu®" — Tbh%" in
the Ba>SiO4 matrix;

4. To elect a suitable polymeric matrix to disperse the phosphors in order to make

films with controlled thickness;
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5. To use the BazSiO4:Eu®*, Th** phosphor as coatings of deep-UV-emitting LEDs;

6. To synthesize a green-emitting phosphor based on Ba,SiO4:Eu?* and use it as

coating of near-UV emitting chips in order to fabricate green-emitting LED prototypes;

7. To synthesize a yellow-emitting phosphor based on Sr.SiO4:Eu?* and use it as

coating of near-UV emitting chips combined to a blue-emitting phosphor (BAM:Eu?"),

aiming to fabricate a WLEDs featuring tunable CCT.

Figure 1.4. Goals of the thesis.
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Chapter 1 — Introduction: Discussion on the state-of-the-art of LEDs and silicate-

based phosphors.

Chapter 2 - Background: Presentation of the main concepts used to discuss the

results.

Chapter 3 — Tunable blue-green emission and energy transfer properties in

Ba,Si04: Th%": Discussion on the synthesis of green/blue-emitting phosphors, impacts of

the Tb%-doping on the Ba,SiOs network, energy transfer properties and quantum

efficiency of Tb®*. This chapter was written based on a paper published in the Journal of

Luminescence.*’
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Chapter 4 — Sol-gel synthesis of Eu**-doped Ba;SiO4: Synthesis of red-emitting
phosphors, optimization of the synthesis and impacts of the doping on the defect-related
structure of the BaSiO4 lattice. Part of this chapter was written based on a paper
published in the RSC Advances.*

Chapter 5 — Energy transfer between Th®" and Eu®* in barium orthosilicate
phosphors. Discussion on the tunable red-blue light emission in Ba,SiO4:Eu®", Tb%",
energy transfer properties and use of Th3* as a sensitizer to Eu®*. This chapter was written
based on a paper published in the Journal of Luminescence.*

Chapter 6 — Red-light-emitting coatings for LEDs applied to plant circadian
rhythm control: Fabrication of polymeric films containing Ba,SiO4:Eu®* and evaluation
of these films as coatings of deep-UV-emitting LEDs. Part of this chapter was written
based on a paper published in the Materials Chemistry and Physics.>°

Chapter 7 - Green-emitting LEDs based on Ba,SiO4:Eu?* and near-UV-emitting
LEDs: Synthesis of the Ba,SiO4:Eu?* phosphor in the powder form or dispersed in
PMMA and fabrication of green-emitting LEDs.

Chapter 8 - White-emitting LEDs based on Eu?*-doped silicate: Synthesis of the
Sr,Si04:Eu?* phosphor in the powder form or dispersed in PMMA and fabrication of
white-emitting LEDs.

Chapter 9 — Final remarks: Presentation of the final remarks and some proposals

for future studies in the research group.
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CHAPTER 2- BACKGROUND

2.1 Phenomenon of luminescence
2.1.1 Fundaments of luminescence

The phenomenon of luminescence is a process in which non-thermal radiation is
produced as the return of a portion of energy absorbed from an independent source.® The
phenomenon of luminescence may occur in all kind of materials, condensed or not,
organic or inorganic, crystalline or not, and it may be classified according to the excitation
source.!

In this study, emphasis will be placed on photoluminescence and
electroluminescence. Electroluminescence is a process in which a material (usually a
semiconductor) emits light as response to an electric field or an electric current, resulting
in radiative recombination of holes and electrons.? Already in the photoluminescence, a
material is excited by photons in the UV, visible or IR spectral range.*

Specifically, in the case of crystalline systems, the photoluminescence may be
classified according to the nature of the emission: (i) intrinsic luminescence, a process
correlated with network emission and (ii) emission coming from impurities, named as
dopant or luminescent activator.®

In the emission arising from the luminescent activator, the excitation process
occurs simultaneously by two different pathways, (i) the activator is indirectly excited by
an intramolecular energy transfer coming from the matrix to the dopant and/or (ii) the
activator is directly excited through transitions associated to its ground and excited states,

as represented in Figure 2.1.4

Figure 2.1 Photoluminescence mechanism in a crystalline matrix doped with an activator ion (A) excited
(a) indirectly by the matrix and (b) directly.

Matrix excitation — Energy transfer —— Activator emission ~ Activator excitation —— Activator emission

Source: Own authorship.
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In both mechanisms represented in Figure 2.1, non-radiative processes as heat
dissipation, vibrational relaxation and/or phonon release are competitively associated
with the emission.* Among the main hosts for luminescent activators are oxides, sulfides,
silicates, and oxysulfides, and as activators, transition metal and rare earth ions (RE* or
RE2+).5

Finally, the photoluminescence phenomenon may be also classified according to
the energy of the excitation photons as Stokes process (or downshifting) and anti-Stokes
process.! In the Stokes emission, the emitted photons feature lower energy than the
excitation photons and in the anti-Stokes process, the opposite occurs. For the sake of
clarity, some figures of merit used for photoluminescence quantification and qualitative

aspects of energy transfer are pointed out as follow.

2.1.2 Characteristics of photoluminescence

Lifetime of an emitting state (1)

A greatness extremely important to the photophysics of photoluminescent
processes is the lifetime of the emitting state. The lifetime is the needed time to the initial
population of a state to decrease to 1/e, and it may also be expressed as the inverse of the
velocity constant (K) related to an electronic relaxation.® The lifetime is also dependent
on the radiative (Arad) and non-radiative (Anrad) transition probabilities, as represented in
Equation 2.1.5

1
T= ———(2.1
Arad + Anrad ( )

Quantum efficiency of an emitting state (1)

The quantum efficiency (n) of an emitting state is the ratio of the radiative (Arad)
and total (Aotar) transition probabilities involved in the deactivation of the emitting state,
as represented by Equation 2.2.”

n= Arad _ Arad
Atotal Arad + Anrad

(2.2)

Theoretically, for downshifting converter phosphors, the quantum efficiency is
expected to be 100 % in a process without any non-radiative pathways. Yet, there are
several non-radiative processes that may deactivate an excited state including
multiphoton relaxation, cross-relaxation processes, heat release, electronic defect levels

among others.®
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Absolute emission quantum yield (q)
The absolute emission quantum yield (q) of a radiation-induced process is defined
by the number of emitted photons by a sample divided by the number of the absorbed

ones.?

Quialitative aspects of energy transfer processes

In this study, energy transfer (ET) processes among RE®* was investigated. The
ET between two luminescent centers takes place by two different pathways: radiatively
or non-radiatively.®

For the radiative process, the transfer occurs by two steps: First, the donator emits
radiation and then, the acceptor absorbs this radiation, as highlighted in Equation 2.3 and
2.4, where D represents the donator and A, the acceptor species. In this case, the energy
transfer efficiency depends on the superposition of the emission spectra: higher
efficiencies are achieved as the Stokes shift decreases.”

D* — D + hv (2.3), A+ hv — A* (2.4)

The non-radiative energy transfer occurs by just one step and does not involve
radiation absorption or emission, as represented in Equation 2.5. In this case, the energy
transfer is not directional and occurs directly by the interaction of both donator and
acceptor. The two main models for non-radiative processes were first introduced by
Forster and Dexter.’

D* + A — D + A* (2.5)

The Forster model is associated with dipole-dipole interactions among donator
and acceptor.*® For this, it is necessary that the oscillations coming from the electric field
of the excited states of donator and the ground state of acceptor are resonant, plus overlap
between the emission of donator and the excitation of acceptor and correct spatial
orientation between the electric dipole of both states involved in the process.

In the dipole-dipole mechanism, Figure 2.2 (a), the interactions among donator
and acceptor occur by the overlap between their dipolar electric field, operating by an
electric filed oscillator arising from the donator and do not require a Van Der Waals
contact, or orbital overlap.!

* Stokes shift is the energy difference of the absorption and emission bands that arise from the same
electronic transition.
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To examine the electric field oscillator of the donator, it is necessary to consider
the electron as a harmonic oscillator that may experience oscillations (like electronic
vibrations) into the direction of some cartesian axis in the crystalline network. In the
classic mechanical model, an electron in the ground state of harmonic oscillation does not
oscillate, but the donator has an excited electron, to which, according to this classic
theory, correspond to an excited state of harmonic oscillator. This electron experience
periodic harmonic oscillations with a natural frequency (vo) and some of these oscillators
randomly dispersed in the network create an oscillating electric dipole close to the electric
dipole oscillator of the electromagnetic radiation. Thus, the donator (but not the acceptor)
is idealized as having an electric dipole oscillator that creates an oscillating electric field

around the donator.'!

Figure 2.2 Scheme of energy transfer mechanisms by (a) dipole-dipole and (b) exchange interactions. (c)
Diagrams for electropole radiators.
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Source: Adapted from Ye et al.1

Forster reported the energy transfer by interactions of electric dipoles from both
donator and acceptor, but some phenomena have not been foreseen, and Dexter expanded
the Forster model considering the electron exchange or multipolar interactions between
donator and acceptor. Thus, the Dexter theory is observed almost exclusively in quite
short distances or in cases that the Forster mechanism is forbidden. This mechanism is
also known as electron exchange or overlap mechanism, and it is limited by distances of

4 Angstroms, since it requires an orbital overlap, Figure 2.2 (b).*
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In the Dexter model, exchange interactions and multipole dipole-quadrupole and
quadrupole-quadrupole interactions are introduced, and the energy transfer probabilities
depend on R® and R°, respectively, being R the distance between donator and acceptor.
This theory may be correlated with the electron transfer in oxy-reduction reactions in
transition metal complexes, mostly those ones that involve the inner-sphere mechanism.®

l. G. Van Uitert (1967)* came up with a model that it is possible to determine the
mechanism of energy transfer between donator and acceptor by measuring the emission
intensity (or lifetime) of the acceptor in different concentrations by applying Equation
2.6, where x represents the acceptor concentration, | the emission intensity (or lifetime),
B is a constant, and 6 = 6, 8 or 10, and represents electric dipole—dipole, dipole—
quadrupole or quadrupole—quadrupole interactions, respectively. This model is applied
for ET processes between RE®*" as Th**—Tb**, Eu>*—Eu®* or Eu**—Tb* and the

selection rules of those processes are highlighted in Table 2.1.
I -
—= [1+8@°%7 (2.6

Table 2.1 Selection rules for ET processes of RE ions (RE = RE?*, RE®). EQ is the electric quadropole-
quadrupode ET, 2* represents multipolar interactions.

Mechanism Selection rule Exemple
(i) RE-RE ET ED AJ=0,1 Ce® and Eu?*; 5d - 4f
Forced ED 6>AJ>0 Eu®*:5Dg - "Foupe
EQ AT <2 YDh3*: 2Fs5—2F7p
Exchange [J-7]=0,1 Eu®*: 5D; - °Do
(ii) Ligand-Ln ET [J-T|<A<J+J  EU* transfer from "Fy to Dy, 5L, 5Gs,
Dipole-2* pole and D-D °D4. “Fo to °Do,1 forbidden.
Exchange [J-7]=0,1 ET involving Eu®* "Fo-°Do forbidden,

but relaxed by J-mixing; Eu®* "Fo-°D;

Source: Reproduced from Tanner at al.t

2.2 Solid-state lighting
2.2.1 Light-emitting diodes

The solid-state lighting (SSL) is a field of lighting engineering that studies all
kinds of lightings that use semiconductor light-emitting diodes (LEDs), organic light-
emitting diodes (OLED), or polymer light-emitting diodes (PLED). In this study, we will
focus on LEDs, and the spontaneous emission of them occurs by radiative recombination
of electron-holes due to an electric field (electroluminescence phenomenon).
Theoretically, this process may occur infinitely, increasing the device lifespan and cost-

benefit compared to the traditional lightings.t®
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The fundamental on the LED architecture is a p-n junction, Figure 2.3 (a), and in
this approach, the n layer is composed by electrons as majority load conductors and the p
layer uses holes for the same purpose. The cathode is connected to the negative terminal
and the anode to the positive one, making that the electrons from the n terminal be repelled
to the depletion region of the “p-n” junction and tunnel to the p terminal. The same occurs
for the holes in the p terminal and this charge movement generates the emission by the

electron-hole recombination.®

Figure 2.3 (a) Schematic of a p-n junction in LEDs. (b) Architecture of CM-LEDs, PC-LEDs and hybrid-
LEDs. CB = conduction band, VB = valence band.
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There are several methods to get white light from WLEDs, and the main ones are
highlighted in Figure 2.3 (b). All those approaches are based on color-mixed LEDs (CM-
LEDs), phosphor-converted LEDs (PC-LEDs), or hybrid-LEDs. In CM-LEDs, the color
mix is achieved from the intrinsic electroluminescence of LED chips (semiconductor
material emission). Already the PC-LED architecture is predicated on the use of near-
UV-emitting LED chips coated by a phosphor mixture. In this case, the LED chip emits
radiation by electroluminescence within the near-UV spectral window and this radiation
is used to excite the phosphor mixture on the LED chip through photoluminescence.
Finally, in Hybrid-LEDs, the LED chip emits light by electroluminescence, a portion of
this energy is used to excite a mixture of phosphors, and the combination of both LED
chip and phosphor emissions generates the white light sensation.’

Among these three approaches to fabricate WLEDs, there are different color
combinations to get white light, as highlighted in Figure 2.4, pointing out LE, CCT and
CRI of the devices.
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Figure 2.4 Different architectures of WLEDs. The terms R (red), G (green), B (blue) and A (Amber)
corresponds to the different combinations of color emissions to get white light.
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Source: Own authorship.

In this study, particular attention is placed on PC-LEDs due to the relatively-high
wall-plug efficiency (WPE) and external quantum efficiency (EQE) achieved in the last
years for near-UV emitting LEDs, and the non-dependence of the white light emitted by
the WLED on the excitation source (near-UV LED chip), to which guarantee the stability
of the correlated color temperature (CCT) over the time of use.!® Moreover, other
advantages of near-UV-emitting LEDs compared, for instance, to blue-emitting LEDs are
less current drooping and significantly less binning, producing greater photon density at
higher currents.*®

The total efficiency (npc-Lep) of PC-LEDs depends on several factors represented
in Equation 2.7, being nyield the phosphor quantum efficiency, nstokes the ratio between the
energy of the excitation and emission photons, nsa the self-absorption efficiency and next
the extraction efficiency and it is expected to be 1 due to the high refractive index of both
phosphor and the near-UV-emitting LED chip. All those parameters must be optimized
to get the highest efficiency in the WLED.

Npc-LED = MyielaXNexXNstokeXNsa (2.7)
It is worth pointing out the effect of the phosphor composition and packaging

structure on the efficiency of the PC-LED. Traditionally, the LED packaging uses a
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dispersing method, based on the phosphor particles blended in silicone or organic resins
(polyurethane, epoxy) that are directly dropped onto the LED chip surface, Figure 2.5
(a).® Although those methods are the mainstream for commercially-available PC-LEDs,
they feature several disadvantages such as: (i) at about 60 % of the LED light is
backscattered by the phosphor and reabsorbed by the LED chip since the phosphor blend
is tightly close to the LED chip, Figure 2.5 (a); (ii) poor heat dissipation due to the silicone
or organic resin, resulting in thermal quenching of the phosphor luminescence and (iii)

the silicone resin may crack over the time of use.?

Figure 2.5 Schematic diagram of LED packaging. (a) Phosphors dispersed in silicone or organic resins, (b)
phosphors processed as films.

(@) Phosphorblend (b) Film
Phosphor mix N
Phosphor film
N itting LED | T .
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Source: Own authorship.

To cope with all those limitations, our strategy in this study is to process the
phosphors as films, Figure 2.5 (b), by dispersing the particles of the phosphors in
polymeric matrices as Polyvinylidene fluoride (PVDF) or Poly(methyl methacrylate)

(PMMA), making films with tunable thickness, decreasing the light scattering.?%2223

2.2.2 Photometric quantities
1,931 Commission Internationale de L'éclairage (CIE) color coordinates

The (Xx,y) color coordinates were defined by the Commission Internationale de
L'éclairage (CIE) in 1931 adopting a standard colorimeter that represents the color
attributes in a tridimensional diagram. The cartesian coordinates are represented as
following in Equations 2.8, being X, Y and Z, representations of the integrals in all visible
spectral range, Equations 2.9.24 The X(1),Y(1) and Z(X) spectral stimulus represent the
human eye sensibility to the electromagnetic radiation corresponding to the red, green

and blue primary colors, respectively.?*

X Y
X= —0————=,y= ,Z =
X+Y+7 X+Y+27 X+Y+Z7

(2.8)
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X = f T IFDA, Y = f T (A Z = f TIDZ)dA (2.9)
0 0 0

Correlated color temperature (CCT)

The CCT of a bulb is the temperature in Kelvin of an ideal heated black-body
radiator that radiates the same color of the light source. Strictly speaking, this is a
greatness that measures the appearance of the white light as cool (> 5,000 K) or warm
(2,000 — 3,800 K). It is important to highlight that the CCT must be calculated only for
colors that are represented by a black-body, i.e., orange, yellow or blue-white and not for
pure colors as red or green.?

The CCT is derived from the CIE color coordinates by using Equation 2.10
developed by McCamy,?® where n = (x — 0.3320)/(0.1858 — y) and x and y are the CIE
color coordinates.

CCT = 449 n3 + 3524n? + 6823.3n + 5520.33 (2.10)

The CCT is the main greatness regarding the impact of white light on human
circadian rhythm regulation. The ideal white color for lighting must follow the CCT
changes of sunlight during the day, as represented in Figure 2.6 (a), in order to avoid

disturbs in human health.

Figure 2.6 (a) Sunlight CCT dependence over the day. (b) CCT of white-emitting bulbs compared to the
sunlight CCT. (c) CCT dependence on the (x,y) 1,931 CIE color coordinates.
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Therefore, bluish-white light (cool white light) is desirable during the day but
must be avoided at night. A detailed description of the color quality impacts on the human
health will be provided in section 2.2.4 and an overview on CCT values of some WLEDs
compared to traditional lightings is shown in Figure 2.6 (b). The dependence of CCT on

the CIE color coordinates are represented in Figure 2.6 (c).

Color rendering index (CRI)

The CRI is the greatness that measures the capability of a bulb to reproduce the
color of an object faithfully compared to a natural light source (sunlight). By way of
explanation, the color of an object will be closer to the real color of it seen by sunlight at

higher CRI values, Figure 2.7 (a).%

Figure 2.7 (a) Representation of the image projection by the human eye of an object illuminated by lighting
sources with different CRI values. (b) Correlation between the R; value and different colors set up by the
Munsell code.
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The CRI is calculated as an average value of Ri-Re, being Ri calculated by
Equation 2.11, to which R; is the indication of CRI for each particular color, Figure 2.7
(b), and E; is the color difference between those color samples and fourteen color
reference set up by Munsell.?’

R; = 100 — 4.6AE; (2.11)

Luminous flux (¢v)

The luminous flux (¢v) of a light source is the greatness that measures the
perceived power of light by the human eye and its unity in the Sl is lumen (Im). The
human eye sensitivity as a function of the wavelength in the visible spectral range is
shown in Figure 2.8, and it may be noticed that the human eye features the best perception

in the green spectral region.?®
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Figure 2.8 Response of the human eye sensibility to light as a function of the wavelength.
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As the human eye features low sensibility in the red spectral range, it is important
to get white light in WLEDs without red-emitting phosphors, since large amounts of
phosphor are desirable to be distinguished by the human eye, leading to the decrease of
the luminous flux because there are not many commercially-available high-efficient red-
emitting phosphors. Moreover, the red-emitting phosphors tend to decrease the luminous
flux of WLEDSs due to the large Stokes shift, as previously represented in Equation 2.7.2°

Luminous efficacy (LE)

The LE of a light source is a quantitative measurement of how efficient a light
source produces radiation in the visible spectral range, being the ratio of the luminous
flux (¢v) divided to the electric power (Pelectric), with unity in the SI of Im/W.

Wall-plug efficiency (WPE)
The WPE or radiant efficiency is the greatness that measures the energy efficiency
of a light source. In other words, it quantifies how a light source converts electric power

(Petectric) in optical power (Popticar), and the value is expressed as percentage (%).

External quantum efficiency (EQE)

The EQE of a light source is the ratio of the number of photons emitted from a
light source to the number of electrons injected in the device. In other words, it is how
efficiently a bulb converts electrons in photons. The EQE is calculated according to
Equation 2.12, being Poptical the optical power, Epnoton the photon energy and | the input

current.
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Poptical

EQE = (2.12)

EphotonXI

2.2.3 Requirement of ideal phosphors for PC-WLEDs

There are several requirements that the ideal phosphor must simultaneously

possess to optimize the PC-LED efficiency:?®

1)
2)

3)
4)

5)
6)
7)

8)
9)

Emission quantum yield and absorptivity as high as possible;

Emission spectrum that combined with the emission of the other components
leads to a pure white emission with desirable color qualities;

An excitation spectrum that overlaps the LED chip emission;

Emission quantum yield and excitation and emission spectrum independent on
the temperature;

Chemical and thermal stabilities;

Absence of emission saturation at high photon fluxes;

The radiative lifetime of the phosphor must be short enough to avoid saturation
effects due to depletion of the ground state and excited state interactions;
Low-cost and non-toxic;

The particle size is required to be as uniform as possible, and the distribution

as narrow as possible

The main phosphors applied in WLEDs are based on Eu?*, Mn?*, Mn*" and/or

Ce®" activators, because of their emissions are based on f-d transitions allowed by

Laporte’s rule, being possible to achieve emission quantum yield values as high as 90 %.

In Table 2.2, it is pointed out the state-of-the-art of phosphors for PC-WLED applications.

Table 2.2 State-of-the-art of phosphors applied in PC-WLEDs, representing excitation range, emission
maximum, emission quantum yield (q) and luminescence thermal quenching at 150 °C compared to 25 °C.

Phosphor Excitation/nm  Emission / nm q Thermal

guenching / %
BaMgAl100:17:Eu?* 300 - 400 450 0.9 5
Ba,SiO4:Eu?* 300 - 400 508 0.6 23
LusAlsOq2:Ce3* 460 540 0.8 3
(Y2A93C80,07)A|50122C63+ 460 570 >0.9 6
(Sr,Ba)SiO4Eu?* 300 - 400 570 0.6 51
Rb,GeFs:Mn** 460 630 0.6 5
(Sr,Ba),SisNg:Eu* 400 - 500 632 0.8 12
Ba,SisNg:Eu?* 400 - 500 570 0.8 10
KoTiFs:Mn** 460 630 >0.9 0

Source: Reproduced from Smet, Parmentier and Poelman.?
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Although all phosphors shown in Table 2.2 display high emission quantum yield,
some problems as thermally-quenched luminescence at relatively high temperatures
(150 °C), reabsorption of the emission by the phosphor mix, broad emission band,
especially in the red-near-1V spectral region, price, and hard synthesis condition still need
to be addressed.?®

To overcome those issues, attention has been currently paid for the use of dyes,
complexes or quantum dots as coatings of near-UV or blue-emitting LEDs. In the case of
dyes and organic complexes, the broad absorption band in the near-UV and blue spectral
range and high emission quantum yield are the main advantages, and for the quantum
dots, sharp emission bands (FWHM < 50 nm) that may be tuned from the blue toward the
red spectral region by changing the particle size. However, the main limitation for their
application is the low thermal stability, that decreases the LED lifespan, and for quantum
dots, they are not environmentally-friendly.?>* Therefore, phosphors stand out since they
are thermally-stable and do not have a large amount of toxic metals in their composition.

2.2.4 Light and Circadian rhythm control

As Earth rotates on its axis, there is a regular 24-hour pattern of darkness and
daylight almost in all its surface. Following this pattern, living beings have adapted to
this regular movement by evolving the biological rhythms, repeating it at approximately
24-hour intervals, Figure 2.9.3

Figure 2.9 Human circadian clock.
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These rhythms are known as Circadian rhythms and it governs several biological
cycles as hormone production, cell division, and behavior according to the natural
dark/light cycle, enabling organisms to entrain these cycles to their photic niche, and to
the location on Earth.3!

There are several external influences that regulate the living being’s Circadian
rhythm, and three of them must be highlighted: (1) temperature, (2) sound and (3) light.
In this study, we are focused on the light impacts on the human and plant Circadian
rhythm regulation. In the human case, illumination enables humans to see objects via their
primary optical track and by the retinohypothalamic track, that has the primary role of
supporting the light regulation of human circadian rhythm, neurobehavioural and
neuroendocrine responses.

At the front end of the retinohypothalamic track, there is a population of ipRGCs
(intrinsically photosensitive retinal ganglion cells) that are responsive to light via the
photopigment known as melanopsin that project images through the retinohypothalamic
tract to the paired hypothalamic suprachiasmatic nuclei. The suprachiasmatic nuclei are
the main oscillators in the circadian rhythm, transmitting information on lighting and
circadian clock to several loci in the nervous system. Finally, the systems of sleep- and
arousal-promoting neurons in the central nervous system are synchronized to the daily
rhythms of sleep, body temperature, as well as alertness, and psychomotor performance.?

Plants respond to light in more vast ways than in humans, utilizing more than a
dozen of photoreceptors. As plants live in communities, they also respond to the light
reflected by neighboring plants, being the light that reaches lower leaves filtered by the
upper ones. Thus, plants use light both as energy for photosynthesis and as a signal that
directly controls the plant shape, leaf color, leaf expansion as well as radiation capture.®

Recently, many medical-related studies have reported that the spectral features of
light emitted by white-emitting source impacts human circadian physiology, alertness,
and cognitive performance levels.®® For instance, bluish-white light is desirable during
the day since it follows the same profile of daylight CCT, as previously reported in Figure
2.6. However, blue light enhances the concentration of melanopsin, responsible for
alertness, attention, and emotional processes, thus, it must be avoided at night, when the
melanopsin concentration must go down.

On the other hand, yellowish-white light is desirable at night, to avoid the
melanopsin production. Consequently, exposure to cool white light late from bulbs,

cellphones and computers in the evening and at night is detrimental to Human health,
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leading to diseases as depression, diabetes, obesity and sleep disorder.3® Table 2.3 points
out the main impacts of cool or warm white light in human health and some ideal

application surroundings of WLEDs according to the CCT.

Table 2.3 Human circadian rhythm dependence on the white-LED CCT values and application in
phototherapy and lighting.

CCT/ Circadian rhythm Applications in Disadvantages Indoor and
K control phototherapy outdoor lighting

2,700 — It induces melatonin Rhinitis treatment, Induces Dining areas, hotel
4,000 production, (the human wound healing and depression and lobbies, bedroom.
(warm) circadian system anti-inflammatory, jet anxiety-like restaurants, general

photopigment), important leg®® behaviors. 3 retail
at bedtime3*

4,500 — The most effective in It reduces symptoms Insomnia, Classrooms,
6,500  suppressing melatonin. It of seasonal affective disease, hospitals, office
(Cool) activates melanopsin, disorder (SAD), non- metabolic space, jewelry

responsible for alertness, seasonal depression syndromes: display, parking
attention, and emotional and bipolar disorder  diabetes, obesity garages, security
processes. Desirable therapies 3 and lighting
during the day but not at gastrointestinal
night. disorders.®

Source: Own authorship.

Although light may have detrimental impacts on human health, it may be also used
as phototherapy since correct light amounts regulate melanopsin production, being useful
to treat diseases and disturbances as problems related to shift work, intercontinental jet
travel, space flight, depression, seasonal affective disorder, bipolar disorder therapies,
rhinitis, wound healing, etc, as represented in Table 2.4, next page.

In the past, the color emission of white-emitting sources was limited by the color
of incandescent and fluorescent bulbs. However, with the WLED advent, it is possible to
tune it from cool toward warm white, fitting the ideal bulb to the ambient necessity. Thus
far, WLEDs have been optimized by characterizing some figures of merit as CCT, CRI
and LE for good color quality and high vision performance. The benefits of WLEDs lie
not only on the energy saves but on improving human health and productivity, including
a potential decrease in some forms of cancer and other clinical disorders.?

It is worth pointing out that LEDs are also useful for plant development and food
technology since monochromatic LEDs enhance the biomass production rate,
photosynthesis, and control morphology, as reported in Table 2.4. Therefore, the tangible
benefit of LEDs applied to food technology and plant production lies on the production
of indoor farms that health-promote fresh food, an alternative to supply the world food

demand, becoming more accessible in all regions of the world in all months of the year.®2
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LED Human circadian rhythm Application for Plant circadian Application
emission control human healthy rhythm control for plant and
spectral food

range technology

Red It induces melatonin Rhinitis It efficiently drives  Algae growth,
(630 nm)  production, human circadian treatment, photosynthesis and microalgae

system photopigment, wound healing  photomorphogene- cultivation,
important at bedtime®’ and anti- sis®® plant tissue
inflammatory®® culture®

Green It is the second most effective Correct Photosynthesis (less  Algae growth,
(550 nm) in suppressing melatonin, hyperpigmenta- than blue and red bacteria and

helpful to reset body clock tion, eliminate colors) *° microalgae
skin spots* cultivation®*

Blue The most effective in Seasonal It improves growth  Algae growth,
(480 nm) suppressing melatonin. It Affective (dry mass gain) and astaxanthin

activates melanopsin, Disorder (SAD), minimize production %

responsible for alertness, non-seasonal excessively

attention, and emotional depression and elongated stems3®

processes. Desirable during bipolar disorder
the day but not at night.36 therapies %
uv It is not well-understood, since Disinfection, Carotenoids and Disinfection,
(250 nm) just 2% of UV radiation water polyamines water

survives after filtration treatment3* induction, damage  treatment and

through the eye lens.*

to photosynthetic
apparatus*

purification®*

Source: Own authorship.

2.3 Rare-earth ions

2.3.1 Spectroscopic properties

The rare-earths are the set of 17 elements of the periodic table including the 15
lanthanides, scandium and yttrium.*® One of their most alluring property is that, with
exception of Sc, Y, La and Lu, the others have an incomplete 4f shell that is shielded from
the outer environment by the most external shells, making that they experience lower
influence of the ligand field. In this context, this fact causes that the f-f transitions are
barely affected by the environment. Due to the weak absorptivity of the RE3*, the
absorption by the ion is compromised, thus, energy transfer from the matrix to the
activator is almost the main process for the emission.**

In addition to transitions within the 4f configuration, 4f-5d transitions may also be
noticed in some rare-earth ions such as Eu?*, Ce®*, Yb?*, Sm?* or Tm?*, generating
broader emission bands than that of the f-f transitions, but they suffer higher influence of
the crystalline field. Depending on the characteristics of the chemical environment
(crystalline or amorphous) and the temperature, f-f transitions feature full-width at half
maximum (FWHM) lying within the 10 - 100 cm™ range while 4f-5d transitions have
FWHM close to 1,000 cm™.%® The 4f-5d transitions are further described in section 2.3.3.
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In the case of the photoluminescence phenomena, the emission of the RE ions
comes from the absorption of photons. The light absorption by an electron moving around
a nucleus occurs due to operators linked to the nature of the light: the odd-parity electric
dipole (ED) operator, the even-parity magnetic dipole (MD) and the electric quadrupole
(EQ) operator. Not all the electronic transitions are allowed, and they follow some
selection rules. The first one is the so-called Laporte’s rule (or parity rule) and it requires
that for ED transitions, the angular moment sum of electrons in the initial and final states
must change by an odd integer.

The other selection rules according to the S (total spin quantum number), J (total
angular quantum number) and L (total orbital angular momentum quantum number) are

pointed out according to the operator nature in Table 2.5.4

Table 2.5 Selection rules for f—f transitions between two spectroscopic levels.

Operator Parity AS AL AJ?

Forced ED Opposite 0 <6 <6(2,4,6ifJor ) =0)
EM Same 0,1 0,1 0, %1
EQ Same 0 0, +1,+2 0, +1,+2

2J=0to J’ = 0 transitions are always forbidden.

Source: Adapted from Eliseeva and Bunzli.*

The f-f transitions are usually dominated by the electric dipole mechanism and the
dynamic coupling, followed by the magnetic dipole that is relevant just for a few numbers
of transitions and finally by the vibrionic mechanism, that normally is quite irrelevant.
These last two mechanisms are important in the cases that the surrounding around the RE
ion have inversion center. In this situation, there is no contribution of electric dipole and
dynamic coupling mechanisms.*

The vibrionic mechanism is the coupling between two vibrational states, to which
a molecular vibration temporarily changes the geometrical arrangement around the RE
ion, in other words, its symmetry. In the dynamic coupling model, the dipoles are induced
by the charge distribution caused by the radiation. The f electrons polarize the ligands
around the RE ion, perturbating their wavefunction. Thus, the induced dipoles combine
themselves to a dipole moment that did not disappear, interacting with the radiation
field.*®

The intensity of f-f transitions are explained by the Judd-Ofelt theory.*” In this
model, the forbidden electric-dipole transitions gain intensity by the first order mixing of
the opposite-parity metal-ion configurations into the 4fN configuration.*® The radiative
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transition probability of an emitting state in a RE** may be determined by using the
Einstein’s rates of spontaneous emission (A) from an initial |y> state with a quantum
number J to a final |y’> state with a quantum number J’ by aplying Equation 2.13, where

v is the mean energy of the transition, h is the Planck’s constant, n is the refractive index;
Deo is given by Equation 2.14 and Dwp by Equation 2.15, in which (f¥y/|U® |fN1/;’]’)2
are reduced matrix elements of the tensor operator U™, me is the mass of the electron, e

Is the electron charge, h is the Plank’s constant, and c the velocity of light in vacuo.
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The theory of the 4f-4f intensities also gives the integrated coefficient (A) of
spontaneous radiative emission of a transition between two states and from that, it is
possible to get the intensity parameters (Q2, Q4 and Qs), also known as Judd-Ofelt
Parameters.*” The Q, experimental intensity parameters for J-J° transitions represent the
contributions from the dynamic coupling and forced electric dipole mechanisms.*® Some
results in the literature previously shown that Q> is more sensitive to angular changes of
the RE®*-ligand bonds while Q4 and Qs are better probes for the covalency degree in the
RE®**-ligand bounds.*

2.3.2 Eu®*ion

The electronic configuration of Eu* is [Xe]4f®, and the six electrons in the seven
Af orbitals may combine in 3,003 microstates.5>? The 4f® configuration degeneracy is
affected by several perturbations as electronic repulsion, spin-orbital coupling, crystalline
field effect, and Zeeman effect.>®

The electronic repulsion comes from the electrostatic interactions between the
electrons in the 4f shell. Already the spin-orbital coupling is a result of interactions
between the spin-magnetic moment of the 4f electrons and the magnetic field that arises
from the electronic movement around the nucleus. On the other hand, the crystalline field
effect is caused by interactions between the 4f electrons and the ligand electrons and it
destroys the spherical symmetry of the free ion. Finally, the Zeeman effect is the split of
the 4f levels due to the interaction with the external magnetic field. The representations

of those effects in the 4f° configuration of Eu* are highlighted in Figure 2.10.%
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Figure 2.10 Partial energy diagram of Eu®* 4f® configuration representing the interelectronic repulsion
(terms), spin—orbital coupling (levels) and crystal-field effects (sublevels).
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Source: Adapted from Binnemans.>

After the introduction of all the effects of electronic repulsion, the [Xe]4f®
configuration is characterized by 295 25*1L; spectroscopic terms (Russell-Saunders term).
The possible values for J are L+S, L+S—-1, L+S-2, ..., [L-S] and the maximum degeneracy
of each term is 2J+1 (J split rule).>*

The main Eu®* transitions noticed in the emission spectrum, namely *Do—'Fo 2.4,
occur by an induced electric dipole oscillator. These transitions are forbidden by Laport’s
selection rule; yet, they are relaxed in the cases that Eu®* is inserted in a local site without
inversion center since the transitions are partially allowed by vibrionic coupling or 4f
wavelength mix by the crystalline field effect. This occurs because the distortion of the
spherical symmetry around the free ion leads to a mix of electronic configurations with
opposite parities.

The °Do— "Fo transition occurs by an electric dipole mechanism and it is forbidden
according to the selection rules. The explanation to why this transition is observed is the
mix of J or mix of charge-transfer states with high energy in the 4% configuration
wavefunctions. In this case, the wavefunction of the "Fo state contains contributions from
states with J = 2, 4 and 6, relaxing the selection rules.*

Already the °Do—'F1 magnetic dipole transition, allowed by Laporte’s selection
rule, features intensity usually weaker than transitions that occur by the induced electric
dipole mechanism. Yet, the radiative decay probability of the *Do—'F1 transition is
normally taken as constant, being used to calibrate the intensity of the other transitions in

the emission spectrum.®
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Among the RE**, Eu®" is a special case in what concerns its use as structural probe
since the main emitting state (°Do) has J = 0, enabling to count the number of *Do—'F;
transition components to determine different Eu* local sites in a system according to the
J split rule (2J+1). For example, as only one component for each Eu®* non-equivalent
local site is expected according to the J split rule, the number of >Do—’Fo transition
components indicates the number of Eu®* local sites without inversion center in a system

(Cnv, Cnor Cs point group).®’

2.3.3 Eu® ion

Eu?* has [Xe]4f’ electronic configuration and its main electronic transitions arise
from f-d interactions. For Eu®*, the states coming from the 4f configuration are almost
isolated and the next excited configuration 4f°5d lies in the range of energies between
50,000 cm™ and 100,000 cm™* above the 4f° state. On the other hand, for Eu?*, the energy
gap between the 4f" and 4%5d configurations is shorter and transitions between them may
be observed. As the parity of the initial and final states changes, the transitions are allowed
by Laporte’s rule, being 10° times stronger than the 4f-4f transitions.*

The electronic transitions in Eu?* are notably different from those in Eu®*, being
mainly composed of two types of processes: weak 4f-4f transitions at lower energy and
strong 4f-5d transitions at higher energies. The Eu?" absorption spectrum is usually
constituted by two broadbands situated in the UV spectral range and the sensitivity of
those bands to the crystal structure confirms that they arise from electronic transitions
from the ground state to the 4%5d configuration.®®

Already the emission spectrum of Eu?* consists of only one broadband whose peak
maximum depends on the host crystal nature, and it may be tuned from the near-Uv
toward the red spectral region.*

Figure 2.11 represents a partial energy diagram of Eu?* in a crystalline matrix. In
the ground state of Eu?*, there are seven 4f electrons that give rise to the Sz
spectroscopic term. The lowest excited states are formed by P72 and ®Psy, states with 4f°
configuration or from states with 4f5d configuration. In the last case, there are 6 4f
electrons that give rise to seven labels ("Fo — "Fe) with energy close to Eu*. On the other
side, the 5d electron in the 4f°5d configuration gives rise in a cubic configuration to two

Eg (dy2_y2 and d,2) and three Tzg (dxy, dxz, dyz) levels, ignoring the interactions with the

4f electrons. The energetic separation between them is well-known as 10Dg. However, if
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interactions between 4f° and 5d electrons are strong enough, the states are mixed and
many transitions in the excitation spectrum are noticed. In the opposite way, the 4f°5d
configuration retains much of the nature of the uncoupled 4f% and 5d levels.*® This type

of absorption is pointed out in Figure 2.11 (a).

Figure 2.11 (a) Schematic energy level diagram of Eu?* into a crystalline solid. (b) Representation of
crystalline field effect acting on the 455d energy level of Eu?*.
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Source: Adapted from Rubio et al.>® and Blasse and Grabmaier.®°

The energy position of Eq and Tog levels depends on the CN of the Eu?* local site
as well as the point group. For CN =8 or 12 in a On point group, the Tog level is situated
at lower energy compared to the Tag, while for CN 6, the situation is the opposite. The
10Dg may be evaluated by Equation 2.16, in which Z is the charge of the anion, e is the
electron charge, r is the d wavefunction radius and R is the distance among Eu?* and the
ligand.®* Therefore, as R increases, 10Dq decreases.

Dq = Ze—zrét (Equation 2.16)
6R5

In the case of low interaction between 4f° and 5d electrons, seven narrow bands
that evidence the character of the 4f° levels have been observed in the absorption
spectrum, for instance for Eu?* in CaF,, EuF,, EuO, and EuSe. If the Stokes shift is short
enough, zero-phonon lines (ZPLs) and some sharp phonon-related bands might also be
observable in the emission spectrum. This is only possible if the crystal field acting at the
Eu?* local sites is weak and the center of gravity of the crystal field split into the 4f°5d
configuration levels are situated at higher energy than the ®P; excited states, as pointing
out in Figure 2.11 (b), also representing the emission color dependence on the crystal
field.>®
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Van Uitert brought up a theory used to determine the emission band energy of
Eu?* by using Equation 2.17,%2 being Q the energy of the lower d-band of Eu?* in vacuum
(34,000 cm™), V is the valence of the ion (2), ® = (nEar)/80, n is the CN of the ion, Ea is
the electron affinity of the ligand atoms (2.2 eV for the SiO4s* ligands) and r is the ionic
radius of Eu®*.% There are also other parameters that influence the Eu®* energy levels as
oxidation state of the crystal, arrangement of the ligands around the crystal, nature of the
ligands as well as Eu?* concentration. Yet, from Equation 2.17, it is feasible to conclude

that as the energy of the emission band is proportional to the CN of Eu?*.

E=Q[1-(/4H".107%] (2.17)

2.3.4 Tbh* ion

Th®" has [Xe]4f® electronic configuration, with energy levels like those ones of
Eu®*, but inverted, Figure 2.12. Th®" features electronic transitions with energy in the
visible spectral range that arise from the °D4 emitting state to the ’F; states (J = 0 — 6) and
the °Ds—Fs transition is usually the most intense one, lying within the green spectral

region.®*

Figure 2.12 Partial energy diagram of Th®*. CR is the cross-relaxation process between two Tb®* neighbors.
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Source: Adapted from Hao et al.®®

Th® may also display electronic transitions from the °Ds excited state in the near-
UV and blue spectral range, Figure 2.12. Usually, the Tb** blue emission is noticed for
matrices with low phonon frequency (<1,000 cm™) and low Th®* concentration due to an
energy transfer (°Ds—°D4) by a cross-relaxation (CR) mechanism between Th%*
neighbors that are favored at low Th-Tb distances (high doping concentrations) and
quenches the emission from the °Dj level, Figure 2.12.% The CR process is also favored
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because the °Ds-°D4 and "Fo-"Fe levels are close enough in energy to allow resonance

between them.5®

2.4 Silicate-based phosphors

Orthosilicates are silicon oxides that are constituted by [SiO4]* tetrahedral
oxyanions in which each Si-O bond have a strong covalent contribution. The silicates are
usually classified as non-ionic compounds since there is a significant covalence degree in
the interatomic Si-O bonds, being strong and directional. Yet, there is a negative charge
on the [SiO4]* tetrahedra, being responsible to give an ionic character to this structure.%®

Ba,SiO4 has orthorhombic crystalline structure and Pnam Space group, Figure 2.13.
In this structure, Ba?* occupies two local sites, one with CN 9 and other with CN 10. The
10-coordinated site forms chains along the c-axis in the Ba>SiOg lattice with one side of
Si** and the other side of barium sites. The other site with CN 9 forms chains along the

b-axis.?’

Figure 2.13 (a) BazSiO4 unit cell representation. (b) Representation of the Bag, Baio and SiO4 polyhedra.
(The Bag and Bayg are the notation of sites with CN 9 and 10, respectively).

Source: Own authorship.

Conversely, Sr2SiO4 may coexist in two different phases at 300 K. The first one
is the orthorhombic a’-form that crystallizes in the Pmny Space group, while the second
one is the monoclinic B-form, with P121/n; space group.®® Orthorhombic a-Sr,SiO4 phase
is isostructural to Ba,SiOa, Figure 2.14 (a).8” Already in the monoclinic p-Sr2SiO4 phase,
Sr also occupies two sites with CN 9 and 10, Figure 2.14 (b), but the [SiO4]* tetrahedron
is bigger compared to the a-phase and the Sr-O bond lengths are scattered over wide range
values, but their average Sr-O bond lengths are almost the same to the a-phase.®® The Srio
site is underbonded in the a-phase with respect to the B one, leading to a lower bond-

valence contribution of the oxygen atoms in the surroundings of the Srio site.®®
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Figure 2.14 (a) o and (b) B-Sr2SiOa unit cell representations and SrOg, SrO10 and SiO4 polyhedra.
() . 0-SnSio, (b)  PB-Sr,Si0,

@0 O Si @ Ba, @By

Source: Own authorship.

It must be recalled that all papers found before we have started this study (2015)
report only the solid-state synthesis of the Th** or Eu*-doped Ba,SiO4 phosphor without
any mention of the sol-gel synthesis, as highlighted in Table 2.6. However, in the case of
Eu?*-doped BaySiO4 or Sr,SiOs, some papers are found where the sol-gel synthesis is
used, Table 2.6, but applying high annealing temperatures, that is a disadvantage

considering energy saves.

Table 2.6 Main Ba;SiO4 and Sr,SiOs-based phosphor synthesis. Tca. is the calcination temperature.

Material Synthesis Teate./ °C Calcination atmosphere [ref]
BaySiO:Eu?* Solid-state 1,300 5% Hz and 95 % N; 70
Ba,SiO4:Eu?* Sol-gel 1,100 5% H; and 95 % N 67
Ba,SiO4:Eu?* Sol-gel and microwave 1,200 co n
Ba,SiO4:Eu?* Co-precipitation 1,150 5% H and 95 % N, 72
Ba,SiO4:Eu?* Hydrothermal 900 5 % H and 95 % N, &
BaSiO4:Eu®* Solid-state 1,300 Air "
BaSi04: Th** Solid-state 1,450 CO s
Sr,Si04Eu?* Sol-gel 900 Hz and N; &
Sr,Si04:Eu?* Solid-state 1,300 5% H and 95 % N, 77
Sr,SiO4:Eu?* Sol-gel 1,300 5% H; and 95 % N B

* * * *

BB.QSiO4Z EU?’Jr,Tb&r

* No study so far was found.

Source: Own authorship.

In this regard, for the synthesis of the phosphors, the sol-gel route was chosen due
to the relatively low synthesis temperature of the gel (70 °C), relatively low precursor
annealing temperature (1,100 °C), particle shape control, and the possibility of getting
materials with improved optical properties.”

The chemistry of this process is based on inorganic polymerization reactions.
First, a solution with the molecular precursor (sol) is converted by hydrolyzes and
condensation reactions in a gel, that after drying, results in a solid material with an

amorphous tridimensional network (xerogel).8 The precursors are usually aqueous
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solutions with inorganic salts or alkoxides such as Tetraethyl orthosilicate (TEOS)
dissolved in organic solvents.! The hydrolysis and condensation reactions of the
precursor used in this study (TEOS) are shown as following in Equations 2.18 and 2.19:
1) Alkoxide hydrolysis getting silanol (Si-OH) groups:
Si — OR + H,0 »= Si — OH + ROH (2.18)
2) Condensation between toe Si-OH groups, leading to water formation:
=Si—OH+HO —Si =>=Si— 0 — Si = +H — OH (2.19)

2.5 On the polymeric matrices applied in this study.

As previously mentioned in section 2.2.1, in this study, we have applied the
strategy of fabricating films by dispersing the phosphor in polymeric matrices. For that,
poly(methyl methacrylate) (PMMA) and Polyvinylidene fluoride (PVDF) were chosen,
Figure 2.15. The justifications behind their selection lie on the low-cost, waveguide
property, relatively high thermal stability (200 °C), and transparence to near-UV

radiation,2:22:23

Figure 2.15 Structure of (a) PVDF and (b) PMMA polymers.
@ ® |

Source: Own authorship.

PVDF is a semicrystalline polymer and it may crystallize in 4 well-known phases:
o (type 11), B (type 1), v (type 111) and & (type 1V).82 In the o phase, chains adopt a trans-
cis conformational structure (TCTC), and the fluorine atoms are as far as possible, thus,
this is the most thermodynamically stable arrangement. On the other hand, in the 3 phase,
PVDF chains have a zig-zag structure and the fluorine atoms are on the same side of the
chain. Already in the y phase, to every three trans conformation, there is a cis
conformation (T3C — T3C). Finally, in the & phase, the chains have the o phase
conformation, but with different packing.®

PMMA, on the other hand, is one of the amorphous polymers that belongs to the
acrylate family. PMMA is among the polymers that have high resistance to sunshine
exposure because it has low structural variation under the effect of UV-radiation.?

Aiming to improve the polymer properties as processing and flexibility, we have
chosen Buriti oil (BO), a Brazilian natural oil, as a plasticizer. The rationales on its
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selection lie on the low cost, environmentally-friendly properties, and easy processing.
BO is an Amazonia oil featuring orange-reddish color, being composed by fatty acids,

tocopherols, and carotenes.®
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CHAPTER 3 - TUNABLE BLUE-GREEN EMISSION AND
ENERGY TRANSFER PROPERTIES IN BazSiO4: Th**

3.1 Introduction

Th% is a well-known green-emitting luminescent activator due to its radiative
decay from the °Ds excited level.! Besides the green emission, the blue emission from the
higher energy °Ds excited level may also be noticed depending on the matrix phonon
frequency (> 1,000 cm™), doping concentration (typically > 0.1 at.%) and crystal
structure.? Some reports have mentioned the unusual Th** blue emission in different hosts
such as in NazYSizOg,® SrIWO4,* and ZnMoOa4,®> however, in all those cases, the blue
emission is weak, limiting the phosphor application in photonic devices. In our case, the
Th**-doped Ba,SiO4 phosphor exhibits a quite-remarkable intense blue emission, opening
up new and exciting opportunities of applications in solid-state lighting as coatings of
UV-emitting LEDs.

Concerning the use of Ba2SiO4:Th** phosphor in optical devices, two main points
need to be overcome: (i) the improvement of this phosphor manufacturing, since just one
paper® so far reports the BazSiO4:Th%" synthesis under high annealing temperature
(1,450 °C) by using the conventional solid-state methodology; (ii) the elucidation of its
luminescent properties considering the doping concentration effect and the fundamentals
on the unexpected Tb3*-blue emission. Therefore, in this chapter, regarding point (i), we
present the sol-gel synthesis of Ba2SiO:Th**(0.1-5 %) phosphors. Concerning point (ii),
based on a spectroscopic study on the Tb—Th energy transfer (ET), we introduce a new
approach to calculate the °Dj3 state quantum efficiency and to tune the emission from the

blue towards the green spectral region by changing the Tb** concentration.

3.2 Experimental procedure

3.2.1 Ba;SiO4: Th® synthesis

Barium acetate (Ba(CH3COO), VETEC, 99.9%), terbium oxide (TbsO7, Aldrich,
99.99%), TEOS (CsH2004Si, Fluka, 99.9%), isopropyl alcohol (CsHsO, VETEC, 99.7 %),
hydrochloric acid (HCI, ALDRICH, 36 %), hydrogen peroxide (H202, SYTNH, 34-46 %)
and acetic acid (CHsCOOH, VETEC, 97%) were used as reactants without any further
purification.

Pure Ba,SiO4 and Th**-doped Ba,SiO4 were synthesized via an adapted sol-gel

route reported by us.” Terbium chloride solution was prepared by dissolving the Th4O7 in
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hot hydrochloric acid according to Equation 3.1. For the complete dissolution of the
Th4O7, it was necessary the addition of some drops of H.O>. The TbCls solution was
titrated by the well-known EDTA method.

ThyOy gy + 12HClag) + H204(4qy = 4TbCly o) + 7TH200) + Oz, (3.1)

For the gel synthesis, a stoichiometric amount of barium acetate and terbium
chloride were dissolved in 10 mL of acetic acid (See Table 3.1). Then, a stoichiometric
amount of TEOS dissolved in 10 mL of isopropyl alcohol was added. Finally, 0.4 mL of
deionized water was introduced to initiate hydrolysis reactions. Acetic acid was used as
both solvent and catalyst. The mixture was kept under stirring for 4 h at 25 °C until the
gel formation; the gel was thermally treated at 100 °C in a static air atmosphere for 2 hours
to enable the solvent evaporation, resulting in the SiO2:Ba?*, Th* xerogel phase. Finally,
xerogel precursors were calcined at 1,100 °C with a heating ramp of 10 °C/min for 2 hours

in an EDG muffle furnace.

Table 3.1 Doping proportions and amounts of reagents added, assuming 1.0000 g of the product.

Name  Tb%* Tb% Tb% Ba(Ac)2/ = Tb(Cl)s/  TEOS/

0 o o Structural MW / 7
[f]) afbf) CTc]/O formula mol-L-t 0.0002 g mL io.i*mL
BS5Th 50 51 7.5 Ba1.s5Tho.1SiO4 362.032(6) 1.3047 7.3+0.1 5.0
BS4Tb 40 41 6.0 BaigsThoosSiOs  362.973(9) 1.3224 5.840.1 5.0
BS3Tb 30 3.0 45 Baio1ThoosSiOs  363.915(2) 1.3400 4.3+0.1 4.9
BS2Th 2.0 2.0 3.0 Ba1.94Th0.04Si04 364.856(5) 1.3572 2.9+0.1 4.9
BS1Tb 1.0 10 15 Baig7Thoo2SiOs  365.798(0) 1.3751 1.4+0.1 4.9
BS0.5Tb 050 0.50 0.75  BaigssThooiSiOs  366.268(4) 1.3837 0.72+0.01 4.9
BSO.1Tb  0.10 0.10 0.15 BaiserThoo2SiOs  366.644(9) 1.3907 0.14+0.01 4.9
BSOTb 0 - - BaxSiO4 366.822(0) 1.3927 - 4.9

[a] Th-doping percentage in relation to 2 mols of Ba in the undoped Ba,SiO,. [b] Th-doping percentage in
relation to the total cation mol number for each sample; [c] Th-doping percentage in relation to the total
charge in each sample. * 0.038 mol-Lin acetic acid solution. ** 0.55 mol-Lin isopropyl alcohol solution.
Source: Own authorship.

The samples were calcined under CO reducing atmosphere (Figure 3.1) in order

to avoid the Th*" formation.

Figure 3.1 Scheme of the SiO2:Ba?*, Th®* xerogel calcination by using charcoal as an in situ source for CO.

Source: Own authorship.
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The Tb3*concentration was isoelectronically varied, i.e., keeping the same overall
charge in the Ba,SiO4 matrix in relation to Ba?*, according to Ba?*, Th®" and Si0z~
charges (3n;y3+ + 2ng,2+ = + 4, Where ng 2+ and ngs+are the mol number of Ba* and
RE3®*, respectively). The calculated amounts of reagents and the detailed description of
this calculus are found in Table 3.1. The samples will be hereafter designated as BSXTb,

where X is the Tbh doping percentage.

3.2.2 Characterization

Powder X-ray diffraction (XRD)

X-ray diffractograms for the BSYTb were obtained in a Shimadzu diffractometer
model XRD-6000, Cu(Ko) radiation (1.5418 A), T = 20 °C, with a graphite
monochromator available in LaCCeF under supervision of Professor Silvania Lanfredi.
Measurements were carried out over an angular range of 5° < 26 < 80° with a scanning
step of 0.02° and integration time of 1.20 s. Divergence, scattered and receiving radiation
slits were 1°, 1° and 0.2 mm, respectively. The crystalline structures were refined for the
BSXTb sample according to the Rietveld method using the Fullprof program® and the

refinement conditions are shown in Table 3.2.

Table 3.2 Refinement conditions obtained by using a polynomial — 5 order function for background level,
and a Pseudo-Voight function for peak shape (H? = U tan?0 + V tanf + W).

BS0.1Tb BS0.5Th BS1Tb BS2Tb BS3Tb  BS4Tb BS5Tb

U 0.2669 0.2668 0.0905 01025 02397 0.2617 0.2633

v -0.2000 -0.2000  -0.0728  -0.0758  -0.2000 -0.2000 -0.2000

W 0.0473 0.0483 00285 00253 00510 0.0480 0.0501
Reragg (%) 12.6 18.5 6,90 10.4 8.02 136 110
Rr-Factor (%) 8.65 14.0 4.43 7.62 5.86 100  7.79
cRyp (%) 28.2 416 17.8 236 19.9 281 251
cRwp (%) 27.9 375 21.7 253 23.5 289 271
CRexp (%6) 18.01 23.89 15.04 17.0 1438 19001  18.66

X 2.682 2.744 2.280 2.479 2.856 2534  2.302

Source: Own authorship.

The crystallite size (D) was determinate according to Equation 3.2,° where By is
the FWHM in radians of a given h k | reflection peak and c is a constant that depends on

the reflection symmetry which is usually given as 0.9. To calculate the crystallite size,
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the four most intense peaks observed in the diffraction pattern related to the (1 2 1),
(2 12),(0 3 1)and (00 2) planes were considered.

_ cA
" Dcos#

Bp (3.2)

Fourier-transform infrared spectroscopy (FTIR)

The samples were investigated by FTIR using a Shimadzu Spectrometer
IRAffinity-1model available in Central de Laboratorios (FCT/UNESP), increment of

4 cm, 128 scans. The samples were prepared in KBr pellets.

Raman spectroscopy

Raman spectroscopy was carried out at 25 °C by using a Micro-Raman
spectrograph Renishaw, in-Via model, increment of 1 cm™, with a 514 nm laser available
in Laboratorio de Materiais Nanoestruturados para Analises Ambientais e Biologicas
under supervision of Professor Carlos José Leopoldo Constantino.

Scanning electron microscopy (SEM)

The measurements were performed by using a Carls Zeiss model EVO LS15
microscope with a detector of secondary electrons (SE) in a high vacuum and constant
temperature. The samples were prepared by depositing the powder phosphors in carbon
tape and then, a thin layer of gold was deposited by using a sputtering from Quorum
model Q 150R ES. The equipment is available in Laboratério Multiusuario de
Microscopia Eletronica de Varredura of FCT-UNESP.

Diffuse reflectance spectroscopy (DR)

Samples were characterized by UV-Vis diffuse reflectance in a PERKIN ELMER
LAMBDA 1050 spectrophotometer in order to evaluate the band gap of the phosphors
through a graphic of (ahv)" versus the energy of the incident photon (h), where n has a
value equal to 2 for direct transition and 0.5 for indirect transition.!® The o value is the
ratio of the scattering and absorption coefficients according to the Kubelka-Munk’s
approximation,'* Equation 3.3, where R is the reflectance observed for the different
incident energies. The equipment is available in 1Q-UNESP-Araraquara.

K 1 — R)?
o = §=%(33)
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Photoluminescence (PL)

Photoluminescence measurements at 300 K for the BSXEuYTh samples were
carried out in a Horiba JobinYvon spectrometer Fluorolog-3 with a Xe lamp (450 W)
source and double excitation monochromators available in Sol-gel Group of University
of Franca under supervision of Professor Eduardo José Nassar. The slits were placed at 1
and 0.2 mm for excitation and emission, respectively. Emission lifetime was evaluated

using a phosphorimeter equipped with a Xe (5 J/pulse) lamp.

3.3 Results

3.3.1 Structural characterization

The X-ray diffraction pattern data of all BSYTb samples obtained after the heat
treatment is summarized in Figure 3.2 (a) and they exhibit a set of diffraction peaks
associated to the single-phase crystalline Ba>SiOs, identified from the JCPDS-70-2113
card, with orthorhombic symmetry and space group Pmen (number 62). However, the
undoped sample exhibits a secondary phase identified from the JCPDS-45-1471 card,
associated to the witherite (BaCOs3) with orthorhombic symmetry, suggesting that the

ThCls precursor somehow assists the crystallization process of the Ba,SiO4 phase.

Figure 3.2 (a) Powder X-ray diffractograms and (b) FTIR spectra of BSXTh samples.
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Source: Own authorship.

As the temperature to get the xerogel precursor (100 °C) is not enough to release

CI- coming from the ThCls solution,*? it is feasible to assume that low amounts of ThCls
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(melting point = 558 °C) are formed during the thermal annealing, and as this salt has
melting point lower than the calcination temperature (1,100 °C), it can act as a molten
salt, enhancing the reaction rate and reducing the reaction temperature to get the Ba;SiO4
phase.*? It is well-known that CI™-based compounds act as molten salts in the synthesis of
ceramics by shortening the diffusion distance and increasing the precursor mobility.*
This presumption is supported by the fact that the only report on the Ba,SiO4:Tb**
synthesis by using Th4O7 as precursor,® features some BaCOs traces in the XRD profile.

No diffraction peaks associated with terbium, barium, silicon oxide or chloride
phases are observed, regarding the limit of detection of this technique, and for this reason,
we assume that Tb®* is inserted into the Ba,SiOs structure and the remaining CI- is
probably inserted in interstice local sites. Thus, as a preliminary and important finding,
the Th**-doped Ba,SiO4 phosphors were successfully obtained from the sol-gel synthesis,
decreasing the calcination temperature (1,100 °C) compared to the solid-state route
(1,450 °C).5

The structural parameters set, calculated only for the doped powders, were derived
using the Rietveld method considering the space group Pmen (62) compatible with the
orthorhombic symmetry. Figure 3.3 (a) shows, as an example, the Rietveld plot of the
BS1Th sample with the observed and derived X-ray diffraction and their differences.

Figure 3.3 (b) shows the graphic representation of the unit cell obtained for BS1Tb.

Figure 3.3 (a) Rietveld plot of the BS1Th sample. (b) Unit cell obtained for Ba;SiO4 representing Bal (CN
=10), Ba2 (CN =9), Si and O atoms.
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Source: Reproduced from Bispo-Jr et al.”

The lattice parameters evaluated from the Rietveld refinement are shown in Table
3.3. The calculated values are statistically the same to those reported by L. Lin et al*® for
the undoped Ba,SiOa.
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Table 3.3 Average bond length (Ba-0), polyhedral distortion index (D), lattice parameters (a, b and c) and

cell volume (V) determined for the phosphors.

Sample Bal Ba2 alA b/A c/A Vv /A3
Ba-O/ D Ba-O/ D
A A
BS5Tb  2.96(3) 0.0485(4) 287(2) 0.0589(9) 580(7) 10.2(1) 7.50(2) 445.0)
BSATb  296(7) 0.0532(2) 2.87(1) 0.0546(4) 5.80(6) 10.2(1) 7.50(3)  444.(9)
BS3Tb  2.98(0) 0.0409(8) 2.86(3) 0.0608(5) 580(8) 10.2(1) 7.50(5) 445.(3)
BS2Tb  2.98(0) 0.0498(8) 2.98(0) 0.0610(0) 5.80(7) 10.2(1) 7.50(2)  444.(9)
BS1Tb  2.99(3) 0.0367(1) 2.99(3) 0.0670(6) 5.80(7) 10.2(0) 7.50(1)  444.(7)
BSO.5Tb  2.99(2) 0.0533(9) 2.89(7) 0.0544(6) 5.81(1) 10.2(1) 7.50(5) 445.(5)
BSO.1Tb  2.98(9) 0.0462(3) 2.84(8) 0.0670(9) 5.80(8) 10.2(0) 7.50(1)  444.(8)
Ba;SiO,° 2.98(4) 0.0440(5) 2.82(8) 0.0460(6) 5.807  10.21  7.504 4456

Source: Reproduced from Bispo-Jr et al.”

The Ba-O bond length values are shown in Table 3.4, and the average bond length

and polyhedral distortion index values are also shown in Table 3.3. The polyhedral

distortion index was calculated from Equation 3.4, where I; is the Ba-O bond length and

lav is the average bond length. The average Ba-O bond length for both Ba local sites are

close to the values reported by L. Lin et al*® for the undoped BazSiO4 even that there is a

tendency to increase the value for the Bal-O bond and decrease for the Ba2-O bond as

the Th amount increases in the samples. However, the polyhedral distortion index values

are higher than those reported by L. Lin et al*® for the undoped matrix. The increase of

the Ba site polyhedral distortion is directly correlated with the impacts of the Ba**

replacement by Tb%* in the matrix network.

Table 3.4 Ba-O bond length for Bal (CN 10) and Ba2 (CN 9) sites of BSTb.

Tb%  BS0.1Tb _ BSO5Tb  BSITb  BS2Tb  BS3Th  BS4Tb  BS5Tb
Bal/A  3.23(8) 3.29(2) 3.12(6)  2.84(2) 2.94(0) 2.93(1) 2.94(2)
3.23(8) 2.97(6) 3.12(6)  2.94(1) 2.90(00) 2.82(8) 2.83(0)
2.92(4) 3.29(2) 264(3)  3.25(5) 3.19(2)  3.28(1) 3.28(7)
2.70(2) 2.59(8) 2.92(8)  2.58(1) 2.60(3) 255(4)  2.64(6)
2.85(0) 2.97(6) 2.94(9)  3.25(5) 3.19(2)  3.28(1) 3.28(7)
2.85(0) 2.80(6) 2.94(9)  2.84(2) 2.90(0)  2.82(8) 2.83(0)
2.92(4) 2.80(6) 3.09(6)  3.01(6) 3.04(2) 2.97(3) 2.94(8)
3.08(5) 3.13(8) 3.09(7)  3.11(4) 3.05(8)  3.09(1) 2.97(1)
3.04(0) 3.01(8) 3.09(7)  3.01(6) 3.04(2) 2.97(3) 2.94(8)
3.04(0) 3.01(8) 2.92(7)  2.94(1)  2.94(0)  2.93(1) 2.94(2)
Average  2.98(9) 2.99(2) 2.99(3)  2.98(0) 2.98(0)  2.96(7) 2.96(3)
Ba2/A  2.76(4) 2.79(7) 2.84(5)  3.095) 2.78(5)  2.78(1) 2.71(5)
2.76(4) 2.64(5) 267(7)  2.78(1)  2.94(6)  3.09(4) 2.78(9)
2.81(9) 3.03(5) 310(7)  2.93(9) 2.75(88)  2.82(7) 2.71(5)
2.77(1) 3.09(9) 277(2)  2.78(1)  3.10(8)  2.88(0) 3.11(5)
2.77(1) 2.78(0) 271(6)  3.09(5) 2.73(8)  2.82(7) 2.84(2)
3.12(3) 2.78(0) 2.85(7)  2.74(1)  2.71(1)  3.09(0)  2.85(5)
3.12(3) 3.03(5) 277(2)  2.634) 2.738)  2.78(0) 2.84(2)
2.82(5) 3.10(6) 271(6)  2.87(7) 3.10(8)  2.90(0) 2.83(0)
2.67(2) 2.79(7) 3.10(7)  2.74(1)  2.84(8)  2.66(4) 3.11(5)
Average  2.84(8) 2.89(7) 2.84(1)  2.85(4) 2.86(3)  2.87(1) 2.87(2)

Source: Reproduced from Bispo-Jr et al.”
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1 I =1
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As Tb® replaces Ba?* in the lattice, Th** may occupy both sites with CN 9 and
10. Due to the charge compensation mechanism considered in the present study, it is
feasible to say that Th®" non-equivalently replaces Ba?*, in other words, two mols of Tb**
are needed to substitute three mols of Ba?* and, as consequence, one mol of vacancy
defect of Vga” with two negative charges is formed, and two mols of positive defects of
Tby,-are created, as shown in Equation 3.5.1

3Ba?* + 2Th3" - Vg, + 2Th3,(3.5)

The Vga” vacancies cause a local expansion in the Ba,SiOs lattice due to the
repulsion of the oxi negative charges, and the Thg, defects cause a local compression in
the lattice due to the increase of the positive charge in that site. This compression also
occurs because Th®* is smaller than Ba*, as shown in Table 3.5. However, even that Tb%*
is smaller than Ba?*, the substitution is favored since the difference (Dr) between both ion
radii is lower than 30 %. Due to the large difference between the ionic radii of Tb* and
Si**, the substitution of Si** by Tb%* is unlikely.

Table 3.5 lonic Radii, bond distance and difference of ionic radii (Dr) between Th3* and Ba?".

Cation Radii/pm Dr/% Bond Bond distance /pm

(CN) (CN)
Ba 166 (10) Ba-O (10) 298.3
Ba 161 (09) Ba-O (09) 282.4
Si 40 (04) Si-0 163.2
Th 109 (09) 30 %
Th 114 (10) 30 %

Source: Reproduced from HUHEEY, KEITER, KEITER, R. L. ¥/

The crystallite size values for the planes in each sample are different, Table 3.6,
indicating that the particle growth is not isotropic. There is a tendency of crystallite size
increases for all planes from the undoped sample up to the BS3Tb, then the crystallite

size decreases again, although the (2 1 1) plan has the lowest values in all phosphors.

Table 3.6 Crystallite size (D, nm) for the four most intense plans of the samples.

Plan BS5Tb BS4Tb BS3Th BS2Tbh BS1Tb BS0.5Tb BS0.1Th BS
(121) 49.(2) 51.(0) 51.(1) 54.(0) 53.(3) 50.(0) 49.(2) 50.(1)
(211) 35.(6) 34.(6) 38.(8) 35.(7)  40.(9) 30.(3) 39.(2) 36.(4)
(031) 45(33) 49.(9) 48.(6) 46.(5)  49.(0) 42.(7) 48.(2) 46.(5)
(002) 45.6) 48.() 46.(4) 52.(8) 46.(0) 43.(8) 46.(2) 46.(5)

Source: Reproduced from Bispo-Jr et al.”
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Undoped and doped samples were also investigated under the molecular structure
point of view by using FTIR spectroscopy, Figure 3.2 (b). All spectra exhibit bands
assigned to genuine vibrational modes characteristic of the [SiO4*] tetrahedra inserted in
the BazSiO4 orthorhombic structure. In the orthosilicate structures, the SiO4* anions are
not linked but surrounded by Ba?* and the chemical bond distance between Si and O is
shorter than the distance between the metal and oxygen. Therefore, the internal
vibrational modes for the [SiO4*] are almost independent of external vibrations.

In the orthosilicate structures, the [SiO4*] internal modes are split because of their
site symmetry (crystal field splitting) and unit-cell space symmetry (Davydov’s splitting),
to which depends on the mixed anion-cation vibrations whereas the crystal field splitting
depends on the anion internal force field change.*® Three vibrational modes are noticed
in the FTIR spectra, Figure 3.2 (b), the (vs) antisymmetric stretching (=916 cm®), the (va)
deformation ( ~497 cm™), and the (v1) symmetric stretching (~822 cm™).

In addition, vibrational modes of the carbonate group are also observed in all the
FTIR spectra, Figure 3.2 (b), and they are assigned to carbonate ions on the surface of the
particles since no carbonate phase is observed in the XRD data, considering the technique
detection limit of 1 wt%. Considering that the particles exhibit an active surface during
the cooling step after the calcination process, the particles may react with atmospheric
CO; to form carbonate ionically bonded to Ba?* on the particle surface. Besides that, this
carbonate should not be an amorphous phase formed during the synthesis because the
baselines in the XRD are well-defined, indicating the absence of any cluster of amorphous
material in the final product.

Still considering the FTIR spectra in Figure 3.2 (b), the undoped silicate exhibits
shifted vass (<916 cm?), v (=826 cm?l) and & (=509 and ~
497 cm™*) bands compared to the doped samples. These shifts suggest the existence of
uniform stresses in the network, that are generally associated with defects in the material,
confirming the proposition of defects that arise from the doping.

These defects may lead to a shortening of the Si-O bond around Ba?* vacancies
and an enlargement around Th*" local sites, that is responsible for the observed vibrational
modes displacements in relation to the undoped sample.!® However, as the amount of
terbium is much lower than the amount of Ba?* and SiO4, these defects are local and do
not cause extended deformations in the Ba;SiO4 lattice, since the same number of

vibrational modes was observed after the doping. Furthermore, the rigid second
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coordination sphere of Tb®" counteracts expansions or compressions in the Th®* local
sites.

Raman spectra of the samples are shown in Figure 3.4. The bands observed at 910,
886, 851, 821, 519, 597, 370, and 350 cm™ are assigned to the vibrational modes of the
silicate tetrahedron, as represented in Figure 3.4.1® Also, the absence of vibration mode
with energy at 450 cm™ characteristics of terbium oxide confirms the absence of any
terbium oxide spurious phase and the formation of a solid solution of Th®" with the host

lattice.

Figure 3.4 Raman spectra (300 K) of BSXTh. Laser 514 nm.
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3.3.2 Morphology
SEM images of the BSTh samples are shown in Figure 3.5, in the next page. All

samples, independently on the presence, or amount of doping ion, exhibit the formation
of aggregate particles featuring an irregular shape. Many authors have attributed the
degree of agglomeration and the irregular morphology to the sol-gel method catalyzed by
acid and to the high annealing temperature.?%2122 The doping does not lead to appreciable
modifications in the particle shape or size, but for the doped samples, nanowires on the
particle surface are noted, Figure 4.5 (b). These nanowires increase the particle surface
area and the surface defect concentration since more superficial sites with incomplete
coordination sphere are formed, causing considerable influence on the spectroscopic

properties of the material, as will be presented in the next section.
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Figure 3.5 SEM images of the BSTb phosphors. (a) Magnification = 5.000 times under electron high
tension (EHT) of 30 kV. (b) Magnification of 25.000 times.

Source: Reproduced from Bispo-Jr et al.”

3.3.3 Band gap evaluation
Figure 3.6 shows the DR spectra of the samples and three bands are noticed.

Figure 3.6 (a) UV-Vis diffuse reflectance spectra of BSTh. (b) Magnification of the region between 270-

520 nm.
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The first band at 364 nm, Figure 3.6 (a), is ascribed to the defect-related matrix
absorption, the second at 240 nm is assigned to the 4f8—4f’5d absorption of Th®* and the
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third at about 200-220 nm is attributed to the transition from the valence band (VB) to
the conduction band (CB) of the matrix. When the dopant is inserted in the Ba>SiO4
structure, the matrix absorption enhances, Figure 3.6 (b), confirming that Th®" increases
the structural/superficial defect concentration.

The optical bandgap values were estimated from the Kubelka-Munk’s
approximation, and the values are summarized in Figure 3.7. The curves are best fitted
considering direct transitions, as also shown in Figure 3.7. The bandgap values lie within
the 5.7-6.0 eV range and they decrease for the Th-doped samples due to changes in the
surface area of the particles that directly influence the concentration of the defect-related
electronic levels that lie between the VB and CB. As the Th amount increases in the
samples, the relative absorption of the Th®" 43—4f'5d transition at 5.1 eV increases

compared to the matrix absorption at 3.4 eV.

Figure 3.7 Bandgap calculation considering direct transition for BSTh.
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3.3.4 Photoluminescence

Considering now the photophysical features of the BSTb samples, their
excitation spectra, Figure 3.8 (a), are dominated by an intense broadband near to 250 nm
assigned to the Th3* 4f8—4f'5d transition; the narrow bands with lower intensity at 338,
350, 368, 377, and 481 nm ascribed to Th®" f-f transitions that are forbidden by Laporte's
rule, on the other hand, are only seen through the magnification of the 300-500 nm
interval, Figure 3.9. Therefore, these phosphors may be used as coatings of deep-UV
LEDs emitting at 250 nm.

Figure 3.8 (a) Excitation (300 K, 542 nm) and (b) emission (300 K, 250 nm) spectra of BSTh.
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Figure 3.9. Magnification in the 300 — 500 nm range of the excitation spectra of BSTh. The electronic
transitions come from the "Fs ground state to excited states assigned in the figure.
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The emission spectra, Figure 3.8 (b), reveal two sets of transitions; the first at
378, 414, 436, 457 and 476 nm is assigned to the Th®" °Ds—'F; transitions in the blue

spectral region, and the second at 486, 542 and 585 nm are ascribed to the Tb%* 5Ds—'F;
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transitions in the green spectral region. Among all the phosphors, the BS4YTb sample
displays the highest emission intensity at 542 nm, showing that above this concentration,
a quenching mechanism by concentration takes place. This process occurs due to
nonradiative channels that arise from the enhancement of the energy transfer probability
between the dopant ions because of the shortening of the Th — Th distance as the dopant
amount increases.

The relative emission intensity of the transitions coming from the °Ds state
enhances as the Th** content increases while the relative intensity of the transitions arising
from the °Ds state does not follow a regular pattern, yet, it shows an overall tendency of

decreasing as the Tb®* amount increases, Figure 3.10 (a).

Figure 3.10 (a) Area under the transitions coming from the 5Ds and 5D, states as a function of the Terbium
concentration. (b) Ratio of the integrated areas of the transitions coming from the 5Dz and D states as a
function of the Terbium content. (c) 1931 CIE chromaticity diagram of the phosphors (Aexc = 250 nm). The
inset in Figure (c) is a photograph of the BS4Tb sample under UV radiation (270 nm).
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The changes over the tendency of the °Dj state relative emission are correlated
to two opposite effects: 1) As the Th®" concentration diminish, the relative emission
intensity tends to decrease due to the reduction of the emitting center number. 2) On the
other hand, the °Dj state relative emission intensity enhances as the Tb®* concentration
decreases since the cross-relaxation (CR) effect that quenches the °Ds state is shut off at
lower doping concentration,® as further discussed below. Therefore, these two effects
occurring in opposite directions make that the relative emission intensity of the °Ds state
does not follow a regular tendency as the °Da state emission intensity. Yet, there is an
exponential tendency between the ratio of the integrated areas of the transitions coming
from the °Ds and °Dj states as a function of Terbium content, Figure 3.10 (b).

The blue emission quenching is a function of the Terbium amount. As the

Terbium concentration increases, the CR process quenches the emission from the higher-
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energy °Ds excited level of a Th3*, and the energy is transferred to the ’Fg level of a close
enough Tb3* neighbor, as represented in Equation 3.6.2 This mechanism is favored at
high doping concentrations because of the Tb—Tb distance is short enough to allow the
energy transfer process.

Th* (°D3) + Th**("Fs) — Th**(°D4) + Tb**("Fo) (3.6)

On the other hand, at low doping percentages, the distance between Terbium
neighbors is long enough to inhibit the energy transfer, shutting off this nonradiative
decay process from the °Dj state.?* Thus, the Th®* emission may be tuned from the blue
at low doping concentration towards the green spectral region by increasing the Tb
amount, as represented in the CIE color coordinate diagram, Figure 3.10 (c).

Besides the CR process, the multi-phonon relaxation related to the matrix phonon
frequency may contribute to the °Dj state deactivation.?® It is well-known that in a multi-
phonon deactivation, for a four to five-phonon process, radiative and nonradiative decays
have comparable probabilities to occur.?® However, if the phonon frequency of the matrix
is too low and requires six or more phonons, the nonradiative relaxation is unlikely to
take place.? In our case, from the FTIR and Raman spectra, Figures 3.2 (b) and 3.4,
respectively, the Ba,SiO4 phonon frequency is at about 900 cm™ and as the energy
difference between the D3 and °Dx level is near to 6,500 cm™, the combination to allow
a multi-phonon deactivation requires more than 5 phonons, indicating that this process
may be neglected in the °Ds state deactivation. It is important to highlight the effect of
the carbonate on the °Ds state deactivation since its phonon energy (at about 1,750 cm™)
is higher than the silicate matrix. However, as the carbonate is only on the particle surface,
its contribution might be low because of the particles are micro-sized.

Usually, multipolar interactions, exchange coupling, or radiative processes
dominate the CR energy transfer mechanism between RE ions.? In the present situation,
the radiative process is unlikely to take place because it requires a wide overlap between
the emission and excitation spectra of the donor and the acceptor species (Figure 3.8),
respectively, that is not the case.

To evaluate the exchange coupling possibility, it is necessary to determine the
critical distance (Rc) between the Tb atoms in the lattice since this energy transfer
mechanism is limited by a distance of at about 4 A% as discussed in section 2.1.2. The
critical distance was estimated by applying Equation 3.7, where na= (x.n)/V, being V the
unit cell volume, x is the Terbium concentration (Tb mol number/Ba mol number), and n

is the Ba mol number per unit cell (n = 8 for the orthorhombic BazSiO.).?8 The R values
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represented in Table 3.7 are higher than 4 A for all phosphors and the exchange coupling
contribution must be low. Therefore, multipolar interactions are the main mechanism that

contributes to the CR process.

1/3

Rcz[ 5 ] (3.7)

4‘7T71A

Table 3.7 Th-Th critical distance (Rc), °Ds and D4 lifetime values (1), cross-relaxation probability (Wcr)
and cross relaxation efficiency (ncr) of BSTh.

Rc 7 (°D3) 7 (°Da4) Wcr 1R

/A / ms / ms /st | %
BS5Th 6.(3) 1.48+0.02 1.31+0.02 375129 55.54+0.1
BS4Thb 6.(8) 1.10+0.03 1.25+0.02 608+50 66.9+0.2
BS3Tb 7.(5) 1.33+0.01 1.33+0.02 451418 60.0+0.2
BS2Th 8.(6) 1.92+0.02 1.41+0.03 220425 42.3+0.1
BS1Thb 10.(9) 2.21+0.04 1.37+0.01 152+13 33.6+0.1
BS0.5Tb 13.(8) 2.71+0.04 1.32+0.02 68+14 18.6+0.1
BS0.1Tb 23.(7) 3.33+0.06 1.31+0.02 0 0

Source: Reproduced from Bispo-Jr et al.”

The multipolar interaction that dominates the cross-relaxation was pointed out by
using the theoretical model developed by Van Uitert that was previously represented in
Equation 2.6.2° Figure 3.11 (a) shows the plot of the log(x) versus log(l/x), where the 0
value deduced from a linear fitting approximation is closer to 6, suggesting that the
electric dipole-dipole interaction is the main contribution for the nonradiative cross-

relaxation between Tb3* ions in the Ba»>SiO4 matrix.

Figure 3.11 (a) Plot of log(x) versus log(1/x). (b) Cross-relaxation rate (Wcr) as a function of the Th amount.
(c) °Ds lifetime as a function of the Terbium amount. (d) Dependence of the Rg/s/Ro on Wer.
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Emission decay-curves (300 K) were performed monitoring the *Dz—'Fs and
°Ds—Fs transitions of Th** aiming to determine the lifetime of the °D3 and °Ds states.
The exponential decay curves, Figure 3.12, were fitted through the Inokuti—Hirayama

model described in Equation 3.8 and the values are listed in Table 3.7.
J, 1(tdt
T= ————
fo 1(t)dt

Figure 3.12 Luminescence decay curves fixing excitation wavelength at 250 nm and emission wavelength
at (a) 414 nm (Tb3* 5D3—'Fs transition) and (b) 542 nm (Tb3* 5Ds—'Fs transition).
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The °Dy state lifetime values are close for all phosphors, Table 3.7, but the °D3
state lifetime decreases as the Terbium amount increases since the already mentioned
nonradiative CR channel becomes relevant.®® In addition, the similar D state lifetime
values for all phosphors indicate that the other nonradiative contributions for all samples
are identical. Yet, the radiative decay rate of the °Dj state shall increase because of the
green emission enhances as the Terbium amount increases. Thus, the °D4 state quantum
efficiency increases up to the BS4Th sample.

The CR probability (Wcr) and the CR efficiency (ncr) may be directly obtained
from the °Djs state lifetime values by applying Equations 3.9 and 3.10, respectively, where
11 is the °Dj state lifetime and 110 is the °Ds state lifetime for the BS0.1Tb, to which the
CR may be negligible. As expected, the Wcr and mcr increase as the Terbium
concentration increases, Table 3.7, due to the shortening of the distance between Tb**
neighbors. Moreover, there is a linear dependence of Wcr and Terbium percentage (X),
Figure 3.11 (b), as represented in Equation 3.11, where A is a proportionality constant.

1 1 T

W-r = Ax (3.11
Ty Tio T10 R *( )
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For the BS0.1Tb sample, since the cross-relaxation is negligible, the only
processes that contribute for the °Ds deactivation are the multi-phonon deactivation
(nonradiative) and the emission (radiative), as shown in Equation 3.12, where W is the

multi-phonon decay probability and vy; is the radiative contribution.

Ty = 3.12
10 WO +)/1 ( )

As the concentration of Tb is too low in comparison to the rest of the matrix, it is
feasible to assume that the multi-phonon rate is independent on the Terbium
concentration. Therefore, by replacing Equations 3.11 and 3.12 in Equation 3.9, we can
find a representation that correlates t1 and Terbium concentration, as stated in Equation
3.13, where B = y1 + Wo. In this context, a graphic of 11 as a function of x presented in
Figure 3.11 (c) may be fitted using Equation 3.14 to determine the B value.

- 1
iy prey- A CAL)

Z. Zhang et al*! established that Equation 3.14 could correlate the intensity of blue
and green emissions of Th®", in which Rgs is the ratio between the green and blue
emissions, and Ro is the ratio between the green and blue emissions for the BS0.1Tb
sample. In this context, in Figure 3.11 (d), the graphic of Re/s/Ro versus Wcr is plotted
and it was used to determine the Wo value and, as consequence, to evaluate the y1 value
for the BS0.1Tb sample using Equation 3.13. The Wo and y: values are equal to
0.014+0.002 ms? and 0.29+0.04 ms™?, respectively, proofing that the multi-phonon
deactivation does not effectively contribute to the deactivation of the °Ds level, as
expected since the °Ds level is 6,500 cm™ above the °Ds level.

RG/B WCR
—— =1+ —= (3.14

From the Wcr, Wo and 71 values, it is possible to figure out the quantum efficiency
(n) of the °Ds excited level by applying the Equations 2.2, and 3.15. These values are
summarized in Table 3.8. The °Ds state quantum efficiency values are relatively high,
especially those for the samples with low Th percentages, and as expected, the quantum
efficiency decreases as the Terbium concentration increases due to the CR process
favored by the shortening of the Th-Tb distance.
Anraa = Wer + Wy (3.15)
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Table 3.8 Radiative decay probability (Ard), non-radiative decay probability (Anrd), total decay probability
(Avagsnrad) and 5Dy state quantum efficiency (n) of BSYTh.

Arad+nrad / 10%s571 Arad [ X10%s? Anrad / 10%57? T](SDS) /%
BS5Th 6.76+0.09 2.9+0.3 3.9+0.3 42+1
BS4Th 9.1+0.2 2.9+0.7 6.2+0.5 32+1
BS3Th 7.5+0.5 2.91+0.3 4.6+0.2 38+1
BS2Th 5.2+0.5 2.940.2 2.3+0.2 55+1
BS1Th 4.5+0.8 2.940.1 1.7+0.1 63+1
BS0.5Tb 3.7+0.5 2.840.1 0.8+0.1 78+1
BS0.1Th 3.0+£0.5 2.85+0.05 0.12+0.02 95+1

Source: Reproduced from Bispo-Jr et al.”

In this context, considering the three main nonradiative pathways for the
deactivation of the °Ds level in Th-doped Ba.SiOs, the CR, multi-phonon relaxation, and
electronic defects, we conclude that the first strongly influences at higher Terbium
concentrations, but not at lower concentration, while the second barely influences due to
its high energy position, and it is Terbium concentration independent; the last one is

apparently constant for all samples.

3.4 Conclusions

The tunable blue-green emission of Th**-doped Ba,SiO4 phosphors obtained as a
monophasic material from the sol-gel route by changing the doping amount and the
energy transfer properties were introduced in this chapter. Tb®* replaces Ba®* local sites
with CN 9 and 10 in the matrix and the doping leads to distortions in the matrix network.
The phosphors under excitation at 250 nm emit light in the blue spectral region from the
°Dj level of Tb®" at low doping concentrations, but the emitted color dislocates towards
the green spectral region as the Th amount increases. This effect is assigned to a dipole-
dipole energy transfer between Tb neighbors that is favored at high-doping concentration.
A new approach to calculate the Tb3" °Ds quantum efficiency was proposed, and these
values increase as the Terbium concentration decreases in the matrix. In this context, the
color tunability from the green towards the blue spectral region and the high quantum

efficiency qualify the phosphors for future application as coatings of UV-emitting LEDs.
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CHAPTER 4 - SOL-GEL SYNTHESIS OF Eu®**-DOPED Ba;SiOs

4.1 Introduction

Eu3*-doped orthosilicate phosphors, such as Ba,SiO4 and BaZnSiOs, synthesized
by the conventional solid-state reaction had already been investigated and showed
interesting optical properties for applications in lighting.* However, reports on the use of
Eu®* in such systems are uncommon since Eu?* is more suitable to substitute the divalent
barium in silicate lattices. In addition, all reports on the Ba,SiO4:Eu®* synthesis
previously highlighted in Table 2.6, section 2.4, involve the solid-state route instead of
the sol-gel methodology, that is considered a versatile and convenient low-temperature
process to produce luminescent materials.?

Considering the sol-gel synthesis of Ba,SiOsEu®*, one of the challenges to be
overcome is the synthesis adjustment to vyield single-phased Ba;SiOs4, avoiding
undesirable spurious phases, such as BaCOz and BaSiOs. Therefore, we report in this
chapter the synthesis of Ba,SiO4:Eu®* via the sol-gel route, and its morphological,
structural and spectroscopic characterization, aiming the improvement of its properties

for applications as coatings of UV-emitting LEDs.

4.2 Experimental procedure

4.2.1 BazSiO4:Eu** synthesis.

Barium acetate (Ba(CHsCOO),, VETEC, 99.9%), europium oxide (EuzOa,
Aldrich, 99.99%), TEOS (CgH2004Si, Fluka, 99.9%), isopropyl alcohol (C3HsO, VETEC,
99.7 %), and acetic acid (CH:COOH, VETEC, 97%) were used as reactants without any
further purification.

Pure Ba,SiOs and Eu®*-doped Ba»SiOs were synthesized via an adapted sol-gel
route reported by us.>* The experimental procedure for the synthesis of the SiO2:Ba,Eu
xerogel is the same previously reported for the SiO2:Ba,Tb in section 3.2.1. The xerogel
precursor samples were pre-calcined at 450 °C with a heating ramp of 10 °C/min for
2 hours, and then, calcined at 1,100 °C with a heating ramp of 10 °C/min for 2 hours in
an EDG muffle furnace in circulating air atmosphere.

The Eu®* concentration was isoelectronic varied for the Eu*-doped BazSiO4 series
and the stoichiometric amounts of each composition are pointed out in Table 4.1. The
samples will be hereafter designated as BSXEu where X is the Eu doping percentage.
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Table 4.1 Doping proportions and amounts of reagents added, assuming 2.0000 g of the product.

Name Eu®* doping Structural MW Ba(Ac)2/ + Volume /+ 0.1 mL
%[a] at%l[b] ch%]c] formula / g'mol! 0.0002 g Eu(Ac)s* TEOS**
BS5Eu 5 5.13 7.5 BaissEu01SiOs  361.412(5) 2.6149 111 10.1
BS4Eu 4 4.08 6 BaissEU0.0s8SiOs  362.494(4) 2.6494 8.8 10.0
BS3Eu 3 3.05 4.5 Bai.o1EU0.06SiOs  363.576(3) 2.6836 4.6 10.0
BS2Eu 2 2.02 3 Bai.oaEU0.04SiOs  364.658(2) 2.7175 4.3 9.9
BS1Eu 1 1.00 15 Bai.o7EU0.02Si04  365.740(1) 2.7517 2.2 9.9
BSOEu 0 - Ba:SiO4 366.822(0) 2.7852 - 9.9

[a] Eu®*-doping percentage in relation to 2 mols of Ba?* in the undoped Ba2SiO.. [b] Eu®*-doping percentage in relation
to the total cation mol amount for each sample; [c] Eu®*-doping percentage in relation to the total cation charge in each
sample.

*0.05 mol-Lin acetic acid solution

**0.55 mol-Lin isopropyl alcohol solution.

Source: Reproduced from Bispo-Jr et al.*

The BS4Eu sample was also calcinated at 1,100 °C for 10 hours in order to
understand the impacts of the doping in the Ba>SiO4 network and to optimize the phase
composition. Isostructural BazSiO4:Gd**(4%) calcined for 2 hours was also synthesized.
These samples will be hereafter designated as Ln-X where Ln = Euor Gdand X =2 h
and 10 h indicates the duration of the thermal treatment at 1,100 °C.

4.2.2 Characterization

Powder X-ray diffraction (XRD)

X-ray diffractograms of the BSXEu were obtained in the same equipment
described in section 3.2.2.

For the Eu-2h and Eu-10h samples, the diffractograms were acquired in a
PANalytical Empyrean diffractometer at 293 K, from 9.0000 ° to 99.9000 °, step size of
0.0260 °, scan step time of 67.0650 s using CuKa radiation (1.54060 A) in the Chemistry
Department of University of Aveiro. The Refinement conditions are in Table 4.2.

Table 4.2 Refinement conditions obtained by using a polynomial — 5 order function for background level,
and a Pseudo-Voight function for peak shape (H? = U tan?0 + V tanf + W).

Eu-2h Eu-10h Eu-2h Eu-10h
U 0.0000 0.0000 cRp (%0) 6.89 3.46
V 0.0000 0.0000 CRwp (%0) 9.79 4.57
w 0.0100 0.0100 CRexp (%) 5.53 3.00
% 1.768 1.519

Source: Own authorship.

Fourier-transform infrared spectroscopy (FTIR)
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FTIR analyses were carried out in the same equipment described in section
3.2.2.

Raman spectroscopy
Raman spectroscopy was carried out at in the same equipment described in
section 3.2.2.

Scanning electron microscopy (SEM)
The measurements were performed in the same equipment described in section
3.2.2.

Diffuse reflectance spectroscopy (DR)

BSXEu samples were characterized in the same equipment described in section
3.2.2. For Eu-2h and Gd-2h samples, the RD spectra were carried out in a UV/visible
absorption spectra Lambda 950 dual-beam spectrometer (Perkin-Elmer). The
equipment is available in phantom-G group of the University of Aveiro under

supervision of Professor Luis D. Carlos.

Photoluminescence (PL)

Photoluminescence measurements at 25 °C for the BSXEu samples were carried
out in in the same equipment described in section 3.2.2.

For the Eu-2h and Eu-10 h samples, high-resolution spectra were recorded from
14-300 K with a modular double-grating excitation spectrofluorimeter with a
TRIAX 320 emission monochromator (Fluorolog-3, Horiba Scientific) coupled to
a R928 Hamamatsu photomultiplier. The reciprocal Linear Dispersion is
2.66 nm.mm, the excitation and emission slits were placed at 2 and 0.03 mm,
respectively, resulting in bandpass of AA = 0.079 nm. Lifetime measurements for the Eu-
doped samples were carried out by using a pulsed Xe arc lamp (6 mJ/pulse) coupled to a
Kratos GM-252 monochromator and a Spex 1934 C phosphorimeter. The excitation and
emission slits were placed at 2 and 0.1 mm, respectively, resulting in a bandpass of AL =
0.27 nm. The equipment is available in phantom-G group of University of Aveiro

under supervision of Professor Luis D. Carlos.
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Absolute Emission Quantum Yield (q)

The absolute emission quantum yields of Eu-2h and Eu-10h samples were
measured at 300 K using a system Quantaurus-QY Plus C13534 (Hamamatsu) with
a 150 W xenon lamp coupled to a monochromator for wavelength discrimination,
an integrating sphere as the sample chamber, and a multichannel analyzer for signal
detection. The method is accurate to within 10%. The emission quantum yield is given

by Equation 4.1, where Nem and Nabs are the number of photons emitted and absorbed by

sample and Ireference

the sample, respectively; I are the emission intensities with and

sample

without a sample, respectively, in a wavelength interval (A1,A2); and I, and

Iref erence
ex

are the integrated intensities of the excitation radiation measured with and

without a sample, respectively, in an excitation wavelength interval (As,\4).

A A sample Reference
J o Mo _ S i (Isemete () - @)da )
Nyps fhi( sample(/l) Reference(A)) di '
23 hc

4.3 Optimization of Eu®* concentration in Ba;SiO4:Eu®"

4.3.1 Structural characterization

The X-ray patterns of the BSEu samples calcined at 1,100 °C for two hours, Figure
4.1 (a), correspond to the orthorhombic BazSiOs (Pnam) (JCPDS 26-1403, number 62)

crystalline phase.

Figure 4.1 (a) Powder X-ray diffractograms and (b) FTIR spectra of BSXEu samples.
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Source: Reproduced from Bispo-Jr et al.*
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Regarding the limit of detection of the XRD technique, no diffraction peak
characteristic of europium, barium, or silicon oxides is detected, corroborating to the fact
that Eu®* is inserted into the Ba,SiOa lattice. Since no significant shifts for the interplanar
distances are observed in the XRD, Figure 4.1 (a), Eu* probably occupies Ba?* sites into
the Ba>SiO4 lattice. Moreover, the well-defined diffraction peaks, Figure 4.1 (a), confirm
that the sol-gel method was efficient to the synthesis of well-crystallized Ba,SiOs:Eu®*
under lower calcination temperature than other routes such as solid-state reactions
reported by A. M. Pires et al. (1,200 °C for 12 hours),! or Z. Wang et al. (1,300°C for
3 hours).®

The crystallite size values shown in Table 4.3 are comparable to those ones
reported for other oxide compounds prepared by the sol-gel method by applying high
annealing temperatures (>1,000 °C).%” For some samples, it is observed a preferential
growth of certain crystallographic planes, indicating that the crystallites are not spherical.
The crystallite size does not vary for the (1 2 1) plane, yet, it increases for the (2 1 1)
plane as the Eu®* concentration increases and for the (0 3 1) plane, it increases for the
BS1Eu, BS4Eu and BS5Eu samples. These modifications may be correlated to the defects
generated in the Ba>SiOg4 lattice minutely discussed for the BSTb series, section 3.3.1.

Table 4.3 Crystallite size (D, nm) for the three most intense planes of BSEu.

Plane BS5Eu BS4Eu BS3Eu BS2Eu BS1Eu BS
121) 4(9) 4(9) 4(9) 4(9) 4(9) 4(9)
(211) 4(1) 4(0) 3(9) 3(7) 3(9) 3(7)
(031) 5(5) 4(5) 4(2) 4(1) 4(6) 4(4)

Source: Reproduced from Bispo-Jr et al.*

FTIR spectra of BSEu are shown in Figure 4.1 (b) and they exhibit bands assigned
to vibrational modes related to the silicate tetrahedron. In addition, carbonate group
vibrational modes are also observed in all IR spectra and they are assigned to the presence
of carbonate ions on the surface of particles. It is also observed that the undoped silicate
exhibits shifted vas (<916 cm™), vs (~826 cm™) and & (~509 and ~ 497 cm™) bands
compared to the doped samples, confirming that Eu®* leads to structural defects in the
Ba»SiOs lattice.

In the Raman spectra shown in Figure 4.2, the bands observed at 910, 886, 851,
821, 519, 597, 370, and 350 cm™ are assigned to the vibrational modes related to the
silicate tetrahedron and the absence of bands at 559, 425, 385, 339, or 289 cm
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characteristics of Eu2O3 confirms the doping and the formation of a solid solution between
BazSiO4 and Eus*®

Figure 4.2 Raman spectra (300 K) of the BSEu samples. Laser 514 nm.
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Source: Reproduced from Bispo-Jr et al.*

4.3.2 Morphology
A representative SEM image of the BS5Eu phosphor is shown in Figure 4.3 (a).
Figure 4.3 (a) SEM images of BS5Eu. Magnification of 5.000 x, EHT = 30 kV. (b) EDS spectrum of the

BS5Eu sample. (c) Chemical mapping by EDS of BS5Eu sample monitoring Ba, Eu and Si atoms. (d)
Superposition of the Ba (in red), Eu (in blue), and Si (in green) distribution on the BS5Eu sample surface.

Intensity / arb. units

Source: Reproduced from Bispo-Jr et al.*

The BSEu phosphors exhibit irregularly shaped aggregate particles with
nanowires on the surface, in accordance with the BSTb series, Figure 3.5, section 3.3.2.
Also, Energy-dispersive X-ray spectroscopy (EDS), Figure 4.3 (b), confirms the presence

of the elements Ba, Eu and Si on the particle surface and the chemical mapping performed
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by EDS, Figures 4.3 (c) and (d), shows their homogeneous distribution in an agglomerate

of particles

4.3.3 Band gap evaluation

UV-Vis diffuse reflectance (DR) spectra of the samples are viewed in Figure
4.4 (a), and a magnification from 310 to 500 nm range is provided in Figure 4.4 (b). Zhang
etal. ® reported diffuse reflectance measurements for Ba,SiO4 synthesized via the solid-
state route. The DR spectrum profile recorded by them matches with those shown here
for the samples obtained via the sol-gel route, except for slight differences that arise from
the discrete morphology related to each synthetic methodology that directly affects the

sample reflection profile.®

Figure 4.4 (a) UV-Vis diffuse reflectance spectra of BSEu. (b) Magnification of the region between 310-
500 nm.
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Source: Reproduced from Bispo-Jr et al.*

The BSXEu samples display the characteristic absorption lines of Eu®* at 320,
362, 395 and 467 nm assigned to transitions from the "Fo ground state to the °Hj, °Da, °Ls
and °D; excited states, respectively. In addition, a smooth broadband observed at 360 nm
is assigned to the Ba2SiO4 absorption,® and it is related to the presence of traps or intrinsic
defects in the matrix. These defects may be generated, among other causes, by the thermal
decomposition of organic material or by products of the sol-gel synthesis during the
Ba,SiOy lattice formation or through the calcination of samples.

For the doped samples, the region corresponding to the matrix band, that is

better viewed in Figure 4.4 (b), has its reflectance decreased, meaning a greater absorption
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in relation to the undoped sample, except for the BS5Eu. This behavior indicates that Eu®*
contributes to the formation of defects in the Ba2SiO4 lattice, corroborating with FTIR
data. Another effect that may contribute to formation of structural defects is the surface
defects, as evidenced by SEM images, Figure 4.3, to which could justify the anomalous
behavior of the BS5Eu sample among the others.

The DR spectra also exhibit a strong absorption in the higher-energy region with
a maximum near to 225 nm related to transitions from the valence band (VB) to the
conduction band (CB) that corresponds to the optical bandgap of the material. Thus, the
bandgap values were evaluated according to the Kubelka-Munk’s approximation
previously shown in section 3.2.2, and the plots for the bandgap calculations are

represented in Figure 4.5.

Figure 4.5 Bandgap calculation considering direct transition of the BSXEu samples.
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The bandgap value reported for the BS sample is relatively high and it is in
accordance with the study previously reported by S. Z. Karazhanov et al.** for Zn;SiOa.
The doping decreases the bandgap and it may be associated to the increase of the surface
defect concentration for the doped samples, increasing the concentration of defect-related
energy levels lying within the VB and CB. The slight modifications of the bandgap in the
doped samples are also correlated to changes on the particle surface to which, in this case,

is difficult to quantify due to the high agglomeration degree of the particles.
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4.3.4 Photoluminescence

The excitation and emission spectra of the samples are viewed in Figure 4.6 (a)
and 4.6 (b), respectively. A broad Eu**-O?% charge transfer band (CTB) is observed below
300 nm in all excitation spectra, Figure 4.6 (a), as well as the expected narrow lines with

lower relative intensity related to the f-f transitions of Eu®".

Figure 4.6 (a) Excitation spectra (300K, 612 nm), (b) emission spectra (300 K, 393 nm) and (c) 1931
Commission Internationale d"Eclairage (CIE) chromaticity diagram of the phosphors.12
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The emission spectra excited at 393 nm, Figure 4.6 (b), that corresponds to the
"Fo—°Ls transition of Eu®*, exhibit the set of °Do—"Fo 12,34 transitions in the red spectral
region attributed to Eu* in low-symmetry local sites.*® The BS4Eu sample displays the
highest relative emission intensity, indicating that above this nominal doping percentage,
luminescence quenching by concentration takes place. It is important to highlight that the
1,931 CIE chromaticity diagrams built for all produced phosphors, Figure 4.6 (c),
guarantee high red color purity.

Therefore, as the BS4Eu sample displayed the best emission intensity, it was

chosen to be fully characterized by selective excitation and emission spectra to understand
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the impacts of the doping on the Ba>SiO4 network, and these results are discussed in the

following sections.

4.4 Optimization of the calcination time

Powder XRD measurements were performed for the Eu-10h and Eu-2h samples

(BS4Eu calcinated for 2 our 10 hours), Figure 4.7.

Figure 4.7 (a) Powder XRD of the Eu®*-based phosphors calcined for 2 or 10 hours compared to the
JCPDS-26-1403 Ba;SiO4 pattern (the asterisks represent the peaks assigned to the BaSiO3 spurious phase).
(b) BazSiO4 unit cell representation based on the CIF file available on Inorganic Crystal Structure Database
(ICSD); Bal and Ba2 are the notation for sites with CN 9 and 10, respectively.
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The diffraction profile related to the Eu-2h is indexed to the orthorhombic Ba>SiO4
phase (JCPDS 26-1403, number 62, Pama Space group) as the major phase (82.9 wt.%)
and two other secondary phases were identified as p-BaSiOs (JCPDS 26-1402, number
19, P212,12; space group) (16.8 wt.%) and SiO> (quartz, JCPDS 46-1045, number 152,
P3:21 space group) (0.3 wt.%). On the other hand, for the Eu-10h, only the orthorhombic
Ba;SiOs phase (JCPDS 26-1403) is noticed in the XRD pattern, regarding the
concentration limit of detection of the XRD technique, proving that the increase of the
calcination time is crucial to decrease the amount of spurious phases.

The BaSiO3 formation observed in the case of Eu-2h is related to the Eu* doping
since the stoichiometry of the material is different from the undoped system. According
to the phase diagram of the BaO-SiO- binary mixture reported by M. E. Huntelaar et al.,**
the suitable mol proportion of Si in relation to Ba to get the Ba>SiO4 without any spurious
phases is 33.3 %, under 1,100 °C. However, due to the doping with the activator ion, to
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compensate the charge difference between Eu®* and Ba?*, the silicon mol number
proportion becomes 35 %, allowing the formation of some BaSiOs phase. Because of this
non-stoichiometry, it will be always possible to find some BaSiOz fraction in the
phosphor composition regardless of the calcination condition, even below the limit
detection of the XRD technique.

The standardized crystallographic data for the Eu-based samples are represented
in Table 4.4 and they are in accordance with the data found in the literature for Ba,SiO4
and BaSiOs.'® There are two crystallographic positions occurring in equal amounts for
barium ions in the Ba>SiO4 structure with CN 10 or 9. In the BaSiOs lattice, barium ions
occupy a single site with CN 8 and ionic radius of 142 pm.

Table 4.4 Refinement parameters obtained from the XRD measurement. The refinement factors converge
to Ry = 6.89 %, Rup = 9.79 %, and y? =1.76 (Eu-2h) and Ry = 3.46 %, Rup = 4.57 %, and y? =1.51 (Eu-10h).

Sample Eu-2h Eu-10h
Phase Ba2SiO4 BaSiOs SiO. Ba2SiO4
ICDD database code | 04-011-2153  04-002-6752 04-015-7194 04-011-2153
Density / g-cm™ 5.47 4.41 2.68 5.49
Mass absorption 266.3 233.7 34.83 266.3
coefficient / cm?
Weight fraction / % 82.8 16.8 0.3 100 %
Space group (No.) Phma (62) P212121 (19) P3:21 (152) Phma (62)
Lattice parameters / a=7.5036 a=4.5964 a=4.8910 7.4931
b = 5.8086 b =5.6079 b =4.8910 5.80823
¢ =10.217 c=12.452 ¢ =5.3880 10.1874
Angle/° a=Bf=y=90 a=Pf=y=90 a=p=90,y=120 a=B=y=90
V/ 10 pm? 445.09 320.97 111.60 443.37

Source: Own authorship.

Due to the charge compensation mechanism considered in the phosphor synthesis,
structural defects may arise in the lattice since two Eu®* replace three Ba*, as previously
discussed in section 3.3.1. Due to the non-stoichiometry of the synthesis, it could be
formed distorted Eu* or Ba?* sites (local sites hereafter named as Eupa-ps) according to
Avram et al.,'” leading to the appearance of Eu®* sites different from that of the usual
replacement of Ba?* in the Ba,SiO4 and BaSiOs structures (local sites hereafter named as
Eui-s, Table 4.5). In this context, by considering the XRD data, we expect that Eu®*
occupies six non-equivalent sites (Eui-z and Eupi-ps, Table 4.5) in the Eu-2h sample and

four non-equivalent sites (Eui-2 and Eupi-p2) in the Eu-10h sample.
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Table 4.5 Polyhedral information of the potential sites for Eu®* substitution including coordination number
(CN), site symmetry (Wyckoff) and notation in the text for the Eu®* coordination sites.

Phase Atom CN Notation Defect-
for Euions related site

. Bag 9 Eus Eup:
Ba:Si0: oy 10 Eu: Eupz
BaSiO3 Basg 8 Eus Eups

Source: Own authorship.

To infer the excitation optical paths, excitation spectra were monitored at
610.4 nm (°Do—'F, transition) for Eu-2h and Eu-10h (Figure 4.8) exhibiting a broad
excitation band in the deep-UV region assigned to the Eu**—0? charge transfer band
(CTB) and narrow excitation lines attributed to the Laporte’s forbidden Eu®" f-f

transitions.

Figure 4.8 Excitation spectra (300 K) monitored at 610.14 nm of Eu®*-based phosphors.
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Under UV irradiation, the samples display an intense red emission color, as
illustrated in Figure 4.9 (a) for Eu-10h. The phosphor emission spectra under 255 nm
excitation reveal a series of Eu®* transitions from the 5Dy excited level to the 'F; (J = 0-4)
levels, Figure 4.9 (c). The high number of components for each Eu®* transition, that is,
more than one component for the non-degenerated °*Do—'Fo transition, readily indicates
that Eu* is inserted in more than one non-equivalent local coordination site, as detailed

below.
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Figure 4.9 (a) Photo of the Eu-10 h sample under UV radiation exposition (255 nm). (b) Absolute emission
quantum yield (g) compared to the excitation spectra of the Eu-10h sample. (c) Emission spectra (300 K,
255 nm). (d) 1,931 CIE chromaticity diagram of Eu-2h and Eu-10h.12
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The red emission was quantified by the calculation of the Commission
Internationale d’Eclairage (CIE) color coordinates for Eu-2h/Eu-10h as
(0.659;0.324)/(0.686;0.315) and (0.569;0.316)/(0.622;0.310) under excitation at 255 nm
and 393 nm, respectively, Figure 4.9 (d).

The absolute emission quantum yield (q) was measured as a function of the
excitation wavelength, namely around 250 nm and within the f-f levels at 393 nm (°Ls)
and at 464 nm (°Dy), Figure 4.9 (b). The maximum g values are found at 255 nm
excitation and they increase from 0.058+0.006 to 0.11+0.01 as the calcination time
increases from 2 hours to 10 hours, respectively. The achieved g values resemble those
of other silicate-based Eu*-phosphors,® but are lower compared to classic Eu®*-based
phosphors, such as Y203:Eu®" and YOF:Eu®*, Table 4.6.1°
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Table 4.6 Emission quantum yield (q) for the Eu*-based phosphors. The excitation wavelength (Aexc) iS
also indicated.

Sample Jexc | g* Reference Sample Jexc / M q* Reference
nm
Eu-2h 255  0.058 - Y2(M00O4)3:Eu®* 275 0.10 20
Eu-2h 393  0.037 - BisSiz012:EU%* 271 0.145 19
Eu-2h 464  0.042 - BisSisO12:Eus* 394 0.016 19
Eu-10h 255 0.11 - YOF:Eu®* 254 0.20-0.50 19
Eu-10h 393  0.024 - MgYBO:Eu® 254 0.25-0.30 19
Eu-10h 464 0.028 - Y,03:Eu®* 254 0.90 19
YVO, Eu®* 310 0.07 A

* The error is 10% of the absolute value.

Source: Own authorship.

4.5 High-resolution photoluminescence

To further discuss the Eu* local environments as function of the heat treatment,
low-temperature (14 K) high-resolution emission spectra under 255 nm and 393 nm

excitation were collected in the °Do—'Fo transition range, Figure 4.10.

Figure 4.10 (a) High-resolution emission spectra (14 K) monitoring different excitation wavelength in the
SDo—"Fo transition region. (b) Representation of Eu®* local sites (Eus.3, EUpi-3 and Euaz 2).
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The ’Do—'Fo transition exhibits at least five and eight components under
excitation at 255 and 393 nm respectively, suggesting that Eu" is, at least, inserted in 8
non-equivalent local sites without inversion center.

In accordance, we note that the *Do—'F; transition displays at least eight and

eleven components at 255 and 393 nm excitation, respectively, Figure 4.11 (a). Likewise,
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the °Do—'F> transition in both Eu-2h and Eu-10h displays at least ten components in the

emission spectra, Figure 4.11 (b).

Figure 4.11 High-resolution emission spectra (14 K) excited at 255 nm and 393 nm in the (a) °Do—'F; and
(b) °Do—"F transition region.
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Focusing our attention into the eight components found for the °Do—'Fo
transition, the components at 580.1 and 508.6 nm are tentatively assigned to the Eu; and
Eu. local sites, respectively, Table 4.7 and Figure 4.10 (b), based on the changes in their

intensities as the calcination time increases.

Table 4.7 Energy of the components for the *Do—'Fy transitions and ®Dyg lifetime () values of each
component excited at 393 nm (14 K) for the Eu-2h and Eu-10h.

Notation for  Wavelength Energy T Eu-2h 1 Eu-10h
Eu ions / £0.08 nm /£3 cm? / ms /' ms

Eus 578.22 17,295 1.60+0.03 1.73+0.03
Euz 579.56 17,256 1.19+0.04 1.50+0.02
Eus 580.12 17,238 1.36+0.03 0.79+0.02
Eup1 580.62 17,223 1.22+0.03 1.13+0.01
Eup2 581.54 17,196 0.60+0.02 0.66+0.03
Eups 582.35 17,173 0.28+0.02 0.11+0.02
Eua1 572.64 17,464 0.77+0.02 0.68+0.01
Euaz 573.13 17,448 0.69+0.01 -

Source: Own authorship.

By the XRD data, we would expect six and four non-equivalent °Do—'Fo
components for the Eu-2h and Eu-10h samples, respectively. However, both samples
show the same number of °Do—’Fo transitions with the same energy, Table 4.7, whose

relative intensity variation indicates that there are some BaSiOs traces in the sample
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composition, even for Eu-10h, evidencing the greater sensitivity of the spectroscopic
technique in detriment of X-ray diffraction.

As the calcination time increases from 2 h to 10 h, the °Do—'Fo components at
580.1 (Eus), 580.6 (Eupz1), 581.5 (Eup2) and 582.3 nm (Eups) have their relative intensity
decreased compared to the other components, Figure 4.10 (a). Besides that, the relative
intensity of the components at 578.2 nm (Eui1) and 579.5 nm (Euz) increases. These
observations suggest that the components at 580.1 (Eus), 580.6 (Eup1), 581.5 (Eup2) and
582.3 nm (Eups) correspond to the BaSiOs spurious phase or defect sites, and for the other
2 components, they arise from the Ba2SiO4 phase because the fraction of the BaSiOs phase
decreases as the calcination time increases, according to the XRD data.

In order to further assign the other *Do—Fo transition components, site-selective

excitation spectra were monitored around each °Do—'Fo position, Figure 4.12.

Figure 4.12 Excitation spectra (14 K) of the (a) Eu-2h and (b) Eu-10h samples monitored at distinct
wavelengths around the °Do—Fy transitions. CTB1 arises from Eu in Ba sites, CTB2 comes from Eu®*-0%
associates and the black arrows represent the two components for the CTBL1.
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Source: Own authorship.

For monitoring wavelengths around 578.2 nm (Euy), 579.6 nm (Euy), 580.1 nm
(Eus), 580.6 nm (Eup1), 581.5 nm (Eup), and 582.3 nm (Eups), the excitation spectra are
similar, Figure 4.12, indicating analogous °Do population paths being tentatively ascribed
to Eu®* located within the Ba;SiO4 or BaSiOz matrices. For these components, it is also
possible to distinguish two different bands in the excitation spectra at 255 nm and 275 nm
assigned to the CTB arising from the Eu replacing Ba sites in the Ba>SiO4 or BaSiOs
matrices (CTB1).
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It is feasible to assign the CTB1 band at 275 nm in Figure 4.12 to the Eupa-3 sites,
since the CN of the defect-related sites are lower than the Eui.3 ones according to Voort
Dirksen, and Blasé,?? and it is well-known that a decrease in the number of ligands around
Eu®* leads to a decrease in the CTB energy.?® This premise confirms that the sites at 578.2
(Euy), 579.5 (Eu2) and 580.1 (Eus) nm come from the Ba,SiO4 or BaSiOs structures since
they are not in the emission spectra under 255 nm excitation for the Eu-2h, Figure 4.10,
but they are noticed for the Eu-10h, where the concentration of Eus-3 local sites is larger
than for the Eu-2h.

Regarding the ®Do—'Fo components at 572.6 (Eua1) and 573.1 nm (Euaz), their
excitation spectra, Figure 4.12, display a broadband peaking around 330 nm (hereafter
designated as CTB2) quite different from that found in the excitation spectra monitored
within the other °Do—"Fo components. This red-shifted CTB2 resembles the CTB already
observed in the excitation spectra of Eu*-O? associates,?* suggesting that in the Eua: and
Euaz sites, Eu®* is bonded to oxygen ions that do not belong to the silicate network.

The formation of Eu®*-O? associates is usually related to a charge compensation
mechanism but they still may be formed in cases that the matrix is rather loosely packed
or contain chains formed by M-O polyhedral with unfilled spaces that may locate oxygen
ions in their interstices.? In the present case, whereas the Ba,SiO4 and BaSiOs matrices
in fact contain Ba-O polyhedral chains with unfilled spaces, it is feasible to assign the
arising of the Eu*-O?" associates to this explanation, i.e., both components at 572.6 (Euaz1)
and 573.1 nm (Euaz).

Selective emission-spectra were carried out monitoring the CTB2, Figure 4.13.

Figure 4.13 High-resolution emission spectra (14 K) monitoring different excitation wavelengths. The *
represents the SDy—’F, transition components that come from the Eua; and Euaz local sites.
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Under excitation at 330 nm (CTB2), the anomalous °Do—'Fo transition at
572.6 nm (Eua1) dominates the emission profile, Figure 4.13. This behavior is
characteristic of the Eu*-O? associate emission according to the literature.?>?4% There
are also two components of the °Do—'F; transition at 621.8 and 623.9 nm that cannot be
seen in the emission spectra under 255 nm excitation, Figure 4.13, but they are noticed
under 330 nm excitation, suggesting that they come from the Eu®*-O? associate sites.

To further discuss the nature of the CT bands at 255 nm, 275 nm and 330 nm in
the excitation spectra (Figure 4.12), the diffuse reflectance spectra of the isostructural Gd-
2h sample was carried out, Figure 4.14. The energy of the Gd** excited levels is much
higher than the typical energy of defects-related bands, inhibiting any energy transfer

process, and therefore the spectrum of Gd-2h is free from any CTB contribution.?

Figure 4.14. (a) Diffuse reflectance spectra of Eu-2h and Gd-2h samples. (b) Arithmetic difference between
the Eu-2h and Gd-2h-related reflectance spectra within the range of 200-360 nm. CTB1 comes from Eu
inserted in Ba sites and CTB 2 arises from Eu®*-O?% associates.
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Source: Own authorship.

The diffuse reflectance spectrum of Eu-2h, Figure 4.14 (a), reproduces that one
previously reported for the same sample, Figure 4.4. Regarding the two bands at about
250 nm and 320 nm, the spectrum of the Eu-2h is compared with that of the analogous
Gd-2h. Interestingly, the arithmetical difference between them, Figure 4.14 (b), reveals
two bands at 250 nm (CTB1) and 320 nm (CTB2) confirming that they arise from CT
processes between the matrix and Eu®*, supporting the assignments in the excitation
spectra, Figure 4.12. The band at 250 nm (CTB1) also displays two components at 255 nm
and 275 nm, in accordance with the previously shown excitation spectra, Figure 4.12.
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To further examine the nature of each Eu®* local site, selective emission decay

curves (Figures 4.15, 4.16 and 4.17) were monitored around each of the eight *Do—'Fo

components at 14 K, since at 300 K, it is not possible to distinguish all the eight °Do—Fo

components.

Figure 4.15 Emission decay curves (14 K) excited at 393 nm and monitored at distinct wavelengths around
the 5Do—'Fo transitions for the Eu-2h sample. The solid lines correspond to the data best fit (R%>0.9), using
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Figure 4.16 Emission decay curves (300 K) excited at 393 nm and monitored at 578.2 nm for the Eu-2h
sample. The solid line corresponds to the data best fit (R%>0.9), using a biexponential function. The insert
in the figure represents residual plots.
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Figure 4.17 Emission decay curves (14 K) excited at 393 nm and monitored at distinct wavelengths around
the *Do—"Fo transitions for the Eu-10h sample. The solid lines correspond to the data best fit (R?>0.9),

using a single exponential function. The insert in the figures represents residual plots.
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All the decay curves measured at 14 K, Figures 4.15 and 4.17, reveal a single
exponential behavior in good agreement with experimental site-selective conditions.
From the data best fit, the °Do lifetime () values were calculated for each Eu®* local
environment, Table 4.7. The °Dy lifetime values (14 K) for Eui-3 local sites are similar to
those found in other silicate-based matrices,?”? and for the Eua1 and Eua, they are faster,
in accordance with the Eu®*-O?% associate assignment.?*

The distinct values found for the Dy lifetime at 14 K (Eu-2h) compared to those
ones at 300 K, Figure 4.16, give further evidence for the proposed assignment of the 8
Eu3*-local sites. However, it was only possible to estimate the 5Dy lifetime value (300 K)
for the component at 578.2 nm (Eu.) through a biexponential fit, Figure 4.16 due to the
superposition of the Eu; and Eu, components at 300 K; therefore, the values obtained
through the biexponential fit may be associated with the Euy and Euz local sites.
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The °Dy lifetime values at 300 K of the Eu: and Eus local sites (Eu-2h) are to be
found as 1.55+£0.04 ms and 0.0568+0.005 ms and they are shorter than the values found
at 14 K, Table 4.7. Attending to the fact that the experimental transition probability may
be expressed as 7=z + 5L, where zr and z represent the non-radiative and radiative
lifetimes, respectively, and that at 14 K, 73~z 1, the increase in 7 as the temperature
decreases suggests the presence of competing thermally activated non-radiative
mechanisms.

Eu®* at defect-related local sites usually are characterized by longer = due to the
semi-filled coordination sphere, as previously reported,?®3%3! since the oxy vacancies lead
to a higher network vibration degree around Eu®*. Linked to this observation, by the
previously introduced definition of lifetime in the last paragraph, a decrease of =z, value
entails to a decrease in the lifetime value.

In this way, it is feasible to correlate the shortest lifetimes of the °Do state
monitored around the components at 580.6 (Eupz), 581.5 (Eup2) and 582.3 nm (Eups) to
Eud* sites associated to the structural defects. In fact, previously (Table 4.7), we
concluded that the components at 578.2 nm (Eui) and 579.5 nm (Euz) come from Eu®* in
the usual sites of the Ba>SiO4 network and the lifetime values are in accordance with this
assignment. In addition, by increasing calcination time to 10 h, the lifetime of the
*Do—'Fo components at 578.2 (Euz) and 579.5 nm (Euy) enhances.

As the temperature is a crucial parameter in what concerns the balance between
the radiative and non-radiative lifetime values, high-resolution emission spectra were
measured by changing the temperature from 14 K up to 300 K, Figure 4.18, in the next
page. The °Do—'Fo lines at 580.6 (Eup1), 581.5 (Eup2) and 582.3 nm (Eups) are favored
only at low temperatures, Figure 4.18 (a), when the non-radiative losses are minimized.
This observation is in accordance with our previous assignment for the nature of the
®*Do—'Fo transition components.

Already the components at 590.4 (°Do—’F1 transition), 593.3 (°*Do—'F1
transition), 595.8 (°Do—'F1 transition), 610.4 (°Do—'F. transition) and 623.9 nm
(*Do—'F transition) reveal analogous thermal dependence, Figures 4.18 (b) and (c), thus,
being related to the Eupai-> local sites.
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Figure 4.18 Temperature-dependent emission spectra monitored at 393 nm of the Eu-2h phosphor in the
(@) SDo—"Fo, (b) °Do—"F1 and (c) *Do—F- transition region. The black arrows represent the transition
components that disappear as the temperature increases.
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Finally, the finds reported in this chapter confirm that the best condition for the
Ba,SiO4:Eu®" synthesis is the Eu®" doping with 4 % and calcination temperature at
1,100 °C for 10 hours, where the concentration of BaSiO3 spurious phase and defect-
related local sites decreases. Therefore, due to the absorption of the phosphors near to
250 nm, they may be used as coatings of deep-UV-emitting LEDs (250 nm), making

prototypes that feature both red light and UV radiation emission desirable in indoor farms.

4.6 Conclusions

Herein, Ba,SiO4:Eu® phosphors were synthesized by the sol-gel route using softer
condition than the standard solid-state route that requires higher temperatures and longer
synthesis time. Besides that, a detailed spectroscopic study not reported yet was provided
for this system by using Eu®* as spectroscopic probe, proving that Eu* is inserted in at
least 8 non-equivalent local sites in this structure, 2 coming from the Ba.SiOs matrix, 1
in the BaSiOs spurious phase, 3 defect-related local sites due to the charge compensation
and 2 sites arising from Eu**-O?% associates, being that these oxy anions do not belong to
the matrix. Under 250 nm excitation, the phosphors exhibit an intense red-light emission

due to the Eud*f-f transitions, and the 4 %-doped sample shows the highest relative
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emission intensity and emission quantum yield, making it the most suitable to be applied
as coatings of deep-UV emitting LEDs.
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CHAPTER 5- ENERGY TRANSFER BETWEEN Tbh** AND Eu®*" IN
BARIUM ORTHOSILICATE PHOSPHORS

5.1 Introduction

Eu®* and Th**-codoped phosphors find many optical applications due to the red
light emission of Eu®* and the blue and green emissions coming from Th®" 12345 Many
reports are found on the synthesis of Eu®* and Tb®*-codoped phosphors, aiming
application, for instance, in WLEDs.®"8%1% As example, M. A. Tshabalala et al'
described the solid-state synthesis of Eu** and Th**-doped strontium orthosilicate and its
white emission under UV excitation.

However, one of the challenges concerning this phosphor is to understand the
energy transfer (ET) mechanism between Eu®* and Th** to modulate the phosphor white
light emission. Indeed, there is a lack of this kind of approach dealing with ET between
these ions specifically in orthosilicate matrix.

Therefore, in this chapter, we report the synthesis of BazSiOs:Eu®*, Tb** from the
sol-gel route, and we introduce a detailed interpretation of the ET process by varying the
concentration of the two activator ions. Moreover, the color tunability from the blue
towards the red spectral region through changing the activator concentrations, Figure 5.1,
Is envisaged to fabricate coatings for multifunctional LEDs emitting in the deep-UV and
visible windows for applications in indoor farming.

Figure 5.1 Representation of the goals of chapter 5.
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5.2 Experimental procedure
5.2.1 Ba:SiO4:Eu?*, Th3 synthesis

The reactants applied for the phosphor synthesis are the same applied for the BSEu
and BSTb series synthesis, sections 3.2.1 and 4.2.1. Eu** and Th**-doped Ba,SiOs was
synthesized via an adapted sol-gel route reported by us.!? The SiO:Ba?*,RE®*" xerogel
phase was synthesized by the same methodology applied for the BSEu and BSTh
synthesis, sections 3.2.1 and 4.2.1.

The-xerogel samples were pre-calcined at 450 °C with a heating ramp of 10 °C/min
for 2 hours, and then, calcined at 1,100 °C with a heating ramp of 10 °C/min for 2 hours
in an EDG muffle furnace type under CO reducing atmosphere. The doping concentration
was isoelectronically varied and the produced samples are shown in Table 5.1. The
samples will be hereafter designated as BSXEuYTb, where X and Y are the Eu and Tb
doping percentages, respectively. All the doped samples were obtained as monophasic

Ba,SiO4 phase while the undoped Ba,SiOs features some BaCOs traces.?

Table 5.1 Doping proportions.

Name Th3* Eu®* Th* Eu®* Tb* Eu®* Structural formula MW
% %M at%l  at% P choo €l choo [ / g/mol
[a]

BS2Eu2Th 2.0 2.0 2.01 2.0 3.0 3.0 Bai1.ssEu0.04Tbo.04S104 362.6820
BS2Eu0.1Th 2.0 0.10 2.02 0.10 3.0 0.15 Ba1.957EU0.002T0.04S104 364.7464
BS1Eu3Th 1.0 3.0 1.02 3.1 1.5 4.5 Bai.8sEu0.06 Tho.02Si04 362.5426
BS1Eu2Th 1.0 2.0 1.01 2.0 1.5 3.0 Ba1.91Eu0.04Tbo.02Si04 363.6233
BS1EulTb 1.0 1.0 1.01 1.0 1.5 1.5 Ba1,94Euo‘02Tbo,025iO4 364.7156
BS1Eu0.05Th 1.0 0.050 1.00 0.050 1.5 0.075 Ba1,9635EUO‘001Tb0‘025iO4 365.7417
BS1Eu0.01Th 1.0 0.010 1.00 0.010 1.5 0.015 Ba1,9697EUO‘0002Tb0,023i04 365.7849
BS0.5Eu4Th 0.50 4.0 0.510 4.1 0.75 6.0 Bai.8ssEu0.08Tb0.01Si04 361.935
BS2Eu2Th 0.50 1.0 0.503 1.0 0.75 1.5 Ba1.9ssEu0.02Tbo.01Si04 365.176
BS0.5Eu0.5Th 0.50 0.50 0.502 0.50 0.75 0.75 Ba1.97Eu0.01Tbo.01S104 365.710
BS0.1Eu4Th 0.10 4.0 0.102 4.1 0.15 6.0 Ba1.s77E10.08Tbo.002Si04 363.585

[a] doping percentage in relation to 2 mols of Ba?" in the undoped Ba,SiO,. [b] Doping percentage in relation to the total
cation mol amount for each sample; [c] Doping percentage in relation to the total cation charge in each sample.

Source: Reproduced from Bispo-Jr.t?

5.2.2 Characterization

Photoluminescence (PL)
Photoluminescence measurements at 300 K for the BSXEuYTb samples were

carried out in the same equipment described in section 3.2.2.
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5.3 Results

Figure 5.2 exhibits the excitation spectra of the codoped phosphors monitored at
612 nm (°Do—'F transition of Eu®"). The most intense band observed in the excitation
spectra at higher energy is assigned to both Tb** "Fe—4f'5d transition and O>—>Eu®*
CTB, in accordance with the previously reported excitation spectra of the single-doped

phosphors, Figures 3.8 (a) and 4.6 (a).

Figure 5.2 (a,c) Excitation spectra (300 K, 612 nm) of BSXEuYTh samples. (b,d) Magnification of the
range between 325-500 nm, where Th** transitions assignments are shown in green and Eu®* ones in red.
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The magnification of the range within 325-500 nm shows the Eu®* and the Th**
f-f transitions in all spectra, indicating that the Eu®* emission arises from both RE®*
excitations. This observation leads us to conclude that the ET from Th®*" to Eu®*
(Th3*—Eu®) takes place in all phosphors. The ET between the two ions is favored since
the energies of the °D3 (26,402 cm™) and °D4 (20,640 cm™)*2 levels of Th3*, and the °Do
(17,280 cmY), °Dy (18,973 cm™), 5D (21,445 cm™?), and °Ds (24,335 cm'?) levels of Eu®*

are close enough to allow the resonance between them.
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In the emission spectra monitored at 250 nm (300 K), Figure 5.3, both ions are
excited via Th*" "Fe—4f'5d and O*—Eu®" transitions, resulting in green and blue
emission from Th**, and red emission from Eu®*. In the cases where the Eu** content is
much higher than that of Th®", the Th®" emission is neglected, just the matrix intrinsic
emission is observed in the blue spectral region (see the matrix intrinsic luminescent

profile in Figure 5.3 (c)).

Figure 5.3 (a,b) Emission spectra (300 K, 250 nm) of BSXEuY Th. Th®* transitions are shown in green and
blue and Eu®* ones in red. (c) Excitation spectrum (300 K, 441 nm) and emission spectrum (300 K, 340 nm)
of the undoped Ba,SiO4 matrix.
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The ratio between the terbium and europium emission integrated areas for all

phosphors is listed in Table 5.2.

Table 5.2 Tb/Eu emission rate, and critical distance (Rc) between Eu®* and Th%*.

Tb/Eu Rc Re Rc
emission rate [ E'Lg:Eu Tb-Th /AT Eu-Th/A !
JA ]

BS3EulTb - 7.4(6) 10.(8) 6.7(8)
BS2EulTh 0.58+0.01 8.5(8) 10.(8) 7.5(0)
BS1EulTh 0.92+0.01 8.6(7) 10.(9) 8.6(3)
BS0.1Eul1Tb 0.48+0.01 23.(5) 10.(9) 10.(6)
BS0.05EulTh 0.59+0.01 29.(7) 10.(9) 10.(7)
BS0.01EulTh 0.34+0.01 50.(7) 10.(9) 10.(9)
BS4EU0.5Tb - 6.7(6) 13.(5) 6.5(0)
BS1EU0.5Th 1.13+0.01 10.(9) 13.(7) 9.5(2)
BS0.5EU0.5Tb 0.9620.01 13.(7) 13.(7) 10.(9)
BS4Eu0.1Tb - 6.7(7) 23.(2) 10.(4)

[a] The Th/Eu emission ratio parameter was determined by the ratio between the sum of the integrated area
below the Terbium and Europium transitions in the emission spectra under excitation at 250 nm.
[b] The Ln-Ln distance was calculated considering the Ln3" concentration in Equation 3.8.

Source: Reproduced from Bispo-Jr.*2
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For the BSXEu1Tb sample series, the increase of the Eu* concentration leads to
an increment in the Th®" emission up to 1% of Eu®*. Then, the Eu** emission overcomes
the Tb®* one. This behavior leads us to conclude that ET from Eu®* to Tb®* (Eu®**—Tb*")
dominates the ET up to 1% of Eu®*, and at higher Eu®* concentrations, on the other side,
the Th® — Eu®* ET is the main process. The same profile is observed for BSXEu0.5Th
series.

The Eu**—>Tb% ET mechanism proposition is endorsed by analyzing the
excitation spectra monitoring the Th** °Ds—'Fs emission, Figure 5.4 (a), where the Eu®*
"Fo—°Ls transition is observed for the BS1Eul1Tb, indicating that Th*" emission is
achieved via Eu®" excitation. For the samples with low Eu®* concentration, the Eu®*
excitation cannot be observed because the Ba>SiO4 intrinsic excitation overcomes the
Th®" lines. An extrapolation of Eu*-doping in relation to the Th®*" concentration
(BS4EuU0.1Th sample) shows that the Th** emission is quenched in the cases where the
Eu®* content is too high, Figure 5.3 (b). In addition, when both Eu®* and Th** doping is
the same, the Th®" and Eu®* emission intensities are similar, Figure 5.3 (b), probably
because the Eu**—>Tb*" and Tb**—Eu®*" ET probabilities are too close in these cases.

Therefore, the Eu—Tb ET occurs just when both Eu®* and Tb3* contents are close.

Figure 5.4 (a) Excitation spectra (300 K, 545 nm) of BSXEu1Tb series. Th3* transitions are shown in green
and Eu® in red. (b) Energy transfer mechanisms between Th%" and Eu®* (dashed arrows: non-radiative
transitions; solid line arrows: radiative transitions, curved lines: energy transfer).
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Figure 5.4 (b) shows some propositions of ET mechanisms between Th*" and Eu®*
in the Ba,SiO4 host. In the mechanism 1, both Eu®* and Tb3* emit under 250 nm excitation.
In the mechanism 11, the ET from Tb*" to Eu®*" is shown and occurs for all samples,
dominating the ET profile at high Eu®>" concentration. In the case of mechanism Ill, the
ET from Eu® to Tb®" is represented and it dominates the ET between the RE** just for
samples with low Eu®* doping concentration.

The Eu-Tb ET mechanism was evaluated by the Van Uitert theory (Equation 2.6)
as previously reported for the BSYTb samples, section 3.3.4. The calculated Rc (Table
5.2) indicates that the exchange interaction is unlikely to take place since the values are
higher than 4 A. Thus, multipolar interactions must be the main factor that contributes to
the energy transfer mechanism. In Figure 5.5, it is plotted the log(x) versus log(1/x), where
the intensity was fixed in both Tb* °Ds—'Fs and Eu** *Do—F transitions. The 6 values
deduced from the fitting plots monitoring the emission of both RE®* are closer to 6,
suggesting that the dipole-dipole interaction is the main contribution for the ET between
Th** and Eu®".

Figure 5.5 Linear fitting of log(x) versus log(l/x) for BSXEy1Tb series considering the emission intensity
at (a) 612 nm and (b) 545 nm.
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The CIE color coordinate diagram obtained for all phosphors is presented in
Figure 5.6. For the BSXEulTb series, the emission moves to pink as the Eu®'
concentration increase from 0.01 up to 1%, then it goes back to red. This occurs because
the Th®" emission is favored up to 1% of Eu®*, and from then on, the Eu®* emission
overcomes the Th®* emission, Figure 5.3. Samples with equal RE concentration emit near
to pink since both red and blue emissions of Eu®* and Th** respectively, have similar
intensities, Figure 5.3. The phosphors with low Th*" concentration emit near to pink due
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to the blue contribution of the matrix emission, Figure 5.3. Thus, the emission color is

tunable by varying the dopant concentration.

Figure 5.6 CIE diagram of BSXEuY Th samples excited at 250 nm.
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Luminescent-decay curves were measured by monitoring the Eu®* °Dg level and

Th**°D3 and °Dy4 levels, and the curves were fitted thought a monoexponential (Equation

5.1) adjustment, Figure 5.7.

Figure 5.7 Emission decay curves excited at 250 nm and monitored at (a) 370 nm, (b) 545 nm and (c)

612 nm.
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The Tb®* lifetime values were used to estimate the Tb—Eu ET efficiency by
applying Equation 5.2, where 11 is the lifetime value for the codoped sample and 110 is
the lifetime value for the single doped samples. The ET efficiencies are shown in Table
5.3.

- .
I'=1Iy+ Ae' * 7 (5.1), Nrp-eu = 1 _T_(S-Z)
10

Table 5.3 Tb—Eu ET efficiency (the -, (°D3) and the nm—r, (°D4) correspond to the ET from the
Tb3*5D3 and 5Dy levels to the Eu®* levels, respectively), Tb3* °Ds (t15°D3) and 5Dy (t15°D4) lifetime values
and Eu®* 5Dy lifetime values (tey).

Tp°Ds3 / T1b°Da Teu/ Ms No>eu(®D3) /' MTbsew (°D4)
ms /ms % /%
BS3EulTb - - 0.99+0.03 100 [ 100 !
BS2EulThb -[ - 0.57+0.03 100 [ 100 !
BS1EulTb 0.20+0.01 1.26+0.04 0.83+0.02 91+1 8+1
BS0.1EulTb 0.20+0.01 1.14+0.02 1.28+0.04 91+1 1741
BS0.05EulTb 0.18+0.01 1.21+0.03 1.224+0.05 92+1 12+1
BS0.01EulTb - [ 1.22+0.04 1.49+0.06 100 [ 12+1
BS4Eu0.05Tb - [ - [ 1.67+0.06 100 [ 100 [
BS1Eu0.5Tbh 0.27+0.01 1.80+0.05 1.26+0.04 90+1 136+1
BS0.1Eu0.5Tb - [ 1.51+0.05 1.37+0.04 84+1 114+1
BS4Eu0.01Tb - [ - [ 1.97+0.05 100 [ 100 [
BS4Eu - - 1.34+0.05 - -

a1 Some samples do not shownTh3* emission and as consequence do not have lifetime values.
1 For the samples that do not have °D3 and °Dy lifetime values, the Tb—Eu ET efficiency was considered
as 100 %.

Source: Reproduced from Bispo-Jr.*2

From Table 5.3, in the cases where Eu®" and Tb*" contents are similar
(BS1EulTb and BS0.5Eu0.5Tb), the Tb—Eu ET efficiency for the °Ds level is lower than
that found for the others, and the ET efficiency from the °Ds level is higher than 100 %
or very low. These results show that in the °Ds level, the Eu—Tb ET is more efficient for
the °Ds level population in relation to the other samples, and as consequence, it decreases
the Tb—Eu ET efficiency.

Considering the °D4 level, a Tb—Eu ET efficiency higher than 100 % indicates
that the opposite process is the main ET process, contributing to the population of the °Da
level and its lifetime value increase. Also, in some cases, low °Ds Tb—Eu ET efficiency
is an indicative that the opposite ET process is dominating. In this context, the Eu—Tb
ET occurs mainly via the D4 level.

The Tb—Eu ET efficiency increases in the samples that have Eu* content much
lower or higher than that of Tb%, showing that the Tb—Eu ET prevails in relation to the

opposite process. In these cases, the ET efficiency value from the Th®* °Ds level is higher
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than that from the °Da one, showing that the Tb—Eu ET occurs mainly via the Tb* °D3
level.

As expected from the emission spectra, when the Th®" content is much lower
than that of Eu®* (BS4Eu0.5Tb0 and BS4Eu0.1Tb), the ET efficiency from both °Ds and
°D4 levels are 100 %, indicating that this is the best condition to improve the Eu®*
efficiency. This efficient Tb—FEu ET can also be evidenced by the increase of the Eu®*
°Dy lifetime values for these samples compared to the single doped BazSiO4:Eu®*.

Therefore, the finds reported here confirm that Th3* acts as sensitizer for Eu®",
enhancing the radiative decay probability from the °Do emitting state. Moreover, by
changing the doping concentration, the overall emitted color may be tuned from the blue
towards the red spectral region, crossing the pink emission, enabling the fabrication of

blue, pink or red-coatings for deep-UV LEDs.

5.4 Conclusions

In this chapter, an energy transfer approach between Eu** and Th** in the Ba,SiO4
matrix was proposed. Both Eu®* and Th*" emissions could be detected under 250 nm
excitation, with an unexpected and intense Th3* blue emission arising from the °Ds level.
However, at relatively high Eu* concentrations, the Th3" emission was quenched because
of Th3* acts as sensitizer to the Eu®* luminescence. It was possible to tune the phosphor
emission from the blue towards the red spectral region by varying the doping content.
Considering all the studied doping combinations, the energy transfer from Th® to Eu®*
takes place in all samples, but the inverse process only dominates for samples with similar
Th®*" and Eu®* contents. Therefore, the blue, red or pink-emitting phosphors may be used
as coatings of deep-UV-emitting LEDs, making multifunctional devices for indoor farm

application.
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CHAPTER 6 — RED-LIGHT-EMITTING COATINGS FOR LEDs
APPLIED TO PLANT CIRCADIAN RHYTHM CONTROL

6.1 Introduction

The commercial use of LEDs is not limited to lighting since the actual concern on
improving life quality is catalyzing the solid-state lighting technology to come up with
multifunctional LEDs that regulate human and plant circadian rhythm.* In what concerns
plant growth, the regulation of the circadian rhythm by light exposition from LEDs
appeals as an option to enhance the biomass production rate, especially in indoor farms,
as an attractive alternative to supply the food world demand.? In this case, the quality of
the produced biomass depends on the light source characteristics as wavelength and
intensity applied to the process.?

Taking into account the impacts of the LED wavelength on the plant circadian
rhythm, red light is the most suitable to regulate the photoreceptor phytochrome, that, in
its turn, it is directly correlated with photosynthesis, germination, flowering as well as
aerial architectural development.* Moreover, the use of blue and green light may be
envisaged for plant circadian rhythm regulation, as previously highlighted in Table 2.4,
section 2.2.4.

It is worth pointing out that extra UV radiation (210 — 250 nm) would also make
a worthwhile contribution to food production since it is helpful to disinfection, water
treatment, and purification.>® However, it is essential to dose the UV radiation intensity,
avoiding disturbs in the natural plant growth.” Therefore, the combination of a deep-UV
emitting LED (250 nm) and a deep-UV-to-red downshifting converter phosphor allows
fabricating a multifunctional prototype with decreased UV radiation emission compared
to the bare-UV LED and getting red light suitable for indoor farming, Figure 6.1, in the
next page.

To accomplish the multifunctional device fabrication, two main challenges need
to be addressed: i) fabrication of compact and higher output power deep-UV LEDs and
(i) the choice of efficient monochromatic downshifting phosphors easily processed as
coatings with tunable thickness. In what concerns issue (i), some progress has been
achieved in the last 10 years,® despite low energy conversion efficiency (1 %),° being still
a challenge. To address challenge (ii), we introduce the utilization of the Ba,SiOs:Eu*
phosphor. Moreover, in order to dose the UV radiation, we introduce the phosphor
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dispersion in poly(methyl methacrylate) (PMMA) or polyvinylidene fluoride (PVDF)
since they absorb deep-UV radiation, making a photo-selective film to UV radiation by
controlling the film thickness. In order to improve the physical and chemical properties
of polymeric matrices, usually chemical substances, such as Buriti oil (BO), may be also
used as plasticizers.!® For the record, this was the first time BO was used as plasticizer
for PVDF.

Figure 6.1. Scheme of the UV and red-emitting multifunctional LED architecture for a potential application
in indoor farming.

Multifunctional UV and
red-emitting LEDs

UV-to-red down- :
shifting converter !
phosphor

Source: Own authorship.

Therefore, inspired in the possibility of fabricating photo-selective films to be
applied as coatings of multifunctional UV and red-emitting LEDs, in this study, we
incorporated the Ba,SiO4:Eu®" phosphor in PMMA or PVDF films with deep-UV
radiation filtering and emission in the red spectral region. As the BS4Eu sample showed
the best luminescent properties (see chapter 4), it was chosen as a reference to fabricate
the films. This sample was also chosen due to the spectroscopic probe properties of Eu®*,
enabling to evaluate the impacts of the phosphor dispersion in the polymeric matrices. In
the future, the use of the Ba;SiO4:Th** and Ba,SiO4:Eu®", Th*" for the same purpose may

be envisaged.

6.2 Experimental procedure

6.2.1 PVDF:BS4Eu film fabrication

The films were prepared by applying the drop casting method using BO as
plasticizer according to a study reported by us.' For this, dimethylformamide
(10.0+0.1 mL, C3H7NO, Cinética, 99.8 %) was mixed with PVDF (2.0000+0.0002 g,
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CH2F2, Atochem, 99 %) and BO (400+1 pL, Mundo dos 6leos). Then, the BS4Eu particles
were introduced by varying the phosphor powder doping as 2, 5, 10, and 20 wt.% in
relation to 2.000 g (PVDF and phosphor). The mixture was heated at 80 °C under stirring
for two hours for the PVDF and oil dissolution, and after that, it was transferred to a Petri
dish with a diameter of 9 cm and dried at 60 °C for 6 hours. These samples will be
hereafter designated as PVDF:xBSEu, where X is the wt.% amount of BS4Eu.

6.2.2 PMMA:BS4Eu film fabrication

The PMMA matrix precursor was produced by mixing methyl methacrylate,
(10.0000+0.0002 g, CH>=C(CH3)COOCHs, Acros, 99 %) with benzoyl peroxide,
(0.6000+0.0002 g, C14H1004, Alfa Aesar, 97 %) in a glass vial. The mixture was heated
at 80-90 °C for 30 minutes and then placed in an oven at 40 °C until complete
polymerization.?

PMMA:Eu films were deposited by the drop casting method. First, the fabricated
PMMA polymer precursor (0.6069+0.0002 g) was dissolved in dichloromethane
(10.0£0.1 mL, CH2Cly, Sigma, 99.8 %), and 1.7£0.1 mL of this solution was transferred
to a 2.2x2.2 cm? glass, in order to get a PMMA film with 0.1042 g. This PMMA weight
was considered as the reference of 100 wt.%. The PMMA film syntheses were carried out
without BO as plasticizer.

Then, stoichiometric amounts of Eu-2h (BS4Eu calcined for 2 hours) and
PMMA/dichloromethane solution were mixed to get films with weight proportions of
1 PMMA:M Eu-2h, where M = 0.25, 1.00, 2.00, 3.00 and 4.00 (20, 50, 66, 75 and
80 wt.%, respectively). The PMMA/phosphor suspensions were deposited in a
2.2x2.2 cm? glass and they were dried at 25 °C for 24 hours. Finally, the optimized
deposition condition (1 PMMA:2 Eu-2h) was used to fabricate the film using the Eu-10h
phosphor (BS4Eu calcined for 10 hours featuring the highest emission quantum yield,
section 4.4). The films will be hereafter designated as PMMA:MEu-X where M = 0.25,
1,2,3and 4and X =2 h or 10 h.

6.2.3 Film characterization

Powder X-ray diffraction (XRD)
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The PVDF:BSEu samples were characterized by XRD using a Shimadzu model
600 diffractometer in Laboratorio de Difragdo de Raios X of FCT/UNESP under

supervision of Professor Silvio R. Teixeira.

Scanning electron microscopy (SEM)
The PVDF:BSEu samples were characterized by SEM using the same equipment

described previously in section 3.2.2.

Thermogravimetric analysis (TGA)

The PVDF:BSEu samples were characterized by TGA using a Netzsch equipment
(model 204), approximate weight of 4 mg of each sample in alumina crucible under
purified nitrogen gas flux (15 mL/min) and heating rate of 10 °C/min from 25 °C to
550 °C. The equipment is available in Nucleo de Inovacédo Tecnoldgica em Borracha
Natural of FCT/UNESP under supervision of Professor Aldo E. Job.

Differential scanning calorimetry (DSC)

The PVDF:BSEu samples were characterized by DSC using a Netzsch equipment
(model DSC 204), approximate weight of 2 mg of each sample in an alumina crucible,
and a heating rate of 10 °C/min from -90 °C to 550 °C. The equipment is available in
Ndcleo de Inovacdo Tecnologica em Borracha Natural of FCT/UNESP under supervision
of Professor Aldo E. Job.

Photoluminescence

For the PVDF:BSEu samples, the PL measurements were carried out in a Horiba
Jobin Yvon Fluorolog-3 FL3-122 equipped with an excitation and emission double
monochromator, continuous Xe lamp (450 W). Luminescent decay curves were evaluated
by using a phosphorimeter Jobin Yvon, model FL-1040 equipped with a Xe lamp (25 Hz).
The equipment is available in Laboratério Multiusuario de Andlises Quimicas of
IQ/UNESP.

For the PMMA:Eu samples, PL measurements were carried out in the same
equipment described in section 4.2.2.

Optical microscopy
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The thickness of the PMMA:Eu films was estimated through optical
microscopy using an Olympus BX51 bright field microscope (10x objective), in
the reflection mode. The equipment is available in phantom-g of University of

Aveiro under supervision of Professor Luis D. Carlos.

Ultraviolet (UV)/Visible Absorption spectroscopy
The UV/visible absorption spectra of the PMMA:Eu films were recorded
using a Lambda 950 dual-beam spectrometer (Perkin-Elmer). The equipment is

available in University of Aveiro under supervision of Professor Luis D. Carlos.

Luminous flux

For the PMMA:Eu films, the luminous flux was measured using an integrating
sphere ISP 150L-131 from Instrument Systems (BaSO4 coating) with an internal diameter
of 150 mm and coupled to an array spectrometer MAS 40 from Instrument Systems. The
measurements are accurate within 5%, accordingly to the manufacturer. A UV bulb

(254 nm) and optical power of 3.2£0.1 mW was used as the excitation source.

Absolute Emission Quantum Yield
The absolute emission quantum yields of the PMMA:Eu films were carried

out in the same equipment described in section 4.2.2.

6.3 Characterization of PVDF-based films

6.3.1 Structural characterization

The membranes are visually homogeneous, Figure 6.2, except for PVDF:20BSEu
membrane, and for this reason, all the other membranes had their thickness measured,
and the values are summarized in Table 6.1. A tendency of thickness decreasing was

observed with the addition of BSEu probably because the PVDF amount decreases.

Figure 6.2 Images of the PVDF membranes: (a) PVDF:2BSEu, (b) PVDF:5BSEu, (c) PVDF:10BSEu, (d)
PVDF:20BSEu.

o d (&)

Source: Own authorship.
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Table 6.1 20 Bragg angle for the a-PVDF phase planes and thickness of the membranes.

Film 20 Bragg angle / £0.02 degree Thickness /
(100) (020) (110 021) (002 mm [
PVDF 16.98 18.53 20.43 25.55 39.40 0.10+0.02
PVDF:BO 17.09 18.74 20.61 25.49 39.49 0.39+0.04
PVDF:2BSEu - 18.27 19.69 - - 0.31+0.04
PVDF:5BSEu - 18.25 19.80 - - 0.26+0.04
PVDF:10BSEu - 19.30 20.70 - - 0.2240.01

[a] Mean thickness obtained from the measure at 20 different points of the membrane using a Mitutoyo
micrometer with an accuracy of 0.01 mm.

Source: Own authorship.

The X-ray diffraction profiles of the PVDF membranes are shown in Figure 6.3,
and they exhibit five peaks around 17 ©, 18 °, 20 °, 26 ° and 40 ° corresponding to the
planes (11 0),(020),(100), (021)and (00 2) respectively, characteristic of the a-
PVDF phase (JCPDS-38-1638).13

Figure 6.3 X-ray diffractograms of PVDF:BSEu films.
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Source: Reproduced from Bispo-Jr.1!

All 26 Bragg angles for the indexed o-PVDF phase are also listed in Table 6.1,
and the large FWHM values indicate the low crystallinity of the membranes and the
PVDF semicrystalline nature.

Changes in the peak position indicate that the BS4Eu concentration influences the
PVDF semicrystalline structure. These modifications are related to variations in the
PVDF chain organization, in the degree of crystallinity, crystallite size, and changes in
the molecular strengths that keep the chains together.!* Finally, the X-ray patterns do not
show other PVDF phases.
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As the BS4Eu content increases, the PVDF (1 0 0) plane disappears and the (1 1 0)
peak shifts to lower Bragg angles, indicating that the PVVDF crystallization is inhibited by
the BSEu particles. J. Song et al. obtained similar results for La,Oz-doped a-PVDF

membranes.t*

6.3.2 Morphology

SEM images of the PVDF films are shown in Figure 6.4, revealing agglomerated

spherical microstructures connected by necks on the membrane surface. These

microstructures are probably composed by spherulites according to literature.*>®

~ Source: Reproduged from BispoJr.11

Some cavities are observed in the PVDF micro spherulites. A similar profile was
also related by J. A. Dures et al. in PMMA membranes containing BO.Y” These cavities
exhibit an oval shape and they arise because during the preparation of the membranes
with BO, the solvent is evaporated and consequently, the oil coagulates into the polymer
matrix. Then, phase separation is established after the total solvent evaporation thus,
resulting in materials showing distinct microdomains of BO. In another study, J. A.
Duraes et al. showed that the oval-shaped cavities may be correlated to the intermolecular
interactions between the polymer and the oil.*® Although these interactions experience
low energy, they are present in a vast quantity, leading to good dispersion of BO.

The chemical mapping images of the PVDF:10BSEu film is viewed in Figure 6.5,
and just C, F and O elements are detected in the PVDF particle surface regarding the
penetrability of the EDS technique (1 pm). Carbon comes from PVDF chains and BO, F
comes from PVDF chains, O comes from fatty acids in BO and all the three atoms have
homogeneous distribution on the film surface. Yet, no signal related to Ba, Eu or Si atoms
are observed in the chemical mapping, leading us to conclude that the phosphor particles

are inside the membrane and not on its surface.
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Figure 6.5 Chemical mapping of the PVDF:10BSEu film. In (a), atoms of carbon, fluorine and oxygen are
shown together, in (b) only carbon, in (c) only fluorine, and in (d) only oxygen atom.

(0 BT (0)

6.3.3 Thermal behavior of PVDF-films

Thermogravimetric analysis and DTG curves of the films are shown in Figure 6.6.

Figure 6.6 (a) TG thermograms and (b) DTG of PVDF:BSEu films.
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The PVDF films present good thermal stability, up to at least 350 °C, to which it
is correlated to the high electronegativity of the fluorine atoms composing the polymer
chain and their high C—F bond dissociation energy. Above 350 °C, the PVDF begins to
degrade releasing hydrogen fluoride, monomers and few amounts of C4HsF3 according to
the literature. 111920

The thermal decomposition of BO takes place in two steps, see Figure 6.6; the
first one near to 260 °C is due to the release of volatile components and the second one
around 425 °C indicates that the fatty acids break down completely.

BS4Eu itself exhibits a loss weight of 10.51 % between 25 °C and 600 °C with a
maximum at 300 °C indicated by DTG. This loss weight is attributed to the thermal
decomposition of amorphous carbonate on the phosphor surface. As the BSEu phosphor
is included in the membrane composition, a tendency of decreasing the loss weight is
observed up to the PVDF:10BSEu sample (See Table 6.2).
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Table 6.2 Loss weight in different temperature ranges obtained from TG and maximum decomposition
temperature (max.) of PVDF films.

Membrane Loss weight / % BO PVDF max./°C
25-300 300-405 405-501 max.
[°C /°C /°C /°C
BO 1.55+0.01 98.00+0.01 - 390.1+0.1 - -
PVDF 3.284£0.01 1.72+0.01 62.7+0.01 - - 437.0+0.1
PVDF:BO 2.26+0.01 14.07+0.01 53.29+0.01 383.4+0.1 426.9+0.1 442.4+0.1
PVDF:2BSEu 1.80+0.01 16.23+0.01 51.58+0.01 375.1+0.1 - 445.60.1
PVDF:5BSEu 1.42+0.01 16.78+0.01 50.56+0.01 372.8+0.1 - 448.1+0.1
PVDF:10BSEu  1.28+0.01 14.23+0.01 48.80+0.01 374.6+0.1 - 450.2+0.1

Source: Reproduced from Bispo-Jr.1t

The decomposition temperature slightly increases as the BSEu amount increases
(see Figure 6.6 (b) and Table 6.2), indicating that the attraction forces among PVDF and
BSEu improve the thermal stability of the composite. Similar results were also observed
by F. S. Al-Hazmi et al. for CuO particles in PVDF films.?! The improvement of the
thermal stability due to the BSEu particles incorporation in the PVDF is related to the
packing of the polar crystalline a-phase by the ionic phosphor particles.?? This occurs
because silicate materials obtained from the sol-gel synthesis usually display a polar
behavior on the particle surface due to the presence of Si-O groups.

The DSC analysis gives further insight into the thermal behavior of the films, as
illustrated in Figure 6.7.

Figure 6.7 (a) DSC scans of the PVDF:BSEu films. (b) Magnification of the DSC scans in the region
between -67.5 °C and -15 °C. Assignments: (1) BO phase transition, (2) PVDF melting point, (3) Carbonate
on BS4Eu surface, (4) BO decomposition, (5) PVDF decomposition. The glass transition is shown between
the dashed lines in Figure 6 (b).
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Source: Reproduced from Bispo-Jr.1!

For pure BO, the DSC scan exhibits two endothermic events, the first

around -17 °C (AH = 43.9 J.g}) associated with a solid phase transition of the oil,?*?* and
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the second is a broad peak at 433.2 °C related to the BO decomposition, as it was
previously shown by the TG measurement, Figure 6.6.

For the PVDF films, two events are also observed; an exothermic peak at 480 °C
attributed to the PVDF decomposition, and an endothermic peak around 170 °C attributed
to the PVDF melting point (Tm) characteristic of the PVDF a- phase.?®

From the PVDF melting point, it is possible to estimate the polymer crystallinity
degree (y) by the following Equation 6.1,%° in which AHm is the experimental heat of
fusion, W is the PVDF content (wt.%) in the PVDF membranes and AHm,° is the heat of
fusion of PVDF considering a crystallinity degree of 100 % ( 90.4 J.g™%).2" Also, as the
melting temperature is constant in the melting process, it is possible to estimate the
entropy variation (ASm) for the melting process by Equation 6.2.

H,, AH,,

= 100 (%) (6.1 T, = —o

The polymer crystallinity is shown in Table 6.3. The BSEu addition in PVDF

X (6.2)

membranes decreases the PVDF crystallinity, as it was indicated by XRD before.

Table 6.3 Glass transition temperature (Ty), melting temperature (Tm), beginning of the melting process
(Tonset), heat of fusion (AHm), entropy variation in the melting process (ASm) and crystallinity degree (y).

Membrane Tq/ Tm/ Tonset / AHnm / ASm / %(%0)
+0.1°C +0.1°C +0.1°C $02Jg! x10°%JglK?

PVDF -35.9 171.6 161.1 32.3 0.07+0.001 35.(7)

PVDF:BO -58.2 171.0 162.5 26.1 5.878+0.001  28.(9)

PVDF:2BSEu -59.4 171.9 161.6 25.2 5.889+0.001 28.(4)

PVDF:5BSEu -42.4 171.9 163.8 24.9 5.597+0.001 29.(0)

PVDF:10BSEu -59.1 171.3 163.3 23.1 5.199+0.001 28.(4)

Source: Reproduced from Bispo-Jr.1!

A glass transition with characteristic temperature (Tg) was observed in the DSC
scans, Figure 6.7 (b) with values also listed in Table 6.3. The glass transition for the pure
PVDF film occurs at -35.5 °C, matching with the literature.?® The PVDF Tg4 values shown
in Table 6.3 slightly varies with the BSEu addition in the films, except for the
PVDF:5BSEu film.

6.3.4 Photoluminescence

The excitation and emission spectra (300 K) of the PVDF:10BSEu films are
shown in Figure 6.8. The other PVDF films do not display luminescence. For the

PVDF:10BSEu, the excitation transitions related to the phosphor are detected in the
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excitation spectrum, Figure 6.8 (a). In this context, the emission spectrum monitored at
250 nm of the PVDF:10BSEu, Figure 6.8 (b) is dominated by narrow bands related to the
*Do—'F; (J = 1, 2 and 4) Eu®* transitions, mainly in the red spectral region. The CIE color
coordinates were determined as (0.684;0.314) for the PVDF:10BSEu, with 100% of color

purity, which guarantee a pure red color for the membrane.

Figure 6.8 (a) Excitation spectra (300 K, 610 nm) and (b) emission spectra (300 K, 250 nm) of
PVDF:10BSEu compared to BS4Eu.
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Finally, in this section, we introduced the synthesis of films based on
Ba,SiO4:Eu® dispersed in PVDF. However, the dispersion of the phosphor in PVDF is
low, being 10 wt.% the maximum limit for homogenous dispersion. Therefore, aiming to
improve the phosphor homogeneity in a polymeric film, PMMA:BSEu films were
synthesized, as represented in the next section. As BO does not influence the Eu®*
emission, we choose to do not use it in the next studies even that it improves the

mechanical and thermal properties of the PVDF films.!

6.4 Characterization of the PMMA-based films

The PMMA/BaSiO4:Eu®" films were fabricated by changing the amount of
phosphor in order to control the thickness. The Eu-2h (BS4Eu calcined for 2 hours) was
selected to optimize the deposition since it is easier to process due to its lower calcination
time (lower energetic outlay than that of Eu-10h). Then, the best condition (LlPMMA:2Eu-
2h) was applied to fabricate the PMMA/2Eu-10h film.

To optimize the UV absorbance, the PMMA:Eu-2h film growth was monitored
by UV-Vis absorption spectroscopy, Figure 6.9. The intense band in the deep-UV region
near to 225 nm, Figure 6.9 (a) is attributed to the PMMA absorption?® whereas the band
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around 265 nm is related to the charge transfer band (CTB) of Eu®*, confirming that the

phosphor particles are incorporated in the membrane.

Figure 6.9 (a) UV-Vis absorption spectra of the PMMA:MEu-2h films. (b) Absorbance values at 600 nm
for the PMMA:MEu-2h films; the red line is a visual guide. CTB 1 comes from Eu inserted in Ba sites.
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The UV absorption spectra were also used to evaluate the optical features as the
composite films grow by monitoring the film absorption in a region (600 nm) that neither
the phosphor nor the polymer absorbs, Figure 6.9 (b), thus, the absorption increase is
related to light scattering by the phosphor particles.®%3! The film absorbance at 600 nm
reveals a linear increase up to the PMMA:2Eu-2h film, and then, the absorbance tends to
a saturation regime, evidencing a minor decrease at larger phosphor content.

Based on these data, we conclude that the phosphor incorporation is homogeneous
until the PMMA:2Eu-2h film. As the phosphor particles are micro-sized, it is expected
that the precursor suspension becomes unstable as the phosphor amount increases, leading
to a non-homogeneous deposition of the particles. Also, considering that the phosphor
particle surface is partially ionic, weak interactions like VVan der Waals forces are the
main driving force that maintains the suspension stable, being strongly influenced by the
particle concentration, leading to particle coalescence at high concentration.30:32

The film thickness was measured by optical microscopy, Table 6.4, where it is
noticed a tendency of decreasing the film thickness as the phosphor amount increases
from the proportion of PMMA:1Eu2-h. This tendency is correlated with the decrease of

the PMMA content in the film composition.
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Table 6.4 Film thickness (Thick.) and luminous flux (®) compared to the powder phosphors.

Sample Thick. ()] Sample Thick. / (0]
/pm /x10~*Im pum [ x107*Im
PMMA:0.25Eu-2h  26+2 0 PMMA:4Eu-2h 1742 2.510.1
PMMA:1Eu-2h 88+4 3.8+0.1 PMMA:2Eu-10h 68+2 7.910.3
PMMA:2Eu-2h 72+3 5.910.2 Eu-2h Powder 4.5+0.2
PMMA:3Eu-2h 55+6 4.3+0.2 Eu-10h Powder 5.440.2

Source: Own authorship.

The excitation spectra, Figure 6.10, are dominated by the Eu**—0?% CTB and f-f

Eu®* transition in accordance with the data reported for the Eu-2h, Figure 4.8.

Figure 6.10 Excitation spectra (300 K) monitored at 610.14 nm for the PMMA films.
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Under UV radiation exposition (255 nm), the PMMA:2Eu-10h films exhibit bright
red luminescence at naked eyes, Figure 6.11 (a) in the next page, confirming the
successful incorporation of the Eu-10h phosphor in the polymeric matrix.

The emission spectra (300 K), Figure 6.11 (c), resemble those measured for the
isolated powder samples, Figure 4.9. All films emit red light upon 255 nm radiation
exposition, Figure 6.11 (c), but there is a deviation of the color purity to lower values
when the phosphor particles are dispersed in PMMA, as represented in the CIE
chromaticity diagram, Figure 6.11 (d). This deviation is associated with the intrinsic
PMMA emission (Figure 6.12) in the blue spectral region that has high contribution in
the emission pattern as the phosphor content decreases.

Finally, the emission quantum yield of the PMMA:2Eu-10h film, Figure 6.11 (b),
is statistically the same compared to the Eu-10h phosphor, Figure 4.9, confirming that the

dispersion of the phosphor does not quench the Eu®* emission.
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Figure 6.11 (a) Photo of the PMMA:2Eu-10h film under UV radiation (255 nm) exposition. (b) Emission
spectra (300 K, 255 nm) of the films. (c) CIE chromaticity diagram of the films (255 nm). (d) Absolute
emission quantum yield (q) for the PMMA:2Eu-10h film compared to its excitation spectrum.
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Figure 6.12 (a) Excitation spectrum (300 K, 450 nm) and (b) emission spectrum (300 K, 255 nm) of the

undoped PMMA film.
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The luminous flux of the PMMA films enhances as the phosphor amount increases

up to the proportion of PMMA:2Eu-2h and then the value decreases, Table 6.4. This

tendency is directly correlated with the above-mentioned film coalescence as the

phosphor amount increases. The PMMA:2Eu-10h film showed the best luminous flux in
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all the film series, confirming that this is the ideal condition to achieve the best Eu*
emission.

The luminous flux values of both PMMA:2Eu-2h and PMMA:2Eu-10h films are
higher than the values found for the powder phosphors, Table 6.5, suggesting that the
phosphor dispersion in PMMA leads to smooth structural changes in the BaxSiO4
network. As the BS4Eu particles are micro-sized, it is expected that the PMMA polymer
does not penetrate inside the particles, changing only their surface.

To understand the changes in the Ba>SiOs structure after the phosphor dispersion
in PMMA, the PMMA:2Eu-10h film was chosen as a representative sample. The high-
resolution excitation and emission spectra of the PMMA:2Eu-10h film, Figure 6.13, are
similar to those ones related to the Eu-10h sample, except in the relative intensity of some

®Do—Fo transitions, Figure 6.14, in the next page.

Figure 6.13 (a) Excitation spectra (14 K) of the PMMA:2Eu-10 h film monitored at distinct wavelengths
around the 5Do—'Fy transitions. (b) Emission spectra (14 K) of the PMMA:2Eu-10h film monitoring
different excitation wavelength. CTB 1 comes from Eu inserted in Ba sites and CTB 2 arises from Eu*-O*
associates.
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For the PMMA:2Eu-10h film, only five components for the *Do—'Fo transition at
572.6 (Eua1), 578.2 (Eui), 579.6 (Euz), 580.1 (Eus) and 582.3 nm (Eups) are noticed,
Figure 6.14. The excitation spectra monitored around those components, Figure 6.13 (a),
features the same energy of those ones acquired for Eu-10h, Figure 4.12, confirming that
the PMMA incorporation did not affect those Eu®* local sites. The °Do—'Fo transitions at
580.2 (Eup1), 581.6 (Eupz), and 582.3 (Eups) reveal a decrease in their relative intensity
after the dispersion in PMMA, when compared to the component at 578.2 nm (Eu,),
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Figure 6.14, suggesting that the dispersion is filling the lacking oxy ion position, undoing

the defects probably located on the surface of particles.

Figure 6.14 High-resolution emission spectra (14 K) monitored at 393 nm of the PMMA:2Eu-10h film in
the 5Do—"Fo transition region compared to the Eu-2h and Eu-10h samples.
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Selective emission decay curves (Figure 6.15) for the PMMA:2Eu-10h sample

were monitored around each one of the five °Do—'Fo components at 14 K and the

calculated °Dq lifetime values are also included in Table 6.5.

Figure 6.15 Emission decay curves (14 K) excited at 393 nm and monitored at distinct wavelengths around
the 5Do—'Fo transitions for the PMMA:2Eu-10h film. The solid lines correspond to the data best fit

(R#>0.9), using a single exponential function.
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The °Do lifetime values of the components at 580.2 (Eup1) and 582.3 nm (Eups)
decrease after the phosphor dispersion, Table 6.5, confirming that the concentration of

these defects decreases, in accordance with the above-cited structural changes.

Table 6.5 Energy (cm™) and 5Dy lifetime (1) values of the components for the *Do—'Fy transitions of the
PMMA:Eu-10h sample. The excitation wavelength was placed at 393 nm (14 K).

Notation for ~ Wavelength Energy PMMA:Eu-

Eu ions / +0.08 nm /+3 cm? 10h
Eu: 578.22 17,295 0.903+0.015
Eu: 579.56 17,256 0.846+0.014
Eus 580.12 17,238 0.495+0.032
Eup: - - -
Eup2 - - -
Eups 582.35 17,173 0.016+0.001
Euat 572.64 17,464 0.628+0.009
Eua> - - -

Source: Own authorship.

Multifunctional UV and red-emitting LEDs were tentatively built by coating a
UV-emitting LED (255 nm) with the prepared PMMA:2Eu-10h film. However, we could
not detect the red-light-emission of this prototype since the output optical power of the
UV LED is too low (EQE = 0.1 %), limiting the film absorption and conversion. Yet, this
effect is caused by the bare LED efficiency and not due to the phosphor,since the bright
emission of the film was confirmed by Figure 6.11 (a). In this context, the main challenge
to accomplish this device fabrication is improving the EQE of deep-UV LEDs, to which
it is an open challenge in the literature.

Finally, the finds reported here confirm that by dispersing BazSiO4:Eu®" red-
emitting phosphors in PMMA, high-brightness deep-UV-to-red downshifting converter
films were fabricated, with potential to be applied in the future in UV/red-emitting

multifunctional LEDs for indoor farms.

6.5 Conclusions

Herein, deep-UV-to-red downshifting converter films were synthesized by
dispersing Ba,SiO4:Eu®* in PMMA or PVDF polymers. Both films emit light in the red
spectral region characteristic of Eu* into the Ba2SiO4 network. Yet, the dispersion of the
phosphor particles in PVDF is too low (10 wt.%). On the other hand, the phosphor
incorporation in the PMMA matrix does not quench the Eu®* emission, making

homogeneous films until the proportion of 66 wt.%; PMMA also undoes Eu®* defect sites



134

on the surface of the Ba,SiO4 particles. Therefore, the BazSiO4:Eu®*/PMMA films display
potential to be used as coatings of UV-emitting LEDs (250 nm), making devices that

combine both UV and red-emission to be used in indoor farms.
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CHAPTER 7 - GREEN-EMITTING LEDs BASED ON Ba;SiO4:Eu?
AND NEAR-UV-EMITTING LEDs

7.1 Introduction

The revolution in lighting performed by WLEDs opened up new and exciting
frontiers in solid-state lighting featuring distinct applications related to the control of the
circadian rhythm of humans, animals and plants. *? In this field, LEDs able to produce
pure and monochromatic emission are essential; in particular, green light (~520 nm) plays
a special role in the human circadian rhythm regulation due to the maximum sensitivity
of the eye photopic response to this spectral region,® suppressing melatonin production,
being, therefore, helpful to reset body clock, correct hyperpigmentation and eliminate
skin spots.* Moreover, other applications in architecture, traffic signals and backlighting
for displays are envisaged.®

The need for novel green-emitting LEDs is also favored by the so-called "green
gap" that arises from the lack of high-efficient electroluminescent green-emitting LEDs.5
One way to cope with this issue is through the development of near-UV downshifting
phosphors able to convert the UV-emission from LED chips into green light. This strategy
has successfully emerged in the last years due to the huge enhancement of the wall-plug
efficiency achieved by commercial near-UV-emitting LEDs.’

Although a couple of UV-to-green downshifting converter phosphors are
available in the market, namely (Ba,Sr)SiO4:Eu?* and LusAlsO12:Ce**, some withdraw
related to the high annealing temperature (1,200 — 1,000 °C) and the emission dependence
on the device working temperature still need to be addressed.® Among the different green-
emitting phosphors, the Ba,SiO4:Eu?*, designated as B2S, presents several advantages
previously pointed out in Chapter 1.%1%t Concerning the phosphor processing as coating
of near-UV-emitting LEDs, we introduce the Ba;SiO4:Eu®* dispersion in PMMA by
applying the methodology optimized in section 6.4.

Therefore, inspired in the possibility of fabricating high-efficient green-emitting
LEDs for a broad range of applications (Figure 7.1), this chapter focuses on the
manufacture and optical characterization of high-efficient and photostable prototypes
based on the combination of B2S/PMMA films and commercial near-UV-emitting LEDs
(365 nm).
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Figure 7.1 Architecture of the near-UV-emitting LED coated with green-emitting phosphors and
applications as traffic signals, displays and regulation of human circadian rhythm.
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7.2 Experimental procedure

7.2.1 Ba;SiO4:Eu?* synthesis and processing

The Eu(1.5 at.%)-doped Ba;SiO4 (Bai.97EU0.03Si04) phosphor was synthesized
from an adapted sol-gel route,*? using CH3COOH (acetic acid, Sigma-Aldrich, 97%),
CgH2004Si, (TEQS, Sigma-Aldrich, 99.9%), Ba(CH3COO), (barium acetate, Sigma-
Aldrich, 99.9%), EuzOs (Europium oxide, Sigma-Aldrich, 99.99%) and CsH;OH
(isopropyl alcohol, CHEM-LAB, 99.8 %) as starting reactants or solvents.

The Ba(CH3C0OO)2 (1.3825 g) and Eu203 (0.0144 g) were mixed with CH;:COOH
(10 mL) at 70 °C; after total dissolution, 10 mL of TEOS in isopropyl alcohol solution
(0.056 g/mL) was added and the solution was kept under stirring for 4 hours at 70 °C until
the formation of the gel phase.

The gel was dried at 100 °C for 2 hours and the resulting SiO2:Ba,Eu xerogel
precursor was calcined at 450 °C for 2 hours followed by 2 hours at 1,000 °C (heating
ramps of 5 °C/min, air atmosphere), and at 1,100 °C for 10 hours (5 °C/min, 10 % Hz/
90 % N, atmosphere). The chosen concentration of Eu?* (1.5 at.%) was based on a
previous study reported by M. Zhang et al.**and the sample will be labeled as B2S.
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7.2.2 PMMA-based film

The PMMA based films were deposited by drop casting using a proportion of
66 wt.% of the phosphor previously optimized in section 6.4 for Ba;SiO4:Eu®*. The
thickness of the film was tuned by changing the total weight of PMMA and phosphor, as
follows: 0.2082 g (film-A), 0.3123 g (film-B) and 0.3644 g (film-C).

For each film, stoichiometric amounts of PMMA (synthesis procedure previously
shown in section 6.2.2.) were dissolved in CH2Cl, in order to get a solution with
concentration of 0.061 g/mL, followed by the addition of stoichiometric amount of B2S
(66 Wt.%). Finally, the suspension was transferred to a 2.2x2.2 cm? glass that was dried
at 300 K for 24 hours.

7.2.3 Green-emitting LED prototype fabrication

The performance of the PMMA/B2S composites as green-emitting LEDs was
evaluated through the combination of their films with commercial near-UV-emitting
LEDs chips (36510 nm, Shenzhen chang long Technology Co., Itd, SMD type). The
PMMA/B2S films with size of 0.3x0.3 cm? were used to coat the surface of the UV-chips
by using a cyanoacrylate glue (Permabond Cyanoacrylate 105), Figure 7.2 (a). The LED
prototypes will be hereafter designated as 365-Y LED, where Y=A, B or C, depending
on the film thickness (Table 7.1).

Figure 7.2 (a) 365-B LED prototype under white light exposition. (b) Emission spectra of the 365-A LED,
365-B LED and 365-C LED prototypes operating at 3.2 V.

(b)
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Source: Own authorship.

Table 7.1 Thickness (um) of the films and luminous flux (¢v, Im), luminous efficacy (LE, Im.W1), and
input electric power (Pe, W) of the 365-A, 365-B and 365-C LED prototypes operating at 3.2 V.

Sample Thickness v Pel LE

Film-A 301+8 0.47+£0.01  0.101+0.001 4.65+0.01
Film-B 252+9 1.27+0.01  0.178+0.001 7.13+0.01
Film-C 77+3 1.21+0.01  0.178+0.002 6.80+0.01

Source: Own authorship.
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In order to elect the best prototype to be further characterized, the luminous flux
of them was measured, Figure 7.2 (b), and the 365-B LED prototype displayed the best
luminous efficacy among all the fabricated prototypes (Table 7.1), and for this reason, it
was elected to be further characterized.

The fabrication reproducibility of the 365-B LED was confirmed by fabricating
five different LED prototypes, Figure 7.3. Operating at 3.2 V, the luminous flux of all

prototypes is the same, indicating that the films are homogeneous, and the LED emission
can be reproduced.

Figure 7.3 Emission spectra dependence on the operating voltage for 5 different prototypes of the 365-B
LED.
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7.2.4. Structural and optical characterizations

X-ray diffraction (XRD).

The diffractogram of B2S was acquired in the same equipment described in
section 4.2.2.

Optical microscopy.

The thickness of the films was estimated through optical microscopy using
the same equipment described in section 4.2.2.

Photoluminescence Spectroscopy.

Photoluminescence spectra were recorded at 14 K and at 300 K in the same
equipment described in section 4.2.2. The emission decay curves were acquired with the
same instrumentation coupled to a TBX-04 photomultiplier tube module (950 V). The
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exciting source was a Horiba Scientific pulsed diode light source (SpectraLED-355, peak
at 356 nm).

Absolute Emission Quantum Yield.
The absolute emission quantum yields (q) were measured at 300 K by using
the same equipment described in section 4.2.2.

Luminous flux
The luminous flux of the LED prototypes was measured by using the same

equipment described in section 4.2.2.

7.3 Characterization of the B2S and B2S/PMMA phosphors

7.3.1. Structural characterization

The XRD pattern of B2S phosphor is consistent with the JCPDS standard card
(no. 26-1403) relative to the orthorhombic Ba>SiO4 phase (number 62, Pnma Space group),
Figure 7.4. Once again, regarding the concentration limit of detection of the XRD
technique, no impure phases are observed, indicating that the doping does not influence
the crystalline structure formation of the matrix. Due to the similar ionic radius of Eu?*
(144 pm, CN =9 and 149 pm, CN = 10) and Ba®* (161 pm, CN = 9 and 166 pm, CN =
10), we will assume that Eu?* replaces Ba?* in the two different sites with CN 9 and 10.14

Figure 7.4 Powder XRD of B2S; the vertical green lines indicate the position and relative intensity of the
data from JCPDS-26-1403 Ba,SiO, pattern (Ba2SiO4 orthorhombic phase, number 62, Pama Space group).
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7.3.2 Steady-state photoluminescence

The room-temperature excitation spectra of the PMMA-based films is dominated
by a broad absorption band centered around 366 nm, revealing additional components
around 275 nm, 331 nm, and 410 nm, Figure 7.5 (a), resembling that also detected for the

B2S phosphor prior to incorporation.

Figure 7.5 (a) Excitation and (b) emission spectra monitored at 505 nm and excited at 366 hm (300 K),
respectively. In (a), the emission quantum yield is also plotted. Pictures of (c) B2S and (d) film-B under
UV radiation (350 nm) exposition. (e) CIE color coordinate diagram.
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Under UV excitation, Figure 7.5 (b), the emission spectra display a broadband
centered at 505 nm attributed to the 4f55d—4f’ Eu?* transition that arises from the strong
coupling of the Eu?* 5d electrons with the Ba,SiOs matrix.’® The intense light emission
of the samples under UV radiation exposition is noticed also at the naked eye in Figure
7.5 (c) and (d). The green emission was quantified by the (x,y) CIE color coordinates,
Figure 7.5 (e), being (0.143;0.568) for B2S and film.

The effect of the B2S phosphor incorporation into the PMMA films was also
analyzed through the measurement of the absolute emission quantum yield (q) acquired
at distinct excitation wavelength (280-390 nm), Figure 7.5 (a). The maximum ¢ values
are attained at 370 nm and an intriguing increase from 0.27+0.03 to 0.50+0.05 is observed
after the B2S dispersion in PMMA.
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The g value found for the film is among the best within the state-of-the-art of B2S

phosphors, Table 7.2, evidencing that the decrease of the calcination temperature of the

sol-gel synthesis and a simple dispersion of the phosphor in PMMA is a good strategy

towards the enhancement of Eu?* photoluminescent features.

Table 7.2 Figure of merit of the emission quantum yield (g, %) for the B2S phosphor. The excitation
wavelength (Aexc, (M) and the calcination temperature (Tcac., °C) to get the phase is also indicated.

Sample Tealc. Aexc q [I'Ef]
B2S 1,100 365 2743 This study
Film-B 1,100 365 50+5 This study
Ba,SiO4:Eu?* 1,200 450 53 16
Ba,SiO4:Eu? 1,300 370 47.4 8

Source: Own authorship.

7.3.3 Time-resolved photoluminescence

The emission decay curves monitored at 505 nm (14 K and 300 K), Figure 7.6,

reveal a biexponential behavior, in line with the presence of more than one local

coordination site in both B2S and film-B.

Figure 7.6 Emission decay curves (14 K or 300 K) excited at 355 nm and monitored at 508 nm for the B2S
(left) and film-B (right). The solid lines correspond to the data best fit (R?>0.9), using a biexponential
function. The insert in the figures represents residual plots.
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From the data best fit to a bi-exponential function, Figure 7.6, two different 4f°5d
state lifetime values were found at 14 K and 300 K for both samples, Table 7.3. The long
lifetime values (1-10x10-% s) reinforces that the broad emission band arises from the
presence of optically active Eu?*, rather than from defect-related states whose lifetime

values are typically faster (in the order of 10-° s).

Table 7.3. Eu?* 4%5d state lifetime (x1078 s) values measured at 14 and 300 K. The assignments
of the shortest and the longest-lived lifetimes were done based on time-resolved spectroscopy.

Temperature 300 K 14 K
Euio Eu9 Euio Eug
B2S 10.10+£0.04 0.80+0.02 36+1 1.65+0.01
Film-B 15.8+0.4 0.83+0.02 54+2 2.610.1

Source: Own authorship.

Further arguments supporting the origin of the green emission were found by time-
resolved emission spectra monitored at 14 K (Figure 7.7). Despite a transition narrowing
(detailed below), the energy of the emission band is independent of the starting delay (0
< SD < 4x10~° s) value and resembles that acquired in the steady-state, as expected for
the 4f °5d—4f ’ Eu?* transition and contrary to that found in defect-related components,
whose emission displacement with the SD (starting delay) is typically observed.

Figure 7.7 Time-resolved emission spectra (14 K) monitored at 366 nm at different starting delay values
(0<SD<0.04 x107 s) for B2S.

Normalized intensity
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Source: Own authorship.

The two lifetime values found for both samples at 14 and 300 K confirms the
presence of two optically active and non-equivalent Eu®* local sites as a result of the

replacement of Ba?* sites with coordination number of CN = 9 (Eug) or CN = 10 (Euao),
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being the emission band arising from Euyo sites the one with the highest emission energy
according to the literature and Equation 2.17.18

Time-resolved spectroscopy was also used to discern the lifetime values of the
excited states ascribed to Eug and Euio local coordination sites, Figure 7.7. For starting
delay values larger than 10-° s, the intensity of the high-wavelength region (~520 nm) of
the emission spectra decreases, pointing out the presence of a short-lived low-energy
component, ascribed to the Eug site, that is characterized by a short lifetime value
compared with that of the Euyo site.'®

The 4f%5d state lifetime values increase for both samples as the temperature
decreases from 300 K to 14 K, Table 7.3 suggesting the presence of competing thermally
activated nonradiative mechanisms. This aspect may be rationalized since at 300 K,

1= ke + knr, where ke and knr represent the nonradiative and radiative transition

T
probabilities, respectively, and at 14 K, 7 "1~k

The 4f55d state lifetime values are longer than those found for analogous Eu?*-
doped Ba,SiO4 phosphors (6-11x10~7 )%, Moreover, we also notice that the 4f°5d state
lifetime values at 14 K and 300 K increase after the phosphor dispersion in PMMA, Table
7.3, suggesting that k, is favored.

The role played by PMMA in the 4f®5d state lifetime is correlated with the surface
defects previously found in the Ba>SiO4 (section 6.4) responsible for an increase of Kpr.
However, after the phosphor dispersion in PMMA, we proposed that the PMMA matrix
decreases the concentration of the as-mentioned defects, decreasing the nonradiative
transitions from the emitting state of the activator, enhancing the lifetime values. This
model also explains the enhancement of the emission quantum vyield after the B2S
dispersion in PMMA, Figure 7.5 (a).

7.3.4 Temperature-dependent emission spectra

To discuss the mechanisms behind the green emission, temperature (14 - 450 K)
dependent photoluminescence was carried out for the B2S phosphor, Figure 7.8, in the
next page. As the temperature increases, the emission intensity decreases and the emission
bandwidth increases, indicating thermal quenching whose mechanism is illustrated at the

configurational coordinate diagram (Figure 7.9).1°
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Figure 7.8 Temperature-dependent (a) absolute and (b) normalized emission spectra excited at 366 nm for
B2S.
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Figure 7.9 Configurational coordinate diagram for B2S, representing the two Eu?* levels that arise from
the Eug and Euyo sites; AE1=3.76+0.01 x1072 eV represents the energy barrier for the energy transfer from
the Euio to the Eug site; AE;=4.58+0.01 x1072 eV. Both values were estimated from the emission spectrum
(14 K).
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As the temperature is raised above 250 K, the emission energy is also blueshift,
Figure 7.8 (b). The temperature-dependence of the emission energy is usually explained
by the Varshini model for temperature dependence in semiconductors, given by Equation
7.1, where Eo is the energy gap at T = 0 K, E(T) is the energy gap at a given temperature
and a and b are constants. The Varshini model suggests that the emission band should
display a red shift as the temperature increases.

aT?
T+b
However, the deviation from this classical model suggests the presence of energy

E(T) = E, — (7.1)

transfer between the two Eu?" local sites in the matrix (Eus and Euio), as thermally-
activate phonon-assisted tunneling from the lowest excited state of the Eug site to the
higher-energy excited state of the Euio may occur, Figure 7.9. At 14 K, the low energy
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difference between the minimum of the conduction band of the Euio site (AEi=
(3.76+0.01)x10~2 eV) and the intersection crossing with the Eug-related band is thermally
activated, whereas as the higher energy difference (AE,= (4.58+0.01)x102 eV) associated
to the minimum of the conduction band in Eus will be dominant at higher temperature
values, through thermally-assisted energy back-transfer. In this case, the Euio emission is
dominant over the Euo-related one, leading to the blueshift of the overall emission
spectrum, Figure 7.8 (b).

The thermal dependence of the emission integrated intensity is well described by
the Arrhenius model for a thermal quenching process, Equation 7.2, where lo is the
emission intensity at 300 K, It is the intensity at a given temperature T, k is the Boltzmann
constant, C is a constant and AE is the energetic difference between two coupled states
(thermal activation energy). The emission spectra (Eug site) was modeled applying a

gaussian deconvolution, Figure 7.10.

Ir = I, [1 + Cexp (— %)]_1 (7.2)

Figure 7.10 Temperature-dependent emission spectra (300 — 450 K) excited at 366 nm for B2S sample.
The Jacobin transformation, F(E) = F(L)/E?, was applied to converter the intensity of the emission spectra.
The two-gaussian best fit (shadow curves) are also shown (R%>0.9).
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The thermal dependence of the emission intensity was fitted to equation 7.2,

yielding 4E = 0.46x0.04 eV, Figure 7.11, in good agreement with the presence of
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thermally activated energy transfer between the excited levels of the two Eu?*-local sites.
This value is higher than those already found for thermal-quenching processes in Eu?*-
doped inorganic matrices applied in PC-LEDs (e.g. 0.38 eV for (Ba,Sr)2SiO4:Eu®* 2 0.19
eV for BaBeSiO4:Eu*",% and 0.31 eV for Ba;SiO4:Eu?* &) promptly indicating that the
thermally-activated process is less efficient in the B2S phosphor.

Figure 7.11 (a) Temperature-dependent emission intensity of the Eug site excited at 366 nm for B2S. (b)
Plot of In(lo-I+/It) vs. 1/T; the solid line represents the data best linear fit (R%0.99, slope =
—(5.4+0.1)x10% K%, intercept = 4.0+0.2).
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The temperature at which the integrated emission intensity is half of that at 14 K
(T12) and the ratio between the intensities at a given temperature T and at 300 K (I1/l300k)
are meaningful parameters to be considered taking into account applications in PC-
LEDs,** being It/lzoox equal to 72 % at 450 K, similar to that found in other classic
phosphors applied in LEDs, Table 7.4, confirming that B2S meets the thermal standards
for LED applications.

Table 7.4 Comparison of the thermal stability between the B2S sample and other Ln-based phosphors. T
(K) is the temperature to which the integrated emission intensity is half of that at 14 K and I1/l3o0k (%) is
the ratio between the intensities at a temperature T and at 300 K. Aem (nm) is the LED emission wavelength.

Phosphor hem Tz I7/1 300 T [ref]
B2S 505 440 72; 450 This work

Sr3SiOs:Eu?* 568 400 - - 2
SroBaAlO4F:Ce® 502 - 50; 500 2
BaSizozN2: EU2+ 494 440 - - 24
BaYSisN7:Eu? 520 - 15; 475 2
SrYSisN7:Eu®* 534 - 30; 475 25
Y:3Als012:Ce®* 536 700 95; 450 26

Source: Own authorship.
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7.4 Green-emitting LED prototype characterization

A photo of the 365-B LED operating at 3.2 V is shown in Figure 7.12 (a), and the
emission spectra of the prototype, Figure 7.12 (b), reveal a broad emission band in the

green spectral region assigned to the B2S phosphor, analogous to that found for the B2S
film, Figure 7.5 (b).

Figure 7.12 (a) Photo and (b) emission spectra dependence on the operating voltage of the 365-B LED. (c)
(x,y) 1,931 CIE coordinate-dependence on the operating voltage compared to the region required for traffic
signals (black square) and automotive device (blue square) application.
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The luminous efficacy of the optimized prototype (365-B LED) is
7.20+0.01 Im.W-1. We note, however, that a comparison of this value with others must
be taken with caution since they depend on the wall-plug efficiency (WPE) of the UV-
LED chip and the device geometry. As commercial near-UV-emitting LEDs usually have
WPE near to 100 %, the LED prototype efficiency is limited by the phosphor efficiency
(np), that was represented by Equation 2.7, chapter 2. In the 365-B LED case, nyield = ( =

" Npc-LED = NyietaXNexXNstoke XMsa, Where nyieis the phosphor quantum efficiency, nstokes the ratio between

the energy of the excitation and emission photons, nsa the self-absorption efficiency and nex the extraction
efficiency
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0.50, Nstokes = 0.72 and nsa = 1, yielding np = 0.36. Therefore, a hypothetical WPE near to
36 % may be achieved for the 365-B LED device.

The experimental WPE measured for the 365-B LED device was 2 %. Thus, by
comparing the experimental LE (7.20+0.01 Im.W-1) and WPE (2 %) with the theoretical
WPE (36 %), a theoretical LE near to 130 Im/W may be achieved for the 365-B LED.

By comparing the state-of-the-art of green-emitting LEDs using the theoretical LE
(130 Im/W) as figure of merit, Table 7.5, the 365-B LED displays the best LE among the
devices fabricated by using near-UV-emitting LEDs and different kind of phosphors as
carbon dots (CDs),?” quantum dots (QDs),2862°% inorganic materials®-*2% or Ln*"-based
complexes3, Higher values of LE were only reported for (Ba,Sr)SiO4:Eu?*-based green-
emitting LED excited by a blue-light emitting LED (445 nm),* Table 7.5, but calcinated
at temperatures higher than 1,250 °C.

Table 7.5 Figure of merit of luminous efficacy (LE, Im.W-Y) for the state-of-the-art of green-emitting PC-
LEDs comparing temperature of synthesis of the phosphor (Tsyn, °C.), bare LED emission wavelength (Aexc,
nm), emission wavelength of the prototype (Aem, NM), (X;y) 1931 CIE color coordinates, input current (I,
mA) and voltage (V, V).

Material Tsynt. Dexc® Aem (X ) y) VI LE [I’Ef]

365-B LED 1100 365 508 (0.182;0.533) 3.2/57 7.2 This
(__130) work
Organosilane-CDs 160 460 524 (0.335;0.565) (bl/50 60.96 2
CSSO0:Ce®, Th¥ 1450 460 500 (0.292;0.494) 0120 12.9 87
CSO:Ce®* 1350 460 500 (0.273;0.457) v1/20 27.84 38
CS0:1%Ce**,0.5%Th** 1250 460 500 (0.389;0.269) v1/20 7.12 38
CaSc,04:Ce? 1450 455 517 (0.2646;0.3576) /350 [b] 81
CdSe-based quantum dots 200 452 544 (0.437,0.502) 3.2/ 62.4 2
CsPbBrs/PMMA RT 445 535 (0.23;0.75) [b] [b] 2
(Ba,Sr),SiOsEu* >1250 445 513 (o] b0 143 3
(Sr,Ba)2SiO4:Eu®* 1250 445 520 (0.240;0.600) (bl/60 134 33
(Sr,Ca)Ga,Ss:Eu?* o] 440 538 (0.30:0.66)  [M/100  82.7 39
CsPbBr3 quantum dots 150 435 533 (0.203, 0.757) /10 31.92 %0
BasSiO4(F3Cls):0.05Eu?* 1500 370 503 (0.1833;0.4808)  ™/20 2.2 32
Tb(3Cl-acac)s(H20)2 RT 370 544 (0.320;0.610) 3.8/20 0.8 %
BasSiO4(FsCls):0.05Eu* 900 370 510 (0.183;0.481) (b/20 2.2 40
(Bao,4esroA4eEUoA08)3BP3O12 950 370 510 (0.250;0.270) v)/350 5.2 4
Ba1.98Si04-5N2/35:EU0.02 1200 375 503 (0.167;0.531) (bl/60 [b] 42
Th(p-BBA);UA 55 365 550  (0.298:0.617) 3.6/350  17.3 34
NaCaPO4: Th*" [b] 365 550 [b] 3.6/350  16.7 3

[ Emission wavelength of the LED chip applied as excitation source for the downshifting converter
material. 1 No value is reported. CDs = carbon dots, p-BBA = 4-benzoylbenzoic acid, CSO = CaSc,0q;
CSSO = CasScySis010; 3Cl-acac = 3-chloro-2,4-pentaedionate, UA = undecylenic acid, RT = room
temperature,

The luminous flux dependence on the operating voltage of the 365-B LED was
measured, Figure 7.12 (b), being observed that it is maximized at 3.3 V. The (x;y) color

coordinates features a blueshift on the operating voltage due to the increase of the blue
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emission component from the LED chip, and the phosphor emission quenching at high
operating voltage, as better viewed in Figure 7.13.

Figure 7.13 Normalized emission spectra dependence on the operating voltage for the 365-B LED
prototype. The black arrow represents the component of the bare LED emission in the blue spectral region.
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Attending to the emission blueshift and the relative contribution of the UV-chip-
related emission, the emission color of the green-emitting prototype may be tuned by
selecting the applied voltage, Figure 7.12 (c). Yet, in the range of 3.0 — 3.3 V, the CIE
coordinates meet the criteria required for application in traffic signals or in automotive
displays.*®

At higher operating voltage values, the phosphor luminous flux is probably
quenched due to an increase of the operating temperature of the LED and to the larger
excitation photon flux that yield absorption saturation.® This last aspect is well evidenced
in Figure 7.13, that reveals at lower wavelength, the contribution of the UV-LED chip
emission that increases its relative intensity as the applied voltage is also increased.

As the electrical power is augmented, the excitation photon flux is also increased
and due to the absorption saturation of the B2S phosphor, part of the excitation energy is
not absorbed. We note that, however, the mechanism for Eu?*-based phosphor
luminescent quenching is still an open question in the literature, being reported another
hypothesis. In particular, for Mn?*-based phosphors, the emission quenching has been
assigned to the Mn-Mn energy transfer followed by Mn ground-state depletion.*®

Finally, the radiant flux stability of the 365-B LED was monitored over 180 hours
under continuous operation, Figure 7.14. After an initial decrease of 16 % in the 20 first

hours, the intensity maintains constant after 100 hours, with a decrease of 43 % of the
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initial radiant flux. However, this decrease of the luminous flux comes from the bare-

LED, Figure 7.14, confirming the high photostability of the B2S phosphor.

Figure 7.14 State-of-the-art for radiant flux stability of downshifting phosphor-converted green-light
emitting LEDs.
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Table 7.6 Assignments of the curves represented in Figure 7.14. Abbreviations: Hpba = 4-(2-
pyridyl)benzaldehyde. 3Cl-acac = 3-chloro-2,4-pentanedionate. The assignments of each curve are
represented in Table 7.6.

Material hexe /! Dem/ Degradation / % [ref]
nm nm (time)
€)] Bare UV LED - 365 33 (66 hours) This study
(b) 365-B LED 365 508 45 (180 hours) This study
(c) LUAIl302:Ce3* 460 515 56 (40 000 hours) 4
(d) Sr1.xBaxSi202N: Eu* 450 532 8 (800 hours) %
(e) CsPbBr; NCs 460 525 20 (100 hours) 6
(f) CaF,-CsPbBrs 460 525 45 (80 hours) 4
Q) CdSe/CdS/ZnS QDs 360 530 52 (60 hours) 48
(h) CsPbBr; NCs/SiO, 460 525 65 (60 hours) 30
(i) CasSC,Siz012:Ce3*, Th3* 460 500 75 (250 hours) 49
) [Th(3Cl-acac)3(H20)2] 370 550 75 (5 hours) %
(k) Ir-pba@SiO» 380 535 65 (60 hours) 50
0} CsPbBr; 460 525 85 (80 hours) 46

Source: Own authorship.

There is also no color shift after 180 hours of operation, evidencing the high color
stability of the prototype. It is worth pointing out that by comparing the B2S radiant flux
stability with other PC-green-emitting LEDs based on QDs,3%* Ln%"-complexes®*3® or
inorganic materials, 4°38 Figure 7.14, the stability displayed by the S2S film is among the

best, confirming its potential for commercialization.
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Therefore, the findings reported here confirm that by dispersing the B2S phosphor
in the PMMA polymer, it is possible to achieve the best emission quantum yield of the
material, and its use as a coating of near-UV emitting LEDs enables getting high-efficient
and photostable green-emitting LEDs for applications in traffic light, displays, and human

circadian rhythm regulation.

7.5 Conclusions

In this chapter, we fabricated green-emitting LED prototypes by coating near-UV-
emitting LEDs (365 nm) with films of Ba;SiO4:Eu®* dispersed in PMMA. After the
Ba,SiO4:Eu?* dispersion in PMMA, the emission spectrum revealed a broad emission
band centered at about 509 nm with intriguing absolute emission quantum yield values
up to 0.50+0.05. The emission of the LED prototype lies within the green spectral region
with luminous efficacy of 7.2+0.1 Im/W that may be increased up to 130 Im/W, among
the best values in the literature. The emitted color is also independent on the operating
voltage within the 3.0 — 3.3 V range. Finally, the radiant flux of the prototype was
overseen for 180 hours, evidencing high color stability. Therefore, the findings reported
here confirm that the fabricated LED matches desirable features to be applied as
commercial green-emitting LEDs for traffic light, displays or control of human circadian

rhythm.
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CHAPTER 8 - WHITE-EMITTING LEDs BASED ON Eu?-DOPED
SILICATE

8.1 Introduction

White-light-emitting diodes (WLEDs) are the main white light source for indoor
and outdoor lighting as well as backlighting of displays. The research on solid-state
lighting (SSL) is now focused not only on the luminous efficacy (LE) enhancement, but
also on the improvement of the color qualities, mainly CCT (correlated color temperature)
and CRI (color rendering index) since high values of CCT (>5,500 K) disturb the human
circadian rhythm, alertness, and neuroendocrine and neurobehavioral physiology,*
motivating researchers to come up with new devices featuring better color qualities than
the commercially-available WLEDs for new and exciting therapeutic and lighting
applications, as previously highlighted in Table 2.3, section 2.2.4.2

Currently, there is a limitation on tuning CCT and CRI values since the main
commercially-available WLED (GaN blue-emitting semiconductor coated with
YAG:Ce*" yellow-emitting phosphor) features a cool-white color (CCT > 6,500 K).
Thus, another approach to improve the CCT and CRI has emerged in the last years and is
based on the combination of near-UV-to-visible downshifting converter phosphors and
near-UV-emitting LED chips (known as PC-WLEDs), allowing broader color tunability
than in the YAG-based LED.*

In special, the combination of blue and yellow-emitting phosphors as coatings of
near-UV-emitting LEDs is a desirable approach in what concerns a tangible balance
among the human eye response due to the lack of red-emitting component. However, this
approach still challenges the SSL due to the difficulty of matching desirable CCT (~
4,000 K) and CRI (> 90 %) values for daylight application. For this approach, the blue-
emitting BaMgAl10017:Eu?* (BAM) phosphor excels due to the high emission quantum
yield (70 %) and thermally-stable luminescence.* However, although yellow-emitting
phosphors such as SreMgK (PO4)7:Eu?* ® or RE4Baz[Si1202N16Cs]:Eu?* (RE = Lu, Y)® are
found, some properties as high annealing temperature (1,300 °C — 1,600 °C) and low
emission quantum yield (40 %) still need to be addressed.

Therefore, inspired in the possibility of fabricating high-efficient and stable PC-
WLEDs for indoor and outdoor lighting, in this study, we coated commercial near-UV-
emitting LEDs (395 nm) with films based on BAM blue-emitting phosphor and
Sr,Si04:Eu?t (S2S) yellow-emitting phosphor dispersed in PMMA, Figure 8.1.
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Figure 8.1 Architecture of WLEDs built by coating near-UV-emitting LEDs with PMMA/BAM/S2S films
and applications in indoor and outdoor lighting and circadian rhythm control.
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8.2 Experimental procedure

8.2.1 S2S synthesis and processing

Sr,Si04:Eu?* (3 at.%), Sr1.94EU0.06Si04, sample was synthesized from an adapted
sol-route previously reported for Ba,SiOs:Eu* 7 by using Sr(CH3COO), (Strontium
acetate, Sigma, 99.9 %), EuO3 (Europium oxide, Sigma, 99.99 %), CgH2004Si, (TEOS,
Sigma, 99.9 %), C3HgO (isopropyl alcohol, Sigma, 99 %) and CH3COOH (Acetic acid,
Sigma, 97 %) as starting reactants without any further purification.

Sr(CH3COO): (2.9427 g) and Eu203 (0.1557 g) were dissolved in 10 mL of acetic
acid at 70 °C and then, 10 mL of TEOS in isopropyl alcohol solution (0.73 g/mL) was
added. The solution was kept under stirring for 4 hours at 70 °C until the formation of the
gel phase that was dried at 120 °C for two hours until the formation of the SiO2:Sr,Eu
xerogel precursor. The precursor was calcined at 1,000 °C for 2 hours with a heating ramp
of 5 °C/min (air atmosphere), and 1,200 °C for 10 hours with a heating ramp of 5 °C/min
(10 % Ha/ 90 % N atmosphere). The chosen concentration of Eu?* and the calcination
temperature were based on a previous study reported by J. K Han et. at.® and the sample

will be hereafter designated as S2S.
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8.2.2 PMMA-based film synthesis

The PMMA/S2S films were deposited by the drop casting method using a
proportion of 66 wt.% of the phosphor and for that, PMMA (0.1041 g) was dissolved in
dichloromethane (2.00 mL) at 25 °C and then, S2S (0.2082 g) was added in the system.
Finally, the suspension was transferred to a glass subtract with dimension of 2.2x2.2 cm?
and it was dried at 25 °C for 24 hours. The PMMA-based films containing BAM and S2S
were also fabricated by changing the amount of BAM in 20, 40, 60, 80 and 100 wt.% in
relation to the S2S weight. The samples will be hereafter designated as S2S(X)BAM(Y),
where X and Y are weight percentage in relation to the S2S and BAM phosphors,

respectively. The thickness of the films is shown in Table 8.1.

Table 8.1 Thickness of the S2S/BAM films measured by optical microscopy.

Film Thickness Film Thickness
S2S(100)/BAM(0) 84+2 S2S(40)/BAM(60) 14645
S2S(80)/BAM(20) 9743 S2S(20)/BAM(80) 72+4
S25(60)/BAM(40) 1334 S2S(0)/BAM(100) 67+4

Source: Own authorship.

Pictures of the S2S/BAM powder and film under UV radiation exposition are

provided in Figure 8.2.

Figure 8.2 Pictures of the S2S/BAM powder and film under UV radiation (350 nm) exposition.
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Source: Own authorship.

8.2.3 Fabrication of the WLED prototypes
The performance of the S2S(X)BAM(Y) films was evaluated through the

combination with commercial near-UV-emitting LEDs (39510 nm, Shenzhen chang
long Technology Co., Itd, SMD type). For this, a small piece of the S2S(X)/BAM(Y) film
with dimension of 0.3x0.3 cm? was fixed on the LED chip top by using cyanoacrylate
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glue (Permabond Cyanoacrylate 105). The LED prototypes will be hereafter designated
as S2S(X)/BAM(Y)-LED. The LED fabrication reproducibility was confirmed by
fabricating five different LED prototypes of S2S(60)BAM(40)-LED and
S2S(40)BAM(60)-LED, Figure 8.3.

Figure 8.3 Emission spectra of five different (a) S2S(60)BAM(40)-LED and (b) S2S(40)BAM(60)-LED
prototypes operating at 3.1 V.
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8.2.4. Structural and optical characterizations

X-ray diffraction (XRD)

The diffractogram of the S2S powder sample was acquired in the same equipment
described in section 4.2.2.

Photoluminescence Spectroscopy
The photoluminescence spectra of the S2S and S2S(100)BAM(0) samples
were recorded at 14 K and 300 K in the same equipment described in section 4.2.2.

Luminous flux.
The luminous flux of the LED prototypes was measured using in the same
equipment described in section 4.2.2.

Absolute Emission Quantum Yield
The absolute emission quantum yields were measured at room temperature

in the same equipment described in section 4.2.2.
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8.3 S2S and S25(100)/BAM(0) characterization

8.3.1. Structure and phase composition of S2S

Powder XRD was performed for the S2S sample, Figure 8.4, and the XRD pattern
Is best-indexed to the orthorhombic a-Sr.SiO4 phase (04-013-5411 ICDD database code,
number 62, Pnma Space group) as being the major phase (64.5 wt.%) and to the monoclinic
B-Sr.SiO4 (00-038-0271 ICDD database code, number 14, P12;/cl space group)
(16.7 wt.%), a-SrSiOs (04-009-8356 ICDD database code, number 5, C121 space group)
(13.4 wt.%), Sr(OH)2(H20) (04-009-0743 ICDD database code, number 26, Pmc2; space
group) (3.2 wt.%) and SrCO3 (04-013-9700 ICDD database code, number 62, Pnma Space
group) (2.3 wt.%) spurious phases.

Figure 8.4 Powder XRD of the S2S sample.
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Both a and B-Sr2SiO4 phases coexist at 300 K since a short-range rearrangement
of the atoms without any broken bond is enough to convert them, leading to a low phase
transition temperature (~358 K).® The SrCOj3 formation occurs due to the strong reductive
atmosphere during the calcination step, that avoids the total decomposition of the organic
matter coming from TEOS. Moreover, alkaline earth ions have a high tendency to form
carbonates due to the similar ionic radii of CO3~ and Sr?*. The Sr(OH)2(H20) and o-
SrSiO3 phases were also observed in other wet syntheses of S25'%!! due to the reaction
of SrO with hydroxides in the air atmosphere.

The standardized crystallographic data for the o and [B-Sr.SiOs phases are
represented in Table 8.2 and they are in accordance with other data previously reported.*2
As previously pointed out in section 2.4, in both a and B-Sr.SiO4 phases, Sr?* occupies

two non-equivalent local sites with CN 10 (Sri) or CN 9 (Srg), and we will assume that
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Eu?* replaces both Sr local sites. The photoluminescence technique will be helpful to

assign the optically active Eu?* sites in the sample structure.

Table 8.2 Refinement parameters obtained from the XRD measurement. The refinement factors converge
to Rp = 2.10 %, Rup = 2.74 %, and y? =1.55.

Phase a-Sr2SiOs B-Sr2SiO4 a-SrSiO3 Sr(OH)2(H20) SrCOs
ICDD code 04-013-5411 00-038-0271 04-009-8356 04-009-0743  04-013-9700
Wt.% 64.5 16.7 134 3.2 2.3
Space group Pnma P12i/cl Ci121 Pmc2; Prma
Lattice a=7.0735 a =5.6603 a=12.353 a=23.6470 a=>5.9970
parameters / A b =5.6640 b=7.0757 b=7.1394 b =6.1980 b =5.0220
€ =09.7425 c=11.052 ¢ =10.910 €c=6.7180 ¢ =8.5660
Angle /° a=B=y=90 a=y=90, a= y=90, a=B=y=90 a=B=y=90
B=118 p=118
V/ 108 pm?® 390.34 390.24 892.86 151.85 257.98

Source: Own authorship.

8.3.2 Steady-state photoluminescence

The excitation spectra of the S2S phosphor and the S2S(100)BAM(0) film
monitored at 556 nm (300 K) are a set of broadbands with maximum at about 277, 314,
366 and 424 nm assigned to the Eu* excitation, Figure 8.5 (a).

Figure 8.5 (a) Excitation spectra (300 K, 550 nm) compared to the absolute emission quantum yield (q),
(b) emission spectra (300 K, 365 nm), (c) CIE color coordinate diagram (300 K) of S2S and film.
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Normalized intensity

The emission spectra of the samples monitored at 365 nm (300 K), Figure 8.5 (b),

is a broadband with maximum at around 556 nm assigned to the 4f°5d—4f” Eu?* transition
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allowed by Laporte’s rule. The yellow emission quantified by the calculation of the 1,931
Commission Internationale d"Eclairage (CIE) color coordinate diagram are (0.14;0.56)
for the S2S and S2S(100)BAM(0) samples, Figure 8.5 (c).

The absolute emission quantum yield (q) values of S2S and S2S(100)/BAM(0)
samples were monitored at 275 nm, 315 nm, 365 nm, 395 nm, and 425 nm, Figure 8.5
(@). The g values have maximum at 315 nm and they are statistically the same for both
S2S (0.15£0.01) and S2S(100)/BAM(0) (0.18+0.02) samples, confirming that the S2S
dispersion in PMMA does not quench the Eu?* emission. The achieved q values for the
film-B is lower than the values found within the state-of-the-art of S2S, Table 8.3, and it

may be correlated to the spurious phases observed through XRD.

Table 8.3 Figure of merit of absolute emission quantum yield for the S2S phosphor comparing excitation
wavelength (Aexc) and calcination temperature (T caic).

hexc / NM Teaic./ °C q [ref]
S2S 315 1,200 0.15+0.01 -
S2S(100)/BAM(0) 315 1,200 0.18+0.02 -
SrSi04:Eu?* 400 1,200 0.6 13
Li,SrSiO4:Eu?* 325 900 0.62 14

Source: Own authorship.

8.3.3 Selective excitation and emission spectra

To further examine the nature of the Eu?* emission in the S2S phosphor, selective
excitation and emission spectra (300 K) were monitored for the S2S sample, Figure 8.6,
in the next page.

The intensity of the four bands at about 277, 314, 366 and 424 nm in the excitation
spectra, Figure 8.6 (a), is dependent on the emission wavelength, suggesting that the
emission band comes from different emitting centers. In the emission spectra monitored
by selective excitation, the emission band is redshifted as the excitation wavelength
increases from 425 nm to 475 nm, Figure 8.6 (b), in good agreement with Eu?* replacing
Sr?* in both a and B-Sr2SiO4 phases since J. K. Han et al. previously shown that the Eu?
emission in the B-Sr2SiO4 phase has larger energy than in the a-one, confirming that the
excitation band at 424 nm is assigned only to the excitation of Eu?* in the a-Sr2SiO4 phase.

Moreover, as the Eu?* emission in SrSiOs phase would occur at 400 nm according
to Z. Lu et al.’®, and no emission band is noticed in this range, Figures 8.6 (a) and 8.6 (c),
it is feasible to assume that there is no optically active Eu®* center in the SrSiO3z phase
and Eu?* replaces only Sr?* local sites in both o and B-Sr.SiO4 phases.
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Figure 8.6 Selective (a) excitation (300 K), (b) emission (300 K), (c) excitation (14 K) and (d) emission
(14 K) spectra monitored at different wavelengths for the S2S sample.
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To infer on the Eu?* local site occupancy in both o and B-Sr2SiO4 phases, selective
excitation and emission spectra of the S2S sample were also carried out at 14 K, Figure
8.6. The emission spectra monitored at 14 K, Figure 8.6 (d), is quite different from those
ones obtained at 300 K, Figure 8.6 (b), and two emission bands at 450 and 550 nm are
noticed; the position of the component at 450 nm has no dependence on the excitation
wavelength but the second one has the same redshift reported at 300 K, Figure 8.6 (b).
The emission bands at 450 and 550 nm are assigned to Eu?* replacing both Srio and Sro
local sites, respectively, according to A. Birkel et al.2®.

The excitation spectra (14 K) of the S2S sample, Figure 8.6 (c), are also dependent
on the monitored emission wavelength, yet, the excitation bands are more split than at
300 K, especially when the excitation spectrum was monitored near to 450 nm, Figure
8.7.
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Figure 8.7 High resolution excitation spectrum (14 K) monitored at 450 nm of the S2S sample. The Jacobin
transformation, F(E) = F(L)/E?, was applied to converter the intensity of the spectrum.
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In this case, 7 well-defined components are noticed (Figure 8.7), and the energy
difference between the first and the last components is 6,200 cm™, close to the energy
difference between the 'Fo and ’Fs levels of Eu®*, Table 8.4. This behavior was previously
reported for other Eu®*-based phosphors as MgF2Eu®"}" CaF2Eu®, SrF;Eu?,
BaF,’Eu?*,'® and LuPO4:Eu?"*® and it has been assigned to a set of narrow zero-phonon
lines (ZPLs) related to transitions from the Sz, ground state of Eu?* to the ’F; Stark levels
of the 4f 8("F;)5d ! configuration. The ZPLs are followed by vibrionic components, to
which justify the relatively high width observed for the transitions compared to the usual

Eu3* emission spectrum in inorganic matrices.?

Table 8.4 Positions of ZPLs observed in the 14 K high-resolution excitation spectrum and energy difference
between the 4f5("Fo)5d'—8Sy, and 45("F;)5d'—8S7; transition of the S2S sample compared to the Eu®* 7F,
(J = 0- 6) energy level energies.

Transition Emission spectral position AE ("F3-"Fo) Eu®* level energy /
) /£0.03 nm E/cm™? /cm? cmt”
415("Fo)°d—8S7) 409.93 24,3155 0 0
415("F1)°d—8S7) 397.29 25,0375 722 379
415(7F2)°d—8S7) 380.63 26,1389 1,823 1,043
415("F3)°d -85S 366.33 27,3557 3,040 1,896
415("F4)°d'—8S7) 352.48 28,2738 3,958 2,869
415("Fs5)°d—8S7) 341.08 29,243+18 4,928 3,912
415("Fe)°d'—8S71 326.43 30,593+8 6,278 4,992

* Theoretical values for the Eu®* free ion. 2
Source: Own authorship.
8.3.4 Time-resolved spectroscopy

Selective emission decay curves were monitored for the emission bands coming
from the Euio (450 nm, measured at 14 K) and Eug (550 nm, measured at 14 and 300 K)
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local sites, and they were best-fitted through a biexponential adjustment, Figure 8.8, to
get the 4f55d state lifetime values.

Figure 8.8 Emission decay curves (14 K or 300 K) of S2S and S2S(100)/BAM(0) excited at 355 nm and
monitored at different emission wavelength. The solid lines correspond to the data best fit (R%>0.9), using
a biexponential function. The insert in the figures represents the residual plots.
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The long 4f 5d state lifetime values (1-40x10°% s), Table 8.5, reinforces the
presence of optically active Eu?" ions, rather than the presence of a defect-related
component whose lifetime values are typically in the order of 10° s. Two lifetime values
were found for both Euio and Eug sites, Table 8.5, because of Eu?* replaces Sre and Srio
local sites in the a and B-Sr.SiO4 phases. For both Euio and Eug local sites, one 4f 65d
state lifetime value is quite shorter than the other one, and the values are statistically the
same regardless of the temperature and phosphor processing, confirming that the S2S
dispersion in PMMA does not quench the Eu?* luminescence.

Table 8.5 Eu?* 4f55d state lifetime values (us) for the Eug (14 and 300 K) and Euso (14 K) local sites of

the S2S and S2S(100)/BAM(0) samples. The assignments of the lifetime values were done based on the
time-resolved emission spectra.

T/K 300 K 14 K 14 K
Eu site Euio Eug Euio
B-Sr2SiOs4  0-Sr2SiOs  B-Sr2SiOs  0-Sr2SiOs  B-SreSiOs  a-Sr2SiO4
S2S 31.3+0.4 2.6+0.2 25.2+0.4 2.3+0.2 31.9+0.4 2.6+0.1

S2S(100)/BAM(0)  32.0+0.6 3.240.2 25.8+0.5 2.31£0.2 32.1+0.6 2.0£0.2
Source: Own authorship.
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To assign the different 4f5d lifetime values to the o and B-Sr2SiO4 phases, time-
resolved emission spectra monitored at 14 K were collected for the S2S sample, Figure
8.9, revealing no displacement in the steady-state emission band maximum, as the starting
delay (SD) time changes from 0.00 to 0.04 ms. This observation is in good agreement

with the 4f 85d—4f 7 Eu?* transition attribution instead of defect-related emission.?!

Figure 8.9 Time-resolved emission spectra (14 K) monitored at 366 nm by changing the starting-delay
(SD) for the S2S sample.
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However, the emission band shape changes after a starting delay of 0.02 s,
confirming that the emission comes from more than one non-equivalent Eu?* local site.
Clearly, near to 480 and 600 nm, there is an abrupt decrease of the intensity in the
emission band, Figure 8.10, suggesting that those components have shorter lifetime
values. Therefore, as the emission coming from Eu?* local sites in the a-phase has lower
energy than in the [ one, it is feasible to assign the components with the shortest lifetimes

at 480 and 600 nm to Eu?* local sites in the a-phase, Table 8.5.

8.3.5 Temperature-dependent emission spectra

Temperature-dependent emission spectra were monitored from 14 K to 450 K for
the S2S sample, Figure 8.10 (a), showing that the emission intensity decreases as the
temperature enhances, due to the ionization of the Eu?* 5d level to the conduction band
of the Sr.SiO4 matrix by thermal stimulation.’* Moreover, as the temperature increases,
the emission at 450 nm (Euxo site) disappears due to thermally-activated energy transfer

to the Eug site (550 nm), as previously highlighted in Figure 7.9, chapter 7.
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Figure 8.10 Temperature-dependent (a) absolute and (b) normalized emission spectra monitored at 366 nm
of the S2S sample.
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The Ty (temperature at which the integrated emission intensity is half of that at
14 K) for the S2S sample is 400 K, and the I/1z00k (the ratio between the intensities at a
temperature T and at 300 K) is 80 % at 450 K, in good agreement with other classic
phosphors applied in PC-LEDs, Table 7.4 in chapter 7, confirming the thermally-stable
emission of the phosphor. It is also observed a redshift of the emission band at 550 nm as
the temperature increases after 250 K, Figure 8.10 (b), and this is explained by the
Varshini model for temperature dependence (Equation 7.1, chapter 7).

8.4 Characterization of the WLED prototypes
Photos of the LED prototypes operating at 3.1 V are shown in Figure 8.11 (a), in

the next page. Three bands are noticed in the emission spectra of the devices operating at
3.1V, Figure 8.11 (b), the first in the lower-wavelength region is assigned to the emission
of the near-UV LED (395 nm), the second at 450 nm is the BAM emission and the third
at 550 nm is the S2S emission.

The CIE color coordinate dislocates from the yellow toward the blue spectral
region, crossing the white-emission region as the amount of BAM increases in the film
composition, Figure 8.11 (c).

Considering the white-emitting LED prototypes, the CCT values increases from
3,346 K to 8,406 K as the amount of BAM increases, Figure 8.11 (a), showing that, by
varying the proportion of phosphors, it is possible to get warm white light desirable for
night light application in bedrooms and dining areas (S2S(60)BAM(40)-LED prototype)
and cool white light expected for daylight applications in office space, shops or hospitals
(S2S(40)BAM(60)-LED prototype).
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Figure 8.11 (a) Photos, (b) emission spectra and (c) CIE color coordinate diagram of the LED prototypes
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From the comparison between the CCT value of the S2S(60)BAM(40)-LED and
the state-of-the-art of WLEDSs, Table 1.2 in chapter 1, the CCT reported by us is among

the best taking into account desirable CCT value (~4,000K) for night light applications.

Already the CRI value is lower than those highlighted in the state-of-the-art, Table 1.2,
however, it is comparable to the value of the YAG:Ce3*-based WLED (Figure 8.12), and

it enhances as the amount of BAM increases in the phosphor mix.

Figure 8.12 CRI of the fabricated WLED prototypes compared to the YAG:Ce®*-based commercial LED.
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As the S2S(60)BAM(40)-LED and S2S(40)BAM(60)-LED prototypes displayed
desirable CCT and CRI values for lighting, the emission dependence on the operating
voltage was evaluated, Figure 8.13.

Figure 8.13 Operating voltage-dependent emission spectra of S2S(40)BAM(60)-LED and
S2S(60)BAM(40)-LED prototypes.
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The best luminous efficacy (LE) was achieved at 3.1 V, Table 8.6, and from then
on, it decreases, suggesting that quenching of the phosphor luminescence takes place,
which has been ascribed to the increased temperature and/or the large excitation photon

flux, saturating the emitter centers.?

Table 8.6 Luminous efficacy (LE, Im.W-1), correlated color temperature (CCT, K) and color rendering
index (CRI) dependence on the operating voltage (V) for the S2S(40)BAM(60)-LED and
S2S(60)BAM(60)-LED prototypes.

VIV S25(60)BAM(40)-LED S25(40)BAM(60)-LED

LE cCT CRI LE CCT CRI
3.0 6.7+0.3 4,365+2x10°  72+4 6.740.3 5127+3x10° 724
3.1 6.740.3 4,390+2x10°  72+4 7.0£0.3 5412+3x10°  72+4
3.2 6.4+0.3 4,428+2x10°  72+4 6.6+0.3 5448+3x10° 734
33 5.840.3 4,41242x10°  72+4 5.3+0.3 5448+3x103 734
3.4 5.040.3 4,482+2x10°  72+4 4.740.2 5347+3x103 734
35 3.940.2 4,779+2x10°  72+4 3.840.2 5337+3x10°  74#4

Source: Own authorship.
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However, in our case, as there is no redshift characteristic of the temperature
increase in the emission spectra of the devices as the voltage increases, Figure 8.13, the
saturation of the emitter centers must be the main cause for the emission quenching. It is
worth pointing out that there is almost no change in the (x;y) CIE coordinate (Figure
8.13), CCT and CRI values (Table 8.6) of the WLEDs as the operating voltage increases,
especially in the interval between 3.0 and 3.3 V, which is not the case of the YAG:Ce**-
based WLED.?

The LE of the prototypes enhances from 4.3+£0.1 Im/W to 8.7 Im/W as the amount
of BAM increases, Figure 11 (a). Furthermore, the LE of the S2S(100)/BAM(0)-LED
(4.3+0.1 Im.W™) is higher than the only value reported so far for a Sr,SiO4:Eu?*-based
LED (3.8 Im.W, Auviep = 400 nm),?* confirming that the sol-gel synthesis and the
dispersion of the S2S phosphor in PMMA is useful to improve the phosphor optical
features for application in SSL. However, we highlight again that a comparison of these
values must be taken with caution.

Thus, a hypothetical phosphor efficiency was determined (Table 8.7) by applying
Equation 2.7,* chapter 2, and from a comparison of these values with the experimental
WPE also shown in Table 8.7, we carried out an estimative of the LE considering a
situation in which the devices are built by using near-UV-emitting LEDs with WPE
values of 100 %, meaning that a luminous efficacy value near to 120 Im/W could be
achieved for the S2S(60)BAM(40)-LED and S2S(40)BAM(60)-LED prototypes.

Table 8.7 Phosphor quantum yield (nyieia), ratio between the energy of the excitation and emission photons
(Mstokes), Self-absorption efficiency (nsa), extraction efficiency (next), phosphor efficiency (np), experimental
wall-plug efficiency (WPE) and theoretical luminous efficacy (LE) of all the fabricated LED prototypes.
The nsa of the phosphors was determined from their excitation and emission spectra, Figure 8.14.

LED prototype Nyield Nstokes NsA Text Np WPE / % LE/Im.wW?1
S25(100)BAM(0)  0.12+0.01 0.7 1 1 0.08 1 40
S25(80)BAM(20)  0.13+0.01 0.7 1 1 0.09 1 40
S25(60)BAM(40)  0.20+0.02 0.9 1 1 0.18 1 120
S25(40)BAM(60)  0.20+0.02 0.9 1 1 0.18 1 120
S25(20)BAM(80)  0.28+0.03 0.9 1 1 0.25 2 110
S25(0)BAM(100)  0.64+0.06 0.9 1 1 0.58 2 200

Source: Own authorship.

MNpc-LED = NyietaXNexXNstoke XMsa, Where nyieis the phosphor quantum efficiency, nswokes the ratio between
the energy of the excitation and emission photons, nsa the self-absorption efficiency and nex the extraction
efficiency
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Figure 8.14 Excitation and emission spectra of the (a) S2S/BAM powder mix and (b) S2S/BAM
immobilized in the PMMA.
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By comparing the state-of-the-art of WLEDSs using the hypothetical LE as figure
of merit, Table 1.2, the LE reported by us is among the best values considering devices
fabricated by using near-UV-emitting LEDs and different kind of phosphors as carbon
dots (CDs), quantum dots (QDs), inorganic materials or Ln**-complexes. Only one
WLED prototype based one near-UV LEDs and CdZnSeS/ZnS QDs displays higher LE
than our prototypes,?® Table 1.2, however, this prototype features poor radiant stability
since the QDs are not stable under high excitation photon flux.

Finally, the radiant flux stability of all WLEDs were monitored over 100 hours
under continuous operation, Figure 8.15, in the next page, and surprisingly, the intensity
maintains constant after it, with no color shift, evidencing the high color stability of the
prototype, which is quite unusual considering PC-LEDs built by using phosphors with
different thermally-dependent luminescence and structural stability. Moreover, the
radiant stability displayed by the prototypes is the same of WLEDs based on classic
phosphors as YAG,? CaS:Eu?* and LusAlsO12:Ce** #’ and it is the best among WLEDs
fabricated by coating near-UV-emitting LEDs with phosphors, Table 8.8.

Therefore, the findings reported here confirm that the dispersion of the S2S/BAM
phosphor in PMMA does not quench the Eu?* emission, and the use of the films as
coatings of near-UV emitting LEDs enables getting efficient and photostable WLED
prototypes with tunable CCT values by changing the phosphor mix proportion for night
and daylight applications. These prototypes display desirable characteristics as luminous
efficacy and radiant stability to be used in indoor or outdoor lighting as well as

backlighting of displays or in phototherapy, by regulating the human circadian rhythm.
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Figure 8.15 State-of-the-art of PC-WLEDs comparing the radiant flux stability (%) over 100 hours of
operation. The assignments of each curve are shown in Table 8.8, above.
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Table 8.8 Assignments of the curves represented Figure 8.15
Material LED chip/ Radiant flux [ref]
nm stability / %
@) S2S(40)BAM(60)-LED 395 2 This study
(b) S2S(60)BAM(40)-LED 395 2 This study
(c) Bare UV LED 395 6 This study
(d) CaS:Eu?*, LusAls012:Ce®, 455 1 27
(Y,Gd)3A|50122C(—Z‘3+
(e) YAG 450 0 2
(f) Sr1.xBaxSio02Na: Eu* 450 10 2
(9) Multi-color phosphor-in-glass 385 5 28
() Boehmite hybrid phosphors 360 40 2

Source: Own authorship.

8.5 Conclusions

Herein, high-efficient and photostable WLED prototypes were fabricated by
coating commercial near-UV-emitting LEDs (395 nm) with Sr,SiOs:Eu** and BAM
phosphors dispersed in PMMA.. By changing the phosphor mix proportion, the CCT of
the prototypes was tuned from cool (6,500 K) toward warm (4,000 K) white light
desirable for daylight and night light application, respectively, with CRI comparable to
the commercial YAG-based WLED. All the WLED prototypes also display luminous
efficacy and photostability among the best values reported for WLEDs built by using
near-UV-emitting LEDs, with no changes in CCT and CRI over the time of use, which is

not the case of the commercial WLEDs. Therefore, the finds reported in this study showed



172

that the WLED prototypes appeal as attractive alternatives to be applied in lighting, traffic

signs, displays as well as phototherapy.
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CHAPTER 9 - FINAL REMARKS

9.1 Conclusions

In this study, UV-to-blue (Ba;SiOsTh®*), green (BazSiOsTh®* and
Ba,SiOs:Eu?"), yellow (Sr.SiO4:Eu?*) and red (Ba.SiO4:Eu*) downshifting converter
phosphors were synthesized by the sol-gel route and dispersed in polymeric matrices
(PVDF or PMMA), making films that were used as coatings of UV LEDs, fabricating
green, yellow, and white-emitting LED prototypes.

All phosphors were synthesized in softer calcination conditions (1,100 °C-
1,200 °C) than the tradition solid-state route (> 1,200 °C) and their dispersion in the
PMMA polymer seems to be an alluring alternative to enhance the luminescent features
of the films since PMMA undo superficial defects in the phosphor network, enhancing
the emission quantum yield. Yet, although the phosphor dispersion in PVDF may enhance
the phosphor emission, the low amount dispersed in the polymer (10 wt.%) is a
remarkable drawback compared to PMMA.

Ba,Si04:Th®" was synthesized as monophasic phase and as the Tb®* amount
increases from 0.1 % to 5 %, the overall emitted color dislocates from the blue toward the
green spectral region due to a cross-relaxation energy transfer by a dipole-dipole
mechanism. We also introduced a simple approach to calculate the °D3 state quantum
efficiency from the emission spectrum, and these values decrease as the Tb3* amount
increases in the lattice.

Already the Ba,SiO4:Eu®" phosphor displays the usual Eu** emission in the red
spectral region. Eu* is inserted in 8 non-equivalent local sites, 2 from the replacement of
Ba®" in the Ba,SiOs lattice, 1 in the BaSiO3 spurious phase (trace), 2 in Eu*-O? associates
and 3 defect-related sites. It is worth pointing out that Th®* may act as a sensitizer for the
Eu®* luminescence in the case that the Th®* content is much lower than the Eu* one.

Considering the Ba,SiO4:Eu" features for applications in multifunctional LEDs
for indoor farm application, its emission quantum vyield (11 %) is among the best
considering silicate-based phosphors, but it is lower than the classical red-emitting
phosphors. Finally, the PMMA/BazSiO4:Eu®* films were tentatively applied as coatings
of deep-UV emitting LEDs (250 nm), but the low external quantum efficiency of the UV
LED limits the real use of the prototype.

The BazSiOs:Eu?* green-emitting phosphor features a thermally stable broad

emission band in the green spectral region and its emission quantum yield increases from
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0.27+0.03 up to 0.50+0.05 after the dispersion in PMMA. The PMMA/Ba,;SiO4:Eu?*
films were used as coatings of near-UV emitting LEDs (365 nm), making green-emitting
LED prototypes with luminous efficacy and reliability among the best already reported,
thus, being an alternative to work around the “green gap” and be used as traffic light,
backlight of displays and mainly in phototherapy.

Sr2SiO4:Eu?* yellow emitting phosphor was combined to the commercial BAM
blue-emitting phosphors, making tunable white-light-emitting films, to which were used
to coat near-UV-emitting LEDs (395 nm). By changing the phosphor mix in the WLED
prototypes, the CCT values dislocate from 5,412 K (ideal for daylight application) toward
3,346 K (ideal for nigh light application), being that all the prototypes feature luminous
efficacy and reliability among the best already reported. Therefore, these prototypes
match the required characteristics to be used in lighting, backlight of displays and in
phototherapy, by regulating the human circadian rhythm, following the sunlight changes
over the day.

Finally, the main contributions of this thesis to the solid-state lighting field are
summarized by the following three points. (1) Although the “green-gap” is still a
challenge considering green-emitting LEDs fabricated by semiconductors, this study
evidences that it is possible to fabricate efficient and photostable green-emitting LEDs by
coating UV LEDs with green-emitting phosphors, and these prototypes appeal as an
alternative to replace the commercial LEDs, to which features high power consumption
and low luminous efficacy. (2) The phosphor processing as coatings of LEDs is an
important step considering the optimization of the luminous efficacy, and homogenous
films based in PMMA containing the phosphor particles now are an alluring protocol for
that. (3) The use of PC-WLEDs may achieve the luminous efficacy displayed by the
YAG-based WLED.

9.2 Perspectives for futures investigations

After the end of this study, there are some points that may be further investigated

in future studies in the LLuMes research group, and we highlight some of them:
1) To investigate other approaches for the charge-balancing in the Ba2SiO4:Eu®* and
Ba,Si04: Tb* phosphors, for instance, by using alkaline ions as Li*, Na* and K*, or A

to replace Si**.
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2) To synthesize nanoparticles of all the systems by other methods as co-
precipitation or hydrothermal route in order to improve the phosphor dispersion in the
polymeric matrices and to decrease the light scattering.

3) To fabricate monophasic Sr.SiO4:Eu?* phosphor, enhancing its emission quantum
yield.

4) To combine to the Sr.SiOs:Eu?* and BAM phosphors, a near-UV-to-red
downshifting converter phosphor in order to improve the CRI of the WLED:s.
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